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ABSTRACT To well address the problems of large volume change and dissolution of Fe;0,

nanomaterials during Li* intercalation/extraction, herein we demonstrate a one-step in situ
nanospace-confined pyrolysis strategy for robust yolk—shell nanospindles with very sufficient

internal void space (VSIVS) for high-rate and long-term lithium ion batteries (LIBs), in which an

Fe;0,@Fe;C core@shell nanoparticle is well confined in the compartment of a hollow carbon
nanospindle. This particular structure can not only introduce VSIVS to accommodate volume change
of Fe30, but also afford a dual shell of FesC and carbon to restrict Fe;0, dissolution, thus providing
dual roles for greatly improving the capacity retention. As a consequence, Fe;0,@Fe;C—C
yolk—shell nanospindles deliver a high reversible capacity of 1128.3 mAh g~ " at even 500 mA g,
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excellent high rate capacity (604.8 mAh g~ at 2000 mA g ), and prolonged cycling life (maintaining 1120.2mAh g~ at 500 mA g~ for 100 cycles) for LIBs,

which are much better than those of Fe;0,@C core@shell nanospindles and Fe;0, nanoparticles. The present Fe;0,@Fe;C—C yolk—shell nanospindles are the

most efficient Fe;0,-based anode materials ever reported for LIBs.
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wing to their high theoretical
O capacity (ca. 924 mAh g™ ")," > no
toxicity, and low cost, great efforts

have been devoted to develop advanced
Fe;0,4-based nanomaterials for their use as
advanced anode materials for lithium ion
batteries (LIBs).5~'? Unfortunately, almost
all the existing Fe304 nanomaterials for LIBs
suffer from large irreversible capacity loss,
low initial Coulombic efficiency, and poor
rate capability and cycling stability due to
their intrinsically low conductivity, large
volume change, and rapid dissolution/
aggregation during the repeated lithiation/
dethiation process (Scheme 1a). To circum-
vent these obstacles, recent significant ad-
vances have moved to engineer new Fes0,-
based nanomaterials with a special design
for enhancing LIBs. Typical examples include
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the synthesis of Fes0,—carbon yolk—shell
nanoparticles (NPs) with a small internal void
space using a complex multistep template-
assisted strategy,'>'* the preparation of Fe;0,
NPs embedded in carbon foam using an
expensive atomic layer deposition method,”
and the design of Fe304 NPs encapsulated
onto two-dimensional (2D) porous carbon
through a wet chemical deposition or in situ
formation strategy,*'> Even though these
strategies can facilitate strain relaxation
and electron transport with suppressed
mechanical fracture for a partly improved
capacity and stability for LIBs, inevitably
these specially designed Fe30,4-based nano-
materials suffer from both the fracture of
Fe;04 and carbon shell and also the dis-
solution of Fe;0, due to no or insufficient
internal void space by reduplicative volume

ACNTANE
VOL.9 = NO.3 = 3369-3376 = 2015 K@LNMLJ\)\

* Address correspondence to
qunxu@zzu.edu.cn (Q. Xu);
sguo@lanl.gov or
shaojun.guo.nano@gmail.com (S. Guo).

Received for review February 3, 2015
and accepted February 25, 2015.

Published online February 25, 2015
10.1021/acsnano.5b00760

©2015 American Chemical Society

WWwWW.acsnano.org

3369



a Lithiation

o =

Fe;O4,NPs

O =@=&

Fe;0,@C Yolk-Shell NPs Dissolution and fracture
of Fe;04 core

@@ ®

Fe;0,@Fe;C-C Effective trapping of
Yolk-Shell nanospindle Fe;04NPs

Many cycles

oy ..

Scheme 1. Schematic illustration of morphological and
volumetric changes during electrochemical cycling. (a)
Fe;0, NPs (large volume expansion, cracking, and dissolu-
tion during lithiation), (b) Fe30,—C yolk—shell NPs (partial
volumetric expansion, fracture, and dissolution in nanovoid
space), and (c) Fe30,@Fe3C—C yolk—shell nanospindles
with very sufficient internal void space (Fe;0,@FesC core@-
shell NPs persist during lithiation, leading to excellent
capacity retention).

variation (Scheme 1b).? That means that the introduc-
tion of only a small internal void in these Fes04/carbon
materials is still not good enough (not ideal) to solve
the significant stability and capacity issues of LIBs.

Recently, iron carbide (Fe3C) materials have become
of great interest in renewable energy conversion and
storage due to their thermal stability, high resistance
against oxidation, excellent mechanical strength,
and catalytic activity."®"'® They have shown obvious
advantages as shell materials by improving the capac-
ity retention during LIB cycles'”~'® and also possessing
catalytic activity and stability for oxygen reduction
reactions.’®?" In this regard, the remarkable character-
istics of a yolk—shell structure and Fe3C materials
motivated us to find out whether we can rationally
design a new class of Fe3C/C-based nanomaterials with
sufficient internal void space as highly efficient anode
materials for high-rate and long-term LIBs.

Herein, we report a one-step new nanospace pyrol-
ysis strategy for the in situ synthesis of unexpected
yet very useful Fes0,@FesC core@shell NPs—carbon
yolk—shell nanospindles with very large internal
void space (denoted as Fe;O,@FesC—C yolk—shell
nanospindles) for developing high-performance LIBs
with high capacity, rate capability, and cycle stability
(Scheme 1c¢). In the Fe304@Fe3C—C yolk—shell nano-
spindles, an Fe;0,,@FesC core@shell NP with a diameter
of 15—20 nm was well confined in the compartment
of hollow carbon nanospindles with a wall thickness of
3—5 nm, and the internal void volume ratio can reach
about 75%. We found that such Fe;0,@FesC—C yolk—
shell nanospindles can well address several important
challenging issues related to LIBs: (a) The much larger
internal void space provided by Fe;0,@FesC—C yolk—
shell nanospindles than those of the reported Fe;0,—C
yolk—shell NPs with small internal void space and Fe;0,
NPs can accommodate the larger space for allowing the
large volumetric expansion of Fes0, during lithiation,
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Figure 1. (a) Schematic illustration of the synthesis of
the Fe;0,@Fe;C—C yolk—shell nanospindles. (b, ¢) TEM
image, (d) STEM image, and (e) TEM-EDS mapping of
Fe30,@Fe3C—C yolk—shell nanospindles.

thus preserving the structural integrity. (b) FesC as a
shell material can act as an armor or buffer for protect-
ing the Fe;0, core from dissolution after the long-term
cycling. (c) The porous carbon shells with high electron
conductivity from the yolk—shell nanospindles have
multimodel pores, providing perfect 3D pathways
for lithium ion transport. As a consequence, our
new Fe30,@FesC—C yolk—shell nanospindles deliver
a high reversible capacity of 1128.3 mAh g~ ' at even
500mA g ', excellent high rate capacity (604.8 mAh g™
at 2000 mA g "), and prolonged cycling life
(maintaining 1120.2 mAh g~ ' at 500 mA g~ ' for
100 cycles) for lithium ion storage. To the best of
our knowledge, the present Fe;0,@Fe3C—C yolk—shell
nanospindles are the most efficient Fe;0,4-based anode
materials ever reported for LIBs.

RESULTS AND DISCUSSION

The Fe;0,@Fe;C—C yolk—shell nanospindles were
synthesized through a one-step in situ nanospace-
confined pyrolysis of as-prepared Fe,Oz@resorcinol-
formaldehyde (RF) core@shell nanospindles (see de-
tails in the Experimental Section). Figure 1a illustrates
the synthetic protocol of the Fe;04@FesC—C yolk—
shell nanospindles. First, the uniform a-Fe,O; nano-
spindles 30 nm in width and 100 nm in length were
prepared through a hydrothermal reaction of ferric
chloride (Figure S1a—c).>=>* Then, the as-prepared
a-Fe,05; nanospindles were directly coated with a
conformal RF resin layer in an ethanol—ammonia—
water system, resulting in the formation of an a-Fe,Os@RF
core—shell structure. Figure S1d—f show the scanning
electron microscope (SEM) and transmission electron
microscopy (TEM) images of a-Fe,Os@RF core@shell
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Figure 2. (a,b) TEMand (c) HRTEM images of Fe;0,@Fe;C—C
yolk—shell nanospindles (the inset shows the corresponding
FFT image of Fe;0, (I) and Fe3C (ll) with scale bars being
5 nm~"). (d) XRD patterns of Fe;0,@Fe;C—C yolk—shell
nanospindles.

structures. It is found that all o-Fe,O5 nanospindles are
wrapped by RF resins with a shell thickness of 5—8 nm.
These a-Fe,03 nanospindles can be reduced by RF
resins at high temperature, and 550 °C annealing
treatment in a N, atmosphere allows the partial
“escape” of the core from the carbon shell, resulting
in an individual Fe;0,@Fe;C core@shell NP confined in
a large carbon nanospindle with a large internal void
space (Figure 1b,c). The redundant Fe-related materials
aggregate into large particles and can be easily re-
moved by precipitation and filtration. Figure 1d shows
the scanning TEM (STEM) image of the Fe;0,@FesC—C
yolk—shell nanospindles. An Fe;0,@FesC core@shell
NP is well-encapsulated in the interior of the compart-
ment for each carbon nanospindle. This interesting
structure is further confirmed by detecting the elemen-
tal distribution by the STEM-energy-dispersed spectro-
scopy (EDS) mapping technique, as shown in Figure 1e.
Within the yolk—shell nanospindles, Fe distributes
intermittently and the C element uniformly distributes
on the overall nanospindle, further supporting the
formation of Fe;0,@FesC—C yolk—shell nanospindles.

More detailed structural analysis of Fe30,@FesC—C
yolk—shell nanospindles was further examined by high-
magnification TEM and high-resolution TEM (HRTEM)
and X-ray diffraction (XRD). Figure 2a,b show the typical
high-magnification TEM image of an Fe;0,@FesC—C
yolk—shell nanospindle. It is found that a small NP with
a diameter of 15—20 nm is sandwiched between
the carbon shells, resulting in a large void space of
about 75% within the nanospindle (Figure 2a). A larger
magnified TEM image of an individual nanospindle
(Figure 2b) reveals that the carbon layer with numerous
microspores has a thickness of only 3—5 nm. Also the
confined NP displays a core@shell structure, evidenced
by the dark sheath around the light central nanocrystal.
More direct evidence for the Fe;0,@FesC core@shell
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Figure 3. (a) XPS, (b) Raman spectra, (c) N, adsorption and
desorption isotherms, and (d) pore size distribution of
Fe;0,@Fe;C—C yolk—shell nanospindles.

structure is from an HRTEM image (Figure 2c), showing
the well-identified Fes04 (111) lattice fringes with a
d-spacing of 0.48 nm (the central part) and FesC (211)
lattice fringes of 0.22 nm (dark shell part).'”"®% Further-
more, the corresponding fast Fourier transformation
(FFT) images (inset of Figure 2c) show that insets | and Il
are assigned to the cubic structure of the Fe;0, crystal
core and Fe;C crystalline shell, respectively. In addition,
the XRD pattern of the Fes;0,@Fe;C—C yolk—shell
nanospindles (Figure 2d) exhibits both the typical
(220), (311), and (400) peaks indexed to Fes04 (JCPD
No 65-3107)*°° and the weak (210), (211), and
(112) peaks indexed to Fe;C (JCPDS No. 89-2867).2728
No additional peaks are observed, indicating the total
conversion of Fe,03 to Fe;0,@Fes;C core@shell NPs
during the carbonization.

Figure 3a shows the X-ray photoelectron spectros-
copy (XPS) spectrum of Fe;04@Fe;C—C yolk—shell
nanospindles, showing the existence of C, Fe, and O
elements. The high-resolution XPS spectrum (inset of
Figure 3a) for the Fe 2p is a typical core-level spectrum
of Fe;0,4 with broad peaks around 710.8 and 724.2 eV
that correspond to Fe 2P3/2 and Fe 2P1/2 states,
respectively.'>?° The Raman spectrum was further used
to evaluate the graphitic quality of the carbon shell
in Fe304@FesC—C yolk—shell nanospindles (Figure 3b).
A small intensity ratio of Ip/lg (0.81), even lower
than that of graphene, suggests a high crystalline
degree of carbon in Fe;04,@Fe;C—C yolk—shell nano-
spindles.>°~3 This is beneficial to improve the electrical
conductivity of Fe;0,@Fe;C—C yolk—shell nanospindles.
The thermogravimetric analysis (TGA) of Fe30,@Fe;C—C
yolk—shell nanospindles, carried out in air at a heating
rate of 5 °C/min, was used to determine the mass
percentage of Fe;0,@FesC core@shell NPs, showing
the remaining mass percentage of Fe,Os; is about
68.2% (Figure S2). Considering the amount of FesC
is small, the carbon amount of Fe;0,@Fe;C—C yolk—
shell nanospindles can be determined to be ~34.1%.
The porous characteristic of Fe30,@FesC—C yolk—shell
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nanospindles was determined by N, sorption analysis.
As shown in Figure 3¢, the N, sorption isotherms of
Fe;0,@FesC—C yolk—shell nanospindles show the type |
with a well-defined knee at low P/P, (0.0—0.1), implying
the existence of a microspore in the carbon shell,
while the isotherm changes to type IV at P/Py =
0.45—1, mainly attributed to the inner void channel 3***
The Brunauer—Emmett—Teller (BET) surface area and
the total pore volume of Fe;0,@FesC—C yolk—shell
nanospindles are measured to be 1839 m?%g and
0.23 cm®/g, respectively, which are higher than those
of previously reported Fe3;0,-based hybrid materials
(see Table S1, Supporting Information). The pore size
distribution (PSD) for adsorption data, based on the
Barrett—Joyner—Halenda (BJH) method, is given in
Figure 3d. The Fe30,@FesC—C yolk—shell nanospindles
show a hierarchical pore size distribution of 0.8, 2.2, and
2.7 nm (inset of Figure 3d) with a big cavity (~22.8 nm)
from the void space and better pore structure compared
to the previous Fes04—C composite nanomaterials
(Table S1). Such a multimodel porous structure will be
significant for the rapid mass diffusion of electrolyte and
the accommodation of volume change of FesO, NPs,
thus leading to a high capacity and excellent cycling
stability.

The temperature-dependent structure change of
Fes0,@FesC—C yolk—shell nanospindles under high-
temperature annealing conditions in N, was used to
study the formation mechanism of Fe;0,@Fe;C—C
yolk—shell nanospindles. When the annealing tem-
perature is lowered to 450 °C, the o-Fe, 03 cores broke
into smaller NPs (Figure S3a) and were simultaneously
reduced by a carbon precursor and finally converted
to metallic Fe phase, confirmed by XRD analysis
(Figure S4). When the annealing temperature went
up to 550 °C, Fe;0,4@FesC—C yolk—shell nanospindles
were obtained. This is because the nanoscaled metallic
iron fused and flowed out from the porous carbon
shell, verified by the bulk Fe-based materials outside
the nanospindles, as seen in Figure S3b. With
the increase of annealing temperature to 650 °C
(Figure S3c), partial Fe30,4 was further transformed to
Fe phase (detected by the XRD pattern in Figure S4),
and a higher temperature (750 °C) could lead to only
the empty carbon shell (Figure S3d).

In order to better understand the role of the RF shell
in forming the particular yolk—shell nanospindles,
the RF resin shell was changed to amorphous carbon
by polymerizing glucose using the hydrothermal
carbonization method. For the parallel comparison, the
as-prepared Fe;O,@polymerizd glucose core@shell
nanospindles were also annealed at 550 °C under
a N, atmosphere (see details in the Experimental
Section). The results from the TEM images and XRD
before (Figure S5a,b,e) and after annealing (Figure S5c,
d,f) reveal that although the iron oxide crystal phase
transformed from Fe,Os; to Fe;0, under the same
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Figure 4. (a) Galvanostatic charge/discharge profiles of
Fe30,@Fe3C—C yolk—shell nanospindles at a current density
of 500 mA g*1 for the first three cycles. (b, c) Capacity
retention of Fe;0,@FesC—C yolk—shell nanospindles,
Fe;0,4@C core@shell nanospindles, and pure Fe30, NPs from
(c) 500 to 2000 mA/g and (d) from 3000 to 10000 mA/g.
(d) Subsequent cycling tests of Fe30,@FesC—C yolk—shell
nanospindles (red and black marks represent charge and
discharge capacities, respectively), Fes0,@C core@shell
nanospindles, and pure Fe30, NPs at 500 mA/g from the
261st to the 560th cycle. (e) Proposed lithium storage by
intercalation into the carbon pores and insertion into the
lattice of the active material, followed by additional charge
separation at the two-phase boundaries to form space
charge layers.

carbonization treatment, only Fe;0,@C core@shell
nanospindles could be obtained. In this regard, we
compared the BET surface area, pore size distribution,
and pore volume of the Fe;0,@FesC—C yolk—shell and
Fes0,@C core@shell nanospindles (Figure S6). The for-
mer shows a larger pore size and volume than the latter.
This will cause the carbon shell from the Fe;0,@Fe;C—C
yolk—shell nanospindles to provide a better route for
the Fe to get out and further form Fe-based materials
at high temperature. Therefore, all these control experi-
ments reveal that the larger pore provided by
Fes04@FesC—C yolk—shell nanospindles during the
high-temperature annealing treatment may play the
key role in the formation of our particular yolk—shell
structure.

The electrochemical performance of the Fe;O,@-
FesC—C yolk—shell nanospindles, Fe;0,@C core@shell
nanospindles, and pure Fe;0, NPs>>3® was investigated
by assembling them into coin-type 2032 cells with
lithium foil as the reference electrode. Figure 4a shows
the charge/discharge profiles of Fe;0,@Fe3C—C yolk—
shell nanospindles at the first three cycles from 3 to
0.005 V at 500 mA/g. The first discharge curve presents
a voltage plateau at ~0.8 V vs Li™/Li® due to the reduc-
tion of Fe>" and Fe?" to Fe® in the conversion reaction
Fes04 + 8¢ + 8LiT— Fe® + 4Li,0, followed by a
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sloping curve down to the cutoff voltage of 0.005 V.
A sloping plateau around 1.8 V in the first charge profile
reflects the reverse reaction, which agrees well with the
typical characteristic of voltage trends for Fe30,4 anode
materials. It should be noted that no obvious plateau
can be observed in the following charge and discharge
cycles of Fe;0,@FesC—C yolk—shell nanospindles, in-
dicating the introduction of a carbon shell can reduce
the polarization and thus benefit the efficiency of LIBs.
The first Coulombic efficiency of Fe;0,@Fe;C—C yolk—
shell nanospindles is 68.3% of the initial capacity
of 1091 mAh/g, which is attributed to the formation
of the solid electrolyte interface (SEl) layer on their
surface,”'>3738 as seen also from the shape difference
between the discharge voltage profiles of the first
and second cycle. In the second and third cycles, the
Columbic efficiencies dramatically increase to 88% and
92.3%, indicating the rapid stabilization of the SEl layer.

In order to test the ultrafast charging and discharg-
ing capability of the electrodes, the cell capacities of
the Fe;0,4@Fe;C—C yolk—shell nanospindles, Fe;0,@C
core@shell nanospindle, and pure Fes0, NPs were
evaluated at various current densities ranging from
500 to 10000 mA/g, as shown in Figure 4b,c. The
as-prepared Fe;0,@Fe3C—C yolk—shell nanospindles
show much higher capacity than Fe;0,@C core@shell
nanospindles and pure Fe3O, NPs under different
current densities. The rate performance of Fe;0,@-
Fe3C—C yolk—shell nanospindles was excellent. The
capacities of Fe30,@Fe3C—C yolk—shell nanospindles
are 530.2, 470.4, and 423.3 mAh/g at the 20th cycles of
1000, 1500, and 2000 mA/g, respectively, which are
superior to those of the pure Fe;0,4 (only 85 mAh/g at
1000 mA/qg) and Fe;0,@C core@shell NPs (406 mAh/g
for Fe30,@C core@shell NPs at 1000 mA/g) under the
same conditions. Most notably, the rate performance
of Fes0,@FesC—C yolk—shell nanospindles is much
better than those of the previously reported FesO,-
based anode materials, such as an Fe304—C yolk—shell
composite,'® carbon nanotube@Fe;0,@C coaxial nano-
cables 2 Fe;0.4/porous carbon,?”° and Fe;0,/graphene
composites®'>*74° (Table 52).

The capacity performance of Fe/C-450 and Fe/C-650
obtained by carbonizing o-Fe,Os;@RF at 450 and
650 °C was also tested under the same conditions
(Figure S7). Both of them show a poor capacity due to
the dominating Fe phase (proved by XRD data shown
in Figure S5) in these two samples, which possesses
a low theoretical capacity.”’

The heterostructured Fe;0,@FesC—C yolk—shell
nanospindles also possess excellent cyclic capacity
retention. Figure 4d shows the charge and discharge
capacities and corresponding Coulombic efficiency
as a function of cycle number at a constant current
density of 500 mA g~ ' following the test process
of Figure 4c. The initial reversible capacity of the
yolk—shell nanospindles is up to 809.2 mAh/g, which
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Figure 5. (a) Cycling performance of Fe;0,@FesC—C yolk—
shell nanospindles at 2000 mA g~ ', from the 260th to 660th
cycle. (b) EIS of Fe30,@FesC—C yolk—shell nanospindles
before and after cycling and pure Fe;0, NPs. (¢, d) TEM
images of Fe;0,@FesC—C yolk—shell nanospindles (c) and
Fe;0,@C core@shell nanospindles (d) after the 660th cycle.

gradually reaches a maximum value of 11283 mAh g™’
and then shows almost no capacity fading for the sub-
sequent 100 cycles (1120.2 mAh/g at the 560th cycle,
a retention of 99.2%) with a nearly 100% Coulombic
efficiency. It is worthy of noting that this increasing
phenomenon has also been demonstrated in recent
studies for a metal oxide electrode in long-term cycling
for LIBs.*#'>37 |n our case, two main possibilities are
given as follows. (i) The interface effect of Fe;0,4/FesC
provides more active sites for additional Li™ storage
(Figure 4e).*">8 (i) The increment of capacity in the
initial stage occurred with irreversible generation of
Fe NPs,*? which can increase the overall conductivity of
the electrode (in accordance with the impedance result
below, Figure 5b)."> As a comparison, the Fe;0,@C
core@shell nanospindles show an inferior cycle stability
with a reversible capacity of only 365.4 mAh/g at the
560th cycle, which is 64.8% of the initial reversible
capacity (563.2 mA h/g). For pure Fe304 NPs, without
the carbon and FesC shells, the capacity dramatically
dropped from 1030.3 mA h/g (the first cycle) to
2814 mA h g ' at the tenth cycle and finally reached
122.2 mA h/g at the 355th cycle (11.9% of the initial
reversible capacity). Long-term cycles of Fe30,@FesC—C
yolk—shell nanospindles at a very high current density
of 2000 mA h/g are subsequently shown in Figure 5a.
After an additional 400 cycles, a reversible capacity of as
high as 539.7 mA h/g can still be maintained (a retention
of 86.4%), and we further compared the LIB perfor-
mance of our Fe;0,@Fe3C—C yolk—shell nanospindles
with various reported Fe;O4-based anodes (Table S2).
Obviously, Fe30,@FesC—C yolk—shell nanospindles
exhibit overwhelming rate performance and cycling life.

The above comparison results confirm the crucial
roles of both sufficient internal void space and the Fe;C
shell and carbon cage of Fe;0,@FesC—C yolk—shell
nanospindles on enhancing LIB capacity, rate capability,
and stability. (a) The porous spindle-like carbon shell
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plays an important role in enhancing the electrical
conductivity and mass transportation, reducing the
electrode pulverization during discharge/charge at high
current densities. This has been proved by the electro-
chemical impedance spectra (EIS) of the Fe;0,@FesC—C
yolk—shell nanospindles and the pure Fe;O; NPs
before and after the stability test (Figure 5b). The
Fes0,@FesC—C yolk—shell nanospindles have a lower
resistance (~77.0 €2) than the pure Fe;0,4 NPs (~87.8 Q).
After 660 cycles, the resistance of the Fe;0,@Fe;C—C
yolk—shell nanospindles reaches 26.8 Q, much smaller
than that before cycling. This may be attributed to the
sufficient wetting of electrolyte in the porous battery
electrodes and the charged Li" intercalation? (b) A
possible interfacial lithium ion storage effect in the
oxide/carbide heterogeneous structure is responsible
for the improved performance of Fe;0,@Fe;C—C yolk—
shell nanospindles (Figure 4e).'”'® (c) The self-formed
yolk—shell spindle-shaped structure with enough space
and good mechanical stability can effectively buffer the
internal stress induced by volume variation of electrode
materials during cycling. This was further confirmed by
comparing the TEM images of the Fe30,@Fe;C—C
yolk—shell nanospindles (Figure 5c) and Fe;0,@C
core@shell nanospindles (Figure 5d) after the cycling
test. We can see that the core NPs expand to some
degree, but no pulverization and aggregation are
observed even after 660 cycles in the Fe;0,@Fe;C—C
yolk—shell nanospindles. Moreover, the yolk—shell struc-
tural integrity can be well preserved even at the harsh
charge/discharge cycles at 2000 mA g~ '. However, under
identical conditions, Fes0,@C core@shell nanospindles
show a large change in their morphology (Figure 5d).

CONCLUSIONS

To summarize, we have designed and synthesized
novel Fe;0,@Fe;C—C yolk—shell nanospindles through
in situ thermally annealing the as-made Fe,Os;@RF
core@shell nanospindles at high temperature (550 °C).

EXPERIMENTAL SECTION

Synthesis of Fe;0,@Fe3C—C Yolk—Shell Nanospindles. For a typical
procedure, a-Fe,O3 nanospindles were prepared by aging
a solution of 0.02 M FeCl; and NaH,PO, at 105 °C for 48 h.2
Then, 144 mg of o-Fe,03 nanospindles was dispersed by
ultrasonication in an ethanol/water mixture with a volume
ratio of 1:1, followed by the addition of 10 uL of ammonia
(28%). After further ultrasonication for 10 min, 10 mg of
resorcinol and 14 uL of formaldehyde were sequentially added
into the above mixture, followed by sonicating for 30 min.
The suspension was transferred to a Teflon-lined stainless-steel
autoclave and heated at 100 °C in an electric oven for 24 h.
The resulting product was harvested by centrifugation, washed
with water and ethanol, and dried at 50 °C overnight. Afterward,
the as-prepared o-Fe,Os@RF core/shell nanospindles were
annealed at 550 °C for 4 h with a heating rate of 1 °C/min
under a N, atmosphere. Subsequently, the carbonized
product was ultrasonically dispersed in 20 mL of ethanol. After
aging for 2 h, the Fe30,@Fe3C—C yolk—shell nanospindles were
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In such a structure, a heterogeneous Fes0,@FesC
core@shell NP (15—25 nm) is sandwiched in the com-
partment of a hollow carbon nanospindle (30 nm in
width and 100 nm in length). An initial study on the
formation mechanism of Fe;0O,@Fe;C—C yolk—shell
nanospindles was carried out through changing the
annealing temperature and carbon precursor. The con-
trol experiments reveal that (i) both the proper anneal-
ing temperature and RF carbon precursor are the key to
the in situ formation of well-defined Fe;0,@Fe;C—C
yolk—shell nanospindles; (ii) the RF resin-based carbon
shell exhibits a larger pore size and volume than the
glucose-based carbon shell, providing a better pathway
for the Fe getting out, leading to our peculiar yolk—shell
structure.

Such intriguing yolk—shell architectures with very
sufficient internal void space make them work as a new
class of anode materials for developing LIBs with high
capacity and rate capability as well as high stability.
They can provide a dual role in boosting the perfor-
mance of LIBs. The very sufficient internal void space
provided by Fe;0,@Fe;C—C yolk—shell nanospindles,
which is different from previous yolk—shell structures
with small internal void space, can provide a much
larger space for the expansion and contraction of
Fes0,@FesC NPs during the lithiation/dethiation pro-
cess, and the Fe;C shell on Fe;0, NPs is effective
in minimizing the dissolution and fracture of Fe30,
core. We found that compared to the Fe;0,; NPs
(122.2 mAh g™ ") and Fe;0,@C core@shell nanospin-
dles (365.4 mAh g™ '), the as-obtained Fe;0,@Fe;C—C
yolk—shell nanospindles show a much higher stable
specific capacity of 11283 mAh g ' at 500 mA g~ ', ex-
cellent rate capability (604.8 mAh g~ ' at 2000 mA g™ ),
and excellent cycling stability. We expect that the
strategy developed in this study may open a new
way to prepare other transition-metal-based yolk—
shell nanostructures with sufficient internal void space
for next-generation LIBs.

obtained from the upper black “ink” by centrifugation and
drying.

Synthesis of Fe;0,@C Core/Shell Nanospindles. The Fe;0,@C
core@shell nanospindles were synthesized according to a
modified carbon thermal method.? In a typical synthesis, 0.3 g
of a-Fe,03 nanospindles was dispersed in 5 mL of water by
ultrasonication to form a suspension. Then 1.5 g of p-glucose
monohydrate (CgH;,0¢4 - H,0) was dissolved in another 40 mL of
DI water and added to the former suspension with another
20 mL of ethanol under ultrasonication. The resulting suspen-
sion was transferred to a 100 mL Teflon-lined stainless-steel
autoclave, which was then heated at 190 °C in an electric oven
for 12 h. The carbon precursor-coated hematite particles were
harvested by centrifugation, washed with water, and then dried
at 50 °C overnight. The resulting sample was annealed at 550 °C
for 4 h at a heating rate of 1 °C min~" under a N, atmosphere
before it was allowed to cool to room temperature.

Synthesis of Fe;0, NPs. The preparation of Fe3O4 NPs was carried
out in a well-established chemical co-precipitation method.>>¢
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Typically, 4.73 g of FeCl;-6H,0 and 1.99 g of FeCl,-4H,0 were
dissolved in 55 mL of deoxygenated water at 57 °C under N,
protection. Subsequently, 5 mL of ammonium hydroxide was
quickly injected into the above Fe?™/Fe*Tsalt solution, resulting
in the formation of the black precipitate of magnetic NPs. After
15 min, 2 mL of ammonium hydroxide was additionally added to
the above reaction system. The reaction was maintained at 57 °C
for another 2 h, and the mixture was then cooled to room
temperature. The resulting black precipitate was washed with
deionized water several times and dried under vacuum.

Characterization. SEM and TEM images were taken using an
FE-SEM (JEOR JSM-6700F, accelerating voltage of 5 kV) and an
FEI Tecnai G2 20 (accelerating voltage of 200 kV), respectively.
Elemental analysis was performed using energy-dispersive
X-ray spectroscopy and electron energy loss spectroscopy
equipped in the TEM. X-ray diffraction patterns were obtained
on a Rigaku D/MAX-3B using Cu Ko radiation (1 = 1.5406 A).
TGA was carried out using a Mettler Toledo TGA/DSC 1 analyzer
at a heating rate of 5 °C min~' under an air atmosphere. The
Raman spectrum was recorded at ambient temperature with
a Renishaw Microscope System RM2000 Raman spectrometer.
The N, adsorption/desorption curve was determined by BET
measurements using a Micromeritics ASAP 2020 surface area
analyzer. XPS experiments were performed with an ESCA
LAB 250 spectrometer using a focused monochromatic Al Kot
(hv = 1486.6 eV) X-ray beam with a diameter of 200 um.

Electrochemical Measurements. Electrochemical measurements
were performed using coin-type 2032 cells. The working elec-
trodes were prepared by mixing active materials, carbon
black, and poly(vinyl difluoride) in 1-methyl-2-pyrrolidinone
at a weight ratio of 80:10:10 and pasted on pure copper foil.
The electrolyte consists of a solution of 1 M LiPF4 in ethylene
carbonate/dimethyl carbonate/diethyl carbonate (volume ratio
of 1:1:1). Pure lithium foil was used as counter electrode, and
the separator was a polypropylene membrane from Celgard.
The cells were assembled in an argon-filled glovebox with
the concentrations of moisture and oxygen below 1 ppm. The
charge and discharge performances were carried out on an
Arbin Instruments test system within a range of 0.005—3 V at
different current densities. Electrochemical impedance spectral
measurements were carried out in the frequency range from
100 kHz to 0.01 Hz on a CHI 660D electrochemical workstation.
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