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Ti-Based Surface Integrated Layer and Bulk Doping for
Stable Voltage and Long Life of Li-Rich Layered Cathodes

Dong Luo, Jiaxiang Cui, Bingkai Zhang, Jianming Fan, Peizhi Liu, Xiaokai Ding,

Huixian Xie, Zuhao Zhang, Junjie Guo, Feng Pan, and Zhan Lin*

High-energy-density lithium-rich layered oxides (LLOs) hold the greatest
promise to address the range anxiety of electric vehicles. Their application,
however, has been prevented by fast voltage decay and capacity fading for
years, which mainly originate from irreversible transition-metal migration and
undesirable cathode-electrolyte interfacial reactions. Herein, a Ti-based sur-
face integrated layer and bulk doping, which greatly improve the voltage and
capacity stability of LLOs is synchronously constructed. More importantly,
STEM and Raman results demonstrate that continuous and uniform surface
Ti-based integrated layer is a spinel-like rocksalt structure with Fd-3m space
group, which is built through by several the replacement of Li ions in surface
several atomic layers by Ti ions. After 500 cycles, Ti-150 sample delivers a
capacity retention of 85%, and its voltage decay rate from the 30th to the
500th cycle is only =0.72 mV/cycle. Spectral results and DFT calculations
suggest that bulk Ti-doping mitigates the migration of Mn and Ni ions in the
bulk, while Ti-based integrated layer significantly suppresses surface struc-
ture evolution and interfacial reactions by impeding the generation of surface
Li vacancies during Li extraction as well as preventing direct contact between
electrolyte and active materials.

contribution of both cationic and anionic
reversible redox processes under high
operating voltage (>4.6 V).l Unfortu-
nately, the practical application of LLOs
is still hampered by severe voltage decay
and capacity fading, mostly due to con-
tinuous transition metal (TM) migration
and resultant gradual structural evolution
from layered to spinel or rocksalt phase.[

TM migration or structural evolution
is well known to start from the surface of
LLO cathodes during cycling.’! The gen-
eration of Li vacancies upon delithiation
and serious cathode-electrolyte interfacial
reactions at high operating voltage pro-
vide fundamental driving force for the
migration of surface TM ions.’! Li vacan-
cies lead to severe distortion of TMOg
octahedron and decrease the energy
barrier of TM migration, both of which
promote TM ions migration into the
Li-layer.” Interfacial reactions typically

1. Introduction

The ubiquity of consumer electronics and rapid development
of electric vehicles require next-generation lithium-ion batteries
with higher energy density and longer life, both of which are
mainly limited by cathode materials."! Among the various cath-
odes investigated to date, Li-rich layered oxides (LLOs) have
attracted widespread attention due to their extraordinarily high
reversible capacity (>250 mAh g7).1%l It was well documented
that extraordinary capacity of LLOs is attributed to cumulative

give rise to surface TM dissolution, cor-

rosion and oxygen vacancies, promoting
the surface TM migration.l®l In addition, interfacial reactions
also induce the reduction of Mn*" to Mn** ions upon cycling,
which are known to be vulnerable to migration.”! The syner-
gistic contribution of these two inducements makes the sur-
face TM migration or structural evolution easy to be observed.
Although most of TM migration or structural evolution is usu-
ally observed on the surface, it is demonstrated to propagate
gradually into the bulk.'”] These suggest that surface protection
and defense against structural evolution towards the bulk are
still very essential.
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Due to strong Ti—O bonds and stable valence,”?! Ti*-based
modifications (i.e., bulk doping or surface coating in Table
S1, Supporting Information) have been used to improve the
electrochemical performance of layered cathodes."l Although
Ti-based bulk doping has the effect of stabilizing structure and
mitigating surface structural evolution towards the bulk, it does
not insulate active material from contact with the electrolyte
and hardly suppresses interfacial reactions. Ti-based coating
effectively restrains direct contact of cathode and electrolyte, but
it cannot prevent structural evolution from permeating into the
bulk. What's more, Ti ions are very hard to effectively occupy
surface Li sites of lithium layer by the above two traditional
Ti-based modified strategies. Both of them fail to suppress the
generation of surface Li vacancies during Li extraction, which
may be achieved through the replacement of Li ions on surface
several atomic layers by electrochemical inert cationic ions.!'2l
Therefore, it is very critical to build up combinative protection
of the surface and the bulk to effectively mitigate the voltage
decay and capacity fading of LLO cathodes. However, the con-
struction of the above-mentioned dual protection system by
one-step treated strategy still remains a significant challenge,
especially suppressing the generation of surface Li vacancies.

In this work, we synchronously construct bulk Ti-doping and
surface Ti-based integrated layer by a molten-salt-assisted sol-
vothermal-treatment method. Aberration-corrected high-angle
annular-dark-field scanning transmission electron microscopy
(HAADF-STEM) and Raman spectra prove that continuous and
uniform Ti-based surface integrated layer is a spinel-like rock-
salt structure with Fd-3m space group. It is achieved through
the replacement of Li ions by Ti ions on surface in several
atomic. Thus, this Ti-based surface integrated layer effectively
inhibits interfacial reactions and the generation of surface Li
vacancies, resulting in a slow TM migration or structural evo-
lution. Electrochemical measurement demonstrates that the
combination of Ti-based surface integrated layer and bulk Ti-
doping greatly improves the voltage and capacity stability of
LLOs. After 500 cycles, Ti-150 sample delivers a capacity reten-
tion of 85%, and its voltage decay rate from 30th to 500th cycle
is only =0.72 mV/cycle. In addition, the comparative data of this
work and representative Ti-based coating or doping references
also suggest the dual protective systems effectively enhance the
voltage and capacity stability of LLOs, as shown in Table S1,
Supporting Information. This work provides a new strategy to
enhance both the voltage and capacity stability by the construc-
tion of surface Ti-based integrated layer and its combination
with bulk doping, which is conducive to the practical applica-
tion of LLO cathodes in the near future.

2. Results and Discussion

The Ti-treated samples were obtained by the combination of
solvothermal reaction based on a cladding-regrowth process
and sintering procedure, as shown in Figure la. Under the
solvothermal condition, C;H3cO,Ti is slowly hydrolyzed into
Ti species which uniformly coat on the surface of the pre-
cursor. After sintering with Li,COj;, Ti** ions are successfully
doped into the surface lattices of LLO materials. The structure
and morphology of as-prepared samples were systematically
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examined by X-ray Powder Diffraction (XRD), scanning elec-
tron microscope (SEM) and STEM. XRD patterns of pristine
(PM) and Ti-treated samples are shown in Figure S1, Sup-
porting Information. All samples exhibit similar XRD patterns.
The relatively strong diffraction peaks are well indexed to the
hexagonal o~NaFeO, structure,'®! a typical layered-type struc-
ture with the space group R3-m, while the few weak peaks
between 20° and 25° are attributed to the monoclinic Li,MnO;
phase with the space group C/2m. Moreover, the very small
peak at =30° of XRD patterns for 0.1% and 0.3% Ti sample
(Figure Sla, Supporting Information) can be indexed to Li,COs.
The pair reflections (006)/(012) and (018)/(110) for all samples
are well separated, indicating that all samples have high crystal-
linity, good hexagonal ordering, and layered characteristics.

Cycling performance of all samples are compared in
Figure S2, Supporting Information. The obvious difference in
capacity of Ti-150 and Ti-200 samples is mainly because high
treated temperature of solvothermal reaction results in large
primary particles, as presented in Figure S3, Supporting Infor-
mation. Considering that the samples treated with 0.5 mol%
Ti under 100 °C (Ti-100) and 150 °C (Ti-150) delivers better
comprehensive electrochemical performance than others, we
will focus on the comparative study of Ti-100, Ti-150, and PM
samples. Lattice parameters of PM, Ti-100,and Ti-150 samples
were further examined through structural refinement with the
program GSAS, as presented in Figure 1b—d. The axis ratio c/a
of all the three samples is close to 4.98 (Table S2, Supporting
Information), which indicates that the introduction of Ti** does
not obviously change the lattice parameters of as-prepared sam-
ples. This is because the radius of Ti** lies between that of Mn*',
Ni%*, and Li*, and Ti* occupies synchronously the sites of these
three cations. SEM images of the three samples are shown
Figure le-g. PM and Ti-100 samples present assembled micro-
spheres with a diameter distribution in the range 5-10 um,
while most of the microspheres for Ti-150 sample suffer from
severe destruction. Too much high treated-temperature leads to
a fast hydrolysis of C;sH30,Ti which is not conducive to main-
taining the morphology of assembled microspheres.

To further understand the structure of Ti-treated samples,
aberration-corrected HAADF-STEM was employed to visu-
ally observe atomic arrangement (Figure 2). As displayed in
Figure 2b, the d-spacings of three singed diffraction spots are
4.72, 2.36 and 2.41A, respectively. These values are in accord
with (003), (006) and (101) facets of R-3m layer structure. As
shown in Figure 2c—e, an interlayer spacing of 0.47 or 0.48 nm
is observed from different regions, corresponding to the (003)
plane of LiMO, or the (001) plane of Li,MnOs. The selected
areas in Figure 2c,d demonstrate that Ti atoms are evenly
embedded in the surface of particles and form a stable and con-
tinuous Ti-based integrated layer.

In addition, the regions g, h, and i of Figure 2fh are selected
to probe the evolution of surface structure after modification.
Figure 2g—i clearly demonstrates that the sample is a two-phase
structure. Its bulk phase is the layered phase and its surface is
composed of a spinel-like rocksalt structure Fd-3m phase with
a thickness about 2 nm (Figure 2c¢,d). On the surface several
atom layers, Li atoms are replaced by Ti atoms, suggesting that
Ti-based integrated layer is established. Note that we tried to
provide some overview STEM images as strong evidence for
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Figure 1. a) Schematic synthetic route for Ti-treated samples; the refined XRD patterns of b) PM, c) Ti-150, and d) Ti-100 samples, and e-g) the cor-

responding SEM images.

surface fully replaced regions. However, it is very difficult to
observe atom distribution in overview STEM images due to
limited magnification. Therefore, STEM images with medium
magnification (Figure S4, Supporting Information) were
employed, in which atomic distribution between the surface
and the bulk is observed faintly. For a clear view, the randomly
selected HADDF-STEM images (Figure 2c—i) were investigated.
Surface Ti-based integrated layer in all these HADDF-STEM
images is continuous and uniform. Based on the above evi-
dences, we believe that a Ti-based integrated layer has been
achieved in our Ti-treated samples. This continuous and uni-
form Ti-based integrated layer serves as a stable wall which will
protect LLO cathodes from the corrosion of electrolyte and sup-
press the surface TM dissolution.
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In the bulk, the cross-section SEM-EDX maps (Figure S5,
Supporting Information) demonstrate that Ti atoms occupy part
TM lattices, which act as the second defensive line to impede
bulk TM migration. Notably, there are some work about Li-sites
partially doped by electrochemical inert cationic ions.'? They
seem similar to this Ti-based surface integrated layer and bulk
doping, but there are three fundamental differences: 1) In order
to make full use of doping in Li-sites to suppress the genera-
tion of surface lithium vacancy upon delithiation, doping of Li-
sites are controlled to occur only on the surface integrated layer;
2) Doping of Li-sites induces the formation of continuous and
uniform spinel-like rocksalt structure Fd-3m phase on the par-
ticle surface; 3) In the bulk, Ti ions are partially occupied TM
sites to mitigate surface structural evolution towards the bulk.
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Figure 2. The STEM images of Ti-150 sample: a) low magnification, b) the corresponding selected area electron diffraction pattern, c—i) HAADF-STEM

images of different regions.

These three differences may be very useful in suppressing the
generation of surface Li vacancies during Li extraction, undesir-
able interfacial reactions, and structural evolution.

Figure 3 and Figure S6, Supporting Information, illustrate
the electrochemical performance of PM and Ti-treated sam-
ples tested between 2.0 and 4.8 V. The initial discharge capacity
of PM, Ti-150 and Ti-100 samples at 0.1 C is 283.3, 276.9 and
269.9 mAh g7, respectively, as displayed in Figure S6a—c, Sup-
porting Information. All the initial charge/discharge curves of
the three samples consist of a slope region and a long plateau.
The slope region (3.9-4.36 V) is attributed to the extraction of
lithium ions from the layered structure and the oxidation of
Ni%*.[6] Inn addition, the long plateau above 4.5 V aligns with the
Li-ion extraction process and oxygen release from the Li,MnO;
component which lead to a large initial irreversible capacity
loss, as well as the formation of MnO,-like phase.['”! Compared
with PM sample, Ti-treated samples seem to exhibit better sta-
bility towards the voltage decay regarding the evolution of their
discharge profiles in 200 cycles, as exhibited in Figure 3a—c.
This improved voltage stability is ascribed to the combination
of surface Ti-based integrated layer and bulk Ti-doping which
prevents the cathode against layered-to-spinel phase transition
during cycling.

To investigate the influence of surface Ti-based integrated
layer and bulk Ti-doping on phase transition, the corresponding
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dQ/dV curves of typical cycles for the three samples are plotted
in Figure 3d-f and Figure S6d—f, Supporting Information. For
all samples, the peak pair at about 4.0 V region is ascribed to
extraction and insertion of Li* from the Li layer along with
Ni2*/** redox similar to a normal layered structure (R-3m space
group)."® The other peak couple at about 3.0 V corresponds
to the redox of Mn*/3* in spinel phase and layered struc-
ture.’”] These peaks are also observed in cyclic voltammetry
(CV) curves, as presented in Figure S7, Supporting Informa-
tion. With further cycling, the oxidation peaks of PM sample
(Figure 3d) move towards high potential, while the reduction
peaks show a big shift to lower potential. This suggests signifi-
cant cathode-electrolyte interfacial reactions have been occur-
ring during cycling, which leads to an improved polarization.
Differently, most of redox peaks for Ti-treated samples maintain
stable position with cycling (Figure 3e,f). For the dQ/dV curve
of the 200th cycle, the reduction peak position of Mn*"/Mn3* for
PM sample has entirely shifted to spinel region, while that for
Ti-treated samples almost locates in its original position. These
results of dQ/dV curves prove surface Ti-based integrated layer
and bulk Ti-doping greatly helps to mitigate interfacial reaction
and stabilize lattice structure.

The cycling performance of PM, Ti-100, and Ti-150 samples
at 1 C is shown in Figure 3g. After 200 cycles, the discharge
capacity of PM electrode decreases from 254.5 to 159.8 mAh g},
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Figure 3. Electrochemical performances of all samples. a—c) The charge-discharge curves of PM, Ti-150, and Ti-100 cathode materials at 1 C between
2.0 and 4.8 V at room temperature, d—f) the corresponding dQ/dV curves of samples in the voltage range of 2.0-4.8 V for the 10th, 50th, 100th, 150th

and 200th cycles, and g) extra-long cycling life at T C of the three samples.

exhibiting a serious capacity fading. The cycling stability of
Ti-treated samples has a great improvement. The discharge
capacity of Ti-150 sample is still as large as 235.0 mAh g! after
300 cycles. Even after 500 cycles, its capacity retention ratio is
still higher than 85%. SEM images (Figure 1g,f) indicate the
fracture morphology and large cracks in Ti-150 sample, which
are very slight in Ti-100 sample. However, the long cycling
stability of Ti-150 sample is much better than that of Ti-100
sample, which is due to the following reasons. The fracture
morphology and large cracks of Ti-150 sample are caused by
the precursors with some fragile microspheres which are easy
to break during the treated process. Without treatment, these
fragile microspheres are likely to crack upon long cycling. Note
that the newly generated cracks during cycling should lack
surface Ti-based integrated layer. It is very unfavorable for the
stability of the surface structure. Differently, surface Ti-based
integrated layer can be built in the cracks generated during
the treated process. That is, the treated process simply breaks
the fragile microspheres ahead of time to protect its surface.

Adv. Funct. Mater. 2021, 31, 2009310
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Therefore, the Ti-150 sample show better long cycling stability
than the Ti-100 sample.

As presented in Figure S8, Supporting Information, the
voltage decay rate from the 30th to 200th cycle of Ti-150 and
Ti-100 is =1.06 and 1.05 mV/cycle, respectively, while that of
PM sample is higher than 3.54 mV/cycle. The voltage decay
rate from the 30th to the 500th cycle of Ti-150 and Ti-100 is as
small as 0.72 and 0.90 mV/cycle, respectively. Notably, both the
discharge capacity of Ti-100 and Ti-150 samples displays a very
slow enhanced process. Their maximum discharge capacity is
219.3 mAh g at the 223rd cycle and 235.2 mAh g at the 278th
cycle, respectively. Such a slow enhanced process is closely
related to surface Ti-based integrated layer, which acts as a wall
and greatly mitigates the activation rate of Li,MnO; compo-
nent. In addition, the inhibition of surface Ti-based integrated
layer on interfacial reactions also ensures slow growth of dis-
charge capacity.

To determine the surface oxidation state of Mn in PM, Ti-150,
and Ti-100 samples, Mn 3s and Mn 2p spectra are analyzed in

© 2021 Wiley-VCH GmbH

85UB017 SUOWIWIOD BA1IE81D) 8|cealidde 8y Aq peusenof a2 sojoiiie YO ‘SN JO S8|ni o} Akeuq18UlUO A8]IA UO (SUOTPUOD-PUR-SLLIBI WD A8 | AReiq 1 puljuo//:Sdny) SUONIPUOD pue Sws | 81 8eS *[5202/TT/y2] Uo A%iqiauliuo A8|IM ‘Usyzusys JO umo L AIsieAIun A 0TE60020Z WIPe/Z00T OT/I0p/w0d A3 1M ARIq1jeul|uo peouenpe;/scily Wolj pepeojumoq ‘vT ‘T202 ‘82089T9T



ADVANCED
SCIENCE NEWS

ADVANCED
FUNCTIONAL
MATERIALS

www.advancedsciencenews.com

combination. Before cycling, the binding energy of all Mn 2p;,
peaks for as-prepared PM, Ti-150, and Ti-100 samples locates
at >642 eV region, and they all have a full width at half-max-
imum (FWHM) much less than 3 eV (Figure S9, Supporting
Information). It indicates that Mn ions in the three samples are
present as Mn*".12% This verdict is further demonstrated by Mn
3s spectra, as displayed in Figure S10a—c, Supporting Informa-
tion. The splitting energy of the double peaks in Mn 3s spectra
of PM, Ti-150, and Ti-100 samples are severally 4.55, 4.55, and
4.61 eV, conforming to Mn ions with a valence state of +4.21 In
addition, Ni 2p spectra of as-prepared PM, Ti-150, and Ti-100
samples are also exhibited in Figure S11, Supporting Informa-
tion. Their splitting values between Ni 2p,;, and 2p;, peaks are
17.37, 1742, and 1745 eV, respectively. It suggests that the valence
state of Ni ions in the three samples is +2.2%

After 100 cycles, the full width at half maximum (FWHM)
of all Mn 2p;, peaks for cycled PM, Ti-150, and Ti-100 samples

www.afm-journal.de

is over +3 eV, and the splitting energy of the double peaks in
their Mn 3s spectra is also larger than 4.7 eV, as presented in
Figure S9d—f, Supporting Information, and Figure 4a—c. All of
these prove that part Mn®" ions emerge in the cycled samples.
In addition, the splitting value for cycled PM, Ti-150 and Ti-100
samples is 5.47, 4.95, and 4.96 eV, and the ratio of Mn>" to Mn*"
based on the fitted results of Mn 2p spectra is 0.86, 0.15, and
0.19, respectively. These data demonstrate that the introduction
of surface Ti-based integrated layer effectively inhibit interfacial
reactions, which is beneficial to the stability of redox couples
and bulk structure during cycling.

The surface corrosion of PM, Ti-150, and Ti-100 samples
before and after cycling is further investigated by using O 1s
spectra (Figure 4d—f; Figure S10d-f, Supporting Information).
Before cycling, there is a strong peak at 529.4 eV, corresponding
to the lattice oxygen of LLOs,?3l which gradually shifts to higher
binding energy (529.9 and 529.7 eV) for the Ti-treated samples.
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Figure 4. Mn 3s and O 1s XPS spectra and Raman spectra after 100 cycles. a,d,g) PM, b,e,h) Ti-150, and c,f,i) Ti-100.
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It is because the introduction of Ti atoms enhances electronic
interaction. The peak I at 533.1 eV is assigned to active oxygen
species on the surface or the impurity of adsorbed species, such
as Li,CO3,?4 and the peak II at 531.6 eV corresponds to surface
oxidized species.” The relative intensity of both the peak I and 11
for PM sample is higher than that for Ti-150 and Ti-100 sam-
ples, which suggests PM sample has a sensitive surface which
is rich in residual lithium.

It is hard to observe the peak of lattice oxygen in O 1s spectra
of PM, Ti-150, and Ti-100 samples after 100 cycles, as shown
in Figure 4d-f. The disappearance of this peak suggests all
samples undergo interfacial reactions during cycling. Some
by-products are deposited on the surface of active materials,
which affects the detection of XPS on lattice oxygen due to the
limitation of detection depth. Table S3, Supporting Informa-
tion, exhibits the ratios of the peak I/II for the cycled samples,
in which the value of cycled PM sample (0.83) is about twice
as much as that of cycled Ti-treated samples (0.40 and 0.43).
This indicates that cathode-electrolyte interfacial reactions for
PM sample is more serious than that for Ti-treated samples.[2%]
Therefore, O 1s data further demonstrate that the surface Ti-
based integrated layer effectively mitigates interfacial reactions
during cycling.

The Raman spectroscopy was employed to provide infor-
mation on the general surface structure of a material, and
investigate the surface phase evolution of cycled electrodes.
Figure S10g—i, Supporting Information, and Figure 4g—i com-
pare the Raman spectra of PM and Ti-treated samples before
and after cycling. Being consistent with the results of XRD and
STEM analysis, the signals of LiMO, and Li,MnO; compo-
nents are clearly observed in Raman spectra of all the three as-
prepared samples. The peak I at 605 cm™ is the feature of Ay,
vibration mode for layered LiMO, structure,””) and the other
strong peak at 630 cm™ (peak II) can be assigned to the A,
mode of monoclinic Li,MnOj5 structure.l?®! Differently, a slight
peak at 655 cm™! (peak I1I) only emerges in the Raman spectra
of Ti-treated samples, while is absent in that of PM sample, as
presented in Figure S10g—i, Supporting Information. The peak
I11 is attributed to the spinel-like phase.[?”) This is because some
Ti ions replace part of surface Li sites in Li layer and induce
the formation of spinel-like phase. Therefore, the combination
of STEM and Raman results demonstrate that the surface Ti-
based integrated layer is a spinel-like rocksalt structure with
Fd-3m space group.

After 100 cycles, Raman spectra of cycled PM and Ti-treated
samples are shown in Figure 4g—i. The peak II assigned to mon-
oclinic Li,MnOj; structure is hard to be observed in the Raman
spectrum of cycled PM sample, while has a few reservations in
that of cycled Ti-treated samples. The typical diffraction peak
of monoclinic Li;MnOj; structure still exists in XRD pattern
of cycled Ti-treated samples and absents in that of cycled PM
sample, as presented in Figure S12, Supporting Information.
These phenomena suggest that Li,MnO; component has been
activated completely in cycled PM sample, and the activated
process needs to continue in cycled Ti-treated samples even
after 100 cycles. The very slow activated procedure is related to
the continuous and uniform surface Ti-based integrated layer:
1) Strong Ti—O bonds moderately increase the resistance, as
demonstrated by electrochemical impedance spectroscopy (EIS;
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(a) Initial configuration

«Oxygen o TMion @ Liion @ Tiion < Livacancy

Figure 5. a) The effect of partial Ti in Li-sites on structural stability under
charging state simulated by DFT calculations, and b) schematic illustra-
tion of the important function of surface Ti-based integrated layer at high
work voltage.

Figure S13 and Table S4, Supporting Information); 2) Ti in Li
sites hinder the transport of Li-ions, resulting in a low diffu-
sion coefficient of Li* (Figure S14 and Table S5, Supporting
Information). In addition, the value of area ratio for the peak III
in the Raman spectrum of cycled PM sample has increased
by 29.65%, while that of cycled Ti-100 and Ti-150 samples has
only increased by 11.53% and 15.10%, respectively, as listed in
Table S6, Supporting Information. This indicates that the com-
bination of surface Ti-based integrated layer and bulk Ti-doping
significantly mitigates the layered-to-spinel evolution.

From the above discussion, we confirm that both bulk Ti-
doping and surface Ti-based integrated layer have a key role in
the structural and interfacial stability of LLO cathodes under
deep delithiation. Density functional theory (DFT) calcula-
tions were employed to interpret the effect of partial Ti in Li-
sites on structural stability under charging state, as displayed
in Figure 5a. The slab surface was modeled using four layers
monoclinic-Li,MnOj; (131) surface, which has been proven to be
the most stable surface of layered metal oxides and is equiva-
lent to the rock-salt (001) surface. To simulate the charged state
of Li;MnO;, we deleted Li-ions from the Li,MnO; (131) surface.
The Ti-doped Li;MnO; were also modeled by replacing partial
Li-ions with Ti ions. The stability of slab surfaces was assessed
by relaxing the configurations after the consideration of lithium
extraction. The right insets suggest that two adjacent O-ions on
Liy,MnOj; (131) surface underwent dimerization and formed an
oxygen dimer with an O—O bond length of 1.24 A. However,
the Ti-doped (131) surfaces maintain stable polyhedrons after
relaxation. DFT calculations demonstrate partial Ti in Li-sites
can greatly enhance the structural stability of LLO cathodes
under deep charged state.

In addition, the important function of surface Ti-based inte-
grated layer at high work voltage is debated vividly in terms of
the schematic illustration in Figure 5b. When LLO cathodes sit-
uate in deep delithiation state, there are lots of Li vacancies in
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crystal lattice. At this point, the Mn and Ni ions tend to migrate
towards the Li vacancies to form a new structure with low
energy. Most of the migration in bulk is inhibited very well by
bulk doping, especially the cations that can form stronger M—O
bonds, such as Ti, V, Cr, and Zr based on the density function
theory (DFT) calculations of Wang et al.”’?l However, the surface
migration phenomenon is extremely difficult to be controlled
by single bulk doping due to multiple drives of cathode-elec-
trolyte interfacial reactions, Li and oxygen vacancies. These are
why phase evolution always begins on the surface of layered
cathodes.

This work discovers that the voltage decay and capacity
fading of LLO cathodes are effectively mitigated by the combi-
nation of surface Ti-based integrated layer and bulk Ti-doping.
It is due to the following reasons: 1) Continuous and uniform
surface Ti-based integrated layer not only prevents direct con-
tact between electrolyte and active materials, but also sup-
presses the generation of Li vacancies in several atomic layers
on surface. It therefore greatly inhibits interfacial reactions and
surface structure evolution; and 2) electrochemical inert Ti*"
ions also play a pillar, which further restrains the migration
of Mn and Ni ions and improves the structure stability. Note
that we also found excessive Ti-treatment negatively impacts
cycling performance (Figure S2, Supporting Information). The
transport channel of Li ions is impeded when too many atomic
layers of surface Li ions are fully replaced by Ti ions. There-
fore, moderate Ti-treated amount (=0.5% in this work) not only
improves the voltage and capacity stability, but also allows Li
ions’ transport smoothly in the electrode.

3. Conclusions

In summary, STEM and EDX-mapping prove bulk Ti-doping
and surface Ti-based integrated layer are constructed suc-
cessfully by the molten-salt-assisted solvothermal-treatment
method. Liions on surface in several atom layers are completely
replaced by Ti ions, forming a continuous and uniform surface
Ti-based integrated layer. Electrochemical measurement indi-
cates that the capacity retention of Ti-150 sample is still higher
than 85% after 500 cycles, and its voltage decay rate from the
30th to the 500th cycle is as small as 0.72 mV/cycle. In terms
of spectral results and DFT calculations, such excellent voltage
and capacity stability is because bulk Ti-doping mitigate the
migration of Mn and Ni ions in bulk due to the stronger Ti—O
bonds, while surface Ti-based integrated layer significantly sup-
presses interfacial reactions and surface structure evolution by
building a very continuous and uniform wall to prevent the
generation of surface Li vacancies and direct contact between
electrolyte and active materials. The construction of Ti-based
integrated layer and its combination with bulk doping provide
a new direction for the development of advanced Li-rich layered
cathodes in the near future.
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