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Transient interference-based spectroscopy for a molecular-bond-
sensitive probe of lithium ion batteries

A molecular-bond-sensitive probe technigue is developed by
leveraging transient interference-based spectroscopy. By creating
plasma channels through nonlinear interference of multiple filaments,
we achieve extreme spatial confinement of laser pulses, enabling
peak intensities above 10 W cm?. This field directly ruptures molecular
bonds through tunneling ionization and triggers Coulomb explosion,
disintegrating materials into elements and fragments while preserving
molecular information. This technology enables identification of
lithium concentration changes as low as 0.3%, making it particularly
valuable for /n situ monitoring of atomic scale structural changes and
distinguishing Li,O by-products from active materials.
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Broader context

Transient interference-based spectroscopy for a
molecular-bond-sensitive probe of lithium
ion batteries

Mengyun Hu,t2° Enlai Wan, ¢ Yu Qiao,®*° Shupeng Xu,?°“ Shiwen Li,° Rui Zhu,®
Jiamin Guo,?® Xihao Chen 9 and Heping Zeng () +*3°¢

The lack of effective methods to track in situ lithium-ion distribution and structural evolution remains a
bottleneck in the battery industry, yet no techniques currently allow in situ dynamic detection of
detrimental Li,O under realistic conditions. Here, a molecular-bond-sensitive probe technique is
developed by leveraging transient interference-based spectroscopy (TIBS). By creating structured plasma
channels through nonlinear interference of multiple femtosecond laser filaments, we achieve extreme
spatial confinement of laser pulses, enabling peak intensities above 10 W cm™2. This field directly
ruptures molecular bonds through tunneling ionization and triggers Coulomb explosion, disintegrating
materials into constituent elements and fragments while preserving molecular signature information. The
resulting element-specific emissions allow intrinsic probing of the original chemical states and local
environments. When coupled with machine learning algorithms, this technique enables precise
identification of lithium concentration changes as low as 0.3%, making it particularly valuable for in situ
monitoring of atomic-scale structural changes and distinguishing the Li,O side product from active
materials.

Advancing next-generation batteries with higher energy density and longer lifespan is critical for the widespread electrification of transportation and grid-scale
renewable energy storage. A fundamental obstacle in this pursuit is the inability to directly observe, in real time and under operating conditions, the intricate
internal dynamics—such as lithium-ion migration and the formation of detrimental side products like Li,O—that ultimately govern battery performance and
degradation. This lack of effective in operando diagnostics at the molecular level hinders the rational design of new materials and the optimization of device

engineering. Here, we develop a novel molecular-bond-sensitive probe technique that overcomes this barrier. By enabling the precise, dynamic tracking of
lithium distribution and the unambiguous identification of Li,O formation at the atomic scale, our method provides an unprecedented window into the ““black
box” of battery operation. This breakthrough not only offers a direct path to deconvolute complex degradation mechanisms but also establishes a generalizable
platform for probing ultrafast chemical and structural evolution in a vast array of materials beyond energy storage, from catalysts to semiconductors.

Introduction

transformation in energy utilization.*” Its applications have
expanded beyond consumer electronics and electric vehicles to

The accelerating global transition towards carbon neutrality
has positioned lithium-ion battery technology as a corner-
stone of the future energy landscape,' driving a profound
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critical sectors such as aerospace and grid-scale energy
storage.® " The overall performance and safety of a lithium-
ion battery system are primarily dictated by the electrode
material, including its chemical composition, crystal structure,
surface morphology, and elemental distribution.">"* However,
we still lack in situ probes to track the microscopic movement
and spatial distribution of lithium ions, or to capture the
dynamic structural evolution of electrode materials, such as
phase transitions and lattice rearrangements during lithium
(de)intercalation. The continuous generation of Li,O perma-
nently sequesters active lithium and electrolyte components,
leading directly to irreversible capacity loss. To date, no
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techniques are able to effectively monitor Li,O nucleation,
growth, distribution, or decomposition. Current mainstream
analytical techniques for battery electrodes, such as X-ray
diffraction,"® scanning electron microscopy,'® transmission
electron microscopy,'”” X-ray photoelectron spectroscopy,'®
and Auger electron spectroscopy,'® face challenges in accurately
capturing the distribution of light elements like lithium or
tracking multi-scale structural evolution. These methods
involve destructive sampling and complicated preparation pro-
cedures, rendering them unsuitable for industrial applications.

While laser-induced breakdown spectroscopy (LIBS) has
been widely used for elemental analysis and depth profiling
in battery materials, it faces fundamental limitations in
molecular-level characterization. Conventional laser ablation
requires microsecond-scale plasma cooling periods, resulting
in the loss of molecular bond specificity. Furthermore, its
analytical sensitivity and quantitative accuracy are severely
compromised by complex electrode matrix effects, making it
particularly challenging to distinguish critical chemical states
such as Li,O formation from active lithium compounds or to
track elemental distribution with molecular signature preserva-
tion. Although femtosecond laser ablation could minimize
plasma background fluorescence, the inherent plasma defocus-
ing effect imposes a peak intensity limit of approximately 5 x
10" W em™? in air—insufficient to significantly distort mole-
cular potential barriers or induce observable bond breaking.
The electron density in single filaments rarely exceeds 10"
em*° falling short of the threshold required to initiate
detectable avalanche ionization of battery materials.

To overcome these fundamental constraints, we have devel-
oped a multi-filament interference approach, termed Transient
Interference-Based Spectroscopy (TIBS), that creates transient
plasma grating structures. This configuration enables substan-
tial enhancement of peak laser intensity and electron density,
achieving the necessary conditions for efficient molecular bond
breaking through tunnelling ionization and Coulomb explo-
sion processes. The resulting spectral signatures maintain
molecular-level specificity while providing the sensitivity
required for precise material characterization, particularly in
complex electrochemical systems where traditional methods
prove inadequate. When integrated with spectral reconstruc-
tion and backpropagation artificial neural networks, the
method achieves accurate identification of molecular bonds
across different concentration ranges. This advancement repre-
sents a significant step forward in analytical spectroscopy,
bridging the gap between conventional elemental analysis
and intrinsic molecular-level detection capabilities.

Results and discussion

The TIBS approach employs nonlinear interference of three
high-intensity femtosecond laser filaments to establish plasma
grating channels. As illustrated in Fig. 1(a), during femtosecond
laser propagation in air, a dynamic balance between Kerr self-
focusing and plasma defocusing effects generates stable
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femtosecond filaments.>® When two such filaments intersect,
their interference creates periodic constructive fringes, where
nonlinear self-focusing and plasma defocusing reach equili-
brium at significantly enhanced peak intensities, forming a
plasma grating®® with a modulation period of 1/[2sin(0/2)],
where /4 represents the central laser wavelength of the femto-
second laser pulses and 0 denotes the crossing angle between
non-collinear filaments. In our experimental configuration with
0 = 20°, this yields a plasma grating period of 2.3 pm, as shown
in the photos in Fig. 1(a). Below the photo is the calculated
spatial intensity distribution of the plasma channel. Notably,
these plasma grating channels exhibit exceptional confinement
characteristics with widths below 1 ym—significantly narrower
than the ~100 pm diameter typical of single filaments in
air—enabling tight self-guiding of laser pulses. The introduc-
tion of a third femtosecond filament creates a scaly plasma
grating structure that further confines pulses within channels
approximately 10 pm long and <1 pm wide. This extreme
confinement elevates the peak laser intensity, exceeding
10" W em ™ 2,** generating electric field strengths comparable
to intramolecular fields. At these extreme field strengths, the
laser-matter interaction proceeds through a cascade of ultra-
fast processes: initial tunneling ionization liberates electrons
and ruptures molecular bonds; these freed electrons subse-
quently gain energy from the confined laser field, triggering
avalanche ionization through collisions with atoms and mole-
cular fragments. The resulting ensemble of highly charged
positive ions after the instantaneous electron loss undergoes
violent Coulomb repulsion—a Coulomb explosion—that disin-
tegrates the molecular architecture into constituent species. In
particular, these molecular species undergo repeated collisions
with high-density electrons within the plasma grating channels,
which initiate and sustain avalanche ionization for hundreds of
nanoseconds post-irradiation, while their dynamic evolution
preserves distinctive fingerprints of the original molecular
structure. Different molecular bond excitations exhibit distinct
characteristics and remain unaffected by matrix effects. Such
laser-plasma synergistic excitations enable efficient molecular
bond breaking and generate bond-sensitive spectra.

During the interaction between laser and materials, inelastic
collisions dominate the excitation process. Tunnel ionization
induced by extreme electric fields is a field-driven, non-
collisional process. Electrons undergo reverse bremsstrahlung
radiation and inelastic collisions with atoms and ions to obtain
energy from the laser field and trigger avalanche ionization.
During the plasma expansion stage, inelastic collisions mainly
involve electron collision excitation, resulting in characteristic
emission spectral lines.

TIBS technology possesses depth profiling capabilities. It
has sufficient thickness resolution, enabling single-pulse
measurement and allowing for layer-by-layer analysis. Under
conditions of low laser energy and a limited number of pulses,
the surface of the material can be detected. By adjusting the
pulse energy and the number of pulses, under the excitation of
multiple femtosecond pulses, each laser pulse ablates a thin
and localized volume, rather than just the outermost layer of

This journal is © The Royal Society of Chemistry 2026
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Fig. 1

(a) Schematic diagram, photos, and spatial intensity distribution of femtosecond filament, plasma grating, and TIBS. The photos and spatial

intensity distribution map demonstrate that the width of the plasma channel is approximately 1 um. Schematic diagram of chemical bond breaking
induced by TIBS technology. (b) Structural changes in LiCoO, with different lithium concentrations. The crystal structures under three distinct atomic
coordination environments are compared. Structural simulation gives the bond lengths for different lithium concentrations.

the material. This means that the signal collected by each pulse
represents chemical information from a specific depth range,
rather than just information from the outermost surface. By
accumulating consecutive laser pulses, TIBS is able to detect
from the electrode surface to the interior of the material, thus
sequentially acquiring depth-resolved spectroscopic informa-
tion. Therefore, TIBS technology enables the monitoring of

This journal is © The Royal Society of Chemistry 2026

compositional evolution along the thickness direction of the
electrode, which is crucial for characterizing non-uniform
delithiation and interfacial side reactions.

Considering the lithium-ion distribution characteristics of
batteries during charging and discharging processes, we
employed Vesta software to simulate structural changes in the
LiCoO, cathode material at different lithium concentrations.>*

Energy Environ. Sci., 2026, 19, 2889-2899 | 2891
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As shown in Fig. 1(b), atomic-scale analysis reveals noticeable
changes in Co-O and Li-O bond lengths with varying lithium-
ion concentration. In LiCoO, cathode materials with different
atomic ratios, the lengths of the Co-O bond are 1.90, 1.92, and
1.94 A, and those of Li-O bond are 2.19, 2.13, and 2.11 A,
respectively. The specific atomic ratios are marked in Fig. 1(b).
The results indicate that lithium-ion concentration directly
influences the local bonding environment, inducing subtle
adjustments in the electrode material structure. Therefore,
developing high-precision quantitative analysis methods can
facilitate the accurate identification of atomic-scale structural
features and provide new pathways for highly sensitive diag-
nosis of battery states. TIBS technology, with its unique mecha-
nism of breaking chemical bonds, is highly suitable for
detecting differences in chemical bonds.

Lithium-ion battery technology utilizes various cathode
material systems, with prominent examples including LiFePOy,,
LiCoO,, LiMn,0,, and LiNiCoAlO,. We selected olivine-
structured LiFePO, and layered LiCoO, as the representative
cathode materials to assess TIBS performance for different
chemical structures and elemental compositions. Intense fem-
tosecond laser pulses were directed to interact with the elec-
trode materials under ambient atmospheric conditions. Laser-
induced emissions were analyzed using an on-chip integration
mode of an ICCD camera (iStar, Andor Technology) integrated
with a spectrometer (Mechelle 5000, Andor Technology). The
transient dynamics of plasma evolution were resolved by vary-
ing the detection delay time while maintaining a fixed exposure
duration of 0.2 seconds per acquisition. Each measurement
accumulated 200 consecutive spectra to enhance the signal-to-
noise ratio (SNR). TIBS technology does not require a specific
gas environment. All measurements were performed in ambi-
ent air. Fig. 2(a) and (b) present the time-resolved spectra of
LiFePO, and LiCo0O,, revealing distinct temporal characteristics
in their plasma emission behavior. At zero delay time, the
immediate laser-matter interaction, dominated by tunneling
ionization and molecular bond rupture, produces the highest
spectral line intensities. TIBS can generate atomic emissions
from Li, Fe, and Co simultaneously—the process liberates all
atomic species from the lattice in one explosive event, allowing
for their simultaneous detection. Crucially, the absence of
significant plasma background interference enables clear reso-
lution of element-specific emissions—a notable advantage over
nanosecond LIBS, where strong plasma fluorescence typically
masks early-stage spectral features. As shown in Fig. 2(c) and
(d), the temporal profiles of characteristic peak intensity and
SNR reveal element-specific decay features. The Fe and Co
spectral lines exhibit rapid decay, diminishing to near-
background levels after 300 ns, while the Li signal remains
detectable with up to 600 ns delay. These decays exhibit much
longer equivalent lifetimes than the corresponding electronic
emissions, indicating that these excited species experience
significant impact excitations due to collision with high-
density electrons in the plasma channels.

Across all delays, the Li signal exhibits consistently higher
intensity than both Fe and Co. During laser interaction with

2892 | Energy Environ. Sci., 2026, 19, 2889-2899

View Article Online

Energy & Environmental Science

both electrode materials, Li* ions are primarily ejected during
Coulomb explosion, and their collision with electrons are
enhanced within the plasma grating channels. Fe or Co ions
were excited quite differently during the laser interaction
period. In olivine-structured LiFePO,, the Fe®" ion has less
tightly bound electrons compared to the Li* ion. The highly
localized Fe-O bonds are broken first by the direct removal of
electrons, and the Li-O bonds are broken during the resulting
Coulomb explosion, while the covalently bonded phosphate
framework behaves as a rigid disintegrating unit during Cou-
lomb explosion. This was validated by the fact that negligible P
emission lines were observed in LiFePO,. In layered LiCoO,, the
laser field preferentially removes electrons from the cobalt and
oxygen ions in the covalent-ionic network of the CoO, layer. The
Co-O bonds are broken first by the direct removal of electrons,
triggering a Coulomb explosion that dismantles the entire
structure, including the ionic Li sites. All the excitations pre-
serve the molecular bond signatures, whose characteristic
features—including wavelength, intensity, line width, and tem-
poral evolution—provide critical structural fingerprinting infor-
mation for the electrode materials. An optimal acquisition
delay was set at 300 ns for LiFePO, and 200 ns for LiCoO,,
providing maximum sensitivity for their respective elemental
signatures while maintaining excellent spectral quality for
discrimination of different material states.

The spectral performance was compared for three different
excitation methods: single femtosecond filaments, plasma grat-
ings, and the TIBS configuration. As demonstrated by the
characteristic Li I 610.4 nm emission line shown in Fig. 2(e)
and (f), the spectral intensities obtained through these three
approaches show remarkable differences. The TIBS technique
yields the strongest spectral signal, with intensity approxi-
mately four times greater than that achieved with single-
filament excitation and about double that obtained through
plasma-grating excitation. This confirms that TIBS plasma
grating channels had enhanced laser electric fields and ele-
vated electron density, thus giving the strongest molecular
rupture and explosion for precise differentiation of material
compositions across diverse concentration ranges, structural
configurations, and chemical states.

As shown in Fig. 3(a) and (b), LiFePO, and LiCoO, dominate,
with Li, Fe, and Co characteristic peaks.>>*” As the electrode
materials are coated onto an aluminum foil substrate, char-
acteristic aluminum signals are detected in both spectra. It is
noteworthy that TIBS provides powerful bond-breaking specifi-
city to distinguish the detrimental side product Li,0*%*° from
other active lithium compounds. Fig. 3(c-f) present spectra
obtained under the TIBS configuration for the mixture of
LiFePO, and LiCoO,, and for Li,O, Fe,O3, and CoO, respec-
tively. The bond-sensitive nature of TIBS was evidenced by the
strong Li I emission lines at 460.3 and 497.2 nm from Li,O,
which were much stronger than those from LiFePO, and
LiCo0O,. The bond rupture in Li,O is initiated by the direct
ionization of the oxygen anion, leading to an instantaneous
Coulomb explosion that violently disassembles Li,O into its
atomic ions, allowing for precise detection and differentiation

This journal is © The Royal Society of Chemistry 2026
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Fig. 2 Time evolution of spectra of (a) LiFePO4 and (b) LiCoO,. Their time-resolved spectra give the temporal evolution characteristics of plasma.
Temporal variations in characteristic peak intensity and signal-to-noise ratio of (c) LiFePO,4 and (d) LiCoO,. The different decay features of Li, Fe, and Co
spectral lines reveal their distinct excitation modes. Spectra comparison of (e) LiFePO,4 and (f) LiCoO, achieved by three different excitation methods:
single filament, plasma grating, and TIBS, respectively. TIBS obtains the strongest spectral signal, which confirms that the TIBS plasma channel enhances

the laser electric field and increases the electron density.

from other lithium compounds, which, as aforementioned,
undergo quite different bond rupture and Coulomb explosion.

As a battery electrode comprises composite materials, such
as a blend of LiFePO, or LiCoO,, conductive carbon, and a
binder, the illuminating intense femtosecond laser pulse inter-
acts with all components, and those with lower ionization
thresholds or more localized electrons ionize more readily.
Each distinct chemical phase in the mixture undergoes its
own localized Coulomb explosion. In the TIBS configuration,
intensified bond rupture and compound-specific Coulomb
explosions produce observable atomic and molecular frag-
ments of each individual component, which are ejected into

This journal is © The Royal Society of Chemistry 2026

plasma grating channels of enhanced electron density, result-
ing in dramatic enhancement of impact excitation, emitting a
composite spectrum that contains quantifiable information
about each component. When a composite battery electrode
is subjected to an intense femtosecond laser pulse, as shown in
Fig. 3(c), elemental signals for Li, Co, and Fe are detected
simultaneously. The corresponding oxides show characteristic
peaks identical to those in the electrodes, indicating that
mechanical mixing and high-energy ball milling—key precur-
sor processing steps in electrode material synthesis—could
partially replicate the physicochemical properties of electrode
materials, resulting in spectral consistency.

Energy Environ. Sci., 2026, 19, 2889-2899 | 2893
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Fig. 3 TIBS spectra of (a) LiFePQOy,, (b) LiCoO,, and (c) mixture of LiFePO,4 and LiCoO5, (d) Li,O, (e) Fe;Os, and (f) CoO. In the spectrum, the characteristic
peaks of Li, Fe, and Co are dominant. Aluminum is detected because the electrode materials are coated onto an aluminum foil substrate. Especially, in the
spectrum of Li,O, the intensity of Li | at 460.3 and 497.2 nm is much stronger than that of LiFePO,4 and LiCoO,, which proves the bond-sensitive nature of

TIBS.

Subsequently, guided by the ion migration behavior during
the charging and discharging process, we conducted a quanti-
tative analysis of the lithium battery electrode materials. First,
we analyzed standard pellet samples of Li,O, Fe,O3, and CoO
with different concentrations. For each concentration, ten sets
of spectra were collected under identical conditions. The aver-
age spectral line intensity served as the quantitative basis for
establishing calibration curves for Li, Fe, and Co, as shown in
Fig. 4(a—c). Each calibration curve exhibits good linearity, with
R? values of 0.98 (Li), 0.98 (Fe), and 0.96 (Co), respectively. To
simulate the complex component environment of actual elec-
trode materials, mixtures of LiFePO, and LiCoO, were used as

2894 | Energy Environ. Sci., 2026, 19, 2889-2899

detection targets. Samples of different concentrations were
prepared through standardized sample preparation proce-
dures. Across different concentrations, the corresponding
structural differences were successfully captured, as shown in
Fig. 4(d-f). The characteristic spectral lines for each element
show discernible changes across different compositions. Using
lithium as an example, the main peak positions for the three
concentrations are 610.20, 610.08, and 610.19 nm, with full
width at half-maximum (FWHM) values of 0.95, 0.94, and
0.60 nm, respectively. This indicates that the characteristic
spectral lines are profoundly sensitive reporters of the local
chemical and physical environment. There exists a very close

This journal is © The Royal Society of Chemistry 2026
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Fig. 4 Calibration curves of (a) Li, (b) Fe, and (c) Co in Li,O, Fe,Os, and CoO. Ten sets of spectra were collected under the same conditions, and their
average values were used as the quantitative basis. Characteristic spectra of (d) Li, (e) Co, and (f) Fe in the mixed electrode materials with a total mass of
0.29(0.14 g LiFePO4 + 0.06 g LiCoO,, 0.08 g LiFePO4 + 0.12 g LiCoO,, 0.04 g LiFePO4 + 0.16 g LiCoO,). Across different concentrations, corresponding
structural differences were successfully captured, including spectral intensity, peak wavelength, linewidth, and spectral shape, which indicate that
distinguishable spectral changes can be used to monitor atomic-scale structural differences. Calibration curves of (g) Li, (h) Fe, and (i) Co in two electrode
material mixtures. Quality proportion means the ratio of the total mass of the target elements in the two materials to the total mass of 0.2 g.

correlation between spectral features and chemical structures,
demonstrating that the discernible changes in spectral inten-
sity, peak wavelength, line width, and spectral shape could be
used to monitor atomic-scale structural differences.
Quantitative analysis was then performed on the mixed
electrode materials. After standardized sample preparation
via ball milling and pelletizing, calibration curves were estab-
lished. As shown in Fig. 4(g-i), the spectral line intensities of Li,
Fe, and Co maintain a good linear relationship with mass
fractions, with R* values of 0.93 (Li), 0.95 (Fe), and 0.94 (Co),
meeting quantitative analysis requirements, although the line-
arity is slightly inferior to that of the oxide standard samples.
This difference primarily stems from the complex composition
of the actual electrode materials: beyond the active materials
LiFePO, and LiCoO,, inactive components such as binders and
conductive agents interfere with the plasma excitation process,
affecting the quality of the calibration curves. Additionally,
both sample types exhibit relatively large error ranges in their
calibration curves.
The observed
including spectral

features,
central wavelengths, and

spectra contain discernible
intensities,

This journal is © The Royal Society of Chemistry 2026

temporal evolutions, which reveal the physicochemical signa-
tures of concentration, chemical states, and fragment
dynamics, respectively. The entire rupture of the mixture, from
the microscopic bond breaking and Coulomb explosion to the
impact excitation in the macroscopic plasma grating structures,
is encoded into the complex spectrum, which could be set as a
high-dimensional fingerprinting pattern for machine-learning
to decode the intrinsic molecular structure information.

The observed spectral lines were then processed by means of
the so-called spectral reconstruction (SR) method.*" This
method establishes projection operations based on the intrin-
sic spectral characteristics, utilizing time-frequency features to
map the observed data onto a low-dimensional feature sub-
space, thereby enhancing source feature identifiability while
effectively suppressing noise. Using the highest concentration
sample as the reference spectrum, spectral reconstruction was
performed on the other five concentration samples. Fig. 5(a)
compares the original and reconstructed spectra, showing
significantly reduced background noise and more prominent
signal features. When the reconstructed spectra were used for
quantitative modeling, the resulting calibration curve exhibited
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Fig. 5 (a) The difference between original spectrum and reconstructed spectrum. In the reconstructed spectrum, background noise is significantly

reduced and signal features are more prominent. (b) Calibration curve of Li based on the reconstructed spectrum. The linearity of the calibration curve is
significantly improved, and the error range is greatly reduced. (c) The confusion matrix of the test set. The deep purple squares indicate the correct
number of identifications, totaling 56 groups. (d) Recognition accuracy of ten independent repeated experiments, with an average accuracy of

approximately 94.7%.

markedly improved linearity, with the R* value increasing to
0.99, and the error margins were substantially narrowed, as
shown in Fig. 5(b). Furthermore, based on the reconstructed
spectral data, a backpropagation artificial neural network (BP-
ANN) model was developed to identify electrode materials with
different lithium concentrations. This model computes outputs
through forward propagation and utilizes an error backpropa-
gation mechanism with a gradient descent algorithm to
iteratively adjust network weights and biases layer by layer,
minimizing prediction error and achieving high-precision fit-
ting of complex nonlinear mapping relationships. Given that
lithium characteristic peaks vary in position, FWHM, and
intensity across concentrations, the 604-617 nm wavelength
range (comprising 362 data points), which encompasses the
complete spectral profile, was selected as the input feature. The
dataset includes five concentrations, with 40 spectra per
concentration; 70% was allocated as the training set and 30%
as the test set. The prediction results on the test set are shown
in Fig. 5(c). If the test value is consistent with the true value, the
recognition is correct, as shown in the dark purple square in
the figure. The confusion matrix indicates that a total of 60 sets

2896 | Energy Environ. Sci., 2026, 19, 2889-2899

of data were used for validation, of which 56 were correctly
identified and only four were incorrectly identified, yielding an
identification accuracy of 93.3%. To assess model stability, ten
independent replicate experiments were conducted, resulting in
an average accuracy of approximately 94.7%, demonstrating good
consistency, as shown in Fig. 5(d). TIBS reinforced by machine
learning algorithms enables in situ and real-time monitoring of
the microscopic chemical dynamics during the charging and
discharging processes, capable of accurately detecting concen-
tration changes as low as 0.3%. The successful recognition of
different concentrations is equivalent to the identification of
different bond lengths and atomic-scale structural differences.
The spectroscopic signature of the battery electrode is
fundamentally determined by its local chemical environment
and bonding, which could be mimicked through different
processing routes. Specifically, mechanical mixing and high-
energy ball milling could activate solid-state reactions of
powder mixtures, such as Li,O, Fe,O3, and CoO, to form
compounds with requisite stoichiometries, mimicking
chemical environments of a real complex electrode. Moreover,
mechanical processing continually fractures particles and alters

This journal is © The Royal Society of Chemistry 2026
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the physicochemical states, creating surface defects or disordered
states that can replicate the local bonding environments found in
materials that have been cycled in a battery operation. These
processing steps effectively create model systems that allow for
more accurate machine learning model training.

Conclusions

In summary, we have demonstrated the bond-sensitive nature
of TIBS that provides a powerful tool for state recognition and
in situ performance monitoring of battery electrodes. Experi-
mental results demonstrate that compared to femtosecond
filament excitation, TIBS enhances the characteristic spectral
line intensity by approximately fourfold while effectively sup-
pressing background noise. Quantitative analysis of electrode
samples with precisely controlled lithium content successfully
captured spectral differences corresponding to distinct struc-
tures, indicating the method’s capability to identify atomic-
scale structural variations and validating the exceptional linear
response and high-precision compositional analysis of TIBS for
element identification. Further application of spectral recon-
struction methods to process the original spectra improved the
calibration curve fitting coefficient to 0.99 and significantly
reduced error ranges. Integrated with machine learning algo-
rithms, the approach achieved precise identification of concen-
tration differences as low as 0.3%, with an identification
accuracy of 94.7%. By integrating theoretical modeling, experi-
mental diagnostics, and machine learning, this study proposes
a rapid, high-precision comprehensive detection method for
lithium battery electrode materials. This method not only
enables quality and safety control of battery components but
also facilitates rapid monitoring of lithium battery performance
and identification of battery health status. Furthermore, it

provides atomic-scale structural analysis capabilities,

M1 M2

MS

BS1(1:2)
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delivering key technical support for the development of next-
generation energy storage systems.

TIBS technology is not only applicable to the Li,O, LiFePO,
and LiCoO, used here, but also usually applicable to various
materials, including soft materials, organic components, poly-
mers, etc. TIBS is a universal approach that can detect any
element in principle. TIBS can analyze substances in almost all
states (solid, gas, liquid). For batteries, it is very suitable for
detecting various forms of samples such as thin films, thick
electrodes, and powders (pressed into tablets), etc. The TIBS
technique proposed in this work, with its unique bond-
sensitive characteristics, is applicable to more complex cathode
materials involving anionic redox reactions.

Methods

Experiment

The experimental setup is shown in Fig. 6. The light source
used for laser ablation was a Ti:sapphire regenerative laser
(Coherent Inc.) operated at a fundamental wavelength of
800 nm. It delivered 50 fs pulses at 1 kHz repetition rate, with
a maximum single-pulse energy of 3 mJ. The laser beam first
passed through two beam splitters to split into three beams of
equal energy. Each beam passed through a focusing lens (f =
200 mm) to form a filament. Stepper motors were used to
regulate the spatiotemporal synchronization of the three fila-
ments. This ensured the formation of periodic plasma chan-
nels—plasma gratings. Unlike traditional pulsed lasers, this
plasma grating was used to excite samples and generate
plasma. The electrode material was fixed on an electric dis-
placement platform, and excitation at different positions of the
electrode material was achieved by adjusting the position of the
displacement platform through a controller. The fluorescence
emitted by the plasma was collected and focused onto an

M6

Mi11 M10

Computer

Optical fiber

Spectrometer (ICCD)

Fig. 6 TIBS experimental device. (A laser beam is divided into three beams of equal energy after passing through two beam splitters. After passing
through several mirrors, they are focused to form three femtosecond filaments, which are adjusted to be spatially consistent and temporally
synchronized. The three femtosecond filaments are nonlinearly coupled to form a plasma grating.)

This journal is © The Royal Society of Chemistry 2026
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optical fiber via two lenses (f= 30 mm), which was connected to
an Echelle spectrometer (Mechelle 5000, Andor Technology).
The spectrometer covered the spectral range of 200-850 nm
with a resolution of 0.1 nm and was equipped with an intensi-
fied charge coupled device (ICCD) detector.

Differences in sample surface and volume do not affect the
detection capability of TIBS. The minimum sample thickness
required for reliable analysis of the current experimental setup
can reach the micrometer level, and detecting thinner samples
requires further optimization. There is no upper thickness
limit, so long as the sampling space allows it. The area for
signal extraction is controllable. In this experiment, the dis-
tance from the sample to the detection system is 12 mm. The
signal is collected by two short-focus lenses (f = 30 mm)
positioned at a 45° angle above the laser focal spot. The
distance between the two lenses is twice the focal length, which
can be adjusted as needed.

Sample preparations

When conducting quantitative analysis, Li,O, Fe,O3, and CoO
were initially used as the standard materials. These oxides were
added to a 1.0 g standard soil matrix in increasing amounts:
1.0, 1.5, 2.0, 2.5, 3.0, and 3.5 g. The mass fractions of Li, Fe, and
Co were then calculated for each concentration. After homogeniz-
ing the mixture through planetary ball milling, standardized
tablets were prepared for TIBS analysis. Then, to simulate the
complex characteristics of electrode materials in actual detection
scenarios, mixed samples of LiCoO, and LiFePO, were prepared.
Six sets of mixed samples with different mass ratios (total mass is
0.2 g) were designed. Standardized tablets were prepared using
the same operating procedure for experimentation.

Spectral reconstruction method

This method comprises two main components: the establish-
ment of a mapping matrix from standard spectra and the
reconstruction of measured spectra based on this matrix. The
mapping matrix is derived by projecting standard spectra onto
a sinusoidal spectral basis. The mapping matrix E,,, contain-
ing the positional transformation information is obtained by
choosing the nearest ‘“neighbor” rule from the set standard
sine spectrum. The reconstructed spectrum Mj,, in this
method is calculated by:

Ryvn = Mlxn'men (1)
T
M{XW = Rll xn ' Em><n (2)

where M., is the measured spectrum, which is subjected to a
mapping matrix to obtain the mapping spectrum R;,. Then,
the reconstructed sine spectrum R|,, is obtained after fitting

the mapping spectrum R;.,. Mj,,, is the reconstructed spec-

trum obtained through the transpose matrix E/_,

of the map-
ping matrix Ey,;.,.
Backpropagation artificial neural network

BP-ANN is a multi-layer feedforward network based on the
gradient descent principle. It computes outputs through

2898 | Energy Environ. Sci., 2026, 19, 2889-2899
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forward propagation and subsequently adjusts network para-
meters by backpropagating prediction errors. In classification
tasks, input data undergo nonlinear transformations through
hidden layers, ultimately generating class probability distribu-
tions at the output layer. During training, the system calculates
error gradients by comparing predictions with ground-truth
labels. These gradients are propagated backward through the
network to iteratively update weights and biases, enabling the
model to progressively approximate an optimal mapping rela-
tionship and achieve accurate classification. Here, given that
lithium characteristic peaks vary in position, FWHM, and
intensity across concentrations, the 604-617 nm wavelength
range (comprising 362 data points), which encompasses the
complete spectral profile, was selected as the input feature. By
associating different spectral features with different battery
states, high-precision state recognition of lithium batteries
can be achieved.
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