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Fayalite was synthesized by a simple process. As an anode materials for lithium ion batteries, fayalite was
mixed with acetylene black to prepare electrodes. The electrochemical properties of Fe,SiO,4 particles
were systematically investigated and our results proved that fayalite presents great specific capacity,
superior rate capability and long battery cycle life when tested in the form of a half-cell. As a new anode
material, fayalite showed a room-temperature invertible specific discharging capacity of 800 mA h g * at

. 46t N ber 2016 a current of 100 mA g~ after 100 cycles, and that its reversible specific capacity reaches 520 mA h g~*
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Accepted 6th December 2016 at a current density of 1600 mA g . This splendid lithium storage performance may result from the

unique crystal structure of fayalite to form a channel that promotes the lithium ion insertion and

DOI: 10.1039/c6ra26376¢ extraction process and the formation of lithium silicate as a solid electrolyte. Therefore, fayalite could be
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Introduction

The large scale burning of fossil fuels, which has led to the ever-
increasing emissions of greenhouse gases that have resulted in
global warming, has restricted the urgency of exploiting renewable
and environmentally friendly alternative sources of energy, for
example, solar, wind, geothermal and tidal energy." However, the
attainment and use of clean energy is always limited by environ-
mental factors, such as space, weather and time. Therefore, in
order to sustain the development of green sources of energy, we
cannot over-emphasize the importance of storing energy and
delivering it. It is universally acknowledged that electrochemical
batteries are perfect storage systems to achieve this. What’s more,
among them, lithium ion batteries, given their high energy and
power density, outstanding cycle life, low self-discharge and lack
of memory effect, appear to be the best choice.”” Although
commercial graphite has resulted in the use of secondary lithium
ion batteries for portable electronic products to boom, it is not yet
enough to meet the requirements of energy storage in hybrid
electric vehicles (HEVS) or electric vehicles (EVs),*® thanks to its
low theoretical capacity (~372 mA h g~ "). Therefore, exploring
safe, high capacity and long cycle life anode materials are ways to
renew lithium ion battery chemistry. Taking anode materials into
consideration, although silicon has a high theoretical capacity
(4200 mA h g'), it faces a large volume change (300%) upon
charge and discharge, which would lead to a rapid capacity fade
and short cycle life.>*® On the other hand, in spite of great
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a prospective alternative material for lithium-ion battery anodes.

breakthroughs that have been made in the study of metal oxides,
such as Mn,03," Fe,O3 (ref. 12-14) and Co30,,"*" large capacity
fade is the major issue that hinders their commercialization. In
2013, Zn,SiO, nanorods and mesorods were prepared by
a hydrothermal method, which displayed slow capacity fading
during cycling.”® In the same year, through hydrothermal route,
a new layered zinc silicate/carbon composite, in which the carbon
was embedded into a zinc silicate sandwich, was fabricated by
Wei-Guo Song and exhibited capacities ranging from 704-778
mA h g~ at 50 mA g~ " after 50 cycles. In 2014, Franziska
Mueller® et al. reported that cobalt orthosilicate has superior
performance when used as a lithium ion battery electrode mate-
rial and the mechanism of the lithium intercalation/de-
intercalation process was studied systematically. In 2015, Yung-
Eun Sung*® et al. reported nanostructured metal silicates with
tunable properties as lithium ion battery anode materials. Ligiang
Mai** et al. reported copper silicate hydrate hollow spheres as
a lithium-ion battery anode material with long cycle life. These
studies attracted large focus to a new group of anode active
materials, metal silicates, which are easy to access and plentiful.

Fayalite, which is stable under ambient conditions, is
important in geophysics and materials science due to its
applications as refractory materials, additives in cement
concrete, acid-resistant containers, ceramic pigments, etc.
Compared to cobalt orthosilicate, fayalite Fe,SiO, is more
suitable to be an anode material for rechargeable lithium ion
batteries. On the one hand, iron is more abundant in the Earth’s
crust and is cheaper. On the other hand, iron is nontoxic and
environmentally friendly, while cobalt is poisonous. Therefore,
great effort has been made to synthesize pure nanofayalite. In
1958, Ringwood* first synthesized Fe,SiO, by using a high
temperature and high pressure method. In 2012, Michael T.
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DeAngelis** reported a method for the synthesis of nano-
crystalline fayalite using a sol-gel technique. In the same year,
nanostructured fayalite with a large volume fraction of inter-
faces was synthesized via one-step mechanochemical process-
ing of the stoichiometric mixture of o-Fe,03, Fe and SiO,
precursors at ambient temperature by Vladirmir Seplak.*
However, the electrochemical performance of fayalite was not
discussed in these studies. In 2014, fayalite@C was fabricated
using a solid state method and displayed a specific capacity of
376.7 mA h g~ at 1C for 100 cycles.>®

In our previous work, we have reported a simple way to
fabricate Co,Si0, as well as its good lithium storage perfor-
mance. The present work is focused around an easy synthesis
method of nano-fayalite via a solvothermal and calcination
process, followed by an exploration of its electrochemical
performance. In this paper, the fayalite products were fabri-
cated by a solvothermal reaction of a mixture of TEOS and C,-
HeO,Fe-4H,0, followed by calcination at 750 °C under vacuum
for 4 hours. The lithium ion battery using fayalite as an anode
material exhibited high reversible capacity (up to ~800 mA h
g~ ") with excellent rate performance and superior reversible
lithium storage capacity, which is much higher than in previous
studies. The electrochemical performance comparison between
this work and other transition metal silicates anodes is shown
in Table 1.

Experimental
Synthesis of fayalite nanocrystals

All of the chemical reagents were of analytical reagent grade and
were not purified prior to use. In order to synthesize fayalite
particles, 0.34 mL TEOS (1.5 mmol) and 3 mL acetic acid were
added to 30 mL of DMF solution with magnetic stirring for
several minutes, and then 522 mg of C,;HsO,Fe (3 mmol) was
dissolved in the solution via magnetic stirring for 30 minutes.
After stirring, the mixture was transferred to a 50 mL Teflon-
lined autoclave and maintained at 200 °C for 24 h. After the
temperature was reduced to room temperature naturally, the
black powder was collected and then dried at 80 °C for 12 h after
centrifugation, purging several times with deionized water and

Table 1 Comparison of this work with transition metal silicate anodes
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ethyl alcohol. Finally, the as-prepared powder was calcined
under vacuum conditions at 750 °C for 4 h with a heating rate of
5°C min~' to obtain a gray powder.

Characterization

XRD patterns of the products were gathered on a Rigaku D-
MAX2200 VPC with CuKa radiation with a scanning rate of 5
deg min~" from 10 to 80 deg. The generator voltage and current
were 40 kV, 26 mA respectively. The sample morphology was
investigated using a field-emission scanning electron micro-
scope (FESEM, Carl Zeiss, Geminia). TEM observations were
made using a FEI Tecnai G2 F30 at 300 kV. Meanwhile, an
energy dispersive X-ray spectrum was collected using INCA300,
which was installed in the TEM. An XPS spectrum was gathered
using an ESCALab250 instrument.

Electrochemical characterization

Electrochemistry experiments were carried out in coin-type cells
(CR2032) in an argon-filled glove box with the concentration of
oxygen and moisture below 1 ppm. The working electrode
consisted of a mixture of fayalite Fe,SiO, (active materials),
sodium carboxymethylcellulose (binding agent) and acetylene
black (conductive agent) in a weight ratio of 70 : 10 : 20. The
slurry of this mixture was glued on pure copper foil and dried at
90 °C for 12 h in air subsequently. Both the counter electrode
and reference electrode employed pure lithium foil. A poly-
propylene micro-membrane was selected as the separator. The
electrolyte was made up of a solution of 1 M LiPF, in ethylene
carbonate (EC) and diethyl carbonate (DEC) with a weight ratio
of 1: 1. The constant current charge and discharge tests were
measured by a NEWARE battery tester at different current rates
with a voltage window of 0.005-3.0 V. Cyclic voltammetry (0.05-
3.00 V, 0.1 mV s~ ') was carried out using an electrochemical
workstation (IM6e-X).

Results and discussion
Structure and morphology

The phase was confirmed using X-ray powder diffraction (XRD).
The XRD pattern of fayalite Fe,SiO, was shown in Fig. 1. As

Reversible capacity

Current density

Sample name (mahg) (mag™) Cycle number
Carbon-coated manganese silicate 345 100 100
337 500 600
Cobalt orthosilicate 650 100 60
Copper silicate hydrate hollow spheres 890 200 200
429 1000 800
Nickel silicate hierarchical hollow spheres 400 500 1000
Fayalite@C nanocomposite 447 1C 100
Layered zinc silicate 778 50 50
Fe-Si-O/carbon nanotube composite 357 500 600
588 100 280
Iron silicate hollow nanostructures 719.2 200 300
Fayalite/this work 800 100 100
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shown in Fig. 1, all of the diffraction peaks are ascribed to the
formation of a single fayalite phase of Fe,SiO,, as indicated by
the strongest peak at (112), the strong peaks at (120), (130), (131)
and (222), and the peak at (040). All of the peaks are consistent
with the JCPDS card no. 71-1667, which indicates that the as-
prepared products have an orthorhombic structure and the
space group is Phnm. However, in previous work, low intensity
peaks at 44.9° and 65.2° were assigned to the presence of small
amounts of reduced Fe,”” which indicates a small quantity of Fe
impurity in the nanofayalite. In addition, fayalite possesses
a crystal structure consisting of SiO, tetrahedra and an O-Fe-O
octahedron. The Fe*" ions are linked together with six oxygen
ions to form a nearly regular octahedron which lie at the
corners. In summary the entire structure can be represented as
a package of tetrahedral and octahedron structures.?

An X-ray photoelectron spectroscopy (XPS) spectrum was
recorded to analyze the chemical composition and valence state
of fayalite. The recorded spectra are shown in Fig. 2. From the
wide-scan spectrum of Fe,SiO,, the signals of Fe, Si, O and C
were observed clearly. The Fe 2p signal of Fe,SiO, is shown in
Fig. 2b, and two peaks located at 710.7 and 724.0 eV corre-
sponded to the binding energy of Fe 2p;,, and Fe 2p,,. From
previous work,>>* the Fe 2ps/, binding energies of Fe*" ions in
the iron silicates (fayalite) were 709.0-710.8 eV. According to
Seyama’s research, the Fe 2p;,, binding energies of Fe*" ions in
the silicates are much higher than that (709.5 eV (ref. 31)) in
FeO, which the Fe*" ion coordinated by six O ions. Satellite
peaks on the high binding energy sides of the 2p;/, and 2p,,
peaks can both be observed from the Fe** 2p spectra. This
appearance had been already found in the Fe 2p spectrum of
fayalite.*” However, the satellite structure of fayalite in this work
was not so clear compared to previous studies,** which is
similar to olivine 3 in the work of Seyama.?® This may resulted
from the Fe®" ions in the surface layer being transformed into
Fe" ions whilst the fayalite was exposed to the atmosphere and
efflorescence.*>* In addition, as shown in Fig. 2b, satellite-main

Fe2Si04
I PDF#71-1667

(130)
112

Intensity/a.u.

2<theta>/deg.

Fig. 1 X-ray diffraction (XRD) pattern of the obtained fayalite Fe,SiO4
(black line) compared with the standard XRD pattern of fayalite: JCPDS
card no. 71-1667 (red line).
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peaks for the 2p regions have been marked, and the energy
differences were 5.4 and 5.9 eV, which is a good match with
previous work.** Simultaneously, the energy separation between
the satellite peak and Fe 2pj;, in the fayalite is 5.9 eV, while the
energy separation of Fe,Oj; is 7.8 V. Combining the peaks of Fe
2p and the energy separation between the satellite peak and Fe
2pss2, We know that the valence state of the iron ions is +2 in
fayalite rather than +3 in Fe,O;. Meanwhile, the formation of
Fe,SiO, can be confirmed by studying the core level spectrum of
Si 2p (Fig. 2¢) and the core level spectrum of O 1s (Fig. 2d). The
binding energy of the Si 2p peaks is located at 102 eV, which
indicated the formation of pure iron silicates rather than the
formation of silica and metal oxide mixtures, as the binding
energy of Si 2p in SiO, (103.5 eV) is much higher than that found
in many silicates (102-103 eV).>*** In addition, the main peak of
O 1slies at 531.1 eV, which was well demonstrated in a previous
study.*® From the XPS spectrum of Si 2p and O 1s, we can find
the existence of SiO,, which may result from the amorphous
SiO,which can be observed in the TEM image. However, the
peaks are very weak. The production of the reaction product,
single phase Fe,SiO, (fayalite), can be confirmed from the XPS
spectrum, which is in keeping with the XRD analysis shown in
Fig. 1.

Unlike the greenish-brown or black color of bulk, natural
fayalite,*” the color of as-synthesized nanofayalite is gray. The
morphology of fayalite Fe,SiO, was investigated using scanning
electron microscopy (SEM). As shown in Fig. 3, the as-prepared
product consists of sub-micron particles, the size of which
range from 100 nm to 250 nm. Some particles aggregate to form
large particles.

Further insight into the morphology and microstructure of
Fe,SiO, nanostructures was gained by using transmission
electron microscopy (TEM), high-resolution transmission elec-
tron microscopy (HRTEM), and selected area electron diffrac-
tion (SAED). Characteristic TEM micrographs of the fayalite
nanostructure at low and high magnification are shown in
Fig. 4a and b, respectively. The images showed that all samples
are made up of nanoparticles. The geometric shape of the
particles is irregular. The surface of the particles is scraggly, due
to hindering by neighboring particles. From Fig. 4b, we can see
that the edge of the particles is thinner than the middle. A
HRTEM image of an individual Fe,SiO, particle is shown in
Fig. 4c, which clearly reveals the highly crystalline nature of the
Fe,SiO, particles. As marked in Fig. 4c, the lattice fringes can be
observed clearly. The spacing between lattice fringes with an
angle of 90° are 0.6015 nm and 0.5201 nm, which is consistent
with the (001) and (020) planes of orthorhombic Fe,SiO,. This
point can be proved by the SAED pattern. As shown in Fig. 4d,
the SAED pattern indicates that fayalite exhibited good crystal-
lization behavior, and reveals a single crystal structure. By
calculating the crystalline interplanar spacing and the angle
between each other, we can confirm three crystal indices, just as
the red arrows show, which can be indexed to orthorhombic
fayalite Fe,SiO,, consistent with the XRD results. The elemental
distribution of the as-prepared products was confirmed by
energy dispersive X-ray spectroscopy (EDX). The relative ratio of
metal to silicon was ~1.8, as shown in the table in Fig. 5e. The

RSC Aadv., 2017, 7, 4437-4443 | 4439
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Fig.2 X-ray photoelectron spectroscopy (XPS) of fayalite: (a) wide-scan,
and (d) narrow-scan in the O 1s region.

Fig. 3 FESEM images of Fe,SiO4 particles at different magnification.

actual value for the Fe,SiO, particles could be less because of
small amounts of amorphous silica produced by TEOS hydro-
lysis which were detected by EDX. The distribution of the
components was analyzed by EDX mapping (Fig. 5a-d). Oxygen,
silicon, and targeted metals were homogeneously dispersed in
the particle structure.

Electrochemical performance

Cyclic voltammetry (CV) of the half cells was applied to explain
the anodic and cathodic properties of the fayalite anode. As
shown in Fig. 6a, two apparent peaks are observed at 1.30 V (B)
and 0.50 V (A) in the first cathodic process. The weak and wide
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(b) narrow-scan in the Fe 2p region, (c) narrow-scan in the Si 2p region

peak (B) at 1.30 V corresponds to lithium ion insertion into the
lattice of fayalite, which is familiar to the iron oxides.*®** The
strong and prominent peak (A) at 0.5 V, which is present only in
the first cathodic sweep, can be ascribed to the complete
reduction of Fe*" to Fe® by Li and the generation of solid elec-
trolyte interphase (SEI) film. In the subsequent cathodic
sweeps, the profile showed a new and uniform current peak
sitting at about 1.5 V (Fig. 6a, (C)), which can be attributed to
conversion-type electrochemical reactions with lithium, and
indicates that electrochemical reversibility of the electrodes is
gradually established after the initial cycle, structure destruc-
tion and complete reorganization.*** Regarding the anodic
sweep, only a wide peak (D) between 2.0-2.5 V can be observed.
The peak (D) may contribute to the re-oxidation of the
composed transition metals, iron in this instance, which is
a good match with previous work on iron oxides.*>** Peaks
relating to the silicon reaction are rarely observed, which indi-
cates that metal silicates react with lithium through a conver-
sion reaction of transition metals and no silicon alloying
reaction is observed, which was in good agreement with other
transition metal silicates.***® Nonetheless, the common profiles
of the cathodic and anodic sweep demonstrate high coherency
and excellent reversibility after subsequent cycles.

This journal is © The Royal Society of Chemistry 2017
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Fig. 4 Transmission Electron Microscopy (TEM) images of Fe,SiOg4
particles: (a) and (b) TEM images at different magnification; (c) HRTEM
images of an individual particle; (d) the corresponding SAED pattern.
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Fig. 5 Elemental mapping images of Fe,SiO, particles: (@) STEM
image, (b) Co mapping, (c) Si mapping, (d) O mapping, and (e) repre-
sentative EDX spectrum.
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Fig. 6b shows the charge/discharge curves of the fayalite-
based electrodes, for 1st, 2nd, 10th, and 50th cycle at
a current density of 100 mA g~ between 3.0 V and 0.005 V (vs.
Li/Li"). In the first discharge cycle, the rather short plateau at
1.5 V and the extremely noteworthy plateau at 0.9-1.0 V are
observed. Upon subsequent cycles, a considerably slanted
plateau at about 2.1 V is seen, which agrees well with the cyclic
voltammetry results. In the first cycle, high original discharge
(lithiation) and charge (delithiation) specific capacities of
approximately 1094.1 mA h g~ and 664.9 mA h g ' can be
attained. This indicates that the initial coulombic efficiency of
fayalite-based electrodes is 60.9% and the capacity loss is
~429.2 mA h g '. The capacity loss may result from the
generation of a solid electrolyte interphase film and other
irreversible processes, for instance, the emergence of Li,O and
lithium trapped in the lattice, which can both be found in most
common anode materials.*”** As shown in Fig. 6b, after the first
lithiation process, the charge/discharge curves for the 2nd,
10th, and 50th cycles become less and less distinct and the
potential profiles of the charge and discharge process become
more and more slanted on the graph. The measurement of the
second discharge and charge process presented the capacities
of 668.0 mA h g~' and 653.7 mA h g~ ' respectively. The
coulombic efficiency reached approximately 100% quickly
starting from the second cycle. Considering all of the described
results and using the previous result of the lithium interaction
mechanism of cobalt orthosilicate by in situ XRD and ex situ XPS
and SEM as a reference,? the following reaction mechanism for
the reversible lithium storage of fayalite (Fe,SiO,) is proposed:

First discharge:

Fe,Si0, + 4Li* + 4e~ — 2Fe’ + LiySiO, (1)
Subsequent charge/discharge:
xFe’ + LiySi0, < 4Li* + de™ + Fe,SiO, (2)

Cycling stability is one of the most important factors for
electrode materials, so the fayalite-based electrode was tested at
100 mA g ' for 100 cycles to investigate its long-term perfor-
mance. As shown in Fig. 6¢c, the capacity increased during the
initial cycles, which may result from the growth of a polymer/gel-
like film that can be formed and dissolved reversibly, is extremely
sensitive to cycling voltage ranges with the best results obtained
when the cells are fully discharged.*® This is also seen in other
conversion-based materials.*** Fortunately, the fayalite-based
electrode exhibited excellent cycle stability after the capacity
stabilized. In addition, the specific capacity can reach to 800
mA h g™, which is more than twice the theoretical capacity of
graphite. What's more, the coulombic efficiency is in close
proximity to 100% after the first cycle. To further study the
electrochemical properties of fayalite, the battery was cycled at
various current densities ranging from 50 to 6400 mA g !
between 3.0 V and 0.005 V (vs. Li/Li*), as shown in Fig. 6d. When
cycled at 50 and 100 mA g™, fayalite could deliver a stable charge
capacity of 936 mA h ¢~ and 800 mA h g, respectively. After
that, the charge capacity slowly diminishes to 720, 664, 600, 520

RSC Adv., 2017, 7, 4437-4443 | 4441
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Fig.6 Electrochemical performance of Fe,SiO.: (a) cyclic voltammetry (CV) of a Fe,SiO4-based electrode; sweep rate: 0.1 mV st and reversing
potentials: 0.05 V and 3.0 V vs. Li/Li*. (b) The 1st, 2nd, 10th, and 50th charge and discharge curves of the Fe,SiO4-based anode material at
a current density of 100 mA g™, (c) Galvanostatic test at a current density of 100 mA g~ for 100 cycles. (d) Rate capability of Fe,SiO, at various

current densities between 50 mAg~tand 6.4 Ag™™.

mA h g~ at current densities of 200, 400, 800, 1600 mA g~ . Even
at a current density as high as 6400 mA g™, the fayalite could still
maintain a capacity of 300 mA h g~'. What's more, when the
current density was reduced to 100 mA g, a high reversible
specific capacity of 880 mA h g~ ' could be recovered, about 60%
of the initial capacity. While the current density is restored to 100
mA g~ ', compared with the former, the recovery capacity is much
higher, which may be down to the formation of lithium silicate
which improves lithium ion conductivity. The superior rate and
cycle performance of fayalite may be attributed to two factors. On
the one hand, in the fayalite crystal structure, the Fe-O octahe-
dron shares its corners with Si-O tetrahedra to form hollow
“tubes”, in which the lithium ion can move with smaller resis-
tance. Hence, such a unique structure will accelerate the inser-
tion and extraction speed of lithium ions. On the other hand, the
existence of minor amounts of reduced Fe could benefit the
electronic conductivity of fayalite; due to iron being a good
electric conductor. Meanwhile, from previous work,**** we know
that as a solid electrolyte, Li,SiO, could enhance the ionic
conductivity of electrode materials. Therefore, it can illustrate
why the rate cycling performance of Fe,SiO, is so excellent.

Conclusion

In summary, Fe,SiO, particles have been triumphantly synthe-
sized on a large scale using a simple method. Electrochemical

4442 | RSC Adv., 2017, 7, 4437-4443

measurements revealed that Fe,SiO,-based electrodes exhibit
high reversible capacity, superior rate performance and long
cycle life, which is superior to commercial graphite anodes.
Furthermore, the O-Fe-O octahedron shares the corners with
Si-O tetrahedra to form hollow “tubes”, which facilitate the
insertion and extraction of lithium ions. Taking natural reserves
and cost into consideration, Fe,SiO, could hold huge hope in
the development of low price and high performance secondary
lithium ion batteries. Therefore, further study on the mecha-
nism of lithium ion intercalation and de-intercalation process
into the Fe,SiO, crystal structure is in progress in our team, with
the aim to promote the application of Fe,SiO, as an anode
material as soon as possible.
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