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ABSTRACT: The high-nickel layered oxides are potential candidate cathode
materials of next-generation high energy lithium—ion batteries, in which higher
nickel/lower cobalt strategy is effective for increasing specific capacity and reducing
cost of cathode. Unfortunately, the fast decay of capacity/potential, and serious
thermal concern are critical obstacles for the commercialization of high-nickel oxides
due to structural instability. Herein, in order to improve the structure and thermal
stability of high-nickel layered oxides, we demonstrate a feasible and simple strategy
of the surface gradient doping with yttrium, without forming the hard interface
between coating layer and bulk. As expected, after introducing yttrium, the surface
gradient doping layer is formed tightly based on the oxidation induced segregation,
leading to improved structure and thermal stability. Correspondingly, the good
capacity retention and potential stability are obtained for the yttrium-doped sample,
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together with the superior thermal behavior. The excellent electrochemical
performance of the yttrium-doped sample is primarily attributed to the strong
yttrium—oxygen bonding and stable oxygen framework on the surface layer. Therefore, the surface manipulating strategy with the
surface gradient doping is feasible and effective for improving the structure and thermal stability, as well as the capacity/potential

stability during cycling for the high-Ni layered oxides.
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1. INTRODUCTION

Lithium—ion batteries (LIBs), when talking about electric
vehicles and off-peak grid energy storage, have drawn extensive
attention as the most workable candidate due to their energy
clensity.1 Among all the intercalation cathode materials, high-
Ni layered oxides are the most probable commercially available
cathode materials with high specific capacity and low cost.”’
To further elevate the energy density of high-Ni layered oxide
cathodes, increasing the Ni content, especially for Ni content
over 90%, is considered to be a feasible technological approach
to meet the need for higher specific capacity.

Despite the high efficiency in extracting more energy
density, these cathode materials are confronted to poor cycling
performance with increasing the Ni content in layered oxides.
In particular, the capacity and potential decay of high-Ni
layered oxide cathodes are mostly attributed to structural
instability on the surface layer at the delithiated state,
accompanied simultaneously with microsphere cracks and
electrolyte consumption upon cycling.”> The instability on the
surface layer could further induce the bulk structure
deterioration from layered structure into spinel and/or rock-
salt phases, inherently leading to sluggish lithium ion kinetics,
and thus bringing fast capacity fading, potential decay, and
mechanical degradation.’ In the meantime, the electrolyte
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decomposition on the cathode/electrolyte interface, and
oxygen evolution from the newly exposed surface on oxide
microcracks can trigger thermal runaway of the battery.”
Hence, the achievement of structural and thermal stability of
high-Ni layered oxide cathodes is critical for developing high
energy density LIBs.

The surface structure manipulating, such as coating, core—
shell structure, and heterostructure, is proved to be effective for
enhancing the cycling stability by reducing the interface
parasitic reaction.” '’ However, the structural mismatch on
the hard interface between host sample and coating
component causes unavoidable separation of coating layer
and unstable protection of active materials upon long-term
cycling."" In addition, the wet coating process may change the
surface pH value or generate an impure phase. Foreign element
doping, such as cation, anion, and dual-element doping, is
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Figure 1. (a) Schematic working mechanism of high-Ni oxide with the yttrium surface gradient doping. (b) Element selection for dopant inclining
to segregate onto the oxide surface, and to suppress the oxygen evolution based on two criteria (M—O bond energy and formation energy of metal

oxides).

helpful for improving the electrochemical cycle stability of
high-Ni layered oxide cathode by inhibiting phase transi-
tion;*™'* however, the working mechanism of thermal
stability is still under investigation.

It is well-known that the structure deterioration occurs
initially on the surface, and then expands §radually into the
bulk of high-Ni oxides during cycling.l Especially, the
structure degradation is highly related to the oxygen release
at the surface,"®'” which is the driving force for the cation
migration in the bulk. Furthermore, the oxygen release at the
delithiated state could trigger the thermal instability of oxide
cathode.'® Therefore, strengthening the surface oxygen is the
key issue to the structural and thermal stability of high-Ni
oxide cathodes.

As a rare earth element, yttrium is a promising candidate of
doping in layered oxide cathodes due to its high oxygen
affinity. Previous studies indicate that yttrium prefers to occupy
the lithium layer in the layered oxide due to similar ionic radius
to Li* (r;* = 0.76 A, ry>* = 0.89 A)."”*' Thus, yttrium cations
could serve as pillar ions to stabilize the structure framework of
the layered oxide upon lithium insertion/extraction. Impor-
tantly, yttrium possesses a strong bonding with oxygen to
suppress the oxygen release at the delithiated state, beneficial
to the thermal stability of high-Ni oxides.”

In this work, yttrium is elected as a doping element for the
improvement of the structural and thermal stability of high-Ni
oxide LiNig3C0q,0, (termed as NC hereafter), based on the
oxidation induced segregation of yttrium to the surface.””**
Different from the conventional surface coating with the
obviously hard phase interface to foreign materials,” the
continuous gradient distribution of yttrium in the surface
doping layer could be formed without the separate phase
interface (Figure 1), which would be more effective in
facilitating fast lithium diffusion, preserving mechanical
integrity, and suppressing transition metal (TM) dissolution.
Correspondingly, the Y-doped high-Ni oxide Li-
Nig9;C0007Y0.020, (termed as NCY hereafter) delivers
excellent performance in terms of capacity retention and
potential stability.

2. EXPERIMENTAL SECTION

2.1. Sample Preparation. The spherical Nijy3Coy0,(OH),
precursors were prepared by coprecipitation method using a
continuously stirred tank reactor under N, atmosphere. A 1 M
mixed transition metal solution of NiSO,-6H,O and CoSO,-7H,0
(molar ratio of Ni:Co is 93:7), and a 2 M base solution (NaOH and
NH,;-H,0 with a molar ratio of NaOH:NH;-H,0 = 5:3) were
separately pumped into the tank reactor. The pH (11.0), temperature
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Figure 2. High-temperature in situ XRD patterns for the structural evolution from hydroxide precursor to oxide. (a) NC precursor with LiIOH (* is
indexed to spinel structure), and (b) NCY precursor with LiOH (P: precursor, RS: rock-salt, L: layered). XRD patterns and Rietveld refinements of

(c) NC and (d) NCY oxide powders.

(50.5 °C), and stirring speed (600 rpm) were strictly controlled
through the coprecipitation process. After washing, filtering, and
drying, the as-obtained Nij;Cog0,(OH), powder was mixed with
LiOH at 2% excess in molar ratio, and then calcined at 760 °C for 10h
under flowing oxygen, to obtain LiNijg3;Co0g;0,.

To prepare LiNijg;C0¢7Y00,0,, stoichiometric amounts of YCl;-
6H,0 and citric acid (molar ratio 1:2) were dissolved in deionized
water, and then the desired amount of NH;-H,O was added to form
solution with pH at 9. The yttrium solution and transition metal
solution were simultaneously fed into the reactor at the same feed rate
to obtain Niyg,C0g0,Y002(OH), precursor. Then, the mixture of
precursor powder and LiOH (molar ratio of Li:(Ni+Co+Y) = 1.02:1)
was calcined at 760 °C for 10 h under O, atmosphere.

2.2. Electrochemical Measurements. Active material, poly-
(vinylidene) fluoride (PVDF), and Super P (weight ratio is 8:1:1)
were radically mixed in N-methyl-2-pyrrolidone (NMP), followed by
coasting slurry on Al substrate foil and drying at 110 °C overnight to
obtain cathode. Then, the cathode was punched into discs with a
diameter of 10 mm, and the corresponding loading mass of active
material was 2—3 mg cm™>. The 2032 coin cells were fabricated with
as-prepared cathode, Li metal anode, electrolyte, and Celgard 2400
separator in Ar-filled glovebox. The electrolyte consists of 1 M LiPFy
in ethyl carbonate and dimethyl carbonate (EC:DMC = 3:7 in
volume). The coin cells measurements (galvanostatic charge/
discharge, rate, GITT, and open-circuit voltage tests) were performed
on Land CT2001A battery test system at 25 °C, at 1C rate of 200 mA
g”', and between 2.8—4.3 V. EIS measurements were carried out
using Zahner IM6e in a frequency range from 100 kHz to ImHz with
a S mV potential perturbation. For GITT tests, all cells were activated
at 20 mA g~ between 2.8—4.3 V for three cycles. And then, 10 min
galvanostatic charge/discharge pulses (20 mA g™') were applied to
cells, followed by a 40 min relaxation period. The sequence was
repeated until cell potential reached 4.5 and 2.8 V.

2.3. Material Characterization. X-ray photoelectron spectros-
copy (XPS, ESCALAB 250Xi) was applied to assess the elements and
chemical states. Depth analysis was measured by Ar ion etching for

20s and repeated three times. All spectra were calibrated referenced to
C 1s line at 284.8 eV. X-ray diffraction was carried out to investigate
crystalline phase and phase transition upon heating using Cu Ka
radiation utilizing Rigaku SmartLab together with high-temperature
attachment. The morphology, surface lattice, and elemental mapping
of sample were examined by SEM (JEOL-JSM7800F), TEM
(TECNAI G2 F20), and EDS (Bruker Quantax 200), respectively.
The thermal analyses were performed using DSC (NETZSCH
204F1) from 50 to 300 °C and TGA (Mettler Toledo) from 50 to
600 °C both at a scan rate of 5 °C min~' under Ar atmosphere. For
cycled electrode characterizations, the cells were carefully dis-
assembled, washed using DMC, and dried in Ar-filled glovebox.

3. RESULTS AND DISCUSSION

In order to characterize the crystallization of NC and NCY
oxides in the synthesis process, the high-temperature in situ
XRD patterns were collected from 40 to 760 °C. As shown in
Figure 2a,b and Supporting Information (SI) Figure S1, XRD
patterns display combining peaks of LiOH and hydroxide
precursor at the beginning. With increasing the calcination
temperature, XRD patterns for both samples remain almost
unchanged. However, the peaks of hydroxide precursor,
represented by (001), (100), and (101) peaks, vanish abruptly.
In the meantime, two new (111) and (200) peaks associating
with rock-salt structure appear at about 240 °C. It means that
the rapid structure transition from quasi-layered hydroxide
precursor (P3m1) to Li-free rock-salt structure (Fm3m) occurs
due to dehydration of both NC and NCY precursors with
increasing the calcination temperature. With further increasing
the calcination temperature, the (111) and (200) peaks
successively shift to higher angles together with the gradual
disappearance of LIOH peak, indicating the complete insertion
of Li-ions into the rock-salt structure. Compared with NC, the
oxidation induced segregation of yttrium could occur for NCY
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Figure 3. SEM images of (a) NC and (b) NCY microspheres. (c) The relative contents of Ni, Co, and Y as a function of etching depth based on
XPS spectra for NCY. (d) EDS mappings with the line scan profile of NCY. (e) HRTEM images and (f) the inverse fast Fourier transform images
near the surface of NC and NCY. The white arrows highlight the edge dislocations, and the white dash line indicates the dislocation line.

under oxygen environment during the calcination due to the
high affinity of yttrium to oxygen. Specifically, for NC, the
insertion of Li—ions into the structure takes place at above 250
°C, accompanied gradually with the appearance of the spinel
structure. When the temperature reaches up to 760 °C, the
spinel structure is finally transferred into Li-containing layered
structure. However, a trace of spinel phase in NC sample is still
observed before 760 °C. At the end of the calcination process,
a trace of spinel peaks disappears quickly and the peaks related
to layered structure become sharp, demonstrating the complete
crystallization in the layered structure. In the case of NCY, the
structure evolution is more convenient, and the Li-free rock-
salt structure can be quickly converted to the layered structure
from 240 to 760 °C, without a trace of spinel phase. In
particular, the emergence of (003) peak as a typical layered
structure feature can be detected at the temperature as low as
420 °C, indicating the facilitation of the initial nucleation for
layered oxide and the improvement on cation ordering.
Consequently, as shown in XRD patterns, the as-prepared
NC and NCY oxides have a rhombohedral layered structure
with no impurity phase (Figure 2¢,d). In the LiMO, layered
structure, Ni partially enters Li sites in the Li-layer, resulting in
Li/Ni cation disordering.”® Comparatively, NCY oxide exhibits
a higher degree of Li/Ni cation ordering, evidenced by the
intensity ratio of (003)/(104) peaks (2.04 for NCY, and 1.31
for NC). In the meantime, as indicated by the Rietveld
refinements, the Ni content in the Li layer is decreased slightly
from 2.34% to 1.87%, which could be beneficial to the cycle
stability of the layered oxides. However, after doping with
yttrium, a slight shift of (003) diffraction peak to lower angle is
observed, accompanied by a mild enlargement in c-axis
direction (SI Figure S2 and Table S1). It means that yttrium
could be enriched onto the surface layer as demonstrated in
the following figures, instead of doping in the bulk structure of
high-Ni layered oxide.

As shown in Figure 3a,b, both NC and NCY samples exhibit
micrometer-spherical morphology with uniform distribution of
secondary particles. Different from NC hydroxide precursor
and oxide sample, both NCY hydroxide precursor and NCY
oxide microsphere are assembled tightly with obviously smaller
primary hydroxide or oxide grains (SI Figure S3). It means that
the yttrium dopant has an obvious influence on the initial
nucleation of hydroxide precursor and oxide grains, which
could be impactful on the morphology and microstructure of
final samples in the subsequent calcination. In the meantime, it
is likely that yttrium tends to the surface segregation due to the
strong formation energy of yttrium oxides (SI Table S2), which
inhibits the further growth of primary grains during lithiation
process.””** In order to confirm the distribution of yttrium on
the surface layer, X-ray photoelectron (XPS) depth profile
analysis of NCY sample by Ar-ion etching is implemented. As
shown in SI Figure S4a, the intensities of Ni and Co peaks are
gradually increased; , however, the intensity of Y peak is
progressively decreased with increasing etching depth.
Specifically, the Y 3d;;, peak of NCY cathode is located at
156.4 eV, which is attributed to Y>*. And the relative content of
yttrium decreases gradually from 21% to 1% with increasing
etching depth up to around 4.39 nm (Figure 3c),
demonstrating a continuous gradient distribution of yttrium
from the surface toward the bulk.

The gradient distribution of Ni, Co, and Y near the surface
region can be further observed on mapping scan images in
Energy dispersive spectra (EDS) (Figure 3d). The Ni and Co
elements are evenly dispersed across the microsphere particle,
while the yttrium element is clearly enriched on the surface
layer, consistent well with the line scan profile analysis. This
segregation phenomenon of yttrium is also reported in YSZ
ceramic or metal oxides.”””" Although the yttrium surface
segregation is demonstrated here; however, there is no hard
interface or phase boundary on the surface doping layer of
NCY oxide as shown from HRTEM image (Figure 3e),
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Figure 4. (a) The charge/discharge curves of NC and NCY cathodes at 0.1C rate. (b) dQ/dV profiles of two cathodes derived from the charge/
discharge curves. (c) Long-term cycling performance at 1C rate. (d) The charge/discharge midpoint potential evolution of two cathodes upon
cycling. (e) The discharge capacities of two cathodes obtained at various C-rates. (f) The open-circuit potential evolution of two cathodes during

resting for S0 h at 25 °C.

indicating the good surface structure integrity. Of course, the
microstructure changes arisen from yttrium doping are still
observed, including the lattice expansion and defects on the
surface layer. In the case of NCY, the interplanar spacing of
0.475 nm, indexed to the (003) plane, is slightly wider than
that in NC due to the large ion radius of yttrium. In addition,
the slightly decreased signal of lattice lithium bonding at 53 eV
is shown in Li 1s core level of NCY (SI Figure S4b), due to the
surface yttrium doping in lithium layer,”" leading to a mild
lattice expansion and a trace of defects on the surface layer.
Typically, for NCY oxide, a few lattice distortions (stacking
fault, consisted of a series of edge dislocation) coexist with
crystalline lattices at the surface layer as shown in inverse fast
Fourier transform (IFFT) image (Figure 3f), due to the slight
altering of the local environment by doping large yttrium ions.
Such lattice distortions with fixing large yttrium ions in lithium
layer could act as a protective screen, blocking the structure
deterioration from the surface into the bulk during long
cycling.®” It means that the surface gradient doping with
yttrium may contribute to the structure integrity and the
consequent electrochemical stability during cycling.

The surface gradient doping shows a good advantage for
improving the electrochemical performance of high-Ni layered
oxide cathodes between 2.8 and 4.3 V. As shown in Figure 4a,
both NC and NCY cathodes show the similar charge/discharge
curves and Coulombic efficiency. In particular, NCY cathode
delivers a high initial discharge capacity of 224.6 mAh g~' at
0.1C rate, which is almost identical to that (225.8 mAh g') of
NC cathode. It means that the gradient doping layer does not
harm the key electrochemical properties of high-Ni layered
oxides. Meanwhile, it is noted that the discharge capacity of
high-Ni (>0.9) oxide cathodes exceeds 220 mAh g7,
demonstrating the good advantage of high capacity and good
lithium utilization as compared with conventional Li-
Niy3Cog Mngy;0, (NCM811) and LiNiy3Coq ;5Aly 05O,
(NCA) cathodes.”** Tt seems from the charge/discharge

curves that two electrodes display a multiplateau feature during
Li deintercalation and intercalation. In particular, NC cathode
exhibits an extra plateau at about 3.5 V during discharge
process, indicating that NC cathode may suffer from serious
irreversible phase transition during lithium insertion/extrac-
tion. Furthermore, this multiplateau feature can be more
sensitively analyzed by dQ/dV profiles. As shown in Figure 4b,
both electrodes undergo the multistep phase transitions in the
cathodic and anodic processes,”” corresponding to the
multiplateau feature in the charge/discharge curves. Com-
paratively, the anodic/cathodic peaks on the NCY electrode
are likely passivated, especially for H2 — H3 phase transition
peak, indicating the suppressed phase transition to a certain
extent by the surface gradient doping with yttrium. The
stabilizing effect of the gradient doping layer on the structure
transition can be also confirmed by cyclic voltammograms (SI
Figure S5).

Due to the stabilization by the surface gradient doping with
yttrium, the superior cycling life is obtained for NCY cathode
(Figure 4c). In comparison with the low capacity retention of
56% of NC cathode, NCY cathode can retain 77.4% of the
initial capacity at 1 C rate after 300 cycles. It means that the
surface gradient doping is helpful to maintain the structure
integrity of high-Ni layered oxides during long cycling based
on the capacity evaluation and well-preserved peaks upon
cycling (SI Figure S6). Actually, the potential evolution is
much more sensitive to the structure deterioration of layered
oxide cathodes during cycling.’® As shown in Figure 4d, the
discharge potential decay and charge/discharge polarization
are notable for NC cathode. Specifically, after 300 cycles, the
midpoint potential difference in the charge/discharge curves is
only 0.14 V for NCY cathode, almost a half value of NC
cathode (0.29 V). It is further confirmed that the serious
polarizarion of high-Ni layered oxide during cycling can be
depressed remarkably by the surface gradient doping with
yttrium. Moreover, both NC and NCY cathodes show a good
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Figure S. Potential profile and the corresponding ex situ XRD pattern evolution of (a,b) NC cathode and (c,d) NCY cathode. (e) The
corresponding evolution of lattice parameters (a, ¢, and V) obtained from XRD data.

and similair high rate discharge capability from 1C to 5C rate
(Figure 4e), implying that the high rate performance of oxide
cathode can not be undermined by the yttrium doping. In
addition, the self-discharge performance with severe potential
drop during storage is also a common index for evaluating the
stability of cathodes, which is usually attributed to the parasitic
reaction on the interface between cathode and electrolyte.
Satisfactorily, at both room temperature (Figure 4f) and
elevated temperature (SI Figure S7), NCY displays a relatively
stable potential evolution during resting after charging,
demonstrating that the surface gradient doping is also effective
for mitigating the parasitic reaction on the interface of high-Ni
oxide cathode.

To further validate the kinetic behavior of Li ions originated
from the surface doping layer, galvanostatic intermittent
titration techniques (GITT) are conducted to acquire diffusion
coefficient (Dy;) after activation for three cycles (SI Figure S8).
In the discharge process, the reaction resistance and calculated
Dy; from SI eq S1 are almost identical for both NC and NCY
electrodes, corresponding to their similar high-rate capability.
In the charge process, the calculated Dy; of NCY electrode is
slightly higher than that of NC electrode, due to the pillar
effect of large yttrium ions in the lithium layer. Therefore, the
surface gradient doping with moderate yttrium is a feasible
strategy to improve the stability of high-Ni layered oxides,
based on the capacity, midpoint potential, self-discharge, and
diffusion feature. Of course, excessive doping with heavy and
large yttrium could sacrifice the electrochemical capacity of
high-Ni layered oxide cathode (SI Figure S9).

The structure evolution of NC and NCY cathodes during
extraction of Li-ions is examined by ex situ XRD measurement.
As depicted in Figure S, both samples exhibit a similar
structural behavior, namely phase evolution from HI to H2
and then finally to H3 phase in the charge process (extraction

of Li-ions). Specifically, the shift of (003) peak reflects the
expansion/contraction of the c-axis, and the shift of (101) peak
represents the change of lattice parameters along the a/b-
axis.”” For both cathodes, the (101) peaks shift consecutively
to higher angle in the charge process due to the oxidation of
transition-metal ions and extraction of Li-ions, implying a
continuous shrinkage of a/b lattice parameters. The terminal of
peak displacement is in close proximity for both cathodes at
the charge cutoff potential, demonstrating a comparable
change of a/b lattice parameters for NC and NCY cathodes.
However, the lattice distortion along c-axis undergoes a distinct
evolution route as evidenced by (003) peak change. In the
charge process before 4.2 V, the (003) peak of both cathodes
moves gradually toward lower 26 degree due to the
electrostatic repulsion of adjacent oxygen layers, corresponding
to the phase transition from H1 to H2 and the expansion of
the c-axis. Upon further charging up to 4.5 V, the (003) peak of
NCY cathode shifts smoothly from H2 phase to H3 phase.
While, for NC cathode, the two-phase coexistence is clearly
observed: the new (003)y; peak appears at higher angle, the
original (003);, peak is not yet entirely vanished, leading to
the large gap between H2 and H3 phases. Furthermore, during
the discharging process, this two-phase coexistence is also
observed to be reversible for NC cathode (SI Figure S10),
indicating severe internal stress between H2 and H3 phases.
The changes of lattice parameters calculated from XRD
patterns are plotted in Figure Se. With the extraction of Li-
ions, both NC and NCY cathodes show an approximate
shrinkage of 2.39% and 2.35% on the g-axis, respectively. The
c-axis lattice parameter is increased progressively during the
phase transition from H1 to H2. With the further extraction of
Li-ions, the abrupt contraction on the c-axis lattice parameter is
observed due to the phase transition from H2 to H3 in both
cathodes. However, the maximum change on the c-axis lattice
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Figure 6. SEM images of (a) NC and (b) NCY electrodes upon cycling.
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Figure 7. Nyquist plots of (a) NC and (b) NCY electrodes at the charged state before and after cycling. (c) Ni and Co concentrations dissolved in
electrolyte for cathodes upon cycling. (d) HRTEM and corresponding FFT images of NC and NCY after 300 cycles. (e) XRD patterns of NC and

NCY cathodes after 300 cycles.

parameter for NCY cathode is only 4.53%, which is increased
up to 4.92% for NC cathode. Therefore, the total contraction
of the unit cell volume of NCY cathode is mitigated as
compared with NC cathode when charged to 4.5 V. Herein,
the continuous phase tansformation or structure evolution
during extraction/insertion of Li—ions are benificial to ensure
the structure integrity, while the jumping phase transition is
harmful to the stability of high-Ni layered oxide cathode.
Therefore, in terms of microstructure change, the surface
gradient doping is helpful to suppress the serious phase
transition and expansion/shrinkage of lattice parameters of
high-Ni layered oxides in the charge/discharge processes.

Usually, such serious microstructure degradations in the
bulk structure could extend to the surface with the consequent
microcracks and particle pulverization after extensive cycling.**
To survey the mechanical integrity of oxide microspheres,
SEM images of NC and NCY cathodes are examined after
long-term cycling. As shown in Figure 6, both samples show
varied morphologies with microcracks inside a microsphere
due to anisotropic strain after repeated charge/discharge
cycling. For NC cathode, the close-packed microspheres suffer
from drastic pulverization after long cycling. Eventually, NC
microspheres are almost disintegrated into cauliflower-like
particles after 300 cycles. In contrast, although a few
microcracks can be observed on the microsphere surface,
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however, NCY cathode still shows the integrated microsphere
morphology after long cycling, suggesting that the surface
gradient doping can stabilize the mechanical integrity of oxide
microspheres during cycling due to the restrained phase
transition from H2 to H3. Furthermore, the microcracks and
pulverization of oxide microspheres provide more extra
pathways for electrolyte penetration, leading to a serious
corrosion on the interior fresh surface by electrolyte, as well as
the structure deterioration, and increase of internal resist-
ance.”” Herein, NCY cathode presents a relatively good
integrity on microstructure and morphology during long
cycling, consistent with its good electrochemical performance.
The electrochemical impedance spectra (EIS) further confirm
the slight increase of the interfacial charge-transfer resistance
for NCY cathode during cycling. As shown in Figure 7a,b,
Nyquist plots of both cathodes show similar shapes, consisted
of a slope line in the low frequency region, two semicircles in
the high and medium frequency regions. Here, the surface film
resistance (R;) and charge-transfer resistance (R.) can be
simulated from two semicircles, respectively, and diffusion
impedance (W,) is calculated from the slope line.*” The
corresponding fitting data (SI Table S3, and Figure S11) reveal
that both R, and R for NCY cathode are lower than those for
the NC cathode after 300 cycles, indicating the high surface
electrochemical activity during cycling due to the effective
surface protection by the gradient doping layer. In addition,
the diffusion impedance of NCY cathode is 326.5 Q after 300
cycles, nearly a third of that (938.8 Q) of NC cathode,

indicating a good transport of Li—ions within the lattice even
after long-term cycling for NCY cathode.

The serious corrosion by electrolyte on the interior fresh
surface in cracked oxide microspheres can be identified by
monitoring the dissolution of transition metal elements of
high-Ni oxide cathodes during cycling."' Indeed, benefited
from the good mechanical integrity of microspheres, much low
dissolution of Ni and Co elements in electrolyte is observed for
NCY cathode after various cycling (Figure 7c). It is further
confirmed that the surface gradient doping layer can effectively
depress the dissolution and loss of active elements in cathode
from electrolyte attack. With the formation of microcracks and
dissolution of transition metal elements, the structure integrity
at the surface is destroyed inevitably after cycling.** As shown
in Figure 7d, the disordered domains and stacking faults can be
found in the cycled NC cathode. More specifically, the rock-
salt phase is detected at the surface region, indicating severe
structure deterioration from layered structure to rock-salt
phase. In sharp contrast, for the cycled NCY cathode, the
layered structure is well conserved at the surface region
without serious structure damage. It means that the surface
gradient doping layer is effective to protect the surface
structure against the corrosion of electrolyte. Meanwhile, the
gradient distribution of yttrium on the surface layer is
preserved after cycling evidenced by the EDS mappings (SI
Figure S12), demonstrating the superior structure stability of
NCY. Furthermore, the structure degradation could be spread
from the surface into the bulk upon cycling. XRD patterns of
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Figure 9. (a) TEM images of NC and NCY cathodes after 300 cycles. (b) C 1s, O 1s, F 1s, and P 2p XPS spectra of CEI on NC (top) and NCY
(down) surface after 300 cycles. (c) The surface concentration of C, O, F, and P elements from XPS spectra.

cycled electrodes are described in Figure 7e. After 300 cycles,
both NC and NCY cathodes preserve the rhombohedral
layered structure at the bulk level. However, the peak intensity
ratio of (003) to (104) planes of cathodes is decreased
moderately after 300 cycles, especially for NCY (from 1.987 to
1.413), indicating a low Li/Ni cation mixing (SI Figure S13
and Table S4). Furthermore, the increase (0.049) in c/a ratio
for NCY cathode after 300 cycles is slight, demonstrating weak
active lithium loss within NCY lattice after long-term cycling.**
Based on the evaluation of the Li/Ni cation mixing and active
lithium loss, evidently, NCY cathode possesses a superior
advantage on both the surface morphology and bulk
microstructure integrity.

The thermal stability of high-Ni layered oxide cathodes is an
another key concern for LIBs commercialization.*** To probe
the effect of surface doping layer on the thermal stability of
pristine material, high-temperature X-ray diffraction is used to
evaluate the phase transition during thermal decomposition. As
shown in Figure 8a,b, XRD patterns of both samples at room
temperature can be indexed to rhombohedral phase
(R3m).***" In the case of NC cathode, the complete structure
transform from R3m phase to spinel (Fd3m) phase is observed
at about 200 °C, and spinel phase is further converted to the
rock-salt (Fm3m) phase at above 300 °C. In contrast, NCY
cathode displays a different structure transition upon heating.
First, at about 210 °C, the R3m phase and Fd3m phase coexist
still without achieving a complete structure transition. When
the temperature is increased to above 310 °C, the R3m phase

disappears, however, the coexistence of Fd3m and Fm3m
phases is shown until 500 °C in NCY cathode, as summarized
in Figure 8c. It is well-known that the phase transition is
closely related to the oxygen release from the lattice.*®
Consequently, the surface gradient doping of yttrium with
strong oxygen bonding is beneficial to suppress the oxygen
evolution and subsequent phase transition. The suppression of
the oxygen evolution in NCY cathode during heating can be
further confirmed from thermogravimetric analysis (SI Figure
S14) with less mass loss and higher onset temperature.

Usually, the thermal instability of cathode is evaluated based
on the heat release and oxygen evolution. In particular, the
released oxygen with high activity from the lattice can react
with flammable electrolyte to trigger the thermal runaway."’
Differential scanning calorimetry (DSC) analysis is an efficient
technique to detect thermal stability of cathode at the
delithiated state. Clearly, as compared with NC cathode
(Figure 8d), NCY cathode presents a good thermal stability
with high exothermal peak (228.3 °C) and low heat release
(341.2 ] g7"). Such thermoanalysis results further support the
improved thermal stability of NCY cathode by the surface
gradient doping with yttrium.

The consequence of interfacial parasitic reactions is to form
a passivation cathode electrolyte interface (CEI) layer,
undermining the electrochemical performance of cathodes
directly.50 As shown in Figure 9a, CEI layers are observed
clearly on the surface of both cathodes after 300 cycles due to
the corrosion and decomposition of electrolyte on the cracked
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particles. The CEI thickness on the cycled NC particle is about
69 nm, obviously larger than that (13 nm) on the cycled NCY
particle. As presented in XPS spectra (Figure 9b), such CEI
layers are consisted mainly of Li,CO;, LiF, and LiPF,O, by the
decomposition of electrolyte during long cycling.”" Specifically,
the C 1s spectra is regarded as the representative of CEI,
originating from the decomposition of carbonate solvents,
including C—C/C—H bonds, C—O bonds, and Li,CO,.
Herein, C—O bonds and Li,CO; are related to the organic
and inorganic species in CEI, respectively. Clearly, the relative
intensity of Li,CO; for NC cathode is much larger, indicating
more inorganic species formed due to the electrolyte
decomposition. These inorganic species can be identified as
a signal of surface passivation, inhibiting lithium transfer and
increasing cell impedance. In contract, the intensity of C—O
bonds for NCY cathode is higher, indicating that the organic
species is the essential component of CEI Such organic species
can be considered as fast lithium ion conductor facilitating
lithium transport. Therefore, the surface gradient layer is
effective in inhibiting electrolyte decomposition to form
inorganic species. Comparatively, such fluorine and phospho-
rus signals from decomposition products of LiPF are weaker
on the cycled NCY cathode (Figure 9c). Additionally, the
higher O content on the cycled NCY cathode is attributed to
the strong metal—oxygen bonding after yttrium doping.>” It
implies that the surface gradient doping with yttrium is helpful
to depress the growth of CEI layer during cycling due to the
corrosion and decomposition of electrolyte on the cracked
particles with more fresh surface.

Indeed, the high-Ni oxides present a good advantage of high
electrochemical capapcity of over 225 mAh g~', which is highly
important for fabricating high energy LIBs. However, during
long cycling, the high-Ni oxides suffer from serious structural
deterioration, including the structure transforming from
layered phase into spinel/rock-salt structure, originated from
the surface toward the bulk. In particular, the serious
microcracks, high dissolution of key components, and thicker
CEI layer on the surface are observed for high-Ni oxide
microspheres after 300 cycles, leading to the fast capacity and
potential decay. After doping with yttrium, the surface gradient
doping layer is formed due to the oxidation induced
segregation of yttrium to the surface. Correspondingly, the
great improvement of structural and thermal stability of high-
Ni layered oxides can be achieved by the yttrium surface
gradient doping, accompanied by moderate microcracks, low
dissolution of key components, and thin CEI layer on the
surface. As expected, the as-prepared NCY cathode shows the
excellent electrochemical performance, with both good
capacity retention and potential stability. In addition, the
good thermal stability is also obtained for NCY cathode due to
the high oxygen affinity of yttrium. Therefore, stabilizing the
surface based on the gradient doping is s feasible strategy to
stabilize the bulk structure, thermal stability, and subsequent
electrochemical performance of high-Ni oxide cathode during

cycling.
4. CONCLUSIONS

In summary, in order to stabilize the bulk structure and achieve
the desired electrochemical performance of high-Ni layered
oxide cathode, we propose a feasible strategy of the yttrium
surface gradient doping based on the oxidation induced
segregation. As demonstrated, the surface doping layer can be
constructed by the yttrium gradient distribution with sturdy

oxygen bonding in high-Ni layered oxide, LiNijg3Co000,0,.
With the formation of the yttrium surface gradient doping
layer, the electrochemical capacity and high rate capability of
cathode are not undermined, which are essential requirements
for high energy cathode materials. Importantly, the electro-
chemical cycling stability based on the capacity and midpoint
potential can be greatly improved by the surface gradient
doping with yttrium. Such electrochemical stability on capacity
and potential is highly related to the structure stability of high-
Ni oxide cathode during cycling. Intrinsically, the yttrium
surface gradient doping is effective to depress the serious
structure deterioration originated from the surface toward the
bulk during cycling, which is usually accompanied by the
microcracks of oxide microspheres, dissolution of key
components, and growth of thick CEI layer on the particle
surface. In addition, the simultaneously produced consequence
of the yttrium surface gradient doping is to dramatically
improve the thermal stability of high-Ni oxide cathode. As
distinct from the common surface coating with the obviously
hard phase interface to guest materials, this surface gradient
doping provides an elastic surface modification strategy for
improving the performance of high energy density cathode
materials of LIBs.
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