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ABSTRACT: While Li-ion battery cathode—electrolyte inter-
faces (CEIs) have been extensively investigated in recent
decades, accurately identifying the chemical nature and
tracking the dynamics of the CEls during electrochemical
cycling still remain a grand challenge. Here we report our
findings in the investigation into the dynamic evolution of the
interface between a LiNij;;Cog33Mn, 330, (LNMC) cathode
and an ethylene carbonate/dimethyl carbonate (EC/DMC)-
based electrolyte using surface-enhanced Raman spectroscopy
(SERS) performed on a model cell under typical battery
operating conditions. In particular, the strong SERS activity
provided by a monolayer of Au nanocubes deposited on a
model LNMC electrode (additive-free) enables quasi-quanti-
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tative assessment of the CEI evolution during cycling, proving information vital to revealing the dynamics of the species
adsorbed on the LNMC surface as a function of cell potential. Furthermore, our theoretical calculation, which is based on the
interaction between a model interface-bound molecule and a model LNMC surface, agrees with our experimental observation.
The carefully designed operando SERS platform has demonstrated high sensitivity, good surface specificity, and excellent
compatibility with extensive electrochemical measurements; it is also applicable to fundamental studies of dynamic interfaces in

other electrochemical energy storage and conversion systems.
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lithium-ion battery

In modern energy storage industry, Li-ion batteries
undoubtedly play an irreplaceable role because of their
unparalleled advantages over other types of batteries. > The
performance of a Li-ion battery depends sensitively on the
electrochemical behavior of the electrode—electrolyte inter-
faces, including obtainable energy density, rate capability,
cycling stability, and operational life."*° Understanding the
nature of the interfaces is imperative to battery performance
optimization via rationally tailoring the interface. The difficulty
in understanding the electrode—electrolyte interfaces is related
to the chemical compatibility between the electrode and the
electrolyte.* For instance, an ethylene carbonate/dimethyl
carbonate (EC/DMC)-based electrolyte will react directly with
the anode when its potential is below 1.0 V (vs Li*/Li) or the
cathode when its potential is above 5.0 V (vs Li*/Li),
producing an obvious solid electrolyte interphase (SEI) or
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other byproducts.”'"'* Such an easily detectable interphase

formed between an electrode and an electrolyte has been
extensively studied using various analytical techniques to
unravel the mechanism of the interfacial reactions." However,
most Li-ion battery cathode—electrolyte interfaces are
thermodynamically stable.* For example, many successful
cathode materials, including Li(NiCoMn)O, (LNMC),
LiCo0O,, LiMn,0,, and LiFePO,, are typically operated within
the stability window of Li-ion battery electrolytes.'"”'*'* For a
thermodynamically stable cathode—electrolyte interface, there
is little direct reaction between the electrode and the
electrolyte, and the amount of the species adsorbed on
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electrode surfaces is very limited,” in contrast to easily
detectable solid electrolyte interphases for anodes. The tiny
amount of interfacial species that define the cathode—
electrolyte interface poses a great challenge to accurately
investigate the CEI chemistry. Yet, the performance of a
battery is strongly correlated to the electrochemical behavior of
these interfaces.”> Thus, understanding of the behavior of these
interfaces is crucial to further optimization of battery
performances. More importantly, the composition of the
CEIs may change with electrochemical testing conditions.
Identifying interfacial chemical species and quantifying their
evolution under in situ/operando conditions require chemical
fingerprinting techniques with both high specificity and high
sensitivity applied to real interfaces subject to electrochemical
operation. To date, unfortunately, most studies of interfaces
were performed under ex situ or nonoperando conditions; the
dynamic evolutions of CEIs during battery cycling are yet to be
fully understood.™

The key to realize fast and reliable investigation of interfacial
dynamics is to develop a well-designed reliable characterization
system. Vibrational spectroscopy is a very powerful tool to
identify chemical species from their characteristic vibrational
modes and mode energies."*'*"* Comparing to Infrared
spectroscopy, Raman spectroscopy is ideally suited for in situ/
operando battery platforms,'®*' by avoiding massive infrared
absorption of electrolyte solvents. More importantly, when
combined with carefully designed plasmonic materials, such as
Au and Ag nanoparticles, plasmonic resonance with incident
Raman laser enables surface-enhanced Raman spectroscopy
(SERS).”**> Combining SERS with in situ/operando plat-
forms would enable fast and reliable chemical fingerprinting for
complicated systems.'®* In recent years, in situ/operando
SERS techniques have been successfully applied to character-
ization of thermodynamically unstable Li-ion battery inter-
faces.””° In these studies, assembly of SERS nanoparticles was
not emphasized, because the amount of interfacial products
resulted from the reactions between the electrode and the
electrolyte is plenty for easy identification. However, for
studies of a thermodynamically stable CEI, a monolayer
assembly of SERS-active nanoparticles must be carefully
designed, rather than randomly distributed or aggregated
particle groups, in order to authentically and most effectively
track the dynamic evolution of the CEI, because the amount of
the associated interfacial species is very small and difficult to
detect. In this work, we applied operando SERS to the
investigation into the dynamic evolution of the CEI for an
LNMC electrode, which is one of the most promising cathode
materials. Au nanocubes, which feature excellent SERS activity,
were deposited as a monolayer on a binder-free LNMC
electrode surface. Raman scattering was greatly enhanced,
providing excellent sensitivity to the changes in vibration
modes of the chemical species generated on the surface of the
LNMC electrode in an EC/DMC-based electrolyte under
operating conditions. By analyzing the evolution of the spectral
features during consecutive cell cycling, we found that ether
and ester species were favorably formed on the surface of the
LNMC electrode at lower potential. Additionally, we proposed
a model CEI that contains ester and ether functional groups
and a LNMC surface to simulate the behavior of the interface.
The calculated evolution of the model CEI agrees well with our
experimental observations.

A model LNMC electrode (binder free) was fabricated using
LNMC powders derived from a sol—gel process (Supporting

Information). The particle size varied from 200 to 400 nm, as
seen from the scanning electron microscope (SEM) image
shown in Figure la and the phase purity was confirmed by X-
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Figure 1. (a) SEM image and (b) X-ray diffraction and the
corresponding Rietveld refinement of the LNMC powders derived
from a sol—gel process. (c) A monolayer of Au nanocubes assembly
deposited on a Si wafer via the Langmuir—Blodgett method. (d)
Extinction spectrum of a monolayer of Au nanocubes assembly,
showing its LSPR profile. (¢) SEM image and (f) Raman spectrum of
a LNMC model electrode with deposited Au nanocube via the
Langmuir—Blodgett method. (g) CV profiles and (h) Nyquist plots of
impedance spectra of model LNMC electrodes with and without Au
nanocube deposition.

ray diffraction (XRD, Figure 1b). Rietveld refinement confirms
that the LNMC crystallizes in a layered structure (R3m) and
the structural parameters (ie., lattice constants, Li, and
transition metal sites) are consistent with those reported in
previous studies.”” To enhance the Raman scattering from the
interfaces, we select Au nanocubes as the SERS-active
nanoparticles, which are well suited for operando measure-
ments in electrochemical cells because they possess strong
enhancement cagpability and are more chemically inert than Ag
nanoparticles.”® In order to dramatically enhance the
sensitivity and specificity to the chemical species on the
LNMC CEI, Au nanocubes are further assembled to a
monolayer on the electrode surface via the Langmuir—Blodgett
method.””** Monolayer deposition was first confirmed on Si
wafer. The Au nanocubes have an accurately controlled size
(Figure 1lc, ~40 nm) and the assembly displays a well-
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Figure 2. (a) Operando Raman spectral evolution acquired in four consecutive cycles for an LNMC electrode. The cell voltage was cycled between
3—4.5 V and each spectrum was acquired within a voltage interval of SO mV. (b) Representative spectra acquired at the low voltage state (~3 V,
blue) and the high voltage state (~4.5 V, red) in comparison with a Raman spectrum of a 1 M EC/DMC LiPF electrolyte (black). Vibrational
energies for both spectral evolution shown in (a) and representative spectra shown in (b) are separated to vy, Vg and vyy; regions. (c) Evolution
of integrated intensities for LNMC Ay, band, vy, and vy; regions, stored charge, and the cell voltage profile as a function of spectral acquisition

number during the operando measurement.

controlled monolayer without agglomeration and stacking. The
localized surface plasmon resonance (LSPR) profile of the
monolayer assembly (Figure 1d) shows a strong distinction
peak, which covers the photon wavelengths of Raman shifts
with 633 nm laser excitation. Comparing to short-wavelength
lasers (e.g., 458, 488, and 514 nm), a longer-wavelength laser
(633 nm, used in this study) is more suited to the operando
study because it could provide deeper probing depths into the
electrolyte,31 which could reveal more signal of the CEI, and
avoid laser-induced decomposition of electrolytes and
fluorescence excitation.*”

As shown in Figure le, a gold monolayer was deposited on
the surface of the model electrode. The Au nanocubes, well
dispersed between LNMC particles without agglomeration,
serve as the source of Raman enhancement for the CEI
analyses. In the Raman spectrum of the LNMC electrode
(Figure 1f), there are two characteristic bands: the band
located at ~600 and 480 cm™', representing the A, and E,
vibration mode of the R3m lattice, respectively.’”** Slnce the
features of the two bands evolve with state-of-charge (SOC) of
the LNMC electrode,”° the evolution of the LNMC bands
can be directly correlated with the evolution of the CEI
species. Prior to operando Raman analyses, the electrochemical
properties of the LNMC model electrode were carefully
investigated. Although no binder or other additives were used,
the cyclic voltammogram of the electrode shows the
characteristic electrochemical behavior of LNMC.”” After
100 cycles, approximately ~70% of the initial capacity was
retained (Supporting Information). Moreover, the application
of an Au nanocube monolayer did not result in any significant
changes in the CV profile (Figure 1g) and the impedance
spectra (under OCV condition, Figure 1h), indicating that the
Au nanocubes are redox-inactive under the electrochemical
testing conditions. Additionally, the same CV measurement is
performed for bare current collectors (with and without Au
nanocube monolayer, Figure S10). Comparing to the redox
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current of LNMC, the CV current of the stainless steel current
collector is negligible. Slight increase of anodic current was
observed when the voltage was approaching 4.5 V (Figure
S10b), indicating that slight electro-oxidation of the electrolyte
exists in the high-voltage region. Meanwhile, the difference
between the CV profiles of the current collectors with or
without Au nanocube monolayer is almost negligible, which
indicates that Au is mostly redox-inactive. This observation
agrees with previously reported works in which Au was
incorporated in Li-ion battery cathodes.*®

Relying on the prepared model electrodes and their
electrochemical properties, we subsequently performed oper-
ando Raman analyses using an operando cell,”® which is
capable of extensive battery cycling. Prior to operando SERS
analyses, normal operando Raman spectroscopic measure-
ments without the Au monolayer was performed, aiming to
analyze the evolution of bulk LNMC and the response of the
electrolyte as a function of electrode potential. Figure 2a shows
the evolution of operando Raman spectra while cell voltages
were linearly scanned between 3—4.5 V for four continuous
cycles. Raman spectra measured at the most charged (4.5 V)
and the most discharged (3 V) states are highlighted and are
compared with a Raman spectrum of the 1 M EC/DMC LiPFq
electrolyte used in this study. Raman spectra analyses are
performed within three important wavenumber regions where
all vibration modes of the LNMC and the electrolyte are
located. Raman bands of LNMC (i.e., Alg and E, bands) are
located within the low-wavenumber region (I/Lo, 400—-680
cm™') and Raman bands of the electrolyte are primarily
located within the midwavenumber and high-wavenumber
regions. The Midwavenumber region (Vg 850—1900 cm™)
includes stretching modes of C—C, C=C, C—0, C=0, and
P—F bonds and bending modes of C—H bonds. The Hi-
wavenumber region (ryy; 2700—3200 cm™') describes
stretching vibration of C—H bonds. As the cell voltage was
cycled periodically, as shown in Figure 2a, the intensity of the
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Figure 3. (a) Operando Raman spectral evolution acquired in four consecutive cycles for an LNMC electrode. Au nanocubes were deposited on
the LNMC surface via Langmuir—Blodgett method prior to the operando test. The cell was cycled between 3—4.5 V and each spectrum is acquired
within a voltage interval of 50 mV. (b) Representative spectra acquired at the low voltage state (~3 V, blue) and the high voltage state (~4.5 V,
red) in comparison with a Raman spectrum of a 1 M EC/DMC LiPF electrolyte (black). Raman bands related to CEI are marked with blue circles
and the band likely contributed by oxidation of the electrolyte is marked with an asterisk. The baselines of the vy, region are marked by dash lines.
Vibrational energies for both spectral evolution shown in (a) and representative spectra shown in (b) are separated to 1, Vg and vy regions. (c)
Evolution of integrated intensities for LNMC Ay, band, 14, and vyy; regions, stored charge, and the cell voltage profile as a function of spectral

acquisition number during the operando measurement.

Alg band decreases during the anodic process (3—4.5 V) and
increases during the cathodic process (4.5—3 V). In contrast,
the E, band, which is weak in intensity and partially overlaps
with a sharp electrolyte band, is mostly unchanged (marked by
dash eclipses). Highlighted spectra acquired at the most
oxidized state and reduced state (Figure 2b, vy,) clearly
demonstrate the effect of electrode potential on the vibrational
modes of LNMC. Quantified intensity of the A, band (Figure
2c) shows an oscillation-like evolution. As the intensity of the
E; mode is weak and it overlaps with a sharp solvent band, the
E, mode was not tracked quantitatively. Interestingly, the
oscillation-like evolution of the A;, band is in an excellent
negative correlation with the evolution of stored charge. The
evolution of stored charge is obtained by integrating the CV
current as a function of time (Figure S4). The A, band
intensity minimized at the highest state-of-charge and reaches
maximum values at lowest state-of-charge. Such strong
correlation is because removal of interlayer cations from
R3m-structured layers (not limiting to LNMC) would
systematically affect electronic structures of transition metal
and oxygen and thus changes the polarizability of the A;, and
E, modes,*?**0* leading to a quantitative correlation
between I(Alg) /I(Eg) and the state of charge.

In the vy5q and vy regions, Raman bands did not undergo
any significant evolution throughout the entire operando test
(Figure 2a). Thus, Raman spectra in both vy and vy regions
acquired at 4.5 and 3 V are almost the same with those of the
electrolyte, by exhibiting the identical positions and profiles for
each Raman bands. The Raman bands of the electrolyte can be
accurately assigned to bands of EC, DMC, PF4~, and solvation
bands due to Li-solvent interaction (Supporting Information).
Quantified intensity evolution in the vy and vy regions
demonstrates no obvious dynamics as a function of cell voltage
(Figure 2c). The static evolution of 14 and vyy; regions, where
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vibration modes of organic compounds are located, indicate
that the properties of the bulk electrolyte remain stable.
Nevertheless, it also suggests that normal Raman spectroscopy
is not able to reveal the CEI species because of insufficient
sensitivity. The operando Raman measurement without surface
enhancement, which demonstrates the dynamics of bulk
LNMC and the bulk electrolyte, could serve as a basis for
further operando SERS investigation.

With the Au nanocube monolayer applied to the LNMC
electrode, we performed the same operando Raman measure-
ment, aiming to investigate the CEI chemical species and their
dynamics. Evolution of operando Raman spectra for four
continuous cycles is shown in Figure 3a and the quantitative
intensity of different regions (v, U and rvy;) are
summarized in Figure 3c. Spectra acquired at the most
charged and discharge states are shown in Figure 3b. After the
LNMC SERS measurement, the same operando SERS
measurement on the current collector was performed for
comparative purposes (Figures S11 and S12). For LNMC, the
intensity of the A}, band demonstrate oscillating decrease and
increase during the anodic and cathodic processes, respectively.
Also, the oscillation-like evolution is in a strong negative
correlation with the evolution of stored charge (Figure 3c),
which is same as the case when Au nanocubes were not applied
(Figure 2a and 2c). Such similarity is expected because Au
nanocubes will not influence the structural evolution of LNMC
during charge/discharge, as demonstrated in Figure 1gh.
However, for the vy and the vy region (Figure 3a), the
spectral evolution is dramatically different with the evolution
when SERS was not used. As shown in Figure 3a, a number of
additional bands appeared besides pristine electrolyte bands
and their intensities are more pronounced at lower voltages.
These additional bands were generated during the discharge
process of the first cycle (Supporting Information). Comparing
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to the spectrum of the electrolyte, highlighted spectra acquired
at 3 and 4.5 V clearly demonstrate the new bands observed in
the operando measurement (Figure 3b). Also, in the vy
region, Raman bands between 800 and 1700 cm™" show higher
background intensity, comparing to the baseline (marked as
dash lines) and Raman bands of the electrolyte in this region.
By comparing to the operando SERS measurement of a current
collector, spectral changes unrelated to LNMC can be
distinguished. The Raman bands near 1577 cm™' (marked as
an asterisk) and the higher background intensity should be
attributed to slight electrochemical oxidation of the electrolyte
solvent (Figure S12). The Raman bands contributed by
LNMC interfacial behavior are marked as blue circles in Figure
3b.

A few physiochemical processes are possibly responsible for
the spectral changes. In general, simple adsorption of solvent
molecules may lead to changes in band profiles,"*** but rarely
generates new Raman bands, because it is unlikely to change
the fundamental vibration modes. Thus, the observation of
new Raman bands is due likely to the formation of new
Raman-active vibration modes induced by formation of new
species. These new bands can be assigned to v(C—O0—C)
stretching vibration for ether and ester linkages, v(C=0)
stretching vibration for ester groups, and §(C—H) bending
vibration (Table S1). The assignment is based on the
handbook by Lin-Vien et al,*’ and more details regarding
band assignments are provided in Supporting Information.
Since surface enhancement only takes place when analytes are
in close vicinity with the electrical field generated by SERS
nanoparticles, these bands represent the chemical content of
the CEI and prove that the CEI contains organic species with
ether and ester functional groups. Moreover, a number of
Raman bands of the electrolyte exist within 1600—1850 cm™
and 2700—3200 cm™!, which are characteristic regions for
stretching vibration of ester groups and C—H bonds,
respectively. Under operando conditions, these bands ex-
hibited significant profile changes (i.e, relative intensities
changes and peak widths, Figure 3b) compared to pristine
Raman bands of the electrolyte in these regions. At lower
potential, it should be noted that, not only are the Raman band
intensities stronger, but also the difference in intensity
distribution of the Raman bands became more pronounced
(Figures S8 and S9) compared to the electrolyte bands. Such a
difference suggests that these regions also contain Raman
bands of CEI, which overlap with pristine electrolyte bands
and lead to the profile changes. Analyses of the difference in
spectral weight distribution (with careful baseline treatment
and spectra normalization) unveil these new bands (Figures S8
and S9), which belong obviously to the stretching vibration of
the C=0 bonds in ester-groups and C—H bonds (Table S2),
a further indication that the CEI contains aliphatic esters.

Regarding the intensities, these ether and ester bands
(marked by circles) show significantly stronger intensities at 3
V than at 4.5 V. Quantified intensity evolution for vyq and vy;
regions demonstrates obvious dynamics as a function of cell
voltage (Figure 3c) in contrast to the static evolution of vyq
and vy; without surface enhancement (Figure 2c). The main
purpose of the intensity quantification in this study is not to
determine the exact amount of the interfacial species, but to
demonstrate an overall dynamic evolution of the interfacial
process as a function of the cell voltage. Interestingly, dynamics
of Vygq and vy intensities, which represent dynamics of ether/
ester groups, are in concert with dynamics of LNMC A, band.
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Further statistical analyses on band intensity and charge
storage in LNMC (Figure S14) indicate that the vy;q and vy
regions (ester and ether features) are strongly correlated to
LNMC A, band. Lower SOC (i.e, cell voltage) provides a
more favorable condition for the CEI-bound ester/ether
species. Moreover, as the CEI bands are located at character-
istic positions, tracking the properties of these specific bands
can offer more detailed analyses. For example, the changes in
intensity of the Raman bands at 1009 cm™ (i.e., (C—0O—C)
for ester groups), 1130 cm™" (i.e,, ¥(C—O—C) for aliphatic
ethers), and 1315 cm™' (e, ¥(C—O—C) for ester groups),
and the bands in the range of 1650—1850 cm™" (i.e., v(C=0)
for ester groups) can be quantified as well (Figure S13).
Evolutions of these detailed bands are in good agreement with
general evolution of ;g and vy (Figure 3c). Identification of
CEI chemistry and the unraveled dynamics serve as a basis for
the hypothesis of CEI evolution mechanisms, which will be
discussed in the next section. Following the spectral dynamic
analyses of the LNMC electrode, evolution of operando SERS
spectra of the current collector was evaluated (Figure S11).
The SERS spectra evolution without LNMC mostly demon-
strates random fluctuations. At the highest voltage (~4.5 V),
obscure intensity maximums can be found for vy and vy
regions due most likely to a thin layer composed of oxidation
products of the solvents on Au surface, driven by a small
oxidation current (from 3.8 to 4.5 V). In the SERS spectral
evolution of LNMC (Figure 3c), this thin layer of oxidation
products may also present on the Au surface although such
intensity maximum is not evident. Most likely, the predom-
inant spectral evolution of CEI of LNMC (oscillating behavior
shown in Figure 3c) overwhelms the spectral evolution
contributed by electrolyte oxidation. Similarly, in the CV
profiles of LNMC, the anodic current due to slight oxidative
solvent decomposition is not discernible either; the redox
current of LNMC is much larger and overwhelms the current
contribution by electrolyte decomposition at high voltage
condition. Additionally, despite the dramatic spectral evolution
of the CEIL, Raman spectrum of the electrolyte after extensive
cycling is identical with that of the fresh electrolyte. This
observation suggests that the spectral dynamics shown in
Figure 3 is controlled by CEI instead of the bulk electrolyte
and the composition change of the bulk electrolyte after
cycling should be very limited.

We further investigated the mechanisms of CEI dynamics,
on the basis of experimental observations. The intensities of
the CEI bands maximize at low voltages while the reduction of
carbonate ester is unlikely in the potential range for cathode
(ie, 3—4.5 V). Also, the upper voltage limit (4.5 V) is within
the stability window of the electrolyte solvents. Thus, we
believe that a polymerization/oligomerization reaction (a
rough schematic is shown in Figure 4a) is the reason for the
ester and ether species observed by operando SERS. Initiated
by the reduction of ester carbonates at the anode, small ester
molecules (EC and DMC) undergo a series nucleophilic chain
reaction steps”*¥* and form polymer/oligomer chains
containing ester and ether groups (detailed mechanism is
shown in Figure S17). Comparing to identifying the CEI
species, understanding the CEI dynamics observed by
operando SERS is much more important, because behavior
of CEI during extensive battery charge/discharges is closely
related to dynamics of Li-ion storage and cycling behavior of a
battery. Regarding the mechanism of the CEI dynamics, we
consider the most likely reason is that the adsorption between
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Figure 4. Modeling of CEI of LNMC. (a) Rough schematic of the
chain reaction mechanism. Solvent molecules (EC and DMC)
convert to polymer/oligomer chains with ether and ester linkages
and get adsorbed on LNMC surface. (b) Demonstration of the model
CEI used for ab initio calculations. The model CEI contains a (104)
LNMC and a Ly;NMC surface slab (for discharged and charged
states, respectively) and a model chain molecule. The calculated
adsorption energies of the model molecule on the LNMC and
LysNMC surfaces at different cation sites are compared.

polymer/oligomer chains and LNMC is more stable at lower
voltages (i.e., lower SOC). On the other hand, the adsorption
is not totally broken down at high SOC, as the CEI peaks are
still clearly observed at high voltages. Statistically, the polymer/
oligomer chains are more likely found at the interface at lower
voltages, leading to the quantitative oscillation-like evolution.
To fundamentally evaluate this hypothesis, we constructed a
model CEI and analyzed the properties of the CEI at both
discharged and charged conditions using ab initio calculations
(Figure 4). For the LNMC in the model, based on previously
reported crystallographic parameters,”® we constructed a
pristine LNMC unit cell to model the discharged state. The
unit cell with half of Li removed (ie, LyNMC) after
geometrical optimization was applied to model the charged
state. Then, considering that (104) facet is one of the most
stable surfaces for LNMC,"*® we applied the (104) surface
slab to model the LNMC side for the CEI (Figure 4b). For the
polymer/oligomer chain, we constructed a model molecule
with a minimum chain length (Figure 4b) in accordance to the
chain reaction mechanism (Figure S17). The interaction
between the model molecule and the model LNMC surface
is simulated as the adsorption of the oxygen (at the end of the
chain) on one of the cation site (Li, Ni, Mn, and Co). The
stability of the interfaces can be evaluated from the calculated
adsorption energies. For both charged and discharged LNMC,
the calculated adsorption energies for all sites are negative,
indicating that the adsorption process is thermodynamically
favorable for both charged and discharged states regardless of
the cation sites. More importantly, the calculated adsorption
energies for the charged interface (LysNMC) are systemati-
cally higher than those of the discharged interface (LNMC),
regardless of cation sites. Specifically, it appears that the
adsorption is most stable at the Mn site and least stable at the
Li site. The calculated trend is insensitive to calculation
methodologies (i.e, DFT and DFT+U, Figure S19). Thus,
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based on the simple CEI model, the calculation results suggest
that ester/ether chains tend to exist more within the CEI at the
discharged state, which corroborates the experimental
evolution of ester/ether bands shown in Figure 3c. Therefore,
with the capability of operando SERS and the proposed CEI
model, the hypothesized mechanism of CEI dynamics is
validated.

In conclusion, we successfully investigated the CEI dynamics
of a binder-free LNMC electrode using operando SERS. CEI
species containing ester and ether chains were observed under
operando condition owing to strong SERS effect provided by
the Au nanocube monolayer. More importantly, during
consecutive charge/discharge processes, Raman bands of CEI
exhibited substantial dynamics, which is in precise accordance
with evolution of LNMC bands. Subsequently, we constructed
a model CEI in order to unravel the strong correlation between
dynamics of CEI and SOC of LNMC. Further, DFT+U
calculations suggest that adsorption of the model molecule on
the model LNMC surface is more stable in the discharged
state, which is consistent with the experimentally observed CEI
dynamics. This study unravels the CEI for LNMC within the
stability window of the electrolyte. Future work in this
direction includes investigating the role of CEI on the
electrochemical behavior of cathodes under various conditions,
such as electron and ion transfer across the phase boundary of
LNMC as a function of the areal density of adsorbed polymer/
oligomer chains. Also, it is necessary to develop a reliable
approach for producing a monolayer assembly with modified
Au nanoparticles (e.g, Au—SiO,) in order to explore their
applications where Au is redox active (for example, in aqueous
electrolytes). The methodology developed in this study can be
applied to other energy-related fields to explore the nature of
interfaces, which often governs the key redox reactions in
energy storage/conversion systems.
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