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Abstract

The effect of a ceria (CeO2) coating on the electrochemical performance of a Si

negative electrode for use in lithium—ion batteries was investigated. The results of X-ray

diffraction analysis, field—emission scanning electron microscopy, and energy—dispersive

X-ray spectroscopy showed that CeO: uniformly coated the entire surface of Si particles.

The CeOz—coated Si electrode showed better cyclability than a Si electrode, and the cycle

performance of CeOx—coated Si electrode improved with an increase in the coating

amount of CeOz. The CeO2/Si (15:85 wt.%) electrode maintained a greater discharge

capacity at around the 400th cycle, whereas the capacity of the Si electrode began to decay

under capacity limitation. While Si—alone and CeO»>—coated electrodes had almost the

same surface roughness before cycling, the surface roughness of the Si electrode was

about 1.6 times greater than that of the CeO2/Si (15:85 wt.%) electrode after the 30th

cycle; disintegration of the Si—alone electrode was suppressed by CeO>—coating.

Keywords: lithium—ion battery; silicon; ceria; rare—earth compound; gas deposition.



1. Introduction

Silicon (Si) materials are promising candidates as negative electrodes for
lithium—ion batteries (LIBs) due to their high theoretical capacity (3580 mA h g! for
LiisSi4), abundance, and low cost [1,2]. However, Si has several issues such as a
significant change in volume during the alloying (charge) and dealloying (discharge)
processes with Li, poor electrical conductivity, and a low diffusion coefficient for Li*
[3,4]; a Si negative electrode shows poor cycle performance. To address these issues,
various approaches have been proposed, including the preparation of a nanostructured
material of Si to buffer volume expansion [5—-8], the application of film—forming additives
or ionic liquid electrolytes to form a stable surface film and/or to improve the safety of
LIBs [9-13], the coating of Si with a conductive material to reduce the electrical
resistivity [14,15], and the doping of Si with impurities, such as boron, phosphorous, or
arsenic, to increase the electrical conductivity of Si and/or to change its properties
regarding morphology, phase transition, and crystallinity [16-22].

Our previous studies have demonstrated that composite electrodes consisting of
elemental Si and a rare—earth metal silicide or a base-metal silicide are effective for
addressing the above issues [23—-25]. We also reported that a coating of rutile TiO2 on Si

electrodes improves their electrochemical performance [26], which indicates that the



formation of a composite with oxide materials may improve the electrochemical
performance of Si. In this study, we focused on the fact that CeO2 has a higher standard
Gibbs energy of formation (~1025 kJ mol™") than rutile TiO2 (—890 kJ mol™) [27]; CeO2
is more thermodynamically stable than rutile TiO2 and is therefore less likely to
decompose under repeated charge/discharge cycles. The effect of a CeOz coating on the

electrochemical performance of a Si electrode was investigated.

2. Experimental

CeOx—coated Si powder was synthesized by a precipitation method. 25 mL of
triethylene glycol dimethyl ether (triglyme, CsHisO4, Kishida Chemical Co. Ltd., 98%)
was added to a stirred solution of Ce(NO3)3-6H20 (77 mg, 0.18 mmol) in 50 mL of water
at 55°C, and the solution was stirred for 1 h. 0.38 or 0.14 g of Si powder (Wako Pure
Chemical Industries, Ltd.), which was mechanically milled for 10 min, was added to the
solution to form CeQO2/Si (5:95 wt.%) or CeO2/Si (15:85 wt.%), respectively. 1 mL of
NH4OH (Kishida Chemical Co. Ltd., 28%) was then added and the solution was stirred
at 50°C for 1.5 h. CeO:z is thought to be formed by the reaction of Ce(OH)3 with dissolved
oxygen and then deposits on the Si particle surface. The precipitate was filtered off,

washed with water, dried in vacuo for 24 h, and heated under vacuum at 400°C for 4 h.



For the synthesis of a CeOz—alone powder, Si powder was not added to the solution. The
ratio of Ce to Si was investigated by Energy—dispersive X-ray Fluorescence (ED-XRF,
EDX-720, Shimadzu). X-ray diffraction (XRD, Ultima IV, Rigaku) analysis was
performed at a voltage of 40 kV and a current of 40 mA with Cu—-Ka (A = 1.5406 A)
radiation to estimate the crystal structure of the powders. The Inorganic Crystal Structure
Database (ICSD) was used to identify the obtained XRD patterns. The morphology of
CeOx—coated Si powder was observed by field—emission scanning electron microscopy
(FE-SEM) (JSM-6701F, JEOL Co., Ltd.). The surface of the powder was coated with
gold to prevent a buildup of charge. Root—mean—square roughness (Rq) of the electrodes
was estimated using confocal laser scanning microscopy (CLSM, VK-9700, Keyence).
Electrochemical measurements were carried out using a laboratory—made
beaker—type three—electrode cell. The working electrode was fabricated by a gas
deposition (GD) method in a vacuum chamber. The GD procedure was as follows; a Cu
current collector with a thickness of 20 um was set at a distance of 10 mm from a nozzle
in the chamber. The nozzle (diameter of 0.8 mm) was connected to the end of a guide
tube. An aerosol consisting of He gas with a purity of 99.9999% and active material
powder was generated in the guide tube, and sprayed from the nozzle onto the Cu

substrate in with a base pressure of several tens of Pa (differential pressure of 7.0 x 10°



Pa). Both the counter and reference electrodes consisted of Li metal sheets (Rare Metallic,
99.9%, thickness; 1 mm). The electrolyte solution used was 1 M lithium
bis(trifluoromethanesulfonyl)amide (LiTFSA) in propylene carbonate (PC; CsHeOs3,
Kishida Chemical Co., Ltd.). The cell was assembled in an Ar—filled glovebox (Miwa
MFG, DBO-2.5LNKP-TS) with a dew point below —100°C and an oxygen content below
1 ppm. A galvanostatic charge—discharge test was performed using an electrochemical
measurement system (HJ-1001SD8, Hokuto Denko Co., Ltd. or BS2506, KEISOKUKTI)
in a potential range between 0.005 and 3.000 V vs. Li*/Li at 303 K under a constant
current rate of 1 C. In this study, 1 C was defined as 3.6, 3.4, and 3.0 A g‘1 for the Si—

alone, CeO2/Si (5:95 wt.%), and CeO2/Si (15:85 wt.%) electrodes, respectively.

3. Results and Discussion

To verify that Si particles were coated with CeOz, an XRD measurement was
performed. Figure 1 shows XRD patterns of CeO2 and CeO2/Si (15:85 wt.%) powders.
The resulting pattern for CeO2 was in good agreement with the ICSD pattern (00—034—
0394), which indicates that the precipitation method gives a single phase of CeO:. Peaks
assigned to CeO2 (111), CeO2 (220), and CeO2 (311) were shifted toward to a lower angle

for CeO2/Si (15:85 wt.%) powder. Since the ICSD pattern of Si (00-026-1481) is at a



slightly lower angle than that of CeO2, CeO2/Si (15:85 wt.%) is considered to consist of
a mixture of CeO: and Si. Figure 2a shows a FE-SEM image of the CeO2/Si (15:85 wt.%)
powder, and Figures 2b and 2c show the corresponding energy—dispersive X-ray
spectroscopy (EDS) mapping of Si and Ce, respectively. The results of FE-SEM and EDS
mapping demonstrated that CeO2 was uniformly deposited over the entire surface of Si
particles and the size of the deposited CeO2 was 49 + 25 nm.

Figures 3a and 3b show the first charge—discharge (lithiation—delithiation) curve
of a CeOz-alone electrode in 1 M LiTFSA/PC at a constant current density of 0.15 A g”!
(1 C) and the cycle performance, respectively. FE-SEM observation clarified that the
particle size of CeOz on the electrode was 55 + 23 nm, which is almost the same as that
of CeO2 on Si (data not shown); i.e., the addition of Si particles did not affect the particle
size of CeOz. Gradual slopes were observed in the charge and discharge curves below 1.9
V and over 1.0 V vs. Li*/Li, respectively. Lithiation and delithiation reactions of CeO2
should occur in these potential ranges [28]. Based on Figure 3b, it is obvious that the
CeOz—alone electrode has a superior long—term cycle stability of 1000 cycles, while the
discharge capacity is low (less than 100 mA h g ™).

Figure 4 shows charge—discharge curves of Si and CeO2/Si (5:95 or 15:85 wt.%)

electrodes during the first cycle in 1 M LiTFSA/PC. In every case, potential plateaus were



observed in the charge and discharge curves at around 0.1 and 0.4 V vs. Li*/Li,
respectively. These plateaus are attributed to the alloying and dealloying reactions of Si
with Li [29,30]. The charge—discharge reactions of the CeO2/Si (5:95 or 15:85 wt.%)
electrode are considered to occur through the CeO: layer on the surface.

Figure 5a shows the cycle performance of the Si—alone and CeO2/Si (5:95 or
15:85 wt.%) electrodes in 1 M LiTFSA/PC at a constant current rate of 1 C. This figure
also shows the dependence of the discharge capacity on the cycle number for the Si
electrode at a constant charge capacity of 500 mA h g~!. The performance of a TiO2/Si
(43:57 wt.%) electrode at 1.6 C is shown for comparison. Figure 5b shows the initial
Coulombic efficiency of these electrodes. While the Si—alone electrode exhibited a
relatively large discharge capacity of ca. 2000 mA h g~! in the initial cycle, it showed a
rapid decay of the capacity up to the 100th cycle; the Si electrode has very poor cycle
performance. Si shows a significant change in volume during alloying/dealloying
reactions with Li, and the expansion ratio of the specific volume from Si to SiisLi4 reaches
approximately 380 % [31]. Therefore, this capacity fading likely arises from the change
in volume of Si, which causes disintegration of the electrode and/or the pulverization of
Si particles. On the other hand, the cycle performance of the CeO2—coated Si electrode

improved with an increase in the coating amount of CeOz; the discharge capacities of



Ce02/Si (5:95 wt.%) and CeO2/Si (15:85 wt.%) electrodes were 180 and 460 mA h g™! at
the 500th cycle, respectively. To clarify whether this improvement is due solely to the
prevention of Si from alloying with Li and suppression of the change in volume of Si, the
cyclability of a Si electrode in 1 M LiTFSA/PC at a fixed lithiation level of 500 mA h g~
! was investigated. At around the 400th cycle, when the discharge capacity of the Si—alone
electrode began to decay under capacity limitation, the CeO2/Si (15:85 wt.%) electrode
maintained a greater discharge capacity regardless of the large change in volume of Si in
CeO2/Si (15:85 wt.%). These results indicate that CeO2 does not prevent Si from alloying
with Li, but rather suppresses disintegration of the electrode.

It is well known that a surface film forms through reductive decomposition of
the electrolyte solution during the initial cycle, and that formation of this film contributes
to the decrease in Coulombic efficiency. The resulting film should be break up with the
large change in the volume of Si, and a surface film should form again on the newly
exposed Si surface. Consequently, the efficiency of the Si—alone electrode decreases in
the initial cycle, as shown in Figure 5b. On the other hand, there was no decrease in the
initial efficiency of not only the CeO2/Si (5:95 or 15:85 wt.%) and TiO2/Si (43:57 wt.%)
electrodes, but also the Si—alone electrode under capacity limitation, which indicates that

the volumetric change was suppressed and the surface film was not disrupted.



The cycle performance of the CeOx—coated Si electrode at 1 C is inferior to that
of a TiO2—coated Si electrode even at 1.6 C, despite its higher standard Gibbs energy of
formation (—1025 kJ mol™); the discharge capacity of the CeO2/Si (15:85 wt.%) electrode
was 460 mA h g! at the 500th cycle, whereas that of the TiO2/Si (43:57 wt.%) electrode
was 970 mA h g~'. The diffusion coefficient of Li* is ca. 107 and 1072 cm? s~! for TiO2
and CeOg, respectively [32,33]. Consequently, the diffusion capability of an oxide coating
material is thought to influence the cyclability of a Si negative electrode for use in LIBs
in preference to the thermodynamic stability.

Figure 6 shows CLSM images of Si and CeO2/Si (15:85 wt.%) electrodes after
the 30th cycle. Based on Figure 6, the Rq values of the Si and CeO2/Si (15:85 wt.%)
electrodes were estimated to be 4.02 and 2.53 wm, respectively, while those before cycling
were almost the same (Si: 0.43 wm, CeO2/Si (15:85 wt.%): 0.47 um). Therefore, the
disintegration of the Si—alone electrode was considered to be suppressed by CeO>—coating.
For the Si—alone electrode, the lithiation reaction occurs locally in limited areas, as shown
in Figure 7A, which leads to severe disintegration of the Si electrode and poor cycle
performance [34]. On the other hand, the CeO2>— and TiO2—coated Si electrodes can
modestly avoid the accumulation of stress in localized regions due to the uniform

lithiation over the entire electrode surface (Figure 7B), which results from their higher

10



diffusion coefficients for Li*. Hence, the severe disintegration of the Si electrode and

subsequent rapid capacity fading ought to be suppressed.

4. Conclusion

Electrochemical lithiation and delithiation properties of CeOx—coated Si
negative electrodes for use in LIBs were studied. The results of XRD, FE-SEM, and EDS
mapping demonstrated that CeO2 uniformly coated the entire surface of Si particles. The
CeOx—coated Si electrode showed better cycle performance than the Si—alone electrode,
and the cyclability of the coated Si electrode improved with an increase in the coating
amount of CeOz2; the discharge capacity of the CeO2/Si (15:85 wt.%) electrode was 460
mA h g! at the 500th cycle, whereas that of the CeO2/Si (5:95 wt.%) electrode was 180
mA h g!. After the 30th cycle, Rq of the Si electrode was about 1.6 times greater than
that of the CeO2/Si (15:85 wt.%) electrode; i.e., disintegration of the Si—alone electrode

was suppressed by CeO>—coating.
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precipitation method.

19



(c) EDS Ce

Fig. 2. (a) FE-SEM image, and (b) Si and (c) Ce EDS elemental mappings of CeO2/Si

(15:85 wt.%) powder.
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Fig. 3. (a) First charge—discharge curve and (b) cycle performance of CeOx—alone
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Fig. 6. CLSM images of (a) Si and (b) CeO2/Si (15:85 wt.%) electrodes after the 30th

cyclein 1 M LiTFSA/PC.
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Fig. 7. Schematic illustration of the mechanism of lithiation for (A) Si-alone and (B)

CeOz—coated Si particles.
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