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Li1sAlo.sGe1.5(PO4)s (LAGP) is a promising solid-state electrolyte
(SSE) for solid-state batteries due to its high Li* conductivity, wide
operating potential window and moisture stability. However,
LAGP electrolyte suffers from side reactions with Li metal resulting
in thin-film formation, cracking and interfacial resistance rise
which hinder its practical application. In this study, in operando
Raman spectroscopy was performed to gain insights into local,
potential dependent chemical and structural transformations of
the Cu/LAGP interface during cathodic polarization.

Solid-state lithium batteries (SSLB) are considered the next
generation battery technology, mainly because of higher energy
density than conventional Li-ion batteries.! Also, SSLB are safer
because they are non-flammable and not prone to leaking liquid
electrolyte.23 The use of a SSE can enable the commercial-scale
application of the Li metal anode, improve cycle life, and extend the
operating temperature range of the battery.*5 Furthermore, the
absence of liquid electrolyte can enable the bipolar electrode stack
architecture, which can further enhance the cell energy density by
increasing the ratio of active to inactive materials.®7?

A class of commonly investigated SSEs for Li metal solid-state
batteries are sodium super ionic conductor (NASICON)-structured
derived phosphate-based electrolytes. Li; sAlosGe1.s(PO4)s (LAGP),8°
in particular, is a widely studied electrolyte for solid-state batteries
because of its high ionic conductivity (~0.1-1 mS cm™1 at 25°C19)
and excellent moisture stability.!! Furthermore, LAGP has one of
the highest calculated (4.27 V vs. Li|Li*)*? and reported (6 — 7 V vs
Li|Li*) anodic potential stability limit amongst oxide SSEs, which
makes it compatible with high voltage cathodes.13

LAGP’s poor cathodic stability (calculated at 2.70 V12) represents
a major hurdle for practical solid-state battery applications. The
electrochemical or chemical reduction of LAGP by direct contact
with Li metal leads to the formation of a mixed conductor
interphase (MCI).814-16 Since the MCI conducts both ions and
electrons, it allows for the continuous decomposition of the
electrolyte, leading to local volume expansion mechanical failure
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and cracking of the SSE during long-term cycling.l” It is assumed
that the interphase formed through the chemical reduction of Ge**
results in a mixture of LAGP of various stoichiometries and lithiated
oxides.131819 Chung et al.1® reported that the direct contact of Li
metal and LAGP leads to formation of Li,0, Li,O,, and Li,COs. Feng
et al. speculated that the LAGP is reduced to Ge? particles which are
embedded in LisPO4 and AIPO4 matrix. Based on first-principles
calculations Zhu et al.12 predicted reduction products such as Ge?,
GeO,, LisP,07, and AIPO,. In operando XPS study of LAGP
electrochemical reduction on a graphene electrode showed that
Ge** was converted to Ge? after a voltage hold at 0.5 V.20 .
However, there are still open questions about the local phase
composition and distribution, and the large discrepancy between
experimental and calculated cathodic stability potential limit.

Sang et al. successfully analysed SSE/electrode interfaces and
their chemical changes using in operando Raman spectroscopy,
employing gold thin-film as the electrical conductor and optical
window for the Raman probe.2! They followed up their
investigations by studying the effect of interlayers (Si and LiAIO) at
thiophosphate solid electrolyte/gold interfaces, demonstrating the
applicability of in operando Raman spectroscopy to study SSEs.22

To gain further insight into LAGP’s interfacial reactions
mechanism, we conduct in operando Raman microscopy of the
Cu/LAGP interface as the function of potential and location. Raman
microscopy is well suited because of its relatively high spatial
resolution (~1 um), non-destructive nature and compatibility with
various experimental environments. Furthermore, the technique is
highly sensitive to the vibrational modes of the PO, tetrahedron in
the NASICON structurel923.24 glong with spectral signatures of its
decomposition products (Ge, GeO,, AlIPO,).
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Figure 1: A. Schematic of the Raman in operando experiment. B. Raman
spectra of pristine LAGP and LAGP coated with 25 nm Cu layer.
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Figure 1A shows a schematic of the in operando Raman
experimental setup to probe the Cu/LAGP interface. The Cu 25 nm
thin-film serves as the current collector and optical window for the
Raman laser probe.?> In fact, Raman spectra of the bare LAGP
surface and the LAGP coated with 25 nm Cu layer (Figure 1B) look
nearly identical, contrary to the corresponding X-ray photoelectron
spectra (Figure S1) where the signal from LAGP was almost
completely attenuated by the Cu thin-film.

The crystal structure of LAGP consists of MOg (M= Ge, Al)
octahedra which are corner sharing with PO, tetrahedra and Li* in
the interstitial spaces. The Raman spectrum of the pristine LAGP is
dominated by the vibrational modes of the PO, tetrahedra and
matches well with the previously reported spectra.l%23 The peak at
460 cm! corresponds to the symmetric (v2) bending mode of PO,
whereas the peaks in 550-600 cm! range are assigned to O-P-O
antisymmetric (v4) bending (marked in purple and blue in Figure 1B,
respectively). The higher energy antisymmetric (v3) and symmetric
(v4) stretching modes are at 996 and 1100 cm (marked green in
Figure 1B). During the in operando measurements we tracked the
intensity of the P-O stretching band at 1100 cm™ and the O-P-O
symmetric bending mode at 460 cm'®.

Figure 2 shows a cyclic voltammogram (CV) of the 25 nm Cu
thin-film working electrode in contact with LAGP electrolyte
recorded in the spectro-electrochemical cell equipped with Li-foil
counter electrode (Figure S2). The cathodic scan consists of a small
peak at 1.5 V followed by a steady increase of the cathodic current
with a threshold at ~0.85 V. This is consistent with the previously
reported results, indicating the non-passivating character of the
corresponding reactions. 1320.26 Notably, the small cathodic peak at
1.7 V was also observed by Zallocco et. al. but its origin was not
determined.26 During the anodic scan, there is a quite pronounced
peak at 0.55 V followed by a small one at 1.0 V. The excess of
cathodic charge (88.5%) consumed during the CV scan correspond
to irreversible electroreduction of LAGP at potentials <0.85 V.
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Figure 2: CV scan of the Cu/LAGP/Li cell at a scanning rate of 0.1 mV/s and in
operando Raman spectra (selected spectra are shown on the right).

To monitor chemical and structural changes at the Cu/LAGP
interface during potential polarization, Raman spectra were
collected over the course of the CV scan (Figure 2). The stretching
and bending modes of the PO4 at 1100 cm™ and 460 cm are clearly
visible in the spectra collected at open circuit potential. As the
cathodic scan progresses, a steady decrease in intensity of the
LAGP-related peaks begins at ca. 1.45 V together with an
emergence of a new band at 290 cm-?, which is assigned to the
phonon modes of amorphous Ge (a-Ge).?” At 1.1V, the LAGP peaks
become undetectable, while the a-Ge peak persists until 1.0 V.

During the anodic scan, new peaks at 240 cm™ and 185 cm are
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Figure 3: A. in operando Raman spectra of the Cu/LAGP interface during the initial
cathodic CV scan at 0.1 mV/s. B. Progression of the intensities of 460 cm™ (LAGP)
and 250-290 cm! (a-Ge) bands as a function of the voltage 2.1 - 1.2 V.

observed from 0.35 V onwards, which could be attributed to Li\Ge
intermetallic compounds. Miao et al. showed that Li;sGegis
characterized by two bands at 240 cm™ and 450 cm. 27 Loaiza et al.
observed a peak at 220 cm which was attributed to LixGe phase.?®
However, these Li-rich crystalline or amorphous Ge phases are likely
to be weak Raman scatterers and difficult to be observe.
Delithiation of LixGe starts around 0.6 V, leading to the formation of
a-Ge and increase in the corresponding peak at 290 cm-L.

Since LAGP-related peaks do not reappear during the anodic
scan, it can be assumed that the reduction from Ge** in the LAGP to
a-Ge (GeY) is irreversible and that the subsequent interfacial
reactions primarily occur at a-Ge which is further reduced to LixGe
phases. Feng et al. hypothesized about the possibility of irreversible
reduction of LAGP to a-Ge and the reversible lithiation/delithiation
reaction of a-Ge.!3 Furthermore, Hartmann et al. analysed the
formation of MCI on SSE using in operando XPS and showing that
the Ge 3d line is shifted to elementary Ge and the signal of Ge ion is
reduced, which is consistent with our observations.820

Ex situ XPS depth profiling of the Cu/LAGP after the single CV
cycle to confirm the reduction of the Ge. Figure S3 shows that after
two initial etching cycles to remove the Cu layer, the Ge 2p line
reveals peaks at 1219.34 and 1217.13 eV corresponding to Ge® and
Gel Ge? from LixGe phases. More etching resulted in an emergence
of the (Ge**) peak at 1221.80 eV, which matches well with the
pristine LAGP, indicating that the resulting LAGP decomposition was
constrained to the surface region near the Cu/LAGP interface rather
than extending into the deep into the bulk electrolyte.

The vibrational modes corresponding to LAGP disappear at 1.1
V, suggesting the initial Ge**—Ge? reaction occurs prior to the
increase in cathodic current at 0.85 V. Figure 3 shows an exploded
view of the cathodic current and Raman spectra between 2.0 and
0.5 V. The evolution of the LAGP and a-Ge band intensity in this
voltage region is shown in Figure 3B. The gradual increase in the a-
Ge peak at 290 cm is coupled with steady decrease in the intensity
of the LAGP band at 460 cm1. From 1.2 V, the a-Ge peak decreases
due to the conversion of a-Ge to LixGe, which disrupts the phonon
modes of Ge by breakage of Ge-Ge bonds.

This onset potential 1.6 V for electroreduction of Ge** to a-Ge is
consistent with literature data regarding the electrochemical
reduction of GeO, to Ge? showing cathodic current onsets around
1.0 - 1.5 V.2930 |n addition, the theoretically calculated cathodic
potential stability limit for LAGP is reported to be 2.70 V with
predicted reduction products of Ge, GeOs, Li4sP,07 and AlIP04.12 The

This journal is © The Royal Society of Chemistry 20xx
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observed lower LAGP electroreduction onset potential compared to
theoretically predicted demonstrates the large overpotential to
decompose LAGP, a common phenomenon amongst SSEs.12
Interestingly, the electroreduction of LAGP at 1.6 — 1.2 V appears to
be a passivating reaction and/or diffusion controlled process. This
suggests that the initial LAGP reduction to a-Ge does not form an
MCI but is followed directly by lithiation of the Ge to LixGe phases,
which create an MCI at lower potentials ca. 0.85 V, resulting in a
monotonic increase in cathodic current with voltage.

Another noticeable observation is the lack of modes related to
P-O vibrations below 1.1 V. Initially, the Raman spectra are
dominated by strong bands associated with P-O stretching and O-P-
O bending from the LAGP PO, tetrahedra. Once the LAGP gets
reduced to a-Ge, the lattice phonon mode of Ge become visible
but there is no trace of spectral features characteristic to other
alleged decomposition products i.e., Li,O, L0, GeO,, LisP,07, and
AIPO4 which are all Raman active.

To explore spatial heterogeneity of LAGP decomposition
products at the initial stages of electroreduction, we performed
Raman mapping of the Cu/LAGP interface over an area of
40 x 40 um at 2.3 um resolution during the initial cathodic scan
from 2.24 to 0.8 V. Figure 4A&B shows the current-voltage profile
between 2.24 and 0.8 V and average Raman spectra of the images
recorded at each potential. At 2.24 V, the average Raman
spectrum matches well the single point spectrum of pristine LAGP
(Figure 2B) with the large peak at 460 cm! whereas at 0.8 V new
sharp peaks at 1087 and 943 cm! and a broad peak at 290 cm-!
are observed. Spectral images at these 4 wavenumbers were
created to assess the spatial heterogeneity of the LAGP
decomposition products (Figure 4C). The band at 460 cm is
assigned to the v(0-P-0) bending mode of LAGP while the peak at
290 cmt s attributed to the phonon mode of a-Ge. Furthermore,
the two new peaks at 943 and 1087 cm™ which were not observed
in the single point experiment are assigned to PO, stretching in
LisPO43! and pyrophosphate anion stretching in LisP,07.32 The
color intensity in the Raman images is related to the (relative)
intensity of the Raman peaks in each location.

At 2.24 V, the 460 cm™! peak intensity image of the Cu/LAGP
interface is relatively uniform albeit with some minor variation in
the intensity, suggesting some degree of heterogeneity at the initial
Cu/LAGP interface. As the potential decreases to 1.52 V, there is
still no significant reaction, and the Raman images look similar.
When the potential reaches 1.16 V there is a distinct decrease in
the overall intensity related to the O-P-O bending mode at 460 cm!
and the emergence of several hotspots corresponding to the
phonon modes of a-Ge at 290 cm™. Th trend continues at 0.98 V
where the 460 cm™ peak intensity decreases fairly uniformly across
the 40x40 um?2 area and the intensity of the band at 290 cm-!
increases in what appears to be a very heterogenous manner. This
is accompanied by emergence of a peak at 943 cm! corresponding
to a LizsPO4 species which is distributed non-uniformly as well.
Interestingly, there is a distinct boundary at 0.98 V which
qualitatively matches well with the contrast seen in the optical
image (Figure 4a, inset). At 0.80 V, the LAGP signal intensity
continues to decrease reaching zero in some areas while the 290,
943, 1087 cm! peak intensity increases implying that the phase
transformation has occurred in a heterogenous manner based on
the nonuniformity of the a-Ge peak intensity at 290 cm-1. Notably,
the phosphate related peaks at 943 and 1087 cm! were absent in
the single point operando measurement (Figure 2,3).

Based on the Raman results, we can describe the reaction
mechanism at the Cu/LAGP interface and the implications of the

This journal is © The Royal Society of Chemistry 20xx
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observed heterogeneity. As the potential moves to ~1.6 V, direct
charge transfer from the Cu electrode to Ge** occurs to form
metallic Ge® (and likely LiO) which aggregates to form Ge
nanocrystalline particles with detectable lattice phonon modes. This
reaction appears to be initially confined to 6 nm region of LAGP
adjacent to the Cu electrode surface estimated from the 0.016
C/cm? of cathodic charge passed from OCV to 1.0 V. At lower
potentials (<0.8 V), the Ge is electrochemically lithiated to form
LixGe phases which are mixed ion-electron conductors and can
propagate the reaction zone further into the LAGP (as
demonstrated by the continuous current increase toward 0 V).
Lithium rich e.g., LixGe (1<x<3.75) amorphous and crystalline phases
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Figure 4: A. LSV from 2.25— 0.0 V at 0.05 mV/s showing the voltages at which the
mapping measurements were performed. Optical image of mapped LAGP area in inset.
B. Average spectra of the maps from 2.24 V and 0.8 V with labelled peaks of the
generated maps. C. Raman maps at 459 cm™ (LAGP), 290 cm™ (a-Ge), 943 cm™ (LisPO,)
and 1087 cm! (pyrophosphate) of Cu/LAGP interface at different voltages.

are weak Raman scatterers. Therefore, they could not be observed
at potentials <0.8 V. During the anodic scan electrooxidation and
delithiation of the LixGe to Ge? occurs, as documented by the
reemergence of the 290 cm! a-Ge phonon mode. Based on the
accumulated anodic charge (0.115 C/cm?), this resistive 51 nm Ge
layer (assuming Lis 75 Ge = Ge) adjacent to the Cu prevents further
delithiation thus trapping Li further away from the surface Cu
surface as LixGe phases. Interestingly, Ge particles nucleate and
grow within the phosphate matrix which traps Li* and forms a highly
heterogeneous phase pattern on the micron-scale. It is likely that
the preferred reaction and aggregation sites of Ge® and phosphates
are linked with the non-uniform current density distribution due to
local defects at the Cu/LAGP interface.

Based on the observed Raman images, we can identify two
length scales of heterogeneity during the cathodic reactions at
Cu/LAGP interface. The 10’s of micron surface features where there
is a clear boundary in the LAGP reaction (e.g. 0.98 V, 460 cm-?)
correlates with the white and darker regions of the optical image.
We investigated this surface region by AFM (Figure S4) and found
that black region had a high root mean square (RMS) surface
roughness (187.4 nm) with distinct grains typical of a polycrystalline
ceramic. In contrast, the white area (more reflective area) had a
much flatter topography (58 nm RMS surface roughness)
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demonstrating a topographical difference between the two areas
which appears to affect the rate or overpotential for interfacial
decomposition. The other type of heterogeneity is linked with
formation of reaction hot spots as seen in the images of a-Ge at
0.98 and 0.80 V (Figure 4c). This micron-scale heterogenous
reaction pattern could originate from the wide variety of local non-
uniformities on the LAGP surface e.g., surface roughness, grain
boundaries and grain size variation, which could alter the local
current distribution. We note that no modification of the original
LAGP membranes surface was performed other than plasma
cleaning to remove the carbon-containing surface layer (Figure S1).

These results highlight a major challenge in maintaining stable
SSE interphases in solid-state batteries: characterization and
evaluation of surface heterogeneities and their ramifications on the
local current densities during operation. Heterogeneous
decomposition of LAGP into distinct islands of a-Ge will result in
focusing of current at the surface into regions that are rich with Ge
(due to Ge’s higher electrical conductivity) to form LixGe. The
stresses built by the local volume expansion of the LisGe phases can
exceed the failure stress of the LAGP resulting in crack formation.1’
Once cracks form during cycling, the performance deteriorates
further due to broken solid-solid contacts and the resulting
impedance rise. Such a catastrophic failure arises from relatively
small intrinsic inhomogeneities at the solid-electrolyte interface and
associated interfacial reactions. Therefore, it is important to
characterize and assess these root causes of the system failure and
reduce/remove them to improve the electrochemical performance
and interfacial stability.

In operando Raman mapping can be a very effective tool to
evaluate the presence of reaction hot spots at the solid-solid
interfaces and to provide evidence that surface treatments such as
polishing or interlayer deposition can effectively homogenize the
interfacial current distribution. We anticipate that this methodology
can be applied to a variety of SSE to evaluate the interfacial stability
and electrochemical reactions at the surface with adequate
temporal and spatial resolution.
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The data supporting this article have been included as part of the Supplementary
Information.

We have added the python code used and an example spectra file as part of the supporting
information.

Also, we included an example of Raman data.

All experimental data are available from authors upon request.



