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Lithiophilic LiCg Layers on Carbon Hosts Enabling Stable Li

Metal Anode in Working Batteries

Peng Shi, Tao Li, Rui Zhang, Xin Shen, Xin-Bing Cheng,* Rui Xu, Jia-Qi Huang,*

Xiao-Ru Chen, He Liu, and Qiang Zhang*

Lithium (Li) metal-based battery is among the most promising candidates
for next-generation rechargeable high-energy-density batteries. Carbon
materials are strongly considered as the host of Li metal to relieve the pow-
dery/dendritic Li formation and large volume change during repeated cycles.
Herein, we describe the formation of a thin lithiophilic LiCg layer between
carbon fibers (CFs) and metallic Li in Li/CF composite anode obtained
through a one-step rolling method. An electron deviation from Li to carbon
elevates the negativity of carbon atoms after Li intercalation as LiCg, which
renders stronger binding between carbon framework and Li ions. The Li/

power sources. Li metal anode has fueled
the potential applications of Li metal bat-
teries (LMBs) attributing to its extremely
high specific capacity (3860 mAh g!) and
the lowest reduction potential (—3.040 V vs
standard hydrogen electrode).Z However,
the widespread applications of Li metal
anode have been severely hindered by
multifaceted challenges, such as uncon-
trolled dendritic/powdered/dead Li and
noteworthy volume expansion during

CF | Li/CF batteries can operate for more than 90 h with a small polariza-

tion voltage of 120 mV at 50% discharge depth. The Li/CF | sulfur pouch cell
exhibits a high discharge capacity of 3.25 mAh cm2 and a large capacity
retention rate of 98% after 100 cycles at 0.1 C. It is demonstrated that the
as-obtained Li/CF composite anode with lithiophilic LiCg layers can effectively
alleviate volume expansion and hinder dendritic and powdery morphology

of Li deposits. This work sheds fresh light on the role of interfacial layers
between host structure and Li metal in composite anode for long-lifespan

working batteries.

High-energy-density batteries are strongly concerned due to
the rapid development of portable electronic devices, electric
vehicles, and grid-scale energy storage.!l Although lithium ion
battery (LIB) system based on graphite anode has achieved tre-
mendous success, the relatively low theoretical energy density
limits its further applications as the next-generation portable
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repeated Li stripping/plating. These
inherent drawbacks significantly reduce
the service life of LMBs and even result in
catastrophic safety issues.!

Many strategies have been proposed
to address these challenges and extend
the lifespan of LMBs, including interface
modification and introduction of solid-
state electrolytes.) However, once high
current density and large cycle capacity
are applied on a working Li metal anode,
the hostless Li electrode experiences a
dramatically volumetric change, leading
to failure of solid electrolyte interphase (SEI) attached on a
working Li metal anode. In this respect, three-dimensional (3D)
hosts with the unique surface chemistry and interconnecting
structures are expected to accommodate Li deposition and miti-
gate volume expansion, thus maintaining the stability of SEI
layer and regulating Li plating/stripping behavior effectively."!
Therefore, structured metallic Li metal electrode with 3D hosts
has been strongly considered as an effective and prospective
route to construct stable LMBs with high energy density, long
lifespan, and high safety.[®

Tremendous progress has been achieved in the rational
design of 3D hosts for Li deposition.”! The 3D Li metal hosts
with lithiophilic sites, such as hollow carbon nanospheres,/®
MXene,”! N-doped graphene,!% and edge-rich graphene,l!!]
can regulate the Li* nucleation and uniform deposition.
Compared with metal-based host (e.g., Ni and Cu), carbon
materials are frequently adopted to host Li metal due to their
light-weight nature and controllable surface chemistry.'2l How-
ever, these initial Li-free matrices cannot be directly matched
with high-energy-density Li-free cathode materials (e.g., sulfur,
oxygen, and other Li-free cathodes) at a large capacity.l’]
Li-containing composite anodes are urgently requested for
next-generation LMBs.') High-temperature thermal melting
method and pre-electrodeposition are usually proposed to fill

(10f7) © 2019 WILEY-VCH Verlag GmbH & Co. KGaA, Weinheim
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Li metal into pores of 3D host, while these methods are high-
risk or very complicated.'! Therefore, a facile room-tempera-
ture method to fabricate Li-containing composite electrode in
large scale is prerequisite for exploration of high-energy-density
LMBs. Additionally, the carbon host as the routine anode of
LIBs can intercalate Li. The role of the initially formed interca-
lated Li layer on the subsequent deposition of Li metal should
be investigated deeply.

In this contribution, we focus on the interfacial layers in
lithium/carbon fiber (Li/CF) composite electrode achieved by
subtly rolling ultrathin Li foils into carbon fiber host at room
temperature. Uniform and dense LiCg interfacial layers are
formed on the surface of CF host due to the in situ intercala-
tion reaction between carbon and Li, which benefit the wet-
tability of Li on CF. The electron deviation from Li to carbon
elevates the negativity of carbon atoms after Li intercalation as
LiCq, which renders stronger binding between carbon frame-
work and Li* in the electrolyte. Therefore, LiCs are demon-
strated to be lithiophilic and can guide the Li* deposition and
improve the stability during the repeated Li plating/stripping
cycles (Figure 1). The negative Gibbs free energy of the reaction
(Li + 6C — LiCq, —10.59 kJ mol™) illustrates that the intercala-
tion of Li atoms into carbon is a thermodynamically spontaneous
process once metallic Li contacts with CF.1® Therefore, the
rolling process and generation of lithiophilic LiCq both occur at
room temperature, which is very convenient to fabricate in large
scale and realize the practical application of the composite elec-
trode. The electrochemical performance of Li/CF anode during
repeated plating/stripping is comprehensively investigated in
symmetrical cells, Li | S and Li | LiFePO, (LFP) pouch cells.

The Li/CF composite anode is obtained by facile one-step
rolling CF with ultrathin Li foils (Figure S1, Supporting Infor-
mation). Metallic Li is pressed into the interspace of carbon
fibers under rolling pressure (Figure 2a,b and Figure S2, Sup-
porting Information). Abundant macropores and large porosity
between fibers promise a high capacity of the composite
electrode (Figure 2a). The thickness of the composite anode is
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Figure 1. Schematic illustration for a) plating and stripping behavior on
Li/CF composite anode and b) the process of adsorption of Li* and charge
transfer on LiCg layers to form uniform Li deposits.

around 125 um (Figure S3, Supporting Information). Notably,
the as-obtained composite anode exhibits good flexibility
(Figure S4, Supporting Information), rendering the feasible
applications in flexible and wearable energy storage devices.['”]
Once metallic Li is pressed into CF, Li/CF becomes darker
compared to pristine CF because the voids in CF are filled by Li
(middle panel, Figure 2c). After shelving for 72 h, a thin layer
of lithiophilic LiCg is formed on the surface of fibers through
intrinsic interfacial reactions, accompanied by the change
in optical color from black to brownish yellow (right panel,
Figure 2¢).'l No obvious change can be found between pris-
tine and shelved Li/CF in the low-resolution scanning elec-
tron microscope (SEM) images (right panel, Figure 2b). Sur-
prisingly, small particles with size of 100-200 nm are uni-
formly and densely discovered on CF surface after further

Figure 2. Preparation of Li/CF composite anode and the formation of LiCg layers. a) Schematic illustration for pristine CF, initial Li/CF composite
anode, and Li/CF composite anode shelving for 72 h with the formation of LiCg layers. b) SEM images and c) optical color evolution of pristine CF
sheets, Li/CF anode after rolling and shelving for 72 h. d) High-resolution SEM images of single carbon fiber in the pristine, rolled, and shelved CF.
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Figure 3. Characterizations of LiCg layers. a) XRD patterns of Li, CF, and Li/CF anodes. b) C 1s XPS spectrum of Li/CF anode and pristine CF. c) Li
element depth profiles of single CF-LiCg fiber and surface image analysis of Li element at different sputtering time by TOF-SIMS. d) Cross-sectional

high-resolution SEM images of single CF-LiCq fiber.

magnification (right panel, Figure 2d), which can be identified
as LiCg compounds. The corn-granule-like LiCq layers on CF
surface construct a 3D interconnected lithiophilic framework
in the composite anode (Figure S5, Supporting Information).
The excellent ion conductivity and lithiophilicity of LiCg4 layer
benefits close contacts between Li metal and CF hosts, which
favors dendrite-free plating/stripping behavior during the long
cycles.[16:18]

The chemical components of the interfacial layers are first
investigated by the X-ray diffraction (XRD) patterns (Figure 3a).
The diffraction peak of pristine CFs is attributed to graphitized
carbon. A new peak assigned to LiCq appears for Li/CF composite
electrode with a shelf time of 72 h.' X-ray photoelectron spec-
troscopy (XPS) of the composite anode is conducted to further
probe the chemistry of LiCg layers (Figure 3b). Compared with
pristine CF host, three additional peaks in the C 1s spectrum are
observed in Li/CF composite anode. The emerging peaks located
at 283.5 eV can be assigned to C—Li, which indicates an electron
deviation from Li to C. This can also be illustrated by the shift of
Li 1s in Li/CF moving to the high field (Figure S6, Supporting
Information). The peaks located at 292.2 and 287.9 eV can be
assigned to C=0 and C—N due to the formation of Li,CO;3 and
LisN during sample preparation and characterization, respec-
tively.? The evolution in the radial direction from LiC4 to CF is
investigated by ion sputtering of the time of flight secondary ion
mass spectrometry (TOF-SIMS). By analyzing the evolution of
Li element count, the thickness of LiCq interface layer is about
440 nm (Figure 3c), which is consisted with the results of cross-
sectional SEM images (Figure 3d).

The role of lithiophilic LiCg layers in regulating nucleation/
deposition behavior can be demonstrated by comparing nuclea-
tion overpotential and Li plating morphology in pristine CF
and CF-LiCq electrodes. The CF-LiCy electrode is obtained by

Adv. Mater. 2019, 1807131 1807131

removing metallic Li through adding a small amount of anhy-
drous ethanol into the composite Li/CF electrode. The over-
potential of metallic Li plating on Cu foil, CF, and CF-LiCq
electrodes is recorded (Figure S7, Supporting Information).
The profile of CF-LiCq4 electrode exhibits much more smooth
voltage dip at the nucleation stage with a nucleation overpo-
tential of only 10 mV. This is much smaller than that of CF
electrode (22 mV).

The uniform LiCg interfacial layer with strong lithiophilicity
on the surface of the CF host promotes a uniform deposition
behavior of metallic Li. Due to the difference in the potential
of LiCq intercalating and metallic Li plating, LiC4 also forms
on CF surface electrochemically. However, the electrochemi-
cally formed LiCg is much less uniform than the in situ formed
LiCq on CF surface at room temperature (Figure S8, Supporting
Information). This results in islanded deposition in the CF
framework compared with the uniform deposition in CF-LiCg4
host (Figure 4a,b). The reduced nucleation overpotential, plating
potential, and uniform plating morphology of Li deposits in
CF-LiCq electrode demonstrate the positive role of lithiophilic
LiCq on regulating Li nucleation/deposition behavior.

As CF matrix affords abundant macropores to accommodate
Li metal, the Li/CF anode delivers a large specific capacity as
high as 1841 mAh g! based on the weight of whole composite
anode measured by stripping metallic Li under a current den-
sity of 0.5 mA cm™ to 0.6 V (vs Lit/Li) (Figure S9, Supporting
Information).2!l All Li has been stripped from CF framework,
which is confirmed by XRD characterization (Figure S10, Sup-
porting Information). It can be calculated from the different
voltage platforms in the stripping process that the capacities
contributed by metallic Li and LiCg in composite electrode are
8.5 and 1.0 mAh cm™2, respectively. Additionally, the composite
electrode can maintain well-defined structure after stripping

(3 0f7) © 2019 WILEY-VCH Verlag GmbH & Co. KGaA, Weinheim
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Figure 4. Electrochemical behavior of Li/CF composite anode. The SEM images of a) CF and b) CF-LiC electrode after depositing 3 mAh cm™ of Li.
Voltage profiles of Li/CF | Li/CF and Li | Li cells with c) a capacity of 1.0 mAh cm™ at a current density of 1.0 mA cm™2 and d) a capacity of 5.0 mAh cm™
at a current density of 5.0 mA cm™2. e) Corresponding voltage hysteresis evolution of panel (c). f) The volume expansion ratio of bare Li and Li/CF
anodes after cycling. g) Fitted SEI resistance of bare Li and Li/CF anodes at different cycles.

90% of Li at a current density of 1.0 mA cm™ (Figure S11,
Supporting Information), verifying the high structural stability
of CF framework.

Li/CF | Li/CF symmetrical batteries cycled at different cur-
rent densities are adopted to investigate the cycling stability
of the rolled Li/CF composite electrode with lithiophilic LiCq
layers. Distinct difference in voltage hysteresis is observed
between cells with bare Li and Li/CF electrodes at 1.0 mA cm™
with a capacity of 1.0 mAh cm™ (Figure 4ce). The bare Li | Li
battery exhibits a gradually increasing hysteresis to 100 mV
within 300 h, while the Li/CF | Li/CF cell maintains a much
lower and more stable hysteresis of 25 mV after 1000 h. Similar
decrease in polarization to 25 mV is observed in these two elec-
trodes at initial 250 h due to the gradual stabilization of SEI
layer on Li metal anode. After that, the polarization of bare Li
increases sharply relative to that of Li/CF electrode owing to the
large volume expansion and thickened “dead” Li layer. The supe-
riority of Li/CF composite electrode can be further confirmed
by the outstanding electrochemical performances at high
operating current density and cycling capacity (5.0 mA cm2,
5.0 mAh cm™2). The bare Li foil exhibits a high polarization
above 300 mV, while Li/CF electrode presents a polarization of
only 120 mV with a stable lifespan over 90 h (Figure 4d). Inter-
estingly, the bare Li | Li battery exhibits an asymmetric polariza-
tion curve, which is mainly caused by the large cycling capacity
on the bare ultrathin Li electrode. When the cycling capacity is
set as 5 mAh cm™2 (a total electrode capacity is 10 mAh cm™2 for
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the 50 um ultrathin Li adopted herein), the capacity becomes 15
and 5 mAh cm™2 for the plating and stripping side after the first
discharge process if the side reactions are not considered. The
sharp difference in the capacity leads to various cycling behav-
iors of two electrodes, accounting for the asymmetric polariza-
tion curves. Additionally, Li electrodes with the initial plating or
stripping processes exhibit different cycling performances after
long-term cycles. For the Li/CF electrode, such phenomenon of
asymmetric polarization curve is not obvious, demonstrating
Li/CF electrode can improve the cycling stability of ultrathin Li
electrode and relieve the effect induced by the plating and strip-
ping processes.

The volume expansion after repeated cycles is probed by
the cross-sectional images of postern electrodes (Figure 4f and
Figure S12, Supporting Information). Bare Li anode exhibits
80% volume expansion after 100 cycles at 1.0 mA cm™
and 1.0 mAh cm™. In contrast, the volume change is only 10%
after 100 cycles for Li/CF composite anode under this condi-
tion. Simultaneously, smaller volume expansion at large current
densities of 3.0 and 5.0 mA cm™ also confirms the long-term
stability of Li/CF electrodes. These results prove that the steady
lithiophilic LiC4 layers on the 3D conductive framework and
abundant interspaces in CF promise a stable Li plating/stripping
behavior at high rates and cycling depth, leading to less “dead” Li
and limited volume expansion during the repeated cycles.

Electrochemical impedance spectroscopy (EIS) measure-
ments are applied to obtain the Li* interfacial transport

© 2019 WILEY-VCH Verlag GmbH & Co. KGaA, Weinheim
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resistance in Li/CF composite electrode. The bare Li electrode
possesses a SEI resistance of around 67 Q before cycle, which
decreases to nearly 49 Q after the initial cycle (Figure 4g
and Figure S13a, Supporting Information). This significant
decrease in SEI impedance is caused by the destruction of
SEI and exposure of fresh metallic Li due to the large volume
shrink of pristine Li foil.?2 After ten cycles, a new semicircle
at low frequency emerges, which is caused by the thickening
of “dead” Li layer. On the contrary, the SEI impedance of the
Li/CF symmetric battery is only 15 Q before cycle, one fourth
that of bare Li counterpart (Figure S13b, Supporting Informa-
tion). The much lower SEI impedance in Li/CF composite
anode suggests that the strong lithiophilicity of a LiCg4 layer
favors higher ionic conductivity. Moreover, the impedance
in Li/CF electrode keeps almost constant after ten cycles,
demonstrating that limited volume change in Li/CF anode
maintains the stability of SEI during the repeated cycles. Con-
sidering the lower transportation resistance of Li* in Li/CF
composite electrode, a lower hysteresis during repeated cycles
and superior stability are expected to be achieved in a working
battery with this composite anode. The uniform deposition
morphology, reduced polarization/resistance, and limited
volume change of Li/CF composite electrode demonstrate the
role of lithiophilic LiCq layer in achieving superior electro-
chemical performance.

The LFP and Li | S coin cells are assembled to probe the
practical applications of the Li/CF composite anode in full cells.
The specific capacity of Li | LFP coin cell rapidly fades to nearly
75 mAh g after 50 cycles (Figure 5a) due to the depletion
of limited Li (=10 mAh cm™) and formation of thick layer
of “dead” Li with huge volume expansion in Li metal anode
(Figure S14a,b, Supporting Information).
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In contrast, Li/CF | LFP coin cell exhibits higher and
more stable specific capacity than routine Li | LFP cell. The
Li/CF | LFP maintains at 120 mAh g! for 140 cycles at 1.0 C
(1.0 C = 170 mA g!) with reduced polarization (Figure S15a,
Supporting Information), indicating robust ionic and elec-
tronic channels in Li/CF composite anode. Compared to the
huge volume expansion in bare Li anode, Li/CF anode in full
cell experiences much smaller volume change (Figure Sl4c,d,
Supporting Information). The superior cycling performance is
attributed to the uniform Li plating/stripping behavior caused
by lithiophilic LiCg layer in Li/CF composite electrode. Addi-
tionally, LiCg layers in CF hosts maintain excellent stability
during the whole battery lifespan (Figure S16, Supporting Infor-
mation), illustrating the robustness of Li/CF composite anode.

Li/CF | LFP coin cells also display excellent rate performance
compared with bare Li foil (Figure S17, Supporting Informa-
tion). The discharge capacities of Li/CF | LFP cell reach 151,
146, and 130 mAh g! at rates of 0.2 C, 0.5 C, and 1.0 C, respec-
tively, while only 115 mAh g™* can be achieved at 1.0 C in bare
Li| LFP cell.

When the Li/CF composite anodes match S cathodes, the
full cells can still exhibit a high capacity and a long lifespan.
The initial-specific discharge capacity of Li/CF | S batteries
is 751 mAh g! at 0.1 C and decreases to 470 mAh g after
400 cycles at a current density of 1 C (1 C = 1675 mA g}),
while the bare Li | S cells only have a capacity of 250 mAh g!
after 400 cycles (Figure 5b). Similar to Li | LFP batteries, the
deteriorated performance of Li | S batteries is induced by huge
polarization in the anode side (Figure S15b, Supporting Infor-
mation). The similar results indicate that the composite anode
with LiCg layers plays a pivotal role in maintaining the long-
term stability in various battery systems.
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Figure 5. Long-term cycling performance in full cells. Discharge capacity and CE curves at different cycles of a,b) coin and ¢,d) pouch cells with a,c) LFP

and b,d) S cathodes.
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Compared to coin cell, pouch cell has more active materials,
which is more proper to evaluate the practical applications of
Li/CF composite electrode. And the cycling areal and local cur-
rent density are very large, resulting in a large volume expansion,
Li powdering, and short cycling life. The 450 mAh Li | LFP pouch
cell with bare Li anode fails after only 13 cycles at 1.0 C due to
the extremely uneven local current density and more severe pow-
ering (Figure 5c). While the pouch cell employing Li/CF anode
maintains good stability over 20 cycles with a high-capacity reten-
tion of 1.8 mAh cm™2 at 1.0 C. The advantages of the Li/CF com-
posite anode also reflect in Li | S pouch cell. The capacity of the Li/
CF | S pouch cell maintains around 3.25 mAh cm™ with almost
no degradation after 100 cycles and the average Coulombic effi-
ciency (CE) is improved to 98.5% for more than 60 cycles at 0.1 C
(Figure 5d and Figure S18, Supporting Information). While bare
Li | S pouch cell exhibits huge fluctuations in CE with a rapid
decreasing capacity after 20 cycles, indicating the metallic Li has
almost completely been consumed with only “dead” Li remained.
These results demonstrate that Li/CF composite anode experi-
ences smaller volume change and maintains robust ionic and
electronic channels in pouch cells, indicating the potential of the
Li/CF composite anode in practical applications.

In conclusion, the Li/CF composite electrode is fabricated
by a facile rolling strategy and the role of the in situ formed
lithiophilic LiCy layers is comprehensively investigated. The
formation of LiCg interfacial layers realizes a transition from
lithiophobic CF to a lithiophilic CF-LiC4 framework. CF-LiCgq
electrode exhibits a very low nucleation overpotential of only
10 mV. The Li/CF | Li/CF coin cells can even cycle for 90 h at
5.0 mA cm~2and 5.0 mAh cm™2. Full cells matched Li-containing
(LFP) and Li-free (S) cathodes both achieve superior electro-
chemical performance in coin and pouch cells. The Li/CF | LFP
coin cells maintains a capacity of 120 mAh g! for 140 cycles
at 1.0 C with threefold lifespan than that of bare Li | LFP coin
cells. Li/CF | S coin cells exhibit a large capacity retention rate
of 66% after 400 cycles at 1.0 C. The Li/CF | S pouch cells also
present a high discharge capacity of 3.25 mAh cm™ and the
capacity retention rate over 98% after 100 cycles at 0.1 C. The
demonstration of Li/CF electrode with LiCg4 layers in a pouch
cell can guide further practical applications of composite Li
metal anode in high-energy-density rechargeable batteries.
LiCq layers reported herein clearly reveal the working model
of carbon matrix hosting Li metal. This affords robust energy
materials and related energy chemistry for next-generation safe
Dbatteries with composite Li metal anodes.

Supporting Information

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