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Unique a-Fe,0; porous multi-shelled hollow spheres (a-Fe,03 PMSHSs) have been prepared by a simple
template-free hydrothermal method followed by annealing in air. For the first time, L-histidine was used
as morphology controlling agent in the synthesis process. The a-Fe,0; PMSHSs had a relative high
surface area of 14.2 m® g and a pore volume of 0.07 cn’® g”'. When used as an anode material for lithium
ion batteries, the a-Fe,0O; PMSHSs exhibited high specific capacity, good cycling stability, and excellent
rate performance. A stable and reversible capacity of 869.9 mAh g™’ could be maintained at a charge-
discharge current density of 400 mA g™ after 300 cycles. Superior rate capability had also been
demonstrated by testing the material at different current densities. The a-Fe,O; PMSHSs could deliver a
capacity as high as 833.3 mAh g™ at 800 mA g™, and a capacity of 498.1 mAh g at 6000 mA g'. The
superior electrochemical performance of the a-Fe,O3 PMSHSs is attributed to the hierarchical porosity,
special micro/nano structure, shorten electron and lithium ions diffusion pathways, and easy penetration
of electrolyte.

1. Introduction: According to the previous work of Tarascon et al., several

45 transition metal oxides (TMOs), including Co3;0,4, Fe 03, NiO,
and CuO, etc., own their extremely high theoretical specific
capacity via a conversion reaction,'®'? which are promising
alternative anode materials of graphite employed in commercial
LIBs. Among the TMOs, the Fe,O; has been extensively studied
because of its high specific capacity (1007 mAh g assuming 6 Li
per formula unit), natural abundance, low-cost and non-toxicity.
317 Despite these advantages, the large volume changes during
lithiation/delithiation ~process, which results in electrode
pulverization and capacity fading, severely encumbered its
practical application.'® Therefore, some different strategies have
been proposed to mitigate the above mentioned problem. One
commonly used approach is to introduce a flexible and stable
overlayer, such as amorphous carbon, as a physical scaffold to
effectively counteract the pulverization.'*?* The carbon
¢ component could also increase the electrical conductivity of
nanocomposite. Another effective protocol is to design and create
nanostructured Fe,O; that can better sustain the volume variation,
such as hollow and porous structures materials. It is also believed
that these nanostructures with large exposed surface and short
diffusion length could interact more efficiently with Li" ions,

Multi-shelled hollow spheres (MSHSs) materials, with high
surface area, high pore volume, high void space and shell
permeability, have attracted tremendous attention in lithium ion
batteries (LIBs)." Since the high pore volume and void space
allow for better accommodation of dramatic volume changes
during repeated lithiation/delithiation process, resulting in better
structure stability and cycling performance. The permeable and
porous thin shells shorten greatly the distance for the diffusion of
electron and Li', enhancing the rate capability. The porous
hollow structure with a high surface area also has more location
for Li ion storage, which helps to improve the capacity.”?
Normally, the procedure for the preparation of MSHSs involves
the shell-by-shell deposition of desired materials onto sacrificial
templates  followed by  selective template removal.
Monodispersed polymers,” silica,” carbon,®” and micelles®” have
been widely used as the sacrificial template. It suffers, however,
some disadvantages with template routes, e.g., the difficulty in
template fabrication, the possibility of product deconstruction
during the template removal process, the shortage of templates
for generating hollow structures with complex interiors, and

93
=]

w
b

o
X

multistep and costly operations. Therefore, to develop a s1mple including nanowires, nanoflakes,'® nanotubes,2®

and low-cost method for the fabrication of MSHSs materials 27 . 28 . 29 . 30

b i onificant subiect in LIBS’ studi hollowspheres, microcubes, microboxes, spindles,
ecomes a significant subject in s’ studies. nanorods.'” 32 and so forth.
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Recently, Hu and his coworkers synthesized multi-shelled a-
Fe,O;3 hollow spheres with two shells by a solvothermal method
using carbon spheres as the hard template. But, they only focused
on the enhanced visible-light photocatalytic activity without the
potential application in electrochemical energy storage.** Yu and
his co-workers obtained the a-Fe,0; MSHSs with four shells by a
spray drying method.** Although the a-Fe,O; MSHSs exhibited
high capacity and outstanding rate capability that demonstrates a
promising application in LIBs, only a cycling performance of 50
cycles was conducted. Kang and his co-workers also have
prepared Fe,O; yolk-shell particles with two, or four shells by the
spray drying method.*> The Fe,0; yolk-shell particles exhibited
superior lithium storage properties. Their report reveals that
Fe,0; yolk-shell particles with more shells exhibit a better rate
capability but relatively worse cycling performance. For the
Fe,0; yolk-shell particles with four shells, a high capacity of
1000 mAh g only could be maintained at the first 30 cycles and
a low capacity of ~300 mAh g was measured after 80 cycles.
Therefore, the synthesis of Fe,O; anode materials possessing
both long cycling performance and high rate capability still
remain a great challenge. It is also important to find a simple and
template-free method for the synthesis of materials with MSHSs
structure.

Hydrothermal is an effective method for the synthesis of
nanocomposite. The nanostructures could be controlled simply by
choosing the proper reaction temperature, reaction time and
solvents without employing templates.*® Hydrothermal synthesis
has been widely used in the synthesis of Fe,O; materials with
different nanoarchitectures, such as microspheres,”’ hollow
spheres,38 hollow urchin-like microstructures,* etc. In this study,
we report a method for the synthesis of a-Fe,O; porous multi-
shelled hollow spheres (a-Fe,O; PMSHSs) through a template-
free hydrothermal route, in which L-histidine acted as a
morphology-controlling agent. When used as anode electrode for
LIBs, the as-prepared o-Fe,O; porous MSHSs exhibit high
specific capacity, superior rate capability and stable cycling
performance.

2. Experimental

2.1 Preparation of a-Fe,O; porous multi-shelled hollow
spheres

The a-Fe,O; PMSHSs were prepared through a hydrothermal
methode followed by annealing in air. All reagents are
analytically pure and used directly without further purification. In
a typical experiment, 4 g L-histidine and 2 g Fe(NOs):9H,0
were dissolved in 30 ml deionized water. Then, the solution was
homogenized by vigorous stirring. The resultant mixture was
transferred to a 50 ml Teflon-lined autoclave and maintained at
180 °C for 12 h. After the reaction completed, the autoclave
cooled to room temperature naturally. The precursors were
obtained by centrifuging and sequentially washing with water and
ethanol for several times and then dried in a vacuum oven at
80 °C for 12 h. Finally, the o-Fe,0O; PMSHSs were subjected to
annealing at 600 °C for 2 h in air. To investigate the effect of L-
histidine on morphology control in the synthesis of the a-Fe,0;
PMSHSs, several experiments involved different mass ratios
(0.5:1, 1:1) of L-histidine to iron nitrate, FeCl;-6H,O instead of
Fe(NO3):'9H,0, L-arginine instead of L-histidine were performed
to prepare Fe,O; samples with the other fixed experiment
conditions.
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Fig.1 (a) TG and DTG curves of a-Fe,O; PMSHSs precursor; (b) typical
XRD pattern of a-Fe,O; PMSHSs.

2.2 Characterization and electrochemical measurements

Thermogravimetric analysis was conducted on a simultaneous
thermal analysis apparatus (SDT Q600, TA instrument) to
determine the sintering temperature. The morphologies and
structures of the as-prepared samples were characterized by field
emission scanning electron microscopy (HITACHI S-4800),
transmission electron microscopy (JEM 2100) and powder X-ray
diffraction (XRD, Philips X’pert Pro Super X-ray diffract meter,
Cu Ka radiation) measurements. The specific surface areas of the
as-prepared samples were measured by the Brunauer-Emmett-
Teller (BET) method using nitrogen adsorption and desorption
isotherms on a Micrometics Tristar 3000 system. The electrodes
were prepared by spreading a mixture of 75 wt% Fe,0; active
material, 15 wt% acetylene black and 10 wt% LA 132 onto a
copper foil current collector. The as-prepared electrodes were
dried at 80 °C in vacuum oven for 12 h. Electrochemical
properties of the electrodes were measured by assembling them
into coin cells (type CR2025) in an argon-filled glove box with
water and oxygen contents less than 0.5 ppm. Lithium foil was
used as counter electrode and polypropylene (PP) film (Celgard
2400) as the separator. The electrolyte was made from LiPFy (1
M) and a mixture of ethylene carbonate (EC)/dimethyl carbonate
(DMC)/diethyl carbonate (DEC) in a volume ratio of 1:1:1 with 2
wt% vinylene carbonate (VC) as additive (purchased from Tinci
Materials Technology Co., Ltd., Guangzhou, China). The cells
were galvanostatically charged and discharged on a battery test
system (LAND-2001A, Land Electronic Co., Ltd., Wuhan, China)
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Fig.2 SEM images of a-Fe,O; PMSHSs: (a) low magnification SEM
image; (b) high magnification SEM images; TEM images (c, d), HRTEM
image (e) and SAED pattern (f) of a-Fe,O; PMSHSs.

with a cut-off voltage range of 0.01-3.00 V. Cyclic voltammetry
(CV) was carried out on CHI 660D electrochemical workstation
(CH Instruments Co., Ltd., Shanghai, China) using coin cell at a
scan rate of 0.2 mV s' from 0.0l V to 3.00 V. The
electrochemical tests were conducted at 30 °C. All potentials
presented in this study were quoted versus the Li/Li" scale.

3. Results and discussion

3.1 Morphology and structure of a-Fe,O; porous multi-
shelled hollow spheres

Fig.1a shows TG/DTG curves of the precursor at a heating rate
of 10 °C min™' from ambient temperature to 1000 °C in air. The
thermal decomposition of the precursor occurs at about 387 °C.
Considering the reaction kinetics, and in order to guarantee a
complete decomposition of the precursor in a relative short time,
the calcination process was set at 600 °C for 2 h. The structure
and chemical composition of the as-prepared sample was
confirmed by XRD analysis at a scanning rate of 0.02 ° s™' with 2
theta range of 10 - 75 °. Fig.1b illustrates the XRD pattern of the
a-Fe,O; PMSHSs after annealing the precursor at 600 °C for 2 h
in air. All the diffraction peaks can be well indexed to the
standard spectrum of o-Fe,O; (PDF No.01-089-0598), with a
space group of R-3c.

The morphologies and structures of the Fe,O; samples were
examined by scanning electron microscopy (SEM). Fig.2a and 2b
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Fig.3 SEM images of a-Fe,O; samples synthesized with different mass
ratios of iron nitrate to L-histidine: (a) 0.5:1, (b) 1:1. (c) SEM image of a-
Fe,O; synthesized with L-arginine (2g Fe(NO3)3;°9H,0, 4g L-arginine), (d)
SEM image of a-Fe,Os synthesized with FeCl;-6H,0 (2 g FeCl;-6H,0, 4
g L-histidine).

illustrate SEM images of the a-Fe,O; PMSHSs with an average
diameter of ~3 um. It can be observed that the a-Fe,O; PMSHSs
are assembled by about four porous shells, and the primary
nanorods that formed the single shell have a diameter of ~50 nm
and a length about 250 nm. To further examine the architecture of
the a-Fe,O; PMSHSs, the samples were investigated by TEM
technique. TEM images shown in Fig.2c illustrate that the
products have a multi-shelled hollow structure. The magnified
region (Fig.2d) of a single microsphere indicates porous structure
in the single shell, which is in good agreement with the SEM
observations. Fig.2e is a typical high resolution TEM (HRTEM)
image, in which the (104) lattice fringes of o-Fe,O; can be
clearly identified. The SAED pattern (Fig.2f) demonstrates a
series of concentric rings indicating a polycrystalline structure.
And the concentric rings can be assigned to the (012), (104),
(110), (113) and (300) diffractions of a-Fe,Oj;, respectively. It
should be noted that the L-histidine plays a crucial role in
morphology controlled growth of a-Fe,O; PMSHSs. The SEM
images of a-Fe,O; samples synthesized with different reagent
mass ratios of iron nitrate to L-histidine are shown in Fig.3.
When the ratio was set to 0.5:1 (Fig.3a), only nanoparticles
materials are obtained. The results indicate that irregular
aggregates of particles appear with a ratio of 1:1 (Fig.3b).
Additionally, when L-arginine was used to synthesize a-Fe,0;
sample, the obtained product was also irregular aggregates of
nanoparticles (Fig.3c). And when FeCl;6H,O was used to
replace Fe(NO,);-9H,0, only irregular microparticles can be
synthesized (Fig.3d). In conclusion, both L-histidine and NO;’
ions play crucial roles in the synthesis of the a-Fe,O; PMSHSs.

A hypothesis for the formation mechanism of the o-Fe,0;
PMSHSs is proposed as follows: During the synthesis process,
part of insoluble L-histidine may act as crystal nucleus during the
growth of the o-Fe,O; PMSHSs precursor. Our experiment
confirms that this special structure cannot be synthesized, when
L-histidine was totally dissolved (Fig.S1). The dissolved L-
histidine has strong coordination with Fe*" ions, which results in
the Fe(L—histidine)3 " complex.40 Meanwhile, L-histidine contains
two amino groups and one carboxylic acid group. Its protein
kinase A

This journal is © The Royal Society of Chemistry [year]

Journal Name, [year], [vol], 00—00 | 3



[

20

25

3

S

35

JoRunaRlod MateradsCHRMERHYAN

n
>
1

'
>
1

—o— Adsorption
—o— Desorption

I3 w
> =)
1 1

Volume adsorbed / cm® ¢! STP
s
1

T T
0.0 0.2 0.4 0.6 0.8 1.0
Relative pressure / P Po"

Fig.4 The gas (N,) adsorption-desorption isotherm loop of a-Fe,Os
PMSHS:s.

(pKa) is high enough and tends to bind with protons, which lead
to the increase of OH™ concentration during the hydrothermal
process.”” And L-histidine with protons can form nonlinear
molecular with NO;y™ ions.*' Under a relative high temperature,
Fe*" ions was released from the complex to form amorphous
Fe(OH); by the reaction with OH(Fig.S2a).*> Then Fe(OH);
nanoparticles, accompanying with L-histidine-H"-NOj; nonlinear
molecular, gathered on the crystal nucleus, to generate Fe(OH);-
L-histidine-H"-NO; complex.*" ** The new complex changes to
sphere-shape aggregation with a low surface energy after the
hydrothermal treatment (Fig.S2b and 2c). Finally, the
decomposition of amorphous Fe(OH);-L-histidine-H'-NOjy’
complex during the calcinations process leads to the formation of
the crystalline metal oxide phase, which bring size shrinkage
effect and the phase separation to form the porous multi-shelled
hollow spheres structure in the final product.™

BET measurement (Fig.4) indicates that the unique porous
multi-shelled hollow structure gives rise to a surface area of 14.2
m’ g and a pore volume of 0.07 cm® g

3.2 Electrochemical performances of a-Fe,O; PMSHSs

The electrochemical properties of the a-Fe,O; PMSHSs anode
were further investigated. The CV curves of the o-Fe,O;
PMSHSs are shown in Fig.5a. Two cathodic current peaks at 0.89
V and 0.68 V can be clearly observed in the first cycle. The high
intensity peak initially at 0.68 V shifts to higher potential (0.78
V), and the peak at 0.89 V disappears in the subsequent cycling
process. This can be interpreted by two factors: (1) the lithium
insertion into the crystal structure of Fe,O;, the reversible
conversion reaction of Fe,O; with metallic lithium to form Li,O
and metal (Fe®), and (2) the inevitable formation of solid
electrolyte interphase (SEI) and irreversible reactions between
lithium ions and electrode material.***® In the anodic process, a
broad peak appears at about 1.75 V, corresponding to the
reversible conversion of metallic Fe to iron oxides.*’
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300 charge/discharge cycles, the a-Fe,O; PMSHSs could still
maintain a high reversible charge capacity of 869.9 mAh g,
demonstrating an excellent cycleability. Fig.5d depicts the

o cycling performance of the a-Fe,O3; PMSHSs at 100 and 800 mA
2000 | g, After 128 charge/discharge cycles at 100 mA g”', a reversible
\ charge capacity of 1202.8 mAh g™ is obtained. And a capacity of

c 2500

w
S

-1

1500+ ) 801.5 mAh g can be obtained after 60 charge/discharge cycles
O 4 500mA g’ at a high current density of 800 mA g
1000 00 mA g P00 55 It is worthwhile to mention the capacity fluctuation

000q3000 mA 'S

00 mA g phenomenon of the a-Fe,O; PMSHSs during long-term cycling,

which has been widely referred in the transition metal oxide

0!
O

Specific capacity / mAh g

5004 —o— Charge

. -1 .
—o— Discharge 6000 mA ¢ electrodes.' ***° The reason could be partly ascribed to the
0 reversible growth of a polymeric gel-like film on the surface of
0 5 10 15 20 25 30 35 40 s the progressively pulverized particles resulting from

Cycle number electrochemical ~ grinding  effect.* The difference of

) electrochemical performance at different current density could be
Fig.5 (a) The first three cyclic voltammethy (CV) curves of a-Fe;0s related to the unique porous micro/nano structure, which is
PMSHSs at a scan rate of 0.2 mV s in the voltage range of 0.01-3.00 V; que p ’

: : > 49, 51
(b) charge-discharge profilesa-Fe,0; PMSHSs at 100 mA g'; (c) cycle consistent with Yu’s work. The rate performance of the a-
s performances of a-Fe,O; PMSHSs at 400 mA g'; (d) cycle performances 45 Fe;O3 PMSHSs is illustrated further in Fig.5e. The cells are first

of 0-Fe,0; PMSHSs at 100 mA g and 800 mA g''; (e) rate performances activated at a current density of 100 mA g for one cycle, and
of a-Fe;0; PMSHSs. _ then the current density is successively increased to 500 mA g™,
p 1000 mA g, 2000 mA g, 3000 mA g 4000 mA g and 6000
mA g . The corresponding average capacities are 1042.3, 993.2,
873.6, 770.4, 661.1 and 498.1 mAh g'l, respectively. When the
current density is decreased back to 500 mA g, an average
capacity of 1064.1 mAh g can be recovered.

The morphology of the electrode after 300 charge/discharge
cycles at a current density of 400 mA g was presented to
illustrate the stability. As shown in Fig.6a, some of the PMSHSs
structure still is preserved after such a long time cycling process,
indicating high structure stability. A thin SEI layer can be
distinguished from the high magnification TEM image (Fig.6b).
The results of SAED pattern and HRTEM image are consistent
o with Fig.2e and 2f. And the concentric rings can be assigned to

the (012), (104), (110), (113), (116) and (300) diffractions of o-
Fe,0;, respectively. Moreover, due to collapse of some a-Fe,0;
PMSHSSs, the contacted interface between the active material and
electrolyte increases. As a result, the fluctuation phenomenon of
es capacity has been observed in Fig.5c and 5d. It would cause loss
of electrochemical contact and corresponding capacity fade with
more and more a-Fe,O; PMSHSs collapse. Therefore it is still a
challenge to further enhance the structure stability of the
electrode. The electrochemical performances of the a-Fe,Os
70 PMSHSs are also superior or at least comparable to those of the
state-of-the-art Fe,O; based anode materials reported recently,
such as nanorods,* hollow spheres,53'54 Fe,O; carbon
nanotubes,” Fe,0;-reduced grapheme oxide,” Fe,04/GNS,” a-
Fe,0; MSHSs,**** and Fe,O; clusters.”® The enhanced
cycleability and rate capability of the a-Fe,O; PMSHSs could be
ascribed to their unique structure. First, the porous multi-shelled
structure can not only make the active materials easier to be
infiltrated in the electrolyte, but also provide convenient access to
Li ion ingress/egress and have more locations (such as hollow
interior and defects in the multi-shells of hollow spheres) for Li
ion storage, resulting in shorten path of Li’* diffusion, high
capacity’ and excellent rate ability. Second, the void space
effectively accommodates the dramatic volume change and
alleviates the strain during lithiation/delithiation processes. Third,
ss the shells packed by nanorods could ensure efficient electron
transport.
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Fig.6 TEM images of a-Fe;O; PMSHSs after 300 cycles: (a) low
10 magnification TEM image; (b) high magnification TEM image; (c, d)
HRTEM image and SAED pattern of a-Fe,O; PMSHSs.
In the subsequent cycles, the anodic peak also positive shifts
slightly to 1.8 V. The first three charge/discharge curves of the a-
Fe,0; PMSHSs obtained at a current density of 100 mA g™ were
s presented in  Fig.5b. The plateaus appeared in the
charge/discharge curves are well consisted with the results of
CVs. In the first cycle, the discharge and charge capacities were
1312.8 mAh g and 1028.9 mAh g”', respectively, with an initial
coulombic efficiency of 78.4%. The initial capacity loss may be
2 mainly attributed to some irreversible processes such as
electrolyte decomposition and formation of SEI layer, which also
was observed in other transitional metal oxides.*® The cycling
performance of the o-Fe,O; PMSHSs at 400 or 800 mA g was
obtained after the activating of half cells at 100 mA g for one
»s cycle. The cycling performance of the a-Fe,O; PMSHSs at a
current density of 400 mA g was shown in Fig.5c. And after
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4. Conclusions

In summary, unique a-Fe,O; porous multi-shelled hollow
spheres (o-Fe,O; PMSHSs) are synthesized by a L-histidine-
assisted template-free hydrothermal method followed by
annealing in air, in which L-hisitidine has been used as a
morphology controlling agent in the synthesis of the a-Fe,Os for
the first time. The current micro/nano structure of Fe,O; provides
short distance for the migration of Li*, and accommodates large
volume change during charge/discharge process. When served as
anode material for lithium ion batteries, the o-Fe,O; PMSHSs
exhibit an outstanding electrochemical performance in terms of
excellent cycling stability (~869.9 mAh g at a current density of
400 mA g after 300 cycles) and superior capability (~1202.8
mAh g at a current of 100 mA g after 128 cycles). Moreover, it
presents good rate capability. A reversible charge capacity as
high as 498.1 mAh g can be measured at a high current density
of 6000 mA g'. The synthesis method is highlighted by its
simplicity and promising industrial merits. This template-free
route can be extended to the fabrication of other oxides
composition with special nanoarchitecture. And the morphology
controlling mechanism of L-histidine deserves a further study.
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