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Abstract: Co-free Li-rich oxide shows promise as a cathode for low-cost high-energy density Li-ion
batteries but presents poor cyclic stability. To address this issue, a novel CeO;-coated Li-rich oxide
composite is developed by applying a layer of CeO, onto Co-free Li-rich oxide through a low-
temperature-aged process. With this uniform coating, the resulting composite presents improved
cyclic stability as well as rate capability as the cathode of a Li-ion battery. The capacity retention
of the resulting composite is increased from 67% to 85% after 100 cycles, and its capacity retention
of 5C/0.05 C is enhanced from 10% to 23% compared with the uncoated sample. Such significant
improvements indicate that this low-temperature-aged process is promising for preparing Co-free
Li-rich oxides as cathodes of low-cost high-energy density Li-ion batteries.

Keywords: Li-rich oxide; surface coating; cerium oxide; low temperature aging; Li-ion battery

1. Introduction

Li-ion batteries have become a primary secondary battery due to their characteristics
of high energy density and long cycle life, which make them appealing for a variety of elec-
tronic applications [1-3]. Compared with anodes, the currently available cathodes for Li-ion
batteries have a low specific capacity, which cannot meet the high energy density demand
of advanced devices [4-6]. Layered Li-rich manganese oxides (LLMOs) have been the focus
of much attention in the field of battery materials due to their exceptional energy storage
capabilities with specific capacity above 200 mAh-g~! and operating voltage above 4.5 V
vs. Li/Li*) [7-13]. These compounds have the general formula, xLi;MnOs-(1 — x)LiMO,,
where M represents transitional metals such as Mn, Co, and Ni [9,12,13]. However, the
poor cyclic stability of LLMOs prevents their commercial applications. The dissolution of
manganese from LLMOs and the electrolyte oxidation decomposition of LLMOs are mainly
responsible for the poor cyclic stability of LLMOs [7,14-23]. Co-doping is effective for the
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 AlF3, AIBOs, P,Os, and
B,O3 can improve the cyclic stability of LLMOs [24-33]. These coatings separate LLMOs
from direct contact with electrolytes and mitigate manganese dissolution and electrolyte
decomposition, but they usually increase the interface resistance of LLMOs, which will
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deteriorate the rate capability of Li-ion batteries. Comparatively, coating with CeO; is
beneficial for cyclic stability and rate capability improvements in Li-ion batteries.

Due to its high electronic and ionic conductivity, cerium oxide (CeO;) has been widely
used in catalysts, oxygen sensors, solid electrolytes in fuel cells, and refractory materials
in thermal barrier coating [34,35]. CeO, exhibits face-centered cubic (fcc) unit cells with
cations (Ce**) and anions (0%") occupying the octahedral interstitial sites [36]. Its ionic and
electronic conductivities originate from the oxygen vacancy migration based on Ce** /Ce3*
redox [37,38] and are related to its particle size [39,40], morphology, and crystallinity [41,42].
With these features, CeO, has been used to coat the cathode of Li-ion batteries [43-46].
Several coating processes for CeO, in Li-ion batteries have been developed to date. One
involves a simple dispersion of the cathode materials in a cerium-containing solution at
room temperature, followed by drying and heating [44]. In this process, isolated CeO,
particles will be formed, and the resultant coating layer is uneven. To improve the uni-
formity of the CeO, coating layer, a sol-gel process was adopted, in which chelators are
required [47]. Since many factors in the sol-gel process, such as the pH value of the solution,
the concentration of chelators, and temperature, affect the formation of the CeO, coating
layer, it is difficult to control the physical properties of the coating layer. Researchers have
utilized atomic layer deposition (ALD) to achieve a uniform coating. However, the complex
equipment required by this method makes it unsuitable for large-scale applications [48].

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 CeOy, both of which therefore determine the physical properties of the CeO, coating layer.
With this knowledge, herein we propose 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 [39,40,49]. Thanks to
the low-temperature-aged process, a uniform CeO, coating layer of 6 nm in thickness is
successfully coated on LLMOs. To our knowledge, this is the first instance of applying a low-
temperature-aged process for coating LLMOs, which ensures a thin and uniform coating.
The resulting CeO,-coated LLMOs exhibit exceptional cyclic stability and rate capability,
showing an improved cycle capacity retention of 85% after 100 cycles (compared to 67%
for the uncoated sample) and an increased rate capacity retention of 23% at 5 C/0.05 C
(compared to 10% for the uncoated sample). These outcomes demonstrate the notable
benefits of the coating treatment on the performance of the LLMOs.

2. Materials and Methods
2.1. Sample Preparation

Co-free Li-rich oxide, Lij»Nip,Mng¢O,, was synthesized by the co-precipitation
method. Typically, a solution was prepared by dissolving 1.32 g manganese sulfate
(MnSO4-H0) and 0.76 g nickel nitrate (Ni(NO3)2-6H,0) in deionized water with a molar
ratio of Mn:Ni = 3:1, followed by dropwise addition of excessive NaOH solution under con-
stant stirring at 50 °C. The ammonium aqueous solution was utilized to maintain a pH value
of 11.5 during the co-precipitation process. The precipitated precursor Nig,Mng ¢(OH)x
was filtered, washed with deionized water, and vacuum dried at 105 °C for 8 h. The ob-
tained powders were mixed with 0.69 g LIOH-H,0, which represents an excess of 5 wt.% Li
compared to the stoichiometric Lij ;Nip,Mng ¢O;, followed by calcining at 450 °C for 4 h
and 900 °C for 15 h with a 3 °C min~! heating rate in air, to obtain Li-rich oxide, denoted
as LMN-P.

The preparation of CeOy-coated Co-free Li-rich oxide, denoted as LMN-C, is illustrated
in Figure 1. First, 1.00 g of the obtained LMN-P powder and 0.06 g of Ce(NO3)3-6H,0O
were dispersed into deionized water ultrasonically for 30 min. Second, the aforementioned
solution was supplemented with an appropriate amount of ammonium aqueous solution
under 100 °C, followed by quickly cooling to 0 °C and subsequently aging at 0 °C for 24 h.



Batteries 2023, 9, 330

3of 14

To obtain LMN-C, the precipitated product was filtered, washed with deionized water,
vacuum-dried for 8 h at 105 °C, then calcined at 650 °C for 5 h in air.
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Li-rich oxide @ cCalcining at 650°C

Figure 1. Illustration of low-temperature-aged synthesis of CeO,-coated Li-rich oxide.

2.2. Physical Characterization

The SHI-MADZU X-ray diffractometer XRD-6100 was used to characterize the crys-
talline structure of the resulting samples, with a data collection range of 10-80° in 26, an
interval of 0.02°, and a scanning rate of 2° min~!. The collected XRD data was refined
using MDI Jade 6 software to obtain the corresponding XRD patterns [50]. To characterize
the effect of the coating, the morphology of the LMN-P and LMN-C samples before and
after cycling was observed by ZEISS Ultra 55 scanning electron microscopy (SEM) and JEM-
2100HR transmission electron microscopes (TEM). The surface composition was analyzed
by Bruker Tensor 27 FTIR, made in Germany. The contents of elements on the lithium anode
were analyzed by an Energy Dispersive Spectrometer (EDS) (JEM-2100HR) and inductively
coupled plasma (ICP) (Huake, 8100). The elemental composition and chemical states of
the resulting sample surface were characterized by X-ray photoelectron spectroscopy (XPS,
Thermo Scientific™ (Waltham, MA, USA) K—AlphaTM+). The tests were carried out under
vacuum (p < 10~8 mbar) with a monochromatic Al K« X-ray source (1486.6 eV), operating
power of 100 W, and pass energy of 150 eV (survey scans) or 25 eV (high-resolution scans).
The peak fitting process was performed using the XPSPEAK41 software, with the C 1s peak
binding energy of 284.3 eV as the standard reference [35,50]. To characterize the cycled
electrodes, they were obtained from the disassembled cycled button cells, then rinsed three
times using anhydrous DMC solvent. Subsequently, the sample was vacuum dried at room
temperature overnight. All these processes were carried out in a glovebox with an inert
argon atmosphere.

2.3. Electrochemical Measurements

The electrodes were prepared by mixing LMN-P/LMN-C, conductive carbon, and
polyvinylidene fluoride with a ratio of 8:1:1, then coating the mixing slurry on the Al foil,
followed by ambient pressure drying at 85 °C and vacuum drying at 120 °C. The electrolyte
with 1.0 M/L LiPFg in EC/EMC/DEC (1:1:1 wt.%) was purchased from Dongguan Kaixin
Battery Material Co., Ltd., Dongguan, China. The separator was purchased from Celgard
and vacuum-dried before use. For electrochemical measurements, the 2032 button cells
were assembled in a highly pure Ar-filled glove box by employing the prepared electrodes
as the working electrode, Li metal as the counter electrode, purchased electrolyte as the
supporting electrolyte, and the dried Celgard’s membrane as the separator. The cyclic
voltammetry was performed with a scan rate of 0.2 mV s~ in the voltage range of 2.0-5.0 V
(vs. Li/Li*), and the electrochemical impedance was tested from 0.01 Hz to 10° Hz with a
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5 mV amplitude. Both were carried out on the CHI test system. The land test system was
utilized to carry out the charge-discharge tests. To guarantee the precision of the obtained
results, three tests were performed for each sample, and the mean of one of the three tests
was used for discussion in this work.

3. Results and Discussions
3.1. Structure and Morphology

The XRD patterns of LMN-P and LMN-C are presented in Figure 2. For LMN-P, all
peaks can be indexed to the trigonal «-NaFeO; structure with R-3m symmetry (PDF#89-
3601) and monoclinic Li;MnO3 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**) present in
the transition metal layer [10,51]. Compared with LMN-P, a very weak peak corresponding
to the fluorite structure phase of CeO, (PDF#34-0394) appears in LMN-C, indicating that
CeO; has been successfully coated on Li-rich oxide. Usually, the components with low
contents in the sample are difficult to detect by XRD. In LMN-C, CeO, is detected by XRD
at a very low intensity, which should be ascribed to the good crystallization of CeO,. The
peaks of (111), (200), (220), and (311) in LMN-C demonstrate that the resulting CeO; exhibits
a center-facing cubic structure with high crystallinity. Notably, both LMN-P and LMN-C
exhibit low Li* and Ni?* cation disordering, as evidenced by their 1(003) /1(104) ratios of 1.59
and 1.62, respectively [52]. In addition, the sharp split peaks in (006)/(012) and (018)/(110)
in both samples further confirm the layer structure with good crystallinity [19,41,44]. The
XRD patterns of the layered LMN-P and LMN-C suggest that pure samples with good
crystal structure and 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 Lij ;Nip2Mng O, (LMN-P) and CeO;-coated Lij ;Nig2Mng ¢O»
(LMN-O).

Figure 3 shows the SEM and TEM images of the LMN-P and LMN-C. Based on
Figure 3A,B, it appears that there are no observable distinctions in morphology or particle
size between LMN-P and LMN-C. A smooth and clean surface can be observed for LMN-P
particles. The surface of LMN-C is slightly rougher than that of LMN-P. Furthermore,
LMN-C presents an extra uniform and compact coating layer of about 6 nm thick compared
with LMN-P, as shown in Figure 3C,D. The presence of a CeO, coating can be further
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confirmed by TEM, as shown in Figure S1. Apparently, the simple low-temperature-aged
process can effectively realize a uniform and compact CeO; coating for Li-rich oxide. The
implementation of this uniform and compact CeO, coating layer effectively prevents the
dissolution of metal ions from the LLMOs and the degradation of electrolytes through
decomposition [45,53].

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 Figure 4. During forward
scanning in the 1st cycle, the LMN-P electrode exhibits two coalescent oxidation peaks
below 4.40 V (vs. Li/Li*), as presented in Figure 4A. These peaks are attributed to the
oxidations of nickel ions in different chemical environments, namely in LiIMO;-like (M = Nj,
Mn) and Li)MnOs-like (LiMg) components [54]. During the charging process, a major peak
of oxidation current is observed, starting at 4.40 V (vs. Li/Li*) and reaching its maximum at
4.81V (vs. Li/Li*), which can be explained by the concurrent lithium and oxygen extraction
from Li;MnO3 and the structural reorganization where transition metal cations occupy the
available oxygen vacancies in LiMnOj3 [13,55]. These processes are irreversible and cannot
be identified in the discharge process.

In the first cycle, the irreversible oxygen loss and the rearrangement of LiMnOj3 structure
result in the disappearance of the oxidation peak at above 4.70 V (vs. Li/Li") in subsequent
cycles, as shown in Figure 4B. In the backward scanning, the reduction peak located around
3.60 V (vs. Li/Li*), corresponding to the reduction of Ni** to Ni?* [8,10~13,54], can be identi-
fied, as shown in Figure 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 Figure 4B. These observed changes imply that the electronic environment
of manganese ions is notably affected by the structural rearrangement resulting from irre-
versible oxygen loss, highlighting the significant role of the Mn**/Mn®* reaction during the
electrochemical cycling process [55].
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Figure 4. Cyclic voltammograms of LMN-P and LMN-C for the first (A) and third (B) cycles at a scan
rate of 0.2 mV s~ 1.

After the LLMOs are coated with CeO,, the peak potentials for the oxidation of nickel
ions and the irreversible reaction of Li;MnQj in the first cycle shift negatively to 4.14 V (vs.
Li/Li*) and 4.73 V (vs. Li/Li"), respectively (Figure 4A). Correspondingly, the oxidation
peak shifts towards negative and the reduction peak shifts towards positive values for
Ni?* /Ni** reactions in the following cycles (Figure 4B). This can be attributed to the better
Li* diffusion path generated by the rearrangement of the Li;MnOj; component during
the first cycle. Additionally, all the reaction currents increase due to the CeO, coating.
These results suggest that the CeO, coating increases the reversibility of the electrochemical
redox of Li-rich oxide, which can be ascribed to the electronically and ionically conductive
properties of CeO,.

To further demonstrate the electrochemical performances of LMN-P and LMN-C,
charge/discharge tests and electrochemical impedance spectroscopy were performed using
button cells. Figure 5 illustrates the results of the investigation. Figure 5A presents the
cyclic stability at 0.1 C (1 C = 200 mA g~!) after an activation process with 0.05 C for
4 cycles between 2.0 and 4.8 V (vs. Li/Li*). Figure 5A reveals that LMN-P has poor cyclic
stability, as evidenced by the deceased discharge capacity, which went from 191 mAh g~! to
127 mAh g~! over 100 cycles, with capacity retention of only 67%. This is the primary issue
that limits the applicability of Li-rich oxide, which is attributed to the unprotected interface
between LMN-P and the electrolyte, where transition metal ion dissolution and electrolyte
decomposition may occur. LMN-C, in comparison, has a significantly higher cyclic stability
performance with a discharge capacity decrease from 200 mAh g~ to 170 mAh g~ ! and a
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 electrolyte decomposition, resulting in significantly improved cyclic stability
of Li-rich oxide.

The charge/discharge performance of both samples is similar, as illustrated by the ini-
tial charge/discharge curves (0.05 C, Figure 5B). There are two potential plateaus at around
4.10 and 4.50 V (vs. Li/Li*), respectively, which correspond to the oxidation of Ni2*+ /Ni**
and the irreversible oxygen loss from the layered lattice. This similarity suggests that the
CeO; 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
displays 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 the electronically
and ionically conductive properties of the CeO, coating [48]. The lower polarization of
LMN-C allows for a higher initial discharge capacity (226 mAh g~!) compared to LMN-P
(208 mAh g~ 1). As cycling proceeds, the difference in polarization between two samples
becomes more significant, as shown in Figure 5C, suggesting that the interface between
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Li-rich oxide and electrolyte is deteriorated by the transition metal ions dissolution and the
electrolyte’s decomposition for LMN-P, which can be mitigated by CeO, coating.
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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 gfl, rate capability (D), and (E) electrochemical impedance spectra with
the equivalent circuit for fitting of the assembled cell for LMN-P and LMN-C.

With its lower polarization, LMN-C exhibits better rate capability than LMN-P, as
shown in Figure 5D. At 0.05, 0.1, 0.2, 0.5, 1, 2, and 5 C, LMN-P delivers 213 mAh g_l,
199 mAh g !, 181 mAh g1, 154 mAh g1, 124 mAh g~!, 94 mAh g~ !, and 21 mAh g7},
with the rate of capacity retention (n/0.05 C,n = 0.1, 0.2, 0.5, 1, 2, and 5 C) being 93%,
85%, 72%, 58%, 44%, and 10%, respectively. Comparatively, LMN-C delivers 229 mAh g~ !,
213mAh g1, 198 mAh g1, 170 mAh g1, 149 mAh g~ !, 121 mAh g~ !, and 59 mAh g},
with the rate of capacity retention being 93%, 86%, 74%, 65%, 53%, and 23%, respectively.
Below 0.5 C, there is little difference in the rate of capacity retention between the two
samples. However, an obvious difference appears as the discharge rates increase. This
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phenomenon can be explained by the contribution of the electronic and ionic conductivity
of CeO,, which plays a more important role in lithiation/delithiation kinetics at higher
rates [47]. Noticeably, the LMN-C exhibits higher discharge capacity for all rates, which can
be ascribed to the CeOys oxygen storage capability that reduces the irreversible consump-
tion of Li and oxygen loss in the Li;MnO3; component. In addition, the LMN-C exhibits
more decent capacity recovery than the LMN-P after high-rate discharge, suggesting that
the CeO;-coated layer is beneficial for keeping the structure stability of Li-rich oxide.

Electrochemical impedance spectra obtained from fresh button cells are shown in
Figure 5E. In the spectra, two compressed semicircles were observed at high frequencies,
while a straight slope line was observed at low frequencies. The first compressed semicircle
corresponds to film resistance (Ry) of the electrode/electrolyte, the second one is corre-
sponding to the charge transfer resistance (Rct) of reaction, and the slope line is ascribed
to the Li* ion diffusion in the Li-rich electrode (W). Table 1 lists the values obtained
by fitting the equivalent circuit shown in Figure 5E, indicating a reduction of R and Rt
from 106 ) to 93 () and 181 () to 172 (), respectively, after the introduction of the CeO,
coating layer. These decreased interfacial resistances explain the improved rate capability
of LMN-C.

Table 1. Charge transfer and film resistances of LMN-P and LMN-C.

Resistance/Q) Charge Transfer (R¢t) Film (R¢)
LMN-P 181 106
LMN-C 172 93

In order to confirm the impact of CeO, on the performance of LLMOs, the cycled LMN-
P and LMN-C electrodes were characterized by SEM, TEM, FTIR, and XRD. The obtained
results are presented in Figure 6. After cycling, LMN-P is apparently covered with a thick
deposit (Figure 6A) and the well-crystallized particles observed from Figure 3C cracks
are highlighted in Fi. 6C with the use of red arrows, confirming that severe electrolyte
decomposition and particle separation happen on the unprotected Li-rich oxide. Differently,
less deposit is observed (Figure 6B) and well-crystallized particles covered with a CeO,
coating layer are maintained (Figure 6D) for the cycled LMN-C electrode. Obviously, the
CeO; coating layer provides an effective separation between the electrolyte and Li-rich
oxide, suppressing electrolyte decomposition and maintaining the integrity of Li-rich oxide.
The FTIR spectrum of the cycled electrode is shown in Figure 6E. The peaks approximately
at 840, 1066, 1175, 1230, and 1398 cm ™!, which are ascribed to the PVDF [56-59], are
stronger for LMN-C, demonstrating that there are less electrolyte decomposition products
on LMN-C than LMN-P, which is in agreement with the results of SEM and TEM analysis.
The peaks at 1626 and 1734 cm ! in LMN-P represent the C=0 and C-O of polycarbonates,
such as poly RO-CH;CH;OCO;-, resulting from the electrolyte decomposition [58,60,61].
However, these two peaks vanish in LMN-C, confirming that CeO; can effectively suppress
the decomposition of electrolytes. It is worth noting that CeO; 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 (Figure 6F), the main diffraction peaks
of Li-rich oxide (in Figure 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 (003) (in Figure 2) to (104) (in Figure 6F), while
LMN-C maintains the same peak position and intensity. Because of the strong diffraction
from the aluminum current collector, the most intensive (003) reflection peak for the pristine
materials, as recorded in Figure 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 LMN-C maintains its crystal structure better than
the LMN-P, which experiences more significant degradation. Table 2 presents the lattice
parameters of the primary phase for both samples, both before and after cycling. After



Batteries 2023, 9, 330 9of 14

cycling, C2/m, represented by Li;MnOs, disappears because of its activation [62,63], while
R-3m of LMN-P shows a larger change in size than that of LMN-C, corresponding to the
more serious deterioration of LMN-P.
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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 tests.

Table 2. Lattice parameters of LMN-P and LMN-C before and after cycling.

Sample o R-3m . o Cz{m .
a(A) b (A) a(A) b (A) c(A)
Before LMN-P 2.8611 14.25785 4.9586 8.57046 5.03293
cycling IMN-C 2.8635 14.25752 4.9559 8.54779 5.03707
After LMN-P 2.87467 14.43984
cycling IMN-C 2.87601 14.26065

The transport and deposition of the transition metal ions from the cathode to the
anode can be detected by ZAF-corrected EDS and ICP. Figure 7 and Tables 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
(Figure 7A) is coarser than that with LMN-C (Figure 7E), suggesting that more severe
electrolyte decomposition happens on the anode in the cell with Li/LMN-P [64]. The EDS
and ICP results (Figure 7B-H, Tables S1 and S2) show that both anodes contain C, O, F, P,
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and Mn, but the contents of these elements are different. C and O come from the solvent
decomposition on the 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 LiPF4 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 the cathode, as reported by other researchers [65,66]. The contents of Mn and Ni on
the anode for LMIN-P are far larger than those 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, the CeO, coating layer suppresses
Mn and Ni dissolution from Li-rich oxide, which is important for battery performance
improvement [67].
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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).
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XPS analysis can be used to provide further confirmation of the protective effect of
the CeO; coating layer on the surface of the Li-rich oxide. The XPS patterns of the LMN-P
and LMN-C electrodes after 100 cycles at the voltage range of 2.0-4.8 V are presented
in Figure 52. The C 1s spectrum reveals several peaks: the peak located at 284.3 eV is
attributed to the conductive carbon [68,69], while the peaks at 285.6 eV and 290.8 eV are
assigned to the C-H bond and C-F bond in the PVDF binder. Additionally, the peak at
265.5 eV is associated with the C-O bond, the peak at 288.6 eV with the C=0O bond, the
peak at 289.9 eV with the OCO, bond, and the peak at 284.9 eV with polycarbonates,
respectively [66-70]. Comparatively, the observation of a weaker intensity of PVDF bond,
along with the stronger C-O and OCO; peaks in the LMN-P sample, can be attributed
to more severe electrolyte decomposition, which causes thicker deposits to form on the
electrode [61,71,72]. 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 [73,74]. These observations further confirm that the CeO; coating layer
can effectively protect the Li-rich oxide and suppress the electrolyte decomposition of the
Li-rich oxide.

4. Conclusions

This study introduces a novel method for synthesizing CeO,-coated Li-rich oxides in
which a uniform CeO, coating layer is achieved with a low-temperature-aged process. Due
to the ionic conductivity of CeO; and its inertness to electrolyte decomposition, the CeO,
coating layer not only provides protection for Li-rich oxides from structural collapse but
also reduces the interfacial resistance between the Li-rich oxide material and the electrolyte.
With these contributions, the as-synthesized CeO,-coated Li-rich oxide exhibits enhanced
performance as a cathode material for Li-ion batteries, with notable improvements in both
rate capability and cyclic stability. Thus, this low-temperature-aged process provides a
promising strategy to address the challenges remaining in the practical utilization of Li-rich
oxide materials, not limited to Co-free Li-rich oxide.

Supplementary Materials: The following supporting information can be downloaded at: https://
www.mdpi.com/article/10.3390/batteries9060330/s1, Figure S1: TEM image (A) and corresponding
EDS elemental mapping of Ce (B), TEM image (C) and selected area electron diffraction (SAED)
of CeO; (D) for CeO;, coated Lij ;Nip,Mng 4O, without the low-temperature-aged coating process;
Figure S2: XPS of the cycled LMN-P and LMN-C electrodes; 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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