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Abstract: Co-free Li-rich oxide is a promising cathode for low cost high energy density Li-ion battery but
presents poor cyclic stability. To address this issue, CeO: is coated on Co-free Li-rich oxide through a low-
temperature aged process, resulting in a novel CeOz-coated Li-rich oxide composite. Due to the low-
temperature aged process, a uniform CeO:2 coating layer of 6 nm in thickness is successfully coated on Co-free
Li-rich oxide. With this uniform coating, the resulting CeO»-coated Li-rich oxide composite presents improved
cyclic stability as well as rate capability as the cathode of Li-ion battery. The capacity retention of the resulting
CeO»-coated Li-rich oxide is enhanced from 67% to 85% after 100 cycles and its capacity retention of 5C/0.05C
is enhanced from 10% to 23%, compared with the uncoated sample. Such significant improvements enable this
low-temperature aged process to be helpful for the practical application of Li-rich oxide materials, not limited
to Co-free Li-rich oxide.
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1. Introduction

Li-ion batteries have been widely used in various electronic devices because of their higher
energy density and longer cycle life than other secondary batteries!'*l. Comparing with anodes, the
currently available cathodes for lithium ion batteries have low specific capacity, which cannot meet
the high energy density requirement of advanced devices!*fl. Layered Li-rich manganese oxides
(LLMOs) with a formula of xLi2MnQOs-(1-x)LiMO2 (M=Mn, Ni, Co) have received much attention due
to their large specific capacity (>200 mAh g?) and high operating voltage (>4.5 V vs. Li/Li*) I"-13.
However, the poor cyclic stability of LLMOs prevents them from commercial applications.
Dissolution of manganese from LLMOs and the electrolyte oxidation decomposition on LLMOs are
the main reasons for the poor cyclic stability of LLMOs [7.14231. Co-doping is effective for cyclic stability
improvement of LLMOs 23, but Co is expensive and toxic compared with Mn and Ni in LLMOs.
Therefore, it remains a challenge to develop Co-free LLMOs that possess good cyclic stability.

It is known that coating LLMOs with inert compounds such as AlFs, AIBOs, P20s, and B20s, can
improve the cyclic stability of LLMOs 2431, These coating layers separate LLMOs from a direct contact
with electrolyte and mitigate manganese dissolution and electrolyte decomposition. However, the
coating increases the interfacial impedance of LLMO/electrolyte because the coating layers are
usually ionic and electronic insulators, leading to poor rate capability of LLMOs.

Due to its highly electronic and ionic conductivity, cerium oxide (CeO:) has been widely used in
catalysts, oxygen sensors, solid electrolyte in fuel cells, and refractory materials in thermal barrier
coating B3*31. CeO: exhibits face-centered cubic (fcc) unit cell with cation (Ce*) and anion (O%)
occupying the octahedral interstitial sites (1. Its ionic and electronic conductivities originate from the
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oxygen vacancy migration based on Ce*/Ce?* redox 1¥-%! and are related to its particle size [3%4],
morphology, and crystallinity 4142, With these features, CeO: has been used to coat cathode of
lithium-ion batteries 444, Several coating processes for CeO: in lithium-ion batteries have been
developed up to date. One involves a simple dispersion of the cathode materials in cerium-containing
solution at room temperature, followed by drying and heating 4. In this process, isolated CeO:
particles will be formed and thus the resultant coating layer is uneven. To improve the uniformity of
the CeO2 coating layer, sol-gel process was adopted, in which chelators are required [¥l. ~ Since many
factors in sol-gel process, such as concentration of chelators, pH value of the solution, and
temperature, affect the formation of CeO: coating layer, it is difficult to control the physical properties
of the coating layer. Atomic layer deposition (ALD) is another strategy for coating uniformly, but this
strategy needs complex equipment and is not suitable for large-scale applications 148,

The processes of CeO: coating involve nucleation and crystal growth of CeO:. The former
determines the uniformity of the coating layer and the latter affects the particle size of CeO2, both of
which therefore determine the physical properties of CeO: coating layer. With this knowledge,
herein, we proposed a new strategy for coating CeO: uniformly on Co-free LLMOs, which involves
a simple co-precipitation of Ce ions from aqueous solutions, followed by a low-temperature aged
process. The aqueous Ce-containing solution benefits the nucleation of CeO:, while the low-
temperature aged process favors the formation of uniform particles due to the suppression of CeO:
crystal growth 940,41, Thanks to the low-temperature aged process, a uniform CeO: coating layer of
6 nm in thickness is successfully coated on LLMOs. To the best of our knowledge, it is the first time
to apply low-temperature aged process for coating LLMOs, which ensures a thin and uniform
coating. Most importantly, the resulting Co-free LLMOs present an excellent cyclic stability and rate
capability, with an enhanced cycle capacity retention of 85% after 100 cycles (vs. 67%) and a enhanced
rate capacity retention of 5C/0.05C of 23% (vs. 10% ) compared with the uncoated sample. Such
significant improvements enable this low-temperature aged process to be helpful for the practical
application of Li-rich oxide materials, not limited to Co-free Li-rich oxide.

2. Materials and Methods

2.1. Sample preparation

Co-free lithium-rich oxide, Lii2Nio2MnosO2, was synthesized by co-precipitation method.
Typically, 1.32 g manganese sulfate (MnSO+H20) and 0.76 g nickel nitrate (Ni(NOs3)2:6H20) (molar
ratio of Mn : Ni =3 : 1) were dissolved in deionized water, followed by dropwise adding excessive
NaOH solution under constant stirring at 50 ‘C. The pH value of the solution was controlled to 11.5
by using ammonium aqueous solution during the co-precipitation process. The precipitated
precursor Nio2Mnos(OH)x was filtered, washed by deionized water and vacuum dried at 105 C for
8 h. The obtained powders were mixed with 0.69 g LIOH-H20 (5 wt. % excess of Li compared to the
stoichiometric Li12Nio2MnosOz), followed by calcining at 450 ‘C for 4 h and 900 C for 15 h with 3
C min-1 heating rate in air, to obtain Li-rich oxide, denoted as LMN-P.

The preparation of CeOz-coated Co-free Li-rich oxide, denoted as LMN-C, is illustrated in Fig.
1. Firstly, 1.00 g obtained LMN-P powder and 0.06 g Ce(NOs)3-6H20 were dispersed into deionized
water ultrasonically for 30 min. Secondly, appropriate amount of ammonium aqueous solution was
added into the above solution under 100°C, followed by quickly cooling to 0 C and subsequently
aging at 0°C for 24 h. To obtain the product LMN-C, the precipitated product was filtered, washed
by deionized water, vacuum dried at 105 C for 8 h, and calcined at 650 ‘C for 5 h in air flow.
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Figure 1. [llustration on low-temperature-aged synthesis of CeO2-coated Li-rich oxide.

2.2. Physical characterization

The crystalline structure of the resulting samples was characterized by XRD (SHIMADZU X-ray
diffractometer XRD-6100 with Cu Ka radiation) in the 20 range of 10-80 ° at an interval of 0.02 ° and
scanning rate of 2 ° min-1. The XRD patterns were refined by using MDI Jade 6 software. The
morphology was observed by scanning electron microscopy (SEM, ZEISS Ultra 55) and transmission
electron microscopes (TEM, JEM-2100HR). The surface composition was analyzed by FTIR (Bruker
Tensor 27, Germany). The contents of elements on the lithium anode were analysed by Energy
Dispersive Spectrdmeter (EDS) (JEM-2100HR) and inductively coupled plasma (ICP) (Huake, 8100).
X-ray photoelectron spectroscopy (XPS) was conducted on a Thermo Scientific™ K-Alpha™
spectrometer equipped with a monochromatic Al Ka X-ray source (1486.6 eV) operating at 100 W.
Samples were analyzed under vacuum (P < 10-% mbar) with a pass energy of 150 eV (survey scans) or
25eV (high-resolution scans). All the peaks were calibrated with C1s peak binding energy at 284.3 eV.
The experimental peaks were fitted with XPSPEAK41 software.

2.3. Electrochemical measurements

For electrochemical measurements, the electrodes were prepared by coating a mixing slurry of
80 wt. % active material, 10 wt. % conductive carbon (Super P) and 10 wt. % binder (polyvinylidene
fluoride) onto Al foil. CR2032 coin cells were assembled in a highly pure Ar-filled glove box, with the
prepared electrodes as working electrode and Li metal as counter electrode. 1.0 mol dm- LiPFs in
ethylene carbonate (EC)/ethyl methyl carbonate (EMC)/diethyl carbonate (DEC) (1:1:1 wt. %).
(Dongguan Kaixin Battery Material Co., Ltd.) was used as the electrolyte, and microporous
membrane (Celgard 2400) as the separator. Charge-discharge tests were carried out on Land test
system. The cyclic voltammetry was performed on the CHI test system with a scan rate of 0.2 mV s-!
in the voltage range of 2.0-5.0 V (vs. Li/Li*).

3. Results and Discussions

3.1. Structure and morphology

Fig. 2 presents the XRD patterns of LMN-P and LMN-C. For LMN-P, all of the diffraction peaks
can be indexed to trigonal a-NaFeO: structure with R-3m symmetry (PDF#89-3601) and monoclinic
LixMnOs with C2/m symmetry (PDF#84-1634). Specifically, the broad diffraction peaks of (020) and
(110) between 20 ° and 25 ° are the key characteristics of weak superstructure diffractions for the
arrangements of metal cations (Li* and Mn*) in the transition metal layer ['> 5. Comparing with
LMN-P, a very weak peak corresponding to fluorite structure phase of CeO:2 (PDF#34-0394) appears
in LMN-C, indicating that CeO: has been successfully coated on Li-rich oxide. Usually, the
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components with low contents in the sample are difficult to be detected by XRD. In LMN-C, CeO: is
detected by XRD in a very low intensity, which should be ascribed to the good crystallization of CeOx.
The peaks of (111), (200), (220) and (311) in LMN-C demonstrate that the resulting CeO: exhibits
center-facing cubic structure with high crystallinity. Note that the ratio of 1(003)/1(104) for LMN-P
and LMN-Cis 1.59 and 1.62, respectively, which means a low Li* and Ni** disordering in both samples
151, In addition, the sharp split peaks in (006)/(012) and (018)/(110) in both samples further confirm
the layer structure with good crystallinity ' 4. 44. The XRD patterns of the layered LMN-P and LMN-
C suggest that pure samples with good crystal structure, low Li* and Ni** disordering were obtained,
and the introduction of the CeO: coating layer does not change the crystal structure of Li-rich oxide.
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Figure 2. XRD patterns of pristine Li[Lio2Nio2Mnos]O2 (LMN-P) and CeO2-coated Li[Lio2Nio2Mno.s]O2
(LMN-O).

The SEM and TEM images of LMN-P and LMN-C are shown in Fig. 3. It can be seen from Fig.
3A and 3B that there is no obvious difference in morphology and particle size between LMN-P and
LMN-C. A smooth and clean surface can be observed for LMN-P particles. A slight difference is the
rougher surface of LMN-C than that of LMN-P. It can be found by comparing the TEM images of two
samples in Fig. 3C and 3D that a uniform layer of 6 nm in thickness, composed of nanoparticles with
grain size of about 3 nm, is presented on LMN-C. This identification suggests that CeO: is coated
uniformly and compactly on the Li-rich oxide. Apparently, a simple low-temperature aged method
can effectively realize uniform CeO: coating for Li-rich oxide. With the separation of this uniform and
compact CeO: coating layer, it can be expected that the dissolution of metal ions from and the

decomposition of electrolyte on LLMOs will be suppressed effectively.
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Figure 3. SEM images of LMN-P (A) and LMN-C (B); TEM images of LMN-P (C) and LMN-C with an
insertion of selected area electron diffraction (SAED) (D)

3.2. Electrochemical performances

Cyclic voltammograms of LMN-P and LMN-C are shown in Fig. 4. During forward scanning in
the 1st cycle, LMN-P electrode exhibits two coalescent oxidation peaks below 4.40 V (vs. Li/Li*), as
shown in Fig. 4A. These peaks are attributed to the oxidations of nickel ions in different chemical
environments, namely in LiMOz-like (M=Ni, Mn) and Liz2MnOs-like (LiMs) components [52. A large
oxidation current starting from 4.40 V (vs. Li/Li*) and reaching the maximum at 4.81 V (vs. Li/Li*) can
be observed in the subsequent charging process, which is attributed to the simultaneous extraction
of lithium and oxygen from the Li2MnOs component and the structure rearrangement in which
oxygen vacancies are partially occupied by transition metal cations in the LiMnOs 3 5. These
processes are irreversible and cannot be identified in the discharge process.

Owing to the irreversible oxygen loss reaction and the rearrangement of LiMnO:s structure in the
first cycle, the oxidation peak at above 4.70 V (vs. Li/Li*) disappears in the subsequent cycles, as
shown in Fig. 4B. In the backward scanning, the reduction peak at around 3.60 V (vs. Li/Li*)
corresponding to the reduction of Ni* to Ni* can be identified, as shown in Fig. 4A. Additionally, a
small reduction current appears at ~3.30 V (vs. Li/Li*) in the 1st cycle and this reduction peak becomes
more significant for the subsequent cycles, as shown in Fig. 4B. These changes suggest that the
structural rearrangement induced by irreversible loss of oxygen has significantly influenced on the
electronic environment of manganese ions, corresponding to the reversible reaction of Mn*/Mn3*
during the cycling 13,

After the Li-rich oxide is coated with CeQ;, the peak potentials for the oxidation of nickel ions
and irreversible reaction of LiaMnQs in the first cycle shift to negatively to 4.14 V (vs. Li/Li*) and 4.73
V (vs. Li/Li*), respectively (Fig. 4A). Correspondingly, the oxidation peak shifts negatively and the
reduction peak shifts positively for Ni2*/Ni* reactions in the subsequent cycles (Fig. 4B). Additionally,
all the reaction currents increase due to the CeO: coating. These results suggest that the CeO2 coating
increases the reversibility of electrochemical redoxes of Li-rich oxide, which can be ascribed to
electronically and ionically conductive property of CeOs.
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Figure 4. Cyclic voltammograms of LMN-P and LMN-C at scan rate 0.2 mV s in the voltage range of
2.0-5.0 V (vs. Li/Li*) for the first (A) and the third (B) cycles.

To further demonstrate the effect of CeO2 coating on the electrochemical performances of Li-rich
oxide, charge/discharge tests and electrochemical impedance spectroscopy were performed in coin
cells with a comparison between LMN-P and LMN-C. The obtained results are presented in Fig. 5.
Fig. 5A presents the cyclic stability at 0.05 C (1 C=200 mA g) for initial 4 cycles and 0.1 C for the
subsequent cycles in the voltage range of 2.0-4.8 V (vs. Li/Li*). It can be found from Fig. 5A that LMN-
P exhibits a poor cycling stability: the discharge capacity at 0.1 C decreases from 191 mAh g to 127
mAh g' with capacity retention of 67% after 100 cycles. This is the main issue that limits the
application of Li-rich oxide, which is related to the unprotected interface between LMN-P and
electrolyte, on which dissolution of transition metal ion and the decomposition of electrolyte might
take place. Comparatively, LMN-C shows a significantly improved cycling stability: the discharge
capacity changes from 200 mAh g to 170 mAh g with capacity retention of 85% after 100 cycles.
Apparently, the low-temperature aged process ensures a uniform CeO: coating layer that efficiently
protects Li-rich oxide from dissolution and prevents the electrolyte from decomposition, resulting in
significantly improved cycling stability of Li-rich oxide.

The charge/discharge curves at the first cycle (0.05 C, Fig. 5B) show that both samples have
similar charge/discharge performance. There are two potential plateaus at around 4.10 and 4.50 V
(vs. Li/Li*), respectively, which correspond to the oxidation of Ni**/Ni* and the irreversible oxygen
loss from the layered lattice. This similarity suggesting that the CeO:2 coating does not change the
intrinsic electrochemical property of Li-rich oxide, which is in agreement with the same crystal
structure of LMN-C as LMN-P. Differently, LMN-C shows a slightly lower charge potential plateau
and a slightly higher discharge potential plateau, suggesting that LMN-C has less polarization for
lithiation/delithiation kinetics than LMN-P. This decreased polarization of LMN-C can be ascribed to
electronically and ionically conductive property of CeO: coating 8. Due to the decreased
polarization, LMN-C delivers a higher initial discharge capacity (226 mAh g-') than LMN-P (208 mAh
g1). As cycling proceeds, the difference in polarization between two samples becomes more
significant, as shown in Fig. 5C, suggesting that the interface between Li-rich oxide and electrolyte is
deteriorated by the dissolution of transition metal ions and the decomposition of electrolyte for LMN-
P, which can be mitigated by CeO: coating.

With its less polarization, LMN-C exhibits better rate capability than LMN-P, as shown in Fig.
5D. At 0.05, 0.1, 0.2, 0.5, 1, 2, and 5 C, LMN-P delivers 213 mAh g, 199 mAh g, 181 mAh g, 154
mAh g7, 124 mAh g, 94 mAh g and 21 mAh g, with the rate capacity retention (n/0.05 C, n=0.1, 0.2,
0.5,1,2, and 5 C) are 93%, 85%, 72%, 58%, 44% and 10%, respectively. Comparatively, LMN-C delivers
229 mAh g, 213 mAh g7, 198 mAh g7, 170 mAh g7, 149 mAh g7, 121 mAh g and 59 mAh g, with
the rate capacity retention are 93%, 86%, 74%, 65%, 53% and 23%, respectively. There is no obvious
difference in the rate capacity retention between two samples when the current is below 0.5 C.
However, obvious difference appears as the discharge rates increases. This phenomenon can be
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explained by the contribution of electronic and ionic conductivity of CeO2, which plays more
important role in lithiation/delithiation kinetics under higher rates #7l. Noticeably, the LMN-C
exhibits the higher discharge capacity for all rates, which can be ascribed to the oxygen storage
capability of CeO2 that can reduce the irreversible consumption of Li along with the irreversible
oxygen losing for the LizMnOs component. In addition, the LMN-C exhibits more decent capacity
recovery than LMN-P after high rate discharge, suggesting that the CeO2 coated layer is beneficial
for keeping structure stability of Li-rich oxide.

Fig. 5E presents the electrochemical impedance spectra obtained in the fresh coin cells. The
spectra consisted of two pressed semicircles at high frequencies and a slope line at low frequencies.
The first semicircle is corresponding to film resistance (Rf) of electrode/electrolyte, the second is
corresponding to and charge transfer resistance (Rct), and the slope line is ascribed to the Li* ion
diffusion in the Li-rich electrode (Wol). It can be seen from the values in Table 1, which were obtained
by fitting with the equivalent circuit inserted in Fig. 5E, that the Rf and Rct are decreased from 106 Q
to 93 Q, and 181 Q to 172 Q after the CeO: coating layer is introduced. These decreased interfacial
resistances explain the improved rate capability of LMN-C.
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Figure 5. Cycling stability (A), Charge/discharge curves for the 1st (B) and the 3rd (C) cycles with a
current density of 10 mA g, Rate capability (D), and (E) Electrochemical impedance spectra with the
equivalent circuit for fitting of the assembled cell for LMN-P and LMN-C.

The contribution of the CeO: coating layer to the LLMO can be further demonstrated by
characterizing the cycled electrodes with SEM and TEM, FTIR and XRD, as shown in Fig. 6. After
cycling, LMN-P is apparently covered with thick deposit (Fig. 6A) and the well-crystallized particles
observed from Fig. 3C cracks, as marked by the red arrows in Fig. 6C, confirming that severe
electrolyte decomposition and particle separation happen on the unprotected Li-rich oxide.
Differently, less deposit is observed (Fig. 6B) and well-crystallized particles covered with CeO2
coating layer are maintained (Fig. 6D) for cycled LMN-C electrode. Obviously, CeO: coating layer
provides a protection for maintaining the integrity of Li-rich oxide and exhibits an ability to suppress
the electrolyte decomposition. Fig 6E shows the FTIR spectrum of the cycled electrode. The peaks
approximately at 840, 1066, 1175, 1230 and 1398 cm-!, which are ascribed to the PVDF ", are stronger
for LMN-C, demonstrating that there are less electrolyte decomposition products on LMN-C than
LMN-P, which is consistent with the SEM and TEM observations. The peaks at 1626 and 1734 cm! in
LMN-P, representing the polycarbonates resulting from the electrolyte decomposition [56 58l, vanish
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in LMN-C, confirming that CeO: can suppress the electrolyte decomposition. It can be noted that
CeOz is not detected for LMN-C by FTIR, which can be explained by the insensitivity of inorganic
compounds with low contents in the sample to FTIR.

From the XRD patterns of the cycled electrodes (Fig 6F), the main diffraction peaks of Li-rich
oxide (in Fig. 2) remain, and new peaks appear at 65° and 78° for both cycled electrodes, which belong
to the current collector (aluminum). However, LMN-P changes the strongest diffraction peak from
crystal face (001) (in Fig. 2) to (104) (in Fig. 6F), while LMN-C maintains the same peak position and
intensity. Due to the strong diffraction of the aluminum current collector, the most intensive (003)
reflection peak for the pristine materials, as recorded in Fig. 2, becomes weaker for the cycled
electrodes. This peak remains most intense for the cycled LMN-C, but becomes weaker than the peak
at (104) for the cycled LMN-P, indicating that the crystal structure is maintained in the cycled LMN-
C but suffers degradation in the cycled LMN-P.

—— LMN-P after cycling

=: Polycarbonates —— LMN-C after cycling
5 ~—

g

B £ %
g g 3

= : s =
’E —— LMN-P 2 STa
z LMN-C E S L;
5 * CH3- el
-

)

L OBVDF |

T L— (003)
;
L (101)

L l X
1000 1500 2000 2500 3000 3500 10 20 30 40 50 60 70 80 90
Wave number /cm” 20 /degree

Figure 6. SEM and TEM images of LMN-P (A, C) and LMN-C (B, D); FTIR spectra (E) and XRD
patterns (F) of LMN-P and LMN-C electrodes after cycling test in Fig. 3C.

The dissolution of the transition metal ions from cathode will transport to and deposit on anode,
which can be detected by ZAF corrected EDS and ICP. Fig. 7 and Table S1 and S2 present the surface
morphology and element contents of the lithium anodes from the cycled cells with LMN-P and LMN-
C as cathodes. The lithium anode of the cell with LMN-P (Fig. 7A) is coarser than that with LMN-C
(Fig. 7E), suggesting that more severe electrolyte decomposition happens on the anode in the cell
with Li/LMN-P. The EDS and ICP results (Fig. 7B-D and 7E-H, Table S1 and S2) show that both
anodes contain C, O, F, P, and Mn, but the contents of these elements are different. C and O come
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from the solvent decomposition on lithium anode. The smaller contents of C and O on the lithium
anode for LMN-C than those for LMN-P can be explained by the thinner deposit layer on the anode
for LMN-C. P comes from LiPFs decomposition. The far larger content of P on the lithium anode for
LMN-P than that for LMN-C can be ascribed to the more severe electrolyte decomposition on the
anode for LMN-P. Mn and Ni are from the dissolution of cathode. The contents of Mn and Ni on the
anode for LMN-P are far larger than that for LMNC, which are responsible for the more severe
electrolyte decomposition on the anode for LMN-P and confirm that LMN-C is structurally more
stable than LMN-P. Apparently, CeO: coating layer suppresses the Mn and Ni dissolution from Li-
rich oxide, which is important for battery performance improvement [%1.

The protection of Li-rich oxide by CeO: coating layer can be further confirmed by XPS analyses.
Fig. S2 presents the XPS patterns of the LMN-P and LMN-C electrodes after 100 cycles at the voltage
range of 2.0-4.8 V. In the C 1s spectrum, the peak at 284.3 eV is ascribed to the conductive carbon [6-
611, The peaks at 285.6 eV and 290.8 eV are assigned to the C-H bond and C-F bond in PVDF binder,
while the peak at 265.5 eV, 288.6 eV, 289.9 eV and 284.9 eV belongs to the C-O, C=O bond, OCO2 and
polycarbonates, respectively 61-62. Comparatively, the weaker intensity of PVDF bond along with the
stronger intensity of C-O and OCO: for LMN-P can be ascribed to the more severe electrolyte
decomposition that causes the thicker deposit on the electrode. This difference can also be observed
from the M-O bond and C-O bond in the O 1s spectrum, as well as the peak at 136.8 eV corresponding
to LixPFy in the P 2p spectrum [6364, These observations further confirm the contribution of CeO:
coating layer to the suppression of the electrolyte decomposition and the protection for the Li-rich
oxide.
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Figure 7. SEM images and EDS of lithium electrodes from the cycled cells with LMN-P (A -D) and
LMN-C (E-H).

4. Conclusions

In this work, we proposed a new approach for synthesizing CeOz-coated Li-rich oxides, in which
uniform CeO: coating layer is achieved with a low-temperature aged process. Due to ionic
conductivity of CeO2 and its inert to the electrolyte decomposition, the CeO2 coating layer not only
provides a protection for Li-rich oxides from structural collapse, but also reduces the interfacial
resistance of Li-rich oxide/electrolyte. With these contributions, the as-synthesized CeO2-coated Li-
rich oxide presents improved performances when it is used as cathode for lithium ion batteries, in
terms of rate capability and cyclic stability. Further improvements can be improved by optimizing
the synthesis condition, and therefore this low-temperature aged process provides a promising
strategy to address the challenges remaining in the practical application of Li-rich oxide materials,
not limited to Co-free Li-rich oxide.
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Supplementary Materials: Fig. S1: TEM image (A) and corresponding EDS elemental mapping of Ce (B), TEM
image (C) and selected area electron diffraction (SAED) of CeO2 (D) for CeOz coated Li12Nio2MnosO2 without the
low-temperature-aged coating process; Fig. 52: XPS of the cycled LMN-P and LMN-C electrode; Table S1: EDS
of lithium electrodes from the cycled cells with LMN-P and LMN-C; Table S2: ICP analysis for Mn and Ni of the
lithium electrodes from the cycled cells with LMN-P and LMN-C.
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