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ABSTRACT: A general transmission line model that is able
to describe accurately the measured impedance spectra of
uncycled and cycled lithium electrodes is introduced. The
model has all the essential features that are contained in
analytical solutions for determining the impedance response
of porous electrodes. In addition to that, it allows easy
coupling between the various phenomena met in lithium
anodes in contact with a separator: transport through a solid
electrolyte interphase film, transport across “live lithium
dendrites”, reaction inside “live lithium dendrites”, transport
across “dead dendrites”, diffusion in a porous separator, and
so forth. The model is used for quantitative analysis of
measured impedance spectra collected at different C-rates and
after different numbers of charge−discharge cycles. Further, combining impedance spectroscopy with scanning electron
microscopy, several unique correlations between the morphological development of lithium anodes and development of
impedance spectra are identified and discussed. Finally, several simplified schemes that allow identification of the main
degradation or failure mechanism(s) occurring in cycled lithium anodes are presented.

1. INTRODUCTION

Metallic lithium has been used as the anode in lithium batteries
for more than 40 years.1,2 Its stability in organic electrolytes is
connected to spontaneous formation of a passive surface layer
that effectively prevents further electronic interaction with the
electrolytes. On the other hand, this layer conducts lithium ions;
hence, it has widely been known as the solid electrolyte
interphase (SEI). The detailed composition and morphology of
the spontaneously formed SEI strongly depend on the
electrolyte used.3−5 Furthermore, both features can change
significantly when the lithium anode is dischargedas found in
many studies related to the behavior of primary lithium
batteries.6−9 The nature of the SEI changes even more
dramatically upon repetitive charging−discharging (cycling) of
lithium.10−12 The latter may lead to formation of special surface
structures such as dendrites, large relative volume changes
during cycling, high Li reactivity, electrolyte dry out, and,
ultimately, occurrence of a short circuit between anodes and
cathodes. Exciting new approaches have been proposed recently,
for example, operando video microscopy, which have helped
additionally resolve the complex behavior of Li anodes during
operation.13 A better understanding of these phenomena is
essential for further development of advanced rechargeable
batteries based on Li anodes, such as lithium−sulfur or lithium−
air (oxygen) battery systems.

In this work, we try to get a better insight into the dynamics of
lithium surface processes during cycling by introducing an
appropriate impedance model that describes all the essential
transport reaction features that may occur in cycled lithium
anodes. A special focus is given to the occurrence and growth of
porous active lithium dendrites as well as the occurrence of the
so-called “dead Li dendrite layer” during progressive cycling of
Li under various conditions of interest. The model takes
advantage of the flexibility of the transmission line approach.
Thus, we demonstrate how the transmission line evolves from a
simpler version that well describes the uncycled lithium into a
more complex transmission line scheme after a certain number
of charge−discharge cycles (cf. Figures 4 and 5). Furthermore,
the present transmission line approach allows for a rather easy
coupling between the transport in the porous parts of a surface
film and the transport in the bulk electrolyte phase.14 This is
essential for the present purposes as we directly compare the
outcome of modeling with the actual impedance measurements,
where one cannot avoid the contribution of a bulk electrolyte
(i.e., an electrolyte within the porous separator that separates
both electrodes).
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As shown in the Results and Discussion section, the present
transmission line approach is able to describe the measured
features quite accurately, even in cases where unconventional
shapes of spectra are observed. Importantly, all the elements
used in the transmission line model have a clear physical
background. Thus, knowing the geometry of various surface
layers (thickness, surface area, etc.), one can rather directly
extract the appropriate transport/reaction parameters such as
chemical diffusion coefficient, concentration of mobile carriers,
exchange current density, capacity of SEI layer, and so forth. In
the last part of the paper, we present a couple of analyses that
demonstrate the unprecedented insight into possible morpho-
logical development of a lithium surface based on a combination
of microscopical observation of the Li surface, impedance
measurements, and impedance modeling. Finally, we discuss
possible qualitative and quantitative criteria that may be used for

Figure 1. General transmission line having typical features of
transmission lines used in the present paper. The left section divided
into n slices corresponds to a porous electrode containing an active
material on the surface of which the electrochemical reaction occurs
(elements Z2). The right section divided into m slices describes the
chemical diffusion in an adjacent porous material in which no reaction
occurs (e.g., separator, SEI film, etc.). U is a voltage source, whereas Ji
represents the loop currents used for the calculation of impedance (see
the main text).

Figure 2. General shape of the impedance spectrum for the model
shown in Figure 5 (see Results and Discussion). The indicated sections
correspond to resistance formulas as shown below. The indexes of
resistances are denoted and explained in Figure 5 and the
corresponding text. *Note: Although eqs B2 and B3 are approximate,
they can act as good guidelines for the estimation of the corresponding
sections a and b in the complex plane representation.

Figure 3. Graphical representation and corresponding SEM images of pristine Li electrode and Li electrode with dendritic growth causing a layer of
porous and dead Li dendrites on top of the bulk electrode (shown in color on the SEM micrographthe image was taken on a part of the electrode,
where the dendritic layer detached from the Li electrode).

Figure 4. Pristine (uncycled) lithium in contact with an electrolyte: (a)
proposed transmission line model and (b) typical corresponding
impedance spectrum with denoted main processes. “diff” stands for
“diffusion in ...”.
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rough identification of main scenarios (e.g., growth of live
dendrites, excessive growth of dead lithium, electrolyte dry out,
etc.), leading to degradation/failure of the given lithium anode
during cycling.

2. EXPERIMENTAL SECTION

2.1. Cell Assembly. Lithium symmetrical cells were
assembled inside an MBRAUN glovebox, in which oxygen and
water contents were held below 1 ppm. The electrodes were
punched out as 2 cm2 circles out of a 110 μm ribbon (FMC,
USA). No pretreatment was carried out on the Li surface before
cell assembly. The cells were assembled in Triplex pouch cells
with nickel contacts by stacking two lithium electrodes with a
Celgard 2320 separator between them. The separator was
wetted with 20 μL of 1 M LiTFSI in the TEGDME/DOL 1:1
(v/v) electrolyte before sealing the pouch. The electrolyte
solution was prepared from previously dried LiTFSI (Sigma-
Aldrich, dried under vacuum at 140 °C overnight), tetraglyme
(TEGDME, Acros, dried using molecular sieves, K/Na alloy,
and distillation), and 1,3-dioxolane (DOL, Sigma-Aldrich, dried
using molecular sieves, K/Na alloy, and distillation).
2.2. Electrochemical Experiments. The electrochemical

experiments on the cells were done with a combination of
impedance spectroscopy measurements and stripping and
deposition cycles on Li||Li symmetrical cells. The cells were
connected to a VMP3 Biologic potentiostat/galvanostat within
10 min of cell assembly. The cells were then left to stabilize for
24 h, during which impedance spectra were measured. After this
initial period, the Li||Li cells underwent stripping and deposition
at a constant current rate with each half-cycle lasting for 2 h. The
exact number of cycles and the current rate used varied and is
given with each figure. The current for the discharge/charge
cycles was either 0.2 mA (“low current cells”) or 1.0 mA (“high

current cells”). After stripping and deposition of lithium, the
cells were left to relax for 15 min, after which impedance spectra
were measured. All of the impedance spectroscopy measure-
ments were done in the range of 1 MHz to 1 mHz with an
amplitude voltage of 10 mV (rms).

2.3. Morphological Analysis. The Li electrode surface
after the cycling experiment was examined with a scanning
electron microscope (FESEM, SUPRA 35VP, Zeiss, Germany).
For this purpose, cells were disassembled inside the glovebox
and the electrodes were washed with dry DOL to remove any
salt residue on the surface. The samples were transferred to the
scanning electron microscope by sealing them in a vacuum
holder, which was opened inside the microscope chamber, to
avoid contact with the atmosphere. The accelerating voltage for
scanning electron microscopy (SEM) analysis was 1.5 kV.

3. THEORETICAL SECTION

3.1. Procedure for the Present Transmission Line
Model. First, we briefly describe the method used for
calculating the impedance response of present transmission
lines. We used the well-known mesh method which assigns the
so-called mesh currents in the essential meshes of the circuit. In
Figure 1, such independent meshes can be identified by the
corresponding loop currents Ji. Specifically, in the present case,
one can identify 2n + m + 3 independent meshes corresponding
to loop currents J0 to J2n+m+2 (see Figure 1).
According to Kirchhoff’s voltage law, the following equations

can be constructed for individual meshes

Figure 5. Proposed transmission line model used to describe the impedance spectra of lithium electrodes with dendritic growth: (a) schematic
representation of the different parts of the transmission linemodel corresponding to the redox reaction/SEI contribution and three different diffusional
“environments” (live lithium pore, dead lithium pore, and separator); note that the interaction of species with the walls of live lithium is simplifiedthe
transport across the porous part of SEI is neglected (unlike in Figure 4); the electrochemical reaction of lithium is also neglected, as in Figure 4; (b) an
example of an impedance spectra simulated with the transmission line model. “diff” stands for “diffusion”.
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Using the above set of 2n +m + 3 equations, one can uniquely
determine the 2n + m + 3 unknown loop currents Ji. The
impedance of transmission line is then readily calculated asU/J0.
In most of the present simulations, we typically used 200 slices

for each model section, that is, 200 for the porous active
electrode (n = 200) and 200 for the porous SEI film (m = 200).
In addition, further 200 slices were added because of diffusion in
the separator (not shown in the Theoretical Section but clearly
indicated in Figure 5). Occasionally, we also checked the
simulation outcomes for up to 2000 slices. The average error of
calculated impedance values for discretization into 200 slices
was estimated to be in the range 0.1−1%, depending on the
parameter values and the frequency used. In any case, this is
much below the estimated experimental error (on the order of
5−10%). The error was determined by comparing the results of
the present meshmethod with the values from the exact solution
(the latter is available for a basic transmission line as discussed in
our previous paper15).
3.2. General Features of Simulated Spectra in the Case

of 100% Coverage of Li with Dendrites (See the Model
Shown in Figure 5).

a
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3.3. General Formulas Assumed upon Construction of
the Present Transmission Line. The parameters of the
present transmission line can be uniquely linked to selected
parameters with clear physical meaning as known from
electrochemical modeling on the continuum level. For example,
if we assume a system of two mobile carriers (having indexes 1
and 2) in an unsupported system, the following equations may
be constructed16
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where R1 and R2 are general migration resistances for mobile
carrier 1 and 2 (e.g. Li ions and counter anions), respectively, L
is the length of space in whichmigration and diffusion occur,A is
the geometrical surface area of the electrode, R is the gas
constant, T is the temperature, F is Faraday’s constant, z1 and z2
are the number of unit charges on cations and anions,
respectively (we assume z1 = z2 = 1), cLi+ and canion are the
respective concentrations of both mobile charges, and DLi

+ and
Danion are their diffusivities, respectively.
The corresponding chemical diffusion coefficient of such a

two-charge system reads

D
L

R R C( )chem

2

1 2 chem
=

+ (C4)

whereas the transport number for species 1 (Li ion) is

t
R

R R1
2

1 2
=

+ (C5)

It is necessary to point out that although this paper considers
porous electrodes, the porosity itself is not treated as a separate
parameter. Rather, it appears as an implicit prefactor to chemical
diffusion coefficient. Thus, Dchem in eq C4 should be considered
an effective chemical diffusion coefficient. Consequently, if
porosity changes, Dchem will also change even if C4 does not
contain porosity explicitly.

3.4. Analysis of Measurements Using the Present
Model. As indicated in sections 3.2 and 3.3, the basic elements
of the present model are local capacitors and resistors that have a
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clear physical background as indicated by the respective
equations. However, it is noted that the measured spectra
cannot be accurately fitted with the proposed model. The

problem is that the measured shapes deviate from the
theoretically predicted ones quite significantly. It is well
known in the impedance spectroscopy community that this

Figure 6. Three different cases distinguished in experiments described with SEM micrographs, a simple graphical representation, impedance spectra
measurements, and impedance spectra simulations using a transmission linemodel describing dendritic growth: (a) pristine Li electrode (the spectrum
was measured on a pristine Li symmetrical cell after 24 h of stabilization at open-circuit voltage), (b) Li electrode completely covered with dendrites
(the spectrum was measured on a Li symmetrical cell after 40 cycles of stripping and deposition at±0.1 mA cm2 current), and (c) examples in between
the cases shown in (a,b), namely, where dendrites were present as individual islands covering the bulk electrode to a different degree (the spectrumwas
measured on a Li symmetrical cell after 20 cycles of stripping and deposition at ±0.1 mA cm2 current).

Figure 7. Li electrode micrographs and impedance spectra after different numbers of cycles of stripping and deposition at 0.1 and 0.5 mA cm−2 current
density: (a−c) SEM micrographs showing the thickness of the porous and dead Li layer on the surface, (d−f) impedance spectra measured after the
stated electrochemical experiment, and (g−i) simulation using transmission line model assuming the stated degree of coverage and thickness of the
dendritic layer; in all cases, the simulated spectra have the same peak frequencies as the measured ones.
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issue can be removed by replacing the capacitive elements with
the so-called constant-phase elements (CPEs) using the
following equation

QCPE 1/(j )k
k

k= ω α
(D1)

where Qk replaces the corresponding capacitive element Ck and
αk has a value between 0 and 1.
We note, however, that the physical origin of CPEs is unclear

in the present case. Additionally, we have found that in cases
when different processes (different arcs) strongly overlapsuch
as in the present caseany use of CPEk instead of Ck may
significantly distort the general shape of themajor low-frequency
spectra which complicates the determination of individual
parameters. More importantly, the value of αk may have rather
pronounced effect not only on the shape of the spectra but also
on the value of Qk. Thus, fitting a series of measured spectra
using CPEk may lead to physically unsound trends of Qk if αk
changes significantly.
Based on the above considerations, we tried to avoid the use of

CPE elements whenever possible. This however meant that we
had to refrain from fitting of the measured spectra. Instead, we
decided to implement an alternative approach frequently used a
couple of decades ago in the field of corrosion.17,18 Specifically,
we carried out a number of sets of measurement by changing the
given parameter, that is, cycle number or cycling rate. This way,
we obtained many hundreds of measurements that showed
certain trends, some of which were quite reproducible. Then, we
performed extensive sensitivity analysis of the proposed model
(thousands of simulations) in order to establish a correlation
between the model parameters and the observed reproducible
experimental trends. In this sensitivity analysis, we only used the
physical parametersthat is, no CPE elements were involved.
Beside the trends of shapes, the trends of quantitative data
extracted from the spectra (peak frequencies, size of arcs, size of
high-frequency intersection, etc.) were carefully considered.
Based on this comprehensive analysis, we could identify certain

patterns and dependencies that acted as a basis for creation of
scenarios as shown in Figure 8.
Finally, we note that although the whole sensitivity analysis

was carried using capacitances rather than CPE elements, we
occasionally carried out additional simulations in which
capacitances were replaced by CPEs. By doing so, the simulated
spectra also became visually very similar to the measured
spectra. We also used such replacements in some of the present
figures (e.g., Figures 6−8)in order to demonstrate that the
present model can reproduce the measured shapes in significant
detail.

4. RESULTS AND DISCUSSION
Pristine (uncycled) metallic lithium electrode is supposed to
have a rather smooth surface (see the upper part of Figure 3)
covered with an SEI layer. This layer may be morphologically
and compositionally complex, consisting of various organic and
inorganic Li compounds formed during lithium metal
production and those formed by chemical reaction upon the
contact of the electrode with the electrolyte. For the present
purposes, it is convenient to somewhat simplify the actual
features and divide the SEI layer into two limiting parts: a thin
(several nanometers), compact (pore-free) SEI sublayer that is
attached tightly to the metal and a porous thicker SEI layer (up
to the micrometer range) that grows at the electrolyte side
(Figure 3, top).4 The transport across the thin compact sublayer
primarily consists of migration of Li+ ions (these are the only
mobile species in the solid structure of SEI). By contrast, the
transport across the porous thicker part of SEI is mainly realized
through the liquid electrolyte in the pores. Thus, migration of
both mobile species (lithium ions and negative ions in
electrolyte phase) is possible, as well as their coupled (chemical)
diffusion.
During repetitive charge and discharge (cycling) of Li metal

anodes, special surface structures usually called dendrites are
formed on the previously rather smooth surface (compare top

Figure 8.Change of impedance response upon different scenarios of dendrite growth. (a) Effect of increase of surface coverage, (b) effect of increasing
the thickness of live dendritic lithium, (c) effect of increasing the thickness of dead dendritic lithium, and (d) effect of electrolyte dry out. The values of
total electrode resistance (Rtotal, see eq B6) are given next to each spectrum.
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and bottom of Figure 3). The dendrites are a result of repetitive
dissolution and stripping of lithium into/from bulk solution
whereby these processes do not proceed uniformly across the
whole surface but locally on energetically most convenient sites.
Thus, instead of uniform “thinning and thickening” of lithium
anodes, one observes a patch-like growth and dissolution of
dendrites across selected anode regions. Eventually, during
prolonged cycling, these patches merge into a continuous and
progressively thicker surface formation (see, e.g., the bottom
right micrograph in Figure 3). In some cases, the patches may
also grow preferentially in the perpendicular direction forming
needlelike structures that can short circuit the anode and
cathode. In any case, during each cycle, the newly deposited
lithium metal quickly passivates because of the contact with the
electrolyte, forming an SEI layer on the surface of the dendrites,
similar to the SEI found in the pristine lithium upon cell
assembly.
Although dendrites are a result of complex dissolution, growth

and passivation processes occurring during cycling, many
previous studies19−22 have offered good indications of their
typical structure, as shown in Figure 3 (bottom left). Specifically,
we may divide a dendrite into two, essentially porous layers: (i)
the so-called “live porous lithium” whose surface is covered with
SEI but still contains sufficient amount of Li to maintain
electronic connection to the bulk lithium and (ii) “dead porous
lithium” which is electronically and ionically disconnected from
the bulk lithium because of excessive passivation and
interruption of eventual conductive paths leading to bulk
lithium; alternatively, “dead lithium” may even not contain
metallic lithium anymore as it has been entirely transformed into
SEI-like products. Here, we note that the division into two
distinct layers (“live” and “dead”) with clearly different
properties is rather arbitrary. In reality, many “mixed” situations
may appear where the dendritic lithium is partly connected
(through finite values of ionic and electronic resistances of SEI)
to the bulk lithium. For the sake of clarity, we here keep the
established division into two extreme layers (“live” and “dead”)
and make appropriate comments where necessary.
Dead lithium primarily occurs at the electrolyte side where the

passivation reactions are most intense. In terms of transport/
reaction mechanism, the properties of “live lithium” and “dead
lithium” are essentially different, and these differences constitute
the core of present modeling. Interestingly, even if we did not
include the more realistic “mixed lithium” case (partially
connected lithium), most of the main trends observed
experimentally in the present study could be reproducedas
shown in continuation. We note, however, that a more detailed
study should allow for a possibility of the existence of “mixed
lithium” inside the dendritic structure.
First, we briefly introduce the specific model for pristine,

uncycled but passivated lithium (Figure 4). The model is a
generalized version of our previous transmission line model15

consisting of two rails of transistors connected with capacitive
elements.
The upper rail (resistors with index ending with “1”) describes

migration of positive charges (lithium ions) and the lower rail
(resistors with index ending with “2”) describes migration of
negative charges (anions). The parallel combination of both
migrations is seen at highest frequencies of impedance response
as the well-known “electrolyte resistance”.15

At lowest frequencies, however, both migrations are coupled
through storage in the perpendicular capacitive elements, also
known as chemical capacitors.23 This coupling effectively

describes the chemical diffusion process, in electrochemistry
also known as Warburg diffusion.
On the right, the transmission line begins in the middle of the

separator soaked with bulk electrolyte (elements Rsep1, Rsep2, and
Csep) and continues through the electrolyte in the porous part of
SEI (elements Rpor1, Rpor2, and Cpor). Any transport through the
solid skeleton of porous SEI is neglectedas the corresponding
resistances are many orders of magnitude higher than those
across the electrolyte in SEI pores. Upon reaching the compact
part of SEI on top of metallic Li, only Li ions can proceed further
through it as this layer is conductive for Li+ only. The resistor
due to migration through SEI is denoted as RSEI. Conversely, the
lower rail ends up with a capacitive term which indicates that
anions cannot pass the SEI. The detailed description of the
various possible contributions to this capacitance is beyond the
scope of this paper; instead, we assume that the main
contribution is due to geometrical capacitance of SEIhence,
it is denoted as CSEI. The charge-transfer resistance due to the
reaction between electrons and Li+ ions is neglected here.
A general impedance response of transmission line in Figure

4b consists of a high-frequency intercept corresponding to
electrolyte resistance (because of charge migration in the
electrolyteboth in the separator as well as in the pores of SEI).
The high-frequency arc is a parallel combination of RSEI and CSEI
(highlighted by a red rectangle). The medium-frequency arc is
due to chemical diffusion in the electrolyte within the porous
part of SEI (green) and the low-frequency arc due to diffusion in
the electrolyte-filled separator (blue).
When lithium gets covered with dendrites, the transmission

line needs to be modified to account for the more complex
transport (Figure 5). In fact, the right part of the transmission
line denoted with “SEPARATOR” and “DEAD DENDRITE”
retains the previous shape, that is, two simple resistive rails
connected with chemical capacitances. However, the left part
that refers to processes inside the porous “live lithium” is
essentially different compared to the previous simple RSEI and
CSEI elements (compare with Figure 4) because now the
previous smooth, planar geometry of metallic lithium has
transformed into porous lithium. As there is an electrolyte inside
the porous lithium, we need additional rails to describe
migration and diffusion in the pores of this live lithium (Rlive1,
Rlive2, and Clive). However, in live lithium, the walls of pores are
active (an electrochemical reaction can occur there), which
needs to be appropriately taken into account. This is a well-
known situation from various types of electrochemical devices
and has in principle been treated starting with a well-known
transmission line by Bisquert.24 Specifically, one needs to insert
perpendicular elements (here simply denoted as RSEI and CSEI)
along the diffusional rail. This effectively means that as the ions
migrate/diffuse along a pore, they are continuously reacting with
its walls. This creates a special shape of impedance response
which, in fact, has already been treated analytically.25,26 In a
previous study,14 we showed that those analytical solutions
could be satisfactorily approximated with a transmission line that
had essentially the same shape as that proposed in Figure 5 (the
part denoted as “LIVE LITHIUM DENDRITE”).
The four interconnected processes (three migration/diffusion

steps and a reaction along the pores in live dendrites) in
transmission line in Figure 5 typically create four arcs and a high-
frequency intercept (Figure 5b). The sizes of the four arcs and
the HF intercept can be readily evaluated using simple formulas
given in the Theoretical Section (Section 3.2). These formulas
hold generally, that is, regardless of the values of time constants
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(the products of (Rj1 + Rj2)Cj) of processes “j”. In other words,
the formulas are the same in the case of well-resolved arcs as
shown in the Theoretical Section (Figure 2), or in cases where
some arcs are merged because of proximity (similar values) of
time constants. An example of a theoretical spectrum with
significantly merged low-frequency arcs is shown in Figure 5b,
whereas the transition from a well-resolved into a tightly coupled
low-frequency spectrum is shown in more detail in Figure S1
(Supporting Information S1). It can be seen that the partial
merging of three arcs at lowest frequencies creates an unusual
elongated impedance feature which indeed is frequently seen in
real measurements involving dendrites (see measurements in
continuation of this paper). Having an appropriate model, one
can decouple such elongated measured features into individual
contributions by different processes, yielding the values of all
model parameters, as shown in continuation. Finally, we need to
note that the metallic lithium entrapped in dead dendrites,
though electrically disconnected from other parts of the
conductive electrode, may give rise to a significant additional
capacitive term that is expected to affect the measured
impedance spectra. In order to keep the transmission line as
simple as possible, we did not include this additional capacitive
term in the present treatment shown in Figure 5. However, this
means that the true values of capacitive terms may be slightly
different from those displayed in Tables 1 and S1.
The measured and simulated spectra of pristine lithium using

the model in Figure 4 are shown in Figure 6a. Figure 6b shows
the other extremethe measured and simulated (using the
model in Figure 5) spectra for lithium anode after prolonged

cycling. The spectra differ significantly in all aspectsshape,
magnitude, and typical frequencies of different features.
However, before analyzing the measured spectra according to
the present transmission line models, we first need to comment
on the quality of suchmeasurements.We have found that the use
of metallic Li is still challenging in terms of reproducibility. We
demonstrate our state-of-the-art level of reproducibility by
referring to the graphs in the Supporting Information, Section
S2. Although the main shape of both graphs is similar (and
indeed can be fitted using the same model), there is about 20−
25% of difference in the size of the spectra. Also, there are some
smaller differences at lowest frequencies. Despite the obvious
differences, we wish to note that this is a case of quite good
reproducibility with regard to Li electrodes.
In order to further evaluate the quality of typical measure-

ments of cells containing Li electrodes, we carried out a couple
of standard tests such as (i) measurements at different values of
excitation signal (testing the linearity of response), (ii)
repetition of measurements at given steady-state conditions
(checking the time invariance of the system), and (iii)
Kramers−Kronig analysis (checking whether the system adheres
to the principle of causality, see the example of Kramers−Kronig
analysis in the Supporting Information, Section S3). The values
of model parameters for both simulated spectra shown in Figure
6 are shown in Table 1. The reason for using CPE elements
instead of capacitive elements in Figure 6 and Table 1 is
explained in more detail in the Theoretical Section (Section
3.4).
One can see that despite the big differences, the parameters

describing diffusion in the separator remain more or less the
same for both cases. This is expected as the separator should not
change significantly during cycling (except in the extreme case
when the separator is penetrated by needlelike dendrites
creating a short circuit between the electrodes). Using formulas
described in the Theoretical Section (Section 3.3), one can also
estimate the average chemical diffusion coefficient in separator:
1.9 × 10−10 m−2 s. As explained in the Theoretical Section, this
value contains implicitly a prefactor for porosity, so care has to
be taken when comparing this number to that of a pure
electrolyte. Furthermore, the transport number for Li+ in
separator is found to be tLi+ = 0.14. In contrast to the separator,
very big changes are seen in the resistance and capacitance of the
SEI film (RSEI and CSEI). Finally, we need to explain the meaning
of parameters RB and CC shown in Table 1. RB represents the
resistance of SEI at the bottom of the pore. Its value depends on
the surface area at the bottom of pores and also on the properties
of the SEI layer. In any case, compared to RSEI, this value will be
much bigger as the surface area at the bottom of pores is much
smaller than the surface area of the SEI layer on live lithium
dendrites. Sensitivity analysis showed that, in fact, ifRB is about 1
order of magnitude higher than RSEI, its contribution to
simulated spectra becomes negligible. Accordingly, we merely
give an estimated semi-infinite interval for the value of this
parameter in Table 1 (and also in Table S1). A similar reasoning
for CC (capacity at the bottom of the pore) leads to a similar
semi-infinite interval for this parameter in both tables. A more
detailed analysis of parameter values displayed in Table 1 is
presented in the Supporting Information (Section S4).
Once we obtain the data for initial (pristine) and final (fully

dendrite-covered) lithium surface, we study the intermediate
situations. It is known from the literature (and confirmed in the
present study) that the initial growth of dendrites on the cycled
Li metal surface usually assumes the form of dendritic islands

Table 1. Values of Model Elements Used in Simulation of
Spectra Shown in Figure 6a,b

element in
model

pristine lithium, Figure 6a
(model Figure 2)

fully covered lithium, Figure 6b
(model Figure 3)

RSEI [Ω] 119 9
QSEI

[sαSEI Ω−1]
5.9 × 10−6 7 × 10−5

Rpor1 [Ω] 6
Rpor2 [Ω] 2
Qpor

[sαpor Ω−1]
5.8 × 10−3

RB [Ω] >90
CC [F] <7 × 10−6

Rlive1 [Ω] 60
Rlive2 [Ω] 10
Qlive

[sαlive Ω−1]
6 × 10−2

Rdead1 [Ω] 40
Rdead2 [Ω] 5
Qdead

[sαdead Ω−1]
5.8 × 10−2 0.5

Rsep1 [Ω] 18 18
Rsep2 [Ω] 2.5 3
Qsep

[sαsep Ω−1]
0.095 0.1

αSEI
a 0.89 0.85

αpor 0.96
αlive 0.95
αdead 0.75
αsep 0.85 0.85

aαk denotes the exponent in the so-called CPE describing the
capacitive properties of phase k, that is, CPEk = 1/(jω)αkQk, where Qk
replaces the corresponding capacitive element Ck.
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(ref 27, see also the micrographs in Figure 6c). This means that
(depending on the current rate and time of deposition) a
significant percentage of the electrode is still similar to the
pristine Li electrode’s smooth surface (see gray areas in the
micrograph of Figure 6c). It is expected that the average
properties of such partially covered surface will be a linear
combination of pristine and fully dendrite-covered surface.
Indeed, the development of electrochemical impedance spec-
troscopy (EIS) spectra measured during cycling shows similar
trends to the mentioned linear combination with progressively
larger amount of covered surface (see examples in Figures 6c and
S3 in the Supporting Information, Section S4).
To further validate the proposed approach, we carried out

additional experiments where we combined the information
obtained from impedance measurements with the microscopic
observation of surface formations. In particular, we were
interested if such a combination could give a new insight into
the effects of current density and number of cycles on the
electrode surface morphology. The approach is demonstrated
on an example of three different cells operated under different
conditions (Figure 7).
The left and middle columns in Figure 7 compare the surface

morphologies and the corresponding impedance spectra of two
electrodes that were cycled using the same current density (0.1
mA cm−2). The left electrode was examined after five cycles (20
h of operation). As indicated, the total thickness of the surface
film (live + dead lithium) was about 7 μm. Observations at a
larger scale (not shown) indicated that the surface film covered
only about 25% of the total surface area, whereas the remaining
part consisted of pristine electrodes. This information was taken
into account in impedance simulations. The parallel cell was
cycled 25 times (100 h of operation) (middle column, Figure 7)
using the same current density. Microscopic investigation
showed a film that was about 13 μm thick, covering about
95% of the total lithium surface area. Obviously, the film grew
both laterally and perpendicularly. The estimated total film
volume was about 7 times larger than in the case of 5 cycles,
which is slightly more than expected from the total charge flown
(5 times more in the case of 25 cycles).
Much more information about the respective dendrite

properties, however, can be extracted if we compare the results
of simulations of both measured spectra (Figure 7g,h and Table
S1 in the Supporting Information). Similarly, as in the case of
Figure 6c, we assumed that both measured spectra were linear
combinations of the appropriate initial spectrum and an
assumed surface that was fully (100%) covered with dendrites
(i.e., using the model in Figure 5). As mentioned, we took into
account the information that in the case of 5 cycles, 25% of
surface was covered with dendrites, whereas after 25 cycles, this
percentage was 95%.
Very interestingly (and rather unexpectedly), during simu-

lations, we noticed that many model parameters scaled very well
with the thickness of dendrite film. For example, we noticed that
when going from 5 cycles (7 μm-thick dendrites) to 25 cycles
(13 μm-thick dendrites), all four migration resistances Rlive1,
Rlive2, Rdead1, and Rdead2 increased roughly by a factor of 2. At the
same time, both chemical capacitances (Clive and Cdead) also
increased roughly by a factor of 2, which is close to the increase
of dendrite thickness (1.85 times) (note that Clive and Cdead are
directly proportional to the displayed Qlive and Qdead as αlive is
fixed in this case, i.e., it is 0.85 for both 5 and 25 cycle spectrum).
This strongly indicates that the average transport properties of

dendrites remained more or less the same during their growth in

the course of cycling. In other words, there is no indication that
the mechanism of dendrite formation would change from 5th to
25th cycle. By contrast, the values of parameters for SEI film that
covers the live dendrites (RSEI, CSEI) showed basically no change
from the 5th to the 25th cycle. At a first glance, this is not
expected because the total surface area of live dendrites
increased by roughly a factor of 2 because of the increase of
thickness, so RSEI appropriately decreases and CSEI increases. As
this did not happen, we may assume that the SEI film got thicker
during cyclingcoincidentally by roughly a factor of 2, which
annihilated the effect of larger surface area.
Finally, we note that the four migration resistances could also

increase because of the shrinkage of the dendrite (live and dead)
porosity. However, in this case, the corresponding capacitances
(Clive and Cdead, i.e., Qlive and Qdead) should decrease as they are
proportional to the volume of space in which diffusion occurs
(see eq C3).
As regards, the parameters describing the transport across the

electrolyte-filled separator, no noticeable changes were
observed. The dynamics of dendrite parameters, however,
becomes much more dramatic if we compare Li electrodes
cycled at different current densities. The right column in Figure
7 shows a typical surface micrograph together with the measured
and simulated spectra of a Li anode that was cycled at a 5 times
higher current density than anodes in the left and middle
columns of Figure 7. For better comparison, we took care that
the total charge transferred during the high-current experiment
was the same as the total current transferred during the 25 cycles
of the low-current experiment. In other words, only five high-
current cycles were performed. Cycling at higher rates resulted
in a dendrite layer that was slightly thicker (about 16 μm) than in
the case of comparable low-rate cycling (13 μm). However, this
thicker film only covered about 50% of the total lithium surface
area (as opposed to 95% in the low-rate cycled anode). It seems
that at the higher current density, the same amount of
transferred charge formed dendrites that were much less
uniformly distributed across the Li surface. However, a question
remains whether the essential transport/reaction parameters of
dendrites are also affected by the current density. This can be
answered by comparing the simulated impedance parameters for
the high- and low-current density experiment (see Table S1 in
the Supporting Information).
First, we compare the transport parameters inside dendrites

for both cases. In the case of higher current density, Rlive2 and
Rdead1 are smaller by almost a decade, whereas Rlive1 is smaller by
a factor of 1.5 and Rdead2 does not change significantly. This
rather impressive decrease of at least three migration-related
resistances (Rlive1, Rlive2, and Rdead1) is counterintuitive as, in fact,
our microscopical investigation showed that the dendrite layer
thickness at high rates was even slightly bigger. On the other
hand, the respective chemical capacitances (Clive and Cdead)
increased roughly by a factor of 4.5−5 (i.e., by roughly the same
factor as the displayed Qlive and Qdead). Note that the value of
chemical capacitance is proportional to the volume of space
where diffusion of mobile carriers occurs (see eq C3 in which the
product LA occurs). The much bigger chemical capacitance in
the case of higher rates might indicate a bigger average pore size
in the dendrites formed at the higher rate. Indeed, this would be
consistent with the (much) lower transport resistances, as
discussed above.
Next, we compare the values of parameters related to SEI

inside live dendrites. Rather strikingly, the high-rate experiment
reveals even about 150 times lower RSEI and about 33 times
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higherCSEI (QSEI) value. There are two possible contributions to
such changes: either the surface area is much bigger and/or the
SEI thickness is much smaller (and may contain more defects).
Based on the examples shown above, we were wondering

whether using the present approach, one could provide
approximate guidelines that would be used for identification of
the main processes occurring during dendritic growth. For
example, one could be interested to knowwhat happens with the
impedance response when the main processes contributing to
cell deterioration are the growth (thickening of the layer) of live
porous lithium, the thickening of dead lithium, the electrolyte
dry out, and so forth. Indeed, one can show that different
hypothetical scenarios will lead to different developments of
both the shape of impedance response and its typical magnitude
at a given frequency. Figure 8a demonstrates how the measured
spectrum shown in Figure 7g would change if the only film
growth process was coverage of surface from 25% (solid line, i.e.,
the actual measurement) to 100% (calculated dotted line). This
calculated case of 100% coverage then acts as a reference
spectrum to show the other possible effects. Thus, Figure 8b
shows the predicted impedance response if the passive film not
only covered the Li surface to 100% but at the same time the live
porous lithium would get thicker by an arbitrarily chosen factor
of 4 (red spectrum). Figure 8c shows a similar scenarioonly
that not the live lithium but the dead lithium would get thicker
by a factor of 4 (green spectrum). Finally, Figure 8d shows the
predicted spectrum if the passivation led to electrolyte dry out;
specifically, we assumed that after this dry out, only 25% of the
electrode surface would still be ionically contacted with the
electrolyte.
In terms of the electrode performance, it is important to

evaluate how those hypothetical scenarios would affect the total
electrode resistance which can be calculated using eq B6 (see the
Theoretical Section). It can be seen that just covering the
electrode surface by different percentage of dendritic surface
(Figure 8a) does not essentially affect the total electrode
resistance. This is because coverage with dendrites has two
opposite effects: while it slows down the ionic transport toward
the active sites on lithium by creating an additional surface layer,
it also enhances the reaction kinetics by providing a much larger
active surface area (i.e., the surface area of porous live lithium).
Because of similar reasons, even thickening of this active surface
area of live porous lithium (Figure 8b) does not change the total
resistance significantly. By contrast, any increase in the thickness
of dead lithium does represents a significant increase in total
resistance (in our case, it increases from 137 to 257Ω, see Figure
8c). Finally, as expected, the effect of electrolyte dry out is highly
importantthe total electrode resistance is roughly propor-
tional to the percentage of the electrode surface that is wetted
with liquid electrolyte.
The scenarios shown in Figure 8 will be rarely seen in their

pure form. Very likely, there will be some coexistence/overlap of
the effects shown. For example, looking at our results shown in
Figure 7 (and checking the values in Table S1), one might say
that there is some interplay between the phenomena because the
spectra do not follow exactly the patterns shown in Figure 8.
Still, one may roughly say that in the case of Figure 7g, the
surface coverage is still low (as the second arc is rather small
compared to the first and the shape of the first is still not much
distorted at high frequenciesin the sense of approaching 45°).
In the other two examples (Figure 7h,i), the shapes and

magnitudes point mostly to predominance of the impedance due
to transport in live porous lithium. Indeed, this is confirmed by

looking at the model values in Table S1, where it is clearly shown
that in both cases, the values due to Rlive1 and Rlive1 are
significantly higher compared to the values for the other
resistors.
Additional phenomena might occur in real electrodes that are

not accounted for in this study. Still, the examples shownmay act
as a rough guideline toward better understanding of the
dynamics of Li anodes during cycling as detected by EIS.

5. CONCLUSIONS
A general transmission line model describing the impedance
response of metallic lithium in contact with an electrolyte-
soaked separator was presented and verified on several sets of
measurements. The model is able to describe the main
transport/reaction phenomena in pristine (uncycled) metallic
lithium covered with SEI as well as more complex phenomena
taking place in cycled lithium covered with dendrites of different
morphologies. The main advantage of the model (with respect
to more rigorous analytical models) is that it can effectively
couple different sections of the electrochemical system, for
example, processes occurring in the compact part of SEI,
processes in porous SEI, phenomena in “live lithium”, “dead
lithium”, and finally, diffusion in the electrolyte-soaked
separator. Indeed, it was demonstrated that combinations of
these different processes led to the significantly “elongated” low-
frequency arc typically observed previously and also typically in
this study. Using the present transmission line, this elongated
feature can be decoupled into individual contributions in a
quantitative way. Even more, we showed that combining the
morphological data with impedance spectroscopy measure-
ments, one can formulate a set of simple “rules” that link the
essential impedance features of cycled lithium anodes to the
underlying physical processes. Such mapping might be of
considerable help when trying to identify the main process(ess)
contributing to the performance deterioration during cycling of
lithium, such as thickening of live porous lithium, thickening of
dead lithium, electrolyte dry out, and so forth (see the scheme in
Figure 8).
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