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Unraveling nanoscale interfacial kinetics in battery cathodes
through operando tip-enhanced Raman spectroscopy

Shining a nano-spotlight on working cathodes, operando
TERS captures interfacial kinetics with chemical specificity.
The approach resolves grain versus boundary behavior,
visualizes phase fronts, and quantifies lithium transport as it
happens. These insights expose hidden rate limitations and
provide a blueprint for tailoring interfaces in next-generation
batteries.
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Unraveling nanoscale interfacial kinetics in battery
cathodes through operando tip-enhanced Raman
spectroscopy
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Understanding interfacial phenomena at the micro- and nanoscale is essential for improving the perform-
ance of energy storage technologies such as lithium-ion batteries. However, probing the chemical and
structural evolution of buried interfaces during operation remains a major experimental challenge. Here,
we present the first implementation of operando Tip-Enhanced Raman Spectroscopy (TERS) to track
nanoscale lithium-ion dynamics in working battery electrodes. Using LiMn,O4 and LiFePO,4 thin films as
model systems, we demonstrate that TERS can determine grain- and grain-boundary-specific behavior
with spatial and temporal resolution. In LiMn,O4, we observe a delayed appearance of the A-MnO, phase
at grain boundaries during delithiation, which is consistent with faster Li* diffusion in these regions and is
supported in this work by 2D finite-element simulations. In contrast, LiFePO4 exhibits reduced spectral
visibility under operando conditions, yet systematic background modulation enables tracking of surface-
level redox processes. These results establish operando TERS as a powerful technique for probing local
ionic transport and interfacial chemistry in complex energy materials, with broad implications for the
design and optimization of next-generation battery systems.

The global transition towards renewable energy sources and electrified transportation heavily relies on high-performance energy storage solutions, especially
batteries. However, many promising battery technologies face fundamental limitations associated with interfacial phenomena occurring at extremely small
length scales, which significantly affect overall battery efficiency, lifetime, and safety. These interfaces, such as grain boundaries and electrode-electrolyte

interfaces, can either facilitate or hinder ion transport, making their detailed understanding crucial for optimizing battery performance. Despite advance-
ments, conventional techniques used to study these phenomena generally provide averaged information and lack sufficient spatial resolution, limiting our
ability to design better-performing, longer-lasting, and safer batteries. The development of operando Tip-Enhanced Raman Spectroscopy (TERS), as demon-

strated in this study, addresses this critical gap by enabling direct visualization of chemical and structural changes at nanoscale interfaces under realistic

operating conditions.

Introduction

A battery consists of numerous interfaces, each playing a dis-
tinct and often dominant role in its overall performance,

efficiency, and longevity. These interfacial interactions govern
essential processes, such as ion transport, charge transfer, and
chemical stability. Many studies have emphasized that inter-
face design, particularly grain boundaries, is a crucial factor
controlling both ionic and electronic transport."™ Since these
nanometric-length scale interfaces undergo dynamic chemical
and structural changes during operation, it is imperative to
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develop advanced characterization techniques with sufficient
resolution and sensitivity capable of capturing the real-time
chemical evolution of critical interfaces.

One of the most widely used techniques for understanding
the complex interplay of interfaces involved in electrochemical
responses is Electrochemical Impedance Spectroscopy (EIS).
EIS is widely used for decoupling phenomena at different time
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scales, which is of major importance for understanding ionic
conduction, charge transfer mechanisms or diffusion-limited
processes.>® However, EIS lacks the spatial resolution needed
to directly visualize local heterogeneities, such as grain bound-
aries, offering instead an averaged response. To achieve higher
spatial resolution, techniques such as Scanning Ion
Conductance Microscopy (SICM) and Scanning
Electrochemical Cell Microscopy (SECCM) have been devel-
oped. SICM measures localized ionic currents rather than
electrochemical redox processes, while SECCM provides loca-
lized redox information but typically at lower spatial resolution
(~100 nm) compared to SICM."”~® Both techniques, however,
remain inherently confined to the nanoscale region beneath
the nanopipette tip acting as the active electrode, limiting
their effectiveness in probing very narrow interfaces.
Electrochemical Strain Microscopy (ESM), with its superior
spatial resolution (~10 nm, limited mainly by tip geometry),
uses a biased AFM tip to induce localized ionic transport and
detects the resulting mechanical deformation due to ion
migration.'®*? Despite its high resolution, ESM only indirectly
probes electrochemical phenomena, and its signals are
strongly influenced by mechanical coupling between the tip
and sample. Furthermore, SICM, SECCM, and ESM can intro-
duce high local electric fields and potential cross-talk between
topographical and electrochemical signals, complicating the
interpretation of electrochemical behavior, particularly in oper-
ando studies of structurally complex regions such as grain
boundaries.

Over the past decades, significant advances have been
made in the 2D and 3D analysis of grain boundaries.
Advanced techniques such Atom Probe Tomography (APT) and
High-Resolution Transmission Electron Microscopy (HRTEM)
enable nanoscale characterization of grain boundaries."
HRTEM provides high-resolution 2D images that reveal the
atomic structure of materials, allowing direct visualization of
grain boundary structures, defect distributions, and grain
orientation with atomic-level precision.'* When coupled with
Electron Energy Loss Spectroscopy (EELS) or Energy Dispersive
X-ray Spectroscopy (EDS), HRTEM can provide additional com-
positional information."> APT offers 3D images containing
information of individual detected atomic species with sub-
nanometer spatial resolution and extremely high analytical
sensitivity."®'” Very recently, our group demonstrated how APT
can provide a 3D-resolved reconstruction with isotopic sensi-
tivity,'® directly observing oxygen diffusion pathways at grain
boundaries.”® However, these techniques require specific
sample geometries, and the preparation process can be
notably challenging and time-consuming and costly. These
challenges highlight the need for more practical approaches,
especially for operando studies.

A powerful tool for nanoscale chemical characterization
that has emerged over the past two decades, is Scanning Probe
Microscopy -  Tip-Enhanced  Raman  Spectroscopy
(SPM-TERS).>*>* This technique combines a Scanning Probe
Microscope (SPM) and Raman Spectroscopy, taking advantage
of Scanning Tunneling Microscopes (STM) or Atomic Force
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Microscopes (AFM). These TERS approaches offer nanometric
resolution and high-sensitivity spectroscopy and imaging,
enabling the acquisition of local chemical information. By
focusing a laser onto a sharp metal (or metal-coated) SPM tip,
it is possible to amplify the electromagnetic field - and thus
the Raman signal - through a combination of localized surface
plasmon resonance (LSP)** and the lighting rod effect.”>>®
This enhancement is confined to the vicinity of the SPM tip,
enabling nanoscale resolution, limited by the probe itself. Our
group recently studied LiMn,O, thin film using AFM-based
TERS, demonstrating the technique’s sensitivity to surface
defects and grain boundary chemistry.>” TERS offers signifi-
cant benefits in terms of time efficiency and reduced complex-
ity compared to the aforementioned techniques. In addition,
TERS does not require any complex sample preparation, can
be used in gas and temperature-controlled conditions and
does not require long data acquisition times, enabling its use
to monitor a variety of electrochemical processes, also in oper-
ando. Unlike ESM, SICM, or SECCM, operando TERS measure-
ments offer the critical advantage that the entire sample can
be electrochemically cycled rather than just the localized area
directly beneath the tip, enabling more representative and
accurate operando studies.

Despite the extensive scientific literature on batteries, rela-
tively few studies have explored the potential of TERS in this
context. This is likely due to challenges associated with per-
forming “non-gap mode”*® measurements on rough or thick
materials and achieving a strong TERS signal from bulk
samples or thick films grown on non-transparent or metallic
substrates. In gap mode, strong field enhancement arises
from the confined electromagnetic field generated between a
metallic tip and a metallic substrate, as opposed to non-gap
mode configurations, which operate on non-metallic or irre-
gular surfaces and rely solely on the tip for enhancement.”®
The surface sensitivity of TERS makes it uniquely suited for
detecting cathode-electrolyte interphase (CEI) or solid-elec-
trolyte interphase (SEI) layers, providing spatially resolved
insights into interfacial degradation processes. For that,
among the limited studies available, the pioneering work of
Nanda et al®***' on SEI composition in silicon thin film
anodes and Dinda et al®* study on both SEI and CEI in
sodium batteries stand out. In the same direction, we
recently reported the first ex situ studies of LiMn,O, thin
films cycled in aqueous electrolyte, revealing the presence of
Mn;O, and sulfate adsorbates at grain boundaries that
evolve with cycling.”® However, to the best of our knowledge,
no studies have reported the implementation of operando
TERS in batteries.

Herein, we present the implementation of operando TERS,
integrated into an atomic force microscope and coupled to a
custom-designed electrochemical cell, to probe lithium-ion
dynamics at the grain and grain boundary level in working
battery materials. We focus primarily on LiMn,O, thin films, a
model system where grain boundaries are believed to
promote fast Li* transport.*> > By positioning the TERS tip
with nanometric precision on top of individual grains or at

© 2025 The Author(s). Published by the Royal Society of Chemistry
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grain boundaries during cyclic voltammetry, we capture Resuylts and discussion
time-resolved vibrational signatures that reflect local lithia-

tion and delithiation processes. Our experiments reveal a
clear delay in the emergence of the A-MnO, phase at grain Building on our previous success in employing TERS to charac-
boundaries, consistent with faster Li* diffusion compared to terize LiMn,O, thin films under ex situ conditions,>® we
the grain interior. These findings are supported by two- implemented a custom electrochemical cell to enable operando
dimensional finite-element simulations, confirming the TERS measurements. This setup was integrated into a com-
ability of TERS to resolve interface-specific transport kinetics mercial AFM system from Horiba, allowing real-time monitor-
operando. To test the broader applicability of this method, ing of structural and compositional changes in LiMn,0, as the
we also investigate LiFePO, thin films under similar con- entire film undergoes electrochemical cycling with the tip
ditions. Although operando spectral resolution is limited in acting as a local nano-Raman probe. Further details on the cell
this case, systematic background modulation remains detect- design and experimental configuration are provided in the
able and correlated with the electrochemical state, demon- Methods section and the ESI (section I).}

strating the sensitivity of TERS even under spectroscopically To establish the viability of TERS under liquid electro-
challenging environments. Together, these results establish chemical conditions, we first evaluated signal enhancement in
operando TERS as a powerful platform for probing nanoscale a LiMn,O, thin film immersed in aqueous electrolyte. As
ion transport and interfacial reactivity in complex electro- shown in Fig. 1a, Raman spectra acquired with the tip in
chemical systems. contact (TERS mode) exhibit an overall signal intensity ampli-

Operando TERS in LiMn,0,
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Fig. 1 (a) Comparison of Raman signal of far-field (tip out of contact, in light green) and near-field (tip in contact, TERS mode, in dark green)
modes. Inset: sketch of the measurement setup for operando TERS. (b) AFM topography map (600 x 600 nm?) with the TERS map overlaid at the
precise region where it was measured. Spatial resolution was set to 10 nm per pixel, 1 s per pixel acquisition time. (c) Average TERS spectrum from
the TERS map after applying a constant voltage step at 1050 mV, for inducing the discharge process (delithiation). Band assignment is discussed in
the text and shadowed with different colors for each phase. (d) TERS map showing the relative intensities of different bands (green — A-MnO,, blue
— Mn3z0O, and red — sulfate ions). Top map shows the overlay of blue and red, while bottom map shows the overlay of blue, red and green.
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fication of approximately 25% compared to spectra collected
with the tip out of contact (oscillating at ~20 nm amplitude).
Several Raman modes are observed and assigned based on pre-
vious literature:***%*” the dominant peaks (bands at ~420 and
620 cm™) correspond to LiMn,O,4, while additional features
are attributed to trace Mn;O, (bands at ~310 and 660 cm™*)
impurities and a band near ~980 cm ™' originating from
sulfate ions in the aqueous electrolyte. This spectral finger-
print confirms that TERS enhancement persists in liquid
environments and improves spectral resolution for weaker
vibrational modes, in line with our previous ex situ studies on
LiMn,O, thin films. In particular, vibrational bands in the
200-400 cm™ ' region become more prominent under TERS
conditions, indicating enhanced sensitivity to lattice modes of
the LiMn,0, and Mn;0, phases.

We next acquired an AFM topography image over a 600 x
600 nm” region containing several grains (Fig. 1b), from which
a 250 x 100 nm” area was selected between two grains for
spatially resolved TERS mapping. This quasi-operando experi-
ment was conducted in the charged state after applying a con-
stant potential of +1050 mV, as shown in the inset of Fig. 1c,
ensuring surface transformation prior to spectral acqui-
sition,*® according to the expected electrochemical reaction:

LiMn,O; — 24 — MnO, + Lit + e~ (1)

Averaging the collected spectra across the whole region
yields the spectrum in Fig. 1c, where bands at ~498 and
~588 cm™' are consistent with the formation of A-MnO,, the
fully delithiated phase. Notably, the Raman signal from
A-MnO, is strongly enhanced compared to LiMn,0,, a well-
known effect also observed at the macro-scale due to the reso-
nance of the A-MnO, phase with the excitation laser.*
Residual features from LiMn,0O, and Mn;O, are also present,
along with the sulfate band from the electrolyte, in agreement
with our previous ex situ studies.?® Following the methodology
established in our earlier work, we constructed TERS intensity
maps by tracking the spatial variation of selected vibrational
modes (Fig. 1d). A white transparent line marks the approxi-
mate position of the grain boundary as inferred from the AFM
topography. The maps reveal that Mn;O, and sulfate signals
are locally enhanced at the grain boundary, while the A-MnO,
phase dominates the overall spectral response. These results
are in line with our previous ex situ observations and confirm
that TERS enables nanometric spatial resolution of electro-
chemical phase evolution. Having demonstrated the chemical
sensitivity and spatial resolution of TERS under quasi-oper-
ando conditions, we then performed fully operando measure-
ments during electrochemical cycling. We selected a well-
defined grain from the same AFM topography map (Fig. 2a)
and positioned the tip on top of a grain, far from the grain
boundary. Cyclic voltammetry (CV) was performed while simul-
taneously acquiring time-resolved TERS spectra at a fixed
point. The acquisition parameters (1.7 seconds per spectrum)
were optimized to capture spectral changes with sufficient
temporal resolution (see Methods for details). CV was used to
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drive lithium extraction (delithiation) and insertion (lithiation)
in the LiMn,0, film. During charge, the voltammogram dis-
plays two characteristic redox peaks: the first corresponds to
the formation of a partially delithiated Li; sMn,0, intermedi-
ate, while the second is associated with further delithiation
toward the A-MnO, phase. These structural transitions are
reversible upon discharge.

Fig. 2a displays the changes of the Raman intensity over
time, overlaid with the CV current profile using a common
time axis. Notably, the Raman intensity around 590 cm™,
associated with the A-MnO, phase, increases in parallel with
the positive current peak in the CV. This clearly demonstrates
the ability of operando TERS to track phase transitions with
nanoscale resolution, even at relatively fast scan rates of 5 mV
s™'. To further illustrate the phase change, we compare two
spectra from the TERS time series: one acquired at ¢ = 10 s
(before full delithiation), and another at ¢ = 50 s (after delithia-
tion). As shown in Fig. 2c¢, the A-MnO, spectral signature
appears only after oxidation, confirming the formation of the
delithiated phase following lithium extraction from LiMn,O,.
Meanwhile, the prominent peak at ~980 cm ™", assigned to the
sulfate ion (SO,>7) from the dissociation of the Li,SO, electro-
lyte,”” remains unchanged throughout the CV. Note that the
apparent difference in sulfate peak intensity between the two
spectra in Fig. 2c is due to the different vertical scales used for
plotting.

We next repeated this procedure, positioning the tip and
laser on a grain boundary (white cross in the topography
image, inset of Fig. 2b). As shown in Fig. 2b, the intensity of
the A-MnO, peak again increases at the second delithiation
peak in the CV. A closer examination of the high-intensity
region in the time map (red zone) reveals a consistent shift in
the onset of the phase transition, suggesting a delayed
response at the grain boundary compared to the grain interior.
To quantify this difference, we extracted the average Raman
intensity in the 580-596 cm™" range (corresponding to A-MnO,
phase) for both the grain and grain boundary measurements
and plotted them alongside the corresponding CV scans
(Fig. 3d and e, respectively). Analysis of the A-MnO, peak inten-
sity reveals a measurable delay of approximately 6 seconds in
the emergence of the delithiated phase at the grain boundary.
This observed delay suggests that lithium is extracted more
efficiently from the grain boundary, resulting in slower local
accumulation of delithiated products, which is a signature of
higher Li-ion diffusivity.

In light of these observations, we propose that the delayed
appearance of the A-MnO, phase at grain boundaries reflects a
higher Li-ion diffusivity in these regions, which translates into
faster deintercalation kinetics. Although this is the first time
such behavior is observed via operando TERS, multiple studies
have reported up to four orders of magnitude faster lithium
diffusion along grain boundaries,*"** often attributed to the
presence of negatively charged lithium vacancies around the
grain boundary core.*® Indeed, in our previous works we
identified vacancy clusters of negatively charged vacancies
accumulating at grain boundaries via Positron Annihilation

© 2025 The Author(s). Published by the Royal Society of Chemistry
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Fig. 2 TERS time map overlaid with the current density for grain (a) and grain boundary (b) with the inset showing the AFM topography with the tip
position indicated with white crosses. (c) Raman spectra extracted at t = 10 s (green) and t = 50 s (red) from the TERS time maps of the grain. The
two spectra are plotted using separate vertical axes for clarity: the red spectrum (left axis) spans from —1.1 to 0.8, while the green spectrum (right
axis) spans from —0.05 to 0.4. No multiplication or artificial scaling was applied; both spectra belong to the same normalized data set. (d) and (e)
Averaged TERS intensity (580-596 cm™) with overlaid current density of the cyclic voltammetry for grain (d) and grain boundary (e). Note that these
graphs correspond to the second cycle of a set of 3 consecutive scans, with time normalized for ease of visualization, see section Il in the ESI.{

Lifetime Spectroscopy.’”*® These defects typically surround
the positively charged grain boundary core,***"** balancing
the electrostatic interactions and forming a space charge
layer.>* Although space-charge layers are typically considered
detrimental to Li-ion transport in most Li-based materials,****
LiMn,O, appears to be an exception: here, ionic transport is
significantly enhanced at grain boundaries. Remarkably, this
effect is sufficiently pronounced and spatially extended to be
detected by operando TERS, even with our spatial resolution
limited by a ~20 nm commerecial tip radius.**

It is worth noting that the slightly longer persistence of the
A-MnO, signal at the grain boundary may be influenced by
subtle differences in the current level at the turning point of
the voltage sweep (1.05 V) that arise from cycle to cycle. This
current level is also different between the experimental and
the simulated, as seen in Fig. 3a. However, this factor alone
cannot account for the delayed onset of the phase transition,
as measurements at both grain and grain boundary locations
were independently repeated three times, consistently showing
the same behavior. Post-mortem ex situ TERS analysis reveals
early sulfate adsorption and preferential presence of Mn;0, at
grain boundaries, with stronger contrast than observed in con-
ventional Raman (see ESI, section IIt).

To support our experimental findings, we performed two-
dimensional Finite Element Method (FEM) simulations that

© 2025 The Author(s). Published by the Royal Society of Chemistry

replicate an equivalent electrochemical experiment. The model
describes electrochemical Li intercalation and diffusion in a
layer with grain boundary diffusivity four order of magnitudes
higher than the bulk one (see Methods for details). As a first
step, we simulated a CV curve to verify that the model accu-
rately reproduces the overall electrochemical response of the
film (Fig. 3a), obtaining close agreement between the simu-
lated and experimental CVs. The extracted values of bulk
chemical diffusivity (107" em® s™') and charge transfer resis-
tance (0.6 Q cm?) are comparable with literature values, endor-
sing the model.**™*” Discrepancies between model and experi-
ments are mainly due to differences in the equilibrium voltage
profiles, which were directly assumed from literature,*® and
are not expected to influence the main conclusions of the
simulations. We then used the model to track the Li" concen-
tration as a function of time (Fig. 3c) and spatial position
across the film, extracting concentration maps representing
the grain bulk and at the grain boundary, following the sche-
matic shown in Fig. 3b. The concentration maps (Fig. 3d,
snapshots at ¢ = 35 s, 50 s, and 65 s) reveal the time evolution
of the Li" distribution. At the onset of lithium deintercalation,
Li" concentration remains higher at the grain boundaries, par-
ticularly near the subsurface, compared to the grain interior,
consistent with the delayed phase transition observed via oper-
ando TERS. Conversely, during reintercalation (¢t ~ 65 s), the

EES Batteries, 2025,1, 147-157 | 1151
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Fig. 3 2D-FEM simulations: (a) comparison between experimental (black) and simulated (grey) CVs; (b) sketch of grain and grain boundary simu-
lated section; (c) simulated current profile during time; (d) dynamics visualization of Li* concentration across the film, starting from the top: image
capture att = 355, t = 50 s and t = 65. (e) Intensity averaged over the 580-596 cm™ region versus time for grain and grain boundary. (f) Simulations
of the A-MnO, phase fraction for the case where fast Li* diffusion at the grain boundaries is assumed.

Li" front advances inward from the subsurface, while the grain
boundaries exhibit relatively lower concentrations. To directly
compare our time-resolved TERS measurements with the simu-
lations, we set Li <0.4 in Li,Mn,04 as the threshold for the
phase transition into A-MnO,,** focusing on a 20 nm subsur-
face region to approximate the TERS sensitivity at both the
grain center and the grain boundary. The resulting simulated
profiles (Fig. 3f) reproduce the experimental delay observed
between the grain and grain boundary regions (Fig. 3e) for
both deintercalation and reintercalation processes. This agree-

M52 | EES Batteries, 2025, 1, 147-1157

ment is achieved by incorporating a single assumption, well
supported by literature, that lithium diffusion is faster at grain
boundaries. Additional simulations investigating alternative
explanations, such as local shifts in insertion potential or vari-
ations in charge transfer resistance, revealed negligible contri-
butions to the observed delays (see ESI, section IIf). To assist
in visualizing this mechanism, a supplementary video (Video
S1t) is provided, showing the time evolution of Li-ion concen-
tration and simulated Raman response at both grain and grain
boundary locations.

© 2025 The Author(s). Published by the Royal Society of Chemistry
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While our FEM model successfully captures the kinetic
delay of lithium deintercalation between grain and grain
boundary regions, a notable deviation remains: all simulated
profiles peak around the maximum applied potential, whereas
the Raman signal from operando TERS reaches its maximum
earlier, during the rising portion of the voltage sweep (see ESI,
section IIT). This consistent discrepancy, observed both at
grains and grain boundaries, cannot be explained by bulk
transport dynamics alone. We propose that this behavior orig-
inates from surface-specific processes not captured in our
model, revealing one of the most exciting strengths of oper-
ando TERS: its ability to selectively probe interfacial charge
dynamics with nanometric resolution in realistic electro-
chemical environments.

Recent works have highlighted that surface-limited or inter-
facial processes can significantly influence the overall battery
response. Halldin Stenlid et al.*® presented a state-of-the-art
CIET (Coupled Ion-Electron Transfer) framework that com-
bines constrained and constant potential DFT to predict
charge transfer kinetics at the interface, explicitly incorporat-
ing solvent coordination and ion adsorption structures. Their
results demonstrate that interfacial ion and electron transfer
can dominate the local reaction landscape. While our model
focuses solely on bulk diffusion, the TERS signal can still
capture this interfacial complexity. Moreover, we add an
additional layer of spatial resolution by specifically interrogat-
ing grain boundaries, which are interfaces that, despite their
known influence on ionic transport, remain largely uncharac-
terized under operando conditions. The potential impact is
particularly pronounced for small-grained materials, where the
density of grain boundaries can directly shape device
performance.

From a different angle, the work of Xiao et al.”™ illustrates
how space charge layers can give rise to interfacial lithium
storage in mixed conductors, showing capacitive-like behavior
localized at solid-solid interfaces. The early appearance of
A-MnO, signatures in our TERS data may represent a related
phenomenon, i.e., lithium depletion at the surface induced by
space charge effects that could be studied as a function of the
state-of-charge in operando conditions. Thickness-dependent
studies will be performed for that, together with further
defect-chemical modeling. Additionally, Huang et al.’° recently
demonstrated that spontaneous H;O' intercalation into the
LiMn,0, lattice during cycling in aqueous electrolytes can dra-
matically alter local redox behavior and structure by forming
Mn*"-rich surface layers. Although our samples were not sub-
jected to prolonged cycling to avoid such cumulative changes,
these phenomena deserve focused investigation in future
work.

Overall, despite the simplicity of our FEM model, which
excludes surface and electrolyte-specific effects, its ability to
reproduce key experimental trends highlights the robustness
of the mechanistic picture proposed. Yet, the deviation in the
timing of the phase transition peak is not a minor artifact, but
rather a revealing clue: it points toward electrochemical com-
plexity at the nanoscale that demands spatially and chemically
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resolved operando techniques. Operando TERS has proven
capable of capturing these subtle but critical effects, often not
visible by more conventional methods.

Extending operando TERS to LiFePO,

Having established the sensitivity and spatial selectivity of this
technique in LiMn,0,, we now extend our operando TERS
methodology to LiFePO, thin films, a second model system
with fundamentally different phase transformation mecha-
nisms and transport properties. This comparison enables us
to further test the universality and limits of nanoscale oper-
ando Raman as a probe of local redox dynamics under working
conditions. Prior to operando measurements, we characterized
LiFePO, thin films via ex situ TERS and conventional Raman
spectroscopy to establish a reference (see ESI, section IIIT). As
shown in Fig. 4a, both techniques detect mainly the LiFePO,
modes (at ~948 cm™" the main mode, and minor modes at
~430, 483, 570, 628, 990 and 1070 cm™'),">'®*? but only TERS
reveals an additional broad feature near 750 cm™!, attributed
to a superficial Fe;0, phase. This secondary signal, mapped
across the film surface (Fig. 4b and c), highlights the enhanced
surface sensitivity of TERS, revealing the presence of small
regions in the map rich in Fe;0,. Control measurements con-
firmed the absence of laser-induced changes, indicating that
these surface phases pre-exist in the as-deposited film.

However, when measuring TERS under the same aqueous
electrochemical conditions used for LiMn,O,, the LiFePO,
vibrational response effectively vanished. The in situ TERS
spectra were dominated by a broad background (Fig. 4a, blue
trace), likely due to fluorescence-like interference or surface
reactions at the electrode-electrolyte interface.”’>* This signal
loss is not observed in conventional Raman measurements
under identical conditions, as shown in the ESI, section III,}
nor in the LiMn,0, case, and therefore likely reflects a near-
surface effect specific to TERS. The origin of the strong fluo-
rescence background observed under operando conditions may
relate to hydrated or partially delithiated surface species®™>?
and will be the focus of future investigations.

Despite the absence of clear vibrational features, operando
TERS detected a consistent modulation in the spectral back-
ground during redox cycling. By positioning the tip on top of a
grain and recording TERS spectra during a CV scan, we
observed a reproducible baseline shift correlated with the
state-of-charge. Furthermore, a relative intensity TERS map
reflecting this background signal matched the topography pre-
cisely, clearly identifying the grains as regions of higher inten-
sity (Fig. 4d and g). Although the characteristic LiFePO, and
FePO, peaks could not be unambiguously identified, the back-
ground response reflects surface-level changes synchronized
with lithium insertion and extraction. This suggests that TERS
remains sensitive to interfacial phenomena even in chemically
complex environments and highlights its potential as a diag-
nostic tool in such systems. Post-cycling ex situ TERS con-
firmed the coexistence of both LiFePO, and FePO, phases (ESI,
section IIIf), indicating that redox activity indeed occurred,
despite being masked during operando measurements. Further
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Fig. 4 Ex situ and operando TERS in LiFePO,. (a) Raman spectra from conventional Raman, ex situ TERS (averaged spectra across the map) and
in situ TERS (averaged spectra across the map in f. (b) Ex situ topography and (c) TERS map of the film. With the color code in a, i.e., red LiFePO,4 and
green FezO,4. Resolution was set to 100 nm per pixel, acquisition time 2 s per spectra. (d) TERS time map overlaid with the current density with the
tip on top of the grain in f. (€) Topography and (f) TERS map plotting the relative intensity changes of the background signal across the map. (g)

Cyclic voltammetry for the operando TERS.

high-resolution TERS mapping would be needed to elucidate
their spatial distribution and structural evolution in more
detail.

By capturing distinct interfacial behaviors in two model
cathode materials, this work demonstrates the versatility and
diagnostic power of operando TERS. Even when full spectral
resolution is limited, the technique yields valuable insight into
local electrochemical dynamics. TERS provides unique per-
spectives to examine local chemical environments and reaction
pathways with nanoscale resolution, which we believe is a criti-
cal requirement for advancing solid-state ionics and electro-
chemistry fields. Conventional Raman Spectroscopy cannot
always capture subtle surface or interface phenomena,
especially when secondary phases or defect-rich layers are con-
fined to tens of nanometers or even below. In contrast, TERS
probes these regions with spatial resolutions matching or even
below the characteristic interface dimensions in many battery
electrodes and solid electrolytes. This allows direct observation
of local lithiation/delithiation, phase transformations, and
defect-induced phenomena that would remain hidden when
using other measurement techniques.

Besides its spatial resolution, TERS can be coupled with
operando electrochemical setups, as demonstrated in this
work. By correlating time-resolved current-voltage signals with
chemical signature changes, TERS allows to visualize where
and when ion transport bottlenecks or accelerations occur,

M54 | EES Batteries, 2025, 1, N147-1157

whether in grains, grain boundaries, or near other functional
interfaces (e.g., electrode-electrolyte surfaces). This time-
resolved tracking of local phase evolution (including transient
or mixed valence states) informs rational design of electrode
architectures, doping strategies, and coatings that could
enhance overall battery performance. Such in situ/operando
insights could be equally key in understanding ion conduction
in solid electrolytes or monitoring degradation in next-gene-
ration devices like composite electrodes in all-solid-state bat-
teries. Equally exciting is the potential to extend TERS to
systems beyond lithium-ion chemistries, such as sodium-ion,
magnesium-ion, or solid oxide fuel cells, where complex reac-
tions at electrode-electrolyte interfaces can limit device
reliability. By revealing the interplay between local chemistry,
morphological changes and electrochemical performance,
TERS can become an essential technique that guides both fun-
damental materials research and practical energy-storage
device engineering.

Conclusions

We have demonstrated the use of operando Tip-Enhanced
Raman Spectroscopy (TERS) in two model cathode thin films,
LiMn,0, and LiFePO,, aiming to resolve grain- and grain-
boundary-specific lithium-ion dynamics. In LiMn,0,, time-

© 2025 The Author(s). Published by the Royal Society of Chemistry
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resolved TERS spectra captured phase transitions at the nano-
scale, revealing a delayed appearance of the A-MnO, phase at
grain boundaries indicative of enhanced Li" transport in these
regions, as supported by FEM simulations. The results directly
link local kinetic asymmetries to structural features, establish-
ing operando TERS as a powerful technique for probing inter-
faces in working battery materials.

By contrast, operando TERS on LiFePO, revealed no resolva-
ble vibrational modes in situ, likely due to surface reactivity or
amorphization in aqueous electrolyte. Nevertheless, we
observed systematic background modulation correlated with
the electrochemical cycle, enabling us to correlate Raman
signal with electrochemical activity at the nanoscale. Post-
cycling ex situ TERS confirmed the coexistence of LiFePO, and
FePO, phases, further proving the sensitivity of the technique.

Our results highlight the nature of grain boundary trans-
port phenomena and the dual advantage of TERS: its ability to
spatially resolve functional interfaces and to extract chemically
relevant signals even under challenging conditions. By inte-
grating operando spectroscopy with electrochemical measure-
ments and numerical modeling, this study opens the door to
interrogating ion transport in complex architectures at the
nanoscale. Operando TERS has the potential to become a
useful technique for providing unprecedented insights by
mapping dynamic processes at buried interfaces, including
space charge layers, interfacial degradation, adsorbates, or
proton intercalation, across a wide range of battery chemistries
and energy-storage systems.

Methods section

Thin films fabrication. Commercially available ceramic
targets of LiMn,O, (CODEX) and LiFePO, (Toshima) were
employed for LA PLD (LA-PLD-5000 PVD Products), equipped
with a Coherent (Lambda Physik) COMPex Pro 205 KrF
excimer laser (1 = 248 nm). These depositions were conducted
with a target-substrate distance of 90 mm, constant rotation
and laser 1.3 J] cm™ laser fluence inside the chamber, at
650 °C and 20 mTorr po, (LiMn,0,).>”*81%47>% and at 600 °C
and 1 mTorr py, (LiFePO,). The substrate was composed of
different layers as follows: Pt (70 nm)/Ti (10 nm)/SiO,
(400 nm) chips of 1 em?®. The film thickness is 175 nm and
170 nm for LiMn,O, and LiFePO,, respectively. XRD measure-
ments were performed to confirm the phase purity for both
LiMn,0, and LiFePO, (see ESI, sections I and IIL¥
respectively).

TERS measurements. Ex situ and operando TERS measure-
ments were carried out using a HORIBA AFM-Raman system,
which integrates an OmegaScope AFM with an XploRA Raman
spectrometer, along with a potentiostat/galvanostat worksta-
tion from Origalys. Our setup is located in a temperature-con-
trolled room with controlled temperature that minimizes
thermal and mechanical drift from the AFM stage and the
objective scanner. The general protocol to ensure the TERS
signal consists of checking the TERS signal on a carbon nano-
tubes (CNTs) reference sample before and after the experi-
ment. In addition, TERS effect and signal enhancement is

© 2025 The Author(s). Published by the Royal Society of Chemistry
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demonstrated before and after each map (tip in contact - tip
out of contact). Further discussion about the TERS protocol is
reported in ESI, section I, and ref. 28. For the operando
measurements, we used a custom-designed electrochemical
cell provided by Horiba. Our sample was connected as the
working electrode (WE), through the Pt border of the chip
itself; a Pt counter electrode (CE) was mounted on the left side
of the cell, while a metallic cable ran along the border of the
cell itself as a pseudo-reference electrode (REF), consisting of
an Ag wire. We report a schematic design of the setups in
Fig. 1 and further details in the ESI, section 1.7 The cell is then
located inside the AFM sample holder stage. The cell was then
filled with 1 M Li,SO, aqueous solution until the window’s
surface was completely in contact with the liquid. After the
probe’s location in the cantilever holder, a droplet of water was
gently put on the cut lens. This step is necessary to make the
first adjustments (e.g., tip feedback laser adjustment) before
the tip dips in the cell filled with liquid. The cell cables were
connected through a double aperture socket to a potentiostat
workstation (Origalys). For TERS measurements a p-polarized
638 nm laser wavelength with a local power of ~3 mW, an Au-
coated OMNI TERS tips, a 100x objective for the top view, and
a 50x water-immersive objective for the side view were chosen.
For AFM, the tapping mode was chosen with an oscillation
amplitude of 20 nm. The protocol for the TERS time map
acquisition consists of a map of 85 spectra with time acqui-
sition of 1 s per spectra. The CV was performed from 0.5 to
1.05 V with a scan rate of 5 mV s™* for LiMn,0O, and from —0.2
to 0.2 V with a scan rate of 10 mV s™* for LiFePO, (according to
the aqueous potential window and reference cables). During
these holding steps, we acquired a TERS map (total acquisition
time 400 s). In all operando experiments, the Raman and elec-
trical signals were synchronized by triggering the potentiostat
externally with the pulses of the charge-coupled device (CCD)
camera of the Raman instruments. Additionally, an oscillo-
scope was connected to both Raman and potentiostat worksta-
tions to visually ensure the synchronism of the signals.
2D finite element modelling. FEM simulations were per-
formed by COMSOL Multiphysics to understand the effect of
fast Li diffusivity in grain boundaries. The geometry studied
consisted in a 2D out of plane cross-section of the layers, com-
prising two half grains and one grain boundary, see Fig. 3b.
The thickness (170 nm) and lateral size (150 nm) of the grains
was directly modeled on our experimental data, while the
grain boundary width was fixed to 2 nm. In accordance with
previous works,*®> the model resolves the Nernst-Planck
equations describing insertion and diffusion of Li in the
LiMn,0, layer. High electronic conductivity of LiMn,0, allows
to consider a constant electrical potential in the layer*> and Li
transport can be simply simulated by Fick’s second law of
diffusion:
P~ ¥ (~Daen V1) @)
where D.pem is the chemical diffusion coefficient. A conven-
tional Butler-Volmer equation was considered for describing
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charge transfer and ion insertion at the electrolyte/LiMn,0,
interface of both grain and grain boundary. Li concentration
and cell voltage were related by the equilibrium open circuit
voltage profile, derived by Kuwata et al.*® CV simulations were
performed varying the electrical potential of the layer at the
same rate and with the same limits of the experiments.
Diffusivity coefficient of the bulk and charge transfer resis-
tance of the surface are varied until the simulated electro-
chemical current is comparable to the measured one (see
Fig. 3a). In simulated hypothesis 1, the diffusivity of the grain
boundary is fixed to be 4 orders of magnitude higher than the
bulk. This value is chosen to describe a characteristic case of
fast grain boundary diffusivity, not to properly fit the interface
diffusivity coefficient. In simulated hypothesis 2, the equili-
brium open circuit voltage profile in the grain boundary
region is shifted up by 0.3 V, to investigate the effect of a
delayed insertion. Finally, in simulated hypothesis 3, two
orders of magnitude of decrease of the charge transfer resis-
tance in the grain boundary surface region is set, describing
the case of a more facile ion insertion.
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