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ABSTRACT

The impedance response of passivated lithium metal anodes has been the subject of numerous studies. However,
the exact significance of the main contribution - the mid-frequency arc due to the formation of the solid elec-
trolyte interphase (SEI) - has not been satisfactorily explained. In particular, many studies have pointed to the
existence of two closely coupled arcs — instead of one, which further complicates the interpretation. This study
systematically investigates the possible underlying processes that determine the impedance characteristics of the
SEI using four electrolytes with concentrations ranging from 1 M to 10~* M. The experimental results show that
features attributed to processes in the electrolyte phase, such as migration and diffusion, scale significantly with
concentration. However, the resistance associated with the coupled mid-frequency arc (the “SEI arc”) shows a
modest increase, challenging conventional hypotheses. A novel two-dimensional transmission line model is
introduced to account for the heterogeneous topology of the SEI and to capture the interplay of liquid and solid
phases. The model accurately describes the observed trends over the entire concentration range and reveals the
crucial influence of the SEI on the overall impedance. This work provides new insights into the structure-function
relationships of the SEI and highlights the need for topology-aware modeling to understand lithium metal

anodes.

1. Introduction

Lithium metal is spontaneously passivated when it comes into con-
tact with the environment. The passive film that forms on lithium in
organic electrolytes is commonly known as solid electrolyte interphase
(SEI) [1]. As the name indicates, this layer conducts ions but is insulating
to electrons (similar to liquid electrolytes). The thickness, composition
and morphology of the SEI varies considerably depending on the con-
ditions. Authors often report two fundamentally different morphological
parts: (i) a very thin (not more than a few nanometers) dense, compact
solid structure forms directly on the surface, (ii) a porous structure
grows on top of this dense layer and can reach thicknesses of several
hundred nanometers [2-7].

The typical impedance response of SEI-covered lithium metal (non-
cycled), measured in conventional cells (pouch cells, coin cells, 1 M
organic electrolyte), is shown schematically in Fig. 1. Although spectra
of similar shape and size have often been reported, the main focus has
usually been on the features at the highest to intermediate frequencies, i.

e. the features labeled A and B + C in Fig. 1. There seems to be a broad
consensus in the literature that the high-frequency intercept on the real
axis (feature A) is mainly due to the migration of mobile species in the
electrolyte-soaked separator. Similarly, the arc at intermediate fre-
quencies (with a peak frequency in the range of 100-1000 Hz) is usually
attributed to the transport of mobile species through the dense,
nanometer-thick portion of the SEL This arc is labeled B + C because a
detailed analysis of this apparently »single arc« shows that it actually
consists of two closely coupled arcs [8-12] that are difficult to distin-
guish optically in the complex plane representation. The physical
meaning of processes B and C does not seem to be entirely clear. There
are at least three possible physical explanations for the occurrence of arc
B + C in the literature [8-14]: (i) desolvation of the ions and incorpo-
ration into the SEI, (ii) migration of the ions (ionic defects) across the
thickness of the SEI, and (iii) the electrochemical reaction (reduction of
lithium ions to lithium metal). If this hypothesis is accepted, then the
measured spectra could be explained by a combination of two of these
three processes, e.g. step (i) and step (ii), while the impedance of the
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Fig. 1. A typical spectrum of SEI-covered lithium metal before cycling at OCV
conditions obtained in a cell with thin separator (on the order of 10 pm) and
with conventional concentration of electrolyte (1 M) (the division into sections
corresponds to our previous references [3,4]).

third step is assumed to be too small to be detected.

In this paper, we present systematic experiments on the basis of
which we propose a modification of the conventional three-process
hypothesis to explain the main feature of SEIL i.e., the B + C arc. In
the experiments, we systematically vary the concentration of the elec-
trolyte (from 1 M to 10~* M) as well as the composition of the electrolyte
(4 different electrolytes are used, as described in the Experimental sec-
tion). This rather wide variation of conditions also allows a more precise
identification of feature D in Fig. 1, which we have already provisionally
attributed to the diffusion of mobile species in the thicker, porous part of
the SEI [3,4]. Finally, the present measurements also confirm the pre-
viously proposed physical meaning of the arc E (usually observed in the
1-10 mHz range), which is attributed to the diffusion of mobile species
in the electrolyte-soaked separator (in the present case with a thickness
of 20 pm).

2. Experimental

The materials preparation and cell assembly were conducted in an
MBRAUN glovebox where the oxygen and water levels were kept below
1 ppm.

LP40 electrolyte (1 M LiPFg in ethylene carbonate (EC): diethyl
carbonate (DEC) 1:1 v:v) was obtained from Elyte innovations and used
as is. Lithium bis(trifluoromethanesulfonyl)imide (LiTFSI, Sigma
Aldrich, 99.95 %) and lithium bis(fluorosulfonyl)imide (LiFSI, Sol-
vionic, 99.9 %) were dried at 120 °C in vacuum overnight. Li;Sg was
synthesized by mixing stoichiometric amounts of sulfur (Sigma Aldrich,
99.98 %) and Li (110-pm-thick, FMC) in tetrahydrofuran (THF) until
fully reacted and then isolating the powder by heating the mixture under
reduced pressure as reported previously [15]. Note that Li;Sg powder is
not pure, but a mixture of sulfur and polysulfide species with an average
oxidation state of Li»Sg. Tetraglyme (TEGDME, Sigma Aldrich, 99 %),
1,3-dioxolane (DOL, Sigma Aldrich, anhydrous, 75 ppm BHT as inhibi-
tor), dimethoxyethane (DME, Honeywell, 99.9 %), ethylene carbonate
(EC, Sigma Aldrich, 99 %) and diethyl carbonate (DEC, Aldrich, 99 %)
were dried in the laboratory using a several-step process involving
molecular sieves and distillation with Na/K alloy [16]. 2,2-bis (tri-
fluoromethyl) 1,3-dioxolane (BTFD, Apollo Scientific, 99 %) was dried
by adding molecular sieves (4 A) and leaving the mixture inside the
glovebox for 7 days. The content of water in all dried solvents was
checked using Karl-Fischer (Metler Toledo, C20) inside the glovebox to
be below 1 ppm.

The electrolytes were prepared from previously dried salts and sol-
vents by preparing the highest tested electrolyte concentration in a
volumetric flask. 1 M LiTFSI in TEGDME:DOL 1:1 (v:v), 1 M LiFSI in
BTFD:DME 1:1 (v:v) and 0.8 M Li;Sg in TEGDME:DOL 1:1 (v:v) were
prepared. The solubility of Li>Sg in the TEGDME:DOL 1:1 (v:v) mixture
was limited to 0.8 M, so this was used as the highest concentration. An
appropriate mass of salt was weighed into the flask. After dissolving the
salt in a small amount of solvent mixture, the flask was filled to the
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Fig. 2. a) Measured spectrum for 1 M LiFSI in BTFD:DME 1:1 (open black
circles; BTFD is a cyclic fluorinated ether, see Experimental section). The fre-
quency range is 20 kHz to 1 mHz. Fit of the measured spectrum using the
equivalent circuit shown above the spectrum. The meaning of the circuit ele-
ments is explained in the main text. The labels A — E have the same meaning as
in Fig. 1. b) Physics based transmission line model (TLM) that fits the measured
spectrum with the same accuracy as the equivalent circuit when the capacitors
are replaced by CPE elements according to the conventional formula CPE; =
1/(jw)™Q;: where Q; replaces the corresponding capacitive element C; and oi
has a value between 0 and 1. The physical meaning of the individual elements
in the TLM is discussed in the main text. n is the number of all elements of given
type, i.e., it corresponds to the number of planes into which a given phase
is divided.

marked line with the solvents. Lower electrolyte concentrations were
prepared by volumetric dilution in vials — e.g., 0.1 M electrolyte was
prepared by diluting 100 pL of the 1.0 M electrolyte with 900 pL of
solvent mixture.

Symmetrical electrochemical cells were assembled using two 2 cm?
Li metal electrodes punched out of as received Li foil. Two different
types of separators were used for cell assembly — Celgard 2320 (18 fi, 20
pm) and GF-A (Whatman, 20 fi, 260 pum). Li|Celgard|GF-A|Celgard|Li
cells were assembled by adding 150 pL of only the solvent mixture
without the salt (i.e, TEGDME:DOL 1:1 (v:v), BTFD:DME 1:1 (v:v) or EC:
DEC 1:1 (v:v)). The cell stack was packaged inside a triplex pouch cell
using Ni current collectors. The cells were left to rest at OCV for 10-14
days to enable SEI formation on the electrodes. After that, the cells were
opened inside the glovebox and the GF-A separator was removed while
at the same time ensuring that the Celgard separators did not detach
from the Li metal electrodes. A pristine GF-A separator was then added
together with an additional 120 pL of electrolyte of choice. Potentio-
static EIS spectra were measured on the cells using VMP-3 potentiostat/
galvanostat (Bio-Logic) at 0 V vs. ref. and 10 mV (rms) amplitude in the
frequency range of 20 kHz-1 mHz.

3. Results and discussion

3.1. Effect of electrolyte concentration on the impedance response of
passivated lithium

Fig. 2a shows the measured impedance spectrum of a symmetrical Li-
Li pouch cell containing 1 M LiFSI in BTFD:DME 1:1 (v:v) as the elec-
trolyte (open black circles). Similar shapes and sizes of impedance
spectra were obtained for all 4 electrolytes used in this study when their
concentration was 1 M. It can be seen immediately that the shape fol-
lows very well the typical schematic spectrum plotted in Fig. 1, except
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that the arcs are slightly flattened (depressed) and there is some
experimental noise seen, especially at the lowest frequencies.

The measured spectrum can be very well fit with the arbitrary
equivalent circuit shown in the inset of Fig. 2a. The elements of this
circuit have been chosen so that they roughly correspond to their hy-
pothetical meaning, i.e. to the meaning of sections A-E discussed in the
context of Fig. 1. Thus the impedance due to migration of mobile species
in the electrolyte is represented with resistor Ree, the coupled processes
B and C, which arise from the complex migration across the entire SEI,
are represented with resistors R; and Rj in parallel with the corre-
sponding constant phase elements CPE; and CPE,, respectively (the
correlation between CPE and true capacitor is explained in the caption to
Fig. 2). Finally, the diffusion processes in the porous part of SEI and in
the electrolyte in separator are described with two respective »Warburg
short« elements:

Z, = (Rytanh(joT)") /(joT)" (@)

where R,, is the resistance due to diffusion of active species (Li"), j =
\/ -1, o is the angular frequency of the sinusoidal excitation signal, T is
the generalized relaxation time of this diffusion and P is an exponent
that mathematically describes the deviation of diffusional impedance
from the ideal planar case (for which P = 0.5).

Although the equivalent circuit mathematically fits well the mea-
surement, its main role in this paper is primarily to check the number of
relaxation processes that are detected in the measured spectrum. Among
others, the circuit successfully decouples the processes B + C for which
we get the following values of circuit elements: Ry = 33 Q, Ry = 141 Q,
Q1 =92e65"8 Q71 Qy=5.1e65"2 Q7! a; = 0.88, ap = 0.92, all
normalized per 1 cm? of geometric surface area. Similarly, the fitting
gives the value of electrolyte resistance (4.9 Q) and of diffusional ele-
ments Ry, T and P which, however, we do not analyze in detail for the
reasons stated in next paragraph.

Although mathematical analysis using arbitrary equivalent circuits
provides useful information about the number of processes and the
typical values of the impedance parameters of a given hypothetical
process, a true insight into the physics behind the measured spectra is
only possible if we use a physically based modeling of the spectra. An
example of such a physical model is the transmission line model (TLM)
shown in Fig. 2b, the nature of which has already been discussed in our
previous publications [3,4]. Briefly, in the TLM, the movement of a
given charge can be traced from one phase to another in a physically
accurate way through a sequence of small, localized elements of resis-
tance and capacitance. For example, the path of the Li* ion starts in the
electrolyte and passes through the resistance elements R.;/n until it
reaches the porous part of the SEI, where it »«senses” another local
resistance (Rp1/n). At the interface between the porous and the compact
SEI layer, the Li™ ion must desolvate and enter the lattice of the SEI,
which is considered as the resistance Ry. The average resistance created
by the movement through the thin solid SEI finally gives R;. A similar
path can be followed by the inactive mobile counterions, i.e. the mobile
anions of the given salt (see the lower branch of the TLM in Fig. 2b). The
main difference with respect to the Li™ ion is at the interface between the
porous and the compact SEI, where the anion cannot penetrate the solid
SEI lattice but only depletes (or accumulates) at this interface, which can
be seen as the capacitor Co. The capacitor in the compact layer, Cy, is due
to the dielectric properties of this layer. Finally, the capacitive elements
between the upper and lower resistive branches (rails) represent the so-
called chemical capacitors (Cp1/n and Ce1/n), which at low frequencies
accommodate the concentration fluctuations of the mobile species due
to their diffusion in the given phase. The full significance of these ele-
ments becomes clear when we analyze the spectra using appropriate
physical equations, as shown in continuation.

If the capacitors in the TLM in Fig. 2b are replaced by constant-phase
elements, CPE (see explanation in the caption to Fig. 2), the measured
spectrum can be fit with the TLM with the same accuracy as with the
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Fig. 3. a) Measured spectra for symmetrical Li-Li cells in 4 different electrolytes
with the highest concentrations in this study (1 M except for Li,Sg, where a
concentration of 0.8 M was used instead). B) Measured impedance spectra for
cells with the LiPFg electrolyte at different concentrations: 1 M, 0.1 M, 0.01 M,
1 mM and 0.1 mM. c¢) The same plots as in panel (b), but for clarity only the
smallest plots (highest concentrations) are shown.

arbitrary equivalent circuit shown in Fig. 2a. The difference is that the
parameter values obtained by fitting with TLM can be used for further
physical analysis. For example, when the TLM is derived from New-
man’s porous electrode theory [17], the values for Rei, Ce1 and Re; can
be used to calculate the transport number of lithium ions, t,, the

effective conductivity of the electrolyte, Kﬁﬁ , and the diffusion coeffi-
cient of the lithium ion, DY, using the following relationships:

L
Rel = m (2)
_ALex# (1 -t ),
Cel - D—gff (3)
L
Rey (€]

AT (1-t,)

where L is the thickness of the electrolyte-soaked separator, A is the
electrode surface area, and ¢ is the porosity of the separator. Similarly,
the same analysis can be performed for the porous part of the SEI or for
any other parameter that is part of the given physics based TLM, as
shown in our previous publications [17-19].

In order to generalize the present results, we use 4 different elec-
trolytes. Here we must emphasize that in all cases the SEI films were
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Fig. 4. Resistance of features A-E as a function of concentration of electrolyte calculated from the measured impedance spectra based on equivalent circuit shown in
Fig. 2a. a) LiPFg, b) LiFSI, ¢) LiTFSI and d) Li»Sg. *In panel a) the results of previous measurements of the conductivity of LiFPg (ref. [20]) are inserted as red dashed
curve and denoted as “literature data”. In all cases, the standard deviation of the parameter R; typically ranged between 15 % and 20 % of its mean value. (For
interpretation of the references to colour in this figure legend, the reader is referred to the web version of this article.)

grown in cells containing only the corresponding solvents. After 1-2
weeks of passivation under OCV conditions, the central separator (GF-A
separator) was removed and a new separator impregnated with the final
electrolyte formulation was added (see Experimental section).

The first aim of this work is to confirm that the TLM presented above
adequately describes the measured spectra under all conditions inves-
tigated (i.e. at all concentrations and for all 4 electrolytes). The second
objective is to find a consistent physical explanation for the coupled
features B and C (which are therefore referred to as B + C). Indeed, as far
as B + C is concerned, the processes proposed in Fig. 2b are only a
theoretical possibility that has not yet been sufficiently tested experi-
mentally. However, if the present hypothesis is correct, i.e. that B is
related to processes within the solid part of the SEI and C is related to the
insertion of charge from the electrolyte into the SEI, then process B
should not depend on the electrolyte concentration, while process C
should depend significantly on the electrolyte concentration.

The main idea is therefore to measure the impedance spectrum of the
symmetrical Li-Li cell as a function of the electrolyte concentration and
to check the dependence of the B + C characteristics on the electrolyte
concentration. Of course, the trends for the other characteristics (A, D
and E) could also be checked at the same time and their physical origin
confirmed.

Fig. 3 shows that the spectra of all 4 cells are similar in shape and
size. Essentially all 5 features (A-E) are seen in all 4 cells, although oc-
casionally a particular feature is less pronounced (for example, features

D and E are less pronounced in Li>Sg and LiTFSI).

The effect of decreasing electrolyte concentration on the impedance
spectrum is shown on the example of LiPF¢ electrolyte (Fig. 3b and c). It
appears that the size of all features increases with decreasing electrolyte
concentration. To get a more quantitative description of this de-
pendency, we first analyzed the spectra in Fig. 3b using the simple
mathematical equivalent circuit in Fig. 2a. The sizes of features A-E are
described with the values of the corresponding fitted resistances which
are shown in Fig. 4 for all electrolytes and all concentrations.

All graphs in Fig. 4 show the log-log dependence of the resistance of
the respective feature (see Fig. 2a) on the concentration of the 4 elec-
trolytes investigated. For phases containing a liquid electrolyte (sepa-
rator, porous SEI film), one would expect the conduction to run
predominantly through the electrolyte phase, so that a similar depen-
dence on the concentration as for the corresponding bulk electrolyte
phase would be expected. Indeed, such agreement can be confirmed by
comparing the present result for feature A in LFP (migration resistance
through the separator, red dots in Fig. 4a) with previous measurements
of the conductivity of LFP6 [20] (red dashed curve in Fig. 4a). We can
see that the red dots deviate from the previously reported dashed line
only at the lowest concentration (10’4 M). We attribute this deviation
(which can also be observed in selected other curves in Fig. 4) to
experimental uncertainties due to the replacement of the middle sepa-
rator after aging. As described in Experimental, we used three separators
during initial cell assembly and aging, all of which were soaked with the
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Fig. 5. a) 2D TLM that can explain the occurrence of the closely coupled
feature B + C (see Figs. 1-3) in the measured impedance spectra of all 4
electrolytes and all concentrations studied. To illustrate the main concept as
simply as possible (and to facilitate further discussion), only one pore is inserted
in the solid skeleton in the porous part of the SEIL All elements of the 2D TLM
consist of a parallel combination of a resistor and a capacitor, as shown in the
upper part of the schematic. The resistor describes the migration of mobile
charges in a given phase (either solid or liquid), while the capacitor describes
the dielectric properties of the corresponding phase. b) Simplification of the 2D-
TLM for cases where the impedance of the vertical elements (i.e. the elements
running parallel to the electrode surface) is very high compared to the
impedance of the horizontal elements running perpendicular to the electrode
surface. Such a situation occurs when the pores are relatively far apart (i.e. in
the case of low film porosity). The meaning of the elements in the simplified
equivalent circuit is explained graphically in the scheme in panel b) above.

solvent only. Then only the middle separator was replaced with one that
was soaked with the actual salt-containing electrolyte. Even if the
replaced separator was much thicker, there could still be some dilution
of the salt in the remaining thinner separators. This dilution would be
relatively greatest in the case of the lowest salt concentration. Another
important source of error could be the welding of the coffee bag, where
the cell is exposed to very low pressure, which means that some of the
solvent could evaporate uncontrollably.
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In general, however, it can be safely asserted that most of the curves
corresponding to features A, D and E show the typical behavior expected
for the dependence of the resistance of the electrolyte on its concen-
tration. This can be interpreted as an indirect confirmation of the orig-
inal hypothesis regarding the origin of features A, D and E: (i) migration
in the electrolyte-soaked separator, (ii) diffusion of mobile species
within the electrolyte-filled pores of the porous SEI and (iii) diffusion of
mobile species in the electrolyte-soaked separator, respectively.

In contrast, different behavior was observed for features B and C
(black and grey triangles and squares). For B, the increase in resistance
during the transition from 1 M to 10~* M is typically between 20 and 30
times, while this increase is even lower for feature C: 4-7 times. This
much smaller effect of electrolyte concentration is to be expected, as our
original hypothesis attributes these two features to processes within the
SEL, which consists mainly of solid structures (compact part and porous
part, see Fig. 2b). In fact, if we recall the most important assumptions for
the physical explanation of feature B + C, we expect that no more than
one of the two processes depends on the electrolyte concentration.

3.2. Comparison of experimental results with TLM-based simulations

As briefly mentioned in the Introduction, the three possibilities to
explain the B + C arc are [8-12]: (a) electrochemical reaction at the
interface between Li and solid SEIL, (b) migration through the compact
solid SEI film, and (c) desolvation/solvation process at the interface
between solid SEI and electrolyte. Obviously, of these three possibilities,
only process (c) depends on the concentration of the electrolyte.

However, observation of the resistance trends in Fig. 4 shows that
both processes B and C change significantly with electrolyte concen-
tration, although the dependence for process C is generally weaker.
Since the existing hypotheses on the significance of feature B + C proved
to be inconsistent with the trends observed in Fig. 4 for all four elec-
trolytes, we looked for an alternative explanation for the measured
behavior. Somewhat surprisingly, we found that even the basic concept
of a two-layer SEI - consisting of the transport of ions through a compact
solid layer and a porous layer - can explain the observed trends. How-
ever, to model this accurately, we need to account for the unique to-
pology of the two-layer structure, which requires the construction of at
least a two-dimensional impedance model. This is essential for properly
capturing the inhomogeneities arising from the interpenetration of the
two phases, which have vastly different conductivities (with the con-
ductivity of the liquid electrolyte being several orders of magnitude
higher than that of the solid phases). A two-dimensional model that
addresses these factors is presented in Fig. 5a. This model builds upon
previous similar approaches, such as those used to describe poor contact
at solid-solid interfaces [21]. In the following, we provide a detailed
explanation of the main characteristics of this model and propose a
simplified version for the specific case of current interest.

The proposed 2D model (Fig. 5a) describes the transport impedance
due to migration in both the compact and porous layers of the SEI The
unit element of this migration impedance consists of a migration resis-
tance parallel to the dielectric capacitance (see the dashed rectangle
with elements R;j, C;; at the top of Fig. 5a) at any point in the hetero-
geneous SEI layer. Since we have only two different materials (solid SEI
structure and liquid electrolyte), there are also only two different values
for the local R;j, Cij. To illustrate the effect of the interpenetrating
phases on the impedance as clearly as possible, we introduce only one
pore into the otherwise uniform solid SEI structure, which has a cross-
section an order of magnitude larger than the pore (i.e., it spans 9
rows). Such a topology mimics a porous layer with low porosity. The
division into two parts (compact and porous) is due to the fact that the
pore does not extend to the lithium, but ends at the “apparent location”
where the compact layer begins. On the right-hand side of the scheme,
however, the pore is in contact with the bulk electrolyte in separator.

The impedance spectra of the 2D model shown in Fig. 5 can be
calculated using the Kirchoff’s rules for calculation of currents at all
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the same parameter values were used for both models and for both features. While the magnitude and the main trends are the same for both models, some obvious
differences can be observed, which are explained in the main text. The values of Ri,j and Cij for the elements in 2D model shown in Fig. 5a were as follows. Compact
SEL: R_compact = 2500 Q, C_compact = 1e-6 F; the same values were used for the solid skeleton of porous SEI: R skeleton = 2500 Q, C_skeleton = 1e-6 F; for the liquid-
filled pore in porous SEI the values were: R pore = 10 Q (for 1 M electrolyte), C pore = 8e-10 F. R pore for lower concentrations was increased proportionally to the
measured increase in resistance of the bulk electrolyte (see Fig. 4, feature A - red dots). From the values for the 2D model, one can readily calculate the corresponding
values for the parameters of the simplified model in Fig. 5b by taking into account the geometries of both models (i.e. the number of rows and columns in the 2D
model need to be properly translated into the ratios between A; and A, and L, and L,). (For interpretation of the references to colour in this figure legend, the reader

is referred to the web version of this article.)

potential nodes (in our case 80 nodes, i.e. points that separate the 162
basic elements). Importantly, such calculation also allows the calcula-
tion of all potentials and all currents for any chosen frequency. We will
present a couple of such calculations in continuation.

The detailed examination of the properties of the 2D model in Fig. 5a
has shown that in some cases the model can be simplified to the con-
ventional 1D sub-cases, as shown in Fig. 5b. For example, this simplified
model produces similar impedance spectra to the 2D model when the
pores are very far apart (with respect to their thickness) or when the
conductivity of the electrolyte in the pores is not too different from the
conductivity of the solid part of the SEL. More important for the present
context is the fact that the simplified model predicts similar trends as the
full 2D model - even if the conductivities of the phases are very different
and the pores are relatively close to each other. Both models are used for
the preliminary analysis shown in continuation. At this point, it is
important to point out that further simplifications of the equivalent
circuit in Fig. 5b (e.g. as recently proposed Lim et al. [22]) may not
capture the essence of the physical picture at hand, namely the interplay
of transport through liquid and solid phases forming the compact and
the porous part of the SEI layer, and the resulting strongly coupled two
arcs in the complex plane.

Before proceeding, it is important to emphasize that the main
drawback for using the proposed models (either 2D or the more con-
ventional 1D variant) in the current context and state of knowledge is
that the actual topology of the pores/solids is largely unknown. In other
words, we do not know the dimensions of the pores, their location,
density, connectivity, etc. Similarly, we know little about the overall
thickness of the SEI layer and the individual thicknesses of the individual
layers. All these factors have a major influence on the values and shapes
of the calculated impedance spectra.

However, despite the lack of precise parameter values and the to-
pology of compact and porous SEI films, the model can be used for a
general prediction of parameter trends when the electrolyte concentra-
tion is changed by many orders of magnitude. Examples of such trends
for the magnitude (resistance) of feature B and C are shown in Fig. 6. For
feature B, we can see that the main trend of increasing resistance with
decreasing concentration and subsequent plateau of resistance is well
reproduced by both models (see the red and black curves for the full and

simplified models in Fig. 6a). However, in the case of feature C, the
prediction of both models is slightly different: while the full 2D model
(red curve) is able to reproduce the increasing trend of the resistance
when the electrolyte concentration changes from high to low, this is not
the case for the simplified model (black curve) (more precisely, this
increase is almost negligible in the log-log plot for the black curve).

We note that although certain experimental trends in Fig. 6 are not
fully captured by the proposed model, it is important to emphasize that
(i) this is the first study to clearly identify features B and C in a general
manner—across different electrolytes and over a wide concentration
range—and (ii) the proposed model provides a reasonable approxima-
tion of the significant changes in resistance associated with both fea-
tures. To our knowledge, no existing model more accurately reproduces
the observed behavior.

3.3. Potential and current distributions within the porous SEI

To better understand the physical origin and coupling between
processes B and C, we performed a series of further simulations in which
we studied the potential and current distribution in the compact-porous
SEI system. An example of such a study can be seen in Fig. 7, which uses
the same main topology (one pore leading from the electrolyte to the
beginning of the compact layer) as the model in Fig. 5. As expected, it
can be seen that the presence of a highly conductive pore filled with
electrolyte changes both the potential and current distribution in the
near region of the solid part of the porous SEI This means that the pore
“apparently increases” the intrinsic conductivity of the solid skeleton of
the porous SEI locally. Importantly, this effect only occurs in the 2D (or a
further upgraded 3D) model, whereas in the 1D simplification the dis-
tribution of the electric field within the pore and in the surrounding solid
part is homogeneous everywhere. This difference explains the difference
in the prediction for feature C (and to some extent also feature B) in
Fig. 6b.

Despite some differences between the 2D model and the simplified
model, it is important to reiterate that both are able to accurately fit the
main shape of feature B + C (closely coupled arc). This fact is not
necessarily intuitive because, as explained several times, the model in-
cludes two different phases with extremely different conductivities: a
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Fig. 7. Calculated potentials and current values at quasi d.c. current conditions
(frequency = 10~ *° Hz). For calculation, the model in Fig. 5a was used and the
values of model elements were the same as those used for creation of Fig. 6b. a)
Potential values for all 80 nodes in Fig. 5a. b) Calculated current values be-
tween all 80 nodes (in both horizontal and vertical direction). Note that for
better visualization, the values for green vertical lines are multiplied with 7
with respect to brown horizontal ones (because the average values of the hor-
izontal currents are much bigger). ¢) Heat map for horizontal currents and d)
heat map for vertical currents. In both cases, the currents were normalized such
that the highest value was set to 1, the lowest to 0, and all intermediate values
were scaled linearly in between. (For interpretation of the references to colour
in this figure legend, the reader is referred to the web version of this article.)

liquid electrolyte and a solid conductor for Li ions. Large differences in
conductivity mean large differences in relaxation time, so the contri-
bution of the two phases should be well separated (two arcs far away
from each other). The fact that they are coupled is relatively easy to
understand from the simplified model in Fig. 5b. We see that the
impedance of the pore (Rp, Cp) is in series with the underlying compact
layer (Cs,1, Rsl), but parallel with the rest of the compact layer (pa-
rameters with index 2) and the solid skeleton of the porous layer (pa-
rameters with index 3). This mixed series-parallel combination leads to
special “interactions” of elements, the result of which tend to be closely
coupled arcs such as feature B + C. These special interactions are due to
the fact that with resistors in series the larger resistance predominates,
while with parallel connection the smaller resistance predominates. The
reverse is true for capacitors. Unfortunately, these different connections
also mean that, unlike in many other cases, we cannot simply decouple
the equivalent circuit diagram in Fig. 5b into two RC terms in series, as is
done mathematically in Fig. 2a. In other words: If the model in Fig. 5 is
correct, then the RC terms for features B and C in Fig. 2 have no clear
physical meaning (although they are mathematically able to fit the
spectrum).

On the other hand, fitting with the physical model in Fig. 5 can be
challenging because the model is mathematically over-parameterized
(there are too many parameters that cannot be uniquely determined
by a single fit). In this case, the correct approach would be to measure
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the impedance response in different series of measurements and deter-
mine the unknown parameters from a batch fit (similar to the example of
the series of measurements with different electrolyte concentrations in
this study, but including additional crucial data, in particular those on
the geometry of the layers).

On a more practical note, researchers are often primarily interested
in the total resistance of the SEI, as this can serve as a measure of the
electrochemical performance of the lithium electrode. As already
explained several times, graphically this total resistance is nothing other
than the sum of the sizes of B + C arcs. Let us now relate this graphical
representation to the parameters that play a role in both the complete
(2D) and the simplified model in Fig. 5a and b. For the 2D model, the
exact calculation of the total resistance is quite complex and should be
done numerically using the model. However, for the simplified model,
which applies to the case of low porosity (more precisely, when the
distance between the pores is much larger than their typical width), the
total resistance corresponding to the size of the B + C features reads:

(Rs.l + Rp) (Rs.z + Rs,3)
(Rs,l + Rp) + (Rs.2 + Rs,3)

Rmt = (5)

From Fig. 3, for example, we can see that the typical value of Ryt in a
symmetrical cell configuration is between 200 and 300 Q cm 2. Fitting
the corresponding arcs using the present model shows that the indi-
vidual contributions for the different resistors are in the following
ranges: R,; = 400-600 Q cm ™2, R, = 150-220 Q cm ™2, R,, = 55-80 Q
em 2 and R;3 = 200-300 Q cm 2, Contrary to the conventional
assumption that only the resistance of the compact film, R; », contributes
to the resistance of the arc B + C, we see that the other contributions are
equally, if not more, important. In any case, this result clearly shows that
the porous film is not “transparent”, but has a significant influence on
the overall resistance of feature B + C.

4. Conclusion

We have shown the dependence of the most important impedance
characteristics of a passivated lithium anode on the electrolyte con-
centration. Passivation was performed spontaneously (chemically) by
exposing Li to different solvents for about two weeks. Subsequently, the
previous middle separator in symmetric Li-Li cells was replaced by a
separator impregnated with an electrolyte of a specific concentration.
Four different electrolytes in concentration ranges from 1 M to 10™* M
were used.

The analysis showed a significant (several orders of magnitude) in-
crease in the magnitude of three (out of 5) impedance characteristics
(features) as the electrolyte concentration decreased. This was expected
as all three features are due to processes in the electrolyte phase that
depend on the concentration: (i) migration in the bulk electrolyte (high
frequency feature A), (ii) diffusion in the pores of the porous passive film
(feature D) and (iii) diffusion in the bulk electrolyte (feature E). In
contrast, the resistance of the main arc (feature B + C) increased much
less than the other features: about 5-30 times as opposed to the
approximately 1000-fold (or more) increase in electrolyte resistance. To
explain this small (but non-negligible) dependence on the electrolyte
concentration, we proposed a model that takes into account the main
topology of the solid electrolyte interface (thin compact layer on which a
much thicker, porous layer grows). To model the impedance of such a
topology, we introduced a 2D transmission line model that takes into
account the special effects due to the presence of two phases with very
different conductivity in the porous structure. The model satisfactorily
explains the observed trends in the main arc B + C in the entire con-
centration range investigated (4 decades). To simplify the imple-
mentation of the 2D model, we have also proposed a simplification that
captures all the main features of the model. It should be noted that this
simplified model works well when porosity is low and is less suitable for
highly porous films — in which case the full 2D model must be used. In
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any case, to explain the two closely coupled processes, which can be seen
as a coupled main arc B + C, one does not need to introduce a special
step (e.g. charge transfer reaction, desolvation and incorporation of Li,
etc.), since the generally accepted two-layer SEI structure (compact +
porous layer) already yields such a coupled arc.
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