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To realise the promise of solid-state batteries, negative electrode materials exhibiting large volumetric expansions, such as Li and
Si, must be used. These volume changes can cause significant mechanical stresses and strains that affect cell performance and
durability, however their role and nature in SSBs are poorly understood. Here, a 2D electro-chemo-mechanical model is
constructed and experimentally validated using steady-state, transient and pulsed electrochemical methods. The model geometry is
taken as a representative cross-section of a non-porous, thin-film solid-state battery with an amorphous Si (a-Si) negative electrode,
lithium phosphorous oxynitride (LiPON) solid electrolyte and LiCoO, (LCO) positive electrode. A viscoplastic model is used to
predict the build-up of strains and plastic deformation of a-Si as a result of (de)lithiation during cycling. A suite of electrochemical
tests, including electrochemical impedance spectroscopy, the galvanostatic intermittent titration technique and hybrid pulse power
characterisation are carried out to establish key parameters for model validation. The validated model is used to explore the peak
interfacial (a-Si|LiPON) stress and strain as a function of the relative electrode thickness (up to a factor of 4), revealing a peak
volumetric expansion from 69% to 104% during cycling at 1C. The validation of this electro-chemo-mechanical model under load
and pulsed operating conditions will aid in the cell design and optimisation of solid-state battery technologies.
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The global micro-battery market size is currently estimated to be
US $326 million and projected to increase to US $842 million by
2026'?; driven primarily by the proliferation of wearable, portable
electronic and Internet of Things devices. The safety and reliability
of these cells are of paramount importance, in addition to them bein%
lightweight and exhibiting high power and energy densities.
Lithium-ion batteries (LIBs) are approaching practical limits in
terms of safety and energy density due to the flammable liquid
electrolytes used. Alternative cell designs such as solid-state
batteries (SSBs) promise improvements in these aspects by replacing
the liquid electrolyte with a solid electrolyte (SE) and using Li metal
as the negative electrode (=10 X greater specific energy density than
graphite used in LIBs) respectively. However, the use of metallic Li
presents challenges due to high reactivity and inhomogeneous
plating and stripping processes which can lead to dendrite formation
and cell failure.

Silicon negative electrodes also feature a high specific capa-
city (>3500 mAh g~') and a low electrochemical potential (0.3 V
vs Li/Li"),> but do not suffer from dendrite formation.
Furthermore, Si is abundant and does not require strict air and
moisture-free processing, therefore it has the potential to be a
cost-effective alternative to Li metal as a negative electrode
material in next generation batteries. On the other hand, Si
exhibits a large volumetric expansion during lithiation (as much
as 300%) causing severe mechanical degradation and continuous
interphase formation in cells using liquid electrolytes. Moving to
a solid-state system may have advantages in this respect: stable
interphase formation has been achieved using sulfide-based SEs,*
enabling stable full cell cycling over 500 cycles® and in half-cell
experiments, Ping et al.” used an oxide-based SE to limit Si
expansion compared to a liquid electrolyte, attributing this effect
to the mechanical rigidity of the SE. However, many fundamental
aspects of Si-based SSBs are poorly understood, such as the solid-

“E-mail: a.rettie@ucl.ac.uk

solid coupling between Si and the SE during this large volumetric
expansion,””'" and there are limited studies of Si-based SSBs that
are paired with conventional positive electrode materials.”~"''=!3
Furthermore, while models of Si-based LIBs are well described in
the literature,“"18 those of SSBs with Si negative electrodes are
lacking, especially those validated against experimental data for
cycling and pulsing conditions. By improving our understanding
of the stress-strain relationship at the a-Si|SE interface, the
mechanical properties of the SE and cell dimensions may be
tailored to limit Si expansion, thereby increasing cell lifetime and
enabling high power micro-batteries with potential implications
for large-format solid-state cells.

In this study, a 2D electro-chemo-mechanical model was built
and validated using a suite of experimental electrochemical tests
on a thin-film amorphous silicon (a-Si)|LiPON|LiCoO, SSB.
First, the model formation is described, whilst the numerical
methods section discusses the material parameters and simulation
details. Next, the experimental methods sections presents the
electrochemical behavior during initial cell formation, steady
state conditions and pulsed conditions using the galvanostatic
intermittent titration technique (GITT) and hybrid pulse power
characterisation (HPPC). In several cases, these results were used
to parameterise the model. Subsequently, model agreement with
charge/discharge curves acquired at 1C rate was investigated
followed by further validation against the HPPC response.
Finally, we present the effects of varying relative electrode
thickness (up to a factor of 4) on the mechanical stresses and
strains experienced in the SSB model.

Model Formulation

A schematic of the SSB is illustrated in Fig. 1: we define the
current collectors (CCs), SE separator, a-Si negative and LCO
positive electrodes, where fc, fscp, lnes Ipe are their respective
thicknesses. Also, note the orthogonal coordinate system, where
the x, y, and z coordinates are the thickness, length and width of
the thin film SSB respectively. The ensuing electro-chemo-
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mechanical framework assumed a 2D geometry (given the film-
like nature of the SSB) with Li transport in 1D and mechanical
properties with a plane strain mechanical treatment in x-y
(Fig. 1). For computational efficiency, a small sub volume of
the overall cell thickness x, was modelled, which was assumed to
be representative of the cell.

Solid electrolyte—The SE is described by concentrated solution
theory'? and with Li* ions assumed to be the only mobile species
present. This is a reasonable assumption as the transference number
has been experimentally measured to be close to unity for LIPON.**
The Nernst-Plank equation is used to model ion conduction in the
bulk SE region

Z,'F
Joy = —DyVcp + —Dypc,V 1
b bVer + o Doco @y, [1]

where J,, is the flux across the bulk electrolyte, z; is the species
charge, F is Faraday’s constant (96,485 C mol '), D is the diffusion
coefficient, ¢y, is the concentration of the bulk SE and ¢, is the
electric potential across the medium. Given that the electrolyte is a
solid body, convection terms were neglected. In addition, the system
must obey charge conservation

Vip =0 (2]

whereiy, is the current in the bulk SE (bold symbols represent vector
quantities). The stress in the SE obeys mechanical equilibrium such
that body forces are neglected

Vo, =0 (3]

where oy, is the Cauchy stress tensor. The SE is assumed to obey
Hooke’s Law: o, = Cy, X €y, where Cy, is the stiffness matrix,
and in this instance, we consider the model to be isotropic with
Young’s modulus, E, and Poisson’s ratio, v,. A small strain
formulation is considered, where the total strain €}, is obtained
by solving for the displacement field, # in the SE

€p = %((Vu)T + Vu) [4]

Positive electrode.—Like the SE, the LCO positive electrode
is assumed to observe mechanical equilibrium (Eq. 3), while a
similar small strain formulation and isotropic Hooke’s law are
employed, with stress o, a total strain €, stiffness matrix C,,
Young’s modulus E; and Poisson’s ratio, v,. Here, there is

diffusion induced strain sgh, and consequently we must decom-

pose the total strain &, into an elastic component €5, and a
ch

diffusion-related component: €, = &; + epd’, where g;" is given

as

et = égzp(cp - el (5]
where ¢, is the Li concentration, ¢y is the initial Li concentration,
(), is the partial molar volume and I is the identity tensor. Solid-state
diffusion in the positive electrode is modelled using Fick’s first law
with an additional contribution due to diffusion-induced swelling
(hydrostatic) stresses

Q6p
Jp = —Dchp + WV%,H [6]

where o, 5 = tr[o]/3, D, is the diffusion coefficient, and J, is the
flux, where the subscript p detonates these parameters to relate to the
positive electrode region. Fick’s second law describes the transient
transport of Li in the electrode
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Figure 1. The 2D cross-sectional schematic of the thin film SSB used in the
COMSOL model. Note that the atomic arrangements are purely for
illustrative purposes and that atomistic simulations were not performed in
this study.
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Current flow was modelled using Ohm’s law

iy = =K, Vo, (8]

where i, and K, are the current and electronic conductivity across

the positive electrode respectively. Finally, charge conservation was
observed

V-ip=0 [9]

Negative electrode.—TIt is known that thin film electrodes at a
given capacity do not display a difference in stress (across the
thickness of the electrode) unless the electrode materials experience
plastic deformation.?® If only elastic deformation of the electrodes
occurs, then hysteresis would be not observed as the loading and
unloading during cycling would occur along the same stress path. It
is important to highlight that other stress contributions could affect
the hysteresis loop, such as the Li concentration gradients at the
electrode interfaces. However, as LCO is not expected to plastically
deform due to its higher Young’s modulus and hardness than a-Si
(even when fully lithiated)®' it is reasonable to assume that voltage
hysteresis (as observed experimentally in the electrochemical testing
section) is primarily due to plastic deformation of a-Si occurring
during discharge.

Upon lithiation Si can exhibit nominal strains up to 300%, thus it
is appropriate to adopt a viscoplastic-type yield model.'>° The
following approach was adapted from Di Leo et al.'® who
experimentally validated their electro-mechanical model against
half-cell curvature data using mechanical measurements of an a-Si
electrode and a liquid electrolyte.'>!'® To the best of our knowledge,
analogous experiments have not been reported for a-Si with a solid
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electrolyte. The method is summarised as follows: we consider finite
deformation kinematics with large elastic-plastic strains and multi-
plicative decomposition of the deformation gradient, F= FFPF™,
where the superscripts represent the elastic, volume-preserving
plastic, and lithiation-induced deformation gradients. The lithia-
tion-induced deformation gradient is given as
FN = (1 + Q(c, — cwo))'3, such that & = ¢,/ max» Where ¢, is
the Li concentration and ¢, .« is the maximum Li concentration
in the negative electrode. The plastic deformation evolves as

FP = e (23" )FP [10]

eq
Ueq

where £ > 0 is the equivalent plastic strain rate and 6,q = v3/2 0|

is the equivalent stress. During plastic flow, we take the equivalent
strain rate to be

0 lf Oeq < oy (E)

P _
€q =1 . [Oeq—ov@\" . _
o 80( S ) lf Oeq > UY(C)

[

(11]

whereoy. is a stress-based constant, g, is a reference plastic strain-
rate and m is a strain-rate related fitting parameter. The concentra-
tion-dependent yield stress, 6y (C) is given as
_Gn
0y (Cn) = Ogu + (60 — Osa)e & [12]
where oy, 0y, ¢4 are positive-valued stress-related fitting parameters.
As with the positive electrode, diffusion of Li within the negative

electrode is captured using Fick’s Law and an additional swelling
term, analogous to Eq. 6

Qe
Jn = _Dn VC,, + RnTn V()'n,H [13]
As in the studies of Sethuraman et al.”® and Di Leo et al.,16 we
neglect quadratic, higher-order stress-related terms by assuming
their negligible influence on the overall response. As before, Fick’s
second law provides a description of transient diffusion

dcy
ot

= V- [14]

As before, Ohm’s law describes current flow
i = —K, Vg, [15]

with i, and K, being the current and electronic conductivity, across
the negative respectively, and charge conservation is observed

V.i,=0 [16]

Charge transfer kinetics.—It is necessary to impose boundary
conditions at the interfaces of the SE and electrode in order to
accurately solve model equations. By doing so the charge transfer
reactions and the additional stress overpotential required for lithia-
tion to proceed are captured. The charge transfer rate is commonly
expressed using a Butler-Volmer type equation

F) a,Fn
igy = io(exp(a;Tn") - exp(—;Tp)) [17]

where @, and «, are the negative and positive charge transfer

coefficients respectively. The local exchange current density, iy is
dependent on both Li and bulk electrolyte concentrations

io = F(kp)n(k,)*(c; — Ci,max)an(ci)ap( @ ) [18]
cb,ref

where the subscript i is n or p depending on the interface, cp rer is @
reference SE concentration, ¢, is the maximum SE concentration
and the rate constants of the positive and negative electrodes are k;,
and k, respectively. The total overpotential #;, is expressed as

Qion,;

=@ —¢,— Ui— [19]

where U; is the open circuit voltage, and additional overpotentials
due to diffusion-induced hydrostatic stress oy ; and the initial partial
molar volume €;, are incorporated via the final term on the right-
hand side of Eq. 19.%

Boundary and initial conditions.—Consider the coordinate
system (x, y, z) in Fig. 1. At the positive current collector (CC),
we apply a current density icc-Recp = iin at X = (feen + fne + foep +
Ipe + fecp), Where ne.p is the unit normal vector pointing outwards
from the positive CC surface in the positive z-direction. The applied
current density i, at 1C discharge, is calculated based on the sub
volume of the cell. Since the maximum accepted quantity of Li for
the given electrode material, ¢, ,uqy: the current density is given as i,
= Cpmaxk"Vp/toA, where the area is in the dimensions of the cell in the
z, y coordinates, A = zy and ¢, = 3600 s. At the negative current
collector, a potential of ¢, = 0 V is applied at x = 0.

We prescribe the thin film SSB to be fixed in all directions to the
positive current collector surface, i.e. UecReep = 0 at X = (feen + tne
+ fsep T Ipe t+ lecp), Whilst the negative CC surface remains
unconstrained. Given that a small sub volume of the electrode is
modelled in the y-direction, it is appropriate to apply symmetry
boundary conditions for species fluxes, displacements and potentials.

At the interface between the separator and the electrodes, we
specify that the electronic current flow must be zero: ij-np; = 0,
where ng, is the unit normal vector to the interface between the
electrode and the separator, pointing in the direction away from the
electrodes. This ensures that only the ionic current is permitted
across this interface. At the electrolyte-electrode interface we
observe a flux of Li into the electrode, or LiT ions into the
electrolyte as a result of the charge transfer reaction. The fluxes
are as follows: Jy-nep = —igy/F and Ji-n; = —igy/F, where n; is
the normal vector pointing from the electrolyte to the electrodes. We
also prescribe a current density at this interface: iy-ny, = —ipy and
i;-n; = —igy. An initial Li concentration in the electrodes, c;o, is
prescribed, whilst the initial concentration in the electrolyte is given
by cpo. The electrode and all associated constituent domains are
assumed to be in an initially unstressed state.

To summarise, the strain type simulated in the SE and positive
electrode domains is linear elastic whereas for the negative electrode
(a-Si) elastic-viscoplastic behavior is modelled. The three types of
strains occurring within the negative electrode are elastic, volume-
preserving plastic, and lithiation-induced deformation gradients. The
electrode and SE are not expected to plastically deform due to their
greater Young’s moduli and hardness at all stages of lithiation.

Numerical methods

Material parameters.—The mechanical and electrochemical
parameters used in the model were either previously reported values
from the literature or experimentally determined in this study
(Table I). LCO and LiPON were assumed to be isotropic linear-
elastic solids, whereas a-Si was treated as an isotropic elastic-
viscoplastic solid with a Li concentration-dependent Young’s
modulus and yield strength as defined in Eq. 12. The elastic
properties of a-Si vary with state of lithiation (SoL) during cell



Journal of The Electrochemical Society, 2022 169 100525

Table 1. Model parameters.

Parameter Units Value Source
Electrochemical Dy m?s”! 1.7 x 107'¢ Ref. 23
Cho mol m™? 1000 —
Cpomax mol m~> 5.19 x 10* Ref. 24
Crmax mol m~> 1.55 x 10° Calculated
Cho mol m™3 0.05 X Csjmax —
Cpo mol m3 0.95 X CLcomax —
Qy, O 1 0.5 —
Ky Scm™! 23 x 107 Electrochemical impedance spectroscopy (EIS)
Ky Sem™! 0.33 Ref. 25
K, Scm™! 1x107° Averaged from Ref. 21
Elastic E, GPa 191 Ref. 21
E, GPa Sflew/Cnmax) Ref. 16
E, GPa 71 Ref. 26
Up 1 0.24 Ref. 21
Up 1 0.25 Ref. 26
Un 1 flew/Cnmax) Ref. 16
0, m® mol™! 8.8 x 107°° Ref. 27
Q, m’ mol ™' -1 x 1077 Ref. 12
Plastic Ovyo GPa 0.9 Ref. 17
Ogat GPa 0.4 Ref. 17
é 1/s 23 % 107° Ref. 17
m 1 2.94 Ref. 17
Rate kinetics kn, kp mol m~2 s~ 13 x 1073 Obtained from 1C cycling data
U, v Sflew/Cnmax) Ref. 24

cycling. The Young’s modulus and Poisson’s ratio vary between the
elastic limits of pure Li and a-Si depending on SoL. This produces a
non-linear trend which is captured in the model (a detailed
explanation of these parameters can be found in the study by Leo et
al.'®). The current collectors were assumed to be electronically
conductive, linear elastic solids with Young’s moduli of ~100 GPa.
Finally, the universal gas constant, R was taken as 8.314 J mol ™!
Kfl, and all simulations and experiments were carried out at a
temperature, 7 of 298 K.

Electrochemical properties often vary as a function of composition.
The diffusion coefficient was experimentally estimated as a function of
state of charge (SoC) for a-Si and LCO using the galvanostatic
intermittent titration technique (GITT). Diffusion through the SE was
given by Dy, reported by Raijmakers et al.>* The initial concentration of
Li" ions, cpy was parametrised in the study to give the best fit to the
experimental 1C data. The maximum concentration cg; max Of Li in
Li,Si was estimated using the equation: cs; max = ypsi- Here y
represents the Li stoichiometry in Li,Si and pg; is the theoretical
maximum molar density of the hosting material. By analysing the
quantity of Li extracted from LCO during charging, the amount of Li
alloyed with the a-Si electrode was calculated. The upper voltage limit
was 4 V and by extrapolation to the open circuit voltage (OCV) of
LCO, the amount of Li extracted from LCO, y was quantified. It should
be noted that the value of y must be normalised by the LCO thickness.

Simulation and validation details.—The 2D electro-chemo-
mechanical model was created using the finite element modelling
software package, COMSOL Multiphysics (v5.6, Sweden). The 2D
geometry in this study is used to model the mechanical properties in
the x-y plane. The mesh consisted of approximately 4,000 quadratic
elements with 94,000 degrees of freedom, while the solutions were
found to be mesh independent. The Parallel Direct Sparse Solver
(PARDISO) was used to solve the discretised transport, electrode
kinetics and deformation kinematics equations. A segregated
approach was used, which involved solving the coupled field
variables in a sequential staggered manner. Time stepping was
handled using 2nd order backward Euler differentiation, whilst time
step sensitivity analysis was performed.

Experimental Characterisation and Testing Procedures

Experimental set-up.—A commercial thin-film SSB was sup-
plied by Ilika Technologies Ltd (Southampton, UK). The cell had a
capacity of 250 pAh, comprising an a-Si negative electrode, a
LiPON SE and a crystalline LCO positive electrode sputtered on top
of a substrate using vacuum processing methods. The SSB cell was
mounted on a printed circuit board with embedded electrical
connections and housed inside a thermal chamber. A potentiostat
(Biologic EC-lab) was used to execute cell cycling protocols and a
thermocouple was attached to the cell to monitor its temperature
which was recorded using a data logger (PicoLog TC-08).

Cell formation and steady state electrochemical tests.—The cell
was formed using 5 charge/discharge cycles at C/5 and differential
a0

capacity (m) analysis performed to reveal electrode processes.

Since the % analysis of the full cell contains information from

both electrodes, comparison with half-cell data from literature was
used to assign the peak contributions from the a-Si and LCO.>"®

The % data were compared during the first formation cycle and

after subsequent cycling at 1C.

The open circuit voltage (OCV) as a function of SoC was
determined for the full cell after relaxation for 24 h at 10% capacity
increments. A pseudo-OCV was measured using a small cycling
current of C/30. Electrochemical impedance spectroscopy (EIS)
measurements were taken at each 10% SoC interval after 24 h
relaxation during charge and discharge. During EIS, a 5 mV voltage
perturbation and a frequency range of 1 mHz to 1 MHz were used.
Nyquist plots (-Im(Z) vs Re(Z)) were fitted with an equivalent circuit
model (ECM) using ZView software (Scribner Associates).

When conducting linear EIS, two conditions must be obeyed: (i)
the form of the input and output functions must be the same, and (ii)
must be linear to ensure that higher harmonic terms are avoided, as
these represent irreversible electrochemical changes to the system.>”
In order to ensure these conditions were obeyed, a Kramers-Kronig
(K-K) relation was applied to test the linearity, stability and causality
of the EIS data. From the impedance spectra, the ionic conductivity,
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(Kp) of LiPON was calculated as an input for the electro-chemo-
mechanical model using:

t
Ky= — [20]
Asepr

where, Agpis the surface area of the SE, and Ry, is the bulk resistance
of the SE taken from the ECM of the EIS data.

To separate polarisation contributions from the various cell
components and identify all time processes in the system, a
Fourier transform of the EIS data was Eerformed for distribution
of relaxation times (DRT) analysis by,>**°

R pol.k

N
ZW) = Rotmic + Zpol W) = Rohmic + [21]
i=1

1 + joti

where Rgpmic is the Ohmic resistance of the SSB and is independent
of frequency, while Z,,(w) accounts for the polarisation resistance,
Ry01k and is a function of frequency. This deconvolution is possible
since the different cell processes have characteristic frequencies, and
therefore time constants, associated with specific processes
(Table 1I). h MATLAB code by Wan et al.*® was used to perform
DRT analysis. The K-K residual plots of EIS data were +1% (Figs.
S1 and S2 in the Supporting Information (SI)).

Pulsed electrochemical tests.—The galvanostatic intermittent
titration technique (GITT) was used to analyse the total Li* ion
diffusion of the full cell at different SoCs. Figure S3 in the SI shows
the schematic of a typical GITT pulse procedure, where AV; is the
voltage response due to the applied current pulse (calculated after
subtracting the initial /R drop due to internal cell resistance) and the
subsequent voltage relaxation, AV,. This method was used to
estimate the cell diffusion coefficient, D, using the equation:

2

4 AV,

Deet = —telec 2( S) [22]
TTpulse AV{

where 7 is the time period of the GITT pulse and . is the

. . . . Lelec 2
electrode thickness. This equation is valid for 7,y << —dlee 327y

cell
these experiments, 20 s was used for the pulse duration, followed by

a relaxation to OCV. The GITT pulses were carried out at 10% SoC
intervals and the diffusion coefficients were calculated at these
points.

In this configuration, the different electrode contributions are
convoluted. To estimate the individual electrode contributions, the
positive and negative electrode contributions were scaled by their
respective charge transfer resistances, which were determined using
DRT analysis (Eq. 21). These estimates of the diffusion coefficients
in each electrode were used as parameters in the model.

Load testing.—Hybrid pulse power characterisation (HPPC)
testing was performed to probe the dynamic cell behaviour over
usable voltage ranges of the cell. The full HPPC protocol is
illustrated in Fig. S4 in the SI and yielded three discharge and
charge datasets. These were used to parameterise a first order
Thevenin ECM, containing a resistor in series with two parallel

resistor/capacitor (RC) pairs. Separate sets of parameters were
developed for discharge and charge. The equivalent circuit is shown
in Fig. S5 in the SI.

Parameter extraction was conducted using a script developed in-
house, which uses the MATLAB curve-fitting toolbox to fit the
ECMs response (i.e. simulated terminal voltage) to the experimental
voltage data through a least-squares optimisation method. The
methods for extraction follow well established processes, as set
out by Ahmed et al.*® and Jackey et al.***> ECM parameters vary
considerably with cell SoC and therefore 5% SoC windows (i.e.,
100%—-95%, 95%—-90%, etc.) were used to extract unique parameters
which describe the cell’s behaviour for specific SoC ranges.

The simulated terminal voltage (V}) at any timestep was described
by Eq. 23,

i=1
Vi=U~ Rol = ) Ul [23]

n

where U is a function a given SoC, R, is the series (Ohmic)
resistance due to the bulk solid electrolyte impedance Ry, U; is the
voltage drop across the ith RC pair, n is the total number of RC pairs
(n = 2 for the purposes of the present study where, Ry is the
lumped charge transfer resistance of the electrodes and R is the
diffusion resistance) and / is the magnitude of current flow.

Results and Discussion

Formation cycles.—The voltage profiles of the 5 initial charge
cycles at C/5 showed a sharp “knee-point” at ~3.65 V (Fig. 2a).
Using differential capacity analysis (Fig. 2b), this feature was
attributed to a characteristic LCO phase transformation observed
previously?' and a broad peak due to a-Si lithiation to Li,Si could
also be assigned,® consistent with a-Si not being fully lithiated to
Li;5Si4 over the voltage range used here. We observed a decrease in
the peak area attributed to the a-Si electrode on discharge, likely due
to side reactions consuming Li during the alloying reaction with a-Si
on formation, as has been observed in a previous full cell study.’
Conversely, the differential capacity analysis for 1C cycling post-
cell formation (Fig. 2c) showed the peak areas attributed to LCO and
a-Si to be near equal between charge and discharge—indicative of
stable cycling.

Electrochemical testing.—Experimental tests consisting of OCV
and low current (C/30) cycling measurements post-formation were
used to determine the SoC-OCV relationship and cell capacity
respectively. During the OCV testing, a voltage hysteresis was
observed between charge and discharge (Fig. 3a), which is com-
monly seen for a-Si-based half-cells.*® An increased voltage
hysteresis was observed during low current (C/30) cycling
(Fig. 3b) compared with OCV and was attributed to the hydrostatic
stress caused by diffusion induced strains (Eq. 6) as a result of
lithiation and delithiation of the a-Si electrode. This was consistent
with the expected viscoplastic behavior.

Electrochemical impedance spectroscopy and distribution of
relaxation times analysis.—Electrochemical impedance spectro-
scopy (EIS) showed two semi-circles in the high and mid-to-low
frequency regions on a Nyquist plot (a representative plot at 50%
SoC is shown in Fig. 4a). There was very little variation in the

Table II. Characteristic time scales in the SSB.

Approximate Time Constant (s) Cell Process Assignment Source

2% 10°° LiPON ionic migration Ref. 31

5% 107° Li,Si|LiPON interface This study
3% 107 Li,Si|a-Si interface This study
3 x 1073 LiPONI|LCO charge transfer Refs. 24, 31
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Figure 2. (a) Voltage profiles of C/5 formation cycles.
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Figure 3. (a) OCV curve on charge and discharge, with 24 h relaxation between SoC points, (b) C/30 cycling. Voltage hysteresis between charge and discharge

was observed in both cases.

Nyquist spectra during charge and discharge (Fig. S6 in the SI), thus
minimal information could be determined about the internal cell
impedances from EIS alone. As the latter semi-circle was substan-
tially depressed, we investigated the possibility that this feature was
made up of multiple polarisation processes using DRT analysis.
From the DRT spectrum (Fig. 4b), several distinct polarisation
processes were identified. The peak observed at ~107° s was
attributed to ion migration in the LiPON SE and was largely
invariant during operation as expected. At the other end of the
spectrum, the peak at ~0.1 s was assigned to relatively slow
diffusion processes and exhibited a complex dependance with
SoC. As low frequency EIS measurements can be unreliable, time-

domain experiments were used to deconvolute and quantify indivi-
dual electrode contributions to the diffusion polarisation in these
cells (galvanostatic intermittent titration technique section).
Intermediate polarisation processes in the range 107> to 1072 s
were attributed to charge transfer contributions at the various cell
interfaces. Based on previous reports, a single LiPON|LCO time
constant was expected to occur at ~1073 s (Table II),>**! thus, the
peaks at ~107> and ~10™* s were attributable to the a-Si electrode.
The exact meaning of these processes is not known, but we speculate
they may result from the Li,Si alloy at the SE| a-Si interface and the
additional interface between lithiated Li,Si and unlithiated a-Si in
the electrode bulk. This picture is consistent with partial a-Si
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five polarisation processes and (c) the ECM used for the EIS fitting.

lithiation during operation and the differential capacity analysis
which hinted at irreversible Li loss after the first formation cycle
(formation cycle section).

During charge and discharge, the SE|LCO polarisation was
approximately constant, as was the a-Si electrode process centred
around ~107° s (Fig. 5). In contrast, the a-Si contribution at ~1074
s was invariant on delithiation but increased during lithiation. The
observed increase in charge transfer resistance may be due to the
swelling of a-Si as it lithiates to Li,Si. Therefore, we make the
following preliminary assignments: the faster interfacial process
(=107 s) represents the SE|Li,Si interface, while slower charge
transfer (=~10~* s) occurs between Li,Si and bulk a-Si.

The five polarisation processes revealed by DRT analysis were
incorporated into an ECM that fit the EIS data well as shown in
Fig. 4c. The ionic conductivity of LiPON was calculated using the
value of R; obtained from the ECM fit and inputted into Eq. 20,
which was in good agreement with literature values.* DRT analysis
also allowed quantification of the electrode resistances during charge
and discharge, which were used to estimate Li diffusion coefficients

a
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Discharging l boli
40%
_ ——30%
G 20+ 10%
.
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L3
= 10t /
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for individual electrodes from full-cell galvanostatic intermittent
titration technique data in the following section.

Galvanostatic intermittent titration technique.—From experi-
ments using the galvanostatic intermittent titration technique (GITT)
the total cell diffusion was extracted. The Li diffusion coefficients,
Dgyrr in the a-Si and LCO electrodes were estimated for charge and
discharge as explained in pulsed electrochemical tests section. The
Dgyrr value in a-Si was determined to be ~2 orders of magnitude
smaller than the Dgirr value in LCO (Fig. 6).

For the charge case at low SoC, Dgirr was fairly constant but
gradually increased from mid to high SoC. A similar trend was
found for diffusion on discharge, though a reduction in Dgrr was
more pronounced in the low SoC region at the end of discharge. This
behaviour could be due to hindered extraction of Li* ions from
a-Li,Si with low Li content. Similarly, the reduced Dgrrr value in
LCO at low SoC on discharge relative to charge can be explained by
the intercalation of Li* ions into LCO being impeded by a high Li
concentration at the LCO|SE interface.
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Figure 5. DRT spectra during (a) discharge and (b) charge for various SoC values.
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Figure 6. Solid-state diffusion coefficient values estimated for LCO and
a-Si during charge and discharge using the relative polarisation contributions
from DRT analyses.

Hybrid pulse power characterisation.—Hybrid pulse power
characterisation (HPPC) was conducted, and the resultant voltage
profile was fit to two parallel RC units in series. The following R
values were extracted as a function of SoC: Ry, Reiec and Rg;gs..
Figures 7a and 7b shows their behaviour during charge and
discharge respectively. The charge profile was diffusion-limited
especially at high SoC and the resistance associated with the SE,
Ryuik, remained approximately constant over the SoC range whereas
the charge transfer resistance, R.. had a complex dependence on
SoC. However, during discharge there was high diffusion resistance
at the SoC extremes but was overall limited by the slow electrode
kinetics (higher Rjec) With Ry, remaining approximately constant
over the SoC range. This observation is in contrast with the EIS
results at steady state which showed the charge transfer resistances
to be near equal at different SoC points (Fig. 5). If the increase in
interfacial resistance R.j.. was due to irreversible side reactions or a
stable decomposition layer, then this should have been apparent in
the EIS data (which were measured after HPPC pulsing). Rather,
these results suggest that the increase in diffusion impedance, Rg;sr
during pulsing was a transient cell response that was due to diffusion
limitation in the electrodes (increase in Rg;) and mechanical stress
due to the build-up of concentration gradients at the SE|electrode
interface (increase in Rgjec).

While diffusion limitations at low SoC during discharge were in
agreement with the GITT results, those observed during charging at
high SoC were not. Thus, the dynamic cell behaviour is highly
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Figure 8. 1C charge/discharge data compared with simulations using
experimentally determined diffusion coefficients using GITT vs values
from half-cells with a liquid electrolyte (LE).

complex, especially in the case of charging when a-Si strain is
increasing. It is possible that the time constants of charge transfer
and diffusion processes overlap and therefore R, and Rgisr cannot
be solely attributed to one or the other, rather one may dominate in
certain time domains. Two additional HPPC measurements for
charge and discharge were conducted and used for model para-
meterisation and validation against the experimental data as shown
in Figs. S7 and S8 in the SI. These followed similar trends, which
was expected for pulses at similar C-rates. An acceptable root mean
square (rms) error of <15 mV (predicted by the Thevenin model in
Figs. S9-S10 in the SI) was obtained.

Model validation.—The electro-chemo-mechanical model was
validated using experimental charge and discharge curves, both
taken at a 1C rate. Figure 8 shows a comparison between these
experimental data and two simulation cases using different values of
the Li* ion diffusion coefficient, D for the electrode materials, as
elaborated below.

In the first case (Fig. 8, light blue trace), the D values for LCO
and a-Si used in the model were based on half-cell experiments
using liquid electrolyte reference data (supplied by the SSB
manufacturer, Ilika). Although good agreement between experiment
and simulation was observed on charge, significant deviations (>200
mV) were apparent on discharge and the discharge capacity was
severely underpredicted. In the second case (Fig. 8, dark blue trace),
Dgyrr values for LCO and a-Si were estimated using our full-cell
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GITT data (GITT section), modified by the total electrode charge
transfer resistances (quantified by DRT analysis). The inclusion of
these parameters markedly improved the agreement with experiment
on discharge, accurately predicting cell capacity and highlighting the
importance of accurate diffusion coefficient values when modelling
these systems.

The remaining discrepancies between model and experiment
during cycling were primarily attributed to uncertainties in the OCV
values of a-Si and LCO, which were extracted from half-cell data
using a liquid electrolyte. When a liquid electrolyte is used, the
electrodes can expand freely with minimal constraint. In contrast, the
SSB considered in the present study uses a SE that may influence
electrode response, e.g. volumetric expansion may be limited by the
high Young’s modulus of the SE. Given that there will be a change
in the stress and strain fields, the OCV is likely to be affected.
Representative solid-state half-cell data are therefore highly desir-
able for future SSB modelling studies.

The model was further validated against charge and discharge
during HPPC (Fig. 9). The HPPC simulations followed the profile
and general trend of the experimental data well, deviating by a
maximum value of ~100 mV. These offsets can be explained by
considering the simulated 1C charge data in Fig. 8, which did not
perfectly capture the “knee point” at high SoC. We speculate that
this difference has also translated into the HPPC charge profile as a
voltage offset. During discharge, the initial pulse was captured as a
sharper drop in voltage than observed experimentally, again con-
sistent with the 1C discharge data (Fig. 8). It can be concluded that
the model reproduced the pulse behaviour of the cell with further
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improvement being possible with more accurate experimental
parameters extracted from representative half-cell OCV and GITT
data.

Electrode thickness effects.—Increasing electrode thickness is
desirable to maximise cell capacity but may compromise power
capability. In order to aid SSB design, we studied the effects of
electrode thickness on stresses and strains in a-Si -based, thin-film
SSBs. Maps of maximum principal nominal strains and stresses
(which both occurred at the SE|Li,Si interface during 1C cycling) as
a function of relative electrode thickness were created using the
developed model.

Figure 10 illustrates the tradeoff that exists in terms of limiting
the maximum stress and volumetric expansion. As the electrode
thickness ratio (nominally a negative to positive electrode thickess
ratio of 1:1) was increased to 4:1, the model predicted a maximum
strain of —13% and a maximum stress of +30%. By targeting a
thicker a-Si electrode, which can incorporate more Li, the strain is
reduced provided the LCO electrode remains relatively thin, i.e. the
degree of a-Si lithiation remains relatively low. However, this
direction may not be practical from an application perspective, as
the cell capacity is limited by the LCO and scales linearly as a
function of LCO thickness. For thicker LCO layers, the increase in
the total Li available results in a greater degree of lithiation in the a-
Si, and hence greater strain. Tailoring the relative electrode
thicknesses compared to the nominal 1:1 up to a factor of 1:4
(negative to positive electrode thickess ratio), resulted in increased
stress from 0.71 GPa up to 1.17 GPa, corresponding to a volumetric
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Figure 10. Maps of SSB (a) strain and (b) stress as a function of varying positive and negative electrode thicknesses against the nominal thickness ¢, #/fyg and

t/tpg respectively.
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expansion from 69% to 104%. Our model showed that stress and
strain variations are heterogenous in the cell, with the SE|Li,Si
interface experiencing the greatest stress. Thus, a thin a-Si electrode
coupled with a thick LCO electrode would be desirable to minimise
overall stress. Although this results in a highly lithiated and highly
strained a-Si electrode, a lower concentration gradient was produced
resulting in more a homogenous stress distribution while maximising
cell capacity.

We note that our model used an unconstrained a-Si electrode
for simplicity. In practice this will not be the case, as the top CC
and casing will constrain expansion to some extent. As the
maximum stress is experienced at the SE|Li,Si interface, it is
critical that the SE mechanical properties are tailored to reduce
the a-Si stress and be sufficiently mechanically strong to with-
stand the stresses occurring during cycling, otherwise fracture
propagation may occur and cause cell failure. Future work will
investigate the relationship between external pressure and stress-
strain to inform cell design as well as the mechanical properties of
suitable SE candidates for a-Si SSBs.

Conclusions

This study has presented experimental characterisation of a
commercial thin-film SSB which was used to parameterise and
validate a 2D electro-chemo-mechanical model. First, differential
capacity analysis during first cycle formation was suggestive of a
thin Li,Si layer forming at the a-Si|LiPON interface. The voltage
hysteresis observed during OCV and C/30 cycling was attributed to
due to diffusion induced stress, highlighting the role of mechanical
properties in this system even at low C-rates. DRT analysis was used
to guide the interpretation of EIS, which displayed 5 different time
processes occurring within the SSB. Two polarisation processes
were assigned to the a-Si electrode, possibly due to a Li,Si alloy
layer at the a-Si|SE interface and an additional interface between this
layer and unlithiated a-Si in the electrode bulk. This picture is
consistent with partial a-Si lithiation during operation and irrever-
sible Li loss after the first formation cycle. The diffusion coefficients
of a-Si and LCO were estimated using the GITT and the pulsed
behaviour of the SSB probed using HPPC. HPPC revealed the
complex behaviour of the diffusion and electrode resistances as a
function of SoC which was not observed during steady-state EIS
measurements.

Several experimental parameters extracted from these tests were
inputted into the model for validation. It was found that the use of
solid-state diffusion coefficient values from half cells using a liquid
electrolyte resulted in unsatisfactory agreement with charge/discharge
data, while those determined using the GITT on the full cell SSB
reproduced the cell capacity during 1C cycling and response during
HPPC. The simulation could be further improved by obtaining more
accurate experimental parameters for the diffusion coefficient and
OCV values. Additionally, electro-mechanical studies of solid-state
half-cells (a-Si|LiPON]|Li metal), e.g. using curvature measurements
as have been performed on a-Si half cells with liquid electrolytes'>'®
would be beneficial for future modelling efforts.

Finally, the model was used to investigate the stress-strain
behaviour when electrode thicknesses were varied. A trade-off
between limiting the maximum stress and limiting cell expansion
was shown. The recommendation from this study is to initially
satisfy the required cell capacity by the LCO thickness, followed
by using the thinnest a-Si layer possible to accommodate Li. This
would minimise the stress at the SE|Li,Si interface and hence the
possibility of fracture and delamination. Whilst this would result
in increased the interfacial strain, this may be mitigated by
engineering the Li,Si|SE interface or applying external pressure.
Future work will thus focus on the relationship between applied
pressure and strain and the mechanical properties of suitable SE
candidates that enable a reduction in strain at the Li,Si|SE
interface.
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