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y: controlled ALD growth of Al2O3

on metallic lithium enabled by plasma
pretreatment
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Matthias M. Minjauw,a Louis De Taeye, ce Philippe M. Vereecken,ce

Jolien Dendooven, a Mohammadhosein Safari bcd and Christophe Detavernier*a

Direct atomic layer deposition (ALD) of protective coatings on metallic lithium is a promising strategy to

suppress unwanted side reactions in next-generation batteries. Although several studies report ALD

coatings on lithium, with the majority depositing Al2O3, inconsistencies in growth behavior are present.

Also in this work, the deposition of Al2O3 using trimethylaluminium (TMA) and O2 plasma on as-received

metallic lithium results in irreproducible and non-ALD-like growth. This highlights the need for

a fundamental understanding of how the initial surface state governs subsequent ALD reactions. In this

work, plasma pretreatments are used to systematically control the lithium surface and in vacuo X-ray

photoelectron spectroscopy (XPS) is used during the TMA/O2 plasma ALD process in order to

understand its growth behavior on metallic lithium. The as-received lithium surface consists of Li2CO3,

LiOH and Li2O, with composition evolving over time, making it an unreliable starting surface for ALD.

Argon plasma pretreatment efficiently removes carbon contamination, producing a Li2O-terminated

surface, while O2 plasma results in a mixed LiOH/Li2O surface. Self-limiting, ALD-like growth of (lithiated)

Al2O3 is observed only on the LiOH/Li2O surface, enabled by reactive hydroxyl groups that facilitate TMA

adsorption. In contrast, TMA exposure on the Li2O surface results in immediate precursor

decomposition, likely due to a porous nature of the Li2O layer allowing direct interaction between TMA

and the bulk lithium underneath. These results show that controlling and clearly defining the initial

surface state is essential for achieving reproducible ALD growth on metallic lithium and may help explain

the inconsistencies reported in earlier studies.
1 Introduction

The sustainable electrication of our society is more than ever
at the center of global discussions. Lithium-ion batteries (LIBs)
can play an essential role in enabling this transition. Due to
their high energy density and long cycle life, they are widely
being used for energy storage in electrical vehicles and large-
scale energy storage systems.1 However, as demand for
increasing performance continues to grow, state-of-the-art LIBs
are approaching their energy density limits, driving the search
for next-generation battery chemistries.2 Metallic lithium has
long been considered as the ‘holy grail’ of anode materials due
to its high theoretical specic capacity (3860 mA h g−1) and low
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electrochemical potential (−3.04 V vs. standard hydrogen elec-
trode).1 Combining metallic lithium with current or next-
generation cathode materials could result in higher energy
density batteries.2 Although promising in theory, the practical
implementation of lithium metal anodes remains a signicant
challenge.

Upon contact with the electrolyte, a solid-electrolyte inter-
phase (SEI) is formed on the lithium metal surface due to
electrolyte reduction. The SEI continues to grow during cycling,
leading to progressive loss of active lithium.2 Due to the SEI's
complex and inhomogeneous composition,2–6 properties such
as ionic conductivity are also non-uniform across the surface,
resulting in preferential ion transport through pathways of least
resistance.4,7 As a result, lithium-ion deposition happens at
localized ‘hot spots’,5,8 initializing the formation of dendritic
structures.5,8,9 Once nucleated, these dendrites grow in size and
shape and induce stress upon the SEI, resulting in fractures and
exposure of fresh lithium, thereby triggering additional para-
sitic reactions and repeated SEI formation.4,6,7,10 During
discharge, dendrites are not completely stripped due to the
thick and uneven SEI,4 resulting in electrically isolated lithium,
This journal is © The Royal Society of Chemistry 2026
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referred to as dead lithium.4,6,10 Clearly, this behavior of
continuous loss of electrolyte and lithium severely degrades the
performance of the lithium metal battery. In severe cases,
dendrites can grow into needle-like structures capable of
piercing the separator, posing a serious risk for short-circuits
and thermal runaway.2,6,7

This problem highlights the critical role of the inhomoge-
neity of the SEI's composition in the battery performance.9 To
address this issue, different strategies aim to passivate the
lithium surface with a homogeneous and stable articial SEI
layer with uniform interfacial properties to improve cycle life-
time and safety of the lithiummetal battery.2,5,6 One approach is
solution-based and involves engineering the liquid electrolyte
by modifying salts, solvents or adding additives. Although
a protective SEI can be formed, the resulting SEI composition is
dictated by uncontrolled decomposition products.6 Vacuum
techniques such as magnetron sputtering and atomic layer
deposition (ALD), offer more control over composition and
thickness.6 ALD, which relies on self-limiting surface reactions
by sequentially introducing individual precursor gases, enables
the growth of conformal coatings with precise atomic-scale
thickness control.

In 2015, Kozen et al.11 demonstrated the direct deposition of
Al2O3 on Li metal foil using TMA and O2 plasma, reporting that
a 14 nm lm could delay atmospheric and organic solvent
corrosion, leading to an overall improved discharge capacity
retention in Li–S batteries. Shortly thereaer, Kazyak et al.12

showed that even a limited number of ALD cycles (e.g. 30 cycles
of TMA–H2O) could already signicantly extend the cycle life-
time and suppress dendrite formation. While these pioneering
studies highlighted the potential of ALD coatings for Li metal
protection, growth mechanisms were not studied. Thickness
was reported on a conventional Si wafer,11 however, TMA or H2O
do not necessarily react in self-limiting ways with the Li surface.
The importance of differentiating between layer growth on
silicon versus lithium was highlighted by Chen et al.13 They re-
ported that the initial TMA and H2O reactions on Li do not
saturate, leading to more deposited material than expected,
when compared to growth on Si. Although promising results
could be obtained, with the abovementioned contributions
forming a promising starting point for optimized lithium
surfaces, general progress has been slow with only few studies
further exploring ALD on Li metal.14–23 Furthermore, it is oen
not specied whether the used lithium foil has undergone any
pretreatment step before ALD. Some mention using the lithium
foil as-received, while others mechanically scraped the foil.22 As-
received lithium foil contains a native surface layer, with
contaminants such as Li2CO3, LiOH and Li2O,15,24,25 even under
inert storage, with composition evolving over time. Previous
results highlight that ALD surface enhancement for metallic
lithium could be very promising, but more effort is needed in
order to fully understand how native surface species interact
with ALD precursors, such as TMA, and how further ALD growth
is inuenced.

In this work, we address this knowledge gap by studying the
initial interaction between TMA and plasma pretreated lithium
surfaces. Instead of starting from as-received foil, the lithium
This journal is © The Royal Society of Chemistry 2026
surface composition is tailored through Ar and O2 plasma
pretreatments performed in the same high vacuum (HV)
chamber as the subsequent ALD process. These plasma
pretreatments (partially) remove the native surface layer and
produce a dened and reproducible starting surface in a more
controlled manner. For comparison, the reaction of TMA on as-
received and mechanically treated lithium foils is also investi-
gated. Scanning electron microscopy (SEM) reveals that highly
non-reproducible and localized growth is obtained for the as-
received and mechanically treated foil. In vacuo X-ray photo-
electron spectroscopy (XPS) and SEM results indicate that Ar
plasma pretreatment promotes TMA decomposition, while aer
an O2 plasma pretreatment step, controlled deposition of
(lithiated) Al2O3 is possible. These ndings demonstrate that
precursor reactivity and growth evolution depend on the initial
lithium surface. Establishing a controlled and reproducible
starting surface is therefore essential for understanding and
controlling ALD processes on Li foil.

2 Experimental section

A custom-built cluster tool, schematically shown in Fig. 1, was
used for in vacuo XPS characterization. This system includes
a pump-type ALD reactor (base pressure: 10−7 mbar) directly
connected to a Theta Probe XPS (base pressure: 10−9 mbar). An
Ar-lled glovebox (H2O/O2 < 0.5 ppm) is integrated into this
system and is connected to the ALD reactor through an UHV
transfer line (10−9 mbar), allowing sample handling in an inert
environment. Lithium samples (250 mm, Cambridge Energy
Solutions Ltd) are treated in the ALD setup and then transferred
to the XPS chamber in vacuum (10−7 mbar) and in under two
minutes, minimizing contamination risk. For each XPS
measurement, a fresh piece of lithium foil was treated and
analyzed, avoiding repeated transfers and further reducing the
risk of contamination. Each piece was separately loaded into the
reactor where the full pretreatment and ALD sequence was
performed and stopped at the step of interest. To ensure
reproducibility and account for foil-to-foil variability, selected
measurements were repeated up to three times, each on a new
piece of lithium foil.

Plasma pretreatments were conducted in the ALD reactor,
which was equipped with a plasma column (diameter: 63 mm)
on top, above the substrate, ensuring line-of-sight, without
substrate bias. Plasmas of Ar ($99.999%) and O2 (99.5%) were
generated by a remote inductively coupled plasma source of
13.56 MHz operated at 200 W, with each gas maintained at
a pressure of 1 × 10−3 mbar. The inuence of plasma pressure
is elucidated in the SI, Fig. S1, showing the importance of
maintaining a low pressure to ensure surface etching. Subse-
quent ALD treatments involved trimethylaluminium (TMA,
Al(CH3)3, 97%, Volatec, 10−2 mbar) in combination with O2

plasma (200 W, 5 × 10−3 mbar), with the rst TMA dose pulsed
immediately aer the plasma pretreatment, with only 15 s of
pumping in between. The ALD cycle consisted of a 60 s TMA
pulse, 30 s pumping, 30 s O2 plasma exposure and 30 s pump-
ing. Substrate temperature during treatments was maintained
at 100 °C, unless mentioned otherwise.
J. Mater. Chem. A, 2026, 14, 21682–21694 | 21683
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Fig. 1 Illustration of the glovebox-ALD-XPS cluster tool used in this work.
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XPS measurements were performed using a Theta Probe XPS
system with a monochromatic Al Ka source (15 kV, 70 W)
focused to a 0.3 mm diameter spot and incident at 30° relative
to the surface normal. The concentric hemispherical analyzer
accepted electrons over a wide angular range (20°–80° relative to
the surface normal) and the input lens was positioned at 50°.
High-resolution spectra were acquired using a pass energy of
50 eV and a step size of 0.1 eV, while survey spectra were
collected at 200 eV pass energy and 0.5 eV step size. Charge
neutralization was not used. Quantication and peak tting
were carried out using CasaXPS,26 employing a U 2 Tougaard
background and LA(50) line shapes. Binding energy referencing
could not be performed based on the adventitious hydrocarbon
C 1s core level as the C 1s signal was not always present, hence
the O 1s Li2O peak was used and positioned at 531.2 eV.27 A
minor Li2CO3 contribution in the C 1s signal, when present,
served as additional consistency check. Reference samples of
Al2O3 were also prepared on Si substrates to provide an internal
reference for the Al2O3 O 1s peak. Peak tting of Li2CO3, LiOH
and Li2O was done based on binding energy separations
determined in the work of Wood et al.27 and were constrained
within narrow intervals. The O 1s FWHM values were kept
consistent across spectra.

Surface morphology was characterized using scanning elec-
tron microscopy (JEOL JSM-IT800, accelerating voltage of 10 kV)
with a secondary-electron detector. Elemental analysis was
performed by energy-dispersive X-ray spectroscopy (EDX,
OXFORD X4 Xplore 30) at a working distance of 10 mm. Treated
lithium foils were transferred to the SEM without air exposure,
making use of the Environmental Cell Specimen Holder.28

3 Results and discussion
3.1 Starting surface

A pretreatment step is oen not mentioned in other work,
implying that the lithium foil is used as-received. It is well-
known that commercial lithium foil develops a native surface
layer during manufacturing and glovebox storage,15,24,25 which
21684 | J. Mater. Chem. A, 2026, 14, 21682–21694
we also observe in our in vacuo XPS measurements, shown in
Fig. 2(a). The C 1s spectrum shows a dominant Li2CO3 peak at
293 eV, along with adventitious carbon at 288.2 eV, shied from
the common 285 eV due to charging, as reported by Wood
et al.27 The Li2CO3 signal is also visible in the Li 1s (at 58.1 eV)
and in the O 1s (at 534.8 eV) spectra. An additional peak at
56.2 eV for Li 1s and 531.2 for O 1s is present, corresponding to
Li2O.27 A minor feature around 55 eV in the Li 1s region indi-
cates the presence of Li0, suggesting that the native layer is
either sufficiently thin or locally discontinuous to allow detec-
tion of the underlying lithium metal. SEM imaging of this
surface, Fig. 2(b), shows a relatively smooth morphology.
However, the composition of the native layer is highly depen-
dent on how the lithium foil has been manufactured and on
storage time in the glovebox.25 Depending on how the foil was
prepassivated, other contaminants, such as P and F, could also
play a role.29 Furthermore, by leaving the foil inside the glovebox
for a couple of weeks, the fraction of carbonate at the surface
increases and generally, a thicker native layer is obtained.25 This
makes the comparison between different studies more difficult,
as oen the state of the initial surface is not reported7 and it is
unclear how this inuences ALD growth. To make sure that
depositions are always performed in the same manner,
a pretreatment step, resulting in a reproducible surface, should
be applied.

A common pretreatment is mechanical treatment, i.e.
scraping the foil to remove the native layer, creating a more
reactive lithium surface. While straightforward, this approach is
time sensitive since the scraping can only be performed in the
glovebox, where the freshly exposed surface reacts with residual
gases, meaning its state at deposition strongly depends on the
delay between scraping and transfer.

To gain better control over the surface composition, we
carried out a plasma pretreatment step in the same vacuum
chamber as the deposition. Similar plasma treatments have
been used in our previous work30 to generate distinct surface
chemistries. In this work, we solely focus on Ar and O2 plasma,
from now on denoted as Ar* and O*

2. Ar* treatment, shown in
This journal is © The Royal Society of Chemistry 2026
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Fig. 2 In vacuo XPS spectra of C 1s, Li 1s and O 1s and SEM images of (a and b) as-received, (c and d) Ar* and, (e and f) O*
2 treated lithium foil.

Survey spectra can be found in Fig. S2.
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Fig. 2(c), fully removes carbon contamination and produces
a Li2O surface, as observed in the Li 1s and O 1s spectra. From
our own experience and reported in literature,24,27,31 obtaining
a pure metallic Li surface by ion bombardment remains chal-
lenging. This can be attributed to the extreme reactivity of Li,
which readily forms Li2O via trace H2O from the reactor or Ar
gas impurities. Even in UHV, continuous sputtering is needed
to sustain the metallic nature.27 Furthermore, Li2CO3 decom-
poses into Li2O under ion bombardment, releasing CO2 gas:24,27

Li2CO3 / Li2O + CO2(g)

In practice, both mechanisms likely contribute to the Li2O
surface. O*

2 treatment (Fig. 2(e)) similarly removes most carbon
contamination, although a small amount of C (1 at%) in the
form of Li2CO3 remains, potentially due to incomplete etching
or CO2 redeposition.32,33 In addition to Li2O, the O 1s spectrum
shows an additional component at 534 eV, which we attribute to
LiOH. Distinguishing LiOH from Li2O2 is difficult due to over-
lapping binding energies and identical Li : O ratios, as noted by
Wood et al.27 This feature likely also arises from residual
background species interacting with the plasma or incomplete
etching. Both plasma treatments maintain a smooth surface
morphology observed by SEM (Fig. 2(d and f)).

To obtain additional information on layer thicknesses,
angle-resolved XPS (ARXPS) measurements were performed on
This journal is © The Royal Society of Chemistry 2026
the as-received, Ar* and O*
2 pretreated surfaces (Fig. S3). ARXPS

was preferred over sputter depth proling, as ion bombardment
can signicantly alter the surface chemistry.25,27 For as-received
lithium, the Li0 and Li2O signals decrease with increasing
surface sensitivity, conrming that these species are located
beneath the Li2CO3 layer, consistent with previous reports.25 For
both Ar* and O*

2 treated lithium, a weak Li0 signal remains
detectable at low emission angles, indicating that metallic
lithium is still accessible beneath the oxide/hydroxide layers,
which are therefore relatively thin (within the XPS probing
depth of ∼ 5–10 nm). Furthermore, ARXPS shows that the LiOH
contribution becomes more pronounced at higher emission
angles, indicating LiOH-enrichment near the outermost
surface.
3.2 TMA exposure on as-received metallic lithium

Although several reports on ALD of Al2O3 on as-received lithium
exist,11,13,15,19,20,23 the initial TMA exposure and further ALD
growth has not been discussed in much detail. In this work, we
exposed as-received lithium foils to different cycles of TMA-O*

2,
with a TMA pulse of 60 s and O*

2 exposure of 30 s. Each of these
foils were then investigated with SEM.

Aer exposing a lithium foil to 60 s of TMA, isolated black
spots were visible on the foil. SEM imaging of these black spots,
Fig. 3(a and b) showed that these were dispersed particles,
already a fewmicrometers in size, mainly nucleating around the
J. Mater. Chem. A, 2026, 14, 21682–21694 | 21685
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Fig. 3 SEM images of (a and b) lithium foil without any pretreatment after a 60 s TMA pulse, (c and d) after 5 cycles TMA – O*
2, (e and f) after 10

cycles and (g and h) after 100 cycles.
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grain boundaries. EDX measurements on these particles,
exhibited a strong Al signal compared to the surrounding
smooth surface where little to no Al was detected (Fig. S4),
indicating extensive reactions between TMA and the surface,
unlike conventional ALD growth on a Si wafer.

With more ALD cycles, the density of the black regions
increased and SEM images (Fig. 3(c–f)) show that the structures
are merging together. The deposited material appeared porous,
consisting of densely packed pillar-like structures. Aer 100
cycles, the foil was completely covered in black spots and SEM
(Fig. 3(g and h)) shows an exceptionally thick layer of ∼10 mm,
far exceeding the 15–20 nm typically obtained on Si under
similar ALD conditions.

Notably, this outcome was not consistently reproducible.
With identical process conditions and the same batch of as-
received lithium foil, the foil sometimes remained metallic
without black spots, with only very sparse particles visible in
SEM. We believe that the way the initial TMA reaction happens,
strongly dictates the subsequent growth mode. When extensive
nucleation occurs in the rst cycle, growth proceeds more
uncontrolled, whereas fewer nucleation sites may result in
a more ALD-like growth. Furthermore, this is in contrast with
the results reported by Kang et al.,20,23 where they demonstrated
that longer TMA pulses (5–30 s) result in blackening of the foil
due to the formation of a Li–Al–C layer, several micrometers
thick aer only 20 s of TMA exposure. The reason for this
inconsistent behavior remains unclear, but it could be related to
variation in the morphology, microstructure (e.g. increased
presence of defects at grain boundaries4,15) and thickness of the
native surface layer and/or the sample surface history (i.e. the
contaminant exposure accumulation since production), which
highlights the importance of controlling the starting surface.
3.3 TMA exposure on an Ar plasma pretreated lithium
surface

In order to obtain consistent results, the surface should be as
reproducible as possible. This can be achieved through
21686 | J. Mater. Chem. A, 2026, 14, 21682–21694
a pretreatment step, such as mechanical scraping of the lithium
foil or plasma pretreatments.

Even though mechanical scraping is an effective technique
to remove the native layer, the freshly exposed surface is rapidly
recontaminated. As an example, we scratched the top half of
a piece of Li foil and le it in the glovebox for 10 minutes before
scratching the other half. The foil was then transferred to the
ALD reactor in under one minute and exposed to 30 s of TMA.
Fig. 4(a) illustrates the effect of recontamination as the freshly
scratched half turned completely black, whereas the ‘aged’ half
remained relatively shiny. Since this surface cannot be
controlled in a reproducible manner, mechanical scraping as
a pretreatment will not be further discussed.

In order to limit the risk of recontamination, pretreatment
steps should be performed in the same vacuum chamber as the
ALD process. In this work, we use plasma treatments inside the
ALD reactor to ensure reproducible starting surfaces. For the
Li2O starting surface, obtained aer Ar* treatment, a 30 s TMA
exposure leads to a similar outcome as the scratched foil,
rapidly coloring the surface visibly black (Fig. 4(b)), again
pointing at substantial reactions between TMA and lithium.
SEM imaging aer just 2 s of TMA shows pronounced
morphological changes (Fig. 4(c)). The surface is densely
covered with spherical particles, with growth into pillar-like
structures occurring simultaneously at certain places. This
morphology is similar to TMA exposure on as-received lithium
foil, however, in this case, the particles appear more rapidly and
they are smaller and more densely packed. Already from 5 s of
TMA, the surface appears completely black and Fig. 4(d and e)
shows that the surface is completely covered with these pillars,
however, forming a porousmorphology visible from the voids in
between. Extended exposure of TMA results in continuous
growth as a cross-sectional SEM image aer 30 s TMA shows
a thickness of ∼2 mm Fig. 4(f and g).

XPS analysis of Ar* treated lithium exposed to 30 s of TMA at
a substrate temperature of 100 °C, reveals signicant incorpo-
ration of Al (18 at%) and C (46 at%), with only a small amount of
oxygen. High-resolution scans are shown in Fig. 5 for different
This journal is © The Royal Society of Chemistry 2026
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Fig. 4 Visual image of a blackened foil after 30 s of TMA exposure (a) after scraping the foil with rapid transfer (bottom part) and 10min storage in
glovebox (top part) and (b) after 30 s of TMA exposure after Ar* treatment. SEM image of (c) 2 s, (d and e) 5 s and (f) 30 s of TMA exposure on a Li2O
surface after Ar* treatment with (g) a cross-sectional image.

Fig. 5 In vacuo XPS of an Ar* treated Li foil exposed to a 30 s dose of TMA at temperatures of 75, 100 and 130 °C. Survey spectra are available in
Fig. S5.
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substrate temperatures. The Al 2p spectrum shows two distinct
peaks, at 74.6 eV and 72.4 eV. Given the low O content, an Al–O
bond is less likely and is found in our case at higher binding
energies (i.e. 76.6 eV,34,35 see discussion below). Both the Al 2p
component at 74.6 eV and the C 1s peak at 285.6 eV decrease
proportionally in signal intensity with increasing substrate
temperature, maintaining a constant C/Al atomic ratio of ∼3.7.
This correlated behavior indicates that these signals are
chemically linked and therefore, we have labeled these peaks as
Al–C, even though an exact match in literature was not found.35

In parallel, the Al 2p peak at 72.4 eV, which is close to the ex-
pected metallic Al binding energy,35 increases in intensity with
This journal is © The Royal Society of Chemistry 2026
increasing substrate temperature. A similar trend is observed
for the Li 1s signal at 54.8 eV, which corresponds to metallic
Li.27 Furthermore, a small peak is visible around 58.7 eV, which
we have tentatively assigned to Li–C bond. These results indi-
cate that TMA exposure leads to an Al–C rich surface at lower
temperatures, gradually shiing towards a more metallic char-
acter with increasing substrate temperature. The reason for this
is unclear, but it could be related to more mobile Li atoms at
higher temperatures as the substrate temperature is nearing the
lithium melting point of 180 °C.

At a substrate temperature of 100 °C, the surface composi-
tion consisted out of 46 at% C, 32 at% Li, 18 at% Al and 4 at% O,
J. Mater. Chem. A, 2026, 14, 21682–21694 | 21687
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which appears similar to the Li–Al–C layer reported by Kang
et al.,20,23 with a composition of 30 at% C, 40 at% Li, 20 at% Al
and 10 at% O, as determined by XPS.

While XPS provides surface sensitive information (5–10 nm),
SEM reveals that the layer quickly grows into the micrometer
range. In order to get an idea about the bulk composition, an
EDX linescan was performed across a cross-sectional SEM
image. Fig. S6 shows that while the outer surface is indeed C-
rich, the C content in the bulk decreases. In contrast, the Al
signal also decreases with depth, but remains substantial
throughout the cross-section, indicating signicant Al incor-
poration beyond the surface layer, likely pointing to a more Al–
Li character.

The above results indicate that aer an Ar* pretreatment,
TMA decomposes onto the surface and conventional ALD
growth cannot be obtained. A straightforward chemical pathway
between TMA and Li2O that could support continuous growth is
not easily thought of. The O2− anions in Li2O are strongly bound
to Li+ and lack available protons for ligand exchange, making
direct reaction with TMA unfavorable. We therefore hypothesize
that the Li2O surface layer contains defects or voids that allow
interaction with the underlying metallic lithium, an interpre-
tation that is consistent with its low Pilling-Bedworth ratio
(PBR)36 of 0.57. A PBR below unity indicates that the oxide is
unlikely to fully passivate the metal surface, as molar volume
mismatch between the metal and the oxide induces cracks or
voids, exposing the metallic lithium underneath.25,36,37 Such
exposed Li can act as a powerful reducing agent capable of
donating electrons to the TMA precursor and thereby
promoting reductive decomposition and potentially trans-
metalation of the methyl-ligands to form Li–C species.
Fig. 6 O*
2 treated lithium foil exposed to 120 s of TMA (a) visual image an

versus on the SiO2 surface of a Si wafer as determined by XPS.

21688 | J. Mater. Chem. A, 2026, 14, 21682–21694
Concurrent formation and diffusion of elemental Al into the
bulk can lead to Li–Al alloying, explaining the continuous
growth and uncontrolled lm formation.23 Even though the
exact decomposition mechanism is not fully understood, our
results suggest that access to metallic Li beneath the Li2O layer
likely plays a dominant role in the observed lm growth.
Detailed calculation and interpretation of the PBR is incorpo-
rated in the SI.

3.4 TMA exposure on an O2 plasma pretreated lithium
surface

If the uncontrolled reactivity originates from exposed metallic
lithium beneath a defective or non-passivating Li2O layer, then
forming a more passivating surface layer should suppress direct
electron transfer and enable self-limiting ALD surface reactions.
O*

2 plasma pretreatment was therefore explored, as it produces
not only Li2O, but also a LiOH component, as shown in Fig. 2.
LiOH has a PBR value of 1.26 (SI), which is above unity and
therefore consistent with formation of a continuous, passiv-
ating layer.

In contrast to the Ar* pretreatment, the surface of an O*
2

treated lithium foil exposed to TMA remained visually metallic,
no black spots were visible, even aer 120 s of TMA exposure
(Fig. 6(a)). With SEM, a smooth surface remained (Fig. 6(b)) and
a low Al signal was measured with EDX.

From in vacuo XPSmeasurements, we were able to determine
the saturation behavior of TMA and O*

2 during the rst ALD
cycle. Fig. 6(c) and S7 show that saturated ALD-like growth is
observed for TMA aer 60 s of exposure. The data points in
Fig. 6(c) were obtained from the peak areas of high-resolution Al
2p scans in Fig. S7. The Al 2p peak aer 60 s is relatively small,
d (b) SEM image, with (c) the TMA saturation behavior on O*
2 treated Li

This journal is © The Royal Society of Chemistry 2026
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Fig. 7 In vacuo XPS of O*
2 treated Li after a different number of ALD cycles of TMA – O*

2. Y-axes were kept the same to show real intensity
differences. Survey spectra and atomic percentages can be found in Fig. S8 and Table S1.
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well below the maximum intensity expected from the photo-
electron information depth, as shown in Fig. 7, indicating that
the observed saturation arises from self-limiting surface reac-
tions rather than signal attenuation due to layer thickness.
Although saturating, the measured Al 2p peak area for TMA
exposure on Li is higher than that on Si, suggesting more Al
material is incorporated aer a single pulse and hinting at
a non-conventional reaction mechanism.

Aer exposing the O*
2 plasma treated lithium to 60 s of TMA,

the LiOH (534 eV) and Li2O (531.2 eV) components in the O 1s
spectrum decrease in intensity, indicating partial consumption
of the surface –OH groups by TMA (Fig. 7). Expected from this
reaction is an Al–CH3 terminated surface,34 which is conrmed
by the presence of an Al 2p peak at 75.5 eV and the C 1s peak at
285.9 eV. Furthermore, a third peak appears in the O 1s spec-
trum at ∼ 532.6 eV, likely due to Al–O bonds that have formed
This journal is © The Royal Society of Chemistry 2026
on the surface. However, the binding energy does not exactly
correspond with reported Al2O3 binding energy values.34,38 The
O 1s component at 532.6 eV is therefore more likely related to an
LiAlOx layer, which has been suggested by others,13,19,22 as it is
found at lower binding energies than Al2O3, however, without
consistent peak labeling through the different reports. A small
shoulder is observed in the O 1s spectrum at higher binding
energies (536 eV) and is further discussed in Fig. S8. The initial
reaction between TMA and the O*

2 pretreated surface was also
investigated at substrate temperatures of 75 and 130 °C.
However, no signicant differences in spectra were observed
and therefore, the substrate temperature was kept at 100 °C to
study further growth.

To complete the rst ALD cycle, the surface was exposed to
O*

2. High-resolution XPS scans in Fig. S7 show that O*
2 saturation

is reached aer 30 s for all spectra. Therefore, saturated
J. Mater. Chem. A, 2026, 14, 21682–21694 | 21689
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conditions of 60 s TMA and 30 s O*
2 are used for further depo-

sitions. Aer the 30 s O*
2 exposure, an increase in LiOH O 1s

signal is observed, also clear from broadening of the Li 1s peak
due to the LiOH component at 57.4 eV, as shown in Fig. 7.
Furthermore, O*

2 efficiently removes the methyl ligands through
combustion, however, a small amount of Li2CO3 is detected,
probably from limited CO2 redeposition.32,33

Aer the second cycle, the Li2O signal further decreases
while the LiOH intensity remains nearly unchanged, indicating
that either the lithium is able to diffuse through the thin surface
layer to interact with the energetic plasma or that the thin layer
is not yet continuous. Aer 5–10 cycles, these components
become smaller. Furthermore, the Al 2p peak progressively
shis to higher binding energies, eventually remaining at the
peak position of 76.6 eV aer 10 cycles. A similar evolution is
observed for the O 1s spectra, where the main peak shis to
533.4 eV. The binding energy difference between these Al 2p and
O 1s components (456.8 eV) closely matches reported values for
Al2O3,34,38 conrming the formation of an Al2O3 surface layer
and conrming that the initial O 1s peak at 532.6 eV could be
related to LiAlOx.

Although the Li 1s signal decreases with increasing ALD
cycle, the signal reappears aer 100 cycles, implying that
lithium is able to diffuse through relatively thick Al2O3 lms
over extended timescales. Another reason could be due to
cracking of the layer or pinhole formation, however, this was
not obvious from SEM images (Fig. S9). Compared to 50 cycles,
the O 1s peak broadens, suggesting a mixture of lithiated and
non-lithiated Al2O3. Even though Kozen et al.11 reported no Li 1s
signal aer ‘14 nm’ of Al2O3, more recent work shows a clear
lithium signal for more than 100 ALD cycles.19,22

From these XPS results, it is clear that a (lithiated) Al2O3 thin
lm can be grown in a much more controlled way when O2

plasma is used for pretreatment. SEM imaging (Fig. S9) shows
that aer 50 and 100 cycles of TMA-O*

2, the surface remains
smooth and without change in morphology. Furthermore, EDX
measurements conrm that the Al signal is comparable to what
is expected on Si (Fig. S10). Even though more material is
getting incorporated in the initial cycle, this excess uptake is
Fig. 8 (a) In vacuo XPS of an Ar* treated Li foil exposed to 30 s of H2O a

21690 | J. Mater. Chem. A, 2026, 14, 21682–21694
hypothesized to be associated with the formation of a thin
LiAlOx interlayer, aer which the process transitions to a stable,
ALD-like growth of Al2O3.13
3.5 Importance of the LiOH component

The above ndings reveal a clear difference between the two
plasma pretreatments. While TMA exposure on an Ar* pre-
treated surface leads to uncontrolled TMA decomposition, clear
from the continuous growth and substantial Al and C uptake,
the O*

2 pretreatment results in a more stable surface that
supports ALD-like Al2O3 growth. The main compositional
difference between these two surfaces is the presence of LiOH,
which is only observed aer O*

2 treatment. To determine
whether this LiOH component indeed governs the surface
reactivity towards TMA, rather than other plasma-related
effects, an Ar* treated surface was dosed with 30 s H2O at
a pressure of 10−3 mbar, forming LiOH according to:

Li2O + H2O / 2LiOH

This should result in a similar surface composition to that
obtained aer an O*

2 pretreatment (i.e. LiOH/Li2O). As shown in
Fig. 8, the Li2O surface is indeed partially converted to LiOH
aer H2O exposure, clear from the additional O 1s peak at
534 eV and the broadening of the Li 1s peak. When this surface
is subsequently exposed to TMA, the resulting XPS spectra are
very similar to TMA exposure aer an O*

2 treatment. A self-
limiting reaction occurs, with Al–CH3, Li2O and LiAlOx

components observed at the surface.
Visually, the foil remained shiny without black spots and

SEM imaging revealed no noticeable morphological changes
(Fig. 9).

This additional result demonstrates that the presence of
LiOH on the surface is critical for enabling ALD-like reactivity
with TMA. Based on peak tting of the O 1s signal, a LiOH : Li2O
ratio of approximately 30 : 70 is already sufficient to suppress
TMA decomposition (Fig. S12). Analogous to surface Si–OH
groups on a conventional Si wafer,39 the LiOH groups act as
nd 120 s of TMA sequentially. Survey spectra can be found in Fig. S11.

This journal is © The Royal Society of Chemistry 2026
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Fig. 9 (a) Visual and (b) SEM image of an Ar* treated Li foil exposed to 30 s of H2O and 120 s of TMA sequentially.
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Lewis bases that interact with the electron-decient Al center of
TMA. This results in a ligand exchange in which a proton from
LiOH is transferred to a methyl group of TMA, releasing
methane as a byproduct and forming (Li-)O–Al bonds.

Although H2O dosing on an Ar*-treated lithium can lead to
self-limiting reactions with TMA, the reaction of H2O with
metallic lithium itself is not self-limiting (Fig. S13). Continued
reactions occur during H2O exposure,13,25 which makes repro-
ducibility of the initial surface state more complicated. An O*

2

pretreatment is therefore able to provide a more controlled
approach to obtain a LiOH surface and achieve subsequent
ALD-like growth.

Using the Pilling–Bedworth ratios of the different compo-
nents present at the surface aer pretreatment, it is possible to
explain the difference in reactivity towards the TMA precursor.
Since LiOH and Li2CO3 exhibit PBR values of 1.26 and 1.35,
respectively, it is expected that both materials are therefore able
to form a continuous, passivating layer. On the contrary, the
Li2O surface layer has a lower PBR value of 0.57, which is
consistent with the possibility that the layer contains potential
cracks or voids at the nanoscale, resulting in uncontrolled TMA
decomposition due to direct interaction between TMA and
lithium. However, the formation of a LiOH-terminated surface
by an O*

2 pretreatment makes self-limiting ALD-like growth
possible.

Furthermore, this could clarify the discrepancy observed
between our results and those reported by Kang et al.20,23 for
TMA exposure on as-received lithium foil. In our case, the native
oxide layer was largely converted into Li2CO3, with only a minor
Li2O contribution remaining. Although not discussed by Kang
et al.,20,23 their lithium foil may have contained a higher fraction
of unconverted Li2O at the surface, thus exhibiting a different
reactivity toward TMA.
4 Outlook

Although the main focus of this work is understanding how the
lithium surface governs the initial TMA dosing, our ndings
have potential implications for the protection of reactive metal
anodes.

Al2O3 coatings deposited by ALD have repeatedly been shown
to improve cycling stability of lithium metal anodes.11–13,19,22
This journal is © The Royal Society of Chemistry 2026
However, in many cases, the initial lithium surface state was not
controlled or explicitly reported. Since lithium plating and
stripping are highly sensitive to the interfacial chemistry and its
properties, variations in the initial surface state may contribute
to differences in reported electrochemical performance. Our
results imply that TMA exposure on as-received lithium can
induce partial decomposition rather than homogeneous self-
limiting reactions. When shorter precursor pulses, i.e. micro-
doses, are used, as done so in previous reports, decomposition
may occur only locally and for a very short time, resulting in
smaller nucleation sites. As a consequence, the decomposition
is less obvious due to the minimal exposure time. This is sup-
ported by the results of Chen et al.,13,23 where non-self-limiting
microdoses of TMA on untreated lithium resulted in signi-
cantly higher uptake of deposited material compared to the
eventual steady-state growth. As a result, continuous TMA-H2O/
O*

2 cycles may sustain growth at these sites or gradually cover
them, eventually yielding an apparent uniform Al2O3 lm, even
though the initial growth mechanism deviated from ideal ALD
behavior.

At the same time, previous work by Kang et al.20,23 has shown
that TMA decomposition forming a Li–Al–C layer can also result
in promising cycling stability, provided the TMA exposure time
is limited in extent. The improved cycling stability was attrib-
uted to the formation of a multilayered interphase with distinct
chemical and structural properties. However, the observed
decomposition behavior depended strongly on the freshness of
the lithium surface, as the reaction was suppressed when
a thicker native layer was present.

The present work demonstrates that the reaction pathway
can be deliberately selected through plasma pretreatment. By
employing O*

2, self-limiting, layer-by-layer growth of (lithiated)
Al2O3 can be achieved already from the rst cycle. In contrast,
Ar* pretreatment enables controlled removal of the native layer
and reproducible initiation of the Li–Al–C formation. By
providing well-dened starting surfaces and the ability to
control the reaction pathway, the obtained results may lead to
improved consistency of electrochemical performance and
further optimization of protective coatings for highly reactive
metal anodes.
J. Mater. Chem. A, 2026, 14, 21682–21694 | 21691
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5 Conclusion

In this work, a well-known ALD process, TMA and O2 plasma,
was directly deposited on metallic lithium and the growth
mechanism was studied in detail for the rst time. Deposition
on as-received lithium, as commonly reported in ALD literature,
was found to result in uncontrolled growth. The lm thickness
aer 100 cycles not only exceeded that obtained during
conventional ALD on SiO2, but it was also not consistently
reproduced. To obtainmore control over the deposition, plasma
pretreatments in vacuum were applied to establish well-dened
and reproducible starting surfaces. Aer Ar plasma treatment,
the native surface layer was completely removed, however,
immediate formation of Li2O is inevitable due to the extreme
reactivity of lithium, even under UHV conditions. Subsequent
exposure to TMA resulted in continuous precursor decomposi-
tion. Aer only 5 s of TMA dosing, the lithium foil became
completely black and a thick Li–Al–C layer consisting of densely
packed pillars was formed. Aer 30 s of exposure, the decom-
position layer reached a thickness of approximately 2 mm. Based
on the Pilling–Bedworth ratio for Li2O, it is hypothesized that
the oxide layer formed aer Ar plasma is porous, thereby
allowing the lithium underneath to react with incoming TMA
and driving continuous growth. When O2 plasma was used,
a surface consisting of both LiOH and Li2O was obtained. The
foil remained smooth and shiny even aer extended TMA
exposure, indicating that a more ALD-like, self-limiting growth
regime was achieved. The LiOH layer is proposed to moderate
lithium's reactivity by providing well-dened sites for reaction
with TMA. Self-limiting behavior was observed for TMA and O2

plasma, although longer precursor dosing times were needed
compared to saturation on SiO2. Initial exposure resulted in the
formation of a LiAlOx layer, but with increasing number of ALD
cycles, a shi in XPS signal to (lithiated) Al2O3 was observed.
Overall, the results presented in this work demonstrate that
careful control of the initial lithium surface is essential for
achieving reproducible ALD behavior. These ndings underline
the importance of critically considering the underlying reaction
mechanisms, which differ greatly from these on conventional
SiO2 substrates. Reporting and standardizing starting surface
conditions is strongly encouraged, as it has a signicant inu-
ence on lm growth and could facilitate future research in this
eld.
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