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Abstract: In this work, we report a facile top-down approach to
fabricate uniform single-crystal a-Fe,O3; nanodiscs via selective
oxalic acid etching. Phosphate ions are employed as a capping
agent to control the etching to along the [001] direction. We also
show that o-Fe,O; melon-like microparticles with contrasting
textural properties can be generated using the same approach.
The etched particles exhibit a much larger total pore volume and
average pore size compared to the pristine ones, thus serving
as the possible origin for their greatly enhanced capacity retention
when tested as potential anode materials for lithium-ion batteries.

Hematite (a-Fe,Os) is a stable form of iron oxides, which has
been widely used in many fields such as biotechnology,™? catalysis,
pigment,*® and lithium-ion batteries.*>®~** Based on a hexagonal
close packing of O atoms with Fe atoms occupying 2/3 of the
octahedral sites,® a-Fe,O; has been engineered into a wide range
of nanogtructures, including uniform nanocrystals' and nanocubes, >3
one-dimensional spindle-like structures,**~*® nanowires,*®*" nano-
rods and nanotubes,®%%~21 gnd hollow® %2222 as well as other
hierarchical nanostructures.®#24+%® |t also serves as an active
component in complex nanocomposites.>*>26~31 Most of the above
nanostructures have been synthesized by traditional hydrothermal
methods, while other strategies involving oxidative processes™®>?
have also been demonstrated. However, well-defined two-dimen-
sional (2D) nanocrystals of o-Fe;O3 have hardly been synthesized
before.*"13

In this communication, we report a top-down approach to
fabricate 2D o-Fe,O; single-crystal nanodiscs and porous a-Fe,03
microparticles viaa controlled H,C,O, etching process. Oxalic acid
(H,C,0,) is considered as the most effective agent to dissolve the
iron oxide contaminant in minerals.3>* Generaly, the reaction
involved in the dissolution process is shown below:>® 5H,C,0, +
Fe,03 — 2H,Fe(C,0,), + 3H,0 + 2CO,. Unlike strong inorganic
acids like HCl and HNOg3, H,C,0, is more environmentally benign,
and its complexing reaction with iron oxides is more gentle, thus
granting better control over the etching process.

We first show that presynthesized single-crystaline a-Fe,O3
nanocrystals can be fabricated into uniform nanodiscs by using
H,C,0, as the etchant without affecting the origina crystallinity.
Phosphate ions (H,PO, ") are also employed in the current system
as a capping agent which allows the etching to proceed favorably
aong one particular direction. In addition to shape sculpture, our
approach is aso used to talor the porosity of microstructures
starting with much larger a-Fe,Os; melon-like microparticles. We

" Nanyang Technological University.
* East China University of Science’& Technology.

13162 m J. AM. CHEM. SOC. 2010, 132, 13162-13164

= a-Fe,0,

® H,PO, == elching direction

Figure 1. FESEM image (A) and TEM images (B, C) of the a-Fe;Os;
nanocrystals before etching. FESEM image (D) and TEM image (E) of the
a-Fe,03 nanodiscs obtained after etching. (F) High resolution TEM image
of the region marked by white square in (E). Theinsetsin (C) and (E) are
SAED patterns of the corresponding sample. (G) Schematic illustration of
the etching process.

further show that as-obtained porous a-Fe,O; microstructures
manifest a significantly improved cycling stability for reversible
lithium storage. Thisis consistent with agenerally accepted strategy
of using hollow/porous structures to improve the cycling stability
of metal oxide based anodes for lithium-ion batteries, 528
Figure 1A—C show morphologies of the presynthesized o-Fe;Os
nanocrystals before etching. Despite having a relatively uniform
size distribution (Figure S1A), these a-Fe,O3 nanocrystals do not
show awell-defined shape. Their single-crystal nature is confirmed
by selected-area electron diffraction (SAED) analysis (Figure 1C,
inset). Figure 1D depicts a scanning electron microscopy (SEM)
image of the a-Fe,O; nanodiscs obtained after being etched for
42 h. It is apparent that the starting nearly isotropic nanocrystals
have been transformed into nanodiscs with arelatively uniform size
distribution. These nanodiscs are ~150 nm in diameter and tens of
nanometers in thickness (see also Figure S1B) and are generally
round or polygona in shape. Figure 1E shows a transmission
electron microscopy (TEM) image of a single nanodisc. From the
SAED pattern (Figure 1E, inset) of a perfect hexagona spot pattern,
and the high resolution TEM image (Figure 1F) showing two sets
of clear lattice fringes with the same interplanar distance of 0.25
nm at an angle of 60°, it can be concluded that the nanodiscs are
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Figure 2. FESEM images of samples| (A), Il (C), and Il (E) and TEM
images of samples | (B), Il (D), and Il (F). Theinsetsin (A), (C), and (E)
are the magnified images of the corresponding sample, and that in (D) shows
the magnified image of the region marked by the white square.

lying on their (001) planes.®® X-ray diffraction (XRD) analysis
(Figure S2) confirms that both the nanocrystals and nanodiscs are
phase-pure a-Fe,Os.

In order to understand the etching process, a control experiment
without H,PO,~ ions added was carried out while keeping other
conditions unaltered. Platel et-like nanostructures with varied shapes
and divergent thickness are formed, reflecting the crucia role of
H,PO,~ ions during the reaction. Based on the above observations,
the etching process can be illustrated in Figure 1G. Because of
their strong affinity to the (110) planes, phosphate ions will first
adsorb on the lateral surfaces of these o-Fe,O3 nanocrystals mainly
through the formation of binuclear complexes,™® which prevents
H.C,O, molecules from attacking the particles through these
regions. As aresult, etching is largely favorable at the two ends of
the nanocrystals, where the adsorption of phosphate ions is
minimized due to the much lower affinity. After prolonged reaction
for acarefully controlled duration, a uniform disk structure will be
formed as a consequence of the preferred etching along the [001]
direction. The results obtained from the time-serial analysis are in
support of the proposed mechanism (Figure S3), and the etching is
shown to be a controllable process to a certain extent, where
o-Fe;O3 nanodiscs with tunable thickness and edge roughness can
be readily obtained simply by adjusting the etching duration.

This type of uniform disk-like structure can also be generated
by etching the quasi nanocubes with ~100 or ~500 nm in size
(Figure $4). We can probably generalize the understanding that
regardless of the morphology of the original isotropic single-crystal
nanocrystals, uniform nanodiscs will be produced with the help of
the H,PO,~ ions which guarantee that the etching proceeds
favorably along the [001] direction. On the other hand, rod-like
a-Fe,03 nanostructures can be fabricated by applying this etching
method to highly anisotropic o-Fe,Os; hanospindles (Figure S5). It
is therefore believed that via proper modification of the etching
behavior, such asintroducing a different capping agent, the present
top-down approach can be further expanded to produce other
nanomaterials with various features.

We next demonstrate the versatility of our approach by tuning
the porosity of o-Fe,Os microparticles. Figure 2A and B show the
morphology of these presynthesized “melon-like” particles (des-
ignated as sample I), which are quite uniform with alength of ~1.5
um and adiameter of ~800 nm. The surface of these microparticles

Table 1. Key Parameters of Samples |, II, and IlI
Samole Etching Surface Total Pore Average
Nop Time Area Volume Pore Size
) (h) (m*g7) (em® g7 (nm)
| 0 38.9 0.0342 0.352
I 36 442 0.088 7.971
I 42 515 0.194 15.02

is generally smooth, except for some attached fine nanoparticles
(Figure 2A, inset). After etching for 36 h, the surface of these
microparticles becomes noticeably rougher (Figure 2C and D) while
the overall melon-like shape is unchanged (designated as sample
I1). It can be observed from the magnified image (Figure 2C, inset)
that some large pores (indicated by black arrows) have been created
at the equatorial regions of the particles, which can be better
revealed by the much lighter contrast under TEM (Figure 2D, inset).
When the etching is prolonged to 42 h, the morphology of the
particles changes dramatically into a dumbbell-like structure
composed of nanorods (Figure 2E; designated as sample [11). From
the TEM image (Figure 2F), it is apparent that the middle portion
of the particles becomes much narrower (compare Figure 2 D and
F) with an ~300 nm width, while the two ends are etched to a
greater extent with the presence of alarge amount of porosity. The
N sorption measurement (Figure S6) confirms that the total pore
volume and average pore size of the particlesincrease considerably
with increasing etching time (Table 1). Although the structure of
the melon-like particles changes substantially during the etching
process, the uniformity is not affected and no collapse is observed
(Figure S7). Moreover, XRD analysis (Figure S8) shows that the
crystal phase of the particles is not altered, athough the peak
intensity decreases significantly after 42 h of etching.

The important role of phosphate ions is again confirmed by a
similar control experiment. In the absence of H,PO,4~ ions, neither
preferential etching site nor structural evolution is observed. Thus,
the etching process could be described as follows: initialy,
phosphate ions, as an effective capping agent, will favorably attach
to the two ends of the melon-like particles. Hence the etching
reaction mainly takes place at the equatorial regions. Asthe etching
proceeds, the generated Fe** ions by reduction, probably together
with the presence of light, will greatly enhance the etching kinetics
due to an autocatalytic effect on Fe** detachment.>3* Thus,
the etching will no longer be limited to the central region by the
adsorbed phosphate ions. Instead, it spreads to the two ends of the
particles and becomes much faster. This leads to the dramatic
morphological change and significant increase in porosity of the
microparticles.

We further evaluate the electrochemical lithium storage capability
of these a-Fe,O5; microparticles with contrasting textural properties
as potential anode materials for lithium-ion batteries. Both samples
I and 11 show similar charge—discharge voltage profilesin the first
cycle (Figure S9), which are consistent with previously reported
data. 6870 Figure 3 shows the comparative cycling performance
of two samples at a current rate of 200 mA g 1. Apparently, sample
Il exhibits a significantly improved cyclic capacity retention
compared to sample |. At the end of 100 charge—discharge cycles,
areversible capacity of 662 mA h g~ can till be retained by sample
I, while sample | is only able to deliver a much lower capacity of
341 mA hg L. With the similaritiesin crystallinity, specific surface
area, size, and morphology of these two samples taken into
consideration, it might be reasonable to attribute the much better
capacity retention shown by sample Il to its higher porosity created
by the controlled etching process,® which effectively buffers the
volume change during the charge—discharge processes.
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Figure 3. Comparative cycling performance showing the discharge
capacities of samples | and Il at a current rate of 200 mA g~* from 0.05 to
3V.

In summary, we have demonstrated a facile top-down approach
to fabricate uniform single-crystal a-Fe,Os; nanodiscs through a
controlled oxalic acid etching process at room temperature. The
selective etching along the [001] direction is made possible by
employing phosphate ions as a biased capping agent. We further
illustrate the versatility of our approach by creating o-Fe,0s
microsized melon-like particles with contrasting textural properties.
The total pore volume and average pore size of the microparticles
can be readily tuned by varying the etching time. When evaluated
for their possible use in lithium-ion batteries, the etched micropar-
ticle sample with a much higher total pore volume exhibits a
significantly improved capacity retention compared to the pristine
one. Through modifying the etching conditions, such as the capping
agent used or the starting nanostructures, we believe that this
interesting top-down approach might be extended to fabricate other
nanomaterials with unique structures as well as advanced physical
and/or chemical properties.
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