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Correlating Rate-Dependent Transition Metal Dissolution
between Structure Degradation in Li-Rich Layered Oxides
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great pressure for developing cathodes with

Understanding the mechanism of the rate-dependent electrochemical excellent rate performance. Many strate-

performance degradation in cathodes is crucial to developing fast
charging/discharging cathodes for Li-ion batteries. Here, taking Li-rich layered
oxide Li; ,Nig ;3€0, 13Mng 5,0, as the model cathode, the mechanisms of
performance degradation at low and high rates are comparatively investigated
from two aspects, the transition metal (TM) dissolution and the structure
change. Quantitative analyses combining spatial-resolved synchrotron X-ray
fluorescence (XRF) imaging, synchrotron X-ray diffraction (XRD) and
transmission electron microscopy (TEM) techniques reveal that low-rate
cycling leads to gradient TM dissolution and severe bulk structure
degradation within the individual secondary particles, and especially the latter
causes lots of microcracks within secondary particles, and becomes the main
reason for the fast capacity and voltage decay. In contrast, high-rate cycling
leads to more TM dissolution than low-rate cycling, which concentrates at the

gies, like conductive additives, elemental
lattice doping, nanometerization, core-shell
heterostructure, etc., have been developed
to enhance the rate performance of cath-
ode materials. Carbon nanotubes, Pt/Ag
additives etc., were introduced to prepare
electrodes with the better conductive net-
work for higher rate capability.?l Multiple
elemental doping approaches, including
Mn/La co-doping, Al/Ti co-doping, etc.,
were reported to improve the Li* diffusivity
of LiCoO,, thus delivering a better rate
performance.’) Nanosized LiCoO, with
various morphologies, including “desert
rose”, parallelly arranged nanoplatelets, 3D

particle surface and directly induces the more severe surface structure
degradation to the electrochemically inactive rock-salt phase, eventually
causing a faster capacity and voltage decay than low-rate cycling. These
findings highlight the protection of the surface structure for developing fast

charging/discharging cathodes for Li-ion batteries.

1. Introduction

Fast charging/discharging capability has become a pressing de-
mand for Li-ion batteries especially in electric vehicles.[!) It loads
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nanosheets, etc., have been synthesized,
exhibiting the high rate capability due to
the shortened Li* diffusion pathway.l*]
Similarly, Chou et al. synthesized few-
layered nanosheets of LiCoO,, LiMn,O,,
and LiFePO,, which all present superior
rate capability.’! In addition, the core-shell
structured LiNi,<Mn, O, with LiCoO,
shell delivers high-rate performance due to
the better ionic conductivity of LiCoO,.l! These researches
mainly focus on increasing the capacity at high rates, while ig-
noring the cycling stability at high rates, which is also critical for
the practical application of high-rate cathodes. To solve the con-
cern, it is essential and preferential to figure out the mechanism
of the performance degradation at high rates, which could guide
the modification strategies.

TM dissolution in cathodes is one of the important factors
affecting electrochemical performance during cycling. The cur-
rent main-stream cathodes, LiCoO,, LiMn,0O,, LiFePO,, LiITMO,
(TM = Ni/Co/Mn), Li-rich layered oxides, and etc., all con-
tain transition metals (TMs), Co, Ni, Mn, Fe, etc.’! During the
charge/discharge, these TM cations not only act as the pool
of electron extraction/insertion via various redox couples, like
Co’**/Co**, Ni**/Ni*f, Mn3* /Mn**, and Fe?*/Fe**, more impor-
tantly, serve as the framework ions in the highly-delithiated cath-
odes under the deep charge state.”?) Thus, the changes in the
TM composition would greatly affect the electrochemical perfor-
mance of cathodes, including the reversible capacity and struc-
tural stability. Tarascon et al. reported Co dissolution in LiCoO,
could induce the capacity decrease in 1996.781 In 1981, Hunter et
al. observed serious Mn dissolution in LiMn,0,,® which came
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from the side reactions between surficial Mn** with trace HF in
the electrolyte.[’] It led to the formation of MnF, and MnO-like
species on the surface,”**] and induced the growing up of the
microcracks, which sped up the side reactions with the electrolyte
in return.l"% These researches are almost conducted at low rates,
while the influences of increasing the rate on the TM dissolution
are unknown hitherto.

The irreversible bulk/local structure deterioration in cathodes
is another important factor to induce the performance degra-
dation. Recently, Pan et al. adopted three-dimensional electron
diffraction technique to reveal that, the TM layers became bent
with cycling, hindering Li* transportation and resulting in a fast
capacity decrease at high voltages.['!] Liu et al. systemically stud-
ied the structure changes of spinel LiMn, O, during cycling, and
found that, the irreversible cubic-tetragonal phase transforma-
tion induced by serious Jahn-Teller distortion of Mn** O, octahe-
dra was the origin of the fast capacity fading."? In high-Ni cath-
odes, a series of phase transitions of H1-H2-M1-H3 would ac-
cumulate strain within and among the primary particles, which
induces the microcracks, and eventually leading to fast perfor-
mance degradation.!'3] Therefore, the structure changes with cy-
cling must be examined to study the performance degradation
mechanism in cathodes.

In this work, we comparatively investigated the mechanisms
of performance degradation of Li-rich Mn-based layered oxide
Li; ,Nij;3Cog13Mny 5,0, (LR114) at low and high rates from two
aspects, the transition metal (TM) dissolution and the change of
bulk/local structure. Spatially-resolved synchrotron-based X-ray
Fluorescence (XRF) imaging technique was adopted to quanti-
tatively investigate TM dissolution with cycling. Synchrotron ra-
diation X-ray diffraction (XRD) combined with Rietveld refine-
ments was used to quantify the bulk structure degradation with
cycling. The local structure change within the secondary par-
ticle was examined by high-resolution TEM. Combining these
advanced characterizations, the rate-dependent electrochemical
degradation mechanisms were clearly revealed.

2. Results and discussion

2.1. Rate-Dependent Electrochemical Degradation

To study the electrochemical degradation at different rates, all
LR114 cathodes with the typical layered structure (Figure 1a;
Figure S1, Supporting Information) were activated in the initial
three cycles at 0.1 C (1 C = 250 mA g!) and then cycled at dif-
ferent rates. Figure 1b—d show the charge/discharge profiles at
the selected cycles under 0.2, 1, and 2 C. The initial discharge
capacities at 1 and 2 C are 275 and 262 mA h g1, respectively,
~92% and 88% of that at 0.2 C (299 mA h g™'). The discharge ca-
pacity and voltage all keep degenerating with cycling at different
rates, consistent with the previous reports.['* To directly compare
the degradation speeds of electrochemical performance at differ-
ent rates, the capacity retentions and the average voltages were
plotted versus the cycle number in Figure le.f, respectively. The
capacity retentions decrease fast in the initial 10 cycles, and grad-
ually decrease to 82%, 77%, and 73% after 200 cycles at 0.2, 1, and
2 C, respectively. The average voltages show similar curves, and
the voltage decays are 0.4064, 0.4669, and 0.4939 V after 200 cy-
cles, respectively. Overall, the degradation speeds of the capacity
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retention and average voltage become faster with the increasing
rate, and the cycling stability becomes much poorer at high rates
than at low rates.

2.2. Quantifying TM Dissolution

To quantify the TM dissolution upon cycling, synchrotron-based
spatial-resolved XRF as a powerful tool to monitor the elemen-
tal distribution at the micrometer scale, was employed here.
Figure 2a presents the Mn, Ni, and Co distribution maps on the
Li anodes after different cycle numbers at 1 C. The signals grad-
ually become intensive with the cycle number, indicating that,
the amounts of Mn/Ni/Co dissolution increase with the cycle
number. Moreover, the element-enrich areas (light contrast) and
element-poor areas (dark contrast) for Mn, Ni, and Co are con-
sistent on the Li anodes, showing the spatial correlation of TM
distribution. According to the contrast difference, the area can
be divided into the middle region and the edge region by the
dashed circles in Figure 2a. In the first 20 cycles, the middle re-
gions have less TM amounts than the edge regions, indicating the
preferential TM deposition at the edge regions. Then Mn/Ni/Co
quickly accumulate in the middle region with the cycle num-
ber. Similar phenomena are observed in the element maps at
0.2 and 2 C (Figure S2 and S3, Supporting Information), con-
sistent with the previous report.'! It may be associated with
the non-uniform surface roughness and pressure distribution
(see the detailed analysis below Figure S3, Supporting Informa-
tion). In addition, the Mn/Ni/Co concentration statistics profiles
(Figure S4) were extracted from the corresponding element maps
in Figure 2a (Supporting Information). A narrow peak appears at
~0.2 pg cm~2 after the 1st cycle, corresponding to the preferential
and uniform TM deposition outside of the indentation regions.
Upon further cycling, its intensity continuously decays with the
cycle number, while a new broad peak gradually appears and in-
tensifies at #0.6 pg cm~2, mainly ascribed to the TM deposition in
the indentation regions. The gradual increase in the peak broad-
ness indicates the non-uniform TM deposition with cycling. A
similar phenomenon is observed in the Mn/Ni/Co concentration
statistics profiles at 2 C (Figure S5, Supporting Information).
The total amounts of Mn/Ni/Co dissolution were summarized
in Figure 2b,d; Figure S6 (Supporting Information). As shown in
Figure 2b (Supporting Information), TM dissolution maintains
at a low level in the first 10 cycles, and then fast increases with
the cycle number. It demonstrates that, TM dissolution has no di-
rect relationship with the fast capacity decay in the first 10 cycles
(Figure 1e). Since Co dissolution is the smallest of three kinds
of TM cations, we deduce the Ni/Co and Mn/Co molar ratios
in Figure 2c. Mn/Co ratio keeps at =2 in the initial 10 cycles,
then gradually increases with cycling and approaches 3.5 after
200 cycles. The value is still smaller than the stoichiometric ratio
of 4 in LR114, indicating the slower dissolution rate of Mn than
that of Co. Ni/Co ratio maintains at 1 (the stoichiometric ratio in
LR114) in the first 20 cycles and gradually increases with the cy-
cle number. It indicates that, the Mn/Ni/Co dissolution speeds
are not synchronous. The rate of Mn dissolution is slower than
that of Ni and Co dissolution initially, and then gradually acceler-
ates with cycling, while Ni dissolution rate is similar to that of Co
initially, and the accelerated speed of Ni dissolution is larger than
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Figure 1. Electrochemical degradation of Li-rich layered oxide at different rates. a) The layered structure of the model compound LR114. The 1st, 10th,

20th, 50th, 100th and 200th charge/discharge profiles of LR114 cathodes at 0.2 (b), 1 (c), and 2 C (d). The plot of the capacity retention as a function of

the cycle number at different rates (e). The plot of the average voltage as a function of the cycle number at different rates (f).

that of Co dissolution after 10-20 cycles. Similar phenomena are
observed at other cycling rates (Figure 2d; Figure S7, Supporting
Information). In addition, the total amounts of TM dissolution
increase with the cycling rate. Mn/Co ratios at different rates are
summarized in Figure 2e. It is clear that the ratios all change lit-
tle in the first 20 cycles, then increase with the cycle number. The
increasing slope becomes smaller with the rate, indicating that,
the larger current rate would suppress the disproportion between
Mn and Co dissolution.

Based on the quantitative analysis above, we can estimate
the total amounts of TM dissolution after 200 cycles as 3.257,
3.962, 5.544 pg per cathode at 0.2, 1, and 2 C (see the dissolved
Mn/Ni/Co amounts in Table S2, Supporting Information), re-
spectively, if ignoring the small amounts of TM dissolved in the
electrolyte (Figure S8, Supporting Information). They took about
0.61, 0.75, and 1.05 wt.% of TM content in the pristine cath-
ode, respectively. The results are consistent with the previous
report.'8] Such tiny elemental component changes could not ex-
plain the significant capacity and voltage decay above. Therefore,
there is no direct relationship between TM dissolution and per-
formance fade, and the performance fade may be directly related
to the structure changes partially induced by TM dissolution.
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2.3. Bulk Structure Changes

Synchrotron XRD was performed on the corresponding cath-
odes to examine the bulk structure changes upon cycling at dif-
ferent rates. The XRD patterns and the Rietveld refinement re-
sults were shown in Figure S9 and S10 (Supporting Information),
and the detailed lattice parameters were deposited in Table S1
(Supporting Information) and plotted in Figure 3. As shown in
Figure 3a—c, the changes of lattice parameters a and ¢ show a sim-
ilar trend at different rates. They change little in the initial 20 cy-
cles, demonstrating good structural stability in the first 20 cycles.
It indicates that, the fast capacity decrease in the first 20 cycles
(Figure 1a) is not due to the bulk structure degradation. With fur-
ther cycling, a increases with the cycle number while ¢ decreases
with the cycle number. It may be related to the continuous TM/O
loss and the aggravated structural degradation from layered to
spinel even to rock-salt phase with cycling.!"**!7] The variation
values Aa and Ac after 200 cycles decrease with the increasing
rate. It indicates that, the larger rate leads to the smaller changes
in lattice parameters. Moreover, c¢/a ratio, as the common factor
to evaluate the cationic ordering in the layered structure,!*®! was
deduced in Figure 3d. The ratios at different rates all exhibit the
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Figure 2. Quantify TM dissolution upon cycling. a) The Mn, Ni, and Co XRF coloring images of Li anodes at 1 C. The scale bars are 1 mm. The signal
intensities were unified for each element for convenient comparison. b) The average concentrations of Mn, Ni, and Co on Li anodes with the cycle
number at 1 C. ¢) The Mn/Co and Ni/Co molar ratios with the cycle number at 1 C. d) The average concentrations of Mn, Ni, and Co on Li anodes with
the cycle number at different rates. €) The Mn/Co molar ratio with the cycle number at different rates.

decreasing trend with the cycle number, hinting the aggregated
cationic disordering with cycling. In addition, the drop is much
reduced with the increasing rate, consistent with the changing
trend in the variations of lattice parameters. They both confirm
that, the bulk structure degradation becomes slower with the in-
creasing rate.

The impacts of the rate on the bulk structure changes can be
illustrated in Figure 3e. Lattice parameter a increases while ¢ de-
creases with cycling, and the cationic ordering decreases with cy-
cling. With the increase of the current rate, the variations Aa and
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Ac decrease, while the variation of ordering degree (Aordering)
would be also suppressed. It is reasonable that, the high-rate cy-
cling leads to much shadow charge/discharge, thus affecting the
bulk structure less than the low-rate cycling.

2.4. Morphology and Local Structure Changes
The change in particle morphology was examined on the cross-

section samples of the secondary particles prepared by the
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Figure 3. Bulk structure changes upon cycling at different rates. The changes of lattice parameters a and ¢ with the cycle number at 0.2 (a), 1 (b), and
2 C (). d) The ¢/a ratio with the cycle number at different rates. e) Schematic illustration to show the structure changes with cycling and the influences

of the rate on the structure changes.

focused ion beam (FIB) technique. As shown in Figure 4a,d,
the particle cycling at 0.2 C after 200 cycles exhibits lots of mi-
crocracks, while the particle cycling at 2 C still maintains the
well mechanistic integrity. Similar phenomena can be observed
in scanning electron microscopy (SEM) images of the selected-
randomly particles after 200 cycles (Figure S11, Supporting In-
formation). Depth-dependent X-ray photoelectron spectroscopy
(XPS) (Figure S12, Supporting Information) was performed on
the samples after 200 cycles at 0.2 and 2 C to check the micro-
cracks on the surface chemistry. The lattice O signal was much
weaker at 0.2 C than that at 2 C, and also the Mn and Co signals
were observed after the longer etching time at 0.2 C than that at
2 C. These phenomena demonstrate more surface side reactions
with low-rate cycling, which can be ascribed to the formation of
lots of microcracks, which expose more surface area to the elec-
trolyte.

To further check the local structure changes, we chose the near-
surface region (marked by solid rectangles) and the inner region
(marked by dashed rectangles) to collect high-resolution trans-
mission electron microscopy (HRTEM) images. In Figure 4b,
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HRTEM image of the surface region in the low-rate cycling
particle exhibits mixed phases compositing with much rock-
salt phase, and small portions of layered and spinel phase, as
demonstrated by the corresponding FFT map. The inner region
of the low-rate-cycling particle is almost fully transformed to
the spinel phase (Figure 4c). It indicates that, the whole sec-
ondary particle experienced serious structure degradation from
surface to bulk after low-rate cycling, which should be respon-
sible for the formation of microcracks. In comparison, the sur-
face region of the high-rate-cycling particle completely trans-
formed to the rock-salt phase (Figure 4e), while the inner re-
gion still maintains the layered structure (Figure 4f). It indicates
that, the structure degradation mainly concentrates on the sur-
face region after high-rate cycling, and the bulk structure is dam-
aged little, which is consistent with the XRD results above. In
brief, low-rate cycling leads to medium-degree structure degra-
dation and thus the resulted microcracks throughout the sec-
ondary particle, while high-rate cycling leads to the more severe
structure degradation in the rock salt phase mainly at the near-
surface region.
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Figure 4. Local structure changes after cycling at different rates. a) SEM image of the cross-section sample of LR114 after 200 cycles at 0.2 C, prepared
by FIB. HRTEM images and the corresponding FFT maps at the surface region (b) and the inner region (c) of the secondary particle in (a). d) SEM image
of the cross-section sample of LR114 after 200 cycles at 2 C, prepared by FIB. HRTEM images and the corresponding FFT maps at the surface region
(e) and the inner region (f) of the secondary particle in (d). The scalebars in the FFT maps are 5 1/nm.

2.5. Electrochemical Degradation Mechanism

Combining TM dissolution and structural changes together,
we can deduce that, the electrochemical degradation mecha-
nisms of Li-rich layered oxides vary with the rate. As shown in
Figure 5, when cycling at low rates, TM cations gradually
dissolve out from the bulk of the cathodes due to the deep
charge/discharge, forming a full concentration gradient through-
out the whole secondary particle. It brings with the severe and
gradient structure degradation within the whole particle, includ-
ing the structural transformation to spinel phase in the bulk and
the further structure transformation to mixed phases with the
main component rock-salt at the surface, inducing the strain ac-
cumulation and eventually the formation of lots of micro-cracks.
Therefore, the electrochemical degradation at low rates can be
mainly ascribed to the degradation of bulk structure and the
destruction of particle mechanistic integrity. When cycling at
high rates, more TM cations dissolve out than the low-rate cy-
cling, and mainly concentrate at the near-surface region of the
secondary particles, which results into the more severe dete-
rioration of surface structure, especially the formation of the
electrochemically-inactive rock-salt phase. The resulted surface
rock salt phase greatly hinders the Li*/electron transportation
at the cathode/electrolyte interface, inducing a quicker decay of
the capacity and average voltage than the low-rate cycling. In
this high-rate case, the surface structure degradation brings with
more serious influences on the electrochemical performance
than the bulk structure degradation.

Moreover, the relationship between TM dissolution and struc-
ture change can be discussed based on the above quantitative
analyses. Since TM dissolution only takes 0.61 wt.% of the TM
content in the pristine cathode after low-rate cycling, moreover
distributes gradient within the whole secondary particle. Itis rea-
sonable to deduce that, such tiny TM dissolution should have
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a relatively weak relationship with the severe structure degra-
dation, which may be directly related to the accumulated strain
and the continuous lattice O loss upon cycling.['!%] Thus, the
performance degradation at low rates may be mainly ascribed
to the severe structure degradation not TM dissolution. Differ-
ently, high-rate cycling brings more TM dissolution, which con-
centrates at the surface region locally. Such local concentrated TM
dissolution may become the direct inducement for the more se-
vere surface structure degradation. Therefore, the much faster
performance decay at high rates has a stronger relationship with
the surface TM dissolution and the induced surface structure
degradation.

3. Conclusion

In summary, we employed advanced synchrotron XRF imag-
ing, synchrotron XRD, FIB-SEM and HRTEM techniques, com-
bined with the electrochemical long-term cycling tests, to system-
ically investigate the performance degradation mechanisms of
Li-rich layered oxide cathodes at varied rates. Quantitative anal-
yses of XRF imaging data reveal the inhomogeneous and non-
synchronous Mn/Ni/Co dissolution with cycling, and more se-
vere TM dissolution at high rates than at low rates. Rietveld re-
finements of XRD data indicate that high-rate cycling leads to less
bulk structure degradation than low-rate cycling. Visual observa-
tions by SEM and HRTEM reveal that, low-rate cycling results in
lots of microcracks and severe structure degradation throughout
the secondary particles, while high-rate cycling results in more
severe structure degradation into the rock-salt phase concen-
trated at the particle surface. Combining these results together,
the rate-dependent performance degradation mechanisms are
clearly unraveled. When cycling at low rates, the breaking of
mechanistic integrity of secondary particles due to the gradient
TM dissolution and the structure degradation leads to the decay
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Figure 5. Schematic illustration of different electrochemical degradation mechanisms at low rate and high rates from two aspects, TM dissolution and

structure degradation.

of capacity and average voltage. Differently, when cycling at high
rates, the severe surface structure degradation due to the surface
concentrated TM dissolution leads to a quicker performance de-
cay than the low-rate cycling case. The findings emphasize the
critical importance of stabilizing surface structure for achieving
the cycling stability at high rates than at low rates, thus provid-
ing a guide to developing long-lifespan fast-charging/discharging
cathodes through appropriate surface protection strategies.

4. Experimental Section

Electrochemical Tests:  LR114 was purchased from Ningbo Fuli Battery
Material Technology Co., Ltd. Electrochemical measurements were con-
ducted with coin-type (CR2032) half cells. 10 wt.% of polyvinylidene fluo-
ride (PVDF), 10 wt.% of acetylene black and 80 wt.% of LR114 sample were
thoroughly mixed in N-methyl pyrrolidone (NMP). Then cast the slurry
onto the aluminum foils, and dry at 105 °C in vacuum overnight to ob-
tain the cathodes. The cathodes were cut into the discs with a diameter of
10 mm. The loading of LR114 per disc was &1 mg. The Li metal discs with a
diameter of 18 mm were used as the anodes. The electrolyte was 1M LiPF¢
solution in ethylene carbonate and dimethyl carbonate (EC/DMC v/v 1:1)
with the additive of 5% fluoroethylene carbonate (FEC). The galvanostatic
charge-discharge tests were performed using a NEWARE battery test sys-
tem.

Synchrotron XRF Imaging:  Ex situ XRF measurements were performed
at the 8-BM-B beamline of the Advanced Photon Source (APS) at Argonne
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National Laboratory at room temperature. The sample was excited by
10 keV X-ray photons with a 30 um beam size. Emitted XRF signals were
then detected by an energy-dispersive detector while the sample was raster
scanned with a step size of 25 um and a dwell time of 100 ms. The mini-
mum detection limits of synchrotron-based X-ray fluorescence were much
higher than ppm levels sufficient to detect TM elements such as Mn, Nj,
and Co. The 2D element concentrations were then calculated by MAPS43.
Li metal anodes were disassembled from the corresponding cycled coin
cells for mapping.

Synchrotron XRD:  Synchrotron XRD (SXRD) measurements were per-
formed at beamline 11-ID-C of the Advanced Photon Source (APS) at Ar-
gonne National Laboratory. Exhibiting high penetration and low absorp-
tion, synchrotron XRD precisely reflects bulk structure properties. A high-
energy X-ray with a beam size of 0.2 mm X 0.2 mm and wavelength of
0.1173 A was used to obtain 2D diffraction patterns in the transmission
geometry. X-ray patterns were recorded with a Perkin-Elmer large-area de-
tector placed at 1800 mm from the battery cells. For ex situ XRD sample
preparation, powders from the cycled electrodes was scraped and sealed
the samples with Kapton tape to avoid air exposure. The Rietveld refine-
ments for ex situ XRD were performed with TOPAS software packages.

SEM, HRTEM, XPS and ICP-OES: The morphology of the individual
secondary particles was characterized by scanning electron microscope
(SEM, FEI Scios DualBeam) equipped with the focused ion beam (FIB).
The local structures of the cross-section samples of the individual sec-
ondary particles were studied by high-resolution field-emission transmis-
sion electron microscopy (FETEM, JEOL-3200FS) at an accelerating volt-
age of 300 kV. The chemical states of the selected elements were investi-
gated by X-ray photoelectron spectrometry (XPS) on a Thermo Scientific
Escalab 250Xi spectrometer. The TM contents in the electrolyte were deter-

© 2023 Wiley-VCH GmbH
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mined by inductively coupled plasma optical emission spectroscopy (ICP-
OES, JY2000-2).

Supporting Information

Supporting Information is available from the Wiley Online Library or from
the author.
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