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ABSTRACT: Solid-state lithium-metal batteries are considered
to be promising candidates for next-generation high-energy
density storage devices to power electrical vehicles. Critical
challenges for solid-state lithium-metal batteries include the
large morphological changes associated with the plating and
stripping of lithium metal and decomposition of the solid
electrolyte, because of the reductive nature of the lithium metal,
both increasing the lithium metal−solid electrolyte interface
resistance. This is especially challenging when starting in the
discharged state with a bare anode or “anode-less” current
collector facing the solid electrolyte. To overcome this, a 100-
nm thin layer of ZnO is deposited on the copper current
collector with atomic layer deposition (ALD). During the first
charge, this results in more homogeneous lithium-metal growth, rationalized by the formation of a Zn−Li alloy that acts as
seed crystals for the lithium metal. The resulting more homogeneous lithium-metal growth maintains better contact with the
solid electrolyte, leading to more reversible cycling of lithium metal. Minor prelithiating of the ZnO/Cu anode with 1 mAh/
cm2 further improves the cycling performance, as demonstrated in a full all-solid-state cell using LiFePO4 as a cathode,
resulting in an average Coulombic efficiency of >95%. These findings mark the first steps in an interface strategy to overcome
the challenges at the solid electrolyte/lithium-metal interface in solid-state lithium-metal batteries.

Proposed by Whittingham in 1976,1 the lithium metal
battery (LMB) makes use of the high specific capacity
(3860 mAh g−1) and low reduction potential (−3.040 V

vs SHE) of lithium metal, motivating the current intensive
research toward this “Holy Grail” anode for lithium batteries.2,3

Unfortunately, the severe reactivity of lithium metal with liquid
electrolytes, leading to uncontrolled solid electrolyte interface
(SEI) growth, as well as the formation of dendritic lithium-
metal morphologies result in a short cycle life and safety
concerns that have hindered the capitalization of lithium-
metal-based batteries (LMBs).3−7 Specifically, when, during
plating, the current exceeds the supply of Li ions, determined
by the conductivity of the electrolyte, ion depletion at the Li
metal surface occurs after the characteristic Sand’s time.3,7

Under these conditions, plating becomes inhomogeneous and
self-amplified growth of dendrites is induced. Even at lower
current densities, dendritic growth is induced, presumably
because of the inhomogeneous nature of the SEI.3,8 As a
consequence, the use of volatile and flammable liquid organic

electrolytes in lithium-metal batteries leads to significant safety
concerns.9−11

In this context, replacing the liquid electrolyte with a solid
electrolyte (SE) is considered to be a promising strategy. In
addition to the challenges related to the electrochemical
stability of the solid electrolytes, this also introduces a different
challenge, compared to liquid electrolytes: How to maintain
contact between the SE and the lithium-metal anode to
guarantee Li-ion transport, especially because the lithium metal
undergoes large volumetric and morphological changes upon
(dis)charging.12−14 The interface should thus provide high
ionic conductivity, resist the reducing potential of lithium-
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metal environment, and prevent delamination upon the
inherent lithium-metal volumetric change upon cycling.15,16

From the many solid electrolytes developed3,17,18 so far, only
poly(ethylene oxide) (PEO)-based polymer electrolytes,
developed by Delmas, have allowed the development of
commercial solid-state lithium-metal batteries.19 However, the
disadvantage is the relatively low conductivity of polymer-
based electrolytes, which demands battery operation above 60
°C. Aiming at more-challenging room-temperature lithium-
metal batteries, countless strategies have been developed to
improve the ionic conductivity, interfacial properties, and the
safety issues related to lithium metal in polymer-based
batteries.12−14,20−23 This has resulted laboratory-scale lith-
ium-metal batteries operating at room temperature, however,
typically starting with thick lithium metal sheets at the
anode.12−14,20−23 In practice, a large excess of lithium at the
copper current collector reduces the energy density of the
LMB and makes battery assembly more costly and
challenging.24,25 Ideally, all active Li is initially stored in the
cathode to maximize the energy density. However, starting
with a bare copper current collector in contact with the solid
electrolyte makes it extremely challenging to maintain this
contact, to support Li-ion transport during cycling,3 upon the
lithium-metal growth and shrinking. To the best of our
knowledge, only Yang et al.12 have demonstrated cycling of a
Cu/solid electrolyte interface in a solid-state Li−Cu battery,
which was achieved by e-beam deposition of copper at the
bottom of a garnet skeleton, where the lithium-metal plating
occurs in the porous garnet matrix. However, it was stressed
that completely stripping lithium metal from the copper
current collector should be avoided, because this could extract
Li from the Li7La3Zr2O12 (LLZO) electrolyte itself and lead to
collapse of the LLZO structure.12 This demonstrates the
challenges to achieve reversible cycling of lithium-metal solid-
state batteries starting with a lithium-metal-free anode,
especially aiming for easy-to-produce, future high-energy-
density LMBs.
Here, we demonstrate the formation of large lithium

deposits on the bare copper current collector in a solid-state
LMB, utilizing a PEO-based HSE previously reported,14 upon
cycling at room temperature. The large deposits result in
contact loss, increase the impedance, and cause these cells to
fail within a few cycles. In order to improve the compatibility
between the HSE and the copper current collector, a thin layer
of ZnO was coated on copper via atomic layer deposition
(ALD). Upon plating, this forms a LiZn alloy, making the
surface lithium-philic, resulting in more evenly distributed
lithium-metal deposits, rationalized by the larger number of
lithium-metal nucleation sites. The improved cycling of the
lithium-metal plating and stripping was evaluated by operando
neutron depth profiling (NDP), monitoring the lithium
density, as a function of depth on the copper current collector.
A much-higher lithium efficiency and better lithium geometry
is observed. Finally, a full cell composed of a 3 mg/cm2

LiFePO4 cathode and a 1 mAh/cm2 prelithiated ZnO@Cu
anode was successfully combined with a high Coulombic
efficiency, illustrating the potential of this interface strategy for
the development of solid-state lithium-metal batteries.
In order to explore the Li deposition morphology on a bare

copper current collector, a solid-state Cu/HSE/lithium-metal
battery is assembled. The HSE is composed of PEO, lithium
bis(trifluoromethanesulfonyl)imide (LiTFSI), succinonitrile
(SN), and Li1.5Al0.5Ge1.5(PO4)3 (LAGP) as prepared pre-

viously,14 in which Li-ion transport was enhanced through
concurrent transport in both the organic and inorganic phases.
The resulting conductivity, 1.73 × 10−4 S/cm, enables room-
temperature battery cycling.14 The electrochemical perform-
ance of the Cu/HSE/Li battery cycled at 0.05 mA/cm2 for 4 h
is shown in Figure 1a. The poor electrochemical performance

of the Cu/HSE/Li battery, as expressed by the large
overpotential (∼500 mV) and poor Coulombic efficiency
(∼40%), illustrates the difficulty involved in plating lithium
metal on the bare copper surface facing the HSE. The large
polarization in the end indicates that delamination of the
electrode/electrolyte interface, and hence contact loss between
the plated Cu current collector and the HSE, is responsible for
the very short cycle life. Figures 1b−d present SEM images
showing the surface morphology of the fresh and cycled copper
electrodes after plating 0.2 and 1 mAh/cm2 at a current density
of 0.05 mA/cm2. After plating 0.2 mAh/cm2, the smooth
surface of copper is covered by a rough lithium-metal
morphology (Figure 1c). The large and irregular-shaped
lithium particles, having a diameter of ∼10 μm, reflect a
small density of nucleation centers, presumably initiated by the
poor contact. After a deposition of 1 mAh/cm2, the copper
surface is covered by large lithium flakes with a diameter of
>50 μm. The lithium morphology in a solid-state Li−Cu
battery is very different from that in liquid electrolyte-based
batteries where mossy/dendritic lithium forms.26 The large
deposited lithium flakes in the solid-state battery appear to
result in contact loss between the electrode and the HSE, also
evidenced by easy removal of the current collector after
disassembling, suggesting that more homogeneous plating on
the copper surface is demanded.
Bare copper is not lithium-phobic, and, as a consequence,

large deposited lithium flakes had a tendency to be formed,
because of the insufficient active lithium-metal-grown sites.
ZnO is known to improve the wettability of garnet solid-state
electrolytes to molten lithium, because of a conversion reaction
upon lithiation in the voltage range of 0−1 V vs Li/Li+.27,28

Here, we aim to use the resulting lithium-phillic Zn−Li alloy
particles acting as nucleation seeds for lithium-metal growth
upon subsequent plating at 0 V vs Li/Li+ on bare Cu, to
achieve more homogeneous and thin lithium-metal growth,
and thereby prevent delamination. Using ALD, a 100-nm thin
film of ZnO is deposited on the surface of the copper current
collector, as shown in Figure 2a, which is referred to as ZnO@
Cu. To verify the thickness of ZnO, XPS depth profiling was

Figure 1. Plating lithium metal at the Cu/HSE interface. (a)
Electrochemical performance of Cu/HSE/Li batteries at 0.05 mA/
cm2 for 4 h. (b, c, d) SEM measurements showing the fresh Cu, 0.2
and 1 mAh/cm2 Li plated metal morphology in a Cu/HSE/Li
battery.
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performed as shown in Figure 2b, where Zn 2p XPS signal is
present until a depth of ∼100 nm (each spectrum was taken
after depth profiling every 10 nm). The voltage response upon
cycling at 0.05 for 4 h is shown in Figure 1c. Comparing the
cycling of the bare Cu current collector (Cu/HSE/Li battery),
Figure 1a, with the cycling of the ZnO@Cu current collector
(ZnO@Cu/HSE/Li battery) shows that the presence of the
thin ZnO film results in a Li−Zn alloy formation platform at
0.5 V29,30 (Figure S1) and a significant decrease in the
overpotential (∼80 mV). In addition, the introduction of the
ZnO thin film increases the Coulombic efficiency significantly
(65%), as wel as the reversibility. Increasing the current density
to 0.1 mA/cm2 for 10 h during 10 cycles also results in
relatively good performance with a Coulombic efficiency of
∼75% (see Figure S2 in the Supporting Information). The
morphology of the fresh ZnO@Cu and after Li metal
deposition are presented in Figures 2d−f. As shown in the
SEM images, the ALD-deposited ZnO film (Figure 2d) covers
the wrinkled copper surface. As compared to the lithium
deposits on bare copper (Figures 1c and 1d), the lithium-metal
deposits on the ZnO@Cu current collector are isolated and
much smaller, with a diameter of ∼3 μm, after plating at 0.05
mA/cm2 up to 0.2 mAh/cm2, as shown in Figure 2e. The
homogeneously distributed and isolated nature of the plated
lithium-metal particles on the current collector are suggested
to form because the Li−Zn alloy acts as seed crystal for
lithium-metal nucleation. After plating up to 1 mAh/cm2, the
lithium-metal particles grow to an average size of ∼10 μm,
which is much smaller and more regular-shaped, compared to
the large lithium flakes when plating on the bare copper
current collector in the Cu/HSE/Li battery. We conclude that
the ZnO layer on the copper current collector, through the
formation of well-distributed Zn−Li alloy particles, initiates the
well-distributed and relatively monodisperse growth of lithium
metal. This appears very beneficial for the lithium-metal
plating/stripping reversibility, most likely because it enables a
dissipated localized stress and maintains much better contact
with the HSE, as indicated by the lower overpotentials.31 The
impedance evolution for Cu/HSE/Li and ZnO@Cu/HSE/Li

batteries before and after five cycles are shown in Figure S3 in
the Supporting Information. This demonstrates that the
interfacial impedance of ZnO@Cu/HSE/Li is significantly
smaller than Cu/HSE/Li after five cycles, which is consistent
with better contact between the current collector and the HSE.
To gain more insight in the reversibility of the lithium-metal
plating/stripping behavior of the ZnO@Cu/HSE interface
under operando conditions, NDP is employed as direct probe
of the lithium-metal distribution, as a function of depth
perpendicular to the current collector.
Neutron depth profiling (NDP) enables quantitative, non-

destructive monitoring of the spatial distribution of lithium
metal, perpendicular to the current collector, under realistic
battery operation conditions.32,33 Thereby, it can provide
valuable insights in the formation of the SEI and the evolution
of the Li-concentration gradient associated with lithium-metal
plating/stripping, and how these processes depend on the
electrochemical conditions. Figure 3 shows the operando NDP

results of the lithium-metal plating in the solid-state Cu/HSE/
Li and ZnO@Cu/HSE/Li batteries, yielding the normalized
lithium-metal density (measured Li density normalized on the
bulk lithium-metal density), as a function of depth, over five
cycles at a current density of 0.05 mA/cm2. The depth as
shown in Figures 3a and 3b is measured, starting from the
interface between the Cu current collector and the HSE
(located at a depth of ∼12 μm). For the bare copper current
collector in the Cu/HSE/Li battery, the average Li density, as
well as the thickness of the deposits, rapidly increase upon
cycling (Figure 3a), reflecting the buildup of inactive lithium-
metal and Li-species at the HSE side overcycling. This is
improved for the ZnO@Cu current collector, reflecting better
affinity between the Li metal with the ZnO-covered current
collector, and this is consistent with the improved electro-
chemical cycling shown in Figure 2c. Integrating the Li-density
depth profiles in Figures 3a and 3b results in the evolution of

Figure 2. Plating lithium metal at the ZnO@Cu/HSE interface. (a)
Cross-section SEM measurements showing the morphology of the
ALD-deposited ZnO on a Cu current collector (ZnO@Cu). (b) Zn
2p XPS depth profile of the pristine ZnO@Cu current collector.
(c) Electrochemical performance of the ZnO@Cu/HSE/Li battery
at 0.05 mA/cm2 for 4 h. (d, e, f) SEM images of the pristine ZnO@
Cu current collector, the Li metal morphology after plating at 0.05
mA/cm2 up to a capacity of 0.2 and 1 mAh/cm2, respectively.

Figure 3. Impact of the ALD ZnO layer on Li density distribution
in solid-state lithium copper battery. (a, b) Operando NDP
measurements for five cycles of the Cu/HSE/Li and ZnO@Cu/
HSE/Li batteries at 0.05 mA/cm2. The color intensity quantifies
the measured lithium density normalized to bulk lithium metal.(c,
d) Lithium density and lithium efficiency evolution of Cu/HSE/Li
and ZnO@Cu/HSE/Li batteries. The depth is measured from the
outside surface of the copper; hence, the plating starts at ∼12 μm,
representing the thickness of the copper current collector window.
The color scale of the NDP measurements indicates the fractional
Li density normalized to lithium metal.
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the plated lithium mass during cycling, as shown in Figure 3c
for both the Cu/HSE/Li and ZnO@Cu/HSE/Li batteries.
The total amount of inactive Li quantified by NDP is a
combination of “dead” Li metal, and inactive Li in the SEI,
since the chemical nature of Li cannot be distinguished with
NDP.32 The ratio of the stripped capacity and the plated
capacity represents the Li-efficiency, complementary to the
Coulombic efficiency (electron efficiency). The presence of the
ZnO film on the copper current collector raises the Li
efficiency from ∼45% to 80%, reflecting a more-efficient
plating/stripping process (Figure 3d).
From the operando NDP results, probing the average Li

density over ∼1 cm2 of the electrode, and the by SEM
observed regular distributed and relatively monodisperse
lithium-metal particles, we propose the process shown in
Figure 4. In the Cu/HSE/Li battery (Figure 4a), the absence

of nucleation sites on the Li-phobic copper results in large,
nonuniform lithium-metal flakes, as observed in Figures 1c and
1d. This can be expected to be a self-amplified process, because
it induces a nonuniform Li-ion flux through the limited contact
points between lithium metal and HSE. Upon stripping, this
leads to effective delamination of the HSE, explaining the large
voltage polarization observed in Figure 1a. In contrast, the
conversion of the thin ZnO film toward Zn−Li alloy particles
results in small nucleation sites for subsequent lithium-metal
plating, as shown in Figures 2e and 2f, on the copper surface.
The resulting homogeneous distribution of small lithium-metal
particles will lead to more contact points with the HSE and,
thus, a more homogeneous Li-ion flux distribution (Figure 4b).
This suppresses delamination, and rationalizes the improved
reversibility of the plating/stripping process, as observed with
operando NDP.
Aiming at further improving the interface of the ZnO@Cu

current collector with the HSE, the impact of prelithiation is
investigated. After being prelithiated to 1 mAh/cm2 Li, the
ZnO@Cu/HSE/Li battery demonstrates stable cycling at 0.5
mAh/cm2 with almost 100% Coulombic efficiency over 40
cycles.(Figures 5a and 5b) Clearly, this compromises the
energy density as well as the full cell assembly conditions. The
prelithiation may be optimized to yield much lower Li
prelithiation capacities, which is the subject of further research.
Here, we employ this approach to demonstrate cycling of the 1
mAh/cm2 prelithiated ZnO@Cu in combination with a 3 mg/
cm2 LiFePO4 cathode. This full solid-state lithium-metal
battery geometry delivers relatively stable cycling, at an average
Coulombic efficiency of ∼95%, as shown in Figures 5c and 5d.
After 45 cycles, a capacity of ∼100 mAh/g is still maintained
(see Figure S4 in the Supporting Information), demonstrating

that the present lithium-metal current collector configuration
shows perspective for full solid-state lithium-metal batteries.
In conclusion, cycling of solid electrolytes in combination

with lithium-metal anodes is generally demonstrated starting
with a thick lithium-metal anode. Ideally, the battery is
assembled in its discharged state, without a major excess of
lithium metal, hence, with the solid electrolyte directly facing
the current collector. This is a much more challenging
condition in practice, leading to severe delamination of the
solid electrolyte from the current collector upon repeated
lithium-metal plating/stripping, resulting in early cell death.
Here, we explore a potential strategy to improve the HSE/Cu
interface by introducing a 100-nm thin film of ZnO on the
copper current collector, effectively making the current
collector lithium-philic. The conversion reaction upon
lithiation results in a regular distribution of small Zn−Li
particles, acting as seed crystals for lithium-metal plating. A
stable solid-state full cell composed of prelithiated ZnO@Cu
cathode and LiFePO4 cathode was demonstrated, providing
insights in a potential route toward solid-state lithium-metal
batteries.

■ EXPERIMENTAL SECTION
Hybrid solid electrolyte (HSE) films were prepared by mixing
0.768 g of PEO (Sigma−Aldrich, Mw = 600 000), 0.28 g of
LiTFSI (Sigma−Aldrich), 0.403 g of SN (Sigma−Aldrich), and
0.105 g of LAGP (synthesized by conventional solid-state
sintering method) together in 10 mL of acetonitrile (Sigma−
Aldrich) and stirring for 24 h. The prepared solution was
evenly casted on a Teflon plate and dried in the glove box at
room temperature for 24 h. Detailed electrolyte property can
be found in our previous literature.14 The HSE-based all-solid-
state cells were assembled in an argon-filled glove box. These
cells consisted of lithium metal, Cu or ZnO@Cu and LiFePO4
as negative and positive electrodes, and the HSE electrolyte
and separator layer. Charge−discharge tests of the HSE-based
all-solid-state cells were performed using a Maccor 4000
battery cycler at 25 °C. Lithium-metal plating electrodes were
prepared by discharging the cell for 0.2 mAh/cm2 and 1 mAh/
cm2 capacity. Subsequently, electrodes were transferred into a
SEM (JEOL JSM-6010LA) system under dry argon conditions,
and images were taken using an accelerating voltage of 10 kV.
EIS measurements were performed from 100 kHz to 1 Hz,
with an alternating current amplitude of 5 mV, using an
Autolab (PGSTAT302N).

Figure 4. Schematic illustration for the lithium-metal plating/
stripping process on (a) a bare copper current collector and (b) a
ZnO@Cu current collector.

Figure 5. Full cells composed of prelithiated ZnO@Cu anode and
LFP cathode. (a, b) Electrochemical performance of the ZnO@
Cu/HSE/Li battery prelithiated to 1 mAh/cm2 and cycled at 0.5
mAh/cm2. (c, d) Electrochemical performance of the ZnO@Cu/
HSE/LFP battery cycled at 0.1 C.
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ZnO@Cu was prepared using the Spatial-ALD equipment at
TNO-Holst Centre, which relies on the spatial, rather than the
conventional temporal distribution of reagent precursors.34

Depositions are performed at atmospheric pressure, while
preserving the self-limiting nature of conventional ALD. In this
work, a rotary type reactor was used, which allows up to 152-
mm round substrates to be mounted. More details on the
reactor used can be found elsewhere.35 Depositions were done
by mounting copper foils on a holder and loaded them into the
S-ALD reactor. The deposition precursors were diethylzinc
(DEZ) and H2O, each dosed at 50 and 500 sccm, respectively.
The temperature of the precursor bottles was controlled
outside the reactor and kept at room temperature for DEZ and
50 °C for H2O. Depositions with a thickness of 100 nm were
performed with 200 rpm substrate rotation frequency and a
fixed substrate temperature of 200 °C.
A X-ray photoelectron spectrometer with Ar+ beam was

employed to investigate the thickness of ALD ZnO on Cu
(PHI5000 VersaProbe-II). The applied X-ray source was
monochromatic Kα X-rays at 1486.6 eV (aluminum anode)
under ultrahigh vacuum (10−9 Torr) conditions. The instru-
ment work function was calibrated to give a binding energy
(BE) of 83.96 eV for the Au 4f7/2 line on a metallic gold
reference sample and the spectrometer dispersion was adjusted
to give a BE of 932.62 eV for the Cu 2p3/2 line on a metallic
copper sample. The depth-profiling sputtering was conducted
by 2 min of sputtering in five cycles (2 kV, 2 mm × 2 mm), the
narrow spectra of particular elements were recorded after each
cycle of sputtering. The pass energy used for the hemispheric
analyzer was 58.7 eV, and the base pressure of the system was
∼1 × 10−7 Pa. The estimated sputtering rates are 5 nm/min.
Neutron depth profiling was performed on thermal neutron

beamline A at the Reactor Institute Delft. The detailed setup
and working principal can be found in our previous literature.33

To relate the triton (3H+) energy loss and intensity to the Li
depth and Li density, the data must be corrected for the
stopping power of the materials. The energy-dependent
stopping power was calculated using SRIM (2013 version)36

for the 12 μm copper current collector (density = 8.96 g/cm3),
and for the electrolyte based on PEO (density = 1.21 g/cm3),
SN (density = 0.985 g/cm3), LiTFSI (density = 1.33 g/cm3),
and LAGP (density = 3.42 g/cm3).
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