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ABSTRACT: Operando time-of-flight secondary ion mass spectrometry (TOF-SIMS) was applied to solid-state batteries (SSBs) to
visualize the dynamic electrode reactions. The SSBs consist of a LiNi0.8Co0.15Al0.05O2 (NCA) composite positive electrode, a
Li4Ti5O12 (LTO) composite negative electrode, and a Li2OHCl0.9F0.1/Li0.31La0.56TiO3 composite solid electrolyte, which were
fabricated by a pressure-assisted melt infiltration method. Reversible changes in 6Li+, 58Ni+, and 48Ti+ intensities were observed
during charge−discharge processes. The intensity change of transition metal secondary ions is attributed to changes in ionization
efficiency (matrix effects) and correlates with the state of charge. Reaction inhomogeneity was detected in the NCA composite
electrode, indicating that the solid electrolyte infiltration has a positive effect on the electrochemical performance, whereas the LTO
electrode exhibited uniform reaction distribution. These findings demonstrate that operando TOF-SIMS can provide critical insights
into reaction distribution and irreversible capacity in SSBs, thereby guiding the optimization of electrode architectures.

Solid-state batteries (SSBs) that utilize solid electrolytes
offer enhanced safety and energy density, positioning them

as promising candidates for next-generation energy storage
systems.1−5 However, due to the entirely solid nature of SSBs,
interface issues arise, such as loose contacts between particles
and crack formation due to volume changes.6−12 These
interfacial issues hinder ion transport, leading to nonuniform
electrochemical reactions within the electrodes, which in turn
cause capacity loss.13−16 To solve this problem, a technology
must be developed that visualizes the diffusion of lithium ions.
Despite its significance, few techniques are currently available
for visualizing the spatial distribution of lithium ions, primarily
due to the inherent difficulty of detecting lithium�with its low
electron density�using conventional electron or X-ray-based
methods. Recently, advanced methods for visualizing Li
distribution have been reported using scanning transmission
electron microscopy (STEM) with electron energy loss
spectroscopy (EELS), which can visualize Li distribution in
active materials at the nanometer scale.17,18 However, this
method has a limited observation range and usually detects

only a few active material particles. Nuclear magnetic
resonance (NMR) imaging19,20 and X-ray photoelectron
spectroscopy (XPS)21,22 are also methods that can be used
to investigate the spatial distribution of Li; however, they have
limitations in terms of spatial resolution. Time-of-flight
secondary ion mass spectrometry (TOF-SIMS) is a technique
that allows for the study of lithium distribution with high
spatial resolution and sensitivity by analyzing the mass of Li+
ions.23−39 Additionally, it can distinguish isotopes and measure
other elements simultaneously. Its spatial resolution ranges
from several nanometers to the micrometer range. Unlike
STEM-EELS, it is well suited for wide-area analysis and can
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complement SEM by enabling, for instance, the simultaneous
observation of both the positive and negative electrodes.
Applying TOF-SIMS to solid-state batteries enables

operando observation of the charging and discharging
processes. Masuda et al. initially reported that changes in the
intensity of Li+ in cathode active materials, LiCoPO4, in an
SSB can be visualized through operando TOF-SIMS.37 They
also noted that the apparent Li+ intensity undergoes changes
due to ion beam damage. Yamagishi et al. employed operando
TOF-SIMS to visualize the process of Li extraction from the
cathode active materials (LiNi0.8Co0.15Al0.05O2) and insertion
into the anode active materials (graphite) in sulfide solid-state
batteries.23,38 As demonstrated by Walther et al., ex situ TOF-
SIMS analysis of sulfide SSBs can detect reaction products at
the cathode/electrolyte interface with high sensitivity and
elucidate the degradation mechanism.27 Bessette et al. studied
the matrix effect of the cathode active material (Li-
Ni0.5Mn0.3Co0.2O2) by ex situ TOF-SIMS analysis to provide
a quantitative analysis of Li.35 Previous operando TOF-SIMS
studies have mainly focused on lithium species. However, their
mobility under primary-ion bombardment hampers the direct
visualization of charge−discharge reactions. In this work, we
instead target transition-metal species (58Ni+ and 48Ti+), which
are immobile and less affected by primary-ion irradiation. We
demonstrate that changes in their signal intensity can
reasonably reflect the state of charge during cycling, enabling
wide-field and reversible imaging of the reaction processes.
Here, TOF-SIMS is positioned as a technique capable of
simultaneously visualizing positive and negative electrodes in
oxide-based solid-state batteries, offering new insights into
reaction distributions and capacity loss.
The SSBs were prepared by a pressure-assisted melt

infiltration method.40 The battery fabrication details are
documented in the Supporting Information and another
paper41 and will be briefly described here. The configuration
of the solid-state battery is composed of five layers: Al current
collector/composite anode/composite solid electrolyte/com-
posite cathode/Al current collector. Figure 1(a) shows a

schematic illustration of the SSB. The active materials for the
negative and positive electrodes are Li4Ti5O12 (LTO) and
LiNi0.8Co0.15Al0.05O2 (NCA), respectively. The composite solid
electrolyte is composed of perovskite-type Li0.31La0.56TiO3
(LLTO) and antiperovskite-type Li2OHCl0.9F0.1.

42−44 The
combination of these solid electrolytes, which possess matched
lattice constants, enables high ionic conductivity.41 In this
study, we employed a melt-infiltrated configuration as a model
solid-state battery that can operate without external cell
pressure during cycling, thereby enabling operando cross-
sectional TOF-SIMS measurements. Although this config-
uration does not fully reproduce the external stack pressure or
multilayer architecture of practical solid-state battery stacks, it
captures the essential solid-electrolyte−active-material inter-
faces established through melt infiltration.
Figure 1(b) presents SEM images of the SSB cross section

prior to operando SIMS. The specimen cross section was
smoothed by focused ion beam (FIB) machining. The layers of
Al, the cathode, the solid electrolyte, the anode, and Al are
visible. The square regions depicted in the SEM image
correspond to the areas observed in the operando SIMS, and
they are shown magnified. In the composite cathode region,
spherical NCA secondary particles are cracked and the solid
electrolyte is observed to have soaked into the gaps by
pressure-assisted melt-infiltration. Such cracking together with
electrolyte penetration facilitated by melt-infiltration has been
reported to stabilize interfacial resistance and enhance cycling
performance.41 In the region of the solid electrolyte, the
presence of white LLTO particles, gray Li2OHCl0.9F0.1, and
black regions corresponding to LiOH is observed. In the anode
region, spherical LTO particles possess a porous structure, with
the Li2OHCl0.9F0.1 electrolyte filling the gaps (Figure S1 in the
Supporting Information).41 This sample exhibits a high degree
of density with minimal voids. Electrochemical and structural
characterizations including electrochemical impedance spec-
troscopy, three-dimensional SEM, and STEM have been
reported in our previous work.41

Figure 1. (a) Schematic of the solid-state battery. (b) Cross-sectional SEM image of the SSB. (c) Schematic of operando TOF-SIMS. (d) Charge−
discharge curves of the first and second cycles of the SSB during operando TOF-SIMS measurements.
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Figure 1(c) presents a schematic representation of the
operando TOF-SIMS. The battery is positioned between two
stainless steel plates and is connected to an electrochemical
workstation, enabling operando measurements during charge
and discharge cycling in the instrument (TOF.SIMS 5,
IONTOF GmbH). TOF-SIMS enables wide-field visualization
of reaction distributions in solid-state batteries and serves as a
complementary technique to SEM. In this study, both the
positive and negative electrode regions (each 80 × 30 μm2)
were captured simultaneously with a total integration time of
1600 s. The detailed measurement conditions are described in
the Supporting Information.
Figure 1(d) shows the charge−discharge curves during

operando TOF-SIMS measurements. The cathode and anode
capacities of the SSB are designed to be 0.32 mAh cm−2 and
0.13 mAh cm−2, respectively. This design enables the cathode
to attain 40% utilization when the anode is fully charged. The
area of each electrode is 0.2 cm2. The constant current charge/
discharge conditions are 0.03 mA cm−2 (0.2 C) and include a 1
h constant voltage hold. The charge capacity of the first cycle is
29 μAh (0.145 mAh cm−2), which slightly exceeds the
designed capacity of the negative electrode. The discharge
capacity was 25 μAh (0.125 mAh cm−2), showing an
irreversible capacity of 14%. The charge and discharge
capacities of the second cycle are 25 and 22 μAh, respectively.
As will be shown later, this slight excess capacity may originate
from side reactions involving the solid electrolyte (LLTO) on
the anode side.
Figure 2 shows the operando TOF-SIMS results for the first

cycle, with (a,f) representing the positive electrode region and
(g,l) representing the negative electrode region. In the positive
electrode, 6Li+ and 58Ni+ images are shown in (a)−(c) and
(d)−(f), respectively, while in the negative electrode, 6Li+ and
48Ti+ images are shown in (g)−(i) and (j)−(l). Prior to
imaging measurements, solid-state batteries were analyzed in
TOF-SIMS spectrometry mode (Figure S2 in the Supporting
Information), confirming that transition-metal ion signals (e.g.,
58Ni+ and 48Ti+) dominate over lithium-related fragments,
enabling reliable imaging and accurate ion identification.

The NCA particles in the positive electrodes are outlined by
white dotted lines. Upon full charge, the 6Li+ intensity in the
NCA slightly decreases, while the 58Ni+ intensity clearly
increases. Upon full discharge, the 6Li+ intensity recovers and
58Ni+ intensity decreases. These reversible changes indicate
that variations in the secondary ion intensities correspond to
compositional changes caused by Li extraction and insertion in
NCA. Some NCA particles retain a high intensity of 58Ni+ even
after full discharge, suggesting heterogeneity in the electro-
chemical reaction. The complete TOF-SIMS experimental
data, including intermediate charge−discharge states, are
presented in Figures S3−S8. A similar trend is observed for
59Co+, as shown in Figure S6 of the Supporting Information.
Bessette et al. performed ex situ SIMS experiments on NMC-
532 and reported that Li extraction during charging decreases
7Li+ intensity and increases 58Ni+, 55Mn+, and 59Co+

intensities.31 At full charge, Li intensity drops one-third,
whereas Ni, Mn, and Co intensities increase approximately 10-
fold. These trends are consistent with the experimental results.
Although TOF-SIMS is inherently destructive, measure-

ments conducted within or below the static SIMS regime
(∼1013 ions cm−2) are effectively nondestructive because
removal is limited to less than one surface monolayer (∼1015
atoms cm−2).45 In our experiments, the primary ion dose was
1.2 × 1014 cm−2, slightly exceeding the static limit but
remaining below the monolayer density, equivalent to the
removal of approximately one monolayer over ten measure-
ments. Thus, the operando conditions used here allow practical
multicycle observation with minimal material loss, although
irradiation-induced redistribution of mobile ions cannot be
fully excluded.
The LTO particles in the negative electrodes are indicated

by the white dotted line in Figure 2(g) and (j). The signal
observed above the LTO particles in the 48Ti map is attributed
to the LLTO solid electrolyte particles. The Li concentration
in the LTO increases with charging, while the 6Li+ intensity
displays a negligible change during the charging and
discharging processes. The detailed reason the 6Li+ intensity
remains unchanged is unclear, but there are several reasons.

Figure 2. Secondary ion images obtained by operando TOF-SIMS. (a−c) 6Li+ images of the positive electrode region: (a) before charging, (b) fully
charged, and (c) fully discharged. (d−f) 58Ni+ images of the positive electrode region. (g−i) 6Li+ images of the negative electrode region. (j−l)
48Ti+ images of the negative electrode region.
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One is that the LTO has a porous structure with a size of less
than 200 nm and forms a dense composite with the electrolyte
(Figure S1).41 Therefore, with the SIMS spatial resolution (∼2
μm), the electrolyte and anode signals overlap on the same
pixel. The second is the influence of the matrix effect caused by
changes in the chemical potential of LTO, which will be
discussed later. Additionally, the diffusion of Li+ ions within
the anode may induce surface compositional alterations due to
the impact of the primary ions. Conversely, it has been
demonstrated that the 48Ti+ intensity decreases at full charge
and increases at full discharge. Because 48Ti+ ions are not
present in the electrolyte and do not diffuse, a reversible
change in SIMS intensity was observed.
The mechanisms responsible for the observed increase in

58Ni+ and the decrease in 48Ti+ associated with the charging of
SSBs remain to be elucidated. The ensuing sections will
address this issue in detail. The secondary ion yield in SIMS is
generally determined by the product of the sputter yield of the
chemical species m (Ym), the ionization probability (αm

+), and
the concentration of m in the surface layer (θm):

45

= +I I Yp m m m (1)

where Ip is the primary ion flux and η is the transmission of the
analysis system, both of which remain constant during
operando experiments. The surface layer concentrations (θm)
of 58Ni+ and 48Ti+ are not expected to change significantly
during operando experiments; therefore, the observed intensity
changes are governed by Ym and α+. In most cases, over 99% of
the sputtered yield is neutral, and the probability of a particle
escaping as an ion depends on the electronic and chemical
states of the surface (the matrix effect). Consequently, the
ionization probability for a particular element can vary
dramatically, for example, from a metal as compared to its
oxide.45

One factor that changes with charging in NCA positive
electrodes and LTO negative electrodes is the electrochemical
potential of the active material. Upon charging, the electro-

chemical potential of Li in the positive electrode decreases,
increasing its tendency to attract Li+ and electrons. As a result,
Ni+ ions can be more readily formed when Ni atoms are
sputtered into a vacuum, losing electrons to the matrix.
Conversely, in the negative electrode, the electrochemical
potential of Li is higher, enhancing the tendency to release Li+
and electrons, which can make Ti+ formation less likely. The
sputter yield Ym increases with decreasing surface binding
energy,35 which may also change with charging. The surface
energies of NCA and LTO during charging remain to be
elucidated and constitute a subject for future study. Based on
these considerations, we conclude that the changes in the
ionization probability due to the matrix effect are responsible
for the observed intensity variations of 58Ni+ and 48Ti+.
The 6Li+ signals are also influenced by matrix effects.

Accordingly, the decrease in the 6Li+ intensity observed during
charging from Figure 2(a) to 2(b) likely reflects a combination
of factors: Li depletion from the NCA positive electrode,
enhancement due to matrix effects associated with changes in
chemical potential, and a comparatively minor contribution
from the infiltrated solid electrolyte. Similarly, the nearly
constant 6Li+ intensity on the negative electrode in Figure
2(g),(h) can be interpreted as the net result of Li insertion into
the LTO negative electrode, matrix effects, and the influence of
the solid electrolyte.
The interpretation of signal variations arising from matrix

effects is qualitative, reflecting relative changes observed during
operando cycling rather than quantitative compositional
information. Future integration of SIMS with complementary
techniques such as XPS and X-ray absorption spectroscopy is
expected to clarify the relationship between the state of charge
and SIMS intensity variations.
Figures 3(a) and 3(b) show enlarged images of the 6Li+ and

58Ni+ ions in the positive electrode during the first charge−
discharge cycle. Figure 3(c) presents the charge−discharge
curve with the TOF-SIMS measurement points indicated.
Figures 3(d) and 3(e) show the changes in 6Li+ and 58Ni+
intensities in regions 1 and 2, enclosed by the white solid lines.

Figure 3. Enlarged images of (a) 6Li+ and (b) 58Ni+ ions in the positive electrode region obtained by operando TOF-SIMS. Images are shown for
the status before charging, after the first charge, and after discharge. (c) Charge−discharge curve and TOF-SIMS observation points. Intensity
changes per unit area in regions 1 and 2, indicated by the solid white lines, are for (d) 6Li+ and (e) 58Ni+.
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For the second cycle, the charge−discharge curve and the
corresponding TOF-SIMS images are provided in Figures S9−
12 in the Supporting Information.
A magnified SEM image of the same region acquired prior to

the operando measurements (Figure S1) shows that, in region
1, the NCA particles are fractured, and the solid electrolyte has
penetrated the resulting gaps. This fracture and electrolyte
infiltration occurred during sample preparation via the
pressure-assisted infiltration method.41 In contrast, the NCA
particles in region 2 largely retained their original morphology.
The changes in 6Li+ and 58Ni+ intensities are most pronounced
in the fractured NCA particles in region 1, which can be
interpreted because of shortened Li diffusion distances. As a
result, the increase in 6Li+ intensity during charging is inferred
to be greater in region 1 than in region 2.
In region 2, the weaker intensity change indicates the

reaction heterogeneity. These particles cycle reversibly but
reach a state of charge shallower than those in region 1.
Because the positive electrode capacity exceeds the negative
electrode capacity, even small internal resistance differences
may induce such heterogeneity. The inward increase in 58Ni+
intensity suggests sluggish Li transport in region-2 secondary
particles, likely due to limited diffusion across primary particle
boundaries. In some NCA particles, the 58Ni+ intensity
remained strong, even after discharge, indicating an irreversible
reaction. This heterogeneity is one of the factors contributing
to irreversible capacity loss. As shown in Figure S16 of the
Supporting Information, similar variations in 58Ni+ intensity
among individual NCA particles were observed in an
additional sample, suggesting that this heterogeneous behavior
is not an isolated effect but reasonably reflects electrode-level
trends. Nonetheless, we note that TOF-SIMS is inherently
surface-sensitive and does not directly probe bulk behavior;

therefore, the conclusions derived from this technique should
be interpreted within this analytical scope.
Figure 4(a) shows an enlarged view of the negative electrode

region. The intensity of 48Ti+ decreases during charging and
increases with discharging, as shown in Figure 4(b). The LTO
and the solid electrolyte form a nanoscale composite that
enables more uniform electrochemical reactions compared
with the positive electrode. A pronounced decrease in 48Ti+
intensity was also observed in the solid electrolyte region
adjacent to the negative electrode layer. As illustrated in Figure
4 (a), the intensity of the LLTO region (outlined by the yellow
dotted line) decreases during charging and remains low even
after discharge. The assignment of this region to LLTO was
further supported by the Ti and La signals in the EDS data
shown in the Supporting Information (Figure S15). Li
insertion into LLTO around ∼1.5 V vs Li/Li+, accompanied
by Ti4+ reduction, has been reported in previous studies,46−49

including those employing XPS analysis.46,50 When electrons
are supplied from the negative electrode, LLTO can be
reduced with Li intercalation. We therefore interpret the
observed low 48Ti+ intensity to partial reduction of LLTO,
which may contribute to irreversible capacity.
While LLTO enhances the ionic conductivity of composite

solid electrolytes, it is preferable to employ it in configurations
that avoid direct contact with the negative electrode. Figure
4(c) summarizes the reaction mechanisms revealed in this
study. Irreversible capacity and Li diffusion were visualized in
the NCA positive electrodes. In addition to reversible reactions
at the negative electrode, part of the solid electrolytes was
found to undergo reduction, contributing to irreversible
capacity.
In summary, we applied operando TOF-SIMS technology to

SSBs and demonstrated that transition metals (58Ni+, 48Ti+) in
the active material can be used to visualize reversible reactions.

Figure 4. (a) Enlarged images of 48Ti+ ions in the negative electrode region. These images show the states before charging, after full charge, and
after full discharge. The area enclosed by the yellow dotted line corresponds to LLTO, which indicates an irreversible reaction. (b) Changes in the
48Ti+ intensity in the region enclosed by the white line (region 3). (c) Schematic illustration of the reaction mechanisms revealed by operando
TOF-SIMS.
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We clarified that the intensity variations of transition-metal
secondary ions arise from matrix effects associated with the
charge−discharge state. It was observed that Li2OHCl0.9F0.1
permeation enhances the electrochemical activity of the
electrode materials. Furthermore, isolated NCA and electroni-
cally contacted LLTO were found to contribute to irreversible
capacity. These insights highlight the potential of operando
TOF-SIMS to facilitate the optimization of electrode
architectures.
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