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Abstract

All-solid-state batteries are an exciting technology for increased safety and energy density compared to traditional
lithium-ion cells. Recently, we developed a theory of mapping inner potentials and thermodynamic driving forces
specific to the solid-state batteries, allowing prediction of the “intrinsic” interfacial lithium barriers. This potential
mapping methodology, based purely on calculated bulk and surface properties, enabled fast screening of a variety of
advanced solid electrolyte materials as well as a selection of cutting-edge high-voltage cathode materials, predicting
properties of 48 distinct battery configurations. A number of cathode/electrolyte pairs are identified which have low
“intrinsic” barriers to both the charge and discharge process at all states of charge, suggesting that they will most
benefit from engineering efforts to reduce extrinsic interfacial impedance. These predictions agree well with available
experimental measurements, which form only a subset of the predicted interfaces. Thus, this interface potential model
will accelerate the design process from emerging materials to all-solid-state battery devices.
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1. Introduction

Lithium-ion batteries have revolutionized electrical
energy storage technology, ranging from portable elec-
tronics, electric vehicles, aerospace products, to grid
storage, providing an integrated solution with renewable
energy sources. [1] Recently, all-solid-state batteries
(ASSBs) attracted enormous attention as one promis-
ing technology for safe and high-energy-density batter-
ies, as ASSBs not only allow the deployment of high-
energy-density lithium-metal anodes, [2] but also solve
the thermal runaway problem caused by flammable lig-
uid electrolytes. With the increasing number of solid-
electrolyte (SE) materials with high ionic conductivity
[3] and the shrinking thickness of the SE for higher en-
ergy density, Li-ion diffusion within the solid electrolyte
is no longer the bottleneck. Instead, high resistance at
the interface becomes the rate-limiting step. [4, 5, 6]
Subsequently, the reduction in performance of many
ASSBs, including the poor power performance, low
Coulombic efficiency, and short cycling life, can all be
traced to the high interface resistances. [6]
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Many factors can contribute to the high interface re-
sistance in ASSB, including the lack of intimate contact
between the electrodes and the SE, [7, 8] the presence of
decomposed SE interphases at thermodynamically un-
stable SE/electrode interfaces, [9, 10, 11, 12, 13] and
space-charge-layer formation. [14, 15, 16] These fac-
tors are interconnected. For example, the large volume
change due to SE decomposition causes interface crack-
ing and loss of contact [17] and the formation of the
interphase layer will create an additional space charge
layer between the electrode and the SE. [18] The forma-
tion of the interface/interphase is a complex process and
highly depends on the fabrication temperature and/or
synthesis route [19, 20] of the ASSBs. Due to these
complexities, the reported interface resistance may dif-
fer by orders of magnitude even within the same mate-
rials system. [21, 22, 23, 24, 25]

The inability to delineate the various factors that
contribute to interface impedance severely hinders the
progress of interface engineering and all-solid-state bat-
tery design. A clear picture of the “intrinsic” resistance
for a given pair of electrode and solid-electrolyte mate-
rials is needed for comparing and designing ASSB sys-
tems. Based on these predictions, improved ASSB de-
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signs should use materials whose interfaces have low
intrinsic impedances, so that mitigation of extrinsic
impedances will result in a battery with high perfor-
mance overall.

Intrinsic impedances would arise even at a pristine
interface with perfect contact and without interphase
formation. Electrons (or holes) and ions will redis-
tribute at heterogeneous interfaces, causing an intrin-
sic electrostatic potential jump. The electronic part
arises from physics analogous to the well-understood
band bending in semiconductor devices, [26], while
the ionic part is similar to the ‘“‘space-charge-layer”
in ionic conductors. [27, 18] The electrostatic fields
caused by the electrostatic potential jump at the inter-
face were suggested as possible barriers to lithium mi-
gration across interfaces. [28, 29, 30, 31] Previously,
Swift and Qi demonstrated a first-principles-informed
theoretical framework to predict the interfacial electro-
static potential jump [27] and space-charge layers [18]
within solid-state batteries. The modeling results agreed
well with Kelvin probe force microscopy measurements
[32], which proposed that interfacial electric fields aris-
ing from electronic band alignments may lie behind
much of the reported interfacial resistance. This intrin-
sic interface property does not scale with the contact
area. The intrinsic interfacial resistance and the contact
area, which can be controlled by the battery architec-
ture and stack pressure (“extrinsic’ interface properties)
and modeled with continuum contact mechanics, jointly
describe the macroscopic interface resistance. Further-
more, the interphase layer can be explicitly included in
the battery systems as electrode/interphase/SE and mod-
eled using these techniques as demonstrated before [18]
for more complex interfaces.

In this work, we expand the interface potential map
model [27] to a variety of solid-state battery materials
classes, as illustrated in Fig 1. As the model is based
on bulk, surface, and defect properties calculated from
first principles by density functional theory (DFT), it is
predictive rather than empirical. The model is built on
the thermodynamic driving forces acting on electrons
and ions, so the results do not rely on expensive explicit
interface calculations at the DFT level, [33, 34, 35, 36]
enabling rapid screening of battery systems. Here we
predict potential maps in 20 ASSB systems assembled
from Li-metal anode, four solid electrolyte materials,
and five cathode materials. Taking into account changes
in the cathode with state of charge (SOC), there are 12
SE/cathode interfaces, for a total of 48 distinct ASSB
configurations in the dictionary. This can easily be ex-
panded to include more materials by simply calculating
appropriate bulk, surface, and defect properties using
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Figure 1: Graphic illustrating the dictionary of solid-state battery po-
tential maps. The general first-principles-informed model can pre-
dict potentials and lithium barriers in an all-solid-state battery with a
lithium metal anode, any solid electrolyte material, and any cathode
material. In this work, we choose sets of solid electrolyte and cath-
ode materials, and present the results for each material pair. Materials
shown here are among those included in the dictionary: metal anode
Li; solid electrolytes LizPOZN, Li3PO4, Li7La3Zr20 12> and Li3PS4;
layered cathodes LiCoOz, LiNiOz, and LizNiC004, and spinel cath-
ode LiMn,0O,.

DFT. Comparing with existing experimental ASSB lit-
erature, we show that measured interfacial resistances
are indeed correlated with our predicted interfacial elec-
trostatic potential jump. Furthermore, this framework
predicts that the resistance at a given interface may de-
pend on the battery SOC, explaining results from vari-
ous experimental groups that might initially appear con-
tradictory. For the same material class, some groups
present a high value of resistance [14, 25, 22], and some
reported a low value of resistance [20, 37, 38] a differ-
ence which may result from measurements taken at dif-
ferent SOC.

The results not only move us towards a more intrin-
sic picture of the nature of the interfacial resistance, but
also provide an ASSB system design tool with a refer-
ence repository of materials behavior for future experi-
mental work.

2. Theory and Methods

Potential maps are calculated following the method-
ology of Ref. 27. The model starts from the assumption
of open-circuit equilibrium: the SE blocks the flow of
electrons, but lithium ions are free to move throughout
the battery until they reach equilibrium. In open-circuit
equilibrium, the electrochemical potential of lithium
ions, fig i+, reaches a constant. Since only electrochem-
ical potential differences are physically meaningful, we



define this constant value to be fi;;+ = 0. Therefore, the
atomic chemical potential of lithium, yy, is given by

HLi = ft + fle- = e (D

where ji.- is the electrochemical potential of electrons.
These chemical potentials may be related to the open-
circuit voltage (OCV) through

1 a c 1 ~a ~c
OCV = - (ﬂLi - ﬂLi) = - (- —fig-) 2

where superscripts a and ¢ denote the anode and cathode
respectively. The OCV for a cell with a given cathode
material Li X against lithium metal is given by the av-
erage voltage of the lithiation reaction [27, 39]

LigX + (@ - A)Li - Li, X

E[Li, X] - E[LigX] - (@ — B)E[Li]

OCV = - ,

(@—=Pe

where E[] denotes the DFT total energy of the com-
pound in brackets, « is the lithium content of the cath-
ode material, and S is the lithium content of the refer-
ence phase. For example, the OCV of LiCoO, is the
voltage of the reaction CoO, + Li — LiCoO,: in this
case @ = 1,8 =0, and X = CoO,. Further details of the
model and the first-principles computational methodol-
ogy may be found in the Supplementary Information.

It is clear that yy; must change from its value in the
anode to its value in the cathode across the battery. This
potential drop occurs through some mixture of the in-
terfaces and the bulk of the electrolyte; the extent to
which yy; gradients exist in the electrolyte is an open
problem. [27]

In the solid electrolyte, allowed values are con-
strained by the formation of alternative phases. The
range of yy; values for which a given solid electrolyte
material is stable is its electrochemical window. In
this work, we assume the maximum yy; change that
is allowed by the electrochemical window takes place
within the bulk of the solid electrolyte. The remain-
der occurs at the interfaces. This represents the smallest
possible change in gy ; at each interface, and has pre-
viously been called the “minimum interface” assump-
tion. [27]

In order to determine the position of the electronic
bands, the position of the Fermi level within the ma-
terial’s band structure must be determined. This is ac-
complished by the calculation of charged point defect
formation energies. The equilibrium Fermi level Ep
(which in our convention is referenced to the VBM of
the material) is determined by charge balance among

competing point defects. [40, 41, 27] Point defect cal-
culations are partially automated using PyCDT [42] and
pymatgen [43] and the results are shown in Figures S-
1 to S-4 in the Supporting Information I. The position
of the SE VBM relative to the anode Fermi level thus
depends on y ; through

VBM = ;i — Ep(uri) “

The ionization potential /P is the position of the
VBM below the local vacuum, and is calculated for the
lowest-energy termination of each given material using
a slab methodology, partially automated using pymat-
gen. [43] Referencing uf'. = 0 and letting /* be the work
function of the anode, it can be shown [27] that

fiis = pLi — (EF = IP+y“ —e¢) = 0. 3)

This equation may be solved for ¢ to get the electrostatic
potential profile.

In Fig 2, all bands are aligned to the local vacuum
level by their ionization potential (IP), calculated using
DFT from a slab model with the lowest-energy surface
termination. [27] Note that the IP is equal to the work
function in metals (such as Li), but for the solid elec-
trolytes the two quantities are distinct. The IP is the
energy difference between the VBM and the vacuum,
whereas the work function is the energy difference be-
tween the Fermi level (Er) and the vacuum. We treat
the IP as constant, whereas the position of the Fermi
level within the gap (and thus the work function) de-
pends sensitively on growth and processing conditions
and possibly on the state of charge of the battery. The
cathode materials investigated here show heavily p-type
character, with the Fermi level near the top of the va-
lence band and IP very close to the work function.

All the solid electrolyte materials are ionic conduc-
tors and electronic insulators, with band gaps larger than
2 eV. The band gap in cathode materials can vary with
the state of charge. Layered LiCoO, (LCO) becomes
more electronically conducting with less Li or higher
SOC, while LiNiO, (LNO) and Li,(NiCo)O, (LNCO)
do not show such strong SOC dependence of the band
gap. Interestingly, the band gaps of spinel LiMn,0,
(LMO) and Li (Ni, sMn, 5)O, (LNMO) show different
SOC dependence. Although it is known that semi-local
functionals like PBE underestimate the the band gap, we
have found that in lithium conductors the ionization po-
tential tends to be fairly accurate, with most of the gap
underestimation coming from an under-prediction of the
conduction band energies. Since we use the VBM as
the energy reference and primarily deal with solid elec-
trolytes with Fermi levels far from the conduction-band
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Figure 2: The vacuum-aligned positions of electronic bands in lithium
metal anode; LiPON (purple), LPO, LLZO, LPS solid electrolytes
(gray) ; LCO (red), LNO (orange) and LNCO (magenta), LMO (blue),
LNMO (brown) cathodes. Occupied bands (VBM) are shown in
darker colours and unoccupied bands (CBM) are shown in lighter
colours

minimum (CBM), PBE results are sufficient for our pur-
poses. If needed, a “scissor shift” based on a higher
level of theory could easily be used to adjust the con-
duction and valence band energies.

3. Results and Discussion

3.1. Electrode and Solid Electrolyte Materials

There are wide variety of lithium-ion solid elec-
trolytes under exploration in the literature. We include
four in the present study, chosen to represent different
classes of solid electrolyte chemistry. Fig 2 shows the
bands of the individual electrode and electrolyte materi-
als investigated in this paper and their detailed structures
are shown in Table S-1 in the Supporting Information I.

Lithium phosphorus oxynitride (LiPON) is one of the
most successful solid electrolyte materials due to its
resistance to lithium dendrites [44, 45]. As a proxy
for amorphous LiPON, we use the crystalline ana-
logue Li,PO,N [46], which is similar to ALD-grown
LiPON. [47] We also study Li,PO, (LPO), which when
doped with nitrogen is a good proxy for PVD-grown
LiPON [48], and which is also a promising ionic con-
ductor in its own right, exhibiting low interfacial resis-
tance. The third material we include is Li;PS,, which
represents a broad class of sulfur-based solid elec-
trolytes. These materials show promising performance,
but must be coated at the electrode interfaces due to their
narrow electrochemical stability window. [49] Finally,
we include Li,;La;Zr,0,, (LLZO), a “superionic con-
ductor” with fast performance and good electrochemi-

cal stability [50, 51, 52], but whose applications are so
far limited due to dendrite growth [53].

Five cathode materials were investigated. For lay-
ered intercalation compounds, LiCoO,, LiNiO,, and
Li,(NiCo)O, were considered. LCO is the most com-
monly used cathode material for lithium-ion batteries.
[54, 55] LiNiO, was investigated as the parent structure
for high Ni content layered cathode materials, [56, 57,
58, 59] including layered compounds with ordered Ni
and Co distributions in the transition-metal layer such
as Li,(NiCo)O, [60, 61] for high power applications.
Spinel LiMn,O, cathode materials were also included
due to their structural stability and very small volume
change during cycling. [24, 62] Finally, we selected the
high-voltage spinel cathode Li, (Ni, sMn, 5)O,, not only
because of the technological promise of high-voltage
batteries enabled by SE [21, 63] but also in order to il-
lustrate the impact of the cathode voltage on the inter-
facial resistance. Since material properties vary with Li
concentration, we have modeled a fully lithiated cath-
ode (SOC 0%) and a half lithiated state. For the lay-
ered materials, we have assumed that half lithiation rep-
resents the fully charged state (SOC 100%), since fur-
ther delithiation often leads to irreversible phase trans-
formations. However, spinel materials can reach a deep
delithiation state without lattice collapsing, so we also
considered the delithiated limit for the spinels, which
we label LsMO and LsMNO (overcharged, or SOC +).
Advanced high-Ni layered cathodes have also demon-
strated the ability to cycle reversibly up to 80% delithia-
tion [64, 65], but accurate modeling of deep delithiation
in layered materials remains a challenge.

3.2. Potential change at the Lifsolid-electrolyte inter-
face
The change in electrostatic potential at the Li/SE in-
terface (see Figure 3) is given by

AP® = ¢sgiLi — L 6)

where ¢p; is the electrostatic potential in the Li and
¢sg:Li is the electrostatic potential in the SE at the closest
point to Li within its stability window. According to the
values shown in Figure 3, A¢? is +0.28, +1.42, +1.62,
and +1.67 eV for Li/LiPON, Li/LPO, Li/LLZO, and
Li/LPS interfaces, respectively. This potential disconti-
nuity causes some Li ions to transfer from the Li-metal
into the solid electrolyte during interface formation, cre-
ating the space-charge layer. Electrons and holes may
transfer as well, especially at the Li/LPS interface, but
given the large band gap of the SE and the separation
between the Li Fermi level and the SE band edges, ion
transfer is expected to dominate at this interface.
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Figure 3: Comparison of potential maps for LiPON, LPO, LLZO and LPS Solid electrolytes with lithium metal anode with a LCO cathode. The
two rows show two different scenarios, top row shows the case for a fully discharged state and bottom row shows for fully charged state

Depending on the electrochemical process being con-
sidered, A¢* may or may not act as a barrier. During
the discharge process, the direction of Li-ion transfer is
from the lithium metal into the solid electrolyte. In this
case, a positive A¢“ indicates a barrier to lithium mi-
gration, and a negative A¢“ would not represent a bar-
rier. On the other hand, during charging, the direction of
lithium-ion transfer reverses. Therefore a positive Ag*
does not act as a barrier during charging, while a neg-
ative A¢” would. For each Li/SE interface, the barrier
for Li* migration is positive, meaning that work must be
done on the lithium-ion by the external electric field to
overcome this barrier when transferring more ions from
the anode to the SE during discharge. During charging,
however, the lithium ions transfer from the SE into the
anode almost freely.

Depending on the band-alignment of lithium and the
solid electrolyte material, certain predictions regarding
the thermodynamic stability of the interface may be
made. Lithium metal is one of the most highly re-
ductive materials available since it readily gives away
the unpaired 25! electrons. Decomposition via electro-
chemical reduction is one possible mechanism behind
interfacial instability. For LiPON, LPO and LLZO, the
CBM lies well above the lithium Fermi level, and hence
the electrons from lithium do not readily reduce the
electrolytes. However, for LPS, the absolute position
of the CBM is close to the lithium Fermi level (Fig-
ure 2), and the CBM moves below the lithium Fermi

level once interfacial band bending has been included
(Figure 3). Hence LPS is readily reduced by electrons
from Li, leading to further decomposition. This is cor-
roborated by explicit interface modeling [49] and exper-
imental results which report an unstable reactive inter-
face between lithium metal and LPS. [71] The agree-
ment with experiments also indicates the importance of
using the potential map of a full cell to align the band
positions instead of comparing the electronic energies
of zero-charged individual materials.

The band alignments also explain tendency of lithium
dendrite formation along the anode-electrolyte interface
during the charging process. During charging, lithium
ions migrate into the anode from the electrolyte. If
the Fermi level of lithium is lower than the CBM of
the electrolyte, lithium ions can transfer into the anode
and gain one electron and hence, dendritic growth does
not take place. For LiPON, the gap between lithium
Fermi level and LiPON CBM is around 3 eV and hence
Li/LiPON interface is generally reported to be dendrite
free. [72] For Li/LLZO, the difference in the energy
levels between the lithium metal Fermi level and elec-
trolyte CBM is less than 1 eV, and hence, electrons
from lithium metal are able to tunnel through the barrier
during charging. This phenomenon has been reported
widely in literature especially at higher current densities
which increases the electron jumping frequency. [73]
Furthermore, internal defects such as pore surfaces and
grain boundaries will have a lower conduction band or



Table 1: Cathode/SE interface potential change A¢°, as given by
Eq. (7). Values are shown for various interfaces in the discharged
(SOC 0%), charged (SOC 100%), and overcharged (SOC +) state.
Positive A¢° is a barrier to discharging, while negative A¢¢ is a bar-
rier to charging. Experiments measuring the interface resistance for
the given cathode/SE pair at the specific SOC are cited for compari-
son. The experimental resistance data (in Q cm?) was categorized as
very low < 10; 10 < low < 100; 100 < medium < 500; 500 < high <
1000; very high > 1000. When different processing conditions were
considered, the lowest values are taken. If the electrode was coated,
it is specified, otherwise values are for bare uncoated electrode. The
SOC of the experimental cells is indicated in parentheses if explicitly
mentioned in the reference, otherwise NA is used.

Interface SOC A¢° (V) Reference in literature
LCO- 0% +0.61 Considered-High (NA)
LiPON 100% -0.35 [14]
LCO- 0% +0.07 Very low - (100%) [20],
LPO 100% —0.96 (100%) [66], (0%) [21]
LCO- 0% +0.19 Considered-High (NA)
LLZO 100% —-0.72 [13]
LCO- 0% -0.10 High (NA) [67] ; Medium (0%)
LPS 100% —1.01 [68]; Low at LPS/
LCO/LNMO (0%) [69]
LNO- 0% +0.30
LiPON 100% +0.79 i
LNO- 0% -0.32
LPO 100% +0.16
LNO- 0% -0.09
LLZO 100% +0.41 i
LNO- 0% -0.39 Considered-High, reduced by
LPS 100%  +0.09 LCO (0%) [69]
LNCO- 0% +1.06
LiPON 100% +0.69
LNCO- 0% +0.42
LPO 100% +0.06
LNCO- 0% +0.67
LLZO 100% +0.31 i
LNCO- 0% +0.36 Considered-High,
LPS 100% +0.01 reduced by coatings
(0%) [69], (0%) [59]
LMO- ?Z%% :8}21‘9‘ Very High (0%) [25],
LiPON + -1 35 Considered-High (NA) [24]
0% -0.63
EII\D/IOO ) 100% -1.00 -
+ -1.85
LMO- 0% -0.64 Medium (NA) [70]
LLZO 100% -0.87 Low-Medium
-2.62 (0,100%) [37]
LMO- 0% -0.92
LPS 100% -1.17 -
+ -2.03
LNMO- 0% +0.07 Very High (~90%) [22],
LiPON 100% +0.80 Medium (0%) [21]
LNMO- 0% -0.56 Very Low (0,100%)
LPO 100%  +0.17 [38]
LNMO- 0% -0.34 Beneficial Interlayer
LLZO 100% +0.41 (NA) [70]; Low
increases with cycling
LNMO- 0% -0.61 (0,100%) [37]
LPS 100% +0.11 i

even trap electrons, inducing dendrite growth. [74, 75]
For LPS, during charging, the barrier is negative and
hence electrons from the lithium metal readily pair with
the incoming lithium ions and precipitate at the inter-
face [71, 72]

A related factor is the electrochemical stability of the
SE, calculated using established methodology [9] based
on Materials Project phase diagram analysis [76, 77].
The stability windows of the SE materials (in volts ver-
sus Li metal) are (0.68, 2.64) for LiPON, (0.69, 4.21) for
LPO, (0.00,2.91) for LLZO, and (1.74,2.32) for LPS.
Gray shaded regions in Figure 3 show areas where y
is outside the stability window of the SE: these potential
drops must occur at the interface.

3.3. Potentials in the solid electrolyte: flat or sloped?

Figure 3 shows the potential map for four solid-state
batteries consisting of four different solid electrolytes
connecting Li and LCO electrodes. In the potential map
plots, ur; (blue lines in Figure 3) in the solid electrolyte
was assumed to vary linearly from the anode to the cath-
ode. For visualization purposes, ; is plotted with the
same slope in different battery systems. While the slope
of the electrochemical potential of electrons in an ac-
tual device will depend on many factors including de-
vice geometry, the choice of an equal slope in all the
plots highlights the information contained in the plots.
Firstly, the width of the plot corresponds to the OCV
between Li metal and the cathode material, not the ge-
ometry of a device. Secondly, since regions with py;
values which are outside the electrochemical window
of the electrolyte are shaded in gray, the width of the
shaded regions indicates the instability or reactivity of
the interface. It can be seen that LLZO is the most sta-
ble against Li-metal, and LPO is the most stable against
the LCO, while LPS has the narrowest electrochemical
stability window. The potential drop in this shaded re-
gion must occur at the interface/interlayer.

A noticeable difference between the materials is
whether the VBM, CBM, and e¢ (corresponding to the
orange, green and purple lines respectively in Fig 3) are
sloped (in LiPON and LPS) or flat (in LLZO and LPO
when —puy; is lower than 3 eV). This is determined by
the defect chemistry, which is very different among the
studied SE materials. As shown in Fig 4, the dominant
lithium defect in LiPON switches from lithium intersti-
tial to lithium vacancy as voltage increases. These de-
fects are balanced by the substitution of N on O or O
or N. LPO and LLZO show lithium vacancies and in-
terstitials in balance with constant concentration to ap-
proximately 3 V, at which point LLZO becomes unsta-
ble whereas LPO develops a significant lithium vacancy
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Figure 4: Concentrations of point defects, electrons, and holes that
determine the Fermi level in the various solid electrolyte materials,
plotted as a function of —uy; (or voltage). (a) LiPON, (b) LPO, (c)
LLZO, and (d) LPS. Fermi level as a function of voltage in solid elec-
trolyte materials based on intrinsic defects is shown on the secondary
axis and marked in brown colour. The black arrow (between the dot-
ted lines) represents the stable electrochemical window for the elec-
trolytes. The slopes of —1 in LLZO and LPO below 3V result from the
balance between lithium vacancies and interstitials whose formation
energies both depend directly on uy;. The slopes of —1/2 in LiPON,
LPS, and LPO above 3V result from the balance between a lithium
defect and a non-lithium charged species.

concentration balanced by an increasing hole concen-
tration. In LPS a relative lack of favorable negatively
charged defects means that lithium interstitials are bal-
anced by electrons throughout its narrow stability win-
dow.

The differences in defect chemistry also affect the
Fermi level dependence on uy;, as shown in Figure 4.
Depending on the defects which determine the Fermi
level, the slope of this dependence can vary. In the case
of balance between a lithium interstitial and vacancy,
the formation energies depend oppositely on yy, so the
Fermi level at which they cross has a slope of —1 in the
figure. The changes in Fermi level and lithium chem-
ical potential thus cancel out and the VBM and e¢ re-
main constant, according to Equations 4 and 5, respec-
tively. This is the case for LLZO and LPO below ap-
proximately 3 V. In the case of a Fermi level determined
by a lithium defect and a non-lithium defect, the slope is
—1/2. This is the case for LPS, LiPON, and LPO above
approximately 3 V.

While many continuum-level of models have as-
sumed that Li-ion concentration is a constant in the solid
electrolyte and therefore the electrostatic potential must
be a constant, [78] our theoretical framework considers
the electrochemical potential of Li ions to be a constant
at the OCV equilibrium. The electrostatic potential is an
outcome of the chemical potential change in the solid
electrolyte and the defect chemistry. As most previ-
ous continuum models only considered charge balance
between positive ions and negative ions without taking
the electronic structure of the solid electrolytes into ac-
count, these assumptions limit the applicability of pre-
vious models to special cases, such as LPO or LLZO.
Our predictive model works self-consistently across all
the possible cases.

3.4. Potential change at the cathode/solid-electrolyte
interface

We consider the effect of forming interfaces between
the electrolytes discussed earlier with a broad range of
cathode materials at different SOC. The potential jump
at the cathode/SE interface is defined analogously to
Eq. (6):

A¢C = @cathode — PSE:cathode » @)

where @camode 15 the electrostatic potential in the cathode
and @sg.camode 1S the electrostatic potential in the SE at
the closest point to the cathode within its stability win-
dow. Similarly to A¢?, a positive A¢® represents a bar-
rier for discharging while a negative value becomes a
barrier for Li transport across the interface during charg-
ing. The value and the sign of the barrier depend on the



W4 LLZO Lco ol LLZO LNO 4l LLZO LNCO o b LLZO LMO L LLZO LNMO
= i [ i i
2 e¢ | 2 2 ; 2 — 2
S e e = = - .
Vacuum I A
30 30 30 30 30
> > > > >
< = = o <
2 ~ 2 2 2 2
g -2 Hc’ g -2 5 -2 g -2 )
\\,‘_
-4 -4 -4 -4 f -4
-6 -6 -6 -6 -6
4 Li LLZO LosCO 4 Li LLZO LosNO 4 Li LLZO LosNCO . Li LLZO LosMO 4 Li LLZO LosNMO
[ i | | [
2 e - 2 — 2 — 2 ; 2 - —
< | S _ S— T
Vacuum.~— — - ) —
30 30 30 30 30
> > > > >
= = I o =
2 ~ 2 2 2 2
o -2 l_] o -2 0 -2 4 -2 o -2
€
s,
-4 -4 -4 -4 k> -4
5]
6 6 5 6 _6

Figure 5: Comparison of potential maps showing a lithium metal anode and LLZO solid electrolyte with different cathodes: LCO, LNO, LNCO,
LMO, and LNMO. Again, the top row shows the fully discharged state while the bottom row shows the fully charged state.

cathode materials and their state of charge (SOC). Fig
5 showed Li/LLZO/cathode potential maps for five dif-
ferent cathode materials at two states of charge (other
ASSBs are shown in the Supplementary Information II)
and the values of A¢¢ for all SE/cathode material pairs
and SOC are given in Table 1. These results provide rel-
evant insights into the cathode-electrolyte interactions
and highlight the changes in the thermodynamic land-
scape that occur during the electrochemical process be-
tween the cathode and the electrolyte.

In several systems, the potential barrier has opposite
signs in the charged and discharged state. For example,
the LCO/LiPON, LCO/LPO, LCO/LLZO systems (Fig-
ure 3) exhibit positive barrier for lithium-ion migration
at the electrolyte/cathode interface at the beginning of
the charge process, but by the end of the charge pro-
cess, the barrier becomes negative. On the other hand,
LNCO/LLZO shows positive barrier at both SOCs and
LMO/LLZO shows negative barriers at both SOCs (Fig-
ure 5). In general, all interfaces shows SOC-dependent
interfacial barriers, therefore it will be hard to general-
ize observations from both modeling and experiments.

Table 1 also listed experimental observations for the
same interfaces. The predicted potential change at the
interface cannot be directly mapped to the interface re-
sistance, but can still be quantitatively related to exper-
imental observations. It is important to note that the
potential barrier creates direction-dependent resistance
(i.e., different in charge vs. discharge) for Li ion trans-
port. In experiments, impedance is often measured by

Electrochemical Impedance Spectroscopy (EIS), which
uses small alternating currents as input, measures the
voltage drop as output, and infers the impedance of
the systems using an effective circuit model. Since
EIS uses alternating current (AC), it measures the bar-
rier in the rate-limiting direction and thus can be re-
lated to the absolute values of the potential drops |A¢|.
EIS cannot capture the directional dependence repre-
sented by the signs of A¢. [32] Techniques such as
Galvanostatic Intermittent Titration Technique [79] and
load charge/discharge need to be used in conjunction
with EIS to develop a complete picture of the direction-
dependent resistance. Interpretation of EIS is addition-
ally complicated by the fact that it is difficult to resolve
distinct electrochemical processes if they occur at simi-
lar frequencies.

It is interesting to note that the computed |A¢?| and
|A¢°| can both reach a high value (above 1 eV), how-
ever the reported interfacial resistance at Li/SE inter-
face is often one or two orders of magnitude lower than
the Cathode/SE interface, [80, 66] suggesting interface
contact may be a main contributor. Therefore, if in-
terface contact and other extrinsic impedances can be
mitigated, the remaining intrinsic barriers at low-barrier
cathode/SE interfaces (JA¢°| ~ 0.3-0.4 eV) should cor-
relate to very small impedances and good performance.

Interfacial reactions can also create additional phases
which may impede Li-ion transport. The width of the
gray area in Figs. 3 and 5 is proportional to the po-
tential drop that needs to occur for stable battery op-



eration. With increasing voltage of the cathode ma-
terials (Fig. 5), the necessary potential drop becomes
larger. For example, in the case of the high voltage
LNMO/LLZO interface, the gray region increases in
width with increasing delithiation. The defect chemistry
of the interfacial region also influences the direction-
dependent impedance due to the space-charge layer.
The present model gives a minimum value for the poten-
tial change, but with a non-ideal interlayer, the resulting
impedance can be more severe.[18] Since the interface
potential drop is inevitable with or without a coating in-
terlayer, application of a coating layer can in principle
stabilize the interface. On the other hand, if the inter-
layer is too thick or has a very low ionic conductivity,
Li* transport through the interlayer could become the
bottleneck, dominating the contribution of A¢ to the in-
terfacial impedance. If the thickness of the coating layer
is controlled, its effect on Li* transport will be mini-
mized and it will not introduce additional barriers to the
intrinsic electrostatic barrier.[18]

Among all the interfaces investigated here, “barrier-
less” interfaces (|A¢°| < 0.1 eV) include fully dis-
charged LCO/LPS, LNO/LLZO, LNMO/LiPON and
fully discharged LNO/LPS LNCO/LPO, LNCO/LPO,
LNCO/LPS interfaces. There are a number of in-
terfaces with low |A¢°| on the order of 0.3-0.4 eV
over the entire SOC range, including LNO/LPO,
LNO/LLZO, LNO/LPS, LNCO/LPO, LNCO/LPS, and
LNMO/LLZO interfaces. The scattered experimental
data in general agree with the computed trends. For
example, the interfaces reported very low resistance
(LCO/LPO), LNMO/LPO) do have low barriers at the
interface at certain state of charge. For interface resis-
tance that can be reduced by stabilized interlayers [69],
such as LNCO/LPS or LNO/LPS, we predict that at
least one of their intrinsic barriers is low. Adding an
LCO interlayer can therefore further reduce the inter-
face resistance, [69] especially if the LCO is fully lithi-
ated on the surface, because the LCO/LPS interface bar-
rier is also rather small. In contrast, the predicted inter-
face barrier at LMO/LPS is high in all three SOC, indi-
cating it may be harder to achieve low resistance at this
interface.

4. Conclusions

All-solid-state batteries offer a promising future for
lithium-ion-based energy storage, since they allow in-
corporation of lithium metal anodes and solve the
flammability problem of liquid or gel electrolytes.
However, current all-solid-state batteries suffer from ob-
stacles including relatively high impedance.

In this work, we employed a first-principles-informed
thermodynamic model to quantify the electrochemical
potentials driving lithium ion movement in all-solid-
state batteries, and connected this model to interfa-
cial stability and interfacial resistance. By model-
ing a lithium metal anode with four solid electrolytes
(LiPON, LPO, LLZO, and LPS) and five cathode mate-
rials (LCO, LNO, LMO, LNMO and LNCO), we have
built a “dictionary” of predicted intrinsic interface po-
tential barriers. We address the complex debates around
the nature of the potential barrier that is flat (or constant
barrier) or sloped (or variable barrier) across the elec-
trolyte. The nature of this barrier depends on the slope
of the intrinsic defect concentration. We also address
the existence (or lack) of a barrier at a given interface
during the charge and discharge processes.

Based on these results, we have identified a num-
ber of promising cathode/solid-electrolyte pairs which
exhibit low intrinsic barriers for both lithium trans-
fer directions across all states of charge. These in-
clude LNO/LPO, LNO/LLZO, LNO/LPS, LNCO/LPO,
LNCO/LPS, and LNMO/LLZO. Reducing extrinsic
impedances by optimizing interface stability and in-
creasing contact area will be engineering strategies to
reduce macroscopic interface resistance. If interfacial
challenges such as high-impedance interlayers or ex-
trinsic sources of impedance can be avoided or miti-
gated in these cathode/solid-electrolyte pairs, only the
small intrinsic impedances from the electrostatic poten-
tial will remain, allowing for high-performance ASSBs.
If this methodology is extended to include promising
new ASSB materials as they are proposed, it will iden-
tify the material pairs with reduced intrinsic impedance,
thereby guiding experiments and explaining observa-
tions in both established and emerging all-solid-state
lithium-ion batteries.
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