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Ni-rich layered cathodes have a high practical capacity (>200 mA h g™%) and tapped density (>3.6 mg cm™2)
and have thus attracted widespread attention in significant applications such as electric vehicles and energy
storage. However, the high surface reactivity of these cathodes promotes the decomposition of carbonate
solvents, which contributes to the growth of the cathode—electrolyte interphase (CEl) as well as rapid fading
of the battery's capacity during long-term cycling. Carbonates are favorable for the deprotonation reaction
by the oxygen atom in the Ni-rich layered cathode and in the formation of the CEI. In this study, the
deprotonation mechanism of cyclic and linear carbonates on a Ni-rich layered cathode was thoroughly
investigated using operando Fourier-transfer infrared spectroscopy, and the reasons for cathode fading
could be confirmed in terms of carbonate structures. In addition, a new maleimide oligomer was
developed and coated on a Ni-rich layered cathode to inhibit the deprotonation of the carbonates. The
maleimide oligomer acts as a cis isomer that provides a bridge function for reacting with oxygen on the

cathode surface through its cis configuration. Moreover, this bridge function will keep the carbonates
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Accepted 24th September 2024 away from the cathode surface for further decomposition during cycling. On the contrary, battery

performance exhibited a cycling ability at a high rate, and the new cis—maleimide oligomer helped
improve rate capability. A full-cell (>3 A h) containing graphite as the anode coated with the maleimide
oligomer in its cis form was fabricated.
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their high capacity. Currently, the energy density of LIBs has

Introduction , Bl ;
increased to a range of 250-300 W h kg™~ owing to the adoption

Lithium-ion batteries (LIBs) have been the most promising
energy storage device since 1991. Currently, the demand for EVs
is expected to increase to 2200 GW h of the global storage
capacity by 2030."* In this regard, layered Ni-rich oxide cathodes
are a promising candidate to fulfill this demand because of
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of layered Ni-rich oxide cathodes such as LiNi, gCog1Mng 10,
(NCM811) and LiNig g5C0g 1Al 050, (NCA). However, layered Ni-
rich oxide cathodes face some issues that can lead to capacity
fading and thermal instability.*®

The mechanical failure and surface reconstruction of layered
Ni-rich oxide cathodes are the main factors responsible for
these shortcomings.>® Typically, mechanical failure is corre-
lated with bulk structural stability, which depends on the
amount of nickel content and cut-off potential.>” Meanwhile,
surface reconstruction is known to occur at a relatively low
potential of 3.8 V.*'® Therefore, the layered Ni-rich oxide
cathode material is most likely to suffer from surface recon-
struction during the cycling process. Moreover, the battery
management system (BMS) for EV application introduces “grace
capacity”, in which battery capacity is designed to exceed the
minimum requirement. This limits the state of charge (SOC)
and depth of discharge (DOD) to 80%. In the case of NCM811,
this capacity utilization guarantees its structural stability."""
Recently, a previous study observed at the cell level that
NCMS811 maintained a layered structure ordering after 500
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cycles.”* However, the cathode only retained 15.6% of its initial
capacity after 500 cycles. It was found that the poor cycling
stability of NCM811 was due to an interfacial issue, which
correlated with the surface structure.

Surface reconstruction occurs when the delithiated Ni-rich
cathode interacts with the electrolyte, owing to the presence
of Ni** and reactive oxygen species.*'** Ni*" is unstable because
it has a partially filled 3d shell. The additional repulsion
between the electrons in the partially filled shell is easily
influenced by the surrounding environment. Therefore, Ni'* is
reduced to a low-valence state, mainly Ni*>*, along with oxygen
evolution. This leads to the electrolyte decomposition,®*®
release of gaseous products,** and formation of an undesirable
cathode-electrolyte interphase (CEI).">** Hence, the interaction
between the surface of the layered Ni-rich oxide cathode and
electrolyte plays an important role for the cycling performance.

The decomposition of the electrolyte occurs via chemical and
electrochemical oxidation processes.” In the case of Ni-rich
cathodes, Gasteiger et al. reported that the alkyl electrolyte
decomposition occurs via chemical oxidation." Therefore, this
type of electrolyte decomposition is strongly related to the
cathode surface reactivity in the charged condition. In NCM811,
the surface reactivity is associated with the presence of the
active oxygen from the Ni-O bond covalency (increases with
increasing Ni content). Thus, it promotes high nucleophilicity
of the surface-active oxygen, which thermodynamically triggers
the dehydrogenation of carbonate solvents on the NCM811
surface."®

Zhang et al. constructed an in situ FTIR method and density
functional theory (DFT) approach to investigate and confirm the
dehydrogenation pathways of ethylene carbonate (EC) on the
NCMS811 surface.® The study revealed that the EC dehydroge-
nation generated some species; such as dehydrogenated EC (de-
H EC), in which one hydrogen is removed from the structure;
vinylene carbonate (VC) by the removal of two hydrogens; and
oligomerization of EC (ring-opening EC). Furthermore, the de-H
EC species anchor onto the oxide surface, while the VC and
oligomerization EC species diffuse into the electrolyte.
Furthermore, Grey et al. found that charged NCM811 at high
SOC (>80%) releases reactive "O,, which chemically oxidized VC
to form gaseous products, such as CO,, CO, and H,0.' The
presence of an active oxygen singlet from NCM811 easily attacks
the cyclic and linear carbonate solvents, which lead to electro-
lyte decomposition, thus releasing gaseous products and an
undesirable CEI film."

Several review articles have introduced studies on protective
coatings, such as coating the cathode with PEDOT," amor-
phous Nb,Os,* restructuring the electrode through in situ and
ex situ templating of the pore structure,* and a hyperbranched
oligomer.>*?* To inhibit the decomposition of EC on Ni-rich
cathodes, Yu et al. substituted the oxygen with fluorine on the
surface to decrease the energetic driving force for EC
deprotonation.>®

In this work, the reactions of carbonate solvents on a Ni-rich
cathode were investigated by operando FTIR, chemical compo-
sition analysis, and electrochemical measurements. Based on
operando FTIR results, this work presents a clear deprotonation
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reaction and the reaction sequence on carbonate solvents.
Furthermore, to prevent the deprotonation reaction on the Ni-
rich cathode, an oligomer was developed by a cis isomerism
(CI) design. This new oligomer provides a bridge function
between the surface oxygen and the electrolyte by its cis struc-
ture formulation. Finally, a pouch cell (3 A h) designed with
NMC811/graphite was used for testing performance, including
a hybrid pulse power characterization (HPPC) test.

Experimental methods

Materials

Polycrystalline LiNi, gCo 1Mn, ;0, (NCM811, UBIQ Technology
Co., Ltd, Taiwan), Super-P (UBIQ Technology Co., Ltd), and
polyvinylidene difluoride (PVDF HSV 1800, Kynar) were used as
the cathode active material, carbon black, and binder, respec-
tively. Polyethylene (PE) microporous film (7 pm, Asahi Kasei's,
HIPORE™) was used as the separator. As for the electrolyte, 1 M
of LiPF, dissolved in ethylene carbonate (EC) and ethyl methyl
carbonate (EMC) (volume ratio of 3 : 7) was utilized and known
as LP57. The LP57 electrolyte was purchased from Shenzhen
Capchem Technology Co., Ltd. n-Methyl-2-pyrrolidone (NMP,
UBIQ Technology Co., Ltd) was utilized as the solvent for the
electrode preparation and the cis isomerism (CI) oligomer. n,n-
(1,4-Phenylene)di-maleimide (Tokyo Chemical Industry Co.,
Ltd) was used as the precursor to synthesize the CI oligomer.

Synthesis of the cis isomerism (CI) oligomer

The CI oligomer was synthesized by dissolving n,n-(1,4-
phenylene)di-maleimide in NMP via continuous stirring in
a heated oil bath at 150 °C for 3 h. The optimal concentration
for dissolution was 1 wt% of n,n-(1,4-phenylene)di-maleimide in
NMP solution. This solution was then stored in a refrigerator (4
°C) to prevent thermal degradation. The CI-covered NCM811
(CI@NCMS811) was prepared by CI oligomer solution with
NCMS811 during the slurry preparation. The presence of the CI
oligomer on NCM811 was confirmed with a change in the
surface morphology of the fresh electrode (Fig. S1f), and
a change in the intensity of the transition metal vibrational
mode (Fig. S271).

Electrode and free-standing electrode preparations

Pristine NCM811/CI@NCMS811, 5 wt% PVDF in NMP (binder
solution), and super-P were vigorously mixed (1400 rpm) at
a solid ratio of 8:1:1 until a homogenous slurry was formed.
Then, the slurry was casted onto an Al current collector using
a 150 pm doctor blade. After coating, the electrode was dried in
an oven at 100 °C for 1 h. The dried electrode was calendered
using a rolling machine to increase the electrode density, and
then punched into 12 mm-diameter circular disks for a half-cell
test. The prepared electrode was vacuum-dried at 100 °C over-
night to completely remove any excess NMP. The graphite
anode comprised 93 wt% meso-carbon-micro-beads (MCMB-
2528, Osaka Gas), 3 wt% KS6 as a conductive additive, and
4 wt% PVDF as a binder. The anode-to-cathode (A/C) ratio of the
full cell was designed to be 1.05.

This journal is © The Royal Society of Chemistry 2024
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The free-standing electrodes for the in-operando ATR FTIR
test were prepared by mixed NCM811/CI@NCM811, PVDF in
NMP (binder solution), and Super-P at ratio of 8:1:1. These
materials then stirred in 1400 rpm for 1 h and cast onto a glass
fiber membrane (Whatman GF/D Separator Membrane,
110 mm in diameter). The cast electrodes were dried in a 70 °C
oven for 1 h. The free-standing electrode was calendered and
punched into 12 mm-diameter circular disks. The final elec-
trodes with ~9.2 mg cm ™2 of active material loading were dried
at 100 °C under overnight vacuum.

Electrochemical measurements

The half-cell configurations were assembled into a CR2032-type
coin cell in an Ar-filled glovebox, along with a lithium metal foil
as the counter electrode. Cyclic voltammetry (CV) tests were
performed using a VMP3 potentiostat (BioLogic) at a scanning
rate of 0.1 mV s~ in a potential range of 2.8-4.6 V (vs. Li/Li").
The galvanostatic charge-discharge process of the half-cell
configurations was evaluated using a Neware battery test
(BTS4000). Prior to the cycle test, two formation cycle tests were
performed at a potential range of 2.8-4.3 V (vs. Li/Li*) at 25 °C in
a current rate of 0.1C. Then, the long cycle performance was
conducted at 1C under a similar potential range and tempera-
ture condition. The formation and long cycle tests were both
conducted in a constant-current-constant-voltage (CCCV) mode
and a constant-current (CC) mode for charging and discharg-
ing, respectively. The rate capabilities of the half-cell were
evaluated by varying the current rate from 0.1C to 10C in a CCCV
charge mode and a CC discharge mode. Electrochemical
impedance spectroscopy (EIS) was performed using a VMP3
potentiostat at frequencies ranging from 1 MHz to 10 mHz, and
at an amplitude of 10 mV.

Material characterizations

Scanning electron microscopy (SEM, JEOL JSM-6500F) was
applied to examine the surface morphology of the electrodes.
Fourier transform infrared spectroscopy with attenuated total
reflection (FTIR-ATR) was performed using the JASCO 6700
series to collect the IR spectra in the absorption energy range of
400-4000 cm ™ *. FTIR-ATR was performed in a N,-filled glovebox
to prevent interference from ambient atmosphere. The molec-
ular weight of the oligomer was measured using gel permeation
chromatography (SISC-LAB GPC).

In operando experiments

In operando FTIR was conducted using a Jasco Electrochemical
cell (Ecc-450+ ATR Pro 450), where germanium was used as its
optical prism attached to the prism holder plated with gold. The
operando cell comprised a free-standing electrode of NMC811 as
the positive electrode, lithium metal wrapped in a stainless-
steel spacer as the negative electrode, and the separator was
assembled in a nitrogen-filled gas glovebox. The cell was
equipped with a micrometer head to reduce the cell resistance
by adjusting the distance between the electrode and the optical
prism surface. The operando cell was rested for 3 h before
testing. In the operando FTIR spectroscopy system, a liquid
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nitrogen-cooled mercury cadmium telluride detector was used
to produce a strong IR absorption and high sensitivity in the
range of 5200-650 cm ™' with an average of 100 scans for each
spectrum. In situ X-ray absorption near-edge spectroscopy
(XANES) and extended X-ray absorption fine structure (EXAFS)
measurements were performed in transmission mode at the
TLS 01C1/17C and TPS 44A beamlines of the National
Synchrotron Radiation Research Center (NSRRC). Energy cali-
bration was performed using the spectrum of the Ni° foil as
a reference (Ni K-edge: 8333 eV).

Hybrid pulse power characterization (HPPC) test

HPPC testing: 10% DOD steps were used based on the battery
capacity determined from the static capacity test. The steps
proceeded from 10% to 80% DOD, and could continue back to
30% DOD for the second half of the test profile. Each step
comprised: (1) rest for 60 min, (2) pulse-discharge: 1C for 10 s,
(3) rest for 10 min (relaxation period), (4) pulse-regeneration: 1C
or 0.75C for 10 s, (5) Rest for 10 min (relaxation period), (6)
discharge/charge to next step at the prescribed discharge/
charge current rate.

Results and discussion
Deprotonation of EC during charging

To investigate the SOC effects on the electrolyte interaction to
NCMS811, an operando FTIR measurement was performed.
Three wavenumber ranges are highlighted in Fig. 1, indicating
the variations in the specific functional groups during lithiation
and delithiation. As shown in Fig. 1a, the presence of EC and
solvated EC-Li* can be clearly observed at 1803 cm ' and
1773 cm ™, respectively, at the open circuit voltage (OCV), rep-
resenting the stretching of C=0 and C=0-Li.

Starting from the delithiation, two absorption peaks were
gradually formed at 1830 and 1844 cm ™', which can be assigned
to the dehydrogenated EC (de-H EC) and vinylene carbonate
(VC), respectively.® Giordano et al. demonstrated that the disso-
ciation of EC based on DFT analysis is energetically favorable on
a Nirich cathode, and that the reactivity of the dissociation
process increases in the high-SOC range.?® Initially, the de-H EC
molecule formed by the first deprotonation step from the EC
structure.® Then, the EC structure undergoes a second deproto-
nation and the VC formation proceeds.*** In Fig. 1a, both de-H
EC and VC are present at 3.8 V, and the intensity of VC is
greater than that of de-H EC. Upon charging to higher SOC, the
increasing intensity of de-H EC was followed by an increase of
the VC formation. This result indicates that the energy of the
second EC deprotonation was weak and almost immediately
accompanied the first deprotonation reaction, indicating that
the reaction kinetics of EC deprotonation was fast.

Two IR bands are present at 1576 and 1347 cm ™" (Fig. 1b
and c), which can be assigned to the O-C=0 bending vibrations
and the C-O-C asymmetric stretching vibration,
respectively.”’*® These O-C=0 and C-O-C vibrational modes
can be attributed to the carbonate solvent decomposition,
which involve the ring opening of EC and possibly bond
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Fig. 1 Operando FTIR spectra of pristine NMC811 during (a—c)
charging and (d—f) discharging. VC is present at 1844 cm™, de-H EC at

1830 cm™, and O—C=0 bending vibration at 1573 cm™. The C-O-C

asymmetric stretching vibration is present at 1347 cm ™.

breaking of EMC, respectively. In the OCV state (light grey line),
both absorption peaks corresponding to O-C=0 and C-O-C
were nearly unobservable. However, the intensity of both
absorption peaks drastically increased with increasing SOC,
indicating that the decomposition of carbonates depends on
the electrochemical operation. This phenomenon can be
reasonably explained as the carbonates were attracted by the
cathode surface oxygen atom for the first deprotonation reac-
tions, which induced the ring opening of EC.® Previous studies
have demonstrated that carbonates are chemically oxidized as
the SOC increases, which is induced by the reactive oxygen

species.'®*

Deprotonation of EC during discharging

Fig. 1d shows the lithiation reaction of NCM811 from 4.2 to
2.8 V. This figure shows that VC and de-H EC remain on the
surface without any significant change. However, less absor-
bance intensity of VC and de-H EC was detected on the NCM811
surface as the voltage reached the end of discharge. This result
is consistent with the study by Rinkel et al., where some the
deprotonated EC byproducts are likely diffused away to the
anode part for further SEI formation."

In Fig. 1e and f, the intensity of the decomposed EC
(1576 cm™ ') and EMC (1347 cm™ ") rapidly decreased as the SOC
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decreased. Interestingly, only the decomposed EMC is
completely removed from the surface (Fig. 1f). Two new findings
can be made from these observations. First, the fragments of
the decomposed EC and EMC are not tightly packed on the
cathode. Instead, they easily move away from the cathode
surface, following the diffusion of the lithium ions during the
lithiation, especially the decomposed EMC. Rinkel et al
proposed that some of this carbonate's decomposition
byproducts diffused to the electrolyte, and possibly further
decomposed as a SEI on the negative electrode side.**

Second, a part of the decomposed EC remains on the
cathode surface after lithiation. This is due to the decomposed
EC (ring opening of EC) being energetically favorable to be
adsorbed in the delithiated (010) surface facet of the layered
structure.*® This finding further confirms that EC strongly
reacts with NCM811 and deposits its decomposed products on
the surface, implying a large impedance in a prolonged cycle.

CI layer coverage to reduce the deprotonation of EC

The CI oligomer was fabricated using a maleimide monomer.
Fig. S47 shows its proposed structure. The unsaturated C=C
bond is expected to react with another one upon free-radical
reaction, and further polymerize to a linear structure. As lis-
ted in Table S1,f the CI oligomer has a higher polymer dis-
persity index (PDI) and degree of polymerization (Dp) than the
monomer. Previous studies have discussed a compound with
a high PDI and Dp, which indicate a wide range distribution of
the molecular weight and higher repeat units.>* Based on the
results, the CI is expected to have three to four maleimides for
an oligomer formation. This linear oligomer provides coverage
on NCM811. Fig. S5at shows that the monomer exhibits strong
C=C bond absorption at 1697 cm ', which red shifts to
1670 cm™ ' after CI formation.* In addition, as shown in
Fig. S5b,f the C=CH bond presents at 3100 cm™ " for the
monomer and the -COH/-OH bond appears at 1066/3675 cm ™"
for the CI, indicating that the CI is synthesized from C=C and
produces a specific -OH functional group on the structure.
Thus, the -OH and C=0 groups may arrange to a CI structure,
which is hypothesized to provide the bridge function.

To mitigate the decomposed products on the surface, as well
as reduce the deprotonation of the carbonate solvents, the CI-
covered NCM811 was studied in terms of its bridge function.
Fig. 2a shows that the appearance of de-H EC (1830 cm ™ ') is
delayed to 3.9 V. Fig. 2b and c illustrates that the changes in the
two IR bands at 1576 and 1347 cm™ " are also delayed to 3.9 V.
Based on this hypothesis of a bridge function provided by CI
coverage, the deprotonation of the EC is evidently weaker due to
the isomerism effect on the CI. This is further discussed in
Fig. 3a-d, which summarizes the changes in the four specific IR
bands with respect to the interaction of EC with NCM811. In
Fig. 3a, the formation of VC increases during the delithiation of
pristine NCM811 from lower to higher SOC. This trans-
formation of EC to VC was fast, indicating a low reaction barrier
on the Ni-rich cathodes. In addition, decomposed EC and EMC
fragments (carboxylates group) were rapidly formed upon
charging to higher SOC (Fig. 3c and d). On the contrary,

This journal is © The Royal Society of Chemistry 2024
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CI@NCMS811 significantly reduced the formation of VC, as well
as the decomposition of the carbonate solvent.

The reactivity of EMC to the NCM811 surface

Although EC formation is the main issue in Ni-rich layered
cathodes, several works have suggested that linear carbonates
may produce a different CEI, which affects the battery perfor-
mance.**® Dose et al. demonstrated that the methyl group in
EMC is active with respect to the reactive O, owing to the
unbalanced electron cloud (e.g., '0,), which induces a substi-
tution at the proton position, ultimately forming ethanol and/or
gas evolution.*” In fact, Zhang et al. also stated that the EMC
would undergo deprotonation (de-H EMC) at high SOC with
NCMS811, and the protonation occurs at the b site position of the
EMC structure, as observed by a peak shifting on the FTIR
measurement.® Yang and coworkers reported on the three
different deprotonation EMC products through a density func-
tional theory (DFT) analysis: de-H, EMC (1761 cm™ '), de-Hy
EMC (1751 cm '), and de-H. EMC (1741 cm™").** Fig. 4 shows
the operando observation of EMC on NCM811. In Fig. 4a, only
one main IR absorption band can be found: EMC (1747 cm™ ") at
OCV. After triggering the voltage by operando measurement, the
other IR absorption peaks can be immediately observed at 3.8 V:
solvated EMC (1717 cm™ "), de-H. EMC (1741 cm™ '), de-Hy, EMC
(1751 em™"), and de-H, EMC (1761 cm™"). Among the three
deprotonations of EMC, the intensity of de-H;, EMC dominates
at high SOC (>3.8 V), which consistent with Zhang's results.?
However, this operando FTIR analysis was the first to detect the
presence of de-H. EMC and de-H, EMC. Although a few papers
have discussed the reaction mechanism of the deprotonation of
EMC, it is believed that an asymmetric structure of the EMC
causes a nonuniform electron cloud density, and the ethyl
group is thereby highly electron-donating for attraction by
oxygen on the cathode surface. The domination of de-H;, EMC
at high SOC indicates the reactivity of EMC to the delithiated
NCMB811 surface.

Upon the lithiation of NCM811, Fig. 4b shows that the de-Hj,
EMC is shifted back to the original wavenumber (original EMC/
1747 cm™ ') at low SOC. Meanwhile, the other two products (de-
H, and de-H. EMC) almost completely disappeared at discharge
potential of 3.45 V. This result is interesting, in which EMC
deprotonation is almost reversible. Regardless of the proton
position of the EMC structure, these protons can be recovered
back to their original state. This result suggests that the EMC
may join the CEI reaction, though at a lower amount.

CI layer coverage to reduce the deprotonation of EMC

In comparison with the bare NCM811, the EMC interaction on
the CI@NCMS811 was studied. Fig. 4c shows only one main peak
(EMC) at 1747 cm™" upon OCV. After starting the operando
measurement, de-H, EMC (1761 cm '), de-H, EMC
(1751 cm™ ), and de-H. EMC (1741 cm ™) can be found at 3.9V,
which is delayed compared to the case of pristine NCM811
(Fig. 4a). Moreover, the intensity of de-H;,, EMC was significantly
weakened, followed by the weak intensity of de-H, and de-H.
EMC. By decreasing the SOC in Fig. 4d, the IR bands of the

J. Mater. Chem. A, 2024, 12, 28899-28910 | 28903


https://doi.org/10.1039/d4ta05197a

Published on 25 September 2024. Downloaded on 3/16/2026 10:03:25 AM.

Journal of Materials Chemistry A

Pristine NCM811
a 0o -
@ ~ _22 O r
O «~uwuw [
= Resch g
5 W — Iu NN w
~ ° o~ N~ T
- I, = v & ~
S qj\ s & Charge
Q ~
s S = —440V
2 — ——436V
o / —4.30V
@ ) s —a27TV
2 — —421V
415V
4.08V
4.02V
3.96V

= ’ —3.90V

\ —3380V

coal a1 NN ocv

1770 1760 1750 1740 1730 1720 1710 1700
Wavenumber (cm)

Cl@NCM811
c (SRS o
(© ~ 3= & 5
O <mwW '
= N g
s ~T 335 i
~ ~ N~ T -
— ~— Y 7
o S ~ Charge
N~
g \/ — 440V
8 N~ ——436V
£ 7 \\w/ —430V
»n N — - e 4 27
S ' \_—\_/ | —a2v
< 7 415V
, 4.08V
4.02v
3.96V
——3.90V
——380V
N IR I R T B e b ocv

1770 1760 1750 1740 1730 1720 1710 1700
Wavenumber (cm-)

View Article Online

Paper
Pristine NCM811
(b) G 9 Z
TS = W o N
O «~mwm — o
2 u,: 2 ';‘— E =
-
o ~% ~y o w
N T [0) T
— - ] N~
@ o 3 N .
Q z = Discharge
8 ——280V
= ——345V
§ ——355V
365V
< 375V
— 3.84V
N— 3.90V
399V
-\/ ——4.08 V
—421V
[ e R /

T
1770 1760 1750 1740 1730 1720 1710 1700
Wavenumber (cm-')

CI@QNCM811

(d) %) g o

S = 1O g =

O « — [&]

S b on_=2 S

~— W M~ T <+ W w

© s T =N o -

-~ :'.: T A :[-: ~

) ~ o} ~

@ kS Z ~

e Discharge

3 —280V
H ——345V
@ ———355V
P 365V
375V
384V
3.90V
3.99V
——4.08V
Ll L —421V

T | Ll
1770 1760 1750 1740 1730 1720 1710 1700
Wavenumber (cm-)

Fig. 4 Operando FTIR spectra of pristine NCM811 during (a) charging and (b) discharging as well as of CI@NCM811 during (c) charging and (d)

discharging.

aforementioned species return or disappear to their original
state like the bare one in Fig. 4b. The result is typically the same
as that obtained for pristine NCM811. However, CI@NCM811

charge discharge
30
—@— pristine NCM811 EMC @)
20| ~O—Cl@NCM811 “-(‘\ /“\ /”\ de-H_ EMC

Y —@— pristine NCM811 (b)
E 20l —O—CI@NCM811 de-H, EMC
7]
< 10
k4
3.
o 38
—o— pristine NCM811 (©
20| —O0— CI@NCM811 de-H, EMC

VO NPV XN 6D O N DD D O L PO
LEEP I RO N DS PO DN ED 0,08

Voltage / V (vs. Li/Li*)

(s

O

Fig. 5 Peak assignment behavior of pristine NCM811 and ClaNCM811
represented by the absorption intensity of (a) de-He EMC at 1741 cm ™,
(b) de-Hy, EMC at 1751 cm ™, and (c) de-H, EMC at 1761 cm™*.
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seems to repulse the EMC from deprotonation. Fig. 5 shows that
the deprotonation is almost eliminated. Previous analysis
showed that the CI was constructed by a cis structure, with a -
OH group and the C=0 group of the CI designed as bridge
function between the electrolyte and electrode. There is
a potential movement from solvated Li" to approach the C=0
group of CI during the electrochemical reaction, as discussed in
the following subsection.

Li" solvation during charging and discharging

It is known that EMC and EC provide different Li" solvation
abilities, owing to their dielectric constants. Fig. 6 shows a ratio
comparison between the EMC (1747 cm ')/EMC-Li"
(1717 em™") and EC (1806 cm™')/EC-Li* (1773 cm™ ") in the first
electrochemical reaction. A ratio greater than 1 indicates that
the desolvation is dominant; a ratio less than 1 indicates that
solvation is dominant. Fig. 6a indicates that EC and EMC are
not favorable to solvate Li* at the OCV state. After charging, Li"
delithiated from the bulk cathode and diffused to the electro-
lyte. In this result, Li" shows a solvation behavior (ratio < 1) with
EC and EMC, and gradually increases to nearly 1 until 4.15 V,
representing the desolvation is at high SOC. After 4.15 V, the
ratio of EC/EC-Li" remains almost unchanged. In the meantime,
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Li" presents its desolvation with EMC by increasing the ratio
(>1) until 4.4 V, indicating that the electrostatic force between
EMC and Li* was not as strong as that between EC and Li" at
high SOC. The desolvated EMC (free single molecule) may easily
deprotonate at high SOC on the cathode surface, leading to
a thicker CEI formation and possible gas evolution.*” In the case
of bare NCM811, Li" solvation was controlled by EC and EMC
from OCV to 4.15 V, as well as EC alone from 4.15 to 4.4 V.
Moreover, upon discharging, the solvation of EMC-Li" recovers
below 3.99 V, while EC-Li" presents small changes during the
entire lithiation process, as shown in Fig. 6a.

For CI@NCMS811, as previously shown in Fig. 4c, the pres-
ence of EMC-Li" (1717 cm ") was undetected at OCV and 3.8 V.
This is probably because the intensity of EMC-Li" was too low to
be detected by operando IR. Therefore, in this study, the ratio
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comparison of EMC/EMC-Li" started after 3.9 V. Fig. 6b shows
that the solvation of EMC-Li" was lower in almost the entire SOC
range (ratio >1), particularly after 3.9 V to 4.08 V upon charging,
indicating a repulsion of the EMC. The repulsion of the EMC
occurred due to the presence of CI, which serves as a bridge
function between the electrolyte and cathode surface. The
bridge function from CI contains C=O and -OH groups to
decrease Li solvation toward EMC, and repulsed the EMC from
deprotonation, resulting in less de-H EMC products as
confirmed by Fig. 5. In the case of CI@NCM811, the solvation of
EC-Li" was strong (ratio <1), indicating that Li* solvation was
solely controlled by EC.

Scheme 1 summarizes the reaction mechanism of EC and
EMC on the Nirich cathode, which is dominated by the
deprotonation with oxide. Conversely, the CI effectively reduced
the deprotonation of EC and EMC, which causes less CEI to be
formed and further improves the battery performance.

Electrochemical properties

The electrochemical properties of CI on NCM811 were first
evaluated by cyclic voltammetry. Fig. 7a and b shows three redox
couples in the scan range of 2.8-4.6 V. The first couple in the
range of 3.6-3.8 V can be assigned to the first hexagonal (H1) to
monoclinic (M) phase transition, followed by monoclinic (M) to
the second hexagonal (H2) from 3.95-4.05 V, then the second
hexagonal (H2) to the third hexagonal (H3) at 4.15-4.25 V.***
The first redox couple had a voltage difference of 290 mV at the
first cycle, followed by 90 mV at the second cycle for pristine
NCMS811, as shown in Fig. 7a and b. In the case of CI@NCM811,
the voltage differences for the first cycle and second cycle were
320 mV and 50 mV, respectively (Fig. 7a and b). This result
showed that the reversibility behavior and reaction kinetics of
CI@NCMS811 at the first cycle is lower than that for pristine
NCMS811. Fortunately, this phenomenon is completely elimi-
nated in the following scans: the second scan shows a voltage

deprotonation

De-H EMC EMC Suppress EMC CI@NCM811
H,C_ 0O _ O H« O O deprotonation
“ch \.C,/ “CH, ¢— e

Scheme 1 Proposed reaction mechanisms of EC and EMC on (left panel) NCM811 and (right panel) the bridge function of the CI layer on

NCMB811.
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difference of only ~50 mV. According to the Nicholson-Shain
current function, a voltage difference of 57-60 mV in a redox
couple indicated the good reversibility of the CI layer on
NCM811.*

The low reversibility at the first cycle of CI@NCM811 can be
due to the presence of a small shoulder (~3.85 V) near the main
anodic reaction (3.98 V, as shown in Fig. 7a). The previous
studies stated that the H1-to-M phase transition in the first scan
is found at 3.90 V for the Ni**-to-Ni*" reaction.”® The bond
length of Ni-O is shortened as the Ni ion valence increases
during the phase transition from H1 to M, thereby increasing
the negativity of the O atom.'®** The highly negative O atom,
which is supposed to induce the carbonate solvent deprotona-
tion, tends to dissociate the proton of CI instead and forms an
activation reaction in the H1-to-M phase transition. The acti-
vation reaction of CI was confirmed by the operando FTIR result
in Fig. 3. The deprotonation and decomposition products of EC
(de-H EC, VC, C-O-C stretching and O-C=0 bending) from
CI@NCMS811 were detected at 3.9 V, which is delayed compared
to pristine NCM811 (at 3.8 V). In addition, the activation
potential of CI was found to be the same as the voltage where
EMC repulsion taking place (as shown in Fig. 6b). This result
implies that by decreasing the EMC-Li" solvation, the bridge
function of CI slightly reduces the reversibility of the lithium
ion on the first cycle.

In fact, it is found that the CI effects can be verified by
understanding the changes in the Ni ion valence and the bond
length of Ni-O/Ni-Ni upon the first delithiation of two cathode
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materials. Fig. S6 and S7t show the in situ XANES and EXAFS
spectra of the Ni K edge to understand the changes in the Ni ion
valence and the bond length of Ni-O/Ni-Ni in the first deli-
thiation. Both pristine NCM811 and CI@NCMS811 in Fig. S6a-
dt show the increasing of Ni ion valence to higher state during
the initial delithiation process. The shifting of the edge jump is
summarized in Fig. Sée,f where the CI@NCMS811 exhibits
a higher valence state than the pristine NCM811 upon charging
at 3.9 V. It is comparable with the CV result in that an activation
of CI @NCM811 occurs in this voltage range, and thereby causes
a change in the bond length of Ni-O or Ni-Ni in the potential
range of H1-to-M phase transition. Furthermore, this higher
nickel valence state of CI@NCMS811 at 3.9 V indicates that the CI
coverage blocked the transition metal reduction, which induces
the deprotonation of EC to VC.*

In situ EXAFS revealed the changing behavior on the Ni-O or
Ni-Ni bonds in terms of the delithiation reaction. Fig. S7t
reveals that the Ni-O bond (the first shell) of pristine NCM811
exhibits a longer length (2.11 A) than that of the CI@NCMS811
(1.98 A) at the OCV, indicating a strong correlation between the
oxygen atom and the CI. This shortened length on the Ni-O
bond of CI@NCMS811 is beneficial to prevent the TM reduction,
which can cause deprotonation of EC, as described above.
Therefore, in agreement with the operando IR results, the
CI@NCMS811 contained less deprotonation of carbonates
solvents, as shown in Fig. 3.

With the increase in the voltage, the Ni-O bond length of
bare NCM811 is shortened from OCV to 3.9V, and is followed by
a shift of the Ni-Ni shell to a lower bond length from 3.9to 4.5V
(Fig. S7t). From this viewpoint, the deprotonation of the
carbonates is suggested from the Ni-O bond first and further
induces oxygen release, thereby changing the Ni-Ni bond
length at high SOC. On the contrary, CI@NCM811 shows that
the Ni-O bond is not significantly different as the voltage
increases.

The cycle performance on CI@NCMS811 was operated in
a half-cells test to investigate how the deprotonation of
carbonates is prevented, and a good ionic transfer is delivered
in terms of its cis structure formulation. Fig. S8 shows the
initial charge-discharge profile of the pristine NCM811 and
CI@NCMS811 electrodes conducted at 0.1C current rate in the
potential range of 2.8-4.3 V (vs. Li/Li"). The initial discharge
capacities (Coulombic efficiency) of the pristine NCM811 and
CI@NCMS811 were 20511 mA h g ' (87.3%) and
205.28 mA h g7 ' (86.9%), respectively. This result confirms that
CI activation induces a slight loss of coulombic efficiency in the
first cycle, which is consistent with the CV result (Fig. 7a).
Pristine NCM811 retained 21.5% of its initial capacity at the
250th cycle (Fig. 8a). In contrast, at the 250th cycle,
CI@NCMS811 maintained 79.2% of its initial capacity. By the CI
coverage, the carbonate decomposition on the cathode surface
could be effectively prevented, i.e., there would be a decrease in
the deprotonation. Moreover, the surface morphology by SEM
analysis after 250 cycles revealed that several small dots were
spread on the pristine NCM811 surface, which can be attributed
to the CEI (Fig. S9a and b¥). Meanwhile, Fig. S9c and dt displays
a clean surface on CI@NCMS811, indicating that the CEI is

This journal is © The Royal Society of Chemistry 2024
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Fig. 8
of (c) pristine NCM811 and (d) ClaNCM811.

significantly minimized by the inhibition of carbonate depro-
tonation. Nevertheless, the coverage of CI on NCM811 slightly
improved the half-cell rate capability at above 1C (Fig. 8b). The
lithium diffusion coefficient (Dy;:) was also calculated from the
Warburg tail of the EIS spectra at the charge potential of ~3.9V,
as described and presented in ESI, Fig. S10.T The calculated Li"
diffusion coefficient in a prolonged cycle is 3.82 x 10~ % cm® s™*
and 4.48 x 10~ % cm® s~ for pristine NCM811 and CI@NCMS811,
respectively. Besides the C=O0 functional group that attracts Li",
the increasing Dy; is likely also contributed from the phenyl
group which resembles a ring-like structure that keeps the CI
pore size adequately large for the Li" migration.*

The impedance analysis concerning the first and 250th
cycles is shown in Fig. 8c and d. The two semi-circles of the two
electrodes, represent three specific features regarding the
equivalent circuit model (Fig. S117), electrolyte resistance (R.),
CEI resistance (R.), and charge transfer resistance (R.),
respectively.*®*” The pristine NCM811 exhibited R, Rcej, and R,
values of 3.8, 21.5, and 48.1 Q after the initial cycle, respectively.
In comparison, CI@NCM811 exhibited R, Rcei, and R values of
3.9, 28.2, and 59.8 Q after the initial cycle, respectively. The CI
coverage affected the impedance on both cathode surface (Rce;)

This journal is © The Royal Society of Chemistry 2024

View Article Online

Journal of Materials Chemistry A

350

| Pristine NCM811 —Q@— After 3 cycle
300 —0— After 250" cycle
A250—— (C)
S 200l
< I
£ 150}
1001 o
50
0-‘M||.|.|.|.
0 50 100 150 200 250 300 350
Re(2) (Q)
350 y
. CI@NCM811 —Q— After 3" cycle
300 - —@— After 250" cycle
250+
70 (@)
S 200k
E L
£ 150
100
so o V90094

0 50 100 150 200 250 300 350

Re(2) (Q)

(a) Cycle retention at room temperature and (b) rate capability of pristine NCM811 and CI@NCMB8L11 in the half-cell test. The Nyquist plots

and the electrochemical reaction (R.). Similar to the CV shown
in Fig. 7a, an interaction of CI occurs in the H1-to-M phase
transformation, making the electron transfer initially slow.
After the 250th cycle, the R, value of pristine NCM811 was 279.9
Q, and increased almost 6 times higher compared to its
formation condition. In contrast, the R, value of CI@NCM811
(173.8 Q) only increased 4 times from its formation cycle. This
impedance analysis is consistent with the above discussions on
the bridge function of CI protecting the electrode-electrolyte
side reactions. Thus, in a prolonged cycle, CI@NCM811 has
a slower growth of impedance, which provides a significantly
better cycle stability than pristine NCM811.

To further investigate the CI effects of the dynamic perfor-
mance characteristics of a full-cell, a Hybrid Pulse Power
Characterization (HPPC) test was used for evaluation. This test
determined the cell power capability over the useable voltage
range of the cell. It is a test profile that incorporates both dis-
charging and regeneration (recharging) pulses at various DOD.
A discharge pulse is a relatively short load drawn on the battery,
and a regeneration pulse is a relatively short charge to the
battery. This profile mimics the discharge and charge that can
occur on hybrid EVs during acceleration and regenerative
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breaking.***” Fig. 9a shows the HPPC results in terms of the two
full cells. For the pristine NCM811, the power provided at each
10% DOD of the discharging reaction was lower than that for
CI@NCMS811. The power delivered by the pristine NCM811 at
10% DOD was approximately in the range of 105-108 W
compared with that delivered by CI@NCMS811 (113.6 W). The
capacity of this full cell was set to 3 A h with an average working
voltage of 3.7 V. Thus, 100 W represents almost 9C in a fully
operational range. In the case of the regeneration power
(recharging) analysis, at 90% DOD, CI@NCM811 provided
a fast-recharging power (96.5 W) until a DOD of 40% (59.6 W),
which is also higher than that of the pristine NCM811. These
results demonstrate that a deprotonation of the carbonate
solvents on the Ni-rich cathode surface is necessary, which can
significantly improve the battery rate capability through CI
coverage, typically in the low-to-medium SOC range. With the CI
coverage, this full cell charges from 10% to 70% SOC, which
takes only 6.25 min in terms of the HPPC analysis.

Fig. 9b and c shows the full cell (>3A h) tested at 1C/1C at
room temperature and at 55 °C for evaluating the aging effect
on its direct circuit internal resistance (DCIR). Evidently, a high
temperature triggers a faster fading behavior of the pristine
NCMS811, which is due to the increment in the DCIR. At room
temperature, the cycle retention between the two full-cells was
not shown to be different for 200 cycles, and the DCIR exhibits
a significant difference. The pristine NCM811 exhibits a value
that is almost twice that of CI@NCMS811. This result is consis-
tent with the impedance analysis (Fig. 8c and d). In the exper-
iment conducted at a temperature of 55 °C, the aging effect
dramatically exhibited a rapid fading behavior on cycle reten-
tion, as well as the DCIR, with the pristine NCM811 cell showing
a significantly worse fading behavior than CI@NCMS811. This
result clearly demonstrates the effect of the presence of CEI on
the Ni-rich cathode at high temperature. Thus, the CI contain-
ing the cis structure effectively contributed as a bridge function
on the cathode surface.

Conclusions

In this work, the deprotonation mechanism of carbonates was
clarified by operando FTIR. EC proceeded via two pathways,
namely VC formation and ring opening, in the very early

28908 | J Mater. Chem. A, 2024, 12, 28899-28910

reaction step (3.8 V). The EMC was deprotonated mainly at its
b site based on the asymmetrical structure. However, we
discovered that EMC deprotonated at the @ and c sites as well. A
new material was synthesized for surface coverage on the Ni-
rich cathode: a CI oligomer. With the cis structure formula-
tion of the CI, the oxygen atom on the NCM811 surface could
deprotonate the CI rather than the carbonates, termed as
a bridge function. In addition, the C=0 bond side of the CI was
used to attract Li* to enhance the ionic diffusivity during
cycling. EMC was not deprotonated on CI@NCMS811, which
significantly eliminated the CEI formation on the cathode.
Moreover, the CI adjusted the solvation characteristics of the
carbonate solvent in electrolytes. Thus, it could indicate
a controllable CEI formation on NCM811.
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