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Hematite (a-Fe,Os) concave nanocubes bound by high-index {1344}
and {1238} facets were synthesized and their catalytic activity for CO
oxidation were also investigated.

Nanocrystals (NCs) enclosed by high energy facets have attracted
much attention due to their high activities in many processes
such as heterogeneous catalysis, energy conversion, and gas
sensing.' However, the surfaces with high energy are thermo-
dynamically unstable and usually disappear during the growth
of NCs.* Therefore, it is a big challenge to synthesize NCs with
high-index facets. Thanks to the efforts from many research
groups, a large number of NCs, such as Au, Pt, TiO,, Cu,0, SnO,
and o-Fe,0;, with high-index facets exposed have been
prepared.” In most cases, these NCs are polyhedra encased by
convex surfaces. Despite great successes having been achieved in
the synthesis of NCs with convex surfaces, the synthesis of NCs
with concave surfaces, however, is still in an embryonic stage
which may draw more attention since the concave structures are
expected to show unexplored or substantially enhanced prop-
erties relative to their convex counterparts.'* Many groups have
demonstrated the synthesis of concave noble metals, including
Au, Ag, Pd, Pt, Rh, as well as their bimetallic combinations by
various methods such as facet-selective capping, kinetically
controlled overgrowth and site-specific etching.® In contrast, the
synthesis of concave metal oxides is considerably difficult due to
their more complicated structures and stronger metal-oxygen
bonds. And there has not been any report on concave metal
oxides except for Cu,0.> However it should be pointed out that
Cu,0, as well as noble metals, are all in cubic systems, and the
fabrication of other concave metal oxides that do not crystallize
in cubic crystalline systems is still limited.
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Hematite (a-Fe,03), as an important n-type semiconductor
with a band gap of 2.2 eV, has been widely used in water split-
ting, catalysis, sensors and lithium-ion batteries.* To date,
various well-defined a-Fe,O; NCs, such as spindles, plates, and
well-shaped polyhedra, have been synthesized, expecting to
enhance their performance in many applications.® For example,
Sun and co-workers demonstrated the synthesis of dodecahe-
dral a-Fe,0; particles with {1011} and {1121} planes exposed by
a fluoride anion-assisted hydrothermal method.* Despite these
successes, the synthesis of a-Fe,O; NCs with high-index facets
exposed still remains a big challenge. Moreover, as a limitation,
these polyhedra that were reported in previous studies are all
encased by convex surfaces. Here, we report a simple copper
ion-assisted hydrothermal route based on kinetically controlled
overgrowth to the synthesis of a-Fe,O; concave ‘nanocubes’
bound by high-index {1344} and {1238} facets. Different from
noble metals and some metal oxides (e.g. Cu,O) with cubic
crystalline systems, o-Fe,O3 belongs to the trigonal system, thus
the exposed high-index facets of concave nanocubes are very
special. When evaluated as a catalyst for CO oxidation, the
obtained a-Fe,O; concave nanocubes exhibited superior cata-
lytic activity and high stability.

In a typical synthesis of concave nanocubes, a mixture of
Fe(NO3)3, cupric acetate (CuOAc,), and ammonium hydroxide
was kept at 140 °C under hydrothermal conditions for 16 h. The
structure of the as-prepared o-Fe,O; concave nanocubes was
characterized using X-ray diffraction (XRD, Fig. S1a, ESIf). All
the diffraction peaks are in good agreement with those of
hematite (JCPDS no. 33-0664), which suggests that the obtained
concave nanocubes have a trigonal iron oxide structure (R3c)
with high purity. Although the diffraction peaks do not show
significant shift, the result from XRD Rietveld refinement still
shows that the obtained cell parameters are sensibly different
from those in JCPDS 33-0664, suggesting Cu®" ions may be
doped into a-Fe,O; crystals (Fig. S1b, ESIt). The existence of
Cu”" ions is further confirmed by the X-ray photoelectron
spectroscopy (XPS, Fig. Sle, ESIt) and energy-dispersive X-ray
spectrometry (EDX, Fig. S8, ESI}) analyses. Fig. 1a shows a
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Fig. 1 (a) Typical large-area and high-magnification (inset) SEM
images of a-Fe,O3 concave nanocubes. (b) TEM image of a-Fe,O3
concave nanocubes.

typical scanning electron microscopy (SEM) image of the
obtained product, indicating the presence of well-distributed
NCs with an edge length (defined as the distance between
adjacent corners) of ca. 280-350 nm. Close observation of an
individual concave nanocube (the inset of Fig. 1a) clearly reveals
that each face of the nanocube (in fact the shape is pseudocubic
since one of dihedral angles between adjacent facets is 86°) was
excavated by a curved cavity in the centre. Transmission elec-
tron microscopy (TEM) characterization (Fig. 1b) further
confirms the formation of concave structures as the NCs
exhibited a darker contrast in the centre than at the edges.
Statistical analysis of 200 particles based on TEM indicates that
the yield of the concave nanocubes is about 86%.

Fig. 2a shows the TEM images obtained from a single
concave nanocube at different tilting angles. Deep dents on the
surfaces of the nanocubes can be clearly observed, supporting
the formation of a concave rather than a flat surface on each
lateral face. The images observed are also consistent with the
proposed geometric models (Fig. 2b). Fig. 2c¢ shows a high-
resolution TEM image of an individual concave nanocube
viewed along the [2201] direction, as confirmed by the corre-
sponding selected area electron diffraction (SAED) pattern
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Fig. 2 (a) TEM images recorded at different tilting angles and (b) the
corresponding geometric models of a hematite concave nanocube. (c)
TEM image of an individual hematite concave nanocube, (d) corre-
sponding SAED pattern and (e) HRTEM image of the region indicated
by the square in (c).
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(Fig. 2d). It can be seen that eight lateral facets of the concave
nanocube were projected edge-on. For rhombohedral hematite
structures, if a crystal facet of the concave nanocube is already
given, then the Miller indices of its adjacent crystal facets can be
derived from the projection angles along a selected crystallo-
graphic axis. By comparing the measured and calculated values
of projected angles (Fig. S2 and S3, ESIY), the eight edge-on
facets can be indexed as {1344} and {1238} planes. The high-
resolution TEM (HRTEM) image of an edge of an individual
concave nanocube is shown in Fig. 2e. The lattice spacing was
measured to be 0.37 nm, which is in agreement with the {0112}
lattice spacing of rhombohedral hematite, indicating the single-
crystalline nature of the as-obtained product.

Using additives is very common and effective to control the
shape and size of nanostructures. In previous studies, metal
ions were seldom used as additives in the synthesis of metal
oxides since the introduction of metal ions might lead to the
formation of undesired metal oxides or hydroxides.® In our
system, NH;-H,O was used instead of NaOH to offer an alkali
environment, and more importantly, to avoid the formation of
CuO. As we know, Cu®" ions can react easily with NH;-H,O to
form [Cu-(NH;),** complexes, which can resolve into the
solution. Thus, at a high concentration of NH;-H,O (e.g. 3 mL),
only a-Fe,O; NCs can be obtained although there is CuOAc, in
the system. In contrast, CuO can also be obtained if the
concentration of NH;-H,O is relatively low (e.g. 0.5 mL, Fig. 54,
ESIT). Besides NH;-H,0, CuOAc, is also found to be essential
for the formation of a-Fe,O5; concave nanocubes. The reaction
in the absence of CuOAc, yields a-Fe,O; NCs with mixed
morphologies (e.g. hexagonal bipyramids and rods, Fig. S5a,
ESIT). To find out the role that CuOAc, played, we conducted a
set of experiments using the standard procedure, except that
different copper salts were used. The result shows that the
concave nanocubes can also be obtained in the presence of
other copper salts such as CuSO,, Cu(NO3), and CuCl, (Fig. S5,
ESIf), suggesting that the existence of Cu®>" ions are responsible
for the formation of «a-Fe,O; concave nanocubes. To gain
insight into the details of morphological evolution during the
growth of the a-Fe,O; concave nanocubes, time-dependent
experiments were carried out (Fig. 3). In the first 6 h, the
transformation of dense aggregates of primary nanoparticles
into nanocubes can be attributed to the dissolution-recrystal-
lization process and continuous growth via Ostwald ripening.
The chemical reactions involved in this system can be formu-
lated as follows:

NH;-H,0 < NH," + OH™ 1)
Fe’* + 30H™ — Fe(OH), (2)
2Fe(OH); — Fe,O5; + 3H,0 (3)
Cu®* + 20H™ — Cu(OH), (4)
Cu(OH), — CuO + H,0 (5)

Cu(OH), + 4NH; — [Cu(NH;),J** + 20H™ (6)

This journal is © The Royal Society of Chemistry 2014
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Fig. 3 SEM images of the nanocrystals collected at different reaction
times: (@) 1 h, (b) 2 h, (c) 6 h, (d) 10 h, and (e) 16 h. Scale bars: 200 nm.
Low magnification SEM images and XRD patterns of the nanocrystals
collected at 1, 2, 6, and 10 h are shown in Fig. S6 in the ESIf. (f)
Schematic diagram of the kinetically controlled overgrowth (when V;
is much larger than Vy) of concave nanocubes evolved from pseudo-
nanocubes.
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At the initial reaction stage, the Fe’" and Cu** ions may form
Fe(OH); and Cu(OH), under alkaline conditions, respectively.
As time goes on, Fe(OH); decomposes into o-Fe,O;. While
instead of decomposing into CuO, Cu(OH), reacts with excess
NH;H,0 to form [Cu(NH;)4]*" complexes, which can dissolve
into the solution and may adsorb onto the specific surface of
a-Fe,O3 NCs, leading to the formation of nanocubes bound by
six {0112} facets (Fig. S7, ESIT). The nanocubes subsequently
grow at the expense of nanoparticles until all the particles are
consumed. With the increase of reaction time, the size of
nanocubes increases as observed, e.g. 120-140 nm (1 h), 130-
160 nm (2 h), and 200-220 nm (6 h), respectively (Fig. 3a—c). The
following growth process from 10 to 16 h is quite interesting. In
previous reports, most of the concave nanocubes (for those
crystallize in cubic crystal systems, such as noble metals) were
synthesized by facet-selective capping or kinetic controlled
overgrowth.*** The basic principle is to retard the growth of
{100} facets and/or promote the growth of {111} facets of a cubic
seed. In our case, the growth of concave nanocubes is more
complicated while it can still be considered as a kinetically
controlled process. It has been demonstrated by Chernov that
during a kinetic growth process, two factors, namely the diffu-
sion rate of precursor (V;) from solution to the surface and the
growth rate (V,) at which atoms were generated and added to
the surface of a growing seed, played a critical role in deter-
mining the growth habit of a seed.” When V; is much larger than
V., the fast diffusion ensures the concentration of the precursor
identical in close proximity to the surface of seeds and the bulk
solution. The atoms would be added on different sites of seeds
with equal probability. In the initial 6 h, the concentration of
the precursor is relatively sufficient, thus Ostwald ripening
rather than preferential overgrowth occurred under this
condition (Fig. 3a-c). On the other hand, when V; is much
smaller than V,, there will be a gradient for the precursor
concentration from high to low corresponding to the area from
bulk solution to the surface of the seeds. Under this condition,
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the atom generated on the surface of a nanocube would be
preferentially added to the site with the highest reactivity owing
to an insufficient supply of atoms.>* And for a nanocube, the
eight corners have the highest reactivity. That means concave
nanocubes can be obtained from the cubic seeds by kinetically
controlled overgrowth (when V; is much smaller than V,).
Herein, the dissolution of Cu®>" ions and subsequent formation
of the [Cu(NH;),]*" complexes play a key role in the kinetic
overgrowth process. To confirm the dissolution of Cu®" ions,
EDX line scan of the products was carried out (Fig. S8, ESIf).
The Cu-Fe elemental ratio of the product obtained after 10 h is
obviously higher than that of the product obtained after 16 h,
suggesting that the Cu®" ions dissolve into the bulk solution
during the reaction. Therefore, it is reasonable that the Cu®*
ions in the interior of a-Fe,O; NCs would dissolve into the
solution in the form of the [Cu(NH;),]** complexes and conse-
quently lead to the generation of OH™ around the surface [see
eqn (4)-(6) and Fig. 3f]. Apparently, the Fe*" ions are insufficient
at this time compared with OH ™. Thus, the diffusion rate (V;) of
Fe*" jons plays a critical role in the seed growth. The Fe** ions in
close proximity to the surface of the nanocubes will react rapidly
with much excess OH™ anions. Thus V, is much larger than V;.
With insufficient supply of Fe** ions, the Fe** ions would prefer
to react with OH ™~ anions on the sites with the highest reactivity,
namely the corners. It can be seen clearly that a triangular
pyramid is first developed from one corner of a nanocube
(Fig. 3d). Then the vertexes and edges of triangular pyramids
grow along the edges and facets of a nanocube, respectively,
leading to the formation of a concave nanocube. It should be
pointed out that hematite belongs to the trigonal system,
therefore, its growth habit is supposed to be different from NCs
that crystallize in cubic crystalline systems. For concave cubic
structural NCs (e.g. Au, Ag, Pd) that crystallize in cubic crystal-
line systems, the growth rates along the (111) directions are
theoretically equivalent to each other during the evolution from
cubic seeds to concave nanocubes. While in our case, the
triangular pyramid developed along the longest diagonal axis
(c-axis) of the nanocube would grow much faster as a result of
the preferential growth in this direction (Fig. S9, ESIT). This is
the characteristic of rhombohedral crystals and is totally
different from cubic crystals. This preferential growth can be
further confirmed by a close TEM observation of the concave
nanocubes, which clearly shows that one of the eight corners of
the concave nanocubes is obviously much bigger than the
others (Fig. S10, ESIt).

The obtained «-Fe,O; concave nanocubes were then evalu-
ated as catalysts for CO oxidation. Porous a-Fe,O; nanorods
with a length of ca. 300 nm and a diameter of ca. 50 nm were
synthesized and their catalytic activities were also investigated
for comparison (Fig. S11, ESIt). Fig. 4 shows the conversion of
CO oxidation over the two catalysts as a function of reaction
temperature. Generally, catalysts with a large surface area often
exhibit high catalytic activities, while many studies have shown
that the crystal planes might play an even more important role
in determining the catalytic activities of the catalysts.® For
example, Tao et al. found that the Fe,O; nanocubes bound by
{0112} facets exhibited a higher catalytic activity towards CO

Nanoscale, 2014, 6, 7199-7203 | 7201
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Fig. 4 Catalytic activities of a-Fe,O3 concave nanocubes and nano-
rods for CO oxidation. Feed gas containing 1 vol% CO, 1 vol% O, and
balance N is at a total flow rate of 60 mL min~?, corresponding to a
GHSV of 36 000 mL g™t h™™.

oxidation than nanotubes with {0110} facets exposed although
their surface area was much smaller than that of nanotubes
(0.384 and 13.7 m* g~ ' for nanocubes and nanotubes, respec-
tively).* Similarly, in our case, despite the smaller BET surface
area and pore-free structure (13.5 m® g~ for concave nanocubes
and 39.3 m® g~ for porous nanorods, Table S1, ESIf), the
catalytic activity of a-Fe,O3; concave nanocubes is remarkably
higher than that of a-Fe,O; nanorods. The light-off temperature
Ts09 (the temperature at which the conversion of CO reaches
50%) of concave nanocubes is as low as 124 °C, and 100% CO
conversion is achieved at 160 °C. In contrast, the CO conversion
over nanorods at 160 °C is only 10.8%. The specific rates of CO
oxidation over the two catalysts also provide clear evidence that
the concave nanocubes are more active than nanorods
(Fig. S12a, ESIt). For example, the reaction rate of CO oxidation
on the concave nanocubes is 1.98 x 10~° mol CO per g per s at
120 °C, which is almost 8 times as large as that of porous
nanorods (0.26 x 10~® mol CO per g per s, Table S2, ESIT).
However, the estimated apparent activation energies (E,) over
the two catalysts are close to each other (21.1 and 24.9 k] mol ™"
for concave nanocubes and nanorods respectively, Fig. S12b,
ESIt), which implies that the morphology affects the reaction
rate significantly but has little influence on the reaction
pathway.® It is worth mentioning that the reaction temperature
of 160 °C for 100% CO conversion over the as-prepared o-Fe,0;
concave nanocubes is much lower than those previously
reported for iron oxides, other metal oxides (or their compos-
ites) and even some noble metal/metal oxide composites (Table
S3, ESIt). The o-Fe,O; concave nanocubes also show high
stability. No deactivation occurs when the catalytic reaction is
performed at 160 °C for 72 h (Fig. S13, ESI{). The enhanced
activity of the as-obtained o-Fe,O; concave nanocubes for CO
oxidation could be attributed to their high-index facets.

It is noted that in our case, the a-Fe,O; concave nanocubes
were doped with Cu®". The existence of Cu®" ions is confirmed
by the XPS and EDX results. We further carried out the induc-
tively coupled plasma mass spectrometry (ICP-MS) measure-
ment. And the result shows that the amount of Cu is about
2.5 wt%. Doping has been regarded as an efficient way to
enhance the catalytic performance of a catalyst because the
addition of dopants can greatly increase the number of oxygen
vacancies and improve the thermal stability.’ And the oxygen
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vacancies, even in small amounts, could benefit the catalytic
reaction since they provide sites for oxygen activation to form
superoxide species.’®” Many studies have suggested that the
doped catalysts generally exhibited better catalytic activities
than the pristine catalysts. For example, Luo et al. found that
Pr- and Cu-doped CeO, catalysts showed enhanced activities for
CO oxidation compared with bare Ce0,."” In this work, the
copper doping may also lead to the formation of oxygen
vacancies of the catalyst, resulting in an enhanced activity for
the CO oxidation.

In summary, a-Fe,O; concave nanocubes enclosed by high-
index {1344} and {1238} facets were synthesized via a facile
hydrothermal route based on kinetically controlled growth. The
as-obtained concave o-Fe,O; nanocubes exhibited superior
catalytic activity and high stability for CO oxidation. This work
provides a new method to fabricate low-cost and highly active
a-Fe,O3 concave nanocubes, which can find promising appli-
cations in catalysis, water splitting and solar cells owing to their
unique structure and properties.
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