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A B S T R A C T   

All solid-state batteries, combining metallic lithium with a solid-state electrolyte, are now considered as a very 
promising answer to the growing need for higher energy density in safer batteries. While research interests are 
quickly raising on this topic, the number of experiments to perform in order to find the best combination of active 
material and solid electrolyte composition could be infinite. Therefore, an easy and low computational-cost 
model forecasting all solid-state cells performance could accelerate the optimization and lower the number of 
experiments, reaching more rapidly an up scalable solution. 

In this work, an innovative electrochemical model for a metallic lithium – argyrodite Li6PS5Cl – NMC622 cell 
is developed. In particular, two important aspects, characterizing this new battery generation, are implemented 
inside a P2D model. 

The first aspect is the implementation of a solid-state electrolyte, in substitution to liquid electrolyte, which 
means using the single ion conducting electrolyte theory, according to which Ohm’s law is the only equation to 
be solved in the electrolyte domain. This reduces the number of parameters characterizing the electrolyte from 
three, for the liquid electrolyte (ionic conductivity, transference number, and mean molar activity coefficient), to 
only one, for the solid electrolyte (ionic conductivity). The second aspect regards the anode side, lithium metal is 
chosen, in substitution to graphite, and this implies a different treatment from an electrochemical point of view, 
which is to consider the anode as a boundary condition instead of a porous electrode. Such drastic simplification 
of the P2D model allows, after careful calibration and validation based on experimental data, to obtain reliable 
charge/discharge profiles at C/10 and C/5 for lithium – argyrodite Li6PS5Cl – NMC622 cells.   

1. Introduction 

The increase in the use of energy based on fossil fuels, caused by 
population growth, has led to the depletion of these energy resources 
and global warming. [1–3] Therefore, new forms of renewable and 
sustainable energy must be identified and developed. Due to the spo
radic nature of renewable energy, it is necessary to develop efficient 
energy storage systems, capable of storing and supplying energy when 
needed. [4] Because of the smallest ionic radii of lithium (Li) and the 
lowest reduction potential, Li-ion batteries (LIBs) have been chosen as 
the most promising battery system to reach high gravimetric/volumetric 

energy and power densities. [5] In fact, in recent years, LIBs have been 
used in various everyday devices such as laptops, mobile phones and 
electric vehicles. [6–8] However, present commercial LIBs are reaching 
their theoretical limits (680 Wh L − 1 and 250 Wh kg− 1) [9,10]. One of 
the main causes is the use of graphite as anode, which limits the increase 
in LIBs energy density due to its low theoretical volumetric and specific 
capacities (735 mAh cm− 3 and 372 mAh g − 1, respectively) [11]. 
Metallic Li represents an interesting alternative to graphite thanks to its 
extremely high theoretical volumetric and gravimetric specific capac
ities (2061 mAh cm− 3 and 3860 mAh g − 1, respectively). [12,13] Hence, 
Li-metal batteries (LMBs) with high-voltage cathodes, or as Li-S and 
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Li-O2 batteries, can be seen as auspicious devices for the future gener
ation of high-energy rechargeable batteries. [14–16] Unfortunately, Li 
metal anode (LMA) suffers from some drawbacks, [17,18] such as the 
formation of lithium dendrites, which can affect the battery safety. 
[19–23] Moreover, the continuous consumption of liquid electrolyte to 
re-form the solid electrolyte interphase (SEI), breaking upon dendrites 
growth, affects the galvanostatic cycling performances of LMBs. [24–26, 
18] 

Various strategies have been studied and employed to solve the LMA 
issues, such as the construction of an artificial SEI layer [27,28], the 
insertion of additives in liquid electrolytes [29–31], and the use of 
alternative electrolytes that can substitute the commercial liquid elec
trolytes. [32] Considering this latter strategy, solid-state electrolytes 
(SSEs) represent an optimal solution for the design of safe solid-state 
batteries using LMA. [33] Replacing a liquid electrolyte by a SSE, 
which works as well as separator, would design a solid and more tolerant 
system towards Li metal, that could mitigate the issues of LMBs previ
ously mentioned. [34] Therefore, the all-solid-state batteries (ASSBs) 
can be considered as the future generation of LMBs. [35] 

Solid-state electrolytes are usually divided into two main categories: 
polymer electrolytes and inorganic electrolytes. [36] Polymer electro
lytes possess some peculiar characteristics: lightness, flexibility, and the 
possibility to control the thickness using standard preparation tech
niques as pressing or extrusion [37–39], but their main disadvantages 
are the low mechanical strength and electrode compatibilities. [40,41]. 
On the other hand, inorganic electrolytes can be classified into two 
sub-categories: oxides and sulfides. [42] Inorganic oxide electrolytes 
comprise Lithium SuperIonic CONductor (LiSICON), Lithium aluminium 
Titanium Phosphate (LATP) and Lithium Phosphorous Oxy-Nitride 
(LiPON). [43] The first one is characterized by low reactivity towards 
moisture but shows poor ionic conductivity (around 10− 7 S cm− 1) at 
ambient temperature. [44] LATP-based electrolytes present a wide 
electrochemical window, up to 6 V, and an ionic conductivity of 7 ×
10− 4 S cm− 1, [45] while LiPON electrolytes display an intermediate 
behaviour between LATP and LiSiCON with an ionic conductivity of 2 ×
10− 6 S cm− 1. [46] The second class of inorganic electrolytes, the sul
fides, possesses higher values of ionic conductivity (up to 2.5 × 10− 2 S 
cm− 1) than the oxides, due to the larger size and higher polarizability of 
sulfur with respect to oxygen. [47,48] It is possible to define two 
sub-categories of sulfides: amorphous (glassy) and crystalline (glass-
ceramic). [49,50] The amorphous sulfide electrolytes are ductile, but 
require elevated temperatures during the assembly of the cell in order to 
avoid the crystallization. Sulfide crystalline electrolytes (thio-LiSICON) 
are usually represented with the formula LixM1-δMδ’S4, where M rep
resents Si, Ge, or Sn, while M’ represents P, Ga, Al, or Zn. [51,52] Inside 
this category, the most famous electrolytes are argyrodite-type-ones 
Li6PS5X (X = I, Cl, Br). [53–55] Unfortunately, even if ASSBs with 
LMA represent a suitable alternative to commercial LIBs, at the moment 
they suffer from some issues, such as: a) weak physical contact between 
the cathode active material and the SSE, [56] b) the high internal 
resistance at the interface between the electrodes and the SSE, [57–59] 
c) surface defects and the existence of grain and grain boundaries inside 
the microstructure of SSE, [60] and d) the narrow electrochemical sta
bility window against anodic and cathodic materials. [61–63] These 
problems can affect the safety of ASSBs, bringing to lithium metal 
penetration and internal short circuit. [64,65] 

Thus, considering the several matters that influence the electro
chemical performance of ASSB with metallic lithium anode, modelling 
represents an interesting and robust tool for examining this future 
generation of batteries. [66,67] In fact, the use of modelling can provide 
a support to better understand the mechanisms that occur at the inter
face [68] so as to improve the electrochemical performance of LMB with 
SSE. [69] Depending on the spatial scale, different multiscale models 
have been studied and developed with the aim to study the behaviour 
and the mechanisms that characterize LIBs. [70–73] In particular, 
macroscale models are useful to improve the electrochemical behaviour 

of LIBs by analysing the effects of electrochemical parameters variations 
on battery performances. Such models can be divided into three sub
categories: equivalent circuit, empirical, and electrochemical. [74] As 
reported by several works, the electrochemical models are a practical 
and state-of-the-art tool for battery state estimation, reaction mecha
nistic analysis and battery design optimization. [75] The 
pseudo-two-dimensional (P2D) model, based on concentrated solution 
theory, porous electrode theory, and kinetics equation, developed by 
Fuller, Doyle, and Newman, is one of the most useful electrochemical 
models available in literature. [76] The main feature of the P2D model is 
the high degree of accuracy due to the precise representation of the 
electrode microstructure. [77,78] In fact, the P2D model describes the 
microstructure using spherical particles with the same radius and solv
ing the one-dimensional diffusion-based transport equation in the par
ticles. [79] Some studies have already implemented the LMA in an 
electrochemical model [80,81], also considering new battery chemis
tries, such as Li-S [82,83] and Li-air [84,85], while other models have 
described how to consider solid-state electrolyte in substitution of liquid 
electrolyte [86]. However, to the best of our knowledge, no P2D models 
combining a SSE with the LMA, against a NMC622 cathode, have not 
been reported yet. 

Therefore, in this study, with the help of the commercial software 
COMSOL Multiphysics, a P2D electrochemical model was developed for 
a cell containing Li metal as anode and argyrodite Li6PS5Cl as solid-state 
electrolyte. Nickel Manganese Cobalt (LiNi0.6Mn0.2Co0.2O2, shortened as 
NMC622) was selected as cathode active material because of the good 
compatibility with argyrodite SSE, as reported in previous studies, [87, 
88] together with the fact that it represents a good compromise between 
high energy density and low cobalt content. Therefore, properly coupled 
with a Li metal anode it should allow to reach higher energy density. 
Experimental characterizations were performed in order to obtain pre
cise electrochemical parameters to calibrate thoroughly the model. It 
was, successively validated through a comparison between the simu
lated and the experimental charge-discharge cycles at several C-rates. 
The optimal comparison between the simulated and the experimental 
curves confirms the robustness of the chosen approach and the inno
vation of the model developed combining metallic lithium with SSE. Last 
but not least, another important advantage of the electrochemical model 
developed is the low computational cost, because two to three days of 
experimental testing (1 charge-discharge cycle at C/30) can be simu
lated in less than half an hour. 

2. Modelling 

2.1. P2D model 

LIBs have been extensively studied through the P2D electrochemical 
model due to its high accuracy, good accordance with the experimental 
data, and its little computational cost. Therefore, a P2D concept was 
utilized in the development of an electrochemical model with the pur
pose to characterize and foresee the electrochemical behaviour of a LMA 
battery with a SSE. The acronym P2D is referred to two different 1D 
dimensions: the first dimension is the thickness of the cell, and the 
second one is the one of the active material spherical particles. 
Regarding the cell thickness, the electrochemical device was modelled 
dividing it in four sub-domains, which represent the metallic Li as 
anode, the argyrodite as SSE, NMC622 as cathode, and aluminium as 
current collector, respectively. 

The current collector is modelled through Ohm’s law (Eq. (1)), 
because it can be seen as a non-reacting electrode where the only 
physical phenomenon considered is electronic conduction. In Eq. (1), is 
is the local current density, σs is the electrical conductivity of 
aluminium, and ϕs is the electrode potential. 

is = − σs∇ϕs (1) 

For the cathode, Eq. (2) describes the mechanism of Li+ insertion into 
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the electrode active material. Here, itot expresses the total current den
sity passing through the electrode, under the influence of a certain 
number of reactions (NR), while iloc,i is the current density generated by 
the ith reaction in the electrode. 

itot =
∑NR

i=1
av,iiloc,i (2) 

av is defined as the specific surface electrode and can be computed 
according to Eq. (3), where m is the geometric factor (usually m = 3 for 
spherical particles), εs is the active volume fraction, and rp is the radius 
particle. 

av =
mεs
rp

(3) 

Butler-Volmer equation (Eq. (4)) is adopted to describe the chemical 
kinetics of the lithium-ion reaction with the electrode active material. In 
Eq. (4), i0 is the exchange current density, αa and αc are the anodic and 
cathodic charge transfer coefficients, η is the surface over-potential, F, R 
and T represent Faraday’s constant, the universal gas constant, and the 
temperature, respectively. 

iloc = i0
[

exp
(
αaFη
RT

)

− exp
(
− αcFη
RT

)]

(4) 

The pores tortuosity and the presence of the SSE increasing transport 
distance, a reduced conductive material volumetric fraction in the 
electrode should be considered. It is therefore possible to define 
“effective” values for electrolyte and electrode conductivities. In the 
study, the Bruggeman’s relationship is considered, defining tortuosity as 
a function of the material porosity. The effective conductivity of the 
solid phase σs,eff and the effective conductivity of the electrolyte phase σl, 

eff can be computed through Eq. (5), in which τl and εp represent the 
tortuosity and the porosity of the material, respectively. 

τl,Brug = ε− 0,5 →

⎧
⎨

⎩

σl,eff = ε1,5
p σl

σs,eff = ε1,5
p σs

(5) 

Fick’s law (Eq. (6)) is used to characterize the diffusion of Li+ in the 
active material, along the radial dimension of the particles, using 
boundary conditions described by Eq. (7). 

∂cs
∂t = ∇(− Ds∇cs) (6)  

∂cs
∂r = 0|r=0 − Ds

∂cs
∂r = −

∇is
avF

|r=rp (7)  

2.2. Solid-state electrolyte model 

For the modelling of the SSE, the same approach suggested by Wolff 
et al. [86] was implemented in the P2D electrochemical model devel
oped. In their work, single ion conducting electrolyte theory is consid
ered, according to which only one charged species (Li-ion) is mobile, 
whereas in a cell with binary electrolyte both Li+ and the counterion are 
mobile. With the assumption of only one mobile species and electro
neutrality (

∑
zkck = 0), there is no concentration gradient within the 

electrolyte, as stated by Eq. (8): 

∂cl
∂t = 0 (8) 

Since there is no concentration gradient in the electrolyte, the elec
trolyte conductivity σl does not vary with spatial coordinate. Therefore, 
adopting the single ion conducting electrolyte theory, the electrolyte 
potential drop can be described by Ohm’s law (Eq. (10)) simplifying the 
equation usually adopted for liquid electrolyte current density (Eq. (9)): 

il = − σl∇ϕl +
2σlRT
F

(

1+
∂lnf
∂lncl

)

(1 − t+)∇cl (9)  

il = − σl∇ϕl (10)  

2.3. Lithium metal model 

Lithium metal is considered as an infinite reservoir of lithium, as 
such it has no dimension, and is therefore considered a boundary. [80] 
The lithium electrode is assumed as ideal, hence a Butler-Volmer 
equation, similar to Eq. (4), can be considered [81,89]. 

The over-potential, due to the electrochemical reaction, can be 
expressed by Eq. (11), in which ϕl is the electrolyte potential, and the 
OCV function represents the cell open-circuit potential varying with the 
State of Charge (SoC). 

η = ϕs − ϕl − OCV(SoC) (11) 

Two different boundary conditions are used in this electrochemical 
model. 

The first one is the boundary condition “ground”, it corresponds to 
Eq. (12), and it is applied to define a reference potential within the 
model. In this work, this boundary condition is applied at the metallic 
lithium negative electrode, to define the cell voltage according to Eq. 
(13). 

ϕs = 0 (12)  

Ecell = ϕs,cathode − ϕs,anode (13) 

The second one is the boundary condition “charge-discharge cycle”, 
it is applied at the end of the positive current collector, in order to model 
the cell galvanostatic cycling behaviour. Following experimental pro
tocol, cell charging corresponds to a positive current, up to a maximum 
cut-off voltage (4.2 V), while, cell discharging corresponds to a negative 
current down to the minimum cut-off voltage (2.7 V). 

3. Experimental section 

The validation of the P2D electrochemical model described in the 
previous section consists of comparing the simulated charge-discharge 
curves and the experimental ones at different C-rates. Thus, LMA bat
teries with SSE must be assembled adopting the same configuration 
described in the electrochemical model: Li metal as anode, argyrodite 
Li6PS5Cl as solid-state electrolyte, NMC622 as cathode, and aluminium 
as current collector. Despite this, a calibration of the model is necessary 
before going on with the final validation of the same. The calibration 
step consists in fitting the electrochemical model to the experimental 
results: therefore, it is useful to evaluate some electrochemical param
eters through experimental measurements with the final purpose to 
perform modelling simulation as much realistic as possible. In this sec
tion, the preparation of the electrodes and the solid-state electrolyte, the 
assembly of the coin cells, and the cycling protocols adopted for the 
experiments and the calibration will be accurately described. 

3.1. Electrode and solid-state electrolyte preparation and coin cell 
assembly 

Solid electrolyte (SE) pellets were prepared in a Ø6 mm press die. 30- 
40 mg electrolyte powders were sequentially pressed at 300–450-600 
MPa, maintaining the pressure for 2 min per each step. For the prepa
ration of cathode slurries, the cathode mixture of NMC622, SE, and C65 
(C–NERGY™ Super C65, Imerys) in a mass ratio of 67.4 : 28.2 : 4.4 
respectively, was dispersed in toluene (solid : liquid ≈ 1:1.4 wt.%), 
followed by the addition of 5 wt.% binder ([CH2C(CH3)2]n poly
isobuthylene/oppanol) solution in toluene (>99 %, Sigma-Aldrich). 
After 5 h of stirring, the slurry was casted on Al foil and 
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homogeneously spread over the surface using a Dr. Blade with a 250-300 
μm gap. After drying under vacuum at room temperature for 15 h, 
cathode discs of Ø6 mm were punched and co-pressed with a densified 
SE pellet at 300–450-600 MPa, with 2 min of maintenance at each step. 
A final active mass loading of around 5 mg cm− 2 was obtained. 

3.2. Electrochemical characterization 

Electrochemical Impedance Spectroscopy (EIS) was performed to 
determine the ionic conductivity of the argyrodite electrolyte. Argyr
odite pellet was densified under pressure and assembled between carbon 
coated aluminium foil. The cell was heated from 25 ºC and up to 50 ºC in 

Fig. 1. SEM micrograph of NMC622 powder (a) and cross-section of the cathode/electrolyte interface acquired from a pristine bilayer (b).  

Fig. 2. (a) Nyquist plot of argyrodite electrolyte at different temperatures. (b) Equation of the ionic conductivity and (c) Arrhenius plot on the temperature range.  

Fig. 3. Comparative rate capability for test (a) at 25 ◦C and (b) at 50 ◦C.  
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a dynamic climate chamber (MKF 56, Binder). The Nyquist plots were 
recorded in a Solartron 1260A Impedance analyzer with frequencies 
ranging from 32 MHz to 1 Hz and a 50 mV excitation amplitude. 

A BR-200 multi-channel Arbin Instrument was used to perform the 
galvanostatic cycling tests. LMBs were cycled in a potential window of 
2.7–4.2 V vs Li/Li+, in accordance with the stability limits for NMC622. 
Currents applied in the several charge/discharge cycles at different C- 
rates have been computed using a theoretical capacity of 165 mAh g − 1 

and considering only the NMC active material of the electrode. [90] All 
the experiments were performed at 50 ◦C in a dynamic climate chamber 
(MKF 56, Binder). 

3.3. Morphological analysis 

The morphology of the NMC622 powder and the microstructure of 
cathode/electrolyte interface was studied by scanning electron micro
scopy (SEM) with a Quanta 200FEG electron microscope (Thermo
fischer), under an acceleration voltage of 20 kV, in the secondary or 
backscattered electrons mode. The cross-section micrographs of the 
cathode/electrolyte interface were acquired on fractured surfaces of a 
bilayer pellet. 

4. Results and discussions 

4.1. Experimental results 

4.1.1. Morphological analysis 
The commercial NMC622 powder consists of 10-30 µm particles with 

a nearly spherical shape (Fig. 1a). The morphology of the active material 
is preserved in the cathode layer (Fig. 1b). The layer thickness is 40-50 
µm, with an acceptable contact between the NMC622 and solid elec
trolyte phase, without visible porosity. The large diameter of NMC622 
may result in an insufficient percolation between the NMC622 particles, 

which is compensated by addition of electron-conductive C65. 

4.1.2. Electrochemical results 
Electrochemical Impedance Spectroscopy (EIS) was performed to 

determine the ionic conductivity of the argyrodite electrolyte. Fig. 2 
shows the Nyquist plot, the equation used to calculate the ionic con
ductivity and the Arrhenius plot. The argyrodite exhibits an ionic con
ductivity of 1.6 mS/cm at 25 ºC and increases up to 4.3 mS/cm at 50 ºC. 

The rate capability of the NMC622 electrode with argyrodite SSE was 
assessed in the galvanostatic mode increasing the C-rates from C/30 to 
C/2, adopting the same C-rate both for charge and discharge. Three 
cycles at C/30, five cycles at C/20, C/10, C/5, and two cycles at C/2 
have been considered. In the end, thirty cycles at C/20 have been 
applied with the purpose to assess the cell degradation at high C-rates. 
Furthermore, the effect of temperature on the cell performance has been 
studied cycling them at 25 ◦C and 50 ◦C. Fig. 3 reports the comparison 
between the cell cycled at 25 ◦C and 50 ◦C in terms of charge and 
discharge capacities and Coulombic efficiency for each cycle. In Fig. 3a, 
all the cycles show a poor performance in terms of charge and discharge 
capacity. The first three cycles display a charge/discharge capacity a 
little higher than half of the theoretical one. Then, the progressive 
increasing of the C-rates brings to a drastic reduction of the charge/ 

Table 1 
Capacity retention of cell Li/Li6PS5Cl/NMC622.  

Cycle number Capacity retention (Charge/Discharge capacity)% vs 2nd cycle (C/ 
30) 

3rd (C/30) 97.45 97.92 
8th (C/20) 87.35 86.44 
13th (C/10) 75.13 74.11 
18th (C/5) 60.68 59.12 
20th (C/2) 34.59 33.20 
25th (C/20) 81.06 79.84 
30th (C/20) 77.33 77.18 
35th (C/20) 75.84 72.85 
40th (C/20) 71.76 71.28 
45th (C/20) 68.91 69.10 
50th (C/20) 65.67 68.30  

Fig. 4. Pseudo-OCV curves of NMC622: (a) as a function of the state of charge and (b) as a function of the state of discharge.  

Table 2 
Simulation electrochemical parameters.  

Parameter Name Negative 
electrode 

SSE Positive 
electrode 

Aluminium  

Design specifications (geometry and volume 
fraction) 

Acell (m2) Cell surface 0.0000283    
Li (μm) Thickness  725 40  
Ri (μm) Radius   10  
εs Porosity   0.131    

Lithium-ion concentration 
cs,max (mol 

m − 3) 
Maximum 
molar 
concentration   

47,6641  

cs,ini (mol 
m − 3) 

Initial molar 
concentration   

47,6641    

Kinetic and transport properties 
αa,i, αc,i Charge transfer 

coefficients 
0.5  0.5  

σi (S m − 1) Conductivity  0.43 0.171 3.77×107 

Di (m2 s −
1) 

Diffusion 
coefficient   

2 × 10− 13    

Constant quantity 
T (K) Temperature 323.15    
F (C 

mol− 1) 
Faraday’s 
constant 

96,487    

R (J mol− 1 

K − 1) 
Universal gas 
constant 

8.314     

1 COMSOL Multiphysics Library. 
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discharge capacity, that reaches 20 mAh g − 1 at C/5 and nearly no 
response at C/2. During the last cycling step at C/20 the cell partially 
recovers the capacity, delivering 60 mAh g − 1, that further drops down 
to 30 mAh g − 1 after 30 cycles. Such poor performances evidence kinetic 
issues stemming from the restricted ionic conductivity within the com
posite cathode at 25 ◦C, attributed to the presence of an insulating 
binder. Consequently, the cells were also cycled at 50 ºC in order to 
increase the ionic conductivity of the solid electrolyte (from 1.6 mS/cm 
at 25 ºC to 4.3 mS/cm at 50 ºC as reported on Fig. 2) and to understand 
the aforementioned kinetic constrains (see Fig. 3b). The first three cycles 
show charge/discharge capacities similar to the NMC622 theoretical 
one (~165 mAh g − 1). The increasing of the C-rate brings to a pro
gressive reduction of the practical charge/discharge capacities until C/ 
5. For the two cycles at C/2, a sudden decrease can be observed: in fact, 
charge/discharge capacities just reach around 55 mAh g − 1 probably 
due to the too high overpotential at increased currents. However, 
coming back to C/20, the cell recovers a capacity as high as ~140 mAh g 
− 1, which agrees with ionic diffusion limitations rather than eventual 
chemical side reactions [91]. The influence of the latter is most probably 
the explanation for the capacity fade (from 140 mAh g − 1 to 115 mAh g −
1) observed in the last 30 cycles at C/20. Therefore, according to the 
better performances obtained at 50 ◦C, all the following experimental 
tests and discussions have been performed and studied at 50 ◦C. 

For the cell cycled at 50 ◦C, the capacity retention has been 
computed for several cycles using as a reference the 2nd cycle (at C/30) 
charge/discharge capacities, due to the fact that the 2nd charge capacity 

is the highest value reached during the galvanostatic cycling. The values 
of charge/discharge capacity retention have been reported in Table 1: 
for the first 20 cycles, a similar capacity retention can be observed for 
charge and discharge. The increase of the C-rate, from C/5 to C/2, brings 
to a decrease of the capacity retention of 25 %, confirming again the 
poor electrochemical performances observed in the rate capability. In 
the last 30 cycles at C/20, the charge/discharge capacity retentions 
decrease with a quasi-linear behaviour, except for the last 5 cycles, 
where a higher reduction in charge capacity retention with respect to 
discharge can be noticed. 

4.1.3. Equilbrium potential curve 
The cathode equilibrium potential curve is another useful electro

chemical parameter that describes the P2D model. This curve represents 
voltage as a function of SoC or SoD (state of discharge), covering a po
tential window of 2.7–4.2 V vs. Li/Li+. To get true OCV, galvanostatic 
cycling at a slow C-rate (C/30), known as pseudo-OCV, should be used. 
Therefore, the second cycle of rate capability of NMC622 at 50 ◦C has 
been considered. 

During experimental characterization a polarization phenomenon 
was noticed between the cell charge and discharge, therefore both 
pseudo-OCV curves were implemented in the electrochemical model. 
Observing Fig. 4a and b for charge and discharge, respectively, the po
larization phenomenon can be recognized. Considering, for both curves, 
a SoC equal to 50 %, a difference of 33 mV between the charge and 
discharge equilibrium voltage was calculated. 

4.2. Calibration and validation of the electrochemical model 

The P2D electrochemical model was calibrated in order to enhance 
the quality of the fitting between the simulated and the experimental 
charge-discharge curves at a fixed C-rate, in this case chosen equal to C/ 
20. As described in previous sections, the fitting was achieved through 
experimental determination, such as average radius particle and open- 
circuit voltage. Table 2 reports the electrochemical parameters used to 

Fig. 5. a) Calibration of the modelling charge-discharge curves onto the experimental ones at C/20, Validation of the model by comparing modelled and experi
mental charge-discharge profiles at b) C/10, and c) C/5. 

Table 3 
Error values between model and experimental data.  

Cycle step Error values for model-experiment 

C/20 C/10 C/5 

Charge capacity 0.6 % -2.4 % -0.5 % 
Discharge capacity -2.5 % -3.1 % -2.6 %  
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develop the calibration model. 
Subsequently, the validation of the electrochemical model was per

formed to prove the robustness and the consistency of the calibration of 
the P2D model, at C-rates different from the calibration one (C/20). The 
model was validated comparing one simulated charge-discharge cycle 
with the experimental one at the same C-rate. Because of the lower 
electrochemical performance obtained at C/2, this C-rate was excluded 
and only two different C-rates (C/10 and C/5) were considered for the 
validation. For the final validation, the charge-discharge current was the 
only electrochemical parameter changed in the calibrated model, ac
cording to the C-rate fixed. Fig. 5 shows the comparison at (a) C/20 for 
the calibration, (b) C/10, and (c) C/5 for the validation. It can be 
observed that all the experimental results are well fitted by the simu
lated curves, both for the required experimental charge-discharge times 
and for the electrochemical voltage behaviour. Some differences can be 
noticed at C/5 in terms of overpotentials, both in charge and discharge, 
probably caused by the interfacial resistance between the solid elec
trolyte and the electrodes. The errors between the capacities obtained 
from the model and the ones obtained experimentally were calculated 
and reported in Table 3. The errors have been computed as the per
centage ratio between the difference of simulated and experimental 
capacities and the experimental capacities. All values are below 3.5 % 
confirming the strength of the P2D electrochemical model developed. 

5. Conclusions 

In this work, an innovative P2D electrochemical model for a metallic 
lithium – argyrodite Li6PS5Cl – NMC622 cell was successfully developed. 
In particular, to the best of our knowledge, it is the first time that two 
important aspects characterizing this new battery generation were 
implemented together in a P2D model, against an NMC based cathode. 

The first aspect is the implementation of solid-state electrolyte, in 
substitution of commercial liquid electrolyte. This has been possible 
through the use of the single ion conducting electrolyte theory, ac
cording to which Ohm’s law is the only equation to be solved in the 
electrolyte domain. In fact, it can be highlighted that, while the elec
trochemical parameters characterizing the equation of the current 
density in a liquid electrolyte (concentrated solution theory) are three 
(the electrolyte conductivity, the transference number, and the mean 
molar activity coefficient), one parameter is enough to characterize a 
SSE, thus representing a further simplification of the P2D model, as well 
as a reduced number of experimental measurements to obtain the 
necessary parameters. 

The second one regards the substitution of graphite by lithium metal, 
implying a different treatment from an electrochemical point of view. 
Indeed, while graphite was a porous, intercalating electrode, metallic 
lithium can be simply considered an infinite lithium reservoir and 
therefore as a boundary condition. 

The developed P2D model is able to fit properly the cell electro
chemical behaviour at two different C-rates (C/10, C/5). This result was 
obtained thanks to a careful calibration work, which allowed to extract 
important electrochemical parameters, such as OCV curves, through 
experimental measurements. Such procedure increases the electro
chemical model accuracy making it as realistic as possible, as demon
strated in the validation phase. 

The obtained model adequately describes the experimental results at 
low currents, whereas at higher currents and overpotentials a more 
complex model could be required, to take into account the interfacial 
resistance associated with insufficient mechanical contact as well as 
other factors. 

Keeping in mind that ASSBs are not usually tested at high C-rates and 
considering the low computational cost of the simulation as well as the 
accuracy obtained studying the combination of metallic lithium and 
solid-state electrolyte, the model reported here could be a simple and 
adaptable tool for future analysis. As a matter of fact, other SSEs, such as 
oxides-based, could be considered within a similar P2D electrochemical 

model simply measuring and modifying a single electrochemical 
parameter: the ionic conductivity of the solid-state electrolyte. 

In conclusion, the implementation of solid-state electrolyte in com
bination with metallic lithium in a P2D model, thus resulting in its 
simplification, could be a suitable strategy to further the understanding 
of this promising battery technology, thus contributing to its future up- 
scaling. 
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Understanding Interfaces at the Positive and Negative Electrodes on Sulfide-Based 
Solid-State Batteries, ACS. Appl. Energy Mater. (2023), https://doi.org/10.1021/ 
acsaem.3c01894. 
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