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ABSTRACT: X-shaped goethite iron oxide crystals were synthe- Sensing
sized by a surfactant-free mild hydrothermal synthesis method with
the aid of fluorine ions. The X-shaped goethite crystals could
readily self-assemble into microscopic hollow spheres through an
oil—water interface induced self-assembly method. X-shaped
hematite crystals were obtained by phase topotactic transformation
of the goethite precursors. The gas sensor properties of X-shaped
hematite iron oxide were investigated, and the mechanism for
excellent sensor properties was discussed. Self-assembly
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1. INTRODUCTION However, it is still a tough task to fabricate iron oxide
nanocrystals with anisotropy morphologies because the surface
energies of their low-index planes are fairly similar, making it
hard to exploit surface energy difference for shape control.'*'®

In this study, we developed a simple method to obtain well-
defined X-shaped hematite iron oxide (a-Fe,O;) crystals. This
is a low cost and green method, using only sodium carbonate,
sodium fluoride, iron chloride hexahydrate, and water as raw
materials. Each branch of the X-shaped a-Fe,O; was single
crystals with high-index facets being exposed. These X-shaped
iron oxide crystals showed excellent sensor properties for CO
gas and hydrogen with a sensing limit as low as 10 ppm. Such
X-shaped morphology also offers an anisotropic feature to
further controllable self-assembly. By a simple ultrasonication-
assisted interface-induced method, micrometer hollow spheres
were produced from the self-assembly of these X-shaped
crystals.

Over the past decades, synthesis and application of nanocrystals
have attracted much attention due to their unique physical and
chemical properties,' ~ which are determined not only by their
compositions and crystallographic structures but also by their
size and morphology. Additionally, nanocrystals with aniso-
tropic shapes, i.e., nonspherical shapes, are desirable for better
control of the self-assembly process because anisotropic shapes
help the nanocrystals to fit into the desired positions. In recent
years, nanocrystals with nonspherical shapes including one-
dimensional crystals (nanorod, nanotube, etc.), two-dimen-
sional crystals (nanodisk, nanoprism, etc.), and three-dimen-
sional crystals (nanomultipod, polyhedron, etc.) have been
reported.” '

Among a long list of nanocrystals, iron oxide nanocrystals
have been one of the extensively investigated transition metal
oxides. Their variable oxidation states and crystal structures,
low cost, magnetic properties, and environmental friendly 2. EXPERIMENTAL SECTION
nature are appealing features for researchers. Accordingly, the
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solution was transferred into a 100 mL Teflon-lined stainless steel
autoclave, sealed, and kept at 150 °C for 12 h. The yellow products
were collected by centrifugation at 5000 r/min and rinsed several
times with deionized water before drying at 80 °C overnight. On the
basis of the amount of dried yellow product, the yield of a-FeOOH
was about 76%. The X-shaped a-Fe,O; crystals were produced by
heating as-prepared yellow products in air at 350—550 °C for 3h with a
ramping rate of 2 °C/min.

2.2. Structure and Properties Characterization. The morphol-
ogy and microstructures of products were examined by a field-emission
scanning electron microscope (FESEM; JEOL, JSM-6700F, operated
at 10 kV) and a high-resolution transmission electron microscope
(HRTEM; JEOL, JEM-2100, 200 kV, with electron diffraction). The
crystal structure and phase of the products were characterized with X-
ray powder diffraction (XRD; Rigaku D/max-2500, filtered Cu K,
radiation A = 0.1542 nm, at 40 kV and 100 mA). Raman spectra were
collected on a Thermo Scientific Raman Microscope DXR with 532
nm laser excitation at room temperature and taken with a 50X
microscope objective at 1 mW laser power on the sample. The
nitrogen adsorption and desorption isotherms were measured on a
Quantachrome Autosorb AS-1 instrument at 77 K with the samples
degassed at 200 °C with 3 h under vacuum before measurements.
Thermogravimetry analysis (TGA) was carried out on samples placed
in corundum crucibles with a heating rate of 10 K/min (TA Q600
apparatus, USA). The gas-sensing experiments were performed on a
homemade computer-controlled sensor system. The as-prepared a-
Fe,0; sensor materials were dropped on a UST sensor device after
dispersing in water by ultrasonication. The sensing operating
temperature was 300 °C for carbon monoxide and 250 °C for
hydrogen, respectively, and the gas flow concentration was controlled
using a digital mass flow controller.

2.3. Self-Assembly of X-Shaped Crystals. In a typical self-
assembly experiment, 2.0 mg of yellow X-shaped goethite iron oxides
was dispersed in 1.0 mL of water by ultrasonication to form yellow
color stock solution. Then, 16 uL of stock solution was added in a vial
filled with 2.0 mL of nitromethane under ultrasonication for 0.5 h.
Again, formed faint yellow solution was put into the oven at 50 °C
overnight under static conditions, after which a precipitate was
obtained at the bottom of the vial. The precipitate was collected and
transferred onto the conductive substrate for further analysis.

3. RESULTS AND DISCUSSION

3.1. Characteristics of X-Shaped Iron Oxide. X-shaped
yellow goethite iron oxide (a-FeOOH) crystals were first
produced by a mild hydrothermal synthesis method at 150 °C
by using only sodium carbonate, sodium fluoride, iron chloride
hexahydrate, and water as raw materials. No organic surfactant
was used. XRD patterns (Figure 1a) confirmed that the initial
yellow products after hydrothermal synthesis were pure
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Figure 1. XRD patterns: (a) a-FeOOH produced from hydrothermal
reactions and (b) a-Fe,0; produced from topotactic transformation.
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orthorhombic phase goethite iron oxide (a-FeOOH, JCPDS
81-0462), and red products after heat treatment at 450 °C were
rhombohedral phase hematite iron oxide (a-Fe,O,, JCPDS 33-
0664).

The morphology of the products was examined by SEM.
Figure 2a shows representative SEM images of the a-FeOOH
products after hydrothermal synthesis, indicating that the X-
shaped a-FeOOH has uniform X-shaped morphology
(Supporting Information, Figure Sla) composed of a
quadrangular prism with rhombus cross sections (see inset in
Figure 2a). As shown in Figure 2b, the morphology of the
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Figure 2. (a) SEM image of hydrothermal reaction products. Inset
shows SEM image of an X-shaped crystal branch end. (b) TEM image
of an X-shaped hematite iron oxide crystal heated at 450 °C for 3 h.
(c) SAED pattern of X-shaped hematite iron oxide crystals projected
from the [001] direction. (d, e, f) HRTEM images of an X-shaped
hematite iron oxide crystal from positions labeled in (b, h, i).
Structural model of the X-shaped hematite iron oxide crystals enclosed
by high-index facets of {210} and {115}.
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hematite obtained by phase transformation remained as X-
shaped. On the basis of high-resolution transmission electron
microscope images (Figure 2d, 2e, and 2f) and SAED patterns
(Figure 2c), each branch of the X-shaped a-Fe,O; crystals was
single crystal with the end facets of {210}. The side crystal
planes of the X-shaped a-Fe,O; crystals could be identified as
{115} facets by calculation according to the crystallographic
structure of hematite. Therefore, uniform X-shaped hematite
crystals enclosed by high-index facets of {210} and {115} could
be obtained by simple topotactic phase transformation as
illustrated in Figure 2h and 2i.

3.2. Growth and Phase Transformation Mechanism of
X-Shaped Iron Oxide. To investigate the growth mechanism
of X-shaped goethite iron oxide crystals, time-dependent
experiments were carried out. The hydrothermal reactions
were conducted at 150 °C for 1—12 h, and SEM images of the
products synthesized at different reaction times were shown in
Figure 3. When the reaction time was as short as 1.0 h, the

Figure 3. SEM images of the as-prepared products at 150 °C for
different reaction times: (a) 1.0 h, (b) 2.0 h, (c) 4.0 h, and (d) 12 h.

product was irregular nanostructure with a diameter of about 30
nm (Figure 3a), and XRD patterns (Figure S2d, in the
Supporting Information) indicated the products were akaga-
neite iron oxide (f-FeOOH). With the reaction continued
further, small primary X-shaped goethite iron oxide (a-
FeOOH) nanoparticles were formed (see Figure 3b and Figure
S2c in the Supporting Information). As reaction time increased
to 4 h, nearly all irregular nanoparticles had been transformed
into X-shaped crystals, but there were small amounts of
particles on the surfaces of X-shaped crystals. After 12 h, the
morphology of the products was not changed, but their surfaces
were free of small particles and were very smooth (Figure 3d).
The size and morphology of the product remained the same at
longer reaction time (e.g., 24 h).

It has become one of the most common strategies to change
crystal plane surface energy by the introduction of inorganic
ions, or small organic molecules in the reaction system, to
control nanocrystal anisotropic growth.m_18 In our present
study, the fluoride anion was used to control the morphology of
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the X-shaped goethite precursor. Therefore, fluoride anion
concentration-dependent experiments were conducted with
other reagent concentrations, and experiment conditions
remained the same. The results (Figure S3, in the Supporting
Information) showed that only a-Fe,O; single-crystal dodec-
ahedral could be produced without a fluoride anion, and wheel-
shaped polyhedra (a-FeOOH) were obtained at higher fluoride
anion concentrations. X-shaped a-FeOOH could be produced
only at suitable fluoride anion concentrations. This indicated
that fluoride anion preferential adsorption at special facets
might induce X-shaped products.

X-ray photoelectron spectroscopy (XPS), as an effective
surface analysis method, was conducted to confirm the
presence of fluoride. XPS results in Figure 4a showed that
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Figure 4. (a) Representative XPS spectra of X-shaped iron oxide. (b)
Molar ratio of F to Fe at different sample surfaces: (I) unwashed X-
shaped goethite products; (II) thoroughly washed X-shaped goethite
products; (III) X-shaped hematite obtained by heating unwashed X-
shaped goethite; (IV) X-shaped hematite obtained by heating
thoroughly washed X-shaped goethite.

there was a small peak with binding energy at 685.2 eV, which
originated from the F1s binding energy peak of Fe—F bonds."
However, no sodium element peaks were observed, confirming
that the fluoride signal was from the fluoride attaching to the
iron oxide surface, not from residual NaF. At the same time,
XPS tests of different samples (see Figure S4, in the Supporting
Information) treated under different conditions were carried
out. Surface molar ratios of F to Fe were calculated based on
the Fls and Fe2p peak areas of XPS spectra (see Figure 4b).
The molar ratios of F to Fe decreased from the unwashed
sample to the thoroughly washed sample, indicating that the
some of the fluoride anions on the surface of the sample were
not tightly bound. However, the amount of fluoride was
constant after heating at 450 °C, indicating that these
remaining fluoride species were tightly bonded to the iron
oxide surface.

The above experimental results suggested that the growth of
X-shaped goethite nanostructures underwent an oriented
aggregation and recrystallization growth process, and the
bonding of fluoride anions on certain surfaces played a key
role in the morphology control. In the initial nucleation stage,
ferric ions first hydrolyzed into disordered akaganeite (/-
FeOOH) nanoparticles.”® Subsequently, disordered akaganeite
nanoparticles were gradually transformed into goethite, because
goethite was a more stable thermodynamic phase, and started
to form rods by oriented aggregation.”' Anisotropy growth of
primary goethite nanoparticles was possible with the aid of
fluorine anions by a recrystallization growth process. During
this process, fluoride anion preferential adsorption occurred on
(010) faces of goethite and inhibited the growth rate at the
[010] direction, resulting in twinned crystal growth at the [210]
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direction.”* There are four equivalent (210) directions. With
relative low fluoride anion concentrations, X-shaped goethite
product could be obtained by twinned crystal growth along
[210] and [-2-10] or [-210] and [2-10], respectively.

Goethite can be easily transformed into hematite at
temperatures higher than 250 °C by phase topotactic
transformation. The microstructure of the transformation
products obtained by the dehydration process at different
temperatures may be different, which may affect physical and
chemical properties of the products.**** It is believed that the
dehydration of goethite was a three-dimensional diffusion
process for water molecules.”® TG analysis (Figure S5, in the
Supporting Information) showed that there are three main
weight loss stages: before 250 °C, between 250 and 300 °C,
and above 300 °C. The weight loss before 250 °C was mainly
ascribed to the loss of physical adsorbed water, and the weight
loss in the range of 250 and 300 °C was due to the surface layer
dehydration process, especially at places where surface area per
unit volume was large (such as edges and surface steps). The
weight loss above 300 °C was due to the dehydration reaction
in bulky crystals and was relatively slow because the hematite
layer formed at the surface layer hindered the diffusion of water
molecules. The as-prepared X-shaped a-FeOOH crystals were
heated at 350, 400, 450, 500, and 550 °C, respectively, to find
the optimal temperature. As XRD patterns show in Figure S6 in
the Supporting Information, all five samples were pure hematite
(a-Fe,05).

3.3. Sensor Property of X-Shaped Hematite. Hematite
(a-Fe,05), as one of the most important iron oxides with n-
type semiconducting properties (Eg = 1.9-23 eV), is a very
suitable sensor material owing to its nontoxicity, low cost, and
high stability under ambient conditions.'»'®**™** The sensing
performance of the as-prepared X-shaped a-Fe,O; crystals for
CO and H, was investigated. First, five X-shaped hematite
samples produced at different temperature were tested for their
properties as sensing materials for CO gas. Sensing data shown
in Figure S suggested that topotactic transformation temper-
ature had a profound influence on the sensing performance of
a-Fe,0; crystals. The sensitivity (defined as the ratio of the
stationary electrical resistance of the sensor in air (R,,) to its
resistance in the test gas (Rgas)) increased as transformation
temperature rose before reaching a maximum at 450 °C and
then notably decreased as the temperature increased further.
The samples prepared at 500 and 550 °C showed nearly the
same sensitivities. As showed in Figure Sa, the sensitivity of all
five X-shaped hematite crystals was much higher than
commercial hematite powders.

The sensor properties of S450 (the X-shaped a-Fe,O,
crystals obtained at 450 °C) were investigated in detail. As
shown in Figure 6a, the S450 sample showed fast and strong
responses to CO gas with concentrations ranging from 10 to
250 ppm at 300 °C optimum operating temperature of sensors.
The stability of X-shaped a-Fe,Oj; crystals was tested under two
different CO concentrations. Figure 6b shows that a-Fe,O;
crystals obtained at 450 °C exhibited outstanding sensor
stability for CO gas at 300 °C optimum operating temperature
of sensors. In 10 testing cycles, the response curves of each
cycle were about the same, showing nearly no signal change or
baseline drifting. The response and recovery times (defined as
the time required to reach 90% of the equilibrium value) of the
as-prepared a-Fe,0;-based sensors were 10.3 and 26.1 s for 50
ppm CO and 19.7 and 34.6 s for 200 ppm CO, respectively,
indicating their excellent response and reversibility (Figure 6c).
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Figure 5. (a) Real-time CO gas sensing characterization based on
commercially available and as-prepared a-Fe,O; crystals at different
phase transformation temperature. (b) Gas response versus different
samples at 200 ppm CO concentration.

In addition, the X-shaped hematite crystals also showed
excellent sensitivity and stability against hydrogen gas with
concentrations ranging from 10 to S0 ppm (Figure S7 in the
Supporting Information) at 250 °C optimum operating
temperature of sensors.

The specific surface area of X-shaped hematite crystals
estimated from the BET method was 7.6 m?/g (Figure S8, in
the Supporting Information), which was relatively low
compared with other iron oxide nanomaterials.>”** Therefore,
the superior gas-sensing performance of X-shaped hematite
crystals is more likely due to the nature of their special surface
structure and crystallography structure.

The Raman spectra (Figure S9, in the Supporting
Information) of X-shaped hematite (@-Fe,05) crystals obtained
from different topotactic transformation temperature showed
noticeable differences, though their XRD patterns were
identical. With the increase of transformation temperature,
typical phonon lines of hematite at 218, 238, 285, 399, 489,
604, and 654 cm™! became sharper. At 450 °C, the 654 cm™!
peak attributed to surface defects and local lattice disorder at
the interfaces and interior faces reached a maximum.’!
Abundant unsaturated edges, atomic steps, and crystal defects
were present at the surface of a-Fe,O,;, which could act as
active sites to adsorb target gases. At the same time, XRD and
Raman data indicated that X-shaped hematite crystals obtained
at 450 °C were well crystallized, which was favorable to
improve electron conductivity and was beneficial to metal oxide
gas sensors.”>** In addition, each crystal was enclosed by high-
index planes, which was very favorable to improve the sensor
performance.

3.4. Self-Assembly of X-Shaped Goethite. Self-assembly
of nanoscale building blocks has been a fascinating topic in
material chemistry. Compared with isotropic spherical building
blocks, which tend to form densely packed structures, building
units with anisotropic shapes are better suited for programmed
assembly into desired complex structures through anisotropic
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Figure 6. (a) Sensitivity toward different CO gas concentrations, unit ppm. (b) Stability at S0 and 200 ppm CO gas concentration. (c) Response and
recovery times of the as-prepared a-Fe,O; at 50 and 200 ppm CO concentration.

assembly.” New methods have been reported to induce the
assembly of various nanocrystals.**™>” The X-shaped crystals
developed in this study have a unique shape. Their four corners
as well as the cross junction in the middle are ideal contact
positions for anisotropic assembly. As a preliminary trial, an
oil—water interface induced self-assembly method was used to
promote the self-assembly of X-shaped goethite crystals. In this
study, microscale hollow spheres were obtained by this method.
As shown in Figure 7a, the diameter of the hollow sphere

Figure 7. (a) SEM image of a micrometer scale hollow sphere from
the self-assembly of the X-shaped goethite crystals. Inset shows a
broken hollow sphere showing the hollow interior. (b) Enlarged SEM
self-assembly of X-shaped goethite crystals. (c) Schematic representa-
tion of the self-assembly of X-shaped nanoparticles at the oil—water
interface.

ranged from 3 to 10 ym. An enlarged SEM image (Figure 7b)
of the spheres showed that the X-shaped building blocks
tangled with each other by interdigitizing of the branches to
form densely packed walls of the hollow spheres. When the
assembled hollow spheres were heated at 450 °C for 3 h in air,
the hollow sphere structure was preserved (see Figure S1b, in
the Supporting Information), indicating the good thermal
stability of the hollow spheres.

The self-assembly of nanocrystals at the oil—water interface
depended on the balance among particle—particle interactions,
particle—water interactions, and particle—oil interactions.>®*’
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Such self-assembly of the X-shaped goethite crystals into a
micrometer hollow sphere was mainly driven by the decrease of
the total free energy at the oil—water interface. As depicted in
Figure 7c, when the aqueous suspension of X-shaped goethite
crystals was mixed with nitromethane by vigorous ultra-
sonication, water in oil micelles were produced. X-shaped
goethite crystals would be prone to stack at the water—oil
interface to decrease the total free energy of the system because
interface energy between goethite and nitromethane was lower
than that between water and nitromethane. A hollow sphere
structure was then formed when the X-shaped goethite crystals
were assembled at the oil—water interface of each micelle. After
slow evaporation of water and nitromethane, assembled
micrometer-scale hollow spheres composed of X-shaped
goethite crystals were produced

4. CONCLUSIONS

In summary, X-shaped goethite (@-FeOOH) crystals were
synthesized by a mild hydrothermal synthesis method with the
aid of a fluoride anion and without any surfactant.
Subsequently, hematite (a-Fe,O;) crystals with the same
morphology were obtained by phase topotactic transformation.
The X-shaped hematite crystals prepared under optimal
conditions showed excellent sensor performance for CO and
H, gases. Self-assembled microscopic hollow spheres were
produced from oil—water interface induced self-assembly, as the
anisotropic X-shaped goethite crystals acted as building blocks.
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