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State-of-the-art battery cells are composed of complex heterogeneous elec-
trode structures that pose significant challenges for analyzing electrochemical

processes. Traditional electrochemical impedance spectroscopy (EIS) techni-
ques require system simplification and equilibrium conditions, which limit
their ability to capture dynamic processes during battery operation. This
paper introduces an advanced method, which combines operando impedance
measurements with real-time monitoring of overvoltage in a three-electrode
cell setup. This approach enables detailed analysis of processes occurring
under actual operating conditions, overcoming limitations of conventional
EIS. The benefits of operando EIS are demonstrated through the study of
lithium-metal electrodes during repetitive stripping and plating cycles. The
technique allows for the identification and quantification of various electro-
chemical processes, including those related to lithium diffusion, surface
morphology changes, and dendritic growth. The findings highlight the

importance of operando impedance spectroscopy in providing insights that
are not accessible through traditional EIS methods, particularly in under-
standing complex phenomena such as internal short circuits and lithium pit-
ting. The study emphasizes the necessity of combining operando impedance
measurements with equilibrium measurements to achieve a comprehensive

understanding of battery behavior during operation.

State-of-the-art battery cells consist of complex electrodes composed
of several different materials that form complicated heterogeneous
structures in the nanometer to micrometer range. The identification
and quantitative evaluation of the processes taking place in such
electrodes is in principle possible by electrochemical measurements
using electrochemical impedance spectroscopy (EIS)'>. The first step
in analyzing electrode processes is usually a system simplification

(Fig. 1a), where the cell and electrode design are simplified to reduce
the number of variables. This could mean, for example, preparing flat
instead of porous electrodes and a symmetrical cell assembly*~’. Then
the impedance spectroscopy is measured at equilibrium (Fig. 1b). This
is because EIS measurements require that the system under investi-
gation is linear, stable, causal and stationary (i.e. time-invariant)®. In the
case of batteries, all these conditions can usually only be met after a
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EXHAUSTIVE EIS ANALYSIS OF PROCESSES
OCCURING IN A SINGLE BATTERY ELECTRODE
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Fig. 1| Schematic representation of EIS analysis. a-e Traditional steps in EIS
analysis in battery research (f) approach in this study.

sufficient rest period at open circuit voltage (when no current is
flowing through the system), or alternatively, after the voltage of the
cell has been kept constant and the current has dropped sufficiently.
Therefore, if we want to study the changes that occur during the dis-
charge (or charge) half-cycle of a battery using EIS, specific protocols
must be followed as described in Supplementary Note 1.

After reliable measurements of impedance spetra, the EIS analysis
must be supported by additional electrochemical, chemical and mor-
phological analyzes (Fig. 1c), which then enable the construction of the
proposed physics-based EIS model (Fig. 1d). The entire workflow is
repeated by gradually introducing complications that were originally
omitted in order to understand the elementary processes in the actual
complex battery electrode (Fig. 1e). Despite its reliability and general
usefulness, the described protocol has one major drawback: it only
provides information about what happens in the battery after equili-
brium is reached, while it lacks the crucial information about the nat-
ure of the processes that take place under the actual operating
conditions of the battery. In principle, this information can be col-
lected with the help of so-called dynamic impedance measurements’
(Supplementary Note 2 and Fig. S1).

Dynamic electrochemical impedance spectroscopy (DEIS), also
known as galvanostatic electrochemical impedance spectroscopy
(GEIS), or operando EIS was first applied to various battery systems
back in the early 1990s, as a technique then referred to as non-
stationary or in-situ impedance spectroscopy. Studies ranged from the
analysis of lead-acid batteries'® to the deposition and dissolution of
lithium", the operation of graphite electrodes”, the formation of
LiCoO, interfaces” and the determination of the deintercalation and
intercalation of lithium in three-electrode Li-ion batteries™. More
recently, Huang et al. used dynamic single-frequency measurements
over the entire SOC range of a commercially available 18650 cell, which
showed differences in charge transfer resistance and a dramatic
increase in impedance near full discharge®. Ko et al. used this techni-
que to investigate the differences between mm- and nm- sized parti-
cles in silicon anodes'®. Ratynski et al. used the direct current

superimposed EIS measurements to determine changes in active sur-
face area in Li-ion battery electrodes”. Watanabe et al. showed hys-
teresis and particle size of active material on charge transfer
resistance'®, while Brown et al. used the technique to detect the onset
of lithium plating during fast charging of Li-ion batteries'. Janek’s
group published a series of papers investigating the impedance of Li
metal in cells employing solid-state electrolytes with GEIS*® Among
other things, the growth kinetics of lithium metal on different model
electrodes were investigated, revealing complex heterogeneous elec-
trodeposition behavior and morphological aspects®. The performance
of Li metal and Li-Mg metal alloy anodes was also compared and
investigated. Alloying lithium with 10 at. % of magnesium effectively
prevented the formation of macroscopic pores, but the Li-Mg alloy
exhibited kinetic limitations due to the chemical diffusion of lithium in
the alloy*.

Despite the successful application of GEIS in many battery sys-
tems, it is extremely important to emphasize that during such mea-
surements the system changes to some extent due to the DC bias,
which can lead to a (significant) distortion of the measured impe-
dance. To minimize this, the measurement time can be shortened. In
this case, however, the low-frequency part of the battery spectrum
(e.g. below 1 Hz-0.1Hz) is usually not accessible, as the measurement
takes a very long time (in the order of tens of minutes or even several
hours). Recently, however, it has been shown that the omission of the
low-frequency part means that one cannot obtain information on
several critical battery processes such as the diffusion of active
species in the porous electrode, in the separator, as well as in active
insertion particles®?***. In principle, a way of circumventing this
shortcoming could be through the use of multisine perturbation®2’,
however, we have not employed this approach in this study.

Results and discussion

Here we propose an upgrade of the conventional dynamic impedance
measurement method for use in battery research as well as in other
electrochemical fields, where the DC bias leads to significant temporal
variations of the system during the measurement. The first essential
element of the proposed operando EIS is the use of a three-electrode
cell instead of the predominantly used two-electrode coin or pouch
laboratory cell. The second essential element of this technique is the
combination of information from the measured EIS spectrum and the
overvoltage from the underlying galvanostatic charge or discharge
curve. Finally, as shown in this work, the use of the present operando
EIS method only makes sense when combined with all steps of the
measurement under OCV conditions (i.e. steps a-e), as highlighted
in Fig. 1.

We demonstrate the advantages of the proposed operando EIS
using the example of a Li-metal electrode that is subjected to repetitive
stripping and plating, which is known to lead to the formation of
complex interface structures®*>*, The measuring cell is shown sche-
matically in Fig. S2. A crucial element of the analysis is the use of a
stable reference electrode. In our case, this was a lithiated gold micro-
reference electrode, the stability of which has been demonstrated
previously*. In the case of the present symmetric cells, a stable
reference electrode provides the crucial information about the dif-
ferent behavior of the two electrodes during each half-cycle, as will be
shown in continuation.

Before we apply the operando EIS to the lithium-metal system, we
first explain the typical results of a galvanostatic cycling experiment on
a conventional two electrode symmetrical Li||Li cell cycled with 1M
LiTFSI in TEGDME:DOL 1:1 (v:v) electrolyte (Fig. 2). During the first half
cycle (Fig. 2b-d), lithium is stripped from the counter electrode and
deposited on the working electrode. Since lithium metal passivates
under the given circumstances, part of the electrodeposited lithium is
lost during the reactions with the electrolyte and forms the SEI layer
(Solid Electrolyte Interphase). During the charging process, this
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Fig. 2 | Galvanostatic experiment involving Li metal stripping and plating
showing three different typical half cycle overpotential variations and corre-
sponding morphologies. a Overall potential change with time for Li metal strip-
ping and plating experiment using 1M LiTFSI in TEGDME:DOL 1:1 (v:v) electrolyte
and 0.5 mA/cm? current density. b 1 half-cycle overpotential. ¢ SEM micrograph of
the working electrode (undergoing plating) after the 1°* half-cycle in (b) with Li
deposits colored brown. d SEM micrograph of the counter electrode (undergoing
stripping) after the 1* half cycle in b). e The negative part of the 5% cycle of the
stripping and plating experiment. f Morphology of the lithium electrode after the
5% cycle of operation with Li deposits colored in brown. g The negative part of the
20" cycle of the stripping and plating experiment. h Morphology of the lithium
electrode after the 20™ cycle of operation with Li deposits colored brown.

deposited lithium is stripped off and deposited back onto the counter
electrode. The duration of charging and discharging remains the same
because both electrodes have a large excess of lithium metal com-
pared to the amount we strip and deposit. When we reach the limit of

lithium metal that has been deposited during discharge and has been
lost to some extent due to side reactions, further stripping is possible
by pitting from the bulk lithium metal electrode [1].

Due to the multiple effects described above, this basic experiment
already shows different types of variations in the overpotential,
depending on the particular cycle of utilization. In the first half cycle,
the cell’'s overpotential decreases sharply and stabilizes at about half of
the initial overpotential value (Fig. 2b). In later cycles, the variation of
the overpotential is more complex, with an initial peak and decrease
and a later increase in values (Fig. 2e). Towards the end of the
experiment, the overpotential of a single half-cycle shows a lower
absolute variance, but the signal appears to be erratic—it contains
noise of the order of 5 mV (Fig. 2g). Ex situ analysis of the Li electrodes
shows that about 60% of the surface of the working electrode is cov-
ered with islands of high-surface-area Li deposits after the first half
cycle (Fig. 2¢), while the counter electrode exhibits changes due to
pitting that affect an estimated 10% of the electrode surface (Fig. 2d).
The morphology of the electrodes in later cycles is more uniform with
complete coverage of the electrode deposits. The total thickness of the
deposits determined varies from 30 um after 5 cycles (Fig. 2f) to more
than double that after 20 cycles of cell operation (Fig. 2h).

Although the basic galvanostatic electrochemical experiment,
especially in combination with additional information from imaging
techniques, provides important initial information about the pro-
cesses that occur in Li electrodes during cycling, such data are difficult
to quantify and break down into fundamental (elementary) processes.
Examples of such elementary processes expected from general models
for porous interfacial structures have been identified in our previous
work’: (i) migration of species through the bulk electrolyte contained
in the porous separator, (ii) migration of species through the electro-
lyte in the pores of the porous part of the SEI, (iii) migration of Li* ions
through the compact part of the SEI (complicated in the case of den-
dritic growth due to the formation of a dendritic layer of live Li metal,
which creates a virtually porous Li electrode with a large surface area),
(iv) charge transfer reaction at the interface between the solid Li metal
and the SEl layer, (v) diffusion through the porous layer of the SEI, (vi)
diffusion through the live dendritic Li metal layer formed on the
electrode surface, (vii) diffusion through the passivation layer of the
remaining high surface area deposits formed on the electrode surface,
(viii) diffusion through the porous separator.

At least some of the elementary processes listed above can be
identified and quantified with the proposed operando EIS, as will be
shown in the continuation.

Analysis of first half cycle with operando EIS

Operando EIS was initially applied to the first half cycle of Li metal
stripping and plating using LP40 electrolyte. The contributions of the
working and counter electrodes were determined separately by using a
microreference electrode, whose reliability was first investigated by
comparing two and three-electrode (2E and 3E) experiments (Sup-
plementary Note 4). The calibration of the cell setup was conducted
through EIS measurements of glassy carbon electrodes in 2E and 3E
configuration (Supplementary Note 5). In addition, the potential fluc-
tuations during operando EIS measurements were determined to
evaluate the drift and stability of the EIS measurements (Supplemen-
tary Note 6).

The impedance spectra measured during the first half cycle of
stripping and plating on Li electrodes are shown in Fig. 3 (in black) as
stacked Nyquist plots tilted by 90°. The plots are drawn so that their
low-frequency points correspond exactly to the overpotential mea-
sured at the same time as the impedance spectrum (drawn in red). The
axis corresponding to the imaginary part of the impedance (top) has
the same unit as the axis for the real part of the impedance (right). At
the same time, the scale for the overpotential (left) is directly corre-
lated with the axis for the real part of the impedance (right) when the
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Fig. 3 | Operando impedance spectroscopy experiment during the first half
cycle of Li metal stripping and plating on Li| |uAu | |Li three-electrode cell.

a Operando EIS spectra (black points, scale on top and right) and overpotential (red
curve, scale on bottom and left) during stripping with LP40 electrolyte and 0.1 mA/
cm? current density. Symbols mark peak frequencies of the 1%, 14" and 27% spectrum
and (b) plating during the same half cycle as in a). The red curves correspond directly
to the values in Fig. S3e. The first value of the red curve is the overpotential value that
was measured simultaneously with the first (high) frequency point (1 MHz) in the first
impedance spectrum. The subsequent overpotential values were measured together
with the last (low) frequency points (20 mHz) in the measured spectra. ¢, d The
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percentage contribution of R (dark grey area), Ry (light grey area), and Ry (white
area, marked with blue arrow) resistance to the total resistance for stripping and
plating, respectively. e Evolution over time of the electrolyte resistance (black lines),
the high frequency arc resistance (red lines) and the low frequency resistance (blue
lines) contributions for the whole cell. Contributions for the electrode undergoing
striping are plotted in full lines and dots, contributions for the electrode undergoing
plating are plotted in dotted lines and open circles. Note that the noise visible in d) is
due to the instability of the Ecg potential measurement during the three-electrode
operando impedance experiment.

DC current amplitude is considered. The more traditional repre-
sentations of the data in the form of Nyquist and Bode plots can be
found in Figs. S6 and S7. To demonstrate the quality of the EIS mea-
surements, we have conducted Kramers-Kronig analysis of one of the
spectra from the stripped electrode and two spectra from the plated
electrode (Fig. S8).

The difference between the total resistance, R,=n /I (red curve in
Fig. 3a, b), where / is the applied current and r is the measured over-
potential, and the lowest frequency data point for each spectrum (i.e.
the maximum impedance from the EIS) is between 4 and 9.5 Q for the
stripped electrode (Fig. 3a) and 4 and 23 Q for the plated electrode
(Fig. 3b). We note that the results of Fig. 3a in particular show very
good agreement between the two techniques, confirming that the
measurements very likely fulfil the conditions of linearity. The possible
reasons for the small differences are as discussed in Supplementary
Note 8. To further evaluate the data shown in Fig. 3a and b, we pro-
cessed the spectra in Zview (Supplementary Note 9) to obtain the value
of the resistive intercept (electrolyte resistance, R.), the magnitude of
the high-frequency impedance arc (Ryr) and the low frequency impe-
dance contributions (R g). The values of these three parameters as a
function of cycling time are shown in Fig. 3c-e.

During stripping, only very small changes are observed in the first
half cycle of the experiment (Fig. 3a), which is reflected in almost
constant values of the corresponding parameters with stripping time
(Fig. 3c and solid lines in Fig. 3e). In contrast, the changes in the
parameters are much more pronounced for the electrode that was
plated (Fig. 3d and dashed lines in Fig. 3e). Importantly, the shape of
the EIS spectrum changes from a relatively symmetrical arc to an arc
with an angle of 45° in the high frequency range. Such a shape is

attributed to transport through the porous structure of the electrode®’
(Figs. 3b and Séb). This is confirmed by ex situ analysis of the cell
(Supplementary Note 10). The R, and R, ¢ values and trends are similar
to the electrode subjected to stripping.

By comparing the temporal evolution of the different parameters
defined above (Fig. 3e), one can easily evaluate the contribution of
each process to the overall overpotential of the cell. During the entire
stripping half-cycle, the process that can be seen as a high-frequency
arc contributes by far the most to the overall overpotential of the cell.
Conversely, the size of the high-frequency arc decreases significantly
over time during plating, which is due to the increase in the surface
area of the plated metallic structures. This change can be used to
estimate the increase in surface area of the active electrode, which was
found to be about 60-fold (Supplementary Note 11).

Repeatability of the experiments is shown in Fig. S18, where the
overpotential and EIS spectra of the electrode undergoing stripping or
plating is compared. As evident, the largest differences in between
repetitions are in the overpotential of the stripped electrode, which is
directly related to the SEl resistance of the electrode. Since the Li metal
foil was not pretreated before cell assembly, the variation is attributed
to inhomogeneity of the native SEI layer. For the employed current
density and electrolyte, the relative decrease of the SEI arc in stripping
was for a factor of 1.09 + 0.06, while for plating, the high frequency arc
decreased for 86 +2%.

Analyzing the results in Fig. 3, one might conclude that similar (or
even more accurate) results would be obtained using the conventional
EIS technique of Fig. 1a, i.e. by interrupting the discharge at pre-
selected times and measuring the corresponding EIS spectra after
equilibration of the cell at the corresponding OCV conditions
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Li metal stripping and plating on Li| [uAu | |Li three-electrode cell. a Operando
EIS spectra (black points, scale on top and right) and overpotential (red curve, scale
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density. Symbols mark peak frequencies of the 1%, 14™ and 27" spectrum and (b)
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values and correspond directly to values in Fig. S3f. ¢ Time evolution of the elec-
trolyte resistance (black line) and the contributions of the high-frequency arc
resistance (red line) and R;r (blue line) for the entire cell. Contributions for the
electrode undergoing striping are plotted in full lines and dots, contributions for
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d Scheme of the various transport pathways to the available lithium. Path 1 shows
tortuous pathway in porous lithium deposits. Path 2 shows less tortuous, direct,
pathway to the bulk electrode. e The percentage of surface coverage with depos-
ited lithium on Li-metal electrodes changes with the number of cycles of stripping
and plating. f Change in stripping efficiency from previously deposited Li on Li-
metal electrode with and without 10 h OCV periods after plating. Error bars show
standard deviation in striping efficiency for each cycle number between four
measurements.

(EIS@OCV). However, Fig. S19 (Supplementary Note 12) shows that the
spectra measured with EIS@OCYV differ significantly from the present
spectra measured with operando EIS. For example, the difference in the
magnitude of the low-frequency arc is one order of magnitude, while
the difference in the peak frequency of this arc is even two orders of
magnitude. This clearly underlines the general need to perform
operando EIS in addition to EIS@OCV measurements if we want to
better understand the nature of the processes that take place during
battery operation.

Subsequent half cycles

In the following cycles of Li metal stripping and plating with LP40
electrolyte, the trends in overpotential and impedance spectra
become more complex. As an example, the operando impedance data
for the 20" cycle are shown in Fig. 4 (the corresponding Nyquist and
Bode plots can be found in Figs. S21 and S22). The trends for the
electrode being plated (Fig. 4b) are similar to those observed in the
first half cycle (Fig. 3b). However, the trends for the electrode that is
stripped (Fig. 4a) differ significantly from those observed in the first

half cycle (Fig. 3a). The increase in overpotential in the first part of the
later half-cycles has been attributed to the gradual consumption of
accessible lithium from the high surface area lithium deposits. When
this relatively easily accessible Li metal is completely consumed, pit-
ting begins to occur from the bulk of the flat electrode, which can be
seen as the plateau of the overpotential in the second part of the half-
cycle3°'3l'35.

The impedance data of the present operando EIS technique sup-
port the previously formulated hypothesis in the literature, which was
based solely on the overvoltage trend. In the first part (i.e., until about
1h) of the half-cycle in Fig. 4a, it can be seen that the high frequency
contribution remains almost stable, while the difference between the
overpotential value and value and the resistance of the lowest mea-
sured frequency point increases, indicating an increase in the various
diffusion impedances taking place in this system. In the second part of
the half cycle (after about 1h), the high frequency arc also starts to
increase in magnitude, indicating a reduced size of the active surface
and the beginning of pitting on the bulk Li metal electrode®. The time
at which this occurs probably depends on the degree of passivation of
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the high surface area lithium deposits. With low passivation, the
increase in overpotential occurs at later stages of the half-cycle,
whereas a higher degree of passivation would mean that pitting of the
bulk electrode begins very soon after the start of the half-cycle.

Similar to the results of the first half-cycle, we fit the spectrawith a
simplified equivalent circuit (Fig. S12) and show the results in Fig. 4c. As
mentioned above, the results for the electrode that is plated are very
similar to those of the first half-cycle, as are the trends for Ryr and Ry f.
For the electrode that is stripped, the trend is different. Within the first
hour, the Ry (the size of the HF arc) remains more or less constant, i.e.
it does not follow the increasing trend of the overpotential (red line in
Fig. 4a). This means that the R, ; increases during this period, which we
attribute to an increase in the diffusion distances required to reach the
increasingly hidden Li metal in the high surface area deposits. How-
ever, as soon as the Ryr increases, the R starts to decrease. This could
be explained by the scheme in Fig. 4d. In the first part of the half-cycle,
stripping takes place in the high surface area deposits. The further this
process progresses, the more difficult it becomes to reach the lithium
metal, as the path to the remaining deposits is long, tortuous and in
increasingly narrow pores (pathway 1). After the Li available in the large
surface area deposits is used up, pitting begins in the bulk of the
electrode, which means that the transport path is shorter, less tortuous
and probably through pores with larger dimensions (pathway 2).

The results of the operando EIS measurements shown above are
consistent with ex situ analysis of the cell, which shows extensive
lithium deposits with a large surface area growing through the glass
fiber separator (Fig. S23). We also observed that the morphology of the
tip of the reference electrode exhibits a blooming feature, which we
attribute to the process of lithiation of the gold wire, as a similar
morphology was observed in the reference electrode of a cell where
only half a cycle of stripping/plating was performed (Fig. S24).

The complete data for the values of Re, Ryr and Ry ¢ for the
stripping and plating half-cycles between the 2™ and 20" cycle are
shown in Fig. S25. If we focus mainly on the trends observed for R ¢, we
see that R r shows different types of variations as the number of cycles
increases. In the initial cycles, the maximum RLF value occurs at longer
intervals (between 1 and 2 hours). As the cycling progresses, this peak
shifts to less than 1 hour by the 4™ or 5" cycle, after which it gradually
increases again until stabilizing (Fig. S25f). It can be shown that this
value is close to the Coulombic efficiency determined for a Li | |Cu cell
with the same electrolyte (Fig. S26). Interestingly, the initial cycles in
the Li||Cu cell experiment show a similar variation of Coulombic
efficiency values in the initial cycles as for the Li||Li cells. Since we
relate this point of maximum to the degree of passivation of the
electrode (Fig. 4), we performed additional experiments to understand
why this point shifts during cycling. Using SEM and optical microscopy
(Figs. S27-29), we show that the coverage of the electrodes appears to
be almost constant in the first cycles.

The results shown above strongly suggest that during the first few
cycles of stripping and plating with the electrolyte and current density
used, the lithium deposits in exactly the same locations (probably the
defective areas in the SEI) of the original electrode. As the material is
always deposited in the same location in dendritic form, an increas-
ingly complex morphology of the deposits forms and the transport
impedance increases. The phenomena during deposition are mirrored
during stripping, as the extraction of Li from an increasingly tortuous
and closed-pore network of deposits again exhibits transport difficul-
ties. This essentially means that the increase in overpotential due to
the onset of Li pitting is not due to the depletion of Li reserves in the
large-scale deposits, but rather to the remaining Li being too difficult
to access.

To test this hypothesis, we inserted OCV periods between each
half-cycle of stripping/plating. If the point of Ryr rise depends on
transport difficulty rather than the degree of passivation of the lithium
deposits, increasing the time between plating and stripping would

increase the efficiency of stripping and shift the point of Ry rise to
longer half-cycle times. Interestingly, the point of overpotential rise
did not change significantly when 30 min or even 3 h OCV periods were
inserted between each stripping/plating half-cycle (Fig. S29), sug-
gesting that the mass transport limitations likely occur within the
narrowest pores (e.g., in the porous part of the SEI). This also implies
that most of the passivation occurs rapidly after the deposition of Li on
a large surface area. The amount of Li metal consumed in the passi-
vation processes over the longer test period is negligible and the
Coulombic efficiency does not decrease. On the other hand, when 10-
hour OCV periods were included between stripping and plating, the
cell did not exhibit a minimum in stripping efficiency and also showed
an increase in overall efficiency to 90% in later cycles (Fig. 4f). The
lithium metal is therefore still available in the deposits with a large
surface area and can be utilized if sufficiently long rest periods are
included. If the diffusion fronts cannot relax, bulk pitting is preferred
to stripping from the remaining reserves, which is difficult to achieve.

We have found reports where introduction of rest periods during
Li metal stripping and plating decreases the cycling efficiency®**.
There is nevertheless a large difference between determination of
Coulombic efficiency of Li metal stripping and plating using Li | [Cu vs.
Li||Li cells as done in this study. When Li metal is plated on copper
substrates it can dissolve from the support due to the mixed potential
of the two metals with copper acting as the nobler metal®.

Occurrence of soft short circuits

In the half-cycles towards the end of the experiment, the overpotential
remains of a similar magnitude as in the first cycles (100 mV). The
overall fluctuation of the signal is smaller—after the initial increase, the
overpotential fluctuates by only about 15%. However, the signal is more
irregular and exhibits a strong noise at an amplitude of 5 mV. This type
of signal is thought to be caused by Li metal dendrites growing
through the separator and coming into contact with the other elec-
trode, a phenomenon that has already been described for zinc metal
electrodes’. These dendrites lead to an internal short circuit, but the
contact does not last long, either by passivation of the dendrites or by
deformation due to heat generation.

Operando EIS spectra measured on two-electrode symmetrical
Li||Li cells using 1M LiTFSI in TEGDME:DOL 1:1 (viv) electrolyte
(Fig. S30) show noise in the low frequency range, while the high fre-
quency arc is repeatable with an approximate resistance size of
125-150 Qcm? and 30 kHz peak frequency. The total resistance calcu-
lated from the overpotential values agrees very well with the resistance
determined from the impedance measurements (Fig. S31). The very
high characteristic peak frequency is the parameter that prompted us
to investigate the origin of the impedance contribution in more detail,
since a typical peak frequency of a high-frequency impedance arc in
Li | |ILi symmetrical cells of similar resistance size is typically at least one
order of magnitude lower?. When EIS spectra are measured at OCV
after the operando impedance spectroscopy experiment is completed,
the resistance of the high-frequency arc increases, while its char-
acteristic peak frequency decreases (Figs. 5a and S32).

Morphological analysis of the electrodes and Celgard 2320
separator harvested from the cell after the operando and EIS@OCV
measurements revealed extensive growth of high surface area lithium
(Fig. 5b) on the electrode surface. Some of these deposits were
transferred to the surface of the separator when the cell was dis-
assembled (Fig. S33). Apart from the Li metal deposits, the separator
also exhibited a thin layer coverage below the Li metal deposits, which
we attribute to the transfer of the SEI layer from the electrode. FIB-SEM
preparation and analysis of the cross-section of the separator showed
the growth of the Li metal through the pores of the separator, as shown
in Figs. 5¢c and S34.

To explain the characteristics of the impedance spectra
observed in operando and EIS@OCV measurements, a transmission
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Fig. 5| Measured and simulated impedance spectra and morphological analysis
of the cell with indications of short circuit formation. a Nyquist plots for
impedance spectra of the Li|| Li two-electrode cell with 1M LiTFSI in TEGDME:-
DOL electrolyte and Celgard 2320 separator: the spectrum in bold was the last
spectrum measured operando (25 cycles of stripping and plating at 0.5 mA/cm? to
1mAh/cm?), thin lines show EIS@OCV measurements after the end of the galva-
nostatic experiment and 15 minutes of relaxation. The time course shows the
changes over a period of 7 hours. b Surface morphology of the Li metal electrode
harvested from the cell after the experiment in a. ¢ Cross section of the Celgard
separator from the cell in a with pronounced Li metal dendrite growth through

| S—

the separator pores coloured in brown. d Transmission line model simulation of
impedance spectra with (thick black line) and without short circuit (thin black
line) using the circuit in e. e Scheme of the transmission line model of a Li metal
electrode with high surface area Li metal deposits on the surface and a short
circuit due to dendrites penetrating the separator (yellow). Transport of active
(all resistors indexed with 1) and inactive (all resistors indexed with 2) species in
the separator (blue region), completely passivated lithium deposits (green
region) and lithium deposits acting as porous electrode (red region) is
considered.

line model was proposed (Fig. 5d, Supplementary Note 14). The
upper part of the circuit corresponds to the previously published
model of a Li metal electrode with high-surface-area porous depos-
it(s) on its surface’. To describe the internal short circuit, an addi-
tional parallel element (Fig. 5d, Rshore, in yellow) was inserted. The
TLM was used to simulate the impedance spectra with and without
the short circuit (Fig. 5e). It can be seen that the changes in shape,
size and typical frequencies are reproduced very well when a typical
impedance spectrum of a well-functioning cell (black spectrum) is
short-circuited with a simple resistive element (orange spectrum),
which in this case had a value of 18 Q. If we take the value for the
resistivity of lithium metal at room temperature (9.5 x 10" Gm*’) and
the distance between the Li electrodes (20 um), we can obtain an
estimate for the average cross-sectional area of the dendrites causing
the short circuit of around 0.1 pm? In a dynamic experiment with
constant current flow, it is of course to be expected that the cross-
sectional area of the short-circuited dendrites changes over time—
hence the noise in typical measurements with a short circuit. The
good agreement between the experimental impedance spectra
(Fig. 5a) and the modelled spectra (Fig. 5e) is further proof that the
results of the operando EIS can be meaningfully analyzed with state-
of-the-art modelling tools.

To summarize, we have demonstrated the powerful capabilities of
the operando EIS technique using the example of a battery cell with
two lithium metal electrodes. Unlike previous methods that primarily
rely on electrochemical impedance measurements under DC current
or potential bias, our approach integrates dynamic impedance data
with real-time overvoltage analysis during galvanostatic charge/dis-
charge cycles. This combination provides a deeper and more nuanced
understanding of battery behavior, especially when performed under
linear conditions. The use of a stable reference electrode is crucial in
isolating and analyzing the distinct responses of the working and
counter electrodes. Finally, the proposed method also includes mea-
surements under steady-state conditions (OCV) and modeling of the
measured spectra using physics-based models (in our case physics-
based transmission lines). We show that such a combination of several
electrochemical approaches can be used to test the validity of selected
existing hypotheses in the literature and, more importantly, to dis-
cover new phenomena. Further improvements to the shortcomings of
the approach could be possible through the employment of multisine
excitation signal. While the focus of this study was on lithium batteries,
the versatility of operando EIS makes it applicable to a wide range of
electrochemical systems with complex transport and reaction
mechanisms.
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Methods

Materials

All handling of materials was conducted inside an argon-filled MBraun
glovebox where the O, and H,0 levels were kept below 1 ppm. Lithium
metal ribbon (FMC, 110 um) was cut into 2 cm? electrodes and used
without any pre-preparation. Commercial LP40 electrolyte (1M LiPF¢
in EC:DEC 1:1 (v:v), Elyte innovations) was used as received. 1 M LiTFSI
in TEGDME:DOL 1:1 (v:v) electrolyte was prepared in the laboratory out
of previously dried materials: lithium bis(trifluoromethanesulfonyl)
imide (LiTFSI, Sigma Aldrich, 99%) was dried at 140 °C in vacuum
overnight, tetraethylene glycol dimethyl ether (TEGDME, Sigma-
Aldrich, 99%) and 1,3-dioxolane (DOL, Thermo Scientific, 99.5%) sol-
vents were dried in a multistep process. First, they were pre-dried
using molecular sieves (4 A, ASGE, beads) and then dried with a K/Na
alloy (wt. ratio 3/1) overnight by stirring at reflux temperature, and
finally distilled at normal pressure, transferred into a flask (at 200 °C
overnight for DOL and 5 mbar, 150 °C for TEGDME) with good sealing,
and stored. The final water content was below 5 ppm. The electrolyte
was prepared by weighing the calculated amount in a volumetric flask
and filled to the marked line using 1:1 (v:v) mixture of solvents. Celgard
2320 and GF-A glass fiber (Whatman, 260 um) separators were dried at
50°C in vacuum for a few days before transferring them to the glo-
vebox. Cells were assembled by stacking the electrodes and separator
and wetting the separator with the stated amount of electrolyte. If not
stated otherwise, 100 pL of electrolyte was used for 20 mm diameter
glass fibre separators and 20 L for Celgard 2320. The cell was then
sealed in a pre-manufactured and pre-dried triplex foil (PE 90 um/Al 10
1m/PET 20 pum) casing with two Ni contacts. Gold microwire (Good-
fellow, 50 um thickness, 0.7 um polyimide insulation) was lithiated and
used as a reference electrode. More details on the design of the three-
electrode cell are available in Supplementary Note 3. Calibration of the
cell setup was performed by exchanging the Li electrodes with glassy
carbon discs (HTW, Germany, 2cm?). Carbon felt interlayer H14
(Freudenberg) was employed in some cells (Supplemetary Note 12)
and placed between the Li counter electrode and separator.

Electrochemical testing

Electrochemical testing on the cells was conducted on VMP3 Bio-logic
potentiostats/galvanostats with the cells placed inside Binder tem-
perature chamber kept at 25 °C. The cell was placed in a Farraday cage
by placing it in a plastic bag surrounded with Ni foil, which was con-
nected to the potentiostat/galvanostat’s channel ground. Stripping
and plating tests were conducted at various current densities as spe-
cified with each figure. Electrochemical impedance spectra measured
at open circuit potential were measured with a rms amplitude of 10 mV
and in the range of 1 MHz-20 mHz or 1 MHz-1 mHz (as specified with
each measurement). Dynamic impedance measurements were con-
ducted with a direct current density of 0.1mA/cm? and alternating
current amplitude of 20 pA/cm?. 27 spectra repetitions were measured
in a single half cycle with the frequency range of 1 MHz to 20 mHz.

Ex situ analysis

After the electrochemical tests, some cells were disassembled in the
glovebox and the electrodes were removed for further chemical and
morphological analyzing. For this purpose, the electrodes were
washed with DOL to remove residues of electrolyte salts. Scanning
electron microscopy measurements were performed with a field
emission scanning electron microscope (FE SEM) Supra 35VP from
Zeiss, Germany. The samples were placed in the SEM on a custom-
made holder, which was vacuumed in the glovebox and opened when
vacuum was reached in the SEM. Microscopic images were usually
taken using an electron gun with an accelerating voltage of 1kV, a low
setting due to the instability of the materials under the electron beam.
Lithium deposits and dendrites were colored brown using Adobe
Photoshop.

Specimens intended for FIB cross-section analysis were trans-
ferred to the FIB chamber with a vacuum transfer interlock ALTO
1000 (Gatan, US) without exposure to air at any time during the
procedure. Sample cross-sections were analyzed using the FIB-SEM
Helios Nanolab 650i (FEI, U.S.A.) equipped with a Pt gas injection
system and the X-MAX 50 energy dispersive spectrometer (Oxford,
UK). Due to the high sensitivity of the sample to the ion beam, the
surface was first protected with a 300 nm in situ deposited Pt film
induced by an electron beam (2kV @ 0.4 nA). Additional platinum
was deposited in situ on the first layer with a Ga* ion beam (30 kV @
0.23 nA) to obtain a Pt surface protection layer with a final thickness
of 800 nm. The cross sections were prepared with focused Ga* ions
at 30 kV @ 2.5 nA and with sequentially reduced currents down to 80
pA for the case of the final ion polishing step. Morphological images
of the surface and cross sections were acquired with a low energy
electron beam (2kV @ 50 pA) and a standard ETD detector. Detailed
information and phase contrast images of cross sections were
acquired using InColumn integrated SE/BSE detectors and a pre-
monochromated electron beam at 1kV energy and 25 pA beam
current.

Optical microscopy imaging intended for determination of cov-
erage with deposits were conducted inside the glovebox using SMART
microscope ALL-IN-ONE 1080p. The images were processed in ImageJ
1.54 g software to determine the degree of coverage using Analyze
Patricles option with Renyi Entropy thresholding method.

EIS spectra processing and simulations

Kramers-Kronig (KK) analysis of operando (dynamic) impedance
measurements was carried out using the online software Lin-KK
developed by Karlsruhe Institute of Technology (KIT), Germany
(https://www.iam.kit.edu/et/english/Lin-KK.php). Examples of the KK
analysis are shown in Supplementary Note 7.

Some EIS spectra were fitted in Zview using the method and
equivalent circuit as specified in Supplementary Note 9. Zview version
4.0b was used.

The impedance spectra of short-circuited Li-Li symmetrical cells
were modelled using a previously reported transmission line model
(see ref. 4) to which an additional resistor was added. The details of the
model are explained in Supplementary Note 14.

Data availability
Raw and processed data generated in this study is available at https://
doi.org/10.5281/zenod0.14800073*.
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