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ABSTRACT
Zero-excess lithium-metal batteries (LMBs) are expected to provide the maximum energy density in combination with classic
lithium-containing cathode materials. However, the lithium plating process on a blank current collector suffers from huge
irreversibility, thus, causing rapid capacity fading. Herein, we employ atom probe tomography to track the occurring lithium
losses. The results unambiguously reveal that lithium is trapped at grain boundaries and junctions in the copper foil after the first
cycle—not only on the copper foil as commonly assumed – with a local concentration up to ∼28 at.% at the boundary junctions.
After continuous plating and stripping, the copper foil subsurface regions (∼100 nm) become nanocrystalline, creating additional
defects. These defects facilitate further trapping of lithium, along with oxygen and carbon, in the subsurface region of the copper
foil. Such compositional and structural changes in the copper foil surfacemay contribute to the degradation of the current collector
during cycling, which has so far been largely overlooked in discussions of LMB performance decay.
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Introduction

ithium-metal batteries (LMBs) are considered the next big
tep forward toward the development of higher energy density
atteries, owing to the very low redox potential of −3.04 V vs.
he standard hydrogen electrode and its exceptionally high the-
retical specific capacity of 3860 mAh g−1 [1–3]. For this reason,
ithium-metal negative electrodes have long been regarded as the
holy grail” for next-generation batteries [4, 5]. However, the high
eactivity of lithium metal with essentially any of the commonly
sed electrolytes and the remaining risk of dendritic lithium
eposition still hamper its widespread commercial application
1, 6, 7]. In this context, “zero-excess” (also called “anode-free”)
MBs, in which lithium from the positive electrode is essentially
imply plated on a “blank” current collector upon charge, have
his is an open access article under the terms of the Creative Commons Attribution Licen
riginal work is properly cited.
2026 The Author(s). Advanced Energy Materials published by Wiley-VCH GmbH
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recently attracted rapidly increasing interest, as these promise
even higher energy densities and substantial cost reduction,
and there is no need to handle and process highly reactive
lithium-metal foil [8–12].

The most studied current collector in “zero-excess” LMBs is the
copper foil. The choice of copper originates from the commonly
accepted view that copper is inert in contact with metallic
lithium at such low potentials [13–16]. However, only very few
studies have investigated this in more detail, finding that there
is, in fact, an irreversible “trapping” of lithium in copper using
characterization techniques such as inductively coupled plasma –
atomic emission spectroscopy [17], neutron depth profiling (NDP)
[18], and time-of-flight secondary mass spectrometry [19]. The
amount of lithium being irreversibly trapped inside the copper
se, which permits use, distribution and reproduction in any medium, provided the
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oil, however, varies quite significantly between these studies,
anging from 4 to 10 µg cm−2 [17, 18]; with the former value being
btained after electrochemical lithium plating on copper.

ssentially, lithium trapping sites remain rather elusive. It has
een proposed by molecular dynamics simulations that lithium
ight preferably enter the grain boundaries in polycrystalline
opper foils, while an ex situ x-ray diffraction analysis did
ot reveal any detectable changes in the crystal structure of
he copper foil [20]. Rupp et al. [19], though, reported that
here is also lithium diffusion into the bulk copper foil when
omparing the impact of (i) bringing lithium in direct contact
ith copper, (ii) polarizing the copper foil in contact with a
ithium salt-containing electrolyte, and (iii) high-energy lithium
mplantation – for polycrystalline and single-crystalline copper
oils. Nevertheless, a clear experimental proof of the position and
istribution of lithiumwithin coppermetal foils, aswell as precise
uantification that excludes any contribution from lithium-
ontaining electrolyte decomposition products, is missing in the
iterature, since the techniques used so far lack sufficient spatial
esolution and compositional analytical capabilities. Therefore,
ew characterization tools that can provide nanoscopic elemen-
al and compositional details in local regions, such as grain
oundaries, are needed to trace lithium trapped in the copper foil.

tom probe tomography (APT) can provide three-dimensional
3D) spatial distribution and composition data for both light
nd heavy elements in solid materials, with parts-per-million
hemical sensitivity at a sub-nanometer spatial resolution [21].
erein, we employ APT to trace where lithium is trapped
nd its concentration at local regions after one and three plat-
ng/stripping cycles in a Li||Cu cell using an ionic liquid-based
lectrolyte. The aim of this study is to elucidate the lithium
rapping sites in the copper foils after the first few cycles. In
ddition, scanning transmission electronmicroscopy (STEM) and
ransmissionKikuchi diffraction (TKD)were combinedwithAPT
o investigate the microstructural changes of the copper foil. To
orroborate these atomistic observations, depth-resolved x-ray
hotoelectron spectroscopy (XPS) was also employed to com-
lement the determination of the chemical state of the trapped
pecies and the evolution of the solid electrolyte interphase
SEI). We found that lithium is initially trapped at the grain
oundaries and boundary junctions after one plating/stripping
ycle. Surprisingly, after only two more plating/stripping cycles,
he copper foil surface becomes nanocrystalline and oxidized, and
he newly formed defects and oxygen further trap lithium in the
ub-surface region. As the number of cycles increases (to eight),
ore lithium is accumulated in the grain interior and at the grain
oundaries of the copper foil.

Results and Discussion

or investigating the potential lithium trapping in a copper
urrent collector, we assembled Li||Cu pouch cells (Illustration
f stripping plating process shown in Figure 1a) employing a
roven electrolyte composed of a mixture of 1-butyl-1-methyl
yrrolidinium bis(fluorosulfonyl)imide (PYR14FSI) and lithium
is(trifluoromethanesulfonyl)imide salt (LiTFSI) with a ratio of
:2 (PYR14FSI:LiTFSI) and 5 wt.% of fluoroethylene carbonate
FEC) [22]. These cells were subjected to one, three, and eight
of 12
lithium plating and stripping cycles to assess lithium trapping
in the copper current collector with increasing cycle number (cf.
the schematic illustration in Figure 1b). The plating/stripping
profiles for cells with one, three, and eight lithium plating and
stripping cycles are displayed in Figure 1c,d,e. The plating step
can be divided into three characteristic regimes, as indicated in
the inset of Figure 1c. In Regime 1 (in red), the cell voltage drops
steeply as soon as a current is applied. The (very minor) non-
linearity can be assigned to electrolyte decomposition, resulting
(in part) in the formation of a “solid electrolyte interphase”
(SEI) – more precisely, maybe in this context, in a (partially)
passivating surface layer composed of electrolyte decomposition
products. Subsequently, in Regime 2 (in blue), lithium metal
nucleates on the copper foil, forming lithium metal deposits,
accompanied by a nucleation overpotential. In Regime 3 (in
black), the cell voltage shows a plateau, which is related to the
lithium plating on the copper foil [22–24]. The plating/stripping
efficiency, i.e., the Coulombic efficiency, is less than 70% for the
first plating/stripping cycle and increases to around 85% for the
third cycle and to around 90% from the fifth cycle onward. This
indicates a large irreversibility in the first cycle and a still sub-
stantial irreversibility in subsequent cycles, which is commonly
attributed to the aforementioned electrolyte decomposition and
the formation of “dead lithium”, i.e., lithium that is, for some
reason, no longer accessible upon further plating and stripping
[25, 26].

After one, three, and eight plating/stripping cycles, the Li||Cu
pouch cells were disassembled in an argon-filled glovebox, along
with a non-cycled Li||Cu pouch cell serving as reference. The
non-cycled and cycled copper foils were rinsed five timeswith 1,2-
dimethoxyethane to remove residual electrolyte. Subsequently,
the copper foils were transferred via a high-vacuum transfer
suitcase to a scanning electronmicroscope (SEM) equippedwith a
focused ion beam (FIB) for TEM and APT specimen preparation.
Transferring the as-cleaned copper foils under high vacuum
conditions between the glovebox, FIB/SEM and APT is essential
for ensuring a precise characterization of their ‘native’ state by
APT and scanning transmission electron microscopy (STEM in
FIB/SEM), since metallic lithium and electrolyte decomposition
products can be maintained in their “as-formed” state on the
surface of the copper current collector foils. They are highly
reactive toward the ambient atmosphere. Also, blank copper
is readily oxidized in air when the native passivation layer is
removed during cycling (e.g., as a result of the reaction with
lithium upon plating). The SEM micrographs in Figure 2a–c,
i.e., the top-down views of the copper foils, reveal that electrolyte
decomposition product layers remain on the surface after rinsing
(cf. the pristine copper foil surface depicted in Figure S1). The
electrolyte decomposition product layer appears difficult to be
removed from the one-cycle copper foil surface, even after
rigorous rinsing, since the majority of the surface is covered
by this layer (Figure 2a), concealing the grooves that were
observed for the pristine copper foil (Figure S1) and the three-
and eight-cycle copper foil surfaces (Figure 2b,c). The electrolyte
decomposition product has a thickness of∼220 nm (see Figure 2d,
recorded from a TEM lamella showing the cross-section of the
one-cycle copper foil prepared from the red rectangular region in
Figure 2a). Ex situ XPS depth profiling analysis shows that the
SEI layer is generally composed of an organic, i.e., C/O-rich outer
layer and an inorganic-rich, e.g., Li2O and LiF, inner layer (see
Advanced Energy Materials, 2026
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FIGURE 1 Cell setup and galvanostatic lithium plating and stripping. (a) Illustration of lithium plating and stripping process on the copper current
collector. (b) Schematic diagram showing the TEM lamella and APT specimens prepared in the center of the copper current collector after cleaning in
DME and coating of a protective layer. (c,d) Voltage profiles recorded for the Li||Cu cells subjected to (c) one, (d) three, and (e) eight plating/stripping
cycles; the inset in (c) shows the three characteristic regimes of the initial plating step.
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igure S2 along with the detailed discussion of the findings in
he Supporting Information), in good agreement with previous
tudies [6]. The formation of such electrolyte decomposition
roducts contributes to the initial capacity loss and the rather low
oulombic efficiency.

fter three plating/stripping cycles, some electrolyte decom-
osition products remain as isolated particles, exhibiting dark
ontrast in Figure 2e and brighter contrast in Figure 2b on the cop-
er foil surface. The ex situ XPS depth profiling analysis reveals
similar organic-to-inorganic stratification (Figure S3). With
n increased sputtering depth, the SEI again evolves toward an
norganic-rich composition with increasing contributions from
iF and Li2O. Notably, metallic lithium (Li 1s at ∼52.5 eV) [27] is
etected throughout the depth profile, with increasing intensity
oward the buried interface. A concurrently emerging Cu 2p3/2
ignal confirms that sputtering is progressively approaching the
u substrate (see Table S1 and Note S1), although the SEI layer
as not fully penetrated. This suggests that lithium may be
rapped in the copper current collector or at rough interfaces
etween the electrolyte decomposition products and the copper
oil surface.

emarkably, as a first observation, the inset of the STEM image
f the three-cycle sample, Figure 2e, reveals that the copper
oil surface appears ruptured compared to that after one cycle
inset in Figure 2d). To further investigate the microstructural
hanges in the copper foil, TKD was performed on the same
dvanced Energy Materials, 2026
TEM lamellae. TKDprovides electron backscatter diffraction data
with enhanced spatial resolution, revealing grain orientations
[27]. The orientation contrast map in Figure 2h shows that the
top surface regions of the three-cycle copper foil contain more
nanocrystals than those after one cycle (Figure 2g). Taking a
closer look at the copper foil surfaces using STEM, we clearly
see, from Figure 2k, that the top ∼100 nm subsurface region
becomes nanocrystalline. In comparison, the one-cycle copper
foil surface is relatively smooth and flat, and no nanocrystals
were observed (Figure 2j). As the cycle number increases to
eight, the top 100 nm of the copper foil surface remains ruptured
(inset in Figure 2f). The copper foil surface is heavily deformed,
as revealed by the TKD mapping in Figure 2i. Upon closer
inspection of the copper foil surface, more defects are present
in the top 50 nm, below which stacks of ∼100 nm nanocrystals
are formed (Figure 2l). Our TKD and STEM images (Figure 2g–
l) unambiguously show that the grain size on the copper foil
surfaces decreases from micrometer-sized grains to nanocrystals
as the number of cycles increases. Notably, the copper foil was
subjected to eight plating/stripping cycles – not hundreds or even
thousands, as needed for rechargeable batteries. This suggests
that the copper foil surface undergoes microstructural changes
even after a short cycling duration, likely due to stress- or strain-
induced severe plastic deformation, as is often observed in copper
when used as a structural material [28]. A recent theoretical
study [29] proposed that a stress gradient in the copper current
collector can be generated by stresses associated with lithium
plating and stripping processes, whereby lithium diffuses into
3 of 12
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FIGURE 2 Top-down and cross-section view of the copper current collector after one and three plating/stripping cycles. (a–c) SEM micrographs
showing the top-down view on the cleaned copper foil after (a) one, (b) three, and (c) eight plating/stripping cycles. (d–f) Low-resolution STEM/high-
angle annular dark-field (HAADF) images showing the cross-section of the copper foil after (d) one, (e) three and (f) eight cycles, with insets showing
the magnified regions marked by the red-boxes in (d–f). The TEM lamellae prepared from the red-box regions in (a–c) respectively. (g–i) Orientation
contrast maps recorded by transmission Kikuchi diffraction of the cross-section of the copper foil after (g) one, (h) three and (i) eight plating/stripping
cycles (from the same TEM lamellae in (d), (e), (f) respectively). (j–l) Magnified view of the STEM/dark-field images of the cross-section of the copper
current collector after one, three and eight plating/stripping cycles.
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he copper current collector. Our study demonstrates that this
tress gradient also induces microstructural changes in the top
100 nm subsurface region of the copper current collector, where
dditional defects, such as vacancies, dislocations, and interfaces,
ay, in turn, enhance lithium diffusion in the copper current
ollector with increasing cycles.

o investigate the lithium trapping in the copper current collector,
PT was performed on the copper foils after one and three
lating/stripping cycles (three to five datasets were obtained for
ach experiment). APT is a mass-spectrometry technique that
llows for the reconstruction of 3D maps of atomic structures
ith near-atomic resolution from needle-shaped specimens [21].
he reconstructed APT data take the form of 3D point clouds,
here each colored dot represents an individual ion detected
of 12
and elementally identified. We can see in Figure 3a, a specimen
prepared from the top surface of the copper foil after one cycle,
that lithium (in blue) is unevenly distributed in the copper foil
(in orange) (as also observed in two additional APT datasets
in Figure S4a,b). When rotating the 3D-reconstructed data, we
can clearly see that the lithium distribution resembles two
planes, indicative of grain boudaries, as shown in Video S1 at
around 6 and 11 s. Essentially, the activation energy for lithium
diffusion through the copper lattice is ∼0.68 eV [18]. In contrast,
the activation energy for lithium diffusion along copper grain
boundaries is∼0.36 eV, indicating that diffusion along the copper
grain boundaries is energetically favorable. Our atomic-scale
result unambiguously confirms that lithium is initially trapped
at grain boundaries in the copper foil after the first plating and
stripping cycle.
Advanced Energy Materials, 2026
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FIGURE 3 Detection of lithium in the copper current collector after one plating/stripping cycle. (a) 3D-APT reconstructed data revealing the
trapping of lithium in the grain boundaries present in the copper foil. (b-e) Atommaps from the grey dashed region in (a), displaying the distribution of
(b) Li, (c) Li2O, (d) CHx/SOx/COx, and (e) O-containing molecular ions. (f) 1D Concentration profiles plotted along the grain boundary and boundary
junction shown in (b) marked f. (g) 1D Concentration profiles from the top 15 nm region of (f) marked g in (b).
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dditionally, lithium trapping along the grain boundaries is
ather non-uniform, as revealed by the cross-sectional atommaps
resented in Figure 3b (a 5 nm slice in the grey-dashed region
n Figure 3a). This might be due to lithium diffusing into grain
oundaries driven by the stress gradient during plating (in addi-
ion to the force induced by the electric field) [29]. Upon stripping,
t appears that some lithium is unable to exit from the grain
oundaries and is pinned at, e.g., boundary junctions, as revealed
y the ∼3 nm lithium-rich cluster at the grain boundary junction
bserved in Figure 3b. The lithium concentration is up to 27.8 ±
.5 at.% in the lithium-rich cluster at the boundary junction, as
hown by the 1D concentration profile in Figure 3f (plotted by
lacing an analysis cylinder along the red arrow f in Figure 3b).
otably, lithium was found to be not easily alloyed with copper
30], although the solubility of lithium in copper is about 12–16
t.% at room temperature according to the copper-lithium phase
iagram [31, 32]. The considerable amounts of lithium at the
oundary junction are likely arising from substantial amounts
f vacancies and dislocations at the grain boundaries, especially
t junctions, which alter the thermodynamic equilibrium as
redicted by the phase diagram [33, 34]. In the top region of the
rain boundaries, a∼4 nm lithium-rich cluster was also observed,
ut with a concentration of 1–1.5 at.%, as revealed by the 1D
oncentration profile in Figure 3g (plotted along the arrow g in
igure 3b). In addition to lithium trapped at the grain boundaries
nd junctions, some lithium is also trapped in the grain interior
ith a concentration of 0.04± 0.01 at.%, as summarized in Table 1
nd revealed in Figure 3b. Notably, the non-cycled copper foil
lso contains a rather dilute amount of Li, i.e., 0.003 ± 0.001 at.%
s impurities (see Table S2, summarized from two APT datasets
f pristine copper foils), significantly lower, though, than the Li
oncentration in the grain interior after one and three cycles. This
dvanced Energy Materials, 2026
means that lithium diffuses not only along grain boundaries but
also into the grains. Grain boundary junctions containing more
vacancies and dislocations can trapmore lithium,making inward
or outward diffusion during plating or stripping more difficult,
in turn leading to the formation of 3–4 nm-sized lithium-rich
clusters at the grain boundaries and boundary junctions.

Besides lithium, oxygen-, carbon-, and sulfur-containing complex
molecular ions were also detected on the surface and inside the
copper foil, such as Li2O (Figure 3c), C, CH3 and CH4 (shown
as CHx in Figure 3d), CO and CO2 (COx shown in Figure 3d), S
and SO (SOx, Figure 3d), O, CuO, CuOH, CuO2 species (shown
as O and CuxOy in Figure 3e). These complex molecular ions are
fragments from the electrolyte decomposition products during
field evaporation of APT measurements (see the mass spectra
in Figure S5a). Note that the thick electrolyte decomposition
product layer was not detected by APT, likely due to fractures
induced by field evaporation. Instead, the APT data in Figure 3
shows elemental distributions from the copper surface to the
bulk (Figure 3a–e). CHx, SOx, and COx molecular ions are mainly
located on the surface. In contrast, O and CuxOy molecular ions
are distributed across the top 40 nm surface regions, with slightly
higher atomic oxygen concentration at the grain boundary (0.28
± 0.05 at.% in Table 1) than in the grain interior (0.17 ± 0.01
in Table 1). Given the low oxygen content, oxygen is thought to
diffuse into interstitial sites and vacancies in the copper lattice
rather than forming copper oxides. A previous in situ TEM study
[35] observed that impurity oxygen atoms can be embedded in
the lithium crystals inside the graphene sheets during lithiation,
and these oxygen atoms play a key role in trapping lithium in the
graphene upon delithiation. Hence, we speculate that the oxygen
trapped in the copper foil might also contribute to the irreversible
5 of 12
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TABLE 1 Composition in different regions of the copper foil after one, three, and eight lithium plating/stripping cycles.

Element

1 cycle 3 cycles 8 cycles

Grain
interior

Li-rich cluster
at boundary
junctions

Surface
regions

Grain
interior

Surface
Li-rich
regions

Bottom
Li-rich
regions

Grain
interior

Surface
Li-rich
regions

Li segregation at
grain boundary

Li 0.04
± 0.01

27.8
± 0.5

0.33
± 0.02

0.08
± 0.01

42.9
± 0.5

3.2
± 0.1

0.34
± 0.01

70.8
± 0.6

45.5
± 1.3

Cu 99.8
± 0.1

71.9
± 0.8

98.7
± 0.4

98.7
± 0.1

48.4
± 0.5

95.2
± 0.4

98.2
± 0.2

18.8
± 0.3

54.3
± 1.4

O 0.17
± 0.01

0.28
± 0.05

0.72
± 0.03

1.1
± 0.1

4.6
± 0.2

1.1
± 0.1

1.30
± 0.02

4.7
± 0.1

0.22
± 0.09

C 0.01
± 0.01

0.05
± 0.02

0.10
± 0.01

0.02
± 0.01

0.35
± 0.04

0.49
± 0.03

0.04
± 0.00

0.47
± 0.04

—

N — — — 0.02
± 0.01

0.12
± 0.03

0.02
± 0.01

0.02
± 0.00

0.21
± 0.03

—

S 0.01
± 0.01

— 0.14
± 0.01

0.07
± 0.01

0.68
± 0.06

0.06
± 0.01

0.09
± 0.01

0.13
± 0.02

0.04
± 0.04

F — — — 0.02
± 0.01

3.0
± 0.1

— 0.01
± 0.01

4.83
± 0.14

—
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ithium trapping, as also previously suggested by an NDP study
18].

fter three plating/stripping cycles, lithium-rich regions are
resent not only on the surfaces but also∼70 nmbelow the copper
urface (Figure 4a,b). The rotational 3D-APT reconstruction,
hown in Video S2, reveals that lithium is distributed as linear-
planar-, and particle-like features in the subsurface region;
wo additional APT datasets in Figure S4c,d also reveal similar
ithium-rich features below the copper foil surfaces. This result
ligns well with our observation in Figure 2k that the top 100 nm
f the copper foil surface becomes defect-rich after three cycles.
n increasing number of defects, i.e., vacancies, dislocations, and
anocrystal interfaces, are generated in the top 100 nm of the
hree-cycle copper foil, which likely trap lithium easily, leading to
he formation of lithium-rich features in the subsurface regions.
pecifically, the sub-surface lithium-rich linear or planar features
ave a lithium concentration of 3.2 ± 0.1 at.%, as revealed by
he 1D concentration profile shown in Figure 4f and Table 1.
his is lower than the surface lithium concentration (∼43 at.%),
here lithium-containing electrolyte decomposition products are
resent. In addition, more lithium (0.08 ± 0.01 at.%) is found in
he grain interior after three cycles compared to 0.04± 0.01 at.% of
ithium after one cycle (cf. Table 1). This suggests that lithium can
ontinuously diffuse into the copper lattice as the cycle number
ncreases.

lso, in addition to Li2O, CHx, SOx, COx, and O/CuxO molec-
lar ions, Li2F and N-containing complex molecular ions are
ignificantly enriched and clearly resolvable after three cycles in
igure 4c–e (see the mass spectra in Figure S5b,c). This suggests
hat inner inorganic-rich electrolyte decomposition products
ere detected by APT, as indicated by the XPS results in Figure
3. Our APT data shows that Li2O and Li2F (Figure 4c), as well as
Hx, SOx, COx, and N (Figure 4d), are distributed non-uniformly
n the form of separate nanodomains. Li2O, Li2F, and COx are
of 12
mainly detected in the top 10 nm surface regions (Figure 4c,d),
whereas N and SOx are distributed in the top ∼20 nm region. In
comparison, O/CuxOy molecular ions are present across the top
100 nm region (Figure 4e). The atomic O concentration locally
reaches ∼16 at.% in the top 30 nm of the surface, as shown in
Figure 4g, which is significantly higher than that after one cycle
(Figure 3f). This suggests that the copper foil surface is likely to
be locally oxidized in the Cu foil sub-surface regions.

More interestingly, Li2O (red dots in Figure 4c) and CHx (brown
dots in Figure 4d) molecular ions are also observed in the
sub-surface ∼70 nm region (Figure 4c–e and Video S3). We
may speculate that carbon- and oxygen-containing electrolyte
decomposition products might be unstable, further decomposing
into carbon and oxygen and diffusing into the subsurface. In
comparison, F-, S-, and N- containing electrolytes and decompo-
sition products are relatively stable, leading to their absence in
the sub-surface regions. The oxygen and carbon concentrations
are∼2 and∼1 at.% in the sub-surface areas (Table 1). Intriguingly,
oxygen and carbon are co-located with lithium-rich features in
the subsurface regions. This provokes us to speculate if oxygen
and carbon, especially oxygen, further induce lithium trapping
in copper. To further interrogate this, atom maps of Li, Li2O,
CxHy, and O/CuxOy were plotted from two regions to compare
their distribution in the lateral plane (Figure S6). We can see
that Li2O is distributed within the lithium-concentrated regions
(delineated by magenta-dotted lines), which are covered by CxHy
species as a shell layer (Figure S6b–d,g–i). In addition, the
overall O/CuxOy distribution covers a wider area than the lithium
distribution (black-dotted lines, Figure S6e,f,j,k). Thus, an onion-
like structure, Li2O in the core, followed by lithium, carbon,
and O/CuxOy in the shell, is present in the sub-surface of three-
cycle copper foil. Such features suggest that the diffusion of
lithium, oxygen, and carbon in copper likely occurs via different
processes at successive cycles: lithium diffuses into copper defect
sites upon plating,whereas oxygen and carbon, especially oxygen,
Advanced Energy Materials, 2026
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FIGURE 4 Detection of lithium in the copper current collector after three plating/stripping cycles. (a) 3D-APT reconstructed data showing the
presence of Li on the surface and ∼60 nm region below the surface. (b-e) Atommaps from the grey dashed region in (a) revealing the distribution of (b)
Li, (c) Li2O/Li2F, (d) CHx/SOx/COx/N and (e) O-containing molecular ions. (f) 1D Concentration profile plotted along the arrow in (a) showing only
the lithium and copper content. (g) The same 1D concentration profiles as in (f), but showing the atomic O, F, S, C, and N content.
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ight diffuse into copper during stripping. In fact, copper is
asily oxidized at room temperature [36]. Its affinity for oxygen
nd ability to lose electrons are enhanced at a positive potential
uring stripping, when oxygen might be preferentially trapped
nd stabilized at defect sites, such as dislocations and nanocrystal
nterfaces generated in the copper sub-surface during cycling.
uch oxygen segregation at defect sites may trap lithium during
ubsequent plating, thereby further driving the diffusion of oxy-
en and carbon upon subsequent stripping, in which onion-like
eatures accumulate on the subsurfaces of the copper foil.

o complement our observations from a thermodynamic perspec-
ive, density functional theory (DFT) simulationswere performed
o evaluate the energetics of lithium incorporation into copper
nd its interactions with oxygen and carbon (Figures S7 and S8,
able S3, and Note S2). The DFT results show that lithium incor-
oration at copper vacancy sites is highly favorable (−1.64 eV)
ompared to that in a perfect copper lattice (+2.26 eV; Table
3). Moreover, lithium exhibits a rather strong interaction with
xygen, forming a Li─O bond with a length of ∼1.81 Å (Table
3, Figures S7 and S8a). Remarkably, oxygen is largely separated
rom other oxygen atoms by a distance of ∼2.92 Å, suggesting
hat oxygen is likely stabilized at defects such as vacancies
r dislocations. In comparison, lithium interacts less strongly
ith carbon, but the Li─C bond is still energetically favorable
−3.21 eV), explaining why carbon segregates to the shell of
ithium-rich regions in Figure S6d,i. In brief, the DFT simulation
ndicates that defects and oxygen can act as strong trapping
dvanced Energy Materials, 2026
sites for lithium upon successive plating and stripping cycles,
corroborating theAPT data and the conclusion that oxygen, along
with defects, can attract and pin lithium during cycling.

Upon increasing the cycle number to eight, stacks of nanograins
of ∼100 nm form in the subsurface regions of the copper foil
(Figure 2l). The APT data, shown in Figure 5, capture grain
boundaries in the subsurface regions, as clearly depicted by
the lithium-rich planar features (Figure 5a,b and Video S4); an
additional APT dataset also shows grain boundaries (Figure S4f).
The lithium concentration at the grain boundaries is up to 45.5 ±
1.3 at.% as revealed by the 1D concentration profile in Figure 5f,
plotted perpendicular to the grain boundary. The composition at
the grain boundary, on the surface, and within the copper grain
interior is summarized in Table 1. By comparing the lithium-rich
clusters formed at the grain boundary junction after one cycle, we
can conclude that the lithium concentration at the grain bound-
ary after eight cycles increases significantly (Table 1). Notably, the
grain boundary is composed of linear dislocation features that
serve as trapping sites for lithium (see the linear features after 8
s in Video S4). The dislocations closer to the copper foil surface
pin more lithium (∼45 at.%) compared to those far away from the
surface (∼20 at.%), as revealed by the 1D concentration profile
plotted along the grain boundary from top to bottom (Figure S9).
In addition to trapping at the grain boundaries, lithium is also
present on the copper foil surface, most likely due to the presence
of electrolyte decomposition products, since Li2O, LiF, CHx, SOx,
COx, and N are also collocated with lithium in the surface region
7 of 12
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FIGURE 5 Detection of lithium in the copper current collector after eight plating/stripping cycles. (a) 3D-APT reconstructed data showing the
presence of Li on the surface and at the grain boundaries in the sub-surface region. (b-e) Atom maps from the grey dashed region in (a), revealing the
distribution of (b) Li, (c) Li2O/Li2F, (d) CHx/SOx/COx/N, and (e) O-containing molecular ions. (f,g) 1D concentration profile plotted along the arrow
(f/g) in (a), showing (f) only lithium and copper and (g) O, F, S, C, and N, revealing lithium trapping across the grain interior and grain boundaries.
(h,i) 1D concentration profile along the arrow (h/i) in (a), showing (h) only lithium and copper and (i) O, F, S, C and N in the surface regions.
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Figure 5b–d,i). The lithium concentration in the surface is 70.8
0.6 at.% (Figure 5h and Table 1), also higher than that in the
-cycle copper foil surface (Table 1). More importantly, lithium
oncentration in the grain interior increases considerably from
.08 ± 0.01 at.% after three cycles to 0.34 ± 0.01 at.% after eight
ycles (Table 1). To further investigate the overall concentration
n the copper foil, we summarized the concentrations of lithium
nd other elements across all APT datasets, including all regions,
n Table S2 (four datasets for one cycle; three datasets for three
nd eight cycles). The overall lithium content increases from 0.27
0.01 to 2.1 ± 0.1 at.% from one to eight cycles. These results

ndicate thatmore lithium is trapped in the copper foil as the cycle
umber increases.
of 12

e

Additionally, oxygen and carbon penetrate deeper into the copper
grain interior after eight cycles (∼170 nm, as revealed by O/CuxOy
mapping in Figure 5e) than after three cycles (∼40 nm, Figure 4e).
Also, the oxygen and carbon concentration in the grain interior
increases to 1.3 ± 0.1 and 0.04 ± 0.01 at.%, respectively, after
eight cycles (Table 1, Figure 5g). Note that the oxygen and carbon
solubilities in copper are extremely low and have rarely been
reported for room temperature [37]. Thus, the creation of defects,
vacancies, and dislocations in the copper lattice during plating
and stripping is essential for providing trapping sites for oxygen
and carbon, which attract lithium during subsequent plating.
Previous studies [16–19] had only speculated that lithium might
diffuse into grain boundaries, since lithium diffusion through
Advanced Energy Materials, 2026
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he copper lattice is sluggish at room temperature. However,
o experimental evidence was provided to confirm that the
rapping sites are grain boundaries. In our study, we provide
irect experimental evidence that lithium is trapped at grain
oundaries and boundary junctions as early as after one cycle.
ore importantly, our study unprecedentedly shows that the top
100 nm copper foil surfaces become nanocrystalline and defect-
ich after a few (three) plating and stripping cycles. These defect
ites facilitate the trapping of oxygen and carbon, which together
in the lithium in the copper lattices and grain boundaries during
lating and stripping. Detailed characterization of the copper
oil after separate plating and plating/stripping is underway to
lucidate the diffusion of individual elements into the foil during
he iterative processes. Collectively, our TKD, STEM and APT
esults indicate that cycling induces a defect-rich subsurface
opper region that traps lithium along with unexpectedly high
evels of oxygen, pointing to a coupled electro-chemo-mechanical
egradation mechanism. Such lithium, oxygen, and carbon
rapping likely degrades the copper current collector surface,
ost likely leading to the commonly observed deterioration in
attery cell performance, while these findings still need to be re-
nvestigated for other, in particular solid electrolyte systems, as
urrently underway in our labs.

Conclusion

n summary, our study unveils that lithium is trapped at the
oundaries and boundary junctions of the copper current collec-
or after one plating/stripping cycle using an ionic liquid-based
lectrolyte. The APT data confirm that lithium diffuses into the
rain interior, grain boundaries, and boundary junctions, where
t can be strongly pinned by forming 3–4 nm-sized lithium-
ich clusters. As the cycle number increases, the copper current
ollector surface undergoes microstructural changes, with the
rain size decreasing from a few micrometers after one cycle
o tens of nanometers after eight cycles. Such microstructural
hanges are accompanied by the formation of more defects, e.g.,
acancies, dislocations, and interfaces, in the subsurface region of
he copper foil, fostering further lithium trapping. Additionally,
ore oxygen and carbon, along with lithium, are observed in the
ubsurface region as the cycle number increases. The presence
f lithium, oxygen, and carbon in the subsurface regions likely
egrades the copper current collector, deteriorating the overall
erformance as cycling proceeds. We may anticipate that these
tomic-scale insights into lithium loss will guide the develop-
ent of innovative strategies to address the commonly observed
very) low Coulombic efficiencies in zero-excess LMBs, thereby
dvancing the technology toward eventual commercialization.

Experimental Section

.1 Electrolyte Preparation

he electrolyte was composed of a mixture of 1-butyl-1-methyl
yrrolidinium bis(fluorosulfonyl)imide (PYR14FSI) and lithium
is(trifluoromethanesulfonyl)imide salt (LiTFSI, 3 M, battery
rade) with a ratio of 8:2 (PYR14FSI:LiTFSI). PYR14FSI was
ynthesized according to the procedure reported by Montanino
t al. [38]. and dried under vacuum (10−3 mbar) for 12 h at 70◦C.
dvanced Energy Materials, 2026
The lithium salt was dried under vacuum for 12 h at 120◦C.
Subsequently, the ionic liquid and the salt weremixed in the given
ratio to obtain the electrolyte, which was further dried under
vacuum for 2 h at room temperature, for 6 h at 50◦C, and for 12 h at
80◦C. The same procedure was repeated using a turbomolecular
pump (10−7 mbar) to reduce the water content to a few ppm.
Afterward, 5 wt.% fluoroethylene carbonate (FEC; Powerlyte) was
added to the electrolyte according to a previous study in our lab,
revealing a superior lithium stripping and plating behavior [22].

4.2 Cell Assembly

Pouch cells for the electrochemical tests were assembled in a
dry room environment with a dew point of the incoming air of
−70◦C. Lithium metal strips (thickness: 500 µm, Honjo Metal
Co.) and copper foil (thickness: 40 µm, Welcos) were used as
electrodes for the Li||Cu cells. Celgard SV718 (thickness: 25 µm)
and glass microfiber sheets (thickness: 260 µm,Whatman, GF/A)
were used as separators, with Celgard facing the copper electrode
and the glass microfiber sheet facing the lithium-metal electrode.
The separators were soaked with 100 µL of the electrolyte. To
completely wet the separators and remove any residual air, the
cellswere placed under vacuum (10−3 mbar) for ca. 100 s. The cells
were eventually sealed under vacuum. The active area for lithium
plating and stripping was 0.785 cm2. The cell setup is shown in
Figure 1a.

4.3 Electrochemical Characterization

Galvanostatic plating and stripping was conducted using a Mac-
cor battery tester at 40◦C.A total areal capacity of 1mAh cm−2 was
plated on the Cu electrode at a current density of 0.05 mA cm−2

within 20 h after a rest step of 12 h. The plating step was followed
by stripping the lithium back to the lithium-metal electrode at
the same current density for a maximum of 20 h or until the cut-
off voltage of 0.3 V was reached. Either one, three or eight full
plating/stripping cycles were conducted.

4.4 STEM and APT Characterization

For preparing the STEM and APT samples, the cycled pouch cells
were opened in a Sylatech GB1500-E glovebox (O2 and H2O <

0.1 ppm), and the non-cycled and cycled electrodes were washed
five times with 1,2-dimethoxyethane (DME; Sigma Aldrich) to
remove any residual electrolyte. The top-down view SEM images
were recorded using a FEI Helios G5 CX FIB/SEM at 2 and 10 kV.
To prevent samples from oxidation and contamination during
sample transfer, the Cu foils were transferred via a customized
Ferrovac vacuum transfer suitcase. Afterward, theCu foil surfaces
were covered by a 120 nm thick Cr protective layer via physical
vapor deposition coating using a Leica EM ACE600 sputter
coater in order to prevent the sample surfaces from ion beam
damage during specimen preparation by means of FIB/SEM. The
STEM and APT specimens were prepared via standard lift-out
procedures by using aFEIHeliosG5CXFIB/SEM.A300nm thick
carbon filmwas deposited on the STEMsamples by electron beam
deposition prior to the lift-out process, followed by a 3 µm thick
ion beamassisted carbon deposition. STEM imageswere recorded
9 of 12
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irectly via FIB/SEM using a STEM detector at 30 kV. TKD was
arried out with a JEOL JSM-7200F SEM at 30 kV with a sample
ilt of 10 degree with a step size of 20 nm. The orientation contrast
aps were acquired using an Oxford Instruments Symmetry
amera controlled via AZtec software. TheAPT experiments were
erformed using a Cameca LEAP 5000 XR at a temperature of
5 K in laser mode. The APT specimens were transferred from
IB to APT using a Ferrovac Ultra High Vacuum Cryo Transfer
uitcase (UHVCTS, reaching a pressure of <1×10−9 mbar) to
urther minimize the oxidation of the APT needles. A laser
ulse energy of 40 pJ, a pulse frequency of 125 kHz and a 0.4%
etection rate were used as the experimental conditions during
he APT acquisition. The reconstruction and APT data analysis
ere carried out using the AP Suite 6.3.3.55 software.

.5 Depth-Resolved X-Ray Photoelectron
pectroscopy (XPS) Analysis

he elemental composition and the chemical state of the ele-
ents at the (sub-)surface of the cycled Cu samples (after one
lating/stripping cycle and after three cycles) was determined
y x-ray photoelectron spectroscopy (XPS) measurements using
Specs XPS system with a Phoibos 150 energy analyser. To
void any surface contamination, the samples were transferred
n inert gas atmosphere to the sample load lock of the XPS
ystem. Themeasurements were done withmonochromatized Al
a radiation (300 W, 13 kV) and a pass energy of 30 eV at the
nalyser for the detail spectra. In order to get a depth profile of
he elemental concentration, the topmost material was removed
y successive Ar+ ion sputtering. Measurements were collected
efore sputtering and after 10, 30, and 60 min of sputtering, with
he latter being applied only for the sample subjected to three
lating/stripping cycles. Charging effects at the surface were
egligible and neutralization not necessary. The main C1s peak
as set to 284.8 eV to compensate small peak shifts. The peak
it of the XPS results was done with CasaXPS, using Shirley-type
ackgrounds and Gaussian–Lorentzian (GL30) peak shapes. For
he spectra in the Li 1s region, the peaks assigned to Li2O and LiF
ere added at 53.8 and 55.6 eV, respectively. Their intensity was
alculated based on the intensity of the corresponding peaks in
he F 1s and O 1s regions, taking into account stoichiometry and
elative sensitivity factors

.6 Density Functional Theory (DFT)
alculation

FT [39, 40] calculations were performed using the Vienna
b initio Simulation Package (VASP) within the framework
f the projector augmented-wave (PAW) method [41, 42]. The
xchange–correlation interaction was described using the gen-
ralized gradient approximation (GGA) in the form of the
erdew–Burke–Ernzerhof (PBE) functional [43]. A plane-wave
asis set with an energy cutoff of 520 eV was employed for bulk
nd defect calculations to ensure accurate total energies, while a
utoff of 450 eV was used for surface calculations. Electronic self-
onsistencywas achievedwith an energy convergence criterion of
× 10−4 eV for bulk/defect calculations and 1× 10−5 eV for surface
odels. Ionic relaxations were performed using a conjugate
radient algorithm until the forces on each atom were below
0 of 12
0.02 eV Å−1. Brillouin zone sampling was performed at the Γ-
point [44]. Bulk copper was modeled using a face-centered cubic
(fcc) structure. Supercells containing 32 atoms were constructed
to investigate lithium incorporation in interstitial, substitutional,
and vacancy-containing configurations. For substitutional cal-
culations, a copper vacancy was first introduced, followed by
lithium insertion at the vacant site. All structures were relaxed
with fixed cell shape and volume.

Spin-polarized calculations were performed throughout with ini-
tial magnetic moments assigned to all atoms to ensure numerical
stability, although the final magnetic moments were negligi-
ble, consistent with the non-magnetic nature of copper. Partial
occupancies were treated using the Methfessel–Paxton scheme
(ISMEAR = 1) with a smearing width of 0.1 eV for bulk/defect
systems and 0.2 eV for surface calculations.

For surface calculations, slab models of copper were constructed
with a vacuum region of 20 Å to avoid spurious interactions
between periodic images. Structural relaxations were performed
while keeping the lattice parameters fixed. Long-range dis-
persion interactions were included using the DFT-D3 method
with Becke–Johnson damping (https://doi.org/10.1002/jcc.21759).
Dipole corrections were applied along the surface normal
(LDIPOL =.TRUE., IDIPOL = 3) to account for asymmetries in
the slab geometry.

The spherical contributions to the gradient corrections inside
the PAW spheres were included (LASPH = TRUE.), and the
precision of the calculations was set to “Accurate” to ensure
reliable total energies. All reported energies correspond to fully
relaxed structures.
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