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Abstract: Li-based batteries are a key element in reaching a sustainable energy economy in the
near future. The understanding of the very complex electrochemical processes is necessary for
the optimization of their performance. X-ray photoelectron spectroscopy (XPS) is an accepted
method used to improve understanding around the chemical processes at the electrode surfaces.
Nevertheless, its application is limited because the surfaces under investigation are mostly rough
and inhomogeneous. Local elemental analysis, such as Auger electron spectroscopy (AES), could
assist XPS to gain more insight into the chemical processes at the surfaces. In this paper, some
challenges in using electron spectroscopy are discussed, such as binding energy (BE) referencing for
the quantitative study of chemical shifts, gas atmospheric influences, or beam damage (including
both AE and XP spectroscopy). Carefully prepared and surface-modified metallic lithium material is
used as model surface, considering that Li is the key element for most battery applications.

Keywords: XPS; AES; lithium; energy reference; beam damage

1. Introduction and Motivation

Lithium-ion batteries are, meanwhile, an indispensable element used for both portable
electronics and for automotive and storage application in order to make energy harvesting
more and more renewable. Although already in routine application, improvements for an
enhanced performance are still important. This alludes to both the optimization of well-
known battery chemistry and also the search for new working principles. Furthermore, the
electrical characterization of the cycling performance, especially the understanding of the
complex cell chemistry, is unavoidable. Among others, electron spectroscopic methods are
an inherent part for these efforts.

For a long time, X-ray photoelectron spectroscopy (XPS) is a standard in this field. The
main advantage of XPS is the possibility of studying chemical species at the electrode sur-
faces which can be easily applied at the often electrically poor conducting materials. Thus,
over the decades, thousands of papers were published, including also some review articles
with special view to XPS analysis [1-4]. Whereas XPS works well at laterally homogeneous
samples, due to the lack of lateral resolution for the mostly rough, porous, and multicom-
ponent sample surfaces of real battery materials, XPS delivers only integrated information.

However, often local phenomena at the complex interfaces between the electrodes
and the electrolyte (solid electrolyte interphase = SEI) are of interest and local analysis
is welcome. Because of the use of focused electron beams for excitation, Auger electron
spectroscopy (AES) is one potential method to fulfill these demands. Nevertheless, AES in
the Li battery field has been mainly used to investigate solid-state batteries [5-7], which
include an ionic liquid as electrolyte and combine with XPS. Rarely applications are found
for SEI investigation on both anodes [8] or cathodes [9,10] at particle-based materials. Often
the AES technique was only used to demonstrate element depth distributions with sputter
depth profiling [8,11-13].
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Despite the knowledge of the danger of e-beam damage [14,15], especially for oxides
(and particularly for alkaline elements), it currently plays no important role in the Li
battery community [16] in low-energy scanning-electron microscopy. Recent work with
cryo-techniques applied in situ [17-19] discuss the possibilities of minimizing heat and
beam damage, similar to the case of the sensitive Li battery materials. Furthermore, the use
of other metals as anode material (Na, Zn, Al, Mg, see e.g., [20-23]) is of growing interest,
which also leads to the need for reliable surface analysis in these cases.

Our motivation for the actual work is based on two aspects. On the one side, a clear
strategy for the referencing of the binding energy (BE) scale is necessary, since commonly
observed charging phenomena influences the serious identification of chemical states
from XPS measurements. This is commonly performed using the carbonaceous contami-
nation which is always present on real-world samples; a reference value in the range of
284.5-285 eV is widely accepted. However, several groups reported [24-27] that, depending
on the chemical nature of the element Li in the surface region, the results of the carbon
reference can vary up to 3 eV. Our own studies suggest that characteristic shifts occur when
non-conducting species come into contact with elemental Li or lithiated graphite. These
shifts are not caused simply by charging effects; however, they must be connected with a
kind of potential barrier between Li and the thin overlayers.

On the other side, beam damage effects during electron spectroscopic investigations
may occur. This can be caused by both ion beams used for surface cleaning or element depth
profiling and by high-energetic electron beams, especially in the case of AES measurements.
Up to now, Ar* sputtering is used in combination with XPS for Li carbonate (on Li foil) and
lithiated graphite (HOPG) [24]. The carbonate on Li foil is then decomposed to Li oxide
and then partly to Li metal. Li in the lithiated graphite shows strong surface enrichment
after Ar* bombardment, which obviously is connected with the disordering of the graphite
layer structure and an out-diffusion of Li [28,29]. The behavior of the reference elements
(carbonaceous contamination, Au deposit, and Ar implant) depends on the concentration
and chemical state of lithium in the surface near region [24]. The first investigations of
e-beam effects were performed during AES measurements at Li carbonate covered with Li
foils. Similar to ion bombardment, carbonate is reduced to Li oxide and Li metal [30]. With
the help of Auger mapping, lateral diffusion could also be detected [28].

In summary, the following main conclusions can followed up in light of previous work.

e  Thin electrical non-conducting deposits (oxides, fluorides, carbonates, and implanted
Ar) on surfaces with a high amount of elemental Li (e.g., Li foil, highly lithiated
graphite, LiAl/LiAlZn anode material) showed characteristic XP peaks which shifted
by around 3 eV to higher BE, irrespective of simple charging [24,31];

e Differently from conducting deposits (e.g., Au, Cu, adventitious carbon) which show
the “normal” BE positions, artificial carbon (graphite powder) is not clearly well
defined at Li-metal containing surfaces;

e  The amount of the effect depends on the concentration of elemental Li at the sur-
face. Thus, the BE positions of the components of similar SEI layers at lithiated and
delithiated graphite also completely differ in their BE position [24,32];

e  This effect is caused by a potential barrier, also observed for other alkaline metals (Na).
The use of the position of adventitious carbon C1s peak at around 285 eV leads to
misinterpretation in these cases [24,25];

e  Typical Li metal foil used for model experiments of battery research is mainly covered
with Li carbonate [24,28]. Sputter cleaning or sputter depth profiling with Ar* ions
leads to the decomposition of the carbonate to Li oxide and further to Li metal [24];

e  Electron bombardment (AES) of Li carbonate (on Li foil) also leads to the decompo-
sition of the carbonate to Li oxide. This effect has a critical dose. In the presence of
adventitious carbon contamination, even metallic Li can be produced [28,30]. With
only X-ray excitation (XPS), no significant damage can be observed at this point;

e Ar* bombardement (depth profiling) of graphite that is not fully lithiated (HOPG)
leads to the enrichment of Li at the surface. A partly carbide formation is assumed.
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After the measurements are electron-induced (AE spectra or mapping), out-diffusion
(lateral and in-depth) of the Li from the measurement region is observed [28,29].

In the present paper, we try to underline some of these findings with specific experi-
mental procedures.

e  Preparation of well-defined sample states comparable for both XP and AE analysis:
We decided to use metallic Li as an experimental basis because it is the natural “key
element” for materials used in all kinds of Li batteries. Because the previously used
commercial Li foil was often contaminated with different species (mostly carbonate,
partly oxy-fluorides, phosphates), we used Li massive material freshly cut in the glove
box. Afterwards, the analysis chambers are transferred using an Ar filled transfer
chamber. Careful analysis of the states is then performed, depending on vacuum
and storage conditions. Metallic Li surfaces are then prepared with Ar* sputtering,
pure carbonate is formed with short exposition to air, and both XPS and AES are
investigated at similar sample states.

e Introducing of new “internal standards” for BE referencing: Referencing carbon
contamination is still the most common method. Because the first experiments with
graphite powder as an artificial standard did not turn out to be unequivocal, we
then tried to use (quasi) in situ thin film carbon deposition in preparation chambers
coupled with the XPS apparatus. We used two different deposition methods: mag-
netron sputtering from a graphite target (only fine vacuum conditions) and thermal
deposition of Cg (ultra-high vacuum conditions). Differently prepared surface states
were considered for the C deposition experiments.

e (lassification of e-beam and ion beam damage and its consequence for XP and AE
analysis: In general, the damage by electron or ion radiation is well known, especially
for oxide-type materials. Otherwise, such beams are commonly used for the excitation
of analytical signals or for sample cleaning or element depth profiling. For the alkaline
elements (as lithium), a high mobility is to be expected, even in the presence of near-
surface electrical fields. Consequences for changes in the chemical states and the
energy referencing are discussed for both XPS and AES, and area dependencies are
also considered.

2. Experiments

Samples were prepared in a glove box (LabMaster SP, MBRAUN, Garching, Germany)
in a monitored Ar atmosphere (O, < 0.1 ppm, HyO < 1 ppm). To avoid any contact of the
samples with air and moisture, Ar-filled transfer chambers [28,33] were used to transfer
the sample between the glove box and the spectrometer chambers.

The Li samples were cut from a 12.7 mm-diameter metal rod (Alpha Aeasar, 99.9% pure-
ness, product no.: 10733, lot no.: 121Y027, Thermo Fisher, Waltham, MA, USA) with a
cleaned ceramic scalpel, fixed on the sample holders and scraped finally with a scalpel to
make the surface as clean as possible.

The electron spectroscopic investigations were carried out in two separate commercial
systems: a PHI-5600 CI XP spectrometer (Physical Electronics, ULVAC-PHI, Osaka, Japan)
spectrometer and a JAMP 9500 F (JEOL, Tokyo, Japan) scanning Auger system. Typical base
pressures of the systems are 2 x 1078 Paand 5 x 1077 Pa, respectively. More information
on the equipment, including schemata, can be found in [28,34].

The PHI system is equipped with a hemispherical analyzer operated at a typical pass
energy of 29 eV and a diameter analysis area of 800 um. Monochromatic Al-K, excitation
(350 W) was used. Sputter cleaning was performed using Ar* ions at 3.5 keV and an erosion
rate of around 3 nm/min was standardized to SiO,.

The JEOL system was run with a field emission source (typical parameters include:
10 keV, 10 nA, 100 nm beam diameter). The analyzer was also of a hemispherical type,
however, without a focusing entrance lens. This resulted in a large acceptance area for
the analyzed electrons. For XP analysis, the system was equipped with an X-ray source
(SPECS 18/30, Mg-K,, 300 W, SPECS, Berlin, Germany). To minimize the measuring area,
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the source was furnished with a conical collimator head (Cu, 1 mm end-hole), leading to
an approx. 2 mm-diameter X-ray spot on the samples. The analyzer was operated in a
fixed retarding ratio (FRR) mode (0.32%) for both AE and FAT (fixed analyzer transmission)
modes (pass energy 50 eV) for XP analysis. Sputter cleaning was carried out with Ar* ions
(2 keV, 18 nm/min at 1 mm x 1 mm).

The BE scale of both the spectrometers was calibrated using Au4f;,, at 84.0 eV, and
Cu2p;,/; at 932.7 eV were used as reference energies.

Data treatment for both XPS and AES spectra was performed with the PHI-MULTIPAK
software (ULVAC-PHI, Osaka, Japan) [35], whereby sensitivity factors for the PHI analysis
systems were implemented (XPS for a PHI 5600-type hemispherical analyzer, AES for a
PHI 25-130-type cylindrical mirror analyzer). Because a different electron analyzer was
used in the JEOL system, calculated concentrations could vary systematically.

Two self-built UHV preparation chambers, with a magnetic sample transfer and pump-
ing systems with turbomolecular pumps, were directly coupled to the PHI 5600 system. In
one of these chambers (base pressures of around 3 x 10~° Pa), an RF magnetron sputter
source (2 inch target) can be used for thin film preparation [34]. For the actual experi-
ments, a graphite target was used, as well as the following experimental parameters: gas
Ar—10 sccm, chamber pressure during deposition—1 Pa, and power—50 W.

The second chamber (base pressures of around 1 x 10~7 Pa) was equipped with
thermal evaporators, and Cgy was used as an evaporating material. Experimental param-
eters were as follows: temperature—430 °C and chamber pressure during evaporation—
7 x 1076 Pa.

3. Results and Discussion

As an introductory remark, it should be mentioned that surface charging effects
could never be observed in all presented measurements, which was often suspected from
reviewers of our previous papers. This was regularly proven by taking comparative XP
measurements with and without a low-energy electron flood gun or by changing between
monochromatic and non-monochromatic X-ray sources.

This means that all the observed abnormal peak shifts (indicated by shifted Cls peaks
from the C contamination species) are related to real surface phenomena caused by the
above-mentioned potential gradients at the Li-containing surfaces.

All the shown XP spectra (if not explicitly mentioned) are normalized with respect
to intensity and shifted as “waterfall-plots” to allow an easier comparison of peak shift or
peak shape changes. Thus, the peak intensities do not represent intensity changes during
sample treatments. To make the comparison between the plots easier, all the BE scales of
the shown electron peaks are identical. The AE spectra are presented as usual with the
kinetic energy (KE) scale and most have differentiated curves, which automatically implies
a kind of “background suppression” and allows an easy comparison of peak shape changes
as well. Unless the valence band is involved in the emission process for the light elements,
the Auger transition is named “KLL”, similar to “KVV”.

The sample denominations are highlighted in the text in bold italics; in the figures,
they are given as insets on the right and assigned in appropriate color.

3.1. Chemical States as Prepared and with Gas Interaction

Firstly, the chemical state of the freshly prepared Li surfaces from the glove box was of
interest. In previous investigations of Li foils [24,30], typical surface contamination was
Li carbonate, often in combination with cross contamination of fluorine or phosphorous,
which came from manufacturing or transport issues. In the present measurements, however,
beside Li, only O and C were found in each XP spectrum. All the investigated samples
similarly showed that metallic Li could never be found at the surfaces by XPS; even for
glove-box-treated samples, the fresh Li surfaces immediately reacts with residual oxygen
or water.
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Figure 1 shows the spectra measured in the PHI XPS system of two separately prepared
(identical Li base materials, similar cutting procedures, approx. two-week time-span) fresh
samples (A-nat and B-nat) in comparison with a pure carbonate surface reference (on-air)
self-prepared with a sputter-cleaned Li surface which was shortly transported through air.
Qualitatively, in the Ols spectrum, two clearly separated peaks (Figure 1b) with a high BE
peak for carbonate are found, while Lils shows similar but smaller shifts (Figure 1a) and
broadening in accordance with the Ols changes. For Cls, two separate peaks (Figure 1c) are
found, which are attributed to C contamination (low BE) and carbonate (high BE) species.

Because of the absence of other main elements (such as F or P), in agreement with
the literature [26,36], the Li species LiO, LiOH (Li;O,?), and Li;CO3; dominate the three
states in combination with C contamination. Because of the sample history, we assume
LiOH as 2+ valency species [36]; however, distinguishing this from Li,O, is complicated
because of the same Li:O stoichiometry and low peak shifts [27,37]. Moreover, other studies
(e.g., [27,37]) do not try to separate LiOH/Li;O; for that same reason. Wood et al. [27]
propose using the valence-band cut-off to distinguish between the two species, which is
also not straightforward for the mostly mixed states existing in real world samples.

Assuming the peak positions mentioned in Table 1, a satisfying peak fit (peaks with
broken lines in Figure 1) can be carried out, which clearly shows the difference in the three
states: only LiOH with some carbonate in the A-nat sample, a mixture of LiOH and Li,O
(no carbonate) in the B-nat sample, and only carbonate in the on-air sample. The fit of the
“C-cont.” peak is not perfect, and the contamination obviously does not contain only one
chemical state. However, the Cls peak fit here is mainly used to estimate the carbonate
portion in the spectra. By using the estimated partial intensities from the peak fits given in
Table 1 and the calculated total elemental concentrations, the specific concentrations of the
different species can be determined [35]. These values are given in Table 2 and support the
idea that the calculated atomic ratios are in satisfying agreement with the stoichiometry of
the different compound species.

The BE values from other studies [27,36] given in Table 1 (lines “Reference energies”)
as comparison values to our fit (line “Our fit-energies”) should be shortly discussed in more
detail. The BE referencing methods differ in both papers, which results in non-consistent
peak position data. In [27], starting from sputtered clean metallic Li (54.97 eV) in situ,
artificial LiO is prepared and the O1s peak is used later on as the reference value (531.2 eV).
All the other values are the results of peak fits of sample states with mostly mixed species.
These experiments are similar to our approach, as metallic Li foil is covered with thin
reaction layers and no charging shifts are observed. Thus, it is acceptable that the BE
values almost exactly agree in both studies. Looking at the LiOH/Li;O, values in our
results, a trend to the Li,O, values fitted in [27] is visible; nevertheless, the uncertainties in
identifying both species discussed above should be kept in mind.

In [36], a different approach for BE calibration was used. Because of the high purity
of the prepared materials and the absence of C contamination, the Ols peak for Li,O at
528.5 eV was used. The use of this BE value is based on a study of reference powders [37]
where the Cls peak at 285.0 eV from C contamination was used as a BE reference. Thus,
indirectly Cls at 285.0 eV can be assumed as BE for the peak value of Cls in Table 1 for the
values from [36]. By looking at the differences from our values to that in [36] for nearly all
species, an equal difference of around 2.7 eV can be found. This agrees with the conclusions
in [27] that different peak values published by several authors are only the result of linear
BE shifts from charging shifts and a non-equivalent BE calibration. Only two values (Ols-
LiOH, C1s—C-cont.) show larger differences. This may come from the concurrence of LiOH
and Li;O, and different carbonaceous species at the two kinds of sample.

Because no charging was observed in our samples, it is obvious that these constant
peak shifts, in comparison with the classical BE calibration (C1s-285 eV), result from a
surface potential barrier in the XP experiment between the thin insulation overlayers and
the metallic Li underneath, as previously stated [24,25].
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Figure 1. XP spectra (a)—Lils spectra, (b)—O1s spectra, (c)—Cls spectra normalized in intensity
of two native Li foils (A-nat, B-nat) from the glove box and after short contact with air (on-air).
Depending on the glove box conditions, a mixture of LiOH and Li,O is found; Li;CO3; dominates
the surface after contact to air (a,b). Using peak fitting, the species (LiOH/C-cont.—blue curves,
Li;O—green curves, and Li;COz—red curves) can be separated in agreement with literature values
(Table 1) and represent their stoichiometry (Table 2) really well. The C species (namely the Cls peak
at 288 eV from contamination) are found at the high BE positions (c).

Table 1. Results of the peak fit procedure for the spectra shown in Figure 1. All BE values are given
in eV. The fit values calculated from our experimental data for the different species agree well with
the results published in a recent detailed work [27]. In contrast values from an other work [36] based
on BE referencing with Cls carbon contamination at 285 eV shows a constant shift around 2.7 eV.

Element Li O C Comment
Lils Lils Lils Ols Ols Ols Cls Cls
. . LiOH . . LiOH . .
Species Li,CO3 (LiyOs) Li,O Li,CO3 (LiyOs) Li,O Li,CO3 C-cont.
Peak areas %
on-air 97 3 0 99 <1 <1 85 14
B-nat <1 36 63 0 53 47 5 95

A-nat 22 78 0 13 84 1 30 70
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Table 1. Cont.

Element Li (0] C Comment
BE values
Our fit energies 58.0 57.5 56.4 534.6 534.1 531.3 292.8 288.2
. 57.4 533.77
Reference energies 58.05 57.5) 56.4 534.67 534.15} 531.2 292.9 288.0 Ref [27]
Reference energies 55.5 54.8 53.7 532 531.0 528.5 * 290.1 285.0 *** Ref [36]
Difference to [27] 25 2.7 2.7 2.6 3.1** 2.7 2.7 3.2 #**

{energy} values for Li;O, from [27]. * peak used as BE reference based on [37]. ** different value points possibly
linked to Li;O,. *** C reference based on [37] and possible various C species.

Table 2. Estimated partial concentrations for the samples and peak fit results from Table 1. The
values agree well with the stoichiometries of the supposed surface species. Concentration values are
presented in %.

Conc.- Li (0] C Comment
Total -Total -Total -Total
Conc-fit Lils LipCO; LiOH Li,O Ols LipCO; LiOH Li,O Cls Li,CO; C-cont.

on-air 36 36 0 0 49 49 0 0 15 14 1 LipCO3

B-nat 55 0 21 34 37 0 19 18 8 0.5 7 LiOH + LiyO

A-nat 45 9 36 0 48 6 42 0 7 3 4 LiOH + (Li;CO3)

Figure 2 shows XP spectra of the materials measured in the JEOL system: fresh
sample (C-nat), 1 week at 3 x 1077 Pa (C-7d), sputter-cleaned sample in the intro-chamber
at 1 x 10~ Pa (C-intro), and transferred (C-air). Because of the inferior vacuum, the
originally nearly LiOH-containing sample (C-nat, similar to A-nat from Figure 1) changes
during one-week storage with an increase in the LiO amount. Furthermore, the C-intro
sample shows mainly LiOH (water from the fore-pump) and a low carbonate amount,
while the C-air sample is carbonate-dominated, as shown in Figure 1. All these findings
can be followed by similar peak shape changes, as seen in Figure 1. All the peaks are in
higher BE position (see Cls at 288 eV).
a) b)
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Figure 2. Cont.
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Figure 2. XP spectra (a)—Lils spectra, (b)—O1s spectra, (c)—C1s spectra normalized in intensity
of a native Li foil (C-nat) from the glove box and after short contact to air (C-air) measured in the
JEOL JAMP 9500 system. As in Figure 1, at the beginning, a mixture of LIOH and Li,O is found (b),
and Li;CO3; dominates the surface after contact to air (c). The influence of the residual atmosphere
(C-7d = one week in the analysis chamber at 3 x 1077 Pa; C-intro = in the intro chamber at 1 x 10~* Pa
after sputter cleaning) is visible with a change in the LiOH/Li,O ratio and the occurrence of Li;COj3.
The C species are found at the high BE positions (c).

3.2. Energy Referencing for Sputter and Gas Modification: Artificial C and Ar

In Figure 3 a series of surface modifications is shown investigated by means of the
PHI 5600 analysis system starting from the LiOH/Li,O (B-nat) native surface: long time
Ar* sputtering (B-sput), some minutes in the residual vacuum (3 x 10~° Pa) of the sputter-
preparation chamber (B-prep) and after air contact (B-air).

The Lils peak shape changes (Figure 3a) describe the following chemical modifications:
as-prepared mixed oxide, elemental state (also the satellite peak is visible) after sputter
cleaning, partial surface oxidation (mainly Li;O) in the prep chamber, and carbonate
formation at air. Appropriate changes can be followed in the O1s peaks (Figure 3b).

Cls from the contamination (Figure 3c) starts at the high BE value (288 eV), while
residual carbon is found in the metallic Li at the “normal position” at 285 eV. After partial
surface oxidation (thin oxide layer), it looks like C/C-O/carbonate is at the normal or partly
shifted position (broad peak between 285 to 290 eV). After contact with air, C1s peaks are
found at higher BE positions (293 eV—carbonate, 288 eV—contamination), as displayed in
Figures 1 and 2.

If the Ar signal from the implanted ions is visible (Figure 3d), the Ar2p peak position
remains at a high position, i.e., at 245 eV. Ar as “inert” element is also in elemental Li, shifted
to a higher BE. This agrees with the expectations from our previous model experiments
published earlier [24].

The experiments documented in Figure 4 provide further information, where the same
surface states, as discussed in Figure 3, are covered in situ artificially with a thin carbon
layer. This was carried out (see “experiments”) in preparation chambers directly coupled
to the XPS system, either with RF magnetron sputtering from a graphite target (B-nat) or
Cgo thermal evaporation in UHV (B-sput, prep, air).
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Figure 3. XP spectra (a)—Lils spectra, (b)—O1s spectra, (c)—Cls spectra, (d)—Ar2p spectra nor-
malized in intensity of a native Li foil (B-nat) from the glove box and after some sample treatment
measured in the JEOL JAMP 9500 system. After Ar* sputter cleaning (B-sput), elemental Li is visible
(a), high-vacuum (B-prep = 3 X 10~ Pa) reoxidation starts (b), and air carbonate is formed (B-air)
(c). The C species are found at the low BE positions only at the elemental Li-containing samples (c).

The Lils and O1ls peaks (Figure 4a,b) are not significantly changed, alongside the
formation of LiOH (O1s change) in B-nat during sputter deposition due to the inferior
vacuum and a slightly Li oxidation (Lils broadening) in B-sput.

The behavior of the Cls from the additional carbon (Figure 4c) agrees well with the
expectations from the residual natural carbon contamination, as discussed in Figure 3. In
the samples with a thick reaction layer (B-nat = oxide, B-air = carbonate), the additional
carbon is found at the high BE position of C1s around 288 eV. For the elemental Li (B-sput),
the additional carbon is at the “normal position” at exactly 285 eV. In this case, the surface
is only covered with a very thin oxide layer (B-prep), and Cls is found at an intermediate
position at around 286 eV. The Ar2p peaks (Figure 4d) stay as expected at the high BE
position of 245 eV.
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Figure 4. XP spectra (a)—Lils spectra, (b)—O1s spectra, (c)—Cls spectra, (d)—Ar2p spectra normal-
ized in intensity of the sample states presented already in Figure 3 after decoration with artificial thin
carbon films in the preparation chambers. The additional carbon species for the oxide and carbonate
(B-nat, B-air)-dominated samples are in a high BE position (288 eV), in a normal low BE position
(285 eV) for the sputter cleaned sample (B-sput), and in an intermediate position (286.5 eV) for the
partly reoxidized sample (B-prep) (c).

3.3. Large-Area Beam Modification in XP and AE Spectra

Results of beam modification experiments in the JEOL AES apparatus are expected to
significantly depend on the size of the radiation area [28]. When considering X-ray-excited
electron spectroscopy (XPS) in this JEOL equipment, there is a need for large-area beams,
because the measurement area is not determined by an analyzer entrance with a focusing
lens (as in the PHI XPS-system), but from the X-ray beam itself. In our collimator system,
the beam size is expected to be around 2 mm.

For measurements around the Li sample, a region was selected, where a relatively
smooth and freshly cut surface was visible. In Figure 5, a secondary electron (SE) picture
(size 2 mm x 2 mm) of this region is shown, which roughly agrees with the area exposed
to X-rays.
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Figure 5. SE image of the freshly cut Li sample measured in the JEOL JAMP 9500 F system. The area
represents the area for collecting the XP spectral results for Figures 2 and 6.

Figure 6 summarizes some observations after e-beam and Ar* ion beam treatment
with XPS in the JEOL system. The starting point was a sample state (C-7d) shown already
in Figure 2, characterized by a mixture of LIOH and Li,O, which was observed after a 7-day
vacuum period (3 x 10~7 Pa) from the original LiOH-dominated sample (C-nat).

The e-beam-modified state (C-e-beam) was measured after a series of small area AE
measurements (discussed later in Section 3.4) and a final long-time large-area (20 min,
1 mm X 1mm, 10 nA) e-beam radiation treatment. Under these conditions no significant
changes in the XP spectra are observed, only the portion of Li,O is slightly increased in
comparison with LiOH. In all these three sample states, the Cls carbon contamination
peak is found at around 288 eV, i.e., the previously discussed “high energy” BE position.
Additionally, no carbonate is found/formed.

After 10 min, with large-area ion beam sputtering (C-10 min Ar*), corresponding to
around 10 nm thickness erosion (around 3 mm x 3 mm, Ar*, 3 x 107° A, 3keV), only LipOis
found and a broadening of the C1s peak to a lower BE (285 eV) is observed. After additional
20 min (C-20 min Ar*) of sputtering with a lower scan size (around 1.5 mm x 1.5 mm),
corresponding to around 100 nm erosion, partially elemental Li is found (Li peak at 55 eV,
satellite) and the residual C contamination further shifts towards the 285 eV position.

In the AE measurements using only a large-area e-beam radiation, no change in the
spectra was observed for the Li samples. If any, these changes must appear immediately
after first e-beam bombardment.
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Figure 6. XP spectra (a)—Lils spectra, (b)—O1s spectra, (c)—Cls spectra normalized in intensity of a
series of different sample treatments carried out in the JEOL JAMP 9500 system. Holding the fresh
sample (C-nat) for one week in the analysis chamber (C-7d) leads to Li,O formation (b). No changes
are observed after large-area e-beam radiation (C-e-beam). With low-dose Ar* radiation (C-10 min
Ar*), the change in LiOH to Li,O is observed (b); with higher dose (C-20 min Ar*), partial elemental
Li also becomes visible (a).

Thus, only the changes occurring due to Ar* sputtering will now be discussed. In
Figure 7, AE survey spectra for the starting sample state (C-7d) and the two sputtered
samples (C-10/20 min Ar*) are compared, and the measurement area is 1 mm x Imm. As
expected, the signals for C and O (Figure 7a,c) decrease after sputtering. In the low KE
region, the changes are drastic. Thus, as visible in the non-differentiated spectra (Figure 7a),
the SE peak decreases (0 to 30 eV) after sputtering, and an additional peak appears at
52 eV, later on described as elemental Li, in the differentiated spectra in the LiKLL region
(Figure 7b) for the long-time sputtered sample (C-20 min Ar*).
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Figure 7. AE spectra (a)—non-differentiated survey spectra, (b)—differentiated LiKLL spectra,
(c)—differentiated CKLL spectra) from a 1 mm x 1 mm area for sample states presented already in
Figure 6 are shown. After sputtering, a clear decrease in the C and O signals is observed (a,c). For the
high-dose sample (C-20 min Ar*), the LiKLL spectrum (differentiated data in Figure 7b) is dominated
by a new peak at 52 eV, attributed to elemental Li.

To gain further insight into comparisons of AE and XP spectra for different Li states,
such spectra are shown in Figures 8 and 9 for a sputtered Li sample (C-20 min Ar*, see also
Figure 7, last spectrum), representing mainly elemental Li, which was afterwards brought
to air (C-air) for carbonate formation and finally sputtered once more shortly (C-air/sput).

For the AE spectra (Figure 8), it becomes clear that the LiKLL (Figure 8a) peak positions
are significantly different for the elemental (52 eV), carbonate (38 eV), and sputtered
carbonate (40 eV). For OKLL (Figure 8b), the carbonate position (506 eV) is different from
that of the other two cases (509 eV). CKLL (Figure 8c) shows characteristic peaks at 268 eV
for the residual carbon after sputtering and at 262 eV for the carbonate.

For the XP spectra (Figure 9), beside the transformation of elemental (C-20 min Ar*)
to carbonate Li (C-air), it is obvious (Figure 9a,b) that the carbonate is converted to Li,O
due to sputtering (C-air/sputt). This can be concluded by the peak positions of Lils and
O1s (Figure 9a,b). After sputtering, they are in agreement with the positions discussed
earlier, e.g., from Figures 1 and 3. It confirms the conclusions made from AES of the same
samples in Figure 8. In the Cls spectra (Figure 9c¢), the behavior, as previously discussed, is
found for the carbonate-containing samples (C-air, partly C-air/sput) Cls from the residual
C contamination in the high-energy BE position (288 eV). For the sputter-cleaned state
(C-20 min Ar*), a tendency to a low BE (285 V) is visible.
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Figure 8. AE spectra (a)—LiKLL spectra, (b)—OKLL spectra, (c)—CKLL spectra; all differentiated)
of 3 different sample states for comparison with XP spectra (see Figure 9) at the same samples:
sputter cleaned sample (C-20 min Ar*), sample on air (C-air), and sample from air sputter cleaned
(C-airlsput). Changes, as expected, can be observed: elemental Li (a), Li carbonate, and decomposi-

tion to Li,O (a,b).
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Figure 9. XP spectra (a)—Lils spectra, (b)—O1s spectra, (c)—Cls spectra, (d)—X-ray excited LiKLL
AE spectral region; as measured, (e)—X-ray excited LiKLL AE spectral region; differentiated nor-
malized in intensity of 3 different sample states for comparison with AE spectra (see Figure 8) at
the same samples: sputter cleaned sample (C-20 min Ar*), sample on air (C-air), and sample from
air sputter cleaned (C-air/sput). Changes as expected can be observed: elemental Li, Li carbonate,
decomposition to Li;O (a,b). Carbon contamination is only in the sputter cleaned sample (C-20min
Ar*) in low BE position (c). In the sputter-cleaned sample, the X-ray-excited LiIKLL Auger peak for
elemental Li at around 51 eV (e) can be observed.

The X-ray-excited spectra, measured in the LiKLL Auger spectra containing spectral
region (Figure 9d), are dominated up to 45 eV KE by the peak of the secondary electrons,
and no characteristic AE spectra can be isolated. However, in agreement with Figure 7b,
for the sputter cleaned sample (C-20 min Ar*), the LiIKLL Auger peak for elemental Li at
around 51 eV (differentiated spectra, Figure 9e) becomes clearly visible.

3.4. Area Dependent E-Beam Modification in AE Analysis

Whereas, according to Section 3.3, no beam damage was observed for large-area
e-beam radiation, the situation for local analysis with AE spectroscopy should be more
complicated [28].

To verify the observed chemical changes of the previously fluoride- and carbonate-
dominated surfaces at Li foils, similar area-dependent experiments were conducted at the
newly prepared Li oxide material.
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Figure 10 shows a SE picture (0.8 mm x 0.8 mm) of the area under investigation;
the same sample position as in Figure 6, but with higher magnification. On the left three
measuring areas with different sizes are marked: 1-large (120 pm x 120 pm), 2-medium
(56 um x 56 pm), and 3-small (spot, approx. 100 nm beam diameter).

Figure 10. SE picture of the region under investigation (area from Figure 6, with higher magnification).
Three measurement areas of different size are marked (1-large, 2-medium, and 3-small); spectra
results are seen in Figures 11 and 12.

In Figure 11, AE spectra of the surface states at these areas after approx. 8 min e-beam
exposure (after the measurements discussed with Figure 12) compared with a sputter-
cleaned surface (sput) are shown. In the non-differentiated survey spectra (Figure 11a), a
drastic decrease in the low-energy SE region is already visible. With stepwise lowering
the size of the area, a change in the LiKLL peaks is observed. Clearly visible is also the
decrease in carbon after sputtering. In addition, a CKLL double-peak appears in the
3-small area. Looking at the differentiated spectra in the LiKLL, OKLL, and CKLL spectral
regions (Figure 11b—d), more details become visible. The LiKLL spectra for the 1-large
and 2-medium areas are dominated by a double peak structure (31, 39 eV), previously
assigned to various Li OX species often found at the Li surfaces [28]. For the 3-small and
sput region, a new peak appears at 51 eV, which is clearly separated from the Li,O side
peak at 48 eV. Previously this peak was assigned to elemental Li, which agrees also with the
dominance of this peak at the sput sample. Looking at the changes in CKLL (Figure 11d), it
becomes clear that at the 3-small measuring area, C did not disappear. On the contrary, the
intensity and visibility in the double peak structure characteristic for metal carbides are
consolidated [38,39]. Thus, the LiKLL peak observed at 51 eV can also be connected with
Li carbide.
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Figure 11. AE spectra (a)—non-differentiated survey spectra, (b)—differentiated LiKLL spectra,
(c)—differentiated OKII spectra, (d)—differentiated CKLL spectra for the 3 measurement areas
marked in Figure 10 and a sputter-cleansed sample (sput). For LiKLL, besides the typical peaks
(31, 39eV) of Li-OX species for the spot measurement and the sputter cleaned sample, an elemental Li
peak (51 eV) is found (b). In the CKLL spectra, for the spot measurement, a peak behavior similar to
metal carbide can be observed (d).

In Figure 12, cyclic measurement results of the LiKLL spectral window for the three
different areas are presented. Spectra for cycle 1, 10, and 40 are shown, representing the
surface state at 0, 1:50, and 7:20 min e-beam exposure time, respectively. For the 1-large
area (Figure 12a), the typical Li OX double-peak structure is slowly reached, as well as the
Li;O side peak at 48 eV. For the 2-medium area (Figure 12b), the spectra are similar, and
only the double peak structure is visible after 2 min. For the spot (3-small) measurement
(Figure 12c), the oxide-type structure (double and side peak) is fully formed already during
the first cycle. After 7:20 min, the elemental (or carbide-type) peak at 52 eV is clearly visible.
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Figure 12. Series of LiKLL AE spectra (a)—large radiation area, (b)—medium radiation area,
(c)—small radiation area; all spectra are differentiated) for the 3 measurement areas marked in
Figure 10 are shown. Spectra after different number of measurement cycles (1, 10, and 40 cycles),
representing 0, 1:50, and 7:20 min exposure time, respectively, are plotted. Spectral changes coming
from beam-induced oxide damage are faster for low-area exposure (b,c), resulting in partial formation
of elemental Li for the spot measurement (c).

4. Summary and Conclusions

This paper follows a series of experimental XPS works which have observed abnormal
peak shifts in the presence of elemental Li. In our opinion, this is a major breakthrough
for battery research using XPS. In recent years, some inconsistent peak position data have
been published in the battery community for this reason. This was recently demonstrated
by Wood et al. [27], with an impressive comparison of data from various publications.
However, for a large variety of cathode materials, as well as for anode materials, the
BE referencing and careful peak fitting plays an important role [31,40,41]. In a detailed
review [42], possible uncertainties using the Cl1s BE reference of adventitious carbon have
been discussed.

In our recent study, we started from more well-defined Li metal surfaces, which were
not covered with Li carbonate as main species. The reaction layers formed spontaneously
in the glove box atmosphere (or modified in the vacuum chambers) are thin enough
that charging phenomena never influenced our measurements. As a result, we could
clearly identify the species Li;O and LiOH/Li,O, (Li carbonate after contact with air), and
found that the peak positions in peak fit procedures agreed well with other publications.
Furthermore, the stoichiometry of the species can be confirmed. We found very sensitive
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surface reactions in our vacuum analysis systems and preparation chambers, and could
qualitatively explain them, depending on the vacuum conditions.

Figure 13 displays a flow chart which summarizes the main experimental procedures
and the subsequent conclusions. On the left, the XPS experimental part, including the C
deposition in a preparation chamber, is shown. On the right, the AES experimental part is
outlined. For the XPS experiments, the C1s BEs found for C contamination and C deposit
are mentioned for every partial step. In both parts, as mentioned above, the starting point
was a Li oxide-dominated surface (blue color), including C contamination (light green
color), found after preparation in the glove box on the Li foil (red color), i.e., a state which
was preserved via Ar transport to the measuring chambers.
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Figure 13. Schematic view of the experimental procedures with the main results. On the right side,
the AES measuring procedures are outlined; on the left side, the XPS procedures, including the
implementation of deposition of artificial C in a preparation chamber, are outlined. The Cls BE
positions found for C contamination and the C deposit are given as numbers; the identified chemical
species are coded with color boxes: red—Li metal, blue—Li oxide, orange—Li metal-Li carbide, light
green—C contamination, and dark green—C deposit.

During the XPS measurements (left) using X-ray radiation for excitation, no change in
the oxide was found, and Ar™* sputtering metal-like Li surfaces could be observed: Cls BEs
were found at 288 and 285 eV, respectively. The same C1s BEs were found for the artificial
C deposit (dark green color). The transfer of the metal-like surface led to the formation of
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Li carbonate (violet color) with a C1s BE of the C contamination at 288 eV. As for the oxide
above, the same BE was found for the artificial C deposit. Low-dose Ar* sputtering led to a
conversion of the carbonate to Li,O (Cls BE remains at 288 eV), while high-dose sputtering
to Li metal (Cls as above at 285 eV).

During the AES measurements (right), the e-beam exposure led to a fast (exposure-area
dependent) conversion/reduction of Li carbonate up to Li metal and partially Li carbide
(orange color). After Ar* sputtering, Li metal was found. The formation of Li carbonate on
air and its conversion to Li; O after sputtering was also confirmed.

For the first time, we succeeded in covering different Li-containing surfaces, from
elemental Li over several oxides to carbonate, in situ with artificial thin carbon layers.
This carbon on top can be used as a secure BE reference material. Using this procedure,
we could completely confirm our previous findings of a nearly 3 eV peak shift of the XP
peaks of insulating Li species when covering metallic Li, which was based previously on
the observation of residual carbonaceous surface contamination only. Furthermore, the
observation of the peak position of implanted Ar from surface cleaning by ion sputtering
confirms this statement. Using such experimental procedures, the XP positions at battery
material could be explicitly and exactly defined. In particular, the C¢ evaporation can be
simply integrated in a standard UHV analysis system.

A comparison of XPS and AES measurements at identical samples in one analysis
apparatus represents a powerful tool to study both influences of residual gases and the
electron beam (AES investigations) onto the sensitive Li species. Observations previously
made on carbonate-dominated surfaces could be confirmed at carbonate-free and Li oxide-
dominated surfaces; there is a fast decomposition of Li oxide during electron bombardment,
even up to partly elemental Li. Dose-(or equivalent to an area-)dependent behavior is
confirmed for these samples. The peak shape change in the carbon Auger peak points to
the formation of Li carbide in the presence of the natural carbon contamination.

In summary, this work, on the one hand, makes a step towards improving XPS
interpretation for Li battery materials and, on the other hand, shows how carefully the
results of electron beam analysis should be interpreted when looking at such materials.
As mentioned in a recent review by Cheng et al. [43], the surface properties of the Li
metal surface play an instant role for safe Li metal anodes. Thus, according to our present
work, we believe that sputter cleaning during Li foil production, also in combination
with subsequent deposition of thin protective films, can be a step to well-defined Li
anode surfaces. Such surfaces are also candidates for further studies of interaction with
electrolytes [44—46] in order to form stable SEI films and to avoid the disadvantages of
dendrite growth.
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