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Taking energy density and safety into account, the anode-free all-
solid-state lithium battery is a strong candidate to surpass the capa-
bilities of routine lithium-ion batteries. However, achieving uniform
stable lithium metal plating under high areal capacity is a grand
challenge facing practical applications of lithium metal batteries. We
report a high-performance anode-free all-solid-state lithium battery
with a current collector consisting of carbon-reinforced ionic-
electronic composites. When an interconnected carbon paper is
compounded with a solid electrolyte, a three-dimensional ionic-
electronic conduction network can be achieved, affording a large
number of sites and scalable spaces for the nucleation and growth of
lithium metal. The composite layer can achieve a long cycle life (>5000
cycles), stable lithium metal plating with a high areal capacity
(>8 mAh cm™2), which is significantly better than that of the copper
current collectors for routine anode-free configurations. The appli-
cation of high-areal-capacity (4 mAh cm~2) pouch cell provides an
efficient and effective strategy for practical anode-free all-solid-state
lithium batteries.

1. Introduction

All-solid-state batteries (ASSBs) are superstars and game
changers in the current energy sector due to their better safety
characteristics than existing lithium-ion batteries."” ASSBs can
be used in a cell with bipolar stacked electrodes to achieve
a series connection of cells, which greatly reduces the weight
and size of the package and increases the energy density of
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10th anniversary statement

Congratulations on the 10th anniversary of the Journal of Materials
Chemistry A. The development of advanced energy materials is a core
issue if we want to achieve a decarbonized society. The fundamental
science to address this issue is the primary interest of Journal of Materials
Chemistry A, which has contributed substantially to the development of
emerging materials in this field. We are honored and delighted for the
opportunities to contribute to the journal, and we hope and believe that
Journal of Materials Chemistry A will continue to lead the materials for
energy and sustainability in the next decade and beyond.

rechargeable cells. Solid-state electrolytes (SEs) are also prom-
ising to enhance the battery power density due to the lithium
transmission number (¢;;) being close to 1.* The increasing
ionic conductivity of SEs enables their successful application in
solid-state batteries. Some inorganic SEs, such as sulfides, have
a high ionic conductivity of over 10 mS em ' at ambient
temperature.>* The recent advances in terms of reduced costs,*
improved preparation methods,” and superior mechanical
properties® of SEs have also paved the way for large-scale
production. With the widespread acceptance of ASSBs, the
feasibility of using energy-dense lithium metal as an anode is
reviving.”** However, current lithium batteries often employ an
excessive amount of lithium as the anode, which hinders the
increase in battery energy density.”” Besides, the preparation
and handling of ultra-thin lithium metal pose significant chal-
lenges in terms of manufacturing processes, cost, and safety.*®

The anode-free all-solid-state lithium metal battery (AFSSLB)
is introduced to achieve the maximum energy density for any
given lithiated cathode system without compromising on
safety.’”'® The initial lithium anode is formed by extracting
lithium ions from the lithiated cathode during the first charge.
Nevertheless, the implementation of AFSSLBs faces several
challenges of (1) accommodating the large volume change of
the electrodes during repeated cycling and (2) the growth of
lithium dendrites due to the uneven flux of lithium ions.*”** The
synergy of the above factors often leads to short-circuit (Fig. 1a).
Besides, copper (Cu) foil is one of the most unfavorable
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Fig.1 Schematic diagrams of different current collectors for AFSSLBs.
(a) Lithium nuclei are formed on the surface of Cu. Volumetric changes
during the Li plating process can easily break the SE, especially at high
areal capacity. This behavior leads to the growth of cracks and
subsequent Li dendrites, which results in short-circuit. (b) The modi-
fication of the Cu substrate with an interconnected carbon paper
creates a host with large plating sites for stabilizing the lithium inter-
calation and the subsequent plating. The volumetric change of the Li
plating is accommodated by the flexible interconnected carbon paper.

substrates for lithium metal plating as it is not conducive to
lithium metal dissolution,?® while substrates with smaller
nucleation overpotential and weaker surface diffusion barriers
enable stable growth of deposited lithium leading to enhanced
electrochemical performance.*

Some strategies have been proposed to address these issues,
including the manipulation of current collectors,*> the
rational design of solid electrolytes,”®*” and the adjustment of
cycling protocols.”® Cells designed based on these strategies
pioneered the feasibility of AFSSLBs, despite their limited areal-
capacity and moderate cycle life. Recently, regulating lithium
metal plating behaviors by the modification of the working
surfaces of current collectors has attracted much attention.***
The implementation of silver-carbon composites affords
impressive high areal capacity and long cycle life.*> However,
their preparation processes are often complex and the mecha-
nisms remain elusive. This raises a fundamental question of
how the structural and physicochemical properties of a current
collector affect the deposition properties of lithium metal.
Compared with a conventional planar Cu current collector,
interconnected three-dimensional (3D) hosts with lithiophilic
sites are promising to decrease local current density and
modulate lithium nucleation for a homogeneous lithium
deposition,*° relieving stresses arising from volume expan-
sion. The effectiveness of such hosts is apparent in liquid
systems and through theoretical simulation. Therefore, it would
be very interesting and important to construct such hosts in
AFSSLBs to understand their roles in regulating lithium depo-
sition behaviors and to evaluate them under relevant structural
or physicochemical parameters.

In this contribution, an AFSSLB with a high areal capacity
greater than 8 mAh cm ™2 is reported, achieved by using a 3D
interconnected carbon paper (CP) as current collector (Fig. 1b).
A uniform and dense LiCg interfacial layer forms on the surface
of the CP host during the initial lithium intercalation, which
facilitates the wettability of lithium on the CP and reduces the
lithium metal nucleation overpotential (~1.5 mV). Lithium
metal can be further deposited on the lithiophilic LiCs surface
(ESI, Fig. S17), inducing stable plating of lithium and adapting
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to volume changes through the 3D scaffolds, ultimately
improving the cycle stability (>5000 cycles).

2. Results and discussion
2.1. 3D interconnected carbon layer

The interconnected interfaces are constructed through CP with
3D woven carbon fibers (CFs) (Fig. 2a). The abundance of
macropores between the fibers provides enough space to
accommodate the subsequent plating of lithium metal. The
diameter of a single CF bundle is approximately 6.5 pm, which
is made up of many fine CFs (Fig. 2b). The total thickness of the
CP layer is 50 um without pressing (cross section shown in
Fig. 2d). The large porosity of the fibers in the direction
perpendicular to the CP mitigates the stress caused by volu-
metric changes during lithium metal plating.

Transmission electron microscopy (TEM) and X-ray diffrac-
tion patterns exhibit that the CFs are composed of well-
crystalline graphite with a (002) layer spacing of 0.34 nm
(Fig. 2e, ESI, Figs. S2 and S3t). The LiCs compound is formed
during the first lithium intercalation. In turn, the excellent ionic
conductivity and lithiophilic nature of the LiCe layer promote
close contacts between the lithium metal and the CP host,
which facilitates dendrite-free plating/stripping behaviors over
many cycles.* Digital camera images (Fig. 2c) and scanning
electron microscopy (SEM) images (Fig. 2f) exhibit that the CP
films have excellent bending properties, ensuring that the CP
does not fracture under large volume changes, rendering their
application in flexible and wearable energy storage devices
feasible.*

2.2. Ionic-electronic conduction network

Both CP and SE were assembled into a 3D carbon-reinforced
ionic-electronic composite (CRIEC) as current collector by
one-step pressing. X-ray computed tomography (XCT) was
carried out to probe the fine structure of the composite layer.
The tight fit of the CP to the SE is observed on the cross sections

Fig. 2 The 3D interconnected CP. SEM images of (a) CP, which is
composed of bundles of CFs, and (b) a bundle of CFs with a diameter
of 6.5 um. (c) Digital camera image of CP. (d) Cross-sectional SEM
image of CP with a thickness of 50 um. (e) HRTEM image of CP
showing d(002) plane of graphite with an interplanar spacing of
0.34 nm. (f) SEM image of CP at the corner of a bend. Red dashed line:
the trace of bending curvature.

This journal is © The Royal Society of Chemistry 2023
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Fig. 3 Phase-contrast XCT of CRIEC showing a 3D ionic-electronic
conduction network. (a) Cross-sectional image slice at the edge of the
current collectors revealing the tight contact interfaces between the
CP and the electrolyte (marked with a yellow dashed line). (b) Virtual
image slice taken along a plane parallel to the CP. The dark gray
indicates the CP substrate and the light gray indicates the SE, which act
as conductors of electrons and lithium ions, respectively. (c) Virtual
image slices taken along planes parallel to the CP from the surface of
CP to the SE layer (positions indicated by the red and blue arrows in
(a)). A magnified image of (c) (iv) is shown in (b) for detail.

of the CRIEC (Fig. 3a). The yellow dashed line points out the
undulating interfaces between them. Apparently, the CP is
subjected to an overall compression in the vertical direction,
which is approximately 40 um at the highest point and only
a few micrometers at the lowest position (ESI, Fig. S47). In the
meantime, the electrolyte is embedded into the pores of the CP
to form linked ion channels.

To further elucidate the 3D structure of the CRIEC, XCT
image slices were acquired along a plane parallel to the CRIEC,
starting from the red dashed line and ending at the blue dashed
line (Fig. 3a). The positions of the image slices in Fig. 3c are
indicated by the red and blue arrows on the virtual cross-
sectional image slice in Fig. 3a. Fig. 3b exhibits the details in
the image of Fig. 3c(iv). The interconnected CP layer (black) acts
as a substrate, with the SE (grey) dispersed within, forming
a tightly bound interfacial layer with the CP (yellow dashed
line). Herein the CP layer is an excellent electronic conductor,
while the SE layer is a particularly good diffusion channel of
lithium ions. They nest with each other to afford a 3D structure
for the nucleation and growth of the lithium metal anode. In the
direction of the longitudinal section (indicated by the black
arrow in Fig. 3a), Fig. 3c(i) exhibits a surface consisting entirely
of CP layer (where the red arrow points in Fig. 3a). With further
longitudinal sectioning towards Fig. 3c(ii) and (iii), a small
portion of electrolyte and its interfaces with the CP appears

This journal is © The Royal Society of Chemistry 2023
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(vellow dashed line); while in Fig. 3c(iv) and (v) it can be seen
that the percentage of electrolyte is expanding while the
percentage of CP is reducing; in Fig. 3c(vi) and (vii), as one
progresses further in depth, the electrolyte dominates while the
CP layer has only a few small isolated patches; and finally, the
layer is entirely composed of electrolyte at the position of the
blue line (where the blue arrow points in Fig. 3a). These results
clearly demonstrate that the CP and SE form a 3D inter-
connected, tightly bound composite structure with a well-
established electron and ion conduction network, providing
abundant sites and buffer intervals for subsequent plating of
lithium metal.

2.3. Lithium plating/stripping behaviors in the CRIEC

To evaluate the performance of the CRIEC, it was subjected to
lithium metal plating and compared to the performance of Super
P (SP) modified and unmodified Cu foils. In the CRIEC as well as
in the SP modified foil, the lithium intercalation reactions
occurred prior to forming lithiophilic Li-C composite to the
observed voltage plateau for lithium metal plating (ESI, Fig. S57).
The intercalation of Li atoms into carbon is thermodynamically
preceded by the plating of lithium metal due to the negative Gibbs
free energy of the reaction (Li + 6C — LiCq, —10.59 kJ mol *).**
For objectivity of comparison, only the voltage profile at the start
of lithium metal plating is recorded in Fig. 4a. The bare Cu foil
exhibited a large nucleation overpotential (8.4 mV) and was short-
circuited after deposition of very little lithium metal
(~0.015 mAh cm?). SE is easily damaged due to the non-uniform
growth of lithium, which increases the probability of short cir-
cuiting. In contrast, the SP modified foil exhibited a smaller
nucleation overpotential, suggesting that the lithiophilic Li-C
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Fig. 4 Lithium plating/stripping behaviors in the CRIEC. (a) Voltage
profiles of AFSSLBs with CP, SP, and bare Cu. To enhance the
comparison, the curves are shifted horizontally according to the onset
of lithium nucleation and vertically with a constant shift of 20 mV. (b)
The nucleation overpotential and the maximum areal capacity of
lithium plating with different interfacial layers. (c) coulombic efficiency
of the plating/stripping of the CRIEC after depositing an areal capacity
of 3.0 mAh cm™2 (including the capacity of the lithium intercalation).
(d) Stable lithium plating in CRIEC with an areal capacity of 8 mAh cm™2
and a nucleation overpotential of 1.5 mV. The current density is 0.05
mA cm~2 at ambient temperature.
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composite reduces the nucleation energy of lithium metal, which
induces a more uniform lithium plating. However, the voltage
profile converges to zero gradually during plating, suggesting
a micro-short-circuit,”” where the plated lithium metal is pene-
trating the SE and the distance between the electrodes is
reducing. The short circuit occurs after plating a lithium metal
capacity of ~0.25 mAh cm 2. This indicates that a routine two-
dimensional carbon film is insufficient to match the high areal
capacity. Notably, lithium metal nucleation in the CRIEC exhibits
a smooth voltage dip and the overpotential is extremely small
(only 1.5 mV), demonstrating that the lithiophilic graphitic Li-C
composite can effectively regulate the nucleation behavior of
lithium metal anode. In addition, the subsequent plating plateau
is ultra-smooth, indicating that the abundance of 3D macropores
and large porosity between the fibers in the CRIEC to accommo-
date the volumetric change promise the stability of the composite
electrode for high areal capacity. Fig. 4b summarizes and
compares the nucleation overpotential and the maximum lithium
deposited areal capacity for the three different current collectors.
The coulombic efficiency of the lithium plating/stripping in the
CRIEC is >95% with an areal capacity of 3.0 mAh cm > (including
the capacity of lithium intercalation, Fig. 4c). The CRIEC can
substantially reduce the nucleation overpotential and regulate the
subsequent lithium plating/stripping behavior, enabling stable
cycling with high areal capacity.

The ultimate plating capacity of the CRIEC was further probed
(Fig. 4d). The CRIEC exhibited an exceptionally high plating
capacity, remaining stable at a capacity of 8 mAh cm 2. After
depositing a capacity of more than 9 mAh ecm ™2, a short-circuit
behavior occurred (ESI, Fig. S6t). The increased overpotential
is due to the contact loss caused by the over-discharge of lithium
metal counter-electrode, which eventually triggers the growth of
lithium dendrites. When pairing with a more stable counter
electrode than lithium metal, better plating performance can be
expected. The potential of the CRIEC was further probed under
various extreme conditions. A relatively high value of 0.3 mA
cm > can be applied at 333 K with an areal capacity of over
3.5 mAh cm? (ESI, Fig. S71). Besides, the critical current density
of lithium stripping reaches 0.4 mA cm~? at ambient tempera-
ture when a pressure of 3.5 MPa is applied (ESI, Fig. S87).

2.4. Electrochemical performance of the AFSSLBs

Motivated by the exceptional abilities of the CRIEC to induce
lithium metal nucleation and to accommodate the large volu-
metric changes associated with lithium metal plating/stripping,
we performed cycling tests on both mold cells and pouch cells
with the CRIEC. In the mold cell, representative single-crystal
NCM-622 and NCM-811 ternary cathodes were selected with
an areal loading of 8.9 mg cm 2. Even at ambient temperature,
there is an excellent charging capacity of 172 and 201 mAh g~*
on single-crystal NCM-622 and NCM-811 ternary cathodes,
respectively (Fig. 5a and b). In contrast, for the control current
collector Cu matches, there is a sudden voltage drop (ESI,
Fig. S91) and the inability to reach the cut-off voltage results in
a continuous overcharge, which is attributed to the occurrence
of a soft short-circuit.** During the discharge process, the NCM-

12716 | J Mater. Chem. A, 2023, N, 12713-12718

View Article Online

Communication

®
o
o

‘Anode-free mould cell Anode-free mould cell Anode-free pouch cell

»
°
-
5
»
5

©
&
©

Voltage (V vs. L")
Voltage (V vs. LiLi")
Voltage (V vs. LLi")

©
°
©
°

NCM-622 Il P NCM-811 1| CF =
NCM-622 Il Cu NCM-811 1 Cu

89mgem™ 89mgem™ NCM-622: 4.0 mAh cm™

o

40 80 120 160 50 100 150 200 1 2 3

Specific capacity (mAh g ™) Specific capacity (mAh g™ Specific capacity (mAh cm™)

a
°

|
e
|
9

°
>

3

Voltage (mV vs. LiALi’)

o 3

o (Vs

)

22

&3

o (V vs.

ooo

KR35

Voltage (V vs. LILI")

04 S BT 1 o= T — £ 00 06
2 3 3
1 2 > 2497 2498 2499 2500 > 4997 4998 4999 5000
02) Cycle number Cycle number Cycle number
0.0] ‘

1000 2000 3000 4000 5000

Cycle number

Fig. 5 Electrochemical performance of AFSSLBs with the CRIEC. (a
and b) Comparison of charge—discharge performances of the CRIEC
and bare Cu with LiNbO3-coated single crystal (a) NCM-622 and (b)
NCM-811 as cathode active materials. The areal loading of active
materials is 8.9 mg cm~2. (c) Charge—discharge profiles of anode-free
pouch cell with an areal capacity of 4.0 mAh cm™2. The inset shows
a digital camera image of a pouch cell. Scale bars, 1 cm. (d)
Comparison of the cycling performance of Liln||CP (marked in red) and
Liln||Cu (marked in black) cells at various current densities (1C = 0.05
mA cm™2). Insets: magnified voltage profiles for different cycles.

622 and NCM-811 mold cells showed a capacity loss of 0.82 and
0.87 mAh cm 2, respectively, presumably due to the generation
of the SEI and CEI in the initial cycle.**** This implies that
a further rise in areal capacity can improve the discharge
capacity and coulombic efficiency of a working cell. Pouch cells
were operated with an areal capacity up to 4.0 mAh cm 2 to
emphasize the electrochemical performance of the CRIEC,
exhibiting an excellent discharge capacity of 2.2 mAh cm™>.

Inspired by the outstanding charge-discharge performance
of the CRIEC, long-time cycling tests were carried out (Fig. 5d).
In the first few cycles, the cell with bare Cu showed unstable
voltage profiles, which was ascribed to the non-uniform growth
of lithium leading to soft short-circuit. In stark contrast, the cell
with the CRIEC exhibited stable cycling with an extremely low
polarization of 10 mV at 5C (1C = 0.05 mA cm™>). This low
polarization is attributed to the conformal interface between
the CP and the SE layer, which can substantially reduce the
interfacial resistance and induce a uniform flux of lithium ions.
Notably, the cell with bare Cu showed rapidly deteriorating
overpotential indicating the contact loss between the bare Cu
and the SE at a high current density of 10C in the subsequent
cycles, while the cell with the CRIEC exhibited ultrastable
voltage profiles even after 5000 cycles. The distinct cycling
stability again verifies that the CRIEC layer can form
a conformal interface with a 3D ionic-electronic conduction
network to induce a uniform flux of lithium ions and adapt to
the volumetric change during cycling.

3. Conclusions

In summary, AFSSLBs are constructed using interconnected CP
as 3D current collector, a SE, and a high-nickel NCM cathode.
The 3D ionic-electronic conduction network of the CRIEC

This journal is © The Royal Society of Chemistry 2023
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affords abundant lithiophilic sites and scalable spaces for
lithium nucleation and inhibits dendritic growth of metallic
lithium. The cells with CRIEC layer exhibit superior cycle life
(>5000 cycles) with an extremely low nucleation overpotential
(~1.5 mV). The CRIEC enables an ultrahigh areal capacity
(>8 mAh cm %) demonstrating its great potential to stabilize the
lithium metal plating. The successful application of high-areal-
capacity pouch cells (4 mAh cm™~?) paves the way for the design
of practical AFSSLBs. This work sheds fresh light on the opti-
mization of anode-free all-solid-state batteries with much-
enhanced energy density and safety.
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