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ABSTRACT: Tavorite LiFeSO,F has been regarded as a
promising alternative to LiFePO, due to its high Li ionic
conductivity. To overcome the low electronic conductivity of
LiFeSO,F, we prepared a graphene oxide (GO)/LiFeSO,F
composite material by the solvothermal method. The GO
wraps on the surface of LiFeSO,F and links the adjacent
particles, thus providing an effective network for electrons
transport. As a result, the electronic conductivity of the
material is improved from 8.16 X 107" S cm™ to 1.65 x 107*
S cm™". In addition, the GO depresses the side reactions of the
electrode and electrolyte, promotes the charge transfer
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reactions at the electrode/electrolyte interface, and facilitates the lithium diffusion in the electrode. The GO-wrapped LiFeSO,F
exhibits much better electrochemical performance than the pristine material. It showed a discharge capacity of 113.2 mAh g~" at
the 0.1 C rate with 99% capacity retention after 100 cycles. In addition, the material is able to deliver 85.1, 73.4, and 30.3 mAh

g~ at high current rates of 1 C, 2 C, and 10 C, respectively.
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1. INTRODUCTION

Li-ion batteries have been widely used in electrochemical
energy storage because of their high energy densities and long
cycle life. Increasing efforts are being dedicated to develop new
cathode materials to replace the traditional layered LiCoO,,
which suffers from high cost, environmental hazard, and safety
problems. Hence, several materials have been explored as
potential alternatives, especially the polyoxyanion materials
such as phosphates (LiMPO,, M = Fe, Mn)," silicates
(Li,MSiO,),> fluorophosphates (Li,FePO,F),*> and borates
(LiMBO;).* These polyoxyanion materials exhibit higher
working voltages and better safety properties than their
corresponding oxide compounds such as LiFeO, and
LiMnO,. In particular, olivine LiFePO, has been considered
as one of the most promising cathode materials for the
emerging electric vehicles due to its low cost, low toxicity, and
high safety. However, the one-dimensional Li diffusion pathway
and intrinsic poor electronic conductivity of LiFePO, severely
hinder the electrochemical performance of the battery.

In 2010, a new polyoxyanion cathode material, tavorite
LiFeSO,F, was first prepared by Tarascon et al. by the
ionothermal method.®> Although the material has a slightly
lower theoretical capacity (151 mAh g™!) than LiFePO,, it
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shows a comparable specific energy to that of LiFePO, due to
its higher discharge voltage. Recent computational works on the
electronic structure, crystal structure, and ionic kinetic
properties of tavorite LiFeSO,F have deeply revealed the
electrochemical properties of this new cathode material.®™® It
has shown that the framework of tavorite LiFeSO,F is built of
two FeO,F, octahedra linked by fluorine vertices in the trans
position forming chains along the c-axis. The chains are bridged
by isolated SO, tetrahedra, creating a three-dimensional
framework and delimiting three tunnels along the [100],
[010], and [101] directions. This open structure is very
favorable for Li-ion transport. As has been reported, the Li ionic
conductivity of tavorite LiFeSO,F is about three orders of
magnitude higher than that of LiFePO,, that is, 4 X10™° S cm™
versus 2 X 107 S em™" at 147 °C.>°

However, tavorite LiFeSO,F shows extremely low electronic
conductivity of 52 X 107" S ¢cm™, which is two orders of
magnitude lower than that of olivine LiFePO,.* This seriously
hinders the electrochemical performance of the material
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especially at high charge—discharge rates. Recently, some works
used the solvothermal method, which is far more economical
and scalable compared to the ionothermal method, to
synthesize LiFeSO,F.'”!! However, the materials thus obtained
showed very poor electrochemical performance, for example,
only 30—40 mAh g™ at the 0.2 C rate. To improve the
electrochemical performance of the solvothermal prepared
LiFeSO,F, one should try to eliminate the residual organic
contaminants or improve the electronic conductivity of the
material. Carbon coating has been used for many years to
improve the electronic conductivity of plyoxyanion cathode
materials. Conventional carbon coating requires high temper-
ature (>600 °C) for pyrolysis of organic compounds and an
even higher temperature for carbonization. These techniques
are not suitable for tavorite LiFeSO,F due to its low thermal
decomposition temperature (450 °C). To improve the
electronic conductivity, A. Sobkowiaket al. prepared poly(3,4-
ethylenedioxythiophene) (PEDOT)-coated LiFeSO,F at low
temperature.~ The material showed improved rate capability
and cycle stability. However, the preparation involved in a
tedious multistep route and the reported discharge capacity, 50
mAh g™ at the 2 C rate, is still too low for practical
applications.

As an alternative strategy, the electronic conductivity of
electrode materials can be tailored by combination with hi%hly
conductive carbonaceous materials such as carbon fibers,>'*
carbon nanotubes,'*™"” mesoporous carbons,"®" and graphene
oxide (GO),**"** etc. This method allows preparing target
materials at mild temperatures by using hydrothermal or
solvothermal reactions or at room temperature by using solve-
mixing and ball-milling techniques. In this regard, it is very
suitable for LiFeSO,F, which cannot be prepared by conven-
tional carbon coating techniques. In numerous carbonaceous
materials, GO, which has high conductivity, large surface area,
and excellent structural stability, has attracted particular
attention. In general, GO in the composite electrode can act
as both conductive channels and an elastic buffer to
accommodate the volume change during repeated lithium
uptake and removal, even at a low weight fraction. To the best
of our knowledge, to date there is no work to study the
electrochemical performance of LiFeSO,F/carbon composite
cathode. Herein, in this work we explored the possibility of
using GO as a wrapping layer to improve the electrochemical
performance of tavorite LiFeSO,F.

2. EXPERIMENTAL SECTION

2.1. Synthesis of Tavorite LiFeSO,4F. Tavorite LiFeSO,F was
prepared by a tetraethylene glycol (TEG) assisted solvothermal
method. For the first step, FeSO,H,0 was prepared by heating
FeSO,.7H,0 at 100 °C for 3 h in an Ar/H, (93:7) atmosphere. The
FeSO,H,O precursor was mixed with stoichiometric LiF and then
ball-milled for 24 h in acetone. The mixture was transferred into a 43
mL Teflon-lined steel autoclave along with 30 mL of TEG. The
autoclave was kept at 260 °C for 60 h to allow the solvothermal
reaction. After it was cooled to room temperature naturally, the
resulting white—gray powders were washed with acetone several times
and then dried in vacuum-oven at 60 °C.

2.2. Synthesis of GO-Wrapped LiFeSO4F. The GO suspension
was prepared from natural graphite by a modified Hummers method,
as reported elsewhere.”> The GO-wrapped LiFeSO,F was prepared
with the assistance of 3-aminopropyl-trimethoxysilane (APTMS). In
detail, a certain amount of LiFeSO,F was dispersed in 100 mL of
ethanol. Then, 10 mL of APTMS was added and refluxed at 80 °C for
4 h followed by sufficient washing with ethanol. Afterward, the
APTMS-treated LiFeSO,F was added into the GO suspension with

continuous stirring to ensure homogeneous mixing of LiFeSO,F and
GO. The GO-wrapped LiFeSO,F was obtained after the powders were
washed with ethanol several times.

2.3. Materials Characterizations. The crystal structures of the
materials were studied by X-ray diffraction (XRD) on a Bruker AXS
D8 diffractometer with Cu Ko radiation. The amount of GO in the
material was determined by C/H/N elemental analysis using an
ElementarVario EL cube. The morphologies of the materials were
observed by scanning electron microscope (SEM, JSM-6700F) and
transmission electron microscope (TEM, FEI Tecnai G2). Raman
scattering was performed on a LabRAM HR Evolution system (Horiba
Scientitle) using a 633 nm laser line. Fourier transform infrared
spectroscopy (FTIR) was carried out on a Bruker Vertex80 V
spectrometer with the samples loaded into a 300 ym hole in a T301
stainless-steel gasket, which was compressed in a diamond anvil cell. X-
ray photoelectron spectroscopy (XPS) was performed on an
ESCALAB spectrometer using Mg—Ka light source. For measurement
of electronic conductivity, the samples were prepared to thin-film
electrodes on an Al substrate with thickness of about 30 ym. Then, dc
conductivity measurement was performed by the two-electrode
method.

2.4. Electrochemical Measurements. The electrochemical
experiments were conducted on CR2032-type coin cells using metallic
lithium foil as the anode. The cathode was composed of 70 wt % active
material, 20 wt % active carbon, and 10 wt % poly-vinylidenefluoride
(PVDF) binder, which was pasted on an Al current collector. The
anode and cathode were separated by Celgard 2400 membrane. A 1
mol L' lithium hexafluorophosphate (LiPF,) solution dissolving in
ethylene carbonate (EC) and diethyl carbonate (DEC) (EC/DEC =
1:1) was used as the electrolyte. Galvanostatic charge—discharge was
performed on a LAND-2010 automatic battery tester in the voltage
window of 2.5—4.5 V. Cyclic voltammetry (CV) and electrochemical
impedance spectroscopy (EIS) were performed on a Bio-Logic VSP
multichannel potentiostatic—galvanostatic system. The impedance
data were recorded by applying an ac voltage of S mV in the
frequency range from 1 MHz to 1 mHz.

3. RESULTS AND DISCUSSION

3.1. Structural and Physical Properties. Figure 1 shows
the XRD patterns of the pristine and GO-wrapped LiFeSO,F.

Pristine LiFeSO F
— GO-wrapped LiFeSO F
% GO

Intensity (arb. unit)

0 20 30 40 s 6 70
2 Theta (degree)

Figure 1. XRD patterns of the pristine and GO-wrapped LiFeSO,F
materials.

The pristine sample shows the typical XRD pattern of tavorite
LiFeSO,F without any possible impurities such as LiF and
FeSO,. The lattice parameters of the material are calculated to
be a = 5.1848(3) A, b = 5.5044(1) A, ¢ = 72321(1) A, a =
106.558(5)°, = 107.194(5)°, and y = 97.775(3)°, which are in
good agreement with those reported in the literature.>'" The
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XRD pattern of the GO-wrapped LiFeSO,F is almost identical
to that of pristine LiFeSO,F. The small peak at around 10.5° is
characteristic of GO,”* suggesting that GO is successfully
incorporated with LiFeSO,F. Elemental analysis shows that the
amount of GO in the material is 1.77 wt %. The intensity of this
peak becomes stronger with more GO added into the
composite (Supporting Information, Figure S1). The existence
of GO in the material is further confirmed by Raman scattering
(Supporting Information, Figure S2). It was seen that the
positions of the LiFeSO,F-related Raman peaks (marked by s
in the figure) are practically unchanged after incorporation with
GO. However, the intensities of these Raman peaks are much
weaker than those of pristine LlFeSO4F In addition, two strong
peaks appear at 1356 and 1603 cm™, which are associated with
the disordered (D) and graphitic (G) Raman bands of GO,*®
respectively.

SEM and TEM were used to obtain an insight into the
morphological aspects of the samples. As seen from SEM
(Figure 2a), the pristine sample is composed of submicron

Figure 2. SEM and TEM images of (a, b) the pristine and (c, d) GO-
wrapped LiFeSO,F materials.

particles with polyhedral shape. The TEM (Figure 2b) image of
LiFeSO,F shows an overwhelmingly clean surface. From the
SEM image of the GO-wrapped LiFeSO,F (Figure 2c), it is

evident that the GO layers are effectively wrapped on the outer
surface of LiFeSO,F. The fine structure of the GO-wrapped
LiFeSO,F is further studied by TEM, as shown in Figure 2,
panel d. In addition to the wrapping structure (red arrows),
some GO films are seen to fill in the space of the material that
effectively links the adjacent LiFeSO,F particles (blue arrows).
Atomic force microscope shows that the GO has a two-
dimensional feature with thickness about 1 nm, which is
characteristic of monolayered GO (Supporting Information,
Figure S3). During preparation of GO-wrapped LiFeSO,F, the
pristine LiFeSO,F was soaked in (3-aminopropyl)-
trimethoxysilane (APTMS) to adsorb sufficient protons on
the particle surface.” After the LiFeSO,F powders were mixed
with GO suspension, the flexible GO self-wraps the LiFeSO,F
particles as a result of the electrostatic interactions between the
negative charges on GO and the positive charges on LiFeSO,F.
Hence, the GO constructs an effective percolating network as
well as an increased intimate electronic contact area between
different LiFeSO,F particles, which would significantly improve
the electronic conductivity of the material. DC electronic
conductivity measurement shows that the electronic con-
ductivity of the pristine LiFeSO,F is 8.16 X 107" S cm™,
which fits well with that reported in literature.® In contrast, the
electronic conductivity of the GO-wrapped LiFeSO,F is
increased to 1.65 X 107* S cm™!, which is seven orders of
magnitude higher than that of the pristine material.

The chemical states of the pristine and GO-wrapped
LiFeSO,F were studied by XPS. Figure 3, panel a shows the
Fe 2p XPS spectra of the materials. Both materials show two Fe
2p peaks at 711.3 and 724.8 eV, which correspond to the 2p;/,
and 2p,/, binding energies of Fe?*, respectively.”” The C Is
XPS spectra of the materials are shown in Figure 3, panel b.
The pristine LiFeSO,F shows a single C 1s XPS peak at 284.6
eV, which is assigned to carbon contamination (C=C/C-C)
adsorbed on the surface of the product. The C 1s XPS spectra
of GO-wrapped LiFeSO,F can be deconvoluted into four
peaks, which are due to the C=C/C—C bond (284.6 V) and
some other functional groups including C—O (285 6eV), C=
O (287.4 eV), and COOH (2889 eV),*® respectively.
Compared to the C 1s XPS of GO (Figure 3c), it was seen
that the XPS peaks of these functional groups are significantly
depressed. This indicates that the GO is partly reduced by the
NH, group of APTMS.

3.2. Galvanostatic Charge—Discharge Performance.
Figure 4, panel a shows the first charge—discharge curves of the
pristine LiFeSO,F and GO-wrapped LiFeSO,F in the voltage
window of 2.5—4.5 V with a current density of 15 mA g™ (0.1
C). Both materials show a pair of voltage plateaus at around 3.6
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Figure 3. (a) Fe 2p and (b) C 1s XPS of the pristine and GO-wrapped LiFeSO,F materials; (c) C 1s XPS of GO.
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V due to the LiFeSO,F/FeSO,F two-phase transition.> The
voltage gap between the charge and discharge plateaus gets
smaller with GO wrapping. This indicates that the GO films can
help to reduce the polarization and ohmic resistance of the
batteries. In addition, it was noticed that the pristine LiFeSO,F
shows a mild voltage increase at the end of the first charge,
while the GO-wrapped material shows a sharp ending. This
indicates fewer side reactions occurring in the GO-wrapped
LiFeSO,F, which will be studied in detail in the following. The
initial charge—discharge capacities for the pristine LiFeSO,F are
113.0 and 99.7 mAh g™', respectively, resulting in a columbic
efficiency of 882%. The discharge capacity of the pristine
material decreases to 68.5 mAh g™" after 100 cycles (Figure 4b).
This indicates that some LiFeSO,F particles loss electronic
contact upon cycling, possibly related to the relatively large
volume change of 10.6% between the LiFeSO,F and FeSO,F

13975

phases.”” The GO-wrapped LiFeSO,F, on the contrary, shows a
high initial coulombic efliciency of 97%. The discharge capacity
slightly increases to 113.2 mAh g~ in the initial 20 cycles. This
could be due to the GO layer on the surface of the material,
which blocks the Li-ion diffusion; thus, the battery needs some
cycles for activation. The material shows excellent cycle stability
after the activation process. A high discharge capacity of 105.6
mAh g~ is obtained after 100 cycles, corresponding to capacity
retention of 99% (with respect to the first cycle). This indicates
that the GO films improve the cycle stability of the material due
to its high flexibility, which can accommodate the volume
change of LiFeSO,F during repeated charge—discharge cycling.

Figure S, panel a shows the rate dependent cycling
performance of the materials with the current rate increasing
from 0.05—10 C. It was seen that the GO-wrapped LiFeSO,F
always shows a higher discharge capacity compared to that of
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the pristine sample. For example, the pristine LiFeSO,F
delivers a discharge capacity of 11.8 mAh g_1 at the 2 C rate,
while the GO-wrapped LiFeSO,F exhibits a much larger
discharge capacity of 73.4 mAh g™". A discharge capacity of 30.3
mAh g_1 can still be obtained even at the 10 C rate. In addition,
the discharge capacity shows almost no fading when the current
rate returns back to 0.05 C. By comparing the charge—
discharge curves of the materials (Figure Sb,c), one can see that
a major reason for the fast capacity fading of the pristine
LiFeSO,F is its large ohmic polarizations at high current rates.
This is most likely related to the poor electronic conductivity of
LiFeSO,F, which results in large inner resistance of the battery.
In comparison, the GO-wrapped material possesses high
electronic conductivity, which could reduce the ohmic
polarization of the electrode thus resulting in good rate
capability.

We also studied the cycling performance of the GO-wrapped
LiFeSO,F with different GO amounts (Supporting Informa-
tion, Figure S4). It was seen that the present material with 1.77
wt % of GO exhibits better electrochemical performance than
that containing 3.89 wt % of GO. Detailed analysis of different
GO-wrapped LiFeSO,F is beyond the scope of this work.
However, this preliminary study shows that a small amount of
GO is enough to significantly improve the electrochemical
performance of LiFeSO,F.

3.3. Cyclic Voltammetry. Figure 6 shows the CV curves of
the pristine and GO-wrapped LiFeSO,F at different scan rates.
All the CV curves are composed of a couple of cathodic/anodic
peaks, which are attributed to the Li* extraction/insertion from
the LiFeSO,F/FeSO,F phases. Both samples maintain their
symmetrical CV curves with increasing of scan rate. However,
the pristine LiFeSO,F shows larger ohmic polarizations
between the cathodic and anodic current peaks indicating its
worse electrochemical kinetic properties. Ohmic polarization
normally arises from the resistance of the electrolyte, the
components of the electrode film, the current collectors,
contact resistance between the active material and the
conductive additive, or from a resistive solid—electrolyte
interphase (SEI) film on the surface of the electrode.*
Assuming that all the battery cells were assembled in the
same way, the larger ohmic polarization of the pristine
LiFeSO,F could be majorly attributed to its low electronic
conductivity. In addition, it was noticed that the current flow of
the GO-wrapped LiFeSO,F is much higher than that of the
pristine LiFeSO,F. This is also attributed to the better
electrochemical kinetic properties of the material, which
could result in much faster Li-ion intercalation/deintercalation.
As a result, a shorter time is needed for allowing all Li ions
removing from the material. Thus, the phase transformation of
GO-wrapped LiFeSOF occurs in a much narrower voltage
range than that of the pristine one, as shown in the CV curves.

In addition, the current peak intensities show a linear
relationship against the square root of scan rates (v'/2) (inset of
Figure 6). Therefore, the apparent lithium diffusion coefficients
(Dy) of the materials can be calculated by the Randles—Sevcik
equation:

- 5 1/2 3/2 1/2
I, =2.69 X 10°ACDy; ""n™""v (1)

where I, is the peak current, A is the electrode surface area, C is
the concentration of Li ions in the electrode, n is the number of
electrons involved in the redox process, and v is the scan rate of
CV. Table 1 shows the calculated Dy, values of the materials in

Table 1. Electrochemical Kinetic Parameters of the Pristine
and GO-Wrapped LiFeSO,F Materials

R (Q) R(Q R(Q) Dy (em*s™)
pristine LiFeSO,F 18.7 145.0 366.8 161 x 1071
GO-wrapped LiFeSO,F 2.5 107.9 354 3.39 x 107°

the reduction (or discharge) process. It shows that the lithium
diffusion coefficient of the GO-wrapped LiFeSO,F is about 20-
times larger than that of the pristine material. The lithium
diftusion coeflicient is a transport parameter that reflects both
the ionic and the electron transports occurring in the active
material. It is deduced from the Fick’s first law and can be
expressed as the product of a self-diffusion coefficient Dy
and a thermodynamic factor @, that is, Dy; = D X ©. In
addition, Dy, and @ are very sensitive to the structural and
electronic properties of the material, respectively. Briefly,
Dyj(se) is @ measure of the diffusion that takes place even in
the absence of a chemical potential gradient and corresponds to
the ionic mobility or viscosity in a solution. The @ factor
measures the chemical potential deviation from that of an ideal
solution. It depends on both kinetic parameters (transport
number, mobility) and thermodynamic properties (stoichiom-
etry, activity). Sometimes it indicates that the ionic flux density
intensifies due to the simultaneous transport of electrons
through the active material.*>"** As an intrinsic parameter of
intercalation materials, the self-diffusion coefficient of LiFe-
SO,F should not be changed by GO wrapping. Thus, the larger
lithium diffusion coeflicient of GO-wrapped LiFeSO,F should
be closely related with its higher electronic conductivity. The
enhancement of electronic conductivity, no matter the intrinsic
electronic conductivity or the surface electronic conductivity,
will lower the internal resistance of the electrode and therefore
increase the internal electrical field inside the battery. As a
result, the diffusion of Li ions is accelerated by this stronger
internal electrical field, thus resulting in a higher lithium
diffusion coefhicient.

3.4. Electrode/Electrolyte Interface Properties. As
shown previously, the sharp ending of the first charge profile
for the GO-wrapped LiFeSO,F indicates fewer side reactions
occurring in the material. Similar to the scenario with
conventional graphitic anode, the working potentials of most
cathode materials used in lithium-ion batteries are too high for
almost any electrolyte component to remain thermodynami-
cally stable. Thus, the reversible Li" intercalation and
deintercalation in cathode materials must be proceeded by
complex interfacial phenomena. Side reactions and the growth
of a SEI film on the electrode surface upon cycling have been
evidenced for different oxide cathode materials such as
LiCoOz,35 LiNiolsMno_SOZ,36 and LiMn204.37 However, only
little attention was paid to the electrode/electrolyte interface of
polyoxyanion cathode materials because they are often
considered to be more chemically inert than oxides. Recently,
Aurbach et al.>® showed that even LiFePO,, which has a low
voltage of 3.5 V, could react with LiPF4-based electrolyte to
form a SEI layer, which was further confirmed by N. Dupré et
al.*® Herein, to study the side reactions of the LiFeSO,F
electrodes and the electrolyte, we carried out FTIR and TEM
analyses of the electrodes before and after cycling. The cycled
materials were scraped off from the electrodes after the first
charge and completely washed by dimethyl carbonate (DMC)
before measurements. Therefore, only solid compounds
remained in the sample. Figure 7 shows the FITR spectra of
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Figure 7. FITR spectra of the pristine and GO-wrapped LiFeSO,F
before and after the first charge.

the pristine and GO-wrapped LiFeSO,F before and after
cycling. The FTIR spectrum of the pristine and GO-wrapped
LiFeSO,F fits well with that reported in literature.** The broad
and intensive infrared (IR) peak in the wavenumber of 1114—
1064 cm™' is due to the asymmetrical stretching of the SO,
tetrahedral, and the other smaller one located at 1004 cm™ is
due to the stretching vibration of SO,. The typical IR peak for
TEG, which should be located at 2875 cm™,** is not
observed, which suggests that the TEG contamination has been
completely removed during the washing steps. Several new IR
peaks could be observed for the cycled LiFeSO,F and GO-
wrapped LiFeSO,F samples. The Eeak at 840 cm ™! is due to the
P—F bond of Li,PF, or Li,PO,F,,*** and the peaks at 879 and
1430 cm™' are assigned to the COj; group of Li,CO,.* In
addition, the other one at 1400 cm™" is assigned to the C—H
vibration of carboxylic lithium compounds (RCO,Li).*

The up-cutoff voltage of 4.5 V used for the LiFeSO,F
electrode is too high for the LiPF4-based electrolyte to maintain
thermodynamic stability. According to the literature, the
organic solvents in electrolyte may be decomposed at high

voltage as follows:*"**
EC (orDEC) + e + Li* — RCO,Li + Li,CO, (1)
In the meantime, the LiPF, salt will decompose as follows:*’
LiPE, — LiF + PE @)
PE + H,0 — POE + 2HF G)

Consequently, the noxious POF; and HF will attack both the
LiFeSO,F active material and the LiF and PFg byproducts,
generating Li,PF, and Li,PO,F, species on the electrode
surface.’® Thus, the complex SEI mixture mainly contains
Li,PF, Li,PO/F, Li,CO; and RCO,Li, as observed by the
FTIR analysis.

From the TEM image shown in Figure 8, panel a, a thick and
randomly distributed SEI film could be clearly observed on the
surface of LiFeSO,F. In contrast, the SEI film of GO-wrapped
LiFeSO,F is very uniform and much thinner than that of the
pristine material. Even though the decomposition of electrolyte
is unavoidable at high voltage, it is suggested that the GO can
isolate the direct contact of LiFeSO,F with electrolyte, thus
depressing the side reactions occurring in the battery.

Figure 8. TEM images of the (a) pristine and (b) GO-wrapped
LiFeSO,F after the first charge.

Therefore, some of the side reaction products such as Li,PF
and Li,PO,F, could be depressed by the GO. The SEI film
sometimes is beneficial for electrochemical performance
because it could prevent further reactions of LiFeSO,F with
electrolyte. On the other hand, SEI film is a poor electronic
conductor. Too thick of a SEI film on the electrode will block
the transport of electrons, thus decreasing the electrochemical
performance. In this regard, the GO plays important roles for
the electrochemical performance of LiFeSO,F because it not
only can improve the electronic conductivity of the material,
but also can depress the side reactions of LiFeSO,F with
electrolyte, thus resulting in a thin SEI film.

3.5. Electrochemical Impedance Spectroscopy. Finally,
EIS was applied to study the effects of GO wrapping on the
electrochemical kinetic properties of LiFeSO,F. For the EIS
measurements, the electrodes were equilibrated at the vicinity
of middle point of the plateau to reach an identical status.
Figure 9 shows the Nyquist plots of the materials in the first
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Figure 9. Nyquist plots of the pristine and GO-wrapped LiFeSO,F
materials.

charge. Both electrodes show two well-defined semicircles in
the high-to-middle frequency region, which are due to the SEI
film and the charge transfer process, respectively. The slope line
in the low frequency region is due to the lithium diffusion in
the electrode bulk. On the basis of this, the Nyquist plots can
be simulated by the equivalent circuit given in the inset of
Figure 9. In this equivalent circuit, R; represents the ohmic
resistance of the cell. R; and Cy are the resistance and
capacitance of the SEI film. R, and Cy represent the charge
transfer resistance and double layer capacitance. W is the
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Warburg diffusion parameter. The simulated R, R; and R
values are listed in Table 1. The GO-wrapped LiFeSO,F shows
a smaller R, value than that of pristine LiFeSO,F, which
indicates that the GO reduces the inner resistance of the
battery. The resistance of SEI film (Ry) is also reduced by GO
wrapping. As has been shown above, this could be due to the
GO layers on the outer surface of LiFeSO,F that isolate the
direct contact of the active material with the electrolyte, thus
depressing the side reactions occurring in the battery. Most
significantly, the charge transfer resistance abruptly reduces
from 366.8  to 35.4 Q by GO wrapping. The improvement in
charge transfer reactions could be attributed to the effective
electronic conductive network constructed by the GO films,
which improve the electronic distribution in the active material,
thus facilitating the redox reactions and resulting in the
observed excellent rate capability.

4. CONCLUSIONS

In summary, tavorite LiFeSO,F was successfully prepared by
the TEG assisted solvothermal method and was further
modified by GO with the assistance of APTMS. The GO
intimately wraps on the surface of LiFeSO,F and effectively
links the adjacent particles. This unique structure constructs an
effective electronic conductive network, thus reducing the inner
resistance of the battery, facilitating the charge transfer
reactions at the electrode/electrolyte interface, and improving
the lithium diffusion in the electrode bulk. The GO also isolates
the direct contact of the active material with the electrolyte,
which depresses the formation of SEI film. Because of these
advantages, the GO-wrapped LiFeSO,F exhibits improved
electrochemical performance such as higher specific capacities,
better rate capability, and excellent capacity retention with
respect to the pristine LiFeSO,F.
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