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ABSTRACT We demonstrate that dodecanethiol monolayer
passivation can significantly enhance the anode performance of
germanium (Ge) nanowires in lithium-ion batteries. The dodeca-
nethiol-passivated Ge nanowires exhibit an excellent electrochemi-
cal performance with a reversible specific capacity of 1130 mAh/g at
0.1 C rate after 100 cycles. The functionalized Ge nanowires show & ool
high-rate capability having charge and discharge capacities of ~555 5.
mAh/g at high rates of 11 C. The functionalized Ge nanowires also o & 0 W o
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performed well at 55 °C, showing their thermal stability at high

working temperatures. Moreover, full cells using a LiFeP0, cathode were assembled and the electrodes still have stable capacity retention. An aluminum

pouch type lithium cell was also assembled to provide larger current (~30 mA) for uses on light-emitting-diodes (LEDs) and audio devices. Investigation of

the role of organic monolayer coating showed that the wires formed a robust nanowire/PVDF network through strong C—F bonding so as to maintain

structure integrity during the lithiation/delithiation process. Organic monolayer-coated Ge nanowires represent promising Ge—C anodes with controllable

low carbon content (ca. 2—3 wt %) for high capacity, high-rate lithium-ion batteries and are readily compatible with the commercial slurry-coating process

for cell fabrication.
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echargeable lithium-ion batteries have
Rbeen widely used in portable electronic
devices such as cell phones, laptop
computers, and digital cameras, and have
been considered as an electrochemical en-
ergy storage system for powering hybrid
electric vehicles (HEV) and zero-emission ve-
hicles (ZEV)."? To satisfy the increasing de-
mand, it is necessary to develop lithium-ion
batteries having a higher energy density and
a higher power density.? The graphite anode
has been commonly used due to its stable
rate capability and long cycle life; however, its
relatively low capacity (372 mAh/g) limits the
increase of energy storage. To increase the
total battery capacity over 20%, one effective
approach is to use graphite alternatives with
high lithium capacity as anode materials.**
Germanium (Ge) has emerged as a promis-
ing graphite alternative due to its high theo-
retical gravimetric capacity of 1384 mAh/g at

YUAN ET AL.

room temperature, only second to silicon
(3579 mAh/g), among all Li-alloying ma-
terials.>*~'® The diffusivity of lithium in Ge is
~400 times greater than that of lithium in Si
at room temperature, thus having high-rate
capability. Ge's intrinsic electronic conductiv-
ity is 10* times higher than Si, giving much
faster electron transport.’* However, the
practical usage of Ge as an anode material
is hindered by dramatic volume changes
(~300%) caused by insertion/extraction of
lithium ions, which results in crack and pulver-
ization, and loss of electrode contact. In early
studies, micrometer-sized Ge particles exhib-
ited poor electrochemical performance due
to a rapid capacity fading. Recently, Ge nano-
materials such as nanoparticles,'>~%'

wires, 234 and nanotubes> have been syn-
thesized. These nanostructures effectively
accommodate the volume changes, tole-
rate relaxed mechanical strain, and alleviate
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pulverization.3¢73® Particularly, nanowires not only
relax volume strain, but also provide channels for effi-
cient electron transport along through the length.'**”
For instance, high reversible capacities of Si and
Ge nanowires were attainable by direct growth of wires
on current collector substrates using the vapor—
liquid—solid (VLS) method.?”*® On the other hand,
there appears a need to incorporate nanomaterials
into a slurry-coating process which is more compatible
with commercial realization. Slurry comprising a mix-
ture of active material, conducting addictive, and
binder was coated onto a current collector to form a
composite electrode. The slurry-coating process allows
a large amount of electrode materials assembled onto
the current collector. Direct incorporation of Si and Ge
nanowires into the slurry-coating process showed im-
proved electrochemical performance relative to micro-
particles; however, the anode performance decayed
rapidly within a few tens of cycles. One effective
approach to improve Si and Ge nanowire's cycling
performance is to use carbon-based composites be-
cause carbon acts as an electron conductor to allow Li
ion transport between the electrode and current col-
lector and serves as a soft matrix to reduce structure
distortion.>**® For example, electrodes composed of a
mixture of carbon-coated Si nanowires and carbon
nanotubes exhibited improved lithium capacity rela-
tive to raw nanowires.>® Ge nanowires sheathed with
amorphous carbon showed a stable reversible charge
capacity.*® However, reactions to form carbon-based
Ge composite are mostly associated with complicated,
high-temperature and multiple-step procedures. More-
over, the carbon content is hard to control, accounts for
a large portion in the composites, and suppresses the
overall electrode capacity.

Chemical surface functionalization is important to Si
and Ge nanowires since their surface-related proper-
ties are more pronounced relative to their bulk
surfaces.*®~°' Organic monolayer passivation of nano-
wires gave rise to many advantageous properties
such as better oxidation resistance, improved elec-
trical characteristics, and stable solvent dispersibility.
Functionalized Ge nanowires are more implement-
able into solvent-based processing for a variety of
applications.*®>3>° Alkene- and alkanethiol-passivated
Ge nanowires showed surface stability up to 1 month
under ambient conditions and exhibited excellent
corrosion resistance against harsh environments.>*>2
In addition, organic monolayer functionalization
can also efficiently tune surface properties to inter-
face with other materials. For instance, dodecene-
functionalized Ge nanowires were well-dispersed
in Kraton polymer for composite fabrication.>® It is
also important to note that many organic ligand
passivation reactions, such as thiolation reactions,
are facile, mild, and scalable to be applied to material
functionalization.
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Figure 1. Scheme of dodecanethiol-passivated Ge nano-
wires as anode materials for lithium-ion batteries. (1) Ge
nanowires were functionalized with dodecanethiol mono-
layers at 80 °C under Ar atmosphere. (2) Ge nanowire
anodes were prepared via a conventional slurry-coating
process. The small black particles indicate carbon black and
blue lines indicate PVDF chains. (3) Ge nanowire/PVDF
network structure formed after Li charge/discharge cycles.

Here we show that dodecanethiol monolayer passi-
vation can significantly enhance the anode perfor-
mance of Ge nanowires in lithium-ion batteries. As
illustrated in Figure 1, thiolation of Ge nanowires was
carried out in the presence of dodecanethiol at 80 °C
under argon atmosphere. Dodecanethiol-passivated
Ge nanowires were then proceeded through a slurry-
coating process for lithium-ion anode fabrication. The
functionalized nanowires afford superior electroche-
mical performances with a reversible capacity of 1130
mAh/g when cycled 100 times at a cycle rate of 0.1 C (a
rate of 1 C corresponds to full charge or discharge in
one hour). The capability to serve as high performance
anodes is demonstrated through five different charge
and discharge rates, each for 50 cycles, and five high-
rate cycling periods in 250 cycles. The nanowires
deliver charge and discharge capacities of ~555
mAh/g at rates of 11 C, nearly 2 times higher than
graphite at such high cycling rates. The thermal stabi-
lity of the Ge nanowire electrode operated at 55 °C is
investigated. The electrochemical performance of the
dodecanethiol-passivated Ge nanowire ranks among
the best of nanowire-based anodes reported to date.
The role of organic monolayers related to nanowire
structure integrity was investigated. Alkanethiol-passi-
vated Ge nanowires represent novel low-carbon-
loaded Ge—C anode materials made without the need
of complex reactions and can be potentially used for
high-performance lithium-ion battery applications. Im-
portantly, this work highlights the organic ligand's
positive effect on Ge's lithium-ion storage perfor-
mance, which may be applied to more electrode
systems. Finally, full cells were assembled using dode-
canethiol-passivated Ge nanowires as an anode and
LiFePO, particles as a cathode for uses on different
electronic devices.
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Figure 2. (a,b) SEM images of Ge nanowires passivated with dodecanethiol monolayers. (c) TEM image of an individual Ge
nanowire. (d) HRTEM image of a dodecanethiol-passivated Ge nanowire. Notice the absence of the surface oxide layer but
externally coated with a 1 nm organic layer. () Ge 3d and S 2p XPS of functionalized Ge nanowires shows the absence of oxide
characteristic peaks. (f) Photograph of Ge nanowires well-dispersed in NMP without aggregation. (g) Photograph of a Cu foil

coated with an anode film of Ge nanowires.

RESULTS AND DISCUSSION

Preparation of Dodecanethiol-Passivated Ge Nanowires. Ge
nanowires were synthesized using the gold-seeded
supercritical fluid—liquid—solid (SFLS) method.®>%*
As-prepared wires were coated with an oxide layer of
approximately 3 nm due to oxidation under ambient
surrounding (Supporting Information, Figure S1). Che-
mical surface passivation of Ge nanowires began by
the etching with diluted HF to remove the oxide layer
followed by functionalization with dodecanethiol (see
Methods section for detail). Figure 2 panels a and b
show SEM images of great surface smoothness of
dodecanethiol-passivated Ge nanowires. The wires
have an average diameter of approximately 45 nm
and a length longer than 100 um. The HRTEM image of
a Ge nanowire shows a single crystalline nature, ex-
ternally coated with an amorphous layer shell with a
thickness around 1 nm, that agrees with the length
of a Cy»-thiol group (Figure 2¢,d).>® The XPS peak
of Ge 3d spectrum of dodecanethiol-passivated Ge
nanowires was identified for no noticeable Ge oxide
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signal (Figure 2e). On the basis of CHNS analysis, the
carbon content of dodecanethiol-passivated Ge nano-
wires is around 2.7—2.9 wt % (Supporting Information,
Table S1). The Ge nanowire mat was homogeneously
mixed with poly(vinylidene fluoride) (PVDF) binder and
carbon black in NMP (Figure 2f). After the removal of
NMP under mild heating overnight, the composite
electrode was uniformly coated on a copper foil which
served as a current collector. Figures 2g shows the
photograph of the prepared Ge anode.
Electrochemical Performance of Dodecanethiol-Passivated
Ge Nanowire Anodes in Lithium-lon Batteries. Figure 3a
shows galvanostatic cycling results of dodecanethiol-
passivated Ge nanowires, unpassivated Ge nanowires,
and commercial Ge powders at a rate of 0.1 C rate
between 1.5and 0.01 Vin coin-type half cells. The capa-
city of Ge powders quickly dropped to ~280 mAh/g
after only several cycles. The rapid decrease of capacity
indicated that microsized Ge particles pulverize due to
large volume change during the Li alloying/dealloying
process and results in electrically disconnected small
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Figure 3. (a) Charge/discharge cycle performance of dode-
canethiol-passivated Ge nanowires, unpassivated Ge nano-
wires, and commercial Ge powders at a rate of 0.1 C
between 0.01 and 1.5 V: (filled symbol) charge; (open
symbol) discharge. (b) Voltage profiles of the functionalized
Ge nanowires at the 0.1 C rate. Inset shows differential
capacity plots of the 1st, 25th, 50th, and 100th cycle,
respectively.

fragments. The first charge capacity of the unfunctio-
nalized Ge nanowire anode was 1291 mAh/g and the
first discharge capacity was 998 mAh/g, corresponding
to a Coulombic efficiency of 77.3%. The observed
irreversible capacity in the first cycle is mostly likely
due to the formation of solid electrolyte interface (SEI)
layer which increased internal resistance and caused
impedance of Liion transport. The capacity was around
1000 mAh/g after the second cycle, giving a relatively
higher capacity than commercial Ge powders. How-
ever, the capacity rapidly faded at the consecutive
cycles. As shown in the TEM images of electrode after
cycle tests (Supporting Information, Figure S2), Ge nano-
wires were disintegrated into small, isolated fragments. It
may be possibly that Ge nanowires became soft and
fragile after repeated cycles. The possibility of aggrega-
tion of Ge nanowires that induced crack initiate could not
be ruled out. After battery tests, the nanowire electrode
was unstable and gradually pulverized and peeled off,
making capacity fade rapidly.
Dodecanethiol-passivated Ge nanowires had a high
reversible specific capacity. At a 0.1 C rate, the first
charge and discharge capacities were respectively,
1680 and 1332 mAh/g, which corresponds to a Cou-
lombic efficiency of 79.3%. The improved Coulombic
efficiency might be attributed to the decreased forma-
tion of the SEI layer. The first cycle of received dis-
charge capacity of 1332 mAh/g is almost identical to
the theoretical capacity of Ge nanowires. The better
capacity performance might be resulted from efficient
Li transport through the Ge wire electrode. At each of
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Figure 4. (a) Charge/discharge cycle performance of dode-
canethiol-passivated Ge nanowires at rate of 0.5 to 8 C
between 0.01 and 1.5 V: (filled symbol) charge; (open
symbol) discharge. (b) Charge/discharge profiles of dode-
canethiol-passivated Ge nanowires cycled at various rates.

the subsequent 99 cycles at 0.1 C, that is, second to
100th cycle, the Coulombic efficiency was over 99%.
The capacity retention of the Ge nanowires was 1130
mAh/g after 100 cycles. As shown in the voltage profile,
the voltage decreased steeply from the open circuit
voltage to 0.6 V where a plateau region set in and
continued until a specific capacity of 1680 mAh/g was
reached for the first charge. In the first discharge
profile, a plateau at 0.3 V could be obviously observed
(Figure 3b) The voltage plateaus appeared at the
same region at the subsequent cycles, consistent with
the behavior of Ge lithium ion anode in previous
reports, 384043

We also examined the anode performance of do-
decanethiol-passivated Ge nanowires at high charge/
discharge rates. During cycling tests, charge and dis-
charge rates were kept the same for 50 cycles to obtain
valuable information of high-rate performance of
nanowire electrode for most potential applications.
Figure 4a shows the capacity at cycling rates of 0.5, 1,
2.5, 6.5, and 8 C in the range of 0.01 V and 1.5 V versus
Li/Li". The recorded discharge capacities were 1090
mAh/g (0.5 C), 940 mAh/g (1 C), 865 mAh/g (2.5 C), 733
mAh/g (6.5 C), and 644 mAh/g (8 C) when cycled 50
times. Although the irreversibility of capacity was still
observed in the first charge/discharge cycle, the Cou-
lombic efficiency remained over 98% at each cycle
during the second cycle to 50th cycle, suggesting
excellent cycling stability at high rates. The charge
and discharge capacities of ~644 mAh/g at 8 C rate
is almost two times higher than the theoretical capa-
city of graphite. To examine capacity stability at differ-
ent rates in a reasonable long period, the anode was
tested at different current rates up to 250 cycles
(Figure 4b). The Ge nanowires still delivered charge
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Figure 5. (a) Cycle performance and (b) galvanostatic
charge/discharge profiles of dodecanethiol-passivated Ge
nanowires cycled at various rates from 0.2 to 16 C. The
experiment was carried out at 55 °C in a CR2032 coin-type
half-cell.

and discharge capacities of ~555 mAh/g at extremely
high rates of 11 C. While the rate returned to 0.1 C, the
capacity was recovered rapidly. Strikingly, the nano-
wires retained high-rate capabilities during the five
cycle periods at high charge/discharge rates, as shown
in Figure 4b. A specific capacity of ~1000 mAh/g was
recovered when the charge/discharge rate was low-
ered again to 0.1 C when cycled up to 200 times and
still remained capacity retention without obvious fad-
ing from 200 to 250th cycle. These results show that
dodecanethiol-passivated Ge nanowires have high-
power capability.

Galvanostatic Cyding at 55 °C and Rate Capability. To
operate lithium-ion batteries at higher temperatures
is a critical safety issue for many applications such as
automobile and electronic devices. We have tested
the cycle performance of dodecanethiol-passivated
Ge nanowires at 55 °C at charge/discharge rates that
ranged from 0.2 to 16 C in the voltage range 0.01—1.5
V, as shown in Figure 5. The initial discharge capacities
of 1319, 1089, 983, 874, 709, 602, 456, and 362 mAh/g
were obtained at 0.2, 04, 1, 2, 4, 7, 10, and 16 C,
respectively. The received capacities were similar to
the cycling performance obtained at room tempera-
ture. After coming back to 0.2 C after a cycle of 100
times, the capacity recovered to ~1000 mAh/g. The
fairly stable capacity shows the thermal stability of
dodecanethiol-passivated Ge nanowire as an anode
material at high working temperatures.

TEM and XPS Studies of Dodecanethiol-Passivated Ge Nano-
wire Electrode after Electrochemical Cyding. To investigate
the role of chemical passivation related to structure
stability of Ge nanowire electrode after cycling tests,
the electrode was extracted from cells for ex situ TEM
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Figure 6. Microstructure evolution of dodecanethiol-
passivated Ge nanowires: (a) before and (b—f) after electro-
chemical cycling in a lithium-ion cell. During the first cycle
charged to 0.01 V, a single crystalline Ge nanowire partly
converted to an amorphous Li,Ge nanowire as shown in the
SAED (inset) (b). While discharged to 1.5 V, the nanopore
formed (c), a nanowire/PVDF sponge network was ob-
served, and the nanowire becomes mostly amorphous Ge
(inset) (d). After the second lithiation/delithiation process,
nanopores emerged more clearly inside the nanowires and
the network structure was still observed (e,f).

study. Before cycling, the slurry composite comprises
nanowires surrounded with PVDF and carbon black, as
shown in Figure 6a. During the first lithiation charged
to 0.01 V, crystalline Ge nanowires were mainly con-
verted to amorphous Li,Ge wires, which was confirmed
by SAED patterns showing the weak spots along with
several diffuse rings, which probably originated from
amorphous phases of Li,Ge alloy or Ge (Figure 6b)."*
The average diameter of nanowires increased to
around 78 nm, which is larger than those before
lithiation as expected as a result of volume expansion
after lithium alloying reactions. Figure 6¢ shows TEM
images of nanowires during first delithiation dis-
charged to 1.5 V. The nanowires became mostly amor-
phous Ge.'**#%% Nanopores started to emerge inside
the nanowire, similar to the structure observed in
recent study of in situ TEM study for lithiation/delithia-
tion behavior of Ge nanowires.'* High diffusivity of Liin
Ge may facilitate pore nucleate and grow during
decrystallization. The nanosponges provide channels
with better electrical conduction to allow Li atoms to
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diffuse preferentially near the pore regions in subse-
quent cycles that could facilitate a high rate of lithium
ion diffusion and stress relaxation due to shorter ion
transport paths.' In contrast to disintegrated wires
observed in unfunctionalized Ge nanowires, nanowires
remained integrated in the form of a network com-
posed of Ge nanowires and PVDF binder (Figure 6d).
This result indicates that Ge nanowires must form a
composite matrix with PVDF after Li insertion/extrac-
tion processes. After the second cycle, nanowire/PVDF
composite structures could be more clearly observed
(Figure 6 e,f). The structure stability of this composite
was examined by long-term cycling tests (Figure 7).

Figure 7. (a—c) Dodecanethiol-passivated Ge nanowires
cycled for 100 cycles at a rate of 0.1 C in a lithium-ion cell:
(a) HADDF image, (b) brightfield TEM image showing that
the electrode composite remained a nanowire networks
structure. (c) EDX analysis of bright and dark region of Ge
nanowire network, respectively. Note that the asterisk (x)
represents the Cu signal from the Cu TEM grid. (d) HADDF
image and EDS line scan analysis of the Ge nanowire
electrode after 50 cycles at a rate of 6.5 C. Inset: the
corresponding TEM image.

Figure 7b show TEM images of the Ge nanowires
showing a similar network structure at a rate of 0.1 C
after 100 cycles. Under STEM mode (Figure 7a), the
contrast between nanowires and PVDF were more
obvious, clearly showing Ge nanowires encapsulated
in the PVDF matrix (Figure 7a). Nanometer-scale en-
ergy dispersive X-ray spectra (EDS) of the networks
confirmed that the high contrast portion is Ge and the
lower contrast part is mainly composed of C (Figure 7c).
The network structure remained at a high rate of 6.5 C
after 50 cycles (Figure 7d). The continuous Ge nanowire
network inside the PVDF provides both mechanical
integrity and electrical interconnects through the
whole composite. However, it could not be ruled out
that some portion of nanowires might be degraded
and embedded in the composite electrode. This struc-
ture could effectively accommodate mechanical stress
by relaxing the external stress after repeated cycles of
lithium insertion and extraction and avoid nanowire
fracture. The benefit of its mechanical stability was
reflected on the obtained superior electrochemical
performance.

XPS spectra of C 1s peaks of dodecanethiol-passi-
vated Ge nanowires taken before and after cycling ata
rate of 0.1 C were performed (Figure 8). Before cycling
tests, dodecanethiol—-Ge nanowires had four C 1s
peaks assigned to ~284.3, 286.0, 287.8, and 290.4 eV.
The first peak at 284.3 eV corresponds to C—C/C=C
and indicates carbon atoms unbound to fluorine which
may be contributed from the carbon black and the
functionalized layer of Ge nanowires. The second peak
centered at 286.0 eV may include the contributions
from C—0 bonding and the carbon atoms adjacent to
C—F bonds. The third peak centered at 287.8 eV may be
attributed to an intermediate between a semi-ionic
C—F bond, usually observed in fluorinated materials,
C,F, and a covalent C—F bond. The last C 1s peak
centered at 290.4 eV may be the satellite plasmon
peaks, which were normally observed in graphite
samples and attributed to a small amount of covalent
C—F bonds.®>~%” However, the third and fourth peaks
were very weak, indicating a limited amount of carbon
atoms on the Ge nanowire surface bound to the
fluorine. After cycling tests, the peaks intensity related
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Figure 8. C 1s spectrum of Ge nanowire electrode composite (a) before and (b) after 30 cycles at a rate of 0.1 C.
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to C—F bonding shifted to a higher binding energy
along with a significant increase of peak intensity,
indicating the enhanced covalency of the C—F bond.
The enhanced bonding was usually observed in the
fluorine—graphite intercalation compound and in
fluorinated carbon black with increasing fluorine con-
tent. According to previous work,?® it may be because
dangling bonds of carbon atoms exist at the edges of
amorphous carbon where neighboring carbon atoms

1200
— l"'-.llﬂnllm.mm

800+

600
—#— anode
4001 —m— cathode

Capacity (mAh/g)

2004

0 5 10 15 20 25 30
Cycle number

Figure 9. Capacity versus cycle number of a coin full cell
between 2.0 and 3.8 V with dodecanethiol-passivated Ge
nanowire as the anode and LiFePO, as the cathode. Photo-
graph of Ge nanowire-based lithium-ion battery (CR2032)
that lights a green LED up.

a_s b

are connected through weak C—H bonds. Importantly,
the polymer was preferentially absorbed onto these
imperfect sites, leading to C—F bonding formation.®>”°
Furthermore, PVDF might form a hydrogen bond be-
tween the F atoms and H atoms and was incorporated
with inorganic minerals.”' PVDF adsorbed onto the car-
bon site by C—F related bonds with dodecanethiol—
functionalized Ge nanowires. The occurrence of a bond-
ing intermediate between the semi-ionic and covalent
C—F may lead to a stronger interaction between the
nanowires so as to serve as an important source to
maintain adhesion strength and structure stability of
the functionalized Ge nanowires. It should be noted that
the peaks of the unfunctionalized Ge nanowire after
cycling tests have a smaller enhancement (Supporting
Information, Figure S3), which might be due to weaker
bonding between PVDF and oxided Ge nanowires. Better
covalent bonding of dodecanethiol—Ge nanowires with
PVDF is highly related to the structure integrity of Ge
nanowires under the Li insertion/extraction reaction.

Full Cells Assembly and Testing. The incorporation of a
Ge nanowire electrode into a lithium-ion full cell using
LiFePO, particles as the cathode is demonstrated. Figure 9
shows the rate capability and cycling life of Ge nano-
wires and LiFePO, in a CR2032-type coin cell. The average
discharge voltage of the full cell was ~3.4 V. The first
and 30th discharge capacities of Ge nanowires were

nethiol-Passivated Ge

Figure 10. (a) A 2.2 x 22 cm Cu foil covered with an anode film of Ge nanowires. (b) Photograph of the assembled full cell
before encapsulation in an aluminum bag. (c) Schematic of a lithium-ion battery with device structure using Ge nanowire
anode and LiFePO, cathode on both sides. An aluminum pouch type lithium-ion battery (anode, Ge nanowires; cathode,
LiFePO,) used to (d) light up over 60 red LEDs, (e) a white LED bulb, and (f) an audio electronic device.
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1119 and 1000 mAh/g, respectively. The received capa-
city was slightly lower than that obtained in the half cell
since the capacity ratio of the anode/cathode was not
optimized. However, the Ge nanowires still had good
capacity retention of 90% over 30 cycles. The assembled
full cell can draw a current intensity of ~1 mA which was
able to light up a green light-emitting-diode (LED)
(Figure 9 inset). A large size of Ge nanowire anode was
directly incorporated into an aluminum pouch-type
lithium battery. Figure 10a shows a 2.2 x 22 cm copper
foil homogeneously covered with an anode film of Ge
nanowires after drying at 150 °C in vacuum. The anode
was then assembled using automatic cell lines in a dry
room. Figure 10b shows the photograph of the as-
sembled full cell before encapsulation in an aluminum
bag. Figure 10c shows the components of the battery.
The battery gave a larger current intensity (~30 mA) to
light up over 60 red LEDs (Figure 10d) and a white LED
bulb (Figure 10e), and to turn on an audio device
(Figure 10f, Supporting Information, Video S1). After
many instances of charge/discharge, this battery could
be still reusable to light up the LEDs (Supporting In-
formation, Figure S4).

CONCLUSION

Dodecanethiol-passivated Ge nanowires exhibit
high reversible capacity, high-power capability, and

METHODS

Materials. Diphenylgermane (DPG, 95%) was purchased
from Gelest. Hydrogen tetrachloroaurate (lll) trihydrate
(99.99%), tetraoctylammoniumbromide (TOAB, 98%), sodium
borohydride (98.0%), anhydrous benzene (99.8%), toluene
(99.99%), 1-dodecanethiol (98.0%), ethanol (99.8%), hydrofluo-
ric acid (48 wt %), and Ge powder (~100 mesh >99.99%) were
purchased from Sigma-Aldrich. LiPFs (1.0 M in a 1:1 mixture of
ethylene carbonate/dimethyl carbonate), Celgard membrane
(as separator), Li metal foil (99.9%), Cu metal foil (0.01 mm),
LiFePO, cathode electrode, PVDF, N-methyl-2-pyrrolidone
(NMP, 99%) Super P carbon black, coin-type half-cells (CR2032),
were purchased from SYNergy ScienTech Corp. LEDs were
purchased from an electronic equipment and appliance
store.

Ge Nanowire Synthesis. Ge nanowire reactions were carried out
in a flow reaction in a 10 mL titanium grade-2 reactor.”® The
reactor was first placed into an argon-filled glovebox to make it
free of oxygen, and then was brought out from the glovebox.
The reactor cell was covered with heating tape and insulation
with temperature maintained within +1 °C controlled by a
controller. The inlet and outlet of the 10 mL Ti reactor cell were
attached to a high-pressure ('/5 in. i.d.) tubing via a LM-6 HIP
(high pressure equipment Co.) reducer. The inlet tubing was
collected to a six-way valve (Valco) attached with a 10 mL
injection loop. A high pressure liquid chromatography (HPLC)
pump (Lab Alliance, series 1500) connected to the six-way valve
was used to deliver the reactant solution into the reactor and
pressurize the reactor. The reactor pressure is monitored by a
digital pressure gauge (Yan-Chang Technology). DPG was di-
luted in anhydrous benzene to a concentration of 500 mM in an
argon-filled glovebox, followed by addition of dodecanethiol-
capped Au nanoparticles with a Au/Ge molar ratio of 1:500. In
nanowire synthesis, the reactor was heated to 420 °C and was
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stable cycle performance, thus demonstrating pro-
mising anode materials for high-energy density and
high-power lithium-ion battery applications. The
electrode has superior thermal stability while being
operated at 55 °C. A lithium-ion full battery using
dodecanethiol-passivated Ge nanowires as the an-
ode and LiFePQ, as the cathode was assembled for
LEDs lighting and audio electronic devices, showing
that Ge nanowires might be a viable alternative to
graphite for higher capacity. The important role of
surface functionalization for structure integrity as-
sociated with a Li insertion/extraction reaction was
highlighted in this study. Under the process of
multiple repeated high-rate charge/discharge cy-
cles, dodecanethiol-passivated Ge nanowires formed
a robust nanowire/PVDF network with good struc-
ture integrity, whereas unpassivated wires disinte-
grated to a Ge fragment species. Importantly for
practical purposes, organic monolayer passivation
offers an effective method to make low carbon
containing Ge—C anode materials well-mixed
with additive materials for high-quality electrode
film fabrication. Moreover, the thiolation reac-
tions can be applied to surface functionalization of
a large quantity of material at low temperatures,
thus being very compatible with commercial fabri-
cation procedures.

pressurized to 800 psi. A 10 mL reactant solution loaded inside
the injection loop was delivered to the reactor at a flow rate of
0.5 mL/min. The microcontrol metering valve was opened
manually to keep the system pressure at 1000 psi. After the
synthesis, the reactor cell was cooled by fresh air until it reached
room temperature. The Ge nanowires were removed from the
reactor for further uses.

Surface Passivation. Thiolation of Ge nanowires was carried
out outside the supercritical fluid reactor. Nanowires were
etched in 5% HF for 5 min, followed by rinse with DI water.
The H-terminated Ge nanowires were transferred to a three-
necked flask connected to a Schlenk line. After 20 mL of
dodecanethiol added to immerse Ge nanowires, the flask was
quickly purged of oxygen by argon. The reaction was held at
80 °Cfor 12 h at argon atmosphere. After thiolation, the dodeca-
nethiol-passivated Ge nanowires were isolated by precipitation
with addition of 10 mL of toluene and 10 mL of ethanol followed
by centrifugation at 8000 rpm for 5 min. After a washing step,
the functionalized Ge nanowires were redispersed in toluene.

Characterization. The chemical bonds of bulk metals were
analyzed by a high resolution X-ray photoelectron spectrometer
(XPS, PHI Quantera SXM/Auger: AES 650). Ge nanowires were
characterized using scanning electron microscopy (SEM) and
transmission electron microscopy (TEM). For HRSEM imaging,
images were obtained using a HITACHI-S4700 field-emission
SEM, operated at 5—15 kV accelerating voltage with working
distances ranging between 10 to 20 mm. The TEM samples were
prepared by either the drop-casting of nanowires from toluene
dispersions onto 200-mesh lacey carbon-coated copper grids
(Electron Microscope Sciences). Images were acquired using
200 accelerating voltage on a JEOL JEM-2100F, equipped with
an Oxford INCA EDS spectrometer. For conducting ex situ TEM
analysis of the samples after charge/discharge tests, the com-
posite electrode was dissembled from the cell, and dispersed in
acetone with ultrasonic treatment.
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Lithium-lon Battery Assembly and Electrochemical Characterization.
The composite electrode was prepared by mixing active mate-
rials (75 wt %) with 10 wt % of Super P carbon black and 15 wt %
of PVDF binder in N-methyl-2-pyrrolidinone (NMP) solvent to
form a homogeneous slurry, which was then spread onto a
copper foil. The weight of pure active material was measured
using a microbalance with 0.1 ug resolution (Sartorius SE2).
Typical anode mass loading is ~1 mg/cm? The electrodes were
dried at 40 °C in air and then 150 °C under Ar gas prior to cell
assembling in order to remove any residual water. The coin-type
half-cells (CR2032), prepared in an argon-filled glovebox, con-
tained a Ge nanowires electrode, Li metal foil, and microporous
polyethylene separator soaked in electrolyte. The electrolyte
solution was 1 M LiPFg in ethylene carbonate/dimethyl carbo-
nate (EC/DMC) (1:1 vol %). The electrochemical performance of
the Ge nanowires was evaluated using Biologic VMP3 instru-
ments. For full cell assembly, the LiFePO, electrode with a
loading mass of ~8 mg/cm? was used as a cathode, whereas
the anode mass loading remained at 1 mg/cm?. The electro-
chemical properties of the full cells were examined at 0.1 C rate
in voltage windows between 2.0 and 3.8 V with the same
experimental system. The electrode capacity was calculated
according to the weight of the active materials.
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