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Abstract

The key charge transfer processes in energy storage devices occur at the electrode-electrolyte
interface, which is typically buried making it challenging to access the interfacial chemistry. In the
case of Li-ion batteries, metallic Li electrodes hold promise for increasing energy and power densities,
and when used in conjunction with solid electrolytes (SEs) adverse safety implications associated with
dendrite formation in organic liquid electrolytes can potentially be overcome. To better understand the
stability of SEs when in contact with alkali metals and the reactions that occur, here we consider the
deposition of thin (~10 nm) alkali metal films onto SE surfaces, that are thin enough that X-ray
photoelectron spectroscopy can probe the buried electrode-electrolyte interface. We highlight the
importance of in situ alkali metal deposition, by assessing the contaminant species that are present
after glovebox handling and the use of ‘inert’ transfer devices. Consequently, we compare and contrast
three available methods for in situ alkali-metal deposition; Li sputter deposition, Li evaporation, and
Li plating induced by e™ flood-gun irradiation. Studies on both a sulphide SE (LisPSsCl), and a single-
layer graphene probe surface reveal that the more energetic Li deposition methods, such as sputtering,
can induce surface damage and interfacial mixing that is not seen with thermal evaporation. This

indicates that appropriate selection of the Li deposition method for in situ studies is required to observe



representative behaviour, and the results of previous studies involving energetic deposition may

warrant further evaluation.

Introduction

Batteries with improved energy densities, power densities, and cycling lifetimes are needed to
increase the range, fast-charging capabilities and improve the lifetime cost of electric vehicles 1 2.
Alkali metal anodes offer very high theoretical specific capacities (3860 mAh g for Li) 13-, however
the propensity for filament/dendrite formation during cyclic metal stripping/plating renders them
unsafe when used with the flammable liquid electrolytes found in conventional Li-ion batteries ® 7.
The use of a solid electrolyte (SE) as the ion (e.g. Li*, Na*, Mg?* etc.) conducting medium avoids
flammable organic electrolytes and can mechanically suppress dendrite formation, making commercial
realisation of solid-state batteries (SSBs) a promising prospect.’ 8. Amongst the alkali-metal SSB
systems, Li metal anodes have the highest theoretical capacity and lowest electrode potential,® and the
improvement in energy density this offers has made them the focus of many SSB studies to date 13 °,
Given the highly reducing character of Li metal, its reaction with the battery electrolyte to form a stable
interfacial layer, or a solid electrolyte interphase (SEI), is of vital importance to the extended battery
cycling performance. Many studies have thus focussed on attempting to understand the nature of the
reactions that proceed, to direct future battery development & 115 The exact nature of the interaction
layers formed, and therefore the reaction mechanisms, are dependent upon the electrolyte used. For
example, LLZO (LizLasZr.012) garnets have been suggested to form oxygen deficient layers * 6,
sulphide glasses to form lithium sulphides and phosphides 1" 8, while lithium phosphorus oxynitride
(LiPON) can react to form phosphides and nitrides *>°. Argyrodite-type SE, in particular the chloride
variety LisPSsCl, have attracted much attention given their potentially high Li-ion conductivities (107
to 102 Scm™ %), and relative ease of preparation, e.g. through cold-pressing of commercially
available powders. Despite high Li-ion conductivities and successful cycling having been observed
experimentally 2% 22, degradation of the SE when in contact with Li metal leads to poor long-term
performance 2 24, Elucidating the chemical processes occurring at such interfaces and the nature of
the SEI formed remains a significant challenge, with the SEI referred to as the “most important and
least understood” element within Li-ion batteries 2.

SSB performance, and the formation of the associated SEI, requires good physical contact
between Li and the SE. Methods previously employed to achieve this include pressing Li metal into

the SE surface ?® or dropping it on as a molten liquid 2. To obtain chemically specific information



about these buried interfaces with surface sensitive techniques, such as X-ray photoelectron
spectroscopy (XPS) 1* 1828 nost-mortem studies are usually performed where the Li electrode must
subsequently be peeled off. However, this risks mechanical damage to the interfacial layers and can
allow undesired side reactions to occur by exposure to trace contaminants within glovebox
atmospheres 2% 2930 A recent systematic study suggested that Li metal from different suppliers may
have different passivation layers, also affecting the interfacial chemistry 3. Alternatively, thin Li films
can be deposited onto the SE surface through evaporation 3233 sputtering 34 or even plating driven
by electron beam irradiation % 33 to ensure good physical contact. For characterisation, these can then
either be controllably etched away *2 or, if thin-enough, non-destructive probing directly through them
may be possible 1%, Given the high reactivity of the species involved and variety in Li preparation
methods available it is important to establish what impact these deposition processes may have on the
reaction species observed.

Thin films can be deposited in situ, or in external deposition systems, prior to surface analysis.
External deposition systems generally allow greater convenience, without the necessity for
compatibility with the analysis system or the challenges of manipulation under vacuum conditions (at
least for glovebox-based systems). The main disadvantage is the fact that even in a glovebox there is
the possibility that surfaces react with contaminant species. A glovebox operating at 1 bar with sensors
reading < 0.1 ppm for H20 or O, could still present a partial pressure up to 10~* mbar, whilst other
contaminants such as CO> are often not controlled for. Transfer from the glovebox to the ultra-high
vacuum (UHV) conditions typical of surface analysis systems is then required, often with an O-ring
sealed transfer vessel, which over time will permit some leakage of air leading to unwanted surface
reactions. Such issues were investigated recently when looking at the surface passivation of Li metal
81 concluding that the storage and processing history of the Li metal surface is very important for the
interpretation of surface analysis.

A number of approaches have been reported for in situ Li deposition in commercial UHV
surface analysis systems. Sputtering of a Li metal chip with an Ar* beam, leading to deposition of the
sputtered material onto an adjacent material surface 13 can be achieved relatively easily with a simple
modification to the sample holder and using an existing sputter gun used for surface cleaning or depth-
profiling. There is, however, the necessity for inert transfer, and consequent surface contamination of
the Li metal target that will be sputtered onto the surface. A low energy e beam (the e~ charge
neutraliser or flood-gun) has also been used to drive surface Li plating, fed from a reservoir of Li metal
in contact with another region of the SE %32, However, it has been observed for carbon nanotube and
graphene surfaces that irradiation of sample surfaces with an electron beam leads to increased

deposition of amorphous carbon 3% 3¢, which could affect the observed surface chemistry. In situ



evaporation often requires more extensive modification of the analysis system. In the case of alkali
metals an adjacent deposition chamber may be preferable, to prevent contamination of the analysis
chamber with these reasonably high vapour pressure metals *” during evaporation. The benefit of such
a system, however, is that transfer of the sample from the deposition chamber to the analysis chamber
occurs under UHV (= 1078 mbar), without significant exposure to contaminants.

In this work we use lab- and synchrotron-based XPS to compare the interfacial chemistry of Li
deposited onto LigPSsCl by thermal evaporation, sputtering, and e~ flood-gun driven Li plating. This
reveals that in situ deposition is critical to avoiding conversion of the Li film to hydroxide and
carbonate species by reaction with environmental contaminants present in gloveboxes and ‘inert’
transfer devices. We discuss the different methods for Li deposition and assess the benefits and
disadvantages that each may have on the interfacial chemistry seen during SEI formation. In particular
we use Raman spectroscopy to reveal the surface damage induced by each deposition method. This
reveals that the use of more energetic deposition methods such as sputtering can lead to significant
surface damage and interfacial mixing that is not seen with thermal evaporation, and is not expected
to be representative of the SEI formed through mechanical contacting of Li to the SE. These findings
will inform improved experimental procedures for alkali metal deposition and handling when
performing surface analysis, contributing to enhanced understanding of interfacial stability of SE and
alkali metals. Furthermore, these results indicate that previous studies of SE systems where Li

deposition by sputtering or charge neutralisation using Ar* ions may require revisiting.

Experimental

Argyrodite (LisPSsCl) SE pellets were prepared by cold pressing commercial powders (~10
um grain size, purchased from Ampcera™, USA) into 8 mm disks of 700-750 um thickness by
application of 500 MPa of pressure using a hydraulic press. Handling of LisPSsCI powders and pellets
was performed in an Ar-filled glovebox with H.O and O> contamination below the detectable limits
(both < 0.1 ppm, partial pressure <1x10~* mbar). Pellets were used as pressed, with no further surface
treatment. Single-layer graphene (SLG), used as a model surface for evaluating the surface damage
related to different lithium deposition methods, was grown on copper foil substrates by chemical
vapour deposition 3, and transferred to 300 nm SiO, on Si(100) substrates (Pi-Kem Ltd.) using the
well-established wet transfer method 3% “°. In brief, the SLG on copper was supported by
polymethylmethacrylate (PMMA) after which the sample was floated on top of a sodium persulphate
etchant solution (0.21 M aqueous Na>S»>0s, Acros Organics >98%) for a minimum of 5 hours. The

etched samples were transferred to distilled water to rinse away residual etchant, and then the PMMA



coated SLG was picked up onto SiO2 (300 nm)/Si substrates and dried. The PMMA support was then
removed by soaking in acetone (>99%, Sigma-Aldrich) for 1 hour, followed by rinsing in isopropyl
alcohol (>99.5%, Sigma-Aldrich).

For in situ Li deposition, either by sputtering or driven by the e flood-gun, bare LisPSsCl
pellets were loaded into an ULVAC Phi Versaprobe 111 XPS system from glovebox environments
using an inert transfer device (ULVAC Phi GmbH). In situ sputter deposition of Li has already been
described in detail elsewhere 34, Briefly, metallic Li foil (750 um thick, purchased from Sigma-
Aldrich®), was mechanically cleaned by scraping in a glovebox, affixed vertically to an L-shaped in
situ metal deposition stage (ULVAC Phi GmbH) and inertly transferred to the XPS system. The Li is
then bombarded with an Ar* ion beam (4 keV, 3x3 mm? raster, 2.8 pA beam current or 2 keV, 3x3
mm? raster, 1 pA beam current), to sputter Li onto samples placed horizontally beneath the Li foil (see
schematic fig. 2). The Li deposition rate is determined based on attenuation of Cu 3p peaks during
calibration experiments on bare Cu foil samples, assuming a continuous layer and using the Beer-
Lambert law with calculated values for inelastic mean free path %42, The attenuation of the Cu 3s and
Cu 2p peaks corroborated the deposition rate obtained using the Cu 3p peaks. Li deposition using a
“virtual electrode” created by an e~ flood-gun has been previously demonstrated 1 32 and involves
irradiating the surface of the argyrodite pellet with low-energy e, such as those generated by an e~
flood-gun within the XPS system. The e -flooded electrolyte surface draws Li* ions from a Li metal
reservoir on the underside of the pellet leading to plating of Li metal on the irradiated surface. During
in situ Li deposition, surfaces are studied by X-ray photoelectron spectroscopy (XPS) using a water-
cooled monochromatic Al K, source (hv = 1486.6 eV, 15 kV anode voltage, 25 W beam power).
Charge compensation with the in-built e flood-gun or low-energy Ar* ion source was avoided for all
samples, except the Li sputtered argyrodite surface, or cases where the use of the charge neutraliser
was being studied (such as the “virtual electrode” measurements where only the e~ flood-gun is used,
or the evaluation of SLG damage). Core level spectra were collected with a pass energy of 55 eV and
a step size of 0.05 eV / step (giving a Ag 3ds2 peak with fwhm of 0.69 eV). The analysis chamber
pressure was maintained below 5x10~° mbar during measurement. Data analysis was performed using
the CasaXPS software package “.

For in situ Li evaporation, a purpose built UHV chamber was attached to the 109 end station at
Diamond Light Source synchrotron facility (Didcot, UK) where the bare LisPSsCl pellets could be
loaded from a glovebox environment using an inert transfer device sealed under Ar. The inert transfer
device is constructed entirely from UHV compatible components and sealed with a gate-valve with a
viton® seal. Li was deposited by thermal evaporation from a boron nitride crucible heated by a

tantalum wire basket. The deposition rate was calibrated for the chamber geometry to be 4 nm min,



with a chamber pressure below 1x10°® mbar during evaporation. The samples could then be transferred
to the analysis chamber whilst maintaining a base pressure below 5x107° mbar. Once in the analysis
chamber, the surfaces were probed with hard X-ray photoelectron spectroscopy (HAXPES) using
photon energies of 2.2 keV and 6.6 keV and soft X-ray photoelectron spectroscopy (SOXPES), such
that the kinetic energy of core level photoelectrons was 315 eV (i.e. photon energies of 845 eV, 600 eV,
510 eV, 475 eV, 450 eV and 370 eV for O 1s, C 1s, Cl 2p, S 2p, P 2p and L. 1s, respectively). The use
of different photon energies provides depth-resolved data for the studied surfaces with photoelectrons
having inelastic mean free paths through Li metal of approximately 1.1 nm, 6.0 — 7.5 nm and 18.5 —
19.8 nm for the SOXPES, 2.2 keV and 6.6 keV photons, respectively 2. To prevent beam damage (as
monitored using the S 2p core level) the undulator was detuned to provide an X-ray intensity of ~1o/10
for HAXPES and ~10/100 for SOXPES, where lg is the full beam intensity. The defocussed X-ray beam
gave dimensions of ~300 (vertical) x 300 (horizontal) um and impinged upon the sample surface at an
angle of 15° to enhance the photoelectron signal and yield a ~300 x 1200 um illuminated area. The
energy distribution curves (EDCs) of the photoelectrons leaving the surface were measured with a
concentric hemispherical analyser (VG Scienta EW4000 10 keV, lens acceptance angle +28°). The
hemispherical analyser was operated with a pass energy of 200 eV for HAXPES and 100 eV for
SOXPES.

Raman spectra of the SLG samples were collected using a Renishaw inVia confocal Raman
microscope, with a 532 nm wavelength laser having a maximum power of 50 mW. Following Li
deposition samples were transferred to air to allow Raman spectra to be collected. Raman data was
collected over the range 1000 to 3000 cm™ using 1% of the maximum power to avoid laser-induced
damage to the SLG. Data was recorded using a 1800 mm™ grating, with 30 acquisitions per scan and
a 10 s exposure time. Data was analysed and fitted using Lorentzian line shapes in the Igor Pro software
package .

Results and Discussion

Figure 1 shows XPS core level spectra for the C 1s, O 1s, S 2p and Li 1s regions for different
stages of Li deposition on LisPSsCl SEs, with the peak area of each region normalised to unity (except
S 2p (iii) due to its lack of discernible peaks). The top row of spectra, fig. 1 (i), show measurements
of the as-loaded bare LisPSsCl. The O 1s region contains a broad peak at ~531.6 eV consistent with
the presence Li,COs and LiOH %°. The C 1s region shows a contribution at ~288.6 eV again attributable
to Li,COs **°, as well as adventitious C at ~284.8 eV. Changes in the relative intensities of these

components are apparent with increasing photon energy, which corresponds to increased information



depth as faster photoelectrons can escape from deeper below the surface. Between SOXPES and 2.2
keV HAXPES, the ratio of LioCOs to adventitious C peaks in the C 1s region is seen to increase,
suggesting that the top surface is covered in adventitious C (e.g. hydrocarbons), with a carbonate layer
beneath it. For the 6.6 keVV HAXPES, the signal to noise ratio decreases significantly due to both the
lower photoionisation cross section at higher photon energies and the increased probing depth of the
faster photoelectrons, resulting in the peak attributable to Li>COz no longer being well-resolved. These
variations in peak intensity with depth are thus consistent with a LioCOs layer on the outermost surface
of the pellet that is covered with adventitious C.

The S 2p core level of the as-loaded LisPSsCl shows a strong doublet with a S 2ps;> component
at ~161.4 eV attributable to LigPSsCl, whilst a much weaker doublet with S 2p3, at ~160.1 eV is
assigned to S>~ or Li,S 2. The S 2p shows a slightly lower contribution of Li.S relative to LisPSsCl in
the SOXPES measurements, which indicates some depletion of S, perhaps related to the formation of
LioCOs at the surface. Nevertheless the fact that the LisPSsCl doublet is well-resolved even in the
SOXPES data indicates the carbonate layer is relatively thin, with a uniform carbonate layer of >3 nm
thickness expected to fully attenuate any LisPSsCl signal at this energy 1. The Li 1s core level shows
only a single peak for the bare pellet at ~55.4 eV which is consistent with LisPSsCl, however likely
also includes contributions from Li>COs, LiIHCOz and LiOH which are expected to have overlapping
peaks at ~55 eV, for the charge referencing used here # %°. The CI 2p and the P 2p spectra (Fig S1) do
not reveal any significant variations in peak shape with photon energy. These results thus confirm the
presence of surface-contaminants on the LigPSsCl, particularly Li2COz and adventitious C, which
likely arise from glovebox storage and processing. Since the powders are stored in a glovebox prior to
room-temperature pellet pressing, it is likely that each of the micron-sized grains is coated with these
contaminants. Although the presence of LioCOs has not been rigorously assigned in LigPSsCl
previously, we note that it has been observed on many other lithium containing SEs and has been
implicated in increasing interfacial resistance (e.g. LLZO garnets 4, (LiPON) ¥ and Li2S-P2Ss
sulphides “°).

Cl 2p was chosen as an internal reference for charge correction (Cl 2ps;» = 198.5 eV) as prior
reports indicate Cl 2p peak distortion isn’t observed with Li metal deposition 2. Recoil effects in
photoelectron emission, where the outgoing photoelectron transfers momentum to the photoemitting
nucleus has been shown to be well approximated by the use of the momentum equation AE =
Exgm/M where AE is the recoil shift, Exe is the photoelectron kinetic energy, m is the photoelectron
mass and M the nuclear mass. Recoil effects become significant for high photoelectron kinetic
energies, or for lighter elements causing an increase in the experimentally observed binding energy 4"

8 It follows that for the photoelectron energies produced in this work the CI 2p is expected to



experience recoil shifts of 5 meV, 31 meV and 99 meV whilst the Li 1s would experience shifts of 25
meV, 168 meV and 513 meV for the SOXPES, 2.2 keV and 6.6 keV photon energies, respectively.
Recoil effects are not significant enough (below 0.1 eV) to affect most of the photoelectron peaks nor
the choice of Cl 2p for alignment. They will, however, cause significant BE increases in the Li 1s, C
1sand O 1s of ~0.5eV, 0.3 eV and 0.2 eV, for the 6.6 keV (green) data respectively.
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Figure 1: Synchrotron HAXPES (hv = 2.2 keV, black and 6.6 keV, green) and SOXPES (kinetic energy = 315 eV,
red) data for (i) as-loaded bare LisPSsCl argyrodite, (ii) 20 nm Li evaporated on LigPSsCl in situ and (iii) 20 nm of Li
on LisPSsCl after having been transferred in an inert Ar atmosphere. Data has been normalised so that the total peak
area is the same, with the exception of the S 2p data in (iii), and the binding energy calibrated such that the CI 2ps,
sits at 198.5 eV (see Sl fig. S1).

The spectra in the second row, figure 1 (ii), were acquired from a LisPSsCl pellet following in
situ evaporation of ~20 nm of Li onto the surface. The O 1s region shows an oxygen peak at ~528.4
eV, assigned to Li-O from reaction of the deposited Li with trace oxygen ® ! in addition to the
carbonate / hydroxide peak at ~531.2 eV that is already present in the as-loaded bare pellet. The C 1s
data shows only a peak due to adsorbed hydrocarbons at ~284.8 eV, with the lack of a significant
contribution from any carbonate species suggesting that the high BE oxygen peak is primarily
attributable to LiOH, presumably due to reaction with background water. The enhanced LiOH to Li>O
peak ratio in the SOXPES data compared to the 2.2 keV and 6.6 keV HAXPES data indicates that the
LiOH species are at the outermost surface of the deposited Li, while the formation of Li>O by reaction
with residual oxygen in the UHV system is more uniform throughout. The S 2p spectra show a change
in the ratio of LisPSsCl to Li2S, compared to the as-loaded bare pellet, with Li>S now being dominant

following Li evaporation. The Li 1s spectra, shows a large component at ~53.7 eV, indicative of



interfacial products such as Li,S, Li-P and Li.O °, whilst photons probing a greater depth display a
metallic Li component at ~52.2 eV, once recoil effects have been accounted for.

The deposition of Li significantly attenuates the LisPSsCl species observed in the Cl 2p, S 2p,
P 2p and Li 1s core levels as well as the Li-COs and adventitious C seen at the surface of the bare
pellet in the C1s region. The depth resolution available from the different photon energies shows that
the topmost surface layers (SOXPES data, red) appear to contain a greater proportion of LisS,
following from the reaction of mobile S?~ species with metallic Li 2. With increasing probing depth,
the ratio of LisPSsClI to Li>S can be seen to increase, starting from complete attenuation of the LisPSsCl
component in the SOXPES data, and increasing when moving from 2.2 keV to 6.6 keV photons (see
figure 1 (ii), S2p). This behaviour is consistent with a continuous film deposition, suggesting that the
Li metal has adequately wet the pellet surface.

The third row of figure 1 (iii) shows EDCs collected from a surface with 20 nm Li evaporated
onto LisPSsCl, transferred inertly via a vacuum suitcase. Samples were sealed under an Ar glovebox
environment and spent < 6 hours in this environment prior to transfer into UHV for measurement. The
O 1s spectra show a broad peak at ~531.3 eV attributable to Li,COs, LiHCO3 and/or LiOH %°, The C
1s data shows the presence of the adsorbed hydrocarbons at ~284.8 eV as well as two higher binding
energy peaks at ~290.3 eV and ~288.9 eV assigned to LiHCO;3; and Li>COs, respectively 4. With
increasing probing depth (increasing photon energy) the high binding energy peak in the O 1s can be
observed to decrease in binding energy from ~531.6 eV to 531.2 eV, which is not attributable to recoil
effects, and a peak corresponding to Li»O at 528.4 eV is seen to appear and grow in intensity. This is
consistent with the outermost surface being composed predominantly of the higher binding energy
carbonate species 3 on top of LiOH and Li,O. These results support the idea of gaseous CO,,
presumably present in trace amounts in the ‘inert’ glovebox atmosphere, reacting with the surface
LiOH that is present following UHV deposition 3. Additionally, the C 1s shows adventitious
hydrocarbon adsorption on the outer surface and an increasing ratio of LIHCO3 to Li.COs when the
probing depth increases. The reaction of COz and LiOH to form Li,COs releases water 3, we thus
tentatively suggest that at the buried LiOH/Li>CO3 interface this results in LIHCO3z formation, whilst
closer to the surface we hypothesise that H.O diffuses out into the low water content “glovebox”
atmosphere used for inert transfer leading to more Li>CO3 towards the outer surface.

The S 2p spectra shows complete attenuation of the Li»S and LisPSsCl species in the SOXPES
data, indicating that the carbonate passivation layer has a thickness of >3 nm as discussed earlier. The
Li 1s data show a high binding energy peak at ~54.9 eV consistent with the presence of Li>COsg,
LiHCO3 and LiOH. The Li 1s HAXPES data shows a shift towards the lower BE side, when we
consider the respective ~0.15 eV and ~0.5 eV recoil shifts for 2.2 and 6.6 keV data, indicating the



presence of other reacted Li species (e.g. Li2O, Li>S seen in 1 (ii)) beneath the carbonate layer.
However, there is a lack of any metallic Li peak for all probing depths. The 2.2 keV S 2p HAXPES
shows the emergence of Li>S at 160.0 eV closest to the carbonate layer with pristine argyrodite
observed beneath this (162.4 eV) as shown by the increased LisPSsCl to Li.S ratio at greater probing
depths. The absence of Li»S at the outer most surface could be due to either the fact that the Li>COs3 is
more thermodynamically stable *° or that Li,S hydrolyses to H2S(g), highlighting the importance of
ensuring CO2-free and H>O-free processing of materials used in alkali-metal batteries. We note that
the observed behaviour may not solely attributable to glovebox exposure but may also arise from
contaminants present during ‘inert’ transfer. However, the impact of trace glovebox contaminants is
further highlighted when storing thin (<50 nm) Li films deposited onto LisPSsCl and Cu foils, which
are initially visible to the naked eye as reflective, silvery coatings, but within the course of a few hours
disappear as they form less opaque products. On a shorter timescale (<10 minutes) samples transferred
directly from the evaporation chamber to the lab-based XPS in a viton® sealed vessel also failed to
exhibit any metallic Li (see fig. S3), indicating formation of carbonate layers that exceed ~10 nm
(based on an inelastic mean free path of 3.5 nm in Li.CQg).

The data presented in figure 1 highlight the importance of in situ deposition with UHV transfer
for studying Li metal interfaces with the argyrodite surface, showing that even performing an ‘inert’
transfer can radically alter the species observed at the surface. We expect this to be equally applicable
to other alkali metals, SEs and many other electrode materials. Although Li is the most reducing of the
alkali metals (—3.04 V vs. the standard hydrogen electrode), it is the least chemically reactive **°! and
thus in situ deposition is expected to be similarly important, if not more so, for studies of electrode

interfaces with metallic Na %2 and K 23,
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Figure 2: Photoelectron spectra collected from surfaces following in situ preparation of Li metal surfaces on
LigPSsCl argyrodite (grey) in a lab-based XPS through e~ flood-gun irradiation (blue), Li metal sputtering (red)
and thermal evaporation (green). Core level spectra are shown for (a) O 1s, (b) C 1s, (c) Cl 2p, (d) S 2p, (e) P
2p and () Li 1s. Data has been normalised to have equal peak areas and offset for clarity, with the binding
energy calibrated such that the Cl 2psy, sits at 198.5 eV.

In figure 2, we now compare several methods for in situ deposition of alkali metals on the
LisPSsCl electrolyte: evaporation 33, Ar* sputtering of Li metal 13334 and e~ flood-gun irradiation 1%
3, The LisPSsCI prior to any Li metal deposition (grey) shows the expected peaks in the Cl 2p, S 2p,
P 2p, and Li 1s regions along with common contaminants in the C 1s and O 1s regions, as discussed
earlier. Comparison of the data for approximately 10 nm thick Li layers formed by e~ irradiation (blue),
Li sputtering (red) and evaporation (green) confirms the presence of metallic Li in all cases, as
indicated by a shoulder at 52.2 eV in fig. 2(f). We note that for the evaporated data, sample transfer
involved passing through the sample introduction chamber which is sealed by a fast access port with
a polymer seal. Consequently, the Li surface is briefly exposed to higher pressures (still <5x10~" mbar)
which may contribute to slightly increased oxygen contamination. The CI 2p core level spectra all



show the same main features attributable to the LiePSsCl, but with reduced signal to noise ratio
consistent with attenuation by the Li overlayers. The S 2p core level spectra shows that Li.S is the
dominant S environment following Li deposition in all cases. Peak fitting finds that the attenuation of
the S 2p and CI 2p components related to LigPSsCl are similar for the evaporated Li surface (both with
intensities of around 6% of the bare surface), indicating that the deposition method forms a continuous
Li layer. In the case of the Li sputtered and e~ flood-gun irradiated surfaces, following Li deposition
the S 2p intensity related to LisPSsCl reduces to a greater extent than the corresponding Cl 2p peak
(5% vs. 14% and 8% vs. 26% of bare intensity, respectively). Although this may indicate a less
continuous Li layer, the large differences more likely correspond to a loss of surface sulphur species,

or an increase in surface chlorine concentration during these deposition methods.

Significantly, clear differences are observed in the O and C spectra (fig. 2(a) and (b),
respectively) depending on the Li deposition technique used. Whilst all spectra show some Li>O
associated with reaction between deposited Li and residual oxygen, following Li metal sputtering,
peaks related to Li>COs, LiOH and adventitious C are no longer observed. For the other deposition
methods these peaks are still present, albeit with reduced signal to noise ratio following attenuation by
the Li overlayer. These results therefore suggest that Li metal sputtering is causing surface adsorbed
species to be removed by bombardment with the energetic Li, and can be seen to produce spectra
similar to an Ar* sputtered argyrodite and Li surfaces (see Sl, fig. S2). Differences between deposition
methods are also observed in the P 2p core level, fig. 2(e), where there appear to be different interfacial
species dependent on the deposition method. Electron beam growth of Li shows the presence of LisP
at~126 eV, as seen in other work 1215 whilst evaporation shows some evidence of intermediate species
LixP, where the phosphorous is not fully reduced (see S, figS1). For Li metal sputtered surfaces none
of these interfacial species are apparent for the 10 nm thick Li film, in contrast to the findings of a
previous study for 14 nm Li films 2, although we note that sample cooling to —85 °C was employed
in that work to supress removal of volatile species whereas deposition herein was performed at ~20°C.
It is observed that for thinner sputtered Li films (generated by shorter sputtering timescales) LixP and
LisP species are initially observed to form, but then decrease in intensity relative to the LisPSsCI P 2p
peak, with increasing sputtering time. Given the sputter-induced removal of O and C containing
species during Li sputtering, we attribute the loss of generated phosphorous species to a similar
process. We further note that bombardment of the surface layers by energetic Li during sputtering is
also likely to cause a degree of interfacial mixing, affecting the observed reaction species and surface

layering.



Previous work comparing Li metal deposition methods on LizLasZr,012 (LLZO) garnets
concluded that the deposition method chosen could induce different chemical reactions at the Li metal
— LLZO interface *. In the case of magnetron sputtering of Li it is argued that energetic Ar* ions can
give the Li metal atoms additional energy comparable to that of an electrochemical overpotential, thus
enabling kinetic barriers for the formation of an oxygen deficient interphase (ODI) at Li-LLZO
interfaces to be overcome. Li deposition by e-beam evaporation, was observed not to form an ODI,
until the Li layer is bombarded with Ar* ions. “Virtual electrode” e~ flood-gun deposition was also
observed to form an ODI. We suggest that these differences can be described in terms of near-surface
damage induced by the different Li metal deposition methods, rather than the kinetic stability of the
reaction species. The observed results in both ref. * and the present study are consistent with sputtering
Li metal onto a surface, being more energetic and consequently more damaging, than Li deposition by
evaporation. Studies have found that the energy of sputtered atoms following impact by an incident
Ar* beam can be up to 50 eV, with the most likely energy being ~5 eV >* > whilst for thermal
evaporation of Li at the pressures used herein, this is <0.1 eV, according to the ideal gas law, which is
consistent with experimental observations *® °’. Electrical impedance spectroscopy studies have shown
that typical activation energies for lithium plating on different electrode materials (including graphite,
lithium nickel cobalt alumina and lithium iron phosphate) can vary from ~0.50 eV to 0.75 eV, which
is an order of magnitude lower than the energy imparted by atoms during lithium sputtering %-°. For
e-beam evaporation with higher evaporation rates, the vapour becomes “less ideal”, leading to higher
energy Li deposition but this is still expected to be well below that of sputtering.

To further investigate the differences between these Li deposition techniques and the energetics
involved, SLG grown by chemical vapour deposition (CVD) was transferred to SiO2(300nm)/Si
substrates and used as a model surface probe. The use of SLG allows for a sensitive and quantitative
measure of the defect density generated by each of the lithium deposition methods, through the use of
Raman spectroscopy, on a surface whose atomic structure is not expected to be disrupted simply by
contact with Li metal 8, providing a probe of physical damage induced by the deposition process in
isolation. The Raman spectrum of the as-transferred SLG is shown in figure 3 (black line) with D
(~1348 cm™?), G (~1585 cm™) and 2D (~2685 cm™') peaks apparent. The measured spectrum is
characteristic of SLG produced by CVD, with a 2D/G ratio of ~6.1 = 1.3 and a 2D peak that is well
fitted by a single Lorentzian with a fwhm of ~28 + 4 cm™. The D/G peak ratio provides a sensitive
measure of defect density %254 that can be used to compare the extent of physical damage induced by
the different deposition processes, and is ~0.1 for the as-transferred SLG consistent with a reasonably

low defect density. The similarity of the green (0.6 nm Li evaporation) and black data in fig. 3 shows



that the thermal evaporation of Li does not appear to induce graphene defects, with table 1 showing

that the area ratio for D:G is very similar for both surfaces (~0.1).

As-transferred

0.6 nm evaporation

3000

2000 _ 2500
Wavenumber (cm )

Figure 3: Raman spectra collected after irradiation at 532 nm for
graphene surfaces after wet transfer onto a 300 nm SiO; substrate.
Data are shown for different stages in lithium deposition with as-
transferred SLG (black), 0.6 nm evaporated lithium (green), after
irradiation with the e~ flood-gun (blue), after irradiation with the low
energy Ar* (pink) and after sputtering with Li metal (red). All Raman
spectra were collected in air, with spectra normalised to the height of
the G peak.

Electron irradiation of SLG surfaces for conditions that mimic the “virtual electrode” growth
of Li used in Fig 2 (4.5 hours of irradiation) for different e~ flood-gun currents (20 pA, dashed blue,
30 pA solid blue) exhibit 2- to 3-fold increases in the D:G ratio compared to as-transferred SLG (table
1). High energy electrons (> 100 keV) in transmission and secondary electron microscopy are known
to create defects in SLG through “knock-on” processes, where an electron knocks out a carbon atom
from the graphene lattice ®. However the energies used herein are well below the “knock-on” threshold

6, Other work has suggested that lower energy electrons can cause damage via radiolysis or localised



heating ®°. It is also observed that the low energies used in e~ flood-guns (5 to 20 eV) can cause damage
on organic substrate surfaces through C—C and C—H bond scission, especially in high fluences 67 8,
Additionally the low energy electron beam may induce amorphous carbon deposition through
radiolysis of residual hydrocarbons, as is routinely observed for higher energy electron beams 3¢
which has been implicated in increases in D peak intensity for SLG surfaces %. We therefore suggest
that e” flood-gun irradiation may induce reactions involving adsorbed species on the SLG (e.g. polymer
residues) or residual gas in the measurement chamber that leads to an increased defect concentration
either through attack of the SLG or deposition of defective carbon.

SLG on SiO2 (300nm)/Si was also irradiated with low energy Ar* ions for 38 minutes, as Ar*
ion neutralisers are increasingly commonly in surface analysis instruments and often used in
conjunction with e~ flood-gun neutralisers for charge compensation °. The effect of the irradiation of
the graphene surface with the low energy Ar* ions is apparent with a clear change in the measured
Raman signal (pink line, fig 3), now with a much more significant D peak, as well as the emergence
of a D’ peak at ~1620 cm™ and a D+D’ peak at ~2933 cm™?, which indicate formation of highly
defective SLG . These Ar* ions have a much larger mass than the electrons (73,000 times), which
facilitates a more effective momentum transfer to the carbon atoms within the SLG, despite the low
ion energies (typically ~7 eV 79), causing significant damage. Indeed SLG damage following
irradiation by Ar* ions with energies as low as 5 eV has been observed . It is calculated that to cause
knock-on damage an Ar® ion needs an energy of >31 eV, however Stone-Wales defects can be
generated with Ar* ions of 5 to 10 eV > %3, Our observations are consistent with previous reports of
surface damage by the Ar*ionand e flood-gun " that raises concerns around some of the observations
and interpretation of data when these have been used %1234,

Li metal deposition resulting from Ar* sputtering of a Li metal target, can also be observed to
damage the SLG probe surface (red data, fig 3). In both cases the Li deposition took place over 38
minutes (the same as the Ar* ion irradiation), with the 0.1 nm sputtered Li data (dashed red) measured

Table 1: Parameters extracted from fitting Lorentzian line shapes to the Raman data for monolayer SLG at different
stages of Li deposition, shown in fig. 3. Peak positions and widths were consistent with literature data. The area
ratio of D to G peaks is calculated as an indication of the extent of damage induced by the deposition method.
Averages were calculated from measurements of at least 3 different sample positions.

(fwhm G)ave (fwhm 2D)ave (2D/G)ave (D/G)ave
As-transferred l6.6+1.4 27.8%+3.5 6.01+1.31 0.096 £ 0.033
0.6 nm Li evaporation 156+1.4 28.7+3.6 551+1.71 0.103 £0.021
20 pA e flood-gun 185+1.4 32.2+0.5 4.43 +0.17 0.200 £ 0.045
30 pA e flood-gun 18.8+0.7 31.7+0.8 4.12 +0.67 0.288 £ 0.132
Low energy Ar* 19.6 £ 0.6 30.3+2.6 4.44 +0.25 1.752 £ 0.642
0.1 nm sputtering 24.8+0.5 37.8+0.3 3.17+0.03 3.431+0.026
0.9 nm sputtering 75.2+11 186 + 20 0.74 £0.43 2.644 + 0.809



from a position on the surface that is further away from the Li metal target, whilst the 0.9 nm sputtered
Li data (solid red) was closer. It is clear to see that significant damage to the SLG has occurred, with
the D peak dominating the signal and, for the 0.1 nm sputtered Li, a well-defined D’ peak is apparent.
For the 0.9 nm sputtered Li surface the extent of the damage is so great that the peaks have broadened
significantly and the 2D peak has also reduced in size, indicating that the SLG has been heavily
amorphized. This conclusion is supported by the observation that the D:G ratio for the 0.9 nm Li
sputtered surface is smaller than for the 0.1 nm sputtered Li case even though a much higher defect
density is expected, as established through prior observations of the amorphization trajectory of SLG
using Raman spectroscopy '*. It is clear from our findings with Li evaporation that the presence of Li
itself does not damage the SLG surface. The energies required for the generation of SLG defects are
similar to the energies found for sputtered Li metal, suggesting that sputter deposition can cause
damage to the substrate surface and explaining our observations.

We note that our results and interpretation thereof, i.e. sputter deposition of Li damage near
surface layers of the substrate (whether it is SE, SLG, or likely many other materials), are not consistent
with the explanations provided by Connell et al. (ref. ). In their study differences observed between
LLZO-Li interfaces produced by Li metal sputtering and e-beam evaporation, are attributed to kinetic
stability, requiring an activation energy to be overcome for an oxygen deficient interphase to be
produced. Changes in the oxidation state of Zr were observed for surfaces where Li was sputtered on
top, but not those where Li was evaporated. Furthermore, it was concluded that the same changes seen
for the Li sputtered surface could be observed in the e-beam evaporated surface, if the evaporated Li
film was subsequently bombarded with Ar* ions. They argue that the Ar" bombardment provides the
Li atoms with sufficient kinetic energy to overcome the chemical activation energy barrier. We instead
suggest that Li deposition by sputtering, or Ar" ion bombardment after Li evaporation transfers
significant kinetic energy not just to the Li atoms, but also the other species close to the surface, hence
promoting surface damage. Despite their conclusions, that the lack of Zr oxidation for an Ar* sputtered
surface in the absence of Li means that changes are not solely due to sputter damage, in our view it is
highly likely that sputter damage, in conjunction with the highly reducing Li environment leads to the
observed oxidation state changes in the Zr. We argue that their findings point to evidence of a physical
damage process due to momentum transfer from the Li metal during sputtering, rather than the
resulting sputtered Li simply having an increased Kinetic energy to overcome a chemical activation
energy barrier, as they propose. Consequently, interpretation of data regarding the formation of
interfacial species, where either sputter deposition or activation by Ar® bombardment has been

employed, must be undertaken with care to ensure that the observed effects are not significantly



influenced by the energy transfer to the substrate species, potentially causing sputter damage and
surface mixing.

From the above comparison of possible Li deposition methodologies, Li evaporation appears
most suitable for forming a well-defined interface resembling those produced by pressing Li in contact
with a SE, and subsequent interfacial studies in the absence of induced damage effects. Using SLG as
a probe surface has allowed the confirmation that Li metal sputtering causes damage through a physical
process, rather than a chemical kinetics process. In light of this, alongside the observation of e~ flood-
gun damage of polymers observed previously 7 % we suggest that for in situ studies of interfacial
reactions at the metal-SE interfaces preparation of alkali metal layers through thermal or e-beam
evaporation is beneficial in avoiding physical damage to the interfacial layers, as well as avoiding the

contamination associated with glovebox-based deposition.

Conclusions

Depth resolved SOXPES and HAXPES has confirmed that Lio.CO3 species are present at the
surface of LisPSsCl argyrodite, on the outermost surface of the powder grains after glovebox storage
and processing as seen for many other Li SEs. Following deposition of metallic Li, via in situ thermal
evaporation, reaction of the Li metal with trace gases leads to some level of Li>O and LiOH formation.
This effect is exacerbated if using a polymer-sealed ‘inert’ transfer device of the type widely used in
battery-research, as residual H.O and CO: result in significant formation of surface carbonates and
bicarbonates. Surface carbonates are observed to form preferentially to lithium phosphides and lithium
sulphides, when Li is deposited on LisPSsCl, highlighting the importance of keeping battery interfaces
free from CO2. These findings indicate that in situ surface preparation is key to understanding the
ongoing chemistry at these reactive interfaces.

Comparison of different in situ Li metal deposition methods has highlighted that this can affect
the observed interfacial species. Following Li metal sputtering the peaks due to LioCOs3, LiOH and
adventitious C cease to be observed, whilst for Li evaporation and e~ flood-gun growth these
environments are simply attenuated. These results are consistent with the Li metal being deposited by
sputtering causing the surface adsorbed species to be removed by the energetic incident Li.
Additionally differences are observed in the P 2p photoelectron peak with the e~ flood-gun growth
exhibiting LisP whilst incomplete phosphorus reduction can be observed for thermal evaporation.
Sputtering of Li initially forms reduced phosphorous species (LixP, LisP), but with increased Li sputter
deposition then leads to their eventual removal. This interpretation is supported by studies using SLG

as a probe surface. Thermal evaporation of Li metal does not appear to induce defects in a SLG surface,



as measured by the D/G ratio compared to that of as-transferred CVD graphene. Long term irradiation
(over 4 hours) with an e” flood-gun was seen to induce at least a two-fold increase in the D/G ratio,
indicative of slight damage to the SLG or deposition of defective carbon, whilst Li metal sputtering
causes the carbon to amorphise almost completely after depositing as little as 1 nm of Li. Additionally,
irradiation by a low energy Ar* ion neutraliser was seen to cause significant damage to SLG,
suggesting that care must be taken when choosing charge compensation methods for delicate and
reactive surfaces. Caution must therefore be taken when interpreting existing data that has been
collected utilising low energy Ar* charge compensation, or where in situ Li sputtering has been
performed.

Our findings are consistent with the idea that Li metal sputtering causes physical damage, in
contrast to previous work 32 which suggested that the barriers are solely due to chemical kinetics for
the formation of oxygen deficient interphases at the Li metal — LLZO interface. Following our
systematic study of Li deposition methods we recommend that when studying energy materials
interfaces involving alkali metals, future studies should take care to use deposition methods that are

“in situ” and non-damaging such as thermal evaporation.
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