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In zero-excess lithium metal batteries (ZELMBs), also termed “anode-free” LMBs, Li from the positive
electrode is electrodeposited onto a bare current collector instead of the Li metal negative electrode
commonly used in LMBs. This enables high theoretical energy density and facile, safe, and low-cost
assembly. To tackle coulombic inefficiencies during Li deposition/dissolution, 3D structured current
collectors can be used instead of 2D foil materials. This study elucidates the Li deposition behavior in
custom-made open-porous Cu micro-foams from nucleation to large scale deposition. For the first time
in ZELMBs, surface and sub-surface Li deposits in open-porous 3D materials are compared to deposits
on 2D foils using cryogenic focused ion beam scanning electron microscopy (cryo-FIB-SEM). The results
highlight that Cu micro-foams can store substantial amounts of dendrite-free Li in their open-porous 3D
structure, minimizing detrimental volume changes during Li deposition/dissolution. Electrochemical
analyses and simulations reveal that current density distribution over the large surface area of the Cu
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Accepted 2nd August 2023 micro-foams reduces the Li nucleation overvoltage by =40%. Also, charge/discharge cycling in ZELMBs
shows increases in coulombic efficiency, capacity retention, and cycle life. Overall, this work explains

DOI-10.1039/d3ta04060g how open-porous Cu micro-foam current collectors improve the Li deposition behavior to boost the
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Introduction

The rapid evolution of modern-day electrically powered mobile
applications in private and industrial sectors calls for ever
increasing battery performance.*” Lithium metal battery (LMB)
concepts that utilize a Li metal negative electrode and a transi-
tion metal layered oxide-based positive electrode are among the
most promising high energy battery set-ups to date.®*® Serving
as a reservoir to replenish Li losses during operation, the Li
metal in LMBs is often referred to as the Li excess in relation to
the positive electrode, since the bulk Li is not initially involved
in charge/discharge cycling.'* In order to maximize the specific
energy and energy density of LMBs, current developments aim
to continuously decrease the Li excess to achieve lower weight
and volume.***** This trend leads to cells with only a thin
current collector and no Li metal at the negative electrode which
are referred to as zero-excess LMBs (ZELMBs) or anode-free
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cycling characteristics of ZELMBs.

LMBs. In these cells, the Li content included in the positive
electrode upon cell assembly constitutes the total electro-
chemically active Li inventory of the cell, thus eliminating
any Li excess.'™ ™ ZELMBs possess several key advantages
compared to their counterparts with Li metal negative elec-
trodes, including higher safety in pristine state, lower cost, and
ease of assembly. Also, they deliver increased estimated stack
level specific energy (420 W h kg™ ') and energy density
(1288 W h L") values with organic carbonate-based liquid
electrolytes (details in Table S1, ESIt).***>' Comparable LMB
cells with a Cu current collector-based thick Li metal negative
electrode deliver lower estimated stack level specific energy and
energy density values of only 376 W h kg ' and 770 W h L™,
respectively (Table S11).* A further advantage of ZELMBs is that
they can serve as a model system to generate insights about the
cycling behavior of Li by revealing undesirable Li loss, which
could otherwise be masked by replenishment with excess Li."

However, the operation of ZELMBs is still characterized by
fast capacity fading due to severe losses of Li inventory upon
charge/discharge cycling.*** These losses stem from the
formation of solid electrolyte interphases (SEI) through reac-
tions between the Li metal and the liquid electrolyte.”>*
Moreover, the inhomogeneity of the Li deposition/dissolution
causes the growth of high surface area Li (HSAL) such as Li

This journal is © The Royal Society of Chemistry 2023
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dendrites that expose fresh Li surfaces to the electrolyte,
inciting further Li-consuming SEI formation. After repeated
cycling, the individual HSAL protrusions can get isolated from
the electrode surface, which leads to further Li loss through the
formation of electrochemically inactive “dead” Li.>*® Another
detrimental factor is the recurrent volume fluctuation because
of the frequent electrochemical deposition and redissolution of
the temporary Li metal layer. This fluctuation causes mechan-
ical stress that can wear down cell components, reducing the
cycle life of the battery.>**”*® The continuous loss of Li inventory
is expressed by a low coulombic efficiency (CE), particularly in
the initial cycles.”*

To achieve increased CEs and a prolonged cycle life for
ZELMBs, a homogeneous and reversible Li charge/discharge
behavior and reduced decomposition reactions in the cell are
desirable.”" In this regard, a lot of attention has been devoted to
the electrolyte design®*~” and optimized cycling conditions for
ZELMBs,"®**** as well as functional coatings and surface
modifications for the negative electrode.?”****® Table S2 (ESIt)
summarizes the capacity retention improvements that were
achieved in several recent studies using ZELMBs with optimized
Cu-based negative electrode substrates. For example, a remain-
ing capacity of 80% after 120 cycles was reported for a ZELMB
with a Si/polyacrylonitrile-coated Cu negative electrode.”
Further research has also been directed towards the use of non-
planar current collectors such as patterned materials and
porous media as substrates for Li deposition.****** These
concepts focus on using 3D materials that provide internal
spaces for Li deposition instead of the conventionally used 2D
foil substrates, potentially preventing volume and pressure
fluctuation as well as Li dendrite growth.**>*

The array of techniques available to produce suitable porous
materials ranges from processes based on thermal treat-
ments>>* or alloying and dealloying reactions®*>° to deposition
methods such as chemical vapor deposition (CVD)**** and
electrodeposition.®*** For instance, Umh et al prepared
a highly porous dendritic Cu superstructure that enabled
a reversible uptake of Li with a CE of 95% for 140 cycles in cells
with Li metal negative electrodes.®® Other examples include
a foam-like electrode structure based on carbon black and
LiNO; particles,® as well as a high dielectric 3D-scaffold mate-
rial applied on a conductive base layer to guide the bottom-up Li
deposition and suppress dendrite growth.®® These approaches
proved to notably boost the performance of cells with Li metal
or layered oxide-based electrodes as the Li source by effectively
homogenizing Li metal deposition. While these studies
demonstrate the potential of porous negative electrode
substrates in ZELMBs, the presented 3D materials offer little
control of their porosity parameters, and detrimental volume
fluctuations during deposition and dissolution of Li metal
remain largely unregulated. Furthermore, the Li deposition
behavior in the internal volume of the demonstrated 3D media
was not investigated in detail, which highlights a notable gap in
current ZELMB research.

To address this shortcoming, the present study focuses on
a detailed investigation of the Li deposition behavior in an
electronically conductive open-porous current collector for
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ZELMBs. Expanding upon the literature reports mentioned
above, a thorough understanding about where and how exactly
Li metal can be stored in the 3D structure is provided. Suitable
Cu micro-foams, not before used in a ZELMB set-up, were
produced using an optimized templated electrodeposition
process that was developed from elements of studies on micro-
particle generation®* and inverse opal structures.”®”> For the
first time in a ZELMB set-up, in situ scanning electron micros-
copy analysis of cross-sections prepared by cryogenic focused
ion beam milling (cryo-FIB-SEM) was used to elucidate the
initial stages of internal Li deposition behavior in an open-
porous micro-foam material. The cryo-FIB-SEM results are
combined with top-view SEM, X-ray photoelectron spectroscopy
(XPS), current density distribution simulation, and electro-
chemical analysis. This provides a new perspective that reveals,
in which way the use of porous 3D materials in ZELMBs can
enable a more homogeneous Li deposition that best utilizes the
internal void spaces of the host structure. This also reduces the
issue of volume expansion as compared to conventional 2D
deposition substrates. While prior works mostly focused on
demonstrating electrochemical cycling improvements and
depicting large-scale Li deposition, the present study provides
more detailed insights into the beneficial effect of porous
current collectors on early Li metal deposition in ZELMBs. This
expands the current state of understanding, underlining the
significance of the current collector morphology in the ZELMB
cell set-up.

Experimental
Materials

Polyvinyl alcohol (PVA, 87-90% hydrolyzed), acetone, sulfuric
acid (H,SO,, 96%), copper sulfate pentahydrate (CuSO,-5H,0,
99%), lithium difluoro(oxalato)borate (LidFOB, 99%), and
lithium tetrafluoroborate (LiBF,, 99.99%) were obtained from
Sigma-Aldrich, USA. Polylactic acid (PLA) was supplied by
GoodFellow, UK. Dichloromethane (DCM) was obtained from
Carl Roth, Germany. Ethanol was bought from AppliChem,
Germany. Flat and dendritic Cu foils (50 pm thickness) were
supplied by Carl Schlenk, Germany. Li foil (500 pm thickness)
was obtained from Honjo Chemical Company, Japan.
LiNi, gC0¢.15Al5,050, (NCA) was supplied by Targray Technology
International, Canada. Diethyl carbonate (DEC) and
fluoroethylene carbonate (FEC) were obtained from BASF,
Germany. The Cu foils were rinsed with diluted hydrochloric
acid, ethanol, and water before use. All other materials were
used as received without further purification.

Preparation of Cu micro-foams

Cu micro-foams were prepared by electrodeposition of Cu at
a polymer micro-particle template. Micro-particles of PLA were
synthesized using an emulsion solvent evaporation approach
that was developed and optimized based on studies by Zatorska
et al.,*” Jalil et al.,*®* and O'Donnell et al.® PVA (12 g) was dis-
solved in deionized water (600 mL) by vigorously stirring at
60 °C for 24 hours in a closed flask. The remaining undissolved
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residues were filtered off from the solution. PLA (300 mg) was
dissolved in DCM (50 mL). The PLA solution was added drop-
wise to the PVA solution under vigorous stirring to create small,
dispersed droplets. The mixture was heated to 50 °C and stirred
for 24 hours in an open flask. After complete evaporation of the
DCM, the resulting dispersion was centrifuged to separate white
PLA micro-particles that have been released from the evapo-
rating DCM droplets. The particles were washed with deionized
water and ethanol and dried at 40 °C at reduced pressure.

PLA micro-particles (10 mg) were dispersed in a mixture of
acetone (50 pL) and ethanol (20 pL) by vortex mixing. The
dispersion was drop-cast onto a Cu foil disk (15 mm diameter)
and left to dry. To ensure adherence to the base Cu foil and
a slight coalescence of the PLA particles, the coated Cu disk was
sintered in a glass furnace at 200 °C for 20 minutes under argon
atmosphere after evacuation to exclude residual oxygen. After
cooling down, the disk was wetted with a small droplet of
ethanol (10 pL). To be used as the working electrode of a three-
electrode electrodeposition set-up, the sample was placed in
a CuSO, solution (0.6 M) made by dissolving CuSO,-5H,0
(9.57 mg) in deionized water (100 mL) and 1 M H,SO, (0.5 mL).
The counter electrode was a sheet of Cu foil and the reference
electrode was Ag|AgCl. A Solarton Galvanostat/Potentiostat
SI1287A (Ametek Scientific Instruments, USA) was used for
electrodeposition of Cu in the spaces between the particles of
the PLA template. Potentiostatic deposition at 200 mV was
executed for 80 minutes, which was determined to be the
optimal deposition time to completely fill the voids without
causing spillover Cu deposition (“plating”) on top of the
template. After the deposition, the sample was washed with
deionized water and DCM before sonicating it in DCM for
30 minutes to achieve full removal of the PLA template,
revealing an open-porous Cu micro-foam structure supported
on the base Cu foil disk.

Cell assembly

The electrodeposited Cu micro-foam samples were punched into
circular electrodes with a diameter of 12 mm. To investigate the
Li deposition morphology occurring during a single deposition
step, two-electrode coin cells (CR2032) were assembled using
either the prepared Cu micro-foam electrodes or equivalent Cu
foil disks as the positive electrode and Li foil disks (12 mm
diameter) as the negative electrode. For the continuous electro-
chemical charge/discharge experiments, flat Cu foil, dendritic Cu
foil, or Cu micro-foam disks were used as the negative electrodes
in coin cells with circular NCA-based positive electrodes (95%
NCA, 3% conductive carbon, 2% poly(vinylidene difluoride)
(PVdF) binder, 1.00 mA h cm ™2 areal capacity, 5.3 mg cm ™2 areal
coating mass, 15.3 um coating thickness, 188 mA h g~ ' specific
capacity, 12 mm diameter) on Al current collectors. In all cells,
two layers of polyolefin nonwoven (Freudenberg FS2190) sand-
wiched between two layers of polypropylene monolayer
membranes (Celgard 2500) were used as the separator stack. The
electrolyte for the deposition morphology investigations was
composed of 1 M LidFOB and 0.2 M LiBF, in a mixture of diethyl
carbonate (DEC, BASF) and fluoroethylene carbonate (FEC,
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BASF) with a ratio of 2 : 1 by volume as proposed by Weber et al.
as a suitable electrolyte composition for ZELMBs.** For the
deposition voltage investigations and the charge/discharge
cycling experiments, the salt contents in the electrolyte were
doubled (2 M LidFOB and 0.4 M LiBF,). Cell assembly was per-
formed in an argon-filled glovebox with H,O and O, contents
constantly below 1 ppm.

Morphological and spectroscopical investigations

Surface and cross-section SEM images were acquired using an
AURIGA scanning electron microscope (Carl Zeiss Microscopy,
Germany) at an accelerating voltage of 3 kV. Focused ion beam
(FIB) milling was performed using an Ion-sculptor FIB column
(Carl Zeiss Microscopy) at an acceleration voltage of 30 kv and
milling currents of 30 nA for primary milling and 15 nA for
polishing. For Li containing samples, a cryo-FIB stage was
employed to execute the milling at —160 °C to avoid effects that
could change the deposited Li morphology.

Determination of material volume and density via helium
(He) pycnometry was done using an AccuPyc II 1340 device
(Micromeritics Instrument Corporation, USA). Each measure-
ment was executed over 30 cycles with an equilibration rate of
0.005 psig min~".

X-ray photoelectron spectroscopy (XPS) was carried out using
an Axis Ultra DLD spectrometer (Kratos Analytical, UK) equip-
ped with an Al K, source (1486.6 eV). Measurements were
conducted at a filament voltage of 12 kv, a filament current of
10 nA and a detector pass energy of 20 eV. For sputter depth
profiling, a monoatomic Ar ion beam with an acceleration
voltage of 4 kv was applied between the measurements.
CasaXPS 2.3.24 software was used for data evaluation.”

Current density distribution simulation

Structure modelling and simulations of current density distri-
butions were carried out using COMSOL Multiphysics 5.5 soft-
ware including the “Batteries & Fuel Cells Module”. Square
sheets of flat and dendritic Cu foil (21 um side length) and an
open-porous Cu micro-foam (x = 21 pm, y = 21 pm, z = 20 um)
were modelled as negative electrode substrates. An equal
current of 0.1 mA cm™ > relative to the geometric area in the
x-y-plane was applied to all models. The distribution of the
applied current over the models was simulated for a ZELMB set-
up with a transition metal layered oxide-based positive elec-
trode and an organic carbonate-based liquid electrolyte.

Electrochemical characterization

For electrochemical characterization, the cells were connected to
a MACCOR 4000 battery testing unit (MACCOR, USA) using
a temperature control chamber (Binder, Germany) at 40 °C. All
current densities and charging capacities are given with respect
to the electrodes' geometric surface area in the x-y-plane, dis-
regarding any porosity. To investigate the Li deposition
morphology, Cul||Li cells with Cu foil or Cu micro-foam as the
positive electrode were first rested for 12 hours. Li amounts
equivalent to 0.05, 0.20 or 1.00 mA h cm ? were deposited at
a current rate of 0.1 mA cm™ > The cells were opened, and the

This journal is © The Royal Society of Chemistry 2023
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Cu substrates were retrieved and dried for SEM analysis. For
electrochemical charge/discharge experiments, cells with flat Cu
foil, dendritic Cu foil, or Cu micro-foams as the negative elec-
trodes and NCA-based positive electrodes were prepared and
rested for 12 hours before operating them in a voltage range of
3 V-4.3 V at a current density of 0.2 mA cm > (0.2C) for
100 cycles. For every cycling experiment, the results of three
equivalent cells were averaged. Out of these three cells, the most
representative one was chosen for depiction of the charge/
discharge voltage curves. CE values were calculated as the ratio
between discharging and charging capacity for a given cycle.

Results and discussion
Characterization of the Cu micro-foams

The process used to fabricate open-porous Cu micro-foam
samples by electrodeposition of Cu onto a base layer after
templating with self-synthesized PLA micro-particles is sche-
matically depicted in Fig. 1a. The synthesized open-porous Cu
micro-foam structures were analyzed via SEM and the results
are displayed in Fig. 1b-d. During the electrodeposition of Cu
onto the templated base layer as presented in Fig. 1a (step V),
the voids between the PLA micro-particles of the template were
filled up with metallic Cu as marked in yellow in Fig. 1b. After
removal of the PLA micro-particles, the remaining Cu skeleton
represents the “negative” of the originally assembled deposition
template, inheriting all its structural features. Fig. 1c shows the
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finished open-porous Cu micro-foam material. The temperature
treatment of the PLA template before the electrodeposition led
to a slight coalescence of the micro-particles. This widened the
necks of the connecting channels between the spherical pores,
resulting in a spacious open morphology of the pore network.
The inner pore walls are smooth and uniform while the top
ending of the solid Cu compartments feature a rough appear-
ance that is characteristic of Cu electrodeposited from the used
electrolyte bath (Fig. S1a, ESI}).

Characterization of the bulk pore distribution was enabled
by FIB-preparing a cross-section of a Cu micro-foam. The
corresponding SEM image in Fig. 1d shows that the top of the
micro-foam structure is covered with a protective Pt coating
(marked in blue) applied prior to the FIB milling to facilitate
a smooth cutting edge. The cross-section image confirms that
the bulk micro-foam structure (marked in green) features
a large number of interconnected open pores that create
substantial internal void spaces. The plane where the Cu
micro-foam is grown on top of the base Cu layer (marked in
orange) is clearly visible, indicating a good adherence of the Cu
micro-foam to the Cu foil. The open-porous structure features
uninterrupted pathways from the top surface down to the
lowest pores that render the entirety of the pore network
accessible for liquid electrolytes. Also, the high electronic
conductivity of Cu provides high electron availability
throughout the micro-foam, which is essential for long-term
charge/discharge cycling.

e
>¢¢<

Cu micro-
foam

Cu electro-
deposmon

Template
dissolution

Pt coa t|

g

(a) Stepwise depiction of the process used to fabricate the Cu micro-foams. Surface SEM images of the fabricated Cu micro-foam material

(b) before and (c) after the removal of the PLA template. (d) Cross-section SEM of the Cu micro-foam after sample preparation using FIB. Yellow
area in (b) represents the electrodeposited Cu. Color coding in (d): Cu foil base layer = orange, Cu micro-foam = green, protective Pt coating

layer = blue.
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Using the preparation method presented herein, the pore
size of the Cu micro-foam material is adjustable by tuning the
size of the template PLA particles. Literature studies suggest
that pore diameters for 3D deposition substrates should be
larger than 1 pm to offer enough space for Li deposition inside
the porous volume, counteracting extensive surficial deposition
and limiting dendrite growth. On the other hand, too generous
pore sizes lead to pore walls resembling a flat electrode surface
that offers limited mechanical support and electrical contact,
preventing effective control of the Li deposition
morphology.>®”*”® The pore sizes in this work are =5 um which
fits well with optimal pore diameters identified in previous
studies.>®”® The average thickness of the Cu micro-foam material
excluding the Cu foil base layer is 52.2 pm + 9.4 pm. Based on He
pycnometry measurements, the average porosity of the Cu micro-
foams was determined to be 71.2% =+ 4.4%. This results in
a theoretical areal capacity of 7.66 mAh em ™ >4 1.38 mAh cm 2,
assuming complete Li metal filling of the Cu micro-foam pores.
Calculations according to Faraday's law predict an average Cu
micro-foam thickness of 76.9 um 4+ 11.2 um based on the
determined porosity and the amount of charge transmitted
during the electroplating process. Comparing this prediction to
the measured thickness implies an average efficiency of 67.9%
for the aqueous Cu electrodeposition process.

The current density distributions in a simplified model of
the prepared Cu micro-foam and in flat Cu foil were compara-
tively simulated with COMSOL Multiphysics. An equal current
of 0.1 mA cm? relative to the geometric x—y-plane area was
applied to both models. While Fig. 2a shows an entirely
homogeneous current density of 0.1 mA cm ™2 on the flat Cu foil
surface, the effective current density distribution in the open-
porous Cu micro-foam is more diverse. Fig. 2b reveals that the
current density on the top surfaces and in the surface pores of
the Cu micro-foam model is mostly below 0.1 mA cm . Further
down along the z-axis, the current density increases continu-
ously until values higher than 0.7 mA cm ™2 are reached in the
lowest pores. This progression is more clearly visualized
by three horizontal slices from the micro-foam model that

a Cu foil b

y y

Cu micro-foam
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represent the top surface of the micro-foam as well as pore walls
in the middle and lower area of the model. Despite the
simplified character of the presented simulations, these results
clearly show that the effective current density on the top
surfaces of the micro-foam is considerably lower than that on
a flat Cu foil. On the other hand, the current density on some
parts of the pore walls further down from the surface can be
higher than the reference value.

Li deposition at Cu micro-foams

To evaluate the Li deposition properties during electrochemical
cycling in ZELMBs, amounts of Li equal to 0.05 mA h cm ™2,
0.20 mAh ecm ™2, and 1.00 mA h em ™2 were electrodeposited onto
the produced Cu micro-foams and flat Cu foil. The applied
deposition current represented a current density of 0.1 mA cm ™2
relative to the geometric x—y-plane area of the electrodes, dis-
regarding any porosity. The SEM images in Fig. 3a-d depict the
generated Li deposits on the micro-foam surfaces together with
a pristine electrode for reference. These results are compared to
images of analogous Li deposition amounts on planar Cu foil
that are shown in Fig. 3e-h.

Fig. 3 shows that the surface of the Cu micro-foam material
is substantially less covered with Li structures as compared to
flat Cu foil after deposition of equal amounts of Li. The main
reason for this is the possibility of Li deposition occurring
inside the pores of the micro-foam in addition to Li plating on
the surface, in contrast to Cu foil. At a low deposition amount of
0.05 mA h cm ™2, the larger part of the Li is deposited inside the
porous structure of the Cu micro-foam (Fig. 3b). Few dense Li
structures (marked with red arrows) cover =3.7% of the micro-
foam surface. On the other hand, Fig. 3f shows that the same
electrodeposition process forms a large number of Li structures
distributed over the flat Cu foil, covering =20.8% of the
substrate surface. After deposition of 0.20 mA h cm™? (Fig. 3c)
and 1.00 mA h em > (Fig. 3d) of Li, =7.0% and =41.8% of the
micro-foam surface are covered by Li structures, respectively.
This implies that still most of the Li electrodeposits inside the
porous Cu micro-foam network, keeping large portions of the

— Horizontal slices
0
(@)
01 §
3
(0]
02 =
&
03 @
04 Z
T
05 3
>
06 o
3
07 %

Fig. 2 Current density distribution in (a) flat Cu foil and (b) a simplified model of the Cu micro-foams simulated with COMSOL Multiphysics. An
equal current of 0.1 mA cm~2 relative to the geometric area in the x—y-plane was applied to both models. Part (b) contains three horizontal slices
from the micro-foam model, depicting the current density distribution in the Cu material at the top surface, at a medium depth, and close to the
bottom of the modelled structure. The same color scale was used for all current density visualizations.
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Fig. 3 Pristine (a) Cu micro-foam and (e) Cu foil substrates compared to metallic Li deposited on (b—d) Cu micro-foams and (f-h) Cu foil. Using
a current density of 0.1 mA cm™2, Li amounts equal to (b and f) 0.05 mA h cm™2, (c and g) 0.20 mA hcm™2, and (d and h) 1.00 mA h cm~2 were

deposited. Arrows in (b) mark deposited Li structures.

surface free from discernible Li deposition structures. At the
same deposition amounts, the plain Cu foil gets increasingly
covered in numerous mossy Li structures of all sizes that occupy
=~59.4% and =92.7% of the surface at deposition amounts of
0.20 mA h cm 2 (Fig. 3g) and 1.00 mA h cm? (Fig. 3h),
respectively. Although these percentages represent just a rough
estimate of the Li distribution based on the visible surface
covering in Fig. 3, the morphology of the Cu micro-foam
material appears to limit the growth of Li structures on the
surface while fostering electrodeposition of Li ions inside the
pore structure (see also Fig. S17).

The Li deposition behavior inside the porous Cu micro-foam
was investigated in detail through cryo-FIB-SEM analysis of
a sample with 0.20 mA h cm ™2 of deposited Li. The cross-section
SEM image in Fig. 4a shows for the first time that the surface

pores in the deposition area are almost completely filled with Li
metal (depicted in dark grey) that conforms well to the pore
walls. The sub-surface pores also show large Li deposits, high-
lighting the extensive electrodeposition of Li inside the porous
structure of the Cu micro-foam.

Fig. 4a indicates that the large Li structures first seen in
Fig. 3 emerged from Li nuclei in surface or sub-surface pores
and evolved by growing up towards the micro-foam surface. Due
to the low effective current density in the upper pores of the Cu
micro-foam where the Li electrodeposition takes place, the
expanding and merging Li structures filled the pores in a dense,
compact morphology. This led to a high utilization of the free
pore volume that minimized remaining internal void spaces.
Since most of the Li was deposited inside the pores without
outgrowing the porous substrate surface, the electrode

Fig. 4 Cryo-FIB cross-section SEM images of (a) Cu micro-foam and (b) flat Cu foil after electrodeposition of an amount of metallic Li equal to

0.20 mA h cm™2 using a current density of 0.1 mA cm™2.
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thickness remained similar and the Cu micro-foam effectively
mitigated large detrimental volume expansion.

Fig. 4a also shows that the densely growing Li metal tends to
block the connecting channels to underlying pores. This
prohibits the influx of Li-carrying electrolyte into these pores,
preventing Li deposition in them. This growth behavior is the
reason for the decreasing amount of deposited Li observed in
the pores closer to the bottom of the Cu micro-foam electrode.
In addition, the high electronic conductivity of Cu leads to
a high electron availability throughout the Cu micro-foam
structure. Therefore, Li ions do not travel very deeply into the
pore network but rather deposit in a spot close to the surface
where they first contact the Cu micro-foam or existing Li
structures. Still, the observed deposition mode clearly high-
lights the advantage of using the porous Cu micro-foams as
substrates for Li deposition by considerably reducing the
amount of surface deposits, limiting the volume expansion
during the electrodeposition process.

The degree of pore filling and the proportion of Li deposited
in the pores are also influenced by the effective current density
distribution. As discussed above, a larger specific surface area
can lead to lower local current densities in a porous substrate,
resulting in a denser Li deposition morphology and more effi-
cient pore filling. Therefore, future options for optimizing the
deposition morphology in the Cu micro-foam include expand-
ing the specific surface area by adjusting the pore size and
porosity. This could also affect the micro-foams' capacity of sub-
surface Li uptake by increasing the total pore volume and
widening the pore necks.

Fig. 4b shows a cryo-FIB-SEM cross-section image of a flat Cu
foil with 0.20 mA h ecm™2 of deposited Li. This allows for
comparison of the Li deposition behavior on a 2D current
collector to that inside the 3D Cu micro-foam discussed above.
The Cu foil shows a more heterogeneous Li deposition
morphology consisting of alternating larger and smaller blocks
of Li with many voids of different sizes in between. The Li
structures on the Cu foil surface appear considerably less dense
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than those seen for deposition inside the Cu micro-foam
material. Compared to the dense Li deposition in the upper
part of the Cu micro-foam, a main reason for the heterogeneous
deposition behavior on the Cu foil is the higher effective current
density. Also, the lack of a guiding structure that could be filled
by the depositing Li contributes to the inhomogeneous depo-
sition. When comparing Fig. 4a and b, the Li metal layer
deposited on the flat Cu foil is also notably thicker than that on
top of the Cu micro-foam (outside the surface pores). Therefore,
the Cu foil electrode exhibits a higher volume expansion than
the Cu micro-foam after Li electrodeposition equal to
0.20 mA h ecm 2 This shows that the Cu micro-foam can
considerably reduce the volume expansion by hosting the Li
electrodeposition within its pore volume.

Combining the insights from the SEM observations and the
current density distribution simulations, the scheme in Fig. 5
represents the proposed growth behavior of Li on the Cu micro-
foams under the conditions used in this work. The schematic
representation uses a continuous color scheme to visualize the
Li electrodeposition: initially appearing structural features are
depicted in light green while the subsequent growth of these Li
structures is shown in progressively darker shades of blue.

Owing to the wetting of the negative electrode during the
resting step after cell assembly, the pore network of the micro-
foam is initially filled with electrolyte rich in Li ions. This leads
to the formation of homogeneously distributed Li nuclei on all
the Cu surfaces at the onset of the deposition current as
depicted in Fig. 5a and S1b.t The found increase of the effective
current density from the top surfaces to the underlying pores
causes “fresh” Li ions to move into the pore network upon their
arrival at the negative electrode. Since Li deposition on existing
Li structures is preferred over deposition on a Cu surface,” the
growth of the Li nuclei inside the micro-foam pores is stimu-
lated by the influx of the new Li ions (Fig. S1c and df). Some of
the growing Li nuclei merge with neighboring nuclei and form
medium sized structures, which attract further electrodeposi-
tion (see Fig. 5b and marking in Fig. Sict). As the deposition

I

Initial Li deposition

Subsequent Li deposition

Fig. 5 Schematic representation of the continuous growth of Li structures inside the Cu micro-foam pores during Li electrodeposition at
a current density of 0.1 mA cm™2. A continuous color scheme denotes the progressing expansion of the Li structures from (a) initial (green) to

(b and c) subsequent (blue) electrodeposits.
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progresses, these combined Li electrodeposits grow into large
homogeneous deposition structures that store substantial
amounts of Li in pores both on and below the substrate surface,
filling the free volume of the host material (Fig. 5c).

This deposition behavior explains the observed lower surface
coverage of the Cu micro-foams as compared to flat Cu foil. In
addition, Fig. S2 (ESI}) shows that the Li structures formed on
the Cu micro-foam are denser and more compact than those
found on the flat Cu foil. This increase in deposition density is
caused by the more distributed effective current density in the
upper parts of the Cu micro-foam that reduces HSAL formation.
The preferred formation of dense Li structures helps in storing
more Li inside the pores of the Cu micro-foam host material,
further limiting the areal and volumetric expansion of Li struc-
tures on top of the micro-foam. Ultimately, the found deposition
behavior proves that the created Cu micro-foams have a benefi-
cial effect on the Li storage at the negative electrode of ZELMBs.

Electrochemical investigations

Comparing the voltage profiles for Li electrodeposition on the
3D Cu micro-foams to those on 2D flat and surface structured
dendritic Cu foil (Fig. 6) also shows substantial differences in
the Li deposition character. In these profiles, the initial drop to
a minimum below 0 V, often referred to as the nucleation
overvoltage, represents the activation energy required to start
the Li deposition under the given circumstances.”*”” The
nucleation overvoltage depends on various factors including the
material of the deposition surface, the surface geometry and
morphology, and experimental parameters such as the applied
deposition current.”>””

Fig. 6a shows that the deposition of Li on a Cu micro-foam at
a current density of 0.1 mA cm™” yielded a nucleation over-
voltage of 32.6 mV. This value is substantially lower than the
nucleation overvoltages measured for Li deposition on flat Cu
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foil (57.6 mV) and dendritic Cu foil (52.7 mV). An analogous
relation was detected for the steady-state Li deposition plateau
that is also less negative for the Cu micro-foam as compared to
both flat and dendritic Cu foil (inset in Fig. 6a). The main
reasons for these observations are the larger active surface area
used for deposition in the porous Cu micro-foam and the
observed lower effective current density in these regions. These
factors are known to homogenize the Li distribution and to
minimize dendrite growth tendencies while retaining the same
overall deposition rate.” The minor surface area enhancement
of the dendritic Cu foil does not achieve a substantial decrease
of the effective current density over flat Cu foil (see Fig. S4,
ESIY). This results in a comparably high nucleation overvoltage
for the dendritic foil (similar to that of the flat foil). These
results indicate that the morphology of the Cu micro-foam
effectively reduces the activation barrier for Li electrodeposi-
tion compared to commercial flat and dendritic Cu foils, likely
facilitating the formation of more homogeneous Li structures.
The observations described above were further validated by
monitoring the voltage during Li deposition at a higher current
density (0.5 mA cm?). This yielded similar results (Fig. 6b),
implying that the beneficial influence of the porous Cu micro-
foam on the Li deposition is independent of the applied
current density.

In Fig. 6a and b, the increased surface area of the Cu micro-
foam and the dendritic Cu foil also results in a shift of the
nucleation overvoltage signals to a later point when more
charge has been passed. The reasons for this are extended SEI
formation and lithiation of the native oxidic surface layer due to
the enhanced surface areas.'> These processes cause increased
charge consumption at cell voltages >0 V before the start of the
Li deposition, delaying the completion of the nucleation step.”
Once again, this effect is more evident for the Cu micro-foam
than for the dendritic Cu foil due to the larger active surface
area and more pronounced native oxide layer. Consequently,
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(a and b) Voltage vs. transferred charge profiles acquired during the nucleation and early deposition phase for galvanostatic electrode-

position of Li on flat Cu foil (black), dendritic Cu foil (red), and Cu micro-foam (blue) current collectors. Nominal current density: (a) 0.1 mA cm™2 or
(b) 0.5 mA cm ™2 relative to x—y-plane area of the current collectors. The insets show zoomed-in views of the voltage area relevant for Li nucleation.
(c) Atomic ratio between Cu (orange) and O (grey) on the surface of a Cu micro-foam (after various times of Ar* sputter depth profiling, denoted in

seconds) and flat Cu foil as determined by XPS analysis.
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the micro-foam voltage profile in Fig. 6a shows a “shoulder” at
1.2 V representing the SEI formation and surface oxide lith-
iation while the graphs related to the low surface area Cu foils
show just delays in the voltage drop.

To gain further insight about the mentioned surface reac-
tivity of the samples, the composition of the native layers on the
created Cu micro-foam and commercial Cu foil was investigated
by XPS (Fig. 6¢).”® The found atomic Cu:O ratio of 1:8.65
indicates that the pristine Cu micro-foam surface layer is highly
oxidized, which presumably results from side reactions with the
aqueous electrodeposition electrolyte and ambient air. In
contrast, the commercial 2D Cu foil shows a Cu:O ratio of
1:1.44, indicating a higher Cu content and less oxidic nature of
the surface layer. The detected higher proportion of O on the Cu
micro-foam surface confirms that more Li will be lost due to
lithiation processes when the charging current is applied.*>”
Also, the elemental composition of deeper layers of the Cu
micro-foam was investigated through sputter depth profiling
(SDP) with an Ar'-beam. The Cu: O ratio increased to 3.44:1
after 20 s of sputtering, and a ratio of 20.65 : 1 was found after
a total sputtering time of 320 s. These results confirm that the
bulk material of the prepared Cu micro-foam consists mostly of
metallic Cu buried beneath a thin oxidic surface layer.”®”
Although the capacity consumed during the lithiation of the
oxidic layer is low, removal of the oxidic species by diluted acid
washing or reductive annealing® could be considered as a post
treatment after the Cu micro-foam synthesis. However, since
oxidic surface layers on Cu were also shown to improve certain
Li storage properties,'*" further research is required to assess
the usefulness of removing the surface oxides.

The electrochemical charge/discharge cycling behavior of Cu
micro-foam ZELMB cells with NCA-based positive electrodes
further highlights the influence of the substrate for Li
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deposition. Fig. 7 shows a comparison between the long-term
cycling results of ZELMB cells using Cu micro-foams, flat Cu
foil, or dendritic Cu foil as the negative electrode. As displayed
in Fig. 7a, the cells with a Cu micro-foam negative electrode
show a CE of 86.3% during the first cycle, which is lower than
the initial CE values of 91.6% and 89.6% for the cells with plain
and dendritic Cu foil. The larger effective surface area and the
pronouncedly oxidized surface layer of the Cu micro-foams lead
to notably more SEI formation and oxide lithiation during the
initial Li nucleation as discussed above. This results in slightly
higher initial discharge capacities for the Cu foil cells as shown
in Fig. 7b.

Due to these side reactions, the cell voltage curve for the first
Li deposition in the Cu micro-foam (Fig. 7c) shows a certain
charge consumption at voltages <4 V before the onset of Li
metal deposition. Fig. 7d shows that this effect is present to
a lower extent for a cell with dendritic Cu foil; however, such
behavior is not noticeable for the cell with plain Cu foil due to
the small surface area (Fig. 7e). Comparing Fig. 7c-e shows that
the difference between first cycle charge (similar for all cells)
and discharge capacity, that is mainly attributed to SEI forma-
tion and oxidic surface layer lithiation, consists of two parts:
(I) an amount of charge similar for all three current collectors is
lost to the surface layer formation on the depositing Li metal,
and (II) an additional charge portion is spent for electrolyte
decomposition and oxide layer lithiation on the Cu substrate
before the Li nucleation. This second increment of charge loss
is considerable for the Cu micro-foam (represented by the
“shoulder” in Fig. 7c, see also Fig. 6) while it is minor for the
dendritic Cu foil and nearly irrelevant for the flat Cu foil. This
difference highlights the direct influence of the deposition
substrates' surface area on the Li loss during the first cycle. In
addition, the reversible trapping of a certain amount of Li in the
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(a) Coulombic efficiency and (b) average discharge capacity measured when charge/discharge cycling NCA||Cu micro-foam (blue),

NCA||Cu foil dendritic (red), and NCA||Cu foil flat (black) cells with a current density of 0.2 mA cm~2 (0.2C) for 100 cycles at 40 °C. The results of
three equivalent cells are averaged for every set-up. Corresponding charge/discharge voltage profiles for cells with (c) Cu micro-foam,

(d) dendritic Cu foil, and (e) flat Cu foil negative electrodes.
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micro-foam pores may contribute to the reduced initial
discharge capacity. Yet, reactivation of this trapped Li might be
possible upon further cycling.

The capacity retention rates and CE values continuously
increase for all investigated current collector types as the SEI
formation progresses over the next few cycles. From the tenth
cycle onwards, the Cu micro-foam-based cells display
a remarkably stable CE that is constantly above 97%. In
contrast, the cells with flat and dendritic Cu foil show lower and
more fluctuating CEs that get continuously less stable upon
prolonged charge/discharge cycling. Adding up the coulombic
inefficiency for each cycle shows that the cells with Cu micro-
foams, flat Cu foil, and dendritic Cu foil accumulate 289.6%,
485.6%, and 764.1% of coulombic inefficiency over the course
of 100 cycles, respectively (Fig. S5, ESIt). This means that the
extraction of Li from the micro-foam current collectors during
discharge is substantially more efficient compared to the cells
with Cu foil electrodes.

Resulting from the increased capacity retention, the Cu
micro-foam cells show a slower capacity decay after the tenth
cycle. The remaining discharge capacity of the micro-foam-
based cells surpasses that of the cells with flat and dendritic
Cu foil starting from cycles 20 and 40, respectively. After cycle
70, the declining and erratic CE curves of the cells with flat and
dendritic Cu foil indicate formation of Li dendrites. After 100
cycles, the Cu micro-foam-based cells still retain a discharge
capacity of 42 = 9 mA h g~ " (22.3% = 4.8% capacity retention).
At the same point in time, the cells with flat Cu foil and
dendritic Cu foil show negligible remaining discharge capac-
itiesof 6mAhg '+ 5mAh g " (3.2% + 2.7% capacity reten-
tion) and 2 mA h g ' + 1 mA h g* (1.1% =+ 0.5% capacity
retention), respectively.

As discussed above, an important reason for the higher CE
and capacity retention values of the Cu micro-foam cells is the
lower effective current density in the upper part of the micro-
foam that enables denser Li deposition on and in the host
structure. Also, the porous structure offers defined deposition
spaces that remain constant instead of changing after each
cycle. Apparently, the pores are reversibly filled and emptied
during electrochemical deposition and dissolution of Li, which
limits continuous SEI formation on newly exposed Li surfaces.
Also, the Li structures inside the micro-foam pores are sur-
rounded by conductive surfaces, thus they are in better contact
to their current collector than Li deposited on 2D Cu foil.
Therefore, the Li in the Cu micro-foams is less likely to transi-
tion to “dead” Li by losing electronic contact to the current
collector. Also, formed “dead” Li can presumably remain trap-
ped in the pores, allowing for reconnection to the electrode
during subsequent deposition phases. Furthermore, minimized
HSAL formation and limited electrolyte contact of the Li in the
pores reduce the amount of side reactions occurring on Li
surfaces, contributing to the improved Li inventory
preservation.

The presented liquid electrolyte-based ZELMB set-up could
deliver practical stack level specific energy and energy density
values of 249 W h kg™' and 783 W h L', respectively. This
implies usage of the prepared Cu micro-foam (thickness

This journal is © The Royal Society of Chemistry 2023
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approximately 52.2 um) on a thin Cu foil base layer (thickness
5 um) as the negative electrode, an NCA-based positive elec-
trode, and pore-filling amounts of electrolyte (details in Table
S1t). Furthermore, employing a Cu micro-foam with a reduced
thickness of 15 pm in an otherwise unchanged ZELMB cell
would save weight and volume, increasing the stack level
specific energy and energy density to 351 W h kg™ ' and
1087 W h L7, respectively. Such ZELMB cells can deliver
a notably higher energy density and maintain a similar specific
energy compared to LMBs with Li metal based negative elec-
trodes that carry a substantial Li excess. Using Cu micro-foams
with the optimized thickness of 15 um would also improve the
agreement between the total Li uptake capacity of the micro-
foam (2.20 mA h ecm™?) and the amount of Li that can be
supplied by commonly used positive electrodes.

Together with the presented improvements in cycle life and
capacity retention, the high practical specific energy and energy
density values underline the significance of 3D structured
current collectors like the Cu micro-foams for ZELMBs.
Combining the usage of the Cu micro-foam negative electrodes
with the implementation of further optimization approaches
will likely lead to the creation of long-lasting high performance
ZELMB cells in future studies. Also, due to the increased cycling
stability, ZELMBs utilizing the created Cu micro-foams repre-
sent a favorable set-up for the analysis of electrochemical
deposition and dissolution processes.'®

Conclusion

This work thoroughly investigated the Li deposition behavior in
ZELMB cells with open-porous 3D Cu micro-foam current
collectors that were prepared via an optimized templated elec-
trodeposition process. For the first time in a ZELMB, the details
of internal pore filling during Li deposition were revealed using
ex situ SEM mapping of surfaces and cross-sections, Li-sensitive
in situ cryo-FIB-SEM imaging, current density distribution
simulations, electrochemical investigations, and XPS analysis.
Tracing the Li deposition behavior from nucleation to large-
scale deposition, this work showed that the open-porous
network structure of the Cu micro-foams can store substantial
amounts of Li in surface and sub-surface pores in a dense and
compact morphology. This reduces HSAL growth, volume fluc-
tuations, “dead” Lithium formation, and detrimental side
reactions, thereby avoiding many characteristic problems for Li
cycling on flat current collectors.

The Cu micro-foam's large surface area causes a lower
effective current density in the upper region of the porous
material, reducing the nucleation overvoltage for Li deposition
by =40% compared to both flat and dendritic Cu foil. In
ZELMBs with NCA-based positive electrodes, Cu micro-foam
negative electrodes enabled a high coulombic efficiency
(constantly above 97%), increased capacity retention, and pro-
longed cycle life compared to cells with flat and dendritic Cu foil
negative electrodes. This highlights that 3D current collectors
like the presented Cu micro-foam can be an important building
block for future application-ready ZELMBs. Also, ZELMB cells
with a Cu micro-foam negative electrode can be used as a stable
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model system to investigate electrochemical Li deposition and
dissolution.
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