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Additive-Regulated Interface Chemistry Enables
Depolarization for Ultra-High Capacity LiCoO,

Guorui Zheng,* Hengyu Ren, Jimin Qiu, Haowen Ding, Likun Chen, Yuhang Li,

Shunning Li, Ming Liu,* and Feng Pan*

Unlocking the capacity potential of mainstream LiCoO, (LCO) cathode
materials for stable cycling at a high upper cut-off voltage is undoubtedly one of
the most economical approaches to achieving high-energy-density lithium-ion
batteries. However, significant polarization issues induced by interfacial and
interphase degradation during high-voltage cycling remain well known. This
study demonstrates the efficient depolarization effects of cyclic organosiloxane
additive 2,4,6,8-tetramethyl-2,4,6,8-tetravinylcyclotetrasiloxane (V4D4)

at the cathode—electrolyte interface, facilitating interfacial charge transfer

and enhancing the capacity of LCO||Li cells to 220 mA h g~ even at

4.55 V (vs Li/Lit). Specifically, V4D4 tends to adsorb onto the surface of
highly delithiated LCO cathodes, and its preferential oxidation intermediates
help stabilize lattice oxygen, eliminate harmful HF/H,O, and form an ultrathin
cathode-electrolyte interphase (CEl) that reduces interface resistance

to LiT diffusion and stabilizes the surface structure. Additionally, with the
assistance of fluoroethylene carbonate (FEC), long-term cycling produces a

most economical approaches to achieving
high-energy-density lithium batteries with
strong potential for commercialization.?
However, high-voltage (HV) cycling ac-
celerates interfacial and interphase
degradation, leading to significant po-
larization, limited capacity enhancement,
and ultimately limited improvements
in energy and power density, thereby
deteriorating  battery  performance.3#

For the unmodified LCO cathode sub-
jected to a deep delithiation potential ex-
ceeding 4.55 Vy;, a series of unfavorable
phase transitions from O3 to H1-3 or even
O1 occur, involving large-scale sliding of
O—Co—O slabs. These transitions promote
lattice distortion, Li rearrangement, and vol-
ume shrinkage along the c-axis, which in
turn cause partial structural collapse and

homogeneous, chemo-mechanically stable CEl enriched in organic
silicon-containing compounds and LiF. This CEIl suppresses excessive bulk
electrolyte decomposition, reinforces the reversibility of the significantly
enhanced O3—H1-3 phase transition, and enables capacity retention of

~97% after 200 cycles.

1. Introduction

The actual capacity delivery of mainstream LiCoO, (LCO) cath-
ode materials remains far below their theoretical specific capac-
ity (=274 mA h g™'). Breaking through their upper limit at a
cut-off voltage above 4.4 V (vs Li/Li*, V|;) with further unlock-
ing capacity potential for stable cycling is undoubtedly one of the
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heterogeneous delithiation.>! Critically, a
high-potential driving force and the genera-
tion of strongly oxidative Co*" /O™~ (0<n<2)
species induce severe interfacial side reac-
tions, including excessive electrochemical
catalytic decomposition of the electrolyte,
loss of lattice O, and dissolution of low-
valence-state Co.[®! These effects can cause
irreversible Co migration and the formation of a dense
Co,0,/CoO phase on the surface, which impedes Li* diffusion
and increases surface polarization, thereby leading to the propa-
gation of collapse and cracks into the bulk particle structure, re-
sulting in a rapid capacity loss as cycling progresses.l>-!1]
Therefore, to mitigate the adverse effects of inevitable phase
transitions while targeting higher capacity delivery, construct-
ing stable interfaces and interphases on the LCO cathode sur-
face to prevent rapid deterioration spread to the bulk structure is
essential.'?l Among available strategies, electrolyte-involved in-
terfacial engineering is cost-effective and straightforward to im-
plement in large-scale industrial production. However, several
modification studies have limited their focus on increasing the
charging cut-off voltage, which actually compromises part of the
ineffective polarization potential, reduces energy conversion effi-
ciency, and suppresses the so-called unfavorable 03—H1-3/01
phase transitions, an inevitable process for achieving high ca-
pacity, ultimately limiting actual energy density enhancement
and sacrificing cyclability and safety at extremely high charg-
ing voltages. Therefore, identifying a more efficient method re-
quires focusing on regulating surface and interfacial stability
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and minimizing the polarization effects in highly charged LCO
cathodes.®] Such optimization can reduce the restriction on re-
versible capacity induced by ineffective voltage drop and enable
LCO with high specific capacity at a relatively high discharg-
ing voltage plateau within an appropriate voltage range, thereby
avoiding violent interfacial side reactions at extremely high charg-
ing cut-off voltages. Thus, HV-LCO batteries combining high
specific energy, high specific power, and improved safety can be
achieved.

With the development of advanced characterization tech-
niques that are highly sensitive at smaller scales and operable
in situ, researchers have increasingly focused on the cathode-
electrolyte interphase (CEI) and its impact on battery perfor-
mance, as the complexity of by-products and the morpholog-
ical diversity of the CEI complicate its analysis.l' The pres-
ence of a CEI layer on LCO was first proposed by Goodenough
et al.’® Cherkashinin et al. reported that the CEI layer on LCO
became unstable and decomposed when the cathode was charged
to 4.5 V.[') Delmas et al. observed more severe oxidation at
the interfaces of fully delithiated LCO.['”] Interfacial side reac-
tions can promote dissolution of transition-metal ions from the
cathode, which in turn alters the interfacial chemistry at both
electrodes.['®1%] 1i et al. used X-ray photoelectron spectroscopy
(XPS) to detect the dynamic evolution of the CEI on LCO cathode
cycled in a wide potential range up to 4.6 V.2%1 Recent studies have
emphasized the role of surface structure and electrolyte compo-
sition in constructing stable CEI for HV-LCO.[2!-23] These results
indicate that establishing a stable CEI is critical for achieving ex-
cellent interfacial and surficial Li* kinetics, thereby enabling both
high energy density and high power density in batteries. How-
ever, relatively few studies have specifically addressed CEI modi-
fication for HV-LCO through electrolyte engineering.

Recently, cyclotetrasiloxane compounds have attracted signifi-
cant attention owing to their dual functionality as precursors for
silicon oxycarbide materials and as building blocks for polysilox-
ane synthesis.[?*2°] The unique ring-opening polymerization
characteristics of cyclotetrasiloxanes provide a versatile strategy
for constructing polysiloxane-based solid-state electrolytes and
polymer-enhanced solid-electrolyte interphase (SEI) layers on the
anode, both of which offer high ionic conductivity.[?*% Further-
more, the diverse functional groups attached to Si atoms in cy-
clotetrasiloxanes enable the formation of 3D crosslinked net-
works with other organic molecules. When combined with their
inherent ring-opening polymerization reactivity, this versatility
yields a wide range of reaction products with tunable properties.
Thus, incorporating cyclotetrasiloxane-based additives into elec-
trolytes represents a promising strategy for engineering unique
Si-containing CEI structures with tailored characteristics.

This study introduces the newly emerging Si-
containing  organic  additive,  2,4,6,8-tetramethyl-2,4,6,8-
tetravinylcyclotetrasiloxane (V4D4), into an ethylene carbonate
(EC)-based electrolyte with the assistance of fluoroethylene
carbonate (FEC) to enhance interfacial depolarization and re-
construct stable interface chemistry on highly delithiated LCO
cathodes, enabling high energy and power densities in batteries.
Systematic electrochemical measurements are conducted to elu-
cidate the effects of the additives on interfacial electrochemical
behavior and their contributions to enhancing battery perfor-
mance. The underlying depolarization mechanisms are further
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investigated by combining theoretical calculations and com-
plementary in situ spectroscopic characterization techniques.
The strong chelating capability of V4D4 with the surface lattice
oxygen of LCO, combined with its HF-scavenging functionality,
significantly enhances surficial structural stability and interfacial
Li* transport kinetics during the initial charging process, en-
abling high-capacity delivery of over 220 mA h g=! at 100 mA g~
under an appropriate cut-off voltage of 4.55 V;, with a markedly
enhanced O3—H1-3 phase transition in LCO, thereby demon-
strating its depolarization effect. Furthermore, the synergy
between V4D4 and FEC facilitates the formation of a chemo-
mechanically stable, homogeneous, and fast Li*-conductive
CEI enriched with LiF and organosilicon compounds during
long-term cycling, thereby ensuring interfacial compatibility
and preserving the surface structural integrity of the HV-LCO
cathode. This improvement leads to excellent cycle stability and
structural reversibility, with a capacity retention of 97% after 200
cycles at high capacity output.

2. Results and Discussion

2.1. V4D4-Modified Electrolyte Enabling HV-LCO Cathode

As aforementioned, the O3CH1-3/01 phase transition in LCO
cathode material at a high charging cut-off voltage is an unavoid-
able stage in the pursuit of high-capacity delivery and high energy
density. However, the concomitant, severe and unmanageable ir-
reversible structural phase transition has led most studies to fo-
cus on suppressing this phenomenon, often at the cost of retard-
ing Li de-intercalation kinetics and increasing voltage hysteresis,
rather than enhancing its reversibility, which in turn significantly
limits the capacity release of LCO at high voltages.

In this study, the effects of V4D4 additive in a common elec-
trolyte on the electrochemical performance of HV-LCO were
investigated using various electrochemical measurement tech-
niques. The voltage curves of 4.55 V; LCO half-cells prepared
with different additive formulations after the initial activation
process are compared in Figure 1a. The LCO cathode cycled in
an additive-free (denoted as BASE hereinafter) electrolyte or in
an electrolyte with 5.0 wt.% FEC additive (denoted as FEC here-
inafter) exhibited almost the same initial discharge capacity of
~186.0 mA h g~! at a current density of 0.5C (1C = 200 mA g1).
These results were consistent with those in previously reported
literature,®! indicating that the introduction of a small quantity
of FEC additive exhibited minimal influence on capacity release.
However, electrolytes containing the V4D4 additive evidently in-
creased the discharge capacity of the LCO cathodes with reduc-
ing voltage hysteresis, suggesting improved Li de-intercalation
kinetics. When 0.5, 0.8, 1.5, 3.0, and 5.0 wt.% V4D4 additives
were introduced into the BASE electrolyte, the initial specific
discharge capacities of the 4.55 V;; LCO half-cells increased to
~192.5, 200.7, 217.3, 220.4, and 220.3 mA h g7!, respectively.
Figure 1b and Figure S1 (Supporting Information) present the
effects of V4D4 on the long-term cyclic stability of the 4.55 V ;
LCO cathode at a current density of 0.5C. The half-cells with
the BASE electrolyte exhibited rapid capacity decay during the
initial 30 cycles, dropping to ~83.1 mA h g=! after 500 cycles,
with a capacity retention of ~45.0%. In comparison, the V4D4
additive significantly improved the long-term cycling stability of
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Figure 1. Electrochemical behaviors of HV-LCO cathode after initial activation. a) Charge—discharge curves of 4.55 V; LCO||Li half cells at 0.5C using
different additive formulations. b) Long-term cyclic stability of 4.55 V|; LCO cathode at the current density of 0.5C using different additive formulations.

c) CV tests of LCO within a voltage range of 3-4.55 V at a constant voltage scanning of 0.1mV s™!

in BASE and V4D4-FEC electrolyte. d) Rate performance

of 4.55 V|; LCO cathode in BASE and V4D4-FEC electrolyte. e) The summary of the initial specific discharge capacities of LCO cathodes operated at
different cut-off voltages and current densities based on various electrolyte systems reported before. The in situ GEIS of LCO in f) BASE and g) V4D4-FEC
electrolyte, and the corresponding fitted results of R.¢ in H) BASE and |) V4D4-FEC electrolyte.

the 4.55 V; LCO cathode. Specifically, cells with 1.5, 3.0, and
5.0 wt.% V4D4 additives maintained ~79.3%, 73.6% and 65.8%
of their initial specific discharge capacities after 500 cycles, re-
spectively. Additionally, to further improve the long-term cyclic
stability of the 4.55 V;; LCO cathode, FEC was co-added and ex-
pected to perform synergistically with V4D4. Cells using elec-
trolytes containing 3.0 wt.% V4D4 and 5.0 wt.% FEC (denoted as
V4D4-FEC hereinafter) maintained an initial specific discharge
capacity of #220.0 mA h g~! and demonstrated the best cyclic
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performance with the highest capacity retention of 87.4% after
500 cycles, whereas cells using electrolytes with only 3.0 wt.%
V4D4 (denoted as V4D4 hereinafter) exhibited relatively infe-
rior cyclic stability. The LCO||graphite pouch full cell using the
V4D4-FEC electrolyte demonstrated outstanding electrochemical
cycling performance, highlighting its potential for practical appli-
cations (Figure S2, Supporting Information). As shown in Figure
S3 (Supporting Information), the V4D4-FEC electrolyte enabled
better cyclability of the 4.6 V;; LCO cathode, with the initial
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specific discharge capacity reaching ~230.1 mA h g=!. Thus, the
introduction of V4D4 effectively increased the specific capacity
of HV-LCO, and the synergy between V4D4 and FEC further im-
proved its long-term cyclic stability. Considering specific capacity
delivery and cycling stability, the optimal proportions of V4D4
and FEC additives introduced into the BASE electrolyte were 3.0
and 5.0 wt.%, respectively.

Figure S4 (Supporting Information) illustrates the activation
process for LCO in the BASE, V4D4, and V4D4-FEC electrolytes
during the initial cycles within the voltage range of 3-4.55 V
at 0.5C. The capacity and average voltage difference during the
activation process exhibited opposite trends following the ad-
dition of V4D4, confirming the significant influence of the in-
terfacial chemistry of LCO during the initial cycles. A series of
electrochemical measurements were conducted to analyze the
electrochemical behavior of the HV-LCO cathode and investi-
gate the effects of the V4D4 additive on specific capacity deliv-
ery. The galvanostatic intermittent titration technique (GITT) was
adopted to analyze differences in Li* diffusion kinetics during
the charge/discharge processes of LCO cathodes cycled in BASE
and V4D4-FEC electrolytes, as illustrated in Figure S5 (Support-
ing Information). The average diffusion coefficients (Dy;,) dur-
ing charging and discharging of the LCO cathode in the BASE
electrolyte were ~4.78 X 107! and ~4.78 x 10712 cm? s71, re-
spectively, both lower than the corresponding values of 2.0 X
107 and ~3.5 X 107! cm? s7! observed in the V4D4-FEC elec-
trolyte, indicating that the V4D4 additive promoted Li* diffusion
in the LCO cathode during cycling. Cyclic voltammetry (CV) was
performed to further analyze the effect of V4D4 on delithiation
and lithiation kinetics. As shown in Figure 1c, the V4D4-FEC sys-
tem exhibited reduced and more stable voltage hysteresis, and
the reversible phase transition between O3 and H1-3 was well
maintained, suggesting improved surface depolarization and re-
versibility of the LCO cathode compared to the BASE system,
thereby contributing to increased capacity delivery even at 4.55
Vy;- Additionally, the LCO cathode cycled in the V4D4-FEC elec-
trolyte demonstrated improved rate capability and high-rate cy-
cling stability (Figure 1d; Figure S6, Supporting Information).
Hence, the initial specific discharge capacities of LCO cathodes,
operating at different charging cut-off voltages and current den-
sities, were systematically summarized and compared across var-
ious previously reported electrolyte-modified systems, as shown
in Figure 1e and Table S1 (Supporting Information). In this study,
the discharge capacity of the 4.55 V;; LCO cathode cycled in the
V4DA4-FEC electrolyte, which exhibited a remarkable depolariza-
tion effect, was even higher than that of the previously reported
4.6 or 4.7 Vy;-class LCO cathodes at the same current density,
demonstrating that the conventional systems suffered from in-
effective voltage drops and a more aggressive oxidation environ-
ment at the electrolyte interface that ultimately limited the actual
energy release.

To analyze and precisely quantify the enhancement of Li*
transport kinetics induced by V4D4 on LCO cathode interfaces,
in situ galvanostatic electrochemical impedance spectroscopy
(GEIS) was adopted using an LCO—Li—Pt three-electrode sys-
tem (Figure S7, Supporting Information), which effectively elim-
inated interference from the anode side impedance signal, as
shown in Figure 1f,g. Consistent with previous research, the EIS
curves correlated with the state of charge (SOC) of the LCO cath-
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ode and were fitted using an equivalent circuit model to extract
parameters such as ohmic resistance (R.), surface film resis-
tance (Ry), and the charge transfer resistance (R_), as illustrated
in Figure 1h,i and Figure S8 (Supporting Information).[31-33
The Ry, which corresponded to Li* diffusion through the CEI
film on the LCO particle surface, remained highly stable and
exhibited lower values in the V4D4-FEC electrolyte compared
to those in the BASE electrolyte throughout the charging and
discharging process (Figure 1h,i). Thus, the V4D4-FEC addi-
tive participated in reconstructing the interface films, resulting
in enhanced chemomechanical stability. Denser and more Li*-
conductive films facilitated improved Li* diffusion kinetics and
offered better protection for the LCO particles, thereby improv-
ing battery performance. Moreover, the R, values increased dur-
ing the initial cycle in the BASE electrolyte (Figure S8, Support-
ing Information), indicating poor compatibility between the CEI
layers and LCO cathode surfaces, leading to damage of the sur-
face structure and negatively impacting Li* transfer. Conversely,
the consistently lower and more stable R, values observed in the
V4D4-FEC electrolyte demonstrated that the interface and sur-
face region of the LCO cathode remained stable with better Li*
transfer kinetics during cycling. Further, the distribution of re-
laxation time (DRT) curves was extracted from the GEIS data us-
ing Fourier transform analysis, as shown in Figure S9 (Support-
ing Information). The peak observed at the relaxation time ()
between 0.01 and 0.1 s corresponded specifically to the charge
transfer process at the surface of the LCO cathode, 3! and its
shift toward higher 7 represented the sluggish charge transfer
kinetics. In the BASE electrolyte system, the DRT peaks were
primarily distributed ~0.1 s, whereas in the V4D4-FEC system,
they appeared near 0.025 s. This difference was notable because
it aligned with the R, fitting results, demonstrating faster Li*
transfer kinetics in the V4D4-FEC system.

2.2. V4D4-Induced Depolarization Mechanism Increasing the
Initial Capacity Delivery

To determine the modification mechanism behinds, a compre-
hensive analysis of the intrinsic characteristics of the V4D4-
modified electrolyte and the extended electrochemical behavior
of the V4D4 additive at the LCO cathode-electrolyte interface af-
ter the initial activation was performed.

First, Fourier transform infrared (FTIR) spectroscopy was con-
ducted to evaluate the effects of the additives on the solvation
structure of the BASE electrolyte. The results in Figure S10a
(Supporting Information) revealed that the introduction of FEC
and V4D4 exhibited minimal effects on the Li*-solvent interac-
tions. Notably, the infrared absorption peaks generated by P—F
bond stretching vibration near 840 cm™! in Figure S10b (Sup-
porting Information) exhibited a redshift after the addition of
V4D4, indicating suppression of LiPF, (786 cm™') hydrolysis ow-
ing to the reduction in PF, (896 cm™') and PF,0 (909 cm™!)
species, which reduced the etching effect of HF on the electrode
materials.[*! The thermostability of the modified electrolyte was
tested using liquid nuclear magnetic resonance (NMR). A com-
parison of the 1F NMR spectra of BASE, V4D4, and V4D4-FEC
electrolyte after storage at 45 °C for a week is shown in Figure
S11 (Supporting Information). The HF peak at ~—156 ppm,
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Figure 2. The interface stability on highly-delithiated LCO cathode. a) The calculated LUMO-HOMO energies of electrolyte components. b) LSV mea-
surements of BASE, V4D4, and V4D4-FEC electrolyte on the stainless steel with a scanning rate of 0.1 mV s~'. c) The simulation of the electrochemical
behaviors of V4D4 additive on the surface of highly-delithiated LCO cathode. d) Bader charge calculations on the surface of highly-delithiated LCO cath-
ode before and after the adsorption of V4D4 oxidation intermediate. In situ DEMS tests for LCO cathode cycled in €) BASE and f) V4D4-FEC electrolyte.
g) Cryo-TEM images of CEl on the LCO in different electrolyte after initial activation. h) Calculated reaction energy barrier (/\E) for HF/H,O-Scavenging
by absorbed V4D4 oxidation intermediate on the surface.

caused by side reactions of LiPF, or FEC, could not be detected, The lowest unoccupied molecular orbital (LUMO) and highest
while a new peak at ~—139 ppm appeared, which originated  occupied molecular orbital (HOMO) energies of the electrolyte
from the HF/H, O scavenging by the V4D4 additive to form Si—F = components were calculated. A comparison is presented in Table
species.338] Therefore, the high-temperature electrochemical ~ S2 (Supporting Information) and Figure 2a. The V4D4 molecule
cycling performance was significantly improved by the addition  exhibited the highest HOMO energy, suggesting its preferential
of V4D4 (Figure S12, Supporting Information). oxidation reactivity for reconstructing the initial interface films,
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potentially influencing the subsequent electrochemical decom-
position of the bulk electrolyte. The relatively low HOMO and
LUMO energies of FEC reflected its dual-functional potential,
which enhanced antioxidation stability at the cathode interface
and passivated the anode interface. The oxidation resistance of
the bulk electrolyte, influenced by V4D4 addition, was further
verified by linear sweep voltammetry (LSV) measurements us-
ing the Fe—Li—Pt three-electrode system (Figure S4, Supporting
Information). As shown in Figure 2b, a sharp rise in the oxi-
dation current was observed at ~4.4 V in the BASE electrolyte,
which was significantly suppressed and shifted to higher poten-
tials upon the addition of V4D4, demonstrating that the V4D4
additive effectively inhibited excessive oxidative decomposition
of the bulk electrolyte at high voltages. Furthermore, V4D4 ex-
hibited an oxidation peak at ~3.8 V (Figure S13, Supporting In-
formation), which was consistent with the results of the HOMO
calculation. Under the synergy of the FEC additive, the antioxida-
tive capability of the electrolyte was further strengthened.
Figure 2c shows the electrochemical behavior of V4D4 on the
surface of the highly delithiated LCO cathode through theoret-
ical simulations. First, the V4D4 molecule physically adsorbed
onto the surface lattice structure with an adsorption energy of
—1.54 eV. Then, its Si—O chemical bond broke to chemically
adsorb and repair oxygen vacancies commonly found in highly
delithiated LCO cathodes, with a bonding energy of —2.20 eV,
thereby stabilizing the surface lattice oxygen. This stabilization
was further confirmed by Bader charge calculations in Figure 2d.
The oxygen atom in the LCO cathode slab directly coordinated
with the V4D4 oxidation intermediate (8—Si—O) and gained
~0.53e in charge after the adsorption reaction; however, the
charge on the Co atom remained essentially unchanged. The in-
crease in the charge on the surface lattice oxygen atoms was bene-
ficial for restraining their deep participation in capacity release by
charge compensation, which effectively passivated the highly ox-
idative surfaces of LCO when charging to a high cut-off voltage,
thereby suppressing severe irreversible surface structure evolu-
tion and weakening the oxidation threat to the bulk electrolyte.
This phenomenon was confirmed by performing in situ differ-
ential electrochemical mass spectrometry (DEMS) (Figure 2e.f).
Analytical results revealed no gas production, except for trace
CO, throughout cycling with the V4D4-FEC electrolyte. Compar-
atively, the release of surface lattice O in the form of O, occurred
at the end of charging in the BASE electrolyte, indicating the
instability of the surface lattice O of LCO at high voltages. Ad-
ditionally, the production of abundant CO, was observed when
charging at ~#4.0 V and above 4.45 V, which resulted from the
catalytic oxidative decomposition of EC and EMC solvents by lat-
tice oxygen, O"~ (0<n<2) on the LCO surface and the released
0, gas (Figure S14, Supporting Information).[®3%401 Apart from
gas release, the severe decomposition of electrolyte solvents led
to the formation of an initially uneven and thick CEI layer on the
LCO surface in the BASE electrolyte, compared to the thinner
and more uniform CEI formed in the V4D4-FEC electrolyte, as
observed by cryogenic transmission electron microscopy (cryo-
TEM) images in Figure 2g and Figure S15 (Supporting Informa-
tion). Furthermore, the reaction energy barrier (/\E) for the reac-
tions * + HF —% F + C,H, (1) and * +H,0 —»% OH + C,H, (2)
(* denotes the slab added by 8—Si—O with an oxygen vacancy)
was analyzed (Figure 2h). The values of AE for reactions (1)
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and (2) were —1.57 and —0.69 eV, respectively, indicating that
HF and H,O from the electrolyte attacked the Si—C chemical
bond of —Si—C, H; in the slab, forming relatively stable Si—F and
Si—OH bonds, along with carbon-chain polymers (polymeriza-
tion of C,H,). Meanwhile, V4D4 underwent ring-opening poly-
merization to form polysiloxanes with improved ionic conductiv-
ity, while its vinyl (—CH=CH,) groups enabled additional poly-
merization pathways, which facilitated the construction of a ro-
bust and functional CEI structure.!?*3% The decomposition path-
ways of V4D4 during the electrochemical activation are summa-
rized in Figure S16 (Supporting Information).?”!] The V4D4
additive effectively stabilized the surface lattice O of LCO dur-
ing the charging process and in situ constructed a beneficial and
ultra-thin CEI layer in the process, which substantially improved
the interface and surface Li* transport kinetics of LCO and led
to depolarization effects. The excellent low-temperature (—20 °C)
cyclic performance of the LCO cathode in V4D4-FEC electrolyte
further confirmed the optimized Li* transport kinetics in the CEI
layer (Figure S17, Supporting Information).

Furthermore, comprehensive in situ spectroscopic character-
ization was performed to confirm the initial surface structural
stability of the LCO cathode cycled with the V4D4 additive. In
situ X-ray diffraction (XRD) measurements were conducted to
analyze the evolution of long-range ordered structures during
the initial charging and discharging processes based on differ-
ent electrolyte systems. As shown in Figure 3a,b, an association
analysis of the (003) and (101) peak evolution of the LCO cath-
ode material was performed. Notably, electrolyte-induced differ-
ences at the interface and surface of the LCO cathode exhib-
ited a significant impact on the phase transition process, specif-
ically in the highly delithiated state.l*>*3] At a cut-off voltage of
4.55 Vy;, LCO exhibited a significant H1-3 phase transition in
the V4D4-FEC electrolyte, corresponding to the Li,,CoO, struc-
ture, as calculated using the constant-current charging time. In
the BASE system, the H1-3 phase was non-existent, correspond-
ing to the Li;,,Co0O, structure. The results indicated that the
V4D4-FEC electrolyte operation enabled improved Li* transport
kinetics and a more reversible capacity for LCO particles in the
same cut-off voltage range. Thus, in the BASE electrolyte, gradual
surface structure degradation served as the main cause of struc-
tural damage to the highly delithiated LCO cathode rather than
the O3 to H1-3 phase transition process.[*!l Hence, in situ shell-
isolated nanoparticle enhanced Raman spectroscopy (SHINERS)
was used to examine the changes in the surface phase structure.
As shown in Figure 3c,d, the Raman peaks located at 485 and
595 cm™! corresponded to O—Co—O bending vibration (E,) and
Co—O tensile vibration (A,,) modes of the layered LCO cathode,
respectively. When charging was performed up to 4.1 V|, for the
BASE system, the two peaks significantly weakened and gradu-
ally disappeared, recovering until discharging to 3.9 V|;. The phe-
nomenon was attributed to the unstable interfaces in the BASE
electrolyte and corresponded to constant changes in R during
cycling for in situ GEIS, thereby affecting the enhancement ef-
fect of the Raman signal. Meanwhile, when charging above 4.55
Vy;, 2 new Raman peak appeared at 680 cm™!, which was iden-
tified as the generation of an irreversible Co;0,/CoO phase on
the surface, responsible for increased surface polarization.[*>4¢]
For the V4D4-FEC system, the Raman signal peaks of E, and A,,
existed throughout cycling, the strength of which weakened only
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Figure 3. The surface structural stability on HV-LCO cathode. The in situ XRD measurements for LCO cathode cycled in a) BASE and b) V4D4-FEC
electrolyte. The in situ SHINERS tests for LCO cathode cycled in c) BASE and d) V4D4-FEC electrolyte. The in situ UV tests for LCO cathode cycled in

e) BASE and f) V4D4-FEC electrolyte.

slightly in the high-voltage range. In situ ultraviolet spectroscopy
(UVs) was performed to further investigate the dissolution of low-
valence Co during the initial cycling process (Figure 3e,f). In the
BASE electrolyte, the loss of lattice O in the LCO caused surface
TM dissolution and a layered-to-spinel/rock-salt phase transition,
while the corrosion of HF led to TM dissolution, both resulting
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in capacity loss. In Figure 3e, the UV absorption peak represent-
ing Co dissolution into the electrolyte was observed at the 4.0 V|,
charging platform. The peak strength gradually increased with
cycling, suggesting severe surface degradation. In the V4D4-FEC
electrolyte, the intensity of UV absorption was two orders of mag-
nitude lower than that in the BASE electrolyte, even charging
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to over 4.4 Vy,, indicating significant inhibition of Co dissolu-
tion and a more stable layered structure of LCO. Therefore, by
combining the ultrastable surface lattice O, stabilized and thin
CEI layer, and well-maintained surface layered structure in the
V4D4-FEC electrolyte, the LCO cathode achieved faster Li* trans-
port kinetics and lower charging/discharging polarization volt-
age, demonstrating its excellent rate capability and reversible ca-
pacity release even at 4.55 V|;, which constituted the main con-
tent of the proposed depolarization mechanism.

2.3. V4D4-Dominant Surfaces and Interfaces Realizing HV-LCO
Cathode for Long-Term Cycles

A higher capacity poses serious challenges to the long-term cyclic
stability of structures from outside in, particularly in HV-LCO
cathodes.[*’] Hence, identifying the origin of V4D4-dominant sta-
ble surfaces and interfaces for long-term cycling is essential.
Figure S18 (Supporting Information) and Figure 4a,b compare
the voltage curves and associated dQ/dV curves for the 300 cycles
of the LCO||Li cells using BASE and V4D4-FEC electrolytes at a
current density of 0.5C in the voltage range of 3-4.55 V,;. Similar
to the CV curves, the redox peaks in the high-voltage region above
4.4 V|, corresponded to the 03—H1-3 phase transition.®! Con-
sistent with the results from in situ XRD analysis, a more obvi-
ous H1-3 phase was observed in the V4D4-FEC electrolyte, which
was retained even after 300 cycles and demonstrated excellent re-
versibility. Moreover, the half-peak width and voltage hysteresis
of the intensive dQ/dV redox peaks at ~3.9 V|, revealed slight
changes throughout 300 cycles, indicating the well-maintained
interface and surface structure with fast Li* kinetics. Conversely,
the H1-3 phase barely existed in the BASE electrolyte at the begin-
ning and completely disappeared as early cycling progressed. Ad-
ditionally, the broader O3/03-1I phase transition peaks at ~3.95
V,; rapidly decreased in peak intensity with increased voltage hys-
teresis within 30 cycles, indicating serious damage to the surface
and interfacial structure in the BASE electrolyte with progres-
sively increasing polarization. Therefore, to elucidate the degra-
dation in the BASE electrolyte and the improved stability in the
V4D4-FEC electrolyte of high-voltage LCO cathodes, a series of
structural and component analyses were performed, focusing on
the surfaces and interfaces after 30 cycles.

First, the structural evolution of the HV-LCO cathode sur-
face was characterized using ex situ Raman spectroscopy. As il-
lustrated in Figure 4c, the well-preserved A;, and E, vibration
peaks indicated the well-maintained layered structure of the LCO
cathode cycled in V4D4-FEC electrolyte, whereas the irreversible
Co,0,/Co0 phase at 680 cm™! appeared in the BASE electrolyte.
Surface degradation was confirmed using spherical aberration-
corrected transmission electron microscope (AC-TEM) and the
corresponding fast Fourier transform (FFT) (Figure 4d). For the
BASE electrolyte, large areas of spinel (Fd-3m) and rock-salt (Fm-
3m) phases were observed on the surface of the LCO cathode,
some of which exhibited a rock-salt phase with a thickness of
~19 nm.[*®! Additionally, numerous nanoscale microcracks were
observed with a spinel phase distributed around, accompanied
by severe lattice structure distortion of the layered phase on the
surface region, which were related to the internal stress accu-
mulation of the LCO particles caused by the corrosion of HF,
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severe Co dissolution and irreversible phase transformation on
the surface.['?] For the V4D4-FEC electrolyte, LCO achieved an
almost crack-free and lattice-intact layered surface structure with
only a 2-5 nm thick mixed spinel-layered surface. Damage to the
particle structure was observed on a larger scale using scanning
electron microscopy (SEM), as shown in Figure S19 (Supporting
Information). The LCO cycled in the BASE electrolyte generated
a large number of cracks with widths of over 400 nm. Moreover,
severe Co dissolution and migration from the LCO cathode led to
the corrosion of the Li metal anode, as shown in Figure S20 (Sup-
porting Information), which was quantitatively verified (Table S3,
Supporting Information) by inductively coupled plasma-optical
emission spectrometry (ICP-OES).

Furthermore, electron energy loss spectroscopy (EELS) spec-
tra of the Co—L edge of the cycled LCO cathodes based on AC-
TEM were obtained to analyze the distribution of the Co va-
lence from the bulk to the surface, as shown in Figure 4e. For
the BASE system, the L; peak of Co gradually shifted toward
a lower energy from the bulk to the surface, indicating that
the partial reduction of Co on the surface of the LCO mate-
rial led to a decrease in the valence state. Conversely, the va-
lence state of Co on the cycled LCO in the V4D4-FEC electrolyte
was highly stable, and remained consistent from the bulk to the
surface, suggesting superior structural stability and reversibility.
The results were confirmed by comparing the EELS spectra of
O—K edge of the cycled LCO cathodes. In the BASE electrolyte,
the diminished O pre-peaks in the LCO surface region corre-
sponded to the occurrence of the Co;0,/CoO phase, whereas in
the V4D4-FEC electrolyte, the O—K edge peaks retained a lay-
ered phase character. Hard X-ray absorption spectroscopy (XAS)
was performed to examine the changes in the Co valence state
and the local coordination environment of the LCO material
after cycling in different electrolytes. Figure 4f shows the FT-
extended X-ray absorption fine structure (EXAFX) spectral re-
sults for the Co—K edge of the LCO cathodes cycled in differ-
ent electrolytes after 30 cycles. The peaks at 1.5 and 2.5 A in
the R-space corresponded to the Co—O and Co—Co/Li bonds
of LCO, respectively. The Artemis software was used to fit the
measured data in the range of 1-3 A. The coordination num-
bers of cycled Co—O in BASE and V4D4-FEC electrolytes were
5.81 and 5.96, respectively. Considering that Co was surrounded
by six O atoms with a coordination number of 6 in the lay-
ered structure of the LCO material, while there were 4 in the
Co;0, spinel structure, the lower coordination number of Co—O
in the BASE system indicated that more Co,0, spinel phases
were generated in the cycled LCO material, which was consis-
tent with the results drawn by Raman and AC-TEM. Figure 4g
shows the X-ray absorption near edge structure (XANES) spec-
tra of the Co—K edges of LCO cathodes cycled in different elec-
trolytes after 30 cycles. Compared with the V4D4-FEC electrolyte,
the Co absorption edge of the cycled LCO cathode in the BASE
electrolyte shifted toward a lower energy, suggesting that more
low-valence Co** was involved when referencing the standard
spectra of CoO and Co,0;. The average valence states of Co
after cycling with BASE and V4D4-FEC electrolytes were 2.86
and 2.95, respectively. Thus, the V4D4 additive effectively in-
hibited the reduction of Co during cycling, preventing excessive
low-valence Co dissolution, as mentioned in in situ UVs and
ICP-OES.

© 2025 Wiley-VCH GmbH

85UB017 SUOWIWIOD BA1TE8.D) 8{edl|dde a1 Ag peuienob 8.2 Sajofe YO '8SN JO S9INJ 10} ARIq1T 8UIIUO A1 UO (SUONIPUOD-PUE-SWSI/LIOY A8 |1 Aleq1pu1|Uo//:Sty) SUONIPUOD pue Sws | 189S *[6Z02/TT/.T] uo Ariqiauljuo A (1M ‘usyzueys JO umo L AiseAluN Ag 90TH0GZ02 BLIPe/Z00T OT/I0p/W00" A8 1M Alelq el juo"peoueApe//:scily Wol) papeojumoqd ‘v 'S20Z ‘S60rT2ST


http://www.advancedsciencenews.com
http://www.advmat.de

ADVANCED
SCIENCE NEWS

ADVANCED
MATERIALS

www.advancedsciencenews.com www.advmat.de
a — b c ‘
15t BASE 1t VA4D4-FEC Egy Alg pristine LCO
20004 2000 I
ES ES I ,,...,.‘.....««J L-.J
ko 5t e
2010001 15010007 . 2 V4DA4-FEC after 30 cycles
< 2 I |\ \\ s =
£ £ J\ e Z " ,.,...J kWWW
> o] S o] 2
el kel J [}
3 3 \ ,,,,,,,, € | BASE after 30 cycles
el 5 _—
-1000 ] -1000 Ji ‘casQd/co0
3-4.55V 0.5 3-4.55V0.5C i ;
36 3.8 4 42 44 3.6 38 4 4.2 4.4 300 400 500 600 700 800 900 1000
d Potential (V) Potential (V) Raman Shift cm™)

BASE after 30 cycles

Cracks -

Crack-free

Fm-3m

(003) (1)

(i11) (220)

1) (104)

" (003) T (oon)

BASE after30 cycl 0-K BASE afteF30/cycles Co-L 1 er 30 cycles Co-0 1] Vvapa-FeCafter 30 cycles Co-0
Coor. Num. 5.8 —Fit f Coor. Num. 5.96
0.8 08 [
. - \
< 06 < 06 i / \
5 =
Zos Zoa ¢
02 02 {
= - V\]
Bluk o 0 gl
500 520 540 560 580 600 760 780 800 820 1 2 3 5 1 2 3 2 S 6
Energy Loss (eV) Energy Loss (eV) R (A) R (A)

___________ - - e e e e
¥ -K oy » 1 1 1
V4D4-FECafter 30 cycles N VAD4-FEC aﬂe’fo cycles et I, o ekectrodes after 30 cycles 12 12] < vaparec 1
al L, Surface . CoQ Co,0. — 1] = i —Fit :
1312 SR = . i ot R ) 1
181 o averags vlence state G 0| Coaverage valence state !

14 ' - . 2.95
H é 08 _?/4§4 FEC Bos :
1 Sos) —2 < 04 1
1 Eoa £ |
12, ; Zo02 !
Pl g ’ :
0 i 7660 7680 7700 7720 7740 7760 7660 7680 7700 7720 7740 7760 7660 7680 7700 7720 7740 7760}
Energy Loss (eV) Energy Loss (eV) :. Energy (eV) Energy (eV) Energy (eV) 1
_______ H

Figure 4. The surface structural evolution of HV-LCO cathode after cycles. The dQ/dV curves for the 300 cycles of the LCO||Li cells using a) BASE and
b) V4D4-FEC electrolytes at the current density of 0.5C in the voltage range of 3—4.55 V,;. c) The ex situ Raman spectroscopy of LCO cathode cycled in
different electrolyte after 30 cycles. d) The AC-TEM and corresponding FFT of LCO cathode cycled in different electrolyte after 30 cycles, and the e) EELS
spectra of Co—L edge of the cycled LCO cathodes from the bulk to the surface region. f) The EXAFX and g) XANES spectral results of Co—K edge of the

LCO cathodes cycled in different electrolytes after 30 cycles.

The interfacial evolution of the HV-LCO cathode served as
another critical factor influencing its long-term cyclic stability,
which contributed to its surface structural stability. A compre-
hensive characterization was conducted to examine the struc-
tures and components of the CEI layers formed in different elec-
trolytes. The cyro-TEM images (Figure 5a) revealed the uneven
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and thick CEI layers formed in the BASE electrolyte after 30 cy-
cles, suggesting instability and continuous decomposition of the
bulk electrolyte. However, the CEI layers formed in the V4D4-
FEC electrolyte resulted in a uniform, dense, and thin structure,
the thickness of which was slightly increased to 10 nm com-
pared with the initial cycle (Figure 2g). As shown in Figure S21
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Figure 5. The interface evolution contributing to the cyclic stability of HV-LCO cathode. a) The cryo-TEM images of CEl on LCO cathode cycled in
different electrolyte after 30 cycles. b) The XPS spectra and c) 3D reconstruction of time-of-flight secondary ion mass spectroscopy for the distribution
of components in CEl on the LCO cathode cycled in different electrolyte after 30 cycles. d) The schematic diagram of the mechanism of V4D4-FEC
synergetic additive to achieve depolarization effects and cyclic stability of HV-LCO cathode.

(Supporting Information), the uniformly distributed detected
Si and F element signals in the energy-dispersive spectroscopy
(EDS) images preliminarily demonstrated the participation of ad-
ditives in the formation of CEI layers on the LCO cathode sur-
faces cycled in the V4D4-FEC electrolyte. X-ray photoelectron
spectroscopy (XPS) was performed on the cycled LCO electrodes
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using different electrolytes to further analyze the effects of the ad-
ditives introduced on the chemical compositions of the interfacial
films. As shown in Figure 5b and Figure S22 (Supporting Infor-
mation), the Si 2p spectra, V4D4 additive influenced the construc-
tion of the interface films by generating organic Si compounds.
Additionally, the existence of Si—O and Si—F species verifies the
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hypothesis that the oxidized intermediates of the V4D4 additive
help stabilize the surface lattice oxygen and scavenge the detri-
mental by-products of H,O and HF. As for the P 2p spectra, the
peaks located in the range of 132-136 eV can be identified as the
series of hydrolysates of the LiPF salt, the contents of which obvi-
ously decreased in the presence of the V4D4 additive, confirming
the elimination of H, O. Thus, the decomposition of the LiPF, salt
on the surface of LCO can produce a LiF component rather than
a Li,PO,F, species, as confirmed by the F 1s spectra. This shows
that LiF is enriched in the interface films of the LCO cathode,
which can improve the chemomechanical stability during long-
term cycling. The introduction of V4D4 and FEC co-additives can
also enhance the interfacial stability of the Li anode, constructing
a stable SEI layer enriched with LiF and silicon-containing com-
pounds (Figure S23, Supporting Information).

As shown in Figure 5c, multilayer ion analysis and 3D re-
construction of time-of-flight secondary ion mass spectra (TOF-
SIMS) were used to observe the spatial distribution of the com-
ponents in the CEI layers. LiF was densely distributed in the CEI
layers formed in the V4D4-FEC electrolyte. Moreover, compact
Si—C, Si—O0, and Si—F compound compositions were observed
in the superficial structure of the CEI layers, demonstrating that
the V4D4 additive assisted in the formation of uniform and dense
CEI layers rich in organic Si compounds to stabilize the surfaces
and interfaces on high-voltage LCO cathodes. Meanwhile, an ob-
vious CoF, ion fragment signal existed on the LCO surface in
the BASE system, which corresponded to cobalt fluoride gener-
ated by a more serious corrosion reaction between HF and the
LCO material surface. The SiF ion fragment signal detected in
the V4D4-FEC system further proved the elimination function of
HF. Accordingly, the CEI components of LCO cycled in the BASE
and V4D4-FEC electrolytes exhibited significant differences, and
further impacted the Li* kinetics across the surface and interface
regions. Figure S24 (Supporting Information) compares the EIS
curves of the cells with those of the BASE and V4D4-FEC elec-
trolytes after different numbers of cycles, and the fitting results
are listed in Table S4 (Supporting Information). For the BASE
system, the R, value sharply increased to 1480 and 2145 Q after
30 and 100 cycles, respectively, indicating the inferior Li* diffu-
sion kinetics on the LCO surface and large polarization, while the
R, value in the V4D4-FEC system changed slightly, demonstrat-
ing the stable surface structure with better Li* transfer kinetics
even after long-term cycles.

The working mechanism of the V4D4-FEC synergetic additive
to achieve depolarization effects and the cyclic stability of the HV-
LCO cathode is illustrated in Figure 5d. For the BASE electrolyte,
the highly oxidative surface of LCO at high voltages can cause
constant decomposition of the electrolyte solvents and surface
Co/O loss, leading to uneven and loose CEI formation and irre-
versible layered-to-spinel /rock-salt phase evolution, resulting in a
sharp increase in polarization at the interface and surface regions
(Figure S25, Supporting Information). In contrast, in Figure 5d,
the preferential oxidation decomposition and atomic-scale inter-
actions of the V4D4 additive on the highly delithiated LCO cath-
ode interface reinforce the surface lattice oxygen to stabilize the
layered structure at high voltage and act as scavengers to avoid
HF attack. The ring-opening polymerization of V4D4 can gener-
ate polysiloxane-based components with high ionic conductivity,
thereby further optimizing the CEI layer. As a result, under the
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synergy of the FEC additive, a thin, uniform, and dense CEI layer
dominated by organic Si-containing compounds and LiF is con-
structed on the LCO, revealing chemomechanically stable and
fast Li*-conductive properties, which suppress excessive decom-
position of electrolyte solvents and further promote the surface
structure stability and reversibility of the 03—H1-3 bulk phase
transition. The stable surface and interface with the depolariza-
tion effect enabled an LCO cathode with high-capacity delivery at
455 V..

3. Conclusion

This study achieves a Li*-conductive and stable surface and in-
terface on an HV-LCO cathode using the proposed V4D4-FEC-
synergetic electrolyte. The preferentially oxidized intermediate of
the V4D4 additive acts as both a chelating agent, stabilizing lat-
tice O, and an HF scavenger, preventing severe etching of the
highly delithiated LCO surface. This dual functionality leads to
the formation of a thin, homogeneous interfacial layer with a pro-
nounced depolarization effect, enabling excellent rate capability
and reversible capacity of ~220 mA h g! for an LCO cathode
charged only to 4.55 V,;. The results are comparable to the capac-
ity achieved at higher charging cut-off voltages of 4.6-4.7 V; in
conventional electrolyte systems, but without additional energy
loss or increased safety concerns. During long-term cycling, the
synergy between the FEC co-additive and the pivotal V4D4 addi-
tive facilitates the formation of a chemo-mechanically stable and
Li*-conductive interphase enriched with LiF and organic Si com-
pounds. This interphase strengthens the stability and reversibil-
ity of the significantly enhanced O3—H1-3 phase transition in
the HV-LCO cathode, resulting in a capacity retention of ~97%
after 200 cycles. Overall, based on the interface depolarization
mechanism, precise interfacial engineering is achieved though
the V4D4-FEC electrolyte design, offering valuable guidelines for
developing high-energy-density LCO batteries with excellent per-
formance at appropriate charging cut-off voltages.
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