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Abstract

Doping electrochemically inert elements in Li-rich layered oxide cathodes usually stabilizes the structure to improve elec-
trochemical performance at the expense of available capacity. Here, we use an element segregation principle to realize
a uniform surface doping without capacity sacrifice. On the basis of Hume-Rothery rule, element yttrium is chosen as a
candidate dopant to spontaneously segregate at particle surface due to mismatched ionic size. Combined with X-ray pho-
toelectron spectroscopy and electron energy loss spectroscopy mapping, yttrium is demonstrated uniformly distributed on
particle surface. More importantly, a significant alleviation of oxygen release after surface doping is detected by operando
differential electrochemical mass spectrometry. As a result, the modified sample exhibits improved reversibility of oxygen
redox with 82.1% coulombic efficiency and excellent cycle performances with 84.15% capacity retention after 140 cycles.
Postmortem analysis by transmission electron microscopy, Raman spectroscopy and X-ray diffraction reveal that the modified
sample maintains the layered structure without a significant structure transformation after long cycles. This work provides
an effective strategy with a series of elements to meet the industrial application.
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1 Introduction

In order to develop large energy storage devices and elec-
tric vehicles, energy density of lithium ion batteries (LIBs)
needs to be improved. The key to increase the energy density
depends on the specific capacity of cathode materials [1, 2].
Li-rich layered oxide cathodes (LLOs) with a formula of
xLi,MnO;-(1 —x)LiMO, (M =Co, Ni, Mn) are considered
as promising cathode materials for LIBs due to their advan-
tages of ultrahigh specific capacity and low cost price. The
large capacity of LLOs comes from accumulation of lattice
oxygen redox and transition metal redox [3]. The oxygen
redox is now identified as one of the most effective ways to
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conquer the capacity limitation of conventional transition
metal redox centers [4, 5]. However, a significantly irrevers-
ible oxygen release happens during the oxygen redox activa-
tion in the initial charge. The problem triggers some appli-
cation puzzle concerning safety, battery performance and
battery calendar life [6-8]. An urgent demand that solves
the oxygen release problem is proposed for commercializa-
tion of LLOs.
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The earliest investigation of the oxygen release can be
traced back to 2002. Dahn’s group [9] first proposed the
concept of irreversible oxygen loss. Oxygen release is found
to start from the activation plateau about voltage at 4.5 V
during the initial charge process. Bruce [10] first detected
the formation of O, gas during the initial charge via differen-
tial electrochemical mass spectrometry (DEMS). It is subse-
quently demonstrated through '#0 isotopic tracer that the O,
gas is originated from LLOs lattice oxygen, generating oxy-
gen vacancies on particle surface [11]. During the extended
cycles, the oxygen vacancies are continuously pumped into
bulk lattice, which is driven by oxygen redox, eventually
causing structure decomposition and electrochemical degra-
dation [12—14]. The understanding enlightens surface modi-
fications as a suitable way to suppress the oxygen release
to circumvent the situation, which mainly includes coating,
doping and surface pretreatment etc. Among all of them,
surface doping is one of the most effective approaches to
achieve the surface modification. Generally, the modifica-
tion stabilizes the surface oxygen based on M—O bonding
(M =dopants). Elements with a strong binding energy with
oxygen are the preferred dopants, such as B [15], Nb [16],
V [17] and La [18].

While many methods can be used to achieve the surface
doping, an annealing process is essential as the last step
to make the dopant bond with the surface oxygen. How-
ever, the heat treatment also provides a diffusion energy
to enable the dopant invade into bulk lattice and substitute
host cations [19]. As a consequence, the injection of the
dopant would induce an inhomogeneous surface doping
and capacity reduction. Therefore, it is important to con-
trol the doping depth and prevent the bulk diffusion. A
rule named as Hume-Rothery tells that a solid solubility
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is negligible when a size misfit between the solvent and
solute atoms exceeds 15%. The rule suggests that large
size differences between host elements and doping ele-
ments can be a driven force to make the doping elements
dissolve out from the host structure [20-22]. The rule is
embodied in the previous studies, such as yttrium-doped
ZrO, and titanium-doped Al,O; in some ceramic materials
[22, 23]. For Li-ion batteries, it is reported that tungsten
(W) is doped on the surface of LiNiO, material, which
does not substitute Ni or Li in the LiNiO, lattice no mat-
ter how it is added at the precursor synthesis stage [24].
In that case, pure surface doping without bulk diffusion
can be realized based on the incompatibility between the
dopant and the host. A series of transition metal elements
could be suitable for the doping strategy, considering the
ionic size and bonding energy (shown in Fig. 1).

Based on above consideration, element yttrium (Y)
is used as a dopant to achieve surface doping on Li-rich
layered oxide cathode Li, ,Nij 13Coy ;3Mng 540,. Com-
pared to the host cations of the Li-rich layered oxides,
Y element owes large ionic size (r(Y**)=0.104 nm,
r(Ni?*) = 0.069 nm, r(Co’*)=0.0685 nm,
r(Mn**)=0.053 nm and r(Li*)=0.076 nm). Besides,
the bond strength of Y-O reaches 714.1 +10.2 kJ-mol~!,
which is strong enough to prevent the surface O from
escaping [25, 26]. X-ray photoelectron spectroscopy (XPS)
and electron energy loss spectroscopy (EELS) reveal that
the Y segregated at surface of grain particles. O, evolution
of the initial cycle is monitored by operando differential
electrochemical mass spectroscopy (DEMS) measure-
ment. Postmortem analysis by multiscale characterizations
revealed that the Y-doped sample exhibits better structural
integrity and less electrochemical impedance after cycling.
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2 Experimental
2.1 Materials synthesis

Li, ,Nij 13Co 13Mn, 5,0, (LLO114) and a series of Y-doped
LLO114 cathode materials were synthesized by the solid-
phase method. C,H¢NiO, - 4H,0, C,H,CoO, - 4H,0,
MnC,HO, - 4H,0 (Sinopharm Chemical Reagent Co., Ltd.,
Shanghai, China) and oxalate precipitator were mixed by a
molar ratio of 1:1:4:1. The Li,CO; was then mixed accord-
ing to the molar ratio of Li:transition metals=1:1.5. The
agate beads were weighed by the mass ratio of 1:1 with the
total materials. A planetary activator was running at 500
r-min~! to evenly mix the powders. The mixed powders were
calcined at 500 °C for 5 h and at 850 °C for 12 h in an air
atmosphere, using a heating ramp of 5 °C-min~".

For preparing surface Y doped Li; ,Ni, ;3Coq ;3Mn; 5,0,,
first, the C;.H¢NiO, - 4H,0, C,H,CoO, - 4H,0, MnC,H,O,
- 4H,0 (Sinopharm Chemical Reagent Co., Ltd., Shang-
hai, China), oxalate precipitator and YN;O, - 6H,0O were
mixed in a molar ratio of 1:1:4:1:0.005, 0.01, 0.03, 0.07.
The next steps were the same as the previous prepara-
tions for LLO114. The final products were abbreviated as
LLO114-Y0.5, LLO114-Y1, LLO114-Y3 and LLO114-Y7,
respectively.

2.2 Materials characterization

X-ray diffraction (XRD, Bruker, D8 Advance Davinci) was
applied to analyse long-range structural of the cathodes.
XPS (Kratos, Axis Supra) was performed to observe the sur-
face element ingredient. Inductively coupled plasma optical
emission spectrometry (ICP-OES, Spectro, Spectro Arcos)
was performed as the elemental analysis. A field emission
scanning electron microscope (SEM, Hitachi, S4800) was
utilized to observe the morphology of materials. DEMS
(Linglu Instrument Co. Ltd., Shanghai, China) was used to
monitor the gas production of materials. The required cath-
ode mass load for DEMS was approximately 21 mg-cm™2.
Raman spectrometer (Raman, Renishaw, Renishaw inVia
Reflex) was used to observe the local structure with a 530-
nm excitation laser source. High-resolution lattice fringe
images and EELS mapping were carried out via transmission
electron microscope (TF20, FEI, Tecnai F20).

2.3 Electrochemical measurement

Electrode slurries were produced by mixing active material,
super P carbon and polyvinylidene fluoride (PVDF) binder
through a homogenizer in a mass ratio of 8:1:1. After mix-
ing, the slurries were coated on aluminum foils and dried at
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80 °C for 10 h in an oven. The electrochemical tests were
executed by assembling 2032 coin half cells, which consists
of cathode electrodes, Celgard 2502 membrane as a sepa-
rator and Li metal as an anode. The electrolyte was made
up of ethylene and dimethyl carbonate (3:7 vol ratio) with
LiPF¢ (1.0 M). Galvanostatic charge—-discharge was taken
to cycle the cells in 2.0-4.8 V vs. Li*/Li® at 25 °C on a
LAND-CT2001A battery test system. The current density
of 1.0 C corresponds to 250 mA-g™~!. Galvanostatic intermit-
tent titration technique (GITT) experiment were carried out
on a LAND-CT2001A battery system with 1 h pulse and
2 h rest. The pulse current density was 0.05 C. The electro-
chemical impedance spectroscopy (EIS) was measured in the
frequency range of 101072 Hz (Autolab83710 impedance
analyser).

3 Results and discussion
3.1 Characterizations of the pristine samples

The LLO114 and a series of Y-doped LLO114 samples are
synthesized by solid-state method. In order to seek the opti-
mal Y-doping amount, various compositions of Y-doped
LLO114 samples were prepared by changing Y content from
0.5 at.% to 7 at.%. The electrochemical performances of the
LLO114 and a series of Y-doped LLO114 samples at 0.1 C
are illustrated in Fig. S1. The sample with 3 at.% Y content
(LLO114-Y3) shows the best performance, which is con-
sidered as the optimal doping amount. Therefore, it is used
as modified sample to compare with the pristine sample to
study the effect of Y doping and then is called LLO114-Y for
short. The chemical compositions of LLO114 and LLO114-
Y samples certified by ICP-OES are labeled in Table S1,
presenting nearly the same composition except the doped
Y. The content of Y in doped sample is about 2.7 at.%, con-
sisting with the designed composition. Fig. S2 shows SEM
images of the LLO114 and the LLO114-Y. No difference can
be observed from the images, indicating that Y doping has
no influence on morphology.

As shown in Fig. 2a, b, all diffraction peaks of both sam-
ples can be indexed as a-NaFeO, phase, which is a layered
structure with alkaline metals (Li layer) and transition met-
als (TM layer) alternatively occupy cubic-close-packing
oxygen octahedral. Extra peaks emerging at 20~25° can be
explained by regionally enriched LiTMg ordered arrange-
ment in TM layer, suggesting existence of Li,MnO; phase.
The results show that both of the as-prepared samples
occupy a typical Li-rich layered structure as previous reports
in the samples [27, 28]. Rietveld refinement is used to fit the
experiment patterns using a layered model (Space group:
R-3 m Table S2). Good fittings are achieved with R-weighted
pattern (R,,;) 5.70% for LLO114 and 6.58% for LLO114-Y,
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Fig.2 a, b XRD patterns and single-phase refinement patterns for
LLO114 and LLO114-Y, respectively; ¢ XPS results of Y 3d for
LLO114-Y by etching; d—f Experimental and fitting results of XPS

respectively. Lattice parameters of LLO114-Y is almost keep
the same as unmodified LLO114. Besides, adding Y to Li
site or TM site does not promote the intensity fitting (Fig.
S3). The results indicate that Y doping has no impact on the
bulk structure of LLO114.

To further detect the distribution of Y, surface-sensitive
XPS is performed. Figure 2c¢ shows two peaks at around
151.8 eV and 155.9 eV, indicating existence of Y>* on par-
ticle surface [29]. After etching, the signal of Y disappears,
suggesting that Y does not enter into particle. Figure 2d—f
compares the valence state of Ni, Co and Mn for LLO114-Y
and bare LLO114 by peak fitting [30-35]. The fitting exhib-
its that Ni, Co and Mn of both samples have almost the
same peak area ratios and binding energy. The XPS results
show that introducing Y>* into lattice does not change the
chemical valence states of LLO114. Scanning transmis-
sion electron microscopy electron energy loss spectroscopy
(STEM-EELS) mapping is carried out to directly investigate
the spatial distribution of each element for single grain. As
shown in Fig. 2g and Fig. S4, Ni, Co and Mn element for two
samples exhibit a homogenous distribution, but the element

50 nm Ao .

for Ni 2p, Co 2p and Mn 2p in LLO114 and LLO114-Y; g STEM-
EELS spectrum images for the LLO114-Y. Scale bar, 50 nm

Y for LLO114-Y is enriched at particle surface, consisting
with XPS results. The above analysis demonstrates that the
as-prepared LLO114 and LLO114-Y possess a typical Li-
rich layered structure. Element Y is not incorporated into
the bulk of structure even if it is evenly mixed with other
elements before calcination. In contrast, it segregates out at
particle surface.

3.2 Gas evolution monitor

To evaluate the effect of surface Y doping on the oxygen
release in LLOs, operando gas monitoring of the two sam-
ples was taken via DEMS. As shown in Fig. 3, no obvious
CO, or O, release can be detected in the voltage regime
less than 4.5 V. With the charge to the plateau region of
oxygen activation, a significant CO, gas can be detected on
both sample, but Y-doped LLO114 exhibits less CO, genera-
tion. Previous study has revealed that the CO, gas is mainly
originated from decomposition of organic electrolyte solvent
on the cathode side [36, 37]. The less CO, generation on
LLO114-Y might be related to surface Y covering layer. For
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Fig.3 The initial charge—discharge curves of LLO114 and LLO114-
Y with O, and CO, release rates as detacted by DEMS. The in-situ
cells were cycled at 0.1 °C from 2.0 to 4.8 V

O, evolution, the oxygen release mainly occurs at the end
of the charge, as dramatic O, peak is detected on LLO114
above 4.6 V. Nevertheless, Y-doped sample exhibits little
oxygen release in the whole cycle, indicating that surface
Y doping can effectively suppress the oxygen release. It is
believed that the suppressed oxygen release facilitates better
electrochemical performances and structure stability [38].

3.3 Electrochemical performance measurements

Figure 4a shows the initial charge/dishcharge profiles
of LLO114 and LLO114-Y from 2.0 to 4.8 V at 0.1 °C.
Both of the samples exhibit the staircase charge profiles
and S-shape discharge profiles. The charge capacity of
LLO114-Y is slightly lower than that of LLO114, while
the discharge capacity of LLO114-Y is slightly higher than
LLOI114. Figure 4b shows the capacity contributions of the
initial cycle from different voltage regions. Compared with
the two samples, the capacities from transition metal redox
(TMR) in slope region (< 4.5 V) are keep the same. The
capacities from lattice oxygen redox (LOR) in plateau region
(>4.5 V) are different. LLO114-Y delivers a plateau capac-
ity of 208.1 mAh-g~! lower than LLO114 (212.2 mAh-g™ ).
The reduced capacity is mainly from voltage region above
4.5 V, which involves in irreversible oxygen activation. The
Coulomb efficiency of LLO114-Y sample is higher (82.1%)
than LLO114 (77.9%). The results show that an irreversible
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capacity loss in the initial cycle is suppressed for LLO114-
Y. Cyclic voltammetry measurement is taken to investigate
the initial activation of the electrodes. As shown in Fig. S5,
two oxidation peaks emerge at 4.1 V and above 4.5 V for
both cathodes, respectively. The 4.1 V peak is attributed to
the Li* extraction from lattice and the concomitant oxida-
tion of the Ni and Co ion. The 4.5-V peak represents oxygen
oxidation, which specifically includes both reversible and
irreversible lattice oxygen oxidation. For reduction process,
the main reduction peak presents at about 3.6 V, which
incorporates into a hybrid cationic and anionic contribu-
tion. The peak for LLO114-Y is slightly stronger than that
of the bare LLO114. The results indicate that the oxygen
redox of LLO114-Y is more reversible, which is consistent
with the charge/discharge profiles. Surface Y doping can
act as a stabilizer to suppress the oxygen release and allevi-
ate the irreversible capacity loss. Figure 4c presents cycle
performance of LLO114 and LLO114-Y at 0.5 °C after three
activation cycles at 0.1 °C. After 140 cycles, LLO114-Y
sample shows better cycle performance with 84.15% capac-
ity retention, while the LLO114 sample exhibits rapid capac-
ity fading from 191.8 to 129.1 mAh-g~! after 140 cycles
(capacity retention=67.31%). The coulombic efficiency
of LLO114-Y sample is 95.7%, while LLO114 sample is
94.5%. The rate capacities of the two samples are displayed
in Fig. 4d with different current densities ranging from 0.1 to
10 °C. The specific discharge capacity of LLO114-Y sample
is slightly higher than that of LLO114 sample at the low
rate of 0.1 °C and 0.2 °C. With increased current densi-
ties at 0.5-10 °C, the differences become significant. The
LLO114-Y shows much better rate performances than that
of LLO114. Figure 4e, f shows the charge—discharge profiles
of both samples upon cycling. LLO114-Y exhibits less vari-
ation on the profile shapes than that of LLO114, suggest-
ing a suppressed voltage decay of LLO114-Y. Specifically,
the average discharge voltage decay of LLO114 sample is
2.8 mV per cycle between the first and the 140th cycles,
while the voltage decay of LLO114-Y is suppressed in the
whole cycling (2.5 mV per cycle).

3.4 Structure charaterization after cycling

Postmortem analysis of both samples is taken to investi-
gate structure changes after 140 cycles. Figure 5a—d pre-
sents STEM-EELS line scan from surface to bulk after
140 cycles. The O pre-peak disappeared and the O-K-edge
widened in surface in LLO114 sample, while the inten-
sity of these two peaks of LLO114-Y sample decreased
slightly but the peak shape was still sharp. In addition,
the O pre-peak intensity of LLO114 samples decreases in
subsurface. The reduced ratio of the O—K-edge pre-peak
intensities is attributed to a change in the local environ-
ment of oxygen, especially from the oxygen defect formed
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on the surface [39]. On the other hand, the L edge of Mn
of LLO114 sample moves slightly to a lower value at
near the surface, which indicates that the valence state of
Mn decreases to compensate for the loss of lattice oxy-
gen [40]. The local structures of LLO114 and LLO114-Y
are probed by Raman spectra, which is sensitive to the
short-range orderings. Figure S6 shows the spectra of the
pristine LLO114 and LLO114-Y, which possesses typical
Raman vibration features of LLOs. The peaks approxi-
mately at 595 and 475 cm™! correspond to M—O (Ajy) and
O-M-O bending (E,) vibrational modes of the layered
(R-3 m) phase. The peak about 425 cm~! accompanied
by other slight peaks (at 330 cm™!, 545 cm™!) repesents
Li,MnO; (C2/m) components [41]. Figure Se, f analyses
the Raman spectra of cycled samples via Raman peak fit-
tings. An extra shoulder peak emerges at 631 cm™!, which
is assigned to TM-O vibration of spinel component, sug-
gesting formation of spinel structure after the long cycles
[42, 43]. The integrated intensity ratio of layered compo-
nent to spinel component is used to quantify the structure

Specific cpacity / (mAh-g™")

Specific cpacity / (mAh-g™")

transformatnion (/; :Ig). The value for LLO114-Y is 2.21,
while that of LLO114 is only 1.23. The anlysis indicates
that the layered structure is well maintained on LLO114-
Y surface and significant spinel transformation occurs on
LLO114 surface. The suppressed layered-to-spinel phase
transformation in LLO114-Y is further proved by the
HRTEM images. As shown in Fig. 5g, h, the fast Fourier
transform (FFT) results exhibit that the surface region of
LLO114 consists of a mixed phase (spinel-like phase and
layered phases), while the surface region of LLO114-Y
maintains well-layered structure. Line propfiles (white
line) analyse the TM arrangement perpendicular to (001)
plane. As shown in Fig. 5i, extra atomic peaks can be
detected between two TM layers of LLO114 (marked by
black arrows), indicating TM in Li layer at the particle
surface. Figure S7 shows SEM images of LLO114 and
LLO114-Y after long cycles. The spherical particles of
LLO114 samples have been broken, while LLO114-Y
sample is still intact. In addition, through the above tests,
it is found that the LLO114 sample has a large degree of
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Fig.5 a, ¢ TEM image of a particle of the LLO114 and LLO114-Y,
after cycles; b, d EELS spectrum profiles of LLO114 and LLO114-
Y from the surface to the interior as marked by the solid lines with
the same colour as in a and ¢; Raman spectra of e LLO114 and f
LLO114-Y, after cycling; g, h HRTEM images of the LLO114 and

primary particle phase transformation after a long cycle,
which results in greater stress generated inside the sec-
ondary particles and ultimately leads to particle rupture
[44]. XRD is used to analyse the global structural changes
of the both samples after 140 cycles (Fig. 5k, 1). Models
of layered and spinel phases are used to fit the experi-
ment patterns to quantify the bulk structure transforma-
tion (Table S3). The results show that the phase of spi-
nel in cycled LLO114 reaches 11.85%, while the spinel
phase of cycled LLO114-Y is 6.02%. The larger spinel
structure transformation for LLO114 can be ascribed to
diffusion of the oxygen vacancies into the bulk structure
upon cycling, which causes cation migration. The above
results demonstrate that the surface doping enhances
structural stability of LLOs by reducing irreversible oxy-
gen release. This is due to the fact that the bond strength
of Y-O (714.1 +10.2 kJ-mol~!) is stronger than that of
Ni-O (366 + 30.0 kJ-mol™"), Co-O (397.4 + 8.7 kJ-mol ™)
and Mn-O (362 +25.0 kJ-mol™!). When the Y element is
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LLO114-Y electrode materials after 140 cycles; i, j the related line
intensity profile from edge to center, the black arrows in i indicate
TM in Li layer; XRD patterns and two-phase refinement patterns for
LLO114 k and LLO114-Y 1 after 140 cycles

doped on material surface, it is strong enough to prevent
the surface O from escaping.

3.5 Electrochemical kinetic analysis

GITT is used to investigate more chemical diffusion coef-
ficient of Lit ions. The values of Log(D/Lz) are used to
represent the Li* diffusion coefficient, which can avoid
misestimate due to the semblable size of two particles
(Fig. S2), where D stands for Li* diffusion coefficient, and
L for diffusion distance. The main difference between the
two samples during the first cycle process is that LLO114
sample has a lower Li* diffusion coefficient at the end of
discharge process in Fig. 6a. Anionic redox occurs in this
region accompanied short-range atomic movements asso-
ciated with the repeated oxygen-redox-driven migration of
TM ions [45]. However, due to the existence of irreversible
lattice oxygen redox in LLO114 sample, TMs migration also
becomes irreversible resulting in reorganization of structure,
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Fig.6 Kinetics of LLO114 compared to LLO114-Y: a—c calculated
Li* diffusion coefficients versus specific capacity for LLO114 and
LLO114-Y in the Ist, 2nd and 3rd cycles, respectively; d EIS spectra

which blocks Li* diffusion channel [46, 47]. The Li* diffu-
sion coefficient of LLO114-Y is larger than that of LLO114
sample in the second and third charge—discharge process
(Fig. 6b, c). The discharge terminal of LLO114 sample con-
tinues to be slightly lower than that of LLO114-Y sample,
indicating small structural changes continued during extent
cycle.

Interfacial impedance could be affected by irreversible
lattice oxygen release as well. Electrochemical impedance
spectroscopy was used to show more detailed information
about impedance changes. Figure 6d, e presents Nyquist
plots and fitted plots of each electrode at discharged state
after the first cycle and the 140th cycles. Typical of the EIS,
spectra characteristics mainly consist of three parts [48].
The high-frequency region, the first semicircle, is related
to the diffusion and migration of Li* through solid electro-
lyte interface film on the surface of active material particles.
The second semicircle at high frequencies in Nyquist plot is
related to the transport of electrons inside the active material
particles. The low-frequency region is an oblique line associ-
ated with the solid diffusion process of Li* within the active
material particles. However, due to the large charge transfer
impedance in our data, Warburg impedance is not shown in
the range of 10°~107% Hz. LLO114 exhibits a higher con-
tact impedance than LLO114-Y and similar charge trans-
fer impedance in the first cycle (Fig. 6f). This is due to the

for LLO114 and LLO114-Y in the initial discharge state and e in the
discharge state after 140 cycles; f The Rg;g values of the two samples
were compared after the first and 140th cycles

decomposition of electrolytes by reactive oxygen species,
which release H*, CO and CO,, thus forming non-conduc-
tive solid electrolyte interphase (SEI) [49]. After cycles,
LLO114-Y sample shows a smaller charge-transfer resist-
ance compared to LLO114 sample, implying that catalytic
side reactions at the interface between cathode and elec-
trolyte are suppressed by stable surface oxygen framework.

4 Conclusion

In this work, on the basis of Hume-Rothery rule, element
yttrium has been successfully in cooperated into the parti-
cle surface without diffusing into the bulk lattice in Li-rich
layered oxide cathode Li, ,Ni, ;3Coq ;3Mn; 540,. Due to a
strong bond with surface oxygen, this optimized surface
dopant can suppress oxygen release, and has no any capac-
ity fade. The suppressed oxygen release significantly reduces
the formation of oxygen vacancies, preventing the structure
degradation from surface extending to bulk. As a result, the
sample with no oxygen loss exhibits less irreversible capac-
ity loss and improved cycle performance. Postmortem analy-
sis revealed that Y-doped sample still maintains well-layered
structure even after 140 cycles. Electrochemical kinetic
analysis shows that the Y-doped sample has better electrode
kinetics and smaller polarization due to well-maintained 2D
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Li* diffusion path and less charge transfer resistance. This
strategy is expected to promote the developing progress of
Li-rich layered oxide cathodes with high performances and
also promises to open a door for simple implementation of
surface doping.

Supplementary Information The online version contains supplemen-
tary material available at https://doi.org/10.1007/s42864-022-00165-2.
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