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ABSTRACT: The “zero excess” lithium−metal battery cell concept, in which 
the pristine negative electrode consists only of the current collector, while all 
lithium is present only in the positive electrode active material, promises 
substantial improvements in energy density. However, the achievement of 
stable cycling for more than just a few cycles requires a careful design and 
adjustment of all cell components�especially the current collector at the 
negative electrode. Herein, we provide a comparative investigation of 
commercial, polycrystalline copper foil, characterized by a
rather random [ 111], [ 200], and [ 220] orientation and a high concentration of grain boundaries, and nanotwinned copper foil, 
which has a solely [111]-oriented grain structure. Remarkably, the plated lithium on the foil with [111] orientation reveals a much 
more homogeneous morphology independent of the current density applied, while several dendritic lithium deposits are observed on 
the polycrystalline copper foil. This also translates into higher Coulombic efficiency and stabilized cycling performance of Cu[111]||
NMC811 cells, highlighting the important impact of the crystal orientation of the current collector.
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1. INTRODUCTION
The continuously increasing electrification o f t he trans-
portation sector1,2 and demand for batteries with greater 
energy density have revitalized the interest in lithium−metal 
batteries.3−5 In such systems, the negative electrode commonly 
consists of a lithium metal foil on a metallic current collector 
(frequently copper foil), while the positive electrode active 
material is, for instance, LiNi1−x−yMnxCoyO2. Accordingly, 
both electrodes provide lithium, and the cell contains a 
substantial�sometimes very large�excess of lithium, which 
prolongs the cycle life despite Coulombic efficiencies (CEs) 
being (significantly) l ower t han 1 00%.6 H owever, t his adds 
cost and renders the cell assembly more challenging owing to 
the high sensitivity of metallic lithium to an ambient 
atmosphere.5,7,8 Not least, these considerations have triggered 
the rapidly rising interest in so-called “anode-free” or “zero 
excess” lithium−metal batteries, in which the positive electrode 
is the only source of lithium. The negative electrode consists of 
the appropriately modified current collector only, serving as a 
substrate for the deposition of metallic lithium upon charging 
the battery cell.9 Even though the first report on such a system 
dates back to the year 2000,10 the rather poor irreversibility of 
the lithium plating and stripping have suppressed intensive 
research in this field�until very recently, Weber et a l.,11 Louli 
et al.,12 and Lee et al.13 reported an outstanding cycle life for 
such systems. Weber et al.11 achieved 80% capacity retention 
after 90 cycles, utilizing an optimized liquid electrolyte 
containing two lithium salts, namely, 0.6 M LiBF4 and 0.6 M 
lithium difluoro(oxalato)borate ( LiDFOB), i n a  m ixture of 
fluoroethylene c arbonate a nd d iethyl c arbonate i n a  1:2

volume ratio. The current collector was a bare copper foil, and
the positive electrode was based on single-crystal Li-
Ni0.5Mn0.3Co0.2O2 (NMC532) as the active material. A further
improvement was achieved by Louli et al.12 via an optimization
of the salt concentration. The high-concentration dual-salt
electrolyte composed of 2.0 M LiDFOB and 1.4 M LiBF4
enabled a substantially prolonged cycle life of up to 200 cycles
with 80% capacity retention at 20 °C and under high pressure
(1170 kPa). Lee et al.13 reported a capacity retention of 89%
after 1000 cycles for an all-solid-state “zero excess” lithium
battery. In their work, the current collector was a stainless steel
foil, coated with a thin layer of a carbon/silver nanocomposite,
and the positive electrode was based on Ni-rich NMC as the
active material. So far, the majority of research studies have
focused on the optimization of the (liquid) electrolyte
composition, e.g., by utilizing highly concentrated electro-
lytes,14,15 localized high-concentration electrolytes,16,17 and
alternative dual-salt electrolytes;18,19 or introducing suitable
additives;20 or the modification of the negative electrode
current collector, for instance, by applying a polymer21 or
inorganic22,23 coating on the current collector. In general, the
reactions occurring at the negative electrode|electrolyte
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interface, including among others, the lithium nucleation and
the formation of a long-term stable interphase, are essential for
realizing long-term stable “zero excess” lithium−metal
batteries. Focusing on the lithium nucleation on (and diffusion
along) the current collector surface, Pande and Viswanathan24

recently reported a theoretical study on a comparison of
various metallic current collectors and lithium alloys.
Generally, the lithium alloys showed very promising potential
specific energies, low nucleation overpotential, and better rate
capability. However, such alloys commonly react with the
ambient atmosphere and would, thus, require the same or very
similar processing conditions as lithium metal foils. Interest-
ingly, they also reported a favorable adsorption energy for face-
centered cubic ( fcc) Cu(111) surfaces and a rather low energy
barrier for lithium diffusion. Studying single crystals, Ishikawa
et al.25 reported that the Cu(111) surface is also advantageous
with regard to the formation of an electrolyte decomposition-
related interphase with low resistivity. Common commercial
copper foils, however, are characterized by a polycrystalline
nature with a mosaic-like arrangement of [111]-, [200]-, and
[220]-oriented nanocrystals,26,27 and the cost-efficient realiza-
tion of single-crystalline copper foils on the industrial scale
appears rather unlikely. Nevertheless, polycrystalline copper
foils with an essentially pure [111] orientation and dense twin
boundaries, so-called nanotwinned copper foil,28−31 can be
fabricated using the existing electrodeposition techniques on a
large scale and at a high production rate.32 Such nanotwinned
copper foil shows substantially enhanced mechanical strength
and lower electronic resistance compared to randomly oriented
copper foil, while visually resembling the conventional 2D
morphology.28−31

Herein, we prepared nanotwinned copper foil following an
earlier reported electrodeposition technique33 and investigated
its suitability as a current collector for the negative electrode in
“zero excess” lithium−metal batteries in comparison with that
of a conventional polycrystalline copper foil (Scheme 1). The
results show that the [111]-oriented nanotwinned copper foils
provide a much more homogeneous lithium deposition,
suppressed dendrite formation, and superior cycling stability
of Cu∥Li and Cu∥LiNi0.8Mn0.1Co0.1O2 (NMC811) cells.

2. EXPERIMENTAL SECTION
2.1. Fabrication and Characterization of the Copper Foils.

Copper foils with dimensions of 15 × 6 cm2 were prepared by
electrodeposition, as reported very recently.33 In brief, a finely
polished titanium plate was employed as the cathode substrate in an
8.5 liter tank. The basic electrolyte contained 1.08 M CuSO4•5H2O
(UniRegion Bio-Tech, electronic grade), 25 mM H2SO4 (Uni-
Onward, 98%), 0.7 mM NaCl (Showa Chemical, 99%), and thiol
organic additives to control the grain orientation of the electro-
deposited copper foils. Two types of copper foils were prepared. A
conventional copper foil with a polycrystalline texture was obtained
by adding a gelatin-type additive in the basic electrolyte, and the
nanotwinned copper foil with a [111]-oriented grain structure was
realized by adding sodium 3-mercapto-1-propanesulfonate (MPS,
ALDRICH, 90%). The thickness of the conventional and nano-
twinned copper foils was about 35 μm.

The surface morphology of the two copper foils was examined by
scanning electron microscopy (SEM) (ZEISS EVO MA 10 micro-
scope) and atomic force microscopy (AFM) (Bruker Icon), including
an estimation of the surface roughness. The crystal orientation was
evaluated by X-ray diffraction (XRD) (Bruker D2 Phaser) in Bragg−
Brentano geometry. The cross-sectional grain structure was studied by
SEM and focused ion beam (FIB) (FEI Helios 600i) milling. X-ray

Scheme 1. Schematic Illustration of the Preparation of the [111]-Oriented Nanotwinned Copper Foil and Its Use in “Zero
Excess” Lithium−Metal Batteries Comprising an NMC811-Based Cathode
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Figure 1. Examination of the surface morphology of (a,b) conventional and (c,d) [111]-oriented nanotwinned copper foil by means of (a,c) SEM
and (b,d) AFM. In the latter case, the Z-axis scales were adjusted to ±2.5 μm. (e) XRD pattern of the conventional (in red) and nanotwinned (in
blue) copper foil. As the inset, the amplified regions around 50.5 and 74.3° to highlight the (200) and (220) reflections, respectively, are shown
(the two maxima in each case arise from the Cu Kα1 and Kα2 contributions of the X-ray tube). (f,g) Cross-sectional SEM analysis of the (f)
conventional and (g) nanotwinned copper foil following FIB milling.
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photoelectron spectroscopy (XPS) measurements were performed
using a PHI 5800 MultiTechnique electron spectroscopy for chemical
analysis system with monochromatized Al Kα radiation (1486.6 eV).
The detection angle of the measurements was 45°, and pass energies
of 93.9 and 29.35 eV were used for the survey and detailed spectra,
respectively. The samples were neutralized with electrons from a flood
gun (current ≈ 3 μA) to compensate for charging effects at the
surface. The binding energies of all spectra were calibrated to the C 1s
signal at 284.8 eV, which resulted in the F 1s peak of LiF which is very
close to 685 eV in the ex situ spectra. The data were analyzed using
CasaXPS software.
2.2. Calculation of the Texture Coefficient. Based on the XRD

data, the texture coefficient (TC) was calculated to identify and
quantify the crystal orientation of the two Cu foils. The TC values
were estimated from the relative intensities of the XRD reflections
using the following equation26
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where I0(hkl) and I(hkl) represent the relative intensities of the (hkl)
reflections from the XRD reference data of a randomly oriented
powder sample (JCPDS card number 04-0836). The value n is the
number of the total planes. For copper, in our case, n is 3, as there are
three reflections observed in the given 2θ range.
2.3. Electrode Preparation, Cell Assembly, and Electro-

chemical Characterization. Electrodes based on NMC811 as the
active material were prepared by mixing NMC811 (92 wt %) with C-
NERGY Super C65 (TIMCAL, 4 wt %) and poly(vinylidene
difluoride) (PVdF, 6020, Solvay, 4 wt %) in an appropriate amount
of N-methyl-2-pyrrolidone (NMP, Aldrich) using a slurry mixer
(Wellcos). The resulting slurry was cast on aluminum foil utilizing a
laboratory-scale doctor blade. Subsequently, the electrode sheets were
pre-dried at 60 °C, and disc-shaped electrodes with a diameter of 12
mm were cut. These electrodes were further dried under vacuum at
100 °C for 12 h and had an average active material mass loading of
about 15.3 mg cm−2. The electrode preparation was conducted in a
dry room with a dew point of less than −60 °C.

Cu∥Li and Cu∥NMC811 coin cells (CR2032, Hohsen) were
assembled in an argon-filled glovebox with oxygen and water contents
lower than 0.1 ppm. The lithium foil was purchased from Honjo
(battery grade, 500 μm thickness). The Asahi separator was drenched
with 70 μL of a 1 M solution of LiPF6 in a 1:1 (by weight) mixture of
ethylene carbonate (EC) and dimethyl carbonate, purchased from
UBE. Vinyl ethylene carbonate (VEC) (Sigma-Aldrich) was added to
this electrolyte solution in a volume ratio of 15:85. The diameter of
the lithium and NMC811 electrodes was 12 mm, and the diameter of
the copper foils was 14 mm in order to avoid any kind of “edge
effects”. The electrochemical characterization was conducted using a
battery testing system (Maccor Series 4000). The cut-off voltages for
the Cu∥NMC811 coin cells were 3.0 and 4.3 V. The initial three
formation cycles were performed at 0.1 C (1 C = 200 mA g−1), and
the subsequent cycling was conducted at a charge rate of 0.2 C and a
discharge rate of 0.5 C. Cycled Cu∥Li and Cu∥NMC811 cells were
disassembled in an argon-filled glovebox, and the lithium morphology
electrodeposited on the different copper foils was examined by SEM.
The samples were transferred to SEM using an argon-filled sample
transfer shuttle (SEMILAB) to avoid any contact with air or moisture.
2.4. Density Functional Theory Calculations. Periodic density

functional theory (DFT) calculations were conducted using the
Vienna ab initio simulation package (VASP).34 VASP is a plane wave
code, using pseudopotentials to describe the electron−core
interaction. For the calculations, the projector-augmented wave
method was applied,35 with exchange and correlation being accounted
for by the generalized gradient approximation as introduced by
Perdew, Burke, and Ernzerhof.36 The investigated surfaces were built
with three or more layers with the top-most layer freely relaxed, while
the bottom layers were fixed to the bulk structure. Above the surface,
a vacuum layer of at least 12 Å was added to hinder spurious self-
interactions. All calculations were conducted with a plane wave cut-off

energy of 500 eV and either a 7 × 7 × 1 [(111) and (100) surface] or
a 7 × 5 × 1 [(110) surface] k-point mesh, adapted to the supercell
size. The adsorption energies were obtained as Eads = Eadsorbed − Eclean
− ELi with Eadsorbed, Eclean, and ELi being the energy of the surface with
a Li atom adsorbed, the energy of the clean surface, and the energy of
a Li atom as a reference, respectively. Note that a more negative
adsorption energy corresponds to a stronger adsorption. To
investigate the diffusion barriers for adatom diffusion on the
respective surfaces, the climbing image nudged elastic band (NEB)
method was applied.37,38

3. RESULTS AND DISCUSSION
In a first step, the surface morphology of the two copper foils, 
i.e., the conventional polycrystalline and the [111]-oriented 
nanotwinned copper foil, was examined via SEM and AFM 
(Figure 1). The SEM micrograph of the conventional Cu foil is 
presented in Figure 1a. The surface is rather smooth without 
any significant s urface u ndulation a nd c omparable t o t hat of 
most commercial Cu foils, resembling the copper foil produced 
by the rolling method.32 In Figure 1c, the SEM micrograph of 
the nanotwinned Cu foil is displayed. Unlike that of the 
conventional Cu foil, the surface is characterized by cone-like 
features, comparable to previous studies.28,30 The correspond-
ing AFM data are presented in Figure 1b,d. In agreement with 
the SEM analysis, the surface of the conventional Cu foil is 
generally much flatter. T he a rithmetic a verage surface 
roughness, Ra, was 0.19 and 0.55 μm for the conventional 
and the nanotwinned Cu foil, respectively. The cone-like 
features observed for the nanotwinned Cu foil originate from 
an out-of-plane grain rotation, driven by the reduction of the 
grain boundary energy.39 Such a relatively rougher surface 
might have a beneficial i mpact o n t he r eversibility o f the 
lithium deposition as reported by Gu et al.40 for stainless steel 
current collectors.

In a second step, the crystal orientation of the two Cu foils 
was determined. Figure 1e shows the XRD patterns of both Cu 
foils, with a magnification o f t he r egions a round 5 0.5 and 
74.3°; i.e., the regions where the (200) and (220) Bragg 
reflections, r espectively, c ommonly o ccur. T he conventional 
foil exhibits the common three (111), (200), and (220) Bragg 
reflections, c onfirming th e po lycrystalline na ture of  th e foil, 
showing random orientation. Differently, the nanotwinned Cu 
foil reveals only a very intense (111) reflection and 
(essentially) no diffraction i ntensity i n t he r egions o f the 
other two reflections. The TC d erived f rom t he XRD results 
was calculated, revealing 0.89, 1.27, and 0.84 for TC(111), 
TC(200), and TC(220), respectively, for the conventional Cu foil, 
indicating a slightly preferred [ 200] orientation, while the 
other two orientations were still very prominent. For the 
nanotwinned Cu foil, the TC(111) value is 2.97, and TC(200) and 
TC(220) are essentially 0 (<0.02), implying that the nano-
twinned Cu foil is characterized essentially by a pure [111] 
grain orientation. In Figure 1f,g, the ion-channeling images of 
the cross-section of the conventional and nanotwinned Cu 
foils, respectively, are displayed. The red lines indicate the 
boundary between the cross-section and the surface, once 
more confirming that the nanotwinned Cu foil is characterized 
by a much more pronounced surface undulation. The 
crystalline microstructure of the conventional Cu foil (Figure 
1f) does not exhibit an ordered pattern but rather a random 
orientation and the typical high-angle grain boundaries. 
Consequently, the grains exposed to the surface have different 
crystal orientations, presumably [111], [200], and [220] 
following the XRD data. In fact, the surface energy of the



different crystal orientations decreases in the order [220] >
[200] > [111],41 in line with the intensity of the XRD
reflections and results from DFT, as discussed below. The
grain size in the vicinity of the surface is in the range from 0.3
to 1.4 μm. For the nanotwinned Cu foil (Figure 1g), the ion-
channeling images of the cross-section reveal rather regular
twin boundaries between the columnar grains, and the cone-
like features at the surface reflect a clear twin boundary
microstructure, indicating that the exposed surface follows the
highly oriented crystalline nature of the cross-section.

In sum, the XRD and SEM/FIB results confirm the
successful synthesis of a conventional polycrystalline and a
highly [111]-oriented nanotwinned copper foil. It appears
noteworthy that the high-angle grain boundaries observed for
the conventional Cu foil have a higher energy than the
nanotwinned grain boundaries and are more prone to
defects.31 Moreover, the homogeneous nature of the grain
boundaries of the nanotwinned Cu foil might play an
important role in the lithium deposition since the nucleation
of heterogeneous materials preferably occurs at the grain
boundaries.42 Accordingly, a more homogeneous lithium
deposition is expected for the nanotwinned Cu foil.

To confirm this, Cu||Li cells were assembled and subjected
to a series of electrochemical tests. The electrolyte comprised
15 vol % of VEC, following a previous study by Yang et al.,43

who reported an advantageous impact on lithium metal
electrodes. In fact, the cells comprising VEC revealed a
substantially higher and more stable CE compared to the VEC-
free electrolyte upon continuous lithium plating and stripping
(Figure S1). For the comparison of the conventional and the
nanotwinned Cu foils, the investigation focused on the
homogeneity and morphology of the electrochemically
deposited lithium, applying different current densities of
0.25, 0.5, and 2 mA cm−2 while fixing the total capacity to 1
mAh cm−2. At a relatively low current density of 0.25 mA cm−2

(Figure 2), the conventional Cu foil reveals an island-like
lithium deposition with a rather large portion of bare Cu foil
still being visible (Figure 2a). The magnification shows that the
majority of the lithium grains have a size of several
micrometers with an irregular shape, but there are also some
needle-like deposits (Figure 2b). Differently, the lithium
coverage on the nanotwinned copper foil is much more

homogeneous with only a few spots of bare copper foil still
being exposed (Figure 2c). At higher magnification (Figure
2d), a very dense lithium morphology becomes apparent, and
the boundaries between the different lithium grains are
essentially invisible, as the grains are highly merged. No
needle-like deposits could be detected.

Increasing the current density to 0.5 mA cm−2 resulted
generally in a more homogeneous lithium deposition for both
copper foils (Figure 3). For the conventional foil, there are still

some spots of bare copper observed (Figure 3a), while the
lithium deposition on the nanotwinned Cu foil appears fully
homogeneous (Figure 3b). In fact, this difference is already
visible with naked eyes, as illustrated by the photographs of the
two Cu foils (Figure S2). The SEM micrographs at higher
magnifications (Figure 3c−f) reveal that in both cases, the
lithium grain size is in the order of 2−5 μm.

However, for the conventional Cu foil, a significant fraction
of needle-/worm-like lithium deposits with a diameter of less
than 1 μm is observed (Figure 3c,e), which are essentially
absent for the nanotwinned foil (Figure 3d,f). Moreover, it
appears that the lithium grains are packed in a denser fashion
on the nanotwinned Cu foil compared to those on the
conventional one. The analysis of the cross-section confirms

Figure 2. SEM analysis of the lithium morphology at different
magnifications after deposition on (a,b) conventional and (c,d)
nanotwinned copper foil, applying a current density of 0.25 mA cm−2

with a total capacity of 1 mA h cm−2.

Figure 3. SEM analysis of the lithium morphology at different
magnifications for (a,c,e) conventional Cu foil and (b,d,f) nano-
twinned Cu foil. (g,h) SEM micrographs of the corresponding cross-
section for (g) conventional and (h) nanotwinned Cu foil. The
lithium was deposited at a current density of 0.5 mA cm−2 with a total
capacity of 1 mA h cm−2.
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the abovementioned, revealing a lithium layer thickness of ca.
28.2 μm for the conventional foil (Figure 3g) and about 20.8
μm for the nanotwinned one (Figure 3h). As seen from Figure
S3a,b, part of the deposited lithium is detached from the
conventional Cu foil, whereas an intimate contact between
deposited lithium and nanotwinned Cu foil is evidenced in
Figure S3c. Therefore, the contact between the lithium film
and the copper current collector appears much better for the
nanotwinned Cu foil.

When increasing the current density further to 2 mA cm−2,
the homogeneity of the lithium deposition further increases, as
apparent from the low-magnification SEM micrographs,
though it still remains inferior for the conventional Cu foil
(Figure 4a) compared to that for the nanotwinned one (Figure

4c). At the same time, however, the presence of needle- and
worm-like lithium deposits on the conventional foil increases
(Figure 4b). In contrast, the lithium grains on the nanotwinned
foil are larger (Figure 4d)�even though generally decreasing
in size to a few μm�but no needle- and worm-like features are
observed. The increasing homogeneity and decreasing grain
size trend with increasing current densities is in agreement
with the literature,44 indicating that the lithium diffusion along
the current collector surface is critical for the growth of larger
grains, while the lithium nucleation is rather kinetically
controlled. The comparison of the two foils, moreover,
confirms that both the adsorption energy and the lithium
diffusion energy barrier are lower for the (111) surface
compared to those for the other two copper surfaces.24

This is further corroborated by DFT calculations for the
(100), (110), and (111) surfaces of Cu. The (111) surface is
not only the energetically most favorable surface but shows
also the strongest lithium adsorption with −2.42 eV for a single
lithium atom, whereas −2.31 eV for the Cu(110) surface and
−2.20 eV for the Cu(100) surface are observed. Additionally,
the diffusion barriers for Li atoms moving on the respective
surfaces have been determined via the NEB method. The
calculated barriers for a Li atom diffusing from one stable site

to the adjacent one on the three different Cu surfaces revealed
the lowest value for the (111) surface which was less than 0.02
eV (Figure 5). Significantly larger values of 0.13 and 0.17 eV

were calculated for the (110) and (100) surfaces, respectively
(Figure S4). Hence, the DFT calculations indicate a clear
adsorption preference for the (111) surface, which, moreover,
shows by far the fastest kinetics. Fast surface kinetics allow for
facile Li motion on the surface and, therefore, are a pre-
requisite for a smooth growth of the deposited layer.

To evaluate whether these advantageous properties of the
[111] oriented-nanotwinned copper foil persist also upon
continuous lithium plating and stripping, Cu||Li half-cells,
comprising either the conventional or the nanotwinned Cu foil,
were subjected to galvanostatic cycling. First, employing an
applied current density of 0.5 mA cm−2, a Li plating step was
performed up to a total capacity of 1 mA h cm−2. The results
are summarized in Figure 6a−c.

The CE vs cycle number plot is depicted in Figure 6a. For
the conventional foil, the CE is rather stable for about 35
cycles but then rapidly decays, accompanied by a severe
fluctuation, indicating the formation of dendritic lithium, in
line with the previous findings. For the nanotwinned Cu foil,
the CE is generally somewhat higher at about 98% and much
more stable, especially for the initial 80 cycles, before it slightly
decreases but without the severe fluctuation observed for the
conventional foil. This is also reflected by the significantly
higher average CE of 95.9% for the 100th−235th cycles
compared to only 93.2% for the conventional foil. In addition,
the voltage profile of the first lithium plating reveals a lower
plateau overpotential (ηp) for the nanotwinned Cu foil of
approximately −0.053 V vs −0.073 V (Figure 6b). Given that
the electronic conductivity of the copper foil is essentially
unaffected by the nanotwinned structure,28,45 a lower plateau’s
overpotential indicates a smaller kinetic barrier of the liquid to
solid phase transition.46 Since this is also linked to the available
surface sites and the faster lithium diffusion,47 it is well in line
with the more homogeneous lithium deposition that we
observed for the nanotwinned Cu foil and the facilitated
lithium diffusion along the (111) Cu surface. Nonetheless, the
initial nucleation overpotential (ηn) of −0.138 V is essentially
the same for the two foils. This finding might indicate that in
both cases, the initial nucleation occurs on the same surface
facets, i.e., the (111) surfaces, which would also provide an
explanation for the inhomogeneous lithium deposition on the
conventional Cu foil. Pei et al.44 have reported that the grain

Figure 4. SEM analysis of the lithium morphology at different
magnifications after deposition on (a,b) conventional and (c,d)
nanotwinned copper foil, applying a current density of 2.0 mA cm−2

with a total capacity of 1 mA h cm−2.

Figure 5. Minimum energy path for the Li diffusion on the Cu(111)
surface between two adjacent surface sites, i.e., an fcc site and an hcp
site. Note that the energies for these two sites are not equivalent,
which is the consequence of differences in the underlying layer. As the
inset, the corresponding diffusion pathway on the surface is shown
[only the top-most Cu layer (in blue) and the diffusing Li (in green)
are shown].
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size of the electrodeposited lithium shows an inverse
relationship with ηp; i.e., the lower the ηp, the larger the
grain size. This is in excellent agreement with the findings
obtained from the SEM analysis discussed above (Figure 3). In
Figures 6c and S5a, selected voltage profiles for the continuous
plating and stripping are presented. It is observed that the
voltage hysteresis for the plating/stripping process gradually
increases upon cycling for both foils by about 65 and 53 mV
after 460 h (i.e., about 115 cycles) for the conventional and
nanotwinned Cu foils, respectively. Furthermore, the amount
of reversibly stripped lithium becomes increasingly smaller for
the conventional foil, as very evident from the shortening of
the plateau after about 220 cycles, suggesting an increasing
formation of dead lithium. In fact, it has been reported earlier
that the shape of the lithium grains is a critical factor for the
plating/stripping reversibility with needle-like deposits espe-
cially favoring poor CEs compared to granular lithium
deposits.48 The same trends were generally observed when
increasing the current density to 2.0 mA cm−2 (Figure 6d−f).

The CE started decreasing a little earlier, though, and the
decay was particularly pronounced for the conventional foil
(Figure 6d). The plot of the voltage evolution during the initial
plating resembles the same trend as that seen when applying a
lower current density of 0.5 mA cm−2 (Figure 6e). Never-
theless, at 2.0 mA cm−2, ηn is slightly lower for the
nanotwinned Cu foil. Considering the much more homoge-
neous lithium deposition at such high current density also in
the case of the conventional foil (Figure 4a), this observation
suggests that now lithium is also nucleating on the other two
surface facets, which are characterized by less favorable
adsorption energies. The voltage profiles for the subsequent
cycles (Figures 6f and S5b) further corroborate the superior
performance of the nanotwinned Cu foil, and the trend of the
faster hysteresis increase and shortening of the lithium
stripping plateau is even more pronounced for the conven-
tional Cu foil at this higher current density.

In order to test whether this superior behavior of the [111]-
oriented nanotwinned copper foil is related to the beneficial

Figure 6. Performance of Cu||Li cells assembled using the conventional (red) or nanotwinned (blue) copper foil, cycled at (a−c) current density of
0.5 mA cm−2 with a total capacity of 1 mA h cm−2 and (d−f) current density of 2.0 mA cm−2 with a total capacity of 1 mA h cm−2. (a,d) Plot of the
CE; (b,e) evolution of the potential during the first lithium deposition; and (c,f) plot of the potential evolution upon continuous plating and
stripping for selected cycles. The cut-off voltage for the stripping step was set to 1.0 V.
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impact on the electrolyte decomposition-related interphase, as
reported by Ishikawa et al.,25 an ex situ analysis of the two
different copper foils via XPS was performed. Spectra were
collected for the pristine foils, at a cut-off voltage of 0.5 V, and
after 15 min of lithium plating, i.e., after the onset of electrolyte
decomposition, but before lithium plating (0.5 V), and after
the onset of lithium metal nucleation. The spectra in the Cu2p
region (Figure S6a,b) show mainly metallic copper and Cu2O
in the pristine state. The Cu peaks then gradually decrease in
intensity at 0.5 V due to the formation of the electrolyte
decomposition-related interphase and vanish after 15 min as a
result of the additional lithium plating on the Cu surface. This
trend appears to be the same for both Cu foils.

The spectra in the O1s region of the conventional Cu foil in
Figure 7a show contributions of Cu2O

49 and carbonate
residues, presumably from the ambient atmosphere. At 0.5 V,
the signal of Li2CO3 and C−O dominates the spectrum,
indicating the reduction of the electrolyte.50 After 15 min of
lithium plating, the spectrum additionally shows a contribution
from Li2O. Essentially, the same trend is observed also in the
case of the nanotwinned Cu foil (see Figure 7b). However, the
intensity of the organic species at 0.5 V is significantly smaller,
indicating a less pronounced reduction of the organic
carbonate solvents in this case. On the other hand, the F1s
spectra (Figure 7c,d) show a significantly higher LiF signal at
685 eV50 in the case of the nanotwinned Cu at 0.5 V, which
points to a more pronounced reduction of the conducting salt
on the nanotwinned Cu surface at these potentials. This
observation is confirmed by the Li1s spectra displayed in
Figure S6c,d. Such relatively greater decomposition of the
conducting salt over the organic solvents is in line with the

favorable lithium adsorption at the (111) surface and
presumably adds to the favorable lithium plating/stripping
behavior. In fact, a LiF-rich solid electrolyte interphase (SEI)
has been proven to be beneficial for homogeneous and
reversible lithium deposition and stripping.5,51 Nonetheless,
the differences between the two Cu foils are not that
pronounced, especially after 15 min of lithium plating, where
both foils reveal very similar spectra, suggesting that the
substantially enhanced electrochemical performance of the
[111]-oriented nanotwinned Cu foil compared to that of
conventional Cu is at least partially or maybe largely related to
the more favorable lithium adsorption and diffusion on the
nanotwinned Cu foil.

Eventually, the performance of the two Cu foils was tested in
“zero excess” Cu||NMC811 full cells (Figure 8). Figure 8a,b
shows SEM micrographs of the lithium deposited on the
conventional and nanotwinned Cu foils, respectively, after the
first charge. A charge rate of 0.1 C in the first cycles
corresponds to a current density of about 0.3 mA cm−2, i.e., in
the same range as that for the previous tests.

The nanotwinned Cu foil reveals a denser lithium deposition
and the formation of rather granular lithium grains, while
several needle-like lithium deposits are observed for the
conventional Cu foil. This beneficial effect is reflected also by
the superior CE upon continuous cycling and the consequently
delayed capacity fading (Figure 8c), while the first cycle
discharge capacity and CE are essentially the same for the two
cells at about 205 mA h g−1 and 92.8%, respectively. The
average CE for the 5th−40th cycles, however, is 97.0 and
97.9% for the conventional and nanotwinned copper foils,
respectively (a magnification of the CE is provided in Figure

Figure 7. XPS analysis for the pristine electrodes (no contact with the electrolyte) at 0.5 V and after 15 min of lithium plating (initial lithiation).
(a,b) Oxygen 1s region for (a) conventional and (b) [111]-oriented nanotwinned copper foil. (c,d) Fluorine 1s region for the same samples
(without the pristine ones).
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S7). The average CE of nanotwinned copper foil is still lower 
than that of state-of-the-art lithium-ion batteries (>99.9%), 
indicating that there is a significant lithium loss and electrolyte 
decomposition occurring at each cycle, as also reflected by the 
continuous capacity decrease upon cycling. Nonetheless, these 
detrimental phenomena are less pronounced for the [111]-
oriented nanotwinned Cu foil than those for the conventional 
Cu foil. Accordingly, the discharge capacity for the 40th cycle 
is 75 mA h g−1 for the nanotwinned Cu and only 51 mA h g−1 

for the conventional foil, i.e., 34% higher. The corresponding 
voltage profiles, depicted in Figure 8d, show that the superior 
performance of the nanotwinned Cu foil is largely related to a 
lower overpotential for the charge process, presumably 
originating from a greater formation of electronically insulating 
dead lithium on the conventional Cu foil.

4. CONCLUSIONS
A [111]-oriented nanotwinned copper foil was prepared using 
a scalable electrodeposition process. Its performance in “zero 
excess” lithium−metal batteries has been investigated and 
compared with that of polycrystalline copper foil characterized 
by the rather random crystal orientation. The exclusive 
exposure of the rougher Cu(111) surface favors a homoge-
neous lithium nucleation and the growth of larger and denser 
lithium deposits and a LiF-richer interphase, which results in 
an enhanced reversibility of the lithium plating and stripping 
and a lower overpotential�a trend that is increasingly 
pronounced at elevated current densities. These beneficial 
properties translate also in a greater CE and improved capacity 
retention by about 34% after 40 cycles of “zero excess” Cu||
NMC811 full cells. We may anticipate that these findings will 
trigger further research on highly oriented current collector 
surfaces�an approach that is highly complementary to the 
research and development efforts t oward s tabilizing artificial 
interlayers and optimized electrolyte compositions, as also 
shown herein.

AUTHOR INFORMATION 
Corresponding Authors

Stefano Passerini − Helmholtz Institute Ulm (HIU), Ulm
89081, Germany; Karlsruhe Institute of Technology (KIT),
Karlsruhe 76021, Germany; orcid.org/0000-0002-6606-
5304; Email: stefano.passerini@kit.edu

Chi-Chang Hu − Department of Chemical Engineering,
National Tsing Hua University, Hsin-Chu 30013, Taiwan;

orcid.org/0000-0002-4308-8474; Email: cchu@
che.nthu.edu.tw

Dominic Bresser − Helmholtz Institute Ulm (HIU), Ulm
89081, Germany; Karlsruhe Institute of Technology (KIT),
Karlsruhe 76021, Germany; orcid.org/0000-0001-6429-
6048; Email: dominic.bresser@kit.edu

Authors
Chun-Cheng Lin − Department of Chemical Engineering,
National Tsing Hua University, Hsin-Chu 30013, Taiwan

Zhen Chen − Helmholtz Institute Ulm (HIU), Ulm 89081,
Germany; Karlsruhe Institute of Technology (KIT),
Karlsruhe 76021, Germany

Holger Euchner − Institute of Theoretical Chemistry, Ulm
University, Ulm D-89081, Germany; Institute of Physical and
Theoretical Chemistry, University of Tübingen, Tübingen
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the discharge capacity and CE of these cells employing the
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C rate for the initial three formation cycles was 0.1 C, followed by
continuous cycling with a charge and discharge rate of 0.2 and 0.5 C,
respectively. The cut-off voltages were set to 3.0 and 4.3 V. (d) Plot of
the corresponding dis-/charge profiles for the 1st, 20th, and 40th
cycles.
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