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ABSTRACT: Surface engineering of crystals at nanoscale level by precisely and
rationally exposing specific facets proved to be highly effective in enhancing the
performance of inorganic functional nanocrystals. To do so, a comprehensive
understanding of the growth mechanism was of great importance. By using hematite
(a-Fe,0;) as an example, in this paper we demonstrated high effectiveness of
controlling supersaturation of growth monomers in engineering the exposed facets of
nanocrystals. Under surfactant-free hydrothermal conditions, a series of morphology
evolution of a-Fe,0; nanocrystals from {012} faceted pseudocubes to {113} faceted

Surface Energy Increases

Supersaturation Increases

hexagonal bipyramids and {001} faceted nanoplates were successfully activated through

concentration-, reaction time-, and solvent-dependent hydrolysis of ferric acetylacetonate. High supersaturation was eventually
proven to be conducive to the formation of facets with high surface energy. Furthermore, the a-Fe,0; nanocrystals enclosed with
facets of high surface energy exhibited excellent catalytic activity and gas-sensing ability. The present work will deepen our
understanding of thermodynamics and kinetic control over the morphology of nanocrystals as well as our understanding of

surface-related performance of inorganic functional nanocrystals.
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1. INTRODUCTION

The precise fabrication of crystals with specific shape at
nanoscale level is crucial for enhancing their performance in
many applications, such as catalysis, gas sensing, solar
conversion, and so on.'~* Such shape effect inherently results
from the atomic arrangement on different exposed crystal
facets. To achieve control over the growth behavior of
nanocrystals, it is necessary to understand the thermodynamic
and kinetic mechanisms by which nanocrystals form.® In the
past decade, the structure-directing effect of some specific
inorganic ions or organic macromolecules on the shape of
nanocrystals has been intensively investigated.é_9 It is well-
accepted that these agents can thermodynamically alter the
relative free energies of different crystal faces and their growth
rates by means of specific adsorption. In fact, supersaturation of
growth monomers in reaction solution is a key factor that was
often missed in the study of shape control of nanocrystals, since
it is always involved in too many experimental parameters,
including concentration, reaction time, temperature, solvent,
and so on. The term “growth monomers,” also known as
“growth units,” is solute (crystal building block) in crystal
growth solutions. Recently, a great deal of studies have revealed
that whether nanomaterials are ionic, molecular, or metallic
crystals, the surface can still be easily controlled via adjusting
supersaturation of growth monomers during the growth
process.* > However, a comprehensive understanding of
supersaturation on the crystal shape is susceptible to the
interference from the use of additives, especially those facet-
capping agents.”” Therefore, it is a great challenge to recognize
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the influence of supersaturation on the surface structure during
the growth of nanocrystals in complicated environmental
conditions.

Among metal oxides, ferric oxide (Fe,O;) is known as its
varied polymorphs.'*™'® Hematite (ie., a-Fe,0;) with a
corundum-type structure (R3¢ space group, a = 0.50352 and
¢ = 1.37508 nm) is thermodynamically the most stable phase of
ferric oxide under ambient conditions.'® As an important n-type
semiconductor (Eg = 2.1 eV), a-Fe,0; has been extensively
used as gas-sensing materials, catalysts, absorbents for heavy
metal ion removal, and electrode materials for photovoltaic and
photoelectrochemical devices, due to its low cost, nontoxicity,
high resistance to corrosion, and strong visible light
absorption.'”>® Recently, increasing attention has been paid
to rationally engineering surface structures of a-Fe,O;
nanocrystals, whereby the performance in surface-related
applications were significantly enhanced.”’ > Up to now,
various a-Fe,O; nanocrystals enclosed by specific facets, such
as {113} faceted hexagonal bipyramid-like dodecahedra, {012}
faceted pseudocubes (actually rhombohedra that look like
cubes), and {104} faceted rhombohedra, have been successfully
fabricated via various wet chemical routes on the basis of
hydrolysis of Fe(III) ions.””****73® In the reported approaches,
foreign inorganic or organic additives as capping agents are
mostly necessary to tune the growth behavior of a-Fe,O;

Received: April 22, 2014
Accepted: July 8, 2014
Published: July 8, 2014

dx.doi.org/10.1021/am502358g | ACS Appl. Mater. Interfaces 2014, 6, 12505—12514


www.acsami.org

ACS Applied Materials & Interfaces

Research Article

Table 1. Summary of Synthetic Parameters for the Three Kinds of a-Fe,0; Nanocrystals

sample Fe(acac); (mmol) NaOH (mmol)
bipyramid-Fe,05-{113} 1.0 3.0
pseudocube-Fe,05-{012} 1.0 3.0
plate-Fe,0,-{001}/{012} 1.0 3.0

OA (mL) ethanol (mL) water (mL) stirring treatment
5.0 5.0 5.0 not applied
5.0 S.0 5.0 applied
S.0 10.0 0.3 applied

nanocrystals. Interestingly, these capping reagents sometimes
have no essential effect on the shape of the formed a-Fe,O;
nanocrystals. For example, {104} faceted rhombohedral
nanocrystals can be formed in both additive-free and
formamide (or PVP)-assisted ferric chloride solutions.””*%*%33
At the same time, it has been revealed in some studies that the
concentration of the ferric precursor plays a decisive role in the
morphology evolution from pseudocubes to truncated bipyr-
amid-like tetrakadecahedra, whereas the amount of additives
merely tunes the aspect ratio of exposed facets.”’ Given that,
the morphology of a-Fe,O; nanocrystals, that is, the exposed
facets, might be correlated with the supersaturation of the
reaction system.

In this paper, by using a-Fe,0; nanocrystals as an example,
we fully demonstrate the high effectiveness of supersaturation
control over the morphology of nanocrystals during crystal
growth. We successfully fabricated a-Fe,O; nanocrystals
exposed with three kinds of crystal facets, including {113}
faceted hexagonal bipyramids, {012} faceted pseudocubes, and
{001} faceted nanoplates, based on the hydrolysis of ferric
acetylacetonate under surfactant-free hydrothermal conditions.
Given the absence of surfactants, the influence of super-
saturation on the surface structure of a-Fe,O; nanocrystals can
be definitively identified through various condition-controlled
synthetic experiments where the concentration of the
precursors, reaction time, and solvent components were in
particular investigated. Furthermore, we investigated the
catalytic performances of three a-Fe,O; nanocrystals in CO
oxidation and their gas-sensing ability, since the success in facet
control offers a unique opportunity to deeply understand the
nature of the structure—performance relationship of nanocryst-
als.

2. EXPERIMENTAL SECTION

2.1. Materials. Iron(III) 2,4-pentanedionate (Fe(acac);) and oleic
acid (OA, 90%) were purchased from Alfa Aesar, and sodium
hydroxide (NaOH, 96%) was purchased from Guangdong Guanghua
Sci-Tech Co., Ltd. All chemicals were used as received without further
purification. Deionized water was used throughout experiments.

2.2. Syntheses of a-Fe,0; Nanocrystals with Morphologies
of Hexagonal Bipyramid, Pseudocube, and Hexagonal Plate.
Three kinds of polyhedral a-Fe,O; nanocrystals were prepared via a
facile hydrothermal route. In a typical synthetic process of hexagonal
bipyramidal a-Fe,O; nanocrystals enclosed by {113} facets, Fe(acac),
(1 mmol, 0.3531 g) and a NaOH aqueous solution (0.6 M, S mL)
were successively added into a mixed solvent of OA (5 mL), ethanol
(5 mL), and water (5 mL) without any stirring. The resulting mixture
was transferred to a Teflon-lined stainless steel autoclave (25 mL) and
kept at 180 °C for 24 h. The products were collected by centrifugation
at 8000 rpm for 3 min, washed several times with hexane, and dried at
room temperature. For further characterization, the sample was put in
a furnace and heated at 250 °C for 15 min to remove the organic
residues. For hexagonal bipyramidal a-Fe,O; nanocrystals, an
alternative synthetic method was applied by increasing the amount
of Fe(acac); from 1 to 2 mmol under vigorous stirring, with the other
synthetic procedures and conditions unchanged.

The morphology evolution of @-Fe,O; nanocrystals was achieved by
controlling the supersaturation of reaction solution with tuning the

concentrations of Fe source, the reaction time, and/or the
composition of solvent. For synthesizing the pseudocubic a-Fe,0;
nanocrystals enclosed by {012} facets, vigorous stirring was introduced
into the same synthetic procedure with bipyramidal a-Fe,O;
nanocrystals using 1 mmol Fe(acac); as source, whereby fully
homogeneous reaction solution were formed. And for preparing
hexagonal platelike a-Fe,O; nanocrystals enclosed by {001}/{012}
facets, Fe(acac); (1 mmol, 0.3531 g) and NaOH ethanol solution (0.6
M, S mL) was successively added into the mixture of OA (S mL),
ethanol (5 mL), and H,0 (0.3 mL) under intense ultrasonic
condition, followed by vigorous stirring. Besides that, other synthetic
procedures and conditions remained the same with the synthesis of
hexagonal bipyramidal a-Fe,O; nanocrystals. The detailed synthetic
parameters are listed in Table 1 and, in the Supporting Information,
Tables S1-S3.

2.3. Characterization of Samples. The compositions of the as-
prepared samples were determined by powder X-ray diffraction (XRD)
patterns recorded on a Rigaku Ultima IV X-ray diffractometer with Cu
Ka radiation. The morphology and structure of the as-prepared
samples were observed by using scanning electron microscope (SEM,
Hitachi $4800) and transmission electron microscope (TEM, JEOL
JEM 2100) with an acceleration voltage of 200 kV. All TEM samples
were prepared by depositing a drop of diluted suspension in distilled
ethanol on a copper grid coated with carbon film. The specific surface
areas of the samples were determined by measuring nitrogen
adsorption and desorption isotherms on a Micrometrics ASAP 2020
system according to the Brunauer—Emmett—Teller (BET) method.
The dispersions of surface-active sites of the samples were determined
by CO chemisorption measurements on a Micrometrics ASAP 2020
system. The surface compositions of the samples were determined by a
Qtac-100 LEISS-XPS system. The binding energies were calibrated
with respect to the signal for adventitious carbon (binding energy of
284.7 V).

2.4. CO Catalytic Oxidation Measurements of Samples. The
catalytic activity measurements of the pristine a-Fe,O; nanocrystals
toward CO oxidation were carried out in a quartz tubular fixed-bed
reactor in the temperature range from room temperature to 400 °C.
For each test, about 100 mg of Fe,O; samples, which was normalized
by using their BET surface areas, was placed at the center of the
reactor using quartz glass wool as plugs. The reaction gas, which was
mixed with 5% CO in nitrogen (10 mL-min~") and air (40 mL-min™"),
was fed to the reactor. The outlet gas was analyzed online by using an
on-stream gas chromatograph (FuLi 97901I) equipped with a TDX-01
column after the catalyst bed temperature was stabilized at a settled
value for 10 min to obtain the steady state.

2.5. Gas-Sensing Measurements of Samples. The gas-sensing
measurements of the as-prepared Fe,O; samples were carried out on a
WS-30A sensor measurement system (Zhengzhou Winsen Electronics
Technology, China).*’ In a typical test, a gas sensor was fabricated by
coating a certain amount of Fe,O; paste (consisting of Fe,04
nanoparticles and the ethanol solvent) onto a ceramic tube that was
previously mounted with Au electrodes and Pt conducting wires. An
alloy filament was inserted through the tube as a heater to provide the
operation temperature from 200 to S00 °C. Before testing, the sensor
was aged in air for 24 h at 300 °C to achieve the device stabilization.
After that, a certain volume of liquid analytes (e.g, acetone and
methanol) was injected with a microsyringe onto a metal-plate heater
in the test chamber, and the concentration of the evaporated gas was
calculated according to the total volume (27 L) of gas chamber. Here
the gas-sensing ability (S) of the sensor was defined as the ratio R,/
Ry, where R, and Ry, are the electrical resistance of the sensor in air
and in the test gas at the operation temperature, respectively. For
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Figure 1. (a—c) SEM images of the as-prepared bipyramid-Fe,0;-{113}, pseudocube-Fe,0;-{012}, and plate-Fe,0;-{001}/{012} nanocrystals.
(insets) High-magnification SEM images. (d;—f;) TEM images, (d,—f,) SAED patters, and (d;—f;) corresponding ideal geometrical models of
individual a-Fe,0; nanocrystals with three kinds of morphologies. In the ideal geometrical models, the {113}, {012}, and {001} facets are presented

in red, blue, and green, respectively.

comparison, all sensors were fabricated with the same amount of
nanocrystals.

3.1. RESULTS AND DISCUSSION

3.1. Structure and Morphology of Three Kinds of a-
Fe,O; Nanocrystals. Figure la—c shows typical low-
magnification SEM images of the three as-prepared a-Fe,0;
nanocrystals, indicating high purity in their morphology. As
shown in Figure la, the a-Fe,O; nanocrystals synthesized
without stirring treatment on reaction solution, consisting of
Fe(acac); (1 mmol), NaOH (0.6 M, 5 mL), OA (5 mL), and
ethanol (S mL), are well-shaped hexagonal bipyramids. The
edge-to-edge widths (W) of bipyramids are 25—50 nm, and the
apex-to-apex lengths (L) are S0—100 nm. Further TEM
observation and selected-area electron diffraction (SAED)
(Figure 1d,,d,) indicates that the single hexagonal bipyramidal
a-Fe,0; nanocrystal displays a diamond projection profile with
angles of 72° and 108° under electron beam along the [1213]
(i.e., [123] in three-index notation) zone axis of rhombohedral
a-Fe,0;. Note that these angles agree well with the model of an
ideal hexagonal bipyramidal a-Fe,O; nanocrystal enclosed by
{113} facets projected along the [1213] zone axis (Figure 1d;).

Typical morphology of the pseudocubic a-Fe,O; nanocryst-
als synthesized with stirring treatment on the same reaction
solution consisting of 1 mmol of Fe(acac); is presented in
Figure 2b. The pseudocubic a-Fe,0; nanocrystals are relatively
uniform in size, and the mean size is ca. 30 nm. The high-
magnification SEM image and TEM observation indicate that
these pseudocubic nanocrystals actually have an oblique
parallelepiped morphology, which consists of six identical
parallelogram facets. The dihedral angles between two adjacent
facets are 86° or 94° (Figure lbe;). In fact, an ideal
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Figure 2. (a) XRD patterns of the as-prepared bipyramid-Fe,0;-
{113}, pseudocube-Fe,0;-{012}, and plate-Fe,0;-{001}/{012} nano-
crystals. (b—c) Enlarged region around the (104)/(110) and (214)/
(300) diffraction peaks of the three samples.

rhombohedron enclosed by {012}, due to the appropriate ¢/a
ratio of the rhombohedral unit cell of @-Fe,O;, resembles a
cube and thus is commonly referred to as pseudocube or
quasicube. The structural features of the as-prepared
pseudocubic nanocrystals is apparently in good agreement
with the geometrical model of an ideal rhombohedron enclosed
by {012} facets when projected along the same zone axis of
[0112] (i, [012] in three-index notation) (Figure le;).
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Figure lc shows typical morphology of the Fe,O; nano-
crystals synthesized with changing the ratio of water to ethanol
in mixed solvent from 1:1 to 3:100. The as-prepared product is
composed of two-dimensional platelike nanocrystals, which are
ca. 100 nm in size and ca. 18 nm in thickness. The top-view
SEM image (inset of Figure 1c) reveals that the as-prepared
Fe,O; nanoplates seem hexagonal. Interestingly, vertically
aligned nanoplates are frequently seen in SEM observation,
which clearly indicates that the sides of these nanoplates are not
perpendicular to the bottom/top surface but are alternately
wedge-shaped. A similar morphology feature was found in the
previously reported Fe,O; nanoplates, which are proven to be
enclosed by two {001} top/bottom and six {012} sides.*
Through careful survey, it was found that the nanoplates when
lying display a truncated hexagonal profile where there are six
long edges (L) and six short edges (S), and the angle between
the long edge and the short edge is equal to 150°, as marked in
Figure 1f;. The corresponding SAED pattern (Figure 1f,)
presents a set of diffraction spots with hexagonal symmetry,
which can be indexed as the [0001] zone axis of rhombohedral
a-Fe,0;. This indicates that the nanoplates are single crystalline
and the bottom/top surface are indeed bounded by {001}. The
above structural features agree with the model of an ideal a-
Fe,0; nanoplate enclosed by six {012} facets and two {001}
facets projected along the [0001] zone axis (Figure 1f;).

On the basis of the above structural analysis, it can be
concluded that the hexagonal bipyramidal, and pseudocubic a-
Fe,0; nanocrystals are enclosed with twelve {113} facets and
six {012} facets, respectively, while the platelike a-Fe,O,
nanocrystals are enclosed by two {001} facets as the bottom/
top surface and six {012} facets as the side surface. For
convenience, the three kinds of polyhedral a-Fe,O5 nanocryst-
als above are denoted as the form “morphology-Fe,O;-
{facets}”, that is, bipyramid-Fe,0;-{113}, pseudocube-Fe,0;-
{012}, and plate-Fe,05-{001}/{012}, respectively.

The a-Fe,O; phase of three products was proven by the
corresponding XRD patterns. As shown in Figure 2a, all
diffraction peaks of the three samples can be well-indexed to
the rhombohedral a-Fe,O; with cell constants of a = 5.0356 A
and ¢ = 13.7489 A (JCPDS No. 33—0664). No impurity peaks
are observed, and the diffraction peaks are comparatively sharp,
suggesting that the as-synthesized a-Fe,O; nanocrystals have
good crystallinity. Note that the width and relative intensity of
some specific diffraction peaks of the platelike Fe,O; sample are
obviously different, in comparison with the other two samples.
Typically, the (110) and (300) ({hk0}) diffraction peaks of the
plate-Fe,0;-{001}/{012} nanocrystals display narrower width
compared to the (104) and (214) ({hkl}) diffraction peaks, as
shown in Figure 2b,c. Accompanied with the peak narrowing,
the {hkO} diffraction peaks of the plate-Fe,0,-{001}/{012}
nanocrystals become abnormally higher, which is consistent
with the XRD pattern of Fe,O; nanoplates in previous
reports.*® These results mean that the a-Fe,O; nanocrystals
have better crystal development in the a- than in the c-
direction, agreeing with the two-dimensional nature of the
platelike nanocrystals. The morphology of nanocrystals grown
in specific conditions is known to depend on the growth rates
of different facets. The appearance of the platelike a-Fe,O,
nanocrystals revealed that the vertical growth of a-Fe,O; along
c-axis is confined, but the radial one along a,b-axis is
enhanced.*

3.2. Supersaturation-Controlled Shape Evolution of
a-Fe,0; Nanocrystals. In the classic crystal growth theory,

the formation of a crystal can be divided into two separate
stages, namely, nucleation and growth, and in both stages
supersaturation is the primary driving force. The effect of
supersaturation on the size of nanocrystals, that is, high
supersaturation easily leads to a short nucleation burst and the
production of a large number of a very small crystallites, has
been well-accepted to date.*' This phenomenon was well-
explained by the Thomson—Gibbs equation (Au = y — p. =
20v/h) (see Supporting Information for detailed description),
which was originated from thermodynamics equilibrium.**
Deduced from the Thomson—Gibbs equation, we recently
proposed that during the crystal growth process, the excessive
energy for transforming the solute into crystal should be
transferred to surface energy of crystallites.® Since the surface
energy of crystal face is in proportion to the supersaturation of
crystal growth monomers during the crystal growth, the
exposed faces of nanocrystal can be tuned by simply controlling
the supersaturation.

Note that the supersaturation of growth monomers is
associated with many synthetic parameters, for example,
concentration, reaction time and temperature, composition of
solvents, stirring, etc. Changing one of these synthetic
parameters will change the supersaturation of the system,
leading to a morphology evolution of as-formed nanocrystals.
Typically, in our synthetic processes of the bipyramid-Fe,O;-
{113} and pseudocube-Fe,0;-{012} samples, all other
operations and conditions were kept the same, except for
stirring treatment of the reaction solution (see the
Experimental Section for details). Without stirring treatment,
the hexagonal bipyramidal a-Fe,0; nanocrystals exposed with
{113} facets were produced. But with stirring treatment, the
produced a-Fe,O; nanocrystals became pseudocubes exposed
with {012} facets. This is a very interesting phenomenon. As
we know, Fe(acac); has a relatively low solubility in water—
ethanol solution, and thus stirring treatment is normally
required to accelerate the dissolution of Fe(acac); and to
evenly distribute Fe®* in the solution. Without stirring,
Fe(acac); dissolves slowly, thereby producing a local high
concentration of Fe** at the bottom of the reaction solution.
From the above analysis, it is easily deduced that higher
concentrations are more conducive to the formation of the
bipyramid-Fe,0;-{113} nanocrystals if reaction solutions are
fully homogeneous by stirring.

This conjecture was supported strongly by our results in
concentration-dependent experiments (see Supporting Infor-
mation, Table S1 for detailed reaction parameters). As shown
in Figure 3, the morphology of a-Fe,O; nanocrystals was
successfully controlled by changing the amount of Fe(acac),
added to the reaction. When 1 mmol of Fe(acac); was added
under stirring, pseudocubic Fe,O; nanocrystals were obtained
(Figure 3a). But when the amount of Fe(acac); increased to 2
mmol under stirring, hexagonal bipyramidal Fe,O; nanocrystals
exposed with {113} facets were obtained as predicted (Figure
3b). This result indicates that the formation of Fe,O;
nanocrystals exposed with {113} facets is really favored in the
relatively high concentration of Fe®* source. Noticeably, the
exposed facets became more uncertain when the Fe®®
concentration was further increased. For example, more and
more nearly spherical nanocrystals, which are bounded by
multiple groups of uncertain high-index facets, were produced
as the amount of Fe(acac); was increased to 3 mmol (Figure
3c) and further to 4 mmol (Figure 3d). Previous calculation
studies have revealed that the average surface energy of a-
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Increasing Supersaturation

Figure 3. SEM images of a-Fe,O; nanocrystals synthesized with
different amounts of Fe(acac),: (a) 1 mmol; (b) 2 mmol; (c) 3 mmol;
(d) 4 mmol. (e) Schematic illustration of the supersaturation-
controlled morphology evolution of a-Fe,O; nanocrystals, which
was activated by changing concentrations of Fe** source.

Fe,0; is {012} < {113} and the crystal growth rate of a-Fe,O;
is accordingly {012} < {113}.%* In the present study, the
bipyramid-Fe,0;-{113} nanocrystals with higher surface energy
were favored in higher concentration of Fe(acac); (2 mmol),
which created a higher supersaturation for the Fe,O; crystal
growth (Figure 3e). Therefore, this result is consistent with the
proposed supersaturation-controlled morphology evolution
rule.

As we know, the supersaturation of growth monomers largely
depends on the original concentrations of precursors and
changes as the reaction proceeds. Such a supersaturation
change leads to great evolution of the nanocrystal morphology
as reaction time increases. To prove this, time-dependent
reaction experiments were further carried out. Figure 4 shows
typical morphology of the products obtained by using 1 mmol
of Fe(acac); as source for reaction duration of 1, 3, 6, and 9 h
(see Supporting Information, Table S2 for detailed conditions).
After reaction for 1 h, a large amount of premature crystallites
of 5§ nm in size were observed in reaction solution, indicating
that the Fe,Oj; crystal nucleus began to form as the reaction
progressed (Figure 4a and Supporting Information, Figure
Sla). When the reaction lasted for 2 h, some bipyramidal
nanocrystals began to form, and their sizes were in the range of
20—30 nm (see Supporting Information, Figure S1b). When
the reaction time was extended to 3 h, well-defined hexagonal
bipyramidal nanocrystals exposed with {113} facets had grown
up (Figure 4b). These bipyramidal nanocrystals, which have the
edge-to-edge width of 25—40 nm and the apex-to-apex length
of 40—50 nm, are much smaller than the matured bipyramidal
nanocrystals shown in Figure la. After 6 h, the products
completely evolved into the pseudocubic a-Fe,O; nanocrystals
exposed with {012} facets (Figure 4c). Even if the reaction time
was further extended to 9 h, the pseudocubic a-Fe,O;
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Figure 4. SEM (or TEM) images of a-Fe,O; nanocrystals synthesized
at 180 °C for different times: (a) 1 h; (b) 3 h; (c) 6 h; (d) 9 h. (e)
Schematic illustration of the supersaturation-controlled morphology
evolution of a-Fe,0; nanocrystals as a function of reaction time.

nanocrystals still dominated in the products (Figure 4d). This
result means {012} facets are thermodynamically more stable
and therefore grow slower than {113} facets in the growth
process of a-Fe,O; nanocrystals. Figure 4e shows a schematic
illustration of supersaturation-controlled morphology evolution
over reaction time. In general, the concentration of growth
monomers gradually increases at the early stage of hydrolysis
reaction. When the monomer concentration reaches a critical
value at relatively high supersaturation, nucleation occurs, and
subsequently the high supersaturation of the solution is
gradually decreased to a relatively low value as the solute is
consumed. The above supersaturation changes in the reaction
contribute to the morphology evolution that a-Fe,O; nano-
crystals bound with facets of higher surface energy (e.g, {113})
are favored at the early stage of reaction, whereas the formed a-
Fe,0; nanocrystals are finally exposed with the stable facets of
low energy (e.g, {012}).

In the syntheses of the bipyramid-Fe,0;-{113} and
pseudocube-Fe,0;-{012} nanocrystals, the mixed solvent of
ethanol and water was used as reaction medium. It is well-
known that supersaturation is closely related to the solvent, in
addition to the concentrations of precursors. Therefore,
supersaturation-controlled morphology evolution of a-Fe,O;
nanocrystals can be likewise achieved by adjusting the ratio of
water to ethanol in the reaction. Figure Sa shows that when the
ratio of water to ethanol was 1:1, the products were
pseudocubic Fe,O; nanocrystals exposed with {012} facets.
As the ratio of water to ethanol decreased to 1:10 (see
Supporting Information, Table S3 for detailed conditions),
some truncated pseudocubic nanocrystals enclosed with six
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H,0:C,H,OH—

Figure 5. SEM images of a-Fe,O; nanocrystals synthesized with
different ratios of water to ethanol: (a) 1:1; (b) 1:10; (c) 3:100; (d)
1:100. (e) Schematic illustration of the supersaturation-controlled
morphology evolution of a-Fe,O; nanocrystals as a function of
solubility in mixed solvents.

{012} and two {001} facets were produced together with
pseudocubes, as shown in Figure Sb. (See Supporting
Information, Figure S2 for detailed TEM characterization of
truncated pseudocubes.) The lower ratio of water to ethanol
led to a larger ratio of {001} to the total surface. When the ratio
of water to ethanol decreased to 3:100 and 1:100, thick
nanoplates (Figure Sc) and thin nanoplates (Figure Sd) were
obtained, respectively. The thickness of thick nanoplates is ca.
20 nm, while the thickness of thin nanoplates is only less than
10 nm. Note that for the thin nanoplates, the side surfaces
({012}) are almost disregarded since the bottom/top surfaces
({001}) of thin nanoplates account for an overwhelming
proportion of the exposed surface of nanoplates. It should be
pointed out that as the ratio of water to ethanol was increased
to 6:4 or 7:3, the as-obtained nanocrystals always presented a
pseudocubic morphology, and their sizes ranged from 25 to 35
nm, which is slightly smaller than those obtained at the water to
ethanol ratio of 1:1 (Supporting Information, Figure S3). When
the ratio of H,O to ethanol was further increased, the quantity
of as-prepared Fe,Oj; particles was reduced significantly. This is
because the solubility of the precursor Fe(acac), is very low in
H,O.

Fe(acac), is slightly soluble in ethanol but insoluble in water.
Therefore, the supersaturation of Fe®* in solution increases as
the content of water increases. That is to say, the super-
saturation of Fe*" is higher in the mixed solvent of higher water
content (i.e., 1:1 and 1:10) than that of lower water content
(ie., 1:100 and 3:100). Previous calculation studies indicate
that, for a-Fe,03, the surface energy of {001} is lower than that
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of {012}, and accordingly {001} have the slower crystal growth
rate.**~*¢ Obviously, the morphology evolution from pseudo-
cube-Fe,0;-{012} to plate-Fe,05-{001}/{012} with the
decrease of the water content in mixed solvent is consistent
with the proposed supersaturation-controlled rule. This super-
saturation-controlled morphology evolution as a function of the
water/ethanol ratio is schematically illustrated in Figure Se.

From the above concentration-, time-, and solvent-depend-
ent experiments, it is concluded that the exposed facets of
nanocrystals are thermodynamically determined by the super-
saturation of growth monomers during crystal growth. The
facets with high surface energy are favored in a high
supersaturation solution, and stable facets with low surface
energy are usually dominated in nanocrystals formed at
equilibrium state with relatively low supersaturation solution.

3.3. Facet-Dependent Catalytic and Sensing Proper-
ties of a-Fe,0; Nanocrystals. The surface structure,
including exposed facets and their surface area, has been
demonstrated to greatly affect the performance of materials in
surface-related applications, typically catalysis and gas sensing.
To investigate the surface effect on catalytic properties of a-
Fe, 0, the catalytic oxidation of CO, which is very important to
the practice of automotive exhaust catalysis and to the removal
of CO from H,-containing streams by preferential CO
oxidation, was chosen as the probe reaction. The catalytic
CO oxidation efficiency over the as-obtained bipyramid-Fe,O;-
{113}, pseudocube-Fe,0;-{012}, and plate-Fe,0;-{001}/{012}
nanocrystals was evaluated in a CO/air/N, stream, and all the
samples were measured with the same mass (0.100 g). Usually,
the more surface there is, the better the catalyst works. In our
study, the BET-specific surface areas of the bipyramid-Fe,O;-
{113}, pseudocube-Fe,0;-{012}, and plate-Fe,05-{001}/{012}
nanocrystals are measured to be 28.54, 29.66, 27.09 mz-g_l,
respectively (see Supporting Information, Figure S4 for their
nitrogen adsorption and desorption isotherms). Since the
specific surface areas of the three samples are very close to each
other, the influence of the surface areas between different
samples can be negligible in comparing their catalytic
properties.

Figure 6 shows the CO conversion curves over the three a-
Fe,0; samples as a function of temperature. The pseudocube-
Fe,0;-{012} nanocrystals exhibits the best catalytic activity and
reached 100% conversion at 280 °C. By contrast, the
temperature of 100% conversion for the bipyramid-Fe,O;-
{113} and plate-Fe,0;-{001}/{012} nanocrystals is higher,
which is 300 and 360 °C, respectively. Furthermore, the
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Figure 6. CO conversion curves of a-Fe,0; nanocrystals with different
shapes as a function of temperature.
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starting conversion temperature over the pseudocube-Fe,O;-
{012} nanocrystals is 160 °C, which is lower by 20 °C than that
of the other two samples. This means that the {012} facets
possess a lower activation barrier than the {113} and {001}
facets for CO oxidation. From the above results, it can be
deduced that for a-Fe,03, the order of CO catalytic activity of
the crystal facets is {012} > {113} > {001}.

As a common support for noble metal catalyst (such as Au,
Pt, etc.), a-Fe,O; has been intensively investigated in past
years, with emphasis on the size effect toward the efficiency of
CO oxidation reactions.*”*® Recently, the influence from the
exposed facets of bare a-Fe,O; nanocrystals attracted increasing
concerns. For example, the excellent catalytic performance of
the pseudocubic a-Fe,O; nanocrystals has been found in a
previous study where the quasi-cubic nanocrystals with a low
surface area unexpectedly exhibited a much higher activity in
CO oxidation than the flowerlike nanostructure with higher
surface area.”* To explore the nature of facet-dependent
catalytic activity in CO oxidation, CO chemisorption on the
three samples was further measured. The results are shown in
Table 2. Among the three samples, pseudocube-Fe,05-{012}

Table 2. Chemisorption Amounts of CO on the Three a-
Fe,0; Catalysts

sample chemisorption of CO (mL/g)
bipyramid-Fe,0,-{113} 0.186 + 10
pseudocube-Fe,05-{012} 0.254 + 15
plate-Fe,05-{001}/{012} 0.025 + §

nanocrystals showed the largest amount of chemisorbed CO,
followed by bipyramid-Fe,0;-{113}, and plate-Fe,0;-{001}/
{012} nanocrystals showed the lowest amount of chemisorbed
CO. Obviously, such a result is coincident with the order of CO
catalytic activity of the crystal facets, that is, {012} > {113} >
{001}. CO chemisorption quantitatively reflects the amount of
active sites on the surface of the blank nanocrystals. Therefore,
the pseudocube-Fe,0;-{012} nanocrystals possess the most
abundant active sites, thereby leading to the highest catalytic
activity in CO oxidation.

Gas sensing is also one of the surface-related reaction
procedures, which is essentially based on an abrupt response of
surface or bulk resistance of metal oxide sensing materials when
the ambient atmosphere changes. To the best of our
knowledge, comprehensive investigation of gas-sensing proper-
ties of a-Fe,O; nanocrystals has not been reported although
some specific facets (such as {014}, {113}) were separately
considered.””***! Here, we systematically investigated the gas-
sensing properties of a-Fe,O; nanocrystals enclosed by {113},
{012}, and {001}/{012} facets, respectively, using acetone and
methanol as model analytes of volatile organic compounds
(VOCs). Figure 7a shows sensing sensitivities of the three
samples toward acetone of different concentrations at the
operating temperature of 300 °C. Among them, the bipyramid-
Fe,0;-{113} nanocrystals exhibited the best performance in
acetone sensing, followed by pseudocube-Fe,0;-{012} and
plate-Fe,0;-{001}/{012}. For example, under the given
concentration of 200 ppm, the sensitivity of the three samples
is 42.1 + 5.7 (bipyramid-Fe,05-{113}), 20.2 *= 3.5
(pseudocube-Fe,0;-{012}), and 6.2 = 2.4 (plate-Fe,O;-
{001}/{012}), respectively. The same facet-dependent sensing
order was found in the sensing measurements of the three
samples toward methanol (Figure 7b). It can be therefore
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Figure 7. Concentration-dependent sensing curves of the a-Fe,0;
nanocrystals with different shapes: (a) acetone and (b) methanol.

concluded that the gas sensing properties of bare crystal
surfaces are in the order of {113} > {012} > {001}.

For surface resistance-type metal oxide semiconductors like
Fe,0;, the gas-sensing ability of facets is closely associated with
their capacity of adsorbing oxygen, which greatly influences the
thickness of the depletion layer near the surface of sensing
materials. To verify the status of oxygen species adsorbed on
the {113}, {012}, and {001} facets, X-ray photoelectron
spectroscopy (XPS) analyses of the as-prepared three Fe,O,
samples (i.e, bipyramid-Fe,0;-{113}, pseudocube-Fe,0O;-
{012}, and plate-Fe,0,-{001}/{012}) were further carried
out. Figure 8a shows Fe 2p XPS peaks of the three samples, in
which the shakeup satellite line is characteristic of Fe®* in
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Figure 8. (a) Fe 2p XPS spectra and O 1s XPS spectra of the three
samples: (b) bipyramid-Fe,05-{113}, (c) pseudocube-Fe,0;-{012},
(d) plate-Fe,04-{001}/{012}.
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Fe,0,.°° Figure 8b—d shows O 1s XPS peaks of each of the
three samples, indicating that there are significant differences
between oxygen states on the surface of three Fe,O; samples.
For the samples, the O 1s XPS peak can be decomposed into
three fitted Gaussian components centered at ca. 530 eV (Oy),
531 (Oy), and 532 eV (O), respectively. The O; component
is attributed to O ions in the Fe,O; lattice, the Oy
component at the medium binding energy is associated with
O ions in oxygen-deficient regions within the matrix of
Fe,03, and the O component is attributed to chemisorbed and
dissociated oxygen species or OH.>' Therefore, we can estimate
the oxygen-chemisorbed ability of different exposed facets of
Fe, 05 nanocrystal according to the intensity of O component
in the O 1s XPS peak. As shown in Table 3, the percentages of

Table 3. Fitting Results of O 1s XPS Spectra of Three Fe,0;
Samples

binding relative
ener percentage
sample oxygen species (eV%y (%)
bipyramid-Fe,0;-{113} O, (Fe-0) 530.39 10.3
Oy (vacancy) 532.09 32.8
O¢ (chemisorbed) 532.75 56.9
pseudocube-Fe,0,-{012} O, (Fe—0) 529.98 325
Oy (vacancy) 531.60 32.1
O¢ (chemisorbed) 533.03 35.4
plate-Fe,05-{001}/{012} O (Fe—0) 529.51 433
Oy (vacancy) 531.16 33.8
O¢ (chemisorbed) 532.71 229

both the Oy component and the O¢ component follow the
order of bipyramid-Fe,0;-{113} > pseudocube-Fe,0;-{012} >
plate-Fe,0;-{001}/{012}, which is consistent with the order of
the surface energy of their exposed facets. For three different
samples, the relative percentages of the O component are
about 56.85% (bipyramid-Fe,05-{113}), 35.40% (pseudocube-
Fe,0,-{012}), and 22.92% (plate-Fe,0,-{001}/{012}), respec-
tively. These results reveal that the {113} facets of a-Fe,O; are
more active than the {012} and {001} facets for adsorption of
ionized oxygen species. From the above analysis, it can be
concluded that the extraordinary ability of chemisorbing oxygen
of the bipyramid-Fe,0;-{113} nanocrystals greatly contributes
to their high-performance gas sensing toward VOC:s.

The facet-dependent gas sensing and catalytic properties of
a-Fe,0; nanocrystals are inherently associated with variation in
the atomic configurations and chemical composition on
different facets. Structurally, the crystal of a-Fe,O; has a
rhombohedrally centered hexagonal structure where Fe atoms
in bulk are 6-fold coordinated with O atoms. However, the
densities of Fe atoms and coordination environments on
different planes, when they are exposed to the surface, are
distinct. Supporting Information, Figure SS displays surface
atomic arrangements for the {113}, {012}, and {001} facets.
For the {113} and {012} facets, Fe atoms are actually
considered to be coordinatively unsaturated, because a large
amount of dangling bonds are easily formed by losing original
singly coordinated O atoms. Previous studies have demon-
strated that compared to the {012} facets, the {113} facets
display the lower density of low-coordination Fe atoms on the
surface.”*>°>>* Interestingly, the {001} planes of a-Fe,O; are
referred to as repeating —Fe—O;—Fe— atomic layers, and
thus the {001} facets are actually terminated with either a single
Fe or single O layer. For the Fe-terminated {001} facets, the
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density of low-coordination surface Fe atoms is 9.1 atoms-
nm™2 As the Fe- and O-terminated layers coexist on the {001}
facets, the density of low-coordinated Fe atoms is actually
halved, far smaller than that on {012} and {113} facets.>****
The low density of low-coordinated Fe atoms on the {001}
facets would result in poor ability of adsorbing oxygen or other
molecules, thereby leading to the worst performance of {001}
faceted nanoplates in gas sensing and CO catalytic oxidation. It
should be in particular stated that as surface reconstruction
and/or solvation reaction occurs, the surface terminations
(atomic structures and chemical compositions) under real
environments are rather complicated. Therefore, it might be
not enough that the facet-dependent properties of nanocrystals
are explained merely by analysis on ideal crystal surfaces.

4. CONCLUSIONS

Through concentration-, reaction time- and solvent-dependent
experiments under surfactant-free hydrothermal conditions, it
was definitely demonstrated that the morphology evolution of
the a-Fe,O; nanocrystals was controlled by supersaturation of
growth species in the reaction. The facets with high surface
energy, such as {113}, tended to be formed in the reaction
solution of high supersaturation, while the relatively more
stable facets, such as {012} or {001}, were favored in the
reaction solution of lower supersaturation. In addition, the
catalytic activity of facets in CO oxidation was demonstrated to
follow the order of {012} > {113} > {001}, while the sensing
ability followed the order of {113} > {012} > {001}. The
distinct catalytic and sensing performances of these specific
faceted nanocrystals were ascribed to the deference of the
adsorption capacity to CO and oxygen species, which is
inherently determined by the density of Fe atoms and their
coordination environments. Given the above, the present work
will hopefully deepen our understanding of thermodynamics
and kinetics control over the morphology of nanocrystals. More
importantly, this work is a revelation to us that by engineering
the surface structure, the performance of inorganic functional
nanocrystals in surface-related applications can be significantly
enhanced.
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