Impact of a PEO-based Interphase at the Negative Electrode of
““Zero Excess” Lithium-Metal Batteries
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“Zero-excess” lithium-metal batteries represent a very promising next-generation battery concept, enabling extremely high energy
densities. However, lithium metal deposition is often non-uniform and accompanied by severe side reactions with the electrolyte,
limiting Coulombic efficiency and, thus, energy density and cycle life. To address this issue, we introduced a thin polymer-based

artificial interphase at the negative electrode. The influence of this interphase on the lithium deposition, and generally the reactions
occurring at the negative electrode, was evaluated by galvanostatic stripping/plating tests and a thorough ex situ analysis via

scanning electron microscopy (SEM) coupled with energy-dispersive X-ray spectroscopy (EDX), scanning photoemission
microscopy (SPEM), and soft-X-ray absorption spectroscopy (soft-XAS). The results demonstrate that the introduction of such a
polymer-based interlayer allows for more stable cycling and reduces dendritic lithium growth owing to the formation of a more

homogeneous, thin, and fluorine-rich passivation layer.

Supplementary material for this article is available online

The pressing need for efficient storage of renewable energy, the
ongoing electrification of the transportation sector, as well as the
omnipresence of portable electronic devices in daily life underline
the significance of high-energy-density batteries.' Even though the
energy density of lithium-ion batteries (LIBs) has improved remark-
ably in the last decades, new concepts are required to significantly
increase the energy density in order to meet future targets of
consumers and policymakers.*> “Zero excess” lithium-metal bat-
teries (ZELMBs), also known as “anode-free” lithium-metal bat-
teries, are considered one of the most promising beyond-LIB
concepts, as they offer theoretically the highest energy density,
and have, therefore, gained increasing attention very recently.®™ The
superior energy density originates from the fact that, in the ideal
case, only a current collector is employed at the negative electrode
and lithium metal (characterized by a very low electrochemical
potential of —3.04 V versus the standard hydrogen electrode and a
theoretical specific capacity of 3860 mAh g 1Y is plated on it upon
charge from the lithium-containing active material at the positive
electrode—just like LIBs, but without graphite as the host structure
for the lithium ions. This renders the cell setup simpler and smaller,
which improves the potentially achievable gravimetric and volu-
metric energy densitzy and offers the great chance to reduce cost and
safety concerns.'®”!

However, the common challenges related to lithium-metal
anodes, such as the non-uniform lithium plating and low
Coulombic efficiency, apply to ZELMBs as well.'>~!° In fact, these
obstacles are generally even more pronounced for ZELMBs, because
(1) metallic lithium is plated on a substrate different from metallic
lithium and (ii) there is no lithium excess in the system to buffer the
Coulombic inefficiency, thereby artificially prolonging the overall
cycle life.'? The latter is largely related to parasitic side reactions
with the electrolyte and the absence of a stable solid electrolyte
interphase (SEI).'*'®!” This is not least related to the essentially
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infinite volume changes upon cycling, resulting in continuous
fracturing and the exposure of fresh lithium surfaces, which offer
new reaction sites with the electrolyte and favor inhomogeneous
lithium deposition.'*'” Therefore, a stable interphase is crucial for
stable cell operation.'!?

There are several strategies to overcome these issues and obtain a
stable SEI. The most common approach is to optimize the electrolyte
composition, for example, by carefully choosing the electrolyte
solvent(s),'®'? the introduction of functional additives,?2>
of highly concentrated electrolytes,'' or dual-salt approaches.
Alternative—and potentially complementary approaches rely on the
employment of 3D scaffolds at the negative electrode to homogenize
the lithium deposition®*® and the application of thin coatings
serving as artificial SEL'>?°3! The latter approach aims simulta-
neously at strengthening the in situ formed SEI, protecting the
lithium  surface, and facilitating a compact lithium
electrodeposition.”® Prerequisites for such an artificial interlayer
are therefore high lithium-ion conductivity,'® suitable mechanical
stability,”> and high flexibility to accommodate the volume
changes,*® while the addition of too much weight and volume to
the system should be avoided. Following this approach, Hwang and
co-workers™* recently proposed a spin-coated polyethylene oxide
(PEO) layer in combination with an ether-based electrolyte and 2%
LiNOj; as additive. They observed a remarkable average Coulombic
efficiency of 95% over 100 cycles at 0.5 mA cm 2 with a spinning
time of 90s. In fact, PEO appears as a potentially very suitable
interlayer owing to its great capability to dissolve lithium salts (for
the ionic conductivity), its compatibility with metallic lithium, and
low cost.>>*® An in-depth investigation of the advantageous effect of
such PEO-based artificial interphase, however, is still lacking.

Therefore, this study examines the impact of a thin PEO-based
interlayer on the lithium electrodeposition on a copper current
collector with a particular focus on the SEI formation in such
systems via a thorough ex situ analysis. The detailed investigation of
the in situ formed SEI with and without the PEO interlayer by
different imaging and surface sensitive techniques—including scan-
ning electron microscopy (SEM), scanning photoemission micro-
scopy (SPEM) mapping (herein used for the first time in this
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research field—to the best of our knowledge), and soft-X-ray
absorption spectroscopy (soft-XAS)—allows for a better under-
standing of the superior performance when introducing the PEO-
based artificial interphase.

Experimental

Fabrication of polymer-coated current collectors.—Thin
polymer coatings on copper current collectors (Nippon) were
prepared by following a solvent-free procedure similar to Kim
et al.>’ PEO (Sigma-Aldrich) with an average molecular weight of
4 million g mol™" was mixed with tetracthylene glycol dimethyl ether
(TEGDME, Sigma-Aldrich, purity 99.9%), serving as chemically
very similar plasticizer, in a 1:1 weight ratio in a dry-room (dew
point of max °C-50 °C = 24.1 ppm H,0). 5 wt% benzophenone
(BP, Merck, purity >99%) were added as UV-crosslinking agent to
enhance the mechanical stability and suppress crystallization of the
PEO.*”-*® Lithium bis(trifluoromethanesulfonyl)imide (LiTESI, 3 M)
was used as conducting salt. The molar ratio of LiTFSI and the
ethylene oxide units was 1:10. After homogenizing the components,
the polymer was annealed overnight at 100 °C. Subsequently, the
polymer was pressed on the copper current collector using a hot
press (Polystat 200 T, Servitec) at 100 °C up to the maximum
pressure of approx. 390 bar. The resulting membrane with a
thickness of 10 pm was then placed in a UV-chamber
(UVACUBE 100, Honle UV Technology) for 6 min to initiate the
crosslinking reaction.

Cell assembly and electrochemical characterization.—2032-
type coin cells were assembled in an argon-filled glove box with
an oxygen and water content of less than 0.1 ppm. The (surface-
modified) copper current collector with a diameter of 14 mm was
used as the working electrode. Lithium metal foil (Honjo) with a
diameter of 12 mm and a thickness of 500 pm was used as the
counter electrode. Celgard® SV718 (16 mm diameter) was used as
the separator and drenched with 70 pl of the electrolyte, consisting of
85 vol% of a 1M LiPFg solution in ethylene carbonate/dimethyl
carbonate (EC/DMC, 1:1, UBE) and 15 vol% vinyl ethylene
carbonate (VEC, Sigma-Aldrich).* Galvanostatic stripping and
plating was performed at 20 °C (after equilibration for 24 h) and
at a current density of 2mA cm * (following 0.5 mA cm 2 for the
first cycle) using a Maccor battery tester. The overall areal capacity
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Figure 1. Coulombic efficiency of Cul|Li (in black) and Polymer@Cul||Li
(in green) cells subjected to galvanostatic cycling. The cells were cycled at
2 mA cm ™ for I mAh cm ™ after the first cycle at 0.5 mA cm > (same areal
capacity).

of deposited lithium was set to 1 mAh cm 2. The cut-off voltage
upon stripping was set to 1.0 V.

Physicochemical characterization.—For the ex situ analysis of
cycled electrodes, the coin cells were disassembled in an argon-
filled glove box using a coin cell disassembling tool (Hohsen).
Since the PEO-interlayer stuck to the separator, both layers were
carefully removed manually after the cells had been disas-
sembled. Subsequently, the electrodes were washed twice with
400 pl of DMC to remove any residual liquid electrolyte. It
appears noteworthy that especially in the case of the
Polymer@Cu cells, when the cells were disassembled after the
plating step, some of the deposited lithium stuck to the PEO-
based interlayer. Thus, particular attention was paid to analyze
only those parts for which we did not observe any stuck material
at the PEO-based interlayer and an essentially unaffected region
on the Cu foil.

Scanning electron microscopy (SEM).—SEM measurements
were performed on a field emission SEM (Crossbeam X 340,
ZEISS) and energy-dispersive X-ray spectroscopy (Xmax ° EDX
detector, Oxford instruments). The SEM samples were fixed to the
sample holder with conductive carbon tape. The samples were
prepared inside a glovebox and transferred under argon atmosphere
using an air-tight transfer box. Measurements were performed with
an accelerating voltage of 5kV and the secondary electrons were
detected with an Everhart-Thornley detector. The cross-sections
were obtained using a Capella FIB (gallium ion source) by milling
and polishing at 30 nA and 300 pA at an accelerating voltage of
30 kV. Micrographs of the cross-sections were taken from the top
and at a tilt angle of 54°. The distortion of the image caused by the
tilt angle was compensated by the tilt correction of the Smart SEM
software with respect to the optical axis.

Soft X-ray scanning photoemission microscopy (SPEM).—
SPEM measurements were performed at the ESCA microscopy
beamline of the ELETTRA synchrotron (Basovizza, Italy). The ex
situ samples were handled under a constant argon overpressure
before being mounted onto the stage. The excitation photon
energy was fixed at 1070.9 eV throughout the experiment. The
chemical maps at selected core level kinetic energies were
acquired in relatively large areas between 100 x 100 pm?® and
25.6 x 25.6 um2 by scanning the sample using a piezoelectric
driven stage, whereas detailed core level spectra were collected at
selected points/pixels with the maximum spatial resolution of
around 200 nm and an energy resolution of 180 meV. All
measurements were conducted at room temperature and under
ultrahigh vacuum (ca. 10'° mbar). The incident photon energy
calibration was done using gold spectra (binding energy of Au
4f;,, = 84.0eV) for the XPS peak alignment. The spectra were
calibrated and fitted using the CasaXPS software (Shirley-type
backgrounds, peak shape: 70% Gaussian/30% Lorentzian;
binding energy calibration: main C 1s peak of C—-C/C-H species
at 284.8 eV).

Soft X-ray absorption spectroscopy (soft-XAS).—Soft-XAS
spectra were collected at the BEAR beamline of the ELETTRA
synchrotron (Basovizza, Italy). The ex situ samples were handled
under constant argon overpressure during the sample loading to
avoid any contact with the ambient air. The spectral energy was
calibrated to well-known spectral features in the simultaneously
measured monitor current of the refocusing mirror. The angle of
the beam with respect to the sample holder was kept at 45° for all
measured spectra, and the beam had dimensions of 50 pm and 8§90
pm in the vertical and horizontal direction, respectively. Spectra
were acquired in the total electron yield (TEY) mode and in the
total fluorescence yield (TFY) mode. All spectra were normalized
to the incident photon flux and calibrated using the carbon 7-7*
excitation.



Results and Discussion

Figure 1 shows the comparison of the Coulombic efficiency of two
cells subjected to galvanostatic cycling — one with a neat Cu foil (see
Figs. S1a, S1b for a photograph and SEM micrograph) as the working
electrode in black, and one with the polymer-coated Cu foil in green
(Polymer@cCu, see Figs. Slc, S1d) as the working electrode (in both
cases, lithium foil served as the counter electrode). The Polymer@Cu
cell reaches a maximum Coulombic efficiency of around 96% within
seven cycles and clearly outperforms the cell with the bare current
collector after about 30 cycles. The cell with the neat Cu foil (Cu||Li)
exhibits a fluctuating and strongly decreasing Coulombic efficiency
starting from the 35™ cycle, while the Coulombic efficiency of the
Polymer@Cul|Li cell remains much more stable over the course of
the following cycles. This is also reflected in the average Coulombic
efficiency for the 6th to the 90™ cycle, which is 92.3% for the
Polymer@Cul|Li cell and only 88.3% without the polymer interlayer,
revealing that the polymer interlayer enables a greater reversibility of
the Li plating and stripping. This superior performance points at
reduced parasitic side reactions with the electrolyte, and/or a more
compact lithium deposition, and hence less dead lithium formation.

To investigate these hypotheses, in a first step, ex situ SEM
images (Fig. 2) were acquired after plating 1 mAh cm 2 lithium at a
current density of 0.5 mA cm 2 on the neat and polymer-coated Cu
current collectors to study the morphology of the deposited lithium.
The FIB-SEM cross-sections show clear differences between the
lithium plated on the bare Cu current collector and the lithium plated
underneath the PEO interlayer (compare Figs. 2a, 2b and Figs. 2d,
2e). Whereas the lithium plated on the neat Cu is distributed rather
inhomogeneously (Figs. 2a, 2b), the lithium deposited underneath
the polymer interlayer shows a relatively uniform thickness
(Figs. 2d, 2e and S2). This substantial difference in morphology of
the deposited lithium is also evident from the SEM micrographs of
the surface, revealing dendritic lithium morphology in the case of the
bare Cu current collector (Fig. 2¢) and a much smoother denser
lithium morphology in the case of Polymer@Cu (Fig. 2f). This
advantageous lithium morphology favors a higher and more stable
Coulombic efficiency and reversibility of the lithium plating and
stripping in the long term.

After stripping all available lithium from the current collector, a
clearly visible residue remained on the neat Cu current collector as

revealed by ex situ SEM/EDX (Fig. 3a), covering the copper surface
and consisting mainly of carbon, oxygen, and presumably lithium,
while also fluorine and phosphorus were detected, though more
homogeneously, as commonly expected electrolyte decomposition
products. Conversely, no large mossy agglomerates were found on
the copper surface of the Polymer@Cu sample after removal of the
polymer interlayer (Fig. 3b). Only few particle-like residues were
observed, consisting mainly of oxygen, carbon, and fluorine,
suggesting the formation of lithium carbonate, lithium oxide, and
lithium fluoride. This finding indicates that the incorporation of the
PEO-based interlayer successfully suppresses parasitic reactions of
the electrolyte with the deposited lithium metal, forming an
electrochemically inactive residue on the surface.

For a more in-depth analysis of the two ex situ samples, spatially
resolved XPS spectra were recorded (SPEM), yielding maps that
show the elemental distribution of the elements under investigation
in the ug)g)ermost surface layer (probing depth ~~2-5nm; Figs. 4
and S3).”” Generally, the results found for the neat copper current
collector are well in line with the ex situ SEM/EDX data, revealing a
pronounced formation of electrolyte decomposition products on the
surface, consisting of oxygen, carbon, and lithium according to the
contrast correlation, while fluorine is distributed more homoge-
neously (see also Fig. S3). Note that different from the SEM/EDX
analysis, the SPEM method is able to detect also lithium, thus further
supporting the formation of lithium carbonate and lithium oxide as
decomposition products. Differently, the elemental distribution on
the Polymer@Cu sample after one plating/stripping cycle is rather
homogeneous (Fig. 4b), suggesting a relatively homogeneous sur-
face coverage by the initially formed SEI beyond the PEO-based
interlayer at the given sampling depth. It appears noteworthy that in
both cases the samples were rinsed with DMC, thus, washing away
any potentially soluble decomposition products, which would
presumably also be soluble in the liquid electrolyte.

Further details on the chemical composition were extracted from
the single XPS measurements at selected points of the investigated
sample area (see Fig. S4). The Cu 2p detail spectra of the two
measurement points on the neat Cu sample are shown in Fi%s. Sa, 5b.
Both spectra display contributions of CuO and Cu,O/Cu” (though
with a very low intensity in the case of Point 1), suggesting that the
SEI film formed on top is either very inhomogeneous or simpl}l very
thin, thus, allowing for the detection of these copper signals.*® The

Figure 2. Ex situ analysis of the lithium deposition after plating I mAh cm ™2 of lithium at 0.5 mA cm ™2 via FIB-SEM and SEM for the (a)—(c) neat Cu current
collector and (d)—(f) the Polymer@Cu: SEM micrographs of the cross-section at a (a), (d) lower and (d), (e) higher magnification; the cross-section in (b) shows
the deposited lithium on the neat copper current collector, while the cross-section in (e) shows the different layers in the case of Polymer@Clu, i.e., the Celgard®
separator on top of the PEO-based interlayer and beyond the deposited lithium on the copper current collector (compare Fig. S2). (c), (f) SEM micrographs of the
surface morphology of the deposited lithium (the PEO-based interlayer had been carefully removed before acquiring the micrograph presented in (f)).



Figure 3. SEM micrographs and the corresponding EDX mapping of (a) a neat Cu current collector surface and (b) a Polymer@Cu sample after one full plating/
stripping cycle (1 mAh em 2 at 0.5 mA cm ™ 2). From left to right: SEM micrograph, EDX mapping of copper (in yellow), oxygen (in green), carbon (in red),

fluorine (in blue), and phosphorus (in purple).

(@)

256 um

(b)

25.6 um

Figure 4. Spatially resolved SPEM mapping of (a) a neat copper current collector surface and (b) a Polymer@Cu surface after one full plating/stripping cycle
(1 mAh cm ™2 at 0.5 mA cm?); to be noted: the polymer interlayer was carefully removed prior to the SPEM measurements in the case of the Polymer@Cu
sample. The images show the elemental distribution measured at kinetic energies of the copper 3p peak (in yellow), the oxygen 1s peak (in green), the carbon 1s
peak (in red), the lithium Is peak (in orange), and the fluorine 1s peak (in turquoise). Each pixel in the maps corresponds to one measurement at the relevant
kinetic energy. The brighter the color, the higher the detected relative content of the respective element. All maps were normalized to the brightest pixel. The

maps cover an area of 25.6 x 25.6 pm>.

rather different intensity ratio of the two peaks indicates, indeed, a
rather inhomogeneous SEI on the neat Cu current collector. In
contrast, no Cu is detected for all three points of the Polymer@Cu
sample (Figs. 5c—5e), suggesting a thicker and/or more homoge-
neous SEI, which is in line with the ex situ SEM/EDX and SPEM
results discussed above. The O 1s detail spectra are shown in Figs. 5f
—5j. The spectrum at Point 1 of the neat Cu foil (Fig. 5f) is
dominated by carbonate compounds as well as lithium oxide,
whereas the intensities of the CuO and Cu,O peaks are very low
in agreement with the findings for the Cu 2p region.*' In contrast,
for Point 2 on the neat Cu foil (Fig. 5g), the intensity of the Cu-based
contributions is substantially greater, accompanied by a higher
fraction of Li,O and less organic species and Li,CO;. This
observation indicates that the lower intensity of the copper oxides in
Fig. 5f is directly related to the relatively higher intensity of
electrolyte decomposition products covering the Cu current collector
due to a comparably thicker (or simply more) SEI. Besides, these
findings confirm the rather inhomogeneous SEI formation and
composition on the neat Cu current collector. In stark contrast, the
O 1s detail spectra recorded for the Polymer @Cu sample are all very
similar and dominated by two main peaks that can be assigned to C-

O-C and ROCO,Li/Li,CO5 species.*'* These originate from the
decomposition of the organic carbonates in the liquid electrolyte
and, presumably, the TEGDME and PEO comprised in the artificial
interphase. Besides, the peak at 531.5eV might also contain
contributions from phosphate, which were detected in the P 2p
region (see Fig. S5).*° The similarity of the spectra Figs. 5h-5j
acquired at the different measurement points nicely confirms the
general finding that the SEI is much more homogeneous in the case
of Polymer@Cu compared to the neat Cu foil (Figs. 5f-5g). The
spectra in the C 1s region (Figs. 5k—50) basically confirm the
findings from the other spectra and the SPEM data, showing peaks
related to C-O-C, as well as ROCO,Li and Li,CO3 (compare
Fig. 4).*'*>*" The carbonate peaks and the peak assigned to poly-VEC
are most pronounced for Point 1 of the neat Cu sample (Fig. 5k),
confirming a relatively large fraction of organic species compared to
Point 2 on the neat Cu.* Interestingly, the Polymer@Cu samples
show a very low contribution of Li,COj, indicating that the carbonates
formed (and detected in the O 1s spectra) are largely organic in nature.
Since there is no clear signal of CF; at around 293.1eV as a
commonly expected decomposition product of LiTFSI, i.e., the
conducting salt comprised in the PEO-based interlayer, it appears
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Figure 5. XPS detail spectra in the (a)—(e) Cu 2p, (f)—(j) O 1s and (k)—(o) C 1s region at the different measurement points on the Cu and Polymer@Cu sample

(see Fig. S4).

that LiTFSI does not significantly contribute to the SEI composition.*®
Nevertheless, the presence of the TFSI anion in the PEO-based
interlayer might still influence the lithium plating and stripping
process, even though no evident contribution to the SEI composition
was detected.*®4°

The detail spectra for the Li 1s region are displayed in Figs. 6a
—6e. While the spectra for all samples show a peak that was assigned
to (organic) lithium carbonates along with other lithium compounds
such as LiF (in fact, this peak covers a wide range of lithium
compounds), the two spectra recorded for the neat Cu foil reveal an
additional peak at 54.1eV, which was attributed to Li,O — in
agreement with the O 1s data — which was not observed for the
Polymer@Cu samples.*'*? The presence of LiF is confirmed in the
F 1s spectra for all samples (Figs. 6f—6j).*> The amount of LiF at
Point 1 and 2 of the neat Cu foil, however, is rather low and no other
contributions from the salt decomposition were detected, in line with
the findings from the P 2p spectra (Fig. S5), which indicates that the
SEI on the neat Cu is dominated by decomposition products from the
organic solvents. This observation would be in line with the inferior

evolution of the Coulombic efficiency compared to the Polymer@Cu
samples, as it has been commonly reported that a thin (but dense)
inorganic and fluorine-rich inner SEI layer is crucial for lithium-
metal electrodes in contact with liquid electrolyte systems,'®4>20-31

To complement the analysis of the sample surface, soft-XAS was
performed, which allows for investigating different probing depths.
In fact, while the information depth in the case of XPS is around
2-5 nm,39 it is around 2-10nm for soft-XAS in TEY mode at
energies related to the elements of interest (Li—Cu), and in TFY
mode it is around 100 nm.>*>* Additionally, the soft-XAS beam was
less focused, providing information over a much larger area. The
normalized soft-XAS spectra for two areas on the Cu sample (in
grey and black) and one area on the Polymer@Cu sample (in green)
are displayed in Fig. 7. Figure 7a shows the carbon K-edge soft-XAS
spectra collected in TEY mode. The spectra of the neat Cu sample
exhibit two pronounced features: A sharp peak at 290.1 eV and a
broader peak at around 300.0 eV, which can be ascribed to lithium
carbonate, where the former corresponds to the C=0 1s-7* and the
latter to the C=0 Is-o* resonance.’>>* The spectrum of the
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Figure 6. XPS detail spectra in the (a)—(e) the Li 1s and (f)—(j) F 1s region at the different measurement points on the Cu and Polymer@Cu sample (see Fig. S4).

Polymer@Cu sample does not show any absorption peak at the
respective energies, which indicates that no excessive amounts of
lithium carbonate are formed in the SEI—as also observed from the
XPS analysis.

In Figs. 7b, 7c, the oxygen K-edge spectra recorded in TEY and
TFY mode are presented. Similar to the carbon K-edge (Fig. 7a), the
oxygen K-edge shows clear differences between the spectra of the
current collectors that had or had not been modified by a polymer
interlayer. The TEY and TFY spectra of the neat Cu sample (grey
and black) show apparent features at 533.9eV, 540.7eV, and
544.2 eV, which can be assigned to the C=0 Is-7*, the C-O 1s-
o*, and the C=0 1s-o* transition of Li,COs, respectively.s‘F57 The
signal at 533.9 eV presumably also includes a contribution from
Li,0, since its absorption energy is expected at 534.0 eV.’ 8 This is in
very good agreement with the XPS and SEM/EDX data. The more

intense oxygen signal in the TFY spectrum of Position 1 presumably
originates from even higher amounts of Li,COs, as clear residues
were visible at this spot by eye. In contrast, the spectrum of the
Polymer@Cu sample (in green) does not exhibit clear peaks at the
photon energies of Li,CO;, which confirms the results of the carbon
K-edge spectra.

In Figs. 7d, 7e, the soft-XAS spectra recorded at the F K-edge are
depicted. Both spectra of the neat Cu exhibit two (very) broad peaks
at 689.0 eV and 694.6 eV, which can be attributed to the presence of
P-F containing compounds, resulting from the decomposition of
LiPF¢ and leading to the formation of, e.g., Li,(PFy(O),‘5 458 The
rather low overall intensities of the F spectra, especially in the TFY
mode at Position 2, however, suggest that the SEI on the bare Cu
current collector contains only little amounts of fluorine species.
Besides, the absence of such signal and the detection of only a very
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Figure 7. Soft-XAS spectra collected at (a) the C K-edge, (b), (c) the O K-edge, (d), (e) the F K-edge, and (f), (g) the Cu L-edges for a neat Cu current collector
and Polymer@Cu after one plating/stripping cycle (1 mAh cm ™2 at 0.5 mA cm™2). The black spectra correspond to an area in the center of the Cu sample, the
grey spectra to a position towards the edge of the Cu sample, and the green spectra to an area on the Polymer@Cu sample after polymer removal. The upper row
shows soft-XAS spectra collected in the TEY mode and the lower row shows spectra collected in the TFY mode.

weak LiF-related peak in the XPS data suggests that these species
are located more towards the inner part of the SEI, covered by
organic decomposition products (keeping in mind the substantially
greater probing depth of soft-XAS and the larger probing area). In
the case of the Polymer@Cu sample, two broad peaks at 691.8 eV
and 697.4 eV, related to the presence of LiF,54’5 8 are dominating the
spectrum. The great intensity of these features presumably super-
imposes the signals for P-F-comprising decomposition products, as
also evidenced by the shoulder-like feature at about 689.0eV.
Generally, the comparison of the spectra further corroborates the
finding that the SEI on the Polymer@Cu sample is substantially
more LiF-enriched compared to the neat Cu samples, which is line
with the XPS data.

The spectra in Figs. 7f, 7g show the typical Cu L3 and L,
absorption edges in all cases. At Position 1 on the neat Cu sample,
the signal in TEY mode (Fig. 7f) is significantly lower than those
observed in the other spectra, indicating the presence of a thicker
layer of decomposition products on the Cu current collector, as also
revealed by the comparison of the O K-edge spectra in Fig. 7c and
the observation of residues at this position.

Conclusions

The application of a thin PEO-based artificial interphase on a
copper current collector is beneficial for the reversibility of the
lithium plating and stripping in organic carbonate-based liquid
electrolytes, resulting in a stabilized and increased average
Coulombic efficiency and denser lithium deposits. The thorough
ex situ analysis via SEM/EDX, SPEM, XPS, and soft-XAS
revealed that the use of a neat Cu current collector leads to the
formation of inhomogeneously distributed lithium carbonate and
lithium oxide as dominating inorganic electrolyte decomposition
products, along with a relatively large contribution of organic
species. These findings indicate that the decomposition of the
organic carbonate solvents plays a major role for the SEI
formation in this case. Differently, when introducing the PEO-
based interlayer, the SEI is much richer in fluorinated species
such as LiF, resulting from the decomposition of the conducting
lithium salt. Additionally, the SEI is much more homogeneous in

thickness and chemical composition in the presence of such a
polymer interlayer, presumably as a result of the fluorine-rich
interphase formed in combination with a more homogeneous
lithium deposition. While the Coulombic efficiency still needs to
be further increased to reach a practically suitable cycle life, e.g.,
by optimizing the composition of the polymer interlayer, the
findings presented herein enable an enhanced understanding of
the origin of such performance improvement and, thus, will
hopefully contribute to the successful development of “zero
excess” lithium-metal batteries in the future.
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