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Abstract: Direct observation of the lithiation and de-lithiation in lithium batteries on the component
and microstructural scale is still difficult. This work presents recent advances in MeV ion-beam
analysis, enabling quantitative contact-free analysis of the spatially-resolved lithium content and
state-of-charge (SoC) in all-solid-state lithium batteries via 3 MeV proton-based characteristic x-ray
and gamma-ray emission analysis. The analysis is demonstrated on cross-sections of ceramic and
polymer all-solid-state cells with LLZO and MEEP/LIBOB solid electrolytes. Different SoC are
measured ex-situ and one polymer-based operando cell is charged at 333 K during analysis. The data
unambiguously show the migration of lithium upon charging. Quantitative lithium concentrations
are obtained by taking the physical and material aspects of the mixed cathodes into account. This
quantitative lithium determination as a function of SoC gives insight into irreversible degradation
phenomena of all-solid-state batteries during the first cycles and locations of immobile lithium. The
determined SoC matches the electrochemical characterization within uncertainties. The presented
analysis method thus opens up a completely new access to the state-of-charge of battery cells
not depending on electrochemical measurements. Automated beam scanning and data-analysis
algorithms enable a 2D quantitative Li and SoC mapping on the um-scale, not accessible with
other methods.

Keywords: lithium batteries; all-solid-state batteries; ion-beam analysis; particle induced gamma ray
analysis; material analysis; ceramic electrolytes

1. Introduction

The development of advanced lithium ion batteries (LIB) with higher energy and
power densities and longer cycle- and shelf life while maintaining or even improving
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safety is a major scientific endeavor with high practical relevance. The majority of the
cells on the market are still using the rocking-chair principle invented in the late 1980s and
commercialized by Sony in the 1990s [1]. The large improvements in power and energy
density seen over the past 3 decades stem mainly from optimization of the cell design,
the electrode and separator microstructure, and active material optimizations. On the one
hand, advanced active materials feature improved composition and microstructure on both
the anode (e.g., Si-C mixtures [2,3]) and the cathode side (e.g., Ni-rich NMC [4,5]). On the
other hand, the importance of the optimization on the microstructural “mesoscale” for
further improvement of Li-ion batteries should not be underrated [1,6,7]. Nevertheless, the
physico-chemical limits for the obtainable energy density on the cell level of Li-ion cells [8]
requires a radical rethinking of materials, cell designs, and microstructure.

To aid in this, modelling of battery components and full cells started already in the
1990s with significant improvements in the past 15 years. The first simulations described
the Li transport and insertion in the electrodes using porous electrode theory, homoge-
nizing the simulated volume, and thus convoluting the morphological effects into mean
properties [9-11]. Recent approaches, however, resolve the microstructure of the simu-
lated electrode volume and enable investigations of local effects. Garcia et al. used a
microstructure-resolved numerical finite-element model (FEM) to investigate the effect
of Lithium accumulation in particles close to the separator, predicting the development
of concentration fields during operation, which might lead to structural degradation
of the active material [12]. In 2011, A. Latz and J. Zausch developed a microstructure-
resolved model to investigate the effect of the multi-phase electrode morphology on the
heat transport, leading to both an improved description for porous media theory models
and microstructure-resolved models [13]. This approach was continued and refined [14],
cumulating in the microscale modelling of Li-ion batteries [15] via simulation programs
like BEST by Fraunhofer ITWM [16] or as added functionality in commercial software
like GeoDict® by Math2Market. In all cases, microstructure-resolved modelling showed
remarkable capability for knowledge-based optimization and is a powerful tool to further
develop Li-based batteries on the meso- and micro-scale. This was recently successfully
demonstrated for the prediction of the performance of thick cathodes for high energy
LIBs. Starting with the validation of the model and prediction of limiting factors [17],
the microstructures resulting from specific processing routes were investigated [18]. This
knowledge was used to model, predict, and validate the influence of binder and car-
bon distribution and of the salt concentration on the battery performance of high-energy
NMC-based LIBs [19,20].

However, direct verification of the simulated results requires in-situ or operando
techniques in order to verify the results of the spatially-resolved simulations—e.g., (over-)
potential or cation distribution maps. Here in-situ refers to measurements “in the natural
or original position or place” [21]. Operando refers to measurements during operation or
under operating conditions (e.g., cycling) [22]. The used techniques should be non-invasive
and allow for measurements of cells as close to practical cells as possible [23]. Thus,
quantifying all relevant elemental concentrations from H to Ta with about 1% precision
and pm spatial resolution in a practical cell setup would provide the required detailed
information on initial composition and dynamic evolution of element concentrations.
Unfortunately, only a limited amount of techniques is available, which combine spatial
“mapping” of elements with quantification of the respective atomic species without severe
modification of the analyzed cell. So far, analytical techniques allowing for spatially-
resolved measurements are based on either x-rays, electrons, neutrons, ions, VIS- and
IR-light, or magnetic fields.

Small lab-scale equipment for electron-based techniques like scanning-electron mi-
croscopy (SEM) and light-based techniques like Raman and infrared spectroscopy are
readily available to obtain morphological and chemical information of the surface or the
sample. However, Li, as the most interesting atom and ion in the sample, cannot be mea-
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sured or quantified directly by these methods. Furthermore, the surface sensitivity often
hinders or prevents operando cell analysis.

Mid-scale lab equipment for magnetic resonance (MR) and transmission electron mi-
croscopy (TEM) techniques have the advantage of widespread availability and bulk probing
capability. The complementary methods based on nuclear magnetic resonance (NMR) and
electron paramagnetic resonance (EPR) offer the advantage of being quantitative, due to
the knowledge of the skin depth. Therefore, they offer spatially resolved quantification of
e.g., metallic Li-dendrites both in the early stages [23] and on large scales [24]. However,
the requirements for sample preparation are rather high (very long and thin cells), the
measurement times long (up to days), and the spatial resolution is low (tens-hundreds of
um). Thus, they are impractical for operando measurements of practical cells. Similarly,
TEM cells for in-situ or operando measurements require difficult preparation techniques for
the cells due to the requirement of ultra-high vacuum and, for high-resolution imaging, the
field of view is limited to the nanoscale. Nevertheless, combined operando TEM-EELS mea-
surements of solid-state cells very close to a practical cell design were demonstrated [25,26],
yielding first insight into interface structures. Nevertheless, radiation damage induced by
high-energy electron beams always has to be considered and often hampers measurements
requiring long exposure times.

Large-scale user facilities like synchrotrons for x-ray-based techniques and fission
reactors or spallation sources for neutron-based techniques offer extremely high spatial
resolution coupled with chemical and/or structural information. Scanning transmission
x-ray microscopy (STXM) in combination with near edge x-ray absorption fine structure
(NEXAEFS) provides high lateral resolution and even tomographic information (XTM) in
the few 10 nm range. This allows for investigating the morphological evolution, oxidation
state, and the chemical phase changes, as well as compositional changes of the active
materials during battery operation [27,28]. However, due to the nature of x-ray absorption,
low Z atoms such as Li, C, and O cannot be readily measured, and important materials and
components like the organic electrolyte, anode active materials, and polymers contained in
the cell remain invisible. Neutrons are complementary in this regard, showing large scat-
tering and absorption/reaction cross-sections with light elements facilitating mapping and
quantification of these elements both in-situ and operando. Neutron depth profiling (NDP)
uses nuclear reactions with Li to quantify the Li content as a function of depth in working
cells [29-31]. Nevertheless, a high spatial resolution, resulting from the energy-loss of the
generated secondary particles, is only obtained in the direction of the beam (perpendicular
to the sample surface), while the lateral resolution is defined by the collimation of the
neutron beam and typically in the mm range. A comprehensive and well-written review
on state of the art in-situ/operando methods for Li-ion battery research by D. Liu et al. can
be found in [21].

A measurement technique that is not widely used in battery research yet is ion beam
analysis (IBA). IBA requires mid-scale lab equipment. The more facile production and
focusing of charged ions opens up the possibility of both high lateral and high depth
resolution and, as the interactions of charged particles with matter numerous interactions,
quantification of both light and heavy elements simultaneously is possible. The application
of micro-beams in combination with Rutherford-backscattering spectrometry (RBS), nuclear
reaction analysis (NRA), particle induced x-ray emission analysis (PIXE), and particle
induced gamma-ray emission analysis (PIGE) was already successfully applied for the
analysis of lithium battery materials [32,33]. These methods could also be used for powder,
component, or full-cell analysis. However, they also pose some increased requirements
in terms of thermal and radiation-induced displacement damage stability on the used
materials in the cell. Especially, in the case of state-of-the art liquid electrolyte-based Li-ion
batteries, the high vapor pressure and fast decomposition are challenging when irradiating
with high-energy primary ions. Nevertheless, the application of IBA for conventional
cells was successfully developed over the past decade by the authors and such cells were
successfully measured in-situ and operando [34-37].
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To further broaden the application range and tackle the challenges associated with
liquid electrolytes, the advantages of new generations of batteries, especially those featuring
solid-state electrolytes (all-solid-state batteries—ASBs) can be investigated with IBA. Due
to their higher intrinsic stability towards ion bombardment and thermal stress, they are
ideal candidates for the prolonged ion beam exposure during operando measurements,
making potential drawbacks irrelevant. Three major solid electrolyte classes exist, namely
polymers, sulphides, and oxides, each having a large variance in stability, processability,
and material cost [38].

Sulphide solid electrolyte-based ASBs show excellent performance at room tempera-
ture, due to the extremely high conductivity of the electrolyte [39]. However, the limited
chemical stability requires processing under inert conditions and the application of pres-
sure during the operation of the cell [40]. Nevertheless, recent progress shows high energy
density Li-metal ASBs based on an argyrodite electrolytes are prospective candidates for
commercialization [41]. In previous works, we already showed the proof of concept of
IBA based ex-situ analysis of sulphide-based cells [42]. The other two classes of solid
electrolytes, solid polymers and ceramic oxides, show much lower ionic conductivity and
thus often need to be operated at elevated temperatures to feature relevant capacities. In
contrast to sulphide ASBs, they are more stable (especially against Li-metal anodes and
processing in air) and require less external pressure applied during operation. Even though
they are not on par with sulphide-based ASBs yet, promising lab-scale cells were previously
demonstrated and reported by the authors for oxides [43,44] as well as polymers [45,46].
The need for elevated operational temperatures is not critical for ex-situ measurements,
however, for in-situ or operando measurements, heating the sample to typical operating
temperatures around 50-60 °C is challenging. The cell and its holder (including the thermal
management system) need to be thermally isolated from the rest of the IBA setup and its
detectors without introducing materials that will block or alter the measurement.

Starting with a similar setup from a former study with conventional Li-ion batter-
ies [36,37], we adapted and improved the equipment and technique to enable ex-situ
and operando measurements of polymer and oxide-based ASBs including an absolute
quantification of Li at different states of charge (S0C). ASBs based on the ceramic, garnet-
type solid-state Li-ion conductor Lig ¢LazZrj ¢Tag 4012 (LLZO) and the dry polymer solid-
electrolyte Poly[bis(2-2-methoxyethoxy)ethoxy)phosphazene] (MEEP) were fabricated in a
cross-section geometry. Using 2-D PIXE and PIGE mapping, they were analyzed ex-situ in
four different SoCs, and one polymer-based cell was measured operando at 60 °C during
the charging process. The data analysis and methodical limits of micro-beam IBA were
derived for each cell type and thus give sample preparation guidelines for optimized
measurements in the future. Finally, we compare and discuss the SoC determined via elec-
trochemical measurements with the quantitative IBA. This demonstration of the feasibility
of 2-D mapping and absolute quantification using micro-beam IBA opens up a completely
new era of spatially resolved, ex-situ, in-situ, and operando investigations of future Li
batteries and enables a knowledge-driven design and validation of improvements on the
microstructural level.

2. Results

This section discusses the results of the elemental profiling and the obtained SoCs.
Section 4 lists the details of the sample preparation, the IBA methodology, and the uncertainties.

2.1. Ceramic Based Cells (Ex-Situ)

The 2D maps of elemental distribution in the ex-situ LLZO cells (charged to 4.2 V
Figure 1) demonstrate a clear separation of the individual components (LZZO Separator
and LLZO + LCO mixed cathode). The corresponding 1D profiles shown in Figure 2
demonstrate flat areas in all profiles for all investigated elements, within the square-root
statistical fluctuations. Integration over the profiles of Li and Zr yield the condensed data
of Table 1. For all cells, the results show a constant ratio of 2.28 for the Zr signal between
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the pure LLZO (separator) and LCO + LLZO (mixed cathode), which means all cells have
the same LCO loading. Considering the about 18% smaller stopping power of LLZO + LCO
(1:1) compared to pure LLZO, this corresponds to the designated fraction of 50 wt.% LCO.
We can see a clear decrease of the Li signal with increasing charging voltage. Conversion
of this signal reduction yields the Li content as determined by IBA in Table 1 and outlined
in the supplemental information.
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Figure 1. Exemplary 2D elemental maps of the spatial distribution of element specific counts of the three major elements of
the LLZ-based cell charged to 4.2 V. The maps show the LCO + LLZO part at Y = 150-280 um and the LLZ separator at

Y = 0-150 pum.
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Figure 2. 1D plot of the signal intensity for Zr (PIXE) and Li (PIGE) for all four LLZO-based cells.
Pure LLZO separator on the left, LCO + LLZO mixed cathode on the right side. Dotted lines mark
the ~100-pum-thick LLZO + LCO cell regions over which the counts were integrated to obtain the
absolute Li concentration.
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Table 1. IBA results of the LLZ + LCO cells showing a clear decrease of lithium signal with increasing SoC. The four

different charge states can be resolved considering uncertainties. The As-prep sample is defined as SoC = 0. Considering

the measured irreversible capacity loss in the first cell cycle, compared to As-prep, the SoC of the investigated 2nd cycle

increases accordingly.

Charging [V] Mt?an PIGE Li Rele?tiv.e PIGE X in LixCoO, via DerivedOIBA SoC SoC Relativoe (2nd
Signal [a.u.] Li-Signal IBA [%] Cycle) [%]
As-prep 904 1 1 0 -
3.8 847 0.937 0.865 28 0
3.95 818 0.905 0.783 434 24
4.2 710 0.785 0.54 92 100

To compare the obtained Li content in a meaningful way to the state-of-charge (SoC)
expected from the electrochemical measurements, careful investigation of the dependence
of the Li content on applied charging potential is necessary. Li is reversibly de-/intercalated
into the O3 phase of LCO between 3.4 and 4.2 V, with x in LiyCoO; ranging from 1 to
0.5 [47,48]. However, due to the rather flat plateau between 3.9 V and 4.0 V, the exact Li
content can vary in a large range between x = 0.95 and 0.7 in LiyCoO,, making it hard
to extract exact values from literature data. Small changes in the internal resistance or
polarization of the measured cell vs. the literature cell will lead to large variations in Li
content in this range. This is most often the case for research type cells, where the fabrication
and reproducibility often vary between individual cells. Thus, a facile measurement of the
Li content in research type but also industrial cells and mixed cathodes is of high relevance
to obtain a mechanistic understanding of the lithiation.

For a detailed discussion of our results and comparison to literature data, we first
examine the “extreme points” of the charging curve. At 3.8V, there is little charging and
thus Li extraction, while at 4.2 V, almost full delithiation to x = 0.5 should take place [47,48].
Additionally, there is a large irreversible capacity-loss for all cells during the first cycle, as
can be seen in Figure 3, with largely unknown origin. Thus, the first comparison of interest
in this study is between the sample “as prepared” and charged to 3.8 V, which represents
the discharged state after the first cycle. From the 1D plots in Figure 2, a significant loss
of Li in the mixed cathode can be observed between the as prepared and 3.8 V sample.
Table 1 compiles the quantitative results, showing a drop in Li concentration in LCO
from the expected (stoichiometric) value of x = 1 to x = 0.86 after the first cycle. This
drop of Ax = 0.135 translates to 27% of the total available capacity and consists of approx.
18% irreversible capacity losses observed in the first charge/discharge cycle of the sample
charged to 3.8 V (see Figure 3) and some small Li extraction happening from 3.5 towards
3.8 V. As IBA confirms a Li loss in the cathode, side reactions not involving Li that might
take place during charging can thus be ruled out as a cause for the higher charge capacity
and the origin of the loss of Li remains unclear. On the one hand, it can be interpreted as an
average loss of available Li sites in LCO for lithiation after the first charging cycle, e.g., due
to secondary phase formation and thus higher local overpotentials. On the other hand, this
loss can also be interpreted as loss of available LCO, e.g., due to mechanical failure and/or
loss of electrical or ionic contact at the LCO/LLZO interface. Both explanations seem
plausible and would directly relate the poor Coulombic efficiency of the first cycle(s) to
the electro-mechanical degradation of the mixed cathode. However, as the microstructure
varies in the measurement volume of the ex-situ cells, only an operando measurement
could ultimately prove which of the two mechanisms is dominant. If larger areas become
inaccessible for lithiation (e.g., due to crack formation), the lateral resolution of the our IBA
measurements should be sufficient for detection. Nevertheless, the obtained SoC on an
absolute (theoretical) scale can now be calculated and is compiled in Table 1.
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Figure 3. Electrochemical characterization of all three LLZO-based ASBs showing reproducible cell performance in the

first cycle (a) and example of the ex-situ preparation of the 4.2 V LLZO-based cell with a holding time of 110 h to allow

equilibration of Li-concentration within the mixed cathode (b).

The 3.8 V cell and corresponding Li concentration can also be seen as the baseline
for further charge-/discharge cycles, excluding the irreversible losses in the first cycle.
Setting the Li concentration of the 3.8 V sample with x = 0.865 as SoC = 0, we can now
investigate the “second” charging cycle by comparing the values of the 3.95V and 4.2V
charged sample. Another “extreme point” of the charging cycle is 4.2 V, where reversible Li
extraction ends for LCO. We still again expect a de-lithiation down to x = 0.5 for the 42 V
charge sample, however, the actual Li content only drops to x = 0.54. This again means
another irreversible capacity loss of ~8% in the second charging cycle, which is, however,
in good agreement with previous observations made on cells prepared the same way in our
group and published elsewhere [38,39]. Losses of 18-20% for the first cycle, around 5% for
the next 10 cycles, and degradation continuing at this rate were observed in these cells. The
origin of the steep degradation is most likely the increase in area-specific resistance (ASR)
and the resulting polarization of the cathode [44]. Again, this behaviour could be caused by
mechanical failure (cracks) or formation of highly resistive interphases at the LCO/LLZO
interface. Nevertheless, setting the 3.8 V sample as SoC = 0% and the 4.2 V sample as 100%
SoC for the second cycle, we can proceed to calculate the SoC of the cell charged to 3.95 V.
With an average Li concentration of x = 0.783, we obtain an SoC of approx. 24%, which is
in the typical range for LCO at this voltage [47]. All SoC values after the second cycle are
compiled in Table 1.

Even though these SoC estimations feature significant uncertainties, they are directly
obtained by the actual Li content in the mixed cathode. While the total Li content gives
a measure of how electrochemically active a region is compared to the initial state, the
above correlation also shows the reversible Li content after each cycle or partial cycle. In
the future, this allows to use the developed normalization to obtain 2D maps of the local
SoC within the mixed cathode at certain points in the charge-/discharge cycle. However,
to obtain competitive uncertainties, this would require improved counting statistics and
thus measurement times or instrumental optimizations. Nevertheless, this is the first
step towards direct correlation of microstructure and lateral changes in the Li content to
electrochemical measurements of the full cell, which are needed to verify the microstructure-
resolved models mentioned in the introduction.

2.2. Polymer Based Cells (Ex-Situ)

For the ex-situ MEEP cells and the operando MEEP cell, a quantification for the
LLZO-based cells is not possible. The ex-situ cells show inhomogeneous layer structures as
depicted exemplary in Figure 4 for the 4.0 V cell. Looking at the Co and Li signal in Figure 4,
a small island of LiCoO; at around Y = 400 is clearly visible, blurring the corresponding 1D
profile. For the other cells, the Co signal also extends into the MEEP layer, most likely due
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to a slight angle of the cell layers towards the ion beam and the resulting signal mixing. For
a qualitative assessment, these inhomogeneous regions are excluded in post-processing to
obtain clearer 1D integration areas in order to achieve sharp layer interfaces. Figure 5 shows
the 1-D Li and Co profiles for the MEEP-based cells, showing still a significant variation
of the individual cell layers. The ratio of P (not shown) to the Li and Co signals differs
significantly between the cell charged to 3.92 V sample (SoC = 16%) and the one charged
t0 3.96 V (SoC = 57%) and 4 V (SoC = 100%). The latter one shows comparable ratios at
the elemental peaks, although their widths strongly differ. Restricting the analysis to the
peak values of the two cells where the signal intensity ratios of Co/Li are 16.9 at 3.96 V and
21.6 at4 V results in an approx. Li extraction of 20 at%. In principle, the normalization of
Li to Co offers a more reliable value, since it does not depend on the mixture ratio of LCO
to MEEP, which could vary between the ex-situ cells due to the fabrication process. The Co
signal of the 4 V cell with its non-plateau behaviour suggests an inhomogeneous, thin layer
of LCO. The proton beam would penetrate such a thin layer, resulting in smaller Co and

Li signals as the layer gets thinner. The energy-dependent PIGE and PIXE cross-sections
prevent a quantitative analysis for thin layers with unknown thickness.
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Figure 4. Exemplary elemental maps of the four major elements of the LCO + MEEP-based cell
charged to 4.0 V. The map clearly shows the Li metal from Y = 470-600 um, the MEEP separator from

Y =370-470 um, and the LCO + MEEP from Y = 300-370 pum. The layer structure of the MEEP-based
cells is less clear and homogeneous compared to the LLZO-based cells.
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Figure 5. 1-D profiles of the MEEP-based ex-situ cells. The cells show strong differences in the
mixed-cathode width, indicated by the LCO concentration and most likely due to the manufacturing

or cross sectioning process. The ratios of Li to Co indicate a loss of approx. 20 at% Li in particular
when comparing the 3.96 V and 4 V samples.
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2.3. Operando Polymer Based Cell

The analysis of the operando MEEP cell, Figure 6, shows some challenges regarding
the conclusive evaluation of the lithium content, again resulting from inhomogeneities in
the prepared cell cross-sections. Averaging over the complete mixed cathode, the Co/Li
count ratios of 13.1 £ 0.2 and 13.3 &= 0.2 are identical within the uncertainties of the analysis.
This is a direct result of the low overall charged capacity, but a qualitative evaluation of
the results is still possible to demonstrate the potential of this technique. As the polymer
gets softer at 60 °C, the cell also slightly shifts during the applied charging and heating
procedure, which is mainly visible in the slight change of width and position of the Co peak.
Shifting the 4 V data by 3 pixels leads again to a good qualitative overlap of the LCO peaks.
As all parts of the cell are visible (anode/separator/mixed cathode), investigating the Li
concentration at the interfaces is interesting, as the small charge capacity will most likely
lead to changes close to the interface of the mixed cathode/separator and the Li-metal
anode/separator. Due to the shift of the cell, we will not discuss the visible changes at the
cathode/separator interface, as they are affected by this shift. However, when taking a
detailed look at the anode/separator interface, the Li concentration in this region increases
by about a factor of 5, clearly demonstrating the operando observation of migration of
Li through the MEEP separator towards the Li metal side. The affected region is 20 pixel
wide (~70 pm), meaning it is definitely not an artefact from the slight cell shift. In addition,
a clear gradient in Li concentration can be observed, with the highest deposition of Li
close to the Li-metal anode, slowly reducing towards the cathode side. This is consistent
with the expected Li plating starting at the Li-metal anode and slowly pushing through
the polymer towards the cathode side. Even though the resolution is currently too low to
detect small dendrites, this proves that IBA can also be applied to investigate mesoscopic
morphological changes on metal anode surfaces.

50 60 70 80 90
T T T T T T T T T 800
1 Li MEEP separator LCO
. 4 700
Co 4V — Li 4V
] — Co Asprep Li Asprep 1 600
. 4 500
i)
C
] Li migration 1400 8
=
. 300
. 200
. 100
I I ﬂl/ T T T O
50 60 70 80 90
Location [pixel]
(a)

Figure 6. Cont.
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Al

Co

As prepared 4.2V

Figure 6. (a) Li and Co profiles of the operando cell. The LCO + MEEP layer lies at the right, a MEEP separator in the center,

and the lithium metal on the left side. The LCO layer slightly changes its width and position upon charging with 4.2 V with
a lithium concentration increase around pixel 65. (b) Elemental map before (asprep) and (c) after charging at 60 °C and
4.2 V. Li clearly migrated from the separator side of the LCO towards the Li metal. The scale bar is the same for all and

represents the counts per pixel.

3. Discussion

A new experimental setup and data evaluation method for quantitative lithium analy-
sis in all-solid-state batteries based on MeV ion beams was developed and applied. Specially
designed sealed containers enabled analyzing the cells under atmosphere. The evaluation
of the obtained multi-dimensional data demonstrated the advantages of ion-beam analysis
(IBA) in battery research. IBA covers applications from quality assessment, over 2-D plots
of the full elemental distribution in practical cell components and full cells all the way to
quantification of Li and operando measurements of the local SoC via a method relying on
the local distribution of Li, independent of cell voltages.

Building on former experiments, we successfully quantified the absolute lithium
content in ceramic ASBs based on LLZO, LCO, and lithium metal. IBA clearly revealed
the migration of lithium upon charging as afunction of SoC. A relative calibration together
with simulations enabled the determination of the SoC with a good agreement to the
electrochemical data. This allowed a first insight into the origin of the often-observed
steep degradation of all-solid-state-batteries in the first cycles. The same analysis of MEEP
polymer-based ASBs suffered from the structural non-uniformity of the prepared cells.
However, the comparison of two cells also yielded clear evidence of lithium migration
in reasonable agreement with the electrochemical data. In both cases, the reduction of
uncertainties in the absolute and relative quantification proved essential for ion-beam
analysis of lithium cells. The experiments achieved an absolute accuracy of 7.1% and a
relative accuracy of 2.2% for the lithium content compared between different cells, which is
exceptionally high compared to other methods. Improved counting statistics and higher
ratios of active material over electrolyte, as desired for commercial cells, would strongly
reduce these values, allowing even for 2D plots of the local SoC and further widening the
application range of this method with an accuracy competitive to electrical methods.

Finally, heating, charging, and operando IBA analysis of a MEEP + LCO cell was
successfully conducted. Even though operando lithium migration experiments ease the
data analysis, the small charging current and limited experiment time prevented a quantifi-
cation of the results for the given cell. Qualitatively, changes in the elemental profiles show
a Li plating at the polymer/Li-metal anode interface, demonstrating the capability of the
technique to also investigate the anode side in full cells.

In conclusion, IBA for battery applications is still in its infancy, but shows tremendous
potential, especially when combined with other Li-sensitive techniques like neutron depth
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profiling, 2D NMR, or SIMS. The further development of IBA for battery application is
another necessary step to deliver data for microstructure-resolved continuum modelling
and 2D/3D analysis techniques for practical cells. This will finally enable a mechanis-
tic understanding of the electro-chemo-mechanic coupling of the various materials and
components in Li and Li-ion batteries and enable future technological innovations.

4. Materials and Methods
4.1. Ceramic-Based Cell Preparation

For ex-situ measurements, cells with different and stable state-of-charge (SoC) were
needed that are as similar as possible from a materials and performance perspective. Four
cells based on LLZO and LiCoO; (LCO), for details see the cell preparation Section 4.5,
were charged from the as-prepared state (asprep) to 4.2 V and then discharged to 3.4 V at
50 °C. The capacities were calculated for each cell from the data shown in Figure 3a to check
for the reproducibility of the cell preparation. The initial charging to 4.2 V yields an average
129 + 5 mAh/g, a value close to the theoretical limit of 137 mAh/g (considering only
50% of the Li is reversibly available in LCO). This means almost all available Li is extracted
during the first charging cycle [49]. The first discharge capacity, however, shows only an
average 101 + 5 mAh/g, resulting in a LCO utilization of only 78 £ 6% and thus a low
Coulombic efficiency of the cells. A more detailed electrochemical investigation of these
cells can also be found in our previous publications [43,44]. The measurements presented
here demonstrate that the cells can be considered identical. To prepare an equilibrium Li
concentration in the mixed cathode for ex-situ measurements, the cells were then charged
to4.2V,3.95V, and 3.8 V and kept at the corresponding voltage for more than 100 h to
reach equilibrium (Current density approaching 0), as shown in Figure 3b. Since the Li
concentration directly relates to the voltage in equilibrium, this approach should ensure an
even distribution of Li throughout the mixed cathode, which persists after cell disassembly,
cross-section preparation, and shipping to the ion beam facility.

4.2. Polymer-Based Cell Preparation

A similar approach was used for the polymer-based cells to prepare samples with
different SOC. The cathodes are initially charged and discharged in half-cells vs. metallic
lithium in a three-electrode setup. The charging/discharging is carried out at 0.05 C and
a temperature of 60 °C. The resulting total capacities read 0.95 £ 0.02 mAh with slight
variations of the intermediate SoC voltages; a typical charge/discharge curve with the
normalized capacity is shown in Figure 7. After this first cycle, the cells are charged to a
specific cell voltage. The chosen potentials vs. Li/Li+ are 3.92V, 3.96 V, and 4.0 V. Here
4.0 V is selected as the 100% SoC state due to the polymer stability. Correspondingly,
the theoretical capacity is slightly smaller compared to the LLZO-based cells. A constant
current corresponding to 0.05 C is applied until reaching these desired cell voltages. A
subsequent constant voltage step at this very voltage is applied for 24 h.

4.3. Ion-Beam Analysis

Figure 8 schematically depicts the sample holder, sample arrangement, and ion beam
setup. The cells are cut in half, exposing their cross-section for analysis by lateral beam
scanning and installed under protective atmosphere in a hermetically sealed holder made
from Polyether ether ketone (PEEK). The operando cell is installed between two aluminum
jaws fixating the sample and providing mechanical pressure and electrical contact for the
operando charging. The operando cell holder also featured a resistive wire heating plate
installed behind the cell in combination with a 1 K accuracy Pt100 temperature sensor,
both connected to a proportional-integral-derivative (PID) module for feedback controlled
sample temperatures up to 473 K. A 7.5 um thick Kapton foil covers the beam entrance
window of about 2 mm diameter, keeping the protective atmosphere inside the holder
during the relatively short sample mounting procedure. For transport to the beamline, the
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holders were sealed in pouch bags under protective atmosphere to prevent oxidation of
the Li metal anode.

Uvs. LilLi* 1V

3,2

T T T T T T
0 20 40 60 80 100

SEI 5KV WD4mm  SS30 x180 100pm  — capacity / mAh-g™'

Figure 7. SEM image of a MEEP cell cross-cut (a) and a representative charge-discharge curve of this
cell type (b).

V
PIGE
detector
(y-ray)
heater
PIXE
detector 000
(x-ray)

3MeV Kapton  PEEK Li LLZ LCO
g protons window holder +LLZ

Figure 8. Side view of the analysis setup with outside connections for in-situ charging. Photon
detectors are positioned behind (PIGE) and in front of the sample at 45° (PIXE). A 7.5-pum-thick beam
entrance window allows for sample transport and analysis under protective atmosphere. The light
yellow parts are made from PEEK, grey parts from Al, screws from stainless steel. The right side
shows a zoom to the cell details with typically two cells installed in a single holder.

The ion-beam analysis at TIARA [50] employed 3020 keV protons with a beam spot
diameter of 1.2 pm and a beam current on the order of 24 pA. For lithium quantification, the
7Li(p,py1_0)7Li reaction at 477.6 keV (PIGE) and for the other elements PIXE with K and L
lines up to 20 keV are recorded. The Compton background of higher energy peaks present
on the high-energy side of the 477.6 keV peak is subtracted for analysis. The 7.5-um-thick
entrance foils of the holders result in an energy loss of 109 keV and a beam energy width
of 22 keV, both considered as real incident beam properties in the following evaluation.
The Particle*Sr could not be determined in this setup. PIXE signals are detected using a
PGTLS30135 SiLi (5 mm thickness) detector with 22 mm distance between sample, 145 eV
resolution, and target at 45° backscattering angle. A 8 ym Be window and a 100 um PET
absorber with 3 mm hole in the center cover the detector. PIGE is detected using an APTEC
PS305-D7-5C HPGe detector with 250 mm? sensitive area, 12 mm thickness, and 2 keV
resolution positioned directly behind the sample holder (0° to the beam). A 12.7 um Be
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window together with a 0.5 mm graphite absorber and the sample and holder cover this
detector with respect to the beam impact spot.

The analysis starts with a rough localization of the region of interest via camera
observation, see Figure 9 center. After a first 30 min overview measurement, the analysis
region is set to cover both the mixed cathode and the separator, resulting in analysis regions
of approx. 50 um horizontal and 300 pm vertical size. The beam scans this region repeatedly
using 128 x 128 points for about 1.5 h, while PIXE and PIGE spectra are recorded. In
Figure 9, the resulting Co PIXE and Li PIGE 2D maps of the chosen region are shown for
the LLZO-based cell charged to 4.2 V.

LLZO+LCO mixed cathode ~ 120 um
LLZO Separator ~ 500 pm

Li metal Anode

Figure 9. Camera image of the 4.2 V charged LLZO-based cells as seen through the beam window (centre) with a schematic

of the cell setup (right) including approximate thicknesses. The red rectangle marks the analysis region of 50 x 300 pm?

and the resulting Co mapping by PIXE and Li mapping by PIGE (left).

The operando cell was first analyzed in the as-prepared state, then heated to 333 + 2 K,
charged for 2 h to 4 V with up to 26 pA for 29.7 uAh, and finally analyzed while cooling
down to room temperature (due to limitations in the total time allotted for the experiment).
The used charging current and total charge at the end of this procedure indicate that the
charging remains incomplete after the applied CC-CV program. Comparison to the other
identical cells suggests an approximate SoC = 31 &+ 3%. Unfortunately, the sample did not
allow for higher charging currents at the given temperature limits.

4.4. Ion-Beam Analysis Spectrum Evaluation Methodology

The dataset produced by the detectors is convoluted, containing both spatial infor-
mation and full spectra for each scanning point, acquired over time. The data can be
evaluated on various levels—e.g., as fully integrated spectra over both time and space, as
shown in Figure 10 for the x-rays (a) and gamma-rays (b). This representation of the data
allows a spectral evaluation of the acquired data with respect to background, peak position,
sharpness, overlaps, etc. and gives measures for quality control.

To generate 2D maps of the elements of interest from this data, we extract the counts
for the respective elemental peaks for each scanned pixel and plot their intensity against the
respective pixel position. These maps are then fine rotated to obtain a horizontally aligned
interface between the Separator and the mixed cathode (see e.g., Figure 1) in order to offset
minor alignment issues during sample mounting. These 2D maps reveal the homogeneity
and interface quality for each sample, allowing choosing an even narrower ROI to exclude
inhomogeneities at the interface from further analysis, thus increasing the signal-to-noise
ratio for inhomogeneous cells. However, narrowing the ROI also increases the measure-
ment uncertainty by reducing the counting statistics. The integration along the x-axis
(parallel to the interface) reduces the 2D maps to 1D profiles (see e.g., Figure 2), enabling a
comparison of the elemental composition of each layer (separator or electrode) on both a
relative and an absolute scale (with normalization). Due to the lack of the Particle * Sr and
detector efficiency calibrations, an absolute compositional analysis using the instrument
parameters is not possible at this point, but absolute changes of atomic concentrations at
different charging states can be extracted by normalizing to the composition of a reference
sample (e.g., the as prepared state).
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Figure 10. Cumulative (time and space) characteristic x-ray (PIXE, a) and gamma ray spectrum (PIGE, b) of ceramic ASBs
featuring LLZO as solid electrolyte and LCO as cathode active material.

To determine the Li concentration, a region of interest is chosen in the electrolyte
+ LCO (mixed cathode) region of the 1-D profiles, where we also expect a reduction
of Li content upon charging. Half of the lithium can be removed upon charging from
LCO, varying the stoichiometry of LixCoO, with x between 0.5 and 1. Accordingly, LCO
contains 25 at.% Li in the discharged state and 14.3 at.% in the fully charged (x = 0.5) state.
Additionally, the solid electrolyte mixed to the cathode contains a constant fraction of Li.

For the employed stoichiometric Lig 3Aly 1LasZry ¢Tag 4012, a fixed 27 at.% Li need to
be considered. A separate NRA measurement confirms this number for the given samples
within the accuracy of 10%. The applied 1:1 weight ratio of LLZO + LCO translates to
a ratio of 51.7 vol.% for LCO and 48.3 vol.% for LLZO. Calculating the dynamic range
of Li for the mixed cathode gives 25.84 at.% for fully lithiated LCO to 21.7 at.% for fully
delithiated LCO. Converting this further into the expected relative PIGE signal for Li, a
drop of only 24% can be expected upon charging in the LLZO + LCO cathodes from a
state-of-charge (S0C) 0% to 100%. Appendix A gives further details and steps for this
calculation of absolute quantities. In contrast, the MEEP /LIBOB contains only ~1 at.% Li
due to its low density and relatively low salt concentration. This negligible Li background,
in principle, leads to a 1:1 change of the Li PIGE Signal with Li concentration, e.g., resulting
in ~50% change in the Li signal upon fully charging the cell. This higher contrast also
reduces the error in determination of the SoC of polymer-based mixed cathodes.

Due to the small signal changes in LCO + LLZO cells for various SoCs, counting
statistics represents an important aspect of the analysis. In particular, low photon energies
demonstrate fluctuations in X-ray count rates for La, Co, P, and Al along the material layers.
The origin of these fluctuations remains unclear, but the effect decreases with increasing
photon energy, indicating a relevance of absorption effects in sample (e.g., due to the
microstructure of the mixed cathode) and foil. At the Zr K lines (~17 keV) and the 478 keV
Li-PIGE line, no graining is observed and the noise equals the counting uncertainty of a few
percent. Since it is unknown whether the fluctuations are unipolar (£) or monopolar (only-)
as an absorption effect would suggest, the Zr K lines are chosen to represent the LLZ-
containing regions, neglecting the La-L lines; in MEEP, only the P can be detected. Thus, to
represent the materials in the cross-sections, Zr is chosen for LLZ, Co for LCO, P for MEEP,
and Li as the element for quantification. All measurements are conducted for achieving
counting statistics of 10,000 to 20,000 counts per layer and element. This limits the relative
accuracy of the IBA results to 1%. In the relative consideration to a reference intensity;,
the uncertainty in Particle * Sr drops out, instead 2% of the Zr/P-based normalization
have to be considered. In addition, the uncertainties in cell synthesis/fabrication and
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capacity differences (Sections 2.1 and 2.2) add another 4% uncertainty. Data evaluation
and cross-section error bars contribute another 5% to the uncertainties. The often-observed
LiOH and LipCO3 formation on LLZO might have introduced thin surface layers on the
sample, despite the handling in inert atmosphere (glove-box). This would lead to a low but
unknown background intensity. Observations on similar samples exposed to air suggest a
maximum layer thickness of about 100 nm for our samples, leading to a background of
about 2% unconnected to the SoC. In total, the error propagation leads to an uncertainty in
the absolute determined lithium content of 7.1%. As systematic errors such as cross-sections
or surface layers do not contribute to the error when normalizing the signal to a reference
sample, the uncertainties of the lithium content for normalized values are much lower with
only 2.2%.

For accurate quantification of the Li content, further effects need to be considered. The
change of Li content upon dis-/charging induces changes in stopping power in the order
of 10%, requiring a PIGE data analysis via SimNRA 7.02 [51] for a relative comparison
of Li content. Cross-sections for forward detection of “Li(p, py1.0)’Li are available from
recent measurements with an uncertainty of 2%. SimNRA runs for the cathodes were
conducted for six different Li contents of the mixed cathode, corresponding to x =1, 0.9, 0.8,
0.7, 0.6, and 0.5 for LiyCoO,. The resulting count rates are normalized to the fully lithiated
state to obtain the correlations between relative PIGE signal and Li content as depicted
in Figure 11. This plot now enables the recalculation of the relative intensities to SoC for
the given materials. Since an extraction of 0.5 Li per unit formula LiCoO; is considered
100% SoC for our cells, each Ax = 0.1 corresponds to a ASoC of 20%.
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Figure 11. The relation between PIGE signal intensity calculated by SimNRA?7.02 and amount of Li
in the mixed cathode is linear (R? = 0.999) for the assumed LCO + LLZ 1:1 mixture. The decrease
of signal intensity is only 28%, due to the limited amount of mobile Li in LiCoO, and the 1:1 wt.%
mixture of LCO and LLZO.

4.5. Cell Preparation

Preparation of ceramic all-solid-state batteries: The ceramic LLZO-based ASBs were
fabricated by using dense Lig 3Alp1LasZr; 4Tag4O12 (LLZO:Ta) discs of approx. 11 mm
diameter and 0.6 mm thickness as ceramic separator on which the mixed LCO/LLZO:Ta
cathode was coated. The Li concentration was verified via nuclear reaction analysis (NRA).
The mixed cathode was prepared using a 1:1 mass ratio of LCO (MTI Corp.) and LLZO:Ta
powder. An ink was prepared with 6% Ethyl cellulose (Sigma-Aldrich) dissolved in
terpineol (Sigma-Aldrich), an 8250 thinner (Dupont), and the ceramic powder in a weight
ratio of 3:2:5. The cells were then sintered in a tube furnace (Nabertherm) with a heating
rate of 2 K min~! to 873 K followed by 10 K min~! to 1323 K and 30 min dwell time using
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Al,O3 ceramic boat as carrier in air. After the sintering process, a desktop sputter coater
(Cressington 108cuto coater) was used to apply a thin gold film on top of the mixed cathode
to serve as current collector and on the LLZO:Ta separator to help Li-metal anode adhesion.
The thickness of the mixed cathode is in the range of 150 um (see Figure 9) and the details
on the fabrication process of the cells can be found in our previous reports [43,44].

Preparation of Polymer All-Solid-State Batteries

For the polymer-based ASBs, the synthesis of Poly[bis(2-2-methoxyethoxy)ethoxy)
phosphazene] (MEEP) was carried out under inert conditions according to a four-step
synthesis by Wang et al. [52,53] and a slightly modified subsequent living cationic poly-
merization referring to Allcock et al., [54]; further details can be found in previous publica-
tions [45,55].

Lithium cobalt oxide (LCO) composite cathodes were prepared via a casting method
using an electrode paste consisting of Lithium cobalt oxide (LCO, 85 wt.%), carbon black
(5 wt.%), MEEP with the conducting salt lithium bis(oxalato)borate (LiBOB, 5 wt.%), and
polyvinylidene fluoride (PVdF, 5 wt.%), in dimethyl sulfoxide (DMSO). After drying
under reduced pressure at elevated temperatures, the composite electrodes were cut into
circular pieces with a diameter of 12 mm, yielding roughly 2-3 mg of LCO active material
per electrode.

The electrolyte films were prepared using a drop coating method. The coating solution
consisted of 0.5 g of dry MEEP polymer, 10 wt.% of benzophenone, and 15 wt.% of lithium
bis(oxalato)borate (LiBOB) dissolved in 1.4-1.6 mL dry tetrahydrofuran (THF). After stirring
the solution until benzophenone and the lithium salt completely dissolved, it was directly
applied onto the composite cathodes. Figure 7 shows the resulting cell cross-cut.
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Appendix A

Here, the details of the calculations for the conversion of the Li PIGE signal into x in
LixCoO; in mixed cathodes is given. As the signal is proportional to the total amount of Li
atoms in a given volume, the Li concentration needs to be calculated for LLZO and in case
of LCO for the two extreme values x = 1 and x = 0 related to charged and discharged state,
first. The intermediate conversion values between signal and x can then be derived from
linear regression with high accuracy.
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Table A1. Calculation of Li atoms/cm? for LLZO and LCO at x = 0 and x = 1.

LCO g/mol g/cm® mol LCO/cm3 Li atoms/cm3
x=1 97.9 5.05 0.0516 0.0516
x=0.5 94.4 4.87 0.0516 0.0258
LLZO g/mol g/cm3 mol LLZO/cm? Li atoms/cm3
04Ta 873.6285 5.4 0.0062 0.0399

Next, these values need to be converted into the values for the mixed cathode. Since a
1:1 mass ratio was used in making the cathode, a volume ratio of LCO:LLZO of 0.516:0.484
needs to be used due to different material density. We further consider, that changing x
in LCO from 1 to 0.5 upon charging reduces the Li concentration from 25% to 14.29% by
calculating the Li atom% for every x of the stoichiometric formula. A variation in density
with x is neglected, since ion-beam analysis is considered insensitive to the distances
between the target atoms. At the same time, the Li in LCO changes, the Li in the electrolyte
part of the mixed cathode remains constant, resulting in a reduced relative concentration
change of Li. The applied SimNRA model includes the impact of x dependent stopping
power of the material related to the change in stoichiometry, which further alters the yield
of photons (PIGE signal) emitted per lithium atom in the sample. Table A2 gives the
amount of Li atoms/cm?® in the mixed cathode for an x between 1 and 0.5 in 0.1 steps
considering the discussed chain of corrections.

Table A2. Calculated at Li/cm? for various SoC in the LCO + LLZO mixed cathode and simulated
PIGE signal by SIMNRA enabling a reverse calculation of x from the measured PIGE signal.

Calculated Relative

xin LixCoO,  Li-atoms/cm3 at. Li/em® in Concentration SlmN.R A PIGE
Mixed Cathode Ch Signal
ange

1 0.0516 0.0459 1 1.0000

0.9 0.0464 0.0433 0.9420 0.9476

0.8 0.0413 0.0406 0.8839 0.8875

0.7 0.0361 0.0379 0.8259 0.8375

0.6 0.0309 0.0353 0.7678 0.7797

0.5 0.0258 0.0326 0.7098 0.7177
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