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The structural transformations, oxygen releasing and side reactions with electrolytes on the surface are considered
as the main causes of the performance degradation of Li-rich layered oxides (LROs) cathodes in Li-ion batteries. Thus,
stabilizing the surfaces of LROs is the key to realize their practical application in high energy density Li-ion batteries.
Surface coating is regarded as one of the most effective strategies for high voltage cathodes. The ideal coating materials
should prevent cathodes from electrolyte corrosion and possess both electronic and Li-ionic conductivities simultaneously.
However, commonly reported coating materials are unable to balance these functions well. Herein, a new type of coating
material, LayCuQO,4 was introduced to mitigate the surface issues of LROs for the first time, due to its superb electronic
conductivity (26-35 mS-cm~!) and lithium-ionic diffusion coefficient (1071210713 cm?2-s~1). After coating with the
LayCuQy, the capacity retention of Lij »Nig 54Cog.13Mng 130, cathode was increased to 85.9% (compared to 79.3% of
uncoated cathode) after 150 cycles in the voltage range of 2.0-4.8 V. In addition, only negligible degradations on the

deliverable capacity and rate capability were observed.

Keywords: La;CuQy, electronic conductivity, Li-ionic conductivity, Li-rich layered oxides, high voltage

PACS: 82.47.Aa, 82.45.Fk

1. Introduction

Li-rich layered oxides (LROs) have been considered
as one of the most critical cathode materials for the next-
generation Li-ion battery due to their high gravity energy den-
sity and low cost.['! It is well known that it can deliver
capacity as high as 250400 mA/g when charged to 4.8 V
or even higher.[>*! However, its practical application is hin-
dered by several issues, such as low initial Coulombic ef-
ficiency, poor rate capability, cycling stability, voltage fad-
ing and so on.>! These unsatisfied electrochemical proper-
ties are related to oxygen redox activities, cation migrations
and interfacial side reactions, especially when charged to high
voltages. [10-131 T address these limitations, various modifica-
tion strategies were applied, such as composition regulation,
synthetic method control, element doping, surface coating and
surface chemical treatment.!'*) Among them, the surface coat-
ing has been proved to be an effective way to mitigate sur-
face issues by inhibiting the electrolyte corrosion and transi-
tion metal ion dissolution. ]

Numerous coating materials have been applied to protect
the surfaces of LROs, such as fluorides (e.g., AlF3, CakFs,
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FeF3, CeF; and LiF), metallic oxides (e.g., Al,03, MnO,,
SnO,, V705, CeO, and MoO3) , phosphates (e.g., LizPOy,
AlIPOy4, CePOQy4, FePO4, LiFePO4 and LATP), ionic conduc-
tors (e.g., LiNig sMn; 50,, LisTi5;O1, and LiNbO3) and poly-
mers (e.g., PEDOT, dopamine, conducting polypyrrole and
PAN).!'51 Although these coating materials were able to sta-
bilize the surface structure and suppress interfacial side reac-
tions of LROs, their limited electronic or ionic conductivity
has negative effects on the rate capabilities or deliverable ca-
pacities in many cases.

Herein, LayCuOy,!'"') a room temperature supercon-
ductor, was utilized as a new type of coating materials for the
first time, due to its excellent electronic and ionic conductivi-
ties as reported.!?! More importantly, it has been verified that
La;CuOy is capable of absorbing oxygen through a reversible
redox reaction (LapCuQy4 + xO2/0~ — LapCuQy44,) at room
temperature, in which O, or O~ is captured along with the ox-
idation of Cu®* into Cu3+.[16:21-23] Considering the universal
issue of oxygen releasing in oxide cathodes at high voltage,
such a unique property of La,CuOy4 could be utilized to store
oxygens produced by cathode materials during charge process

http://iopscience.iop.org/cpb http://cpb.iphy.ac.cn
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and return them back to the cathodes during discharge process
reversibly. Therefore, LayCuQy is a promising coating mate-
rial for cathode materials that are suffering from severe oxygen
releasing when operated at high voltage.

The present work aims to screen the synthesis condi-
tions of LayCuO4 materials and evaluate its electrochemical
performances in Li-ion batteries systematically. To demon-
strate the coating capability of LayCuQ4, nano-sized La;CuQO4
coated LROs powders were prepared. Experiments reveal that
La;CuOy4 coated LROs exhibit better cycling life while re-
maining the rate performance in the voltage range of 2.0-
4.8 V.

2. Experiment
2.1. Materials synthesis

The La;CuO4 powder was prepared by solid state
reactions based on the previous reported method.!%f!
C5H9L306-1.5H20 (Aladdin, 99.99%) and C4H6CUO4-H20
(Aladdin, 99.95%) precursors were mixed thoroughly in a
molar ratio of 2:1 by the mortar and pestle. The mix-
ture was heated at temperatures varying from 400 °C to
1000 °C for 12 hours in air.

coated LROs, the 4.5 wt.% nano-sized La,CuO4 aqueous

To prepare the La;CuOy4

slurry (Huzhou Namu Nanotechnology Co.) was mixed with
Li; »Nig 54Co¢.13Mng. 130, powders (Tianmu Lake Institute of
Advanced Energy Storage Technologies) homogeneously. Af-
ter drying the mixture at 60 °C in a vacuum oven for 12 hours,
the powders was ground thoroughly and heated at 800 °C for
12 hours in air.

2.2. Materials characterization

The morphologies of the as-prepared La,CuO4 samples
and the LayCuO4 coated LROs were characterized by the field
emission scanning electron microscope (FE-SEM, S4800, Hi-
tachi) with energy dispersive spectrometer (EDS). The lab x-
ray powder diffraction (XRD) data were collected in a 26
range of 10°-70° with an increment of 0.05° on the Bruker
D8 Advance (Cu radiation). The electronic conductivity of
LayCuO4 was measured by four-point probe RTS-5 (Four
Probe Tech Ltd.). 0.1 g powder was placed into a 15 mm
diameter cylinder mold and pressed into a disk at the pres-
sure of 12 kN and then the electronic conductivity of the pel-
let was measured. For each sample, six pellets were pre-
pared and measured to insure the accuracy. The x-ray pho-
toelectron spectroscopy (XPS) data were collected on an ES-
CALAB 250 Xi (Thermo Fisher) with a monochromatic 150-
W Al Ka radiation. The XPS data were analyzed with the
Thermo Advantage and the binding energies were calibrated
by the C 1s line at 284.8 eV. The element contents of the
samples were measured by inductively coupled plasma op-
tical emission spectrometry ICP-OES (iCAP 7000, Thermo

Fisher). Electron diffraction pattern (TEM) was obtained from
transmission electron microscopy (JEM F-200, JEOL).

2.3. Electrochemical measurements

The working electrodes were prepared by casting the mix-
ture of LapCuQy4 material 80.0 wt.%, super P 10.0 wt.%, and
polytetrafluoroethylene (PVDF) 10.0 wt.% dissolved with N-
methyl pyrrolidone (NMP) solvent onto Ti foil. The electrodes
were punched into 12 mm disks and then dried at 120 °C in a
vacuum oven for 12 hours. The loading of active materials
on these cathode films is ~ 3 mg/cmz. For Lay,CuQy4 coated
LROs, the working electrodes were prepared in the same pro-
cedure, except that Ti foil was replaced by Al foil.

The electrochemical performances were tested using
CR2032 coin cells, assembled in an Ar-filled glove box. 1 M
LiPFg in fluoroethylene carbonate (FEC) and dimethyl carbon-
ate (EMC) (2:8 by volume) were used as electrolytes. The
lithium foil (500 wm thickness) was used as the counter elec-
trode and the polyethylene (25 pm thickness) was used as the
separator. The cycling of the as-prepared coin cells was carried
out on the Land CT3001A battery test system (Land, Wuhan,
China). Cyclic voltammetry tests were performed on the CHI
600 (Chinstruments, Shanghai, China). The electrochemical
impedance spectroscopy (EIS) of the coin cells was performed
on the Zahner pro impedance analyzer (Zahner, Germany) at
open circuit voltage with a 10 mV amplitude within the fre-
quency range of 5 MHz-50 MHz.

3. Results and discussion
3.1. Physical and electrochemical properties of La;CuOy

An overlay of the XRD patterns of La,CuQ4 samples syn-
Ideal
La,CuQ, phase can be indexed to I4/mmm.?”] The appear-

thesized at various temperatures is shown in Fig. 1.

ance of LayCuQy reflections can be well identified in the pat-
tern of the sample synthesized at 600 °C (Fig. 1(c)), accompa-
nying with several impurities, which are CuO, La, 03, La,COs
and LagCu;y019. A well crystallized La;CuQO4 phase is formed
at 700 °C (Fig. 1(d)). Increasing the sintering temperature step
by step to 1000 °C does not affect the purity of the La;CuOg4
phase. The higher the temperature, the sharper the diffrac-
tion peaks, which indicates increased crystallinities. How-
ever, the morphologies of these samples are quite different
as shown in Fig. 2. The particles of La,CuO4—700 °C are
porous and fluffier with size distribution of 5-20 um. Much
smaller and denser secondary particles are formed as the sin-
tering temperature increases. A transition of secondary parti-
cle from porous polycrystalline to large single-crystal is ob-
served clearly when the temperature is elevated from 900 °C
to 1000 °C (Figs. 2(c)-2(d)). It is known that large single-
crystal is helpful to reduce the specific surface area of ma-
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terials, thus reducing the interphase resistance between elec-
trolytes. To verify the ratio of La/Cu, ICP-OES was per-
formed. Table S1 shows that the La/Cu ratio has some de-
viations compared with the designed value which is supposed
to be affected by the crystal water of reagents. TEM images
reveal the lattice fringes of LayCuO4—1000 °C that can refer
to the K,NiFy structure (I4/mmm). The interplanar spacing
of the lattice planes is measured to be 0.287 nm which is well
indexed to the (113) fringes as shown in Fig. S1.

(g) % Lay0O; @ CuO
° Lazqo5 ® LasCuOy « LagCu;0q9
. . . 1000 °C
(A LI TS ST
(f) 900 °C
1 lq- A I 11] l AR Rl

(e) ; 800 °C

N

Intensity
e

(c) 600 °C
(b) . 500 °C
|2 A Nt 2 208 20 "
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. Foe e, 400 °C
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Fig. 1. XRD patterns of La,CuQOy synthesized at (a) 400 °C, (b) 500 °C,
(c) 600 °C, (d) 700 °C, (e) 800 °C, (f) 900 °C, and (g) 1000 °C.

The surface chemical status of La;CuQO, samples was
measured by XPS as shown in Fig. 3. The C 1s spectrum dis-

700 °C -+ (d)

800 °C

800°C |

“50'um 50 pm

i (D
‘ 2 im—sSe >

plays the typical peaks which locate at 284.8 eV and 289.0 eV
ascribed to C—C and C=O0, respectively and it is likely to re-
flect carbon and carbonates residues resulting from H,O and
CO;, in the air on the surface. Figure 3(b) shows the O 1s spec-
trum. A shoulder peak around 298.5 eV beside a main peak
531.0 eV is found, which is assigned to the oxygens adjacent
to lanthanum and the oxygens in the Cu—O plane.[*8! The bind-
ing energies of La 3ds/, and La 3d3 ), are 834.3 eV/837.7 eV
and 850.8 eV/854.5 eV with a separation of about 3.5 eV,
agreed with the literature.!”®! Figure 3(d) shows two main
peaks and two satellites in Cu 2p spectrum and the binding
energies of 933.00 eV and 952.35 eV are corresponding to
Cu 2p; ), orbital and Cu 2p, , orbital, respectively. Satellite
peaks of Cu (I) appear at the positions of binding energies of
941.68 eV and 961.23 eV, corresponding to Cu 2p3/, orbital
and Cu 2p, /, orbital, respectively.!?*!

The electronic conductivities of LayCuO4 samples vary
from 27 mS/cm to 34 mS/cm, as shown in Fig. 4, which
are much higher than those of common layered oxide
cathodes.3-3?] Interestingly, the electronic conductivity is
sensitive to the sintering temperature and the correlation is
not simply linear. The La;CuQO4 sample obtained at 800 °C
achieves the maximum electronic conductivity and its color
is darker. It is possible due to the change of morphology
as nano single-crystal La,CuO4 promotes the press density
of LayCuQy disks. While fluffy morphology or large single-
crystal is unfavorable to enhance the press density and the con-
tacts between particles of disks are poor.

[

2 pm

() N, 900 G sh(icle _1000.°C

1 |

i& i
P
@ & 3900 ¢ (D) ¢

1000 °C |

50 um
e ————

Fig. 2. SEM images of La,CuQOj4 synthesized at (a)—(c) 700 °C, (d)—(f) 800 °C, (e)—(h) 900 °C, and (j)—(1) 1000 °C.

To evaluate the electrochemical performance of LayCuOq4
in Li-ion batteries, the cyclic voltammetry (CV) was con-
ducted in voltage intervals of 0.005-2.0 V and 2.0-5.0 V. As
shown in Figs. 5(a)-5(d), all samples present two reduction

peaks. The peak around 0.005 V is sharp in the initial cy-

cle but becomes mellow in the following two cycles. Another
remarkable reduction peak appears at ~ 1.0-1.1 V and the in-
tensity is much weaker than the former one. Moreover, the
peak located at ~ 1.0-1.1 V disappears in the following cy-
cles, which reveals that amounts of the Li-ions are trapped in
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the electrode and result in irreversible loss. As the sintering
temperature elevates, the irreversible peak becomes stronger,
which indicates the loss of Li-ions. Two reversible oxidation
peaks are observed in the voltage intervals of 0.005-2.0 V.
They are located at 0.17 V and 0.95 V and the peak intensi-
ties also increase with sintering temperature increase owing to
the probably improved ion diffusion. The cyclic voltamme-
try curves of LayCuO4 conducted in the voltage intervals of
0.005-2.0 V are extremely similar to those of lithium inter-
calation compounds, such as graphite and hard carbon.[33-3]
Thus, it is believed that the lithiation—delithiation mechanism
may be similar. Since no lithium content presents in the pris-

Intensity

—
292 290 288 286 284 282 28

Binding energy (eV)

(C) La 3d3/2

La 3d5/2 La 3d

Intensity

I
!
!
!
— Tt T T T
864 856 848 840 832 824
Binding energy (eV)

Intensity

tine samples, the reversible redox peaks shown in Figs. 5(e)—
5(h) reflect the redox reaction of La;CuQy itself. The oxida-
tion peak at 4.5-4.6 V (vs. Li*/Li) may correspond to the oxy-
gen involved reaction (Cu*t4+0,/0~ —Cut4+0%") and the
reversible reduction at voltage of 3.0 V (vs. Li*/Li) according

to literatures. [16-21-2

I The oxidation peak in the first cycle is
stronger than the following cycles, indicating that most oxygen
species in the electrolyte are absorbed in the initial charge.[*>)
However, the oxidation peak intensity decreases as the sinter-
ing temperature elevates. It is possible because the interphase

reactions become wilder as the morphology of the samples is

changed.

T T T T T T T T T
534 532 530 528 526
Binding energy (eV)

(d) Cu 2p
Sat. Cu 2p12 Cu 2p3/2
1
: Sat- [\ 700 -C
>,
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1
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960 952 944 936 928 920
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Fig. 3. XPS spectra of La, CuO4 samples, (a) C 1s, (b) O 1s, (c) La 3d and (d) Cu 2p.
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Fig. 4. The electronic conductivities of La;CuQOy4 disks. Six color bars
of each sample represent six parallel disks.
To understand the structural revolution during the lithium
intercalation process, a series of samples extracted from bat-
teries at different SOCs were tested by XRD, as shown in

Fig. 6(a). The open-circuit voltage (OCV) of the pristine coin
cell is ~ 3.0 V. After discharge the cell to 1.0 V, no obvious
changes in the pattern are observed. However, most reflections
of the La,CuOy4 phase disappear as the voltage discharges to
0.005 V further. Surprisingly, all of these reflections reappear
when the cell is charged back to 1.0 V again. The peak in-
tensities become stronger as the voltage gradually increases
to 5.0 V. Figure 6(b) presents the structural revolution after
oxidation as the pristine sample is charged to 5.0 V directly.
The diffraction patterns resemble closely though the oxidation
reaction occurred around 4.5—4.6 V (vs. Li*/Li). These excel-
lent matching of peak positions and peak intensities before and
after charge and discharge indicates the excellent reversibility
of La;CuOy lattice against Li-ion intercalation and its high
structural stability at high voltage.

088201-4



Chin. Phys. B 32, 088201 (2023)

0.2
{(a) 0.04
04
1st 0
—0.24 —2nd
0.2 311:d 700 °C
r I r
0.2
1(b)
04
<
g —0.2 4
-
=}
(&)
=
=]
O 04
—0.2
0.2
O_
S
—0.2 —2nd 0
. 3rd . .1000 C
0 1

Voltage (V)

Voltage (V)

Fig. 5. Cyclic voltammetry curves of La,CuOy4 synthesized at 700 °C, 800 °C, 900 °C and 1000 °C, (a)—(d) cycled in voltage intervals of

0.005-2.0 V and (c)—(h) cycled in voltage intervals of 2.0-5.0 V.
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Fig. 6. XRD patterns of La,CuO4 samples at various SOCs, (a) struc-
ture revolutions during charging and discharging, and (b) a comparison
of La;CuQy patterns before and after cycling.

Figure 7 displays the electrochemical impedance spec-
troscopy of La,CuQy4 in different lithiation and oxidation
states.
to 0.15 V gradually and then increases at 0.005 V. This phe-

nomenon is similar to that of graphite that the electrode polar-

The impedance decreases as the voltage discharges

ization potential decreases as lithium ions intercalate into the

active materials resulting in great change of charge transfer re-
actions while the impedance increases due to the SEI film be-
coming thicker and charge transfer resistance enlarged by the
repulsion of the intercalated lithium ion at 0.005 V.36 More-
over, the impedance is much lower as the sample sintering
temperature is elevated to 1000 °C. It can be understood from
the microstructure evolution of Lay,CuQy that fluffier morphol-
ogy is harmful. The impedance spectroscopy of the oxida-
tion state presents a similar tendency as the lithiation process
does which also indicates that the interphase condition was
improved as the sintering temperature elevated.

To further identify the lithiated and delithiated reaction
kinetics of LapyCuQy, the lithium ion diffusion coefficient is
calculated based on cyclic voltammetry measurement at 25 °C.
Notably, two small oxidation peaks at 0.17 V and 0.95 V (vs.
Li/Lit) can be observed in Fig. 8(a), corresponding to the
delithiation reactions. The peaks shift positively as scan rates
ranging from 0.1 mV-s~! to 0.4 mV-s~!. However, no obvious
peaks are observed in the lithiation process which indicates no
step-by-step lithiation existed during discharge. The anodic
current peaks follow a linear relationship with the square root
of scan rates, and the slope (1, / v0-3) of each reaction is cal-
culated as shown in Fig. 8(b). Then, the lithium-ion diffusion
coefficient Dfi for La;CuQy sintering at 1000 °C is calculated

based on the classical Randles—Sevcik equation’!
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I, = (2.69x10%)n'3SDY3, €3, (D

where I,, n, S, Dfi, Ci, and v denote the peak current,
the charge transfer number, the surface area of active mate-

2000

rial, the lithium-ion diffusion coefficient and the concentra-
tion of lithium-ion in the cathode, respectively. Overall, the
the lithium-ion diffusion coefficient is 10~ 12-10~13 ¢cm2.s1,

which is close to that of the layer oxide cathode.3%-3?]
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Fig. 7. Electrochemical impedance spectrum of LayCuOy, (a)—(d) impedance at different lithiation states (pristine cell discharged to 0.005 V
gradually), and (e)—(h) impedance at different oxidation states (pristine cell charge to 4.8 V gradually).
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Fig. 8. Reaction kinetics of La;CuQy, (a) CV curves of La,CuQOy at
different scan rates from 0.1 mV-s~! to 0.4 mV-s~!, and (b) plots of
CV peak current of anodic oxidation processes versus the square root of
the scan rates.

Since Lay;CuOy4 possess both electronic and lithium-ion
conductivities, it is worthy to investigate the cycle and rate
performance as La,CuOy4 can be battery material. Figure 9
reveals that the capacity of La;CuQOy is low, ranging from
26 mAh/g to 34 mAh/g at 0.1 C at room temperature and the
initial Coulombic efficiency is only 30%—-38% which indicate
amounts of lithium ions are trapped as demonstrated by Fig. 5.
However, the rate performance is not so poor, 61% capacity
retention remains as the current density increases to 1.0 C, and
the performance of the sample sintering at 1000 °C is better.
The charge and discharge curves at different current rates are
presented in Fig. S2. The cycle performance shows an incon-
ceivable result that the capacity degrades in the first 40 cycles,
and then gradually increases. After 200 cycles, the capacity is
1.2 times of that of the initial cycle. The abnormal growth of
capacity which is not found in other intercalation compounds
may result from the activation of Cu?>*/Cu®" at high voltage,
thus more lithium ions trapped in the initial discharge can be
released from the stumble sites. [>!]
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Fig. 9. Electrochemical performance of La,CuQy, (a) initial charge—discharge curves, (b) rate performance, and (c) cycle performance at a

C-rate of 1.0 C/1.0 C in the voltage range of 2.0-4.8 V.

To sum up, La;CuO4 demonstrates superb electronic and
lithium-ion conductivities, and the interphase between elec-
trolytes is quite stable even though the voltage is charged to
4.8 V (vs. Li/Li™"), revealing its great potential as a coating
material for high voltage cathodes.

3.2. Physical and electrochemical properties of La,CuQy4
coated Li-rich layered oxide

To evaluate the performance of LayCuO4 as coating
materials, 1 wt.% La,CuO4 was coated on the surface
of Lij2Nigs54Cog.13Mng 130, using the method mentioned
above. Figure 10 presents the morphologies of bare and coated
LROs samples. The surface of the bare sample is smooth and
clean. In contrast, a bunch of small particles with a size rang-
ing from 60—400 nm are observed on the surface of the coated
sample. These small particles are distributed on the cathode
surface homogeneously, which is further confirmed by the el-
emental EDS mapping shown in Figs. 10(c)-10().

Electrochemical performance was investigated as shown
in Fig. 11. The initial discharge capacity of the samples is very
close (271 mA/g vs. 273 mA/g) at 0.1 C/0.1 C 2.04.8 V and
the Coulombic efficiency is promoted from 80.71% to 85.59%
after coating, which demonstrates that some side reactions are
inhibited during formation. Moreover, the coated sample ex-

hibits much better rate performance (138 mA/g vs. 118 mA/g)
at high current density, the charge and discharge curves are
shown in Fig. S3. Figure 11(c) shows the cycle performance
of bare and LROs at 1.0 C in the voltage range of 2.0-4.8 V.
The first cycle discharge capacity of the coated sample is
220 mAh/g, slightly higher than the bare one (213 mAbh/g).
After 150 cycles, the capacity decreases to 189 mAh/g and
174 mAh/g, respectively. Thus, the cycle performance is also
improved after coating of LayCuQy.

Fig. 10. (a) SEM images of bare LROs, (b) SEM images of La,CuQOy4
coated LROs, and (c)—(i) EDS mapping of La;CuQO4 coated LROs.
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4. Conclusion and perspectives

In summary, a new coating material La,CuO4 was syn-
thesized and its electrochemical performances were measured
systematically. The coating material presents both superb
electronic and lithium-ion conductivities and reacts mildly
with electrolyte at high voltage. Therefore, nano La;CuOy4
was coated on the surface of LROs. Preliminary experi-
ments verified that the capacity retention of La;CuOy4 coated
LROs was improved to 85.9% (189 mA/g) after 150 cycles
at 1.0 C/1.0 C in the voltage range of 2.0—4.8 V, which was
higher than that of the bare material (79.3%, 174 mAh/g) and
the rate performance was also promoted. This work highlights
that La,CuO4 may be a promising candidate as coating mate-
rial for the next-generation high energy density cathode mate-
rials and the treating parameter is very important for the coat-
ing process. Therefore, more studies are worthy to carry out
and results will be displayed in our future works.
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