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ABSTRACT Lithium—sulfur (Li—S) batteries, with a theoretical energy density of 2600 Whkg ',

are a promising platform for high-energy and cost-effective electrochemical energy storage. SEI

However, great challenges such as fast capacity degradation and safety concerns prevent it from

widespread application. With the adoption of Li metal as the anode, dendritic and mossy metal
depositing on the negative electrode during repeated cycles leads to serious safety concerns and low
Coulombic efficiency. Herein, we report a distinctive graphene framework structure coated by an
in situ formed solid electrolyte interphase (SEl) with Li depositing in the pores as the anode of Li—S
batteries. The graphene-based metal anode demonstated a superior dendrite-inhibition behavior in

70 h of lithiation, while the cell with a Cu foil based metal anode was short-circuited after only 4 h
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of lithiation at 0.5 mA cm . The graphene-modified Li anode with SEl induced by the polysulfide-containing electrolyte improved the Coulombic efficiency

to ~97% for more than 100 cycles, while the control sample with Cu foil as the current collector exhibited huge fluctuations in Coulombic efficiency. The

unblocked ion pathways and high electron conductivities of frameworks in the modified metal anode led to the rapid transfer of Li ions through the SEl and

endowed the anode framework with an ion conductivity of 7.81 x 1072 mS cm ', nearly quintuple that of the Cu foil based Li metal anode. Besides, the

polarization in the charge—discharge process was halved to 30 mV. The stable and efficient Li deposition was maintained after 2000 cycles. Our results

indicated that nanoscale interfacial electrode engineering could be a promising strategy to tackle the intrinsic problems of lithium metal anodes, thus

improving the safety of Li—S cells.

KEYWORDS: Li—S battery - anode - dendrite - graphene

energy resources of chemical energy,

are consumed in an extreme quantity
and at a rapidly increasing rate.! Except for
the significant contribution to the world
economy, the combustion of fossil fuels is
majorly responsible for air pollution and
global warming. This “energy anxiety” raises
an urgent need for environmentally friendly
and sustainable energy sources. Many of the
alternative energy sources (solar, wind,
waves, geothermal sources, etc.) require
advanced energy storage technology, such
as batteries, to replace conventional fossil
fuels. Among various promising battery
candidates with high energy densities,
lithium—sulfur (Li—S) batteries, with a high
theoretical capacity of 1675 mAh g~

F ossil fuels, one of the most convenient
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(based on sulfur) and an energy density of
2600 Wh kg™ (based on the lithium—sulfur
redox couple), are highly considered.>™*
Despite these advantages, many obstacles
still need to be overcome for practical ap-
plications of Li—S batteries, such as the low
conductivity of sulfur and the shuttle of
long-chain polysulfide intermediates during
discharge/charge cycling. During the past
10 years, various strategies have been pro-
posed to address these issues in Li—S cells,
such as nanostructured hosts,> " conduc-
tive polymers,’~ "7 and a bifunctional
separator,'® 22 which improved the cycling
performance to more than 1000 cycles with
a Coulombic efficiency of 90—99% and dis-
charge capacity of 500—800 mAh g~'.2>73°
However, the superior cycling performance
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was mostly achieved by a 2000% lithium excess,*’
which hindered the problem of the Li metal anode.
Generally, the formation of Li dendrites is a primary
issue for Li metal batteries (LMBs) including Li—S
batteries, which always leads to serious safety concerns
and low Coulombic efficiency.

Dendrite formation on a metal lithium anode in a
Li—S cell is an even more severe problem than it is for
routine lithium ion cells. Unlike lithium ion cells, inter-
mediate products (lithium polysulfides) are formed in
the cathode and are soluble in the electrolyte, which is
in direct contact with the metallic anode and therefore
leads to a much more complicated system with the
coexistence of Li dendrites and polysulfide intermedi-
ates. Recently, the anode issue of the effect of
polysulfides®*3® has attracted great attention, and
some creative ideas to handle the dendrite problems
in Li—S batteries, such as a LiNO; electrolyte additive,>*
a high-concentration Li salt,*® solid-state electrolytes,*
an all-carbon anode,®' a hybrid anode structure,®® a
3D Li;Bg nanofiber framework,>>® and a protected
lithium anode,*® have been proposed. These strategies
provide bright prospects to improve the cycling and
safety performance of Li—S batteries in view of the
anode. However, the electrochemical behavior of the
anode in a Li—S cell has rarely been involved. In fact,
the electrochemistry of the anode is of vital importance
to enhance the understanding of nucleation and
growth of Li dendrites and their contribution to the
whole cell device.

Generally, dendrite formation is mainly induced by
inhomogeneous distribution of (1) the current density
on the electrode surface and (2) the concentration
gradient of Li ions at the electrolyte/electrode inter-
face. The academic research on metallic Li anodes has
never lagged in the past 40 years.>*¢*°~*> Several
methods have been proposed to solve the dendrite
problem including (1) the formation of Li—Al or Li—Mg
alloys;***” (2) the employment of a solid-state elec-
trolyte;*® 32 (3) the introduction of a stable and pro-
tective solid electrolyte interphase (SEI);'®39°37>7 (4) the
incorporation of some electrolyte additive to manipulate
the deposited Li,>>*®°° and the application of a nano-
structured anode through mechanical surface modifica-
tion or fibrous scaffolds.3”%%" All these methods afford a
mechanistic understanding into dendrite inhibition.
However, Li metal based batteries are still stalled in
proof-of-concept with few commercial attempts yet.

According to a recent interesting study on Li metal
symmetric cells with a polymer electrolyte, most of the
Li dendritic structures resided underneath the Li sur-
face instead of growing out of the surface and piercing
into the polymer electrolyte in the early stage of
dendrite development.5? This study revealed an “in-
ward and recessive” structural evolution of the Lianode
with potential significance for designing an advanced
metallic anode, which was normally concealed by
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Figure 1. Schematic diagrams of a Li metal anode with
different structures during Li deposition and dissolution.
(a) Without a graphene framework, Li dendrites appear
during Li deposition, thus leading to a large amount of
dead Li during Li dissolution. (b) The SCG-structured anode
depicts a stable and uniform Li deposition and dissolution
with high efficiency and low resistance.

visible hazards carried out by “outward and domi-
nant” Li dendrites. Similarly, Xiao et al. discovered a
novel failure mechanism of Li metal anodes, that the
porous interphase of the anode grew inward toward
the bulk (fresh) Li metal, which evolved into a messy
and highly resistive layer and, thus, resulted in huge
transfer resistance and a great amount of Li metal
losing contact with electrons (dead Li) in the inert
layer. Before the dendrite-induced short circuit, the
impedance of the battery escalated sharply and the
service life was terminated early.®® In a Li—S cell, this
phenomenon is more frequent and serious, because
sulfur and lithium sulfide products are both ion- and
electron-insulating and the cross-coupling effect will
lead to a sharp decrease in the voltage and energy
density. Consequently, it is critically important to de-
sign an anode structure with desirable electron and ion
channels to improve transfer properties and recycle
dead Liin a Li—S cell.

In this contribution, we propose a nanostructured
graphene framework with Li deposition to be a high-
efficiency and high-stability Li metal anode for Li—S
batteries. In a routine configuration of a Li metal anode
without a graphene framework, Li dendrites easily
grew on routine two-dimensional (2D) substrates
(such as Cu foil). As the root of dendrites can easily
receive electrons and then dissolve early, Li dendrites
easily fracture and detach from the substrate to form
dead Li (Figure 1a). If there is a pre-existing conductive
framework such as self-supported graphene foam, the
deposited Li will be well accommodated (Figure 1b).
Free-standing graphene foam provides several promis-
ing features as an underneath layer for a Li anode,
including (1) relative larger surface area than 2D sub-
strates to lower the real specific surface current density
and the possibility of dendrite growth, (2) an inter-
connected framework to support and recycle dead Lj,
and (3) good flexibility to sustain the volume fluctua-
tions during repeated incorporation/extraction of Li.
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To build the working environment of Li—S cells, 0.1 M
Li,Sg is added into the presented electrolyte. Several
demonstrations on the Li anode reinforced by Li,S,
(x=1-8) enlightened a new prototype of a robust and
stable SEI3***®* Consequently, polysulfides can be
presented as the SEl stabilizer of the anode. The
smooth layer covering the surface of the graphene
nanosheets was presumably assigned to in situ formed
SEl and was identified in a subsequent demonstration
by X-ray photoelectron microscopy (XPS). The dual-
phase layered structure composed of an in situ formed
SEl and a nanostructured graphene framework and
denoted as SEl-coated graphene (SCG) ensures the
requirements on the Li metal from the two sides
of the electrode/electrolyte interface and, thereby,
enables highly efficient and stable utilization of Li—S
batteries.

RESULTS AND DISCUSSION

SEM Characterization of Li Deposition and Dissolution. Gra-
phene oxide (GO) was first obtained by a modified
Hummer's method. Then through a hydrothermal
treatment, GO was simultaneously reduced and assem-
bled into a three-dimensional (3D) self-supported gra-
phene framework (GF) after freeze-drying (Figure 2a).
Such a macroscopic graphene foam was then directly
used as support electrode to store metallic Li. Highly
crumbled graphene nanoflakes constructed an inter-
connected network with hierarchical pores, which
provided a large space to accommodate Li metal and
electrolyte (Figure 2b). The pore volume was 1.6 mLg ™",
and the average pore size was 10 nm (Figure S1). The
high-magnification scanning electron microscopy
(SEM) images further indicated the thin-layer nature
and 2D morphology of the graphene nanosheets
(Figure S2a,b). It should be noticed that as-obtained
chemically derived graphene possesses a high density
of structural defects, which is beneficial for the nuclea-
tion of deposited Li.*'

The entrapment of Li metal in nanoporous gra-
phene was confirmed by SEM images of the SCG anode
under completely lithiated and delithiated conditions.
After being completely lithiated in the first cycle,
graphene nanoflakes were conformally coated by me-
tallic Li and the interspace pores were entirely filled up
with Li metal (Figure 2c). More importantly, no sharp
dendrite-like structure was observed except for some
small perturbations with smooth tips that might be
inherited from the graphene edges. After the subse-
quent delithiation, the nanoporous structure of the GF
was recovered with 2D graphene nanosheets partially
exposed (Figure 2d). The reversibility of deposited Li
was thereby indicated. Compared to pristine GF, there
was a smooth layer covering the surface of the gra-
phene nanosheets, which was presumably assigned to
in situ formed SEl and was identified in subsequent
demonstration by XPS. Thus, we can conclude that

CHENG ET AL.

e v

Figure 2. Morphology of the 3D GF during Li deposition and
dissolution. (a) Side-view optical image of bulk GF on a
flower. (b) SEM image of GF with large pores between the
graphene sheets. (c—f) Morphology of SEM images of the
SCG anode during the lithiation and delithiation process: (c)
first and (e) 10" deposition; (d) first and (f) 10™" dissolution.

metallic Li could reversibly deposit into/extract from
nanopores of interspace graphene with the protec-
tion of an SEI layer on graphene nanosheets. These
observations were further confirmed in the following
10 cycles (Figure 2e and f). Even after 10 lithiation/
delithiation cycles, the interspace pores were still well
preserved with no inert SEI layer blocking them
(Figure 2f). Meanwhile, the self-supported, intercon-
nected structure of GF was also maintained, indicating
a good structural stability of the GF to sustain stress
fluctuations.

TEM Characterization of Li Deposition in the SCG Framework.
To further understand the Li deposition phenomenon
in the SCG anode, high-resolution transmission elec-
tron microscopy (TEM) experiments were conducted.
As Li metal has a low melting point, it is easy to melt
into liquid under electron beam irradiation in TEM
observations. When the electron dose was small
(6240 e nm 257", Li deposits were clearly observed
in the SCG anode. A yolk—shell structure with an SCG
coating on the Li deposits and graphene framework
was determined (Figure 3a). After a high electron dose
on the circular area (7.3 x 10°e™ nm™), the solid-state
Li metal melted and disappeared gradually. The gra-
phene nanosheets in the composite anode were
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unambiguously identified (Figure 3b). However, a
high-definition image and lattice image of graphene
cannot be collected due to the encapsulating SEl layer
and unfixed free-standing graphene flakes (Figure S2c).
There was a sharp increase in the content of carbon
element from 35% to 64% in the area of interest before
and after the strong electron-beam exposure, indi-
cating that graphene was preserved under strong
electron-beam irradiation. When the electron dose
was larger than 2.2 x 10" e~ nm~2 (corresponding to

Figure 3. TEM images of the SCG anode with Li deposits. (a)
Very low dose TEM image of Li depositing in the SCG anode.
(b) After a high electron dose, liquid lithium disappeared
and graphene was exposed under TEM. (c) The solid-state
lithium was almostly liquefied after 1.0 h electron beam
irradition. The SEI layer can be identified clearly. (d) High-
resolution TEM image of the SEI layer in (c).

(a)

SCG-0

Ju]
{E( SCG-1

El
A Cu-0
N 0909
<><><>
W&WW
S
P g C .
0 30 G-D 90
Z' (ohm)

(c)

iy

20p

57 mvV
Cu foil

aop

30mv
SCG anode

Voltage (mV)

50 oS o 7T
Time (h)

1 h TEM observation in our case), the sample was
completely different from the initial state. The solid-
state Li was nearly all liquefied (Figure 3c). However,
the SEI layers were well preserved, and more gra-
phene frameworks were exposed. There was little
structural damage on the SEl layers in the composite
anode after Li dissolution (Figure S3). The stable SEI
layer guaranteed stable Li deposition in the SCG
anode. The thin SEI layer of 10 nm (Figure 3d) de-
creased the diffusion resistance of Li ions crossing
through it, thus improving the rate performance of
the Li metal anode. The stable and thin SEI layer was
expected to afford a superior cycling performance of
the SCG anode, which was investigated by the elec-
trochemical performance evaluation.

Resistance Characterization for the SCG Anode. The elec-
trical impedance spectrum was employed to probe the
electrodes of both pristine and lithiated SCG and the
control electrode of Cu foil (Figure 4a). Both the
bulk and interfacial impedances decreased sharply
for the SCG-reinforced cells compared to the routine
cells with Cu foil. An appropriate electric equiva-
lent circuit was employed to interpret the Nyquist
plots, in which Rq at the higher frequency represents
the electrolyte resistance, while Rcr at the lower
frequency represents the Li ion transfer resistance
(Figure S4). The SCG electrode exhibited an Rq
of 0.45 and 1.21 Q before and after lithiation, while
the two values were 0.95 and 3.25 Q for the con-
trolled metal electrodes on Cu foil (Figure 4b). There-
fore, an improved ion transport behavior can be
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Figure 4. Li ion diffusion resistance through the Li metal anode. (a) Nyquist plots of pristine (marked as “0”) and lithiated
(marked as “1”) SCG and Li anode on Cufoil. (b) Rg, R, and the electronical conductivities (o) of pristine and lithiated graphene
and a Cu foil based anode according to o = L/(RA), where L, A, and R are the thickness, area, and fitted resistance of electrode
pellets. (c) Particle charge—discharge curves of SCG and a Cu foil based Li metal anode.
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Figure 5. XPS characterization of the SCG anode. (a) Li 1s and (b) O 1s XPS spectra of the SEI layer from the lithium anode
surface to a depth of 15 nm after the 10 lithiation. (c) Li 1s and (d) O 1s XPS spectra of the SEl layer from the lithium anode

surface to a depth of 15 nm after the 10™ delithiation.

suggested for SCG electrodes. The SCG electrode
also delivered a small resistance of Ry = 14.04
and 19.65 Q before and after lithiation than those of
the Li electrodes on Cu foils, with an Rct of 42.12 and
29.10 Q, respectively. According to the equation o =
L/(RA), where L, A, and R are the thickness, area, and
fitted resistance of electrode pellets, respectively,®®
the electrical conductivities (o) of the electrodes were
calculated as 7.81 x 1072 and 5.42 x 107> mS cm ™'
for the working SCG cell before and after lithiation,
while for the cell with a Cu foil current collector, the
values were much smaller, at 1.75 x 1072 and 2.33 x
1072 mS cm ™. Such a decrease in electron/ion trans-
fer resistance indicated that the SCG dual-phase
structure can effectively prevent the formation of a
mossy and inert interphase by retarding the accumu-
lation of SEI compounds and recycling dead Li.

CHENG ET AL.

The improvement on interfacial transporting beha-
vior by employing the SCG dual-phase structure was
also confirmed by reduced polarization (hysteresis) in
the voltage profile (Figure 4c). The voltage deviation of
the SCG anode and Li electrode on Cu foil was 30 and
57 mV, respectively, which was in good accordance
with the much reduced impedance for the SCG elec-
trodes.

Component Analysis of SEI. To understand the chemical
environment of the surface film on the cycled electrodes
(Figure 2d and f), both the chemical composition and
corresponding depth profile of the surface film were
probed by XPS-equipped Arion sputtering. The chemical
composition of the top layer (0 nm) was a little different
from the bottom layer (2—15 nm) of the SEI film. For the
Li 1s and O 1s spectra, the peaks were assigned to
products of lithium bis(trifluoromethanesulfonyl)imide
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Figure 6. Electrochemical characterization of the electrodes for Li deposition/dissolution. (a) Coulombic efficiency of SCG and
Cu foil based anode with a lithiation capacity of 0.5 mA h cm2 at a current of 0.5 mA cm™ (1.0 C). The voltage—time curves in
an 86 h cycle of (b) SCG and (d) Cu foil based anode. The SEM images of the electrodes of (c) graphene and (e) Cu foil based

anode after 86 h cycles.

(LiTFSI) and polysulfides decomposed on the Li elec-
trode, such as ROCO,Li (54.6 eV), Li,S, (55.3 eV), Li,SO,
(55.9 eV), and LiF (56.7 eV) in the Li 1s spectra, as well as
ROLi (529, 533.6 eV) and S—O (Li,SOy, Li,S,03) (532 eV)
in the O 1s spectra.3*®*56%7 |t can be speculated that
the SEI after Li deposition here includes LiF, LiS,, and
Li,SO, (Figure 5a and b). The S 2p spectra in Figure S5
also confirmed these results. LiF might be the product
of the reaction between LiTFSI and Li ions.* It plays a
critical role in the formation of stable SEl with improved
stability of Li electrodeposition.'®>* The compounds of
S—O0 (Li,SO,, Li,S,03) were obtained by the oxidation
of LiTFSI and polysulfides by the oxidizing agent of
LiNOs in the electrolyte. Li,Sg in the electrolyte was
reduced into the lower order polysulfides, such as Li,S;
and Li,S, which held a low solubility in the electrolyte
and deposited on the anode as the SEl layer. To verify
the stability of the SEl layer, both the chemical compo-
sition and the depth profile information on the surface
film after Li dissolution were obtained. A similar result
was obtained by the Li 1s, O 1s (Figure 5c and d), and
S 2p spectra (Figure S5) after Li extraction. Therefore,
the SEI layer retained a stable chemical composition
and structure in both the lithiation/delithiation state.

CHENG ET AL.

The SEl is of prime importance to improve the
Coulombic efficiency by separating the electrolyte
and Li metal to inhibit the side reaction. When we
removed the additives from the electrolyte, a de-
crease of 5% in the Coulombic efficiency was observed
(Figure S6). There was a hysteresis in the voltage of
about 38 mV for the SCG anode without electrolyte
additives, which is 8 mV larger than the SCG anode
with electrolyte additives. Thus, beyond the roles of the
desolvation of Li ions and a physical barrier between
the electrolyte and the Li metal anode, the polysulfide
additives may also act as the catalyst to decrease the
activation energy of Li ions crossing the SEl and
depositing on the anode >®%®

Electrochemical Tests of LMBs. The electrochemical per-
formance of the dual-phase SCG anode was demon-
strated with Li metal foil as counter electrodes in coin
cells. For LMBs, the Coulombic efficiency was a for-
midably important parameter to evaluate the sustain-
ability of the specific anode. It was defined as the ratio
of Li that was stripped out of the working electrode to
the Li that was plated during each cycle. With a con-
stant injection of charge, higher Coulombic efficiency
indicated larger reversible capacity and reusable Li.

A N N
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Li was electrochemically deposited from the Li metal
counter electrode onto the SCG electrode and then
stripped away in a half-cell. The current density was set
as 1.0 C (0.5 mA cm 2 for a constant charge capacity of
0.5 mAh cm ). The Coulombic efficiency of the SCG
electrode was maintained at ~97% for more than 100
cycles (Figure 6a), while the control sample with Cu foil
exhibited a continuous degradation in Coulombic
efficiency. The fading trend of Coulombic efficiency
declined to lower than 40% after only 40 cycles. Note
that the Coulombic efficiency of the Li electrode on Cu
foil suffered from severe fluctuations, which was at-
tributed to the reactivation of disconnected mossy Li
from previous cycles. When a high current density of
1.0 and 2.0 mA cm™2 (2.0 and 4.0 C), which commonly
induced low efficiency and rapid dendrite growth, was
applied, the Coulombic efficiency of the Li/SCG anode
was still maintained at ~93% (Figure S7). The temporal
voltage profiles in Figure 6b exhibited stable lithiation/
delithiation behaviors for the SCG anode as the nearly
constant hysteresis indicated. The cycled Li/SCG anode
delivered a smooth surface without visible dendrites
(Figure 6c). In contrast, the voltage profiles of the
controlled Li/Cu-based anode predominantly and irre-
gularly fluctuated with many partial short-circuits dur-
ing the long-term cycling (Figure 6d). There were large
amounts of visible dendrites and dead Li on the surface
after cycling (Figure 6e). The dendrite-inhibition beha-
vior was more clearly demonstrated in a special cell
configuration with a Teflon ring instead of the routine
Cellgard 2400 membrane through overcharging cells
at 0.5 mA cm 2 (Figure S8a).>®> The graphene-based
anode demonstrated a superior dendrite-inhibition
behavior in the 70 h lithiation process, while the cell
with a Cu foil based anode was short-circuited after
only 4 h of lithiation (Figure S8b,c). Li ions first depos-
ited in the graphene framework within the anode and
then on the graphene when the cell was overcharged
(Figure S8d). The metal luster morphology of the
overcharged anode indicated a dendrite-free de-
position characterization. However, without a gra-
phene framework, the short circuit early on led to
little Li deposits on the metal anodes with Cu foils
(Figure S8e). It was noted that a polysulfide stabilizer
was also used for Li electrodes on Cu foils, which
suggested that the structure evolution underneath
the Li surface had a negative impact on the surface
structure. The vital role of graphene on improving the
subsurface transfer behavior of the Li metal anode
was thereby illustrated.

To investigate the superlong cycling performance
of the graphene anode, a 2000-cycle systematic test
was conducted with 10 mAh cm ™2 lithiation in the first
cycle and 0.5 mAh cm ™2 deposition/dissolution in the
following cycles. Clearly, the SCG metal anode showed
a stable cycling performance, while the Li anode on Cu
foil had several instabilities in the voltage—time curve

CHENG ET AL.

(a)

2000 o °
1000 -300 300

(b)

2000 Open circuit

Voltage (mV)

1000

Cycle time (h)

Figure 7. The 2000-cycle performance of (a) SCG and (b) Cu
foil based Li metal anodes at a current density of 10 mA cm™
with a prelithiation of 10.0 mAh cm 2. The top curves in (a)
are expanded views from the bottom plot.

(Figure 7). Especially, after 1000 cycles (100 h), the cell
with a Cu based metal anode could no longer work
because of the depletion of the electrolyte, indicating
that the SEl on the Cu-based metal anode was always
changing, leading to vast consumption of electrolyte.
The advantages of the SCG anode can also be demon-
strated when comparing the asymmetric cells of the
SCG anode vs Li with symmetric cells of Li vs Li, because
the Li plate exhibited a large decrease in voltage after
17 h, indicating the existence of a dendrite-induced
short-circuit (Figure S9). The distinctive SCG metal
anode with in situ formed SEI coated on the porous
and interconnected graphene framework maintained
the stability of the electrodes when Li ions transferred
through the SEl layer and deposited in the anode
efficiently and reversibly. The stable and thin SEI layer
acted as the separator of the electrolyte and Li metal to
inhibit the side reaction to improve the Coulombic
efficiency and also as the accelerator of Li ions with
superior conductivity for an excellent rate perfor-
mance. The graphene framework not only inhibits
the growth of “outward and dominant” Li dendrites
but also handles the issues of poor lifespan caused by
the “inward and recessive” diffusion resistance of Li
ions before the dendrite-induced short-circuit. Conse-
quently, the distinctive SCG structure reported herein
provided a general strategy to settle the bottleneck
issue of the anode of Li—S batteries.

CONCLUSIONS

We have illustrated a distinctive SCG structure for
the anode of a Li—S battery with high safety and
efficiency performance. The efficient in situ formed
SEl-coated graphene structure allows a stable Li metal
anode with a cycling Coulombic efficiency of ~97% for
more than 100 cycles at 1.0 Cand 93% at a higher current
density of 2.0 and 4.0 C with dendrite-free morphology.
The SCG structure indicates a low resistance and a high
ion conductivity of 7.81 x 1072 mS cm ™" with a nearly
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5-fold increase relative to the Li anode on a Cu foil
current collector. The stable and efficient Li deposition
can be maintained for 2000 cycles. Future research is
required to further improve the Coulombic efficiency
and ion conductivity of Li metal anodes and investigate
the diffusion of Li ions before and after crossing the SEI

EXPERIMENTAL SECTION

Materials. The Li metal counter electrode is commercially
available from China Energy Lithium Co., Ltd. The ether-based
electrolyte composed of lithium bis(trifluoromethanesulfonyl)-
imide (1.0 M) and 1,3-dioxolane/1,2-dimethoxyethane with a
volumetric ratio of 1:1 was purchased from Zhangjiagang
Guotai Huarong Chemical New Material Co., Ltd. To prepare
the polysulfide additive, elemental S and pure Li,S purchased
from Alfa Aesar were mixed in a stoichiometric proportion to
obtain Li,Sg (0.1 M), dissolving in the ester-based electrolytes.

Synthesis of a Graphene Framework. The porous GF was ob-
tained by hydrothermal reduction of graphene oxide. The GO
was prepared by a modified Hummers method.®® The aqueous
dispersion of 2.0 mg mL™' GO was reduced by 90 mg mL™"
NaHSO; at 95 °C for 6.0 h without stirring to get a graphene
hydrogel, which was further dialyzed against deionized water
for 3 days to remove impurities.

Structure Characterizations. The morphology of the graphene
was characterized by a JSM 7401F SEM operated at 3.0 kV and a
JEM 2100 TEM operated at 120.0 kV. The N, adsorption—desorp-
tion isotherms were obtained using an N, adsorption analyzer
(Autosorb-1Q,-MP-C system) by N, adsorption at 77 K. The
specific surface area of all samples was calculated by the BET
method. The pore size distribution plots were obtained by the
nonlinear density functional theory method. Al-Ka. radiation
(72 W, 12 kV) at a pressure of 10~° Torr was used to obtain the
X-ray photoelectron spectra. The diameter of the analyzed area
was 400 mm. An argon ion beam (accelerating voltage 2.0 keV,
ion beam current 6.0 mA) was employed to perform the etching
process. The etching rate was estimated as 0.007 nm s~ ', and
after 2130 s, nearly a 15 nm surface layer was etched. The metal
anode sample were prepard in a glovebox and protected under
Ar to avoid oxidation and other secondary reactions.

Electrochemical Measurement. A two-electrode cell configura-
tion using standard 2025 coin-type cells was employed. The
two-electrode cells were assembled in an Arfilled glovebox
with O, and H,0 content below 1 ppm. A homogeneously slurry
was prepared by mixing GF and polyvinylidene difluoride
(PVDF) binder in N-methylpyrrolidinone with a mass ratio of
GF:PVDF = 90:10, followed by magnetic stirring for ca. 24.0 h.
The slurry was coated onto a Cu foil and dried in a vacuum
drying oven at 60 °C for 6.0 h. The as-obtained foil was punched
into 13.0 mm disks as the working electrodes. A 1.0 mm thick Li
metal foil was employed as the counter electrode, and Li,Sg
(0.1 M) and LiNOs (1.0%) dissolved in the ether-based electro-
lytes served as the electrolyte. The coin cells were monitored in
galvanostatic mode within a voltage range of —0.5to 1.5V using
a Neware multichannel battery cycler. The EIS measurement
was performed on a Solartron 1470E electrochemical work-
station. It should be noted that the lithiation capacity was
0.5 mAh cm~2 at 0.5 mA cm 2 and the mass loading of
graphene was 0.16 mg; thus the specific capacity of the
electrode was 3086 mAh g~ at 0.5 mA cm ™2, which was a large
increase relative to the graphene anode in the Li ion batteries.
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for the applications of Li—S batteries via the wise
combination of nanoscale engineering and electro-
chemistry. We believe that the nanoengineering con-
cepts described herein shed new light on high-energy-
density LMBs, such as lithium—sulfur and lithium—
oxygen batteries.
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