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A Pressure Self-Adaptable Route for Uniform Lithium
Plating and Stripping in Composite Anode

Peng Shi, Xue-Qiang Zhang, Xin Shen, Bo-Quan Li, Rui Zhang, Li-Peng Hou,

and Qiang Zhang*

Lithium (Li) metal anode confronts impressive challenges to revolutionize the
current rechargeable batteries due to the intractably unstable interface. The
composite Li anode is proposed to relieve volume fluctuations and suppress
Li dendrites apparently. However, the inner space of composite anodes still
affords feasibility for the continuous growth of unconstrained Li dendrites,
leading to a low utilization of deposited Li and even safety hazards. Herein,
an emerging and rational strategy to design composite anodes is proposed to
regulate the inner Li plating/stripping. The self-adaptable pressure is gener-
ated by the filled elastic polymer inside conductive hosts, surpassing the yield
strength of Li and confining Li to form a smooth morphology with a high
utilization owing to the persistent electronic pathways under pressure. The
pressure self-adaptable composite anode renders 160 cycles with a capacity
retention of 80% in comparison to 60 cycles with a planar Li under practical

reduction potential (-3.04 V vs standard
hydrogen electrode).! However, Li metal
anode is still not applied in practical
rechargeable devices yet on account of the
intrinsic bottlenecks, that is, uncontrolled
Li dendrites and large volume fluctua-
tions inducing unstable interface, which
leads to a short lifespan and even safety
hazards.P]

In retrospect, tremendous efforts have
been devoted to tackling the above issues
and prolonging the lifespan of Li metal
batteries (LMBs).[! Extensive strategies
focus on liquid electrolyte design,”) arti-
ficial protective layers with high Young’s
modulus,® polymer or solid-state elec-

conditions. Moreover, a 1.0 Ah pouch cell undergoes 68 cycles impressively.
This work not only presents a fresh perspective on regulation of inner Li
plating/stripping by introducing a self-adaptable pressure into the composite
anode, but also demonstrates the avenue of exploring multifunctional com-

posite anodes for practical Li metal batteries.

1. Introduction

High-energy-density storage technologies, such as cutting-edge
rechargeable batteries, have attracted unprecedented research
enthusiasm globally in order to meet the increasing demands
of portable electronic devices, electric vehicles, and smart
grids.l! Lithium (Li)-ion battery is one of the most accentuated
paradigms worldwide as acknowledged by the 2019 Nobel Prize
in Chemistry.2l However, the low theoretical specific capacity of
graphite anode (372 mAh g) in Li-ion battery limits its further
applications.’! Consequently, Li metal is reviving and attracts
enormous interests nowadays as an excellent anode material
due to its ultrahigh specific capacity (3860 mAh g!) and low
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trolytes,”) and 3D hosts.'”l Particularly,
the composite Li anode with a conduc-
tive 3D host can maintain a dimensional
stability by confining Li deposition in the
inside pores, exhibiting peculiar a merit
in relieving volume fluctuations. Besides,
the plentiful conductive surface signifi-
cantly reduces the areal current density,
diminishing the driven power of dendritic electrodeposition.!'!
Unfortunately, the growth of Li dendrites in the confined space
inside composite anode remains untouched which dictates the
final lifespan of a battery cumulatively. The Li deposition inside
a host can also lose electronic contacts and becomes the dead
Li, which accumulates inside a host and then counteracts the
expected role of a composite anode. Therefore, the innovative
composite anodes are aspired to be explored with consideration
of the inner Li plating/stripping in response to the challenges
of practical conditions.

Recently, the inner behaviors of Li plating/stripping are also
regulated by the lithiophilic layer of a 3D host, such as doped-
nitrogen atom, metal oxide, and alloy layer, which have been
comprehensively reported.”) On the other hand, the mechan-
ical methods are widely employed in protection of Li metal.
For example, an artificial protective layer with high Young’s
modulus provides the desired mechanical strength to suppress
the Li dendrite growth for a planar electrode during Li plating/
stripping.®l However, the methods which aptly make use of
the mechanical properties of Li metal to regulate the inner Li
plating/stripping in a composite anode are not touched yet.

In this contribution, an emerging and rational composite
anode was freshly proposed by introducing a pressure self-
adaptable route to regulate the inner behavior of Li plating/
stripping inside the composite anode (Figure 1). In a routinely
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Figure 1. Schematic illustration of the plating process in composite anode with a) a routine 3D host and b) a pressure self-adaptable host. The Li
dendrites always grow unimpededly on a routine host during the plating process. Once the elastic polymers are filled into the porous host, Li deposits
on the conductive hosts, generating a compression force (Fy; _, p) to deform the filled polymer and then the induced force (Fp _, ;) is applied to the

growing Li metal to render dense and smooth Li deposition.

conductive 3D host, Li dendrites can still grow unimpededly on
the surface inside a host (Figure 1a). There is less room for Li
metal to grow with freedom once the elastic polymers are filled
into the host pores. The Li metal deposits on the conductive
host during the plating process, generating a compression force
(F1; -, p) to deform the polymer (Figure 1b). As the displacements
of polymer are restrained by host fibers, the elastic deformed
polymer attempts to return to its initial state. Therefore, a normal
stress (Fp _, 1;) generates opposite to the direction of Li growth,
which can be regarded as a pressure (P) on the growing Li metal.
The applied pressure, which is larger than the yield strength of
Li, has the ability to confine Li growth and plastically deform
dendrites to maintain a dense and smooth morphology. During
stripping, a high utilization of deposited Li is achieved owing to
persistent electronic pathways between the deposited Li and a
conductive host under pressure. A battery with a self-adaptable
pressure composite Li anode exhibited a larger capacity reten-
tion of 80% after 160 cycles compared to a planar Li anode with
60 cycles. Additionally, a 1.0 Ah pouch cell underwent 68 cycles
when it decreases to the 80% of initial capacity.

2. Results and Discussion

The feasibility of the composite anode with self-adaptable
pressure bases on two prerequisites. On the one hand, the
pressure generated by the polymer should be larger than the
yield strength of Li deposition, which can suppress the uncon-
trolled growth of Li dendrites and smooth Li deposition. On the
other hand, the deformation of filled polymer has to be in the
elastic region to guarantee that the polymer takes effect during
the whole repeated plating/stripping processes. Moreover, the
strategy of self-adaptable pressure relies on the advantage of
the 3D host, including abundant conductive area and slight
volume fluctuation.
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The finite element method was employed in order to
clarify the pressure generated in composite anode precisely
(Figure 2a). The pressure between the deposited Li and polymer
can be up to 500 MPa when the deposited capacity of Li was
1.0 mAh cm™. The current density was based on planar elec-
trode and polyacrylonitrile (PAN) was selected as a representa-
tive of polymers due to its great compatibility with Li metal.
(Figure S1, Supporting Information). While the yield strength
of both the micrometer-sized Li and bulk Li is less than
100 MPa, Li growth can be well confined through the perma-
nent plastic deformation, leading to a more planar and smooth
morphology on host fibers.'¥ The self-adaptable pressure was
also detected by a preliminary experiment. The change of
pressure during Li plating was recorded in an electrolytic cell
(Figure S2, Supporting Information). The self-adaptable pres-
sure is approximately linear accompanying with Li plating
(Figure S3, Supporting Information). Therefore, the boundary
of the elastic polymer moves accompanying the deposited Li
during the repeated plating/stripping processes (Figure 2b).
The polymer shrinks inward with Li plating on the conductive
hosts. Then the boundary (dash lines in right panel, Figure 2b)
returns to the initial state (solid lines in left panel, Figure 2D)
after Li stripping. The mechanical parameters and elastic defor-
mation region of PAN are measured by nanoindentation to
confirm whether PAN can perform the process described above
(Figure S4, Supporting Information).l”] The Young’s modulus
of PAN maintains around 5.0 GPa from the initial state to a dis-
placement of 2 um which indicates that PAN undergoes elastic
deformation rather than plastic deformation (Figure 2c).

In order to demonstrate the feasibility of self-adaptable pres-
sure experimentally, copper (Cu) mesh was chosen due to the
simple structure for observation (Figure S5, Supporting Infor-
mation). The PAN was filled into the pores of Cu mesh to fab-
ricate Cu mesh @ PAN (Figures S6 and S7, Supporting Infor-
mation). There were many dendrites in pores of Cu mesh and
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Figure 2. a) The distribution of von Mises stress in the host filled with PAN polymer during Li plating. b) Schematic illustration for the boundary
displacement of PAN during Li plating and stripping. c) Young’s modulus of PAN during the process of deformation. Top-view SEM images of d) Cu
mesh and e) Cu mesh @ PAN after Li plating with a capacity of 1.0 mAh cm™ at a current density of 1.0 mA cm™.

abundant protrusions on the surface of Cu fibers, performing
inhomogeneous Li plating according to the scanning electron
microscope (SEM) images (Figure 2d). In contrast, there is
no obvious Li dendrites on the surface of Cu mesh @ PAN
(Figure S8, Supporting Information) and the Li deposition on
Cu mesh @ PAN was dense and smooth, which can be dem-
onstrated obviously after removing the PAN from the surface
(Figure 2e). The self-adaptable pressure stemming from the
deformation of PAN on deposited Li contributes to regulating
the behaviors of Li plating/stripping in confined space for a
dense and smooth morphology of Li deposition. In a Li | Cu
mesh @ PAN cell, the voltage profile exhibited no obvious dif-
ference with Cu mesh as an electrode during plating process
with a hysteresis around 100 mV, indicating that the filled PAN
did not block the transport of Li ions (Figure S9, Supporting
Information). Additionally, Cu mesh @ PAN electrode had a
higher Columbic efficiency (CE, 872%) than Cu mesh electrode
(83.3%), proving that the deposited Li can be utilized more
completely in Cu mesh @ PAN electrode. The dense deposited
Li and persistent electronic pathways under the self-adaptable
pressure afford a higher unitization efficiency of deposited Li.
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The potential of pressure self-adaptable composite anode
was further demonstrated under practical conditions after the
proof-of-concept of that in Cu mesh host. Carbon fiber (CF) was
employed as the 3D host due to the stable structure, appropriate
specific surface area, and light weight (Figure S10a, Supporting
Information).l The suitable specific surface area can increase
the conductive specific surface area without consuming exces-
sive electrolyte. The morphology and structure of CF@PAN
anode were confirmed by the SEM and the energy dispersive
spectroscopy (EDS) mapping. There was enough free space
in the large pores of CF electrode for the continuous growth
of Li dendrites, while the large pores were occupied by PAN
in the CF@PAN anode (Figure 3a; Figure S10b, Supporting
Information). The N element on the top surface indicates that
PAN was distributed evenly in the host. The self-adaptable pres-
sure derived from the deformation of the filled PAN during Li
plating plastically deforms dendrites to maintain a dense and
smooth morphology in CF@PAN.

3D X-ray microscopy (3D XRM) was employed for exploring
the location of deposited Li in a practical system intuitively
after the initial plating. The deposited Li, PAN, and CF can
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Figure 3. The surface morphology and structure of CF@PAN and the location of deposited Li in CF@PAN composite anode. a) Top-view SEM image
of CF@PAN and EDS of the area in inset image. b) The 3D morphology of CF@PAN after Li plating by X-ray microscopy. c) The transverse section
partial view along the blue dotted line in (b). d) The longitudinal section partial view along the purple dashed line in (b). The contrast of deposited
Li is gloss white surrounded by green dotted line. The carbon fibers are distinct which are indicated by blue dash line and the PAN presents dark red
surrounded by purple dotted line. (c) and (d) are the parts of the cross-sectional views of (b) in the arrow direction, respectively.

be distinguished obviously due to the different contrasts and
shapes under 3D XRM images. There was no deposited Li on
the surface of PAN and the PAN was not extruded from the
pores after a high deposition areal capacity of 3.0 mAh cm™,
which can meet the demand for practical batteries (Figure 3b).
The deposited Li surrounded by green dotted line attached on
CF and the other side was confined by PAN surrounded by
purple dotted line, indicating that the deposited Li was along
the conductive CF at the first stage (Figure 3c,d). Consequently,
the self-adaptable pressure increases with the Li plating
capacity and restrains the uncontrolled growth of Li. Further-
more, the morphology of Li plating/stripping was observed
at the 10t cycle. The CF@PAN anode remained original
structure, in which PAN was preserved and stable during the
repeated Li plating/stripping processes (Figure S12, Supporting
Information). The surface of CF@PAN anode was smooth and
uniform differing from CF anode with numerous dendrites in
the large pores with a capacity of 3.0 mAh cm™ after the 10™
plating (Figure 4a,b). There were few changes in the CF@PAN
anode and the surface was still flat during the stripping process
(Figure 4c). In contrast, considerable dead Li accumulated in the
pores of CF due to the shaggy deposited Li and poor contacts
between deposited Li and host fibers (Figure 4d). The depo-
sited Li and CF were exposed after removing the PAN on the
surface of CF@PAN electrode in order to further observe the
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morphology of Li plating/stripping. The deposited Li exhibited
obvious deformation owing to being pressed in CF@PAN, indi-
cating that the deposited Li was confined by the self-adaptable
pressure (Figure S13a, Supporting Information). In this regard,
the morphology of deposited Li in CF@PAN was similar to that
observed on the planar Cu substrate in a pouch cell which was
tested with an external pressure of 1.0 MPa (Figure S14, Sup-
porting Information).'” Additionally, the deposited Li stripped
more completely and less dead Li remained in CF@PAN anode
in comparison to CF anode (Figure S13b, Supporting Informa-
tion). Therefore, the confined location and smooth morphology
of the deposited Li in CF@PAN anode prove that the behaviors
of Li plating/stripping in a self-adaptable composite anode can
be regulated under practical conditions effectively.
Electrochemical impedance spectroscopy (EIS) measurements
are applied to obtain the interfacial transport resistance of Li ions
in Li/CF and Li/CF@PAN composite electrode. The interfacial
resistance is the combination of the diffusion resistance of Li ion
in the solid electrolyte interphase (SEI) layer (Rsg;) and the charge
transfer resistance (R.). The much lower Rgg; and R of the cell
with Li/CF@PAN anode compared with the cell with Li/CF anode
after repeated cycles suggest that the more stable Li ionic channel
and less dead Li accumulation are achieved in Li/CF@PAN
under the self-adaptable pressure during long cycles (Figure S15,
Supporting Information). Owing to the low interfacial transport

© 2020 Wiley-VCH GmbH



ADVANCED
SCIENCE NEWS

www.advancedsciencenews.com

a

Figure 4. The morphology of the surface of composite anode during repeated cycling. Top-view SEM images of a,b) plating and c,d) stripping mor-
phology for CF@PAN (a, c) and CF anode (b, d) after 10 cycles with a capacity of 3.0 mAh cm™2 at a current density of 1.0 mA cm™.

resistance of Li ions in Li/CF@PAN, a low hysteresis during
repeated Li plating/stripping and superior stability are expected to
be achieved in a full cell with Li/CF@PAN composite anode.

CE is an important parameter to evaluate the utilization of
deposited Li in a composite anode for LMBs.'¥] Herein the
working electrode (CF@PAN) was pretreated in order to elimi-
nate the loss associated with the side reactions between Li and
hosts. The average CE over 50 cycles was 95% for CF@PAN
electrode, higher than 91% for the planar electrode (Figure S16,
Supporting Information). The host with a moderate specific
surface area decreases the current density and leads to a uni-
form electric field which lowers the nucleation overpotential
and renders uniform Li deposition. In addition, the CFs provide
abundant electronic conductive pathways which decrease the
resistance of electron transfer and the deposited Li closely con-
tacts with the CFs under the self-adaptable pressure, ensuring
the steady electronic pathway. The uniform deposition and per-
sistent electronic pathways under the self-adaptable pressure
ensure the high utilization of the deposited Li in CF@PAN
anode.

Combining with a high loading LiNi, sCog,Mn, 30, (NCM523)
cathode, the full cell was assembled to further demonstrate the
potential for practical applications of the self-adaptable com-
posite anode. The Li/CF@PAN composite anode was fabricated
by a facile method of rolling CF@PAN with ultrathin Li foil
(33 um), which was similar to the fabrication method of Li/CF
composite anode.!™ Both a high capacity cathode (2.5 mAh cm™2)
and a low N/P ratio (=2.6) were adopted in order to evaluate the
composite anode under practical conditions. The capacity of
the Li | NCM523 coin cell rapidly faded to 80% retention after
60 cycles at 0.4 C (Figure 5a). Undoubtedly, the cycle performance
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of the Li/CF | NCM523 cell was better than planar Li, which can
achieve 110 cycles under the benchmark of 80% capacity reten-
tion. In contrast, Li/CF@PAN | NCM523 coin cell exhibited
better cycling stability than Li | NCM523 and Li/CF | NCM523
cells. The Li/CF@PAN | NCM523 maintained 80% of capacity
retention for 160 cycles with a reduced polarization (Figure 5b).
All fresh Li was pulverized and enormous dead Li were on
the surface of planar Li anode after 100 cycles (Figure S17a,
Supporting Information). In contrast, the surface was still flat
for Li/CF@PAN anode after 200 cycles, illustrating the sturdi-
ness of Li/CF@PAN composite anode and validating that the
PAN maintain stable in contact with Li metal over many cycles
(Figure S17b, Supporting Information). No dead Li or dendritic
Li was observed on the surface of composite anode toward sepa-
rator. Additionally, the chunks of Li can be observed on the side
of back to the separator after 200 cycles (Figure S18, Supporting
Information). The uniform plating and stripping are achieved
in the Li/CF@PAN composite anode, which maintains the per-
sistent electronic pathway between deposited Li and host, thus
resulting in the enhance of the utilization efficiency of Li metal.
The Li-free full cell with a CF@PAN anode can achieve stable
performance over 30 cycles but the capacity of Cu | NCM523
cell rapidly decayed after 10 cycles, which further indicates
the uniform Li plating/stripping and high utilization of
deposited Li in the CF@PAN anode (Figure S19, Supporting
Information).

Moreover, LI@PAN was employed to evaluate the effect
of self-adaptable pressure for planar electrodes. The full cell
with Li@PAN anode performed 90 cycles when the capacity
decayed to 80% of initial capacity (Figure 5a). The deposited Li
was inhomogeneous at the 10% plating and considerable dead
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Figure 5. The cycling performance of full batteries under practical conditions. a) The cycling performance of coin cells with NCM 523 cathode and
different anodes at 0.4 C. b) The corresponding voltage profiles of coin cells at the 30" and 100" cycle with planar Li and Li/CF@PAN anode. c) The
cycling performance of a 1.0 Ah pouch cell at 0.1 C and the digital image of the pouch cell is inserted. d) The voltage-capacity profiles of a pouch cell

at the 30" and 60™ cycles.

Li were observed on the surface of Li@PAN (Figure S20, Sup-
porting Information). The PAN on the surface of planar elec-
trode undergoes plastic yielding or even ruptures due to a much
greater volume change than the 3D composite anode with the
same cycle capacity, and thus losing its regulation on behaviors
of Li plating/stripping, which indicates the strategy relies on the
3D host with abundant effective electrochemical active area.

The Li/CF@PAN composite anode matching with higher
areal loading cathode of 4.0 mAh cm™ was further employed
in coin and pouch cells to evaluate the potential of the novel
design strategy (The specifications of the pouch cell are exhib-
ited in Table S2, Supporting Information).?% The full coin cell
with a high areal loading cathode of 4.0 mAh cm™ can achieve
70 cycles when the capacity declined to 80% (Figure S21, Sup-
porting Information). The first discharge capacity of the pouch
cell was 0.91 Ah and 68 cycles were achieved in a Li/CF@
PAN | NCM523 pouch cell at 0.1 C with a minor polarization
(Figure 5c¢,d). The self-adaptable composite anode prominently
regulates the behaviors of Li plating/stripping and contributes
to the stability of the Li pouch cell, which is of great signifi-
cance for practical applications.

3. Conclusion

An emerging pressure self-adaptable strategy is proposed to
regulate the behaviors of Li plating/stripping in a composite
Li anode in response to the challenges from practical LMBs.
The importance of inner Li plating/stripping in confined space
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was investigated, which strengthens the understanding of the
electrochemical behavior of Li metal inside composite anode
at micrometer scale. Moreover, the pattern of the Li behaviors
disclosed under the self-adaptable pressure further contributes
to exploring mechanism of coupled electrochemo-mechanics
during Li plating/stripping. The self-adaptable pressure origi-
nates from the deformation of the elastic polymer inside com-
posite anode and changes with the increased Li deposition.
The self-adaptable pressure is larger than the yield strength
of deposited Li, which confines the deposited Li in dense and
smooth morphology. Therefore, a high utilization of deposited
Li and then less dead Li are achieved due to the smooth Li and
persistent electronic pathways under the self-adaptable pres-
sure. The self-adaptable composite anode in a full battery exhib-
ited a high capacity retention of 80% after 160 cycles, threefold
lifespan than that of planar Li anode (60 cycles) under prac-
tical conditions. Additionally, a pouch cell underwent 68 cycles
based on 80% capacity retention. This work demonstrates the
potential of self-adaptable pressure on the regulation of Li
plating/stripping inside composite anode toward practical chal-
lenges. The universal and rational route sets a great example in
developing multifunctional composite anodes for long-lifespan
rechargeable batteries.

Supporting Information

Supporting Information is available from the Wiley Online Library or
from the author.
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