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Lithium metal, regarded as one of the most potential anodes for future battery systems, has attracted
much attention for a long time. Nonetheless, uncontrollable Li dendrites growth and almost infinite
volume change hinder the reliable implementation of lithium anode. Three-Dimensional graphene
aerogel is an ideal lithium metal host material because of its abundant porous structure and large
surface area, which can relieve the volume change, as well as reduce the effective current density. The
lateral dimension of raw material natural graphite will affect the morphology and hierarchical
structures of graphene aerogels, thereby affecting the electrochemical properties as a lithium host
material. A series of graphene aerogels were prepared from natural graphite with different lateral
dimensions (3.4 um. 11 pm. 44 um. 178 pum) for Li host material. The GA-11/Li composite anode
exhibits the best electrochemical performance. The symmetrical cell with GA-11/Li electrode shows
stable cycling for 600 h at 2 mA cm for 2 mAh cm. Surprisingly, the Li-S full cell with GA-11/Li
anode delivers a high initial specific discharge capacity of 9.38 mAh cm and stable cycle stability.
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1. INTRODUCTION

Owing to its outstanding features, especially the far higher theoretical gravimetric capacity
(3860 mAh g*) and the lowest standard electrode potential (-3.04 V), lithium metal is regarded as an
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ideal anode for next generation batteries [1, 2]. Nevertheless, several inevitable problems of lithium
metal anode limit its further applications, such as uncontrollable growth of Li dendrites, limitless
volume expansion during dissolution/deposition process of Li, and insecure solid electrolyte interface
(SEI) film [3, 4]. These problems cause poor cycling life of lithium anode, low Coulombic efficiency
(CE), or even serious safety problems. In order to solve these issues, massive efforts have been made
and many solutions have been studied, including adding various electrolyte additives (LiNOs, Cs™,
Li»Ss, LiF, FEC, Cu(CH3COO)>, etc.) or optimizing the electrolyte to maintain the stability of the SEI
layer and prevent the Li dendrites growth [5-7], introducing artificial SEI films to regulate ion
distribution, tailor the composition of the SEI, inhibit the penetration of Li dendrites and improve CE
[8, 9]. Although these strategies can mitigate SEI collapse and prevent the formation of Li dendrite in
some degree, the infinite relative dimension variation caused by the ‘hostless’ cannot be relieved
during cycling.

Many stable hosts with abundant porous structures and large specific surfaces have been
considered as a promising choice to adapt the dimension changes and reduce the growth rate of Li
dendrite. Multifarious rational designed three-dimensional (3D) porous carbon materials are ideal host
candidates, such as layered reduced graphene film [10], 3D nanoporous nitrogen-doped graphene [11],
3D carbon fiber network [12], 3D carbon nanotube matrix and 3D fluorine-doped graphene because of
their unique advantages [13, 14]. 3D graphene aerogel, with its super electrical conductivity, huge
specific surface area, and feathery density (<10 mg cm™), is a superior carbon material that able to be
a Li metal anode carrier. Lu et al. [15] fabricated a series of graphene aerogel with different porosity
and prepared the GA/Li composite electrode by an electrochemical deposition method. The electrode
has a high lithium/carbon mass ratio (5:1) and long cycle stability. Zhao et al. [16] reported a well-
designed graphene aerogel/Ag composite fabricated by a one-step hydrothermal method as a lithium host
material. In the GA/Ag structure, Ag nanoparticles were homogeneously embedded in the graphene layers,
which enhanced the lithiophilicity of the graphene matrix. Even in carbonate-based electrolytes, the
GA/Ag electrode exhibited high coulombic efficiency (CE) and good cycle stability. The high-
temperature thermal melting is a convenient and effective procedure for filling lithium into the host matrices
of the carbon materials [17]. The degree of oxidation and the lateral dimension of graphene oxidation (GO)
directly affect the pore structure and morphology of the prepared graphene aerogel [18, 19]. Graphene oxide
is obtained by the oxidation of natural graphite. The lateral dimension of the natural graphite determines
the size and oxidation degree of the GO. The morphology and hierarchical pore structures of graphene
aerogel are crucial for determining the electrochemical property of the lithium metal composite anode
[20]. Therefore, the study of graphene aerogels prepared from different lateral dimensions of natural
graphite as optimized lithium matrix materials has great advantages. It is necessary to analyze the
distinction in electrochemical performance of the electrodes, which are composite lithium with a series
of graphene aerogels prepared from different sizes of natural graphite.

In this work, we fabricated a series of graphene aerogels via a hydrothermal method, followed
by freeze-drying and high-temperature calcination processes. The raw precursors of the graphene
aerogels are natural graphite with different lateral dimensions (3.4 pym. 11 pm. 44 pm. 178 pm).
Different GA/Li composite anodes were prepared by high-temperature thermal melting, and their
electrochemical performances were compared as well. The experimental results indicate that all
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graphene aerogels prepared from natural graphite with different layer dimensions have ultra-low mass
density, abundant holes and a large specific area, which provide space to migrate the volumetric
expansion during Li plating/stripping cycles and decrease the partial current density. The morphology
and specific surface area of the four graphene aerogels are different, GA-11 has the largest specific
surface area (185.96 m?/g). Among all the GA/Li composite anodes, GA-11 reinforced Li anode shows
the best electrochemical performance. The symmetrical GA-11/Li | GA-11/Li cell shows remarkable
cycling stability for 600 h at 2 mA cm for 2 mAh cm. Furthermore, the full cell coupling with sulfur
was assembled, the GA-11/Li | S full cell still presents good cycling stability although the sulfur
loading is up to 9.4 mg cm,

2. EXPERIMENT

2.1 Preparation of graphene aerogel (GA)

The portion of graphene aerogel (GA) samples were prepared using graphene oxide (GO) as
precursors, which were synthesized by the oxidation of natural graphite with different lateral
dimensions (3.4 um. 11 pm. 44 pm. 178 pum) using a modified Hummers’ method. The graphene
aerogels were fabricated by hydrothermal approach, after freeze-drying, the samples were heat-treated
as reported previously [19]. 15 mL of uniform GO aqueous dispersoid (4 mg mL™) and 80 pL of
ethylenediamine (EDA, C2Hs(NH>)2) were mixed and the mixture was ultrasonically dispersed for 20
mins. Successively, this mixture was sticked in a 25 mL sealed Teflon-lined autoclave and then
maintained at 120 °C for 16 h. The formed graphene hydrogels were washed repeatedly with
ethanol/deionized water (12:88 v/v) followed by freeze-dried for 2 days. Finally, the GA samples were
obtained through thermal reduction at 800°C for 12 h under Ar atmosphere.

2.2 Synthesis of graphene aerogel-Li (GA/Li) anodes

The as-obtained graphene aerogel samples were transferred to a glove box full of argon
atmosphere. A certain amount of GA (the mass ratio of graphene and Li is 1:9) was then put into the
melted Li, which melted in a hot pan at 200 °C, and the mixture was stirred vigorously for one hour.
The molten Li was infused into the pores of the graphene aerogel with the color of the mixture
changed from black to silver, then the slurry was pasted on a commercial copper screen and naturally
cooled down to room temperature. Before being assembled into cells, the GA/Li electrodes were
pressed to obtain smooth surfaces.

2.3 Material Characterization

The scanning electron microscopy (SEM, Acceleration voltage: 20 kV, FEI Sirion-200
Netherlands) was employed to characterize the microstructures and size of the prepared GA and Li
composite anodes. X-Ray Diffraction (XRD) patterns were recorded on an X’pert MPD DY 1219
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instrument. The Brunauer-Emmett-Teller (BET) specific surface areas of the graphene aerogels were
measured on a Micromeritics’ system (ASAP 2020, USA). X-ray photoelectron spectroscopy (XPS,
PHI 5600 Physical Electronics) measurements were achieved using Al (Ko) monochromatic beam.

2.4 Electrochemical measurements

The GAJLI electrodes were cropped to wafers with a diameter of 10 mm, the Li anodes were
tailored in the same way. The cells were made by using CR2032 coin shell under inert atmosphere, the
working and counter electrodes used here are both GA/Li electrodes in symmetric cells. Full-cell coins
were assembled using S electrode as cathodes, and its preparation process was adopted from previous
report, the quality loading of sulfur in the cathode was 9.4 mg cm™. GA/Li foils (diameter of 16 mm)
were used as the counter electrode, and Celgard 2400 was served as the separator. The electrolyte
comprised 1 M LiTFSI and 2 wt % LiNOs addition in 1, 3-dioxolane (DOL) and 1,2-dimethoxyethane
(DME) (1:1 in volume), the electrolyte/sulfur ratios for the full-cell coins was 12 pL mg™.
Galvanostatic charge/discharge measurements were measured in 1.7-2.8 V on a multichannel battery
test system (Land CT2001a, Wu Han, China).

3. RESULTS AND DISCUSSION

The SEM images of the graphene aerogels are shown in Figure 1, which were obtained by a
self-assembly hydrothermal reduction process from graphene oxide [19], which was synthesized by the
oxidation of graphite with different layer sizes. After reduction, the graphene oxide has formed a three-
dimensional structure with lamellar folds and cross-linked holes. Besides, there are distinctions among
the morphologies of graphene aerogels prepared from different sizes of graphite. It can be seen that as
the lateral dimensions of natural graphite increase, the transparency of the graphene aerogel lamella
increases. Among them, the lamellas of GA-3.4 made of 3.4 um graphite are stacked together, and
these lamellas are thick and have no obvious folds. The three-dimensional structure of graphene
aerogel prepared from 11 pum graphite (GA-11) has the smallest, most regular pore size and obvious
folds. Compared to other reported carbon host materials [12, 13], the graphene aerogel-11 presents a
unique hierarchical porous structure with uniform pore size, which is beneficial to moderate the huge
volume expansion in lithium plating/stripping cycles.

Figure 2 is the N> adsorption-desorption isotherms of four prepared graphene aerogels. When
the relative pressure is greater than 0.2, a small hysteresis loop is observed in all four curves, which
indicates that the mesoporous of multilayer adsorption have occurred. For the N2 adsorption-desorption
curve of 178 um graphene aerogel, there is a smaller hysteresis loop in the middle-pressure zone and
stronger adsorption and desorption in the high-pressure zone, which may result from the formation of
larger pores in some lamellas (Figure 2(d)). Among the four samples, GA-11 has the largest specific
surface area (185.96 m?/g), such a larger value is conducive to reduce the effective current density
during lithium deposition.
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Figure 1. The SEM images of graphene aerogels prepared from natural graphite with different layer

dimensions of (a) 3.4 um, (b) 11 pum, (c) 44 um and (d) 178 um.
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Figure 2. Nitrogen adsorption/desorption isotherms of graphene aerogels prepared from natural
graphite with different layer dimensions of (a) 3.4 um, (b) 11 um, (C) 44 um and (d) 178 pm.

T
00

T T T T T
02 0.4 0.6 08 10

Relative Pressure (P/Pg)




Int. J. Electrochem. Sci., 16 (2021) Article ID: 210414 6

In order to evaluate which graphene aerogel sample is the most ideal Li framework, the
electrochemical performances of symmetrical cells were evaluated. In all GA/Li composite electrodes,
the mass fraction of Li is as high as 90%. With the specific hierarchical porous structure and large
specific surface area characteristic, the symmetrical GA-11/Li | GA-11/Li cell exhibits good stable
cycling performance compared with that of lithium symmetrical cells in reported literature [13, 15]. At
a current density of 2 mA cm, the voltage-time graphs of symmetrical cells with different GA/Li and
commercial Li foil electrodes are shown in Figure 3, the capacity is 2 mAh cm?. Among all the
symmetrical cells, the symmetrical GA-11/Li | GA-11/Li cell exhibits the best electrochemical
performance, it displays a relatively small and flat voltage hysteresis of 20 mV over 600 h. On the
contrary, the commercial Li foil symmetrical cell reveals a larger overpotential of 43 mV and sharply
increases to 500 mV within 210 h, owing to the continuously generated Li dendrites, the unstable solid
electrolyte interface and continuous generation of dead Li.
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Figure 3. At 2 mA cm?, 2 mAh cm?, (a) Voltage profiles of symmetric cells with different GA/Li

composite anodes, inset of (a) is the magnified stripping-plating profiles between 350 h and
400 h, (b) Voltage profiles of GA-11/Li | GA-11/Li and Li | Li foil symmetric cells.

Figure 4 shows the top view images of commercial Li foil and GA-11/Li electrodes with a
capacity 1 mAh cm after 20 stripping/plating cycles at a current density of 1 mA cm2. There are
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numerous Li dendrite and mossy dead Li formation on the commercial lithium foil (Figure 4(a) and
(b)). The lithium dendrites not only reduce the cycle life of the lithium metal battery, but also cause
short circuits and even lead to fire accident. Encouragingly, the GA-11/Li electrode exhibits a totally
different morphology (Figure 4(c) and (d)), the electrode surface is relatively smooth and compact with
no obvious lithium dendrites and dead Li, which suggests that the graphene aerogel-11 as an unique
lithium host material improves the stability of Li composite anode. After cycles, the relatively smooth
surface of GA-11/Li electrode compared to the mossy commercial Li electrode originate from the
following characteristics of GA-11: (1) graphene layers self-assemble to form an interconnected
lightweight 3D graphene aerogel with a unique hierarchical porous structure and numerous open pore
channels, which is beneficial to moderate the huge volume expansion in lithium plating/stripping
cycles; (2) benefit from the large specific surface area and uniform distribution of Li* ions, lithium is
flatly deposited on the GA-11 host and the nucleation and growth of Li dendrites are inhibited.

Figure 4. Top view SEM images of (a, b) commercial Li foil and (c, d) GA-11/Li after 20
stripping/plating cycles (1 mA cm, 1 mAh cm™).

To investigate the potential application of the GA-11/Li anode, the electrochemical
performance of Li-S full cells with GA-11/Li electrode as anode were investigated (Figure 5), the
sulfur loadings are 9.4 mg cm2. The full cell with GA-11/Li anode (GA-11/Li | S full cell) delivers a
stable cycle performance and high CE. The GA-11/Li | S full cell delivers a high primary areal
capacity of 9.38 mAh cm?, and 5.5 mAh cm capacity can be maintained after 78 cycles and no
obvious internal short circuit during whole cycles.
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Figure 5. Capacity retention and coulombic efficiency of (a) GA-11/Li | S full cell and (b) Li | S full
cell, (c) the 44th cycle galvanostatic discharge-charge profiles of Li | S full cell at 1 mA cm™
after three formation cycles at 0.5 mA cm. The sulfur loadings of the two cells are as high as
9.4 mg cm™,

Table 1. Performance comparison of lithium-sulfur full cells assembled with different Li composite
anodes, whose hosts are different carbon materials

Host materials in Li amount in Sulfur loading in Initial Capacity of Li-S | Cycle performance
- composite Li 9 full cell with different | of Li-S full cell with Ref.
Li metal anodes S cathodes - . h
anodes Li anodes different Li anodes
2
Graphene 90 Wt% 9.4 mglcm? 9.38 mAh/cm? 5.5 mAhem®after | i\ vork
aeroge-11 78 cycles
2
Graphene aerogel 83.3 wt% 10 mg/cm? 10.5 mAh/cm? 5 mAhtl:c;Tle:ﬁer 50 [16]
2
Carbon fiber 53.2 Wi% 1.7 mglem? 3.25 mAh/cm? 3.2 mAh/cm* after [22]
100 cycles
ZnO/carbon ) ) 1.73 mAh/cm? after
nanotubes — 2.5 mg/cm 3.25 mAh/cm 100 cycles [23]
2
Carbon fiber/Ag 40.7 Wt% 1.7 mglcm? 1.89 mAh/cm? 0.86 mAh/cm? aifter [24]
400 cycles
i 2
Multilayered o o 6.2 mAh/cm2 3.6 mAh/cm? after [25]
graphene 180 cycles
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However, an internal short circuit and a sudden dropping of the charging voltage occur in the
44th cycle of Li | S, due to the continuous generation of Li dendrites. These results imply that abundant
holes and large specific area of GA-11 are effective to moderate the volume changes during cycles and
restrain the formation of Li dendrites. The properties comparison of lithium-sulfur full batteries
assembled with different Li composite anodes, whose hosts are different carbon materials are shown in
Table 1. By comparing the data in the table, the Li amount of GA-11/Li composite anode in this work
reaches 90 wt% (Li amounts <70 wt% in most references), due to the ultra-low mass density (9 mg cm-
%) and porous structure of GA-11.The high Li amount enables the GA-11/Li composite deliver much
higher energy density than reported Li composites. The initial areal capacity of GA-11/Li | S full cell is
much higher than that of most of reported similar Li-S cells, while stable cycle performance is
preserved. These results demonstrate that the graphene aerogel-11 is an ideal host material of lithium
anode and GA-11/Li composite shows the potential in practical application.

4. CONCLUSIONS

In summary, a series of graphene aerogels have been prepared by a hydrothermal method,
whose raw materials are natural graphite with different lateral dimensions (3.4 um. 11 um. 44 um.
178 um). All four graphene aerogels have interconnected 3D porous structures, large specific surface
area and ultra-low density, which can migrate the volume change, inhibit Li dendrites and realize a
high Li mass fraction (90 wt%). When GA-11 is used as host material for Li metal electrode, the cyclic
stability of the GA-11/Li symmetrical cell is the most excellent. Under the condition of 2 mA cm?, 2
mAh cm?, the symmetrical GA-11/Li | GA-11/Li cell holds a stable polarization potential of 20 mV
for 600 h. The GA-11/Li | S full cell with a high sulfur content of 9.4 mg cm delivers a high initial
specific discharge capacity of 9.38 mAh cm™ and stable cycle stability.
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