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ABSTRACT: We report the facile, fast, and template-free preparation of
hollow a-Fe,O; with unique cocoon-like structure by a one-pot hydrothermal
method without any surfactants in a short reaction time of 3 h only. In contrast,
typical hydrothermal methods to prepare inorganic hollow structures require 24
h or a few days. Templates and/or surfactants are typically used. The hollow a-
Fe,O; nanococoon was thoroughly characterized by field-emission scanning
electron microscopy (FESEM), transmission electron microscopy (TEM), and
X-ray diffraction (XRD). Ex situ analysis of a series of samples prepared at
different reaction times clearly revealed the structural evolution and possible
formation mechanism. Superior electrochemical performance in terms of
cyclability, specific capacity, and high rate was achieved, which could be
attributed to its unique hollow cocoon-like structure. Structural stability was
revealed by analyzing the samples after 120 charge—discharge cycles. The
unusual structural stability of the hollow a-Fe,O; nanococoons after 120 cycles,

which is rarely observed for transition metal oxides of particle aggregates, will guarantee further research investigation.
Experimental evidence further demonstrated that hollow nanococoons exceed solid nanococoons in reversible lithium-ion

storage.
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1. INTRODUCTION

Rechargeable lithium-ion batteries (LIBs) are currently the
dominant power sources for portable electronic devices. The
market of LIBs is expanding into electric vehicles and green
energy grids. After 20 years of development since the first
commercialization of LIBs by Sony in 1991, carbon is still
exclusively used as anode materials in LIBs. However, the
theoretical capacity of graphite (372 mA h g™' based on LiCy)
is almost achieved, and it becomes one of the bottlenecks to
further increase energy density of LIBs based on carbon.
Therefore, there is an urgent need to develop carbon-
alternative materials with higher capacity to meet the increasing
demand for energy storage. Transition metal oxides receive
increasing attention as carbon-alternatives because of their
much higher theoretical capacity based on a different storage
mechanism of conversion and alloying.l_5 In particular, a-
Fe,0; with a theoretical capacity of 1007 mA h g™ has been
attracting much attention as a promising candidate to replace
carbon.>™"?

Compared to other transition metal oxide candidates (such
as NiO, CoO),5 a-Fe,0; is outstanding in terms of low cost,
abundance, and environmental benignity. However, poor
cyclability, a common problem among transition metal oxides,
caused by a volume change during the insertion/extraction of
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Li ions and poor conductivity, is the main challenge. One
strategy is to design and tailor @-Fe,O; nanostructures to
address the challenge. For example, nanostructured Fe,O; in
the form of nanotubes,'® rods,'*'¢ spheres,”_19 cubes,”%*!
spindles,zz_24 flakes,”> hollow structures,*>**™3' and compo-
sites®® has been synthesized for LIBs and achieved a certain
degree of success. Particularly, hollow nanostructures are of
great interest as the hollow space can accommodate the large
23,27-31 .

It is always

practically interesting and intellectually challenging to develop

facile methods to prepare Fe,O; with unique hollow
33-36

volume expansion during Li insertion.

nanostructures.

Herein, we report a facile one-pot preparation of hollow a-
Fe,O; with unique cocoon-like structure. The size of the hollow
nanococoons are about 800 nm in length and 500 nm in
diameter. Furthermore, the nanococoons are constructed by
aggregation of subunits of nanoparticles about 35 nm in size.
Electrochemical evaluation demonstrates that the hollow
nanococoons have superior performances in lithium ion storage
in terms of capacity, cyclability, and high rate. Results show that
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hollow nanococoons perform better than nonhollow nano-
cocoons.

2. EXPERIMENTAL SECTION

Materials Preparation and Characterization. All the chemicals
were used as received. In a typical procedure, a solution of 0.4 mmol of
FeCl;-6H,0 dissolved in 16 mL of water was added into another
solution of 0.4 mmol of dimethyl oxalate dissolved in 16 mL of I-
propanol drop by drop under stirring. The mixture was then
transferred to a 45 mL Teflon-lined autoclave and heated at 200 °C
for 3 h. Hollow and solid nanococoons were obtained at 3 h and 75
min of reaction, respectively. The solid products were collected by
centrifugation, washed repeatedly with water and ethanol, and dried in
a vacuum oven. All samples were fully characterized by field-emission
scanning electron microscopy (FESEM) on a JEOL JSM-7600
operating at 15 kV, by transmission electron microscopy and selected
area electron diffraction (TEM/SAED) on a JEOL JEM-2010
operating at 200 kV, and by powder X-ray diffraction (XRD) on a
Rigaku Smartlab X-ray diffractometer using Cu Ka radiation.

Electrochemical Measurements. Typically, 80 wt % powder of
a-Fe,0; nanococoons constructed by aggregated subunits of nano-
particles was mixed with 10 wt % of conductivity enhancer (Super-P
carbon black, Timcal) and 10 wt % of polyvinylidene fluoride (PVDF)
binder in N-methylpyrrolidone (NMP) to form a homogeneous slurry.
The slurry was then applied to a copper disc current collector and
dried in a vacuum oven. Electrochemical test cells were assembled in
an argon-filled glovebox using the coated copper disc as the working
electrode, lithium metal as the counter/reference electrode, and 1 M
solution of LiPFy in a 50:50 v/v mixture of ethylene carbonate (EC)
and diethyl carbonate (DEC) as the electrolyte. The Swagelok-type
cells were charged and discharged galvanostatically at room temper-
ature in the 0.01—3 V voltage window at different C rates on a MTI
BST8-WA battery tester.

3. RESULTS AND DISCUSSION

The chemical composition and phase purity of the hollow
nanococoons of a-Fe,O; from the one-pot synthesis were
confirmed by XRD (Figure 1). All the diffraction peaks can be
assigned to a-Fe,O; (JCPDS card no. 33-0664). No other
impurities are observed. The diffraction peak (110) is used to
estimate the crystalline size calculated from the Scherrer
equation and it is about 34 nm. The optical color of the as-
prepared powder of hollow nanococoons in a mortar (the inset
of Figure 1) is the typical red color of a-Fe,0;%” The
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Figure 1. XRD pattern of as-prepared hollow a-Fe,O; nanococoons
with building units of nanoparticles; the inset shows the optical image
of the red colored a-Fe,O; in a mortar.
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successful preparation of a-Fe,O; is also confirmed by EDS
(Figure S1, Supporting Information), and the atomic ratio of
Fe/O is comparable to commercial a-Fe,O;.

The morphology of the unique hollow cocoon-like
nanostructures was characterized by both FESEM and TEM
images (Figure 2). The low-magnification FESEM image

Figure 2. FESEM images of the hollow cocoon-like nanostructures:
(a) low-magnification overall view; (b) high-magnification view of a
few typical nanococoons; (c) zoom-in view of a typical nanococoon
with holes on the broken shell revealing its hollow structure. TEM
images of nanococoons: (d) low-magnification overall view; (e) high-
magnification view of a typical nanococoon; (f) zoom-in view of a
section of the nanococoon revealing the building units of nano-
particles; inset of (f) is the SAED pattern.

(Figure 2a) shows that the as prepared nanoparticles are in
the shape of cocoons about 800 nm in length and about 500
nm in diameter. The high-magnification FESEM image (Figure
2b) shows several typical nanococoons. The surface of the
nanococoons is rough, indicating the nanococoons are formed
by aggregation of subunits of a-Fe,O; nanoparticles. Close
examination shows that there are a few holes with size about 50
nm as highlighted by white arrows on the surface of the
nanococoons (Figure 2b,c). The presence of holes indicates
that the nanococoon is hollow and the shell is formed by
assembly of nanoparticles at a size of about 35 nm as building
subunits, close to the crystalline size estimated by XRD. The
hollow structure generally observed was further confirmed by
TEM (Figure 2d). The high-magnification TEM image (Figure
2e) of a typical nanococoon shows clear contrast between the
shell and the interior, indicating hollow structure was formed.
Furthermore, the zoom-in cross-section view of the shell
(Figure 2f) reveals that the shell is not smooth and is about 75
nm in thickness, and it once again confirms the rough shell is
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Figure 3. Effect of reaction time: FESEM images of the products obtained after different times of reaction at (a) 15 min, (b) 30 min, (c) 60 min, (d)

75 min, (e) 3 h, and (f) 6 h.

constructed by assembled nanocrystals. The subunits are single
crystalline rhombohedral phase of hematite a-Fe,O; as
confirmed by selected area electron diffraction (SAED) with
sharp diffraction spots (inset of Figure 2f).

To gain a fundamental understanding of the possible
mechanism of formation for the unique hollow cocoon-like
nanostructures, products obtained under different experimental
conditions were thoroughly characterized by FESEM and TEM.
Due to limitation of the hydrothermal reaction system with a
sealed reactor under high pressure and high temperature, it is
hard to monitor the formation of the nanostructures in situ.
Therefore, ex situ analysis was carried out for a set of
experiments with different reaction time. FESEM images of the
particles obtained from different reaction times clearly reveal
the growth and evolution from tiny nanoparticles to hollow
nanococoons (Figure 3a—f). Nanoparticles about 10 nm in size
without any high-order structure were observed after 15 min
(Figure 3a), indicating the initial stage of nucleation. When the
reaction time was prolonged to 30 min, both nanorods and the
sprouts of nanococoons covered with nanorods were observed
(Figure 3b). TEM analysis shows that the sprouts of
nanococoons were formed by nanorods assembly and were
solid (Figure S2ab, Supporting Information). When the
reaction time was increased to 60 min, nanococoons were
more mature and no nanorods were left (Figure 3c). When the
reaction time was further increased to 75 min, the nanococoons
started to form porous structures (Figures 3d and S2cd,
Supporting Information). When the reaction time was 3 h, the
nanococoons turned hollow as evidenced by broken holes on
the surface of nanococoons (Figure 3e) and TEM (Figure S2e/f,
Supporting Information). It is interesting to observe the
transition from solid to hollow structure as direct evidence for
the possible Ostwald Ripening mechanism. Furthermore, the
subunits which aggregate to form nanococoons grew larger
when reaction time was increased from 3 to 6 h. The effect of
dimethyl oxalate on the morphology was explored as well
(Figure S3, Supporting Information). With a smaller amount of
dimethyl oxalate at 0.2 mmol, hollow nanospheres with a
diameter of ~800 nm formed rather than nanococoons (Figure
S3a,b, Supporting Information). Only when the amount was
increased to 0.4—0.8 mmol were hollow nanococoons observed
(Figure S3c—f, Supporting Information). This indicates the
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important role of oxalate ions released from decomposition of
dimethyl oxalate in guiding the formation of the nanococoons.

On the basis of the experimental observation, a plausible
formation mechanism is proposed and illustrated in Figure 4a.

Ostwald

Nucleation Aggregation
d . g

Figure 4. (a) Ilustration of the proposed formation mechanism for
hollow nanococoons; (b) ex situ electron microscope images for
samples prepared from 15, 30, 75 min, and 3h of reaction and the
reaction time is labeled in each corresponding FESEM (top) and TEM
(bottom) images.

Once precipitation occurs, tiny colloids form first by nucleation
generating tiny nanoparticles (Step 1). With the linear guiding
property of oxalate ions released from dimethyl oxalate toward
cations, nanorods are formed. During this stage, the newly
produced nanorods possess high surface energy and tend to
aggregate to form nanococoons to minimize surface energy of
the system (Step 2 and 3). The formation of voids in the
nanococoons is likely due to the Ostwald ripening mechanism
as evidenced experimentally. The inner core area has higher
surface energy due to aggregation of smaller primary units at an
early stage and is easily dissolved as compared to the external
shells. Ostwald ripening is strongly dependent on interfacial
energy, crystal growth rate, and equilibrium solubility.”® During
the ripening process, the low-density cores are dissolved and
are redistributed to surfaces to minimize energy. Therefore,
hollow structures are formed. Figure 4b summarized the
electron microscope characterization of the particles at the
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Figure S. (a) First 4 cycles of charge—discharge profiles of hollow nanococoons; (b) capacity vs cycle number plots of hollow and solid nanococoons
at C/S rate; (c) charge—discharge profiles at different current rates of C/10, C/S, C/2, C, and 3C/2 for one cell. (d) Rate performance of hollow vs

solid nanococoons.

corresponding stage of formation, matching well with the
illustration. However, further work is underway to obtain more
details on the mechanism of formation.

To demonstrate their potential application as anode materials
for LIBs, hollow nanococoons of a-Fe,O; were electrochemi-
cally evaluated in Swagelok testing cells. The first four cycles of
charge—discharge profiles obtained at C/S rate (1C = 1000 mA
g~') are plotted in Figure Sa. The charge and discharge voltage
plateaus are typical for a-Fe,O; as reported in the literature.'®
The first cycle discharge (lithiation) and charge (delithiation)
capacities are 1521 and 983 mA h g™!, respectively. The 35%
first cycle capacity loss can be attributed to the electrochemical
reduction of Fe,O; and decomposition of the electrolyte and
formation of solid electrolyte interphase (SEI). The hollow
structure formed by aggregation of subunits with large surface
area would lead to nearly complete reduction reaction from
Fe®* to Fe’ in the first cycle.” It is interesting to note that the
plateau at around 1.2 V contributing 300 mA h g™' observed by
Reddy et al.” and 1.58 V by Zhou et al.'* is weak here. On the
other hand, the plateau at ~0.75 V is dominant contributing
1200 mA h ¢! which may be assigned to the reduction of Fe
ions to nanoscale Fe® metal and the formation of Li,O. The
slight difference observed in first cycle discharge profiles among
a-Fe,0, nanoflakes,” nanotubes,® multishelled hollow
spheres,'> and hollow nanococoons reported here suggests
that the morphology of the nanoscale a-Fe,O; may play a
significant role in determining the discharge characteristics,
which requires further studies. The voltage drop from below
0.75 to 0.01 V may be attributed to the formation of a solid
electrolyte interphase (SEI) and decomposition of the solvent
in the electrolyte.” The first cycle charge profile is similar to the
second onward cycle charge profiles suggesting the same
electrochemical reaction involved. The reaction could involve
the decomposition of Li,O with assistance of nanostructured
metallic iron (Fe®).” The similarity in second cycle discharge
profile and those subsequent cycles suggests the electro-
chemical reaction is highly reversible.

2999

The electrochemical reactions involved could be the

following:g’z'g’40
Fe,0; + 2Li" + 2e” = Li,(Fe,0,) (1)
Li,(Fe,0,) + 4Li" + 4~ = 2Fe’ + 3Li,0 )
2Fe’ + 2Li,0 = 2Fe"O + 4Li* + 4e” (3)

The cyclability was evaluated with prolong cycling test over
120 cycles at current rate of 200 mA g~' (Figure Sb, hollow).
The capacity of 437 mA h g™ at 120th cycle is still 25% higher
than that of commercial graphite with useful capacity of 350
mA h g™'. Compared to micro a-Fe,O; which faded to
negligible capacity within 10 cycles,*' the hollow nanococoons
demonstrated significantly improved cycling performance over
120 cycles. Furthermore, rate performance of hollow nano-
cocoons is also superior over those solid nanococoons (Figure
5d, hollow vs solid). The hollow nanococoons show
comparable electrochemical })erformance to hollow spindles
and hollow spheres reported. 3 On the other hand, the voltage
plateaus and changes in the charge—discharge profiles are the
same in both hollow and solid a-Fe,O; nanococoons (Figure
S4, Supporting Information), indicating the same electro-
chemical reactions involved, as expected. These results suggest
the important role of hollow structure in improving perform-
ance in reversible lithium ion storage. The superior electro-
chemical performance could be attributed to the hollow interior
and porous shell structure of the nanococoon with building
subunit aggregation. The unique structures can accommodate
the volume change during the charge/discharge process and
provide shorter distance for transportation of Li* ions.
Furthermore, a high coulombic efficiency of 99% was achieved
from 2nd cycle to 120th cycle.

The rate performance of the hollow nanococoons was
evaluated by charging/discharging the cells at different current
density from C/10, C/S, C/2, C, 1.5C, and back to C/10 for 20
cycles interval each (Figure Sc,d). The charge—discharge
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profiles of the 2nd, 22nd, 42nd, 62nd, and 82nd cycles tested at
C/10, C/5, C/2, C, and 1.5C, respectively, were plotted in
Figure Sc. Specific capacities of 1013, 791, 534, 290, and 149
mA h ¢! were achieved at the corresponding current rates. It is
particularly interesting to note that the capacity jumps back to
563 from 149 mA h g~' when the current rate is reassumed to
100 mA g~' from 1500 mA g~" (Figure Sd, hollow). The results
suggest that the electrode materials can sustain the extensive
cycling at high rates, which is desirable. In fact, overall
morphology of the nanocoons was well preserved after 120
cycles as revealed by FESEM images of the electrode
disassembled after the cycling test (Figure 6a—d). The high-

oy

-

“A' ';} 1;

Figure 6. FESEM images of electrode after the 120 cycles of test reveal
the well maintained overall morphology of cocoon-like structure with
high porosity and hollow nature and construction by building units (a)
low-magnification view; (b) high-magnification view of few typical
nanococoons; (c) zoom-in view of typical nanococoons with broken
end revealing its hollow nature; (d) top-view of the broken tip.

magnification images (Figure 6¢,d) clearly show that the size of
the building units increased to about 100 nm, and the
nanoporous nature is maintained. Furthermore, hollow
structure is also preserved as observed from those broken
nanococoons, and the hollow core part is shrunk due to the
enlarged building subunits (Figure 6). The unusual structural
stability of the a-Fe,0; nanococoons after 120 cycles, which is
rarely observed for transition metal oxides of particle aggregates
upon extensive cycling, will guarantee further investigation.

4. CONCLUSIONS

A novel facile template-free one-pot synthesis procedure for the
preparation of hollow nanococoons a-Fe,O; assembled by
aggregation of subunits of nanoparticles was developed. The
formation mechanism was revealed by ex situ analysis of the
samples prepared from different times of reaction. Improved
electrochemical performance in terms of cyclability, specific
capacity, and high rate was achieved. Structure stability was
exhibited by the analysis of the samples after 120 cycles.
Experimental evidence clearly shows that hollow nanococoons
are superior over solid nanococoons in reversible lithium ion
storage.
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EDS results to confirm the chemical composition of the iron
oxides product; ex-situ TEM characterization of a-Fe,O,
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