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A safe, high-capacity, and long-life Li metal anode is highly desired due to
recent developments in high-energy-density Li-metal batteries. However, there
are still rigorous challenges associated with the undesirable formation of Li
dendrites, lack of suitable host materials, and unstable chemical interfaces.
Herein, a carbon nanofiber-stabilized graphene aerogel film (G-CNF film),
inspired by constructional engineering, is constructed. As the host material
for Li deposition, the G-CNF film features a large surface area, porous structure,
and a robust skeleton that can render low local current density. This allows
for dendrite-free Li deposition and mitigation of problems associated with
large volume change. Importantly, the G-CNF film can keep high Li plating/

beyond the state-of-the-art Li-ion bat-
teries. The applications include electric
vehicles, grid storage, and all other fields
with the requirement of high energy den-
sity.!] In the past decade, considerable
efforts have long been devoted to develop
novel and advanced cathodes (sulfur and
oxygen cathodes) that can cooperate with
a Li metal anode to form a high-energy-
density device.l?! Fortunately, significantly
improved configuration and efficacy of
host materials on cathodes have been
achieved in recent vyears.’!l However,

stripping efficiency at nearly 99% for over 700 h with an areal capacity of

10 mA h cm~2 (the specific capacity up to 2588 mA h g~' based on the total
mass of carbon host and Li metal). The symmetric cells can stably run for
more than 1000 h with low voltage hysteresis. The full cell with the LiFePO,
cathode also delivers enhanced capacity and lowered overpotential. As
two-in-one host materials for both cathodes and anodes in Li-O, batteries, the

battery exhibits a capacity of 1.2 mA h cm=2

1. Introduction

Due to the high theoretical specific capacity (3860 mA h g}
and the lowest reduction potential (-3.04 V vs standard
hydrogen electrode) of metallic lithium (Li), Li-metal batteries
(LMBs), such as Li-S and Li-O, batteries, hold great promise
as next-generation electrochemical energy storage devices
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a severe and crucial problem of den-
dritic Li formation in Li anode was con-
cealed, which can lead to low Coulombic
efficiency and serious safety hazards
during the repeating charge/discharge
processes.! Low Coulombic efficiency,
associated with continuous side reac-
tions between dendritic Li and liquid
electrolyte, as well as the formation of
unstable solid electrolyte interphase (SEI),
further results in poor cycle performance of LMBs.’! Under
extreme circumstances, large Li dendrites may penetrate the
separator and cause short circuits of battery, giving rise to
thermal runaway, in particular for large devices.I! Therefore,
suppressing the formation of dendritic Li and stabilizing the
SEI layer between metallic Li and the electrolyte are crucial in
improving the cycle life and security capability of LMBs.”} It
is well-known that current density is one of the key factors to
regulate the Li deposition behavior.®l In general, Li dendrites
are formed more easily under a large current density, which is
inevitable for developing high-power-density batteries. There-
fore, enabling a low local Li-ion flux and current density on the
surface of the anode is an effective approach toward rendering
uniform Li deposition without dendrite formation.’l Moreover,
according to the “hostless” nature of Li metal, the virtually
infinite volume change is another large issue that impedes the
practical applications of LMBs. An effective scaffold material
is necessary and vital to reversibly store and strip Li, which
is used to accommodate the dynamic volume change during
charge/discharge processes, especially for a battery with a large
areal capacity.l'%
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Based on the considerations above, 3D hosts, with low den-
sity, high surface area, large pore volume, robust skeleton,
high conductivity, and chemical stability, are necessary for
addressing the issues previously discussed.!! Recent efforts
in this direction have proven efficacious to a certain extent
for mitigating dendritic Li growth and improving the electro-
chemical performance.'” However, these efforts have generally
reported a low limited areal capacity (£2 mA h cm™2), which is
lower than that of the required areal capacity (23 mA h cm™)
for practical applications.'¥ Moreover, some of the recent
reports have required a Cu foil as the current collector and
some porous metals in the fabrication process, which results in
a significantly higher density than that of Li (0.53 g cm™3).111e14]
This increases the weight percentage of inactive materials and
drastically decreases the energy density of batteries. In addi-
tion, when the batteries are operated with a large capacity, den-
dritic Li is easily formed, even at a low current density.”% Thus,
rationally configurating the advanced host materials with high
conductivity, chemical stability, light density, and porous and
freestanding structure is sought-after and crucial for rendering
high-efficiency and long-life LMBs with high areal capacity.

Herein, we engineered a carbon-based host of carbon
nanofiber—stabilized graphene aerogel film (G-CNF film)
via a facile scalable strategy inspired by constructional engi-
neering. The as-made G-CNF film features large surface area,
porous structure, and a robust skeleton. As the host material
for Li deposition, the G-CNF film can result in low local cur-
rent density and mitigate problems with large volume change,
especially with a large areal capacity. It also exhibits no obvious
Li dendrite formation and excellent electrochemical perfor-
mance. Specifically, the as-made G-CNF film can keep high
Coulombic efficiency of nearly 99% for more than 700 h with
an ultrahigh limited capacity of 10 mA h cm™. In this case,
the specific capacities are as high as 7850 and 2588 mA h g~!
based on the mass of the carbon host and the total mass of the
carbon host and Li metal, respectively. The symmetric cells can
stably run for more than 1000 h with low voltage hysteresis at a
practical current density of 1 mA cm™2. Furthermore, utilizing
G-CNF film@Li with a LiFePO, cathode for a full cell, it ena-
bles enhanced specific capacity and lowered voltage hysteresis.
The applicability as two-in-one host materials in Li-O, battery
was also explored.

2. Results and Discussion

The resultant G-CNF film was synthesized by a facile blade
coating strategy inspired by constructional engineering. A
viscous mixed gel with graphene oxide (GO) and electrospun
carbon nanofibers was prepared first. After uniform blade
coating and facile hydroiodic acid reduction, a smooth hybrid
hydrogel film was formed. The hybrid aerogel film was yielded
after being freeze-dried. The present method will be also suit-
able for preparing the porous hybrid film with graphene and
other components such as MoS, nanosheets, carbon nano-
tubes, etc.

The morphology and structure of the as-made G-CNF film
was investigated by scanning electron microscopy (SEM) and
transmission electron microscopy (TEM), and the typical
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images are shown in Figure 1 and Figure S1 (Supporting
Information). It can be seen that the G-CNF film features an
open and interconnected porous structure (Figure 1a). The
large holes can store massive amounts of metallic Li and
accommodate the dynamic volume change, suggesting prom-
ising potential as a host material for Li metal anode with an
ultralarge capacity. The magnified SEM images of Figure 1b,c
show that the G-CNF films are made of 3D graphene sheets,
cross-linked by carbon nanofibers. The carbon nanofibers in
this system not only act as scaffolds for preventing the stack
of graphene sheets, but also are responsible for strengthening
the interior structure of the film. The cross-section SEM image
indicates that the thickness of G-CNF film is about 800 um (the
inset in Figure 1a). From above, the as-made G-CNF film pos-
sesses both the porous feature of an aerogel and the structure
of a film. For comparison, graphene (G) film was also prepared
in the same way, but without the carbon nanofibers. As shown
in Figure 1d, the G film is also porous, but graphene sheets
are aggregated to some degree. This decreases the effective
pore volume for storing metallic Li and increases the difficulty
of plating metallic Li inside the electrode. TEM images shown
in Figure S1 (Supporting Information) further verify these top-
ical morphologies. In addition, the composition and structural
characteristics of G-CNF film were also investigated by X-ray
diffraction (XRD) and Raman spectroscopy, and the results are
shown in Figure S2 (Supporting Information). The XRD char-
acteristic peaks of carbon and D- and G-band peaks in Raman
spectra confirm the hybrid of graphene and carbon nanofibers.

As the host materials, these integrated characteristics of the
as-made G-CNF film will be beneficial for LMBs with a large
capacity. The metallic Li deposition behaviors on various host
materials were investigated by SEM, and the results are shown
in Figure 2 and Figure S3 (Supporting Information). The
G-CNF film was first subjected to the lithiation process and the
formed SEI layer was observed when the voltage decreased to
0 V. It is evident from Figure 2a that the G-CNF film is put
on a protective clothing of SEI layer and the metallic Li begins
to nucleate on the surface of G-CNF film.['® With the increase
of Li deposition, the metallic Li was uniformly plated on the
surface of graphene and CNF, evidenced by the increased
thickness of graphene sheets. This can also be verified by the
morphology change after being exposed under the electron
beam for a period of time (Figure S4, Supporting Information).
Interestingly, when the areal capacity of plated Li metal was
increased to the standard (3 mA h cm™) of practical applica-
tions, there was no obvious Li dendrite formation (Figure 2c,d
and Figure S3a (Supporting Information)). And, a clear infor-
mation that some large pores are still present can be observed
from the SEM image of the G-CNF film after discharging to
3 mA h cm™. This means that the pore volume is enough
for storing more Li metal and alleviating the volume change
during Li deposition. In the subsequent stripping process, the
Li metal was observed to nearly disappear (Figure 2e). Similarly,
the G film electrode also exhibited the dendrite-free behavior
due to the relatively large surface area (Figure S3b, Supporting
Information). In sharp contrast, the Cu foil showed obvious
Li dendrite formation. This highlights the advantage of uti-
lizing high-surface-area materials for achieving low local cur-
rent and enabling the regulation of Li deposition. The metallic
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Figure 1. SEM images of the a—c) G-CNF film and d) G film.

Li deposition behaviors on G-CNF film were further investi-
gated by examining the G-CNF film electrode after 50 cycles
at a current density of 1 mA cm™? with a limited capacity of
1 mA h cm™. As shown in Figure S5 (Supporting Information),
the G-CNF film still shows dendrite-free and porous feature.

As the goal is to enable practical applications through high
energy density, it is desirable and demanded to develop Li metal
anodes with a high areal capacity and high specific capacity.
But when batteries are operated with a large areal capacity,
dendritic Li will be formed more easily, even at a low current
density.”>1% So how to realize high-efficiency and high-capacity
Li metal anode becomes more challenging and important. The
as-made G-CNF film features a freestanding structure and can
be directly used as the anode after being plated with Li metal,
which will significantly enhance the specific capacity.

Based on the dendrite-free behavior of G-CNF film, the
electrochemical performance was investigated via galvano-
static discharge/charge tests. Coulombic efficiency is one of
the key parameters used to evaluate the Li metal deposition
behavior and sustainability of a Li metal anode. It is defined
as the ratio of Li stripped capacity to Li plated capacity in
every cycle.l'”! This was studied using a half-cell with Li metal
as the counter electrode and the metal source. As shown in
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Figure 3a, both G-CNF film and G film exhibited stable Cou-
lombic efficiency over 170 cycles with a limited capacity of
1 mA h cm™. In contrast, Cu foil electrode showed a relatively
stable but slightly lower Coulombic efficiency due to the more
irreversible reaction of Li metal on the Cu foil electrode. When
the limited capacity increased to 3 mA h cm™2 (Figure 3d), the
Cu foil was only able to stably sustain 50 cycles, resulting in
a lower Coulombic efficiency than G-CNF film and G film.
G-CNF film and G film are also stable and keep the average
Coulombic efficiency of nearly 98.5%. Notably, with an
ultralarge limited capacity of 10 mA h cm™, Cu foil electrode
exhibited fluctuating and low Coulombic efficiency (Figure 3d
and Figure S6 (Supporting Information)). Under the same
conditions, the G film electrode also showed rapid Coulombic
efficiency decay in fewer than 30 cycles. In sharp contrast, the
as-made G-CNF film was able to keep high plating/stripping
efficiency of nearly 99% for more than 700 h. Figure 3e shows
the stable plating/stripping behavior with small voltage hyster-
esis exhibited by the G-CNF film. Based on such a large areal
capacity, the specific capacity is as high as 7850 mA h g1, based
on the mass of the carbon host. The specific capacity is up to
2588 mA h g}, based on the total mass of carbon host with
plated Li metal.
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Figure 2. SEM images of the G-CNF film after discharging to a) the voltage of 0 V, b) the capacities of 1 mA h cm= and ¢,d) 3 mA h cm™2, e) discharging
to the capacity of 3 mA h cm™2 and recharging to the voltage of 1.5 V, and f) the Cu foil after discharging to the capacity of 3 mA h cm=2.

The high and stable Coulombic efficiency of the G-CNF film  the results are shown in Figure S7 (Supporting Information). It
electrode even at a large areal capacity is attributed to the high  was found that the SEI layer consisted of inorganic and organic
specific surface area, which enables the ability to achieve low  components such as LiF, LiN,O,, ROLi, ROCOOLI, etc.l'! The
local current density, regulates the uniform deposition of Li  large and inhomogeneous Li-ion flux on the surface of the Cu
metal, and promotes the formation of a stable and protective  foil induced the growth of Li dendrites, which leads to serious
SEI layer.'® The composition of the SEI layer in the G-CNF film  safety hazards and low Coulombic efficiency during charge/dis-
was investigated by X-ray photoelectron spectroscopy (XPS),and  charge cycles. With the progressive growth of Li dendrites, the
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Figure 3. Coulombic efficiency of G-CNF film, G film, and Cu foil electrodes with different limited capacities of a) T mA h cm™2, b) 3 mA h cm™,

c) 6 mA hcm™, and d) 10 mA h cm™. e) The discharge/charge profiles of the G-CNF film with a limited capacity of 10 mA h cm™2.
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SEI layer underwent continuous regeneration, consuming large
amounts of Li metal and electrolyte, ultimately resulting in a low
Coulombic efficiency. Meanwhile, the formation of Li dendrites
resulted in isolated Li particles (“dead Li”), inducing extra irre-
versible Li consumption.?% The large fluctuation of Coulombic
efficiency can be ascribed to the fracture of Li dendrites and the
occasional reconnection of the fractured pieces.?!] These results
demonstrate that designing porous, light, and robust 3D host
materials may be a promising strategy to tackle the intrinsic
problems of Li metal anodes and help reach the desired level of
high energy density. Also, the use of scaffolds can help to mini-
mize the volume fluctuation of electrodes.

In order to further evaluate the long-term cycle perfor-
mance, symmetric cells were tested with a limited capacity of
1 mA h cm™ at a current density of 1 mA cm™. Before
assembling the symmetric cells, 6 mA h cm™ of Li metal
was preplated into/onto the G-CNF film, G film, and Cu foil,
which formed the G-CNF film@Li, G film@Li, and Cu foil@Li
electrodes. As shown in Figure 4a, it is worth noticing that
the G-CNF film@Li not only exhibited the lowest overpotential,
but also significantly enhanced the cycle life up to 1000 h. The
Cu foil@Li and bare Li electrodes showed markedly increased

www.small-journal.com

overpotential after 500 h which originated from the accumula-
tion of dead Li and SEI shell residue during the cycling process.
As shown in Figure 4e, the small impedance of G-CNF film@Li
symmetric cell also suggests uniform Li deposition.

In order to explore the application of the G-CNF film@Li,
we constructed Li metal full cells by coupling the Li anodes
with the lithium iron phosphate (LiFePO, and LFP in picture)
cathode. The mass loading of LiFePO, is about 10 mg cm™,
corresponding to about 1.5 mA h cm™ of actual areal capacity.
Before assembling the full cells, the G-CNF film@Li was pre-
pared by preplating 3 mA h cm™ of Li metal, corresponding to
2 excess Li. The full cells were tested at 1 C, and the results are
shown in Figure 5. It can be noted that compared with the full
cell using Li foil, the full cell with G-CNF film@Li anode exhib-
ited lower overpotential in both the charge and discharge pro-
cesses (Figure 5a and Figure S9 (Supporting Information)). The
difference is more pronounced in Figure 5b. Additionally, the
full cell with a G-CNF film@Li anode delivered an enhanced
specific capacity, although 75 excess Li was used in the full cell
with Li foil (Figure 5c). In order to further test the applicability
of G-CNF film, the Li-O, battery was also built by using the
G-CNF film as the two-in-one host materials in both the anode
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Figure 5. a) Charge/discharge profiles of various full cells at the 100th cycle. b) Average voltage hysteresis and c) specific capacity of full cells at T C.
d) Discharge profile of G-CNF film as two-in-one host materials for Li-O, battery.

and cathode. As shown in Figure 5d, the Li-O, battery delivered
an areal capacity of 1.2 mA h cm™.

On the basis of the discussion above, the as-made G-CNF
film demonstrated the effectiveness of a 3D host to regulate
Li deposition and accommodate the dynamic volume change,
resulting in an ultrahigh areal capacity and specific capacity.
Through the full cell with LiFePO, and the Li-O, battery, the
G-CNF film@Li demonstrated practicability and clear advan-
tages over that of pure Li foil.

3. Conclusion

In summary, we have successfully engineered and con-
structed a carbon nanofiber-stabilized graphene aerogel film
inspired by constructional engineering. The as-made com-
posite not only possesses the porous nature of an aerogel but
also inherits the structure of a film. As the host material for
a Li anode, the film can effectively regulate the Li deposition
in a uniform form and mitigate problems associated with the
drastic volume change, especially with a large areal capacity.
Based on the large areal capacity of 10 mA h cm™2, the ultra-
high specific capacity of 2588 mA h g™' was achieved based
on the total mass of the carbon host and Li metal plated, and
could be kept for over 700 h with a high Coulombic efficiency
of nearly 99%. The symmetric cell based on G-CNF film@Li
exhibited a long cycle life up to 1000 h with low voltage hys-
teresis. We expect that the present study can help inspire the
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configuration of advanced host materials for safe and high-
energy-density Li metal anodes.

4. Experimental Section

Synthesis of the G-CNF Film and G Film: GO nanosheets and carbon
nanofibers were synthesized by a modified version of Hummer's method
and electrospinning method, respectively, as reported in literature.?2
Typically, the GO dispersion was concentrated by centrifuging at
12 000 rpm several times. Carbon nanofibers were dispersed to solution
by cutting and applying ultrasonic treatment. The dispersion was
concentrated by centrifuging. Then, the two dispersions were mixed by
vigorously stirring. A few drops of HCl solution (=37 wt%) were added
to further improve the viscosity of the mixed dispersion. After that, a
hydrogel film was produced by casting the slurry on the glass. The
as-made aerogel film was yielded after hydroiodic acid reduction and
freeze-drying. G film was also prepared under the same conditions in the
absence of carbon nanofibers.

Material Characterization: The as-made films were characterized by
SEM (FEI NOVA NanoSEM 450), TEM (Tecnai G220), XRD (D/Max-
I1l-type, Cu Kot X-ray source), Raman spectroscopy (HORIBA Scientific
LabRAM HR), and XPS (Thermo ESCALAB 250).

Electrochemical Measurements: The as-made G-CNF film and G film
could be used as the host materials without a current collector. The
electrochemical performances of the as-made films were evaluated by
assembling 2032-type coin cells. For the Coulombic efficiency test,
the half-cells were built with the as-made sample or Cu foil as the
work electrode and the Li metal as the counter electrode and Li metal
source. 1 m lithium bis(trifluoromethanesulfonyl)-imide (LiTFSI) in
1,2-dimethoxyethane (DME)/1,3-dioxolane (DOL) (1:1 w/w) with 2 wt%
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lithium nitrate (LiINO3) was used as the electrolyte and Celgard 2400 was
used as the separator. In order to form a stable SEI layer, the cells were
run in the voltage window of 0~1.5 V at a current density of 0.2 mA cm™
for 4 cycles. After that, the cells were discharged to a certain areal
capacity and charged to 1.5 V. For the cycle performance test, the
symmetrical cells were assembled by using a G-CNF film@Li (G film@Li
and Cu@Li) electrode with 6 mA h cm™ of preplated Li metal extracted
from the half cell. These tests were performed on a Land battery test
system. The electrochemical impedance spectroscopy (EIS) test was
conducted on a Bio-Logic VSP electrochemical workstation at an open-
circuit potential. The full cells were built by coupling the as-made Li
anode (CNF flm@Li, G ilm@Li, and Cu@Li) with 3 mA h cm™2 of
preplated Li metal with a LiFePO, cathode. The mass loading of LiFePO,
was about 10 mg cm™2, corresponding to about 1.5 mA h cm2 of actual
area capacity. The as-made Li anode used in full cells was prestored
2 excess Li metal. The areal mass of G-CNF film was =1.27 mg cm2.

Supporting Information

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