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A B S T R A C T   

Batteries with inorganic solid-state electrolytes (ISSE) are attracting notable interest for next-generation systems 
implementing Lithium (Li) metal anodes, in view of achieving higher energy densities combined with superior 
safety. Notwithstanding extensive research and development work, this technology is not yet ready for industrial 
implementation, one of the key challenges being the stability of ISSEs, chiefly at the anodic interface. This work 
attacks this issue for the specific case of the LAGP/Li (Lithium Aluminium Germanium Phosphate/Lithium) 
interface with a micro-spectroscopic approach centred on post mortem Scanning Transmission X-ray Microscopy 
(STXM) of intact LMO/LAGP/Li thin-film batteries, microfabricated in discharged state. Pristine and cycled cells 
were mapped to pinpoint morphochemical changes, induced by electrochemical ageing. The evidenced shape 
changes, corresponding to mechanical damaging of the solid/solid electrodic interfaces correlate with LAGP 
decomposition at the anode, leading to reduction of Ge, whereas the chemical state at the cathodic interface is 
preserved. Thanks to its submicron spacial resolution, the STXM at the Ge L-edge and O K-edge spectra allowed 
to assess the highly localized nature of the chemical transformation of LAGP and its correlation with the for
mation of Li outgrowth features.   

1. Introduction 

High energy density and safety are two crucial development lines for 
next-generation battery technologies and the combination of metallic Li 
anodes with inorganic solid-state electrolytes (ISSE) is a promising route 
to this goal. In fact, on the one hand, ISSEs are inflammable, and on the 
other hand, their combined single-ion conductivity and high stiffness are 
effective means to suppress Li dendrite growth. In addition to their 
general interest for battery technologies, ISSEs are enabling materials 
for thin-film SSBs (TFSSB), that can be microfabricated with approaches 
that are similar to those of microelectronic devices and, in particular, 
can prospectively provide micro-energy sources, integrated with micro- 
devices [1,2]. The downside of ISSEs is that they exhibit mechanical 
damaging and ionic contact issues at the solid electrode-electrolyte in
terfaces, dendrite growth control is poor in the presence of grain 
boundaries, and poorly understood decomposition processes impair 
ionic conductivity and can lead to undesirable mixed ionic-electronic 
conductivity. The development of pure ISSEs (i.e. without addition of 
polymers or ionic liquids) has a time-honoured history, that has been the 

object of several reviews (e.g. Refs. [3–6]). ISSEs can be classified into 
three main classes: (i) Phosphate-based - (i.a) (NASICON-type) LAGP 
Li1+xAlxGe2− x(PO4)3 [7–9]; LATP Li1.3Al0.3Ti1.7(PO4)3, [10–12]; (i.b) 
LiPON Li2.88PO3.73N0.14 [13,14]; (ii) Oxide-based - (ii.a) Perovskite 
LLTO Li3xLa2/3− xγ1/3− 2xTiO3 (γ: vacancy) [15]; a typical stoichiometry 
being Li0.34La0.51TiO2.94; (ii.b) anti-perovskite Li3OX (X halogenide ion): 
Li3OCl0.5Br0.5 [16]; Li2.99Ba0.005OCl [17]; Li2(OH)0.9F0.1Cl [18]; (ii.c) 
Garnet LLZO Li7La3Zr5O12 [19]; Li7La3Zr5O12/Li2.3C0.7B0.3O3 [20]; 
Li6.8La2.95Ca0.05Zr1.75Nb0.25O12 [21]; (iii) Sulphide-based – (iii.a) 
Thio-LISICON-type LGPS Li10GeP2S12 [22,23]; (iii.b) Binary sulfides 
Li2S− MxSy (M = Al, Si, P, etc.). 75Li2S⋅25P2S5 [24]. In this work, we 
have focused on LAGP, a NASICON-type ISSE, for the reasons detailed in 
Section 2.1. 

NASICON-type materials exhibit the general formula AM2(PO4)3, in 
which A is a monovalent alkaline ion and M a tetravalent transition 
metal one. The structural framework can also be viewed as a rigid 
M2P3O12 skeleton, where two MO6 octahedra and three PO4 tetrahedra 
are linked by sharing corner O atoms in single unit. Within this skeleton, 
alkali ions occupy the interstitial A1 and A2 sites and may diffuse via the 
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transport channel established by MO6 octahedra and PO4 tetrahedra. 
Moreover, this structure can easily accommodate ion doping, enabling 
relatively flexible structural tuning. In addition, the special arrangement 
of metal-oxygen polyhedra minimizes electronic conductivity. A wide 
series of NASICON-type ISSEs have been proposed, mainly with 
LiTi2(PO4)3 and LiGe2(PO4)3 basic lattices, chiefly with partial substi
tution of tetravalent ions (i.e. Ti, Ge) with trivalent ones (Al, Ga, Fe), as 
well as other forms of doping [25]. Mainly, additives are used to 
modulate the crystal structure [26]; but also to generate glassy com
pounds that minimize diffusion barriers at grain boundaries [27]. Pro
totypical cases are LAGP Li1+xAlxGe2− x(PO4)3, tackled in the present 
study, and LATP Li1.3Al0.3Ti1.7(PO4)3. The relatively high Li+ conduc
tivity is attributed to the super-stoichiometry of this ion combined with 
the presence of tunnel structures exhibiting locally higher diffusion 
coefficients, associated with atomic radius effects. 

As mentioned above, degradation – chemical, electrochemical, me
chanical and thermal – is probably the single most critical issue 
impeding widespread practical implementation of ISSEs, the phosphate- 
type in particular. The most significant degradation modes of NASICON- 
type materials are summarized below. (i) Chemical stability of NASI
CON/cathode contact –decomposition, leading to Li3PO4 formation is 
found in the LAGP/LMN [28] and LATP/LCO, LMO, LPF [29] couples. 
(ii) Chemical stability of NASICON/Li contact – LATP/Li and LAGP/Li: 
formation of Li–Ti-Ge alloy at the interface, monitored by ex situ SEM 
and XPS [30,31]. (iii) Electrochemical stability of phosphate-based 
NASICON/Li contact – LAGP and LATP/Li interfaces were reported to 
undergo reduction of conductivity after a few hours of electrochemical 
polarization as a result of the reduction of Ti4+ and Ge4+ [32]. Reductive 
degradation leads to the formation of mixed electronically-ionically 
conducting (MEIC) layers [33]; sustaining continued reactivity. (iv) 
Mechanical stability - ISSEs are appealing as electrolytes for batteries 
with Li anodes, owing to their mechanical properties, since (single-
crystal or with resistant GBs) electrolytes with shear modulus in excess 
of ca. a factor of 2 of that of Li (4.8 GPa) should prevent dendrite growth 
[34]. This requirement, in terms of intrinsic material properties, is met 
by all ISSEs, but, in practice, owing to a range of crystalline imperfec
tions and MEIC nature, the practical impact on dendrite suppression is 
limited [35–37]. A mechanical aspect with ISSEs is that, in addition to 
electrical contact issues - that can also affect dendrite growth [38]; they 
must also be able to accommodate stresses resulting from battery 
fabrication and cycling [39]; whereby toughness properties come to the 
foreground [40]. (v) Thermal stability - even though ISSEs are consid
ered the approach of choice to avoid thermal runaway, in the presence of 
Li metal cases of exothermal reactions and thermal runaway of LAGP 
have been reported [41]; attributed to oxygen, released from the 
chemically formed interface layer. Thermal stability of ISSEs is generally 
lowered when they are combined with cathode materials [29]. Degra
dation issues are at times faced by engineering the ISSE/anode interface, 
as: (i) compositional tuning (e.g. LiZr2(PO)4, to form a thin and stable 
interface layer containing Li3P and Li8ZrO6, providing ion-transport 
channels and preventing the dendrite growth [42]; (ii) fabrication of 
interlayers (e.g. a LiF/Li3N layer, via eletrochemical pre-cycling of 
LAGP/Li [43]; adding a sputtered Ge layer between LAGP and Li [44] 
and functionalized with Al2O3 layers the LATP surface in contact with Li 
[45] and Li2O/Zn core-shell particles [46]. 

This complex degradation scenario of the ISSE and ISSE/electrode 
interfaces call for a more insightful physico-chemical understanding. 
Several approaches, documented in the literature and quoted in the 
previous paragraph, relate essentially to: (i) crystal structure (X-ray and 
neutron diffraction); (ii) particle morphology (SEM, TEM) and local 
atomic structure (HRTEM), combined with elemental (EDS) and elec
tronic structure (EELS) information; (iii) Elemental and chemical-state 
composition (XAS, XPS, SIMS); (iv) Li+-transport mechanisms 
(neutron scattering, NMR); (v) information regarding buried electro
ctrode/electrolyte interfaces by X-ray and neutron tomography as well 
as by micro-erosion techniques (ion sputtering, FIB). Moreover, in situ 

approaches are gaining momentum, such as: (i) XPS and/or AES, used e. 
g. to investigate the reduction of Ti and Ge by metallic Li and decom
position of LiPON [33,47,48]; to study the chemical stability of the 
Li7P3S11/Li [49] and Li6PS5Cl/LCO, NMC and LMO [50] interfaces, to 
follow SEI formation in Li2S–P2S5 [51]; (ii) neutron depth profiling 
(NDP), employed to analyse the garnet/Li interphase [52] and the dy
namic evolution of Li+ concentration profiles in LiPON, LLZO and 
amorphous Li3PS4 [37]; (iii) in situ electron holography to investigate 
the 2D electric potential distribution developing upon cycling [53] and 
Li+ shuttling [54] in TFSSB, based on 
Li1+x+yAlyTi2− ySixP3− xO12(LATSPO). 

The present study demonstrates the feasibility and impact of soft-X 
ray based Near-Edge X-ray Absorption Fine Structure (NEXAFS) micro
spectroscopy to shed more light on the morpho-chemical evolution of 
ISSE electrolytes in complete batteries. The key challenge was building 
and operating a thin-film battery that allows sufficient soft-X ray 
transmission for accessing the NEXAFS L-edges of the metallic species, 
that are highly diagnostic in terms of electronic structure. In this first 
approach, where methodological aspects are the key, we worked with 
intact batteries in the post mortem mode in order to be able to assess the 
impact of prolonged cycling conditions not compatible with short syn
chrotron beamtimes, but exactly the same devices and approach can be 
adopted for follow-up in operando work. 

2. Experimental 

2.1. Battery microfabrication 

This microspectroscopy study is focused on a microfabricated thin- 
film solid state battery (TFSSB), with LAGP ISSE. This kind of device, 
on the one hand belongs to a class of interest for battery-integrated 
microelectronics and, on the other hand, allows to cope with the soft- 
X ray transmission requirements of STXM microspectroscopy. The 
structure of a TFSSB includes: substrate, cathode collector, cathode, 
solid electrolyte, anode, anode collector, and protective coating. 

The choice of LAGP as the ISSE was dictated by three key reasons: (i) 
its notable environmental stability, in fact NASICON-type materials are 
regarded as the most stable class of ISSEs with respect to environmental 
exposure and aqueous processing [55–57]; (ii) LAGP exhibits a wide 
electrochemical window (3.0–4.6V was demonstrated in a LMO/LAG
P/Li TFSSB [58]) and (iii) Ge and Al possess absorption edges in the 
soft-X ray range. Finally, thin-film NASICON-type ISSEs have been 
successfully deposited by Magneton-Sputtering PVD [59] and PLD in 
Ref. [14]. As far as the anode is concerned, we selected the so-called 
anodeless fabrication concept, whereby Li is plated in situ during the 
first charge cycle. This fabrication approach combines the high-energy 
density capability of a metallic Li anode with ease of assembly, thanks 
to the absence of reactive materials [60,61]; of course at the cost of an 
early tendency to grow granular, mossy or dendritic Li. In the specific 
case of this study, this fabrication was dictated by two main reasons: (i) 
safe transfer to synchrotron endstations, that are not equipped with 
proper ambient allowing sample insertion under controlled atmosphere; 
(ii) difficulty to grow a Li film by vapour deposition and apply wire 
contact, owing to the low melting point of Li. The anodic current col
lector and support for Li plating was Cu, as customary in anodeless Li 
batteries, since this element allows blocking of Li diffusion. LiMn2O4 
(LMO) was selected among the most widely employed TFSBB cathodes 
because of its ambient stability and ease of microfabrication, though at 
the cost of a complex intercalation chemistry, with two main phase 
transformations during each deep charge-discharge cycle. Thin-film 
LMO cathodes have been successfully grown by PVD (MS [62] and 
PLD [63]), as well as Plasma-enhanced CVD [64]. Moreover, it is worth 
noting that the thin-film cathode up to thicknesses of a few μm, well 
above that employed in our device [65]; affects negligibly the cell 
resistance. 

Specifically, thin films of the patterned electrodes (Cathode; Mn- 
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based spinel LiMn2O4 LMO) and electrolyte (NASICON-type; Li1.5Al0.5

Ge1.5(PO4)3 (LAGP)) were directly grown and nanofabricated by a four- 
step optical lithography process and lift-off on commercial suspended 
Si3N4 membranes (dimensions: square support, side 5.0 mm; square 
window, side 500 μm; window thickness 75 nm - supplied by Silson Ltd. 
UK) with thickness optimised for X-ray transmission at I08 beamline, 
bearing evaporated Au or Cu (for the anode-free technology) current 
feeders. We implemented a planar configuration with partial electrode- 
electrolyte overlap to maximize the sensitivity to electrode-electrolyte 
interfacial processes and space-dependent intercalation/plating into/ 
onto the electrodes (Fig. 1). 

Moreover, the highly ambient-stable LAGP layer, covering whole 
device, also acted as a soft-X ray transparent protective coating. The 
Electrical contacts are first realized by sputtering Cr (10 nm)/Au (30 
nm) layers (Z400 sputtering system, Leybold GmbH). Au current col
lectors have been successfully used in TFSSBs [66]. Afterwards, both 
LMO and Cu electrodes are deposited on top by electron beam evapo
ration (BAK 640 evaporator, Evatec AG) to a final thickness of 50 nm 
with a deposition rate of 0.2 nm/s and 2 nm/s, respectively, yielding 
nanocrystalline cathode material that is expected to cycle well in the 
range 4.5 ÷ 3.0 V (see Section 2.2) at room temperature [13]. Better 
cathode performance would be enabled by annealing [67]; but this 
would destroy the optical window. Moreover, interaction of LMO with 
the ISSEs can be expected [68]. Finally, 100 nm LAGP electrolyte is 
deposited from a stoichiometric target by RF sputtering (Z400 sputtering 
system, Leybold GmbH) in a pure Ar atmosphere (4 × 10− 2 mbar) [7]. 
LAGP deposition was carried out in planar geometry with a sub
strate/target distance of 40 mm and a power density of 1.7 W/cm2, 
yielding a deposition rate of 5.0 nm/min. To preserve the P/Ge ratio in 
LAGP thin films we have followed the protocol reported in the literature 
[69]. The individual nanofabricated devices were wire bonded on an IC 
socket adapter (Fig. 1-C). 

The SEM images of the topmost LAGP layer (Fig. 2(A&B) show a 
homogeneous layer with a micro-crystallite pattern. EDX maps and 
quantitative analyses performed after the LMO and the LAGP deposition 

steps (Fig. 2(C&F)) confirm the stoichiometry of the target compounds. 
The structure of the functional layer of the as-fabricated batteries 

was checked by XRD (Fig. 2(D)) and Raman spectroscopy (Fig. 2(E)) 
Though yielding complex diffractograms, with a strong Si background 
and overlap of the reflections from all phases present in the thin-film 
battery, XRD is shedding light on the structure of the micro-fabricated 
electrode and electrolyte assembly of SSBs as reported in Ref. [70]. 
Reflections from the Cu (PDF 003–1018) and LMO (PDF 35–0782) 
electrodes and from the LAGP electrolyte are seen, together with peaks 
from the partly polycrystalline Si substrate [71]; the Si3N4 window [72] 
and Al (PDF 85–1327) from sample-holder clips, that exhibit peak shifts 
owing to the zero-error caused by being out of the sample plane. LMO 
[73] and LAGP [9,74–77], appear well-crystallized. The Raman spec
trum has a relatively low signal-to-noise ratio owing to a strong fluo
rescence background (removed in the spectrum shown), but the quality 
of the spectrum is very similar to those reports in the literature [76,77]. 
The Raman spectrum of LAGP exhibits features that are characteristic of 
NASICON-type materials, and are dominated by the vibrational modes 
of PO4 units [78–80]; in particular: (A) translation-libration of PO4 
tetrahedra phosphate tetrahedral; P–O–P symmetrical (B) and anti
symmerical (C) bending and (D) stretching of PO4 tetrahedra. 

2.2. Scanning soft-X ray transmission (STXM) microspectroscopy 

The STXM measurements were carried out at I08-SXM beamline in 
Diamond Light Source Ltd. located in Didcot, UK which is hosting a 
Scanning Transmission X-ray Microscope (STXM) [81]. The sample is 
raster-scanned in a plane perpendicular to the focused X-ray beam 
formed by a Fresnel zoneplate (ZP) and the transmitted X-rays are 
detected using an avalanche photodiode for obtaining images. With the 
available optics configuration we used beam size of 100 nm and 200 nm 
have been formed at Ge L-edge and O K-edge, respectively, which 
defining the spatial resolution achieved for this experiment. From the 
stack of images acquired over the energy windows across Ge, O and 
other absorption edges, μ-XAS spectra were extracted using 

Fig. 1. – Design (A–B) of the thin-film solid-state batteries for STXM. (C) Assembly of nanofabricated battery and its mounting on the sample stage. OSA (order 
sorting aperture) and ZP (zone plate). 
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post-processing software. We used a dwell time of 10 msec per pixel to 
acquire the STXM images. This takes around 30–60 Sec to image a 50 ×
50 pixel square of a region of interest (ROI) and around 60min for stack 
of images over the edge energies including overhead time. The intensity 
of incident beam (I0) was measured by moving sample out of the beam 
with the same optics set-up used for absorption signal (I) measurements. 
The central theme of the I08-SXM beamline is the ability to obtain 
morphological, chemical speciation and chemical state information on a 
full range of materials (inorganic/organic) under real conditions. 

The I08 sample holder is modified to accommodate an IC Dip Socket 
with 3 wire connections for biasing the battery cell using an electrical 
feed-through on the end-station chamber. Stacks of STXM images were 
collected with 0.1 eV energy steps for pristine and cycled samples, by 
scanning the energy across the Ge L-edges and O K-edge in the ranges: 
630–670 eV, 1215–1235 eV and 520–570 eV, respectively. 

2.3. Data analysis and μ-XAS data post-processing 

The performed analysis of the μ-XAS data is to (i) reveal the Ge and O 
chemical-state and study the formation of oxidation intermediates and 
(ii) assigning the mass transport at electrode|electrolyte interface. 
MANTiS software program is employed for data post-processing to 
elaborate the STXM results acquired in the form of stack images [82]. It 
is a versatile software package specifically developed for STXM data 
analysis to extract chemical-state distribution maps and normalized 
NEXAFS spectra corresponding to the diagnostic energies over region of 
interests. 

3. Results and discussion 

The battery, fabricated in a discharged state with a bare Cu current 

feeder at the anodic terminal, was initially charged by de-intercalating 
Li from the spinel cathode and plating Li on the Cu film and then 
cycled as detailed in Section 3.1. A pristine replicate of the battery and of 
the cycled one were studied by STXM presented in Section 3.2, following 
the morpho-chemical changes undergone by LAGP as a result of elec
trochemical ageing. 

3.1. Electrochemical ageing 

Before the initial charge, the pristine battery is stable in air and can 
be safely moved from the lab to the glove-box for ageing. Transfer from 
the glove-box to the optical and soft-X ray microscopes implies limited 
air exposure periods, whereby, in principle, the protective layer should 
minimize the oxidation of residual plated Li. The cell was electro
chemically cycled between 4.5 and 3.0 V in an Ar-filled glove-box, using 
an SP 50e Bio-logic potentiostat. The electrochemical preparation of the 
ex-situ aged cell involved 5 charge-discharge cycles, terminating in the 
discharged state. In order to drive the microcell under electrochemical 
conditions without activating parasitic reactions, charge and discharge 
were performed by applying 4.5 and 3.0 V for periods of 24 h. This 
ensured current relaxation to vanishing values: charging at potentials 
not exceeding 4.5 V avoids major changes in lattice structure [13] and 
the feasibility of prolonged LMO/LiPON/Li TFSSBs cycling in this range 
was reported [83]. In principle, complete stripping of electroplated Li is 
reversible, and since no Li excess is present, the Li-free battery should 
not be damaged by over-discharging the LMO cathode, in contrast to 
conventional Li-LMO batteries. The potentiostatic control adds further 
safety from this viewpoint, even though irreversible phase transitions 
upon lithiation-delithiation of the spinel structure still might occur. The 
capacity and cathode utilization were simply estimated from the integral 
of the relaxing part of the chronoamperometric time-series, yielding the 

Fig. 2. – (A&B) SEM images of LAGP deposited layer; (C&F) EDX maps and spectra. (D) XRD and (E) Raman spectrum of nanofabricated battery (Excitation laser: 
785 nm). 

M. Kazemian et al.                                                                                                                                                                                                                             



Journal of Power Sources Advances 17-18 (2022) 100106

5

values plotted in Fig. 3-A. 
As shown in Fig. 3-A, the Li-free TFSSB lost over 50% of its initial 

specific charge capacity at 4.5 V after the first discharge at 3.0 V. This 
loss is ca. a factor of 6 higher than those of thin-film devices designed for 
optimal battery performance [62]; in which thicker materials were 
employed but in the present case we have to secure the soft-X ray 
transmission. We monitored the progressive shape changes of both the 
anode/electrolyte and cathode/electrolyte interfaces after each cycle by 
OM: the results are reported in Fig. 3-B&C. 

The OM micrographs of Fig. 3 show the surface of: (B) the cathode/ 
electrolyte (LMO/LAGP) and (C) anode/electrolyte (Li@Cu/LAGP) in
terfaces of the TFSSB cell in the pristine state and after each of the five 
charge-discharge cycles. One can quite clearly notice the progressive 
formation of interfacial morphology between the electrolyte and both 
the cathode and (panel (B) and the anode (panel (C)). In the former case, 
a decohesion layer, accompanied by the grow of cavities from the LAGP 
into the LMO, while in the latter new globular objects appear on both 
sides of the interface. The morphology change of the cathode in vicinity 
of LAGP is caused by mechanical damaging due the volume changes 
during LMO lithiation/delithiation cycles, exacerbated by the solid/ 
solid contact with LAGP. Instead the formation of globular crystallites, 
without appreciable formation of pores or voids at the Li@Cu/LAGP 
interface, is related to Li plating/stripping and is in accordance with the 
results of a systematic study on mesoscopic Li film electrode morphology 
evolution, based on OM, SEM and profilometry in TFSSBs [83]: the 
specific anode morphology resembles the “agglomerate” type, charac
teristic of uncoated TFSSB and is compatible with the possibly limited 
protection by the LAGP capping layer. 

3.2. Elemental and chemical mapping by X-ray absorption microscopy 

The battery, both in the pristine and cycled states was studied by 
STXM. In the pristine state, the cathode and the electrolyte were found 
to be homogeneous confirming the as-fabricated Ge oxidation state. 
After cycling, only morphological changes, as those observed by OM 
(Fig. 3-B), were evidenced at the cathodic LMO/LAGP interface, while at 
the anodic (Li@Cu/LAGP) interface important morphological, compo
sitional and chemical-state variations were noticed. As shown in Fig. 4, 
they are comprising: (i) the build-up of material, coherently with the OM 
images and the expected irreversible Li plating/stripping process; (ii) 
evolution of the Ge L-edge spectra denoting Ge reduction [84–88] and 
(iii) variations in the O K-edge spectra (a new peak at 534 eV), in cor
respondence with the accumulated material layer. The measured spec
tral modifications and in keeping with literature spectra corresponding 
to Li2O [89] and GeO2 (modification of main peak at ca. 540 eV and 

change in slope on the low-energy side of the spectrum) [88]. Formation 
of these species is coherent with the received scenario regarding LAGP 
degradation. Early reports implementing LiPON-type SSE [60]; based on 
SEM imaging, upon cycling the formation of a new phase at the anode of 
a Cu/LiPON/LCO cell TF-SSBs, was explained, without going into 
mechanistic details, with the growth of Li2O crystallites, as a result of 
electrolyte decomposition accompanying Li plating. This process was 
correlated with the loss of active lithium inventory. This in turn, cor
relates with capacity fade, accompanied by anode passivation. More 
recently, the degradation of LAGP in contact with Li, simulating ex situ 
the electrolyte/anode chemistry, was explicitly addressed on the basis of 
space-averaged XPS analyses. 

Ge chemical-state changes with respect to pristine conditions clearly 
indicate reductive degradation characterized by the formation of 
metallic Ge and Ge–Li alloys. The LAGP/Li contact was obtained by 
evaporating Li on a LAGP sample [30] or contacting LAGP with liquid Li 
[31]. Similarly, for the case of LATGP, Hartmann et al. [30] pinpointed 
the same kind of damaging, due to reduction of both Ge and Ti and alloy 
formation with Li. It is worth noting that, on the basis of purely elec
trochemical data, Liu et al. [44] reported that sputter-coating LAGP with 
a thin layer of Ge would lead to the formation of a Li–Ge buffer layer 
suppressing further Ge4+ reduction. Cognate XPS results were obtained 
with the LLTO perovskite with Li sputtered on top, as a result of which 
Ti3+ and Ti0 were reported to form from Ti4+ [33]. At variance with Ge 
and Ti in phosphate-based LAGP and LATGP and perovskite LLTO, the 
chemical state of Zr in garnet LLZO seems to be more stable: contact with 
molten Li was reported not to result in reduction [90]; while Li sput
tering onto Nb- and Ta-doped LLZO was reported to lead to formation of 
Nb3+ and Nb4+ from Nb5+ and Zr2+ from Zr4+, while the chemical state 
of Ta was stable [91]. Moreover, on the basis of Ge K-edge spectroscopy, 
Cao et al. [92] reported the reduction of Ge resulting from Li insertion 
into Li NbGeO5 LIB anodes. 

If these studies yield indirect information on the initial state of LAGP- 
based batteries fabricated with metallic anodes or anodeless batteries 
subject to the first charge cycle, no clue is obtained regarding the fate of 
reduced Ge upon electrochemical cycling. In fact, on the one hand, Ge 
reduction during charging leads to decomposition of the mixed phos
phate, on the other hand discharge might give rise to the oxidation of 
elemental Ge in the metallic or alloyed forms. Depending on the details 
of the chemical evolution of decomposed phosphate, Li- and Ge-oxides 
could form, coherently with our observations of Fig. 4, that report for 
the first-time results concerning the electrochemically cycled LAGP/Li 
interface. A first step into a better understanding of this complex ma
terial evolution is for sure the spectral imaging approach proposed in 
this work. In fact, Neudecker et al. [60] reported interface evolution 

Fig. 3. – (A) Capacity and cathode utilization for the cell-ageing experiment. (B) Left: cathode/electrolyte interface, (C) Right: anode/electrolyte interface.  
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based on SEM imaging, but without chemical information, while the XPS 
and EXAFS literature studies at the Ge 3d and Ge K-edge, cited above, 
yield chemical-state details, but without information on their localiza
tion. Here, we pinpoint the close correspondence between the 
morphological variations and the regions where Ge and O absorption 
spectra undergo changes: Ge reduction and the formation of the new 
oxide state (Fig. 4-B, light-blue spot) appear exactly in correspondence 
of the morphologically transformed zone at the anode/electrolyte 
interface. 

4. Conclusions 

The present scanning Transmission soft-X ray microscopy (STXM) 
results outline the morphochemical changes of LAGP occurring in a thin- 
film solid-state battery as a result of cycling. They provide a consistent 
scenario of Ge reduction, with possible Ge–Li alloy formation, which 
accompany the evident morphological variations occurring at the 
electrode-electrolyte interface. Interestingly, even though notable 
structural changes were evidenced at both the solid/solid cathodic and 
anodic interfaces the Ge chemical state changes occur only at the anode, 
where Li is plated during battery charging. In the context of a real bat
tery, our submicrometer space resolution results confirm that the 
reductive damaging mechanism, proposed in the literature on the basis 

of homogeneous chemical lithiation of LAGP, is actually operative at the 
Li/LAGP interface as well. Moreover, the battery fabrication experience 
developed and the understanding of instrumental response gained in this 
study provides concrete handles to move on to dynamic in operando 
experiments, during soft-X ray absorption measurements. 
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