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HIGHLIGHTS

e Li,Sn-Li,O-LiF/RGO composite was ob-
tained by the lithiation of F-SnO5/RGO.

e Initial Coulombic efficiency of LiySn-
Li;O-LiF/RGO composite is as high as
97%.

o The residual capacity is as high as 992
mAhg ™! after 100 cycles.
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ABSTRACT

Anode materials with large capacity have a growing application due to the booming electric vehicle and energy
storage market. However, the low initial Coulombic efficiency (ICE) and poor cycle stability hinder their com-
mercial development. Herein, we investigate the effective and convenient method of preparing LiySn-Li;O-LiF/
reduced graphene oxide (LixSn-LioO-LiF/RGO, Li-GFTO) composite anode material with large capacity and high
ICE. Firstly, the highly-dispersed fluorine-doped tin oxide and reduced graphene oxide (F-SnO3/RGO, GFTO)
composite is in-situ synthesized by one-pot reflux method. The fluorine-doped SnO, nanocrystals are uniformly
anchored on graphene sheets. Secondly, the F-SnO5/RGO was lithiated by reacting with the lithium dissolved in
the solution of biphenyl and 1,2-dimethoxyethane to get LiySn-LioO-LiF/RGO composite. The Li;O and LiF will
be formed and prevent the diffusion and coarsening of Sn and LixSn during cycling. Used as the anode material,
the ICE of the Li,Sn-LioO-LiF/RGO composite is as high as 97%. The composite anode material also shows high
cycling stability. The residual capacity is as high as 992 mAhg ™! at 0.1 Ag™ after 100 cycles, and the charge
capacity retention is 99%. Most of all, the mild preparation condition promotes the mass production and
practical application of tin-lithium alloy based composite anode materials.

1. Introduction

lithium-ion batteries with high energy density and power density is
increasing. However, the currently commercial graphite anode has

With the development of new energy vehicles, the demand for reached its theoretical capacity limit, which prompts people to find new
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Fig. 1. Illustration of the preparation of Li,Sn-Li,O-LiF/RGO (Li-GFTO).

Fig. 2. SEM images of (a) GTO, (b) GFTO and (c) Li-GFTO composites. TEM and HRTEM images of (d, g) GTO, (e, h) GFTO and (f, i) Li-GFTO composites.

anode material. Among various candidates, anode with large capacity
like Si-based material and Sn-based material have drawn much attention
[1]. Tin oxide (SnOy) is considered as one of the most promising anode
materials due to low cost, environmental friendliness, and high theo-
retical specific capacity [2]. However, there are two significant obstacles
in front of the commercialization of tin dioxide. One is the high irre-
versible capacity loss in the first cycle, and the other is the severe ca-
pacity fading during cycling [3].

The large volume expansion of SnO, during charging and discharg-
ing leads to electrode pulverization and causes severe capacity decay

[4]. Reducing the particles size of SnO5 can improve the cycle perfor-
mance by reducing the size of particles could effectively, which can
reduce the volume deformation, thus improve the electrochemical per-
formance [5]. Forming anode composites with graphene is also an
effective strategy to improve the electrochemical performance [6].
Graphene can not only prevent the agglomeration of the nanoparticles
but also alleviate the volume change and improve the electronic con-
ductivity [7]. Meanwhile, dopants like Ti can enhance Li" diffusion in
the bulk structure [8], F can improve the electronic conductivity and the
cycling stability [9,10].



R. Xu et al.

Journal of Power Sources 463 (2020) 228213

Fig. 3. (a) XRD patterns of the GTO and GFTO composites, (b) extended XRD patterns of the GTO and GFTO composites, (c) XRD patterns of the GFTO and Li-GFTO
electrode sheets, (d) XPS curve of the GFTO composite, (e) Sn3d XPS curves of the GTO and GFTO composites, (f) C1s XPS curve of the GFTO composite.

However, the low initial Coulombic efficiency (ICE) of tin oxide-
based anode material is still one big obstacle before the application.
The formation of solid electrolyte interface (SEI) and the irreversible
formation of Li3O are considered the major reasons for low ICE, which
will consume a large amount of liquid electrolyte [11-14]. Coating an
inactive protective layer such as carbon or alumina is beneficial to
improve the boundary integrity of SnO; and stabilize the electro-
de/electrolyte interface, leading to improved ICE [15-17]. Another
route to improve ICE is to add transition metals to stabilize the nano-
structure of SnOy [18-20]. Hu et al. reported a series of ternary
SnO,-M-graphite composites (M = Fe, Mn, Co) prepared by milling SnO,
with transition metal (M) and graphite powder [18]. The nanometal
particles act as a barrier, hindering the migration of Sn from one grain to
another, and preventing the coarsening of Sn during the lithiation pro-
cess. However, the ICE of the samples still can’t compare with graphite
(about 95%).

Herein, we investigated the effective and convenient method of
preparing LiySn-LioO-LiF/RGO (Li-GFTO) composite anode material
with large capacity and high ICE. Firstly, the highly-dispersed F-SnO,/
RGO (GFTO) composite was in-situ synthesized by a one-step reflux
method from commercially ammonium fluoride, stannous oxalate, and
graphene oxide. Stannous oxalate can reduce graphene oxide directly
and form SnO; nanocrystals on the graphene sheet. During the growth of
SnO,, fluorine was doped in the lattice simultaneously. Then, the Li
metal dissolved in an ether solution containing biphenyl was used to
reduce SnO3 to LixSn alloy and produce LixSn-Li»O-LiF/RGO composite,
which shows the ICE as high as 97% and excellent cycle stability. The
residual capacity is as high as 992 mAhg ! at 0.1 Ag™! after 100 cycles,
and the charge capacity retention is 99%. The preparation of Li Sn-
Li»O-LiF/RGO composite does not need high temperature and high
pressure, which is easy to be produced at large-scale.

2. Experiments
2.1. Synthesis of F-SnO3/RGO (GFTO)

The graphene oxide (GO) was bought from Nanjing XFNANO Ma-
terials Tech Company. 1.6 g GO, 12.0 g stannous oxalate was added in 1

L deionized water and stirred for 30 min. Then 4.3 g ammonium fluoride
was added in the above solution and stirred for additional 30 min, which

offers F element and enables F to be doped into the lattice of SnO,. At
last, the mixture was refluxed at 100 °C for 24 h. The product was
filtered and washed by deionized water and ethanol, respectively. After
drying at 120 °C for 12h, the F-SnO3/RGO powder was obtained. The
SnO5/RGO (GTO) was prepared by the same procedure in the absence of
ammonium fluoride.

2.2. Preparation of Li,Sn-LisO-LiF/RGO (Li-GFTO)

The biphenyl powder was mixed with 1, 2-dimethoxyethane solvent
with a molar ratio of 1:9.65 in an argon gas-protected glove box, and
stirred for 1 h to completely dissolved. A certain amount of lithium has
completely dissolved in the above solution to get the lithiation reagent,
wherein the molar ratio of lithium to biphenyl is 1:1 [21].

10.0 mg Polyvinylidene Fluoride (PVDF) and a few drops of N-
methyl-2-pyrrolidone (NMP) were added into a 5 mL beaker, stirred
until dissolved. The active material (80.0 mg) was uniformly mixed with
10.0 mg acetylene black and stirred for 4h in the above solution to get a
slurry. Then, the slurry was coated onto a copper foil and dried at 120 °C
for 12 h. The active material loading density is 1.53 mg cm™2. The
thickness of the coating layer is 15 pm. Under the protection of argon in
glove box, the lithiation reagent was dropped on the anode sheets. After
permeation and reaction for 5 min, the samples were dried to get Li,Sn-
LipO-LiF/RGO (Li-GFTO).

2.3. Characterization

The X-ray diffraction (XRD) patterns were measured on Rigaku D/
max-2550 V (Cu Ka radiation, A = 0.15403 nm) with the scanning range
of 10°-85° and the scanning speed of 8> min~'. The monocrystalline
silicon wafer has been used to adjust the XRD before the test. X-ray
photoelectron spectra (XPS, K-alpha, Thermo Scientific Inc., U.K.) were
measured with Mg Ko X-ray radiation, A = 0.9890 nm. Thermogravi-
metric analysis (TGA) was carried out on TGA Q800. Transmission
electron microscope (TEM) and high-resolution transmission electron
microscope (HRTEM) images were obtained on JEOL-2100F equipped
with the energy-dispersive X-ray spectroscopy (EDX).
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Fig. 4. Sn 3d, O 1s, F 1s and Li 1s XPS curves of the (a), (c), (e), (g§) GFTO and (b), (d), (f), (h) Li-GFTO composites.

2.4. Electrochemical measurement

The counter electrode was metallic lithium. The electrolyte was 1 M
LiPF¢ dissolved in EC/EMC/DMC (volume 1:1:1, Zhangjiagang Guotai-
Huarong New Chemical Materials Co., Ltd). The separator was a poly-
propylene membrane (Celgard 2325). The CR2016 half-cells were
assembled in an argon atmosphere glove box (oxygen content < 0.5
ppm, water content < 0.5 ppm). The cyclic voltammetry (CV) curve was
measured by a CHI660E at a scan rate of 0.5 mV s~! in the range of

0.005-3.0 V. Electrochemical impedance spectroscopy (EIS) was
measured on a Metrohm Autolab PGSTAT302 N electrochemical work-
station. A LAND-CT 2001A test system was used to measure the cycle
and rate performance between 0.01 and 3.0 V (T = 25 °C, humidity <
15%).

3. Results and discussion

Fig. 1 illustrates the process of preparing LixSn-LiO-LiF/RGO (Li-
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Fig. 5. CV curves of (a) GFTO and (b) Li-GFTO composites; Galvanostatic charge and discharge profiles of (¢) GFTO and (d) Li-GFTO composites; (e) Cycling
performance of GTO, GFTO, and Li-GFTO electrodes at 0.1 A g’l,(f) Rate capability of GTO, GFTO, and Li-GFTO electrodes.

GFTO) composites. Firstly, the F-SnO2/RGO (GFTO) composite is one-
pot synthesized from the commercial raw materials stannous oxalate,
ammonium fluoride and graphene oxide by the reflux method at at-
mospheric pressure. Sn?* ions were oxidized by graphene oxide to form
SnO, and reduced graphene oxide. Simultaneously, the fluorine was
doped into the lattice of SnO,. The reaction does not need high tem-
perature and high pressure, which is simple and easy to realize mass
production. Secondly, the slurry containing GFTO, PVDF and acetylene
black was coated on copper foil. Then, the anode was lithiated by
lithium dissolved in biphenyl. After drying to remove solvent, the Li,Sn-
LiO-LiF/RGO composites was produced. According to the process, it
has high potential to realize the large-scale production.

3.1. Morphology analysis
Fig. 2a—c shows the SEM images of GTO, GFTO and Li-GFTO com-

posites. All of them have a similar layered sponge structure, indicating
the lithiation did not destroy such structure. The combination of F-SnO,

and graphene oxide (GO) sheets makes F-SnO nanoparticles in GFTO
dispersed more uniform than SnO5 nanoparticles in GTO (Fig. 2d and e).
F-SnO; nanoparticles are not agglomerated and not scattered outside
the graphene sheets, indicating that F~-SnO5 nanoparticles can uniformly
anchor on graphene sheets to form a uniform structure by one-pot reflux
method [22]. Meanwhile, F element uniformly dispersed in GFTO
composite, confirmed by the element distribution (Fig. S1). As shown in
Fig. 2d—e, the average particle size of the SnO and F-SnO2 nanoparticles
is less than 10 nm. It could be observed that the lattice spacing of 0.26
and 0.33 nm corresponds to the (101) and (110) crystal planes of SnO5
from Fig. 2g and h [10]. In addition, the content of SnO; in GFTO is
79.8% from TG result (Fig. S2), which is beneficial to the large capacity
of the material. After lithiation, the nanoparticles apparently become
larger because of the insertion of lithium, but there is still no obvious
agglomeration, which may be due to the formation of Li;O and LiF
(Fig. 2f). The lattice spacing of 0.23 nm should correspond to the (331)
crystal plane of LizSny (Fig. 2i).



R. Xu et al.

Journal of Power Sources 463 (2020) 228213

Fig. 6. Pictures of the (a) GTO, (b) GFTO and (c) Li-GFTO electrodes after the 100th cycle at 0.1 A g’1 and the corresponding TEM images of (d) GTO, (e) GFTO and

(f) Li-GFTO electrodes after the 100th cycle at 0.1 A g~ *.

Fig. 7. EIS of (a) GTO, (b) GFTO and (c) Li-GFTO electrodes measured after 1st cycle and 100th cycle and the equivalent circuit model inset.

Table 1
The fitted and calculated results of the kinetic parameters of GTO, GFTO and Li-
GFTO electrodes after 1st cycle and 100th cycle.

Sample GTO GFTO Li-GFTO

Rf (Q) Ret (Q) R¢ (@) Re (Q) Rf (Q) Ret (Q)
1st cycle 12.9 27.9 11.4 21.7 12.4 26.8
100th cycle 29.8 113 18.8 93 20.7 95.6

3.2. Component analysis

Fig. 3a shows a typical X-ray diffraction pattern of GTO and GFTO
composites. All the peaks of GTO and GFTO composites can be identified
as a tetragonal rutile-like SnO; (JCPDS No.41-1445). There is no
appearance of a hetero peak, indicating that Sn®* is completely oxidized
to SnOy, then SnO; heterogeneously nucleate and grow. From the partial
enlargement of XRD (Fig. 3b), the diffraction peaks of GFTO slightly
shifted to a smaller angle than GTO, indicating that F was doped into the
lattice of SnO; instead of merely attaching to the crystal surface [23].
The XRD diagram of lithiated sample Li,Sn-Li;O-LiF/RGO (Li-GFTO)
(Fig. 3c) shows that LiySn is mainly attributed to LisSny (JCPDS
29-0839) and Li;Sny (JCPDS 29-0837).

From the full XPS diagram of GFTO, the peak of doping F could be
observed clearly (Fig. 3d). The diagram (Fig. 3e) of Sn 3d shows that the
peaks at 488.0 eV and 496.4 eV corresponds to the peaks of SnO5. The
binding energy difference between Sn3ds,» and Sn3d3/; is 8.4 eV, which
is consistent with the energy splitting of SnOy [20]. Compared with
GTO, the Sn 3d binding energy of GFTO shifts to higher levels. It may be
due to the large electronegativity of fluorine, decreasing the electron
density in the 3d orbital of Sn [23]. The results also confirm that fluorine
was doped in the lattice of SnO,. The C 1s peaks of GFTO (Fig. 3f) are
de-convoluted into four peaks, and the peaks at 282.8 and 285.9 eV are
attributed to the oxygen-containing functional groups C-O left on the
graphene sheets and C-Sn bond formed by reflux method [17]. Ac-
cording to the XPS results, F-SnO, nanoparticles may combine with
graphene by C-O-Sn and Sn—C bonds [24,25]. The strong interaction
between F-SnO, nanoparticles and graphene is beneficial for the uni-
form growth of SnO5 and the structural stability of GFTO [26,27].

To better understand the process of lithiation, the XPS spectra of Sn
3d, F 1s, O 1s, Li 1s branches of samples F-SnO2/RGO (GFTO), and
LixSn-LiO-LiF/RGO (Li-GFTO) were analyzed and compared in Fig. 4.
Fig. 4a shows two typical peaks at 488.0 eV and 496.4 eV, belonging to
SnO, before lithiation. Two weak peaks at 486.6 and 495.1 eV appears
after lithiation in Sn 3d spectrum (Fig. 4b), which should be attributed to
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Fig. 8. Illustration of the cycling stability of Li,Sn-Li,O-LiF/RGO (Li-GFTO).

LixSn [28]. In the O 1s spectra, three peaks located at 530.7, 531.3 and
532.5 eV belonging to Sn-O, C—=0 and C-O-C bonds (Fig. 4c) were
replace by the peak at 531.6 eV after lithiation, which should be
attributed to LizO (Fig. 4d) [29]. Fig. 4e shows F 1s peaks at 688.3, 686.9
and 684.4 eV ascribing to F in binder PVDF and Sn-F bond, respectively
[30,31]. After lithiation, the peak at 684.7 eV is attributed to the for-
mation of Li-F (Fig. 4f) [32]. Similarly, there are obvious peaks of Li-Sn,
Li-O and Li-F at 55.3, 55.6 and 55.9 eV after lithiation in the Li 1s
spectrum (Fig. 4h) [33,34]. Thus, the reduction of SnO; and formation
of LixSn after lithiation can be confirmed through the comparison of XPS
spectra, which agrees with the XRD analysis results well.

3.3. Electrochemical performance

Based on the above analysis, it can be confirmed that the fluorine is
doped into the lattice of SnO; and F-SnO nanoparticles are uniformly
anchored on the graphene sheets. The process of lithiation can reduce
SnO, to Li,Sn. To investigate the potential of application in lithium ion
battery as anode materials, their electrochemical properties are
measured and discussed.

Fig. 5a and b exhibit the CV curves of the first five cycles of GFTO and
Li-GFTO composites. For GFTO, the reduction peak at around 1.0 V
represents a reduction reaction from SnO; to Sn, accompanying the
formation of LioO and LF, as Eq. (1) [35]. The peak around 0.7 V in the
first cathodic scan indicates that the material reacted with the electro-
lyte and formed a solid electrolyte interface (SEI). However, these peaks
do not appear in the first cycle of the Li-GFTO electrode due to the
formation of LiySn alloy, which is consistent with the characterization of
XRD and XPS. The reduction peak appearing around 0.1 V reflects the
formation of LiySn alloy, and the insertion of Li* into graphene, as Eq.
(2) and Eq. (3) [35]. GFTO and Li-GFTO electrodes both have a good
curve coincidence, reflecting that these composites have good electro-
chemical stability. Fig. 5c and d displays the galvanostatic
charge-discharge profiles at the 1st, 2nd, 10th, 50th, and 100th cycles of
GFTO and Li-GFTO composites. The low initial Coulombic efficiency
(ICE) of GFTO is mainly owing to the formation of SEI and lithium oxide
[35,36]. The initial voltage and the initial capacity of Li-GFTO are
significantly reduced after lithiation. The voltage platform representing
the reduction process of SnO, around 1.0 V disappeared, which means
the reaction SnO3 reduced to Sn is disappeared. Consequently, the for-
mation of LiO is avoided and as a result more Li* is prevented from
consumption, leading to an improved ICE. The behaviors during charge
and discharge agree well with CV curves, confirming that the lithiation
can improve the ICE without scarifying the cycle stability.

Sn0y_ F,+ (4 —x)Li* + (4 —x)e”>Sn + (2 — x)Li,O + xLiF D
Sn+xLit 4+ xe” < Li.Sn 2)
C(Graphene) +xLi* +xe” < Li,C 3)

The cycling curves and Coulombic efficiency curves are shown in

Fig. Se. The ICE values of GTO, GFTO and Li-GFTO are 57%, 59%, and
97%, respectively. The initial capacities of GTO, GFTO, and Li-GFTO are
950, 1180 mAh g}, and 999 mAh ™!, and the charge capacity retention
are 80%, 89%, and 99% after 100 cycles, respectively. GFTO and Li-
GFTO electrodes have the higher reversible capacity and cycle stabil-
ity than GTO electrodes. Meanwhile, they also exhibited good rate
performance (Fig. 5f and Table S1). At the current of 1.0 A g™}, the
charge capacity of GFTO and Li-GFTO electrodes can maintain 73% and
82% of the capacity, while the GTO can only maintain 54%. It should be
ascribed to the fluorine doping which improved the electronic conduc-
tivity and facilitates the rapid transmission of electrons [23]. In addi-
tion, the GFTO and Li-GFTO electrodes can restore the high reversible
charge capacity after rapid charge and discharge. As a result, the lithi-
ated sample Li,Sn-LioO-LiF/RGO (Li-GFTO) shows obviously improved
initial Coulomb efficiency, cycle stability and rate performance.

To further investigate the structural stability, the morphology and
structure of the electrode materials after 100 cycles were detected by
TEM. From the pictures of electrodes after 100 cycles (Fig. 6a—c), there is
no wrinkle on the surface of GFTO and Li-GFTO electrodes macroscop-
ically compared with GTO. Correspondingly, there is an obvious
agglomeration of particles on GTO anode (Fig. 6d). In contrast, the
dispersion of particles on graphene in GFTO and Li-GFTO composites is
still uniform after cycling (Fig. 6e and f) (Fig. S3) [22], which confirms
that the formation of LiF after lithiation can prevent the diffusion of
Sn/LixSn across one grain to the other grains, which effectively sup-
pressed coarsening and improved the conversion rate of the reaction
between Li;O and Sn/LiySn, which is beneficial to the reaction revers-
ibility during cycling. Therefore, GFTO and Li-GFTO electrodes have
better cyclic stability.

As shown in Fig. 7, the electrochemical impedance spectroscopy of
GTO, GFTO and Li-GFTO electrodes are measured in the frequency range
from 0.1 Hz to 1 MHz. The Nyquist plots are fitted by an equivalent
circuit (inset in Fig. 7) and the kinetic parameters are summarized in
Table 1. Rfand R represent the contact resistant of SEI film and charge
transfer resistant, respectively. Rf and Rt of GTO electrode are slightly
larger than those of GFTO and Li-GFTO electrode after the 1st cycle,
indicating that the doping of F can increase electronic conductivity.
After 100th cycle, R¢ and R of GTO electrode are obviously larger than
those of GFTO and Li-GFTO electrode, which may be related to the
structural stability of electrodes.

4. Conclusion

In summary, a fluorine-doped tin oxide and reduced graphene oxide
(F-SnO2/RGO, GFTO) composite was synthesized by a one-pot reflux
method. Fluorine-doped SnO, can uniformly grow on the graphene
sheet to form a stable structure. The LiySn-LisO-LiF/RGO (Li-GFTO) was
produced from GFTO by lithiation to reduce SnO; to LiySn. The forma-
tion of LiF can effectively prevent the agglomeration of Sn and Li,Sn,
which is beneficial to the reaction reversibility during cycling (Fig. 8).
The ICE of Li,Sn-Li;O-LiF/RGO is as high as 97%. The residual capacity
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is as high as 992 mAh g ! at 0.1 A g~! after 100 cycles, and the charge
capacity retention is 99%. Significantly, the mild preparation condition
promotes the mass production and practical application of tin-based
anode with large capacity.
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