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Hematite nanospindles with a uniform size of ~270nm in length and ~90nm in width are
prepared using a facile one-step hydrothermal method. Polyvinylpyrrolidone (PVP) serves as
a structure-directing agent to control the primary morphology and aggregations.
When evaluated as anode materials for lithium-ion batteries (LIBs), the electrode of sodium
alginate (SA) binder exhibits a much better electrochemical performance than that with the
polyvinylidene fluoride (PVDF) binder. Remarkably, the electrode using SA binder can
deliver a high reversible specific capacity of 979 mAh-g~! after 50 cycles and prominent rate
capability. The microstructural evolution of the nanospindles after the electrochemical
cycling is investigated by scanning transmission electron microscopy (STEM). Our results
may provide important mechanistic insights for the design of nanostructured anode materials
for LIBs.
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1. Introduction

(LIBs) are
commonly used as power sources for portable elec-

Rechargeable lithium-ion batteries
tronic devices.! They are also considered as very
promising power sources in electric vehicles, hybrid
electric vehicles and stationary energy storage sys-
tems.?”” The traditional graphite does not meet the

§Corresponding author.

increasing demand for LIBs’ anode materials due to
its low theoretical specific capacity (372mAh-g—1).
To meet the growing demand, it is urgent to develop
novel electrode materials with high power/energy
density, long cycle life, low cost and high safety.®’
The metal oxides have been adjudged as potential
candidates with high theoretical capacity and
safety.'’
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As the most stable iron oxide, hematite
(a-Fe;03) has attracted specific attention because
of its high capacity of 1007 mAh-g~!, its non-
toxicity, low cost, as well as its abundance.''™!?
Nevertheless, the implementation of a-Fe;Os in
commercialized anode is obstructed by significant
volume expansion and poor electrical conductivity,
which can drastically affect its performance.'®
Tremendous efforts have been devoted to the syn-
thesis and research of Fe;Os;. Numerous efforts
have been directed towards nanostructural engi-
neering to improve the a-Fe,O3 anode performance
by reducing the particle size,'® developing one-
dimensional (1D) nanorods,'” two-dimensional (2D)
nanosheets'® and three-dimensional (3D) hollow
or porous structures'??? and coating a-Fe,O5 with
carbon.’*?* Among the various methods and
structures, the hydrothermal method is simple
and feasible, and the spindle-like structure is more
appropriate for LIBs because the 1D structure is
beneficial for charge transfer. In addition, the re-
search has implied that the size of the particle can
impact its electrochemical performance. Zou et al.
synthesized Fey,Os-graphene nanocomposites by
microwave-assisted hydrothermal method.”® The
obtained spindle-like composite with a length of
~200nm delivered a capacity of 734 mAh-g~! after
40 cycles at 100mA-g~!, while the particle-like
composite with a size of ~80 nm delivered a capacity
of 312mAh-g~! after 40 cycles at 100mA-g~—1.%° Xu
et al. prepared spindle-like a-Fe,O3 by a two-step
calcinations method.”® The as-prepared spindle-like
mesoporous a-Fe,O3 with a length of ~800nm,
exhibited a reversible capacity of 911 mAh-g~! after
50 cycles at 0.2 C.?5 Although these techniques have
significantly improved the electrochemical perfor-
mances of a-FeyO3, they are complicated to realize
and the materials have a relatively low specific ca-
pacity and poor cycling stability. Therefore, it is
worthwhile exploring a-Fe,O3; nanospindles with
better performance by a facile and economical syn-
thesis method.

Recently, lots of studies have shown that the
binder is a crucial component of battery. The
aqueous binders with carboxy groups display better
electrochemical properties than the commonly-used
polyvinylidene fluoride (PVDF).?"?® Sodium algi-
nate (SA) may be the suitable binder due to the
carboxylic groups’ even distribution and sufficient
polar functional groups in the polymer chain. Par-
ticularly, the electrode with SA binder exhibited a

good cycling stability and capacity retention in the
case of alloying electrodes such as Si and Sn.?%?"
However, little work is focused on the a-Fe,Oj
electrode with the SA binder. Herein, we propose
a strategy of combining active-material nanos-
tructures and aqueous binder to obtain an optimum
lithium storage performance. The active materials,
a-Fe;O3 nanospindles, were fabricated using a facile
one-step hydrothermal method in the presence of
polyvinylpyrrolidone (PVP), followed by a subse-
quent annealing treatment. The obtained a-Fe,O4
nanospindles with SA binder as an anode exhibit a
high reversible capacity of 979 mAh-g=! after 50
cycles at 100mA-g~!, whereas for the same active
materials with PVDF binder, the capacity drops to
less than 600 mAh-g~! after 50 cycles. Remarkably,
a-Fe,O3 nanospindles used the SA binder to deliver
high capacities of 560-750 mAh-g~! at a high rate of
1-2 A-g~!, indicating a remarkable rate capability.
The morphology of a-Fe;O3 nanospindles with SA
binder after the electrochemical cycling process
was investigated by scanning transmission electron
microscopy (STEM).

2. Experimental

2.1. Materials preparation

a-Fe;03 nanospindles were synthesized by a hydro-
thermal method. Typically, 1 mmol of FeCl;-6H,0,
0.6 g PVP, 6 mL ethylenediamine were dissolved in
30mL deionized water and 30 mL ethanol under
stirring for 30min. Thereafter, the mixture was
transferred into a 100 mL teflon-lined stainless-steel
autoclave and heated at 180°C for 6h. After the
autoclave was cooled down to room temperature
naturally, the red precipitates were centrifuged and
washed with deionized water and ethanol several
times, and then dried in an oven at 60°C overnight.
Finally, the dried powders were further calcined at
500°C for 2h in a nitrogen atmosphere to obtain
a-Fe;O3 nanospindles. For comparison, the bulk
a-Fe;0O3 was fabricated under the same conditions
in the absence of PVP and ethylenediamine.

2.2. Materials characterization

The crystallographic information and composition
of the samples were investigated by x-ray diffraction
(XRD, Rigaku SmartLab) with Cu-Ka radiation
(A =0.154nm) with 26 ranging from 20° to 80°.
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The morphologies and the microstructures of the
products were characterized by field-emission scan-
ning electron microscopy (FESEM, Hitachi S-4800)
and STEM (JEOL JEM2100F).

2.3. FElectrochemical measurements

Electrochemical measurements were conducted
using a half coin-type cell (CR2025) assembled in-
side a glove box (Mikrouna) under an argon atmo-
sphere at room temperature (25°C). The working
electrode was fabricated by mixing a-Fe,O3 nanos-
pindles (70 wt.%), acetylene black (15wt.%) and
SA (15wt.%) or PVDF (15wt.%). For the bulk
a-Fe,O3 electrode, the bulk a-Fey,Os, acetylene
black and SA binder were mixed with a weight ratio
of 70:15:15. Then the mixture was pasted on the
copper current collector and dried in a vacuum oven
at 120°C for 12 h. The capacity of the battery was
merely based on the weight of Fe;O3. Metallic lith-
ium foil was used as a counter electrode, 1 M LiPFg
in ethylenecarbonate (EC) and dimethyl carbonate
(DMC) (EC:DMC = 1:1 in volume) as the electro-
lyte, and a polypropylene microporous film was used
as a separator. The galvanostatic charge/discharge
tests were performed on the LAND CT 2001A
battery testing system with a voltage range from
0.01V to 3.0V versus Li*/Li. The cyclic voltam-
metry (CV) was performed on Metrohm Autolab
PGSTAT302N in the potential range of 0.01 V-
3.0V with a scan rate of 0.1 mV-s~!. Electrochem-
ical impedance spectroscopy (EIS) was performed
on fresh cells at open circuit potential with Metrohm
Autolab PGSTAT302N by applying a sine wave
with an amplitude of 5.0mV over the frequency
range from 100 kHz to 0.01 Hz.

3. Results and Discussion

Both the crystal structure and the phase of prepared
samples were investigated by XRD. Figure 1 shows
the XRD patterns of products before and after
annealing at 500°C for 2 h in nitrogen. All the detec-
ted diffraction peaks confirm the high crystallinity of
the products, which can be assigned to a hexagonal
structure a-Fe;O3 (JCPDS No. 33-0664).°!

Figures 2(a) and 2(b) show typical FESEM
images of a-Fe,O3 nanostructures after annealing,
recorded at different magnifications. It clearly
reveals that the nanostructures are spindle-like
hematites with a relatively uniform size. The
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Fig. 1. Typical XRD patterns of the products before and after
annealing.

dimensions of the hematite spindles are about
270nm in length and about 90nm in width.
Figure 2(c) presents a typical bright field (BF)
transmission electron microscopy (TEM) image of a
single «@-Fe,O3; nanospindle, whose dimensions
are consistent with the FESEM results. Figure 2(d)
displays a typical high-resolution transmission
electron microscopy (HRTEM) image of an indi-
vidual nanospindle, from which the (104) lattice
spacing is measured to be 2.74 A, consistent with
that of pure a-Fe;O3. PVP can control the crystal
growth of the hematite by selectively adsorbing
Fe3t to form a spindle-like structure, which has
already been reported in other materials.*

The Lit storage performance of the a-Fe,Oz
nanospindles with SA binder was evaluated by the
CV and galvanic charge/discharge. Figure 3(a) is the
CV of a-FeyO3 nanospindles measured at applied
voltages varying between 0.01-3.00 V. In the first
cathodic scan, the small peak located at 1.4V
is caused by the initial lithium insertion into a-Fe,O3
(Fey O3 +xLit +xe~ — Li,Fey O3, Li,Fey O3+ (2 —
x)Lit +(2—x)e — Li;Fey03), and the large peak
observed at 0.5V is ascribed to the formation of solid
electrolyte interphase (SEI) film, the reduction of
a-Fes05 to Fe and the formation of Li,O when the
Fe;O3 phase reacts with LiT (LiyFe,O5+4LiT+
4e~ — 2Fe + 3Li,0).** This peak located 0.5V dis-
appears in the following cycles, and another peak is
observed at 0.8 V, which is due to the reversible in-
sertion of lithium ions and the complete reduction of
Fe3* to Fe(0).? In addition, the anodic peak at 1.8 V
during the first cycle can be attributed to the oxida-
tion of Fe(0) to Fe3* (2Fe+ 3Li,O — FeyO5+
6Li" +6e~). Little change is found in the following
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Fig. 2. Typical FESEM images of a-Fe;O3 nanospindles (a) and (b), (c) typical BF TEM image of a-Fe,O3 nanospindle and
(d) typical HRTEM image of a-Fe;O3 nanospindle.
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Fig. 3. (a) The CV of the a-Fe;O3 nanospindles with SA binder, the insets are the enlarged CV curves, (b) discharge/charge curves
of a-Fe;O3 nanospindles with SA binder, (c) cycling ability of a-Fe;O3 nanospindles with SA and PVDF binders and bulk Fe,O3
with SA binder and (d) rate performance of a-Fe;O3 nanospindles with SA and PVDF binders and bulk Fe,O3 with SA binder.
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cycles, which suggests that the electrochemical re-
action of a-Fe,O3 nanospindles is highly reversible.
Figure 3(b) displays capacity versus voltage
curves of a-Fe;03 nanospindles with SA binder (1st,
2nd, 30th, 50th cycles) at 100 mA-g~!. During the
first discharge, the voltage platforms are in good
agreement with the CV result described above. The
charge curve shows a sloping platform at ~2.0V as
a result of reverse reaction.’* The reaction offers a
dominant contribution to Li storage capability,
leading to a high first-cycle discharge specific ca-
pacity of 1354 mAh-g~1. A reversible charge specific
capacity is 1032mAh-g~!, thus the relatively irre-
versible capacity loss is 23%. The initial irreversible
capacity loss results from the formation of SEI on
the surface of iron oxide during the first cycle of Li™
insertion, as commonly observed in anode materi-
als.?* During the second cycle, the discharge and
charge specific capacities are 1060 mAh-g~! and
1029 mAh-g~!, respectively, which are even higher
than the theoretical capacity of a-Fe,Os. This
phenomenon may be attributed to the formation of
polymeric gel-like film resulting from kinetically-
activated electrolyte degradation, which has been
discovered in other transition metal oxides.*”
Figure 3(c) reveals the cycling performances of
the a-Fe;O3 nanospindles with SA and PVDF bin-
ders and bulk Fe,O5 with SA at 100mA-g~!. After
50 cycles, the as-prepared a-Fe,O3 nanospindles
with SA binder still exhibit a high discharge specific
capacity of 964 mAh-g=!. A Coulombic efficiency of
~98% is measured after the 3rd cycle. However,
the capacity of the a-Fe;O3; nanospindles with
PVDF binder and bulk a-Fe,O3; with SA binder
drastically drops to less than 600 mAh-g~! after 50
cycles. In addition, a-Fe,O3 anode materials were
cycled to evaluate the rate performance. As shown
in Fig. 3(d), the a-Fe,O3 nanospindles deliver spe-
cific capacities of 1029, 981, 865, 755, 560 mAh-g !
at 0.1, 0.2, 0.5, 1 and 2A-g~!, respectively. A re-
versible discharge capacity of 1025 mAh-g~! can be
obtained once the current density returns to
0.1 A-g~1 after 50 cycles, which is much higher than
those of a-Fe;O3 nanospindles with PVDF binder
and bulk a-Fe,O3 with SA binder. The cycling and
rate performances of a-Fe;Os; nanospindles are
superior to those reported for some iron oxide anode
materials. For instance, Bai et al. found the re-
versible capacity of ~920 mAh-g~! after 40 cycles at
100 mA-g~! for a-Fe,O5 nano-assembled spindles.*°
Xiong and co-workers reported that the Fe,Oj

nanospindles electrode showed a capacity of
921.7mAh-g~! at 200 mA-g~! after 50 cycles,’” and
the Fe,O3 nanorods electrode delivered a discharge
capacity of 761.7mAh-g=! at 500mA-g~! up to 60
cycles.?® The capacity of the bare a-Fe,O5 nanos-
pindles electrode was lower than 200 mAh-g~! after
50 cycles at 100 mA-g~1.%*~*! Compared to previous
reports, the as-prepared a-Fe,Oz with SA binder
shows an excellent electrochemical property. The
SA tends to dissolve in water, which can obtain a
fully-stretched molecular conformation due to the
rigid long chains and the electrostatic repulsive
interactions. The unique structure makes for uni-
form 3D networking between the acetylene black
and a-FeyO3; nanospindles, which can strengthen
electrode architecture.*> The carbohydrate-based
polymer has a strong cohesive force to bond a-Fe,O3
and the Cu foil because of sufficient polar functional
groups. However, the electrode with PVDF binder
has a poor mechanical strength due to the inade-
quate connection of the active materials with flexi-
ble, coil-shape chains.

To further demonstrate the superior electro-
chemical performances, EIS measurements were
conducted on a-Fe,O3; nanospindles with SA and
PVDF binders, and a-Fe;O3 nanospindles and bulk
Fe;O3 with SA binder. As shown in Fig. 4, the
Nyquist plots are composed of a compressed semi-
circle in high frequency and an inclined line in
low frequency, respectively, which correspond to
the charge transfer process and lithium diffusion
process,**** respectively. The classical equivalent
circuits (insets in Fig. 4) are used to model the
electrochemical system, in which R, represents the
ohmic resistance, CPE represents the double-layer
capacitance, R. represents the charge transfer
resistance, W represents the Warburg impedance
describing the lithium diffusion process in compo-
sites. As shown in Fig. 4(a), the semicircle for
a-Fe;03 nanospindles with SA binder (33Q) is
smaller than that for a-Fe,O3; nanospindles with
PVDF binder (65€2). The semicircle for a-Fe;O3
nanospindles (33(2) is smaller than that for bulk
a-Fe,O3 with SA binder (4712), as displayed in
Fig. 4(b). Thus, the a-Fe,O3 nanospindles with
the SA binder have the lowest charge-transfer
impedance.

To understand the electrochemical performance,
TEM and STEM were used to investigate the mi-
crostructural evolution of the a-Fe,O3 nanospindles
with SA binder in the lithiated states (0.01V).
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Fig. 4. Nyquist plots of a-Fe,O3. (a) nanospindles with SA and PVDF binders and (b) nanospindles and bulk with SA binder.

Insets are the equivalent circuits.

Figures 5(a) and 5(c) are the BF TEM images of
a-Fe;O3 nanospindles after several discharge/
charge cycles. The nanograin morphology of active
materials remains in a spindle-like shape after three
and 50 discharge cycles, while its length and width
are much bigger than those dimensions before cy-
cling, suggesting that a volume expansion takes
place. Figures 5(b) and 5(d) show the STEM images
of the anode materials in the lithiated states to
clearly demonstrate their surface transformation.
At the beginning, few particles are observed on the

100 nm

after 3 cycles =

(c)

100 nm

after 50 c&eles —

Fig. 5.

surfaces of spindle initially after three discharge
cycles. Subsequently, the surface of the spindle is
covered with small particles and gradually becomes
rough. Finally, small amount of nanograins peel off
from the surface layer after 50 cycles. Figure 5(e)
shows a typical HRTEM image of the active mate-
rials after 50 cycles. The lattice spacing of the par-
ticle is measured to be 2.05 A, matching well with the
{110} planes of Fe, which provides a direct evidence
for the formation of Fe nanocrystals dispersed into
the LisO matrix during the lithiation process.

(a) Typical BF TEM image after three discharge cycles, (b) typical STEM image after three discharge cycles, (c) typical BF

TEM image after 50 discharge cycles, (d) typical STEM image after 50 discharge cycles and (e) typical HRTEM image after 50

discharge cycles.
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Figure 6 shows the schematic illustration of
the a-Fe;O3 nanospindles during electrochemical
cycling. During the lithiation process, Li* ions
transfer from the metallic lithium to a-Fe,O3 elec-
trode through the nonaqueous electrolyte and sep-
arator. LiT insertion cycling leads to the volume
expansion of a-Fey,O3; nanospindles. The lithium
storage capacity of a-Fe,Ojz is delivered through
the reversible conversion reaction between Li™ and
a-Fe,03, forming Fe nanocrystals dispersed in a
Li,O matrix. After several cycles, small amount of
nanograins will peel off from the surface layer and
the surface gradually becomes rough. The a-Fe,O5
nanospindles can keep their original shape after the
discharging/charging cycles, which is beneficial for
their cycling stability.

4. Conclusions

In summary, homogeneous «a-Fe;O3; nanospindles
have been synthesized by a simple hydrothermal
method. With SA as binder, the a-Fe,Os nanos-
pindle electrode exhibits a remarkable cycling per-
formance. The unique spindle structure can reduce
the possibility of structure collapse, and the SA
binder can avoid peeling from the Cu foil during the
electrochemical cycling. The strategy of combining
active-material nanostructures with effective bin-
ders is extremely rewarding for the development of
high-performance LIBs.
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