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ring of dynamic changes in Li-
metal deposition and dissolution using a MHz
impedance sensor

Keisuke Ishikawa, * Shogo Komagata, * Hiroki Kondo and Masanori Ishigaki

Li-metal deposition represents a critical degradation pathway in Li-ion batteries, rendering real-time

monitoring of this process essential for ensuring safe operation. In this study, Li-metal deposition and

dissolution are monitored using a sensor that measures the real part of the impedance (Re(Z)) in the MHz

range. The MHz-range Re(Z) is highly sensitive to Li-metal, enabling compact sensor implementation and

rendering it well-suited for monitoring applications. Thus, a highly accurate sensor is developed to

monitor Li-metal deposition and dissolution dynamics. For proof of principle, an operando cross-

sectional observation cell with sensor monitoring is employed to validate the ability to capture Li-metal

dynamics. It is also confirmed that this approach is effective for application in commercial 18 650 cells,

and cycle testing demonstrates that deposition and dissolution evolve with degradation. This work

provides a robust tool for investigating Li-metal dynamics and offers a pathway for real-time monitoring

of safer and more reliable battery systems.
Introduction

Li-ion batteries (LIBs) are widely used in many applications.
However, multiple degradation mechanisms limit the lifetimes
and safety of LIBs,1,2 and accurate identication of the battery state
is essential for efficient operation.3 One critical degradation
mechanism is Li-metal deposition.1,2,4,5 The deposited Li-metal can
become electrically isolated, redissolve as Li+, re-intercalate, or
form a solid electrolyte interphase (SEI).6,7 In this study, Li
remaining in metallic form is dened as residual Li-metal, irre-
spective of its electrical connectivity, whereas Li that was once
deposited but is no longer present in metallic form is regarded as
having undergone dissolution, which includes redissolution as
Li+, re-intercalation into graphite, and consumption through SEI
formation. Li-metal can also trigger internal short circuits and
lower the thermal stability.8,9 In practice, charge/discharge opera-
tion is restricted to a pre-characterised non-deposition window
with safety margins. Although real-time detection of Li-metal
deposition could enable closed-loop suppression, this approach
still allows transient deposition; therefore, safety can only be
ensured if dissolution is also monitored. Incorporating real-time
monitoring of both Li-metal deposition and dissolution into
control strategies would therefore enable relaxation of overly
restrictive charging limits, allowing the full capability of the
battery to be utilised safely and efficiently.
ota Central R&D Labs., Inc., Nagakute,

a@mosk.tytlabs.co.jp; komagata@mosk.

of Chemistry 2026
Several non-destructive techniques, including electrochemical
impedance spectroscopy (EIS), have been proposed to detect Li-
metal deposition.10–17 However, these methods generally fail to
capture Li-metal dissolution and EIS presents challenges for real-
time measurement. To observe Li-metal deposition and dissolu-
tion, the anode response must be isolated from the overlapping
time constants of the cathode and the SEI, while also being
separated from other degradation modes. This requires dense
frequency sampling, which conicts with the sparse sampling
principle of dynamic EIS.18 Observing the dynamics of Li-metal
using EIS therefore remains challenging.

Previously, our group reported that the real part of the
impedance (Re(Z)) in the MHz range decreases when Li-metal
deposition occurs.19 In principle, this enables the observation
of both Li-metal deposition and dissolution. The MHz-range
Re(Z) has been shown to correlate with the thermal runaway
onset temperature, which decreases with increasing Li-metal
deposition, and therefore can be used to estimate the approxi-
mate extent of Li-metal deposition.9 The MHz-regime response
is governed by electronic properties and geometry rather than
by ionic transport, thereby avoiding the time-constant separa-
tion issues exhibited by conventional EIS.20 Owing to the eddy
currents that are induced by electromagnetic effects,21 high-
frequency currents concentrate on the anode surface where
the Li-metal is deposited.22 The resulting contrast in conduc-
tivity between the deposited Li-metal and the carbon matrix
redirects the current pathways, thereby altering the eddy
current losses. Consequently, the MHz-range Re(Z) mono-
tonically decreases with the amount of deposited Li-metal.19
Sustainable Energy Fuels
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One benet of MHz-range Re(Z) measurement is the ease of
miniaturising the sensor. MHz-range Re(Z) can be measured
using two methods, a vector network analyser (VNA)-based
method and a sensor based on LCR series resonance.19 Using
a VNA, high-precision measurements were achieved in the MHz
range, with a coefficient of variation of <0.2%.23 In the sensor
concept, Re(Z) is calculated from the attenuation of the damped
oscillation generated by the LCR resonance.19,24,25 With VNA-
level accuracy, the sensor has the potential to monitor Li-
metal dynamics. Accordingly, to enable reliable safety quanti-
cation across varying environments, the sensor must exhibit
high linearity, low temperature-dependent error, and minimal
battery voltage-induced error. To meet these requirements, we
propose a new post-processing circuit and algorithm, which
reduce the battery voltage-induced error to less than ±0.05%. It
is therefore considered that this highly accurate sensor would
be capable of monitoring Li-metal dynamics.

With the above considerations in mind, the aim of the current
study is to demonstrate that the proposed sensor can detect both
Li-metal deposition and dissolution. For proof of principle,
a cross-sectional observation cell is used to visualise Li-metal
dynamics while acquiring sensor measurements and supporting
the validity of the principle. Additionally, commercial 18 650 cells
are tested using various charge/discharge protocols and during
cycling. The variation in the MHz-range Re(Z) with the amounts of
Li-metal deposition is evaluated as a function of the C-rate. Cycling
tests are also performed to demonstrate the ability of MHz-range
Re(Z) to capture degradation state-dependent changes in Li-
metal deposition and dissolution. Ultimately, this work aims to
Fig. 1 (a) Schematic overview of the proposed sensor for detecting Li-me
a battery. (c) Detailed sensor circuit diagram. (d) Damped oscillation wav
a function of the battery resistance.

Sustainable Energy Fuels
demonstrate the feasibility of monitoring under practical oper-
ating conditions, while providing guidelines for developing
control strategies that maximise battery performance.
Results and discussion
Principle of the proposed MHz impedance sensor

Fig. 1a presents a schematic overview of the proposed sensor for
detecting Li-metal deposition. The sensor induces a damped
oscillating resonant current in the battery to calculate MHz-range
Re(Z) from the resulting damping factor. MHz-range Re(Z) is
sensitive to Li-metal deposition, where the MHz-range Re(Z)
decreases during Li-metal deposition and recovers upon dissolu-
tion. Therefore, the residual drop in MHz-range Re(Z) can be used
to identify residual Li-metal deposition. To implement thismethod,
an LC resonator and a peak-hold (PH) circuit were integrated, with
a microcontroller controlling the operation timing of the LC reso-
nator and PH circuit and performingMHz-range Re(Z) calculations.

Fig. 1b shows a photographic image of the sensor circuit
attached to a battery, while Fig. 1c shows the detailed circuit
diagram. Based on this diagram, the operating principle of the
sensor is explained as follows. Here, an inductor Lr, capacitor
Cr, and switch SWr are connected to the battery in series.
Additionally, Rb is the real part of the impedance of the battery.
Upon closing SWr, the LCR network carries a damped resonance
whose damping factor a is governed by Rb at the resonant

angular frequency u0 ¼
ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi
1=LrCr � a2

p
, and the transformer

(M = mutual inductance) produces the voltage output Vp(t), as
expressed using the following equation:
tal deposition. (b) Photographic image of the sensor circuit attached to
eform produced by the sensor and the resulting attenuation factor as

This journal is © The Royal Society of Chemistry 2026
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VpðtÞ ¼ MVb

ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi
a2 þ u0

2
p

Lru0

e�atsinðu0t� bÞ; (1)

where b is the phase angle and Vb is the battery voltage. As
shown in Fig. 1c, a smaller value of Rb results in a slower
damping of Vp. Since the damping factor is given by a(=Rb/2Lr),
Rb can be obtained by determining a from eqn (1). However, the
amplitude of the Vp waveform varies depending on the battery
voltage Vb. Therefore, measuring the damping factor from the
Vp waveform requires accurate measurement of the battery
voltage along with high-speed sampling to capture signals in
the MHz range, which renders the accurate measurement of Rb

difficult. Thus, the proposed method removes unknown
parameters (including Vb), and Rb is obtained from the
following expression:

Rb ¼ 2Lr

tN2
� tN1

ln

����
VpðtN1

Þ
VpðtN2

Þ
����; (2)

where tN1
and tN2

satisfy tN1
< tN2

and

sin(u0tN1
− b) = sin(u0tN2

− b). (3)

By applying eqn (2), Rb can be determined without depen-
dence on the cell voltage (state of charge, SOC). The procedures
employed to optimise the two peak positions and select the
sensor parameters are described in the SI.

To capture these two peaks, a PH circuit was employed, as
shown in Fig. 1a. Notably, conventional PH circuits struggle to
acquire MHz waveforms without overshoot/undershoot, in the
case of damped oscillations. The proposed PH circuit uses
a pulse-selection switch to capture the desired peak. With
repeated excitations, the held value converges to that peak,
enabling high-accuracy measurement to be performed, as
shown in Fig. S1 and S2. It was veried that the circuit can hold
the peak voltage and that measurement is feasible at sampling
rates of a few kHz.

Sensor measurement accuracy

The accuracy of the prototype sensor was evaluated using the
parameters and components listed in Table S1. A chip resistor
of a known value was connected in series with a direct current
Fig. 2 (a) Linearity of the sensor when measuring chip resistors between
the sensor error ratio. The sensor characteristics were evaluated using a

This journal is © The Royal Society of Chemistry 2026
(DC) biased capacitor to emulate a battery. Fig. 2a shows the
measurement accuracy when the chip resistance is varied from
100 to 1000 mU. Notably, a measurement error of less than±0.5
mU (±0.2%) was achieved.

The voltage-dependent error was evaluated by varying the
voltage of the DC biased capacitor (simulating the battery
voltage) from 2.8 to 4.2 V. For comparison, evaluations were
performed using the VNA shunt-through method (which offers
the highest measurement accuracy), the conventional sensor,19

and the proposed sensor. As shown in Fig. 2b, the conventional
sensor exhibited an error of ±0.29%, whereas the proposed
sensor achieved an error of less than ±0.05%, which is
comparable to that of the VNA-based method.

Furthermore, the temperature-dependent error was
compared between the conventional and proposed sensors by
varying the temperature from 0 to 60 °C at 3.5 V. As shown in
Fig. 2c, the conventional sensor showed an error of ±0.61%,
while the proposed sensor achieved an error of less than
±0.08%. These results demonstrate that the proposed sensor
enables highly accurate Rb measurements to be performed
across a wide range of battery voltages, temperatures, and
resistances.
Cross-sectional observation cell

Subsequently, the ability of the proposed sensor to monitor Li-
metal deposition and dissolution was veried using a cross-
sectional observation cell. Fig. 3a shows a photographic image
of the cross-sectional observation cell and the sensor. Addi-
tionally, Fig. 3b presents the corresponding charge/discharge
proles of the sensor, wherein Rb was measured at 1 MHz. As
indicated by the error bars, changes in Li-metal dissolution lie
within the error of the conventional method but are clearly
observed as a meaningful change using the proposed sensor.
Fig. 3c presents the cross-sectional images recorded at each
stage of charge/discharge. In Fig. 3b and c, stages [1]–[5]
represent the charging period, while stages [6]–[10] represent
the discharging period. A movie presenting the correlation
between the cross-sectional observations of the cell, the cell
voltage, and Rb is available in the SI.
100 and 1000 mU. (b and c) Effect of the voltage and temperature on
simulated battery where Cb = 100 mF and Rb = 470 mU.

Sustainable Energy Fuels
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Fig. 3 (a) Photographic image of the cross-validation setup, showing the cross-sectional observation cell equipped with the sensor circuit.
(b) Battery voltage and sensor output, Rb, recorded during an overcharge-induced Li-deposition/dissolution test. Error bars represent the
voltage-dependent error derived from Fig. 2b. (c) Cross-sectional images of the cell acquired during the test shown in (b).
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To pinpoint the onset of Li-metal deposition, an anode-
limited design was employed in which the cathode capacity
exceeded the anode capacity (N/P = 0.7). In this conguration,
the anode becomes fully charged at a cell voltage of ∼3.9 V, at
which point Li-metal deposition begins. During the charging
period at voltages <3.9 V, the colour of the graphite anode
changed from black to blue, red, and gold, as shown in Fig. 3c
(stages [1]–[3]), corresponding to the staged intercalation of Li-
ions.26,27 As shown in Fig. 3c (stages [3] and [4]), a voltage step
near 3.9 V during charging marks the onset of Li-metal depo-
sition. Also, the movie (SI) clearly shows the onset and subse-
quent growth of metallic lithium deposition during charging at
voltages above∼3.9 V. On the other hand, as indicated in Fig. 3c
(stages [6] and [7]), delithiation from graphite resumes near
3.9 V during discharge.

A change in the slope of Rb was observed at the 3.9 V
boundary. The change in the slope of Rb below 3.9 V was
inferred to stem from conductivity changes in the graphite
anode because the conductivity of graphite increases with lith-
iation (i.e., at higher SOC). Measurement of the in-plane Re(Z) of
graphite at 1 MHz conrmed that Re(Z) decreases with
increasing SOC, as shown in Fig. S7. Conversely, above 3.9 V, the
Sustainable Energy Fuels
graphite is fully lithiated and its conductivity stabilises. The
obtained results therefore indicate that the sensor detects Rb

changes caused by Li-metal deposition across the 3.9 V
threshold.

In the charging region above 3.9 V, Rb decreases as Li-metal
deposition increases, as shown in Fig. 3c (stages [3]–[5]),
whereas during discharge, Rb increases with Li-metal dissolu-
tion, as shown in Fig. 3c (stages [5]–[7]). This behaviour indi-
cates that Rb varies with the amount of Li-metal present.
Meanwhile, even when the battery voltage reaches 3.9 V during
discharging, Rb remains lower than that observed at the same
voltage during charging. As conrmed by the images shown in
Fig. 3c (stages [7]–[10]), these results indicate that residual Li-
metal is present.

To conrm that the observed change in Rb is associated with
residual Li-metal, the results of charge/discharge without
overcharge are shown in Fig. S9. Although the same type of cell
was used as that in the cross-sectional observation experiments,
the offset resistance was smaller because the sensor was con-
nected directly to the cell without the terminal used in the cross-
sectional observation setup. Since the magnitude of Rb change
is comparable, the range of the right y-axis was set to be the
This journal is © The Royal Society of Chemistry 2026
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same as that in Fig. 3b. Charging was limited to 3.8 V to avoid Li-
metal deposition. An SOC-dependent change in Rb similar to
that in Fig. 3b was observed. Under the conditions without Li-
metal deposition, Rb returned to its original value aer
charge/discharge. This result suggests that the decrease in Rb

remaining aer discharge in Fig. 3b is attributable to residual
Li-metal.

The relationship between the Li-metal images at the anode
cross-section and the sensor-measured value of Rb at 1 MHz
conrms that the proposed sensor can identify Li-metal depo-
sition and dissolution, along with residual Li-metal. These Li-
metal dynamics were previously undetectable using conven-
tional sensors, as the signals were obscured by measurement
error. These observations therefore demonstrate that the high
accuracy of the proposed sensor is essential for distinguishing
these Li-metal dynamics.
Application to commercial 18 650 cells and challenges

Li-metal dynamics were further evaluated under various test
conditions in commercial cells to demonstrate the practicality
of the developed sensor. Commercial LIBs come in several
package formats, including cylindrical, pouch, and prismatic
cells. In this study, the evaluation was conducted using stan-
dardized cylindrical 18 650 cells. As 18 650 cells are standard-
ized and widely utilized, they provide the most practical format
for demonstrating broad applicability. While the results from
the cross-sectional cell conrm that the sensor is applicable to
pouch cells, demonstrating universal applicability across all
such formats remains challenging due to the wide variety of
sizes, terminal positions, and structures inherent in pouch and
prismatic cells. Further validation using a broader range of
pouch and prismatic cell congurations remains an important
subject for future work.

Initially, to conrm the sensitivity of Re(Z) to Li-metal
deposition in 18 650 cells and to identify the frequency of
Re(Z) that exhibits the highest sensitivity, Fig. 4a shows the
Re(Z) measured using a VNA before and aer Li-metal deposi-
tion over 90 cycles of 2C charging. A greater reduction in Re(Z)
was observed in the MHz range with increasing cycle numbers,
reecting ongoing Li-metal deposition. Based on the optimal
peak sensitivity observed at 1 MHz, the sensor was congured to
operate at this frequency.

Although the sensor measurement is thermally stable, the
battery impedance varies with temperature. Fig. 4b shows the
VNA-evaluated variation of Re(Z) in the MHz range at temper-
atures of 15, 25, and 30 °C, relative to 20 °C. In this frequency
range, Re(Z) is strongly inuenced by the electrode conductivity
and therefore increases with temperature. A temperature
difference of 5 °C resulted in an approximately 4% change in
Re(Z). Given the substantial temperature rise during fast
charging, the thermal contribution to Re(Z) is non-negligible
compared with the signal changes induced by Li-metal depo-
sition. Assessing this temperature dependence requires esti-
mation of the internal temperature. Therefore, in this study, the
analysis was limited to Re(Z) data obtained aer a sufficient rest
period following charge/discharge, when the battery
This journal is © The Royal Society of Chemistry 2026
temperature had stabilised at 20 °C, and the effects of temper-
ature uctuations during charge/discharge were not examined.

The SOC dependence of Rb was also evaluated in an 18 650
cell. Fig. 4c presents the results of Re(Z) measurements per-
formed at 1 MHz as a function of the SOC, obtained using both
the proposed sensor and a VNA. The VNA measurements were
carried out at 20% SOC intervals, while the sensor performed
continuous measurements during charging at 0.01C. These
results conrm that the sensor is unaffected by the battery voltage
variations associated with the SOC and that it achieves
measurement accuracy comparable to that of the VNA. Further-
more, the 18 650 cell exhibits characteristics distinct from those
of the pouch cell used in the cross-sectional observations. Unlike
in the cross-sectional observation cell, the cylindrical cell is
inuenced by winding inductance and tab placement, and Rb can
either increase or decrease.19,28 A precise analysis of the SOC
dependency therefore requires electromagnetic, electrochemical,
and structural evaluations. In this study, the Rb values obtained at
different SOCs were calibrated using Fig. 4c as a SOC-Rb map
referenced to SOC = 0%. The low voltage-dependent error of the
proposed sensor enables comparisons across different battery
voltages (i.e., SOCs), provided the calibration is valid. In future
work, implementing dynamic SOC and temperature compensa-
tion should enable monitoring of more dynamic Li-metal
behaviour during charge/discharge.

To conrm the measurement reproducibility of the sensor
for 18 650 cells, the variation in the measured value was evalu-
ated for repeated attachment/detachment of the cell 10 times
and for ve repeated charge/discharge cycles in which the cell
was charged at 0.4C to 50% SOC and discharged at 0.1C to 0%
SOC. The results of the cycling test are shown in Fig. S11. The
standard deviation for the attachment/detachment test was 1.24
mU (0.23%), while the standard deviation at the same SOC
during the ve cycling tests was 0.5 mU (0.08%) or less. These
values are much smaller than the battery's temperature and
SOC dependence, demonstrating high measurement repro-
ducibility of the proposed sensor.

The impact of Li-metal deposition on battery safety and
degradation depends on the location and morphology of the
deposited Li. The proposed sensor acquires only the real part of
the impedance at a single frequency. Therefore, although it can
be used to estimate the approximate extent of Li-metal deposi-
tion, it is difficult to identify its location and morphology.
Information on the location and morphology of Li-metal
deposition would be helpful for operating lithium-ion
batteries more efficiently. On the other hand, from the view-
point of safe operation, estimating the extent of Li-metal
deposition using the proposed sensor is still sufficiently useful.
Various C-rate charging conditions in commercial 18 650 cells

We demonstrate that precise SOC and temperature calibrations
are not strictly necessary for the practical application of the
proposed sensor. Even with the current level of development,
the sensor shows strong potential as a safety-diagnostic tool
capable of detecting Li-metal behaviour in commercial
batteries.
Sustainable Energy Fuels
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Fig. 4 (a) Change in Rb for an 18 650 cell relative to the initial value after 30, 60, and 90 cycles of 2C charge-cycling. (b) Temperature
dependence of the MHz-range Rb value for the 18 650 cell. (c) SOC dependence of Rb at approximately 1 MHz for the 18 650 cell, as measured
using the sensor and a VNA.
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Using 18 650 cells, charging was performed at various C-
rates, and Li-metal deposition and dissolution were evaluated
based on the sensor-measured Rb. For this purpose, the tested
cell was charged from 0 to 60% SOC (DSOC 60%) while
increasing the charge rate by 0.2C each cycle (0.2–2.0C). Aer
charging, a 1 h rest period was applied. Subsequently, the cells
were discharged to 2.85 V at 0.2C, followed by a constant voltage
discharge at 2.85 V for 3 h. Fig. 5a shows the recorded battery
voltage Vb, battery-surface temperature Tb, sensor-measured Rb,
and SOC-corrected Rb during the cycling test. The correspond-
ing data for charging from 0 to 70% SOC (DSOC 70%) were
evaluated, indicating that with repeated charging at higher C-
rates, Rb decreases relative to its initial value across all SOC
states, suggesting the presence of Li-metal deposition.

To evaluate the Li-metal dynamics more rigorously, the
change in Rb was analysed at points A (1 h post-charge) and B
(end of discharge), as shown in Fig. 5a. These points were
selected to ensure identical SOC and temperature conditions.
Fig. 5b and c show changes in Rb at points A and B, respectively,
wherein the error bars represent the voltage-dependent error
derived from Fig. 2b. At point A, a higher C-rate and a higher
charging SOC consistently correlate with a decrease in Rb. This
suggests that a higher C-rate and greater charging capacity lead
to a greater amount of Li-metal deposition. In contrast, at Point
B, no signicant change is observed up to 1C. The Rb value,
which decreased at Point A, recovers to its original level, sug-
gesting Li-metal dissolution. As indicated by the error bars, the
ability to evaluate not only Li-metal deposition but also disso-
lution is made possible solely by the enhanced precision of the
proposed sensor.

To quantify this Li-metal dissolution, the change in Rb from
point A to B was calculated, as shown in Fig. 5d. Specically, the
increase in Rb from point A to B indicates that a greater extent of
Li-metal deposition leads to enhanced dissolution. If this Li-
metal dissolution is insufficient, it is observed as residual Li-
metal, as shown in Fig. 5c. A portion of this Li-metal becomes
electrically isolated from the anode and persists within the
battery as dead Li. The test results indicate that during charging
Sustainable Energy Fuels
at 1C or higher, the rate of Li-metal deposition exceeds that of
dissolution, thereby compromising safety.

To evaluate the change in Rb produced by a single cycle at
each C-rate, independent of the effects of residual Li-metal, the
difference in Rb was calculated between point A and previous
point B, as shown in Fig. 5e. A signicant decrease in Rb was
observed beyond 1C. On the other hand, Fig. 5d shows no
abrupt change near 1C. These results further suggest that
charging rates greater than 1C result in signicant Li-metal
deposition, thereby increasing the likelihood of Li-metal
remaining as residue. To ensure safety, it is necessary to
either ensure sufficient time for Li-metal dissolution or to
charge at a C-rate that minimises deposition. The proposed
sensor provides the critical metrics required to determine these
optimal operating conditions.
Cycle degradation in commercial 18 650 cells

In the previous section, the characteristics of fresh cells were
evaluated. However, in LIBs, the conditions for Li-metal depo-
sition change due to degradation.29,30 Since degradation states
vary widely and are difficult to predict in advance, real-time
evaluation is essential. It was therefore veried whether the
proposed sensor can assess Li-metal deposition even at varying
degradation states. To quantify the degradation-dependent
changes in Li-metal deposition and dissolution and to show
that these processes can be measured using the proposed
sensor, 25 charge/discharge cycles were performed. These
charge/discharge cycles were repeated using a xed charging C-
rate, following the conditions outlined in Fig. 5a.

Fig. 6a shows the cycle-by-cycle changes in Rb at points A (1 h
post-charge) and B (end of discharge) during cycling at 1.6C
with DSOC 60%. The observed change from point B to A (aer
the subsequent charge) suggests Li-metal deposition, while the
change from point A to B suggests Li-metal dissolution. Here,
dissolution refers to all processes by which deposited Li-metal
no longer remains as metallic Li, including redissolution into
the electrolyte, re-intercalation into the graphite anode, and
consumption through a reaction with the electrolyte to form the
SEI. The difference between deposition and dissolution
This journal is © The Royal Society of Chemistry 2026
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Fig. 5 (a) Stepwise C-rate test in which the charge rate was raised by 0.2C each cycle and charging was performed from 0 to 60% SOC.
(b) Change in Rb at point A. (c) Change in Rb at point B. (d) Change in Rb evaluated from point A to point B. (e) Change in Rb evaluated from point B
(immediately before charging) to point A. The error bars in panels (b) and (d) represent the voltage-dependent error derived from Fig. 2b.
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corresponds to the amount of residual Li-metal. Upon
increasing the number of cycles, both the deposition and
dissolution amplitudes increased and the net Rb value dried
downward. These results suggest that with continued cycling,
the extent of Li-metal deposition increases as the cell degrades,
while also indicating that dissolution is incomplete during the
discharge step, resulting in residual Li-metal build-up.

Fig. 6b shows the changes in Rb at point B for C-rates of 0.4,
1.0, and 1.6C, wherein charging was performed at DSOC 60% or
70%. The test performed at DSOC 70% at 1.6C was nalised
This journal is © The Royal Society of Chemistry 2026
upon reaching the upper-voltage limit aer 23 cycles. In
contrast, at 0.4C, the small amount of deposited Li-metal
appeared to dissolve almost completely, and Rb remained
nearly constant over approximately 10 cycles. Beyond this point,
Rb began to decline and ultimately dropped by approximately 3
mU. This result is consistent with the nding that repeated
rapid charging of LIBs causes heterogeneous degradation, and
once this degradation exceeds a threshold, the battery becomes
prone to rapid degradation accompanied by Li-metal
Sustainable Energy Fuels
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Fig. 6 (a) Changes in Rb at points A and B over 25 cycles at a charge rate of 1.6C. During each cycle, charging was performed under DSOC 60%
conditions. (b) Changes in Rb at point B over 25 cycles at charge rates of 0.4, 1.0, and 1.6C (DSOC = 60% or 70%).

Fig. 7 Photographic images and SEM back-scattered electron images recorded for the disassembled anode after 25 cycles: (a) DSOC 60%, 0.4C;
(b) DSOC 60%, 1C; and (c) DSOC 70%, 1.6C.
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deposition.31 Given the unpredictability of these degradation
states, continuous monitoring using the sensor is essential.

Conrmation of Li-metal deposition via disassembly

Aer cycling, the three representative cells (0.4C, DSOC 60%;
1.0C, DSOC 60%; and 1.6C, DSOC 70%) were opened, and their
anodes were examined by scanning electron microscopy (SEM)
in the back-scattered electron mode as shown in Fig. 7, wherein
the residues darker than the carbon matrix correspond to Li-
metal. From Fig. 7a, it is evident that only a few isolated
microscale Li-metal deposits are visible, consistent with the
modest 3 mU decrease in Rb. Fig. 7b and c reveal progressively
larger deposits, and in Fig. 7c, the Li-metal is clearly visible.
These observations conrm that the proposed sensor can be
used to quantify the amount of Li-metal deposition.

Conclusions

In summary, the real-time monitoring of Li-metal deposition
and dissolution in LIBs was achieved using the developed
sensor that measures MHz-range Re(Z) values. The proposed
Sustainable Energy Fuels
sensor implemented a new equation for Rb that is independent
of Vb, along with a novel post-processing circuit. Importantly,
these features resulted in accurate monitoring under varying Vb
conditions. Using a cross-sectional observation cell, it was
veried that the sensor tracks Li-metal dynamics, in addition to
the resulting residual Li-metal fraction. In commercial 18 650
cells, the sensor resolved changes in Rb that were consistent
with the amounts of deposition and dissolution. Cycling tests
showed that these behaviours evolved with degradation and
were observable in real-time. These results indicate that the
proposed sensor can provide a basis for control strategies that
retain safety, while maximising battery performance.

However, several challenges remain, including an improved
feasibility for higher-capacity or parallel-connected cells and
temperature compensation. Since higher-capacity cells exhibit
smaller MHz-range Re(Z) values, greater accuracy is required.
Additionally, an appropriate temperature calibration method
for correcting the MHz-range Re(Z) values is needed. For prac-
tical long-term battery monitoring, another important chal-
lenge is to retain high measurement accuracy over extended
operating periods while minimising the inuence of
This journal is © The Royal Society of Chemistry 2026
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temperature dri, circuit dri, and external noise. Resolving
these challenges will broaden the applicability of the sensor
across various battery capacities and applications to enable
safer, more efficient charge/discharge control.
Experimental section
Sensor operating conditions

Table S1 lists the sensor components and parameters required
to calculate Re(Z) using eqn S9. These values were used for both
the cross-sectional observation cell and the 18 650 cell evalua-
tions. The power consumption of the sensor originates from
a resistor Rr placed parallel to a capacitor Cr in the LCR reso-
nator. When switch SWr is ON, a battery voltage Vb is applied
across Rr, causing current to ow and a capacitor Cr to be
charged. Aer the switch turns OFF, the charge stored in Cr is
discharged through Rr. The current through Rr during the ON
period dominates the power consumption, whereas the contri-
bution from charging and discharging Cr is negligible in
comparison. To measure the single-peak value, the switch was
switched ON/OFF 250 times. This process was repeated six
times and the six resulting peak measurements were averaged
to reduce noise. Considering that two peaks were measured per
cycle, a total of 6 × 250 × 2 = 3000 ON events existed per
measurement. The energy consumed per measurement
depends on Vb and is equal to 150 Vb

2 × 10−6 Wh. Because of
the large capacity of the 18 650 cell, measurements were per-
formed every 2 s. In contrast, measurements were performed
every 15 s for the smaller cross-sectional cell. Fig. S10 shows the
cumulative charge drawn by the sensor during charging,
thereby accounting for its power consumption.
Evaluation of the SOC dependence of the high-frequency
impedance

In-plane resistance measurements were conducted for the
anode using the cell congurations shown in Fig. S4 and S5. The
anode employed graphite (OMAC 1.5 S) as the active material,
which had a composition of graphite/CMC/SBR = 98 : 1 : 1
(wt%). The slurry was coated on one side of a PET lm to give
a loading of 3.9mg cm−2 and pressed to reach an activematerial
density of 1.3 g cm−3. Copper foil with ultrasonically welded Ni
tabs was sealed at both ends of the electrode to enable current
collection and was mechanically compressed using a custom
jig, as described in Fig. S5. To minimize the inuence of the
current collector on the high-frequency impedance measure-
ments, ∼50 mm Kapton tape was applied over the collector
areas. The cathode employed NCM(111) as the active material,
which had a composition of NCM(111)/acetylene black/PVDF =

92 : 5 : 3 (wt%). The cathode was coated on one side of Al foil to
give an NCM loading of 7 mg cm−2 and pressed to achieve an
active material density of 2.5 g cm−3.

The cells were fabricated by assembling the coated sides of the
electrodes on either side of a separator and sealing them in an
aluminum laminate pouch. The electrolyte (1 M LiPF6 in EC/
DMC/EMC = 3 : 4 : 3 vol.) was injected into the cell in an Ar-
This journal is © The Royal Society of Chemistry 2026
lled glove box. A uniform pressure of 1 kg cm−2 was applied
using a spring-loaded jig and a 2 mm thick silicone rubber sheet.

Subsequently, a single constant-current (CC) conditioning
cycle was applied at 0.1C (3.0–4.1 V, 20 °C), followed by charging
to 4.1 V at 0.1C and aging at 60 °C for 6 h. Aer cooling to 20 °C,
the cell was discharged to 3.0 V using the CC-CV (constant
voltage) mode at 0.1C to prepare the test cell.

The test cell was adjusted to specic SOC in 20% increments
of 0.1C. Aer each step, the cells were rested for 1 h to allow
voltage relaxation. Subsequently, each cell was connected to
a vector network analyzer (E5061B, Keysight) and stabilized for
1 h prior to performing the impedance measurements between
100 kHz and 100 MHz using the shunt-through method.23

Fig. S6 depicts the SOC dependence of Re(Z) at 1 MHz,
wherein a decreasing trend in Re(Z) is observed with an
increasing SOC. This trend is consistent with the previously re-
ported relationship between the lithium content and the elec-
tronic conductivity in lithium-intercalated graphite compounds
(LIGCs), as described by Basu et al.32 Thus, the SOC dependence
observed in the standard charge region was attributed to the
variation in the electronic conductivity of the LIGC, which was
associated with the extent of lithium intercalation into graphite.
Cross-sectional observations

Using the cell congurations shown in Fig. S7 and S8, cross-
sectional observations were conducted in parallel with charge/
discharge cycling and impedance measurements. The cathode
consisted of NCM(111) as the active material, which had
a composition of NCM(111)/acetylene black/PVDF = 92 : 5 : 3
(wt%). The slurry was coated on one side of Al foil to give
a loading of 14mg cm−2 and pressed to achieve an activematerial
density of 2.5 g cm−3. A commercially available single-side coated
graphite anode (1.5 mAh cm−2) was also employed. The cell was
designed with an excess cathode capacity (N/P ratio z 0.7),
allowing lithium plating to occur even at low charge rates.

To minimize the inuence of the current collector in
uncoated regions during the high-frequency impedance
measurements, ∼50 mm Kapton tape was applied to the bare
mask areas. Cross-sectional imaging was then performed using
confocal laser scanning microscopy (Lasertec ECCS B320).

The cell was assembled by placing the electrodes face-to-face
through a separator and sealing them in an aluminum laminate
pouch. A 1 mm-thick EPDM sheet and a clamping jig were used
to apply a uniform pressure of 8.5 kg cm−2. The cross-section for
observation was prepared using a cutter that was incorporated
within the confocal system. The electrolyte (1 M LiPF6 in EC/
DMC/EMC = 3 : 4 : 3 vol.) was injected into the cell in an Ar-
lled glove box, and the pouch was sealed immediately.

A single conditioning charge cycle was applied at 0.2C (3.0–
3.9 V, 20 °C), followed by charging to 3.9 V at 0.2C and aging at
60 °C for 6 h. Aer subsequent cooling to 20 °C, the cell was di-
scharged to 3.0 V using a CC–CV protocol at 0.2C to prepare the
test cell.

Cross-sectional observations were performed at 20 °C using
a thermostatic system. During cycling (Solartron 1287), the
impedance at 1 MHz was measured using an impedance sensor
Sustainable Energy Fuels
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and the confocal microscopy images were captured
simultaneously.
Test conditions for the commercial 18 650 cells

All tests performed on the commercial 18 650 cells were con-
ducted in a temperature-controlled chamber maintained at 20 °
C. All tests began and ended with a capacity check. Specically,
the capacity checks consisted of CC charging at 0.1C (0.1C =

0.26 A) to 4.2 V, CV charging at 4.2 V for 3 h, a 10 min rest, CC
discharging at 0.1C to 2.85 V, and CV discharging at 2.85 V for
3 h. For the experiments shown in Fig. 5, each cycle was per-
formed as follows. Aer the capacity check, the cell was charged
at 0.2C under CC conditions to either from 0 to 60% SOC (DSOC
60%) or 70% SOC (DSOC 70%), rested for 1 h, discharged under
CC conditions at 0.2C to 2.85 V, and then discharged under CV
conditions at 2.85 V for 3 h. The CC charge rate was increased by
0.2C in each subsequent cycle until reaching 2.0C. No cycle
reached the 4.2 V cutoff under these conditions. In the experi-
ments shown in Fig. 6, six charge protocols (DSOC 60% or 70%
at 0.4, 1.0, or 1.6C) were tested. All discharge steps were per-
formed under CC conditions at 0.2C to 2.85 V followed by CV
conditions at 2.85 V for 3 h. These tests were conducted over 25
cycles, except for the DSOC 70% and 1.6C condition, which was
terminated aer 23 cycles upon reaching the 4.2 V cutoff.
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