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ABSTRACT: Herein, a stacked Ge/Cu nanowire (NW) laminate made by
stacking several Ge/Cu nanowire laminates accompanied by the conductive
glue adhesives is used to achieve high capacity output per unit area (>10 mA
h cm−2). The combination of Cu NWs and conductive adhesives constructs a
tough and conducting network through the electrode, and the stacked Ge/
Cu nanowire laminate electrodes can load an ultrahigh mass of 14.8 mg Ge
per unit area and provide an areal capacity output over 16 mA h cm−2. A full-
cell with an areal capacity of 11 mA h cm−2 built by stacked Ge/Cu nanowire
laminate anode and Li(Ni0.5Co0.3Mn0.2)O2 cathode was prepared and used to
supply electricity for electronic devices, demonstrating their potential to be a
candidate anode for high areal capacity Li-ion microbatteries that can be
used for high-tech and integrated microsystems with limited space.

KEYWORDS: Germanium, Nanowires, Ultrahigh areal capacity, Stacked laminate structure, Multilayered structure,
Lithium-ion batteries, Anodes

■ INTRODUCTION

Lithium-ion batteries (LIBs) are the most ideal energy storage
systems for electronic applications, including portable devices,
electric vehicles, and large stationary powering stations, owing
to their long-term cycling life and high energy density.1,2

Recently, to meet the ever-growing demands of energy density,
intense research focused on developing high theoretical
capacity anode materials. In spite of the substantial progress
in cycle stability, most of the research concentrated on the
improvement of the specific value calculated on the basis of the
mass of the active materials but did not evaluate their
performance in a high areal mass loading. Only a few reports
show areal capacities that can have around the same level of
commercial graphite anodes (3−4 mA h cm−2).3−8 In fact, the
emerging smart microsystems require lithium-ion micro-
batteries (LIMBs) possessing the high energy and the power
output per unit area.
There are two effective strategies to construct an ideal anode

with high areal capacity: (i) Using high-theoretical specific
capacity materials (>1000 mA h g−1) such as Si (3579 mA h
g−1), P (2596 mA h g−1), Ge (1384 mA h g−1), and Sn (994
mA h g−1)9−11 instead of the commercial graphite (372 mA h
g−1) as anodes can significantly increase the capacity output
per unit area based on the same mass and thickness.9−11

Although bulk high-capacity anode materials pulverize due to
the enormous volume change (>300%) during lithiation/
delithiation processes, diverse nanostructurization of high
capacity materials has been developed to address the volume
expansion issues and extend battery cycle life.12−21 (ii)

Building a network architecture through the electrode by
selecting adaptable conducting materials such as carbon
nanotubes (CNTs), carbon nanofibers (CNFs), graphene,
and metal nanowires (NWs) can facilitate the transportation of
electrons and enhance the electrochemical performance of
electrodes. For example, Zhang et al. embedded the Si
nanoparticles into a carbon framework, achieving an areal
capacity of 3.7 mA h cm−2.22 Tian et al. fabricated a three-
dimensional Ni−Sn NW network electrode, which can load an
active materials mass loading of 9.86 mg cm−2, delivering an
areal capacity of 4.3 mA h cm−2.23

Herein, we report a stacked nanowire laminate anode by
stacking Ge/Cu nanowire laminates via the conducting glue
adhesives composed of 3D cross-linked c-PAA-CMC and
carbon black to achieve practical ultrahigh areal capacity (>10
mA h cm−2) in LIBs. Stacked nanowire laminate allows
ultrahigh Ge mass loading up to 14.8 mg cm−2, which
corresponds to an areal capacity of 19.5 mA h cm−2 (1st
lithiation process) and a reversible areal capacity of 16 mA h
cm−2 (5th lithiation process). This result indicates that the
design of the stacked nanowire laminate structure can achieve
nearly complete lithiation of active materials in thick and high
mass loading electrode. As a proof-of-concept, a coin full-cell
built by a stacked Ge/Cu nanowire laminate anode and a
Li(Ni0.5Co0.3Mn0.2) cathode with an areal capacity of 11 mA h
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cm−2 was prepared to demonstrate their potential uses on
microrechargeable Li-ion battery anodes with ultrahigh
capacity output per unit area.

■ RESULTS AND DISCUSSION

Stacked Ge/Cu nanowire laminate electrodes were fabricated
by assembling several Ge/Cu nanowire laminates via the
conductive glue composed of 3D cross-linked poly(acrylic
acid)-carboxymethycelluose sodium salt (c-PAA-CMC) and
carbon black. Figure 1a shows the schematic representation of
the stacked Ge/Cu nanowire laminate electrode comprised of
three tightly tangled Ge/Cu laminates and adhesives
sandwiched between each laminate. Detailed analysis including
the SEM and TEM images and XRD patterns of Ge NWs and
Cu NWs was shown in Figure S1. The diameter and length of a
Ge NW is around 30−50 nm and over 100 μm, respectively.
The XRD pattern recorded from Ge NWs shows five apparent
peaks between 20° and 80°, being consistent with the typical
characteristic (111), (220), (311), (400), and (331) reflection
of crystalline Ge. The size of a Cu NW is 50−100 nm in
diameter, and its length is around 50 μm. In the XRD pattern
of Cu NWs, there are three peaks located at around 43.5°,
50.8°, and 74.5°, corresponding to the (111), (200), and (220)
reflection of crystalline Cu. As shown in Figure 1b, a Ge/Cu
nanowire laminate was prepared by dropping the dispersion of
Cu NWs in toluene onto the polytetrafluoroethylene (PTFE)

mold followed by dropping the dispersion of Ge NWs in
toluene onto the completely dried Cu NWs (first image of
Figure 1b). Then, the conductive adhesives composed of the
PAA-CMC and the carbon black were painted onto the surface
of Ge/Cu nanowire laminate, as shown in the second image of
Figure 1b. Next, a stacked Ge/Cu nanowire laminate structure
was formed by stacking another Ge/Cu nanowire laminate up
against the adhesives, as shown in the third and fourth image of
Figure 1b. A higher areal capacity electrode can be obtained by
repeating the step of painting the conductive adhesives and
stacking the Ge/Cu nanowire laminates (fifth to seventh image
of Figure 1b). Each Ge/Cu nanowire laminate was composed
of approximately 3 to 4 mg of Ge NWs and 1 mg of Cu NWs.
The proportion of the Ge NWs is 75−80% in each laminate.
Detailed values of the thicknesses of the Ge NWs, Cu NWs,
and conductive adhesive layers are shown in the Table S1. The
stacked Ge/Cu nanowire laminate electrodes were heated at
150 °C for 2 h to induce the condensation reaction between
the PAA and CMC to form cross-linked PAA-CMC (c-PAA-
CMC), making the stacked Ge/Cu nanowire laminate
electrode tougher to accommodate the volume expansion
during cycling tests. Figure 2a shows the cross-sectional SEM
images of a stacked Ge/Cu nanowire laminate electrode.
Figure 2b−e shows the EDS mapping of stacked Ge/Cu
nanowire laminate electrode: the red dots, green dots, and blue
dots correspond to the Cu NWs, Ge NWs, and conductive

Figure 1. (a) Schematic design of stacked nanowire laminate electrodes. (b) Fabrication process of the stacked Ge/Cu nanowire laminate
electrode.
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adhesives, respectively. Notably, the thickness observed from
the cross-sectional SEM image is not accurate and different

from the values of Table S1 measured by the thickness gauge.
This issue could be attributed to two possible causes: (1) The
tilt angle is not adequate; thus, some surface areas included in
the cross-sectional SEM image result in a higher thickness
value. (2) The cross section of stacked nanowire laminate is
not uniform; the NWs might overlap to other layer, leading to
an imprecise thickness.
The electrochemical performance of Ge/Cu laminate

electrode was evaluated by using galvanostatic discharge/
charge measurements between the voltage of 0.01 and 1.5 V in
the CR2032 half-cells (1 C = 1000 mA h g−1). Figure 3a shows
the electrochemical performance of a single Ge/Cu laminate
electrode and a stacked Ge/Cu nanowire laminate electrode
containing 8.8 and 8.5 mg of Ge NWs at the rate of 0.1 C,
respectively. Their corresponding specific capacity and
Coulombic efficiency were shown in Figure S2. A single Ge/
Cu laminate electrode loaded with 8.8 mg of Ge NWs
exhibited high areal capacity of 10.5 mA h cm−2 in the first
cycle and maintained the reversible areal capacity over 9 mA h
cm−2 after 10 cycles. However, rapid capacity fade occurred
after 15 cycles, and the reversible capacity remained only 1.7
mA h cm−2 in the 30th cycle. Three layers of stacked Ge/Cu
nanowire laminate loaded with 8.5 mg of Ge NWs showed an
areal capacity of 11.5 mA h cm−2 in the first cycle and
maintained the reversible areal capacity of 8.5 mA h cm−1 in

Figure 2. (a) Cross-sectional SEM images of stacked Ge/Cu
nanowire laminate electrode composed of three Ge/Cu laminates.
(b) EDS mapping corresponding to (a). The corresponding EDS
profile for (c) Cu, (d) Ge, and (e) c-PAA-CMC adhesive.

Figure 3. (a) The electrochemical performance of the a single Ge/Cu laminate electrode with the Ge mass loading of 8.8 mg cm−2 and the stacked
Ge/Cu nanowire laminate electrode with the Ge mass loading of 8.3 mg cm−2. Both electrodes were operated at the rate of 0.1 C. (b) Stacked Ge/
Cu nanowire laminate (2 layered structure) cycled at the rate of 0.5 and 1 C (red dots). Ge/Cu nanowire laminate (single layer) cycled at the rate
of 0.5 C (blue triangles). (c) Cycling performance of the stacked Ge/Cu nanowire laminate electrode with different Ge mass loading of 0.5 mg (1
layer), 5.3 mg (2 layers), 8.5 mg (3 layers), and 14.8 mg (4 layers) at the rate of 0.1 C. (d−f) Voltage profile corresponding to 2 layered structure, 3
layered structure, and 4 layered structure of (c), respectively.
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the 30th cycle, corresponding to an 81% retention capacity
with respect to the fifth cycle. This result revealed that the
cycling performance was significantly improved by the stacked
laminate structure. Additionally, the performances of stacked
Ge/Cu nanowire laminate electrodes (2 layered structure)
cycled at 0.5 and 1 C were shown in Figure 3b. Compared to
the single layered Ge/Cu nanowire laminate, which only
delivers a low areal capacity (∼1 mA h cm−2) at the rate of 0.5
C, the rate capability was apparently improved by using the
stacked nanowire laminate structure.
The cycling performance of the stacked Ge/Cu nanowire

laminate electrodes with the Ge mass loading of 0.5 mg (1
layer), 5.3 mg (2 layers), 8.5 mg (3 layers), and 14.8 mg (4
layers) was evaluated at the rate of 0.1 C, as shown in Figure
3c. The corresponding specific capacity and Coulombic
efficiency were shown in Figure S3. The 1 layered, 2 layered,
3 layered, and 4 layered Ge/Cu electrodes delivered initial
discharge areal capacities of 0.67, 7.00, 11.51, and 19.09 mA h
cm−2, corresponding to the specific capacities of 1340, 1321,
1354, and 1289 mA h g−1, respectively. Figure S4 depicts that
the increase in areal capacity is directly proportional to the rise
of Ge mass loading. The results showed the high utilization of
Ge of 95.6% (2 layers), 97.8% (3 layers), and 93.1% (4 layers)
according to its theoretical specific capacity of 1384 mA h g−1,
revealing that the Ge could be nearly completely converted to
the Li germanide (Li3.75Ge) in the stacked nanowire laminate
structures even at ultrahigh mass loading of Ge of 14.8 mg. In
the first charge process, stacked Ge/Cu nanowire laminate
electrodes showed reversible areal capacities of 5.99 (2 layers),
9.88 (3 layers), and 15.41 (4 layers) mA h cm−2,

corresponding to the Coulombic efficiencies of 85.6%,
85.8%, and 80.1%, respectively. Figure 3d−f shows the voltage
profile corresponding to Figure 3c. The first cycle that
corresponds to the lithiation of crystalline Ge (∼0.25 V)24 is
different from the other cycles; in the second cycle, the curves
contributed by the lithiation of amorphous Ge were consistent
with the previous literature.15,16,25 A small plateau appeared at
near 0 V that was an occurrence of lithium plating26 on the
surface of stacked Ge/Cu nanowire laminate electrode. In the
following cycles, the Coulombic efficiencies of all the stacked
Ge/Cu nanowire laminate electrodes were over 99%. After 10
cycles, stacked Ge/Cu nanowire laminate electrodes exhibited
the reversible areal capacities of 5.76 (2 layers), 10.61 (3
layers), and 14.73 (4 layers) mA h cm−2, corresponding to the
retention of 96.6%, 100.1%, and 89.8% (with respect to the
fifth cycle), respectively. The electrochemical performance of
stacked Ge/Cu nanowire laminate electrodes significantly
overpasses the pure Ge nanowire laminate (the areal Ge mass
loading was ∼0.5 mg), which only delivers 838 mA h g−1 and
the retention of 88.9% after 10 cycles, as shown in Figure S5.
These results further demonstrate that the design of stacked
Ge/Cu nanowire laminate is an efficient structure for the
transportation of Li-ions and electrons in the thick and high
mass loading electrodes. As a result, the stacked Ge/Cu
nanowire laminate comprised of 2 layered Ge/Cu laminate
showed stable cycle performance, maintaining an areal capacity
of around 5 mA h cm−2 that corresponds to the retention of
83% after 50 cycles, whereas in the 3 and 4 layered laminate
electrodes the rapid capacity fade occurred after 20 and 7
cycles, respectively. The evaluated halfcells with ultrahigh Ge

Figure 4. Images of the Li foil before the half-cell evaluation and after 10 electrochemical cycles. The five images, from left to right, show original Li
foil and Li foil cycled at an areal capacity of 0.55, 5.57, 10.45, and 16.41 mA h cm−2 at the rate of 0.1 C.

Figure 5. (a) SEM image of Cu NWs before cycle. (b, f) SEM images of Ge NWs after 1 cycle. (c, g) SEM images of Ge NWs after 50 cycles. (d, h)
TEM images of Ge NWs after 50 cycles. (e) SEM images of Cu NWs after 50 cycles.
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mass loading started to fail owing to the counter electrodes of
Li metal, which became fractured and have large amounts of
mossy and dendritic Li growth, as shown in Figure 4. With
higher current density, the growth of dendrites as well as the
formation of the dead Li (the dendrites lost contact from the
Li metal substrate) will be accelerated, leading to the
continuous capacity fading.27−30

Stacked nanowire laminate structure enables ultrahigh
reversible areal capacity (>15 mA h cm−2) per unit area.
This structure built by NWs possesses lots of voids that make
the electrode able to be easily wetted by the electrolyte. Cu
NWs penetrate between the layers of Ge and build
interconnecting networks to accelerate the electron transport
as well as grasp the adjacent Ge NWs to accommodate the
expansion/contraction during the lithiation/delithiation proc-
ess.31−33 Furthermore, Cu NWs, which do not react with Li-

ions, could form an intact layer to support fractured Ge after
several cycles. As shown in Figure 5, most of the Ge NWs were
fractured after 50 cycles, whereas Cu NWs retained their
original morphology. Conductive adhesives can make the
whole electrode structure more compact, form a tough
architecture, and further enhance the accommodation
capability of the stacked nanowire laminate structure. More-
over, conductive adhesives filled into the interspace of Cu
NWs and Ge NWs can prevent the formation of Cu3Ge. To
form a stacked Ge/Cu nanowire laminate without conductive
adhesives, the solution of Ge NWs and Cu NWs needs to be
repeatedly placed into the PTFE mold. After a 500 °C heat
treatment, Cu3Ge was found to form in the structure of
adhesive-free stacked Ge/Cu nanowire laminate (see the XRD
pattern in Figure S6). The inactive property of Cu3Ge to the
Li-ions will lead to the decrease in the specific capacity.34

Figure 6. (a) Areal capacity of stacked Ge/Cu nanowire laminate with/without adhesives at the rate of 0.1 C. (b) Specific capacity of stacked Ge/
Cu nanowire laminate with/without adhesives at the rate of 0.1 C.

Figure 7. (a) Cross-sectional SEM image of stacked Ge/Cu nanowire laminate electrode after 25 cycles. (b) Cross-sectional SEM image of single
Ge/Cu nanowire laminate electrode after 25 cycles. (c) Nyquist plots of the stacked Ge/Cu nanowire laminate electrode half-cell before cycle and
after various cycles: 1st and 25th. (d) Nyquist plots of the single Ge/Cu nanowire laminate electrode half-cell before cycle and after various cycles:
1st and 25th.
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Figure 6a,b shows the cycling performance of multilayered Ge/
Cu with and without conductive adhesives. As a result, the
adhesive-free stacked Ge/Cu nanowire laminate electrode only
delivered a specific discharge/charge capacity of 1161/894 mA
h g−1, indicating that the formation of inert Cu3Ge caused the
reduction of specific capacity. Comparatively, the specific
discharge/charge capacity of the stacked Ge/Cu nanowire
laminate filled with conductive adhesives exhibited a high
specific discharge/charge capacity of 1354/1162 mA h g−1,
showing higher utilization of Ge NWs. As shown in Figure
7a,b, under the near mass loading of the active materials, the
cross-sectional SEM images revealed that the stacked nanowire
laminate structure was still intact after 25 cycles, whereas a
large number of horizontal cracks occurred in the single Ge/
Cu laminate electrode. Figure 7c,d shows the electrochemical
impedance spectroscopy (EIS) of the single Ge/Cu laminate
electrode and the stacked Ge/Cu nanowire laminate electrode,
respectively. Evidently, stacked Ge/Cu nanowire laminate
showed lower resistance after 25 cycles via the addition of Cu
NWs and conductive adhesives between Ge layers. Figure 8

presents the plots of the areal capacity against the active
materials areal mass loading (the detailed data is shown in
Table S2). These plots display the recent studies of alloy anode
materials (data taken from refs 3, 5, 7, 14, 17, 22, 23, and
35−48), which achieve or overpass the areal mass loading level
of commercial graphite, indicating that the stacked Ge/Cu
nanowire laminate electrode reaches a new level of areal mass
loading of 14.8 mg cm−2, being 1.5 times higher than that of
the second place. Moreover, stacked Ge/Cu nanowire laminate
electrode with 14.8 mg cm−2 provided a reversible capacity of
16 mA h per unit area that utilized Ge of approximately 80%,
ranking first place among all of the alloy anodes reported in the
literature.
To further solve the problems of the Li dendrite and

demonstrate the viability of the stacked Ge/Cu nanowire
laminate as an LIB anode, the coin fullcell comprising a stacked
Ge/Cu nanowire laminate anode and a Li(Ni0.5Co0.3Mn0.2)O2
cathode with an areal capacity of 11 mA h cm−2 was prepared
(the electrochemical performance of Li(Ni0.5Co0.3Mn0.2)O2
halfcell is shown in Figure S7). To avoid the occurrence of
the Li plating on the anode, the areal capacity of the anode was

around a 10% excess of that of the cathode, calculated on the
basis of their first discharge specific capacity measured in the
halfcell system. The fullcell was evaluated under the cutoff
voltage ranging from 2.8 to 4 V, as shown in the Figure 9a,b. At
the first charge process, the stacked Ge/Cu nanowire laminate
anode in full-cell showed an areal charge capacity of 11.5 mA h
cm−2, corresponding to a specific capacity of 1350 mA h g−1,
which is near the theoretical specific capacity of Ge. This result
indicates that the large amount of the Ge could achieve full
lithiation in the stacked Ge/Cu nanowire laminate structure.
At the first discharge process, stacked Ge/Cu nanowire
laminate full-cell delivered an areal reversible capacity of 8.3
mA h cm−2, corresponding to the Coulombic efficiency of
72.1%. In the following cycles, the Coulombic efficiency was
increased to 99% gradually. After 50 cycles, the stacked Ge/Cu
nanowire laminate full-cell still maintained an areal discharge
capacity of 6.1 mA h cm−2 at a current density of 1.08 mA
cm−2. As mentioned previously, increased areal capacity
accelerates the growth of Li dendrite and leads to the rapidly
continuous capacity fade. The use of the NCM electrode
instead of the Li metal foil can address the issue of the
dendritic Li growth. As shown in Figure 9c, while the areal
capacity was increased to over 8 mA h cm−2, the retention of
the stacked Ge/Cu nanowire laminate full-cell was over 75%
after 50 cycles, which was apparently better than that of the
half-cell (the retention of the half-cell was only 57% after 50
cycles). It is the first time that a Li-ion fullcell composed of an
alloy anode achieved an ultrahigh areal capacity of over 10 mA
h cm−2. To further demonstrate the stacked Ge/Cu nanowire
laminate fullcell availably work for a practical application, we
prepared a stacked Ge/Cu nanowire laminate full-cell with an
areal capacity of 11 mA h cm−1 (Figure 10a−c). This full-cell
could drive a fan and 48 blue light emitting diodes (LEDs) that
require 60 and 20 mA, respectively. Moreover, the stacked Ge/
Cu nanowire laminate fullcell could light up 87 green LEDs
and maintain the brightness of LEDs for more than 300 min,
which is 3 times as high as that of the commercial graphite with
4 mA h cm−2.

■ CONCLUSION
In conclusion, stacked Ge/Cu nanowire laminate anodes could
provide ultrahigh capacity output per unit area. Using some Cu
NWs as an intact layer that penetrates through the layers of
Ge, building conductive channel networks to accelerate the
transportation of electrons, and grasping the adjacent Ge NWs
to accommodate the volume change in thick and high mass
loading electrodes are necessary steps. Moreover, Cu NWs
could support fractured Ge after several electrochemical cycles.
Conductive adhesives composed of c-PAA-CMC and carbon
black were filled between the Ge NWs and Cu NWs, thus
making the structure of stacked Ge/Cu nanowire laminate
electrodes become tougher and more compact, which further
promotes the accommodation capability. Besides, conductive
adhesives could prevent the formation of Cu3Ge, reducing the
impact of a decrease in capacity. With this optimal design, the
areal capacity can directly increase proportionally to the rise of
active materials mass loading. Stacked Ge/Cu nanowire
laminate anodes showed high reversible areal capacities of
around 6 mA h (2 layers) and 10 mA h (3 layers) and achieved
an unreported ultrahigh mass loading of 14.8 mg Ge per unit
area (4 layers) that can output a reversible areal capacity of
over 16 mA h cm−2, corresponding to the high utilization of Ge
of 80%. Additionally, compared to the single layered Ge/Cu

Figure 8. Comparison of stacked Ge/Cu nanowire laminate electrode
and reported Ge, Si, Sn anodes at the rate of around 0.1 C. Data taken
from refs 3, 5, 7, 14, 17, 22, 23, and 35−48. The detailed data is
shown in Table S1.
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nanowire laminate, the rate capability is significantly improved
by the stacked nanowire laminate structure. Furthermore, an
11 mA h cm−2 fullcell composed of stacked Ge/Cu nanowire
laminate as anode was prepared to show the viability of stacked
Ge/Cu nanowire laminate as a LIB anode. Consequently, the
design of stacked nanowire laminate structure provides a facile
approach to fabricate ultrahigh areal capacity anodes. This
concept may be an effective strategy to develop high areal

capacity electrodes of other materials that are suitable for
integrated microsystems with very limited space.
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Figure 9. (a) Cycling performance of full-cell composed of stacked Ge/Cu nanowire laminate anode and commercial Li(Ni0.5Co0.3Mn0.2)O2
cathode at the current density of 1.08 mA cm−2. (b) Voltage profile corresponding to (a). (c) Retention with respect to the 5th cycle. The red dots
correspond to the full-cell comprised of Li(Ni0.5Co0.3Mn0.2)O2 cathode and stacked Ge/Cu nanowire laminate anode. The blue triangles
correspond to the half-cell comprised of stacked Ge/Cu nanowire laminate cathode and Li foil anode.

Figure 10. A coin full-cell composed of stacked Ge/Cu nanowire laminate anode with an areal capacity of 11 mA h cm−2 that could drive (a) a fan,
(b) 48 blue LEDs, and (c) 83 green LEDs over 300 min.
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