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All-solid-state lithium batteries (ASSLBs) are strongly considered as the next-generation energy storage
devices for their high energy density and intrinsic safety. The solid-solid contact between lithium metal
and solid electrolyte plays a vital role in the performance of working ASSLBs, which is challenging to
investigate quantitatively by experimental approach. This work proposed a quantitative model based
on the finite element method for electrochemical impedance spectroscopy simulation of different
solid-solid contact states in ASSLBs. With the assistance of an equivalent circuit model and distribution
of relaxation times, it is discovered that as the number of voids and the sharpness of cracks increase,
the contact resistance R. grows and ultimately dominates the battery impedance. Through accurate fit-
ting, inverse proportional relations between contact resistance R. and (1 — porosity) as well as crack
angle was disclosed. This contribution affords a fresh insight into clarifying solid-solid contact states
in ASSLBs.

© 2024 Science Press and Dalian Institute of Chemical Physics, Chinese Academy of Sciences. Published
by ELSEVIER B.V. and Science Press. All rights are reserved, including those for text and data mining, Al

training, and similar technologies.

1. Introduction

With the growing global demand for clean energy and the
advancement of transportation electrification, it is critical to pro-
mote the practical application of high-energy-density and intrinsi-
cally safe secondary batteries [1-5]. Compared to routine Li-ion
batteries (LIBs), all-solid-state lithium batteries (ASSLBs) offer
higher energy density and better safety performance for their use
of non-flammable inorganic solid electrolytes (SEs) instead of
organic liquid electrolytes, which makes them regarded as one of
the most promising next-generation battery technologies [6-15].

The use of SEs in ASSLBs introduces abundant interfaces
between solid particles [16], which induces various contact issues
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in a working battery [17,18]. During the charging and discharging
cycles of ASSLBs, the interface between the lithium metal anode
and SE often exhibits poor solid-solid contacts, including voids
[19,20], dendrites [21-23], and cracks [24-26] during repeated
charging/discharging. These poor contacts hinder the ion transport
and electrode reactions, which renders huge impacts on the rate
performance and the cycle stability of ASSLBs [27,28]. Conse-
quently, it is vital to characterize and evaluate contact states of
Li|SE interface in working ASSLBs.

As an electrochemical characterization method, electrochemical
impedance spectroscopy (EIS) [29,30] is a potentially effective tool
to evaluate contact states in working ASSLBs [31-34]. Through
analyzing the EIS plot results, the processes of ion migration, inter-
facial contacts, charge transfer [35,36], and diffusion within work-
ing ASSLBs can be clarified and quantitatively probed.
Furthermore, the equivalent circuit model (ECM) and distribution
of relaxation times (DRT) [37,38] are two powerful models to
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quantitatively aid to EIS analysis. This affords detailed information
on electrochemical properties in a working battery. Nevertheless, it
is challenging to combine EIS characterization methods with actual
solid-solid contact states, including the difficulty in predicting how
the EIS plot evolves along with different solid-solid contact states,
the inability to infer or diagnose the actual solid-solid contacts, and
the actual working conditions [39]. These issues pose substantial
challenges in quantitatively establishing the relationship between
contact states and EIS.

With the rapid development of emerging computational or sim-
ulating methods [40], machine learning [41-43], density functional
theory [44], molecular dynamics [45-48], phase field model [49-
52], and finite element method (FEM) [53] are employed to inves-
tigate rechargeable batteries. Among them, FEM is a mesoscale
numerical simulation tool advantageous in modeling the internal
processes of batteries, which is strongly considered to simulate
the electrochemical processes in ASSLBs accurately. By means of
exploring the correspondence between the solid-solid contact
states and EIS through FEM simulation quantitatively, the contact
states of the internal interfaces in working ASSLBs can be effec-
tively analyzed and diagnosed.

In this contribution, two-dimensional (2D) simulating model
based on FEM to simulate EIS of different solid-solid contact states
such as voids and cracks in ASSLBs was proposed. Through con-
structing the geometry morphologies of different interfacial con-
tact states such as voids, dendrites, and cracks in the model and
performing FEM simulation of EIS, Nyquist plots of different con-
tact states can be acquired. With the assistance of the quantitative
analysis of ECM and DRT, it is discovered that the more voids at the
Li|SE interface, or the sharper the cracks formed by lithium den-
drites, the higher the contact resistance (R.) of ASSLBs will be. In
addition, through analyses and fitting of simulation results, the
inverse proportionality relation of the R. with the variation of void
porosity and crack angle is acquired, which affords a correlation
between different contact states of the Li|SE interface in ASSLBs
and EIS plots from the theoretical perspective (Fig. 1). Accordingly,
it is expected to afford a basis for the preliminary judgment of the
interfacial contact states within ASSLBs based on the shapes of the
EIS plots and the magnitude of the R.. This work affords quantita-
tive rules for interpreting specific solid-solid contact states
through experimental EIS results, offering a new perspective for
revealing interfacial issues in ASSLBs.
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2. Methodology
2.1. FEM simulation of EIS

The simulation of EIS for ASSLBs was performed using the
lithium-ion battery module in COMSOL Multiphysics 5.5 platform
by FEM. A 2D simulating model consisting of the lithium metal
as anode, sulfide electrolyte LigSPsCl [54] as SE, and high-nickel
layered oxide LiNipgC0g.1Mng 10, (NCM811) as cathode was con-
structed (Fig. 2a). The properties of these energy materials in the
model were taken from the COMSOL material library. The model
includes the electron-conducting processes in electrodes, the ion
transfer at the electrode/electrolyte interface, the mass transfer
in the bulk, and the electrochemistry processes in electrodes. The
detailed equations are elaborated as follows.

2.1.1. Domain equations

The battery domain obeys the Ohm'’s law.
j=0aVo (1)
where j, o, and ¢ represent the current density, ionic conductivity,
and electric potential, respectively.

The diffusion of Li-ion can be depicted by Fick’s 2nd law.
8CLi+

ot @)

where c;+ is the concentration of Li-ion and D;;- is the diffusion
coefficient of Li-ion [55].

V- (Dy-Veyr)

2.1.2. Electrode equations
The local current density ji,., in the electrode is given by Butler-
Volmer kinetic equation.

- &) 3)

where j, is the exchange current density, o is the transfer coeffi-
cient, F is the Faraday constant, R is the gas constant, T is the tem-
perature, and # is the overpotential.

According to Faraday’s law, the flux of Li-ion is proportional to
the total electrode reaction current density, which gives

(1-a)Fn
RT

jlocal = jO (e
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Fig. 1. Scheme of the correlation between solid-solid contact states and EIS simulation in ASSLBs. The Li|SE interface generates different contact states, such as voids, cracks,
and dendrites, which are reflected in the EIS. Through the finite element method simulation of EIS and with the aid of ECM and DRT analysis, the relationships between the

contact resistance R, and void porosity as well as crack angle are clarified.
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Fig. 2. The finite element method model of electrochemical impedance spectroscopy for all-solid-state lithium batteries. (a) The scheme of the constituent and boundary
state of the model; (b) the Nyquist plot of simulated and experimental results; (c) ECM fitting of the bulk resistance, contact resistance, and charge transfer resistance for

simulated and experimental EIS.

“n. Ierr :]v,tFotal (4)

where N;;+ = —Dy;- V¢;+ is the flux of Li-ion.
The total current density

(5)

% is the active specific surface area of electrode mate-

Jvtotal = AsJtotal

where a;

rial, & is the electrode volume fraction, and r, is the particle size
of electrode material.
The total interface current density

(6)

where ji,., is the local current density, j, = iw(p — A@;)C repre-
sents the contribution of the space-charge layer in ASSLBs, i is the
imaginary unit, w = 27ntf is the angular frequency, AQ; = Rijiorar 1S
the interface potential, and Cy is the space-charge layer capacitance.

Based on Bruggeman empirical law and generalized Archie’s
empirical law [56-58], the calibration of conductivity in porous
cathode can be written as

Jrotal = Zjlocal +J

0= 008"

(7)

where o represents the effective conductivity, o, represents the
intrinsic conductivity, &, represents the volume fraction of elec-
trolyte in electrode, and y represents the Bruggeman coefficient of
electrode respectively.

2.1.3. Boundary conditions

The anode current collector (lower boundary) is set to be elec-
trical grounding, and the current density is specified at the cathode
current collector (upper boundary) and a potential perturbation of
@ =10 mV is applied. The left and right boundaries of the model
are subject to insulated conditions.

2.1.4. Alternating current (AC) impedance study

All variables in AC steady state impedance study are displaced
from time-dependent to frequency-dependent as shown in the fol-
lowing expression
n=ng+ Re(ﬁ- e’ ") (8)
where n is the variable, and subscript O signifies the initial value,
around which the perturbation takes place, and the wavy line indi-
cates complex perturbations. i is the imaginary unit, f the fre-
quency, and t the time.
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The battery impedance z (©Q cm?) at the boundary of the cath-
ode current collector is calculated according to

(7) _ Eeq + ¢e—imt (9)

e (10)
n-j

Z-

where ¢ is the electric potential, Eeq is the equilibrium potential,
& = 10mV is the amplitude of potential perturbation, n is the nor-

mal vector to the boundary, and j is the current density in current
collector.

The impedance is simulated in a frequency range from 0.1 Hz to
1 MHz. The detailed parameters for EIS simulation can be found in
Table S1.

2.1.5. Void construction

Semi-ellipses of 25 pum in the long half-axis and 5 pm in the
short half-axis are constructed as voids in the lithium metal anode
and all the semi-ellipses are equidistantly distributed at the Li|SE
interface. The porosity is defined as the ratio of the sum of the long
axes of all half-ellipses to the total length of the interface (1 cm).
The number of half-ellipses is given by the porosity as Number =
porosity x (1 cm)/(50 pm).

2.1.6. Cracks construction

Isosceles triangles with a height of 10 pm are constructed as
cracks on the SE of the Li|SE interface, and the triangle base is cal-
culated from the height and apex angles. The triangles are equidis-
tantly distributed at the interface, and the sum of the lengths of the
base of all triangles accounts for 60% of the total length of the inter-
face (1 cm). The sum of the areas of all the triangles is the same for
different crack angles to simulate SE cracking caused by lithium
dendrites of the same capacity.

2.2. Equivalent circuit model fitting

The equivalent circuit model for Li|LigPSsClINCM811 ASSLBs
consists of four parts connected in series: the bulk resistor Ry,
the contact resistor R. parallel with constant phase element CPE,
the charge transfer resistor R.; parallel with constant phase ele-
ment CPEg;, and the Warburg element W corresponding to the dif-
fusion process. The equivalent circuit fitting was performed using
ZView software, starting with segmental fitting followed by global
fitting.
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2.3. Distribution of relaxation times

The DRT was realized using the MATLAB-GUI toolbox explored
by Ciucci et al. [59]. The parameters used are listed in Table S2.

2.4. Experimental EIS measurements of ASSLBs

ASSLBs were assembled in an argon-filled glovebox (H,0, O, < 0.
01 ppm). NCM811 cathode (Saibo Co., Ltd) was mixed with LigPSsCI
sulfide SE (Ganfeng Lithium Group Co., Ltd.) and conductive carbon
at a mass ratio of 69:30:1. The mixtures were then hand-ground
for 30 min in an agate mortar as the final cathode composite pow-
ders. Approximately 100 mg of LigPSsCl SE powder was first placed
into the poly(ether-ether-ketone) cylinder with a 10 mm diameter
and pressed at 400 MPa for 1 min, and then 7 mg composite cath-
ode powder was spread on one side of LigPSsCl and pressed at
500 MPa for 1 min. Then, a Li foil (50 pum thickness, 10 mm diam-
eter, China Energy Lithium Co., Ltd.) was attached to the other side
of LigPSsCl. Ultimately, the ASSLB was placed into a custom-made
stainless-steel casing. Galvanostatic cycling of the ASSLBs was con-
ducted within the voltage range of 2.8-4.3 V vs. Li/Li" using a
LAND-CT2001A (Wuhan, China). The rate for the first cycle was
0.05 C and that for the following cycles was 0.3 C. EIS measurement
was performed on the Solartron EnergyLab XM with an amplitude
of 10 mV and a frequency range from 0.1 Hz to 1 MHz after dis-
charge of the 10th cycle.

3. Results and discussion
3.1. Model validation

The full-cell EIS of the typical ASSLB Li|LigSPsCIINCM811 was
simulated and compared with the experimentally measured EIS.
The Nyquist plots and Bode plots at a frequency range from
0.1 Hz to 1 MHz are shown in Fig. 2(b) and Fig. S1. Both the Nyquist
plots of simulation and experiment comprise three parts: a small
semicircle at high-frequency region that corresponds to the inter-
facial contact, a large semicircle at medium and low-frequency
region that corresponds to the charge transfer process, and a
low-frequency region line that corresponds to the diffusion pro-
cess. The simulated and experimental Nyquist plots are in good
agreement, especially at the high-frequency region. Furthermore,
the ECM fitting was conducted to both simulated and the experi-
mental EIS (Fig. S2). The equivalent circuit for Li|LigPSsCl|
NCMS811 ASSLBs consists of four parts connected in series: the bulk
resistor Ry, the contact resistor R. parallel with constant phase ele-
ment CPE, the charge transfer resistor R, parallel with constant
phase element CPEg;, and the Warburg element W [60-62]. The
resistances of bulk, contact, and charge transfer for simulation
and experiment are contrasted in Fig. 2(c). The R, values are both
in the range of 20-25 Q cm?, R. in the range of 55-85 Q cm?,
and R in the range of 240-270 Q cm? for simulation and experi-
ment. The three resistance values of simulation and experiment
exhibit good match, which confirms that the model can accurately
reflect the impedance of Li|LigSPsCIINCM811 and can be applied to
explore the relationship between solid-solid contact states and EIS.

3.2. EIS evolution with the formation of voids

During the cycling of ASSLBs, lithium stripping [63] inevitably
induces void formation at Li|SE interfaces [64], which induces poor
contacts and ultimately a quick loss of battery capacity. Hence, it is
essential to assess the state of the voids in working ASSLBs quanti-
tatively, which is difficult to achieve by experimental measure-
ments. To construct the correspondence between the void state
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and the EIS, the EIS of different void porosities was simulated by
the model. The porosity of the Li|SE interface in 2D model is
defined as the ratio of the sum of long axes lengths of all void
half-ellipses at the interfaces to the total length of the interfaces.

The Nyquist plots of four typical scenarios of full contact (poros-
ity = 0%), a few voids (porosity = 20%), numerous voids (poros-
ity = 50%), and point contact (porosity = 100%) are shown in
Fig. 3(a-d). When there is no void at the Li|SE interfaces, the
Nyquist plot consists of a small semicircle representing the contact
and a large semicircle representing the charge transfer. Once a few
voids appear at the interfaces, the shape of the Nyquist plot
changes with the semicircle representing the contact increasing
in size while the semicircle representing the charge transfer
remaining approximately the same in size, and the total impe-
dance increases by around 100 Q cm?. As numerous voids are gen-
erated, the semicircle representing the contact increases
significantly and exceeds the semicircle representing the charge
transfer. The interfacial contact dominates the impedance, and
the total impedance of the battery exceeds 1000 Q cm?. In the
worst case, when the number of voids is so large that there is only
point contact between Li and SE, the total impedance exceeds
1 x 10° Q@ cm?, and the entire Nyquist plot consists of a huge con-
tact semicircle.

In order to further investigate the variation of EIS with porosity,
EIS with the porosities of 0-100% was calculated (Fig. S3a). With
the increase of porosity, the Nyquist plots exhibit a similar change
pattern to that of Fig. 3(a-d), indicating that the diameter of the
semicircle representing the contact gradually increases. Further-
more, the DRT analysis of porosity between 0% and 100% was per-
formed (Fig. 3e and Fig. S4). The peaks of DRT at different
relaxation times reflect the corresponding electrochemical pro-
cesses, and the intensity and area of the peaks are positively corre-
lated with the corresponding resistance magnitude [65]. The DRT
plots of simulating EIS present four peaks: the peak around the
relaxation time 7 = 1 x 107> s represents the bulk resistance R,
the peak at 7 = 1 x 107-1 x 1073 s represents the contact resis-
tance R., the peak at =1 x 1073-5 x 1072 s represents the charge
transfer resistance R, and the peak around 7 = 10 s represents the
diffusion resistance Ry;frusion [66,67]. As the porosity increases, the
peaks of R, and Rgifrusion Show no significant change but the peak of
R. increases remarkably especially when the porosity is >60%.
Besides, the peak of R, shifts to larger relaxation times, which indi-
cates that the charge transfer process becomes more sluggish with
the increase of porosity [68]. The changes of R. and R.; peaks can be
attributed to the worse mass transfer and electrochemical reac-
tions at the Li|SE interface caused by voids.

Additionally, ECM fittings were conducted with a porosity of 0-
100% (Fig. S3b). The bulk resistance Ry, increases with the porosity
and undergoes a more pronounced change as porosity reaches the
extreme case 100%, while the charge transfer resistance R does
not change significantly as porosity increases (Fig. S5). The contact
resistance R, increases considerably with porosity (Fig. 3f), which
shares the same trend with DRT. As the porosity exceeds 80%,
the profile increases more steeply. When porosity reaches 100%,
the R. tends to positive infinity. To improve the fitting accuracy,
we add two points (porosity = 95% and 99%) at the increasing
steepness of the curve. When the extreme case point of poros-
ity = 100% is removed, R. exhibits an inverse proportional function
with (1 — porosity) and the R? of fitting reaches 0.998. The empir-
ical fitting expression can be expressed as R. = 1.69 x 103/(1 — por
osity) — 1.64 x 10% (Q cm?). The empirical inverse proportional
function indicates that the contact resistance R. converges to
around 50 © cm? when there are no voids (porosity = 0%). While
the porosity is increased to the extreme case of 100%, R. tends
approximately to infinity, which can be attributed to the extremely
poor mass transfer and electrode reactions at the interface led by
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Fig. 3. The simulation of EIS and the related DRT and ECM analyses for different void porosities. (a-d) Schemes and Nyquist plots of four typical scenarios at Li|SE interface:
full contact (porosity = 0%), a few voids (porosity = 20%), numerous voids (porosity = 50%), and point contact (porosity = 100%); (e) the DRT plots of different porosities ranging
from 0% to 100%; (f) the relationship between contact resistance R, and porosity. The inset represents the result of the inverse proportion function fitting.

poor contact. The inverse proportionality provides an empirical
correlation between void porosity and contact resistance.

3.3. EIS evolution with the formation of Li dendrites

In addition to voids, lithium dendrites are generated during the
cycling of ASSLBs [69,70]. The penetration of lithium dendrites into
the SE always induces abundant cracks in SE [71,72], which can
result in the increased resistance and degradation of capacity,
and in severe cases, can cause short circuits of working batteries
[73,74]. Therefore, it is expected to clarify the impact of cracks in
ASSLBs. The EIS of cracks with different sharpness is therefore sim-
ulated to investigate the crack angle effect. In this model, triangu-
lar cracks with crack angles ranging from 160° to 20° are
constructed, and it is ensured that the total area of the triangles
at different crack angles is the same, that is, the capacity of the
lithium dendrites is the same and the cracks accounted for 60%
of the total interfacial contact area. The crack angle g is defined
as the vertex angle of cracked triangles. Schematic diagram and
Nyquist plots of crack angle ranging from 160° to 20° are shown
in Fig. 4(a). As the crack angle decreases, the semicircle represent-
ing the contact gradually increases, and after the crack angle is less
than 80°, the semicircle representing the contact exceeds the semi-
circle representing the charge transfer to occupy the main part of
the impedance. The total impedance of the battery also increases
threefold from 379 Q cm? at 160° to 1553 Q cm? at 20°, which
indicates that the crack angle has a tremendous effect on the bat-
tery impedance.

Furthermore, DRT analysis was performed for crack angles
ranging from 160° to 20° (Fig. 4b). With the reduction of crack
angle, the peaks of Ry, and Rgifrusion €Xhibit no obvious change and
the peak of R, shifts slightly to larger relaxation times. In contrast,
the peak of R. increases remarkably, especially when the crack
angle B is smaller than 90°. The effect caused by the crack angle
on the EIS can be attributed to the fact that when the crack angle

20

is smaller, the contact of Li|SE is sharper at the interface, and the
resistance to mass transfer and electrochemical reaction at the
interface is greater.

To further investigate the crack angle effect quantitatively, ECM
fittings of crack angles ranging from 160° to 20° were conducted
and shown in Fig. S6. The bulk resistance R, remains around
30 © cm? and the charge transfer resistance R. remains around
245 Q cm?, both of which are unaffected by crack angle (Fig. S7).
Unlike R, and R, the contact resistance R. increases as the crack
angle decreases, whose value grows from 107 Q cm? at 160° to
1277 © cm? at 20° (Fig. 4c). Similar to the rule of void porosity,
R, presents an inverse proportional relation with crack angle (unit
of radians), whose fitting expression is R. = 146 1t/ — 24.7 (Q cm?).
The R? of fitting reaches 0.998, demonstrating the accuracy of fit-
ting. The crack angle effect illustrates that the sharp dendrites
and cracks at Li|SE interface are more detrimental to ASSLBs. It is
vital to enhance the flatness of SE and promote uniform lithium
deposition in ASSLBs.

3.4. EIS evolution with solid-solid contact states

According to the simulated EIS of Li|LigPSsClINCM811 ASSLB,
the EIS of different solid-solid contact states can be predicted. With
the aid of ECM and DRT, correspondence between contact states at
the Li|SE interface and EIS was established. For instance, two typi-
cal contact issues including voids and cracks in working ASSLBs
were investigated. As the lithium void porosity increases, the semi-
circle representing the contact in EIS Nyquist plots is enlarged and
the contact resistance R. is increased. The bulk resistance R}, also
increases with the porosity while the charge transfer resistance
R, does not change significantly. However, the peak of R, in DRT
shifts to higher relaxation times, which indicates that the charge
transfer process becomes sluggish. The relationship between R
and (1 — porosity) obeys the inverse proportional relation after
fitting. It is hopeful to guide the preliminary judgment of void
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Fig. 4. The simulation of EIS and the related DRT and ECM analyses for different crack angles. (a) Schemes and Nyquist plots for different crack angles of 160°, 140°, 120°, 100°,
80°, 60°, 40°, and 20°; (b) the DRT plots of different crack angles from 160° to 20°; (c) the relationship between contact resistance R. and crack angle. The inset represents the
results of the inverse proportion function fitting, and the fitting unit of crack angle is radians.

conditions in working ASSLBs. The sharpness of crack induced by
lithium dendrites affects the impedance of ASSLBs. The smaller
the crack angle, the larger the contact resistance R., while the bulk
resistance R, and the charge transfer resistance R. have no
remarkable changes. The R. and crack angle g follow the inverse
proportional relation as well. The crack angle effect gives an inter-
pretation to eliminate sharp lithium dendrites and cracks in
ASSLBs. Moreover, the model is expected to simulate more com-
plex contact states inside the ASSLBs closer to its actual working
conditions.

4. Conclusions

A 2D simulating model based on the finite element method for
EIS simulation of different solid-solid contact states in ASSLBs has
been proposed. We simulated the EIS of Li|LigPSsCI[NCM811 ASSLB,
which corresponds well with the experimental results. Based on
this model, EIS of different solid-solid contact states can be repro-
duced through simulation. With the aid of ECM and DRT, corre-
spondence between contact states at the Li|SE interface and EIS
was established. A relationship between R. and (1 — porosity)
obeys the inverse proportional relation after fitting which is
expressed as R. = 1.69 x 103/(1 — porosity) — 1.64 x 10°
(€ cm?). The R, and crack angle g follows the inverse proportional
relation as well, whose fitting expression is R. = 146 n/8 — 24.7
(€ cm?). This contribution affords a fresh approach to clarifying
solid-solid contact states in ASSLBs. With these proposed quantita-
tive rules, researchers can infer and diagnose the actual solid-solid
contact states in ASSLBs from their EIS results. It is expected to
inspire more attempts using simulation and computational tools
to investigate interfacial problems of ASSLBs and give helpful guid-
ance to design advanced ASSLBs with expected performance.
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