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ABSTRACT

Lithium-rich manganese-based cathodes (LR) are valuable cathode materials for the next generation of lithium-ion
batteries (LIBs) with high-energy density. However, the fast voltage/capacity decay on cycling is the major obstacle for the
practical application induced by the less-than-ideal anionic redox reactions and structure distortion. Herein, in order to tackle
these challenges, a perovskite-like La,LiysC0q504 (LLCO) material is selected as protective surface to stabilize the
Lis 5Mng 54Nip 13C0g 130, (LR) substrate through wet chemical coating method. Versatile structure/phase characterizations and
electrochemical tests exhibit that the LLCO can not only minish the oxygen evolution and enhance the structure stability, but also
restrain the electrolyte corrosion and increase the mechanical strength of cathode materials. Moreover, the coated LLCO with
high electronic/ionic conductivity dramatically accelerates the energy storage kinetic, thereby displaying the improved rate
performance. Specifically, the optimized LR@LLCO sample (1LLCO) exhibits a high capacity of 250.6 mAh-g™" after 100 cycles
at 0.1 C and excellent capacity retention of 82.6% after 200 cycles at 2 C. This work provides a new idea for the modification of

LR cathodes toward commercial high-performance LIBs.
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1 Introduction

The booming development of smart grid and electric vehicle
market has stimulated the demand for lithium-ion batteries (LIBs)
with higher energy density and power density. To date, the
progress of the state-of-the-art cathode materials has become the
main bottleneck of the high-performance LIBs [1, 2]. Among the
current commercial cathodes, lithium-rich manganese-based
cathodes (LRs) are considered to be one of the most promising
cathodes for building high-performance batteries, due to their
high specific capacity (> 250 mAh-g" under high working voltage)
and desirable cost effectiveness [3-6]. It is well accepted that the
extra specific capacity of LRs originates from the participation of
oxygen anion redox reaction at high voltage [7]. However, an
irreversible oxygen release process (20> > O,) inevitably occurs
on the LR surface [8], resulting in the complex structural evolution
and serious electrode/electrolyte side reaction [9, 10]. For example,
the continual lattice oxygen loss accompanied by the formation of
plentiful oxygen vacancies leads to irreversible migration of
transition metal (TM) ions, and consequently gives rise to the
phase transformation on the surface [6]. These structural
degradations inevitably induce the erosion of the battery
performance, including low initial Coulombic efficiency (ICE),
capacity decay, voltage fade, and poor rate capability, which
currently limit the commercial application of LRs [11].

To access scale application of LRs materials, stabilizing the
structure of LRs and further optimizing the electrochemical
performance is crucial. Due to the crippling degradation usually
starts from the cathode surface and then impedes the efficient
electrode reaction, it is necessary to build the secure surface to
hold the structural stability. Common surface modification
methods such as element doping [12], surface pretreatment [13],
surface coating (AlF; [14], Li;PO, [15], MgO [16], and ALO; [17])
have been widely used to optimize the electrochemical
performance of cathode materials. Ex-situ coating strategies can
achieve abundance options with flexible regulations, and thus
coating surface modification becomes the promising method to
alleviate the physical and chemical degradation of electrode
material. However, some coating layer can only render one of the
advantages in either electronic or ionic conductivity. Therefore,
selecting the suitable materials as coating layer, which can
manipulate both electronic and ionic conductivity of the cathodes,
is still a great challenge.

In recent years, perovskite-like materials with K,NiF-type
structure have received considerable attention due to their good
structural stability, excellent electrical conductivity, and ion
diffusion kinetics [18-20]. For example, Heo et al. [19] prepared a
composite cathode of Li(Nij3Coy;Mny,)O, coated with garnet-
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type electrolyte and La,(Nij;Liy5)O, nanoparticles. The excellent
electrochemical performance of this modified cathode can be
attributed to that the coated La,(NiysLiy5)O, nanoparticles exist
high electrical conductivity and then facilitate the transport of
lithium ions. Wu et al. [18] reported a modified cathode of
Li(NigCoy;Mn,;)O, coated by La,NijsLiy;O, which displayed
significantly enhanced structural stability at high operating voltage
and even long-cycling test. Density functional theory (DFT)
calculations proved that La,NiysLijsO, and LiNi;4Coy;Mn,,0,
possessed good structural compatibility, which is beneficial to the
fast transport of Li ions. Yang et al. [20] found that the nickel-rich
ternary cathode coated by La,Lij;Al ;O exhibited excellent
cycling stability and rate performance. The main reason is that the
La,Liy5Aly;O, coating layer can not only expedite Li* transport but
also prevent the erosion of the cathode material by the electrolyte.
These works set the motivation to explore the potential of La-
based perovskite-like material as coating layer for cathode
substrate.

As a typical perovskite-like material, La,LiysCo,;0, (LLCO) is
believed to be a promising coating layer to optimize the
electrochemical properties of the cathodes because of its excellent
electronic and ionic conductivity [21-23]. In this work, we select
the LLCO as a suitable coating layer to homogeneously
encapsulate the Li; ;Mn5,Niy;3Co,,30, (LR) to tackle the above-
mentioned issues for the first time. The unique composite
(LR@LLCO) with homogeneously core-shell structure was
synthesized by a solvothermal method combined with a wet
chemical method. Experimental studies confirmed the crucial role
of the uniform LLCO coating layer on the enhanced
electrochemical performance. The LLCO surface not only
provides the first shield to prevent the side reactions at the
electrode/electrolyte interface, but also facilitates the reaction
kinetic of composite electrode, which is ascribed to the high
structural stability, excellent electrical conductivity, and fast Li-ion
diffusion rate of perovskite-like LLCO. More importantly, the
lanthanum owns the higher binding energy with oxygen (La-O =
799 kJ-mol™) compared with the previously reported elements (i.e.,
Al-O =512 kJ-mol™" and Mg-O = 394 kJ-mol") [24, 25]. The high
oxygen-affinity of La element makes LLCO capable of
maintaining the lattice oxygen on the surface of LR, thereby
improving its structural stability. This research demonstrates the
ideal prospect of LLCO as decorated surface for high performance
composite cathode materials of LIBs.

2 Experimental

2.1 Material preparation

Synthesis of LR sample: In a typical process, LICH;COO-2H,0O
(5 wt.% excess), Mn(CH,COO),-4H,0, Ni(CH;CO0),-4H,0, and
Co(CH;C00),4H,0 were dissolved (with a molar ratio of
1.2:0.54:0.13:0.13) in ethanol and stirred to form a homogeneous
solution. Meanwhile, oxalic acid (the molar ratio of oxalic acid to
metal ions is 2.5:1) was also dissolved in ethanol to obtain an
oxalic acid solution. During the uninterrupted stirring process, the
oxalic acid solution was slowly added dropwise to the metal-ions
solution and sustained reaction for 1 h. The resultant solution was
transferred to a 100 mL Teflon-lined autoclave and then kept at
180 °C for 18 h. Afterward, the oxalate precursor was washed and
collected by centrifuging several times, and dried. The LR was
then synthesized by a heat-treatment at 450 °C for 5 h and then
calcined at 900 °C. All chemicals were used as received without
further purification in the experiment.

Synthesis of LR@LLCO samples: First, La(NO,);6H,0,
Co(CH;CO0),4H,0, and LiNO; were dissolved in ethanol with a
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molar ratio of 4:1:1. Then, the as-prepared LR powder was added
into the above solution under stirring for 1 h. Next, the obtained
solution was evaporated at 80 °C in continuous stirring process
followed by sintering at 700 °C for 5 h. Afterward, the target
LR@LLCO composite was obtained. Different composite samples
were obtained by changing the predetermined feeding ratio of
LLCO to LR. For simplicity, the samples that LR coated by
0.5 mol%, 1 mol%, 2 mol%, and 10 mol% LLCO, were named as
0.5LLCO, 1LLCO, 2LLCO, and 10LLCO, respectively. In addition,
OLLCO was prepared through the same procedure of 1LLCO
without using reactants of LLCO.

2.2 Microstructure characterization

An X-ray diffractometer (XRD, DX2700) equipped with a copper
Ka radiation source (40 kV, 30 mA, A = 1.5406 A) was used to
examine the phases and crystallographic structure. The field
emission scanning electron microscope (FESEM, JSM-7001F) and
transmission electron microscope (TEM, JEM-2100F) with energy-
dispersive X-ray spectrometer (EDX) were used to characterize the
microstructure and element distribution of the prepared samples.
The element valence state and chemical environment on the
surface of the material were investigated by X-ray photoelectron
spectroscopy (XPS, ESCALAB250XI) equipped with Al Ka«
radiation source (1486.68 eV).

2.3 Electrochemical measurements

The working electrodes were obtained by dispersing the active
material, polyvinylidene fluoride (PVDEF) (binder), and super-P
(conductive agent) (with a weight ratio of 8:1:1) in N-methyl-2-
pyridoxane (NMP), followed by stirring to form a homogeneous
slurry. Subsequently, the slurry was evenly coated on the
aluminum foil and vacuum-dried at 110 °C for 12 h. The diameter
of the cathode electrodes was 14 mm and the mass loading of
active material was about 2 mg-cm™ The CR2032 half-cell was
assembled in an argon glove box, with lithium metal as the
counter electrode and polypropylene membrane (Celgard 2400) as
separators. The electrolyte was composed of 1 M lithium
hexafluorophosphate (LiPF,) dissolved in a mixed solution of
ethylene carbonate (EC), dimethyl carbonate (DMC), and diethyl
carbonate (DEC) with the volume ratio of 1:1:1. The rate and
cycling performance of cell were measured through the LAND
CT2001A testing system in a voltage range from 2.0 to 4.8 V (vs.
Li/Li"). For galvanostatic intermittent titration technique (GITT),
the activated battery was firstly charged at a current density of
0.1 C for 10 min and then left to stand for 1 h in the voltage range
from 2 to 4.8 V. Cyclic voltammetry (CV) was performed by
Chenhua CHI760E electrochemical workstation. Electrochemical
impedance spectroscopy (EIS) with a frequency range of 100 kHz
to 0.01 Hz with a voltage amplitude of 5 mV was detected on the
Chenhua CHI760E electrochemical workstation. The full-cell was
constructed by using the commercial graphite as the anode
material and the as-prepared sample as the cathode material. The
preparation process of the anode was the same as that of the above
cathode. The graphite electrode was firstly activated in a half-cell
at 20 mA-g" for 5 cycles and then assembled with the prepared
cathode to form a full-battery. The cut-off voltage range of full
battery test was from 2 to 4.7 V.

3 Results and discussion

The LR@LLCO composites were synthesized through the
conventional solvothermal method followed by a facile wet
chemical method, as the schematic illustration shown in Fig. 1.
The crystallite nature of prepared pristine LR and LR@LLCO with
different scheduled coating amounts of 0.5 mol%, 1 mol%,
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Figure1 Schematic illustration for the preparation of LR@LLCO.

2 mol%, and 10 mol% LLCO (named as 0.5 LLCO, 1LLCO,
2LLCO, 10LLCO respectively) were measured by using XRD
spectroscopy (Fig.S1 in the Electronic Supplementary Material
(ESM)). According to the XRD patterns shown in Fig. S1(a) in the
ESM, the pristine LR material and all LR@LLCO composites both
exhibit the same main diffraction peaks. As observed, the typical
reflections can be indexed with a hexagonal a-NaFeO, type
layered phase (R3m space group) while the weak superlattice
diffraction peaks around 22° ascribe to a monoclinic Li,MnO,
phase (C2/m space group) [8]. In addition, the characteristic
reflections of LLCO can be obviously detected in the XRD pattern
of 10LLCO (Fig. S1(b) in the ESM), indicating the successful
construction of the LLCO coating layer. However, no peaks of
LLCO can be observed in the XRD pattern of the other
LR@LLCO composites, which should derive from the trace
amount of the LLCO in these materials. In order to further
analyze the changes in the crystalline structure after modification,
the XRD rietveld refinement patterns of the LR and 1LLCO are
shown in Figs. 2(a) and 2(b). Meanwhile, the corresponding
crystalline structure parameters are summarized in Table S1 in the
ESM. The lattice parameters a and ¢ of the hexagonal layered
phase are slightly increased after the LLCO modification, which
may be caused by the doping of large radius of La* (0.1061 nm) or
the formation of lithium vacancies [20, 26]. The increased lattice
parameter ¢ of the hexagonal layered phase is beneficial to
reducing the ion diffusion barrier and then facilitates its rapid
transmission in the bulk [27]. Meantime, the ¢/a ratio of the LR (~
4.990) and 1LLCO (~ 4.991) is greater than that of the ideal cubic
close-packed oxygen structure (~ 4.89), indicating that the as-
obtained materials possess a good layered structure [28].
Moreover, 1LLLO has a smaller degree of cation mixing compared
to the pristine LR. A small degree of Li/Ni mixing is conducive to
maintaining the structural stability of the material, and thus leads
to a better electrochemical performance for 1LLCO [29].

The surface morphology and coating microstructure of the
LR@LLCO particles were investigated by using the scanning
electron microscopy (SEM) and high-resolution transmission
electron microscopy (HRTEM) characterizations. Figure 2(c)
displays the SEM image of pristine LR particles. It is found these
particles exhibit irregular morphology with a size of 200-600 nm.
Such a microstructure is well maintained in the 1LLCO after the
coating process, as shown in Fig. 2(d), demonstrating that the
LLCO modification would not affect the morphology of the LR
substrate. Further, as shown in Fig. 2(e), the HRTEM image of the
1ILLCO exhibits a distinct interface between the core and shell
(highlighted by a dash line), indicating that the LLCO coating was

LR@LLCO
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successfully decorated on the LR surface. Moreover, the enlarged
view of selected area in Fig. 2(e) is shown in Fig. 2(f). As observed,
the LLCO coating layer possesses a homogeneous thickness of ca.
16 nm. In addition, the measured d-spacing of the surface phase is
ca. 0.14 nm, being indexed to the (215) plane of LLCO. The
interplanar spacing of ca. 0.47 nm of the core phase corresponds
to the (003) plane of LiIMO, (M = Ni, Co, and Mn) with typical
layered structure [30], which is in good agreement with the results
of XRD. To further confirm the uniformity of the coating, the
energy-dispersive X-ray spectroscopy (EDX) elemental mapping
was conducted on the 1ILLCO particles. Figure 2(g) and Fig. S2 in
the ESM reveal the homogeneous distribution of Ni, Co, Mn, O,
and La elements at the particles, further verifying the coating
structure of the 1LLCO. It should be pointed out that there were
differences for the thickness of LLCO coating layer in different
regions, as exhibited in Fig. S2 in the ESM, and the thickness of
coating layer was from 5 to 16 nm. The difference may be
attributed to the experimental error during wet chemical method,
and the lattices-mismatched features between the LLCO-
precursor, crystalline LLCO and LR.

XPS was further used to analyze the chemical valence state and
surface bonding configuration of the as-obtained samples (pristine
LR and 1LLCO). As shown in Fig. 3(a), the Ni 2p peaks of the
pristine LR and 1LLCO display no obvious shift and the Ni 2p;,
peak at 854.3 eV corresponds to Ni** [31]. It is worth noting that,
compared with the pristine LR, there is an additional peak at
851.1 eV in the Ni 2p XPS spectra of 1LLCO sample (Fig. 3(a)),
which can be assigned to the La 3d;, peak. The inevitable peak
overlap of Ni 2p and La 3d is ascribed to the relatively closed
binding energies, and this phenomenon has also been observed in
the previous reports [32,33]. As shown in Fig. 3(b), the peak at
854.3 eV corresponds to the Ni 2ps,. From the La 3d XPS spectra,
it is found that the 1LLCO has a typical La 3d characteristic peak,
and the peak at 834.3 eV corresponds to the La* [34], which is
consistent with the valence state of La in LLCO. On the contrary,
no La 3d peak can be found in the pristine LR, indicating the
successful decoration of the LLCO coating in the composite. The
O 1s XPS spectra of the pristine LR and 1LLCO are displayed in
Fig. 3(c), in which the O 1s peak can be fitted into lattice oxygen,
oxygen vacancy, and CO;" with the binding energy of 529.2,
531.0, and 532.4 eV, respectively [35]. It can be found that the
content of oxygen vacancies has increased by 16.4% after LLCO
modification, demonstrating the oxygen-deficient feature of the
LLCO coating layer [36,37]. The existence of oxygen vacancies
can reduce irreversible oxygen release, increase electronic
conductivity, and enhance Li* diffusion rate [37, 38], resulting in
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Figure 3 High-resolution XPS spectra of the pristine LR and 1LLCO. (a) Ni 2p, (b) La 3d, (c) O 1s,and (d) Mn 2p.

an excellent structural stability and reaction kinetic. In Fig. 3(d),
Mn* (641.5 eV) and Mn* (642.6 €V) coexist in both two samples
[27]. The content of Mn™ in the 1LLCO is increased by 6.3%
compared with that of pristine LR, which is related to compensate
for the non-conservation of charge caused by oxygen vacancies.
The Co 2p XPS spectra of the pristine LR and 1LLCO samples are
presented in Fig. S3 in the ESM. The binding energy of 779.5 and
780.4 €V is attributed to Co* and Co* [36], and the ratio of

Co™/Co™ is increased after the introduction of the LLCO layer,
indicating the lower valence state of cobalt and abundant oxygen
vacancies in the LLCO coating layer, which may ascribe to the
high oxygen-affinity of La element.

Electrochemical performance and physicochemical superiority
of the modified LR@LLCO mentioned above were evaluated in
coin-type half cells, using the fabricated samples as electrode
material and Li piece as counter electrode, respectively. Figures
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4(a)-4(c) display the CV curves of the initial three cycles of the LR loss of Li,O is decreased and the reversibility of oxygen redox
and 1LLCO cathodes, respectively. In the first cycle, both LR and reaction is increased in the activation process of Li,MnO; [27].
1LLCO have two oxidation peaks at about 4.0 and 4.6 V in the These results verify the important role of the LLCO coating layer
first charge process. The oxidation peaks at 4.0 V correspond to on the suppression of irreversible lattice oxygen release, TM-ions
the oxidation of Ni* and Co™ in LiMO, to higher valence states migration, and phase transformation in the surface of LR
(Ni*, Ni*, and Co"), along with the deintercalation of Li* [39]. In substrate. Figure 4(d) shows the initial charge and discharge
the second and third cycles, compared with the pristine LR, curves of all samples at 0.1 C (1 C = 250 mA-g") in the voltage
ILLCO shows a higher current density at 40 V and the range of 2-4.8 V. The specific discharge capacities of the pristine
corresponding peak position is slightly shifted to the lower voltage LR, 0.5LLCO, 1LLCO, and 2LLCO are 266.2, 270.5, 269.1, and
direction, indicating that Ni/Co ions are more stably involved in 2474 mAh-g”, respectively. The 1LLCO cathode shows a large
the oxidation process in the 1LLCO [29]. Without the protection ICE of 81.2%, higher than those of the LR (77.5%), 0.5LLCO
of the LLCO coating layer, the Ni/Co ions in pristine LR tend to (79.3%), and 2LLCO (79.8%), respectively. As shown in Fig. 4(e),
react with the electrolyte, which eventually results in the loss of the 1LLCO has the best rate performance among all samples, and
TM ions and high irreversibility. It should be emphasized that the its discharge capacities at 0.1, 0.2, 0.5, 1, 2, and 5 C are 269.1,
1LLCO exhibits a lower oxidation peak at 4.6 V than that of LR in 2582, 2314, 2057, 177.6, and 136.7 mAh-g", respectively.
the initial charge reaction, indicating that the irreversible part of Additionally, the capacity reversibility of 1LLCO is as high as
Li,MnO; activation is inhibited by the LLCO modification [40]. 100.5% (270.5 mAh-g") when the current density returned to
The inhibitory effect is caused by the high oxygen affinity of La 0.1 C. The higher specific capacity of the 1LLCO after rate test

element, which can stabilize the lattice oxygen on the LR surface, may be attributed to the slow activation process of coating-
and then reduce the irreversible release of oxygen during the initial modified cathode materials. The superior capacity reversibility and
charge process [33,41]. However, the higher current densities of rate performance are mainly ascribed to high Li*/electronic

the 1LLCO at 4.6 V in the following cycles demonstrate the high conductivity of the LLCO coating layer and the improved
reversible degree of Li,MnO; activation participating in the charge structural stability of cathode.

process [40], further revealing the enhanced structural stability of Cyclic lifespan of the prepared samples at different current
the 1LLCO. For the discharge process, the reduction peaks at densities was recorded to further investigate the influence of the
about 4.5 and 3.7 V correspond to the reduction of high-valence LLCO modification. As shown in Fig. S4(a) in the ESM, 1LLCO
Ni/Co ions, and the reduction peak at about 3.4 V relates to the exhibits a great capacity retention of 952% after 100 cycles at
Mn* 5> Mn* [27, 42]. The latter peak of the 1LLCO exhibits lower 0.1 C, while the untreated LR only shows a capacity retention of
current intensity than those of LR, indicating that the irreversible 79.5% after same cycles. When cycled at 1 C, the discharge
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capacity of the 1LLCO is maintained at 168.7 mAh-g" with
retention of 82.6% after 200 cycles (Fig.3(f)). However, the
discharge capacities of the pristine LR, 0.5LLCO, and 2LLCO
decline to 141, 151.5, and 146 mAh-g™ after 200 cycles, with the
capacity retentions of 63.3%, 71.8%, and 74.3%, respectively.
When cycled at a higher current density of 2 C, as depicted in Fig.
S4(b) in the ESM, 1LLCO still delivers a higher capacity retention
of 78.7% than that of pristine LR (64.4%). Figure S5 in the ESM
exhibits the cycling capacities of the OLLCO and LR, and the
similar downward trend reveals that only the wet chemical process
without LLCO could not improve the structural stability of LR
matrix. Moreover, as exhibited in Fig. 4(g), the average discharge
voltage attenuation of the 1LLCO is superior to that of pristine LR
after 200 cycles, demonstrating that the introduction of LLCO can
also suppress the voltage decay of LR and then result in high
energy retentions. In order to investigate the trend of voltage
decay in detail, dQ/dV plots are depicted in Figs. 4(h) and 4(i).
The reduction peak at 3.4 V corresponds to the reduction of Mn*.
This peak shifts to a low voltage during the cycling process, which
is related to the formation of the spinel phase [15]. The pristine LR
shifted by 0.68 V after 200 cycles at 1 C while the 1LLCO shifted
by only 0.49 V. These results indicate that the LLCO coating can
suppress the phase transition from the layer phase to the spinel
phase and alleviate the voltage degradation of the LR cathode [15,
35]. The effective influence on improving the structural stability
can be attributed to the strong La—O bond, which is beneficial to
suppressing the irreversible loss of surface lattice oxygen of LRs
cathodes during cycling, and thereby alleviating the occurrence of
surface reconstruction and phase transition.

To understand the enhancement mechanism on electroche-
mical performance, CV measurement was carried out for the
pristine LR and 1LLCO at various scan rates, as shown in Figs.
5(a) and 5(b). With increasing of scan rates, the locations of both
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oxidation and reduction peaks of 1ILLCO show a more neglectful
shift to the sides than that of LR cathode, revealing the small
polarization of 1LLCO caused by the enhanced reaction kinetic.
Based on the CV curves, two oxidation and reduction peaks
(marked as O1 and R1) were selected to qualitatively analyze the
Li* diffusion coefficient (Dy;+) according to the Randles-Sevcik
equation, and the fitted straight line of O1 and R1 is displayed in
Figs. 5(c) and 5(d), respectively.

It can be found that the 1LLCO cathode owns a larger slope
during charging and discharging, evidencing that the 1LLCO
possesses the faster Li* diffusion kinetics. In addition, the GITT
was further utilized to investigate the Li* diffusion kinetic of the
1LLCO cathode. Figures 5(e) and 5(f) display the D;;+ values of the
LR and 1LLCO cathodes during charge and discharge process,
respectively, and the corresponding values for 1LLCO are both
higher than that of LR cathode. When charged to 4 V, the D;;- of
the 1LLCO is 8.30 x 10™ cm™s™, while the D,;+ of the original LR
is only 4.37 x 10™" cm*s™'. Moreover, when re-discharged to 4 V
again, the value of D;;+ for the 1LLCO still reaches to 1.24 X
10™ cm?s™, higher than 7.82 x 10™ cm*s™ for LR. The results
manifest that the modified 1LLCO exhibits the great Li* transport
capacity during electrochemical reaction process due to the high
jonic conductivity of the LLCO coating layer on the surface of
pristine LR materials.

The charge transfer ability and interfacial reaction resistance of
the prepared cathodes were evaluated by EIS measurement. As
shown in Fig. S6 in the ESM, the Nyquist plots of all samples
consist of a semicircle and a straight line. The semicircle at high
frequency represents the charge transfer resistance (R at
interface and the straight line at high frequency is related to
Warburg impedance (W,) for ions diffusion. After coated by the
LLCO layer, the R, values of cathodes are both decreased,
implying the introduction of LLCO can greatly lower the interface

4.5 4.0 3.5 3.0

Potential (V vs. Li/Li*)

25

Figure5 CV curves of the (a) pristine LR and (b) 1LLCO at various scan rates from 0.1 to 0.6 mV-s". The peak current vs. the square root of scanning rate (v'*) plots
of the two samples: the linear fit of (c) O1 and (d) R1. Li* diffusion coefficients of (e) pristine LR and (f) 1ILLCO during charge and discharge process.
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resistance and facilitate the ions/electrons transport on the
interface between electrode and electrolyte, which is attributed to
the optimized thickness of cathode electrolyte interfaces (CEIs)
and high electrical conductivity of perovskite-type LLCO. It is
worth noting that the ILLCO exhibits the lowest R value among
all modified cathodes, indicating the vital role of moderate coating
on charge/discharge reactions, which results in the optimal
electrochemical performance.

In order to further explore the effect of the LLCO modification
on LR, the microstructure of the pristine LR and 1LLCO cathodes
after cycling were characterized in detail. Figures 6(a) and 6(b)
show the SEM images of the pristine LR and 1LLCO after 200
cycles at 1 C, respectively. It can be found that some microcracks
around 100 nm appear on the surface of the pristine LR particles
after cycling owing to the anisotropic volume changes, phase
transition, and electrolyte corrosion. The widespread existence of
evolved microcracks on the LR surface inevitably leads to the
capacity fade and voltage decay during the cycling. In contrast, the
structure of the ILLCO secondary particles is well maintained as
shown in Fig. 6(b) on account of the protection of the LLCO
coating layer. It is obvious the LLCO shell can act as a physical
barrier to effectively protect the bulk LR phase from corrosion,
and mitigate the inner anisotropic strain during cycling process.
Furthermore, the crystal phases of the corresponding electrodes

Nano Res. 2023,16(7): 10634-10643

after cycling were also evaluated by XRD. As depicted in Fig. 6(c)
and Fig. S7 in the ESM, XRD results reveal that two samples both
show well-preserved layered structure after cycling. It can be
found that the (003) and (104) diffraction peaks of the pristine LR
electrode are slightly shifted to high angles compared with that of
1LLCO electrode after cycling, while the peak locations of the
1LLCO keep in initial position, which is resulted from the severe
structure collapse of LR substrate without the LLCO decoration
due to the continuous TM migration and phase transition, as well
as the irreversible oxygen release during long-term cycling [11].
Moreover, surface conditions of the pristine LR and 1LLCO
cathodes after cycling were investigated through XPS. As shown in
Fig. 6(d), the Mn 2p spectra can be fitted to Mn* and Mn* with
binding energies of 641.3 and 642.9 eV, respectively [42]. It has
been widely accepted that Mn™ triggers severe Jahn-Teller
distortion and disproportionation reactions, resulting in
degradation of the structure and electrochemical performance
[43]. After 200 cycles, the content of Mn™ in the ILLCO was
reduced by 24.4% compared with the pristine sample, which is
conducive to suppressing the Jahn-Teller effect, restraining the
phase transformation from the layer phase to the spinel phase
(LiMn,O,), and then improved cycling stability of the LR
substrate. In Fig. 6(d), the F 1s spectra both consist of two peaks,
which are assigned to LiF (684.93 eV) and C-F (687.48 eV) [44].
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Figure6 SEM images of the (a) pristine LR and (b) ILLCO cathodes after 200 cycles at 1 C. (c) XRD patterns of the above samples. High-resolution XPS spectra of
(d) Mn 2p, (e) F 1s,and (f) O 1s. (g) Schematic diagram of microstructure evolution during the electrochemical cycling process of the pristine LR and 1LLCO cathodes.
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As the important indicator for CEI, LiF, derived from the
decomposition of LiPF,, will greatly influence the interface
impedance for ion and electron transport. The reduced peak area
of LiF in the 1LLCO indicates that the undesirable side reaction
between the cathode material and the electrolyte is suppressed due
to the construction of the LLCO coating on the surface, resulting
in the improvement of electrochemical interface stability. In
addition, the O 1s XPS spectrum of the 1LLCO consists of three
oxygen species located at 529.78, 531.8, and 533.51 eV, which are
assigned to lattice oxygen, CO5>, and electrolyte oxidation species
(ROCO,Li), respectively [29, 32]. However, no lattice oxygen was
detected in the pristine samples because of the formation of thick
passivation layer and the dissolution of plenty of TM on LR
surface.

Based on the above results, the efficient multiple effects of the
LLCO modification on LR substrate are schematically illustrated
in Fig. 6(g). The LLCO decorating layer can effectively stabilize the
lattice oxygen release, inhibit the TM migration and phase
distortion. Thus, the integrity maintenance of surrounded LR
particle not only facilitates ion diffusion and electron transfer but
also suppresses the side reaction between LR and electrolyte, and
reduces the thickness of the passivation layer on the cathode
surface. Therefore, the LR@LLCO cathode possesses excellent
electrochemical performances including great rate performance,
excellent cycling stability, and decreased voltage decay, which is
better or competitive compared with the previous reports (as
shown in Table S2 in the ESM).

The optimized electrochemical performance of 1LLCO
motivates us to further evaluate its potential in practical
application. Herein, commercial graphite was used as the anode,
coupled by the pristine LR or 1LLCO as the cathode to assemble
the full-cell, as illustrated in Fig. 7(a). The suitable voltage range of
2-4.7 V was applied to evaluate the electrochemical performance
for the LR//graphite and 1LLCO//graphite full-cells. Figure 7(b)
displays the initial charge-discharge curves of two full-cells at
0.1 C. It is found that the 1LLCO//graphite affords a higher ICE
(73.3%) compared with that of the LR//graphite (71.3%).
Furthermore, the 1LLCO//graphite full-cell exhibits the excellent
discharge capacities of 250.7 and 117.2 mAh-g* at 0.1 and 5 C
(Fig. 7(c)), respectively. When the current density returns to 0.1 C,
the 1LLCO//graphite full-cell still delivers a discharge capacity of
187.3 mAh-g”, which is higher than that of the LR//graphite full
battery (163.2 mAh-g"), demonstrating the enhanced structural
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stability and reversibility of 1LLCO cathode. Cycling performance
of two kinds of full-cell was also measured and depicted in Fig.
7(d). The discharge capacity of 1LLCO//graphite full-cell is still
maintained as high as 70.0% even after 200 cycles test at 1 C, while
it is 54.8% for LR//graphite, further verifying the structural
stability of 1LLCO. In addition, a green LED pattern can be
successfully lighted up by one 1LLCO//graphite full-cell (inset of
Fig. 7(d)), displaying the promising prospect of 1LLCO in
practical application.

4 Conclusion

In this work, perovskite-like LLCO was successfully constructed
on the surface of the LR material as advance core@shell composite
cathode for LIBs. The LLCO coating layer with high oxyphilicity
of La element can act as an inhibitor for the lattice oxygen release,
TM atom migration, as well as phase transformation. Meanwhile,
the decorated LLCO also plays a crucial role as a physical barrier
to minimize the side reactions at electrode/electrolyte interface,
suppress TM dissolution, and release internal stress during
charge-discharge process. Additionally, the high electronic and
ionic conductivity of the LLCO guarantee the fast charge transfer
and unobstructed ions transport for cathode material with
superior reaction kinetics. As a consequence, the modified ILLCO
composite exhibits a surprising capacity retention of 95.21% with
high capacity of 250.6 mAh-g™ after 100 cycles at 0.1 C and still
possesses the specific capacity of 168.7 mAh-g' with 82.6%
capacity retention after 200 cycles at 1 C. The excellent cycling
stability and rate performance induced by the LLCO coating
modification demonstrates that the present work provides a
promising idea for the design of advanced layered cathode
materials.
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