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Li;oGeP,S1, (LGPS) is a superionic conductor that has an ionic conductivity equivalent to conventional
liquid electrolytes (~1072 S cm™) and thus shows exceptional potential to fulfill the promise of solid-
state batteries. Nonetheless, LGPS is chemically and electrochemically unstable against Li metal,
decomposing into the thermodynamically favorable byproducts of LizP, Li,S, and alloyed Li,Ge. Contact
between Li metal and LGPS results in formation of high impedance interphase layers due to lithium
diffusion into and subsequent reaction with the LGPS structure. Artificial solid electrolyte interphase
(ASEI) layers are a promising route to mitigate and reduce the chemical reactivity of the LGPS surface.
Here, we differentiate between static chemical degradation induced by LGPS-Li contact, from
electrochemical degradation induced via galvanostatic cycling of Li/LGPS/Li cells as critical to rational
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Introduction

In the early 1990s Sony commercialized the first Li-ion batteries,
which have subsequently dominated the portable electronic device
market and are now powering the burgeoning electric vehicle
market.' However, significant concerns relating to the flamm-
ability of liquid electrolytes are one of the primary drivers of the
search for solid state electrolyte (SSE) materials."> While many
SSEs have much lower ionic conductivity than conventional liquid
electrolytes, Li;oGeP,S;, (LGPS), first reported by Kamaya et al.
in 2011, has an exceptionally high ionic conductivity of 1.0 X
1072 S em '.* Despite its high ionic conductivity, LGPS suffers
from chemical instability with both Li metal anodes and high
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degradation at the Li/LGPS interface.

voltage Li-ion cathode materials, dramatically reducing the effi-
ciency of battery systems based on LGPS.>

Computational studies have shown that the thermodynamic
electrochemical stability window of LGPS is only from 1.7 V to
2.5 V (vs. Li'/Li), narrower than many other SSE materials,
thus offering the Faustian trade-off of high ionic conductivity
for low voltage stability."'™"* At anodic potentials below 0.6 V
(vs. Li'/Li), the Ge in LGPS will alloy with Li and produce an
electronically conductive Li,Ge alloy, which is a mixed ion-
electron conductor (MIEC) resulting in continuous degradation
and facilitating the growth of Li dendrites.”*™*® On the cathode
side, typical metal oxide cathode materials will spontaneously
react with LGPS to form metal sulfides, also developing a non-
passivating MEIC interphase and ultimately increasing overall
cell impedance.'®"772°

There are two competing degradation mechanisms in LGPS-
based cells: electrochemical degradation that occurs during
battery cycling, and thermodynamic degradation that occurs
both during battery cycling but also during battery rest. Multi-
ple approaches have been developed to mitigate electrochemi-
cal LGPS degradation such as isoelectric substitution of Ge and
P or halogen doping to form more stable SEI by-products,®'®>'°
or deposition of an artificial SEI (ASEI) coating directly onto LGPS
to bridge the electrochemical stability gap.?’*”~° Even though

© 2022 The Author(s). Published by the Royal Society of Chemistry
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there have been studies about thermodynamic degradation in
the field of Si anodes,®**> few reports have dived into the
investigation of Li/LGPS system or deconvolute static vs. dynamic
decomposition and thus miss the dramatic impact of static
decomposition.

As we seek to understand the impact of ASEI layers on
mitigating both types of Li-LGPS decomposition, we utilized
a prototypical ASEI material, lithium phosphorous oxynitride
(LiPON), deposited by atomic layer deposition (ALD). ALD is a
well-established method extensively used in the semiconductor
industry to produce chemically tuneable, highly conformal
films with atomic-scale thickness control. ALD has been used
to deposit ASEI layers for chemical protection of graphite
anodes,**** Li metal anodes,**™° cathodes,**™*° and other solid
electrolyte pellets.””

We select LiPON as an ASEI due to its large electrochemical
stability window (5.5 V vs. Li'/Li), allowing use with both high
voltage cathodes and Li metal anodes, and an acceptable ionic
conductivity of ~107° S cm™'. We have previously developed
an ALD-LiPON process by using lithium tert-butoxide (LiOtBu),
H,0, trimethyl phosphate (TMP), and plasma N, as precursors.*®

In this work, we apply a thin ASEI layer of ALD LiPON
directly on the surface of LGPS pellets, demonstrating the effect
of mitigating the interfacial degradation reactions between Li
and LGPS at moderate current density electrochemical cycling.
We qualitatively deduced the components of the degradation
reactions by studying the chemical aging of the Li/LGPS inter-
face by direct contact, while complementary computational
studies were employed to elucidate the effect of the ALD LiPON
layer on the chemical and electrochemical degradation reac-
tions. These data relay fundamental insights into chemical and
electrochemical degradation at the Li/LGPS interface, with
significant implications on the storage, preservation, and
future surface protection strategies in the practical application
of the sulfide-based solid-state electrolytes.*’

Results & discussion
XPS analysis

Fig. 1 shows high-resolution XPS data of the LGPS pellet surface
before, after 10 nm ALD LiPON, and after 20 nm ALD LiPON
depositions at 250 °C. 10 nm ALD LiPON is thin enough that
the photoelectrons have an escape depth comparable to the
film thickness, as such the chemistry of the LGPS/LiPON
interface can be interrogated. 20 nm ALD LiPON is thick
enough that all photoelectrons escape from the bulk of the
LiPON layer itself, eliminating any signal from the LGPS or
LGPS/LiPON interface. The Li 1s high resolution region, Fig. 1a,
indicates a single Li peak consistent with Li,CO; on the surface
of the LGPS, which is replaced by LiPON-like bonding at 55.2 eV
and appears homogenous at the interface and in the bulk of the
LiPON layer. Fig. 1b shows the Ge 3d region, where a single
Ge"" peak is buried under the ALD LiPON layer. After 10 nm
LiPON deposition, the Ge*" peak shifts to slightly lower binding
energy, consistent with Ge'" to Ge*" reduction previously

© 2022 The Author(s). Published by the Royal Society of Chemistry

View Article Online

Materials Advances

a Li1s i LIPON b Ge3d c P2p LiPON P2p_
Li,co, v
_ _ _|iponp2p,
e | gpormuron H ]
< [20 nm LiPON & s
E g|1onmLiPoy ., £20 nm LiPON
10 nm LIiPON § et
Bare LGPS, 0nm LIPONpS™_A pa’
Bare LGPS Bare LGPS fﬂs‘
B =% % o s2 34 % a2 31 30 2 2 13 1 1w 12 10 128
Binding Energy (eV) Binding Energy (eV) Binding Energy (eV)
d [s2p elemental S, € |C1s o, f [o1s LiPON
BSOS S c-0
20 nm LiPON -co
~ P S . b0 adv.caroon | /
H " | 2[onm LiFoN £ L
3 i H H
:E 10 nm LiPON Ps, APS 3 £ [20nm LiPON
16 nm LIFON | 10 nm LiPON
Bare LGPS Bare LGPS Bare LGPS
- [P L0

T T T T T T T T T
174 172 170 168 166 164 162 160 158 204 2092 200 288 286 284 282 280 538 536 534 532 530 528
Binding Eneray (eV) Binding Eneray (eV) Binding Eneray (eV)

Fig. 1 High resolution (a) Li 1s; (b) Ge 3d; (c) P 2p; (d) S 2p; (e) C 1s; (f) O 1s
XPS figures of bare, 10 nm ALD LiPON coated, and 20 nm ALD LiPON
coated LGPS pellets.

reported as due to Li,Ge alloying.”>*° Fig. 1c shows the P 2p
region, where a single doublet consistent with LGPS is replaced
by a single doublet consistent with ALD LiPON at 20 nm thick.
The 10 nm thick trace shows a broad peak of intermediate
binding energy between LGPS and LiPON, consistent with a
graded material. Fig. 1d shows the S 2p region. Starting with an
initial P 2p doublet we attribute to PS,>” on the LGPS surface,
10 nm of ALD LiPON is clearly seen to oxidize the LGPS,
forming SO,>~ and SO;>~ groups at the LGPS/LiPON interface.
We attribute this oxide formation at the LiPON/LGPS interface
as the source of high initial impedance in ALD LiPON-coated
LGPS pellets. Additionally, Fig. 1d shows there is some evidence
of Li,S formation at this interface. 20 nm ALD LiPON shows a
dramatically reduced sulfur signal, predominantly composed of
some elemental sulfur, likely due to some mixing of sulfur at
the LGPS/LiPON interface. The C 1s region, shown in Fig. 1e,
shows some Li,CO; formation at the LGPS/LiPON inter-
face after 10 nm ALD LiPON deposition, however 20 nm ALD
LiPON dramatically reduces the peak associated with Li,COs3.
Additionally, thicker 20 nm ALD LiPON layers show a second
peak at 288 eV we associate with -CO bonding, likely due to
some unreacted ALD precursor ligands. The O 1s region, shown
in Fig. 1f, indicates the surface of LGPS is relatively oxygen-free
before ASEI layer deposition. After 10 nm ALD LiPON, an O 1s
peak associated with P—O bonding in LiPON emerges at
531.5 eV. This peak is maintained when 20 nm ALD LiPON is
deposited, in addition to a second peak associated with -CO
bonding.

Cyclic voltammetry and electrochemical impedance
spectroscopy analysis

In order to understand the electrochemical stability of both
LGPS and the role LiPON plays as an ASEI, without the addi-
tional reactivity of Li metal electrodes, we closed Au/LGPS/Au
symmetric cells and tested a sequence of EIS + CV measure-
ments to monitor the degradation reactions and change in
impedance as these cells were subjected to voltage sweeps up to
5 V. In this configuration, no additional source of Li is available
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Fig. 2 Cyclic voltammetry diagrams of Au/LGPS/Au and 20 nm LiPON
coated LGPS pellets in an Au/LiPON/LGPS/LIPON/Au configuration show-
ing the (a) first CV scan and (b) the third CV scan. Scan rate is 0.1 mV s~*
and the voltage window is from —0.5V to 5V vs. Li. CV was run in between
each EIS measurement. The (c) first and (d) third cycles of EIS spectra of
Au/LGPS/Au cells and 20 nm LiPON coated LGPS pellets in an Au/LiPON/
LGPS/LiPON/Au configuration. EIS was measured from 1 MHz to 10 mHz
with a perturbation voltage of 10 mV. EIS was measured before and after
each CV run.

to react with the LGPS, ensuring we only investigate the
inherent voltage stability of the bare and LiPON-coated LGPS
pellets.”® To improve contact resistance with the testing cell
electrodes, 200 nm Au was sputtered on both sides of the LGPS
pellets prior to testing.

The first and last CV sweeps are shown in Fig. 2a and b,
respectively. In Fig. 2a, the bare LGPS starts to exhibit electro-
chemical decomposition at ~1.5 V, which increases in magni-
tude with increasing voltage. When coated with 20 nm LiPON,
there is a sharp peak at 1.5 V, which we associate with LiPON-
LGPS interface reactions forming Li,O and Li,S. Additionally,
LiPON-coated LGPS cells exhibit similar decomposition beha-
vior of the LGPS itself. Fig. 2b shows the 3rd CV cycle of the
Au/LGPS/Au cells. Here, resistive degradation byproducts have
formed due to voltage-induced decomposition at both electrode-
LGPS interfaces. However, the bare LGPS pellet exhibits continued
degradation above 2 V, while LiPON-coated LGPS cell exhibits
increased voltage stability due to the potential drop across the
LiPON layer subjecting the LGPS to lowered field strength.
However, in both cases electrochemical degradation is irrever-
sible, and the reaction byproducts, while thin, are insulating.
This is supported by the data presented in Fig. 2c and d: EIS
plots of the same Au/LGPS/Au cells before any and after 3 CV
sweeps from —0.5 V to 5 V. In both the bare and LiPON-coated
LGPS cases, the initial impedance is lower than that of the
cycled cells, but not dramatically so, indicating the relative
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stability of the LGPS without additional available Li to form the
fully lithiated degradation products. However, the LiPON-
coated cells exhibit a stable Warburg diffusion tail both before
and after cycling, while the bare LGPS shows evidence of
additional capacitive behavior in the low frequency diffusion
tail, potentially indicative of more severe degradation of the
bare LGPS pellets themselves.”®

To further investigate the degradation reactions between Li
metal and LGPS, and to investigate if a thin LiPON ASEI coating
can mitigate such effects, reactive Li metal electrodes were used
in a symmetric Li/LGPS/Li testing configuration. The first (as-
fabricated) and last cycles of EIS spectra of Li/LGPS/Li cells with
bare and 20 nm LiPON coated LGPS pellets are displayed in
Fig. 3a and b. EIS was measured before and after each of three
CV sweeps from —0.5 to 5 V (not shown). Clearly, the bare LGPS
exhibits significantly lower impedance when the cells are first
assembled, as LGPS has much higher ionic conductivity than
LiPON. Given reasonable ionic conductivies of the LiPON and
LGPS, and their associated thicknesses, we would expect the
initial impedance of the LiPON-coated LGPS to be in the 10 Q
range. However, the intial impedance of the LGPS pellets
coated with ALD LiPON is in the kQ range, significantly higher
than would be expected if there were no chemical interaction
between LiPON and LGPS layers. We attiribute this higher than
expected initial impedance to deleterious interfacial chemical
reactions occuring during the LiPON ALD process, further
supported by the data shown in Fig. 1. However, after 3 CV
sweeps, the impedance of the bare LGPS cell increased by
almost 350 times to 14 kQ. In contrast, the cell with 20 nm
LiPON coated LGPS has higher initial impedance than bare
LGPS, but the impedance only increases by 3.5 times to 5 kQ
after three CV sweeps, and as such the impedance of the 20 nm
LiPON coated LGPS is significantly below that of bare LGPS. As
Fig. 2c and d have shown that LGPS itself and LGPS/LiPON
interface are generally stable without contacting Li metal, this
drastic increase in impedance shown in Fig. 3 is entirely due to
the degradation reactions at Li/LGPS interface. This dramatic
evidence shows that a 20 nm LiPON coating can mitigate the
degradation reactions at the Li/LGPS interface by reducing the
effective potential at the surface of the LGPS.

20 20
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Fig. 3 EIS spectra comparing the impedance of (a) as-fabricated (inset is
the zoomed in view of EIS spectrum of Li/LGPS/Li cell) and (b) after 3 CV
cycles of Li/LGPS/Li and Li/LiPON/LGPS/LIPON/Li cells. EIS was measured
from 1 MHz to 10 mHz with a perturbation voltage of 10 mV.
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Galvanostatic charging and discharging

Galvanostatic charging and discharging testing can provide an
alternative to CV stability testing by supplying a constant
current and measuring the resulting cell overpotential.
We assembled the same Li/LGPS/Li cells with bare and 20 nm
LiPON coated LGPS pellets and conducted galvanostatic char-
ging and discharging at a charge capacity of 0.1 mA h em ™ per
cycle. We use this low current to prevent potential Li plating
during extended cycling, as well as to limit Li to that sufficient
to slowly react with the LGPS interface, allowing us to inter-
rogate the early stages of this degradation process. EIS spectra
were measured at the beginning and after every 10 cycles of
electrochemical cycling to monitor the dynamic changes in cell
impedance. As shown in Fig. 4a, while a 20 nm LiPON coated
LGPS pellet shows slightly higher overpotential at the beginning
of cycling due to the lower ionic conductivity of LiPON as
compared to LGPS. Nonetheless, after just two cycles, the
overpotential and impedance of the bare LGPS pellet quickly
overtook the 20 nm LiPON-coated LGPS cell which then con-
tinued to rapidly increase until hitting the 5 V voltage limit
and failed on the 62nd cycle. On the other hand, the over-
potential of the cell with 20 nm LiPON on LGPS increased at a
slower rate and plateaued around 2.0 V around 55th cycle, until
the testing was ended at 90 cycles.

This trend was also reflected in Fig. 4b, which compares
the cell overpotential to the initial overpotential as a function
of cycle number. Fig. 4c and d compare the absolute cell
impedance and increase in cell impedance versus the initial
impedance between cells with bare and 20 nm LiPON coated
LGPS pellets as derived from EIS data collected during the
electrochemical cycling procedure. Following the trend shown
in Fig. 4a and b, the cell containing 20 nm LiPON-coated LGPS
had a larger initial absolute impedance (Fig. S2, ESI{) but was
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Fig. 4 (a) Galvanostatic charging and discharging profile of Li/LGPS/Li
cells with bare and 20 nm LiPON coated LGPS pellets respectively. Current
density is 0.1 mA cm™2 and charge capacity is 0.1 mA h cm™2 per cycle.
(b) Comparison in increase in cell overpotential as to the initial over-
potential between cells with bare and 20 nm LiPON coated LGPS pellets.
(c) Comparison in absolute cell impedance between cells with bare and
20 nm LiPON coated LGPS pellets. (d) Comparison in increase in cell
impedance as to the initial impedance between cells with bare and 20 nm
LiPON coated LGPS pellets.
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surpassed by the bare LGPS cell after 10 cycles. The absolute
impedance of the bare LGPS cell increased at a faster rate and
continued to degrade throughout the duration of cycling with a
notable jump around 45 cycles. In contrast, the impedance of
the 20 nm LiPON-coated LGPS cell increased at a lower rate and
exhibited no signs of failure for the duration of testing. After
90 cycles, the 20 nm LiPON-coated LGPS cell still exhibited
markedly lower impedance compared to the bare LGPS cell
when those failed on the 62nd cycle. Both cell overpotential and
impedance results indicate that thin LiPON ASEI layers, though
having a lower ionic conductivity than LGPS, are effective at
mitigating the interfacial degradation between Li and LGPS
during electrochemical cycling by preventing the direct contact
between Li and LGPS. We demonstrated that 20 nm of LiPON
is thick enough to serve as an effective barrier yet also thin
enough to retain an absolute overpotential and impedance
lower than both bare cell’s during almost the entire duration
of cell cycling. Although there are degradation reactions hap-
pening at the Li/LiPON and LGPS/LiPON interfaces as shown in
Fig. 3a and b, they occur at a much smaller extent than
degradation at the Li/LGPS interface, allowing LiPON to bridge
the voltage stability window between Li and LGPS. Similar
behavior has also been reported for ALD Al,O3-coated LGPS
electrolyte pellets, which, despite their lower ionic conductivity,
demonstrate the importance of interface stabilization with
chemically robust layers.”*

Chemical aging testing

It is well accepted that upon contact, spontaneous chemical
reactions occur at the Li/LGPS interface, generating Li,S among
a series of other degradation products.'>?® Despite this, we
have seen no prior reports evaluating and differentiating the
overall contribution to cell impedance between electrochemical
degradation and chemical degradation, as most reports inves-
tigating the electrochemical properties of LGPS commence
electrochemical cycling immediately after cell assembly. How-
ever, this testing behavior does not adequately simulate battery
performance in a realistic commercial manufacturing environ-
ment. In consideration of this fact, we assembled the same
Li/LGPS/Li cells with bare and 20 nm LiPON coated LGPS
pellets, measuring EIS continuously and synchronously with
identical cells undergoing galvanostatic cycling for the same
absolute duration of 180 hours. Using a minimal (10 mV)
perturbation potential for EIS measurements minimizes any
electrochemical degradation reactions as Li stripping and plat-
ing is eliminated, thus cell degradation (and associated impe-
dance increases) is solely related to chemical reactions between
Li and LGPS. We refer to this process as aging.?® As shown in
Fig. 5a, the cell with LiPON had a lower impedance after aging
than the bare LGPS cell despite having a higher initial impe-
dance (Fig. S4, ESIt), indicating LiPON is also capable of
suppressing the chemical degradation reactions between Li
and LGPS. The ability of LiPON to mitigate aging is further
demonstrated in Fig. 5b, where the LiPON-coated cell exhibited
a much smaller increase (x7) in impedance over 180 hours of
aging than the impedance increase of the bare cell (x46).
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Fig. 6 Comparison of cell impedance incurred via electrochemical
cycling and via chemical aging for (a) bare LGPS cell and (b) 20 nm LiPON
coated LGPS cell.

Fig. 6 directly compares the absolute impedance increase for
bare LGPS cells (Fig. 6a) and 20 nm LiPON-coated LGPS cells
(Fig. 6b) undergoing electrochemical cycling and aging. For this
comparison, we cycled both cells at the same 0.1 mA cm >
current density as prior experiments, but with a lower
0.01 mA h cm™? charge capacity per cycle, with total charge
capacity being the same as cycling results shown in Fig. 4. The
charge capacity per cycle for this comparison is 10x that of
previous experiments, which we lowered to allow a more
nuanced comparison with the chemical aging results. The
cycling profiles and impedance comparison profiles can be
seen in Fig. S3 (ESIt). As is clearly shown in Fig. 5a, over the
course of 180 hours bare LGPS cells undergo significant degra-
dation, with the initiation of this increased impedance over the
aged sample seen at the 60th hour crossover point. There is a
period at the beginning of testing where the impedance of the
aging cell is higher than that of the cycling cell, followed by a
crossover point where the cycling cell impedance overtakes that
of the aging cell. The bare LGPS crossover point occurs just
after 50 hours, while the LGPS/LiPON crossover point occurs
at 80 hours into testing. We speculate this effect may be due
to different chemical activity of both sides of the symmetric
cell undergoing simultaneous plating and stripping of oppo-
site electrodes during electrochemical cycling. This effect may
cause only one interface to degrade - the reverse current at the
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other interface (i.e. Li removal from the LGPS and subsequent
plating to the current collector) serves to minimize any aging
occurring at this interface by driving the Li* ions and electrons
in the opposite direction from would occur during chemical
aging. We recognize that this proposed mechanism is spec-
ulatory, however our results are again consistent with behavior
of thin ALD Al,Oz-coated LGPS electrolyte pellets.”" Further-
more, these results emphasize that during the initial break-in
period, chemical degradation is the dominant degradation
mechanism occurring at the Li/LGPS interface. After 180 hours
the impedance contribution from chemical aging of the bare
LGPS cell contributes nearly half of the total cell impedance,
which is significant, and indicating that chemical aging is a
competing degradation pathway from electrochemical aging.
The 20 nm LiPON-coated LGPS cells, shown in Fig. 6b, show
lower initial impedance for the electrochemically cycled cells
than the aged cells, indicating that the LiPON coating is
somewhat effective at preventing Li/LGPS reactions after initial
closure of the cell. Nevertheless, there is an impedance cross-
over point at 80 hours where the cell undergoing electro-
chemical cycling increases impedance above the cell undergoing
static aging testing. At 180 cycles, by comparing the impedance
increase of both cells it can clearly be seen that chemical aging
contributes nearly 60% of the overall cell impedance. At these
higher current densities, LiPON is even more effective at mitiga-
ting electrochemical degradation during cycling than at low
current densities.

Computational analysis

We attribute this phenomenon to the reduced rate of chemical
reactions at Li/LiPON and LGPS/LiPON interfaces due to the
higher voltage stability of LiPON than LGPS. Lastly, based on
both Fig. 6a and b, the impedance during cell aging increased
linearly, while the increase in impedance from electrochemical
cycling accelerated over time, demonstrating two clearly differ-
ent mechanisms with differing degradation kinetics. The degra-
dation products from electrochemical cycling of LGPS are
known for being mixed ionic-electronic conductors (MIEC)
which do not form self-limiting reaction layers, facilitating
further electrochemical degradation at the interface.'® These
results from both the aging test and its comparison to electro-
chemical cycling are crucial, because as mere contact between
Li and LGPS can induce such a large interfacial impedance,
storage and handling of cells prior to testing is crucial to
adequate performance, but not sufficient to develop a commer-
cially viable Li metal anode SSB based on LGPS electrolyte.

To further understand the differences between chemical and
electrochemical degradation mechanisms between Li and LGPS,
DFT simulations were performed for this chemical system. The
chemical degradation is assumed to be a one-step reaction, where
Li atom diffusion occurs across the Li/LGPS interface and subse-
quently reacts with the LGPS itself, forming one of many potential
decomposition products. Once Li atoms (in this case a Li cation +
an electron) are transferred into interstitial defect sites of the
LGPS lattice, they will cleave either Ge-S or P-S bonds, producing
degradation products such as Li,Ge, LizP, and Li,S, among others.

© 2022 The Author(s). Published by the Royal Society of Chemistry
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Fig. 7 DFT calculation results of (a) relative energy pathways of LGPS,
followed by chemical and electrochemical degradation reaction; and
density of states (DOS) for (b) Li4Ge; (c) LisN; (d) LisP; (e) Li,S and (f) Li,O.

The electrochemical degradation process is assumed to
follow a two-step reaction sequence, where in the first step Li
cations are inserted into the LGPS near the Li/LGPS interface
during charge/discharge cycling, which then form a partially
positive charged LGPS as an intermediate, metastable state. In
the second step, electrons from the Li metal anode are trans-
ferred to the intermediate phase, recombining with the Li
cations and allowing reduction of Li metal atoms. We have
calculated the relative energy pathways of both reactions, which
are represented in Fig. 7a.

In the case of purely chemical degradation, we find that the
energy of the LGPS system is reduced by 0.64 eV, implying that
this degradation should be spontaneous. On the other hand,
the first step of the electrochemical degradation has an energy
increase of approximately 0.33 eV required to form the inter-
mediate metastable phase, acting as a potential barrier to this
reaction. We assume that during charge/discharge the energy
required for the Li cation insertion is negligible because the Li
cations are already mobile in the electrolyte under external
chemical potential. Compared to the intermediate metastable
phase, the energy of the second step is reduced further by
1.07 eV, indicating spontaneous decomposition from this
intermediate state. Thus, although there are two similar final
chemical states after chemical and electrochemical degradation
of LGPS, differing energy of the reaction processes lead to the
marked differences in the reaction rate shown by our experi-
mental data. Although not explicitly discussed in this paper,
similar degradation mechanisms would be expected to occur in
LiPON, and indeed this is thought to be the origin of LiPON’s
remarkable electrochemical stability against Li metal anodes.>>>*

Both LGPS and LiPON are intrinsically electrical insulators,
so the electrochemical degradation reactions should be signifi-
cantly suppressed during initial cycling. We thus infer that the
linear degradation part of the data in Fig. 6 can be attributed to
chemical degradation. After the initial cycling, the interface
layer is damaged, resulting in increased electronic conductivity
through this layer and subsequent uncontrolled chemical
degradation. After chemical degradation in the initial cycling,
the electrical conductivity of the interface materials should be
changed by forming the degradation products.

To compare the electrical conductivity of the degradation
products of Li with LGPS and LiPON, we represent the density
of states in Fig. 7. According to the calculated results, Li,Ge is

© 2022 The Author(s). Published by the Royal Society of Chemistry
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the primary electrically conductive phase (zero bandgap), while
the other materials, in order of increasing bandgap are: LizP <
LizN < Li,S < Li,O. Our results broadly agree with existing
literature.>*>® Since the degradation products of LGPS include
electrically conductive material, it will act as a channel for
electron transfer, making suppression of the electrochemical
degradation reactions challenging inside the LGPS itself. How-
ever, degradation products of LiPON contain no electrically
conductive phases, and the degradation products of LiPON
have higher bandgaps than those of LGPS, thus even degraded
LiPON should show a higher chemical inhibition to degrada-
tion and would be sufficient to suppress the subsequent
electrochemical degradation of the LGPS as shown in Fig. 6.

Experimental
LGPS pellets fabrication

Commercially available Li;,GeP,S;, (LGPS) powder (MTI Corp.)
was pressed into pellets using 0.120 g of powder at ~300 MPa
using a hydraulic press and a temperature-controlled die set
heated to 150 °C with a diameter of 12.7 mm in an Ar-filled
glove box (M-Braun). After holding at the temperature for
5 minutes, the heating program was turned off to let the die
set cool down, while the pressure was maintained for a total
pressing time of 45 minutes. The apparatus used and process is
described in further detail elsewhere.*

ALD LiPON deposition process

ALD LiPON was deposited in Veeco Fiji F200 Gen 1 ALD system
using lithium tert-butoxide (LiOtBu) (Aldrich, 99.7%), deio-
nized H,O, trimethyl phosphate (TMP) (Aldrich, 99.9%), and
N, gas (Praxair, grade 5.0). Argon (Airgas, grade 4.9) was used as
a carrier gas. The base pressure of the ALD reactor was < 2 x
10~° Torr, and a process pressure of 200 mTorr was maintained
via Ar gas flow. The solid LiOtBu precursor was kept at 175 °C
and was delivered to the ALD chamber using a bubbler with
40 sccm argon carrier gas flow. Samples were transferred
directly from an Ar-filled glovebox through a UHV transfer
system to the ALD chamber, eliminating any atmospheric
exposure during ALD of ASEI layers or subsequent surface
characterization.

Electrochemical testing

Electrochemical cells were assembled using a 12.7 mm diameter
split press cell (MTI Corp.). 0.75 mm thick Li ribbon (Alfa Aesar)
was cut into 12.7 mm diameter disks with a hand punch. All cells
with the same cross-sectional area were assembled symmetrically
(electrode/LGPS/electrode) in an Ar-filled glove box (MBraun) for
testing. Cells were held under constant pressure by a manual
press to maintain good electrical contact without breaking the
electrolyte pellet, with a pressure of approximately 10 MPa.
Electrochemical impedance spectroscopy (EIS) testing was
conducted using a Bio-Logic VSP potentiostat with a frequency
range from 1 MHz to 10 mHz and a 10 mV amplitude. EIS
measurements were processed and compared to simulated
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electrochemical circuits by EC-lab software. EIS models were fit
to a circuit model containing three R/CPE components in series
with each other, representing the impedance of the LGPS pellet,
LGPS/Li interface, and ASEI respectively.

Cyclic voltammetry (CV) was measured by scanning the
Li/LGPS/Li symmetric cells with a voltage window from +5.0 V
to —0.5 V (vs. Li"/Li) and a scan rate of 0.1 mV s . The cells
were alternately EIS + CV alternately over time and a total of
four cycles of EIS and three cycles of CV were run. For control
study of Li/LGPS interface, LGPS pellets, with or without LiPON
coating, that were coated with ~200 nm of gold on both sides
using an AJA ATC 1800 Sputtering tool were assembled with
stainless steel (ss) disks in symmetric ss/Au/LGPS/Au/ss cells
and tested in the same manner.

Galvanostatic charging and discharging testing was done by
cycling the Li/LGPS/Li symmetric cells at 0.1 mA cm™ > current
density with a compliance voltage window of —5 V to +5 V
(vs. Li'/Li). For each charging or discharging process, the
hold times are 6 min with a charge capacity per half cycle at
1 x 10">mA h em ™2, or 1 h with a charge capacity per half cycle
at 0.1 mA h em™>. EIS was run at the beginning and after every
100 cycles of electrochemical cycling for 6 min hold time, or
after every 10 cycles for 1 h hold time. Longer term cycling
results in a total of 10 EIS cycles and 1000 cycles of galvano-
static cycling with 6 min hold time per half cycle, or 100 cycles
with 1 h hold time.

Chemical aging was done by continuous EIS testing on
Li/LGPS/Li symmetric cells, with a frequency range from
1 MHz to 10 mHz and a 10 mV amplitude. For the first 16
EIS cycles, there was no rest period in between each measure-
ment. For the next 16 EIS cycles, there was 45 min of rest in
between each EIS measurement. For the last 59 EIS measure-
ments, there were 2 h 45 min of rest in between each EIS
measurement. Each EIS measurement took ~11 min and
the total amount of time to run entire 91 cycles of EIS and
wait steps is equivalent to the amount of time to conduct
900 cycles of galvanostatic cycling plus all the intermediate
EIS measurements.

Characterization

XPS data were collected using a Kratos Ultra DLD XPS system
using monochromated Al Kalpha radiation with a photon
energy of 1487 eV. LGPS pellets were transferred directly via
UHV transfer from an Ar-filled glovebox to an XPS (Kratos Axis
Ultra DLD) system for surface chemical analysis to prevent air
exposure. Survey spectra were collected using a 12 kV mono-
chromatic Al Ko X-ray source in hybrid lens mode with a step
size of 1 eV and pass energy of 160 eV. High-resolution spectra
were collected using a 12 kV monochromatic Al Ko X-ray source
in hybrid lens mode with a step size of 0.1 eV and pass energy of
20 eV. No charge neutralization was used. XPS data were
analysed using the CasaXPS software with quantification per-
formed using peak areas normalized by standard photoioniza-
tion cross sections corrected for our instrument geometry and a
Shirley background for all high-resolution peaks.
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Conclusions

While LGPS exhibits the highest conductivity of the thio-lisicon
solid electrolytes, it suffers from deleterious interfacial decom-
position reactions when in contact with lithium metal. One
component of these degradation reactions is due to thermo-
dynamic instability, progressing as soon as the battery is
assembled, while further decomposition is electrochemically
driven. To use Li metal anodes with LGPS solid electrolytes, this
Li/LGPS interface must be stabilized. We demonstrate the
impact of 20 nm ALD LiPON ASEI coatings applied directly to
pre-pressed LGPS pellets using both static aging tests and
electrochemically driven constant current cycling. While we
show ALD LiPON ASEI layers can partially mitigate electroche-
mical degradation of Li/LGPS interface during cycling, despite
ASEI layer protection, chemical degradation still occurs in
Li/LGPS cells, with 20 nm ALD LiPON unable to prevent this
chemical degradation. In light of these findings, our results
clearly highlight the importance of deconvoluting chemical and
electrochemical degradation processes, establishing motiva-
tion for further research into ASEI layers that have a high ionic
conductivity and can provide both chemical as well as electro-
chemical stability at Li metal potentials.
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