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Abstract

Li,FeSip 9sMg.0204/C M =Ti, Ag, Cu, V, Pb) was synthesized as cathode material for lithium-ion battery by the solid-state method.
The electrochemical performance of Li,FeSiyosMg0,04/C was investigated by constant current charge—discharge test, cyclic
voltammetry (CV), and electrochemical impedance spectroscopy (EIS). The results show that the materials doped with Ti or Ag
at the Si site deliver good initial discharge capacity. Li,FeSi; .M, 0,/C M =Ti, Ag; x=0.01, 0.02, 0.03, 0.05) was synthesized via
the solid-state method. By comparing the electrochemical properties, it can be observed that LirFeSij ¢gTig 0>04/C and
LiyFeSig 98 Ago.0204/C have good initial discharge capacity. The initial discharge capacity of LiyFeSig 95T 0204/C is 164.1 mAh/
g, which is equivalent to 0.98 Li* deintercalation. The capacity of Li,Feg 93 Tig 02Si04/C is 155.8 mAh/g after 10 cycles under 0.1 C,
and the capacity retention rate is 94.9%. The initial discharge capacity of LiyFeSig 9gAgo.0204/C is 166.6 mAh/g, which is better than
other materials. The capacity of Li;Feg 9gAgo.02Si04/C is 132.8 mAh/g after 10 cycles under 0.1 C, and the capacity retention rate is
79.7%. The charge-discharge cycle performance of Li>FeSigogTig 0,04/C is more stable than Li,FeSigogAgg 0,04/C. The Li*
diffusion coefficient of Li,FeSiy gTig 02O4/C is higher than that of pure phase material by two orders of magnitude. The
LirFeSig 0gTig 0204/C and LiyFeSig 9gAgn 0204/C were tested by XRD and SEM. The XRD patterns show that there are no
characteristic peaks of Fe or Li,SiO3 impurities in the materials, which indicates that the crystal structure of Li,FeSiO4 has not
been changed after doping metal ion at the Si site. The SEM images indicate that the particle size of materials is quite uniform and no
obvious agglomeration is detected in the materials. Li,FeSig 9gTig 0,04/C was analyzed by EDS, ICP, XPS, and FT-IR spectra since
it delivers better performance when compared with other materials. EDS and ICP show that the values which were measured
according to the ratio of each element are found to be similar to the theoretical values. The XPS spectrum confirms the existence of
the characteristic peaks of Li, Fe, Si, and O in samples, which could also prove that Si** is successfully replaced by Ti** in the crystal
structure of Li,FeSiO,4. The position of each absorption peak in the infrared spectrogram coincides with that reported in the
literatures, which indicates that the stable materials are formed.
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Introduction

Li,FeSiO, is considered as one of the most promising cathode
materials due to such advantages as high capacity, low price of
raw materials, stable structure, and environmental benignity
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[1]. Such kinds of material also have excellent chemical, elec-
trochemical, and thermal stability because of the strong bond-
ing force in the structure. As the electron bandwidth of silicate
is lower than that of phosphate, the former has higher electron
conductivity. Therefore, polyanionic ferric silicate lithium has
great potential to become a new generation of cathode mate-
rial for lithium-ion battery. Compared with LiCoO,, LiNiO,,
and LiMn,O,, Li,FeSiO, can have not only the advantages
mentioned above, but also the ability of intercalating two lith-
ium ions theoretically, which could increase the theoretical
capacity as high as 332 mAh/g [2]. Thanks to the properties
listed in this paragraph, the ferrous lithium silicate cathode
materials rapidly attract lots of attention from researchers
worldwide.
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Fig. 1 Initial charge/discharge curves of Li,FeSig 9gMg 2,04/C at 0.1 C

The reported methods for the synthesis of Li,FeSiO, in-
clude the solid-phase method [3], sol-gel method [4-6], and
hydrothermal method [7, 8]. The solid-phase method has the
advantages of simple preparation process and easy industrial-
ization. Ren Bing et al. [9] prepared Li,FeSiO,4 by the solid-
phase method. The charging and discharging test was per-
formed at the current density of 0.1 C at room temperature
with voltage between 1.5 and 4.8 V. The initial discharge
capacity showed about 170 mAh/g, which indicated that the
material had a good electrochemical performance. Compared
with the solid-phase method, the sol-gel method has the ad-
vantages of uniform distribution, small particle size, and easy
reaction control, but the process of synthesis is complicated
and time consuming. S. Zhang et al. [10] used citric acid as
carbon source and complex agent to synthesize Li,FeSiO4/C.
The maximum discharge capacity was measured at
153.6 mAh/g under the condition of C/16 multiplier, 1.5—
4.8 V. After 80 cycles, the capacity retention could reach
98.3%. Pure phase materials are easy to produce via the
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Fig. 2 Cyclic performance of LiyFeSig 9gM 0,04/C at different rates
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Fig. 3 The cyclic voltammetry of Li,FeSig 9gM 0204/C

hydrothermal method, but it is costly and difficult to conduct
and relies on the experimental equipment. Gong et al. [11]
synthesized Li,FeSiO,4 samples by hydrothermal method with
the multiplier of C/16, and the initial discharge capacity was
measured 160 mAh/g.

Although 1 Li* can be deintercalated from Li,FeSiOy4
to reach the theoretical capacity of 166 mAh/g, the low
electronic conductivity and Li* mobility could lead to the
poor multiplier performance, which limits its broad appli-
cation. In order to overcome those difficulties and im-
prove the electrochemical performance of Li,FeSiO,, the
following improvements are adopted recently: (1) Reduce
the particle size and improve the purity of materials. The
lithium-ion migration distance could be shortened by re-
ducing the particle. The electrochemical properties of the
material could be improved by increasing the purity. Z.L.
Tao et al. [12] synthesized the porous Li,FeSiO4/C.
Charging and discharging tests were carried out in the
voltage range of 1.5-4.8 V with the magnification of
0.5 C. Results showed that the initial discharge capacity
of the material was 176.8 mAh/g. (2) Carbon coating is
also a common way to improve the properties of
Li,FeSiO,4 materials. This method can not only improve
the conductivity of materials, but also effectively inhibit
the growth of particles. In 2012, L. Qu et al. [5] synthe-
sized Li,FeSiO,/C cathode materials by the sol-gel meth-
od. During the synthesis, sucrose was used as carbon
source. The initial discharge capacity of the material was
140 mAh/g, which was measured at 0.1 C. After that, the
capacity of the material kept increasing and was basically
stable at 160 mAh/g after 50 cycles. (3) Doping ionic
[13—15]. Lattice defects could be caused by doping ionic
which could improve the conductivity and charge—
discharge capacity of material. S. Zhang et al. succeeded
in synthesizing LiyFeg 97Mgo 035104 [16],
LisFep 07Mg 038104 (M =Zn**, Cu?*, Ni**) [15], and
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LiyFe;_Cr,SiOy4 [17]. The results showed that Mg and Zn
were successfully doped into Li,FeSiO4 material, and the
cyclic stability of the material was improved since the
crystal structure of the material was fixed. The initial dis-
charge capacity of Li;Fe97Crg 035104 was 158 mAh/g at
C/16 with the voltage range of 1.5-4.6 V, and the capacity
was almost unchanged after the 20th cycle. It indicates
that the material exhibits high reversible capacity and
good multiplying performance. Chen MR et al. [18] syn-
thesized Liy ggFeSiO4F ¢2/C cathode materials by
hydrolysis-step calcination process. The initial discharge
capacity of the material was 116.8 mAh/g under 0.3 C at
55 °C. M.E. Arroyo-de Dompablo [19] explained the in-
fluence of the replacement of O by N or F on the electro-
chemical properties of new materials from the theoretical
perspective. Due to the oxidation reaction of N*~, the
doping of N does not affect the capacity of the material,
while the F always combines with the active transition
metal ions, which leads to the reduction of the specific
capacity and weakens the electrochemical properties of
the material finally.

In this paper, LizFeSiQ_98M0.0204/C (MZTI, Ag, Cu, V,
and Pb) materials have been synthesized by the solid-state
method. The electrochemical performance was tested by con-
stant current charge—discharge, cyclic voltammetry, and

Rf Ret w
I e N ey
Rs —
— H — -
| | | |
11 11
Q(C¥) Q(Car)

Fig. 5 Equivalent circuit for fitting of EIS

electrochemical impedance spectroscopy. The better kinds of
doping metals are selected according to the experimental re-
sults. Subsequently, Li,FeSi; .M, 04/C M =Ti, Ag; x=0.01,
0.02, 0.03, 0.05) was synthesized, and the electrochemical
properties were tested and analyzed. The electrochemical
properties of the materials doped in different proportions with
the same metal were investigated to obtain the optimal metal
type and doping ratio. Then, the selected materials were char-
acterized and analyzed by XRD, SEM, EDS, ICP, XPS, and
FT-IR.

Experimental
Synthesis of the cathode material

LirFeSip 9sMg.0204/C (M =Ti, Ag, Cu, V, and Pb) and
LiyFeSi; .M, 0,/C M =Ti, Ag; x=0.01, 0.02, 0.03, 0.05)
were synthesized as follows. The lithium source
(CH5COOL)), iron source (FeC,04-2H,0), silicon source
(TEOS), carbon source (citric acid), and doping metal source
(TiO,, CH3COOAg, Cu (CH3C0O0O),-H,0, V,0s5,
Pb(CH3;COO0),:3H,0) were taken in proportion and placed
in the ball mill tank. Before ball milling, about 10 ml anhy-
drous alcohol was added as medium. After that, the mixture
was milled at the speed of 250 r/min for 5 h. Then, that mix-
ture was dried at 80 °C in a vacuum oven and ground in a
glove box filled with high purity Ar for 20 min. After that, the
powder was preheated in a tube furnace under N, atmosphere,
at 350 °C for 5 h. Then, it was ground again about 30 min after
cooling. Finally, the precursor powder was calcined under N,
atmosphere at 700 °C for 10 h, and the materials were obtain-
ed after natural cooling.
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EIS ﬁttlng data of LizFeSi0.98M0.0204/C

Table 1
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0 (Cp (F) R: () 0 (Ca) (P Rei (Q) WiQ/s'"?
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Samples

169.11 1.32x1071

7.23%1073
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2.65%107°
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1.58 x 10

2.59
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6.34x107'¢
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5.76 x 10*
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1.230x10°7°

426.52 2.08x107'°

121x1074

6123

1.09x 107

1.040 x 107>

Preparation of positive film and battery assembly

The active material, polyvinylidene fluoride (PVDF), and
conductive carbon black were taken by a mass ratio of 8:1:1,
and dissolved in the N-methyl-pyrrolidone (NMP). The alu-
minum foil was covered over by that slurry and then the elec-
trode film was dried at 110 °C for 10 h. After that, the elec-
trode film was pressed and punched into a circular disc, and
the cathode electrodes were made. The CR2032 coin cell was
used to test the electrochemical properties of the cathode elec-
trodes mentioned above. The cell was made of a lithium metal
electrode with a polypropylene microporous film
(Celgard2300) in the middle. The LiPF4 (1 M) was used as
electrolyte in ethylene carbonate (EC), dimethyl carbonate
(DMC), and ethyl methyl carbonate (EMC), while the coin
cells were installed in a glove compartment where the relative
humidity is less than 4%.

Electrochemical and material characterization

In this experiment, Land CT2001A was used to test the
electrochemical performance with the voltage ranging from
1.5 to 4.8 V. Cyclic voltammetry and electrochemical im-
pedance measurements were performed on a CHI660C
electrochemical analyzer, and the voltage range of CV
was 1.7-4.0 V (versus Li*/Li) with a scanning rate of
0.1 mV s '. The frequency range of the electrochemical
impedance spectroscopy (EIS) was set from 100 kHz to
0.01 Hz, while the AC amplitude was 5 mV. The software
ZsimpWin 3.10 was used to analyze the EIS data. Crystal
structure of the materials was represented by X-ray diffrac-
tion (XRD) analyzer (D8-Fouse, made in Germany) with
Cu-Ko radiation. The scanning range was 10-80° while
the scanning speed was 12°/min. The morphologies of the
powders were analyzed by scanning electron microscope
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Fig. 7 Electrochemical performance diagram of Li,FeSi;_,Ti,O4/C (the initial charge/discharge curves (a), cyclic performance at different rates (b), the
cyclic voltammetry (c¢), and electrochemical impedance spectroscopy (d))

(SEM, Nova Nano SEM 450 FEI). The species and distri-
bution of elements which is on the surface of the sample can
be obtained by an energy dispersive spectrometer (EDS,
AMETE, and OCTANE PLUS, made in America). The
composition of metal elements in the sample was deter-
mined by inductively coupled plasma emission spectrome-
ter (inductively coupled plasma-optical emission spectrom-
eter, ICP-OES). The iCAP6300 instrument produced by
Thermo Company of USA was used. The X-ray photoelec-
tron spectroscopy (XPS, Thermo Fisher Scientific, and
ESCALAB250Xi, made in America) was used to analyze
the materials, then the species and chemical states of the
atoms were recognized. By using Fourier-transform infra-
red spectrometer (FT-IR, BRUKER, and TENSOR27, made
in German), the functional groups in the materials can be
identified.

Table 2 EIS fitting data of Li,FeSi;_, Ti,04/C

Results and discussion
Electrochemical characteristics of Li,FeSig ogMg.0204/C

The initial charge/discharge curves of Li,FeSig 9sMg 0204/C
M=Ti, Ag, Cu, V, and Pb) at 0.1 C are shown in Fig. 1.
Figure 2 shows the graph of the cyclic performance curves,
in which the data of the material cycles 10 times at the rates of
0.1 C,0.2 C, and 0.5 C, and then 5 times at the rate of 0.1 C
again. According to Fig. 1, the discharge platforms of
LizFesio_ggTio_0204/C and LizFesio_ggAgO.ozodC are ObViOUS,
and the initial discharge capacity shows 164.1 and
166.6 mAh/g, respectively, which is equivalent to 0.98 Li*
and 1 Li* deintercalation. The cycling performance of
Li,FeSig 9gCug 0o04/C material is also relatively stable, but
its capacity is low, and the initial discharge capacity shows

Samples R ()  Q(Cp ) Re ()

0 (Ca) ()

Wis'?

Re () o Dy (em®s™")
LiFeSig0oTip0104/C  6.445 3.61x107° 1.22x10* 9.7x10* 2.15%10° 1376103 515 1.42x10°1°
Li,FeSig 0gTi.0204/C  2.59 1.58x107° 2122 265%107° 217 7.23%x107° 169.11 132x10°1
Li,FeSig 07 Tip.0:04/C  2.869 1.12x107° 1.371 % 10° 1256 %107 829x10°  3.68x10° 485.33 1.60x 1071°
LioFeSig 05Tip.0s04/C  5.709 811x10>  2.89x10° 421x107* 469%10°  538x107* 773.1 632x107"
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only 80.6 mAh/g. The initial charge—discharge capacity of the
materials doped with V and Pb is not high, and the capability
attenuates easily. It is mainly because that the metal which is
doped in the cathode material hinders the deintercalation of
Li*, and the capacity is determined by both the amount of
deintercalation of Li* and the speed of migration [20].
Therefore, the capacity of the materials doped with V and Pb
is low, but higher than that of the pure phase Li,FeSiO,/C
synthesized under the same experimental conditions [21].
Figure 2 indicates that the capacity is more stable at 0.2 C,
0.5C, and 1 C. It is due to the Li* and Fe** rearrangement in
the lattice of Li,FeSiOy4 during the first charge and discharge
cycle which results in the formation of a more stable structure
of the Li,FeSiO, lattice [22]. When the grain size of
Li,FeSiOy, is reduced to nanoscale (< 100 nm), all of the ion
rearrangements can be realized in a single charge/discharge

process. However, due to the large grain size and the large
resistance of ion rearrangement, the Li,FeSiO4 materials syn-
thesized by the solid-state method make it difficult to achieve
ion rearrangement in one charge/discharge cycle. In order to
achieve the most stable Li,FeSiO, structure, multiple charge/
discharge processes are required. The results show that the
structure of the cathode material is relatively stable after 10 cy-
clesat 0.1 C. It can be observed from Fig. 2 that the discharge
capacity of Li,FeSig 9gTip.0204/C is higher than that of other
materials at each rate, and the capacity retention rate is the best
at each rate. Figure 2 shows the materials doped with Ti and
Ag have better first discharge capacity. The capacity of
LiFeg 98T .02Si04/C shows 155.8 mAh/g after 10 cycles un-
der 0.1 C, and the capacity retention rate is 94.9%. The capac-
ity of Li;Feg 9sAgo.02S104/C reaches 132.8 mAh/g after 10 cy-
cles under 0.1 C, and the capacity retention rate is 79.7%.

Table 3  EIS fitting data of Li,FeSi; Ag,04/C

Samples Ry Q(CY & Re () O(Ca)(F) R () WiSys'"? o Dy (em®s™")
Li>FeSio.99Ag0.0104/C 6.189  3.189x10° 590.5 123%10° 1.98x10° 1.086x107> 40469  231x10°'°
Li>FeSio.08A€0.0204/C 8914  2.499x107° 1440 142x107° 424x10° 5.76 % 10% 24416  634x107'°
Li>FeSio.97A€0.0304/C 6292  9.74x1077 3527 9.06x10°  389x10°  7.08x107* 541.56 129x10°1°
Li>FeSio.95Ag0.0s04/C 15.91 320%x 107 1344 149%x1073 243x10° 1.60x 1077 309.98 3.93x 10716
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Therefore, through the results of the initial charge/discharge
and cyclic performance, the appropriate doping metals are Ti
and Ag.

Figure 3 shows cyclic voltammetry for the
LiyFeSip 9gMg 0204/C M =Ti, Ag, Cu, V, and Pb). The redox
peaks of LizFeSio_9gTio_0204/C and LizFeSiO.ggAg0.0zozl/C are
large. There is a sharp peak in the oxidation peak of
Li,FeSip 9gAg0.0204/C in the range of 3.5~3.8 V, which indi-
cates that the Ag ion has successfully entered the lattice of the
material and more lithium ions have escaped. The migration
path of Li* is related to the crystal structure of the sample. The
coulomb repulsion force exists between the oxygen atoms in
the Li,FeSiO,4 crystal lattice. The coulomb repulsion force
leads to the change of the bond distance of the Fe-O, but the
Si—O bond is extremely firm which guarantees the stability of
the crystal lattice in the multiple charge and discharge cycles.
In the process of the Li* deintercalation, the change of the Fe—
O is larger than that of Si—O. After Ag doping, the Ag atom
will replace the Fe atom. In the charging process, when Li* is
deintercalated, the Fe** will be totally oxidized to Fe**. When
Li* is further deintercalated, Ag™ could not be oxidized to a
higher valence state, but charge fluctuation will occur on the
Ag—0 bond which could lead to the instability of the structure
of Li,FeSiOy. So, in the CV diagram, the current value of the
oxidation peak located from 2.0 to 2.5 V changes rapidly. The
reason is that the highest value state of the Ag leads to the
instability of the total charge of the material. After charge and

discharge cycles, the rearrangement of ions makes the crystal
structure change from metastable to steady state, which en-
sures the stable cycle performance. The redox peak of
LizFeSio_ggcu0.0204/C is smaller than LizFeSiO.ggTi0.0zozl/C
and the capacity of Li,FeSi 9gCug 0,04/C is lower when com-
bined with Fig. 2. The electrochemical properties of the ma-
terials doped with Vand Pb are poor, the peak line is not sharp,
and the distance between peaks is larger. According to the data
of Figs. 1 and 2, the conclusion could be made that the elec-
trochemical properties of these materials are poor.

Figure 4 shows the AC impedance diagram of
LiyFeSig 9gMg.0204/C. The electrochemical impedance dia-
gram can reveal the relationship between the measured poten-
tial and alternating currents. The resistance and charge transfer
reactions of the solution are relevant to the migration of Li*
and Li,FeSiO, could also be affected by the migration of Li*.
Therefore, the internal resistance of the battery and the diffi-
culty of lithium-ion migration can be analyzed with the help of
the EIS diagram. The results show that doping metal atoms
has a significant effect on the impedance. All EIS curves of
LiyFeSig9§Mg.0,04/C are fitted with an equivalent circuit
composed of “R (QR)(Q (RW))” (in Fig. 5) by using the
ZSimpWin program, and the fitting results are shown in
Table 1. Here, R, Ry, and R, are resistances of the electrolyte,
the interface electric resistance, and the charge transfer reac-
tion, respectively. The SEI film capacitance and the double
layer capacitance are represented by the constant phase ele-
ments Q (Cyp) and O (Cg), and the quasi-straight line at the
low-frequency region represents the Warburg impedance (W)
which is related to the impedance of Li* diffusion in bulk
material.

R’T?
Pt = e rcie W

The linear fitting of Z' versus w % in the low-frequency

region of Li,FeSiy9gM(.0204/C is shown in Fig. 6. The
lithium-ion diffusion coefficients (Dy;;) of
Li,FeSi 9gMg.0204/C are calculated according to the equiva-
lent circuit and lithium-ion diffusion coefficients: Eq. (1) [23],
where R is the gas constant (8.314 J mol ' K™, Tis the
absolute temperature, A is the surface area of the cathode
(here, A was estimated to be the surface area of electrode,
0.785 cm?), n is the number of electrons per molecule during

Table 4  Lattice parameters of Li;FeSi 9gTig 0204/C and Li,FeSig 9gAgp 0,04/C

y a/(A) b/(A) c/(A) BE© V (A%3)
=0 8.2349415 5.0067280 8.2239445 98.88957 334.65253
Li,FeSio 05 Tio.0204/C 8.2332958 5.010971 8.237078 98.87443 335.7673
Li,FeSio 05Ag0 0204/C 8.2377998 5.008369 8.236885 98.88287 335.7609
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Fig. 10 SEM images OfLizFeSio‘ggTiO‘Ozoz;/C and LizFeSiO'ggAgol()zOA]/c

oxidation, F'is the Faraday constant (96,485.33 C mol ™), Cis
the bulk concentration of Li* in the electrode
(0.0390 mol cm > for Li,FeSiO, [12]), and o is the Warburg
factor (the rake ratio of Fig. 6). The calculated results are
shown in Table 1, that the diffusion coefficient of lithium
ion increases obviously after doping metal ions. The lithium-
ion diffusion coefficient of pure phase material is 1.842 x
107'7 [21]. After being doped, the lithium-ion diffusion coef-
ficient of LiFeSig 9gTig.0204/C increases by two orders of
magnitude. At the same time, the R of LirFeSig9gTig 0204/
C is very small, which indicates that the material has high
specific capacity and better cycling performance [7]. The
lithium-ion diffusion coefficient of Li,FeSig 9gCug 0204/C is
increased by an order of magnitude, but its R, is 8.28 x 104,
which affects the charge—discharge performance of the mate-
rial. The Ry of LiyFeSij 9gAg 0204/C is larger, so the initial
discharge capacity is lower than that of Li,FeSig 9gTig 0204/C.
The R.; of LiyFeSij 9gPbg 004/C is relatively large, so its elec-
trochemical performance is also poor. The diffusion coeffi-
cient of lithium ion of the materials doped with V is better
than that of pure phase material, which indicates that doping
metal ions can improve the impedance performance of the
materials.

Through the above analysis, it can be concluded that when
M=Ti and Ag, the Li;FeSij9sMg.0,04/C materials synthe-
sized by the solid-state method have a good electrochemical

performance in charge/discharge capacity, rate performance,
cyclic voltammetry, and AC impedance. Therefore, those two
kinds of doped metal were chosen as the experimental subjects
for the further experiment in which the optimum doping ratio
could be identified. LizFCSi0.99M040104/C,
LizFeSi0V98M0'0204/C, Li2FCSi0_97M0'0304/C, and
LiFeSig9sM05s04/C (M =Ti and Ag) were synthesized and
their electrochemical properties were tested and analyzed.

Electrochemical characteristics of LiFeSi;_,Ti, 0,/C

Figure 7 shows the initial charge/discharge curves, cyclic per-
formance at different rates, cyclic voltammetry, and electro-
chemical impedance spectroscopy of LiyFeSi;_ Ti,04/C (x=
0.01, 0.02, 0.03, 0.05). From Fig. 7 a, we can observe that
there are obvious discharge platforms in the initial charge—
discharge diagram of LiyFeSig 93Tig.0204/C and
LiyFeSig97Tig 0304/C. The initial discharge capacities are
100.6 mAh/g, 164.1 mAh/g, 144.3 mAh/g, and 80.5 mAh/g
when x=0.01, 0.02, 0.03, and 0.05, respectively. The initial
discharge capacity of Li,FeSij 9gTig 0204/C corresponds to the
deintercalation of 0.98Li*. Figure 7 b indicates that the capac-
ity attenuates seriously except LiyFeSig ogTig 0204/C. From
the CV diagram, it can be observed that the peak area of
LiyFeSig 9gTip 0204/C is the largest, and the potential differ-
ence between the two peaks is the smallest which is about

Fig. 11 EDS spectra of
LiyFeSip 0gTip.0204/C 2rel S
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Table 5 ICP-OES results OfLizFGSi()_ggTiO.on‘t/C

Theoretical chemical formula Measured atomic ratio

Li Fe Si Ti O

Li>FeSio 05Ti0 0204 2000 1.003 0978 0019 4.010

0.3 V. It shows that Li,FeSij 9gTig ¢204/C delivers better
charge—discharge capacity. Therefore, 0.02 is considered as
the optimum doping ratio of Ti. The R, of
Li,FeSig 9gTig 9oO4/C in Table 2 is the smallest and the diffu-
sion coefficient of Li* is two orders of magnitude higher than
that of Li,FeSij 95Tig ¢504/C. It shows that the diffusion coef-
ficient of lithium ion will be decreased when the doping ratio
of Ti is too high. The proper amount of Ti doping reduces the
charge transfer resistance of the cathode material during
charge and discharge, increases the electronic conductivity
ofthe material, and improves the electrochemical performance
of the material. Combined with the above electrochemical
performance analysis, it can be concluded the performance
of Li,FeSig 95Tl 0204/C is superior.

Electrochemical characteristics of Li,FeSi;_,Ag,0,/C

Figure 8 shows the initial charge/discharge curves, cyclic per-
formance at different rates, cyclic voltammetry, and electro-
chemical impedance spectroscopy of Li,FeSi; (Ag,04/C (x=
0.01, 0.02, 0.03, 0.05). Figure 8 a shows that the initial dis-
charge specific capacity is 160.4 mAh/g, 166.6 mAh/g,
175.3 mAh/g, and 128.7 mAh/g when x=0.01, 0.02, 0.03,
and 0.05, respectively. Figure 8 b indicates that when the Ag
content increases, the capacity of the material attenuates seri-
ously, but the capacity of Li,FeSij 9gAg0.0204/C is higher than

Survey

1Scan, 2m 16.0 s, CAE 100.0 15 Scans, 5

Fe2p Scan

that of other materials at each ratio. Figure 8 ¢ shows that the
oxidation peaks of the materials doped with Ag are sharp at
about 3.7 V. The peak area of Li,FeSig9gAgy204/C is the
largest and the distance between peaks is the shortest, which
indicates that the material is stable. Combined with EIS curve
fitting, it can be concluded that the lithium-ion diffusion co-
efficient of the material is the largest. However, the R of
LirFeSig 05Ag0.0504/C in Table 3 is higher than that of
Li,FeSig 99Agg.0104/C and Li,FeSig 97Ag0.0304/C.
Combined with Fig. 8 b, the capacity attenuation of
LisFeSip 95Ag09.0504/C is higher than that of
LiQFeSiolggAgo_OIOz;/C and LigFeSi0.97Ag0,0304/C. In summa-
ry, it can be concluded that when the Ag doping ratio is 0.02,
the initial charge and discharge performance of the material is
great and the performance of Li;FeSig 9gAg 0204/C is stable.

Characterization and analysis of Li,FeSig ogTip.0204/C
and LizFeSio.ggAgo.ozodc

Through the analysis of the initial charge/discharge curves,
cyclic performance at different rates, cyclic voltammetry,
and electrochemical impedance spectroscopy, we know that
LizFeSiO.ggTi0'0204/C and LizFCSiO.QgAg0'0204/C have gOOd
initial discharge capacity. Therefore, we will do further char-
acterization analysis upon those two materials.

XRD patterns of the two samples are shown in Fig. 9.
Li,FeSiO,4 has multiple crystal structures [24]. The most re-
ported are orthogonal structure (Pmn2;) [1] and monoclinic
structure (P2,/n) [25]. By comparing with the standard graph
and the related literature, we found that the characteristic
peaks of those two structures are very close. A full refinement
has been carried out which shows that the dominant crystal
phase of the two samples is the monoclinic structure P2,/n
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Fig. 13 FT-IR spectra of 8

= ‘u M R I.,.,W,__,__.._-v—_mr*.\ - il
LizFeSioiggTio_()zOA‘/C fw[“’“ ‘wﬂ‘ I“;, _,J‘M”“ Ll ‘P'-. N |l ||J| \l
Ya, " W \ | |
2 v |I || ‘
|
1
g \ ||
8 B 1 I||
2 Lo
8 \
5 9 1 | || J
|| || |, Y
& || ( |I |1!'I
| I
o
o ot
3500 30l00 zsloo mloo 15:30 1UIJO séo

[10]. No diffraction peak (26°) of graphitized carbon crystal-
lization can be found in these materials, which indicates that
the carbon in the materials synthesized by the solid-state meth-
od exists in the form of amorphous state [26].

Figure 9 indicates that the doping metal is different, but the
locations of the main peaks are similar. There are a few
Li,Fe;0,4 peaks in the figure; the impurity peak of
LioFeSig 9gAg.0004/C is at 42.8°. The impurity peak of
Li,Fe;04 does not exist in Li,FeSig 9gTig 0204/C, which indi-
cates that the purity of this material is high. The XRD spec-
trum shows that there are no characteristic peaks of Fe and
Li,SiO;. Table 4 shows the lattice parameters of those two
materials. The lattice volumes of Li,FeSij 95Tig 0204/C and
Li,FeSij 9gAgy.004/C are larger than those of pure phase ma-
terials [35]. To sum up, the crystal structure of Li,FeSiO,4 has
not been changed after metal doping and the increase of the
lattice volume can improve the pathway for the diffusion of
lithium ion [27]. As a result, the electrochemical properties
have been improved.

The SEM images of LizFeSiolggTi0.0204/C and
Li,FeSig9gAgo.0204/C are shown in Fig. 10 which indicate
that the particle sizes of those two kinds of cathode materials
are even and there is no obvious agglomeration phenomenon,
which demonstrates that metal ion doped in the Si site could
effectively inhibit the agglomeration of Li,FeSiO,4 crystal, re-
duce the particle size, and shorten the diffusion distance of
lithium ion. Metal ions doped into the crystal can reduce the
negative effect on lithium ion moving in the crystal due to the
strong bond of the Si—O. Consequently, the electrochemical

properties of Li,FeSiO, can be improved effectively via metal
ions doped at the Si site because of the smooth movement and
short diffusion distance of the lithium ion. The surface of the
material is covered with amorphous carbon. The particles are
cross-linked, the boundary of the particles is clear, the edges
are smooth, and there are small spherical particles. It indicates
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that the materials have a high specific surface area. Carbon
coating can prevent particle agglomeration, shorten the diffu-
sion path of lithium ion, and provide a good electron transport
channel for lithium-ion deintercalation [28-30]. The particle
size of Li,FeSig 93Tl 0204/C is smaller and the distribution is
uniform. A few agglomeration particles can be observed in
LiyFeSig.99Ag0.0104/C, which is consistent with the test re-
sults of the cyclic performance and the capacity of the
materials.

According to the analysis above, the properties of
Li,FeSi 9gTig 0204/C are the best. Then, Li,FeSij 9gTip 0204/
C was tested by EDS, XPS, and FT-IR spectra. Figure 11
shows the EDS analysis of Li,FeSig 9gTig 204/C which indi-
cates that Fe, Si, O, and C elements are detected and the
existence of Ti element has also been confirmed. Due to the
limits of the detection range, the Be window of the detector
blocks the X-ray from the Li element. Therefore, the content
of Li could not be detected by EDS spectra. The proportion of
Fe:Si:Ti 1s 0.989:1:0.017, which is close to the theoretical
value. Even when using the high-rate electron microscope, it
is difficult to get the average content of the whole material by
measuring any point at random on the surface of the material,
and the result is very difficult to accord exactly with the aver-
age content of the whole material. The above results show that
the elements are uniformly distributed on the microscale. The
test results for ICP are shown in Table 5. It can be seen from
the test results that the molar ratio of each element of
Li,FeSig 9gTig 0204/C is very close to the feed ratio, which
meets the requirement of stoichiometric ratio.

XPS is used to explore the composition and chemical va-
lence state of elements in Li,FeSij 9gTip 0204/C. The results
are shown in Fig. 12. The spectrum scanning of XPS shows
that there are characteristic peaks of Li, Fe, Si, O, and C
elements in the samples [31]; that is, the characteristic peaks
of Li 1s, Fe 2p, Si 2p, O 1s, and C 1s. From Fig. 12, we can
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observe the XPS spectra of Fe2p. The characteristic peak lo-
cated in 711.38 eV of Li,FeSig 95Tig o04/C is consistent with
Fe2p;), and Fe2p,, of F ¢+ which has been reported in liter-
ature [32]. Therefore, the ferric ions in Li,FeSij 9gTi 0204/C
are Fe?*. The XPS spectrum of Cls is 285.02 eV. The peaks
correspond to C=C [33]. The existence of C=C bond indicates
that the material contains carbon. In Li,FeSij 9gTig 0204/C
samples, the characteristic peaks of Ti2p are observed at
458.8 eV, which is consistent with the binding energies of
Ti** [34]. The results of XPS show that the existence of Ti
elements is not only on the surface of the material, but also in
the material. It is confirmed that Ti** has succeeded in replac-
ing Si** into the lattice of Li,FeSiO,.

Figure 13 shows the FT-IR spectra of Li,FeSij ¢gTig 0204/
C. All the peaks in Fig. 13 come from the vibration of the
inner group. The characteristic absorption peaks of
Li,FeSiO4 materials are mainly composed of Li—O, Si-O,
and Fe-O. The locations of the absorption peaks in Fig. 13
are basically consistent with those reported in literature [35].
The characteristic peaks in 893.33 cm ™' and 529.42 cm ™' of
Li,FeSig 9gTig 0204/C correspond to the tensile and bending
vibration of Si—O in Si0447. However, the characteristic peaks
of Si—O in LiSiO; are located in 1100 cm ' and 780 cm ! [36,
37], which are not observed in Li,FeSig 9gTig 0204/C.
Combined with XRD analysis, there is no LiSiO3 in the sam-
ples. The characteristic peak in 448.73 cm ' of
Li,FeSig 95Tl 0204/C corresponds to the tensile and bending
vibration of LiO,4. The absorption peak of the Fe—O bond is
below 400 cm ™!, which cannot be observed in the figure. The
positions of the absorption peaks in the figure are basically
consistent with those reported in literature [38, 39], which
indicates that LiyFeSig 9gTig 0,04/C has been synthesized.

Conclusions

Li,FeSip 9sM 0204/C M =Ti, Ag, Cu, V, and Pb) was syn-
thesized by the solid-state method, and the electrochemical
performance tests were carried out. By comparing the electro-
chemical properties of Li,FeSi;_ M,0,/C M =Ti, Ag; x=
0.01, 0.02, 0.03, 0.05), we could conclude that
LizFCSio_ggTio_0204/C and LizFCSiO'ggAgO.ondC have better
discharge capacity. The initial discharge capacity of
Li,FeSig 9gTip.0204/C is 164.1 mAh/g, which is equivalent to
0.98 Li* deintercalation. The capacity of Li>Feg ogTi ¢.02Si04/
Cis 155.8 mAh/g after 10 cycles under 0.1 C, and the capacity
retention rate is 94.9%. The initial discharge capacity of
LizFeSiolggAgo_0204/C is 166.6 I'IlAh/g, which is better than
that of other materials. The capacity of Li,Feg 9gAg 02Sins/C
is 132.8 mAh/g after 10 cycles under 0.1 C, and the capacity
retention rate is 79.7%. The charge/discharge cycle perfor-
mance of LiyFeSig 9gTip ¢9204/C is more stable than
LirFeSig 93Ago.0204/C and other materials as well. The

diffusion coefficient of lithium ion of Li,FeSig 9gTip0204/C
is higher than that of pure phase material by two orders of
magnitude. The XRD patterns show that the dominant crystal
phase of the samples is the monoclinic structure P2;/n and
there are no characteristic peaks of impurities such as Fe or
Li,Si0O; in the materials, which indicate that the crystal struc-
ture of Li,FeSiO,4 has not been changed after doping metal ion
at the silicon site. The SEM shows that the particle size of
Li,FeSig ogTig 0o04/C is the smallest and its distribution is
uniform. EDS analysis indicates that the elements are uni-
formly distributed on the microscale. It can be seen from the
ICP test results that the molar ratio of each element of
LiyFeSig 9 Tig.0204/C is very close to the feed ratio, which
meets the requirement of stoichiometric ratio. The XPS spec-
trum has confirmed that Ti** has succeeded in replacing Si**
into the lattice of Li;FeSiO,4. The location of each absorption
peak in the infrared spectrogram is the same as reported in the
literature, which shows that stable materials are formed.

Publisher’s note Springer Nature remains neutral with regard to jurisdic-
tional claims in published maps and institutional affiliations.
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