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remarkable feature of naturally oc-

curring materials is their hierarchical

constructions with a finely carved
appearance, such as the porous silica exos-
keleton observed in diatoms' and natural
honeycombs.? Such hierarchical construc-
tions on a scale ranging from nanometers to
millimeters are characteristic of biological
structures, introducing the capability to
meet the physical or chemical demands
occurring at these different levels. This kind
of complex hierarchical structure of natural
materials has inspired the materials scien-
tists to develop new types of high-perfor-
mance engineering materials.® Recently, the
research and development of high perfor-
mance energy storage devices, such as
batteries and supercapacitors, has drawn
much attention since it is essential to meet-
ing continuous energy demands.* To en-
hance the device performance, including
energy capacity, power density, and re-
charge time, it is essential to be able to
effectively control the electrode nanostruc-
tures, which would also help to uncover the
underlying principles that govern the op-
eration, performance limitations, and failure
of the devices.> 8 From these points, natur-
al honeycombs with unattainable improve-
ment in stiffness, strength, toughness,
and thermal stability serve as a prototype
of truly biomimetic cellular materials.® For
instance, honeycomb structured panels
have been widely used for aircraft design,
vehicle technology, and other lightweight
constructions due to these decisive advan-
tages.

Graphene, a kind of two-dimensional (2D)
nanostructured sp” carbon material, has
fascinating electronic and mechanical prop-
erties due to its unique structure and is
therefore highly promising for various ap-
plications in nanoelectronics and energy

YIN ET AL.

ABSTRACT The electrodes with the hierarchical nanoarchitectures could offer a huge increase in
energy storage capacity. However, the ability to achieve such hierarchical architectures on a multiple
scale still has remained a great challenge. In this paper, we report a scalable self-assembly strategy
to create bioinspired hierarchical structures composed of functionalized graphene sheets to work as
anodes of lithium-ion batteries. The resulting electrodes with novel multilevel architectures
simultaneously optimize ion transport and capacity, leading to a high performance of reversible
capacity of up to 1600 mAh/g, and 1150 mAh/g after 50 cycles. Importantly, the process to fabricate
such hierarchical structures is facile, low-cost, green, and scalable, providing a universal approach for
the rational design and engineering of electrode materials with enhanced performance, and it may

have utility in various applications, including biological scaffold, catalysis, and sensors.
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storage/conversion, composites, and other
applications.®~'* Although previous efforts
have demonstrated that graphene-based
nanosheets could be assembled into 2D
thin films or three-dimensional (3D) struc-
tures,'>" the unique performance based
on such assemblies is less addressed. Be-
cause of exceptional electrical and mechan-
ical properties, high surface-to-volume
ratio, and chemical stability,'® graphene is
a promising electrode material for lithium-
ion batteries,'”'® which have a large initial
discharge capacity (600—2042 mAh/g) and
reversible capacity (540—1264 mAh/g).'® 22
However, lithium-ion batteries store and
release electrical energy by the insertion
and extraction of lithium ions through the
electrode materials, where the surface area

and the surface reaction are important*’  *Address correspondence to

From this point, if we build a hierarchical
structured assembly of graphene to work as
electrodes for lithium-ion batteries, the
large contact area between the electrode
and electrolyte has advantages in good
cycling performance and short path length
for Li-transport, which allow us to maximize
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Figure 1. Processes to form honeycomb structures composed of graphene sheets: (a) schematic drawing of the preparation
of the honeycomb structured film based on graphene oxide; (b) photographs of the GO solution during phase transfer
process by DODA; (c) The UV—vis spectra of the GO in water (black), GO/DODA casting film (red), and the rGO/DODA film after

exposure to N,H, vapor (green).

the potential of graphene for applications in energy
storage.

In this article, we report a scalable self-assembly
strategy to create bioinspired hierarchical structures
composed of functionalized graphene sheets. The
formed films show high conductivity, high porosity,
and robust chemical and mechanical stability. The
hierarchical graphene films own novel multilevel ar-
chitectures, from nanosheets, nanopores, to three-
dimensional microscaled porous structures with inter-
connected active and passive components, which
simultaneously optimize ion transport and capacity,
leading to a high performance of reversible capacity of
up to 1600 mAh/g. Importantly, the process to fabri-
cate such hierarchical structures is facile, low-cost,
green, and scalable, providing a universal approach
and new opportunities for the rational design and
engineering of electrode materials with enhanced
performance.

RESULTS AND DISCUSSION

The principle for assembly of graphene sheets into
bioinspired honeycomb structures is based on the
“preath figure” method,®>** as shown in Figure 1a.
First, water-soluble graphene oxide (GO) was prepared
by oxidizing graphite via a modified Hummers
method.?> A prerequisite to use the “breath figure”
method to form honeycomb structures is that the GO
has to be in the organic phase, but the heavily
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oxygenated GO is hydrophilic. Therefore, cationic sur-
factants, such as dimethyldioctadecylammonium bro-
mide (DODA-Br), were chosen to electrostatically
adsorb and self-assemble onto the surface of the
highly negatively charged GO?® to form a GO/DODA
complex in the organic media such as chloroform,
dichloromethane, benzene, and so forth. Another rea-
son to choose DODA-Br is that it has two long alkyl
chains (~2.8 nm), which would be able to ensure that
the GO/DODA complex was soluble in the organic
media and also to prevent the adjacent graphene
layers from aggregation when the GO was reduced
to graphene. It was obvious that the color of the GO
aqueous solution changes from dark brown to light
yellow after DODA-Br was added and the chloroform
solution color changes to dark brown (Figure 1b),
which implies that the hydrophilic surfaces of GO have
been modified by the hydrophobic alkyl chains of
surfactants and successfully transferred to the organic
phase. In addition, height profiles of the single-layer
GO AFM images clearly show that the GO surface was
modified by DODA layers (Supporting Information,
Figure S1). Furthermore, the absorption properties of
GO do not change after the addition of DODA, as
demonstrated by UV—vis measurement (Figure 1c).
The GO has a characteristic peak at 230 nm (7—x*
transitions of carbon—carbon bonds) and a shoulder at
298 nm (n—z* transitions of carboxyl bonds)."*?” The
GO/DODA cast film on the quartz exhibited a nearly
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Figure 2. Configuration of the honeycomb structures: (a) photograph of the honeycomb film on the glass; (b) photograph of
the honeycomb-patterned film on the copper foil; (c,d) SEM images of honeycomb-patterned film prepared from 1 mg/mL of
the GO/DODA complex on the silicon wafer; (e) cross-sectional SEM image of the honeycomb-patterned film on the copper
foil; (f) Raman spectra of the GO/DODA (top) and rGO/DODA (bottom) under the 488 nm laser excitation (inset, the

photographs of the honeycomb films before and after exposure to N,H, vapor); (g) FT-IR spectral of the rGO/DODA (top) and
GO/DODA (bottom); (h) I—V curve for honeycomb film before and after reduction (inset, the microscopy image of the device

for conductivity measurement).

identical absorption peak in comparison to that of
native GO in aqueous solution.

Then, the GO/DODA chloroform solution (1 mg/mL)
was cast onto glass substrates under a moist airflow
(85% relative humidity) applied to the solution
surface®***%° to form the honeycomb film, as shown
in Figure 1a. After 30—60 s, the solvent and water were
evaporated completely and the ordered honeycomb
films (Figure 2a,c) were obtained. These films exhibited
bright iridescent colors when viewed with reflected
light, indicating a periodic refractive index of variation
throughout the thickness of the film. The average size
of the honeycomb holes was about 1.5 um (Figure 2d)
and the thickness of the film was about 2 um
(Figure 2e). It was noted that there was no honeycomb
structures formation when the relative humidity was
less than 30%. The reason for this was that the porous
structure was templated by the water droplets con-
densed on the surface of the evaporating solution. It
should also be noted that the variation in humidity did
not affect the porous structure of the film once the
structures were formed.

After that, the N,H, vapor was used to deox-
idize the GO/DODA honeycomb film to the reduced
(rGO/DODA) honeycomb film, while the honeycomb
structures were kept. Different spectroscopy measure-
ments were used to confirm the formation of rGO in
the honeycomb films. The characteristic peak at
230 nm shifted to 264 nm (Figure 1c), which implied

13,30,31
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that the GO sheets in the composite films were re-
duced to more conjugated electronic graphene sheets
(rGO) after exposure to N,H, vapor.?” Furthermore,
characteristic G and D bands of Raman spectra for
the films before and after exposure to N,H,; vapor
clearly indicated the formation of rGO in the honey-
comb films. The G band arose from the zone center E54
mode, corresponding to ordered sp® bonded carbon,
whereas the D band is ascribed to edges, other defects,
and disordered carbon.3>73* The Ip/lg intensity ratio
was an indicator of the disorder degree and average
size of the sp? domains. For the GO/DODA honeycomb
films, there were two prominent peaks at 1600 cm '
and 1352 cm ™' (Figure 2f) corresponding to the well
documented G and D bands.>2~3* After the reduction,
there were still G and D bands (at 1597 and 1329 cm ™',
respectively), but the values of Ip/Ig increased in com-
parison to the GO/DODA film. This strongly suggested
that the GO converted to rGO in the honeycomb films
after exposure to N;H,4 vapor. The elimination of oxy-
gen functional group peaks (1721 cm™' due to the
C=0 stretching, 1418 cm™' due to carboxy C—O,
1237 cm ' due to epoxy C—O, and 1070 cm ™' due
to alkoxy C—O groups situated at the edges of the GO
nanosheets>>%) in the FTIR spectra (Figure 2g) for the
reduced films supported this argument, while the
peaks at 2918 (CH, symmetry stretches) and
2850 cm ™' (CH, antisymmetry stretches) for the re-
duced films suggested that surfactant molecules were
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still encapsulated within the frame of the honeycomb
structures and prevented the graphene sheets from
congregating together. Finally, the conductivity mea-
surement revealed that the acquired rGO/DODA hon-
eycomb films had an electrical conductivity of ~4.6 S/m.
For the electrical conductivity measurement, we de-
posited Au microelectrode arrays on the honeycomb
film by thermal deposition of a 50 nm Au through a
copper grid, as shown in the inset of Figure 2h. Then,
we can directly measure the [V curves of the honey-
comb film before and after reduction (Figure 2h) using
the probe station. Although the reduced graphene
sheets were disordered (Supporting Information, Fig-
ure S2) in their distribution within the frame of the
honeycomb films, the edge contacts between the
reduced graphene sheets still made the whole film
conductive, which ensured efficient electron transport
for charge and discharge cycles in battery devices. It
was noted that the reduced films were no longer
soluble in any organic solvent or water. In addition,
the honeycomb structures were thermally stable (no
obvious change after they were heated to 400 °C,
Supporting Information, Figure S3), which is important
for the cycle life of the battery devices.

The obtained honeycomb films showed the hier-
archical architectures, which are built up by the gra-
phene nanosheets, the nanopores stacked by these
graphene nanosheets, and the microscale honeycomb
structure. The method to form such bioinspired hier-
archical structures is facile, economic, and nontoxic. It
was noted there was no limitation for the size of the
honeycomb films, which only depended on the vo-
lume of the solution and the size of the substrate, and
the films could be flexible if the substrate could be bent
(Figure 2b). Here, the cationic surfactant served as the
directing agent to help create the bioinspired honey-
comb structures to solve the incompatibility and ag-
gregation problems of GO within organic media. In
addition, it provided passive components (e.g., DODA)
interconnected with active components (rGO) within
architectures, which was used for lithium-ion storage.
The high surface area, disordered graphene sheets,
and numerous nanopores would be favorable for the
accessibility of the electrolyte, rapid diffusion of the
lithium ions, and host uptake. Furthermore, the gra-
phene layers within the structures would facilitate
the fast transport of electrons during the charge—
discharge processes owing to the high electrical con-
ductivity of graphene. In addition, the disordered
dispersed graphene would assist the diffusion of the
lithium ion; the mechanism is similar to that of the
disordered carbons (in graphite), showing higher spe-
cific capacity than ordered graphitic carbons.'® How-
ever, the nanopores are located next to the edges of a
neighboring graphene layer, which are not the typical
round or foursquare pores, leading to the fact that the
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N, sorption isotherm cannot provide information of
the nanopore size distribution here.>’”

In a proof-of-concept experiment, coin cells (2032)
with a metallic Li counter electrode were used to
evaluate the electrochemical performance of the
rGO/DODA honeycomb films on the copper foil. The
capacity and cycle performance of rGO/DODA honey-
comb electrodes were evaluated by galvanostatic
charge—discharge measurements at a current density
of 50 mA/g with a potential window from 0.01 to 3.00 V
(versus Li/Li™) (Figure 3a,c,d). Typically, it was striking
that a large specific capacity of about 3025 mAh/g was
achieved, and the reversible capacity was about
1612 mAh/g for the first process. The reversible capa-
city of the rGO/DODA honeycomb electrodes was
about 1300 mAh/g in the initial 25 cycles and 1150
mAh/qg after 50 cycles. To our knowledge, these values
were the highest ever reported for the pure carbon
materials. A large irreversible capacity of ~1400 mAh/g
was observed for the honeycomb electrode during the
first discharge/charge process (Figure 3c). The reason
can be attributed to formation the solid electrolyte
interphase (SEI) film at the electrode/electrolyte inter-
face and the reaction of oxygen-containing functional
groups on graphene with lithium ions.'”*®~*! The SEI
film and the passivating product of the reaction can
block the nanopores then reduce the release quantity
of lithium ion.3” The average of the first reversible
capacity for coin cells made by different batches of
the rGO/DODA honeycomb electrodes was about 1508
mAh/g, and their representative curves of capacity
versus cycle number for the honeycomb film were
shown in Supporting Information, Figure S4. For com-
parison, we fabricated smooth rGO/DODA films by
simply coating GO/DODA chloroform solution onto a
substrate with a chemical reduction and tested the
capability of lithium storage. It exhibited a high capa-
city (1957 mAh/g) in the first discharge process, and
the reversible capacity was 1076 mAh/g (Figure 3d).
After 50 cycles, the reversible capacity was 678 mAh/g,
which was lower than the devices fabricated by the
rGO/DODA honeycomb electrodes. In addition, the
reversible retention capacity (71%) of the honeycomb
electrodes after 50 cycles was higher than that (63%) of
the smooth film electrodes. In addition, the honey-
comb electrode exhibits very good rate capability
operated at various current densities between 50 and
300 mA/g. Cycle performance of honeycomb film at
different current densities of 50, 150, and 300 mA/g are
shown in Supporting Information, Figure S5. At the
current densities of 150 and 300 mA/g, the correspond-
ing reversible specific capacity of the honeycomb films
can reach ~1400 mAh/g and ~1200 mAh/g, respec-
tively, indicating that the honeycomb electrodes
possess a high rate of discharge/charge capability.
From the cycle performance, at the current density of
300 mA/g, a high capacity can still be maintained.
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ures: (a) charge and discharge cycle curves of the honeycomb-

patterned film as anode in lithium cells at a current density of 50 mA/g; (b) cyclic voltammetry (CV) curves of the honeycomb
film (vs Li/Li* at a scanning rate of 0.1 mV/s); (c,d) capacity versus cycle number for the honeycomb film and nonpatterned film
at a current density of 50 mA/g showing charge (square, black) and discharge (circle, red) (the insets are the corresponding

SEM images); (e) coin cell (2032) used to power a laser pen; (f) p
lithium ion intercalation.

These results demonstrated that the prepared honey-
comb electrodes have an intensive potential as a
candidate of anode materials with high reversible
capacity, good cycle performance, and high rate dis-
charge/charge capability.'® Cyclic voltammetry (CV)
experiments were further conducted to evaluate the
electrochemical performance of the rGO/DODA elec-
trode at a scanning rate of 0.1 mV/s over the voltage
range of 0.01—3.00 V (Figure 3b). Two reduction peaks
in the potential range of 0.9—1.7 Vand 0.3—0.6 V were
clearly observed in the first cycle but disappeared
during the second cycle. The peak at 0.9—1.7 V may
correspond to the irreversible reactions between the
honeycomb electrode and Li ions or electrolytes, and
the peak at 0.3—0.6 V was due to the cointercalation of
the solvated lithium ion into graphene sheets.** **
The CV behavior of the rGO/DODA honeycomb struc-
tures confirmed that rGO sheets were electrochemi-
cally active components for lithium storage. The
change from the first cycle to the second cycle may
be due to the incomplete conversion reaction and
irreversible lithium loss due to the formation of the
SEl film, which was supported by the initial capacity
loss (about 1400 mAh/g) and the low Coulombic
efficiency (about 53%). During the second to the
tenth cycle, there was no clear change implying
that the electrode was stable during the following
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ossible “falling cards” structure of the honeycomb pores in the

charge/discharge cycles after the first cycle. To de-
monstrate a practical device based on such rGO/
DODA honeycomb structures, a coin cell (2032) was
used to repeatedly power a laser pen, as shown in
Figure 3e.

There are two possible reasons for the observed high
capacity of rGO/DODA hierarchical films which was
unprecedented for pure carbon materials. One reason
is the disordered reduced graphene sheets in the
honeycomb structure. It would then be easy for lithium
ions, electrochemically adsorbed on both sides of
single-layer sheets, edges, and other defects,'” to have
high reversible storage capability. As reported by
others,?® the film made by disordered graphene na-
nosheets showed the greatly enhanced capacity (~1054
mAh/g) which is similar to the capacity (~1000 mAh/g) of
the rGO/DODA smooth film in this work. Another
reason is because of the higher surface-to-volume ratio
in hierarchical structures. The large contact area be-
tween the electrode and electrolyte would then have
advantages in good cycling performance and
short path length for Li-transport.>®*> The reduced
graphene oxide sheets were arranged like “falling
cards” (Figure 3f)."7“® The diffusion distance of the
lithium ions into the host position would affect the
capacity of the lithium-ion battery. In this work, we
used the surfactant to encapsulate each graphene
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sheet, which not only increased the distance between
two graphene sheets, but also helped to form the
porous structure. The nanopores between the gra-
phene sheets allowed for efficient anode perfor-
mance. If the path of Liions was blocked orimpeded
in a narrow channel, the interconnected porous
network within honeycomb frame would allow for
the redirection of the ion traffic, maintaining a rapid
charging capability. The longer distance between the
graphene layers and the bigger surface area made it
easier for the lithium ions to reach the position. Also,
the honeycomb microstructures provided extra space
for the electrolyte accommodation,'”*” and these
properties may facilitate electrolyte contact as well as
ionic diffusion and thereby result in a large capacity
and favorable rate performance. The hierarchical gra-
phene films own novel multilevel architectures, from
nanosheets and nanopores, to three-dimensional mi-
croscopic porous structures with interconnected active
and passive components, which simultaneously opti-
mize ion transport and capacity, leading to a high
performance of reversible capacity of up to 1600
mAh/g. However, it is noted that nanostructures having
a large surface area not only benefit the reactivity but
also decrease the tap density of the electrode. One
inherent disadvantage of porous structures is the low
volumetric energy density. To enhance the volumetric
energy density, the 3D concept can be extended.”
Actually, 3D cavities and nanopores would also con-
tribute to the lithium storage, where lithium is

METHODS

Preparation of Graphite Oxide. Graphite oxide was prepared
from natural graphite powder (Sigma, 45 um) via a modified
Hummers method.">2>3%%° Typically, graphite powder (0.3 g)
was put into an 80 °C solution of concentrated H,SO, (2.4 mL),
K5S,05 (0.5 g), and P,0s5 (0.5 g). The mixture was kept at 80 °C for
4 h and then cooled to room temperature, diluted with deio-
nized water (DI, 0.5 L), and then filtrated. The powder produced
was preoxidized product. The preoxidized graphite was further
oxidized in concentrated H,SO4 (12 mL) and KMnO,4 (1.5 g).
After the addition of KMnQ,, the mixture was stirred at 35 °C for
2 h.Then, the mixture was diluted with DI water (25 mL) in anice
bath to keep the temperature below 50 °C. After it was stirred
for 2 h, it was further diluted with DI water (70 mL). Then 30%
H,0, (2 mL) was added to the mixture, and a brilliant yellow
product was formed. The product was filtrated and washed with
HCI aqueous solution (1:10, 1 L) and DI water (1 L). Purified
graphite oxide suspensions were then dispersed in water to
create a 0.1 wt % dispersion. Exfoliation of graphite oxide was
achieved by ultrasonication for 2 h. The obtained brown
dispersion was then subjected to 30 min of centrifugation at
3000 rpm to remove any unexfoliated graphite oxide (usually
present in a very small amount), using a themo-centrifuge with
a rotor radius of 14 cm.

Preparation of the Composite Material. Following the method
reported in literature,’® we prepared the composite material.
The above graphene oxide (GO) solution was subjected to
another 30 min of centrifugation at 14000 rpm. We then
adjusted the pH value of the top clean solution to about 9 with
1 mol/L NaOH aqueous solution. After that, we titrated the GO
aqueous solution with 1 mg/mL DODA - Br chloroform solution.
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intercalated in graphene layers and lithium is stored
in cavities.”*®

CONCLUSIONS

We successfully assembled the graphene sheets into
bioinspired honeycomb structures through the control
of chemistry and assembly processes. The rGO honey-
comb structured films that were obtained showed high
conductivity, high porosity, and robust chemical and
mechanical stability, which lead to a high performance
energy—storage device. The honeycomb graphene
electrode exhibited a large reversible capacity (1150
mAh/g after 50 cycles) and an excellent cyclic perfor-
mance, highlighting the advantages of bioinspired
hierarchical structures for energy storage applications
in high-performance lithium-ion batteries. Porosity
was important for improving the capacity and cycling
performance of disordered carbon anode materials,
since the porous framework could significantly de-
crease the diffusion distance of the lithium ions into
the disordered graphene layers, which can enhance
the charge/discharge rate performance of recharge-
able lithium batteries. Finally, the fabrication process of
such hierarchical structured graphene films was sim-
ple, low-cost, green, and scalable, which not only
provides new opportunities for the rational design
and engineering of electrode materials with enhanced
performance, but also may find utility in various appli-
cations, including biological scaffold, catalysis, and
Sensors.

When the color of aqueous solution changed to light yellow
(Figure 1b), we stopped adding DODA - Br chloroform solution.
The organic phase was then separated and washed by DI water.
Finally, the composite material GO/DODA was obtained by
evaporating the chloroform to dryness.

Preparation of the Honeycomb Films. Typically, the honeycomb
thin films were prepared by direct casting GO/DODA complex
chloroform solution (1 mg/mL) onto the glass substrates under
a moist airflow (relative humidity ca. 85%). The brown thin films
covering an area of ca. 2 cm? were left behind after the
complete evaporation of the solvent and water within 30—60
s. Following the same process, we would get such honeycomb
films on the different substrates, such as silicon wafer and
copper foil. The control experiments without humid airflow
had been performed in the desiccators (relative humidity ca.
30%) and no macroporous structures developed, leaving only
unpatterned flat films as a result. To keep the macroporous
structure, we used the hydrazine vapor to reduce the film. The
films were then put into the autoclave, and then 10 uL of
hydrazine monohydrate was added into the autoclave. Finally,
the autoclave was heated at 90 °C for 16 h to get the reduced
films. The current—voltage characteristics of the films were
obtained using a probe station (Lakeshore CRX-4K, Westerville,
OH, USA) for connecting the microelectrodes, combined with
semiconductor parameter analyzer (Keithley 4200-SCS, Cleve-
land, OH, USA) for application of potential and measurement of
current.

Electrochemical Measurements. The film used to do electroche-
mical measurements was built on the copper foil directly.
Electrochemical evaluation was done using 2032 coin cells
hardware. Half cells were then assembled in a Ar-filled drybox
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(<1 ppm H,0/0,) using Li metal foils as counter electrodes and
Celgard Septum separators saturated with 1 M LiPF6 in 1:1
ethylene carbonate/dimethyl carbonate (EC/DMC, Ferro Corp).
The charge/discharge tests were performed using a battery
analyzer (MTI) at the current density of 50 mA/g with a voltage
window of 0.01—3.00 V. Cyclic voltammetry (CV) curves were
measured at 0.1 mV/s within the range of 0.01—3.00 V using an
electrochemistry workstation (CHI, 660D).
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