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ARTICLE INFO ABSTRACT
Keywords: Because lithium dendrite deposition during charging and discharging of all solid-state batteries (ASSLBs) is an
All solid-state battery important difficulty leading to deactivation, precise analysis of the lithium state is indispensable. We explored

Hard-carbon

Lithium

Solid-state nuclear magnetic resonance
Operando analysis

the potential use of hard-carbon (HC) for an ASSLB anode using operando ’Li NMR to investigate lithium
behavior. Cells using circular electrodes capable of applying constraint pressure to the electrode material were
fabricated to achieve precise operando NMR measurements for sulfur-based ASSLBs. Adsorption and desorption
behaviors of lithium in HC were found to be nearly identical to those of HC in liquid LIBs. However, short circuits
occurred after several hours of constant current overlithiation or potential holding at —5.5 mV although no clear
amplification of Li dendrite signal was observed. Signal components attributable to quasimetallic clusters were
observed in both cases, which suggests that lithium can form clusters in open pores or on the HC surface during
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overlithiation. Clusters in the open pores or surface can conduct electricity and may serve as nucleation sites for
dendrite growth. Although the use of HC anodes can suppress dendrite formation in ASSLBs, more precise voltage
control is required than that used for liquid LIBs.

1. Introduction

Energy storage devices such as secondary batteries, which can store
clean energy derived from natural sources, are extremely important for
achieving carbon neutrality worldwide. Demand for secondary batteries
such as lithium-ion batteries (LIBs) and next-generation batteries is ex-
pected to increase considerably, particularly for applications such as
electric vehicles (EVs) [1,2]. However, further great advancements in
energy density are no longer feasible with current liquid-electrolyte
LIBs. Moreover, internal short circuits and cell failures caused by
deposition of lithium metal (dendrite) on the negative electrode surface,
as well as fires involving organic electrolytes, remain unresolved.
All-solid-state lithium-ion batteries (ASSLBs) are currently the most
promising candidates to replace solution-based LIBs (liquid LIBs) and
polymer-based LIBs [3]. Their safety, which is attributable to the
absence of flammable organic electrolytes, is a salient benefit. The su-
perior voltage resistance of solid electrolytes enables much higher en-
ergy density than that of liquid LIBs [4,5].

The ionic conductivity of sulfide electrolytes for ASSLB has exceeded
1072 S/cm [6-8], which surpasses that of organic electrolytes [9,10].
Sulfides enable the formation of densely packed electrode materials due
to their high plasticity, providing low internal resistance and high en-
ergy density (250-500 Wh/kg) [11]. However, many challenges must be
overcome before such ASSLBs can be commercialized [12]. In
sulfide-based ASSLBs, lithium dendrite formation originates from local
inhomogeneities in current density, ionic conductivity, and mechanical
contact at the anode-electrolyte interface during lithium deposition.
Due to their high ionic conductivity and mechanical plasticity, sulfide
electrolytes can relieve local stress while allowing lithium to infiltrate
along grain boundaries and structural defects, leading to dendrite
channels that penetrate through the electrolyte and reach the cathode,
causing short circuits [13]. Insufficient contact between the electrolyte
and the negative electrode interface causes current concentration at
grain boundaries, leading to dendrite growth [14,15]. This phenomenon
is particularly pronounced under high-voltage, high-current operating
conditions [16]. It degrades the output characteristics of sulfide-based
ASSLBs [17]. Therefore, elucidating the detailed mechanisms of
dendrite deposition and short-circuit processes is crucial for the explo-
ration of optimal battery structures capable of suppressing internal
short-circuits.

Such state changes in LIBs have been studied using various analytical
methods. Ex situ analyses are commonly used to observe state changes
before, during, and after charging and discharging, or after overcharging
and degradation. Observing the non-equilibrium state during battery
operation is also important. Therefore, detailed, real-time operando (in
situ) measurements are highly effective for tracking the chemical envi-
ronmental changes which occur with charging and discharging [18]. In
recent years, various operando analysis techniques such as X-ray ab-
sorption fine structure analysis (XAFS) [19], X-ray diffraction (XRD)
[20,21], electron microscopy [22,23], X-ray CT [24,25], Raman spec-
troscopy [26], and neutron diffraction [27-30] have been applied for
secondary batteries. Nevertheless, these techniques are sometimes not
well-suited for the direct observation of dendrites. Since X-ray have
difficulty detecting light elements such as Li, analysis and direct detec-
tion of Li using XRD or XAFS requires a strong radiation source (syn-
chrotron) [31]. Neutron diffraction excels at obtaining information
about the interfaces and structural changes that serve as nucleation sites,
rather than depicting the dendrites themselves. Scanning electron mi-
croscopy (SEM) cannot provide observations of the electrode interior
because it is a surface-scanning technique. It is unable to observe fine

lithium particles immediately after formation of crystal or quasi-metallic
states. By contrast, solid-state nuclear magnetic resonance (ss-NMR)
provides information of the electronic environment surrounding the
target nuclei. Therefore, it can distinguish several states of the target
nuclei such as ionic lithium compounds, quasimetallic lithium, lithium
metal dendrites, and a lithium metal plate of a counter electrode. Several
groups, including our group, have conducted research on LIBs and so-
dium ion batteries (NIBs) using operando or in situ ss-NMR [32-44]. Our
group elucidated the mechanisms of dendrite formation on graphite and
hard-carbon (HC) electrodes during overcharging of liquid LIBs and
NIBs using operando NMR [45]. The study precisely assessed correlation
between the onset time of quasimetallic Li/Na or metallic Li/Na depo-
sition and battery potential changes that occurred during the over-
charging process. By elucidating the formation mechanisms of
quasimetallic and metallic Li/Na during battery overcharging, we esti-
mated the safety limits for overcharging in cells with graphite and HC
electrodes.

Operando NMR analysis is also practical for elucidating lithium
behavior in ASSLBs. Comparing the behaviors of quasimetallic cluster
formation and lithium deposition on carbon electrodes with those of
liquid LIBs is extremely valuable for understanding battery character-
istics. For this study, we applied operando NMR to sulfide ASSLB and
elucidated the Li behaviors in the electrode materials. For the analysis of
sulfide-based ASSLBs, operando NMR has been conducted only on
symmetric cells [46] or half cells using Li metal electrodes [46,47] to
inspect Li-ion transportation and dendrite growth processes during
charging and discharging. However, cells using negative electrodes
other than Li metal have not been analyzed. For that reason, Li behaviors
around negative electrodes remain unclear. In sulfide-based ASSLBs,
using a carbon anode rather than lithium metal, other metals (Si, Sn,
etc.), or an anode-free type is not only beneficial for preventing Li
dendrite deposition and growth. Using a carbon anode is also expected
to suppress electrode volume expansion and contraction. Similarly to
liquid LIBs, this suppression of volume changes is extremely effective for
ensuring battery durability and safety, despite its associated lower ca-
pacity when compared to lithium or other metal electrodes. As reported,
lithium is stored as a quasimetallic form in HC in liquid LIBs [48-50],
which supports higher capacity than graphite. It is fascinating that HC
with adequately controlled pore sizes can achieve high capacity in
ASSLBs, whereas solution-based LIBs have not. Kaskel et al. reported
that the lithiated carbide-derived carbon in an ASSLB with argyrodite
electrolyte showed a much larger Knight shift (180 ppm) of quasime-
tallic Li, which had never been observed in liquid LIBs [51]. In the cells,
lithium clusters can be stored not only in closed pores but also in open
pores on carbon particle surfaces.

This study was designed to clarify differences in Li behavior during
charging and discharging in ASSLBs with an HC anode, and then to
compare those findings with those obtained for liquid LIBs. Thereby, the
potential of carbon anodes for use in ASSLBs was assessed. To take
highly sensitive operando NMR measurements for sulfur-based ASSLBs,
cells of two types were fabricated using circular electrodes capable of
applying constraint pressure to the electrode material because strong
pressurization is required to maintain a contact between electrode
particles and electrolyte particles. The charge-discharge and short-
circuit processes were observed using these cells.
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2. Methods
2.1. Preparation of materials and composite pellets

An argyrodite-type sulfide electrolyte (LigPSsCl; NEI Corp.) was
adopted as the solid electrolyte. As a negative electrode composite
material, the electrolyte, an active material (HC), and a conductive
additive are used. The electrolyte (LigPSsCl), HC (Carbotron® PS(F);
Kureha Chemical Inds. Corp.), and a conductive additive (VGCF®-H;
Resonac Holdings Corp.) were mixed with the weight ratio of 10:6:1,
and were ground for 30 min using a mortar and pestle.

A two-layer electrode pellet was prepared, consisting of solid elec-
trolyte and negative electrode compound. First, 60 mg of the LigPS5Cl
was pressed at 280 MPa for 5 min in a $8 mm tablet press. After the
pressing, 4-5 mg of negative electrode composite was added to one side
of the solid electrolyte. After the mixture was pressed at 570 MPa for 10
min, it was molded to a circular shape of $8 mm diameter.

2.2. Assembling cells for operando NMR measurements

To achieve high sealing performance with pressurization function-
ality within a size to fit inside the NMR probe coil (Fig. 1(a)), we
fabricated cell packages of two types made of Poly Ether Ether Ketone
(PEEK) body and Cu current collectors. Schematic diagrams and pho-
tographs of the cell packages are portrayed respectively in Fig. 1(b) and
(c), S1(a) and S1(b). Cell A has a cylindrical outer shape with the elec-
trode disk parallel to the direction of static (external) magnetic field and
perpendicular to the radio-frequency pulse irradiated by the NMR so-
lenoid coil (Fig. 1(b) and S1(a)). Cell B, which has similar direction with
that of our earlier developed cells [35,45] and commercially available
cells [40,52], has its electrode surface oriented as perpendicular to the
static magnetic field and parallel to the electromagnetic wave irradiated
by the NMR solenoid coil (Fig. 1(b) and S1(a)). The electrodes are not
rectangular like those of earlier cells, but are instead disk-shaped to
provide uniform pressurization. After cells of both types were assem-
bled, their ’Li NMR spectra were compared. Each PEEK cell was
assembled with a Ti foil (¢7.8 mm, 0.02 mm thickness), a lithium metal
foil as the counter electrode, and a two-layer electrode pellet consisting
of the solid electrolyte — negative electrode composite along the direc-
tion in which the solid electrolyte contacts the counter electrode. A
twist-type lid was then secured. By tightening the lid with a socket
wrench, a constraining pressure was applied to the electrolyte inside.
The confinement pressure, calculated from the torque and diameter of
the screws, was approximately 35 MPa.

Cell for
operando NMR

DC terminal

NMR probe
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The assembled PEEK cells were subjected to charge—discharge testing
before operando NMR measurement to confirm their performance. The
charge-discharge test of the assembled cells was conducted using a
battery charge/discharge system (HJ1001/SD8; Meiden Hokuto Corp.).
For comparison, an identical charge-discharge test was conducted using
a commercially available metal cell (KP cells; Housen Co. Ltd.). Static "1
NMR measurements of the assembled PEEK cells were taken to confirm
the signal intensity and the peak shift before operando analysis. Each
cell for operando NMR was kept at 50 °C throughout the char-
ge—discharge process.

2.3. Operando NMR analyses

Operando 7Li NMR measurements were taken using an NMR spec-
trometer (AVANCE III 500 MHz; Bruker BioSpin GmbH) equipped with a
home-built operando probe (static NMR probe with direct current in-
jection circuit) (Fig. 1(a)). The solenoid coil diameter used for detection
was $15 mm to maximize the cell electrode disk size. The coil diameter
was almost the maximum size able to fit inside the probe, which can be
inserted in the 40 mm inner diameter of the "narrow bore" shim in the
NMR magnet. The electrodes in Cell A inserted to the NMR coil were
invariably parallel to the external magnetic field, whereas Cell B was
placed such that the electrodes were horizontal in the coil. After the
electrodes of each cell were connected to a direct current circuit for
charging and discharging, ’Li operando NMR measurements were taken.
The measurements were performed at 194.4 MHz using a single-pulse
sequence. A 1 M LiCl aqueous solution was used as the external stan-
dard (0 ppm). The recycling delay and the number of accumulations to
obtain one spectrum were set respectively as 5 s and 120. The acquisi-
tion to get one spectrum in 5 min was repeated to obtain operando NMR
spectra. Every operando NMR measurement was taken at 50 °C. SEM
and XPS were performed using TM3030Plus (Hitachi High-Tech Corp.)
and KRATOS AXIS-ULTRA DLD (Shimadzu Corp.), respectively.

3. Results and discussion
3.1. Operando cell performance

A typical charge-discharge profile for an operando NMR cell is
shown in Fig. S2(a). Cells A and B showed almost identical char-
ge—discharge profiles. The cells were charged and discharged at 50 °C
within the range of 2.0 V-0.2 mV. The first discharge (lithiation) was
performed using galvanostatic discharge (25 mA g~ 1) followed by
constant-potential discharge (8 h) (CC-CV). Then galvanostatic (CC)

(b)Cell A
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current L
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Fig. 1. Structure of the NMR probe head (a) and cells of two types for operando measurement. (b) Cell A: Cylinder-shaped body, electrodes are always parallel to the
direction of the static magnetic field. (c) Cell B: Box-shaped body, electrodes are usually installed as perpendicular to the direction of the static magnetic field.
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charging and discharging (delithiation) at 25 mA g~! were repeated for
two cycles. The first delithiation capacity and the second delithiation
capacity were, respectively, 312 and 275 mAhg ™!, whereas the first and
the second delithiation capacities of the commercially available metallic
cell were 319 and 289 mAhg . Those findings indicate clearly that the
charge-discharge behavior and capacity are nearly identical. Therefore,
the slight capacity decay between the first and second cycles is not
attributable to cell design imperfections, but rather to the inherent
properties of the cell components: HC and the solid electrolyte. We have
reported delithiation capacity of 450 mAhg ™" for a liquid LIB using the
same HC [48]. Compared to these values, the lower delithiation capacity
observed in the solid-state cells examined in this study can be attributed
to irreversible side reactions at the interface between the sulfide solid
electrolyte and the HC particles. Actually, carbon powder, such as
acetylene black, added to the negative electrode can decrease the initial
Coulombic efficiency [53].

Fig. 2 and Fig. S3 respectively show an enlarged view and the entire
spectra of the "Li NMR of Cell A and Cell B, assembled respectively using
a solid electrolyte — electrode composite and a Li metal counter elec-
trode. In each NMR spectrum, an intense signal corresponding to Li solid
electrolyte was observed around 5 ppm. Additionally, signals assigned to
the Li counter electrode were confirmed around 260-280 ppm in Cell A
and around 245 ppm in Cell B. This peak shift has been attributed to the
electrode’s anisotropic bulk magnetic susceptibility [54]. The Li elec-
trode signal in Cell B (245 ppm) is an identical peak shift value to our
earlier reported rectangular electrode cells [45]. With this configura-
tion, lithium dendrite deposition on the carbon electrode shows the
signal at around 275 ppm, making it easy to distinguish between the
plate and the dendrite. Furthermore, the higher signal intensity in Cell B
than in Cell A enables clearer observation of Li cluster signals in the
carbon. Therefore, all subsequent operando NMR measurements were
conducted using Cell B.

For operando NMR, assembled pristine cells were pre-discharged at
50 °C to 0.3-0.015 V outside the NMR instrument to save NMR occu-
pation time. State changes caused by charging and discharging (lith-
iation and delithiation, respectively), and by overdischarging
(overlithiation) were observed in the pre-discharged cells.

3.2. Observation of changes accompanying charging and discharging

Fig. 3 shows the discharge—charge profile of an assembled cell (Fig. 3
(a)) and the corresponding operando 7Li NMR spectra (Fig. 3(b) and (c)).
The cell was lithiated galvanostatically at 25 mAh g-1 from 0.3 V to the
termination potential at 0.2 mV. After the potential reached 0.2 mV at

— Cell A
—— Cell B

300 200 100 0
d / ppm

Fig. 2. Enlarged "Li NMR spectra of Cell A and Cell B assembled using solid
electrolyte — electrode composite and Li metal counter electrodes (Complete
spectra are in Fig. S3.).
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10.8 h following the start of lithiation, the process was switched to CV
lithiation for 5.5 h at 0.2 mV. Subsequently, galvanostatical delithiation
at 50 mAh g-1 was applied up to 1.8 V. Delithiation was started from
16.3 h and was continued until 22 h later, but a voltage disturbance
thought to be caused by a partial internal short circuit started from 1.7
V. In the corresponding operando “Li NMR spectra (Fig. 3(b)), signals of
Li ions in the solid electrolyte (SE) near 3 ppm and of Li metal of the
counter electrode (Li CE) (240-270 ppm) were observed throughout
measurements. In this cell, the Li CE signal shows a main component at
245 ppm and a minor peak at 272 ppm. Although the peak value of the
latter peak corresponds to the dendrite signal, the peak is unlikely to be
associated with the dendrite formation from the start of delithiation.
Rather, it is a deformed structure of counter electrode parallel to the
static magnetic field created by the strong confinement pressure. During
the lithiation process, a new peak began to appear on the higher-
frequency side (10-50 ppm) of the SE signal at approximately 8.7 h,
after the potential dropped below 13 mV. Even after the transition to CV
process, the peak (Li HC) continued to shift toward higher frequencies
while increasing in intensity. At the end of lithiation (16.3 h), the peak
shifted to 91 ppm. In the subsequent delithiation, this peak shifted
rapidly to the lower frequency side and disappeared at 0.2 V of the
potential. The peak behavior is attributable to the formation and dissi-
pation of quasimetallic lithium clusters in the HC. Although quasime-
tallic lithium species have been observed in amorphous carbon
electrodes with an argyrodite type solid electrolyte system using ex situ
NMR in an earlier study [51], our experiment is the first successful direct
observation of the formation and disappearance process of quasimetallic
lithium using operando NMR. Similarly to the results of the liquid LIBs’
analysis, the NMR peak shifted gradually, indicating that lithium clus-
ters grew gradually with current application. Additionally, the peak
intensity of Li at around 275 ppm remained almost unchanged during
lithiation and delithiation, which indicates that dendrite deposition
occurred only slightly. Furthermore, the signal at 245 ppm is nearly
constant during lithiation, except for a slight decrease after the first 3 h.
It also decreased during partial short-circuiting at the end of delithiation
(Fig. 3(c)). This decrease suggests that the Li which emerged from the
carbon electrode during charging does not return to its original plate
form. This lack of reversion is likely to be attributable to gradual
dissolution of the Li metal electrode caused by the strong current flow
which occurs during short-circuiting.

3.3. Observation of the overlithiation process associated with continuous
CC discharge

Fig. 4 shows the operando ’Li NMR spectrum obtained by over-
lithiation without setting a lower limit potential using Cell B. The pre-
lithiated cell at 0.03 V was discharged at 50 mA g~'. The potential
decreased rapidly at first and dropped below 0 V. Then the rate slowed.
After the potential reached a minimum at —20 mV after 50 min, the
potential remained nearly constant for approximately 1 h. During that
process, a very weak signal corresponding to quasimetallic Li clusters in
the HC (Li HC) at approximately 80 ppm was observed immediately after
the potential dropped below 0 V. The maintained potential began to
decay considerably after 2 h, and eventually reached —0.22 V. Then a
sudden voltage rise and subsequent disturbance attributable to a partial
internal short circuit occurred. Interestingly, the signal intensity of the
counter electrode Li began to decrease after 1.5 h, and most of them
disappeared by 2.5 h. Although it is difficult to provide a clear expla-
nation for the detailed cause of such a sudden rapid decrease, the un-
stable condition inside the cell at negative potential might accelerate the
melting of the Li metal counter electrode and a short circuit on the
carbon electrode side. During the potential decrease from 2.0 h and
short circuit after 3.0 h, the signal of the quasimetallic clusters
increased. Because the apparent metal dendrite signal was not observed
by NMR, it is possible that accumulation of quasimetallic clusters might
increase the conductivity on the negative electrode side.
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Fig. 3. The 1st cycle of the discharge-charge profile of an assembled cell (a), and the corresponding operando “Li NMR spectra (b)(c).

We conducted similar experiments using a cell with lower confine-
ment pressure (less than 10 MPa) (Fig. S4). In this cell, quasimetallic Li
signal was not observed through the overlithiation, whereas the dendrite
signal appeared and increased at 278 ppm after 1.7 h. The electric po-
tential showed no minimum value. During lithiation, the cell had a
potential plateau at around —0.1 V at once. Then a further potential drop
occurred from the onset of dendrite deposition. Finally, a short circuit
occurred at 3.1 h. Effective contact between negative electrode particles
or between solid electrolyte particles is not maintained if the confine-
ment pressure is insufficient, resulting in inefficient Li insertion into the
carbon. Therefore, Li is not stored into carbon as a cluster but is
deposited as a dendrite on carbon particle surfaces or among carbon
particles and solid electrolyte particles, which grow and apparently lead
to short circuits in the cell.

From an earlier study, we observed that dendritic lithium begins to
form after the growth of quasimetallic lithium clusters in liquid LIB
during overlithiation [45]. This formation of quasimetallic lithium
clusters is expected to have an inhibitory effect on dendritic lithium
formation in liquid LIB. In ASSLBs subjected to overlithiation mea-
surements, this buffering effect was much weaker than in the solution
system. In a liquid LIB, the potential remained at —50 mV for over 5 h
without a short circuit at an overlithiation rate of 0.4 C. In the solution
cells, cluster lithium formation occurs exclusively within the internal
closed pores of HC, to which an electrolyte solution cannot access. Such
lithium clusters in these internal closed pores neither trigger dendrite
formation nor contribute to growth. The lithium atoms constituting the
lithium clusters exist as ions with a certain valence, unlike the dendrite
which has completely zero-valent metals. Consequently, the clusters
react more easily with the organic solvent than with zero-valent metal

particles. By contrast, clusters can be formed in the open pores or on the
surface of the HC in ASSLBs. Their formation is energetically easier than
dendrite formation where there is no reaction with the electrolyte. Even
if explicit metal dendrite formation does not occur, cluster formation in
the open pores or on the surface might have created conductive paths
leading to local short circuits. To verify this hypothesis further, we
conducted the experiment described below, for which the cell was
maintained at a constant potential of —5.5 mV.

3.4. State change caused by leaving a negative potential

Kaskel et al. reported that lithium metal plating is observed at po-
tential greater than 5.0 mV when a symmetric cell using an argyrodite-
type electrolyte was charged and discharged [51]. According to those
findings, to investigate the presence or absence of dendrite deposition,
we maintained the operando cell kept at —5.5 mV, which is just the
potential at which lithium plating is likely to occur. Before the operando
experiment, Cell B was lithiated to 15 mV at 25 mAh g~ ! outside the
NMR. Then the cell was lithiated to —5.5 mV at 25 mAh g~! and held at
—5.5 mV. The profile and the corresponding operando NMR spectra are
presented in Fig. 5. At the start of NMR measurement, a signal of qua-
simetallic lithium clusters at 74 ppm was confirmed. The cell reached
the —5.5 mV immediately upon the start of lithiation. Subsequently, the
Li HC signal intensity increased and became very clear with lithiation,
shifting to 98 ppm over time. During the subsequent potential holding,
no marked change in the peak shift of the cluster state was observed,
although its signal intensity increased gradually. In addition, the for-
mation of lithium dendrites was not detected clearly. The cell finally
reached a total short circuit at 10.8 h. The signals corresponding to
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Fig. 4. The operando "Li NMR spectrum obtained by overlithiation without setting a lower limit potential using Cell B. The pre-lithiated cell at 0.03 V was discharged
at 50 mA g . (a) profile of an assembled cell, (b)(c) the corresponding operando “Li NMR spectra.

lithium counter electrodes and dendrites increased rapidly after the
short circuit, which indicates dendrite formation on the current path and
on the counter electrode surface. We reported that continued lithiation
at a negative potential is possible for some time in the liquid LIBs, even if
dendrites form to a certain extent. However, by contrast, a short circuit
can occur even after prolonged holding at a constant negative potential
of —5.5 mV in solid electrolyte cells. In spite of the absence of clear
dendrite formation and growth during the process in NMR observation,
short circuit can be led finally at the negative potential, which suggests
that minute dendrites may have rapidly formed and grown, leading to
short circuits. Therefore, we fabricated the cell again under the same
conditions, then maintained it at —5.5 mV for 10 h after CC lithiation.
The cell was disassembled, and the electrode was extracted for SEM
observation and XPS measurement.

In SEM observations, the surfaces of the electrode-electrolyte inter-
phase layer were compared between pristine samples and samples after
discharging (after constant-potential holding at —5.5 mV for 10 h). Since
the apparatus for non-exposed atmospheric measurements could not be
used, the metallic lithium had already decomposed, making observation
of the Li metal impossible. However, in the post-discharge samples, an
obvious increase in cracks on the surfaces was observed. Also, a sub-
stance that may be dendritic decomposition products is present on the
surface of the sample after discharge (Fig. S5).

XPS measurements were also performed after short-time atmo-
spheric exposure when the sample was placed inside the apparatus
(Fig. S6). No significant spectral changes were observed for P (2p) and S
(2p), indicating no major state changes in the electrolyte. This result is

similar to existing XPS observations of air-exposed LigPSsCI [55]. In
contrast, the C (1s) spectra exhibited a significant change in shape. This
indicates that most of the C atoms on the surface of hard carbon reacted
with lithium during discharge. The main peak at 284.2 €V is likely
representing C-O, which was created by the decomposition of Li-bonded
C, whereas a minor peak at 288.2 eV can be ascribed to C=0 [56,57]. It
is possible that dendrites of sub-nanometer size, which are almost un-
detectable by NMR, grew to trigger a short circuit in the electrolyte
layer.

3.5. Mechanisms of cluster formation, dendrite precipitation, and short
circuits

During constant current overlithiation or when keeping negative
potential of the cells, lithium ion is supplied continuously from the
counter electrode to the working (HC) electrode. In liquid LIBs, both
constant current overlithiation and constant voltage holding first result
in cluster formation [45]. In both cases, the shift values exceed 100 ppm.
The cluster signal intensity is also clear. The intensity indicates that
sufficient Li insertion and cluster formation occur within the closed
pores of the HC. Dendrite deposition on the HC surface begins after the
internal pore space is filled. A considerable amount of time is necessary
for dendrite formation on the carbon surface in the electrolyte solution.
The connection of dendrites on adjacent particles ultimately leads to a
short circuit. By comparison, clusters also form both during constant
current overlithiation and during constant voltage holding in the solid
electrolyte. However, the clusters formed during constant current
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overlithiation are markedly fewer than those formed during constant
voltage holding. The clusters formed during constant voltage holding
are roughly equivalent to those formed in solution batteries. In
solid-state batteries, no great difference exists in the ease of Li cluster
formation between the closed pores inside the HC and the open pores on
the surface because there is no solvent. With constant current over-
lithiation, cluster growth over time inside the pores is less likely to occur
than with constant voltage holding. Cluster formation on the HC particle
surface, where Li is supplied immediately from the outside, occurs
preferentially.

Direct structural analysis of Li clusters using XRD is impossible to
support this discussion completely. However, for Na clusters formed in
the HC anodes of Na-ion batteries through electrochemical insertion
with a mechanism similar to Li, Pair Distribution Function (PDF) anal-
ysis of XRD has been conducted by Stratford et al. [58]. According to
their report, sodium in fully sodiated HC, forming sodium metal nano-
clusters, has size of 1.2-1.5 nm. The quasimetallic clusters observed by
NMR are understood as fine metal particles in PDF analysis. Their
electronic conductivity is predicted to be high, even if not equivalent to
that of sodium metal. As with sodium clusters, lithium clusters are also
expected to have high conductivity. The clusters might not exhibit the
same Knight shift as bulk metal in NMR measurements because the
number of conductive electrons in the clusters is not as high as in metal.
Additionally, the average shift toward lower frequencies caused by ex-
change with interlayer Li ions might produce a peak of approximately
100 ppm. However, the clusters are fundamentally highly conductive,

similar to bulk Li metal, and might contribute to short circuits.
Furthermore, clusters formed in the open pores on the HC surface may
also serve as nucleation sites for dendrite growth. A schematic diagram
of the state of the electrode composite based on the discussion is pre-
sented in Fig. 6.

For this study, charging and discharging of the cells for operando
measurement were conducted at 50 °C, at which temperature lithium
moves more easily in the electrolyte than at room temperature. How-
ever, because ASSLBs exhibit further increases in conductivity and show
favorable Li diffusion at high temperatures, operando NMR measure-
ments at higher temperatures can support observation of cluster and
dendrite formation mechanisms under various conditions, potentially
elucidating battery characteristics. The cells fabricated for this study
were designed to withstand temperatures of approximately 150 °C.
However, when actually conducting experiments at high temperatures,
marked degradation of the battery components (electrolyte, counter
electrode, and Li-doped carbon) was observed inside the cells. Charging
and discharging did not occur properly, probably because of the great
increase in the nitrogen gas and water vapor permeability of the PEEK
body at high temperatures. By preparing cells that maintain excellent
gas barrier properties at high temperatures and which can withstand
applied pressure, we anticipate that high-temperature measurements of
ASSLBs can be achieved in future studies.



O. Tagami et al.

electrolyte
particle

HC particle

/ (a) .

( ()

Li cluster

R surface of HC
Li cluster

L2 Ak

— '\

Journal of Power Sources 662 (2026) 238755

tiny Jendrite

(not detected

by operando
NMR)

surface of HC
Li cluster

G A
O //&*
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4. Conclusion

We performed operando NMR evaluation of sulfide ASSLBs using HC
anodes. By assembling a half-cell using a cell case that allows application
of constraint pressure via screws, sensitive detection of the signal of
lithium clusters in HC and precise observation of lithium dendrite
deposition were realized.

Cluster formation and decomposition processes with lithiation and
delithiation were observed using “Li operando NMR. Adsorption and
desorption behaviors of lithium in the HC are nearly identical to those of
HC in liquid LIBs during discharge and subsequent charging between 2 V
and 0 V. However, in CC overdischarge and —5.5 mV hold experiments,
short circuits respectively occurred after 3 h and 10 h, although no clear
amplification of Li dendrite signals was observed. Instead, signal com-
ponents attributable to quasimetallic clusters were observed in both
cases. These findings suggest that lithium can form clusters in the open
pores or on HC surfaces during overlithiation. Such clusters can conduct
electricity and may serve as nucleation sites for dendrite growth.
Additionally, holding the potential at negative strongly facilitates clus-
ter formation within the closed pores through slow lithiation. In liquid
LIBs, clusters do not form in open pore space. During overdischarge of
HC in liquid LIBs, cluster formation occurs preferentially over dendrite
formation, rendering the cell resistant to overcharging. In solid elec-
trolyte batteries, a short circuit occurring before apparent dendrite
formation makes it more difficult to ascertain the safety limit of the
battery. Preventing short circuits in solid state batteries demands more
precise voltage management and control than for solution cells.
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