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Herein, we report a flexible, binder-free inorganic nanowire bilayer mesh as a lithium-ion battery anode that
provides high practical areal, gravimetric, and volumetric capacities. The configuration of the binder-free
inorganic nanowire bilayer mesh anode is solely composed of two layers of nanowire fabric with one
layer of germanium (Ge) nanowires and the other of copper nanowires. This nanowire electrode
exhibited a high specific capacity of 1153 mA h g~! when cycled at 0.1C, good rate-capability
(359 mA h g~ at a charge current density of 20 A g%, 20C), and long-term cycling life of 1000 cycles
and 1300 cycles when operated at 1C and 10C (discharge rate was fixed at 1C), respectively. The tightly
tangled bilayer Ge/Cu nanowire mesh provides not only a strong structure to prevent the detachment of
active materials, but also better electrical conduction because the two layers of nanowires penetrate
each other instead of making a clear boundary. Moreover, the loading of Ge nanowires on a 1 cm? Cu
nanowire mesh is tunable within a wide range from 0.5 to 6 mg, corresponding to high areal capacities
from 0.5 to 6 mA h cm™2 and volumetric capacity from 217 to 539 mA h cm™>, which is nearly twice as

high as that of commercial graphite anodes with one side coating (255 mA h cm™) and 10 times higher
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Introduction

With the rapid technological development, the demand of high-
energy density lithium-ion batteries (LIBs) has increased for
mobile applications such as in smartphones, tablets, note-
books, digital cameras, and electric vehicles as well as in large
grid energy storage and stationary energy storage." The
emerging high-tech and novel applications require foldable and
bendable batteries with high volumetric and gravimetric energy
density that can adapt to any electronic device. To meet these
requirements for LIBs, replacement of low-theoretical specific
capacity materials and design of self-supported electrodes are
the ideal strategies to accomplish flexible and high-energy
density LIBs.”

High-theoretical specific capacity materials, including Si
(3579 mAhg "), P (2596 mAhg "), Ge (1384 mAh g '), and Sn
(994 mA h g "), for LIB anodes are potential alternatives to
commercial graphite anodes (372 mA h g™ '); however, they
suffer from dramatic volume changes (~300%) arising from
insertion/extraction of lithium ions during the charge/
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mesh structure into a current battery system.

discharge process; this ultimately causes pulverization of
active materials and leads to short battery cycle life.® In recent
studies, the volume expansion problems have been overcome by
nanostructurization of high-capacity materials that can signifi-
cantly improve the cycling stability.*** In addition, via creating
self-supported electrodes and reducing the use of inactive
materials, such as binders, conductive agents, and current
collectors, in the electrode, the energy density of high capacity
materials of the LIBs can be increased.**

Germanium (Ge) is a promising candidate for self-supported
LIB anodes owing to its excellent rate capability and ultra-long-
term cyclability.”>*° The outstanding battery performance of Ge
could be attributed to its high electric conductivity (10 000
times higher than that of Si),> high lithium-ion diffusion
coefficient (400 times higher than that of Si),”> and good capa-
bility to accommodate large volume expansion.*® Recently,
germanium has been reported that could be flexible and self-
supported anodes for high performance LIBs by the integration
of germanium nanomaterials with carbon nanotubes
(CNTs),>*** carbon nanofibers (CNFs)*** or 3D graphene
nanofoam.*®3° However, these nanostructures with CNTs,
CNFs, or graphene have several practical concerns to be
resolved: (i) CNTs, CNFs, and graphene are too fluffy to form
a dense electrode, lowering the volumetric energy density; (ii) it
is difficult to control the loading mass of Ge on CNFs or
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graphene by the electrospinning method, chemical reduction,
or vapor deposition. Therefore, the optimal design of a self-
supported electrode involves the formation of a dense struc-
ture and loading of large amount of high capacity materials with
reduced weight of all inactive materials.

Herein, we report a binder-free nanowire bilayer mesh
structure composed of Ge nanowires and copper nanowires
without other conductive agents. The mass of the active mate-
rials can be easily tuned, and this mesh as a lithium-ion battery
anode provides high areal, gravimetric, and volumetric capac-
ities. The bilayer mesh shows excellent performance during
comprehensive tests of electrodes. The critical advantages of
this structure are as follows: the entanglement of the two layers
of nanowires not only forms a compact structure, which
prevents the detachment of the active material, but also
promotes electrical conduction because the two layers of
nanowires penetrate each other instead of making a clear
boundary. As proof-of-concept, the pouch-type batteries
assembled by the large area layered Ge/Cu nanowire mesh
anode and commercial Li(Niy5Coo3Mn,,)0, cathode with an
areal capacity of 3 mA h cm™2 can be applied in power tool and
LED arrays.

Experimental
Materials

Diphenylgermane (DPG, 95%) was purchased from Gelest.
Hydrogen tetrachloroaurate(u) trihydrate (99.99%), tetraocty-
lammonium bromide, (TOAB, 98%), sodium borohydride
(NaBHy,, 98%), anhydrous toluene (99.99%), anhydrous benzene
(99.8%), ethanol (99.8%), 1-dodecanethiol (98%), hydrofluoric
acid (48 wt%), oleylamine (OLA, 70%), and diethyl carbonate
(DEC) were purchased from Sigma-Aldrich. Copper chloride
(CuCl, 99.99%) was purchased from Alfa. Fluoroethylene
carbonate (FEC), electrolyte (1 M LiPF, in ethylene carbonate
(EC) : dimethyl carbonate (DMC) 1:1 (v/v)), lithium hexa-
fluorophosphate (LiPFg), copper metal foil, lithium metal foil,
celgard membrane, and coin-type cell CR2032 were purchased
from shining energy. Commercial Li(Niy5C03Mn,,)O, elec-
trodes were purchased from vista advance technology. A poly-
tetrafluoroethylene (PTFE) mold was purchased from
Kunchuan plastic. Pouch-type battery components were
purchased from MTI Shenzhen Kejingtar Technology. LEDs and
power tool were purchased from an electronic equipment and
appliance store.

Synthesis of Ge nanowires

Ge nanowires were prepared by the method described by Yuan
et al.”® To enhance the yield of the Ge nanowires, the synthesis
was modified by employing monophenylsilane (MPS), which
was proposed by Lu et al.** At first, a 10 ml titanium reactor was
placed in an argon-filled glovebox to ensure an oxygen-free
atmosphere in the reactor, which was then sealed and
brought out from the glovebox. Next, the reactant solution was
prepared in the argon-filled glovebox by mixing 0.34 ml DPG,
1.02 ml gold nanoparticle dispersion, 0.24 ml MPS, and 9.56 ml
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anhydrous benzene. For the synthesis of Ge nanowires, the
titanium reactor was heated to 420 °C, followed by pressuriza-
tion until the system pressure reached 800 psi. Then, 5 ml of
reactant solution was loaded into the stored loop and then
delivered into the reactor at a flow rate of 0.55 ml min~" for 10
minutes. After this, the loading and delivering of the remaining
reactant solution were operated at the same flow rate and time.
The titanium reactor was then cooled by water bath until it
reached room temperature. The Ge nanowires were obtained
from the reactor and washed by centrifugation (8000 rpm, 5
minutes) using toluene to remove the byproducts and Ge
particles. The Ge nanowires were then placed in a 20 ml sample
vial and stored in an argon-filled glovebox for further use.

Surface passivation of Ge nanowires

To reduce oxidation resistance and improve dispersibility in an
organic solvent, Ge nanowires were passivated using the
method described by Yuan et al.™ At first, Ge nanowires were
immersed in 10 wt% HF for 15 min and then properly rinsed
with methanol. Next, the dried HF-treated Ge nanowires along
with 15 ml 1-dodecanethiol were added to a 20 ml sample vial,
which was then sealed by a rubber septum and connected to
a Schlenk line. The vial was heated to and held at 80 °C under an
argon atmosphere under continuous stirring for 12 hours.
Then, the thiolated Ge nanowires were precipitated and washed
by centrifugation using toluene and ethanol (1 : 1 v/v) to remove
excess 1-dodecanethiol. After this, the thiolated Ge nanowires
were put in a 20 ml sample vial and stored in a glovebox for
further use.

Synthesis of copper nanowires

Crystalline copper nanowires were synthesized by a self-seeded
process.*> The synthesis of copper nanowires involved two
materials: oleylamine (OLA) and copper chloride (CuCl). In
a typical synthesis, 3 mmol CuCl and 30 ml OLA were added to
a 50 ml three-necked flask in a glovebox. Subsequently, the flask
was removed from the glovebox. One side neck was sealed with
a thermocouple set for temperature detection; the middle neck
of the flask was connected to the Schlenk line for oxygen
removal, and the other neck was sealed with a rubber septum.
Next, the three-necked flask was purged with continuous argon
flow at 110 °C for 50 minutes to remove the residual oxygen and
water. Then, the flask was further heated to and held at 250 °C
under continuous stirring for 50 min. The copper nanowires
were obtained from the three-necked flask and washed by
centrifugation (rpm, minutes) using toluene. The copper
nanowires were then put in a 20 ml sample vial and stored in
a glovebox for further use.

Preparation of the bilayer Ge/Cu nanowire mesh electrode

Herein, two dispersions were prepared, which were Ge nano-
wires in toluene and copper nanowires in toluene. At first, the
dispersion of copper nanowires was drop-casted into a PTFE
mold. After toluene fully evaporated, the dispersion of Ge
nanowires was drop-casted onto the copper nanowires in the
PTFE mold. When toluene fully evaporated, the bilayer Ge/Cu
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nanowire electrode was removed from the mold and then
annealed at 500 °C under a 5% H,/95% Ar atmosphere for 90
minutes in a furnace to remove the surfactant and reduce the
oxide layer on the copper nanowires surface. After annealing,
the bilayer Ge/Cu nanowire electrode was stored in a glovebox
for further assembly of lithium batteries. The mass loading of
Ge nanowires was from 0.5 mg cm > to 6 mg cm > on the
copper nanowires substrates, and it could be controlled by the
concentration of the dispersion (Ge nanowires in toluene).

Characterization

SEM images were obtained using a field-emission scanning
electron microscope (HITACHI, SU8010), operated at 15 kV
accelerating voltage. The SEM samples were prepared by drop-
casting toluene dispersion onto silicon wafers or copper
plates and proper drying. The SEM images of the bilayer Ge/Cu
nanowire electrode were obtained by adhering the electrode
onto the silicon wafers or copper plates by carbon conductive
tape. TEM images were obtained using the HITACHI H-7100
transmission electron microscope. The TEM samples were
prepared by drop-casting toluene dispersion onto 200 mesh
carbon-coated copper grids.

View Article Online
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Lithium-ion battery assembly and electrochemical
characterization

Coin-type half-cells. Typically, the active material mass
loading of the bilayer Ge/Cu nanowire electrode was from 0.5 to
0.8 mg cm % moreover, the electrochemical performance
using high active material mass loading (from 3 mg cm ™2 to
6 mg cm~>) was evaluated. The coin-type half cells (CR2032) were
prepared in an argon-filled glovebox. The coin-type half cells
contained a bilayer Ge/Cu nanowire electrode (without a copper
foil), lithium metal, and a separator wetted by an electrolyte,
which contained 1 M LiPFg in diethyl carbonate/fluoroethylene
carbonate (DEC/FEC) (7 : 3 v/v). Charge/discharge cyclic perfor-
mance of the layered Ge/Cu nanowire electrode was tested
between 0.01 V and 1.5 V using Maccor Series 4000.

Pouch-type batteries. For a pouch-type battery assembly, the
commercial Li(Niy5C0y3Mn,,)0, electrode connected to the
positive terminal (aluminum tab) was used as a cathode, and
the bilayer Ge/Cu nanowire electrode connected to the negative
terminal (nickel tab) was used as an anode. In addition, a thin
bar copper foil was put under the bilayer Ge/Cu nanowire
electrode for connecting the electrode to the nickel tab. The
cathode, anode, and separator were fixed at the aluminum-

—— Cu nanowire mesh

——Cu foil

log(I) (log(mA))

05 04 -03 02 01 00 01 02 03 04 05
Voltage (V)

Fig.1 Fabrication and characterization of the bilayer Ge/Cu nanowire mesh electrodes. (a) Schematic of the two-layer nanowire mesh electrode
using copper nanowires as a substrate and Ge nanowires as an active material. (b) Images of the 1 cm x 1 cm bilayer Ge/Cu nanowire mesh
electrode. (c) Images of a large area (5.2 cm x 12 cm) of the bilayer Ge/Cu nanowire mesh electrode, which can be easily trimmed by a utility
knife. (d and e) Cross-section SEM images of a bilayer Ge/Cu nanowire mesh electrode, showing an intertwined structure at its interface. (f)
Current—-voltage characteristic of the copper nanowire mesh and copper foil.
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laminated film, followed by the injection of the electrolyte into
the aluminum-laminated film, which was then sealed by
a compact heating sealer in a glovebox. The charge/discharge
cyclic performances of pouch-type batteries were tested
between 2.5 V and 4.2 V using Maccor Series 4000.

Result and discussion
Fabrication of the Ge/Cu bilayered mesh

Fig. 1a shows the schematic and working principles of a bilayer
Ge/copper nanowire mesh electrode. Ge nanowires with an
average diameter of 70 &+ 20 nm and lengths over 100 pm were
synthesized via the gold-seeded supercritical-fluid liquid solid
(SFLS) growth method. Detailed analysis results, including
scanning electron microscopy (SEM) images, transmission
electron microscopy (TEM) images, EDS spectra, and electrical
properties, of Ge nanowires are shown in Fig. S1.f Copper
nanowires with an average diameter of 50 + 15 nm and lengths
over 20 um were produced via the self-seeded process in oleyl-
amine.* Bilayer Ge/Cu nanowire mesh electrodes were made by
several steps (Fig. S21). The dispersion of copper nanowires in
toluene was drop-casted into a PTFE mold, and Cu nanowires
automatically weaved themselves into the fabric during
precipitation. As for the Ge nanowires layer, the dispersion of
Ge nanowires in toluene was drop-casted onto the fully dried
copper nanowires in a PTFE mold, and a bilayer Ge/Cu nano-
wire mesh formed after toluene fully evaporated. Once the Ge/
Cu mesh electrode was removed from the PTFE mold, it was
annealed at 500 °C under an argon/hydrogen atmosphere for
two hours; this led to improved electrical conductivity of the
mesh due to the removal of the organic residue and oxide layer
on the surface of nanowires. Fig. 1b shows the images of the
bilayer Ge/Cu nanowire mesh removed from a 1 cm x 1 cm
PTFE mold, and the image of a 5.2 cm x 12 cm bilayer Ge/Cu
nanowire mesh made with an upsized mold by the same
process is shown in Fig. 1c. This large-sized bilayer Ge/Cu
nanowire electrode can be easily tailored by shear into any
shape suitable for later assembly of LIBs. Fig. 1d and e show the
cross-section SEM images of a bilayer Ge/Cu nanowire mesh. It
can be easily observed that the two layers of nanowires are
partially intertwined together at the interface and create strong
wire-to-wire adhesion, leading to a tightly tangled bilayer Ge/Cu
nanowire mesh that prevents the detachment of the active
material and provides better electrical conduction as the two
layers of nanowires penetrate each other instead of making
a clear boundary. The copper nanowire mesh was not pressed by
a rolling machine; however, its conductivity was as well as that
of the dense copper foil, as shown in Fig. 1f. Moreover, the areal
mass of the copper nanowire mesh was in the proximity of
1.5 mg cm ™2, which was significantly lower than 8.7 mg cm ™ of
copper foil with a 10 pm thickness (see Fig. S37).

Electrochemical performance

The Ge/Cu bilayer nanowire mesh electrodes loaded with 0.5 mg
Ge nanowires exhibit impressive cycling performance, as shown
in Fig. 2. The columbic efficiency was 81% in the first cycle and
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Fig.2 Electrochemical performance of bilayer Ge/Cu nanowire mesh
electrodes with the FEC/DEC electrolyte. (a) Cycling performance of
the bilayer Ge/Cu nanowire mesh electrode at a rate of 0.1C between
0.1V and 1.5V. (b) Cycling performance obtained via a 1000-cycle test
of the bilayer Ge/Cu nanowire mesh electrode at a rate of 1C (1*' cycle
at a rate of 0.1C). (c) Voltage profile of the bilayer Ge/Cu nanowire
mesh electrode at a rate of 1C through 1000 cycles corresponding
to (b).

remained at around 99% in the following cycles (Fig. S47). The
charge capacity retention with regard to the 5" cycle was over
99% after 100 cycles at a rate of 0.1C (100" cycle 1092 mAh g™ ),
and the retention still maintained a fine value (over 70%)
throughout 1000 cycles at a higher rate of 1C (1000™ cycle
830 mA h g~ '). Additionally, the cycling performance of the Ge
nanowire/Cu foil electrode was evaluated, as shown in Fig. S5.1
The surface of copper is too smooth to adhere to the Ge nano-
wire mesh; this leads to the increase in contact resistance
between the interface of Ge nanowire and Cu foil; as a result of
this, rapid capacity fade occurs after several cycles. The capa-
bilities of the bilayer Ge/Cu nanowire mesh electrodes to endure
high discharge/charge current density cycling were evaluated,
as shown in Fig. 3a and b, which revealed that bilayer Ge/Cu
nanowire mesh electrodes could be operated at various
current densities. The obtained charge capacities were
1153 mAhg " (0.1C,0.1Ag "),1120mAh g * (0.5C,0.5A¢g 1),
1081 mA h g ' (1C,1 A g "), 1028 mA h g™ ' (2C, 2 A g 1),
957mAhg ' (3C,3A¢g"),924mAhg " (4C, 4 A g "), and
855 mA h g' (5C, 5 A g '). Even at higher operational
discharge/charge current densities of 10 A g (10C), 15 A g *
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Fig. 3 Cycling performance of bilayer Ge/Cu nanowire mesh electrodes with the FEC/DEC electrolyte under various testing conditions. (a) The
rate performance of the bilayer Ge/Cu nanowire mesh electrode at various rates from 0.1C to 20C for the initial 50 cycles followed by a rate of 1C
for next 50 cycles. (b) Voltage profile of the bilayer Ge/Cu nanowire mesh electrode at various rates from 0.1C to 20C corresponding to (a). (c)
The charge rate performance of the bilayer Ge/Cu nanowire mesh electrode discharge at a rate of 1C and charge at various rates from 1C to 50C
for the initial 55 cycles followed by a discharge rate of 1C and a charge rate of 10C till 1300"" cycle (1% cycle at a rate of 0.1C). (d) The charge rate
performance of the bilayer Ge/Cu nanowire mesh electrode discharge at a rate of 1C and charged at various rates from 1C to 50C (1** cycle at
arate of 0.1C). (e) Voltage profile of the Ge/Cu nanowire mesh electrode at various charge rates from 1C to 50C corresponding (d). The data of (d
and e) were different from those obtained during the initial 55 cycles, as shown in (c).

(15C), and 20 A g~ ' (20C), the bilayer Ge/Cu nanowire mesh
electrodes still retained a specific capacity of 639 mA h g7,
461 mA h g, and 359 mA h g™, respectively. To simulate the
utilization of energy storage device at various rates in real life,
the bilayer Ge/Cu nanowire mesh electrodes were charged at
various current densities from 1C (1A g™ ") to 50C (50 A g™ ') but
discharged at 1C, as shown in Fig. 3d and e. Evidently, the
bilayer Ge/Cu nanowire mesh electrode has a surpassingly
ultrafast discharging rate capability despite the fact that there
are no any additional additives, which are crucial ingredients in
conventional LIB design to promote the electrical conduction or
prevent the electrode structure from collapsing, employed. As
a result, a high discharge capacity of 1001 mA h g~ " was ach-
ieved at the charge current density of 20 A g~ ' (20C). When the
charge rate was elevated dramatically to 50C (50 A g~ '), the Ge/

22666 | J. Mater. Chem. A, 2017, 5, 22662-22671

Cu electrode showed a charge capacity of 627 mA h g~ ', which
was approximately twice the value of the theoretical capacity of
graphite. As the charge rate was adjusted back to 10C after-
wards, the bilayer Ge/Cu nanowire mesh electrode showed good
resiliency with a charge capacity of 890 mA h g~ * and exhibited
extraordinary long cycle life up to 1300 cycles (Fig. 3c).

The role of electrolytes and current collector in nanowire
battery performance

To further confirm the improvements of the cycling stability
and high-rate capability indeed attributed to the bilayer Ge/Cu
nanowire mesh structure, the coin cells were disassembled.
The Ge/Cu nanowire mesh electrode was obtained for subse-
quent analysis, as shown in Fig. 4a and b. After 200 cycles at
a rate of 1C, the bilayer Ge/Cu nanowire electrode still exhibited

This journal is © The Royal Society of Chemistry 2017
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Fig. 4 Analysis of the bilayer Ge/Cu nanowire mesh electrode after 200 cycles at a rate of 1C with the FEC/DEC electrolyte. (a) Image of the
disassembled CR2032 coin cell. (b) Image of the bilayer Ge/Cu nanowire mesh electrode, showing that the bilayer Ge/Cu nanowire mesh
electrode peeled from the coin cell was still flexible and resilient. (c) The SEM image of the Cu layer of bilayer Ge/Cu nanowire mesh electrode.
The inset shows the image of the Cu layer. (d) SEM image of the Ge layer of the bilayer Ge/Cu nanowire mesh electrode. The inset shows the
image of the Ge layer. (e) High-magnification SEM image of Ge nanowires with the red arrow pointing out the Ge nanowire, the green arrows
pointing out the SEI layers, and the orange arrow pointing out the pulverizing Ge particle. (f) TEM image of Ge nanowires with the red arrow and
green arrow pointing out the Ge nanowire and compact SEl layer, respectively. (g) Nyquist plots of the bilayer Ge/Cu nanowire mesh electrode
half-cell after various cycles: 1%, 15, 30", 50™, and 100" at a rate of 1C (1* cycle at a rate of 0.1C). (h) Differential capacity profile of the bilayer
Ge/Cu nanowire mesh electrode with the initial cycle at a rate of 0.1C and the remaining 99 cycles at a rate of 1C. The green arrow points out the

first cycle. The red and blue arrows point out that no obvious change occurred in the following 99 cycles.

flexibility; moreover, there was no flaking of the Ge nanowires
(Fig. 4b). Furthermore, scanning electron microscopy (SEM) was
used to observe the surface morphology of the bilayer Ge/Cu
nanowire mesh electrodes, as shown in Fig. 4c and d, which
disclosed information about the structural status of electrodes.
Owing to the inert nature of copper nanowires with regard to
electrochemical cycling in LIBs, the morphology of copper
nanowires remained intact, and they still intertwined with the
Ge nanowires, which were mostly fragmented. Use of a bit of
copper nanowires as a supporting substrate plays a quite
important role as copper nanowires can compactly contact the
fragmented Ge nanowires and hold the electrode together
without severe crashing; this provides a low resistance pathway
for transferring electrons. In addition, the FEC-added electro-
lyte is another crux of the improvements. The growth of the
solid electrolyte interface (SEI) on the surface of active materials
is a well-known phenomenon that occurs during cycling;
however, the brittle SEI may break because of expansion and
contraction of the active materials during cycling, and the fresh
surface of active materials is later re-exposed to the electrolyte;

This journal is © The Royal Society of Chemistry 2017

this leads to the re-formation of SEI, bringing about thicker SEI
in each cycle.* Use of FEC as an additive is a common method to
address this issue for high capacity materials."®*~%” During the
FEC reduction (formation of the SEI film), it first transforms
into VC followed by polymerization of VC to form the poly-
carbonate species. It is believed that polycarbonate can form
tough SEI layers to accommodate the expansion and contrac-
tion;**** thus, the FEC-added electrolyte system leads to
a stabilized SEI film, decreasing the impedance for the
processes of lithiation/delithiation as compared to the FEC-free
electrolyte system.***>** As shown in Fig. 4e and f, compared to
the EC-added electrolyte (Fig. S6 and S7t), the FEC-added
electrolyte results in thinner and compact SEI layers on the
surface of germanium nanowires, providing shorter path for the
diffusion of lithium ions and improving the cycling perfor-
mance. In addition to observing the morphology, the electro-
chemical behavior of the Ge/Cu nanowire mesh electrode was
investigated via electrochemical impedance spectroscopy (EIS)
and differential capacity profile plots obtained from different
cycles, as shown in Fig. 4¢g and h. Except for the plot of the first
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cycle, which corresponds to the lithiation of crystalline Ge and
the formation of SEI, being different from other cycles,* no
obvious changes have been observed in the Nyquist plots in the
following cycles and the capacity profile plots after 100 cycles at
a rate of 1C; this indicates a slow increase of resistance and the
thickness of SEI during cycling.

Areal capacity

Based on the result of the anode performance, while the mass
loading of Ge is increased to 3 mg cm™ 2, the areal capacity can
approximately achieve a value of 3 mA h em ™2, which is suffi-
cient for pairing with the commercial cathodes. We prepared the
bilayer Ge/Cu nanowire mesh electrode with about 3 mg cm ™2
Ge loading and tested it at a rate of 0.5C (1.5 mA cm ™) as shown
in Fig. 5a. The bilayer Ge/Cu nanowire mesh electrode was able
to maintain an areal capacity of 2.93 mA h cm™? through 50
cycles even when the mass loading of Ge was increased to 3 mg
ecm 2. We also conducted an experiment with extreme mass
loading of Ge in the Ge/Cu nanowire mesh electrode to investi-
gate the limits of areal capacity, which was over twice as high as
that of the commercial electrode. Despite obtaining a high areal
capacity of 7.76 mA h ecm™? in the first cycle with the Ge mass
loading of 5.88 mg cm ™2, the areal capacity quickly dropped to
4.13 mA h ecm™? after 50 cycles; this was probably due to the
longer lithium-ion diffusion distance in the thick Ge nanowire
layer.
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Gravimetric capacity and volumetric capacity based on the
total mass and the total volume of electrode

The total mass of the electrode is significantly reduced since the
mass of Cu nanowire is only 1.5 mg - only one-sixth of 10 um
thick Cu foil. Moreover, only 3 mg of Ge is required to provide
a current output of 3 mA h, whereas 10 mg traditional graphite
is needed to deliver the same current output. The specific
capacities against the cycle number based on the total mass of
the electrode were re-plotted (Fig. 5b and d), which showed that
Ge/Cu nanowire mesh electrode possessed better specific
capacity and high rate-capability than commercial graphite and
recent Ge or Si nanostructure (Tables S1 and S27) on the basis of
the total mass of the electrode. Even at a low areal mass loading
of Ge (0.5 mg cm %), the bilayer Ge/Cu nanowire mesh electrode
displayed higher specific capacity than the abovementioned
cases. At high areal mass loadings of 3.07 mg cm ™~ and 5.88 mg
ecm 2, the respective reversible specific capacities of 706 and
863 mA h g~ ' after 10 cycles are approximately 4 times higher
than those of commercial graphite and outdistance those of
previous Ge/Cu foil*'>'®**7 and Si/Cu foil**»***" reported in
literature. As shown in Fig. 6 and Table S3, we calculated the
approximate electrode mass, volume, and the volumetric
capacity on the basis of 100 mA h full cell with a graphite/Cu
foil, Ge/Cu mesh, and other flexible Ge electrodes®**” as the
anodes. The mass of graphite needed (0.29 g) for a one-sided-
coated electrode having an areal capacity of 4 mA h cm™ > was

1200
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Fig. 5 Half-cell test at high loadings of active materials and graphic explanation of the bilayer Ge/Cu nanowire mesh electrode’s superiority. (a)
Cycling performance of the bilayer Ge/Cu nanowire mesh electrode with different active material loadings per unit area. (b) Specific capacity
comparisons of the bilayer Ge/Cu nanowire mesh electrode, commercial graphite, and previous Ge, Si literatures obtained via calculating the
total mass of the entire electrode, including active materials, binder, conductive agents, and current collector. (c) The initial 50 cycles, as shown
in (b). (d) Rate-performance of the bilayer Ge/Cu nanowire mesh electrode and reported Ge and Si literatures.
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Fig. 6 Volumetric capacities theoretically calculated from the areal
capacity and the total volume of the electrode, where the mass of the
active material required for providing certain areal capacity is theo-
retically calculated based on the specific capacities normally exhibited
by graphite (330 mA h g~ and Ge (1000 mA h g™1), and the total
volume of the electrode is calculated on the base of a battery with
a capacity of 100 mA h. Table S3t shows the detailed thickness, loading
mass, and volumetric capacity in each case.

calculated by the reversible gravimetric capacity of 330 mAh g ™"
that was normally exhibited by the anode composed of 94%
graphite. The mass of the whole electrode, comprising graphite,
non-active materials, and copper foil, was 0.53 g, whereas the
approximate volume of the whole electrode was 0.39 cm >, and
the corresponding volumetric capacity was 255 mA h cm >, For
a Ge/Cu mesh electrode with an areal capacity of 3 mA h cm ™2,
the mass of Ge needed (0.1 g) was calculated by the reversible
gravimetric capacity of 1000 mA h g~ " normally exhibited by Ge.
The mass of the whole electrode was only 0.15 g due to the
lighter CUNWs as compared to Cu foil with the same area, and
the volumetric capacity was increased to 487 mA h em ™3, which
was almost twice that of the graphite/Cu foil electrode. More-
over, other flexible Ge electrodes with CNFs***” as the substrate
have extremely low volumetric capacity because the fluffy
structure despite CNFs being the lighter substrate can reduce
the mass of the whole electrode. Compared to that of the
previously reported flexible Ge electrode, the mass of the active
material in the Ge/Cu mesh electrode is easily tunable, and the
areal capacity over 3 mA h cm™> can be achieved. In addition,
owing to the compactly tangled structure of the Ge/Cu nanowire
mesh, its volumetric capacity is 10 times as high as that of other
flexible Ge electrodes and twice as high as that of graphite; this
indicates that the Ge/Cu nanowire mesh provides both high
gravimetric and volumetric capacities.
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Fig. 7 Full battery composed of a bilayer Ge/Cu nanowire mesh
anode and a commercial Li(Nig sCog 3Mng 2)O, cathode and its appli-
cations. (a) Specific capacity and areal capacity of the coin full cell at
a current density of 0.3 mA cm™2. (b) Cycling performance of a pouch-
type battery at a current density of 0.3 mA cm~2 between 2.5 V and
4.2 V. (c) Voltage profile of the pouch-type battery corresponding to
(b). (d) A power tool was driven by a pouch-type battery. (e) Pouch-
type battery lighted up over 150 different color LED arrays.

Full cell

Our study demonstrates that the novel bilayer Ge/Cu nanowire
mesh structure not only achieves the stable cycling and high
rate-capability at a low areal mass loading of Ge (0.5-0.8 mg
cm?), but also maintains the stable cycling performance at
a high areal mass loading from around 3 mg cm ™ to pair with
commercial cathodes. The coin full cells and pouch-type
batteries were assembled using Li(Niy5C0,3Mng,)0, as
a cathode (Fig. S8t shows its half-cell performance) and bilayer
Ge/Cu nanowire mesh as an anode. As a result, the areal capacity
was still above 2.6 mA h em™? after 50 cycles at 0.3 mA cm ™~
(Fig. 7a). Moreover, to accommodate practical applications,
a pouch-type battery with the approximate area of 30 cm?* was
prepared and tested between 2.5 and 4.2 V, as shown in Fig. 7b
and c, which showed the average discharge working voltage of
about 3.4 V. The reversible capacity in the first cycle reached 102
mA h corresponding to the coulombic efficiency 81% at a current
density of 0.3 mA cm 2. The discharge capacity retention with
regard to the 5% cycle was over 93% after 60 cycles, and this
pouch-type battery could drive the power tool and light up over
150 different color LEDs afterwards (Fig. 7d and e).

Conclusion

In conclusion, we proposed a new concept that combines a high
theoretical capacity material with the elimination of inactive
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materials for maximizing the energy density of lithium-ion
batteries. We have designed a bilayer nanowire mesh struc-
ture to successfully achieve the abovementioned goal and create
a high-performance mesh electrode. Copper nanowires and Ge
nanowires spontaneously intertwine at the interface to create
good adhesion, and the inactive copper nanowire mesh can be
a good substrate to support the fragmented Ge nanowires and
provide low-resistance electron channels. In the high areal mass
loading test, the bilayer Ge/Cu nanowire mesh electrodes are
able to provide a stable areal capacity of approximately
3 mA h cm™2, which can match the commercial electrode in
terms of practical applications. Furthermore, the utilization of
less amount of copper and active material with higher theo-
retical capacity significantly reduces the total mass of the elec-
trode; this makes the Ge/Cu nanowire mesh electrode possess
better specific capacity and high rate capability than commer-
cial graphite and recent Ge or Si nanostructures based on the
total mass of the electrode. In addition, the mass of the active
materials of Ge/Cu nanowire mesh can be easily controlled, and
its volumetric capacity is 10 times higher than that of other
flexible Ge electrodes fabricated with CNFs or graphene.
Therefore, the bilayer nanowire mesh electrode provides
another train of thought to design the flexible electrodes with
both high gravimetric and volumetric energy density for ultra-
light and ultra-thin lithium-ion batteries.
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