Thisarticleislicensed under a Creative Commons Attribution-NonCommercial 3.0 Unported Licence.

Open Access Article. Published on 02 2025. Downloaded on 04/12/2025 4:58:44 .

(cc)

7® ROYAL SOCIETY

EES Batteries awp OF CHEMISTRY

View Article Online

View Journal | View Issue

{ M) Check for updates ‘

Cite this: EES Batteries, 2025, 1, 585

Received 7th January 2025,
Accepted 1st April 2025

DOI: 10.1039/d5eb00004a

rsc.li/EESBatteries

Broader context

Equal resistance single and bilayer films decouple
role of solid electrolyte interphase from lithium
morphology in batteriest

Sanzeeda Baig Shuchi, (2 {7 Kenzie M. Sanroman Gutierrez,1* Alexander B. Shearer,?
Solomon T. Oyakhire,? Yi Cui*®““ and Stacey F. Bent () ¥

The solid electrolyte interphase (SEI) is one of the most crucial but least understood performance modu-
lators in lithium metal batteries (LMBs). However, decoupling the effect of interfacial chemistries on the
formation of the SEI from the lithium (Li) metal morphology remains a challenge. Here, we develop a plat-
form to control Li morphology independent of the interfacial properties by depositing different metal
oxide films of fixed resistance on Cu substrates. While the fixed resistance of the films ensures an analo-
gous, resistance-controlled Li morphology, the different film chemistries result in distinctive chemical
compositions of the SEI. Our results show that for a fixed morphology of Li, SEI becomes the key per-
formance determinant, wherein a more stable SEI results in an increased battery cycle life. Moreover, we
decouple the importance of the two relevant interfaces—that between the Cu/thin film and between the
thin film/electrolyte—by using binary stacks of metal oxide thin films. Our stacked film design establishes
the dominance of the thin film/electrolyte interface in controlling behavior for cells with fixed Li mor-
phology. This thin film/electrolyte interface controls both the SEI composition and battery performance,
i.e., stack designs containing the same top film result in similar SEI compositions and cycling performance
trends in LMBs where Li morphology is fixed. Specifically, by switching the thin film/electrolyte interface
to AlLOs3, significant improvements in cycling stability were observed with coulombic efficiencies above
80% up to ~130 cycles in carbonate electrolytes.

One of the most promising next-generation battery technologies is the lithium metal battery (LMB) due to its large energy density. However, the high reactiv-
ity of lithium causes major issues like dendritic lithium morphology and continuous solid electrolyte interphase (SEI) growth, accelerating the failure of

these battery systems. Interface engineering of the Cu current collector can be useful to tune the lithium morphology and SEI by exploiting thin film pro-

perties like resistance and film acidity. Here, we present an interface engineering framework in which equal resistance single and binary stacked films are
used for tuning SEI while holding the lithium morphology fixed. We leverage atomic layer deposition (ALD) to modify the Cu current collector and achieve

nanoscale precision of film thickness and film chemistry. We present several new thin film coatings and a unique design of binary stacked films for Cu modi-
fication that all outperform bare Cu to different degrees due to their different SEI compositions. Fundamentally, our systematic interface engineering
approach to understand the impact of an individual SEI chemistry while fixing lithium morphology using thin films can be useful in batteries and in other

energy storage devices.

“Department of Chemical Engineering, Stanford University, Stanford, California
94305, USA. E-mail: shent@stanford.edu
bDepartment of Materials Science and Engineering, Stanford University, Stanford,

1. Introduction

With an increasing reliance on renewable energy and battery-
powered technologies, high energy-density and high-perform-
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Lithium-ion batteries (LIBs) with graphite anodes have been
the staple; however, energy density advancements have been
slow, and at gravimetric energy densities of around 250 W h
kg™', graphite-based LIBs are approaching their practical
limit."! Lithium-metal batteries (LMBs) are a promising next-
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generation battery with high theoretical energy densities (ex:
Li-S, 2567 W h kg™").> Lithium (Li) metal also offers high
gravimetric capacities (3860 mA h g™') and low reduction
potentials (—3.04 V vs. S.H.E.).” Yet, developments in LMBs
have been limited by various issues, including the corrosion of
the highly reactive Li metal and the formation of high surface
area, inhomogeneous Li deposits, known as dendrites, at the
anode.*?

Two properties that significantly affect the performance of
the LMBs are the composition of the solid electrolyte inter-
phase (SEI) and the morphology of the Li deposited at the
anode.* The SEI is formed from decomposed electrolyte and Li
and is a Li-ion conducting, chemically passivating layer at the
anode-electrolyte interface. While passivation provided by the
SEI can improve cycle life, the SEI can be fractured by de-
posited Li, leading to hot spots for Li metal dendrite growth
and the associated electrolyte consumption to form new SEL
Thus, SEIs that are mechanically robust, electrochemically
stable, and homogeneous are favored. Studies have shown that
such SEIs are attained via the incorporation of inorganic
species primarily derived from the anion of the salt in the
electrolyte.”™°

With each cycle, Li electrodeposits on the anode current
collector and its morphology evolves. Low surface area Li
deposits are beneficial because they limit the interaction
between the Li metal and the electrolyte, preventing adverse
reactions between Li and electrolyte.'’ Additionally, dense and
homogenous Li deposits are preferred because they prevent
localized ion fluxes that can perpetuate SEI fracturing, gene-
rate dendrite growth, and produce electronically isolated Li/
dead Li.'* Thus, various methods have been employed to
control the morphology of the Li deposition including electro-
lyte engineering,”'*'* stable host design,"*'® and surface
engineering. Furthermore, surface engineering has been lever-
aged to improve Li deposition via the use of lithiophilic and
reactive surfaces amongst other routes.'”>* Particularly, the
application of atomic layer deposition (ALD) and molecular
layer deposition (MLD), two techniques that use sequential
and self-limiting gas—surface reactions to form conformal and
uniform thin films, have been applied to change the interfacial
properties of batteries and create surfaces conducive to the for-
mation of dense and compact Li deposits.>*">> Interfacial coat-
ings deposited using ALD have also been utilized to modulate
SEI decomposition reactions.>**® ALD deposited interfacial
films thus present a unique opportunity to regulate reactions
at key interfaces that influence SEI composition, Li deposition,
and electron transfer to provide a deeper understanding of
fundamental battery operation, as well as suggest new avenues
for improving performance.

Counterintuitive to the general concept of nucleation, our
group has shown that ALD-grown, electrically resistive thin
films support the growth of dense low surface area Li deposits
on the Cu current collector resulting in major performance
benefits in LMB systems.”?? Although the resistive films
impede electron transfer, defects in the film create areas of
low resistance. It has been hypothesized that these low resis-
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tance defects behave like ultramicroelectrodes and encourage
radial diffusion of Li ions to the nuclei, promoting lateral
growth and producing low surface area, dense, and planar Li
deposits.®® The resistive thin film coatings increase the first-
cycle Li nucleation overpotential, making the electrical resis-
tance of the current collector a critical Li morphology modu-
lator, and allowing first-cycle Li nucleation overpotential to
serve as a proxy of the resistance measurement. Regarding the
practical applicability of resistive thin film coatings, previous
research from our group on singular resistive films, including
Al,O; and HfO,, also confirms improved cycling performance
in practical anode-free pouch cells.**’

In the present work, we take advantage of the morphologi-
cal control that electrical resistance provides to explore the
impact of interfacial properties on the SEI composition and
the performance of the LMB. This uniquely allows us to under-
stand the impact of SEI composition during kinetic regimes
that are typically convoluted by both Li nucleation and SEI
growth. Previous studies have focused on extreme cases of
morphological control, including ultrafast deposition when
electrodeposition is favored over SEI growth,>*> or by con-
trasting interfaces with drastically different morphologies.*?
We instead explore the convoluted regime present at moderate
current densities by creating resistive films of equal resistance,
but of different thicknesses and different metal oxides, to
maintain a constant 1% cycle Li nucleation overpotential and
hence fix the Li nucleation morphology. Holding constant the
Li nucleation morphology allows us to explore the impact of
thin film chemistry on the SEI. We use ALD to modify the Cu
current collector with sub-20 nm resistive thin films, including
materials that have been previously applied to interfacial
anode modification, such as Al,0; and HfO,, as well as intro-
ducing the use of ZrO, and AIHf,O,. Aside from creating con-
formal and uniform thin films, ALD allows us to have effective
control over the thin film thickness to ensure fixed resistance.
We show through scanning electron microscopy (SEM) results
that all cells modified with resistive metal oxide films exhibit
resistance-fixed Li nucleation morphology. However, long-term
cycling tests reveal differences in cell performance and life
cycle.

Through the use of X-ray photoelectron spectroscopy (XPS),
we investigate the relative abundance of inorganic species in
the SEI, as well as the anion-derived nature of the SEI. We
show through a compilation of XPS data that the composition
of the SEI is tuned by the surface chemical properties of the
thin film. Specifically, each metal oxide has a unique affinity
to electrolyte species, which consequently alters electrolyte
decomposition and incorporation into the SEI. Additionally,
we conduct separate XPS analyses on three types of samples to
investigate the SEI composition: 1. on thin film-modified Cu
before Li deposition, 2. atop the thin film and Li deposits after
the initial Li deposition cycle, and 3. only above the deposited
Li by ensuring a high deposition capacity. This analysis con-
firms that the metal oxide thin film tunes the SEI composition.
Furthermore, we create a set of binary stacked metal oxide thin
films that maintain the fixed resistance while flipping the
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stack order. Investigating the Li nucleation morphology, SEI
composition, and LMB performance with this sample
set allows for deconvolution of the impact of the Cu/thin film
interface and thin film/electrolyte interface. The application of
stacked interfacial films allows for an improved understanding
of the role of the Cu/thin film interface which participates in
electron exchange reactions. Based on our fixed-resistance and
binary stack experimental design, we propose that modulation
of the SEI composition by the metal oxide controls LMB per-
formance when the Li nucleation morphology is fixed. The
generalizability of our concepts is established using eight
different interfaces.

2. Results and discussion

2.1. Design platforms to investigate role of the SEI for a fixed
Li morphology

In order to delineate the impact of the SEI on battery perform-
ance, we must disentangle the influence of Li morphology.
Because previous studies® have shown a clear correlation
between interfacial resistance and Li morphology, we can sep-
arate the contribution from Li morphology by designing a plat-
form that holds interfacial resistance fixed while allowing the
chemistry at the electrode interface to be varied. We achieve
this desired platform by depositing onto the Cu current collec-
tor a sequence of metal oxide (MO,) interfacial films in which
the resistance is held constant (as determined by a fixed
nucleation overpotential) but the identity of the metal oxide in
contact with the electrolyte is varied. We use two different
designs, illustrated in Fig. 1, to hold MO, resistance approxi-
mately constant but vary the MO,/electrolyte interface. In the
first design (Fig. 1a), we deposit metal oxides of different resis-
tivities, such as HfO, and Al,O;, but select film thicknesses
that are inversely proportional to their resistivity to produce
films with the same resistance. In the second design (Fig. 1b),
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we deposit binary stacks of metal oxides but swap the order, so
that resistance stays constant but the MO, in contact with the
electrolyte changes. This latter configuration also allows us to
vary the Cu/MO, interface along with the MO,/electrolyte inter-
face to probe for any effect of the former.

2.2. Varying thickness of resistive thin films and resulting
performance impact

For design 1, we chose Al,03, HfO,, and AIHf,O, to investigate
different resistive thin film chemistries. Since previous
studies®® showed that 8 nm thick Al,O; was the thinnest layer
that could improve battery performance, we chose an 8 nm
Al,O; thin film coating on the Cu current collector as the first
model metal oxide system in this work. We then varied the
thickness of the other two metal oxides, HfO,, and AlHf,O,,
until we achieved a similar nucleation overpotential as Al,O3.
As established in earlier resistive thin film work, there is a
direct correlation between nucleation overpotential and thin
film resistance, since increased resistance impedes electron
transfer requiring a higher overpotential to nucleate on the
thin film surface.”® Nucleation overpotential can thus be used
as a proxy for thin film resistance, and a fixed nucleation over-
potential can indicate that Li nucleation is similarly con-
strained across the resistive films. Because Li nucleation is
limited to defect sites in the resistive film, we expect that the
morphology will be correlated with the resistance of the thin
film.

The results of the nucleation overpotential measurements
are plotted in Fig. 2a, which shows evidence that statistically
equivalent Li nucleation overpotentials could be obtained with
the selected resistive thin films. A thicker HfO, thin film
(13 nm) than Al,O; was required, which is consistent with the
known electrical resistivity of Al,0; (~10'® Q cm) and HfO,
(~10" Q cm).»?**** For AlHf,0,, an intermediate thickness
was required (10 nm). We also characterized the thin films
using XPS (data shown in ESI Fig. 1 and 27) and results show

a Variation in Metal Oxide b Binary Stacks of Metal Oxides
SEI
Li Plating Equal Li Plating
T M T .
[ — —
c Performance Controlled by Thin Film/Electrolyte Interface

-

Fig. 1 Design concept for investigating the role of the SEI while having fixed Li morphology obtained with equal resistance thin films. (a) Illustration
of variation of film chemistry to vary the SEI. (b) Illustration of using binary stacks of MO, films to understand and decouple the roles of the Cu/thin
film and the thin film/electrolyte interface. (c) lllustration of films with the same thin film/electrolyte interface producing a similar SEI regardless of

the Cu/thin film interface.

© 2025 The Author(s). Published by the Royal Society of Chemistry

EES Batteries, 2025, 1, 585-597 | 587


http://creativecommons.org/licenses/by-nc/3.0/
http://creativecommons.org/licenses/by-nc/3.0/
https://doi.org/10.1039/d5eb00004a

Thisarticleislicensed under a Creative Commons Attribution-NonCommercial 3.0 Unported Licence.

Open Access Article. Published on 02 2025. Downloaded on 04/12/2025 4:58:44 .

(cc)

Paper

588 | EES Batteries, 2025, 1, 585-597

Li|Cu half cell, 1 M LiPF,/EC-DEC,
1 mA cm™2

10 nm AlHf,0,-Cu

1%'cycle nucleation overpotential, 1, (V)

1%t cycle electroplated Li? morphology
1 M LiPF;/EC-DEC, 1 mA ¢cm'2,0.5 mAh cm2

Li|Cu half cell, 1 M LiPF¢/EC-DEC,
1mA cm?, 1 mAh cm™?

£ 100 e
w . R 'WM‘
© 80 o
> - T
: -
;g 60 o Bare Cu v
= 8 nm Al,05-Cu R
'.g 40 - = 13 nm HfO,-Cu L
= 10 nm AIHf,O,-Cu my
8 20 T ¥ T ¥ T ¥ T ’
0 30 60 90 120 150
Cycle index

View Article Online

EES Batteries

Fig. 2 1 cycle Li nucleation overpotential, electrodeposited Li morphology, and Li|Cu half-cell cycling performance with bare Cu and different
resistive thin films modified-Cu current collectors. (a) 1°* cycle Li nucleation overpotential with 8 nm Al,O3—Cu, 13 nm HfO,-Cu, and 10 nm
AlHf,O,—Cu. The error bars are calculated from three different cells. Thin film-coated Cu substrates were randomly selected from different ALD
runs. 1% cycle electroplated Li® morphology measured by SEM at 0.5 mA h cm™2 capacity on (b) bare Cu, (c) 8 nm Al,Os—Cu, (d) 13 nm HfO,—Cu,
and (e) 10 nm AlHf,O,~Cu. (f) Long-term cycling performance as reported in CE with bare Cu, 8 nm Al,O3z—Cu, 13 nm HfO,-Cu, and 10 nm
AlHf,O,—Cu. Experiments in a, b, and c are performed in Li|Cu half-cells using 1 M LiPFs/EC—-DEC electrolyte at 1 mA cm~2 current density.
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the presence of all expected metallic peaks (Al 2p and Hf 4f)
for the respective metal oxides. The ratio of oxygen to metal is
slightly higher than stoichiometrically expected; however, this
can be attributed to the formation of carbon-oxygen bonds
present in adventitious carbon.

Fig. 2b-e shows the Li morphology measured by SEM after
1% cycle electroplating at 0.5 mA h ecm ™ capacity on the bare,
8 nm Al,O3-, 13 nm HfO,-, and 10 nm AlHf,O,-modified Cu
current collectors. All three of the resistive thin films promote
low surface area, sparse Li deposits (Fig. 2c-e). In contrast, on
the bare Cu current collector, the Li deposits (Fig. 2b) exhibit
high surface area and extensive surface coverage. These results
are similar to our previous reports and indicate the successful
formation of resistance-derived Li morphology on the ALD-
coated substrates.”® Magnified versions of these morphology
images are shown in ESI Fig. 3.f We note that the Li particle
size distribution (PSD) differs among these substrates (ESI
Fig. 41), but the Li morphology trend is similar overall. While
we strive for consistency with the experiments, many para-
meters can impact the detailed PSD, e.g., coin cell pressure,
spatial positioning during imaging, and thin film defect
density variations from batch to batch during thin film depo-
sition. To confirm the relationship in morphology across the
three different MO, films, we also ran experiments depositing
a lower capacity of Li, and the three different resistance-con-
trolled substrates again showed very similar Li morphology
(ESI Fig. 57).

Despite similarities in the Li morphology, the performance
is not the same for the different MO, films. Fig. 2f shows the
cycling performance of Li|Cu half-cells with bare, 8 nm Al,0;-,
13 nm HfO,-, and 10 nm AlHf,O,-modified Cu. Replicates of
battery cycling performance tests are presented in ESI Fig. 6.}
The results show that even with the statistically similar Li
nucleation overpotential and resistance-controlled Li mor-
phology, the cycle life varies for the different thin film coat-
ings, and it follows the following trend: 8 nm Al,0;-Cu >
13 nm HfO,-Cu > 10 nm AlHf,0;,-Cu > Bare Cu. From this
trend, we hypothesize that there might be differences in the
SEI composition causing differences in cycle life. In the follow-
ing sections, we design and discuss experiments validating
this hypothesis.

2.3. Variation in the SEI for the fixed-resistance thin films

Since the fixed-resistance thin films lead to comparable resis-
tance-derived Li morphology yet different cycling performance,
we investigate the SEI chemical composition variations on
different substrates and their correlation with performance. It
is important to note that the carbonate-based electrolyte used
in these studies is known to create an organic-rich SEI at the
Li/electrolyte interface.”® However, we expect the average SEI
composition to be impacted by the resistive substrates under-
lying the Li for the following reasons. First, SEI formation can
occur prior to Li nucleation. Second, because the resistive thin
films cause the formation of sparse Li deposits atop Cu sub-
strates, the exposed resistive film will still be exposed to the
electrolyte in many areas and hence can impact the decompo-

© 2025 The Author(s). Published by the Royal Society of Chemistry
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sition of electrolyte due to its surface chemistry. The result
should indicate SEI species modulation during cycling.

To fully understand the SEI composition and deconvolve
the role of the MO, thin film from that of the Li surface on
controlling average SEI composition, we perform interfacial
studies by XPS with three different protocols, illustrated in
Fig. 3a, d, and i. In protocol (i), which corresponds to Fig. 3a,
we seek the contribution of only the MO, thin film on the SEI
by forming the SEI prior to the onset of Li nucleation via a
potential hold above the Li electrodeposition potential, 10 mV
vs. Li/Li* for 3 h (Fig. 3a-d). In protocol (ii), which corresponds
to Fig. 3e, we probe the contribution of both the MO, thin
film-modified Cu and Li on the SEI composition by measuring
the SEI after a brief first cycle plating of 0.5 mA h cm™ Li at a
current density 1 mA cm™> (Fig. 3e-h). Protocol (ii) is more
likely to represent actual cycling conditions because due to the
sparse Li deposits, we are probing the average SEI composition
from the contribution of both the Li and MO, thin film.
Finally, in protocol (iii), which corresponds to Fig. 3i, we
explore the contribution of only the Li by forming the SEI atop
Li after a full first plating of 2 mA h em™ Li at a current
density 1 mA em™> (Fig. 3i-1).

For the XPS studies of the SEI, we mainly focus on two cri-
teria: first, the F/C and P/C ratios to determine the anion-
derived nature of the SEI, and second, F 1s high-resolution
scans to understand the relative content of LiF. A higher F/C
and P/C ratio would indicate more anion-decomposition from
the salt (LiPFs) during SEI formation, resulting in a more salt-
derived, or anion-derived, SEL.** The relative content of LiF can
be a useful indicator of SEI stability since LiF is considered a
beneficial inorganic compound in the SEL’°>® Literature
suggests that grain boundaries among LiF help uniform Li"
ion diffusion across the SEI resulting in uniform Li depo-
sition.®® In situ LiF-rich SEIs are shown to have faster SEI
repair kinetics facilitating smooth Li deposition.*® Between the
F/C ratio and relative LiF content criteria, the F/C and P/C
ratios are prioritized first in our analysis. Then, for SEIs with
similar F/C and P/C ratios (signifying their inorganic-rich or
organic-rich nature), the relative amount of LiF is used to
understand SEI stability. We follow this sequence to avoid any
misinterpretations around SEI stability, because an analysis
region with a low F concentration but a higher relative amount
of LiF from the F 1s peak may lead to a lower absolute LiF
amount than a region which has a high F concentration but a
lower relative amount of LiF from F 1s peak. Fig. 3 shows the F
1s high-resolution scans of SEI formed on 8 nm Al,0;-Cu and
10 nm AIHf,O)-Cu, while the associated supporting high-
resolution scans of SEI formed on HfO,-Cu are shown in ESI
Fig. 7.1

We first discuss Fig. 3a—-d, which measures the contribution
of only the MO, thin film to the SEI formation (protocol i).
Since no Li deposition occurs at this voltage, Li does not cover
any surface of the Cu substrates, and we can understand the
impact of the metal oxide/electrolyte interface in the absence
of electrodeposited Li. We believe the low relative amount of
LiF for these samples is consistent with this protocol since

EES Batteries, 2025, 1, 585-597 | 589
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Fig. 3 SEI chemical composition analysis using XPS following different protocols to probe the anion-derived nature (F/C, P/C ratio), and stability
(relative LiF amount) of SEI. (a) Schematic illustration of XPS sampling area of the SEI formed by protocol (i) prior to the onset of Li nucleation, using
a potential hold above the Li electrodeposition potential, 10 mV vs. Li/Li* for 3 h. XPS results analyzing the SEI created in protocol (i) showing (b) the
F/C and P/C atomic ratios for the three different MO, films, with the P/C range set at 1/6 of the F/C range to facilitate comparison with the 1: 6 ratio
of P:Fin LiPFg; (c) the F 1s high resolution (HR) scan for the 8 nm Al,O3—Cu sample; and (d) the F 1s HR scan for the 10 nm AlHf,O,—~Cu sample. (e)
Schematic illustration of XPS sampling area of the SEI formed by protocol (ii) after first cycle plating of 0.5 mA h cm™ Li at a current density 1 mA
cm™2. (f—h) Show the corresponding F/C and P/C atomic ratios and F 1s HR scans for protocol (ii) (i) Schematic illustration of XPS sampling area of
SEI formed by protocol (iii) atop Li after first plating of 2 mA h cm™2 Li at a current density 1 mA cm™2. (j—1) Show the corresponding F/C and P/C

atomic ratios and F 1s HR scans for protocol (iii).

there is no Li electrodeposition and thus, less Li at the surface
available to react with the electrolyte and form LiF.>® We also
find for this protocol that the F/C and P/C ratios for AlHf,O,
are lower than those for Al,0; and HfO, (Fig. 3b), suggesting
that the SEI with AIHf,O, coating is less anion-derived. Being
organic-rich, AIHf,O, would thus promote the least stable SEI,

590 | EES Batteries, 2025, 1, 585-597

which may explain the comparatively worse cycling perform-
ance observed for AIHf,O,-modified Cu (Fig. 2f). Fig. 3c and d
show in the high-resolution F 1s scan that the relative LiF
content is higher for AlHf,O,-coated Cu than for Al,0;-Cu;
however, after accounting for the lower overall F/C ratio for
AlHf,O,~Cu, the actual LiF/C ratio on AlHf,0,~Cu is shown to

© 2025 The Author(s). Published by the Royal Society of Chemistry
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be lower than on Al,0;-Cu (ESI Table 17), suggesting a more
stable SEI for the latter.

The next protocol, protocol (ii), is the most representative of
the actual cycling conditions because it is performed under
similar conditions as experienced during cycling. Moreover,
since sparse Li deposits are formed with resistive substrates,
this experiment should show the impact of both the thin MO,
film and Li in the SEI formation. The results are shown in
Fig. 3e-h. Fig. 3f shows that the average F/C ratios follow a
trend Al,O3-Cu > HfO,-Cu > AlHf,O;—Cu, although the differ-
ences are slighter than what is observed in Fig. 3b. We specu-
late that the lower degree of variation in F/C and P/C ratios in
Fig. 3f than that of Fig. 3b is caused by incorporation of sparse
Li deposits into the analysis. This scenario likely occurs
because Li regions would induce the same SEI composition
regardless of different modified copper substrates at the Li-
electrolyte interface. We also observe a significantly higher pro-
portion of LiF for protocol (ii) than for protocol (i) due to the
presence of deposited Li. Within protocol (ii), the relative
amount of LiF is higher for Al,0;-Cu than for AlHf,0,~Cu
(Fig. 3g and h). This increased LiF may support the observed
improved cycle life for Al,O;-Cu.

Finally, to understand the impact of only the Li surface on
SEI species control, we perform an experiment with twice the
deposition capacity of cycling and probe the SEI atop the Li
(protocol iii). ESI Fig. 81 shows different high-resolution scans
in the metal peak regions to confirm that the scans are from
the regions where the probed surface is Li, i.e., no metal peaks
from the underlying MO, thin films are observed in the scan-
ning area. The results of the XPS scans for protocol (iii) are
shown in Fig. 3j-1. As expected, there is no statistically signifi-
cant difference among the F/C and P/C ratios measured in this
experiment with different resistive substrates (Fig. 3j) because
the SEI composition for this case represents predominantly
the Li-electrolyte interactions. Since the F/C ratios are statisti-
cally similar, we carefully analyze the F 1s peak to find further
differences in relative LiF amount. We find that a higher LiF
content is observed in the Al,03-coated Cu substrate compared
to AlIHf,O,—Cu (Fig. 3k and 1). Although Fig. 3j-1 capture the
impact of Li only, a higher relative amount of LiF on Al,03;-Cu
may suggest that the Al,0;-Cu SEI would be more stable than
that of AIHf,O,~Cu.

Our results indicate that with the tested protocols to under-
stand the SEI composition, compared to AlHf,O,, both Al,O;
and HfO, thin films lead to SEIs with the types of compo-
sitions typically associated with better stability. These compo-
sition features include more anion-derived SEI as measured by
F/C and P/C ratios, as well as a higher proportion of F present
as LiF species. This composition analysis helps explain the
relative battery cycle improvement with Al,0;—Cu and HfO,-
Cu when compared to the other resistive thin film of AIHf,O,~
Cu. Moreover, since protocol (ii) is the most representative of
the actual cycling conditions and captures the contributions of
both Li and resistive MO, films on SEI formation, for sub-
sequent parts of the study we investigate the SEI using protocol
(if). We speculate that different surface chemistry properties of

© 2025 The Author(s). Published by the Royal Society of Chemistry
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the thin films such as surface charge, charge density, as well
as thin film deposition conditions may impact the electrolyte
decomposition. The C 1s high-resolution scans of the SEIs
with protocol (ii) for different substrates are shown in ESI
Fig. 9.1 Furthermore, to verify our argument on SEI stability,
we characterize the residual SEI after the 40™ stripping for our
best-performing Al,O; films and bare Cu. Expectedly, major
differences are not observed in SEI atomic ratios (ESI
Fig. 10at) but are found in the F 1s high-resolution scans (ESI
Fig. 10bt). We find a higher relative LiF content on Al,03;-Cu
compared to bare Cu substrates (ESI Fig. 10ct). These results
on SEI composition are consistent with our conclusions from
the initial cycle SEI characterization.

We find that both Fig. 3b and j show statistically similar
values for the F/P stoichiometric ratio near ~6. For the case of
Fig. 3f, where both electrodeposited Li and thin film influence
the salt decomposition, an off-stoichiometric F/P ratio is
observed for Al,O; and AlHf,0, interfaces. We speculate that
this is due to the heterogeneity at the surface where electrode-
posited Li and thin films alter the kinetics of salt decompo-
sition differently. For Li, it is due to the electrochemical and
chemical decomposition of the salt® whereas, for the metal
oxides the acidity of the thin films influences the salt
decomposition.”

2.4. Varying the binary stacking order of resistive thin films
and resulting SEI composition and performance

To better understand how the SEI composition is regulated by
the metal oxide/electrolyte interface and to explore the impact
of other interfaces, we employed design 2, in which two
different ALD-grown metal oxides are stacked on the Cu
current collector as described in Fig. 1b. Stacking the binary
layered films allows for deconvolution of the impacts of the
Cu/thin film interface and thin film/electrolyte interface on
SEI composition and performance. For this design, we
explored three different resistive MO, films: HfO,, Al,O3;, and
ZrO,. We introduce ZrO,-modified films to add another point
for comparison. The thin film characterization for ZrO,-modi-
fied Cu substrates using XPS can be found in ESI Fig. 11,1 and
cycling performance test results, Li nucleation morphology,
and SEI composition for the ZrO, samples are included in ESI
Fig. 12.1 The XPS results show the presence of the metallic Zr
peaks, as well as an O:Zr ratio that is slightly above what is
stoichiometrically expected. The cycling performance using
ZrO, coatings (ESI Fig. 12at) is better than bare Cu but worse
than the Cu coated with Al,O; and HfO,, with long-term cou-
lombic efficiencies falling below 80% at 100-120 cycles. The
SEM images (ESI Fig. 12bf) confirm the Li morphology
remains of low surface area and planar, while the XPS high-
resolution F 1s spectrum of the SEI (ESI Fig. 12d¥) confirms a
relatively low ratio of LiF to other fluorinated species. This
result reveals that despite the Li morphology remaining
similar due to the fixed resistance, the chemical nature of ZrO,
produces a lower SEI quality and thus poorer cycling perform-
ance. The thin film characterization for the binary stack thin
films on Cu using XPS can be found in ESI Fig. 13-15.1 The
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XPS spectra confirm that the relevant metallic peaks (Al 2p, Hf
4f, and Zr 3d) are present in the stacked films.

The thickness of each of the stacked films was selected to
provide a nucleation overpotential fixed near the same value,
as shown in Fig. 4a. Each half of the stack contained 4 nm
Al, 03, 6.5 nm HfO,, or 8.5 nm ZrO,, respectively, which corres-
pond to half of the thickness used in the 1% cycle nucleation
overpotential experiments as shown in Fig. 2a and 4a. The Li
deposition across the series of stacked films continued to
show low surface area, planar, resistance-fixed morphology as
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shown in the SEM images in ESI Fig. 16.1 This is reasonable,
as our goal here is to grow thin films with equal resistance,
resulting in the overall similar resistance-fixed Li morphology.
We note that differences in morphology can exist due to vari-
ations in coin cell pressure distribution, spatial positioning
when imaging, and thin film defect density across batches.
The SEI compositions of cells modified with each of the binary
MO, stacks, as well as the single metal oxide films, were
measured using XPS. The results of the F/C ratios are pre-
sented in Fig. 4b, sorted according to their thin-film electrolyte
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Fig. 4 1% cycle nucleation overpotentials, F/C atomic ratios of the SEI, and F 1s HRs scans of the SEI for the binary MO, stacked films. (a) 1% cycle Li
nucleation overpotential of cells modified with the stacked binary metal oxide coatings. The error bars are calculated from three different cells each.
Thin film coated Cu substrates were randomly selected from different ALD runs. (b) F/C atomic ratio of SEl including cells modified with the stacked
binary metal oxide coatings with protocol (ii). F 1s HR scan of SEI formed using protocol (ii) on (c) Al,O3 on HfO,—Cu (d) HfO, on Al,O3—Cu (e) Al,O3

on ZrO,—Cu and (f) ZrO, on Al,Oz—Cu.
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interface. For example, Al,O3, Al,O; on HfO,, and Al,O; on
ZrO, all have the Al,O; surface exposed to the electrolyte and
to highlight that they form one related class of samples, their
bars are positioned in front of the green background. In the
F/C ratios, statistically significant differences are not observed
for most films. To be specific, only two of the top-performing
films, Al,O3;-Cu and Al,O; on HfO,-Cu, show a statistically sig-
nificant difference with the worst-performing AIHf,O,-Cu.
Other interesting observations are that cells with the same
metal oxide/electrolyte interface have similar trends in F/C
ratios. For example, cells with Al,Oj/electrolyte interfaces have
the highest F/C ratios on average, while cells with HfO,/electro-
lyte interfaces have large variances in the F/C ratio (bars posi-
tioned in front of red background). This result suggests that
the SEI structure and chemical composition may be influenced
by the thin film/electrolyte interface.

Since the F/C ratios themselves are not very conclusive, to
gain a deeper understanding of the system, we have studied
and analyzed the high-resolution XPS scans. The high-resolu-
tion F 1s peaks reveal that the ratio of the LiF peak to the C-F/
Li,PF,0, peak matches best with the high-resolution F 1s
spectra of other films with the same metal-oxide electrolyte
interface (Fig. 4c-f) as evident in the Al,O;-containing inter-
faces. High-resolution F 1s spectra of the SEI of HfO,-Cu and
ZrO,-Cu cells can be found in ESI Fig. 7b and 12d.} Cells with
Al,Og/electrolyte interfaces have a high LiF to C-F/Li,PF,0,
ratio, while those with HfO,/electrolyte interfaces have a
similar LiF to C-F/Li,PF,0, ratio, and those with ZrO,/electro-
lyte interfaces have a low LiF to C-F/Li,PF,0, ratio. This corro-
borates that SEI composition is highly tuned by the thin film/
electrolyte interface.

Long-term cycling performance tests were conducted on the
cells modified with stacked thin films to explore the impact of
the Cu current collector-thin film interface and thin-film elec-
trolyte interface, as well as the aggregate stack composition, on
the cell’s performance and cycle life. The long-term cycling
tests reveal that cells with the same metal oxide/electrolyte
interface have similar performance regardless of the buried
metal oxide-current collector interface (Fig. 5). A table identify-
ing key performance parameters for each modified cell, includ-
ing average CE for cycles 5-50 and the cycle index at which the
cell drops below 80% CE, are reported in Table 1. The most
notable differences are exemplified by the Al,O; and ZrO,
stacked set. While the cells with the Al,O;/electrolyte interface
have an average CE for cycles 5-50 of 84.9 (+1.5)-87.6 (+1.0),
cells with the ZrO,/electrolyte interface have a statistically
different average CE of 78.6 (+1.6)-79.0 (+0.2). Looking at more
long-term performance trends, cells with the Al,Os/electrolyte
interface maintain CE above 80% until cycles 114 (+43.3)-134
(£6.6) (Fig. 5a), while cells with the ZrO,/electrolyte interface
see CEs of <80% by 8.0 (+1.4)-11.8 (+7.5). The much lower
values for the ZrO,/electrolyte interfaces could reflect a more
fragile SEI that requires more cycles to stabilize. At higher
cycle indices, cells with the ZrO,/electrolyte interface experi-
ence rapid drops in CE at 90-120 cycles (Fig. 5c), indicating
less long-term stability than cells with Al,Oj/electrolyte or

© 2025 The Author(s). Published by the Royal Society of Chemistry
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Fig. 5 Comparative long-term cycling performance between batteries
with the same thin film/electrolyte interface. Long-term cycling per-
formance for metal oxide-modified Cu with cells containing a (a) Al,O3/
electrolyte interface, (b) HfO,/electrolyte interface, and (c) ZrO,/electro-
lyte interface. Experiments are performed in Li|Cu half-cells using 1 M
LiPF¢/EC—DEC electrolyte at 1 mA cm™2 current density.

HfO,/electrolyte interfaces. The long-term performance tests
for the stacked thin films are each verified by at least two repli-
cates which can be found in ESI Fig. 17.f Moreover, ESI
Fig. 181 shows the comparison of CE data versus cycle index
for the same material stacks (HfO, on Al,O; versus Al,O; on
HfO,) and (ZrO, on Al,O; versus Al,O3; on ZrO,) confirming
that while the cycling behavior is similar for the same MO,/
electrolyte interface, it is not the same if the stack order is
switched.

To show how SEI composition can impact cycling perform-
ance and SEI stability at later cycles, we include the voltage
profiles for cycles 140-150 for cells modified with Al,0;-Cu,
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Table 1 Key performance metrics for Cu current collectors modified
by varying interfacial films. Metrics are derived from performance data
shown in Fig. 2 and 5, ESI Fig. 6, 12 and 17.1 To avoid initial losses from
SEI formation, cycles 5-80 are chosen. CE average and standard devi-
ation values are calculated using all sequential data points using two
cells for ZrO, and three cells for other interfaces

Cycle before falling

Average Average Average below 80% for two
CE cycles CEcycles CEcycles consecutive cycles

Film 5-50 50-80 5-80 after cycle 5

Al O3 87.6+1.0 86.0£59 87.0£0.6 134+6.6

Al,Oz;on 859+2.2 86.2+1.2 86.1+1.7 114+43.3

ZrO,

Al,Oz;on 84.9+1.5 86.7+1.5 856+0.5 121.3+29.4

HfO,

HfO, 86.0+3.3 87.7+x14 86.7%x2.5 1243+6.4

HfO,on 88.2+0.3 91.7+58 89.7+25 117+9.6

Al,O,4

ZrO, 79.0+£0.2 86.8+0.4 821+0.1 8=x1.4

ZrO,on 78.0+16 781+7.8 78.0%+39 11.8+7.5

ALO,

AlHf,O, 90.1+0.4 83.3+0.8 87.4+0.1 653+11.6

Al,O; on ZrO,-Cu, and ZrO, on Al,0;-Cu in ESI Fig. 19.
Al,0;—Cu has a very stable voltage profile that is similar to that
of Al,O; on ZrO,-Cu. Since resistance and morphology are
similar, this suggests the enhanced SEI at the Al,Os/electrolyte
interface supports performance and stabilization even at 150
cycles. Al,O3 on ZrO,—Cu and ZrO, on Al,0;-Cu have the same
thickness and resistance but differing thin film/electrolyte
interfaces. ZrO, on Al,O;-Cu presents more instabilities
reaffirming that differences in initial SEI, as confirmed by XPS,
impact late-cycle stability.

To understand more about SEI stability using single and
bilayer stack films, we perform electrochemical impedance
spectroscopy (EIS) analysis of Li|Cu cells with electrodeposited
Li for both ZrO, and Al,O; on ZrO, modification (ESI Fig. 207).
We find that cells with Al,O; on ZrO, have a higher initial SEI
impedance compared to ZrO,. We also observe a similar trend
from our SEI chemical composition results where a higher
average F/C ratio and a higher relative LiF content are observed
with Al,Oj/electrolyte interfaces. The trend can be rationalized
with the high charge transfer resistance at the Li and resistive
Al,O; interface and the insulating nature of LiF causing a
higher SEI resistance value consistent with previous findings
on LiF-rich SEIs.'® After 25 hours, a similar degree of increase
in SEI resistance (~200%) is observed with both films. This
increase in SEI resistance mainly occurs from chemical SEI
growth due to Li-electrolyte reactions.'® Since Li undergoes
severe calendar aging and high SEI growth in the carbonate-
based electrolyte, a similar degree of SEI resistance increase is
observed.'® So, for this case, we believe that the SEI growth is
mostly driven by electrolyte diffusion towards the surface of Li.

Our stacked film experiments clearly demonstrate that the
thin film/electrolyte interface controls the SEI composition
and subsequently tunes the cycling performance. These results
are significant because they help decouple the impacts of the
buried Cu/thin film and the exposed thin film/electrolyte inter-
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faces. Whereas the SEI and cycling performance correlate with
the thin film/electrolyte interface, we observe no strong corre-
lation of either SEI or cycling performance with the buried Cu/
thin film interface (ESI Fig. 211). We postulate that the MO,
present at the Cu current collector/thin film interfaces could
impact electron transport, and thus the nucleation and sub-
sequent growth of the Li deposit.>****" However, the cycling
performance results show that the chemical composition of
the MO, at the thin film/electrolyte interface plays a dominant
role due to its ability to tune the SEI composition. This result
emphasizes the importance of SEI composition on the overall
performance of the battery for similar types of Li morphology.
Nevertheless, it is important to consider that the dominant
factor for overall performance control appears to be the thin
film resistance, whereas the MO, thin film chemistry is only a
secondary factor. This study intentionally removed this effect
by studying MO, thin films of equal resistance.

We note that although the cells modified with stacked films
do behave similarly to cells with unstacked films that have the
same thin-film electrolyte interface, the stacked films exhibited
higher instability compared to the non-stacked films. This is
further explored in the voltage profiles for cycles 140-150
shown in ESI Fig. 19.1 Although the Al,0;-Cu and Al,O3 on
ZrO,-Cu samples have similar interfaces and similar voltage
profiles, the Al,O3 on ZrO,—-Cu sample does have some subtle
instabilities, for example at around hour 273. A previous study
has shown that stacked films of Al,0;/HfO,/Al,O;, with each
layer being 20 nm, grown using ALD on stainless steel and tita-
nium, led to the formation of agglomerates at the interlayers
possibly interfering with the stability of the thin film.** This
could explain why, despite seeing similar coulombic efficiency
trends, there is more fluctuation in the stacked films, specifi-
cally at higher cycle numbers. Additionally, despite the resis-
tance being the same, there are up to 5 nm differences in film
thickness for cells with the same thin film/electrolyte interface.
This could, for example, in the case of pinhole defects, make it
more difficult for Li" to diffuse through the film and contact
the underlying substrate. Although these differences are small,
over many cycles it could impact the long-term performance.
Nevertheless, the stacked film study affirms that when mor-
phology is fixed by resistance, SEI composition regulated by
the thin film/electrolyte interface is the most important predic-
tor of battery performance.

3. Conclusions

Our results show that even with the resistance-fixed low
surface area morphology of Li, different interfacial film chem-
istry can result in different SEI compositions, which can have
different impacts on the LMB cycling performance. Due to the
sparse Li morphology obtained with the resistive substrates,
the thin film coated Cu surface is exposed and can impact
electrolyte decomposition species in the SEI and thus modu-
late the average SEI composition. Interfacial thin films promot-
ing SEIs containing more inorganic-rich and stable species
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result in the most performance benefits. Specifically, Al,O3
and HfO, thin film-coated Cu result in improved cycle life in
LMBs compared to AlHf,Oy-modified Cu due to more stable
SEI formation on the former. Moreover, we achieve deconvolu-
tion of Cu/thin film and thin film/electrolyte interface effects
using binary stacked resistive thin films and find that the
interface near the electrolyte is the crucial determinant of SEI
composition and performance. By maintaining the same thin
film/electrolyte interface and varying the thin film/Cu inter-
face, we show that stacks with Al,Os/electrolyte interface main-
tain >80% CE for ~130 cycles exhibiting similar battery cycle
life and SEI compositions. Our results indicate that similar
performance and chemical composition trends in the SEI are
obtained for different binary stacks of thin films with the
same thin film/electrolyte interface. In summary, our results
identify key design concepts for tuning the SEI with fixed Li
morphology using Cu interface engineering which can be ben-
eficial for improving LMB cycle life.

4. Methods

4.1. Thin film deposition

The metal oxide thin films were deposited by ALD. For Al,O;
deposition, trimethylaluminum (TMA) was used as the metal-
organic precursor and water (H,O) was the counter reactant.
An ALD cycling scheme of 0.03/5/0.03/30 s TMA pulse/purge/
H,O pulse/purge sequence at 150 °C was conducted, which
resulted in a 1.2 A per cycle growth rate.

For HfO, deposition, tetrakis(dimethylamido) hafnium(iv)
(TDMAHT() heated to 60 °C was used as the metal-organic pre-
cursor and H,O was the counter reactant. An ALD scheme of
0.25/60/0.03/90 s TDMAHf pulse/purge/H,O pulse/purge
sequence at 200 °C was conducted, which resulted in a 1.2 A
per cycle growth rate.

AlHf,0,, deposition was conducted using a super cycle of the
aforementioned HfO, deposition cycle followed by an Al,O3;
deposition cycle. For Al,O; deposition, TMA was used as the
metal-organic precursor and H,O was the counter reactant. An
ALD scheme of 0.03/10/0.03/10 s TMA pulse/purge/H,O pulse/
purge sequence was conducted. The deposition was conducted at
200 °C and resulted in a growth of 2.4 A per cycle growth rate.

For ZrO, deposition, tetrakis(dimethylamido) zirconium(wv)
(TDMAZr) heated to 75 °C was used as the metal-organic precur-
sor and H,O was the counter reactant. An ALD scheme of 2/30/1/
30 s TDMAZr pulse/purge/H,O pulse/purge sequence at 200 °C
was conducted, which resulted in a 1.1 A per cycle growth rate.

HfO,, and AIHf,0, depositions were performed in a
Gemstar 6 ALD reactor (Arradiance) reactor, while ZrO, and
Al,O; were deposited in a Veeco Savannah S200 ALD reactor.
The film thickness on a witness silicon (Si) wafer was deter-
mined using a J.A Woollam M2000 Variable Angle
Spectroscopic Ellipsometer at a 70° angle of incidence and
wavelengths ranging from 210 to 1688 nm. All depositions
were conducted on Cu foil. For stacked films, when the thin
film ALD processes are conducted in different reactors,
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samples were exposed to air in between sequential processes.
Growth curves were studied to evaluate whether the growth be-
havior of the metal oxide on the silicon substrate differed from
the growth behavior on a given metal oxide. Results shown in
ESI Fig. 22t indicate no difference.

4.2. Electrochemistry

All battery materials were stored and assembled in an argon
glovebox. The oxygen level in the argon glovebox was main-
tained below 0.10 ppm and water level was maintained at
0.00 ppm during all the experiments within the sensitivity of
the sensor. All electrochemical processes for battery cycling
tests, and to prepare samples for XPS and SEM, were performed
using Li|Cu half-cells in a coin cell configuration. CR 2032 type
coin cells were used. Li foil 0.75 mm thick (99.9%, Alfa Aesar)
was used as the reference electrode. Li foils were mechanically
scraped using commercial grade plastic battery scrapers to
remove surface oxides before cell assembly. Cu foil (Pred
Materials, 30 pm) was used as the working electrode. Trilayer
PP/PE/PP (Celgard 2325, 25 pm) was used as the separator. 1 M
LiPFs/EC-DEC, or LP40, electrolyte was obtained from Gotion.
60 pL electrolyte was used in the coin cell. The cells were cycled
with an Arbin battery cycler using protocols mentioned in
corresponding figures. For characterization experiments, the
cells were disconnected from the cycler immediately after
electrochemical tests and disassembled inside the argon glove-
box. After Li electrodeposition, impedance measurements were
carried out within 5 minutes and after 25 hours under open-
circuit conditions within a frequency range of 1 MHz to
100 mHz using a Biologic VMP3 potentiostat.

4.3. X-ray photoelectron spectroscopy (XPS)

X-ray photoelectron spectroscopy (XPS) was performed using PHI
Versaprobe III, IV. The X-ray source was monochromatic Al Ko.
As-deposited thin films were characterized to confirm film chem-
istry and stoichiometry. For air-sensitive battery samples, the coin
cells were disassembled inside an argon glovebox. The Cu sub-
strates were carefully rinsed with 100 pL DEC solvent to remove
any residual salt. A vacuum transfer vessel was used for transfer-
ring the samples to the XPS instrument to ensure air-free trans-
fer. The maximum allowable Z-height for the instrument was
used for spectra collection to achieve the highest signal count.

Multipak software was used for XPS data analysis. The C 1s
peak at 284.5 eV was used as a reference for spectral shifting.
The SEI atomic ratios were determined using the collected
survey scans at 224 eV pass energy. The high-resolution signals
were collected at 55 eV pass energy.

4.4. Scanning electron microscopy (SEM)

Before microscopy, all samples were rinsed with 100 pL DEC to
remove residual salt and dried inside an argon glovebox. Air-
sensitive battery samples were carried to the scanning electron
microscope using an air-tight vessel. Samples were briefly
exposed to air for a few seconds before imaging. Scanning elec-
tron microscopy was performed using Thermo Fisher
Scientific Apreo S LoVac and FEI Magellan 400 XHR.
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