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Strategies to spatially guide Li deposition in porous electrodes for
high-performance lithium metal batteries

Porous architectures potentially enable safe and stable anode-free
Li metal anodes. However, infilling of the pores with Li is always
competing with undesired plating on top of the structure, which
can lead to problematic dendrite formation. Several sophisticated
design strategies aim at a spatial control of Li nucleation and
growth. Comprehensive continuum simulations reveal the most
effective approaches to ensure a reliable bottom-up infilling of the
porous architecture with Li metal during charge. These insights
enable to systematically optimize the design of porous architectures
and realize practical Li metal anodes.
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To exploit the high theoretical energy density of Li metal anodes, critical issues like drastic volume
changes and dendritic Li growth need to be overcome. A rational design of the anode is key to enhancing
the safety and extending the cycle life of Li metal batteries. Thereby, 3D host architectures are a promising
strategy to alleviate volume changes. However, the challenge is to ensure bottom-up infilling and prevent
Li deposition and consequent dendrite formation on top of the host structure. This perspective on prom-
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ising strategies to spatially guide Li deposition analyzes the impact of the structural and physical properties
of the host matrix. Extensive parameter studies reveal key strategies to achieve the desired bottom-up
infilling and provide a detailed roadmap to effectively design porous host architectures that enable

rsc.li/EESBatteries spatially controlled Li deposition.

Broader context

Batteries with a higher energy density are highly attractive, as they promise to improve the performance of our everyday technologies such as electric vehicles
and mobile devices. Due to their ultrahigh theoretical energy density, Li metal anodes are regarded as the holy grail in battery research. However, achieving
safe and stable cycling of Li metal batteries remains a challenge. Porous structures not only help accommodate volume changes during cycling and facilitate
uniform Li deposition but also enable an anode-free cell design without excess metallic lithium, which further optimizes the energy density, improves safety
and reduces resource consumption and costs. However, it is challenging to ensure that Li properly infills the porous structure and does not deposit on top.
Many promising strategies have been proposed to spatially guide Li deposition. Based on comprehensive simulations in 3D and 1D, this perspective eluci-
dates the most effective approaches towards reliable bottom-up infilling of the porous electrode. This opens up opportunities to systematically optimize the
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design of porous architectures and realize practical Li metal anodes.

1. Introduction

Batteries have become an important part of our modern every-
day life as well as for a fossil fuel-free future. With ongoing
technological advancements and the persistent growth of
markets for electric vehicles and portable devices, the demand
for safe, high-energy-density batteries with excellent rate per-
formance is increasing."™ Since intercalation host materials
add significant dead weight to battery cells, employing metal
anodes is key to achieving high energy densities. In particular,
Li metal-based batteries (LMBs) hold great potential to outper-
form the state-of-the-art Li-ion battery (LIB) technology with
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graphite anodes. A low density, high specific capacity and low
redox potential make Li metal an ideal anode for batteries
with high energy density.">” However, Li plating and strip-
ping lead to massive volume changes, and moreover, Li depo-
sition tends to be inhomogeneous, often resulting in dendrite
formation. This not only limits the cycle life of LMBs but also
causes a severe safety issue due to the possibility of short-
circuiting.” ™

To overcome the bottleneck of Li metal anodes for practical
high-energy-density LMBs, several strategies to prevent dendri-
tic Li growth have been proposed. These include the employ-
ment of alloy anodes and extensive electrolyte and interface
tailoring. For instance, artificial solid electrolyte interphases
(SEIs) and solid-state electrolytes may act as mechanical bar-
riers for dendrite penetration.®®**™'” Micro- or nanostructur-
ing of the anode or current collector is another promising
approach since a 3D host matrix additionally enables it to cope
with the drastic volume changes during Li plating and strip-
ping. Furthermore, 3D structures provide a larger effective
surface area for electrochemical reactions than a Li foil.

© 2025 The Author(s). Published by the Royal Society of Chemistry
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Thereby the local current density is reduced, which can
support more homogeneous growth of Li.®%1618-24

However, it is found that, due to ionic transport limitations
and the resulting unfavorable electric field distribution, Li pre-
dominantly plates on top of the 3D porous structure instead of
infilling its internal pores.*** In general, Li nucleation and
growth are governed by thermodynamic and kinetic effects,
mainly by existing nucleation barriers, local electric potentials
and local Li-ion concentrations, which are strongly linked to
the structural and physical properties of the porous host
framework. Consequently, the rational design of the 3D host
architecture is crucial to unleash not only high capacity but
also dendrite-free Li deposition and excellent reversibility. For
instance, 3D frameworks may comprise porosity and conduc-
tivity gradients. This enables the regulation of the local electric
potential of the host and the transport of Li* cations into the
structure, respectively, and consequently, guides Li deposition
and promotes the desired bottom-up infilling of the host
architectures.**>%?%3*37 Moreover, Li nucleation and growth
can be spatially controlled by lithiophilic effects. Lithiophilic
materials like tin (Sn), silver (Ag), gold (Au), germanium (Ge)
or zinc oxide (ZnO) possess no or negligible overpotential for
Li nucleation and, consequently, can be employed to introduce
preferred nucleation sites.>>*>***?%74¢ In general, lithiophilic
materials can act as functional coatings on the Li metal anode
or planar current collector,*®*”*® as well as interlayers or
seeds within a 3D porous host structure. The latter strategy
also allows the design of lithiophilic-lithiophobic gradient
electrodes, thereby guiding Li deposition,®?%?2%30,33,39,40,43,49-51

All in all, there are many different strategies to prevent den-
dritic Li growth, which furthermore may be combined with
each other?*?%27:30:37:425253 Thig results in endless design
possibilities, especially for 3D host matrices.

The aim of this work is to provide a comprehensive perspec-
tive on the influence and interplay of the structural and physi-
cal properties of the host on the spatial distribution of Li
plating. Microstructure-resolved 3D simulations enable
detailed insights into structure-related impact factors, while
1D simulations complement and extend the studied parameter
space. The influence of the 3D host’s porosity, tortuosity,
thickness/capacity, surface area and electrical conductivity
with and without a lithiophilic interlayer is analyzed in detail.
Moreover, diverse combinations of promising design strategies
are studied, which provides a better understanding of synergis-
tic effects. Thereby, the most effective design parameters for
achieving bottom-up and maximized Li infilling of a porous
host anode are identified, providing valuable guidance for the
future optimization of the cell designs of LMBs with 3D-struc-
tured host matrices.

2. Methodology
2.1. Continuum model and the simulation framework

The basis of the continuum model is a thermodynamically
consistent formulation of the transport theory for liquid elec-
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trolytes, which is extended with transport in solid materials
and electrochemical reactions at their interfaces.>® Thereby,
charge and mass conservation result in a set of coupled partial
differential equations (eqn (S1)-(S3)7). This fundamental set of
conservation equations is solved numerically in a 3D frame-
work as well as in a 1D framework. The former directly resolves
the microstructure of the porous host matrix and, therefore, its
impact on transport and heterogeneous reactions. For the
separator and the 1D simulations, the effect of the porous geo-
metry is considered implicitly by a volume-averaging method.
Thereby, characteristic material properties, namely, porosity &2
and tortuosity 7 are used to effectively scale the transport (eqn
(S4)-(S6)1).

The kinetics of Li plating and stripping are described by
the common Butler-Volmer equation, which correlates the far-
adaic current density across the electrode-electrolyte interface
ise with the overpotential  (eqn (1)):

e = o - {exp (%(1 - (1)17) —exp (— l%aq)} (1)

F, R, and T are the Faraday constant, the ideal gas constant
and the temperature, respectively, and «a is the so-called sym-
metry factor, which describes the relative contributions of
stripping and plating to the overall overpotential. Moreover,
the exchange current density i, is given by the rate constant
kgy and the concentrations of the reactants, particularly the
concentration of Li" in the electrolyte c. (eqn (2)).

o =F - kgy - 179 (2)

e

The overpotential #, which controls the electrochemical
reaction (eqn (1)), can be described using eqn (3) and denotes
the deviation of the potential difference (&5 — ¢.) from the
equilibrium (Uj):

n:®s_¢e_U0_(1_@)'nnuc (3)

Thereby, @, stands for the electric potential of the solid
electrode, ¢, is the electrochemical potential of the electrolyte
and U, is the open-circuit potential vs. the reference Li/Li".
Consequently, for Li plating and stripping U, = 0 V. Moreover,
initial Li deposition into a 3D structured host matrix requires
overcoming a material-specific barrier, the nucleation overpo-
tential #,4c. This can be considered an additional contribution
to the overall overpotential # (eqn (3)). However, subsequent
growth of the deposited Li nuclei occurs without the extra over-
potential #,,.. Therefore, the nucleation barrier is only taken
into account for the part of the surface that is not covered by
Li metal (eqn (3)). 0 < @ < 1 denotes the fractional coverage of
the porous electrode with Li, which is described using eqn (4).
Thereby, the continuously differentiable power law guarantees
the numerical stability of the simulations:

eui’
0= Y T (4)
(0.5 - epiref) +eri

The reference value of the Li volume fraction ey is the
main parameter for considering that nucleation and the there-
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fore required overpotential 5,y only play a role in the initial
deposition phase. For e1; > erirer, the surface of the porous
host structure is fully covered by plated Li (@ ~ 1, eqn (4)).
Consequently, the barrier for Li nucleation vanishes comple-
tely, and #,,. does not contribute to the overpotential for Li
deposition 7 anymore (eqn (3)).

This kinetic model for Li plating with nucleation is
implemented in the Battery and Electrochemistry Simulation
Tool (BEST) and has been proven to be in good agreement
with experimental data.*® BEST is jointly developed by DLR/
HIU and Fraunhofer ITWM Kaiserslautern for physics-based
3D multiscale simulations of LIBs based on the thermo-
dynamically consistent transport theory of Latz et al. (eqn (S1)-
(S3)1).>**° Thereby, the previously reported model for Li
plating and stripping®® is extended using eqn (3) and (4). To
preserve consistency with the work of Hein et al.,’® eqn (4) is
expressed based on the amount of substance 7 instead of the
volume fractions e. However, the conversion of the reference
value ey . into its analogue 7y ¢ is straightforward.*?

Since BEST is originally designed to simulate LIBs, the
framework does not allow for the resolution of changes in Li
metal volume and morphology during the plating and strip-
ping process, and an extension is not straightforward and
beyond the scope of this work. Consequently, the 3D simu-
lations can only reasonably depict the very initial Li deposition
phase. Still, they track the amount and thickness of Li on the
surface, allowing us to identify whether Li preferentially plates
at the top or bottom of the structure. We expect that the initial
plating phase is decisive for the further growth mechanism.

This can be shown by additionally simulating prolonged Li
plating in a homogenized 1D framework, which is
implemented in MATLAB® and validated by the 3D simulation
results. Moreover, simulations in 1D are less time-intensive,
allowing for more extensive parameter studies. Therefore, the
combination of 1D and 3D simulations enables a comprehen-
sive analysis of the impact of the 3D microstructure as well as
the impact of various geometric and physical parameters on
the Li infilling of the host structure.

Thereby, the 1D simulations explicitly resolve the change in
the Li volume fraction ep; and the respective differential
equation (eqn (5)) is directly coupled to the transport
equations for porous media (eqn (S4) and (S5)1), whereby the
changing electrolyte volume fraction is calculated according to
eqn (7). This approach allows for the depiction of pore clog-
ging by Li deposition and the resulting effects:

Oer; M i
Li - _ Li .a L se (5)
ot Pui F

M;; and pp; denote the molar mass and density of Li metal,
respectively, and a is the surface area, which is available for Li
plating. Since the microstructure of the porous host matrix
cannot be resolved in 1D, the surface area also serves to effec-
tively scale the electrochemical reaction (iseefr = @-ise, €qn (1)).
In general, two contributions determine the value of a (eqn
(6)). On the one hand, Li can plate on the uncovered surface of
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the host structure, and on the other hand, plating can take
place on the surface of existing Li deposits.

15
ELi Ee

a=ay-(1-6)+a- s 6

o ) ’ <€Li,ref> <82) (©)

Thereby, a, denotes the surface area of the porous host
matrix and ¢, is the electrolyte volume fraction. Its initial value
0 is given by the porosity of the host structure (¢, = 0), and
subsequently, &, can be calculated using eqn (7):

£

Ee = 62 — e (7)

It should be noted that the description of the surface area a
(eqn (6)) is an empirical expression based on the approach of
Richter et al.’® In general, the surface area of the host material
decreases with ep; until it is fully covered with Li (© = 1). In
contrast, the surface of the Li deposits increases during initial
Li plating but decreases later on due to spatial confinement
and the beginning of pore clogging.

Since Li deposition can be seen as a competition between
nucleation and growth and, moreover, there is always a certain
barrier for the formation of new Li nuclei, it needs to be con-
sidered that growth may become the dominant mechanism.
Thereby, existing Li deposits may extend beyond the control
volumes of the spatial discretization, which is required to
numerically solve the set of differential equations. Such poten-
tial propagation of Li growth is included in the model by intro-
ducing the effective value ¢y, ¢ (eqn (8)), which replaces ¢;; in
eqn (4) and (6). Thereby, the effective Li volume fraction &y, efr
is given by a weighted mean between the values for &;; at posi-
tion x represented by the discrete index ix and its direct neigh-
bors at indices ix — 1 and ix + 1 (eqn (8)). The weighting
factors originate from consistently transferring all three
dimensions into the 1D model (Fig. S17).

S€Li(ix) t €Li,(ix-1) T €Li(ix+1)

ELieff = = (8)

All in all, the presented, generic kinetic model for Li
plating based on a nucleation and growth mechanism (eqn
(1)-(4)) is incorporated into two different simulation frame-
works, which are based on similar thermodynamically consist-
ent transport theory (eqn (S1)-(S6)t). Thereby, BEST enables
the spatial resolution of the 3D microstructure of the porous
host matrix, while the 1D simulation framework can consider
more detailed features of Li growth (eqn (5)-(8)), which are
negligible for initial Li plating but become relevant at
advanced time steps. Consequently, the combination of 1D
and 3D simulations provides a more comprehensive under-
standing of Li deposition into a porous host architecture,
including limitations and effective design strategies.

2.2. Parameterization

All electrolyte transport parameters, namely, the ionic conduc-
tivity k, the diffusion coefficient D, the transference number ¢,
and the thermodynamic factor fihermo, are chosen as concen-
tration-dependent functions (Fig. S21) based on the literature

© 2025 The Author(s). Published by the Royal Society of Chemistry
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data for the commonly used bis(trifluoromethane) sulfonimide
lithium salt (LiTFSI) dissolved in a 1:1 (vol%) mixture of 1,2-
dimethoxyethane (DME) and 1,3-dioxolane (DOL).*>*® The
initial electrolyte concentration c. is 1 M as regularly used in
experiments.">*'"%* Moreover, all simulations are based on the
geometric parameters of a typical Celgard separator
(Table S27).

The 3D simulations are based on artificially generated
microstructures from Prifling et al.,**®® whereby six different
types of microstructures are analyzed as porous host matrixes
for anode-free LMBs: fiber systems, channel systems, spatial
stochastic graphs, level sets of Gaussian random fields, level
sets of spinodal decomposition and systems of ellipsoids. All
simulated porous host architectures were chosen from a data
set of 90 000 microstructures based on their type, porosity, geo-
desic tortuosity, surface area and connectivity. For instance,
structures of all different types with close to 90%, 70% and
50% porosity, comparable surface area and comparable tortu-
osity were selected for analyzing the impact of the microstruc-
ture morphology. In all cases, we require connectivity of the
solid framework of at least 95% (Table S31). It should be noted
that it is more difficult to find comparable microstructures
with high porosity. Therefore, the geometric parameters differ
slightly (Table S3t). However, the large number of studied
microstructures, which also includes less porous structures
with very similar geometric features, enables us to clearly
identify qualitative trends. Moreover, fiber structures with 50%
porosity, comparable tortuosity, high interconnectivity (>99%)
and different surface areas were examined. Additionally,
different porous fiber structures with comparable surface area
and tortuosity were simulated. For evaluating the influence of
tortuosity, the more relevant flux-based tortuosity is deter-
mined (Section S1.2f) which strongly correlates with the geo-
desic tortuosity (Fig. S10ct). Finally, two highly connected
fiber structures with different porosities and surface areas
were combined into two-layered structures with different ratios
of the layers (Table S47). An overview of all analyzed 3D micro-
structures including their geometric descriptors and their
identifiers can be found in Tables S3 and S4.}

It should be noted that the stochastically generated micro-
structures from Prifling et al. consist of 192; voxels, which are
scalable and fulfill periodic boundary conditions.*>°
Consequently, the size of the 3D structure and the voxels has
to be chosen reasonably. In general, the voxel size determines
the thickness and surface area of the electrode. The corres-
ponding impacts on the simulation results were analyzed care-
fully (cf section S1.5 of the ESIt). Overall, the effects related to
a different thickness clearly dominate and the impact of the
voxel size itself is negligible. Additionally, the thickness and
porosity of the microstructure determine the capacity of the Li
metal anode (Fig. S3t). To obtain 3D microstructures with rea-
listic thickness and capacity, the voxel size was chosen to be
0.25 pm, which corresponds to 48 pm thick host anodes (192*
voxels). For porosities between 50% and 90%, these micro-
structures offer a maximum capacity of 5-9 mA h cm™>
(Table S5t). However, for practical applications, a comparison

© 2025 The Author(s). Published by the Royal Society of Chemistry
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of microstructures with a similar capacity seems more reason-
able. Therefore, the 3D microstructures (with 0.25 pm voxel
size) were also cut/extended in the through direction to create
structures with a capacity of 5 mA h cm™. The resulting thick-
ness of the different porous host architectures can be found in
Fig. S3 and Table S5.F

Li plating on typical host materials like carbon requires
overcoming a nucleation barrier of several tens of mV.*® Unless
otherwise stated, a nucleation overpotential of 7,,c = 20 mV
was chosen (eqn (3)). To simulate a lithiophilic interlayer, the
voxels of the surface closest to the current collector were
assigned to enable Li deposition without a significant nuclea-
tion overpotential (7,yc &~ 0 V).

For the 1D simulations, the thickness of the host structure
is chosen to match 5 mA h ecm™, which corresponds to
48.5 pm for the base porosity of 50% (Table S21). Dual struc-
tures are generated by adding a 5 pm thin interlayer between
the current collector and the host architecture. This additional
layer is considered to be lithiophilic (#,,c & 0 V) and/or to have
a different surface area (Tables S2 and S67).

All kinetic parameters for Li deposition are chosen based
on the literature data and can be found in Table S6.7 Details
on the estimation, interpretation, and impact of the reference
parameter é;; ro¢ and the conversion into ny,; ¢ are described in
previous work.>® Nevertheless, the sensitivity of the 3D simu-
lation results to 7y, rer is checked, showing that the influence
of 1y, rer is very small (<0.5%, Fig. S61), which is in accordance
with the findings on eg; r.”* Therefore, an educated guess of
the order of magnitude of &y ref/npi rer is sufficient.

Moreover, the porous host matrix is considered to be elec-
trically conductive (Table S61) since typical host materials

include catbon  and metals like copper  or
nicke].316:18-22:41,67.68 " However, non-conductive structured
8,69,70

anodes are also reported in the literature, and therefore,
the electrical conductivity is also varied throughout the simu-
lations. In general, all parameter studies are conducted by
varying one parameter of the base parameter set (Tables S2
and S61) at a time. Despite the electrical conductivity, this
includes the 3D microstructure, the existence of a lithiophilic
interlayer and the nucleation overpotential #,,. on the porous
host. Additionally, the impact of porosity &, tortuosity r,
surface area a,, thickness of the host structure d, electrolyte
concentration c. and symmetry factor of Li deposition a are
analyzed.

3. Results and discussion

3.1. Requirements for competitive Li metal host anodes

Introducing a 3D host matrix to accommodate volume changes
and reduce the risk of dendritic Li growth is an appealing
strategy for producing safe LMBs. However, one has to bear in
mind that the additional porous anode structure is inactive
and increases the dead weight of the battery cell. To avoid sig-
nificantly reducing the benefit of LMBs in terms of energy
density, the host structure should be as porous and lightweight

EES Batteries, 2025,1,774-787 | 777
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Fig. 1 Specific energy density at the cell level for LIB and LMB full cells
with an NMC cathode and 25% excess anodes. Impact of the host
anode’s porosity for a 5 mA h cm™2 cathode. It should be noted that the
porosity of the graphite anode (LIB) is not varied. All details on the
energy density calculations can be found in the ESI (section S1.3 with
eqn (S9)-(S13)1).

as possible (Fig. 1). Consequently, metals like Cu are generally
not the ideal material for the 3D host matrix, and Cu-based
host LMBs can only be competitive with state-of-the-art LIBs
when their porosity is significantly higher than 50% (Fig. 1).
Polymers like PP with very low density seem to be promising.
However, metal electrodes can act as standalone electrodes.
Since polymers are usually non-conductive, an additional
current collector is required, which also adds dead weight to
the cell and reduces the maximum energy density by more
than 100 W h kg™" (light blue line in Fig. 1). Therefore, non-
conductive host materials are also not ideal for maximizing
the specific energy density of the battery. For typical loadings,
carbon-based host matrices hold the greatest potential in
terms of energy density, approaching values close to the ideal
LMB - already with medium porosity (Fig. 1).

Independent of the choice of host material, the theoretical
energy density becomes insignificant as soon as the Li metal
does not infill the pores of the 3D matrix and instead tends to
deposit on top of it, which potentially causes dendritic growth
- a major safety concern. Consequently, ensuring reliable
bottom-up infilling of the host architecture is key towards prac-
tical LMBs.

3.2. Influence of the 3D microstructure

Systematic micro- and nanostructuring of porous anodes or
current collectors is a common strategy to regulate Li depo-
sition and thereby enable safe and durable LMBs.*”*®7%772 The
crucial bottleneck that needs to be overcome is that Li plating
is usually more favored on the separator-facing side of the
microstructure which prevents the desired bottom-up infilling
of the 3D host architecture.’*>*”® With our 3D simulations, we
aim towards a better understanding of the impact of the
porous microstructure on the spatial distribution of Li plating.
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The ratio between plated Li at the current collector and separa-
tor is an indicator of the tendency of infilling in different
microstructures. In general, a higher value indicates a ben-
eficial influence, meaning that on-top plating is less dominant
and better infilling of the pores is achieved. Fig. 2a and b
evaluate the ratio of the mean amount of plated Li on the first
and last 5 voxels (1.25 pm) in the through direction after 10 s
at 0.1 mA cm™> for six different types of artificial
microstructures®®® with comparable geometric parameters
(Table S371). Additionally, the distribution of plated Li within
the 3D microstructures is shown (Fig. 2c and S7t). No clear
trend can be observed and none of the microstructure types is
significantly favorable. Instead, the impact of the porosity is
much more pronounced, independent of the microstructure
type. Consequently, general geometric properties like porosity
seem to be remarkably more important than the morphology,
such as grains or fibers, of the 3D microstructure itself.

In the next step the impact of the microstructure, that is,
porosity, tortuosity and surface area, is analyzed in more
detail. Therefore, the ratio of the effective mean values for Li
deposition on the current collector and separator sides of all
previously analyzed microstructures (Fig. 2) is plotted as a
function of these three geometric parameters (Fig. 3). This
illustration clearly shows that microstructures with comparable
structural properties were chosen to study the influence of the
microstructure type. To completely cover the parameter space,
additional fiber structures were selected for simulating Li
plating in 3D (Fig. 3). Thereby, fiber systems with similar poro-
sity but different surface areas as well as structures with
different porosities and similar surface areas were chosen so
that the observed trends can explicitly be assigned to one of
these geometric parameters (Fig. S117). It should be noted
that there is an inherent correlation between porosity and tor-
tuosity. In general, more porous structures tend to be less tor-
tuous (Fig. S12t). However, clear trends can be identified
(Fig. 3). As expected, a higher porosity and/or a lower tortuosity
supports Li deposition on the current collector side, as the
transport of Li" ions through the electrolyte-filled pores is less
hindered. This effect is even more pronounced for microstruc-
tures with similar capacity, as hosts with higher porosity need
to be thinner and therefore reduce the transport pathway to
the current collector side (Fig. S4at). Nevertheless, ensuring
fast transport is not sufficient to suppress the undesired on-
top plating. For all microstructures analyzed, the Li plating
ratio on the current collector and separator sides is signifi-
cantly lower than 1 (Fig. 3). This is also true at the very begin-
ning of the simulation after 1 s at 0.1 mA cm™2 (Fig. $81) and
indicates that Li nucleation preferentially occurs on the separa-
tor side and thus on-top plating is always dominating. The
main reason therefore is that the availability of Li" is generally
higher on the separator side of the structure, leading to a
lower barrier for Li deposition.

Interestingly, increasing the surface area does not seem to
be a successful strategy for promoting a bottom-up infilling of
the structure, and rather it facilitates on-top plating (Fig. 3c
and S11bt). However, the influence of the overall surface area

© 2025 The Author(s). Published by the Royal Society of Chemistry


http://creativecommons.org/licenses/by/3.0/
http://creativecommons.org/licenses/by/3.0/
https://doi.org/10.1039/d5eb00011d

Open Access Article. Published on 24 aprile 2025. Downloaded on 02/11/2025 15:19:20.

Thisarticleislicensed under a Creative Commons Attribution 3.0 Unported Licence.

(cc)

EES Batteries

View Article Online

Perspective

a) 035 ; y by . 0.35 . . . . : .
9 = 82-90% po:os:ty o o 82:90:/0 pg:g::ty o
E 0.3 : gg;/zopﬁrggit?/sty ) E 0.3 g gg"/zopgrzsity v T
g g
g; 0.25t 1 8 0.25} o . 1
~ ~ o
g 0.2} 1 g 0.2f o . 1
20.15¢ 1 20.15¢ 1
S} = [S) o
So1p - " = © o1t . . o
% - qc) o o
g 0.05f u L] . " . 1 g 0.05} 1
n n n - u o o o e o o
o 0 . . . . . . o 0 ) . . - . .
1 2 3 4 5 6 1 2 3 4 5 6
Microstructure Microstructure
c) type of microstructure
3 6

f

current collector
side

Fig. 2

no Li plating [N -

!

separator
side

T strong Liplating

Influence of the type of microstructure (1 = fiber system, 2 = channel system, 3 = spatial stochastic graph, 4 = level set of a Gaussian random

field, 5 = level set of spinodal decomposition, and 6 = ellipsoids; cf. Table S31) on the ratio of the effective, mean amount of Li plating on the current
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direction. The current collector is located on the left side, while the separator is beginning on the right. An extended figure including all microstruc-
ture types and porosities with similar thickness and capacity can be found in the ESI (Fig. S77).

a) = 0.35 y a b) B 035r@ O Different types with 82-90% porosity c) 6 L i O Different types with 82-90% porosity
S g g:z:::{ :V":: :::: gggg;“ p";‘o’:g s O Different types with 68-70% porosity ® 03 O Different types with 68-70% porosity
® 03} o Do 6;35 i oo p;rgs”"y e 0.3 O Different types with 50% porosity 5 0 0 Different types with 50% porosity
® Additional fiber systems aQ Additional fiber systems % Additional fiber systems
Q
8025 @ %0257, BOB[ .o
< a T oot ”® T o2ol”
= s 0. g o
% 0.2 . g - %’: oo
2015 = U8 o
8 3 S 0.1
O = 01 i = U ]

0.1 o =
] S ™ [} ol
5 L] o £ 0.05
£0.05 = 0.05 R £0. -
= 8 3 0 gy o (&) 0
(&)
0 & 15 25 3 35 005 04 015 02 025 03
03 04 05 06 07 08 09 - -~ - . 1
Porosity Tortuosity Surface area in voxelsize
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mean amount of Li plating on the current collector and separator sides of microstructures with similar capacity after 10 s at 0.1 mA cm™2. Analogue
graphs for microstructures with similar thickness as well as the Li distribution after 1 s at 0.1 mA cm™2 can be found in the ESI (Fig. $8 and S97).

is found to be very small especially when compared to the
influence of porosity (Fig. S107). It should be noted that a
higher surface area and the resulting reduced local current
density may be beneficial for enhancing more homogeneous
Li deposition, consequently avoiding dendrite formation.>*>*
Still, it does not provide spatial guidance and therefore does
not support the infilling of a 3D architecture with Li. This
observation is consistent with the results from analyzing the
impact of the voxel size (Fig. S4b and e and Section S1.5%).

© 2025 The Author(s). Published by the Royal Society of Chemistry

Moreover, the slight negative effect of a high surface area
seems to be more pronounced for highly porous structures
(Fig. S11bft). Additionally, one should bear in mind that, in
general, a larger surface area may enhance undesired side reac-
tions. Consequently, the choice of 3D host structures with an
especially high surface area is not a promising strategy for pro-
ducing practical LMBs. It should be noted that, in contrast, a
gradient in surface area can enable spatial guidance, which is
shown in the subsequent section.

EES Batteries, 2025,1, 774-787 | 779


http://creativecommons.org/licenses/by/3.0/
http://creativecommons.org/licenses/by/3.0/
https://doi.org/10.1039/d5eb00011d

Open Access Article. Published on 24 aprile 2025. Downloaded on 02/11/2025 15:19:20.

Thisarticleislicensed under a Creative Commons Attribution 3.0 Unported Licence.

(cc)

Perspective

Regarding the correlation between porosity and tortuosity
(Fig. S127), it can be seen that the different types of micro-
structures tend to show higher or lower tortuosity at similar
porosity. Thereby, fiber systems and ellipsoids seem to be
inherently less tortuous than the other types of microstruc-
tures, which in principle could be an advantage (Fig. 3).
However, for higher porous structures, this trend becomes less
pronounced, and overall, Fig. S12} supports the previous
finding (Fig. 2) that a higher porosity is more relevant than the
type of microstructure. Despite the rather small impact of the
microstructure type, fiber systems generally seem to be a good
choice for a host architecture, and therefore, all further ana-
lyses are based on fiber structures.

Since the influence of the detailed 3D microstructure is
found to be negligible (Fig. 2) and the impact of more general
structural parameters like porosity is dominating, simulations
with a homogenized 1D model can be considered to be a suit-
able approach to study deep charge and discharge cycles.
Since 1D simulations are computationally less expensive, more
extensive parameter studies are possible. Additionally, the
propagation of Li growth can easily be considered in the 1D
framework (eqn (8)) so that simulations beyond the initial
plating phase are reasonable. Consequently, 1D simulations
complement the structure-resolved simulations and help vali-
date that the location of the early Li nuclei - which is analyzed
in 3D - is actually guiding the growth mechanism (on-top vs.
bottom-up).

The 1D parameter studies regarding the influence of poro-
sity, tortuosity and surface area (Fig. S267) are consistent with
the 3D simulation results (Fig. 3 and S11%). A higher surface
area of the host architecture generally favors pore clogging and
on-top plating (Fig. S26¢ and f}). In contrast, more porous and
less tortuous matrices are found to be beneficial for achieving
infilling of the pores. Nevertheless, enhanced transport alone
is not able to prevent Li deposition from dominating near the
surface of the host structure, eventually leading to pore clog-
ging and consequent on-top plating (Fig. S26a, b, d and ef). As
expected, this undesired effect is intensified when a higher
current density is applied. While striving for highly porous
host structures is a common strategy to maximize the energy
density of the anode, tortuosity is often a neglected design
parameter. Since it correlates with porosity (Fig. S12t), the tor-
tuosity is also lowered by choosing a highly porous host.
However, simulations show that the beneficial effect of low tor-
tuosity is disproportionately high, leading to significant differ-
ences between host structures with low or very low tortuosity
(Fig. S26b and ef}). Consequently, to achieve good infilling of
the porous host, minimizing tortuosity has to go hand in hand
with maximizing the porosity of the microstructure. Thereby,
the plating behavior is significantly more sensitive towards
very low tortuosity than towards very high porosity (Fig. 3a and
b and S26d, ef). This becomes increasingly prominent for host
structures with high pore capacities and operation at high
current densities (Fig. S28%). Nevertheless, even an ideal
microstructure with minimized tortuosity (z = 1) as well as a
very high porosity (90%) always shows more pronounced

780 | EES Batteries, 2025,1, 774-787

View Article Online

EES Batteries

plating at the separator side after a quite low amount of the
pore capacity is filled (Fig. S277). This simulation result is in
agreement with experimental measurements, which observed
significant on-top plating even on a low-tortuosity 3D host con-
sisting of vertically aligned nanofibers after an infilling of ca.
30% of the pore capacity.’” Altogether, microstructures that
enable ideal transport in the electrolyte (low tortuosity, high
porosity) are beneficial and can significantly postpone pore-
clogging and consequent on-top plating, but they are not able
to initiate the desired bottom-up infilling of the porous host.

3.3. Influence of surface area and porosity gradients

Gradient structures are another strategy to regulate Li
plating.>®** On the structural level, porosity and surface area
are the basis for designing gradient electrodes. A higher poro-
sity on the separator side ensures sufficiently fast Li* transport
into the pores of the microstructure, while a high surface area
on the current collector side is supposed to locally enhance
the interfacial activity and, thereby, promote Li nucleation and
subsequent upward growth. To simulate such gradient
systems, two selected 3D microstructures were combined into
dual-layer structures with different ratios of the two layers.
Thereby, gradients in porosity and/or surface area are intro-
duced. The layer at the separator side (layer 2) possesses the
higher porosity and/or the lower surface area, while the layer
facing towards the current collector (layer 1) is less porous
and/or has the higher surface area (Table S4}). Our simu-
lations predict that such a dual-layer system can significantly
impact the spatial distribution of Li plating (Fig. 4).
Interestingly, a host anode with a porosity gradient (layer 1 <
50%) shows slightly more Li plating at the current collector
side than a highly porous microstructure (Fig. 4a). However, a
porosity gradient alone cannot prevent on-top plating.

In contrast, a gradient in surface area may initiate bottom-
up infilling. As expected, this effect is more pronounced for
larger gradients in surface area (Fig. S13t). Thereby, the
surface area at the current collector side should at least be 2-3
times larger than at the separator side. Moreover, the porosity
has an impact on the effectiveness of the surface area gradient.
More porous structures enable faster transport and thereby sig-
nificantly enhance the beneficial effect of the gradient in
surface area. Consequently, a combined gradient structure
with a higher surface area at the current collector side and a
higher porosity at the separator side is most effective in pro-
moting Li nucleation and growth at the bottom of the host
architecture (Fig. 4a). It should be noted that structures with
medium porosity in principle are able to provide a significantly
higher surface area than highly porous microstructures.®®
Consequently, a larger gradient in surface area can be reached
when the porosity of layer 1 at the current collector side is not
as high as possible. Meanwhile, a high porosity in layer 2 at
the separator side ensures good transport of Li" ions into the
host architecture. Therefore, a microstructure with both - a
gradient in surface area and in porosity - is a promising
approach to enhance bottom-up infilling, especially for a very
thin layer at the current collector side (Fig. 4) and thin electro-

© 2025 The Author(s). Published by the Royal Society of Chemistry
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Fig. 4 Influence of a dual-layer structure (layer 1 = current collector

side and layer 2 = separator side; train 11635, train 44 842 and train
27 264; cf. Table S41) on the ratio of the effective, mean amount of Li
plating on the current collector and separator sides of the microstruc-
tures. (a) Impact of a gradient in porosity (layer 1: low porosity and/or
high surface area and layer 2: high porosity and/or low surface area) on
microstructures with similar thickness after 1 s at 0.1 mA cm™2 (b)
Impact of a combined porosity and surface area gradient on microstruc-
tures with similar thickness and similar capacity after 1 s and 10 s at
0.1 mA cm™2. The layers consist of a low-porosity (50%) microstructure
with a high surface area at the current collector side (layer 1) and a
highly porous (90%) microstructure with a low surface area at the
separator side (layer 2).

des (Fig. S147). Thereby, a thinner layer 1 can induce more
precise spatial guidance for Li nucleation, while a thin elec-
trode supports sufficient ionic transport, thereby promoting
the subsequent growth of the Li nuclei. For all simulated dual-
layer structures (layer 1 < 50%), the ratio of plated Li on the
current collector and separator side is higher compared to the
respective individual single-layer microstructures. This effect is
most significant not only for a structure with a combined poro-
sity and surface area gradient (Fig. 4a) but also at the very
beginning after 1 s at 0.1 mA cm™> (Fig. 4b). Interestingly, at
this stage, Li plating on the current collector side dominates
whereby up to 4 times more Li deposits at the bottom of the
porous host (Fig. 4). It should be noted that for none of the
analyzed (single-layer) microstructures as well as none of the
dual-layer structures with just a porosity gradient, a plating
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ratio >1 was observed (Fig. S8t and Fig. 4a). In contrast, a gra-
dient in surface area (especially combined with a gradient in
porosity) is able to clearly initiate Li nucleation at the current
collector side. However, these initial Li nuclei do not appear to
grow significantly within the next few seconds; instead, Li
nucleates and grows on the separator side (Fig. 4b). Still after
10 s at 0.1 mA cm >, a thin interlayer with a higher surface
area leads to significantly more Li deposition at the current
collector side than all other simulated structures (Fig. 3 and
4).

Since the beneficial effect of the surface area gradient
seems to fade with time, the results from the 1D simulations,
which can cover longer time scales, become appealing.
Interestingly, the effect of a higher surface area close to the
current collector is found to be very impactful in the 1D simu-
lations (Fig. S29a and df). Since it can be expected that plating
will initially increase the available surface area, the spatially
guiding effect of a surface area gradient can be considered as
self-reinforcing. While this effect is empirically considered in
the 1D simulations (eqn (6)), it is neglected in 3D for compu-
tational reasons. Consequently, the beneficial impact of a
surface area gradient is underestimated in 3D, while the
empirical approach might overestimate the self-enhancement
in 1D. All in all, a dual-layer system only based on layers with
the different surface areas can initiate and significantly favor,
but may not guarantee, the continued bottom-up infilling of
the structure, especially at high current densities (Fig. S30a
and df).

Overall, a highly porous host structure and the introduction
of a surface area gradient by a thin interlayer with a few times
larger surface area are the most effective design options at the
microstructure level. In general, transport limitations may be
avoided by using a more porous and less tortuous structure.
However, even a highly porous structure is not able to induce
preferred Li plating at the bottom of the host architecture. In
contrast, a gradient in surface area can clearly support Li
nucleation at the current collector side. Nevertheless, sub-
sequent upward growth is not ensured and instead Li depo-
sition at the separator side might still dominate after a while
(Fig. 4b and Fig. S30a and df). To guarantee the bottom-up
infilling of the porous host, additional strategies are required.

3.4. Influence of the electrical conductivity of the host
architecture

Material-specific properties of the 3D host architecture,
namely, its electrical conductivity and its lithiophilicity, also
impact local Li plating. For conductive host materials, the
transport of electrons is significantly faster than the transport
of Li" ions in the electrolyte-filled pores of the electrode.
Therefore, the ionic transport is the limiting step of the
electrochemical reaction, leading to a potential distribution
that always favors Li deposition on top of the porous structure.
In general, the barrier for a bottom-up infilling is always
higher when Li" transport within the electrolyte is the slowest
step. In contrast, Li deposition close to the current collector is
preferred when the availability of electrons is controlling the
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reaction rate. Consequently, slowing down the electronic trans- ensuring fast ionic transport is not able to initiate bottom-up
port by choosing a host material with low conductivity can be infilling on its own (Fig. 3). Nevertheless, it significantly facili-
a successful strategy to make Li nucleation close to the current tates the subsequent bottom-up filling, and therefore, the initi-
collector and subsequent bottom-up growth more favorable ating force - in this case, the lowered conductivity of the host
(Fig. 5 and S157). matrix - needs to be less strong (Fig. 5). A similar effect is
As expected, simulations clearly show that Li deposition on  observed for a host structure with a gradient in porosity and
a conductive microstructure starts from the separator side, surface area (Fig. S16T). However, with decreasing conductivity,
leading to an undesired on-top plating. A reduced electrical the beneficial effect of the gradient structure compared to the
conductivity is able to initiate Li deposition close to the highly porous (90%) architecture vanishes.
current collector since the availability of electrons becomes the The 1D simulations confirm that a low-conductivity host
dominant barrier. However, the build-up of the concentration material is a very effective strategy to completely suppress the
gradient can compensate for this initially positive effect of safety concerning on-top plating independent of the applied
moderate conductivity so that on-top plating still becomes pro- current density (Fig. S29b, e and Fig. S30b, ef). Also for
minent after a short time. Only host materials with very low increasing the capacity of the porous anode, a low electrical
conductivity can fully suppress Li plating at the separator side conductivity is found to be a very successful strategy to prevent
(Fig. 5 and S15t). Thereby, the effective ionic transport signifi- pore clogging and on-top plating (Fig. S337).
cantly impacts the maximum tolerable electrical conductivity However, one should bear in mind that lower-conductivity
of the porous host at which the Li deposition behavior substrates bring the risk that parts of the deposited Li remain
changes from on-top plating to bottom-up infilling. Highly electrically unconnected during stripping, which can strongly
porous matrices may be several orders of magnitude more con- limit battery performance. Another negative side effect of low-
ductive while providing the same ratio of plating at the current conductivity host structures is that the effective active surface
collector and separator. Enhancing the ionic transport in the area is significantly reduced (Fig. 5), leading to higher local
electrolyte and reducing the conductivity of the electrode have currents and overpotentials, which finally, reduce the accessi-
to be seen as complementary strategies. However, in contrast ble energy density. Although a lowered surface area can slightly
to lowering the electrical conductivity of the host architecture, promote pore infilling (Fig. 3c), it also leads to higher overpo-
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Fig. 5 Top: influence of electrical conductivity on the ratio of the effective, mean amount of Li plating on the current collector and separator sides
in microstructures with different porosities (train 11 635, train 5481, and train 44 842; cf. Table S37) but similar thickness/capacity after 10 s at 0.1 mA
cm™2, An extended figure which additionally includes a dual-layer structure with a surface area and porosity gradient can be found in the ESI
(Fig. S16t). Bottom: the amount of plated Li on a highly porous (90%) fiber system (train 11 635, cf. Table S37) with electrical conductivities of ¢ =
107*-10% S m* after 10 s at 0.1 mA cm 2. The shown view is from the side in the through direction. The current collector is located on the left side,
while the separator is beginning on the right. An extended figure including all three structures with different porosities can be found in the ESI
(Fig. S15%).
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tentials for the electrochemical reaction and may impact the
morphology of the Li deposits. To avoid the formation of dead
Li and excessive reduction of the active surface, it is beneficial
for making the host architectures as conductive as possible,
which has to go hand in hand with accelerating ionic
transport.

Moreover, the introduction of a conductivity gradient might
be a beneficial strategy since a non-conductive host matrix
cannot act as a current collector, and an additional metal foil
is required, which significantly reduces the achievable energy
density (Fig. 1). Therefore, a dual-layer system consisting of a
thin free-standing, porous layer of a conductive material like
carbon or metal and a less conductive porous main layer can
be a successful approach. 1D simulations show that such a gra-
dient system behaves very similarly to the system with overall
lowered conductivity with a slightly higher tendency towards
on-top plating at low current densities and a slightly better
suppression of on-top plating at high current densities
(Fig. S29-S317). Nevertheless, tuning the electrical conductivity
has to be regarded as a compromise.

3.5. Influence of lithiophilicity gradients

Since low-conductive hosts may lead to the formation of dead
Li, another promising approach is to spatially guide Li depo-
sition by the lithiophilicity of the 3D host architecture. The
term lithiophilicity describes that materials show specific over-
potentials for Li nucleation which for instance depends on the
lattice mismatch with the crystal structure of Li. Thereby,
lithiophobic materials possess a high barrier to forming Li
nuclei, while lithiophilic materials allow Li deposition without
a significant nucleation overpotential (7,yc ~ 0 V).

It should be noted that the lithiophilicity of the host struc-
ture in general does not have a significant impact on the Li
deposition behavior, and strong on-top plating occurs inde-
pendent of 7. (Fig. S171). However, a gradient in lithiophili-
city can effectively induce the infilling of the pores (Fig. 6).
Thereby, a lithiophilic interlayer between the current collector
and the lithiophobic main matrix introduces preferred nuclea-
tion sites, which make Li nucleation at the bottom of the
porous host matrix more favorable. However, a sufficiently
high gradient in lithiophilicity is required to ensure the sub-
sequent upward growth and prevent later nucleation at the
separator side. This is especially true for operations at higher
current densities and less porous host materials (Fig. S29c, f
and Fig. S30c, fT). Thereby, the effect of a lithiophilic interlayer
can significantly be supported by good ionic transport in the
electrolyte. The build-up of concentration gradients always
favors Li nucleation and growth on top of the porous structure,
thereby, counteracting the driving force of the lithiophilic
interlayer. It can clearly be seen that the beneficial effect of the
same gradient in lithiophilicity is more pronounced for host
architectures with higher porosity (Fig. 6 and S187). Both - 3D
and 1D - simulations indicate that a lithiophilicity gradient of
ca. 50 mV is required to fully initiate and maintain the
bottom-up infilling at 0.1 mA h em™" for matrices with 50%
porosity, while the value decreases to 30-40 mV for the highly
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porous (90%) microstructure (Fig. S18 and S29f%). It should be
noted that the practical magnitude of a lithiophilicity gradient
is limited. Typical host materials like C or Cu possess a barrier
of ~20-30 mV for Li nucleation, while very lithiophilic
materials do not show such a barrier at all (5,4 = 0 V).*®
Consequently, the easily achievable gradients in lithiophilicity
may not be sufficient to ensure bottom-up infilling especially
at higher current densities.

However, the combination of the lithiophilic interlayer with
a gradient in porosity and surface area can also enhance the
spatial guiding effect (Fig. S19t). As observed before, the effect
of the surface area gradient is quite pronounced in the initial
plating phase (after 1 s at 0.1 mA cm?) and fades with time,
while the 1D simulations imply a significantly more beneficial
effect (Fig. S33%) Particularly for very small lithiophilicity gra-
dients, an additional surface area/porosity gradient can favor
the desired bottom-up infilling of the pores. The combination
of a lithiophilicity gradient with a less conductive porous host
is also beneficial (Fig. S20, S21 and S33%). Such synergistic
effects can be key towards reliable spatial control of Li plating.

Moreover, the amount and spatial distribution of the lithio-
philic sites can play a role (Fig. S22-S25%). Interestingly, for
small gradients in lithiophilicity, a lower number of lithiophi-
lic sites seems to be slightly preferential (Fig. S22t). However,
a higher amount of lithiophilic material always reduces the
lithiophilicity gradient which is required to completely change
from on-top plating to bottom-up infilling (Fig. S231). Thereby,
a limiting behaviour is observed. A certain number of lithio-
philic sites is required to effectively induce the desired
bottom-up infilling, while an even higher amount of lithiophi-
lic material will not have a significant additional beneficial
impact. It should be noted that the amount and morphology
of lithiophilic material determine the active surface area. More
lithiophilic sites can enhance the available surface area and
therefore reduce the local current densities. Consequently, the
overpotential for Li deposition is lowered, and plating at the
lithiophilic sites becomes even more favorable. Therefore, on-
top plating can be suppressed more effectively when more
lithiophilic material is available in the interlayer.

To have the strongest spatially guiding effect, the lithiophi-
lic material has to be located close to the current collector.
However, it can be seen that when the lithiophilic sites cover a
higher depth into the main structure, the initial on-top plating
can be suppressed more effectively. This beneficial effect
vanishes when the lithiophilic sites are located in more than
50% of the porous matrix (Fig. S24 and S25%). Since lithiophi-
lic sites which are located inside the porous structure will
cause preferential Li nucleation and growth not only at the
bottom but also more toward the middle of the host matrix, it
has to be expected that complete infilling of the pores close to
the current collector will be more difficult due to pore clog-
ging. Therefore, a higher depth of the lithiophilic material can
be favorable in the initial phase but not for prolonged Li depo-
sition. However, the differences between the analyzed depths
of the lithiophilic material are not very pronounced and the
number of lithiophilic sites has a significantly stronger impact
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sides of different porous microstructures (train 11 635, train 5481, and train 44 842; cf. Table S37) with similar thickness and similar capacity after 10
s at 0.1 mA cm™2 An extended figure which additionally includes a dual-layer structure with a surface area and porosity gradient can be found in the
ESI (Fig. S191). Bottom: the amount of plated Li on a highly porous (90%) fiber system with different lithiophilicity (train 11 635; cf. Table S37) in com-
bination with a thin lithiophilic interlayer (.. = 0 V) after 10 s at 0.1 mA cm™2. The shown view is from the side in the through direction. The current
collector is located on the left side, while the separator is beginning on the right. An extended figure including all three structures with different por-

osities can be found in the ESI (Fig. S187).

on the spatial guiding effect. Consequently, it is important to
supply enough nucleation sites that are located at the bottom
of the porous host architecture. Therefore, one promising strat-
egy is to grow lithiophilic nanowires on one side of the porous
host matrix. Thereby, a gradient in lithiophilicity and surface
area is introduced at the same time, which can successfully
unlock the bottom-up infilling.?*

3.6. Synergistic effects

In general, one has to differentiate between design strategies
that can spatially guide Li nucleation (initiation) and strategies
that support the subsequent directed growth (propagation) but
are not able to induce a driving force for local Li deposition at
the current collector side. Thereby, initiating and propagating
factors act synergistically. With enhanced ionic transport in
the electrolyte, the initiating driving force can be less strong to
reliably suppress on-top plating. Thereby, a low tortuosity is
even more beneficial than a high porosity (Fig. S26 and S327).
It should be noted that the choice of electrolyte and separator
also impacts ionic transport. Therefore, an effect comparable
to that of the porosity and tortuosity of the anode host matrix
can be expected. An optimized electrolyte may significantly
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support the infilling of the anode pores with Li but may not
initiate preferred Li nucleation at the current collector side.
Moreover, the different initiating effects also act synergisti-
cally (Fig. S3471). By combining two guiding effects, the two
individual driving forces need to be less strong. Thereby, a
lithiophilic interlayer with a higher surface area seems to be
the most effective (Fig. S341). The required gradient in lithio-
philicity to change from on-top plating to bottom-up infilling
is very strongly reduced when the surface area of the lithiophi-
lic interlayer is only twice as high as that of the main structure
(Fig. 7). At 0.1 mA cm™?, the lithiophilicity gradient for a 50%
porous microstructure can be 5 times lower: 10 mV instead of
50 mV. Even for operation at higher current densities, the ben-
eficial impact of a lithiophilic interlayer with a slightly higher
surface area is still remarkable. Interestingly, the surface area
gradient does not need to be very pronounced to significantly
support the spatially guiding effect of the lithiophilicity gradi-
ent (Fig. 7). In contrast a more than 5-fold surface area of the
lithiophilic interlayer has no further influence on the required
lithiophilicity gradient. Consequently, it is not required to put
effort into maximizing the surface area of the lithiophilic inter-
layer. Instead it is more important to optimize the ionic trans-

© 2025 The Author(s). Published by the Royal Society of Chemistry
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port in the electrolyte. Therefore, the combination of a highly
porous, low tortuosity host matrix and a lithiophilic interlayer
with a moderately larger surface area at the bottom of the
porous microstructure is the most promising strategy to effec-
tively avoid undesired on-top plating.

4. Conclusions

In summary, the extended models used to describe Li depo-
sition provide detailed insights into the spatial preferences of
Li nucleation and growth. Thereby, simulations in 3D and 1D
complement and validate each other and identify different
design strategies to spatially control Li plating. Hence, our
detailed study can act as a useful guide for the effective design
of LMBs with structured anodes.

In general, one has to differentiate between initiating and
propagating effects. Avoiding transport limitations, for
instance, using a more porous and less tortuous microstruc-
ture, is very important but belongs to the latter category.
Sufficiently fast transport through the pores of the 3D host
architectures is one requirement for achieving reliable bottom-
up growth of Li. However, it is not sufficient to effectively avoid
on-top plating. This is true for all strategies that only affect
the microstructure of the host. Preferred nucleation at the
bottom of the porous host matrix needs to be initiated by a
physical driving force. Such spatial control of Li deposition
can be realized by a balanced reduction of the anode’s elec-
trical conductivity or by strategically locating lithiophilic
sites into a lithiophobic matrix. Therefore, the combination
of lithiophilicity and surface area gradients with a highly
porous host matrix is most effective to initiate and ensure
the bottom-up infilling of the porous microstructure also at
high current densities. Such an ideal combination of
different design strategies is key towards the spatial control

© 2025 The Author(s). Published by the Royal Society of Chemistry
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of Li nucleation and growth, which is an important step
towards realizing safe and stable LMBs.
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