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Abstract: Constructing a stable cathode-electrolyte-interphase (CEI) on cathode surface constitutes the foundation o
realizing high-voltage Li-ion batteries, yet its formation, a highly heterogeneous process involving irreversible reactions
between electrolyte components and cathode materials, remains poorly understood. Herein, combining multiple in situ/
operando interfacial characterization techniques, we establish the correlation between interfacial structure and
interphasial chemistry, and reveal the key role played by adsorptive behavior of various electrolyte components in the
inner-Helmholtz plane during CEI formation. Quartz crystal microbalance equipped with dissipation modification
detects that difluorooxalatoborate (DFOB™) anion preferentially adsorbed on LiCoO, tends to expel carbonate solvents
from the adsorption layer, thus suppressing their electrochemical decomposition at high voltages and leading to a more
compact CEI derived from anions with limited contribution from organic ingredients. Consequently, the CoQO, lattice
structure protected by the dense CEI remains intact despite near-complete delithiation, thereby ensuring excellent
cycling stability for 4.7 V operation of LiCoO, cathode. The atomistic-level insight into the key factors that govern CEI

\formation provides directive knowledge that accelerates electrolyte design for high-voltage batteries. )

£)

Introduction

Raising the operating voltage of cathode materials is the
most direct, economical and effective approach to increase
the energy density of lithium-ion (LIBs) or lithium-metal
batteries (LMBs)."! Taking LiCoO, (LCO) as an example,
as the cut-off voltage is raised from 4.2V to 4.6 V vs Li/Li",
the specific capacity sharply rises from 140 mAhg™' to
220 mAhg™', which corresponds to an additional >60 %
specific energy.” However, the conventional carbonate-
based electrolytes generally cannot support LCO to operate
at such high potentials because they cannot form a cathode-

electrolyte interphase (CEI) that effectively prevents the
irreversible reactions between the electrolytes and the
cathode surface.’®?! As a result, state-of-the-art LIBs only
utilize less than half of the Li*-storage in LCO by limiting
its operating potential under 4.1V, otherwise the LIBs
degrade rapidly or even ends catastrophically, due to
sustained consumption of the electrolytes, transition metal
dissolution®), release of lattice oxygen,'® as well as detrimen-
tal phase transition.”’

In recent years, diversified electrolyte design strategies
have been explored, including componential optimization,®
additive engineering®®® and super concentrating,'”! with the
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purpose to construct interphases that can accommodate the
strongly oxidative surface of LCO at full delithiation.""
Similar to solid-electrolyte-interphase (SEI) on the anode,"
CEI consists of organic and inorganic species, but its
formation process is much more complicated because the
reaction involves not only the electrolyte components but
also the cathode active materials (transition metal, oxygen
layer and the structural transformation). Recent findings
have shown that an organic-rich CEI is not only fragile
against volume changes during repeated lithiation/delithia-
tion, but also prone to further oxidation at high voltages;
whereas an inorganic-rich CEI with high surface energy,
mechanical strength and oxidative stability is more resistant
against the oxidative cathode surface and hence more
suitable for surface protection.’*" Contrary to SEI forma-
tion where the solvation sheath structure of cations plays a
major role," CEI formation is more closely related to the
anionic species in the electrolytes, due to the nature of the
Coulombic interaction between the positively charged
cathode surface and the negatively-charged anions.!"”
Hence, how the anionic species adsorb in the inner-
Helmbholtz plane and how these anions eventually decom-
pose should dictate the forthcoming CEI chemistry. Under
this context, compared with the carbonate solvent molecules
that usually prefer to be associated with cation (such as Li*)
but remain aloof toward anionic species (such as PF;"),l!°!
anions in an electrolyte are more likely to assemble at the
inner-Helmholtz plane of the cathode surface, and their
oxidative decomposition would lead to the inorganic-rich
CEI if such oxidative decomposition could outcompete the
solvent molecules. The effects of various salt anions on high-
voltage performance have been reported,®"**'”! showing
varying degrees of success. However, these scattered
reports, obscured by complex electrode-electrolyte interfa-
cial processes, have not been able to reveal the underneath
mechanism in a systematic and consistent manner how
anion-cathode interaction directly affects the interfacial
structures on cathode and the subsequent interphasial
chemistry, and whether there exists a correlation between
the transient interfacial structures and the CEI chemistry.
Herein, combining a series of in situw/operando interfacial
probing techniques, we report a concerted approach that
unveils the correlation between the anion-adsorption in
inner-Helmholtz plane of cathode and the effectiveness of
CEI thus formed that supports high-voltage LCO. With the
aid of quartz crystal microbalance with dissipation mode
(QCM-D), we first experimentally measured the adsorption
behaviors of anions on LCO and compared their changes
with the variation of anionic species. Exhibiting a higher
adsorption energy on the LCO surface than that of PF,",
DFOB™ tends to form a heavier and stiffer adsorption layer
that more effectively shields carbonate solvent molecules
from the inner-Helmholtz plane. The segregation of solvent
molecules from LCO surface impedes their eventual electro-
chemical decomposition, hence minimizing their participa-
tion in CEI formation, which is directly proved via in situ
attenuated total reflectance Fourier transform infrared
(ATR-FTIR) spectroscopy and in situ confocal Raman
spectroscopy. The new CEI chemistry, as monitored in situ
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by electrochemical quartz crystal microbalance with dissipa-
tion (EQCM-D), now consists of more inorganic ingredients
from anion-decomposition, and successfully supports the
cycling stability of LCO cathode at ultra-high potentials
above 4.7V with almost full delithiation, which has been
predicted by Goodenough and co-workers in their original
report on LCO!" but was never realized due to the absence
of qualified electrolytes and interphases. The newly acces-
sible capacities at higher potential result in high cell-level
volumetric energy density of ~560 WhL™', with remarkable
pouch cell performances at both high-temperature and high-
rates.

Results and Discussion
Interfacial Adsorption Behaviors of Anions

According to scanning electron microscopy (SEM) image
(Figure S1) and X-ray diffraction (XRD) patterns (Fig-
ure S2, Table S1), the LCO materials show well-defined
morphologies around 5 um and a typical layered phase.
Carbonate-based electrolyte consisting of 1 M LiPFy dis-
solved in ethylene carbonate (EC) and ethylmethyl
carbonate (EMC) at volumetric ratio of 3:7 serves as
baseline electrolyte (hereafter denoted as SE). To construct
an anion-derived CEI of varying chemistries, various
amounts of lithium difluoro(oxalato)borate (LiDFOB) are
introduced to replace the same moles of LiPF, so that the
total concentration of Li* remains constant. Based on the
long-term cycling (Figure S3) and rate capability (Figure S4)
tests, the electrolyte containing an equimolar ratio of LiPF;
and LiDFOB (i.e., 0.5M LiPF,+0.5 M LiDFOB) presents
the most pronounced performance improvements under
both conditions, which is therefore adopted for further
studies (denoted as DE hereafter).

Due to the interaction between electrolyte and cathode
surface, the components of the electrolyte adsorbed at the
interface differ from those in the bulk, with the former
playing a truly critical role to the formation of CEL!
However, understanding adsorption behavior remains a
challenging topics in battery research, requiring innovative
in situw/operando techniques. Quartz crystal microbalance
with dissipation mode (QCM-D) has been used as a
powerful tool to study the adsorption phenomena in the
field of biological chemistry, environmental science, etc..””
Herein, we applied such technique on electrolyte-LCO
systems to study how these components in SE and DE
adsorb on LCO.

The experimental set-up is represented in Figure 1la,
where the Au chip was coated with LCO slurry and
immersed in EC/EMC (vol% 3:7) solvent mixture that
serves as the salt-free baseline. Overtones of 3, 5, and 7 are
simultaneously monitored to verify the accuracy of model.
As the frequency and dissipation stabilize (green region in
Figure 1b—c and Figure S5), SE and DE are respectively
injected into the chamber to replace the neat solvent
mixture, which consequently causes significant frequency
decrement in comparison with baseline (Figure 1b—c, Fig-
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Figure 1. Adsorption behaviors and corresponding solvation variation at the LCO interface measured via QCM-D. (a) Schematic diagram of
QCM-D set-up measuring the adsorption phenomenon. The variation of frequency and dissipation of LCO coated chip before and after replacing
the EC/EMC solvent with SE (b) and DE (n=7) (c). Schematic illustration of adsorption and solvation variation at LCO interface in SE (d) and DE

(e).

ure S5 and Table S2). It is worth mentioning here that if the
original EC/EMC solvent mixture is replaced by the same
solvent mixture, there is no frequency or dissipation
variation after initial minor fluctuations (Figure S6), which
verifies that mere liquid replacement does not cast sufficient
influence on QCM-D signals in liquid environment. Thus,
the frequency change of QCM-D can only be caused by the
viscoelastic properties of liquid and the adsorbed mass.”"
To rule out the influence of the former, an oscillatory/
dynamic mode viscoelastic measurement-similar to the
operating mechanism of QCM—-D-was used to analyze the
electrolyte properties. The viscosity comparison between SE
and DE shows that their values are identical (Figure S7).
Therefore, larger decrement in frequency of DE than SE
indicates a greater adsorption mass of components of
electrolyte at the interface when controlling same sample
preparation condition.”’*? Larger adsorbing mass at inter-
facial in DE may be attributed to the stronger adsorption
tendency of DFOB™ comparing to the PF,~, which is also

Angew. Chem. Int. Ed. 2025, 64, €202425535 (3 of 10)

proven by density functional theory (DFT) calculations
(Figure S8-S9 and Table S3).

Furthermore, by switching off the working voltage to the
sensor periodically while monitoring the oscillation decay,
dissipation (D) values can also be measured. Generally, a
softer adsorption layer tends to be coupled with the
surrounding medium, leading to a shorter decay time and a
higher D, while a more rigid layer is less affected by the
environment, as characterized with a lower D value.?”) What
is interesting here is that, despite a stronger and larger mass
of DFOB™ adsorption on LCO, the corresponding AD across
various overtones is lower than that observed with SE. Since
SE and DE exhibit identical viscosity values, the different D
values could be attributed to the fact that the DFOB™
adsorption layer possesses mechanical properties with higher
rigidity and a lower coupling tendency with the solution
medium.

A series of spectral characterizations have been carried
out with assistance from the density functional theory
(DFT) calculation. In the Fourier transform infrared (FTIR)
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spectra (Figure S10), the peaks at ~842cm™, ~1200 cm ™,
~1310cm™" and ~1720 cm™* are indexed to the solvation of
Li"-EMC, and signals at ~730 cm ™' and ~1407 cm™' to Li*
-EC. All these signals attenuate after the introduction of
LiDFOB, indicating the weakened Li" solvation with
carbonate solvent molecules. Similar trends are also
observed in Raman spectra (Figure S11), where the solva-
tion signals of Li"™-EC (~742cm™, ~902 cm™, ~972cm™,
~1088 cm™, ~1223cm™' and ~1777cm™) and Li*-EMC
(~1486 cm ') weakens in DE, accompanied with the emer-
gence of DFOB™ and Li*-DFOB" signals (~620 cm™). In
addition to FTIR and Raman, 'Li nuclear magnetic
resonance (NMR) also indicate that DFOB~ weakens Li*
-carbonate association, because "Li NMR signal experiences
a downfield shift in presence of DFOB~ (Figure S12a),
suggesting that Li* nuclei are de-shielded from the electron
cloud provided by carbonyl functionalities in carbonate
molecules.” Moreover, the "’F NMR signal corresponding
to the interaction between Li* and PF,~ (Figure S12b)
reveal declined intensity in presence of DFOB~, which may
be attributed to the decreasing population of Li™ in the
direct vicinity of PF¢~. Moreover, the downfield shift of peak
positions also indicates the weakened interaction of Li* with
PF,~.2?] These results reveal that the interaction between
Li* and EC, EMC, and PF,~ weakens with the introduction
of the DFOB™ anion. DFT results (Figure S13) also show
that DFOB~ possesses the highest coordinating strength
with Li*, thereby diminishing the interaction of EC, EMC
and PF¢~ with Li*, as illustrated in Figure S14.

Based on the QCM-D results, different interfacial
adsorption models in SE and DE are proposed. In SE, Li*
and PF¢~ are adsorbed to LCO along with the corresponding
solvent molecules in the solvation structures (Figure 1d).
Tighter coordination of EC and EMC solvents with Li* in
SE suggests a higher likelihood of these molecules populat-
ing the inner-Helmholtz plane at LCO interface, forming a
solvent-abundant adsorption layer. However, the solvents
have relatively low affinity towards LCO surface while
positively charged Li* repels LCO surface as well, leading
to the lower adsorbing mass and a more diffusive adsorption
layer. Such an adsorption layer tends to be more associated
with the surrounding medium (solvent in electrolyte bulk),
hence resulting in the higher AD. By contrast, DFOB™ in
DE (Figure le), thanks to its high adsorption energy on
LCO, tends to be aggregated in the inner-Helmholtz plane
and more tightly associated to the surface of LCO with
higher mass. Considering that the presence of DFOB~
significantly reduces Li*-solvent interactions, it is likely that
DFOB™ dominates the inner-Helmholtz plane on LCO
surface. Such an interfacial structure rich in anion-adsorp-
tion exhibits both higher mass and rigidity, and predicts the
forthcoming interphasial chemistry once the potential of
cathode crosses certain threshold for electrochemical oxida-
tion.
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Anion Adsorption Directed CEl Formation

To correlate the adsorption layer with the CEI formation
process, in situ ATR-FTIR was further applied to LCO
cathode coated on nickel foam (Figure S15), which can be
infiltrated with electrolyte, thus the detected signals mainly
arise from the electrolyte information near the surface of
LCO. Before the measurement, the FTIR spectrum of
electrolyte at the open circuit potential (OCP) was recorded
as the baseline, so that the detected peaks during charging
can be attributed to the oxidative decomposition of electro-
lyte components.

During the charging process, both SE and DE show
reverse peaks of absorbance, which represent the consump-
tion of relevant components (Figure S16). The selected
potential points during the in situ ATR-FTIR can be
indexed to the ex situ FTIR measurements (Figure 2a) as
well as peak positions calculated by DFT simulations (Fig-
ure S10b). The negative peaks appearing during the charging
process in SE mainly correspond to EC and EMC, directly
proving the decomposition of both solvent molecules. In
stark contrast, the peaks representing EMC are barely
visible in DE during charging, indicating inhibited EMC
decomposition. An extra peak appears at ~1045 cm™' in DE,
which was assigned to DFOB™ according to DFT calculation
(Figure S10b), directly verifying the participation of DFOB~
in CEI formation. As the charging potential increases, the
baseline shift upward can be attributed to the accumulation
of interfacial species, further confirming the formation of
the CELP

Since the FTIR characteristic peaks of EC are highly
overlapping with DFOB™~ and Li"-DFOB™ as presented in
Figure S10b, we further employed in situ confocal Raman to
differentiate the interfacial evolution of EC from other
components (Figure 2b). In both SE and DE two pro-
nounced peaks located at ~892 and ~902 cm ™' were detected
at OCP, which can be attributed to EC and Li*-EC,
respectively, according to ex situ Raman measurement
(Figure S11a) and DFT calculations (Figure S11b). During
charging, the free EC molecule peak disappears gradually,
which can be attributed to the extraction of Li* from LCO
lattice, which coordinates with EC at the LCO surface; upon
discharging, Li"-EC solvation peaks vanish at the low
potential range accompanied with the reappearance of free
EC signals in both electrolytes, owing to the Li"-EC de-
solvation at the interface and the lithiation of LCO. Most
importantly, it is noteworthy that at the high-voltage range
(>4.5V), the Li*-EC solvation structure in SE also
vanishes, which could be attributed to its continuous
consumption on LCO at high potentials through electro-
chemical oxidation, which eventually leads to an organic-
rich CEI chemistry. By contrast, the signal of Li*-EC in DE
remains nearly unchanged during the entire charging
process, indicating the stabilization of electrolyte-LCO in
presence of the CEI derived from DFOB™ that effectively
prevents EC decomposition.

DE and SE are expected to result in entirely different
CEI chemistries and properties. Herein, EQCM-D again is
used to monitor the real-time CEI evolution process during
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Figure 2. In situ probing of the interfacial evolution as the formation of CEI. (a) In situ FTIR signals in both electrolytes compared with bulk FTIR
signals of solvents and electrolytes. (b) In situ Raman detection of the Raman signal variations of electrolytes at the LCO interface in SE and DE.
Frequency and dissipation variation of LCO coated chip measured via EQCM—-D during the charging process in SE (c) and DE (d).

charging (Figure 2c—d). For LCO during charging, its
frequency variation is the coupled results of both de-
lithiation (negative mass change) and CEI formation (pos-
itive mass change). The net mass increase (decrease in
frequency) in SE is detected at ~4.1V, which is in
accordance with the decomposition potential of carbonate
molecules.” Thus, it can be inferred that a continuously
growing CEI is formed on LCO, which overwhelms the
mass decrease due to de-lithiation. In comparison, the mass
variation of LCO electrode in DE shows a downward trend
(increase in frequency) from ~3.9 V, which coincides with
the initial delithiation potential of LCO, and outweighs the
mass accumulation due to electrolyte decomposition and
CEI formation. Apparently, the mass increases correspond-
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ing to CEI growth is now limited by the effectiveness of CEI
in preventing sustained solvent decomposition. The striking
contrast in the EQCM-D behaviors between SE and DE
highlights the difference in CEI chemistries and their
associated properties. This suggests the formation of a much
heavier yet less protective CEI in SE, likely due to the
sustained decomposition of EC and EMC (Figure 2a-b).
Apart from mass, the mechanical properties of different
CEISs can be evaluated from their dissipative information. In
SE, a drastic increase of D values is detected at ~4.1V,
accompanied by an obvious spreading of various overtones.
On one hand, the increase of dissipation indicates the
growth of a relatively soft (i.e. organic-rich) CEL™ on the
other hand, as different harmonics detect different areas of

© 2025 Wiley-VCH GmbH

85U80| 7 SUOLIWIOD BAIea1D) 3|edl|dde 3y} Aq peusenob e sajole YO ‘88N 4O Sa|nJ 10} Afeiq|8UIUO AB]IM UO (SUORIPUCD-PUR-SLLBH LD A8 |IM"Ale1d 1[BUI|UO//SANY) SUORIPUOD PUe SWiS | 8U388S *[S20z/TT/LT] Uo Ariqiauluo AB|iIM ‘Ueuyzueus JO umo L ANsBAIIN Ad SESGZZ0C 3I1Ue/Z00T 0T/I0p/W0d &3] 1M AReiq1jul [Uo//Sdny wioly papeojumod ‘0Z ‘G202 ‘ELLETZST



GDCh
~~

the electrode, the separation of dissipation between various
overtones also indicates a non-uniform distribution of
mass.”®* Therefore, it can be speculated that a soft and
unevenly distributed CEI is formed on LCO with a greater
mass. Contrarily, in DE, the dissipation curves for three
different harmonics exhibit decreasing tendencies, nearly
overlapping during the charging process. This result indi-
cates the formation of a relatively rigid or inorganic-rich
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CEI with homogeneous spatial distribution on the surface of

LCO.

CEl Chemistry

The distinct difference in CEI morphologies can be visually
verified by the cryo-TEM images of cycled LCO particles
(Figure 3a and 3b), where a smooth and compact CEI layer
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is formed in DE, distributing evenly on the surface of LCO,
whereas the CEI formed in SE shows irregular morphology
and greater thickness. Atomic force microscope (AFM) of
cycled LCO particles directly measures the Young’s mod-
ulus of CEI, confirming that DFOB-originated CEI in DE
is more rigid and mechanically strong (Figure 3c-f). The
three-dimensional reconstruction images based on AFM
reveal that LCO cycled in DE possesses a flatter surface
than in SE (Figure S17). The uniform and robust CEI
formed in DE not only better passivates the surface of LCO
to suppress decomposition of solvent molecules, but also
minimizes the local strain and layer slip in the near surface
region, preventing the undesirable structural and phase
transformation of LCO.

To correlate the enhanced mechanical properties of CEI
with its chemical compositions, X-ray photoelectron spectro-
scopy (XPS) and time-of-flight secondary ion mass spectro-
scopy (TOF-SIMS) were combined to identify the chemical
components in CEIs. Compared with DE-originated CEI,
the SE-originated CEI exhibits obviously higher signals of
C—-0 in C 1s XPS spectra at the upper surface (Figure 3g)
than DE (Figure 3i), confirming an organic-rich CEI from
SE contributed by the decomposition of solvent molecules,
which are generally regarded as a chemically unstable and
mechanically weak.'"” The F 1s XPS spectra detect an extra
peak for DE-originated CEI attributed to B—F products
(687.6 V), which also exhibits higher intensity at the upper
surface (Figure 3h and 3j), accompanied by peaks of B—-O
(191.3eV) and B-F (193.3¢V) in B 1s spectra of DE
(Figure S18). Corresponding TOF-SIMS signals including
BO,” (Figure S19a) and BOF,” (Figure S19b), whose con-
centrations are also enriched at upper part of CEI (Fig-
ure S19c-d), further associate the CEI chemistry with the
participation of DFOB™. Comparison of the XPS results for
the CEI after the initial cycle and following long-term
cycling (Figure S20) also reveals that the CEI components
formed in DE remained stable throughout cycling. In
contrast, the CEI derived from SE deteriorated as cycling
progressed, with the appearance of undesirable species, such
as C-O and Li,PO,F,, accumulating over time.

By calculating the frontier molecular orbitals, DFOB~
anion exhibits relatively higher HOMO values compared to
other components (Figure S21), making it more susceptible
to oxidation. This preferential oxidation leads to the
formation of a denser, boron-containing inorganic layer of
CEI This speculation is supported by the B—F and B—O
bonds in XPS measurements (Figure 3j and Figure S18), as
well as the detection of BO,” and BOF,” via TOF-SIMS
(Figure S19). Additionally, XPS and TOF-SIMS reveal a
vertical distribution pattern of boron-containing compo-
nents, with B content intensity increasing toward the outer
surface. The variations in CEI composition across different
depths suggest that the adsorption behavior of DFOB™ and
its preferential oxidation play a crucial role in interphase
formation. According to previous studies, the B-containing
decomposition products of DFOB preferentially degrade
into small molecular and lightweight species such as
BFC,0,, and BF,CO, (see details in Figure $22).¥ These
components exhibit a lower tendency to accumulate on the
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LCO surface compared to other inorganic components. In
this case, their presence plays a key role in enhancing the
densification of the CEI outer layer, thereby reinforcing its
structural integrity and ensuring long-term stability.

The new CEI chemistries are clearly correlated with the
different adsorption behavior of two electrolytes. Owing to
the continuous decomposition of solvents in the solvation
sheath of Li* in SE, an excessively thick CEI is formed with
abundant organic components at the upper surface of LCO
(Figure 3k). However, thanks to the inhibition of solvent
participation by the presence of DFOB™ in the inner-
Helmholtz plane, both the organic components and the
overall thickness of CEI decrease drastically in DE. The
replacement of upper organic components by the boron-
containing inorganic species from DFOB™ anions constructs
a compact, rigid and protective CEI that prevents persistent
solvent decomposition as well as the degradation of the
LCO at high voltages (Figure 31). Therefore, the CEI
components arising from solvent decomposition are replaced
by boron-containing materials with higher ionic conductivity
(Table S4). This leads to a significant reduction in interfacial
impedance during the growth of the CEI, as demonstrated
by the in situ EIS results (Figure S23).

The influence of different DFOB~ ratios on CEI
chemistry is further explored to explain the variation trend
in electrochemical performance (Figure S3 and S4). FTIR
and Raman spectroscopy are applied to analyze the bulk
properties of the electrolytes (Figure S24). As the LiDFOB
ratio increases, a weakening trend in the Li*-EMC and Li*
-EC signals is observed, confirming that the introduction of
DFOB™ reduces Li'-solvent interactions. However, when
the LiDFOB concentration exceeds 0.5 M, the decline in
electrochemical performance suggests that excessive DFOB~
coordination with Li* is detrimental. Higher DFOB~
concentrations lead to excessive decomposition, resulting in
a thicker CEI compared to that formed at 0.5M (Fig-
ure S25). Additionally, an excessive amount of DFOB~
reduces the ionic conductivity of the bulk electrolyte (Fig-
ure S26), further impairing electrochemical performance.

High-Voltage Atabilities of LiCoO,

An enhanced CEI can serve as a protective layer to stabilize
the interfacial structural integrity of LCO especially at high
potential ranges. A series of in situ/operando character-
izations are further performed to monitor the real-time
interfacial structural changes. Differential electrochemical
mass spectrum (DEMS) detects the O, gas release from
LCO during the charging process up to 4.7 V. The signal of
O, is already prominent in SE at ~4.15 V (Figure 4a), while
it is essentially absent in DE (Figure 4b). The enhanced
stability of lattice oxygen implies a more stable chemical
environment for the Co atoms on the lattice of LCO, which
is confirmed by the in situ ultraviolet — visible (UV/Vis)
spectroscopy (Figure 4c and 4d): during the charging
process, the absorption peak intensity of dissolved Co at
~490 nm™ in DE is one-third of that in SE when charging
to 4.7 V. Furthermore, the irreversible O—Co—O deforma-
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Figure 4. LCO stabilities at high voltage. Voltage profiles of LCO during charging and the corresponding O, release detection measured via DEMS
in SE (a) and DE (b). In situ UV/Vis results of LCO cathode during charging in SE (c) and DE (d). (e) In situ Raman patterns of LCO during the
first cycle in SE and DE. (f) Cycling performance comparisons at cut-off voltage of 4.7 V. sXAS under the mode of total fluorescence yield (g) and
total electron yield (h) of Co L, and L; edges of LCO before and after cycling in both electrolytes.

tion (Eg) and Co—O symmetric stretching (A1 g)P peaks in
in situ confocal Raman spectra (Figure 4e, Figure S27) also
indicate incomplete re-lithiation® and irreversible evolution
of LCO structure in SE. By contrast, the signals of both
O—Co—O and Co—O bonds of LCO cycled in DE can be
recovered with relatively higher reversibility during lithia-
tion. Therefore, it can be concluded that the CEI formed in
DE inhibits the undesirable H1-3 phase change and prevents
the irreversible structural transformation of LCO lattice
near surface, which is further verified by in situ XRD
(Figure S28).”!

The improvement in structural maintenance at high
potentials further enhances cycling stability and high
performance during long-term cycling. Figure S29 and Fig-
ure 4f compare the long-term cycling performance of LCO
in SE and DE under the rate of 1 C (200mAg™"') at a high
cut-off potential of 4.6V and 4.7V, respectively, that DE
demonstrates significantly improved capacity retention,
Columbic efficiency and potential retention (Figure S30)
compared to SE. At a higher temperature (45°C), the
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difference in high-voltage cycling stability between the two
electrolytes becomes more pronounced (Figure S31). There-
fore, we infer that the dissolution of the CEI formed by SE
is a key reason for its failure. To verify this speculation,
LCO was first cycled at 0.1 C, then let to rest for 20 hours,
allowing sufficient time for the CEI to dissolve into the
electrolytes (Figure S32). In SE, each resting period is
accompanied by gradual potential decline and a drop in
coulombic efficiency. This can be attributed to the re-
exposure of the LCO surface caused by CEI dissolution,
resulting in oxidation of electrolyte components by the
charged LCO. In contrast, the CEI dissolution in DE is
significantly inhibited, with neither potential decline during
the rest period nor a decrease in coulombic efficiency after
the rest period. The dissolution phenomenon can also be
directly visualized in TEM images (Figure S33). In SE, a
thicker and more uneven CEI morphology is observed after
the initial cycle, along with drastic morphological changes
due to dissolution. In contrast, the CEI formed in DE
consistently maintains a compact and uniform morphology,
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indicating superior stability, which aligns well with the TEM
observations of cycled LCO (Figure 3a-b). To evaluate the
above performance improvements induced by DFOB™ in
commercial batteries, LCO]| |graphite pouch cells were
assembled and tested (Figure S34). The cells delivered
superior capacity retention of 86.3 % after 1000 cycles with
average coulombic efficiency of 99.95%. To elucidate the
coupling effects of LIDFOB on Li anode in half-cells, cycling
tests were conducted in Li| | Li symmetric cells (Figure S35),
where no significant performance difference between SE
and DE can be observed after cycling for 120 hours. This
result indicates that the performance improvement is mainly
attributed to the cathode side.

The failure mechanisms of LCO after cycling are further
investigated using synchrotron soft X-ray absorption spec-
troscopy (sXAS) of Co L,. and L;edge. Under the mode of
both total fluorescence yield (TFY, Figure 4g) and total
electron yield (TEY, Figure 4h), a more obvious shift of the
Co’" peak to the lower energy after 400 cycles can be
observed in SE than that in DE, which is attributed to the
reduction of Co’" to Co®* induced by electrolyte oxidation
accompanied with the oxygen loss and irreversible phase
transformation.”” The chemical states and local coordina-
tion environment of the Co element are investigated via
hard XAS at the Co K-edge. X-ray absorption near edge
structure (XANES) demonstrates that compared to DE, the
valence state of cobalt in LCO cycled in SE decreased after
100 cycles (Figure S36a). In addition, extended X-ray
absorption fine structure (EXAFS) reveals that the LCO
cycled in DE maintains more intact local coordination
environment of Co than that in SE (Figure S36b). High-
resolution transmission electron microscope (HRTEM)
images (Figure S37) further support this observation, where
an obvious rock salt phase transformation can be detected
near the surface of LCO recovered from SE. Raman spectra
of LCO cycled in DE also show sharper Eg and Al g signals
than that in SE (Figure S38), which can be attributed to the
improved interfacial and structural stability of LCO in DE.
XRD crystallography refinement data also show that the
lattice changes in the crystal structure of LCO cycled in DE
are less pronounced compared to those in SE (Figure S39,
Table S5 and S6).

Conclusions

In summary, we systematically investigated the adsorptive
behavior of different anions on the LCO cathode surface
and monitored the subsequent interfacial structures and the
eventual interphasial chemistries. We discovered that parti-
ally replacing PFy;~ anion with DFOB™ results in the
reconstruction of a more inorganic CEI that stabilizes LCO
reversibility at high voltages. Combining multiple in situ
interfacial characterization techniques, we successfully de-
scribed the molecular-level picture of how an anion
adsorption mediates the CEI formation process: the prefer-
ential adsorption of anions on the LCO surface is found to
effectively inhibit the aggregation of solvents at the inter-
face, forming a CEI dominated by anion-derived species.
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Owing to the new CEI chemistry, the structural stability of
LCO can be well maintained during high-voltage operations,
exhibiting a high reversible capacity and drastically en-
hanced capacity retention. This new knowledge correlating
interfacial structure and interphasial chemistry with firm in
sitw/operando experimental evidences not only helps us to
fully understand the convoluted process of CEI formation,
but also provides guidelines in designing new electrolytes
and interphases for future battery chemistries.
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