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1. Introduction

The increasing applications of electrical vehicles and portable
electronic devices raise strong requirements for the development
of high-energy-density rechargeable batteries.[1,2] However, the
specific energy of commercialized lithium-ion batteries (LIBs)
with a graphite anode is approaching the theoretical limit.[3,4]

Therefore, lithium (Li) metal is reviving as the anode in

high-energy-density rechargeable batteries
due to its high theoretical specific capacity
(3860mA h g�1) and low reduction poten-
tial (–3.04 V versus standard hydrogen
electrode).[5–9] Moreover, Li metal anodes
(LMAs) can be combined with different
types of cathodes, such as sulfur,[10–16]

oxygen,[17–19] and intercalation-type catho-
des,[20–24] attracting intensive research
attention and interest.

However, practical applications of
LMAs are still hindered by the uncon-
trolled behavior of Li plating/stripping,
generally termed “Li dendrites,” and
extreme volume fluctuation.[25–28] These
severe drawbacks significantly reduce
the lifespan of lithium metal batteries
(LMBs) and even result in hazardous
safety issues. To date, tremendous efforts
have been devoted to developing strategies
to address the drawbacks of LMAs, such

as electrolyte engineering,[29–38] interface modification,[39–48]

composite anodes,[49–55] theoretical simulations,[53,56–59] and
so on.[60] Therein, the composite Li anode that combines a
porous host with Li metal has emerged as a promising candi-
date to circumvent the issues of planar Li metal as an anode.

The porous host in a composite Li anode can regulate the
behavior of Li plating/stripping and relieve the volume fluctua-
tion to enhance the stability and lifespan of the LMA. First, the
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Lithium (Li) metal is strongly regarded as a promising anode for next-generation
secondary batteries. However, the nonuniform plating/stripping and volume
fluctuation of the Li metal anode give rise to low Coulombic efficiency and short
lifespan of Li metal batteries, which hinder practical applications of the Li metal
anode. A composite Li metal anode that employs a stable porous host has been
proposed as a promising strategy to regulate the behaviors of Li plating/stripping
and relieve volume fluctuation. In a porous host, the basic building block is a
pore. The pore structure affects the distribution of electric and Li-ion concen-
tration fields during Li plating/stripping, thus regulating Li plating/stripping and
the lifespan of the composite Li metal anode. Therefore, herein, the recent
progress in investigating the behavior of Li plating/stripping in a pore based on
liquid electrolytes is summarized from the aspects of pore diameter, depth, and
tortuosity. Furthermore, the perspectives of rational design of the pore structure
for a composite Li metal anode are presented to promote the development of
Li metal anodes.
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porous host reduces the real current density for Li plating/
stripping by increasing the specific surface area, which contrib-
utes to uniform Li deposition according to the model of Sand’s
time.[61,62] Second, the modification of surface properties of a
porous host can guide Li plating into a homogeneous form
by polar functional groups,[63,64] alloy layers,[28,65] and so on.
Third, the porous host can accommodate the deposited Li inside
to maintain dimensional stability compared to the extreme vol-
ume change of hostless LMAs.[66,67] Generally, the basic building
block of a porous host is a pore, where the plating/stripping of Li
occurs originally. The distribution of electric and Li-ion concen-
tration fields as the necessary conditions for electrochemical
plating/stripping is significantly impacted by the pore structure.
The behavior of Li plating/stripping in each pore jointly dictates
the whole utilization efficiency and the lifespan of an LMA.
Therefore, the insights of Li plating/stripping in a pore of the
porous host not only provide fundamental understanding to dis-
close the role of a porous host in current composite Li anodes,
but also offer rational guidance to further design a specific
porous host for practical composite Li anodes.

Porous hosts with different pore structures have been devel-
oped to investigate and regulate the behaviors of Li plating/
stripping for working LMAs. However, discussions of the pore
structure are qualitative and even vague in most publications,
which is not conducive to further rational design. Moreover,
the understanding of the relation between the pore structure
and the behaviors of Li plating/stripping in a porous host is crit-
ical and should be emphasized for promoting the process of com-
posite Li anodes.

In this review, the behaviors of Li plating/stripping in porous
hosts are summarized from the aspects of pore structure. This
review focuses on the pore structure in conductive and porous
hosts based on liquid electrolytes. The topic related to the pore
in nonconductive hosts and solid-state electrolytes is discussed in
other impactful publications.[50,51,68,69] The pore structure of the
host is quantitatively described based on the pore diameter,
depth, and tortuosity (Figure 1). The recent progress in designing
and investigating the pore structure of a host for a composite Li
anode is summarized and the merits and limitations of different
pore structures are pointed out. In addition, the morphology
evolution of deposited Li in typical examples of pore structure
are sorted. The relations between the pore structure and the

behaviors of Li plating/stripping Li are discussed. The
Coulombic efficiency (CE) and lifespan of the porous structure
hosts with the different pore structures described in this review
are partially summarized in Table 1. Finally, the perspectives of
rational design of the pore structure for composite Li anodes are
further proposed to facilitate the development of LMBs.

2. Pore Diameter

The pore diameter significantly impacts the distribution of elec-
tric and Li-ion concentration fields of a pore before and after a
cycle, especially near the mouth of a pore. The distribution of
electric and Li-ion concentration fields near the mouth of a pore
is the precondition for Li plating/stripping inside the pore.
Moreover, the pore diameter is also a significant factor in the
specific surface area for a porous host. Typical examples of dif-
ferent pores are shown in Figure 2, which are very different from
the range of materials, especially for nanomaterials. The diame-
ter of a pore in porous hosts for composite Li anodes ranges from
nanometers to tens of micrometers. Therefore, the diameter of a
pore can be divided into three types according to the investigated
porous hosts for composite Li anodes: small (<1 μm), medium
(1–10 μm), and large (>10 μm).

2.1. Small Pore

The research of the distribution of electric and Li-ion concen-
tration fields of a small pore is insufficient and further inves-
tigations are highly required. Generally, the transport length of
an ion will diminish with decreasing diameter of a pore. In
addition, a small pore contributes to a higher specific surface
area than medium and large pores for a porous host, and thus
decreases the areal current density more obviously. Porous
carbon hosts with small pores, such as carbon nanotubes
(CNTs) and graphene, are generally used due to their high
conductivity, light weight, and good electrochemical and
mechanical stability.

A solid electrolyte interphase coated graphene (SCG) host with
a small pore of �10 nm to regulate the behavior of Li plating
was demonstrated by Zhang and co-workers.[70] The abundant
unblocked ion pathways and high electron conductivity of a small

Figure 1. Three factors of pore structure: diameter, depth, and tortuosity.
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pore in the graphene host afford the fast transfer of Li ions and
thus the composite anode possesses a high ionic conductivity. Li
can be deposited in the small pore of interspace graphene, effec-
tively restraining volume expansion. The composite anode can
achieve a high CE of 93% at a current density of 2.0 mA cm�2.
The unstacked graphene with extensive small pores (0–10 nm)
has a larger specific surface area (1666m2 g�1) and thus an
extremely low local current density is achieved (Figure 3a).[71]

The sandwich-like core–shell structure of the anode enables
LMBs to maintain a stable cycle and a high CE of 93% at a cycling
capacity of 5.0 mA h cm�2 and a current density of 2.0 mA cm�2.
In addition to graphene, a porous CNT sponge on Cu foil
was directly prepared by Gui et al. (Figure 3b).[72] The CNT
sponge has high porosity to store enough Li and accommodate
huge volume fluctuation. The Li deposition is well bound to the
CNT and is mainly stored inside the CNT sponge instead of on

Table 1. The CE and lifespan of porous hosts based on different pore structures.

Pore structure Host materials Current density and cycling capacity
[mA cm�2/mA h cm�2]

CE [%]/cycle number Ref.

Small pore (<1 μm) SEI-coated graphene 0.5/0.5 97/100 [70]

Pore diameter Unstacked graphene 2/1 93/50 [71]

C-host@Cu 1/1 99/250 [72]

CNT sponge 1/2 98.5/90 [73]

CMK-3 1/1 95/200 [74]

Medium pore (1–10 μm) 3D current collector 1/1 97/140 [75]

3D CuNW 1/1 98.6/200 [78]

3D-AGBN 1/6 97.3/50 [80]

TiC/C 1/1 98.5/100 [81]

Large pore (10 μm) 3D hollow carbon fiber 2/4 99/90 [82]

3DP-Cu 1/5 95.5/53 [102]

Copper mesh 0.5/1 97/70 [100]

3DP-NC 1/10 97.9/100 [103]

Pore depth 50 μm Cu-5-50-12 1/3 98.5/200 [86]

40 μm 2h-3D CuZn 1/1 95/150 [87]

Pore tortuosity 4.46 Horizontally aligned rGO aerogel 1/1 96.7/120 [94]

1.25 Vertically aligned rGO aerogel 1/1 99.1/300 [94]

Figure 2. The SEM images of typical examples of the host with different pore diameters. a) SEM images of graphene. Reproduced with permission.[71]

Copyright 2016, Wiley-VCH. b) SEM images of brass tapes after chemical dealloying. Reproduced with permission.[75] Copyright 2016, Wiley-VCH. c) SEM
image of a commercial Cu foam. Reproduced with permission.[75] Copyright 2016, Wiley-VCH. d) SEM images of carbon nanofiber network. Reproduced
with permission.[101] Copyright 2016, Springer Nature. e) SEM images of TiC/C nanowires arrays. Reproduced with permission.[81] Copyright 2017,
Wiley-VCH. f ) SEM images of copper mesh. Reproduced with permission.[100] Copyright 2017, Wiley-VCH.
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the surface, thus restraining the growth of Li dendrites.
Moreover, a prelithiated CNT sponge with much higher chemical
affinity with Li metal was presented by Wang and co-workers.[73]

The pore diameter of the CNT sponge is 1–100 nm. The CNT
sponge has a reversible Li storage capacity of 150mA h g�1 above
0.0 V and the large specific surface area and lithiophilicity lead to
a reduced nucleation overpotential. It was demonstrated that the
CNT sponge is favorable for depositing Li without dendrites with
an ultrahigh capacity of 10.0 mA h cm�2.

Recently, the effects of the pore diameter of nanoporous car-
bon on stabilizing the LMAs were evaluated by Jo et al.
(Figure 3c).[74] Microporous carbon (MSP-20, <2 nm) and mes-
oporous carbon (CMK-3, 3.4 nm) were selected as porous hosts.
The microporous carbon with large specific surface area can
extend the Sand’s time compared to the mesoporous carbon.
Sand’s time defines the initiation time of the formation of Li den-
drites theoretically and extension of the Sand’s time indicates

that the formation of Li dendrites is postponed or even inhibited,
which contributes to stable plating/stripping of the LMA.
However, the micropores are easily clogged due to the decompo-
sition of the electrolyte to restrict the diffusion of Li ions
into micropores. The mesopores maintain the accessibility of
Li ions and afford abundant space for Li plating/stripping.
The mesoporous carbon confines Li metal better and affords a
much more increased lifespan than the microporous carbon.
The CE of the cell with CMK-3 was over 95% within 200 cycles;
however, the CE was only 90% in the cell with MSP-20 during 80
cycles under 1.0 mA cm�2 for 1 h.

The small-pore host exhibits great potential and advantage in
regulating the Li plating/stripping process. However, smaller is
not always better. The side issues induced by a small pore should
be considered. 1) The high specific surface area with a small pore
decreases the local current density. However, the high surface
area remarkably increases the contact area between the

Figure 3. Porous hosts with a small pore. a) Schematic diagrams of Li plating/stripping behavior on a graphene flake. Reproduced with permission.[71]

Copyright 2016, Wiley-VCH. b) Morphology comparison of Li deposition on bare Cu and C-host@Cu. Reproduced with permission.[72] Copyright 2018,
Elsevier. c) Schematic of the effect of a nanoporous carbon host on Li plating. Reproduced with permission.[74] Copyright 2020, Royal Society of
Chemistry.
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electrolyte and Li metal. Thus, a solid electrolyte interphase (SEI)
forms and results in tremendous consumption of the electrolyte.
Furthermore, the access of ion diffusion can be clogged during
subsequent cycles due to the accumulation of the SEI. In addition
to SEI, small pores can be easily clogged by dead Li, and the active
surface area of blocked pores cannot be fully utilized. 2) Hosts
with small pores are hardly free-standing and must be combined
with current collectors, increasing the contact resistance and the
complexity of the composite Li anode. 3) The common fabrica-
tion method of composite Li anodes with a small-pore host is
molten Li infusion, which requires harsh operating conditions.
The risk and cost should be evaluated when it comes to scale-up
preparation. Therefore, hosts with small pores are excellent for
proof of concept in research of the behavior of Li plating/strip-
ping; however, the practical potential needs to be further
explored.

2.2. Medium Pore

Compared to hosts with a small pore, medium-pore hosts are
elaborately designed to promote practical applications of

LMBs. A medium-pore host prepared by the chemical dealloying
method was fabricated by He et al.[75] The pore diameter can be
easily tuned by adjusting the dealloying time. The pore structure
can provide a large inner surface area and space to accommodate
deposited Li. The host with medium pores (1–2 μm) exhibits the
best performance in full cells. The CE of the host maintained at
97% for nearly 140 cycles at 1.0mA cm�2 for 1 h. However, it is
difficult to achieve uniform pore diameter by the chemical deal-
loying process. A compact porous Cu host with uniform pore
diameter was produced by a novel electrochemical etching
method (Figure 4a).[76] The uniformmedium pore of�1 μm ena-
bles a small local current density and slows down the consump-
tion of the electrolyte compared to small pores, resulting in
uniform Li plating/striping inside pores and long cycle numbers.

In addition to alloys as original materials to prepare porous
hosts, Yao et al. designed a free-standing Cu host
(Figure 4b).[77] Due to the opened medium pores (1–5 μm) of
the free-standing Cu nanowires (CuNWs), Li metal can fill the
pores to form a CuNW-reinforced composite Li anode. Under
the current density of 1.0mA cm�2, up to 7.5mA h cm�2 of Li
can be plated into the CuNW host without the growth of Li

Figure 4. A porous host with a medium pore. a) Schematic of fabrication of 3D Cu host and Li plating on the host during cycling. Reproduced with
permission.[76] Copyright 2018, Wiley-VCH. b) Schematic of Li ion flux distribution and Li metal plating models on planar Cu foil and CuNW host.
Reproduced with permission.[77] Copyright 2016, American Chemical Society. c) Schematic presentation of the 3D porous Cu. Reproduced under
the terms of the CC-BY 4.0 license.[79] Copyright 2015, The Authors, published by Springer Nature. d) SEM images of the optimized 3D-AGBN host
with hierarchical binary structure. Reproduced with permission.[80] Copyright 2018, Wiley-VCH. e) Schematic diagram for the TiC/C host. Reproduced with
permission.[81] Copyright 2018, Wiley-VCH.
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dendrites. The CuNWs can perform for 200 cycles and the aver-
age CE of the host can be up to 98.6% at the current density of
1.0mA cm�2.[78] In addition, a 3D Cu current collector with a
medium pore diameter of 2.1 μm was explored by Guo and co-
workers, where Li can be reversibly plated/stripped from the host
with a high CE of 98.5% (Figure 4c).[79] The medium pore of the
3D Cu host affords a high pore volume to accommodate the Li
metal with an appropriate capacity. Moreover, a silver nanowire
and graphene-based hierarchical host (3D-AGBN) was designed
by Xue et al. for a composite Li anode (Figure 4d).[80] The average
pore diameter of the host is �3 μm. The porous interconnection
structure, with great mechanical strength and electrochemical
stability, can support grand deposited Li and keep the electrode
volume constant during ultrafast cycling. Therefore, the CE of
the 3D-AGBN maintained at 97.3% within 50 cycles under the
current density of 1.0mA cm�2 with the cycling capacity of
6.0mA h cm�2.

Meanwhile, a variety of inorganic nonmetallic hosts with
medium pores can be conveniently prepared by chemical vapor
deposition and self-assembly. A self-supporting TiC/C core/shell
nanowire host with a medium pore (1–2 μm) was reported by Liu
et al. (Figure 4e).[81] When the TiC/C host with medium pore was
introduced to accommodate deposited Li, the streamlines of the
electric field exhibited uniform distribution, which effectively
homogenized the Li ion distribution and shielded any electric
field perturbations for Li plating. The CE of the TiC/C host could
maintain around 98.5% for 100 cycles with a cycling capacity of
1.0mA h cm�2 at 1.0 mA cm�2.

Despite the advantages of a medium pore in a porous host, the
potential issues cannot be ignored. 1) The pore diameters of most
of the medium-pore hosts reported earlier are not uniform;
therefore, it is difficult to determine the most suitable pore diam-
eter for Li plating/stripping. It is still a challenge to precisely con-
trol the uniform pore diameter of the porous host. 2) Most
medium-pore hosts are based on metal materials that are much
denser than Li metal, such as alloys and metal nanowires. The
mass of the host should be further reduced to satisfy the require-
ments of energy density of practical batteries. 3) Modifications of
lithiophilic materials inside the medium pore are required to
enhance the wettability of the host to fabricate the composite
anode and guide the deposition of Li metal.

2.3. Large Pore

A host with a large pore has a huge inside space, which provides
enough room for a large amount of Li deposition. A free-standing
hollow carbon fiber (CF) host with high specific surface area
was demonstrated by Guo et al., which can significantly decrease
the local current density and improve the Li plating/
stripping behavior (Figure 5a).[82] Li is confined to the large pore
(10–50 μm) between fibers. Therefore, the CE achieved was 99%
for 90 cycles with a capacity of 4.0 mA h cm�2 and 99% for 75
cycles with an even higher capacity of 6.0 mA h cm�2. In addi-
tion, a freestanding graphitized CF host was reported by Wu
et al., which can bear an ultrahigh areal capacity of
8.0mA h cm�2 (Figure 5b).[83] The pore diameter of the host
is 72 μm on average based on mercury porosimetry analysis,
which mainly comes from the voids between CFs. The large

interconnected pores effectively ameliorate the infinite volume
expansion during Li plating/stripping. Furthermore, Shi et al.
directly obtained a Li/carbon fiber (Li/CF) Li-containing compos-
ite anode by a one-step rolling method (Figure 5c).[84] As the CF
host affords abundant large pores (30–60 μm) to accommodate Li
metal, the Li/CF anode can provide a large specific capacity of up
to 1841mA h g�1. Thus, the Li/CF | S pouch cell displayed a large
discharge capacity of 3.25mA h cm�2 and the capacity retention
rate was over 98% at 0.1 C after 100 cycles.

Conductive hosts with large pores are also used to accommo-
date the high capacity of deposited Li apart from CFs. A stainless-
steel fibrous felt was introduced by Kim and co-workers to enable
the compaction of a porous Li layer in the large pores (10–200 μm)
between the metal fibers.[85] Moreover, it can guide the reversed
growth of the deposited Li toward the inside of the host
(Figure 5d). The stainless-steel fibrous-felt composite LMA exhib-
ited stable cycling at 10.0mA cm�2 for more than 100 cycles with
a small overpotential of 30mV.

In a summary, a host with large pores can accommodate mas-
sive deposition of Li metal. The moderate specific surface area by
large pores decreases the consumption of the electrolyte com-
pared to small and medium pores. Moreover, composite Li ano-
des with large-pore hosts can be prepared by the roll-in method,
which is more appropriate for practical conditions and large-scale
fabrication compared to molten Li infusion and electrodeposition
methods. However, the ability to confine the deposited Li in the
pores decreases with increasing pore diameter. When the pore
diameter is close to the macroscale, the specific surface area
of the host has no order-of-magnitude change compared to
the planar current collector, thus losing the effects of space con-
straint and dendrite suppression. Li metal can easily detach from
the host fiber, resulting in electric disconnection and low CE.
Therefore, the pore diameter of a host should be designed in
a reasonable range according to actual application requirements.

3. Pore Depth

In addition to the pore diameter, the pore depth is another
important parameter to determine the specific surface area
and pore volume. Moreover, the pore depth has a significant
effect on the electric field distribution of the host according
to the quantitative results of the phase field model
(Figure 6a).[58] When a channel length (pore depth) increases
from 50 to 150 μm at a fixed width (pore diameter), the current
density increases from 70.4 to 160.1 mA cm�2, which has a dif-
ferent regulation against that with different pore diameters.

The regulations of Li plating/stripping behaviors in porous Cu
with different pore depths were explored by Guo and co-workers
(Figure 6b).[86] The morphology of deposited Li is diverse on the
porous Cu when the pore depth of the host is 50, 30, and 25 μm,
respectively. The initial spherical deposited Li changes into a
shuttle-shaped morphology when the pore depth decreases from
50 to 30 μm, and the diameter of the deposited Li increases sig-
nificantly. More deposited Li is formed on the surface of porous
Cu and the diameter of the deposited Li rapidly increases to
30 μmwhen the pore depth is 25 μm. The different morphologies
of deposited Li are attributed to the change of the current distri-
bution and the decreased specific surface area. The CE of the
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porous Cu with a pore depth of 50 μm can maintain around
98.5% for 200 cycles with a cycling capacity of 3.0 mA h cm�2

at 1.0mA cm�2. However, the porous Cu with a pore depth of
25 μm has poor cycling performance of 60 cycles. In addition,
Lu et al. prepared a host with different pore depths by the deal-
loying method.[87] The depths of the porous host layers of 3D
CuZn were �40, 80, and 100 μm, respectively (Figure 6c). The
CE of 3D CuZn with a pore depth of 40 μm indicated a high
retention of 95% for 150 cycles with a capacity of
1.0mA h cm�2 at a current density of 1.0mA cm�2, whereas
the hosts with pore depths of 80 and 100 μm exhibited low
CEs that were less than 90% after 80 and 60 cycles, respectively.
The smaller pore depth leads to improved CE for a longer life-
span and a lower plating/stripping overpotential. The improve-
ment is mainly attributed to the presence of Li preferred
nucleation sites in the porous host in the original report.
However, the effect of the pore depth should be also taken into
considerations.

With the increase of the pore depth, the host provides more
space for deposited Li, ensuring minimized volume change even
with a high deposition capacity. However, too deep a pore

extends the transport path of Li ions and thus the resistance
to deposition inside the host increases. Li ions will be preferred
to deposit on the surface at the top of the host due to its high
conductivity and low resistance. Therefore, the deposited Li in
the host with a deep pore depth is uneven and most space inside
the host cannot be utilized. To guide Li deposition from the bot-
tom of the host, a gradient lithiophilic 3D conductive host was
designed by Xie et al., in which the content of the lithiophilic
element (Si) decreases from the bottom to the top gradually.[88]

The gradient lithiophilic structure enables the Li metal to deposit
first at the bottom, achieving high space utilization of the host
with deep pore depth. Moreover, Hong et al. introduced a host
with electric conductivity gradient for a LMA to suppress Li plat-
ing on the top surface and enabled stable cycling for more than
250 cycles at 1.0mA cm�2.[89] The simulation results proved that
the local reaction flux of Li ions at the bottom layer is more con-
centrated than at the top layer.

In summary, pore depth is significantly related to the specific
surface area and pore volume of a host and has a strong effect on
the current distribution. Different pore depths of hosts will affect
the deposition morphology of Li, thus changing the CE and cycle

Figure 5. A porous host with a large pore. a) Schematic of Li deposition behavior on 3D hollow CF. Reproduced with permission.[82] Copyright 2017,
Elsevier. b) Illustration of the plating/stripping process of the graphitized CF electrode. Reproduced with permission.[83] Copyright 2017, Wiley-VCH.
c) Preparation of a Li/CF composite anode with large pores. Reproduced with permission.[84] Copyright 2019, Wiley-VCH. d) The morphological evolution
of fibrous metal felt electrodes during a half-cell test. Reproduced under the terms of the CC-BY 4.0 license.[85] Copyright 2016, The Authors, published by
Springer Nature.
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life of the battery. A deeper pore provides much more space for
deposited Li but it extends the transport path of Li ions in the host
and increases the resistance of Li deposition at the bottom of
the host. In contrast, a small pore depth leads to a short
transport path of Li ions and a low plating/stripping overpoten-
tial, but the capacity of a small pore depth to accommodate
deposited Li is limited. The pore depth of the host should be
designed within a reasonable range according to different
scenarios. The gradient host can guide Li deposition from the
bottom to the top, improving the space utilization of the host.
However, the gradient feature of a host may change with increas-
ing cycle number and lose the originally designed effect. The
practical potential of the gradient host should be further
explored.

4. Pore Tortuosity

Tortuosity is an effective geometric parameter to describe the
complexity of pore structure of a host. It is worth noting that
the tortuosity of a traditional graphite anode is considered an
important parameter, which seriously affects the concentration
gradient of Li ions during fast charge. Similarly, the ionic

transport, liquid-phase diffusivity, and conductivity are affected
by the tortuosity in composite LMAs.

Keff ¼
Kϵ
τ

(1)

Deff ¼
Dϵ
τ

(2)

where ϵ, τ, Keff, and K are the porosity, tortuosity, and effective
and intrinsic conductivities, respectively.Deff andD are the effec-
tive and intrinsic diffusivities, respectively. “Intrinsic” represents
the property of the pure electrolyte (filling 100% of the volume)
and “effective” represents the measured property of the electro-
lyte when it is filled within a porous structure.[90,91] Equation (1)
and (2) serve as the definition of tortuosity (τ) used in most of the
literature.

A Li metal/carbonized wood (C-wood) composite anode
with low tortuosity was fabricated by preinjection method
(Figure 7a).[92] The uniformmicrochannels in the C-wood endow
reduced tortuosity, which improves the electrolyte diffusion and
shortens the Li-ion transport distance in the host. Due to the high
porosity and low tortuosity of the C-wood structure, a

Figure 6. The insight of pore depth on Li deposition behavior. a) Schematic illustration of the simulated structured LMA. Reproduced with permission.[58]

Copyright 2019, Elsevier. b) Schematic diagram for the designed porous Cu current collectors. Reproduced with permission.[86] Copyright 2017,
Wiley-VCH. c) Li deposition diagram showing different current collectors after dealloying at 0, 2, 4, and 8 h. Reproduced with permission.[87]

Copyright 2020, American Chemical Society.

www.advancedsciencenews.com www.entechnol.de

Energy Technol. 2021, 9, 2000700 2000700 (8 of 13) © 2021 Wiley-VCH GmbH

http://www.advancedsciencenews.com
http://www.entechnol.de


homogenous Li ion flux distribution is provided to enable uni-
form Li nucleation and growth. The expansion/contraction of
the Li volume can be effectively accommodated within the natu-
ral channels of the C-wood, and the local current density can be
further minimized due to the high porosity. Therefore, the low-
tortuosity Li/C-wood host exhibited stable cycling for more
than 225 cycles with a cycling capacity of 1.0mAh cm�2 at
3.0mA cm�2. Yao et al. reported a novel design of bioinspired
low-tortuosity carbon with tunable vertical microchannels
(Figure 7b).[93] The tunable vertical channels with low tortuosity
can enable the rapid transport of Li ions, effectively mitigating
the volume change of the anode during repeated Li stripping/plat-
ing. The low-tortuosity porous host with vertical channels enables
fast charge transfer and rapid kinetics of electrochemical reactions.
The vertical channels of the low-tortuosity host can still be observed
after all Li has been stripped out, which indicates that this low-tor-
tuosity structure can be well maintained during the Li stripping
process. At the same time, the low-tortuosity vertical microchan-
nels endow the host with a high specific surface area, lowering
the practical areal current density, shortening the Li-ion transport
path, and enabling uniform Li nucleation and growth in the host.
The relationship between the pore diameter in the vertical channel
and the electrochemical performance of the prepared Li composite
anode was also disclosed. The smaller is the pore diameter of the
vertical channel, the better the electrochemical performance.

In addition, the relationship between host tortuosity and
cycling reversibility of composite Li anodes was first revealed

by Cui and co-workers.[94] Li metal tends to plate and strip on the
upper surface in a highly tortuous anode because the ion trans-
port path to the middle or bottom of the host is much
longer. The accumulation of deposited Li further impedes the
ion transmission over time, thus aggravating the growth of exces-
sive Li deposition on the top, while the surface inside the anode
cannot be utilized effectively. During stripping, the residual dead
Li accumulated on the upper surface further reduces the invert-
ibility of the anode, blocks the path of ion inward transport, and
aggravates the inhomogeneity of Li accumulation. On the con-
trary, a host with a low tortuosity enables Li ion to be uniformly
transported and deposited in the host, which greatly improves
the cycling stability (Figure 7c). The low-tortuosity host (1.25)
achieved a high CE of 99.1% with a nearly identical overvoltage
of 19mV over 300 cycles with a cycling capacity of 1.0 mA h cm�2

at 1.0 mA cm�2. However, the high-tortuosity host (4.46) exhib-
ited a low CE of 96.7% with a higher overpotential of 34mV and
decayed rapidly after 120 cycles at the same test conditions.
Meanwhile, the simulation results prove that the lower tortuosity
not only affords an obviously decreased Li ion concentration gra-
dient near the anode, but also enables homogeneous current
density distribution. A host with low pore tortuosity is appropri-
ate for a composite Li anode. However, hosts with the same tor-
tuosity have different effects on the behavior of Li plating/
stripping due to differences in conductivity and lithiophilicity.
Therefore, the design of tortuosity should be based on the selec-
tion of host materials.

Figure 7. A porous host with different tortuosity structures. a) Fabrication process of the Li/C-wood composite anode. Reproduced with permission.[92]

Copyright 2017, National Academy of Sciences. b) Schematic of a typical carbon host with vertical channels. Reproduced with permission.[93] Copyright
2019, Oxford University Press. c) Schematic of the effect of tortuosity on the structure evolution of an LMA during cycling. Reproduced with permis-
sion.[94] Copyright 2020, Elsevier.
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5. Conclusion

To regulate behaviors of Li plating/stripping and relieve volume
change, a composite Li anode that employs a stable porous host
has been proposed as a promising strategy. Although porous
hosts have achieved valuable progress in inhibiting Li dendrites
and improving the cycling performance of LMAs, the fundamen-
tal understanding of the behavior of Li plating/stripping in a
porous host is still insufficient to provide rational guidance
for the design of composite Li anodes. The utilization efficiency
and lifespan of a composite LMA are the apparent average result
of the porous host instead of the basic reason why different
porous hosts induce distinctive performance. In a porous host,
the basic building block is a pore, and different pore sizes,
depths, and tortuosities will lead to different transport pathways
of Li ions, which strongly affects the distribution of electric and
Li-ion concentration fields during Li plating/stripping, and the
final performance of composite LMAs. To provide insights into
the behavior of Li plating/stripping in a pore, the diameter,
depth, and tortuosity of pore, three key parameters in description
of the pore structure, have been investigated as summarized ear-
lier. However, fundamental understanding of the behavior of Li
plating/stripping is still scarce and more investigations are
required for practical applications:

1) Model system and in situ characterization. It is difficult to
obtain uniform and simple pore structure during the fabrication
of a porous host. Thus, discussions of the pore structure are
qualitative currently, which is not conducive to further under-
standing the Li plating/stripping behavior. To draw a clear
and quantitative landscape of the effect of the pore diameter,
depth, and tortuosity on the behavior of Li plating/stripping,
simple and model systems with different materials in the range
from several nanometers to tens of micrometers are highly
required, which can be achieved by precision finishing and smart
design. Meanwhile, in situ characterizations are necessary to
record and analyze the behavior of Li plating/stripping.[95–97]

2) Theoretical simulations. The distribution of electric and Li-
ion concentration field is difficult to detect by the experiments.
Theoretical simulations, such as phase-field simulations,[98,99]

can be used to quantitatively describe the change of electric
and Li-ion concentration fields. Moreover, theoretical simula-
tions can also describe the process of Li plating/stripping.
3) Li-containing composite anodes. Most studies on the effect
of pore structure on the behavior of Li are based on a bare host
without Li metal. However, Li-containing composite anodes, in
which the pores are filled or half-filled by Li metal, are inevitable
for practical applications when matching with different types of
cathodes, especially for sulfur and oxygen cathodes. The effect of
the pore structure on the behavior of Li plating/stripping should
be further investigated based on Li-containing composite anodes.
4) The synergy of different pore structures. Generally, the reason-
able design of the pore size is determined by the different pur-
poses and application scenarios. A specific pore structure cannot
possess all excellent properties and has limited ability to regulate
the behavior of Li plating/stripping. The advantages of several
pore structures can be effectively combined when it comes to
practical applications. 5) Other properties. The pore structure
depends on certain material. Therefore, the effect of the pore
structure on the behavior of Li plating/stripping can change with

the type of material. The other properties of a pore also should be
considered, such as the electronic conductivity and the surface
properties. Moreover, ingenious designing of other properties,
such as gradient conductivity, can assist the improvement of
the specific pore structure. However, the potential of these
designs should be further evaluated under practical conditions.
Furthermore, the decomposition of the electrolyte and the forma-
tion of SEI in a pore should be taken into consideration.

Porous hosts have produced remarkable improvements
in understanding and regulating the behavior of Li plating/
stripping, but they are still in the primary stage and face many
challenges toward practical applications. The fundamental
insights of the behavior of Li plating/stripping in a pore can pro-
vide rational guidance for the design of composite LMAs.
Furthermore, investigations of the pore structure of composite
Li anodes provide fresh insights and research methods for other
advanced energy materials, such as sodium and potassiummetal.
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