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Ni-rich (Ni content > 60%) layered cathodes are currently the most
promising materials for lithium-ion batteries due to their high
capacity and elevated voltage plateau compared to LiFePO,.
However, Ni-rich cathodes face significant challenges, such as
Jahn-Teller distortion, cation mixing, electrolyte deprotonation,
and the presence of residual lithium compounds. These issues
impede the widespread use of high-energy-density lithium-ion
batteries employing Ni-rich cathodes. Ni-rich cathodes, containing
a high concentration of Ni**, encounter another problem known
as the oxygen ligand hole effect, which affects the hybridization of
O 2p and Ni 3d orbitals. Anionic redox occurs at the oxygen site
with Ni**, leading to a decrease in electron density, making the
formation of Ni** at high states of charge (SOC) difficult.
Consequently, battery capacity is primarily derived from anionic
redox reactions. This study presents an organic coating (OC)
designed to enhance the stability of the oxygen ligand hole,
enabling greater capacity through enhanced Li* interaction.
Additionally, Ni-rich cathodes often suffer from gas evolution
when charged to a high SOC, primarily due to the instability of the
Ni—-O bond. The OC is hypothesized to support the chemical
reduction of Ni 2p°3d™2L back to Ni 2p®3d™*'L, where the L rep-
resents O 1s'2p**! — O 1s22p* on the surface of NMC811, thereby
strengthening the oxygen ligand hole and stabilizing covalent Ni®*.
This improvement results in the OC-modified NMC811 exhibiting
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outstanding cycle performance under high-rate tests and excellent
stability at high temperatures.

Introduction

Lithium-ion batteries (LIBs) have been under development for
over 30 years since their commercial introduction by Sony in
1991. The first successful and widely adopted cathode material
was LiCoO, (LCO), developed by Prof. Goodenough in 1980,
which earned him the Nobel Prize in Chemistry in 2019. The
rapid growth in markets such as portable electronics, electric
vehicles (EVs), and energy storage has drastically increased the
demand for LIBs in recent years. Ni-rich (Ni content > 60%)
layered cathodes are now being used as alternatives to LCO to
provide higher energy density at lower cost. However, issues
such as cation mixing," residual lithium compounds,”” car-
bonate deprotonation,®® and Jahn-Teller distortion'®'! have
limited the use of Ni-rich layered compounds. Efforts to over-
come these issues include coating inert substances on the
active material’s surface,">"® doping with other transition
metals,"*" using ceramic separators to prevent electrolyte
decomposition,'®'” and precisely controlling the charge
profile to avoid side reactions like H2-H3 transition."®

Another significant issue, which is often overlooked, is the
oxygen ligand hole effect from the Ni-O hybridization orbital
in Ni-rich layered compounds.'®™' Over two decades ago,
Uchimoto and Kim et al. used X-ray absorption spectroscopy
(XAS) to study Li,Ni;_,ALO," and LiNiO, (LNO),*" revealing
that the mixing of O 2p and Ni 3d orbitals profoundly impacts
the electrochemical reaction during lithiation and delithiation.
For example, Uchimoto et al. found that the intensity of the e,
band of the Ni L3 edge increases when increasing the
delithiated state of LNO, whereby the valence of the Ni ion
approaches that of Ni*". In the meantime, the O 1s spectrum
presents a variation at 528 eV where the peak intensity is
increased by increasing the delithiated state of LNO.'® They
explained that the delithiation of LNO affects the O 2p orbital
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not involving Ni. Meanwhile, Kim et al. observed that Li substi-
tution in Ni-rich compounds leads to hole formation in the O
2p orbital, as opposed to the Ni 3d orbital. This situation
results in a final hybridization of Ols'c + Ni3d’ (t2g%,"),
where the c is the O 1s electron to the hole state in the O 2p
level. Therefore, the electronic configuration of the Ni ion in
the delithiated Ni-rich compounds can be proposed to be 3d”
(Ni*") and 3d®L (Ni" not Ni**), where the L represents the hole
in the O 2p orbital.

More recently, Zhang et al. used LNO as a catalyst for the
oxygen evolution reaction (OER) and found that delithiated
LNO significantly promotes the formation of 3d°L*> (double
ligand-hole state) from the oxidation of 3d°L, resulting in high
OER activity through a lattice oxygen oxidation mechanism.>*
To achieve Norskov's model (four-electron process),”® the
intermediates such as *OH, *O, and *OOH in the OER reaction
need to bind on the surface of the catalysts by adsorption to
perform oxygen evolution; the most common efficient precious
metal-based electro-catalysts are IrO, and RuO,. Zhang demon-
strated that delithiated LNO (53 mV dec ") exhibits faster reac-
tion kinetics for the OER compared with IrO, (54 mV dec %),
NiOOH (96 mV dec™), and C (131 mV dec '), while also
decreasing the over potential of the OER.>* They also claim
that delithiaed LNO can produce 75% 3d°L* and 25% 3d°L for
an average Ni*>”** valence state after the OER in KOH aqueous
solution, although in the LIB field it is known that it is not
easy to maintain a high oxidation state of LNO in aqueous
solution.>*** Furthermore, they also compared their LNO with
four other LNO samples from the literature to demonstrate the
absence of Ni** impurities. However, they did not discuss the
effects of the Ni** in LNO on the oxygen ligand hole or the
catalytic performance.

Although several studies have investigated the effects of the
oxygen ligand hole on the intrinsic properties of LNO and the
OER catalyst performance, there has been no discussion of the
effect of the oxygen ligand hole on the interfacial reaction in LIB.

In this research, a new organic coating (OC) is synthesized
and its effects on the oxygen ligand hole of Ni-rich compounds
are investigated. The results show that the OC stabilizes the
high valence state of Ni ion at high temperature and provides
high cycle retention for batteries.

Experiment
Synthesis of BU

Bismaleimide (Acros Organics, 97%) and uracil (Acros
Organics, 99%) were mixed in N-methyl-2-pyrrolidinone (NMP,
Acros Organics, 99%) under continuous stirring in an oil bath
at 130 °C for 30 minutes. The solid content of the resulting BU
solution was optimized to 7 wt%. The solution was stored in a
refrigerator to prevent thermal or self-polymerization before
reaction with Ni-rich layered materials (LiNiygMngy1C0¢ 105,
NMC811; LiNiy ¢Mng ,C0¢ ,0,, NMC622). The BU structure and
its material characterization based on NMR and FTIR are
described in detail in the ESI (Fig. S1 and S2).}
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Electrode preparation

In this study, NMC811 or NMC622 served as the cathode
materials, with Li foil as the reference electrode, a polypropyl-
ene microporous film (Celgard 2320) as the separator, Super-P
(SP) (Timcal) as the conductive agent, and polyvinylidene
difluoride (PVDF) as the binder. All chemicals were used as
received in a glove box. The NMC811 and NMC622 electrodes
were fabricated by preparing a slurry of 90 wt% NMC811 or
NMC622, 5 wt% SP, and 5 wt% PVDF in NMP solvent. The
slurry was coated onto Al foil, dried at 110 °C for 2 h, and
punched into 12 mm-diameter disks for half-cell tests. BU was
added to the slurry at 1 wt% based on the mass of NMC811 or
NMC622, and the reaction was allowed to proceed for 3 h at
room temperature, ensuring that the surface of the NMC811 or
NMC622 was uniformly covered with BU. The average area

capacity of the electrodes was controlled to 3.5 mAh cm™>,

Electrolyte preparation

An electrolyte was prepared with 1 M lithium hexafluoro-
phosphate (LiPFs) in ethylene carbonate (EC) and ethyl methyl
carbonate (EMC) (1:2 volume ratio, battery grade, water
content less than 20 ppm), purchased from Uni-onward
Company, Taiwan. The battery fabrication and electrolyte
preparation were performed in an Ar gas atmosphere inside a
glove box to avoid moisture contamination.

Electrochemical performance

To investigate the electrochemical behaviour, CR2032-type
coin cells were used. Charge and discharge were measured
using a BAT-750B Battery Automatic Tester at a constant
current of 0.1 C, between 2.8 and 4.3 V vs. Li/Li", with a con-
stant voltage charge of 4.3 V when the current dropped below
0.01 C. Cycle performance was tested at 0.1 C/0.1 C for the first
three cycles at room temperature, followed by 0.5 C/0.5 C, 1 C/
1 C, and 1 C/2 C for 200 cycles at 60 °C.

Effect of electronic configuration on synchrotron radiation

In situ electronic structure analysis of the electrodes (after dis-
assembly in the glove box) was performed using synchrotron
hard X-ray absorption spectroscopy (XAS). The hard XAS was
performed in beamlines BL01C1, 17C1, and 20A1 at the
National Synchrotron Radiation Research Center (NSRRC),
Hsinchu, Taiwan. The hard XAS beamline covered the spectral
range 5-40 keV, with an average energy-resolving power of 5
keV. The soft XAS beamline covered the spectral range 60-1250
eV, also with an average energy-resolving power of 60 eV. The
end station was primarily designed for studying condensed-
phase photochemistry and the electronic structures of new
materials. In situ experiments were performed at C/10 in a
modified coin cell. A Si (111) monochromatic double crystal
was used to perform the energy scan, in which the parallelism
was adjusted to eliminate high-order harmonics. All spectra
were obtained in transmission mode. Ionization chambers
were used as detectors to monitor the intensity of the incident
beams on, and transmitted beams through, the specimen,
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enabling calculation of the absorption coefficient from the log-
arithm of the intensity ratio of the incident and transmitted
beams.

Results and discussion

The electronic structure of the two NMC811 materials is
measured using total electron yield soft X-ray absorption spectra
(SXAS) at the O K edge. Winter et al. discussed the phenomenon
observed in Ni-rich layered compounds, where the number of
ligand holes in the O 2p orbital decreases with the discharge
capacity of these materials.”! Through investigations of ligand
field energy and sXAS analysis, they calculated that for all layered
cathode materials (NMC111, NMC622, NMC811) charged to
100% state of charge (SOC), the electronic structure of Ni exhibits
an approximately 96% covalent character of Ni**, with the ligand
hole displaying the highest intensity.

Upon discharge, the covalent Ni** content drops to
58-69%, while the ionic Ni*" increases to 42-31%.*>%?
Notably, the ligand hole stabilizes with Ni** due to its negative
charge-transfer energy regime, also known as ligand-to-metal
charge transfer (LMCT). This confirms that the capacity deli-
vered from Ni-rich layered cathodes is governed by anionic
redox at high SOC ranges.?' The oxygen site associated with
Ni*" lowers its electron density and undergoes a redox reac-
tion: 0~ & 0™~ + xe™ (0 < x < 1),** which is further sup-
ported by the sXAS results."®?® Consequently, Ni** formation
at high SOC is unlikely due to the characteristics of the ligand
hole. Furthermore, the chemical equilibrium of the Ni con-
figuration can be described as Ni 3d* & Ni 3d*"'L, indicating
that both Ni and O are the primary redox-active elements in
Ni-rich compounds when the ratio of [Ni 3d**'L]/[Ni 3d" + Ni
3d*" L] is 0.5. The capacity of Ni-rich layered compounds is
thus delivered by ionic Ni** in low SOC ranges. In summary,
Ni-O hybridization induces the electrochemical oxidation
process Ni 2p°3d™'L — Ni 2p°3d™**L, where the L represents
O 1s”2p* — O 1s'2p*".**?® Based on their observations, the
peak at 528 eV is attributed to the oxygen ligand hole with
covalent Ni** (hybridization), while the peak at 529 eV corres-
ponds to the TM 3d-O 2p orbital.

Fig. 1a shows that pristine NMC811 exhibits a clear plateau
between 528 and 529 eV, which may separate into two equally
intense peaks, indicating an equal concentration of oxygen
ligand holes (528 eV) and TM 3d-O 2p orbitals (529 eV).

Additionally, lithium residue compounds (Li,CO; and
LiOH) are found on the pristine NMC811 surface (~533 eV),
suggesting that lattice oxygen is spontaneously oxidized,
releasing lithium ions that further react with CO, and H,0.***
This reaction decreases the number of oxygen ligand holes due
to the formation of Ni*" (Ni*~O found at 531.7 €V), which in
turn induces cation mixing in the electrochemical
reaction.”>” Compared to fresh NMC811, the 528 eV peak
shows higher intensity than the of the 529 eV peak, indicating
a greater proportion of Ni** relative to Ni**, Co**, and
Mn*".?%%° Interestingly, the OC mixed with NMC811 signifi-
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cantly increases the number of oxygen ligand holes, reinfor-
cing the presence of covalent Ni*". Additionally, lithium
residue compounds are reduced, as indicated by the lower
strength of Ni**-O at 531.3 eV (inset of Fig. 1a). Previous dis-
cussion had illustrated that adequate oxygen concentration
during the synthesis process helps to maintain the presence of
covalent Ni**.! Thus, the increase in oxygen ligand holes due
to OC addition significantly alters the surface chemical compo-
sition of NMC811. The oxygen ligand hole after OC addition is
defined as the oxygen 1s electron to the hole state in the
oxygen 2p level, represented by the formula O 1s*2p* — O
1s'2p*™'. From the OC structure shown in Scheme 1, it is
notable that OC contains several carbonyl (C=O) groups,
which undergo catalytic conversion to C-OH group via hydride
anion transfer. The C-OH groups may dissociate into C-O*
while releasing electrons (C-OH — C-O* + H" + 7). Two poss-
ible reactions are proposed: first, the released protons lower
the solution’s pH, facilitating the decomposition of lithium
residue compounds, and second, C-O* captures Li', forming
C-OLi bonds, known as lithiated OC (LiOC). Additionally, elec-
trons released from C-OH reduction may occupy unoccupied
orbitals. Consequently, during the transformation from C-OH
to C-OLi, Ni 2p°3d””L is chemically reduced back to Ni
2p®3d™>L, with L representing the surface transition Ni
2p°3d™’L in OC NMC811, thereby strengthening the oxygen
ligand hole associated with covalent Ni**, and in agreement
with published results.>*3%3*

Fig. 1b presents the sXAS spectra at the Ni K edge for two
different as-prepared NMC811 electrodes. The two peaks
corresponding to the t,, and e, bands in the L3 edge region
are evident. A notable feature of OC NMC811 is that the e,
band is 0.25 eV higher than that of pristine NMC811.
Literature suggests that changes in Ni’s electronic state arise
from variations in unoccupied Ni d,._;. (high energy, in-plane)
and d;,,_,, (lower energy, out-of-plane) states.>> The energy
difference (Aeg ~ 0.25 eV) between these orbitals indicates that
higher electron occupancy in the Ni d,._,. orbital enhances the
covalent Ni** oxygen ligand hole due to LiOC formation on the
NMC811 surface.

Fig. 1c shows the effects of temperature on the sXAS spectra
at the Ni K edge for two fully charged (100% SOC) NMC811
electrodes. The dashed line represents electrodes measured at
300 K. The t,; band intensity of pristine NMC811 is signifi-
cantly lower than that of OC NMC811, indicating that OC
enhances the electrochemical oxidation of Ni** and supports
the anionic redox process. Increased oxidation of Ni*" to a
higher valence state suggests improved battery capacity.
Furthermore, the e, band energy of OC NMC811 is slightly
(~0.1 eV) higher than that of pristine NMC811, indicating
similar Ni d,._y» and dj._. orbital energy levels at 100% SOC.
When heated to 660 K, the two electrodes exhibit distinct
behaviours. Ni-rich layered compounds are known to be highly
unstable at 100% SOC due to oxygen evolution from Ni 3d-O
2p bond instability,'®>**? electrolyte decomposition via depro-
tonation,® and Jahn-Teller distortion.** These effects lead to
gas evolution, structural collapse, and increased impedance,
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Scheme 1 . Schematic representation of organic coating and its interaction on the surface of Ni-rich layered cathodes.

ultimately reducing battery lifespan and posing safety risks. To
mitigate these issues, Ni-rich layered compounds should not
be fully charged or exposed to high temperatures without a
precise battery management system. Fig. 1c¢ demonstrates that
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the e, band of OC NMC811 remains stable at high tempera-
tures, consistent with the findings for NMC622,>* where
oxygen release is significantly reduced by stabilizing the
anionic redox at high SOC.
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Fig. 2a presents the in situ EXAFS results for two NMC811
electrodes, showing distinct Ni-O bond lengths in pristine
NMC811 (~1.902 A and ~2.086 A). According to Jahn-Teller
distortion theory, four short and two long bonds characterize
the low-spin Ni*" (ty,)°(ey)! configuration in an octahedral
[NiOg] crystal. During charging, Ni-O bonds systematically
shorten, with increased intensity of short Ni-O bonds due to
Ni**-O covalent bonding. Upon discharging to 2.8 V, the Ni-O
bond length remains shorter than the bond length at the
initial open-circuit voltage (OCV), indicating an irreversible
reaction and loss of Li* in the H2-H3 formation range. In con-
trast, Fig. 2b shows that the OC NMC811 also exhibits four
short (~1.902 A) and two long (~2.086 A) bonds, indicating
that the OC does not affect the Ni-O when it covers the
surface. By increment of the voltage, the short Ni-O bond
length instantaneously increases from 3.95 V and reaches the
maximum intensity at 4.15 V and then stays the same at 4.3
V. In the meantime, there is no difference in the length at the
OCV and 2.8 V. These results indicate that the OC prompts
the ligand hole of Ni**-O covalent bond and allows more Li*
join the redox reaction of battery. In fact, Fig. 3a states the
different on discharging curves of two NMC811 electrodes is
presented at 4.15 V. At this voltage, the OC NMC811 displays a
better capacity (221.5 mAh g¢™') and than the pristine
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20 chargest03.95V e = LiNiO,
———chargesto 415V o & NiO i_Ni
- == charges to 4.3V Ni-Ni
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Fig. 2 In situ EXAFS spectra for (a) pristine NMC811 and (b) OC
NMC811.
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(203.9 mAh g™'). Fig. 3b shows the cycle performance of two
NMC811 and two NMC622 electrodes tested at different rates.
The dQ/dV shown in Fig. S3t clearly indicates that the
OC@NMCS811 stabilizes the H2-H3 phase compared with the
pristine NMC811. In addition, the operando GC-MS results in
Fig. S41 indicate that the gas evolution from NMC811 is sig-
nificantly reduced. Fig. S5 shows the XPS analysis results for
two fresh and cycled electrodes. The results demonstrate that
the OC mitigates the formation of residual lithium compounds
by reacting with surface lithium residues in the fresh state and
the fluorine species are reduced in the OC NMC811 electrode
after cycling. According to these results, the OC-modified elec-
trodes deliver outstanding cycle retention and stability for the
life test, indicating that the OC-reinforced oxygen ligand hole
of the Ni*" covalent band reliably maintains the electro-
chemical redox reaction for 200 cycles at 60 °C. Furthermore,
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the oxygen ligand hole may exhibit magnetic behaviour due to
the low-spin Ni*" state,*® suggesting that the improvement in
battery performance by the OC may also be influenced by mag-
netic effects.>®

Conclusion

This study demonstrates the critical role of the oxygen ligand
hole in Ni-rich cathodes for capacity delivery via anionic redox
reactions. The stability of the oxygen ligand hole is often com-
promised by side reactions, such as gas evolution and the for-
mation of residual lithium compounds. These issues cause
surface impedance and structural collapse, leading to rapid
performance degradation. To overcome these challenges, a
new organic coating (OC) was developed to stabilize the oxygen
ligand hole in the hybridization of O 2p and Ni 3d orbitals,
enabling enhanced capacity, cycle retention, and high-temp-
erature performance. The results show that the OC signifi-
cantly improves battery performance by reinforcing the inter-
action between the oxygen ligand holes and Li*, demonstrating
its potential for advancing the application of Ni-rich cathodes
in high-performance LIBs. This work shows that maintaining
the oxygen ligand hole of Ni-rich cathodes by a suitable
method is essential, and OC is an outstanding candidate for
overcoming these drawbacks.
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