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Abstract

Recent studies have suggested that Co-free, Ni-rich layered cathodes (e.g., doped LiNiO,)
can provide promising battery performance for practical applications. However, these layered
cathodes suffer from significant surface instability during various stages of the sample history,
which generates inherent challenges for achieving stable battery performance and obtaining
statistically representative characterization results. To reliably report the surface chemistry of these
materials, delicate controls of stepwise sample preparation are required. In this study, we aim to
illustrate how the surface chemistry of LiNiO, based materials changes with various environments,
including human exhalation, sample storage, sample preparation, electrochemical cycling, and
surface doping. Our results demonstrate that the surface of these materials is highly reactive and
prone to alter at various stages of sample handling and characterizations. The sensitive surface
could impact the interpretation of the surface chemical and structural information, including
surface carbonate formation, transition metal reduction and dissolution, and surface
reconstruction. Importantly, the heterogeneity of the surface degradation calls for a consolidation
of nanoscale, high-resolution characterization and ensemble-averaged methods in order to improve
statistical representation. Furthermore, the doping chemistry can effectively mitigate the surface
degradation and improve overall battery performance due to the enhanced surface oxygen
retention. Our study highlights the necessity of strict measurements through complementary

characterizations at multiple length scales to eliminate unintentional biased conclusions.

Keywords: surface chemistry, Co-free Ni-rich cathodes, instability, sample handling and

preparation
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Introduction

High energy density lithium ion batteries have been applied as the main energy storage
technology in portable devices and green transportations. LiCoO,, a layered oxide cathode in
lithium ion batteries, has obtained unprecedented success since its commercialization in the 1990s.
LiNiO,, isostructural to LiCoO,, can deliver a higher capacity within a relatively low upper cutoff
voltage.! However, its practical application has been hindered due to the inherent structural
instability.!-3 Thus, cobalt, as an essential element, has been incorporated into the LiNiO, system
to form LiNi;...,Mn,Co,O, (NMC) and LiNi;.,,Co,Al;O, (NCA) materials to release the strong
magnetic moment and ultimately stabilize the structure.* > At present, researchers are pursuing the
theoretical capacity of NMCs either by elevating the high cutoff voltage or increasing the nickel
concentration. However, these strategies have inevitably provoked some of the degradation
pathways of these materials, including transition metal reduction/dissolution, surface
reconstruction, gas evolution, electrolyte oxidation/decomposition, and chemomechanical
breakdown.5-19 Additionally, most of these materials are synthesized in the polycrystalline form
and have heterogeneous chemistry, resulting in high heterogeneous degradation patterns.”> !

Aiming to achieve higher energy batteries, researchers have started to revisit the LiNiO,
chemistry with hopes that knowledge obtained from NMC and NCA studies could be applied to
LiNiO, and resolve the issues that were identified decades ago.! Furthermore, eliminating the use
of cobalt can circumvent the issues surrounding Co such as high toxicity, high cost, and child labor
abuse in mining.* 12 At the material level, the most popular strategy is the bulk cationic doping to
enhance the electrochemical reversibility.!3-17 With doping strategies, Co-free Ni-rich layered
cathode materials are expected to deliver comparable battery performance to NMCs and NCAs.!?
In addition, many studies have been performed on modulating the electrolyte composition to
improve the electrode-electrolyte interphase for stabilizing the battery performance.” 18-20 The
surface of LiNiO,-based materials is much more reactive than NMC and NCA materials owing to
the extreme Ni**/Ni*" redox couple. Thus, revealing the origins of surface changes can better
inform the advanced design of promising LiNiO,-based materials. At present, most studies rely on
ex situ characterization methods to understand the surface degradation of cathode materials, for
example, transition electron microscopy (TEM) based techniques for atomic scale structural and
chemical analysis, as well as surface sensitive X-ray spectroscopy for ensemble-averaged

measurements to probe surface chemical information. The surface sensitive probing techniques
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typically have low penetrating depths, which makes it difficult to study surface chemistry under
practical battery operating environments. Noticeably, the chemical and structural information on
the particle surface may be influenced by a range of experimental conditions, including but not
limited to, human exhalation, sample storage, and sample preparation during material surface
analysis. This can skew observations found in characterization analysis, surface doping, and
electrochemical protocol. Therefore, to characterize the surface of LiNiO, properly, one must
understand how the experimental conditions influence overall surface and interfacial chemistries.

Herein, we aim to provide a systematic study on the surface challenges of Co-free, Ni-rich
layered cathode materials by combining our experimental observations with other studies in the
literature. The surface chemistry is investigated and compared using a suite of synchrotron/electron
spectroscopic and imaging techniques under various sample conditions. We report that the sample
preparations greatly affect experimental observations due to the highly reactive cathode surface.
We highlight that strict protocals are required to understand the relationship between cathode
surface chemistry and battery performance, which can be potentially facilitated by carefully
designed, surface-sensitive measurements. Finally, this study demonstrates that the surface doping

approach can stabilize the surface chemistry and improve battery performance.

Results and Discussion

For more than a decade, researchers have known that layered oxide cathodes, particularly
NMC and NCA materials, have fragile surfaces.?! Thus, it allows various
chemical/electrochemical reactions with gases (e.g., storing environments) or liquids (e.g., organic
electrolytes) at the surfaces. As the urgent demand for commercialization of the Co-free, Ni-rich
layered cathodes, the shelf life of active powders is considered as an important characteristic due
to the uncertain delay from powder production to electrode processing and to battery
manufacturing. In addition, with the nickel concentration approaching 100%, and the pursuit
towards Co-free materials, surface stability against the organic electrolyte is vital in the
commercialization. LiNiO,-based materials are more unstable than their cobalt-containing analogs
because of the increased magnetic frustration of Ni** than Co*".* Therefore, surface degradation is
more severe in Ni-rich oxide cathodes due to the high oxidation state of nickel.?> We previously
discovered that the electrochemical performance of LiNiO, cathode can be improved by

incorporating dual dopants through the surface and bulk properties enhancement.'3 14 Herein, we
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exploit the platform of LiNiO,-based materials to study the surface fragility under various practical
conditions. Moreover, we will further discuss advantages of doping chemistry through the post-
mortem characterizations. Lastly, we are aiming to provide insights into developing low-cost,

high-energy Co-free Ni-rich cathode materials.

Lithium residual species

The surface of alkali metal containing layered cathode materials are usually covered by
undesired alkali metal residues (e.g., hydroxide and/or carbonate) accompanied by active oxygen
species and nickel reduction.?3-2¢ Previous studies corroborated that sufficient lithium residuals
negatively impact interfacial chemical/electrochemical reactions with conventional carbonate-
based electrolytes, which is crucial to battery performance.?”> 28 To avoid introducing lithium
residuals into batteries, washing or high temperature re-calcination prior to the electrode
processing are the two main strategies at present.?’-3! In materials with increased concentrations of
nickel, there are more lithium residuals present.” 32 Thus, due to the high surface sensitivity, we
first studied how the atmosphere influences the surface components of LiNiO, by virtue of X-ray
photoelectron spectroscopy (XPS).

Herein, we utilized three representative conditions, i.e., pristine, 30 min aging, and 30 min
exhalation (Figure S1 and Figure 1). The pristine represents the sample immediately transferred
to the vacuum chamber for XPS measurement right after calcination (after the temperature
naturally decreased to room temperature in the tube furnace with oxygen flow). The abbreviations
“30 min aging” and “30 min exhalation” represent the as-synthesized LiNiO; stored for 30 minutes
in ambient environmental conditions and under continuous human exhalation in ambient
environment, respectively. There are three spectra (Cls, Lils, and Ols) related to the lithium
residuals in the survey XPS spectra. In order to simplify the comparison, here, we deconvoluted
the Cls peak (Figure 1a) into two main groups: organic carbon groups and inorganic carbonates
(-COs3) that locate below 288 eV and above 289 eV, respectively. The organic carbon groups
(COOH, C=0, C-0O, and C=C) might come from adventitious carbonaceous species and carbon
tape, whereas the peak centered at 289 eV can be associated with Li,CO3.33 The peak area of the
Li,CO; has a strong contribution to ~34.48%, 39.62%, and 43.48% in the Cls spectra of the
pristine, 30 min aging, and 30 min exhalation samples. The Lils spectrum can be associated with

a low binding energy component from the lattice Li in LiNiO, along with the undesired surface
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residal species of LiOH and Li,COj3. The peaks area of Li,CO3 and LiOH contributes ~58.73%,
60.56%, and 95.16% in the Lils spectra of the pristine, 30 min aging, and 30 min exhalation
samples (Figure 1b). In addition, the peak proportion representing LiNiO, decreases dramatically
in the 30 min exhalation sample (Figure 1b). Furthermore, a similar trend can be observed in the
Ols spectra, displaying the proportion of residual species (Li,CO; and LiOH) to be 66.3%, 72.3%,
and 90.8%, respectively (Figure 1c¢). Concurrently, the lattice oxygen proportions were reduced

from 33.7% to 27.7%, and all the way down to 9.2% for the exhalation sample.
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Figure 1 XPS spectra of LiNiO, samples under various conditions, i.e., pristine, 30 min aging, and
30 min exhalation; a) C/s spectra that are deconvoluted into Li,CO; and organic carbon groups b)
Lils spectra that are deconvoluted into Li,COs, LiOH, and LiNiO,, and ¢) O/s spectra that are
deconvoluted into Li,COs, LiOH, and lattice oxygen (Li-O and Ni-0).33

By comparing the Cls, Lils, and O/s XPS spectra and the corresponding area proportions,
we found corroborative results. Firstly, a great amount of residual carbonate on the pristine LiNiO,
surface illustrates the continued challenge in avoiding carbonate formation during calcination and
quick transferal. There was a clear increase in inorganic carbonates (C/s, Lils, and Ols XPS
spectra) concurrent with the decrease of lattice Li and O proportions after exposure to ambient
environment, which was amplified under continuous human exhalation (lattice Li and O are almost
negligible on the surface) (Figure 1). This is indicative of the continuous formation of inorganic
carbonates, which strongly attenuates the photoelectron signals from underneath LiNiO, layers.

Our observertion is consistent with previous studies suggesting that dense concentration of water
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and CO, on the oxide cathode surface facilitates chemical reactions to yield increased amounts of
surface inorganic carbonates.>* Previous studies have shown the surface chemical bonding and
structure of NMC materials are readily transformed by certain environments, including CO,, H,O,
O,, and other reactive gases in a glove box.?’33-3% These gases react with layered oxides by
extracting lithium from the lattice, further generating LiOH and/or Li,CO; as well as oxygen
vacancies. Lithium residuals on NMC and NCA materials also have been confirmed by infrared
spectroscopy, Raman spectroscopy, and TEM.?7-3%-34.39 [t is a consensus that surface instability is
one of the common challenges for many battery materials.*® Other materials, such as sodium-
containing layered cathode materials and Li-rich materials, also encounter surface-air instability,
which leads to Na/Li residual formation and elevated pH on the particle surfaces. For sodium-
containing layered cathode materials, water intercalation or Na*/H" exchange also takes place,
which can disrupt the layered structure.®® These changes would trigger slurry alkalization,
degassing problem, and electrolyte decomposition. Based on our results and previous findings, we
recommend that the details about sample handling should be specified in the journal publications,

especially those involving delicate surface chemical analysis.

Long-term sample storage

Chemical reactions during storage generate electrically insulating carbonate which elevates
internal cell resistance and also alters the surface morphology.?> 3% 4! The electronic and ionic
insulation of carbonate induces a sequence of chemical/electrochemical reaction behaviors.!® For
instance, the transformed Lewis base surfaces can react with electrolytic species, generating
detrimental species such as HF and gases.”- 2! 2* Therefore, extra cautions are required when
preparing or handling LiNiO,-based materials before the battery assembly (Figure 1). Herein, we
evaluate the battery performance of the LiNiO, cathode after storage in the dry box (humidity:
~30%) and Ar glove box (the water level was ~0.5 ppm) for two weeks. Two weeks would be a
reasonable time frame between the synthesis of cathode powders and their processing into batteries

in the actual manufacturing.
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Figure 2 Cycling performance of the LiNiO, cathode after storing under various conditions,
including fresh, Ar glovebox for two weeks, and dry box for two weeks. The data illustrates a)
representative first charge/discharge profiles at C/10, insert is the histogram of the initial
Coulombic efficiency (the colors are corresponding to the voltage profiles) presented with error
bars, which are created based on the standard deviation of at least three repeated measurements;
b) cycling stability within 2.5-4.4 V vs Li/Li" at C/3 at 22 °C, the performance was averaged by
three individual cells. The formation cycle was at C/10 within 2.5-4.4 V vs Li/Li" at 22 °C . ¢)
Soft XAS (X-ray absorption spectroscopy) O K-edge spectra in the TEY (total electron yield)
mode, the distinct peak intensity located at ~534 eV of the sample stored in dry box for two weeks
that can be associated with the carbonate accumulation. (Note that the lowest energy resonance of

water is at 535 eV.)

The initial discharge capacity of the aged samples after Ar glovebox and dry box storage
are ~200 mAh/g (Figure 2a), which are slightly lower than that of the fresh sample (~225 mAh/g).
This is likely due to the carbonate formation that consumes reversible lithium at the particle
surface. The increase of carbonate species is shown by the soft XAS (X-ray absorption
spectroscopy) O K-edge (Figure 2¢). When comparing the samples — fresh, Ar glovebox storage,
and dry box storage — the initial Coulombic efficiency was approximately 91%, 85%, and 76%,
respectively (Figure 2a insert). It is consistent with the literature that carbonate impurities readily
decompose above 3.8V vs Li/Li*, leading to a much lower initial Coulombic efficiency (Figure
2a).3%42-44 After the formation cycles, there are negligible differences in the Coulombic efficiency
(Figure S2), indicating that the decomposition predominates in the initial cycles.4> 44

Although decomposition is unavoidable, lithium residuals do not negatively impact

capacity decay, resulting in similar capacity retentions of 73.7%, 70.1%, and 68.7% for the
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samples aged in the Ar glovebox, in the dry box, and in the fresh state, respectively (Figure 2b).
According to many studies, surface contaminants increase the ion diffusion energy barrier3¢-4 and
promote increased amounts of gas generation (i.e. CO,),?% 42-#* which ultimately contributes to
battery volume expansion. Degassing process after formation cycles is commonly adopted before
the battery sealing, which adds to the battery cost.*® Thus, washing cathode powders using water,
alcohol, or other solvents,?® 38 or a simple high temperature annealing under oxygen flow can be
utilized to remove the lithium residues.’% 3! We also noticed that upon extensive storage (three
months in the dry box), the large amount of carbonates can be visible in the SEM (scanning
electron microscopy) images, which would more negatively impact the battery performance
(Figure S3).31- 3437 Given that these materials are sensitive to storage environment and duration,
it is recommended that scientific publications should specify these details when the performance

is reported.

Sample preparation for surface structural and chemical characterization

Our previous studies suggest that Ti doping can enhance the surface stability of Ni-rich
layered oxides, such as LiNiO, and NMC81 1, because of the improved surface oxygen retention.!#
47 Here, we developed a direct approach to visualize the surface stability. Sonication is commonly
utilized to break apart particle agglomerations to prepare scanning transmission electron
microscopy (STEM) samples. Extensive sonication may trigger surface changes in LiNiO,-based
materials. Indeed, we observed a mossy surface after 30 minutes of sonication of Mg/Ti-LiNiO,'
in isopropyl alcohol (IPA) (Figure 3a), which likely resulted from lithium extraction and
carbonate formation. It is consistent with the O K-edge soft XAS data showing an increased
carbonate peak accompanied by the decreased hybridization peak (Figure S4). Meanwhile, the
layered structure underwent surface reconstruction by which the surface-most region (2—5 nm
depth) possessed a rock-salt structure (Figures 3b-c). The fast Fourier transform (FFT) patterns
further confirmed that the surface reconstruction took place during the sonication while the bulk
remained the layered structure (Figure 3d-e). In contrast, after LiNiO, was sonicated in IPA for
30 minutes (Figure 3f-h), the surface reconstruction layer was as deep as 20 nm, which was much
thicker than the Mg/Ti-LiNiO,. The STEM image indicates the presence of several atomic layers

of spinel-like phase bridging the layered and rocksalt phases in the two materials.
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Figure 3 Characterizations of the Mg/Ti-LiNiO, and LiNiO, samples after sonication, (a-c) STEM
images of the Mg/Ti-LiNiO, sonicated in IPA for 30 minutes, and the corresponding (d-e) FFT
patterns from the selected areas (the zone axis of d is slightly off the [100]). Additionally, (f-h)
STEM images of the LiNiO, sonicated in [PA for 30 minutes, the inserted FFT pattern is from the
white square region in the figure g. (i) Soft XAS Ni L;-edge spectra in the TEY mode of the

samples before (pristine) and after sonication.

As illustrated by the dark contrast regions, many nanopores were generated within the
surface-most 20 nm, indicated by the white arrows in Figure 3f. The pore formation is likely due
to the depletion of lithium and oxygen. This corroborates previous reports that similar materials
under high temperature or radiation, or at deep electrochemically delithiated conditions may
promote pore formation.*® 4° The formation mechanism is likely associated with lithium vacancy
migration, oxygen release, and rock-salt formation.% 3% 31 Additionally, the decreased peak
intensity in the Ni Lj-edge (~854 eV) illustrated surface nickel reduction and reconstruction
(Figure 3i).% In general, the soft XAS Ni L; right/left peak ratio can qualitatively demonstrate the
Ni oxidation state, with a higher value representing a higher oxidation state. Thus, less transition
metal reduction was confirmed in the sonicated Mg/Ti-LiNiO, than that in the sonicated LiNiO,
(Figure S5). By comparing the results, we present that the enhanced surface stability may be
associated with Mg/Ti dual dopants, i.e., dual dopants can modify the electronic configuration

which enhances the interfacial stability.!4 47- 52,53
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This simple, yet methodical sonication method can be applied to evaluate the surface
stability of inorganic materials. In particular, the agglomerated secondary particles require a
dispersing process to prepare samples for the TEM analysis. In addition, an extended sonication
may be necessary in the cycled electrodes because of the binder usage. Our results have also shown
that the surface of layered oxide materials can be easily influenced by the sonication method.
Furthermore, our previous study also demonstrated that the cathode surface can be transformed by
simply soaking layered oxide powders in organic solvents, including typical electrolyte solvents.®
40,54,55 With the inherent surface fragility of Ni-rich oxide materials, it is crucial to take cautions
in preparing samples for characterization. Alternatively, many studies have applied focused ion
beam (FIB) to prepare thin samples for TEM experiments. In this case, the chemical and structural
information around grain boundaries can be protected for TEM analysis. However, it is not clear
how the surface region may be influenced by the typical FIB coating protection and sample

handling.

Doping Effect

Doping chemistry is one of the most popular methods to enhance the surface and bulk
stability.!3> 14, 17, 47, 52, 33, 56, 57 Here we report how the surface characterization can reflect the
different surface stability between doped and non-doped LiNiO,, Both LiNiO, and Mg/Ti-LiNiO,
have the typical layered structure with a R3m space group, as shown by X-ray diffraction (XRD)
patterns (Figure S6).'# Nevertheless, for the non-doped LiNiO, particles, a surface spinel-like
layer is present, while the bulk structure remains layered (Figures 4a, S7 a-d). In contrast, the
layered structure extends through the surface of the Mg/Ti-LiNiO, particles (Figures 4b, S7 e-h),
suggesting the enhanced surface stability obtained through the Mg/Ti dual dopants. To obtain
ensemble-averaged information, we used the soft XAS analysis to decouple surface and subsurface
chemistries in these materials.>> As shown in Figure 4¢, the O K-edge pre-edge in the fluorescence
yield (FY) mode consists of three features that are associated with the hybridization of Ni3*3d—O2p
(~528 eV), Ni**3d—02p (~531 eV), and carbonate species (~534 e€V).>® The Mg/Ti dual dopants
reduced the bulk cation mixing (Li*/Ni**), as indicated by the decreased peak intensity at ~531 eV
representing the hybridization of Ni?*3d and O2p. The increased extent of bulk cation mixing in
LiNiO, was further confirmed by the slightly lower Ni oxidation state in LiNiO, than that in
Mg/Ti-LiNiO, (Figure 3i and Figure S5). Furthermore, the Mg/Ti-LiNiO, material had a larger

11
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(003)/(104) peak ratio in the XRD pattern, also suggesting globally inhibited cation mixing
(Figure S6), which is consistent with the Rietveld refinement of neutron diffraction (ND) (Figure
S8). Collectively, these results show that Mg/Ti dual dopants inhibit the cation mixing and promote
the surface structural stability.
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Figure 4 Comparative results of the Mg/Ti-LiNiO, and LiNiO, samples. Representative HAADF-
STEM images of the a) LiNiO, and b) Mg/Ti-LiNiO, primary particles. ¢) Soft XAS O K-edge
spectra in the FY (thick lines) and TEY (thin lines) modes. d) Ni L right/left peak ratios from Ni
soft XAS spectra of the charged Mg/Ti-LiNiO, and LiNiO, electrodes at 4.4 V vs Li/Li" in the
second charge. Error bars are created based on the standard deviation of three repeated

measurements.

The Mg/Ti dual dopants also enhance the surface stability even upon deep electrochemical
delithiation. Here we found that ex situ soft XAS surface analysis may provide misleading results
if the charged electrodes are not handled properly. In principle, Ni should experience oxidation
during charging and reduction during discharging. However, due to the cathode—electrolyte
parasitic reaction, the surface nickel oxidation state at various charge/discharge states were lower
than that of the bulk (Figure S9). Another phenomenon that we constantly observe is that the Ni
oxidation states for the charged samples were lower than that at the pristine state in both the TEY
and FY modes (Figure S9), which is counterintuitive. We believe that this might be due to the
thermodynamically unstable Ni** continually reacting with the electrolyte during the cell teardown

and subsequent sample handling. Thus, eliminating the cell resting time and removing the residual

12
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electrolyte are critical for maintaining the true Ni oxidation states for soft XAS analysis. We found
that the best practice is to dissemble the cell and rinse the electrode immediately after the cell has
reached the designated state of charge. This practice is particularly important for the charged
electrodes. Here we rinsed the cycled electrode in an Ar filled glove box immediately after the
cells were charged to 4.4 V vs Li/Li". The LiNiO, delivered a higher charge capacity at this upper
cutoff voltage than the Mg/Ti-LiNiO, (Figure S10). If the surface was stable at the charged state,
the Ni oxidation state at the surface should not exhibit significant difference in these two
electrodes, because the charge capacity only differed by 22 mAh/g (i.e., the Ni oxidation state
differed by 0.08). However, we found drastic differences between these electrodes, as explained
below. The Ni L;-right/left peak ratios were averaged from three electrodes at the charged state.
A significantly higher L;-right/left peak ratio in both FY and TEY modes was found in the Mg/Ti-
LiNiO, sample than that in the LiNiO, sample (Figure 4d), indicating enhanced surface stability
of the Mg/Ti-LiNiO, sample in the charged state. Moreover, the low Ls-right/left peak ratio in the
FY mode of the LiNiO, electrodes also suggests that the surface reaction induced Ni reduction
extended to the deep subsurface. The direct comparison between NMC622 and NMC811 (Figure
S11) further supports that a higher nickel content results in more surface instability, which can
potentially complicate the state of charge assessment using the surface sensitive soft XAS
technique. As more studies have made use of the soft XAS technique for analyzing the surface
chemistry of battery materials, our results clearly demonstrate that caution is needed when
interpreting the data. Although the synchrotron characterization is not highly accessible, other
surface-sensitive characterization methods, e.g., XPS, IR, Raman, TEM, ToF-SIMS, also
encounter the similar challenges when preparing/handling samples. To improve the data

representativeness, the effective error analysis, based on repeated measurements, is recommended.

Electrochemistry

In our previous work, it was confirmed that nickel redox (Ni3*/Ni*") is the main contributor
to the capacity of the LiNiO, based Co-free cathode materials.!> 14 However, the parasitic reactions
between the cathode and electrolyte lead to degraded surfaces with reduced nickel and
reconstruction layer, impeding the battery stability. The surface instability of Co-free Ni-rich
layered cathodes can become more severe at elevated temperatures through accelerating

chemical/electrochemical reactions. Thus, we evaluated and compared the cycling performance of

13
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the Mg/Ti-LiNiO, cathode at the temperatures of 22 and 60 °C. The elevated temperature

facilitated the reversible capacity, indicated by the slightly higher discharge capacity of ~220 mAh

gl at C/10 (Figure 5a) compared to the cell cycled at 22 °C with a discharge capacity of ~208

mAh g'1.1* However, the lower initial Coulombic efficiency of ~70% (~86% for the cells at 22 °C

) suggests the combination of accelerated side reactions and electrolyte decomposition.!# 3 The

charge/discharge profiles in the initial 10 cycles overlapped well (Figure 5a). At the current rate

of C/3, the capacity retention at 60 °C was much lower than that at 22 °C after 100 cycles (Figure

5b, the capacity retentions were 72% and 93% of the cells cycled at 60 °C and 22°C, respectively),

which agrees with our previous study.>® These results present the challenge that the LiNiO, based

materials face at elevated temperatures.
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Figure 5 Surface degradation is accelerated at the elevated temperature. a) charge/discharge

profiles of the cell containing Mg/Ti-LiNiO, cathode at C/10 at 60 °C, b) the comparison of the
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cycling stability of the cells operated at 22 °C and 60 °C, where three individual cells were
averaged and error bars are created based on the standard deviation, ¢) concentration histogram of
the Ni deposited on the Li anodes cycled against the Mg/Ti-LiNiO, cathode at different
temperatures, the Ni concentration (unit: 10-® mol/cm?) distribution on the Li anodes cycled at d)

22 °C and e) 60 °C.

Metal dissolution (nickel in this case), representing one aspect of surface instability, can
be studied through performing X-ray fluorescence microscopy (XFM) measurements on the cycled
anodes to quantitatively analyze the Ni dissolution at different temperatures.!> ' The Ni
concentrations (Figure 5¢) on the counter Li anodes distributed within 0—5 and 10-28 nmol/cm?,
giving an average concentration of 3.12 and 18.16 nmol/cm? at 22 °C and 60 °C, respectively. The
concentration of nickel deposited on the lithium anode at 60 °C was roughly six times higher than
that at 22 °C. Additionally, we found that the Ni distribution on the Li anodes was highly
inhomogeneous for both cases (Figure 5d-e). The observation may be associated with the
inhomogeneous solid electrolyte interface (SEI) formation. The cathode—electrolyte interface
(CEI) can be easily disrupted at the elevated temperature, which exposes freshly reactive surfaces
that subsequently undergoes continuously interfacial reactions, accelerating the degradation
process.>® The multiplied nickel concentration on the anode side is one consequence of the unstable

CEI at 60 °C.

Conclusion

Co-free Ni-rich cathode materials, particularly LiNiO, and its doped analogs, face ongoing
challenges as the need for commercialization rises. To address surface instability and its associated
phenomena, a systematic and accurate understanding is highly required. In this work, we
systematically studied the fragile surfaces of the LiNiO,-based cathode materials, with the goal of
identifying how experimental conditions may influence characterization results. We presented the
challenges in characterizing and analyzing the surface chemistry of LiNiO,-based materials using
two comparative cathodes as a model platform, i.e., LiNiO, versus Mg/Ti-LiNiO,. The surface
lithium residuals are inevitable and highly dependent on various sample storage and handling

conditions. Due to the highly reactive surfaces, we found that the sample preparation for electron
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microscopy and surface-sensitive X-ray analyses greatly influences the final observations,
resulting in skewed surface chemistry analytical results. We also provided some recommendations
regarding how to obtain representative characterization analyses. Using simple comparisons, we
further illustrated the advantages of Mg/Ti dual dopants to enhance the surface structural resistance
to many circumstances, while corroborating previously reported observations.!? 1433 However, we
found that the surface of Mg/Ti-LiNiO, material still encounters a series of problems caused by
the fragile CEIs at elevated temperatures. Efforts should be devoted towards the development of
highly stable CEls either by cathode surface coating, doping, electrolyte modification or

combining multiple strategies.

Materials synthesis
The LiNiO, and Mg/Ti-LiNiO, were synthesized through a co-precipitation method followed by

a high-temperature calcination, which can be found in our previous studies.!3 14

Characterizations

X-ray photoelectron spectroscopy (XPS): XPS characterization was performed on a PHI Versa
Probe III scanning XPS microscope using monochromatic Al K-alpha X-ray source (1486.6 eV).
Samples were transferred from an Ar-filled glove box to the XPS ultrahigh vacuum chamber via a
vacuum transfer vessel. The probing depths of Cls, Lils, and Ols XPS are similar. X-ray
absorption spectroscopy (XAS): Soft XAS measurements were performed on the 31-pole wiggler
beamline 10! at Stanford synchrotron radiation light source (SSRL). All spectra were normalized
by the current from freshly evaporated gold on a fine grid positioned upstream of the main
chamber. XAS samples were mounted on an aluminum sample holder with double-sided carbon
tape in a Ar-filled glove box and transferred to the load-lock chamber in a double-contained
container, using a glove bag purged with nitrogen for the transfer. X-ray fluorescence microscopy
(XFM): The X-ray fluorescence mapping was measured at the microprobe hard X-ray 2-ID-D
beamline at the Advanced Photon Source. The samples are raster-scanned by a sub-micrometer
focused X-ray beam with 10 keV photon energy. The fluorescent X-rays are detected by a single
element Si-drift Vortex detector. All images presented in this work covers a 100 um x 100 pm
area with 0.5 pm x 0.5 um pixel size. Scanning transmission electron microscopy (STEM): STEM

was acquired on a JEOL 2100 S/TEM operated at 200 keV. Scanning electron microscopy (SEM):
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The morphologies of the materials were investigated using a scanning electron microscope (SEM)
(LEO FESEM) at an accelerating voltage of 5 kV. Neutron diffraction (ND): ND was conducted
using the ECHIDNA high-resolution powder diffractometer (Australian Nuclear Science and
Technology Organization). A wavelength of 1.6215A was used for the measurement and each
pattern was recorded for 3.5 h. The data set was further refined using GSAS EXPGUI. X-ray
diffraction (XRD): The XRD patterns were collected at the beam line 11-3 at Stanford Synchrotron
Radiation Lightsource (SSRL) with an X-ray wavelength of 0.976 A.

Electrochemical characterization

The cathode materials were processed into the electrodes immediately following high
temperature calcination or after the designated handling history. The acetylene carbon and
poly(vinylidene difluoride) (PVdF) were stored in a humidity controlled dry box prior to the
electrode preparation. The composite cathodes were prepared by spreading the slurry (N-methyl-
2-pyrrolidone as the solvent) with active material (90 wt %), acetylene carbon (5 wt %), and PVdF
binder (5 wt %), and casted on carbon-coated aluminum foils. The cathode electrodes were
punched into disks of a diameter of 10 mm. The disks were then dried overnight at 120 °C in a
vacuum oven and transferred into a Ar-filled glove box. The cathode active mass loading was ~6
mg/cm?. CR2032 coin cells were assembled in a Ar filled glovebox using the composite cathode,
the lithium foil anode, Whatman glass fiber (1827-047934-AH) as the separator, and 1 M LiPFg
dissolved in ethylene carbonate (EC) and ethyl methyl carbonate (EMC) with 2 wt % vinylene
carbonate (VC) as the electrolyte (the weight ratio of EC:EMC is 3:7). All cells were cycled with
an electrochemical workstation (Wuhan Land Company) at 22 °C and 60 °C in an environmental
chamber. The specific energy was calculated using the LANDdt software. 1C was defined as fully

charging a cathode in 1 h, corresponding to a specific current density of 200 mA/g.
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