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ABSTRACT: The structure collapse issues have long restricted the application of
polycrystalline LiNi,Co,Mn,_,_,0, (NCM) at high voltages beyond 4.4 V vs Li/Li".
Herein, for LiNijssC0,1,Mng 330, (P-NCM), rapid surface degradation is observed
upon the first charge, along with serious particle fragmentation upon repeated cycles.
To alleviate these issues, a surface Co enrichment strategy is proposed [i.e., Co-
enriched NCM (C-NCM)], which promotes the in situ formation of a robust surface
rock-salt (RS) layer upon charge, serving as a highly stable interface for effective Li*
migration. Benefiting from this stabilized surface RS layer, Li" extraction occurs
mainly through this surface RS layer, rather than along the grain boundaries (GBs),
thus reducing the risk of GBs’ cracking and even particle fragmentation upon cycles.
Besides, O loss and TM (TM = Ni, Co, and Mn) dissolution are also effectively
reduced with fewer side reactions. The C-NCM/graphite cell presents a highly
reversible capacity of 205.1 mA h g™" at 0.2 C and a high capacity retention of 86%
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after 500 cycles at 1 C (1 C = 200 mA g™'), which is among the best reported cell performances. This work provides a different

path for alleviating particle fragmentation of NCM cathodes.
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With the rapid development of clean energy technologies in
modern society, electrified equipment such as portable
electronic devices and electric vehicles is gradually becoming
more popular in daily life. Thus, lithium-ion batteries (LIBs),
an important part of electrification, are required for higher
energy density, longer service life, and a lower price. Seeking
high-performance cathode materials has been considered one
of the biggest bottlenecks that restricts the popular application
of LIBs. Among multiple cathodes, Ni-rich ternary layered
oxide (LiNixCoyMnl_x_yOZ, abbreviated as NCM) stands out
as the most promising one due to its high energy density and
low cost characteristics.

However, when operated at high voltages (>4.4 V vs Li*/Li),
the application of NCM materials faces severe surface
degradation issues, ie., the surface rock-salt (RS) phase
formation induced by lattice O loss. The surface NiO-type
RS phase with a high impedance can significantly deteriorate
the Li" diffusion kinetics and decrease the practical capacity.
Meanwhile, O, released from NCM materials can further cause
the oxidation and decomposition of electrolyte components,
such as ethylene carbonate (EC) and ethyl methylcarbonate
(EMC), leading to an unstable cathode electrolyte interface
(CEI). Thus, the vulnerable surface of pristine NCM materials
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has been regarded as the structure origin for deteriorating their
cycle stability and then hindering their practical applica-
tions.'

Besides the vulnerable surface, the polycrystalline feature of
NCM cathodes makes them tend to crack along grain
boundaries (GBs), which is induced by the anisotropic stress
accumulation.® Generally, the formation of intragranular cracks
can be directly associated with the high voltage cycle,” and the
state-of-charge (SOC) heterogeneity caused by the different
Li* diffusion kinetics results in internal stress accumulation.
After the cyclic charge/discharge process, the heterogeneity of
delithiated degrees among the primary particles leads to
uneven intragranular stress.”” The heterogeneity of adjacent
particles determines that, for each primary particle, the stress
density on the surface is greater than that in the core.® That is
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to say, in the secondary particles, stress mainly accumulates
along GBs, which is consistent with the phenomenon that
secondary particles always crack along GBs. Besides, the
randomly arranged orientation of primary particles inside a
secondary particle prolongs the Li* diffusion path, generating
anisotropic stress between the primary particles and thus
inducing cracks along GBs.”'® These cracks are particularly
hazardous because the electrolyte can permeate into the
interior of NCM particles along these microcracks, which leads
to severe interface side reactions, triggers the irreversible phase
change, and then causes the corresponding capacity decay."'

As discussed above, resolving the issues of surface
degradation and GBs’ cracking is very important for the
development of advanced NCM cathode materials. Tremen-
dous efforts have been made to stabilize the structure of Ni-
rich cathode materials,*> including element do;)ing,ls_15
surface coating,'®™'® electrolyte modification,'”™*" GBs
enhancement,””*> etc. However, obtaining stable cycling of
the NCM-layered cathode at high voltages (>4.4 V) remains
very challenging, and most of the previous works improved the
stability of NCM via sacrificing the capacity.

Reviewing all the optimizations above, we find it necessary
to investigate the important role of Co element, and the
optimization effects can be listed as follows: (1) enhance
thermal stability and stabilize the layered structure at high
temperature by reducing the Li/O loss,”*** (2) suppress the
Li*/Ni** disorder and enhance the Ni** stability, which can
reduce the irreversible phase change upon cycle, ™ (3)
optimize electrode properties such as electronic/ionic
conductivity and rate performance, and (4) provide additional
capacity by the redox of Co®*/Co*".*”*° Thus, Co can provide
preferable electrode properties, as well as structure stability, in
NCM cathodes. However, the method and mechanism of Co
utilization to enhance the structure stability of NCM cathodes
still remain vague.

Herein, we take LiNiyCo,,Mn,;0, (P-NCM) as a model,
and the surface Co-enriched NCM (C-NCM) is synthesized to
alleviate the structure collapse issues of NCM cathodes. In
particular, the Co-enriched surface can induce the in situ
formation of a robust RS layer on the surface of C-NCM upon
the first cycle. Benefited from both the Co-rich surface region
and the reinforced surface RS layer, the stabilized surface
structure and enhanced Li* diffusion kinetics are obtained with
homogeneous Li" extraction from the bulk of C-NCM, thus
reducing the risk of GBs’ cracking and even particle
fragmentation upon cycle. Consequently, C-NCM exhibits
excellent cell performance with high capacity and long-term
cycling stability, i.e, the C-NCM/graphite cell presents a
highly reversible capacity of 205.1 mA h g™ at 0.2 C and a
high capacity retention of 86% after 500 cycles at 1 C.

RESULTS AND DISCUSSION

Surface Co Enrichment. In this work, to achieve surface
Co enrichment, a multistep synthesis is performed, including
solution treatment, manual mixing, high-temperature sintering,
etc. Specifically, the commercial NijsCog;,Mng;3(OH),
precursors are first uniformly coated with different contents
of Co(OH), via coprecipitation reaction; then, the coated
precursors are manually ground and mixed with LiOH-H,O
powder with the stoichiometric Li/TM ratio of 1.03 (TM
represents the sum of Co, Ni, and Mn), and finally, all the
obtained mixtures are sintered at 900 °C for 12 h in an air
atmosphere to obtain the surface Co-enriched NCM (Figures

la and S1). Four kinds of surface Co-enriched products are
designed and synthesized, with mass ratios of cobalt of
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Figure 1. Schematic diagrams for (a) material preparation. The
cross-sectional morphology and element distributions of (b) P-
NCM and (c) C-NCM. The surface structures and the correlated
diffraction patterns of (d) P-NCM and (e) C-NCM, as obtained via
TEM characterizations.

approximately 2.5, 5, 10, and 15%, and the obtained products
are labeled C-1, C-2, C-3, and C-4, respectively. Table S1
shows the chemical formulas of the obtained products based
on experimental design and inductively coupled plasma mass
spectrometry tests, showing the high consistency between the
designed and obtained products. Figure S2 shows the
morphology of the products. All the products present a similar
polycrystalline feature with a primary particle size of about
200—300 nm and a secondary particle size of 5—6 ym. By
comparing the cell performance of NCM/Li cells at 25 and 45
°C (Figure S3), it is realized that the cycle stability gradually
enhances as the surface Co enrichment increases. To reveal the
mechanism of surface Co enrichment, we select C-3 as the
subject of research, which is labeled as the C-NCM, and
pristine LiNijssCog1,Mng3;0, (P-NCM) is selected for
comparison.

The cross-sectional morphologies of P-NCM and C-NCM
are shown in Figure 1b,c. Although the products show similar
polycrystalline features, the element distributions are obviously
different. For P-NCM, Ni, Co, and Mn are uniformly
distributed across the overall particle, while for C-NCM,
obvious Co enrichment is observed in the surface region of the
particle. We further notice that the surface Co enrichment
reaches a high thickness of up to 2 pm, which can significantly
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Figure 2. Charge/discharge curves of (a) P-NCM/Li and (b) C-NCM/Li cells in the initial three cycles, with a current of 0.2 C (1 C = 200
mA g ') and a potential range of 3—4.6 V. The comparison of (c) rate performances between P-NCM, C-1, C-2, C-3 (C-NCM), and C-4 in
NCM/Li cells, with a potential range of 3—4.6 V. The comparison of (d) cycle performances between P-NCM, C-1, and C-3 (C-NCM) in
NCM/graphite cells, with a current of 1 C and a potential range of 3—4.55 V.

affect the physicochemical properties of C-NCM.>"** Figure

1d,e shows the surface structures and the correlated diffraction
patterns of the two products, as obtained via transmission
electron microscopy (TEM) characterizations. The results
show that both the surface structures of two products present a
layered structure, and the surface Co enrichment causes a
slight decrease in the surface layer spacing from 4.76 to 4.69 A.
Besides, the layered structures of products are further
confirmed by the X-ray diffraction (XRD) refinements, as
shown in Figure S4 and Table S2. The influence of surface Co
enrichment on the physicochemical properties of C-NCM is
further analyzed by the powder conductivity test (Figure $5).*
The results indicate that as the surface Co enrichment
increases, the powder conductivity gradually declines. When
the Co enrichment reaches 15%, ie. the C-4 product, it
presents an ultra-low powder conductivity, which is very close
to that of the pure LiCoO,. That is to say, for the C-4 product,
the surface of particles is nearly the same as that of pure
LiCo00O,, which further emphasizes the existence of surface Co
enrichment. Therefore, in this section, we propose the surface
Co enrichment on C-NCM, which is beneficial for regulating
the interface reactions from the material aspect and thus
enhancing the electrode performances of the polycrystalline
NCM cathode.

Cell Performance. Surface Co enrichment can cause
improvements in both cycle stability and rate performances,
which are comprehensively tested using both the NCM/Li
cells (coin-type cells in the lab) and the NCM/graphite cells.
Figure 2a,b shows the charge/discharge curves of P-NCM/Li
and C-NCM/Li cells in initial 3 cycles, with a current of 0.2 C
(1 C =200 mA g™') and in a potential range of 3—4.6 V. For
P-NCM, the initial Coulombic efficiency (ICE) is 82.3%, and
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the discharge capacities are 190.02, 189.16, and 188.72 mA h
¢! in the first, second, and third cycles, respectively. For C-
NCM, the ICE is 87.8%, and the discharge capacities are 200.0,
201.0,and 201.5mA h g_1 in the first, second, and third cycles,
respectively. The increase in ICE values with increased surface
Co enrichment can further be confirmed by the results in
Figure S6. Figures 2c and S7 show the comparison of rate
performances. The rate performance is greatly promoted as the
surface Co enrichment increases from 0% (P-NCM) to 15%
(C-4). A huge promotion in rate performance can be further
reflected in the rate capacities at a current of 8 C, i.e., the
discharge capacity of C-NCM at a current of 8 C is 144.1 mA h
g~!, which is about 3.7 times higher than that of P-NCM (39.5
mA h g™'). The above results illustrate that surface Co
enrichment can effectively improve both the ICE and discharge
capacity, which is closely related to the regulated interface
reactions and reduced polarization and will be discussed in the
following part.

We further performed the cycle stability tests with NCM/Li
cells at 3—4.6 V (Figure S3) and NCM/graphite full cells at 3—
4.55 V (Figures 2d and S8). The above tests exhibit the same
trend of cycle stability, that is, the cycle stability of the NCM
cathode increases with the increase of surface Co enrichment.
Specially, the C-NCM/graphite cell presents a high discharge
capacity of 189.73 mA h g™! at a current of 1 C and a high
retention of 86% after 500 cycles, which is among the best
reported NCM cathodes (Table S3). The correlated charge/
discharge curves of every 100 cycles are presented and
compared in Figure S9. Besides, the environmental sensitivity
of NCM cathodes has long been a challenge for industry.”* To
confirm the enhanced environmental stability, these products
are further treated in two kinds of ways, including being placed
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Figure 3. In situ XRD measurements of (a) P-NCM and (b) C-NCM in NCM/Li cells at 0.2 C with a potential range of 3—4.6 V. The
leftmost (at about 4.1 V) and rightmost (at about 4.6 V) peaks of (003) planes for the initial 2 cycles of (c) P-NCM and (d) C-NCM.

in air (with a dew point temperature of 20.8 °C, in Shenzhen,
China) for 7 days and in water for 12 h, respectively. The
obtained products are then dried at 150 °C in air to remove
the absorbed surface H,O, and then the corresponding
electrodes are manufactured and tested in NCM/Li cells
(Figure S10). The results indicate that both the cycle stability
and discharge capacity of the C-NCM/Li cell are obviously
superior to those of the P-NCM/Li cell, demonstrating an
obviously enhanced environment stability due to the surface
Co enrichment. In summary, surface Co enrichment causes
great promotion in cycle stability, rate performance, and
environment stability of NCM cathodes.

Phase Transition Behavior. The phase transition
behavior is a significant influence factor for the cell
performances of NCM cathodes.”'*> To probe the phase
transition behavior, we perform in situ XRD of the NCM/Li
cells in a potential range of 3—4.6 V and at a low current of 0.2
C, as shown in Figure 3a,b. The results show the similar peak
variations of two cathodes for both the (003) and (104)
planes, which are located at peak values of 18.6 and 44.3°
(2theta, 26), respectively. Upon charge, for both cathodes, the
layer spacing of (003) and (104) planes first increases (left
shift of peaks) gradually until charge reaches 4.1 V and then
decreases (right shift of peaks) gradually until charge reaches
4.6 V. The amplitude of changes in the lattice parameters of
NCM cathodes can be indirectly acknowledged via comparing
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the range of changes in the layer peak positions (A26).**° We
observe that, upon charging to 4.6 V, the A26 values of P-
NCM and C-NCM cathodes are 0.469 and 0.592° for the
variation of (003) peaks and 0.770 and 0.790° for the variation
of (104) peaks, respectively. That is to say, the peak variations
of C-NCM are obviously higher than those of P-NCM,
showing the larger changes in lattice parameters. According to
the results in Figure 2a,b, it is acknowledged that the C-NCM
can deliver about 10% more capacity than P-NCM, i.e., causing
more Li* removal from the cathode, thus leading to higher
lattice parameter variation.

Upon more subtle analyses, the leftmost (at about 4.1 V)
and rightmost (at about 4.6 V) peaks of the (003) planes of the
two cathodes are further presented in Figure 3¢,d. For P-NCM,
such as in the second cycle, the leftmost and rightmost peaks of
(003) planes are located at 26 of 18.383 and 18.810°, and for
C-NCM, they are located at 20 of 18.350 and 18.876°,
respectively, which further confirm the higher lattice parameter
variations of the C-NCM cathode. Generally, the performance
of a polycrystalline NCM cathode can be influenced by
multiple factors, including surface regulation, bulk structure
stability, the bonding strength of GBs, etc.”” For the bulk
structure stability, the higher the lattice parameter variation,
the poorer the cycle stability.”>*" In this work, compared with
P-NCM, despite the higher lattice variations, the C-NCM
achieves superior cycle stability, which is indeed an abnormal
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Figure S. Surface structures of P-NCM upon a (a) fully charged state, 4.6 V, and (b) fully discharged state, 3.0 V, and the surface structures
of C-NCM upon a (c) fully charged state, 4.6 V, and (d) fully discharged state, 3.0 V, both in the 1st cycle in NCM/Li cells.

phenomenon, and the surface Co enrichment is regarded as
the origin for this abnormal result. We speculate that surface
Co enrichment plays vital roles in regulating surface reactions
and optimizing the Li* transport behaviors, thus alleviating the
capacity decay issues from both the surface deterioration and
the GBs’ cracking-induced particle fragmentation, which will
be discussed subsequently.

Regulated Surface Reaction Kinetics. To probe the
regulated surface reactions, a comparison of cyclic voltammetry
(CV) curves and electrochemical impedance spectroscopy
(EIS) plots of NCM/Li cells is performed. Both the CV and
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EIS are sensitive to detecting electrode interface reac-
tions.*0™* Figure 4ab shows the CV curves of NCM/Li
cells in the initial 5 cycles and potential range of 3—4.6 V, with
a scan rate of 0.2 mV s™'. For both cells, the CV curves in the
first cycle are very different from those of the following cycles,
mainly due to the surface phase transition in the first cycle.”
This phase transition occurs from layer to RS, as illustrated in
the following part. After 3 cycles, the CV curves of both cells
are stabilized, indicating the stabilized surface. We find that
there exist two main differences between the CV curves of two
cells. First, for the redox peaks around 3.6—3.9 V, the
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Figure 6. In situ DEMS measurements of (a) P-NCM and (b) C-NCM, both at 0.3 C with a potential range of 3—4.6 V. The XPS spectra
results of NCM cathodes for O 1s of (c) P-NCM and (d) C-NCM. The XPS spectra results of Li metal anodes for Ni 2p of (e) P-NCM and

(f) C-NCM.

separations of the redox peak positions of the P-NCM/Li and
C-NCM/Li cells are 0.189 and 0.090 V, respectively,
illustrating the reduced redox polarization. Second, the
configuration of the CV curves of two cells in the potential
range of 42—4.6 V is also very different, indicating the
different high-voltage reactions. We observe that the CV curves
in 4.2—4.6 V are very similar to those of the LiCoO,/Li cells,35
as shown in Figure S11, which further highlights the role of
surface Co enrichment in regulating surface reactions.

The in situ EIS in the first cycle is performed to reveal the
electron/Li" transport impedance through the interface of
cathodes, as shown in Figure 4c,d. The EIS plots contain two
impedance semicircles and one diffusion tail, which correspond
to the impedance of CEI (Rcg;), the charge transfer impedance
across the surface phase transition layer (PTL) (Rcy), as well
as further Li* ion diffusion inside the bulk lattice structure,
respectively.*”***” The CEI is covered on the outermost
surface of the cathode and originates from the interface
reactions between the cathode and electrolyte.***” The PTL is
the transformed TM—O frameworks in the surface region,
which refers in particular to the RS phase in this work.*® Figure
4e,f shows the corresponding fitting results of the in situ EIS
plots. The results indicate that the two cells show relatively
similar values of R¢g; but very different values of Rcr, in which
the C-NCM shows much smaller values of R-r than P-NCM.
Thus, the above results indicate that the main difference
between two kinds of cathodes focuses on the properties of
surface PTL rather than the properties of CEI, and surface Co
enrichment can greatly optimize the electron/Li" transport
behavior across the surface PTL. The enhanced Li* transport
kinetics can further be characterized by the galvanostatic
intermittent titration technique (GITT), and the calculation of
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the diffusion kinetics (Dy;) is presented in Figure S12. During
the overall charge/discharge process, the values of Dy;+ of C-
NCM are obviously higher than those of P-NCM, further
confirming the beneficial roles of surface Co enrichment on
promoting the Li* transport kinetics.

Stabilized Surface Structure. The above discussions
indicate that the relatively superior cell performance of C-
NCM mainly originated from the optimized surface structure
rather than the bulk. Thus, TEM characterizations are applied
to reveal this optimized surface structure. Figure 5 shows the
surface structures of P-NCM and N-NCM upon the fully
charged and fully discharged states in the first cycle (in NCM/
Li cells), respectively. For P-NCM, once charged to 4.6 V
(Figure Sa), a pronounced transition from layered to
nonlayered phases is observed in the surface region, with a
thin outermost surface RS layer and a relatively thick
subsurface disordered region, with thicknesses of 3 and 20
nm, respectively. Despite the fact that the thick subsurface
disordered region still maintains a layered structure, a very
strong glide of TM—O layers is detected, leading to the large
lattice internal stress, which is regarded as the origin of the
thick PTL in the surface of P-NCM."' Upon discharging to 3.0
V (Figure Sb), we find that the surface RS layer and the thick
subsurface disordered region are well retained. Notably, the
diffraction pattern of the subsurface thick disordered region
inhibits two sets of diffraction spots, indexing to the layered
phase and RS phase, respectively. The results indicate that the
phase transition from layered to RS phase occurs not only in
the outermost surface region but also in the subsurface region
of P-NCM.

Figure Sc,d shows the surface structures of C-NCM at fully
charged and fully discharged states, respectively. Similar to P-
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Figure 7. SEM morphology of (a,b) P-NCM cathodes in NCM/Li cells with a potential range of 3—4.6 V after 50 cycles at the current of 1 C
and (c) its cross-sectional morphology. The SEM morphology of (d,e) C-NCM cathodes in NCM/Li cells with a potential range of 3—4.6 V
after 50 cycles at a current of 1 C and (f) its cross-sectional morphology.

NCM, a thin surface RS layer is clearly in situ formed in the
outermost surface region of C-NCM. However, the subsurface
region of C-NCM presents totally different features. Whether it
is at fully charged or fully discharged states, the subsurface
region of C-NCM always shows a pure layered structure, and
no signals of TM—O layer gliding are detected, illustrating the
superior structure stability and enabling the superior Li"
transport across the surface region of C-NCM. Since the
most significant difference between the surface structures lies
in the difference of Co enrichment, it can be concluded that
the Co-enriched surface of C-NCM has a higher durability to
maintain its original layered structure than that of P-NCM. A
possible explanation may be as follows: the Ni in the TM—0O
layer is more likely to migrate toward the Li—O layer and
causes the formation of Li/Ni antisites to promote the
formation of nonlayer phases,”"*> which hardly occurs for the
Co in the TM—O layer, especially in the Co-enriched TM—O
layer. The layered structure feature of the Co-enriched
subsurface of C-NCM can be well retained even after S0
cycles (Figure S13b), further confirming the stabilization effect
of surface Co enrichment. As a comparison, for the subsurface
region of P-NCM, it has totally transformed to the RS phases
(Figure S13a). This thick subsurface RS phase layer existing on
P-NCM after cycles is completely different from the RS layer
induced by the Co-enriched layer on C-NCM. The former one
mainly consists of disordered NiO, and this disordered NiO RS
phase presents unfavorable Li ion diffusion kinetics and high
Rer upon cycles (Figure S14). However, the dense RS layer
induced by the Co-enriched layer exhibits much better
structural stability and more promoted Li ion diffusion kinetics
(Figure S14).

Generally, the surface phase transition of NCM cathodes
from the layered phase to the RS phase is accompanied by the
occurrence of the O loss from the Li—TM—O lattice. There
are two pathways for the gas release: one is the unstable

cathode surface structure upon high voltage, which leads to the
O, release, and another is the oxidation of the electrolyte,
which leads to CO, and CO gas release.””>* The detection of
the above gases is performed via differential electrochemical
mass spectrometry (DEMS), and the in situ DEMS spectra in
the initial 2 cycles are presented in Figure 6a,b. The results
indicate that the release of all gases for C-NCM is much lower
than that of P-NCM. The lesser release of CO, and CO is
mainly due to the lesser surface oxidation reaction of carbonate
electrolytes, and the lesser O, release indicates the lesser O loss
from the Li—TM-O lattice in the surface region. It is
highlighted that, in this study, the NCM cathodes are
synthesized without coating any inert elements, such as Al
F, P, etc.; therefore, upon charging, the highly oxidative Ni*'/
Co*" and 0" (0 < 1 < 2) ions in the NCM surface are directly
contacted with the electrolyte and inevitably lead to the
formation of the surface RS layer. However, these in situ-
formed surface RS layers present different blocking effects on
the O loss, ie., the Co-enriched RS layer inhibits a higher
blocking effect on O loss than the Ni-enriched RS layer, thus
helping maintain the subsurface layered structure of the C-
NCM.

The blocking effect of the Co-enriched RS layer on O loss
can be further identified by the X-ray photoelectron spectros-
copy (XPS) results. Figures S15 and 6¢,d show the C 1s and O
1s XPS spectra results of electrodes after S0 cycles. The C 1s
peaks can be separated into six peaks, including carbon black,
C—-0 or CH,—-CF,, O—C-0 or C=0, 0—-C=0, Li,CO; or
CF,, and CF;, located at binding energies of 284.6, 286.2,
287.6,288.9, 290.8, and 293.3 eV, respectively. The O 1s peaks
can be separated into three peaks, including lattice oxygen,
C=0, and C—-O, locating at binding energies of 529.1, 532.0,
and 533.8 eV, respectively.’”” Furthermore, the relative
contents of each peak are calculated and shown in Table S4.
We define the organic components in the CEI as the sum of
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Figure 9. Schematic diagrams for (a) fragmentation of P-NCM and (b)

reduced particle fragmentation of C-NCM.

0—-C-0, C=0 and O—C==0 products, and the comparison
results indicate that the organic ratio in CEI of P-NCM is
obviously higher than that of C-NCM, further confirming the
reduced solvent’s decomposition on the surface of C-NCM.
Due to the reduced side reactions, the TM dissolution is also
effectively inhibited. Taking the Ni element as a sample, in
Figure Gef, after 50 cycles, the signals of both the Ni and NiF,
components on the Li metal anodes obtained from the C-
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NCM/Li cell are obviously lower than those from the P-
NCM/Li cell, demonstrating the obviously suppressed TM
dissolution due to the Co-enriched surface RS layer. Thus,
combining the above results, we confirm the formation of a
thin and compact Co-enriched RS layer on the surface of C-
NCM, which plays significant role in reducing both the O loss

and TM dissolution issues.
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Reduced Particle Fragmentation. Accompanied by the
optimized surface structure, for C-NCM, the occurrence of
GBs cracking is also greatly inhibited upon cycles. Figure 7a,d
shows the scanning electron microscopy (SEM) morphology
results of the NCM cathodes after 50 cycles at a current of 1 C.
The results indicate that, for P-NCM, the polycrystalline
particles have been in a fragmented state, and this particle
fragmentation mainly originated from the cracks’ generation
and expansion along the GBs. In contrast, for C-NCM, the
particles preserve their pristine spherical features, without any
particle fragmentation. This reduced particle fragmentation can
be further confirmed by the cross-sectional morphology, as
shown in Figure 7ef. For P-NCM, the particles have
fragmented into several parts, while for C-NCM, no GBs
cracking is observed across the overall particles. Therefore,
surface Co enrichment can not only optimize the surface
structure but also inhibit the occurrence of GBs cracking,
leading to enhanced cycle stability. Figure 8 compares
structures in the GBs regions of two NCM cathodes after 50
cycles upon a subtler observation. An obvious cracking of GBs
is observed among the primary particles of P-NCM, as shown
in Figure 8a. Analyzing the crystal structure near the GBs
cracking, an obvious RS layer is observed on the surface of the
primary particle (Figure 8b), indicating a higher SOC nearby
the GBs region. In contrast, for C-NCM, no GBs cracking is
observed among the primary particles, and the layered
structure on the surface of the primary particle nearby the
GBs is well preserved (Figure 8c,d).

As reported previously, the particle fragmentation of
polycrystalline NCM usually originates from the GBs
cracking.”® Once the GB cracking appears on the surface,
the electrolyte will penetrate into the interior of the particles
along the generated cracks, which can promote the cracks’
expansion and ultimately lead to particle fragmentation. The
occurrence of GBs cracking is closely related to the
inhomogeneity of Li" extraction from the surface of NCM
particles.”” If the Li* extraction across the particles is in a very
homogeneous state, then the risk of GB cracking can be greatly
reduced. Therefore, we consider that in this work, one of the
most important roles of surface Co enrichment is to enhance
the Li* extraction homogeneity from the C-NCM cathode. As
compared in Figure S, the most significant difference between
the P-NCM and C-NCM cathodes lies in the different surface
structures formed in the first cycle. For P-NCM, a thick surface
PTL layer forms rapidly in the first cycle with a large Rcr value,
while for C-NCM, a thin and uniform surface RS layer forms
with a much smaller Rcr value. It can be easily acknowledged
that the optimized surface of C-NCM can enable facile and
homogeneous Li" extraction across the surface. Therefore,
compared with the P-NCM, the Li* extraction through the
surface region of GBs for C-NCM can be greatly restrained,
resulting in smaller internal stress and a much closer SOC in
the region of GBs, thus reducing the GBs cracking and then
the following particle fragmentation.

Figure 9 presents the schematic diagrams for the reduced
particle fragmentation of C-NCM. For the P-NCM with
uniformly distributed Co elements across the overall particles,
the surface structure rapidly deteriorates upon cycles, leading
to more Li" extraction through GBs, causing GBs to crack and
the following particle fragmentation. As a comparison, for C-
NCM with surface Co enrichment, a thin and tough surface RS
layer can be rapidly formed, acting as a facile Li* extraction
pathway, which not only enables the Li" extraction

homogeneity but also reduces Li" extraction through GBs
near the surface, thus resulting in the reduced GBs cracking as
well as the reduced particle fragmentation. As the particle
fragmentation reduces, the conductive network between the C-
NCM particles and conductive agents is preserved well upon
cycles, thus guaranteeing the excellent cycle stability of C-
NCM.

CONCLUSIONS

In summary, this work provides a different surface Co
enrichment strategy, which can effectively alleviate the
structural collapse of LiNi,Co,Mn,_,_,0, (NCM), including
both surface degradation and particle fragmentation issues.
The benefiting effects originated from the following aspects,
ie, first, the surface Co enrichment promotes the in situ-
formed surface RS layer, which serves as a highly stable
interface for cyclic Li" migration; second, the tough surface RS
layer not only reduces the side reactions via suppressing the O
loss and TM dissolution but also inhibits the particle
fragmentation via reducing the Li* extraction from GBs’
region. Thus, the surface Co-enriched NCM (C-NCM)
achieves obviously enhanced cycle stability, rate performances,
as well as enhanced environment stability. This work provides
a different insight into achieving advanced polycrystalline
cathodes.

EXPERIMENTAL SECTION

Sample Preparation. In this work, 10 g of the commercial
precursor (XPSSC, purchased from Zhejiang Haichuang Lithium
Battery Technology Co., Ltd.) and corresponding stoichiometric
amounts of CoSO, (mass ratios of Co are 2.5, S, 10, and 15%) were
dissolved in 30 mL of deionized water; we used LiOH as a precipitant
and stirred at 60 °C for 4 h to make sure Co was enriched on the
surface of the precursor via a coprecipitation method. The surface-
modified precursor was collected and dried at 80 °C for 8 h. Then, the
coated precursors are manually ground and mixed with LiOH-H,O
powder with a stoichiometric Li/TM ratio of 1.03 (TM represents the
sum of Co, Ni, and Mn). After 900 °C sintering for 12 h in an air
atmosphere, a series of NCM cathode materials with a Co-enriched
surface (denoted as Table S1) are obtained.

Material Characterization. Morphology and elemental distribu-
tion investigations of the samples were conducted using a scanning
electron microscope (Zeiss SUPRA-SS) with an X-Max EDS detector.
All XRD and in situ XRD measurements were performed on a Bruker
D8 Advance diffractometer using a Cu Ka radiation source at 40 kV
and 80 mA. Rietveld refinements of XRD patterns were carried out
using the FULLPROF suite. The TEM images were collected on field-
emission transmission electron microscopy (FETEM, JEOL-3200FS)
operating at an accelerating voltage of 300 kV with a 60 cm camera
length, a minimum collection angle of —30 to 30°, and a OneView
CMOS camera (Gatan Inc.). TEM samples were prepared using a
focused ion beam (FIB). The cross-sectional sample of the individual
particle was attained by FIB as well. The chemical states of the
selected elements were investigated by XPS on a Thermo Scientific
Escalab 250Xi spectrometer. Powder conductivity was tested by a
two-probe method (IEST-PRCD3100). Operando DEMS measure-
ments were performed on a custom-built DEMS device. The DEMS
cells were initially left to stand for 1 h, and galvanostatic charging was
performed using a NEWARE electrochemical workstation. The
resistivity is measured on a sample disc (0.15 g sample per disc
under S MPa) by the four-point probe resistance tester. The dynamic
pressure conductivity of samples was measured by Kelvin four-wire
combining dual-disk electrode resistance measurement (IEST,
PRCD1100).

Electrochemical Characterization. The cathode material was
prepared by mixing active material, conductive acetylene black, and
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polyvinylidene difluoride (PVDF) binder at a mass ratio of 8:1:1. The
slurry was then cast on Al foil and dried in a vacuum oven overnight.
The active material loading of the cathodes is approximately 1.5 mg/
cm? The electrochemical performance was carried out by coin-type
(CR2032) NCM/graphite full cells. The anode material was prepared
by mixing graphite together with acetylene black and PVDF in a mass
ratio of 8:1:1 as well. The slurry was coated on Cu foil and dried in a
vacuum oven, and a process of prelithiation for 30 min was performed
before being used as an anode. NCM/graphite cells were assembled in
an argon-filled glovebox using the Celgard 2400 polypropylene
membrane as the separator and 1.0 M LiPF; dissolved in a mixture of
ethyl carbonate/ethyl methyl carbonate/fluoroethylene carbonate
(EC/EMC/FEC) as the electrolyte, provided by Guangdong Canrd
New Energy Technology Co., Ltd. and Guangzhou Tianci High-Tech
Materials Co., Ltd., respectively. NCM/Li cells were also assembled
under the same circumstances, in which Li metal foil was used as an
anode instead. The charge/discharge performance was carried out in
the NEWARE battery test system (provided by Shenzhen NEWARE
Technology Ltd.). To analyze the long-term cyclability, the coin cells
were charged and discharged at 0.2 C (1 C =200 mA g™') for 3 cycles
and then at 1 C for a long cycle. Rate performance was carried out at
0.2, 0.5, 1, 2, 4, 8 and 0.2 C, each for 3 cycles in NCM/Li cells
between 3 and 4.6 V. The electrochemical tests of NCM/graphite
cells were carried out at room temperature (25 °C) between 3 and
4.55 V, while NCM/Li cells were tested between 3 and 4.6 V. All tests
were performed after an 8 h rest. The GITT measurement was
obtained by the NEWARE system, and the relaxation time was set to
30 min after each current pulse for 10 min. The CV test and EIS were
performed on a Solartron Analylical 1470E electrochemical work-
station. The CV test was carried out with a scan rate of 0.2 mV s™!
and a potential range of 3—4.6 V. The frequency range of the EIS test
was 1000 kHz to 0.01 Hz.
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