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Abstract: Solid-state batteries (SSB), characterized by solid-state electrolytes—in particular inorganic
ones (ISSE)—are an ideal option for the safe implementation of metallic Li anodes. Even though
SSBs with ISSEs have been extensively investigated over the last two decades, they still exhibit
a series of technological drawbacks. In fact, mechano-chemical issues, mainly the stability of the
electrolyte/anode interface, hinder their widespread application. The present investigation focusses
on a thin-film LMO (Lithium-Manganese-Oxide) /LAGP (LiAlGe Phosphate)/Copper, anodeless
Lithium-metal battery and explores the morphochemical evolution of the electrode/electrolyte
interfaces with synchrotron-based Scanning Photoelectron Microscopy (SPEM) of intact pristine and
cycled cells. Chemical images were acquired with submicrometer resolution, to highlight the coupled
geometrical and chemical-state changes caused by electrochemical ageing. Geometrical changes of
the electrolyte/cathode interface were induced by periodic volume changes, causing de-cohesion
of the solid-solid contact, but no chemical-state changes accompany the cathodic damaging mode.
Instead, shape changes of the electrolyte/anode region pinpoint the correlation between mechanical
damaging with the decomposition of the LAGP ISSE, due to the reduction of Ge, triggered by the
contact with elemental Li. The micro-spectroscopic approach adopted in this study enabled the
assessment of the highly localized nature of the cathodic and anodic degradation modes in SSB
devices and to single out the chemical and mechanical contributions.
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1. Introduction

Combining the high energy density allowed by metallic Li with safety and durability
is a key challenge for next-generation battery technologies. The solid-state battery (SSB)
concept is a promising approach and the choice of inorganic solid-sate electrolytes (ISSE)
instead of ionomers in principle can enable the best chemical and geometrical stability. In
fact, ISSEs are inflammable, and their high stiffness can counteract Li outgrowth issues,
since they exhibit typical single-crystal shear moduli that are ca. a factor of two higher than
that of Li [1].

Moreover, the use of ISSEs opens up the microfabrication route for thin-film SSBs
(TFSSB), which can be integrated with electronic devices [2]. Unfortunately, these desirable
properties of ISSEs are counterbalanced by criticalities due to the degradation of solid
electrolyte-electrode interfaces. In fact, cyclic volume changes of materials with different
expansion coefficients, combined with decomposition processes triggered by the coupling
of redox-active materials, can impair both the electrical contact between the two phases
and the ionic conductivity of the electrolyte. Sometimes, in order to mitigate these issues,
ionically conducting ceramics are combined with polymers or ionic liquids to form com-
posite electrolytes. However, this would reduce the safety level of pure ISSEs and, possibly,
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introduce other degradation modes. ISSE fabrication and electrochemical testing has been
the object of intensive research, essentially over the last two decades, and has been summa-
rized in a series of reviews [3-5]. ISSEs can be grouped into three classes: (i) oxide-based,
(ii) sulphide-based, and (iii) phosphate-based. In this study, we have considered a system
belonging to the last class: NASICON-type LAGP Lij Al Gep_«(POy)3 [6-8]. Our choice
has been guided by the functional properties, detailed below in Section 2.1. NASICON-type
ceramics are characterized by the general formula AM;(POy)3, where A is a monovalent
alkaline ion and M is a tetravalent transition metal ion. Structurally, these materials consist
of a MpP30;; framework, with two MOg octahedra and three PO, tetrahedra, connected by
corner-sharing O atoms. Alkali ions occupy interstitial positions, and can diffuse through
the channel established by the array of MOg octahedra and POy, tetrahedra. In addition,
the particular arrangement of metal-oxygen polyhedra of NASICON structures minimizes
the electronic conductivity, yielding optimal electrolyte behaviour. Moreover, NASICON
compounds can be ionically doped, allowing for structural tuning.

A variety of NASICON-type ISSEs has been studied, mainly based on LiTi;(PO4)3 and
LiGey(POy)s lattices, modified in two main ways: (i) partial substitution of tetravalent ions
(Ti, Ge) with trivalent ones (Al, Ga, Fe) [9], and (ii) different types of doping, to modulate
the crystal structure [10], in particular to form amorphous structures, whereby ionic con-
ductivity is enhanced by suppressing the diffusion barriers at the grain boundaries [11].
The relatively high Li* conductivity of these materials is due to the combination of two
factors: (i) the super-stoichiometry of this alkaline ion and (ii) the presence of tunnel struc-
tures exhibiting locally higher diffusion coefficients, due to atomic radius effects. Classical
NASICON compounds are LAGP Lij 4 AlGe;_(POy4)3 and LATP Lij 3Alp3Ti; 7(PO4)3 and
the former material is considered in the present investigation.

As stated above, degradation—mainly chemical, electrochemical, and mechanical—is
a critical issue of ISSEs, including the NASICON-type ones. The better-known damaging
modes of NASICON materials are listed below. (i) Reactive NASICON/Li contact, whereby
LAGP and LATP yield Li-Ti-Ge alloys, as assessed by ex-situ SEM and XPS [12,13]. This
chemical instability is favoured by electrochemical recharge conditions, leading to the
reduction of Ti** and Ge** [14]: reductive degradation also leads to the formation of mixed
electronically-ionically conducting (MEIC) layers [15], causing self-enhancing degradation.
(ii) Reactive NASICON/ cathode contact, leading to LisPO4 formation (LAGP/LMN [16],
LATP/LCO, LMO, LPF [17]). (iii) Mechanical stability, due to fabrication- and cycling-
induced crystalline imperfections [18] and cracking [19], practically limits the dendrite
suppression capability [20-23]. (iv) Furthermore, thermal stability issues have to be con-
sidered. Even though NASICON materials are intrinsically free from thermal runaway
problems, their combination with Li (see, e.g., Ref. [24] for LAGP), but also with cathode
compounds [17], can bring about exothermal reactions. The application of different types
of layers at the NASICON /anode interface has been proposed to mitigate degradation:
Ge [25]; Al,O3 [26]; LiZr,(PO)4 (decomposing in-situ to yield a stable, ionically conducting
LizP/LigZrOg composite) [27]; Zn@Li,O core-shell particles [28]; LiF/LisN [29].

This complex degradation scenario, often faced with trial-and-error fabrication ap-
proaches, calls for better physico-chemical insight. In particular, a close-knit group of
in situ studies have appeared, addressing the following aspects. (i) XPS and AES stud-
ies of ISSE reactivity in contact with Li (LiPON [15,30,31], Li;P351; [32], Li;S-P5Ss5 [33])
and cathodic materials (LigPS5Cl/LCO, NMC, and LMO [34]). (ii) Neutron depth pro-
filing was employed to follow the anodic interphases of garnet [35], LiPON, LLZO, and
amorphous Li3PS, [22]. (iii) Electron holography was used to observe Li* shuttling in
Lijyx4yAlyTizSixP3-xO12 [36] and to observe the electric potential distribution develop-
ing upon cycling [37]. (iv) Finally, the authors of this paper have recently employed soft-X
ray based Near-Edge X-ray Absorption Fine Structure (NEXAFS) microspectroscopy to
follow the modifications of the LAGP/Li interface, resulting from battery cycling [38]. In
the present work, we demonstrate the possibility of using Scanning Photoelectron Mi-
croscopy (SPEM) to map the elemental and chemical-state distribution of the cathodic and
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anodic interfaces with submicrometric precision. In this first study, chiefly addressing
methodological aspects, we developed fabrication and time-lapse in-situ measurement pro-
tocols to analyse intact, full LAGP-based thin-film batteries in pristine condition and after
prolonged cycling. Exactly the same devices and approach can be adopted for subsequent
in operando studies.

2. Experimental
2.1. Microfabrication of the SSB

This SPEM study is centred on a microfabricated thin-film solid state battery, with
LAGP ISSE, LMO cathode, and Li metal anode, plated onto a Cu current collector during
the formation and recharge processes. This device exhibits the dual nature of being a
concrete device for battery-integrated microelectronics and of being directly measurable
with UHV-based methods, such as SPEM. The TFSSB structure includes structural support,
cathodic and anodic current collectors, cathode, solid electrolyte, anode, and a capping
layer that insulates Li, from the ambient.

LAGP (NASICON-type Lij 5Aly 5Ge; 5(PO4)3) was selected for three main reasons: the
stability of NASICON-type materials with respect to oxygen and humidity [39-41] and
the wide electrochemical window (3.0-4.6 V, measured for a LMO/LAGP/Li TFSSB [42]).
Moreover, NASICON-type films can be produced by PVD (Magneton-Sputtering) [43].
Regarding the anode, our TFSSN was fabricated in an anodeless configuration [44,45] with
a current collector made of Cu that does not alloy with Li, onto which Li is electrodeposited
during charging periods. LMO (Mn-based spinel-type LiMn,0O4) was selected as the
cathode material because it is environmentally stable and its implementation in thin-film
form is well documented for SSBs [46]. Thin-film LMO cathodes can be grown by PVD
(magnetron sputtering [47] and PLD [48]) and Plasma-enhanced CVD [49].

The cell configuration we adopted exhibits the electrode—electrolyte system in pla-
nar configuration, to optimize the imaging capability of electrode—electrolyte interfacial
processes (Figure 1). The patterned electrodes and electrolyte were microfabricated with
a four-step optical lithography and lift-off protocol at the PoliFab Facility of Politecnico
di Milano, on commercial supported SizN4 membranes (Si support: square, side 5.0 mm;
SizN4 membrane: square, side 0.5 mm, thickness 75 nm) supplied by Silson Ltd., Southam,
UK. The current feeders were Au (cathodic, 30 nm) and Cu (anodic, 50 nm) films, deposited
on 10 nm thick Cr adhesion layers. Au current collectors were successfully employed for
TFSSB [50]. Cr and Au were sputtered (Z400 Leybold GmbH) and Cu was electron-beam
evaporated (BAK 640 evaporator, Evatec AG). LMO (Merck) was also evaporated with
a deposition rate of 0.2 nm/s, which ensures the growth of a nanocrystalline thin layers
with optimal cycling properties in the potential interval 4.5 <- 3.0 V at ambient tempera-
ture [51]. The lift-off step for LMO was performed with an ethanol amine stripper. LMO
was not heat-treated, as is customary for SSBs with bulk electrodes [52], to avoid chemical
interaction with LAGP [53]. The LAGP electrolyte was RF sputtered, with the same system
used for Cr and Au, to a thickness of 0.1 um. To ensure the correct P/Ge ratio, we followed
the protocol of Ref. [54]. We operated a nominally Li; 5Aly 5Ge; 5P301, target (MSE PRO,
our EDX target analysis: Ge 8.8 at%, Al 3 at%, P 17.6 at%, O 71 at%) in 4 X 10~2 mbar
Ar in planar geometry, with a power density of 1.7 W cm ™2, substrate-to-target distance
of 40 mm and growth rate of 5 nm min~! [6]. Lift off was carried out with acetone. The
LAGP electrolyte layer covered the whole device, also acting as a capping layer. This
geometrical arrangement of the electrodes and electrolyte is appropriate for transmission
experiments, such as spectro-STXM [38]. However, for the present SPEM study, aimed at
following chemical variations of LAGP, the progress of the electrolyte reaction occurring at
the electrode/electrolyte interfaces would yield a chemical front that propagates through
the thickness of the electrolyte, emerging to the surface. Finally, the microfabricated devices
were wire bonded on an IC socket adapter (Figure 1D). Figure 2 shows the functional
part of the TFSSB and reports a selection of material characterizations. Figure 2A reports
the EDX map of the cell: the electrochemically active region is the one capped with the
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LAGP film (green area). As indicated above, for fabrication reasons, the cathode (blue) and
anode (red) patches extend beyond the actual cell. The SEM micrographs of the LMO and
LAGP layers (Figure 2B, Figure 2C;, and Figure 2C,, respectively)) show a homogeneous
morphology micro-crystallite pattern. EDX spectra and quantitative analyses (Figure 2D,E)
confirm that the nominal stoichiometry is preserved. X-ray diffractography (Figure 2F) and
Raman spectroscopy (Figure 2G) prove that the correct crystal structures are obtained.
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Figure 1. (A,B) The design of LMO/LAGP/Cu Li metal TFSSB. (C,D) Light microscope images of
the microfabricated battery. (E) Battery mounted on the SPEM sample stage.
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Figure 2. (A) EDX map of the pristine LMO/LAGP/Cu Li metal TFSSB, for: Mn (LMO cath-

ode), Cu (anode) and Ge (LAGP electrolyte). SEM micrographs of LMO (B) and LAGP (C;1,Cp).
(D,E) EDX spectra of LMO and LAGP). (F) X-ray diffractograms of pristine (green) and cycled (red)

cell. (G) Raman spectra of pristine (green) and cycled (red) cell. Partly adapted from Ref. [38],
with permission.

The X-ray diffractogram of Figure 2F, the green plot, shows reflections from the Cu
(PDF 003-1018) anode support, the LMO (PDF 35-0782) cathode, and the LAGP electrolyte,
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witnessing growth of well-crystallized LMO [55] and LAGP [8,56-59]. In addition, owing
to the lack of lateral resolution of this measurement, peaks from the Si [60] and SizNy
substrates [61] and the Al clips (PDF 85-1327) were also recorded.

The Raman spectrum, measured with a laser wavelength of 532 nm, exhibits a strong
fluorescence, which can be reduced by appropriate filtering, at the cost of a low signal-to-
noise ratio, which is sufficient for material characterization. The background- and cosmic
rays corrected spectrum of Figure 2G, the green plot, shows the characteristic NASICON-
type bands, coherently with literature data [57,59], dominated by the vibrational modes
of POy [62-64]. The key Raman spectral features are: t.h. PO4, more translation-libration
of phosphate tetrahedra; dsym (P-O-P) and 8asym (P-O-P) symmetrical and antisymmetrical
P-O-P bending and v(POy) tetrahedron stretching.

2.2. Scanning PhotoElectron Microscopy (SPEM)

The SPEM measurements were carried out at Elettra synchrotron located in Trieste,
Italy, using the ESCA Microscopy beamline. The incident monochromatic X-ray radiation
is focused by means of zone plates (ZP) and demagnified to a submicrometer (down to
100 nm) spot onto the sample, which is raster scanning over the ZP focal plane perpendicu-
lar to the microprobe [65]. For each point during the scan, photoelectrones are collected
with a SPECS-PHOIBOS 100 hemispherical analyzer to acquire spatially resolved photoe-
mission spectra and chemical maps. The SPEM data for this work have been recorded with
0.2 eV energy resolution by using an incident beam of 650 eV photon energy.

3. Results and Discussion

The anodeless TFSSB was initially subjected to a formation step, consisting in de-
intercalating Li* from the cathode and plating metallic Li onto the Cu current collector
film, and subsequently cycled with the protocol, described in Section 3.1. The same TFSSBs
in pristine and cycled conditions were studied by spectral STXM in [38]. The present
SPEM-based study shows the feasibility of time-lapse in situ photoelectron studies of full
devices and provides complementary electrochemical materials-science information.

3.1. Electrochemical Ageing

Our LAGP-capped TFSSBs, in a discharged state, are stable in humid air and can
be freely moved from the glove-box, where they were electrochemically cycled, to the
SPEM end-station. For the present investigation, five potentiostatic cycles between 4.5 and
3.0 V of 24 h each were used, terminating in the discharged state. Prolonged cycling of
LMO/LiPON/Li TFSSBs was demostrated in this potential range [66]. Moreover, limiting
the potential to 4.5 V was proved not only to nominally exclude parasitic reactions, but also
to avoid changes in the lattice structure [51]. This electrochemical polarization program led
to the attainment of vanishing current densities at the end of each charge/discharge cycle.
Cycling was carried out in an Ar-filled glovebox, with an SP 50e Bio-logic potentiostat. The
battery capacity and the cathode utilization degree, i.e., the fraction of cathodic material
built in the SSB that is actually utilized for successive recharging processes [67], were
evaluated by integrating the relaxing part of the chronoamperometric time-series (Figure 3).
Figure 3A shows that ca. 50% of the initial specific nominal capacity corresponding to the
formation at 4.5 V is lost after the first discharge at 3.0 V. It should be mentioned that this
first-cycle loss is ca. a factor of 6 higher than that of TFSSBs designed for performance [47].
The suboptimal functional behaviour of our device dedicated for multimodal in situ studies,
including transmission experiments, is acceptable for the current methodological purpose
and can be improved, especially for surface-sensitive photon-in electron-out SPEM. After
cycling, the structure of LAGP, as assessed by XRD and Raman, resulted to be modified.
XRD (Figure 2F, red plot) shows the formation of a fraction of crystalline Ge [68]. The
Raman spectrum is dominated by the characteristic Ge-Ge stretching mode of elemental
Ge at ca. 275 cm ™! [69-71].
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Figure 3. Electrochemical results of LMO/LAGP/Cu Li metal TFSSB ageing: (A) specific cell ca-
pacitance and (B) LMO catode utilization, as a function of the cycle number. Cycling conditions:
potentiostatic intervals of 24 h at 3.0 and 4.5 V.

3.2. Chemical Mapping by Scanning Photoelectron Microscopy (SPEM)

TFSSBs were examined by SPEM in pristine state and after the application of the
ageing protocol described in Section 3.1. The energies selected for imaging were centred at
the Ge 3d, Al 2p, and Li 1s core levels. SPEM imaging was complemented by Visible Light
Microscopy (VLM) observations. Imaging and spectro-imaging results for the pristine
and aged cell are reported in Figures 4 and 5, respectively. Here we would like to stress
that since this complex system may also undergo radiation damage due to charging,
reduction, and dissociation [72] we show only specro-imaging results where the spectra are
extracted from the images within the energy window of 4 eV. Indeed, the resolution of the
spectroimaging is low, but the microspot spectra that require longer measurement times
showed much stronger radiation damage effects. For these reasons, leading to a relatively
poor signal-to-noise ratio, we shall refrain from fitting the micro-spectra.

(D) (E)

614 eV
256 x 25,6 ym”

LMO cathode

Intensity (a.u.)

40 32

38 36 34
Binding Energy (eV)

Intensity (a.u)

Li@Cu anode
(8)

40 3 L
Binding Energy (¢V)

(F) (G)

(©

Figure 4. SPEM results for the pristine LMO/LAGP/Cu Li metal TFSSB. (A,B) VLM image of the
whole cell. (C) VLM images of the cathode/electrolyte (top image) and anode/electrolyte (bottom
image) interfacial regions. (D,F) SPEM maps at the Ge 3d core level energy of the cathode/electrolyte
(top image) and anode/electrolyte (bottom image) interfacial regions. (E,G). Micro-XPS Ge 3d spectra
extracted from the indicated positions of the SPEM images of Panels (D,F).

Visible Light Microscopy (VLM) (Figure 4A—C) and SPEM (Figure 4D,F) images of the
electrode/electrolyte interfaces of the pristine cell were found to be homogeneous. After
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cycling, appreciable morphological changes were observed at both electrodic interfaces
(Figure 5A-E). Specifically, void formation was evidenced at the cathodic LMO/LAGP
interface (VLM: upper image of Figure 5B; SPEM: Figure 5C) due to mechanical damage
caused by the periodic volume changes accompanying the LMO delithiation-lithiation
cycles. Instead, clear material accumulation features were observed at the anodic Cu/LAGP
interface after charge—discharge cycles (VLM: lower image of Figure 5B; SPEM: Figure 5E),
corresponding to the periodic, irreversible Li plating and stripping. These imaging results
are coherent with the SEM observations of the anode of a Cu/LiPON/LCO TFSSB reported
by Ref. [44], that have been explained with the growth of Li,O crystallites, resulting from the
electrolyte decomposition accompanying Li plating. In turn, the LAGP reaction correlates
to the loss of active lithium inventory, capacity fade, and anode passivation.

(D)

LMO cathode

Intensity (a.u.)

38 38 34
— BindingEnergy (V)

Li@Cu anode
(A)

Intensity (a.u.)

————————

38 32

36 34
Binding Energy (eV)

(F)

Figure 5. SPEM results for the electrochemically aged LMO/LAGP/Cu Li metal TFSSB. (A) VLM im-
age of the whole cell. (B) VLM images of the cathode/electrolyte (top image) and anode/electrolyte
(bottom image) interfacial regions. (C,E) SPEM maps at the Ge 3d core level energy of the cath-
ode/electrolyte (top image) and anode/electrolyte (bottom image) interfacial regions. (D,F). Micro-
XPS Ge 3d spectra extracted from the indicated positions of the SPEM images of Panels (C,E).

SPEM measurements enable a chemical-state analysis of the different regions of the
cell with submicrometer space-resolution, which has not been attempted so far. They
can usefully complement and deepen the few published XPS-based studies, disclosing
the reductive degradation of LAGP in contact with metallic Li. In the literature, it was
reported that metallic Ge and Ge-Li alloys tend to form as a result of evaporating Li
onto bulk LAGP [12] or contacting LAGP with liquid Li [13]. Moreover, for the case of
LATGP, Ref. [12] pinpointed a similar type of damaging, due to reduction of both Ge and
Ti and alloy formation with Li. It is worth noting that, on the basis of electrochemical
data, but in the absence of XPS evidence regarding the Li attack, Ref. [25] reported that
sputter-coating LAGP with a thin layer of Ge would lead to the formation of a Li-Ge
buffer layer, further suppressing Ge** reduction. Cognate XPS results also showed that Li
sputtering onto LLTO perovskite brought about the formation of Ti** and Ti" from Ti** [15].
Similarly, Ge reduction upon Li* insertion in NbGeOs anodes was documented by Ge
K-edge spectroscopy [73]. It is worth noting, in passing, that Ti** reactivity towards molten
Li seems much lower in garnet-type LLZO than in phosphate-based LATGP [74], while Li
sputtering onto Nb- and Ta-doped LLZO was reported to lead to the formation of Nb3*
and Nb** from Nb°* and Zr?* from Zr**, while the chemical state of Ta is stable [75].

Figure 4E,G report Ge 3d spectra, extracted from SPEM maps, of both electrodes in the
pristine state. Coherently with the VLM images of Figure 4B,C, the very limited variation
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of contrast is due only to fabrication-induced surface topology features, whereas the local
spectra demonstrate the homogeneity of the Ge chemical state. The chemical state in the
cathode region corresponds to the nominal Ge** of LAGP at the cathode [57]. Instead,
a homogeneously distributed chemical-state change, corresponding to the reduction to
elemental Ge [13,76] can be observed at the anode patch. This space-independent chemical
state change, which does not correlate with the position within the anodic region, can be
explained with beam-induced reduction, caused by local sample charging and reduction.
This occurs because the cell is grounded through the cathode and the pristine LAGP
layer is electronically insulating. This beam-damage phenomenon, which has not been
pinpointed in the previous literature reports on LAGP, suggests special care in photoelectron
measurements and mandates accurate control of possible charge accumulation at the sample
surface and beam induced reduction.

The Ge 3d maps and spectra measured in both electrodic patches of the cycled cell
are reported in Figure 5C-F and also in Figure 6 for comparison with pristine state, while
the Al 2p and Li 1s maps and the spectra are depicted in Figure 7. These SPEM images
in Figures 5 and 7 confirm the morphological changes of both the cathode and anode ob-
served by VLM. The spectra extracted from different locations of LMO electrode (Figure 5D,
and green plot of Figure 6) show that—within the limits of the available signal-to-noise
ratio—the Ge chemical state remains homogeneous and identical to that of the pristine cell,
denoting that void formation at the cathode/electrolyte interface is not accompanied by
Ge** reactivity. On the contrary, in the anode region (Figure 5F, and purple plot of Figure 6),
morphological and chemical-state changes correlate, disclosing that Ge** undergoes reduc-
tion at the cycled anode/electrolyte interface, coherently with the space-averaged results of
Refs. [12,13,76], which were obtained in the absence of electrochemical control. Different
positions in the interfacial region show different levels of Ge** reduction that may also
be beam assisted. In the zone where morphological transformation is observed, closer to
the electrolyte (the red point of Figure 5E), the Ge signal disappears. This weaker Ge 3d
signal is coherent with the build-up of Li;O at the anode/electrolyte interface conjectured
by Ref. [77] and is confirmed by the fact that the Li 1s signal (Figure 7D) can be recorded
only in this region. This Li accumulation phenomenon is coherent with the irreversible
formation of Li oxides during the discharge periods. Instead, in internal regions that are
farther from the LAGP patch (the blue and green points of Figure 5E), the dominating
chemical state corresponds to Ge*, possibly due to LiGeO, formation: the presence of this
species has been reported to result from the oxidation of Ge-5i alloys [78]. Moreover, at the
reactive anode/LAGP interface, the Al 2p spectrum is also modified and shows an addi-
tional peak that can be assigned to Al,O3 [79], again resulting from LAGP decomposition.
The aged cell does not show strong evidence of beam damaging: this result militates in
favour of the development of MEIC in the LAGP layers damaged under battery operating
conditions [1,15,20-22].

38 eV —— Anode pristine
——Cathode pristie
Cathoe aged
—— Anode aged_Off interface
Anode aged_interface

32eV

Intensity (a.u.)

\//f

44 42 40 38 36 34 32 30 28 26
Binding Energy (eV)

Figure 6. Overview of normalized micro-XPS Ge 3d spectra extracted from characteristic positions of
the SPEM images of the cathode/electrolyte and anode/electrolyte interfacial regions depicted in
Figures 4D,F and 5C,E.
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Figure 7. SPEM results for the electrochemically aged LMO/LAGP/Cu Li metal TFSSB. (A,C) SPEM
maps at the Al 2p and Li 1s core level energies of the anode/electrolyte interfacial regions.
(B,D) Micro-XPS Al 2p and Li 1s spectra extracted from the indicated positions of the SPEM images
of Panels (A,C).

4. Conclusions

This Scanning Photoelectron Microscopy (SPEM) study of a full, intact LMO/LAGP/
Cu Li metal TFSSB, pinpointed the morphochemical changes of the LAGP solid-state elec-
trolyte, caused by formation and charge/discharge cycling. Specifically, SPEM mapping at
the Ge 3d core-level revealed that the morphological changes occurring at the LMO/LAGP
interface are mainly due to mechanical damaging and are not accompanied by any mod-
ification of the original Ge* chemical state. Instead, after charge/discharge cycles, the
Cu/LAGP interface presents a rich scenario of Ge** reduction to Ge® closer to the elec-
trode/electrolyte contact and to Ge3* farther from it: both processes are triggered by the
plating/stripping of Li. LAGP decomposition is further confirmed by the change in the Al
2p spectrum, compatible with the formation of Al oxide. Moreover, this chemical process
is coupled with a phase-formation one, bringing about shape changes due to irreversible
accumulation of the new material: possibly Li;O and Li*-containing LAGP degradation
products, confirmed by spectroscopy at the Li 1s core level. The morphological, structural,
and chemical modifications of the TFSSB brought about by electrochemical ageing, as
observed in this study, are summarized in Figure 8. Reductive LAGP damaging is known
from the literature, based on LAGP chemical lithiation experiments without space resolu-
tion. Our SPEM study of a complete battery, thanks to its submicrometer space resolution
capability, proves for the first time that this reductive damaging mechanism is localized
at the Li/LAGP interface. Moreover, we have shown that LAGP decomposition gives
rise to a space distribution of degradation products, which affects the shape of the anodic
solid /solid contact and its ionic and electronic conduction properties.
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Figure 8. Scheme of the changes of LMO/LAGP/Cu Li-metal TFSSB brought about by cycling
(potentiostatic intervals of 24 h at 3.0 and 4.5 V) and monitored with the SPEM-centered analytics
employed in this work.

This demonstration work, dedicated to time-lapse in situ photoelectron measurements,
on the one hand, proposes a route to micro-fabricate batteries, that are compatible with
SPEM technical constraints, and, on the other hand, defines an experimental protocol
to carry out successful photoelectron spectroscopy mapping of all functionally relevant
surfaces and interfaces. The knowledge-base developed in this study, including a detailed
understanding of the instrument response, also considering ways to detect and avoid beam
damage, opens up the possibility of carrying out systematically dynamic in operando
SPEM and micro-XPS experiments with TFSSBs.
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