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Abstract

New oligosilylgermane compounds with weak Ge-H bonds have been used as
precursors for the rapid synthesis of germanium (Ge) nanowires in high yields (>80 %), via a
solution-liquid-solid (SLS) mechanism, using indium (In) nanoparticles as a seeding agent over
a temperature range between 180 to 380 °C. Even at low growth temperatures, milligram
quantities of Ge nanowires could be synthesized over a reaction period of between 5 to 10
minutes. The speed of release of Ge(0) into the reaction environment can be tuned by altering
the precursor type, synthesis temperature and the presence or lack of an oxidizing agent, such

as tri-n-octylphosphine oxide (TOPQO). Energy dispersive X-ray analysis showed that silicon
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atoms from the precursors were not incorporated into the structure of the Ge nanowires. As
both In and Ge facilitate reversible alloying with Li, Li-ion battery anodes fabricated with these

nanowires cycled efficiently with specific capacities, i.e. >1000 mAh g*

Introduction

Ge nanowires have been demonstrated to have numerous applications including
nanowire field-effect (FET) transistors' 3, Schottky solar cells* and Li ion batteries®®. Due to
the vast application and high research interest in Ge nanowires, different growth strategies have
been developed to increase the yield and/or quality of Ge nanowires synthesized.” In particular,
developing cheap and fast fabrication methods for Ge nanowires in large quantities is important
for their incorporate as anode materials in commercially viable Li-ion battery technologies. In
this regard, supercritical fluid-liquid-solid (SFLS) approaches have been successfully used to
produce Ge nanowires with yields of up to 80 %, but SFLS approaches require high
temperatures and pressures and sophisticated equipment which limits the application of such
methods.® Another less complicated, high temperature approach that generates Ge nanowires
in yields up to 53 % is solution-liquid-solid (SLS) growth.® Although the reported yield via
SLS growth is lower than via SFLS approaches, Ge nanowires production via the SLS approach
can occur under atmospheric pressure and do not require high pressure equipment.®°
Regardless of the yield, simplicity or complexity of the different solution phase mechanisms
the growth of Ge nanowires in general have been reported at high temperatures.” High
temperature growth is required for many reasons, such as the necessary formation of Ge-Au
eutectic alloys (in case of Au seeding nanocrystals), the decomposition of the precursors and
the demand for Ge nanowires with high crystal and morphological quality. Although other
seeding nanoparticles such as Bi with a low Ge-Bi eutectic temperature have been exploited for
the growth of Ge nanowires, low conversion rates of the precursor to Ge nanowires (1.2 %) at

300 °C makes the approach at this temperature inefficient.!* Hence, even when using low



melting point seeding nanoparticles and perhaps disregarding the quality of the nanowires
produced, the thermal stability of the precursor remains an obstacle for the low temperature
synthesis of Ge nanowires. In recent years several organometallic precursors have been
introduced for growing Ge nanowires in solution phase including alkylgermane,*? germanium
alkoxide®® and oligosilylgermane*1 but none of these precursors were suitable for the low
temperature synthesis of Ge nanowires in solution.”  Meanwhile in the case of
oligosilylgermane precursors the presence of silicon atoms in the structure of the precursors
previously resulted in the formation of Ge nanowires with a silicon based shell 1416

Additionally, traditional Au seeds are not suitable for the low temperature synthesis (<
300 °C) of Ge nanowires due to the high eutectic temperature of the Au-Ge binary system.
Thus the use of “type C” low eutectic point growth promoters such as In, Sn, Ga etc. are
preferable for the depression of the nucleation temperature and hence Ge nanowire growth. In
addition, the presence of Au seeds can be detrimental to the electrochemical and electrical
properties of Ge nanowires. A previous study on the performance of Au-seeded Si nanowires
as anodes for Li-ion batteries demonstrated that the presence of Au seeds resulted in large
irreversible capacity loss, poor performance at cycle rates of C/5 and faster, and significant
capacity fade.}” Another study on the electrochemical performance of a composite of SnO, and
graphene demonstrated that the incorporation of In.Oz into SnO2 can improve the
electrochemical properties of SnO. and reduce the charge transfer resistance of the electrode
leading to enhanced reversible capacity and rate capability.’® Additionally In was shown to
reversibly alloy with Li, accommodating up to 4.33 mol of Li per 1 mol of In.2%2 Hence the
presence of In in Ge nanowires may result in additional storage capacity, making In a far more
suitable catalyst than commonly used Au.

This paper introduces new types of oligosilylgermane compounds as precursors for In-
catalyzed synthesis of phase-pure Ge nanowires, via a SLS mechanism, without the

incorporation of silicon atoms from the precursors into the structure of the nanowires. The



unique characteristics of these new oligosilylgermane precursors make them suitable for the
rapid synthesis of Ge nanowires at yields > 80 %, over a temperature between 180 to 380 °C.
Energy dispersive X-ray (EDX) analysis showed that In atoms from the seeding nanoparticles
were incorporated in the structure of the Ge nanowires at concentrations between 1 to 2 at.%.
When compared to Au-seeded Ge nanowires, the nanowires formed from the oligosilylgermane

precursors exhibited an enhanced charge capacity when tested electrochemically.

Experimental

The synthesis of the precursor compounds was performed under a nitrogen atmosphere
by employing standard Schlenk techniques or using a nitrogen filled glovebox (Innovative
Technology, Inc). A column solvent purification system was used to dispense benzene and
diethylether within the glovebox. KO'Bu (MERCK, 98 %), 18-crown-6 (Fluka, 99 %), sulfuric
acid (Carl Roth, 96 %), ethanol (VWR, 99 %) and tri-n-octylphosphine oxide (TOPO) (ABCR,
99 %) were used as received. n-dodecane (Sigma-Aldrich, 99 %) and n-hexadecane (Amresco,
technical grade) were degassed with nitrogen bubbling for 1 hr, whereas oleylamine (OA)
(Aldrich, technical grade, 70 %) and squalane (Alfa Aesar, 98 %) were subjected to vacuum
conditions before use. Hexakis(trimethylsilyl)digermane?!,
tris(trimethylsilyl)[tris(trimethylsilyl)silyl]germane?! and In nanoparticles?? were prepared

following the published procedures.

Precursor Synthesis
Synthesis of 1,1,2,2-tetrakis(trimethylsilyl)digermane (precursor 1):

A mixture of hexakis(trimethylsilyl)digermane (100 mg, 0.171 mmol), KO'Bu (40 mg,
0.359 mmol) and 18-crown-6 (94 mg, 0.359 mmol) was added to benzene (100 pL) and stirred
for 4 hr. Red crystals of oligosilyldigermyldipotassium precipitated slowly from the solution

mixture. After decantation, pure crystals were dissolved in benzene and the solution mixture
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was added over 10 s to an ice-cooled flask containing diethylether (5 mL) and degassed 2 M
sulfuric acid (20 mL). After 5 min the organic layer was transferred with a cannula to another
flask containing sodium sulfate to dry the organic phase. The organic phase was then
transferred by cannula to another flask. After removal of the volatiles in vacuum, compound 1
(53 mg, 70 %) was obtained as a colorless oil.

295, 13C and 'H NMR spectra of precursor 1 are shown in Figures S1 to S3 respectively
(see Supporting Information). Anal. Calcd for C12HzsGe2Sis 440.04: C, 32.75; H, 8.70. Found:
C, 34.39; H, 8.66. MS (70 eV) m/z (%): due to high thermal sensitivity the compound does not

survive GC separation.

Synthesis of bis(trimethylsilyl)[tris(trimethylsilyl)silyl]germane (precursor 2)

A mixture of tris(trimethylsilyl)[tris(trimethylsilyl)silyl]germane (100 mg, 0.185
mmol), KO'Bu (22 mg, 0.194 mmol) and 18-crown-6 (52 mg, 0.194 mmol) was dissolved in
benzene (100 pL) and stirred for 90 min. After complete conversion, detected by 2°Si NMR
spectroscopy, the orange solution of oligosilylgermylpotassium was added over 10 s to an ice-
cooled flask containing diethylether (5 mL) and degassed 2 M sulfuric acid (20 mL). After 5
min the organic phase was transferred by cannula to another flask containing sodium sulfate to
dry the organic phase. The organic phase was transferred by cannula to another flask. After
removal of the volatiles in vacuum compound 2 (67 mg, 7 %) was obtained as a colorless oil.

29Sj, 13C and 'H NMR spectra of the precursor 2 are shown in Figure S4 to S6
respectively (see Supporting Information). Anal. Calcd for C1sH46GeSis 467.67: C, 38.52; H,
9.91. Found: C, 39.17; H, 9.78. MS (70eV) m/z (%): 394(31)[C12H36GeSis"];
305(6)[CsH23GeSis™];  245(15)[CoH2sSis™];  206(10)[CsH16GeSi2™];  171(14)[CeH1sSis™];

147(3)[GeSiMes*]; 73(100)[SiMes™].



Synthesis of Ge Nanowires

Depending on the experiment, trioctylphosphine oxide (TOPO) or oleylamine (OA) was
transferred to a Schlenk tube and then the appropriate high boiling solvent, e.g. n-dodecane, n-
hexadecane or squalane was added to the tube. To heat the tube a LOSA model tube furnace
from HTM Reetz GmbH was used. After adjusting the temperature, a colloidal solution of In
nanoparticles with a mean diameter of 6.4 + 0.4 nm, was injected into the Schlenk tube followed
by precursor injection 30 s later (at low synthesis temperatures or immediate injection of
precursors at high synthesis temperatures). Precursor 1 or 2 was taken as follows: precursor 1
(79 mg, 0.18 mmol) or precursor 2: (25 mg, 0.05 mmol) was dissolved in toluene (100 pL) and
then was injected into the Schlenk tube. Due to the differing thermal sensitivities and
reactivities of precursors 1 and 2, for precursor 1 the tube was left inside the furnace for 5 min
and for the more stable precursor 2, it was left in the furnace for 10 min. At the end of the
reaction the tube was brought out of the furnace and left in air to cool down to room temperature.
After centrifugation of the reaction mixture in the presence of ethanol the solid obtained was

subjected to further analysis.

Electrochemical Experiments

All electrochemical data presented in this report were performed using a BioLogic VSP
Potentiostat/Galvanostat. The electrochemical properties of Ge nanowires grown with
precursor 1 at 180 °C were investigated in a half-cell configuration against a pure Li counter
electrode in a two electrode, stainless steel split cell (a coin cell assembly that can be
disassembled for post-mortem analysis). The electrolyte used consisted of a 1 mol dm solution
of lithium hexafluorophosphate salt in a 1:1 (v/v) mixture of ethylene carbonate in dimethyl
carbonate with 3 wt.% vinylene carbonate. The separator used in all split cell tests was a glass
fibre separator (EI-Cell ECC1-01-0012-A/L, 18 mm diameter, 0.65 mm thickness). Working

electrodes consisted of Ge nanowire powder dropcast onto Cu foil. The mass loading for all



Ge nanowire samples was ~ 1.0 mg. Cyclic voltammetry was performed using a scan rate of
0.2 mV st in a potential window of 1.5 — 0.01 V. Galvanostatic cycling was performed using

a C rates of C/20 in a potential window of 1.5—-0.01 V.

Analytical Methods

Nuclear magnetic resonance (NMR) spectroscopy was performed on a Varian INOVA
300 (*H 299.95 MHz, 3C 75.43 MHz and ?°Si 59.59 MHz) spectrometer. Samples were
dissolved in benzene-ds or in the case of a non-deuterated solvent a capillary filled with D,O
was used for deuterium lock. Shifts are reported in ppm downfield from tetramethylsilane and
are referenced to solvent residual signals. To compensate for the low isotopic abundance of
295j, the INEPT pulse sequence?®?* was used for the amplification of the signal.

Scanning electron microscopy (SEM) was performed using a Zeiss DSM 982 Gemini or
FEI Helios NanoLab 600i both equipped with field emission gun. The images were mainly
recorded with the Everhart-Thornley detector (secondary electron images), some were recorded
with the solid state detector (backscattered electrons images). , providing materials contrast.

Energy dispersive X-ray (EDX) measurements were undertaken in high angle annular
dark-field (HAADF) mode on a FEI Helios NanoLab 600i operating at 10 kV and 0.69 nA,
equipped with an Oxford X-Max 80 detector. EDX measurements to calculate the In
concentration in the nanowires were performed in “point” mode on single nanowires. Error in
the EDX measurements of the Ge nanowires indicates the standard deviation measured over 20
nanowires. The detection sensitivity of EDX analysis is around 0.1 wt%.

Transmission electron microscopy (TEM) was conducted on a T12 microscope from
FEI operated at 120 kVV with LaBs cathode, a monochromated TF20 microscope from FEI
operated at 200 kV with a Schottky cathode or JEOL 2100 operated at 200 kV with LaBe

electron source. The TF20 microscope for X-ray spectroscopy was equipped with a SiLi



detector with ultrathin window and for electron energy loss spectroscopy with a high-resolution
Gatan imaging filter (GIF).

X-ray diffraction (XRD) was performed on a Philips X'pert Pro MPD with a Panalytical
Empyrean Cu X-ray tube with a Philips X'celerator detector. Spectra were acquired with an
energy setting of 40 kV and 35 mA, fixed divergence slit of 1° and with a Ni filter on the
diffracted optics. Ge powder (99.999 %) with 200 mesh from Haines & Maassen
Metallhandelsgesellschaft GmbH was used as bulk Ge to be compared with Ge nanowires.

Gas chromatography was carried out on an Agilent 7890A (capillary column HP-5MS;
30 m x 0.250 mm; Film 0.25um) with mass spectrometer Agilent 5975C. Assignment of mass
spectra was either accomplished by comparison to data from a database or alternatively for
mass spectra not covered by the library, compound analysis was carried out using standard
techniques for interpretation of mass spectra.?®

Elemental analysis was carried out using a Heraeus VARIO ELEMENTAR instrument.

Raman spectroscopy was performed on Raman Station 400F from Perkin Elmer
equipped with 350 mW near infrared 785 nm laser. Ge nanowires of each sample were

transferred to a glass capillary and were measured with 28 mW of the laser power.

Results and Discussion
Synthesis of Ge nanowires using 1,1,2,2-tetrakis(trimethylsilyl)digermane (precursor 1)
Thermal decomposition of diluted precursor 1 in n-dodecane was observed after 30 min
at 170 °C as the initially transparent solution turned to yellow/brown and later a yellow/brown
precipitate appeared at the bottom of the reaction flask. The solution obtained was analyzed
using 2°Si NMR spectroscopy and only the baseline was observed, indicating the decomposition
of the precursor. Moreover, GC-mass spectrometry of pure precursor 1 showed only
tris(trimethylsilyl)silane and tetrakis(trimethylsilyl)germane without any sign of precursor 1

indicating its high thermal sensitivity and decomposition. Thermal decomposition of precursor
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1 at low temperatures, in contrast to the thermally stable diphenylgermane (DPG),%% makes it
an appropriate candidate for low temperature synthesis of Ge nanowires.

For seed-mediated synthesis of Ge nanowires at low temperatures, a suitable precursor
which can release reactive Ge atoms at low temperatures is extremely important. Additionally,
metallic seeds also have a significant role. For the successful low temperature synthesis of Ge
nanowires the metallic seed should have a low temperature eutectic point in the metal-Ge binary
phase diagram. The binary phase diagram of Ge-In displays a significant decrease in the
eutectic point at 156 °C?’ compared to Au-Ge eutectic temperature at 363 °C. This very low
eutectic temperature of In-Ge binary system predicts that In nanoparticles are ideal seeds for
low temperature growth of Ge nanowires.

Although precursor 1 was found to decompose at low temperatures, the synthesis of Ge
nanowires was performed at various temperatures such as 180, 300, 350 and 380 °C to
investigate the effect of temperature on the morphology of the nanowires. With respect to the
synthesis temperature and the boiling point of the solvents the reaction was performed in
different solvents such as n-dodecane, n-hexadecane or squalane in the presence of capping
ligands such as TOPO or OA. Figures 1(a) and (b) show SEM and high resolution bright field
TEM images of a sample prepared in the presence of a TOPO capping ligand at 180 °C. Curly
and worm-like nanowires were observed, similar in morphology to the worm-like nanowires
previously reported by Ryan and co-workers at temperatures above 400 °C.? TEM analysis
confirmed the nanowires were crystalline in nature with random crystal defects (Figure 1(b)).
The dark round sphere at the tip of the nanowire (Figure 1(b) inset) corresponds to the In
nanoparticle seed and confirms seed-mediated growth of the Ge nanowire. The mass of Ge
nanowires obtained in this reaction was 21.0 mg. Considering the weight of the In nanoparticles
(~ 0.41 mgq), the yield of the Ge nanowires was 81 % (Table 1). This yield of Ge nanowires
synthesized at low temperature is higher than those previously reported via SLS growth using

Gel, or DPG as precursors, with 40 %° or 52.8 % yield respectively.



To study the effect of temperature on the morphology of the Ge nanowires the synthesis
temperature was raised to 300 and 380 °C, while keeping other parameters the same. At 300
°C irregular and highly agglomerated Ge nanowires and at 380 °C fine Ge nanoparticles instead
of nanowires were obtained (Figure S7, see Supporting Information). According to the SEM
analysis, nanowires with a good morphology were obtained at 180 °C and increasing the
synthesis temperature to 380 °C changed the structure from nanowires to nanoparticles. The
weight of the product at 300 and 380 °C was approximately 21 mg for both cases.

Furthermore, the type of capping ligand and its effect on the morphology of Ge
nanowires were studied by replacing TOPO with OA while keeping other parameters constant,
apart from temperature. The highest synthesis temperature was decreased from 380 to 350 °C
in the case of OA due to the lower boiling point of OA (=350 °C), when compared to TOPO.
Figure 2 shows the SEM images of Ge nanowires synthesized at different temperatures in the
presence of OA. Figure 2(a) relates to a sample prepared at 180 °C. According to the SEM
image the sample contained highly agglomerated Ge nanowires with a yield of 23 %. The low
yield obtained in this experiment in comparison to the experiment with TOPO at 180 °C with
the yield of 81 %, shows the low conversion of the precursor to Ge nanowires in the absence of
TOPO.

Figure 2(b) displays Ge nanowires prepared in the presence of OA at 300 °C. According
to SEM analysis these sample contained curly Ge nanowires with undulating surfaces.
Although this reaction was performed in the absence of TOPO, the reaction yield obtained was
77 % (Table 1). Hence, the conversion of the precursor to Ge nanowires at 300 °C can take
place even in the absence of TOPO. Ge nanowires were also synthesized in the presence of OA
at 350 °C (Figure 2(c)). Figure 2(c) depicts curly Ge nanowires with undulating surfaces
forming at this temperature. Increasing the synthesis temperature from 300 to 350 °C increased

the reaction yield from 77 to 85 % (Table 1).
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Figure 3 shows bright field TEM images and selected area electron diffraction (SAED)
patterns of the Ge nanowires synthesized in the presence of OA at 300 and 350 °C. A
considerable amount of random stacking faults, parallel to the nanowire growth axis, was
observed (Figures 3(a), (b) and (d)) in the Ge nanowires synthesized at both temperatures with
OA. In addition, SAED patterns recorded from the nanowires, inset of Figure 3(a) and 3(d),
showed additional reflections, which relate to the presence of stacking faults in the structure of
Ge nanowires. Bright field high-resolution transmission electron microscopy (HRTEM)
analysis (Figure 3(c)) also confirmed the high crystallinity of a Ge nanowire with 1.8 at.% In
incorporation synthesized with OA. Fast Fourier transform (FFT) analysis showed (in the inset
of Figure 3(c)) a pseudo hexagonal symmetry with reflections assigned to the high-order Laue
zone diffraction of {111} in diamond cubic crystals. FFT and HRTEM images depicted an
interplanar spacing (d) between {111} planes in the nanowires to be around 0.328 nm, which
is larger than the d value for bulk diamond Ge crystal (JCPDS 04-0545). An increase in the d
value from bulk Ge is expected with the incorporation of large amounts of In in the Ge lattice.
In general, according to the reaction yields and morphology of the Ge nanowires, TOPO was
found to be a suitable capping ligand for synthesizing nanowires at low temperatures, such as
180 °C, but in contrast OA was found to be a suitable capping ligand for synthesizing nanowires
at higher temperatures, such as 300 and 350 °C.

Table 1 summarizes the amount of In incorporation in different Ge nanowire samples
according to EDX analysis. In the case of the nanowires synthesized with precursor 1 the In
content in the structure of the nanowires increased from 1.3 £ 0.1 to 1.8 + 0.8 at% by raising
the synthesis temperature from 180 to 350 °C respectively, as shown in Figure S8(a) (see
Supporting Information). In addition, EDX analysis showed that the Ge nanowires synthesized
at different growth conditions only consisted of Ge and a small quantity of In atoms, without
the presence of silicon atoms (Figure S8(b), see Supporting Information) or at least below

detection sensitivity. EDS mapping also confirmed that the SLS-grown nanowires only
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consisted of Ge and In atoms (Figure S9, see Supporting Information). As the silicon atoms of
the precursor did not incorporate into structure of Ge nanowires the solution phase was studied

to determine the fate of the silicon atoms, which will be discussed in detail later.

Synthesis of Ge nanowires using bis(trimethylsilyl)[tris(trimethylsilyl)silylJgermane
(precursor 2)

In contrast to precursor 1 which was not detected using GC-MS analysis due to its high
thermal sensitivity, precursor 2 was characterized using GC-MS analysis. Diluted solutions of
the precursor 2 in n-dodecane remained colorless after heating for 30 min at 170 °C. 2°Si NMR
spectroscopy of these solutions suggested that precursor 2 was intact in the solution. These
results clearly indicated a much improved thermal stability of the precursor 2 in comparison to
the precursor 1.

Initially the synthesis of Ge nanowires with precursor 2 was performed at 180 °C in the
presence of either TOPO or OA and in both cases colorless solutions without the formation of
any brown/black solid, related to Ge nanowires, were observed. The same phenomenon was
also observed at 300 °C. As no Ge nanowires were formed, due to the higher thermal stability
of the precursor 2 in comparison to the precursor 1, further synthesis of Ge nanowires with
precursor 2 was performed at 350 °C. The synthesis of Ge nanowires at this temperature was
only performed in the presence of OA as it was previously observed that TOPO has a negative
effect on the morphology of the Ge nanowires at elevated temperatures.

Figure 4 displays SEM and bright field TEM images of Ge nanowires synthesized with
precursor 2 at 350 °C. Instead of the curly nanowires previously obtained with precursor 1
(Figures 1, 2 and 3), Ge nanowires synthesized with precursor 2 were straighter with smooth
surfaces (Figure 4). However, a few curly and kinked nanowires were also observed (Figure
4(c)). The dark round sphere at the tip of the nanowire (Figure 4(d)) confirmed seed-mediated

growth of the Ge nanowires. The inset shows the FFT pattern of a single crystalline Ge
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nanowire grown from an In nanoparticle with precursor 2. The weight of the product obtained
with precursor 2 at 350 °C was 3.1 mg. The weight of the In nanoparticles was measured as (~
0.06 mg) and the yield of the Ge nanowires was 79 %, which is very close to the yield of the
Ge nanowires obtained with precursor 1 (Table 1).

Figure 5 shows histograms of Ge nanowires diameters synthesized at different growth
conditions. Figures 5 (a)-(c) relate to the three samples prepared with precursor 1 at different
synthesis temperatures with diameter ranging between 20 to 140 nm. Comparison between the
three histograms shows that an increase of the synthesis temperature from 180 °C to 350 °C
slightly increases the mean diameter of the nanowires from 71 to 78 nm, respectively. Figure
5(d) shows the histogram of a sample synthesised with precursor 2 at 350 °C, with diameters
ranging between 30 to 110 nm. The mean diameter of the nanowires of in this sample was 56
nm which is smaller than the mean diameter of samples made at the same temperature using
precursor 1. This highlights that beside the synthesis temperature, the type of the precursor can
affect the mean diameter of nanowires.

EDX analysis of Ge nanowires grown with precursor 2 showed approximately 0.9 0.1
at% In within the Ge nanowires (Table 1). To further confirm the presence of In in the structure
of the nanowires XRD and Raman spectroscopy were performed on Ge nanowire samples. A
higher incorporation of In in the structure of Ge nanowires can increase the red shift in the
Raman spectra of the nanowires (Figure S10, see Supporting Information). In addition, the
mismatch between the XRD pattern of bulk Ge with Ge nanowires incorporating In (Figure
S11, see Supporting Information) was in accordance with Vegard’s law and confirmed the

effect of In incorporation in the Ge matrix (see Supporting Information).
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Fate of the silicon atoms and the decomposition mechanism of oligosilylgermane precursors

According to EDX analysis, similar to the Ge nanowires prepared with precursor 1,
silicon atoms were not detected in Ge nanowires prepared with precursor 2. As the silicon
atoms of the precursor did not incorporate into the structure of the Ge nanowires, the solution
phase of the reactions involving precursor 1 with TOPO and OA were separately analysed by
NMR spectroscopy to investigate the fate of the silicon atoms from the precursor. According
to 2°Si NMR spectroscopy of the solution phase containing TOPO, the peak from precursor 1
at -5.7 ppm vanished (Figure S1, see Supporting Information) and a peak at 6.9 ppm appeared
(Figure S12, see Supporting Information), which can be assigned to hexamethyldisiloxane.?®
This change suggestrs that the free trimethylsilyl (TMS) groups of the precursor reacted with
oxygen atoms and were trapped in the solution phase. As the reaction was performed under
nitrogen atmosphere with degassed solvents, TOPO can be regarded as the main source of
oxygen. In the case of the solution phase containing OA, the 2°Si NMR spectrum showed a
large peak at 1.6 ppm and a very small peak at 6.9 ppm (Figure S13, see Supporting
Information) confirming again the presence of TMS groups in the solution phase. Independent
synthesis of trimethylsilyloleylamine showed that it corresponds to the NMR signal at 1.6 ppm
(Figure S13, see Supporting Information). The small signal at 6.9 ppm can be assigned to
hexamethyldisiloxane forming through the presence of trace amounts of oxygen, most likely
coming from impurities within the technical grade OA. Figure 6 displays a mechanism for the
thermal decomposition of the oligosilylgermane precursors, subsequent reaction of the TMS
groups with the existing capping ligands inside the solution and finally the formation of the In-
catalyzed Ge nanowires.

As outlined above (Figure S14, see Supporting Information) the reaction of the TMS
groups of the precursor with oxygen from TOPO was confirmed by 2°Si NMR. In the presence
of TOPO when the synthesis temperature was raised from 180 to 300 °C and finally to 380 °C,

instead of discrete nanowires, agglomerated solid or nanoparticles formed. Moreover, in a
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separate experiment, the addition of a small quantity of TOPO to the reaction involving the
synthesis of Ge nanowires in the presence of OA at 350 °C, changed the morphology of the
final product from nanowires to particles (Figure S15, see Supporting Information).
Observations of different morphological features at different temperatures lead to the
conclusion that besides the thermal decomposition of precursor 1, oxidation of precursor 1 with
TOPO has a profound effect on the decomposition rate and the formation of the reactive Ge(0)
species. As the synthesis temperature increases, facile reaction of the TMS groups from
precursor 1 with TOPO causes a burst of reactive Ge(0) species into the reaction. This burst
causes an instantaneous increase in the concentration of Ge(0) species in the reaction
environment that cannot be completely absorbed by the In nanoparticles to form nanowires,
therefore excess Ge(0) species spontaneously accumulate to form irregular solids or particles.
The very poor yield (23 %) of Ge nanowires synthesized in the presence of OA at 180 °C
indicates that the appropriate decomposition of precursor 1 and the formation of Ge(0) at low

temperatures requires a driving force, i.e. the reaction of TMS groups with the oxygen of TOPO.

High level of In incorporation in Ge nanowires

In contrast to the binary phase diagram of Ge-In, with negligible solid solubility of In in Ge,?’
in the current study incorporation of approximately 2 at% In in the structure of Ge nanowires
was observed. Non-equilibrium incorporation of a high level of In atoms in Ge nanowires can
be explained via the solute trapping mechanism aided by rapid and diffusionless solidification
processes. Rapid solidification during VLS crystal growth causes the impurity or the solute to
be trapped in the matrix at higher amounts than the equilibrium solidification can predict.?® At
the catalyst-nanowire interface, In impurity adatoms are trapped on the high energy sites of the
crystal lattice, leading to the formation of a metastable solid (Ge-In alloy) at the nanowire
growth front. The formation and growth of Ge nanowires is driven with the step initiation at

the nanowire-catalyst interface and step-flow kinetics.2®3* The rapid formation of steps and
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also the high step velocity enhances the impurity, or the solute trapping, and its incorporation
into the matrix.3#3 Rapid formation of Ge nanowires with oligosilylgermane precursors
provides a high step velocity during the synthesis of the nanowires which enhances the
probability of In adatoms being trapped at the catalyst-nanowire interface with the fast
deposition of successive layers during nanowire growth. The fact that nanowires with faster
growth Kinetics, synthesized with precursor 1 over 5 min reaction time, exhibited higher In
incorporation (1.8 at%) compared to nanowires with slower growth rates synthesized with
precursor 2 over a 10 min reaction time (0.9 at%), is evidence that kinetic-dependent solute

trapping of In incorporation in the Ge nanowire lattice is happening.

Electrochemical experiments of Ge nanowires synthesised with precursor 1 at 180 °C

In order to investigate the electrochemical performance of the In-catalysed Ge
nanowires as Li-ion battery anodes, cyclic voltammetry and galvanostatic tests were performed
as shown in Figure 7. The first three CV scans are shown in Figure 7(a). Two weak peaks were
observed in the first anodic scan at ~ 1.11 and 0.68 V, which may be associated with the
formation of a solid electrolyte interface (SEI) layer.3* A sharp reduction peak was observed
at ~ 0.14 V, corresponding to the formation of a Li-Ge alloy during the anodic scan.®® Weak
shoulder peaks were also observed at ~ 0.21, 0.18 and 0.07 V, indicating that a number of
different and successively higher Li-mole fraction Li-Ge alloyed phases were formed during
electrochemical lithiation.*® From the second cycle onwards the reduction peak was shifted to
a slightly lower potential of ~ 0.11 V and also became broader. A broadening of the anodic
peaks after the first cycle has previously been attributed to a conversion of crystalline Ge to
amorphous Ge in tandem with delithitation processes.®” A strong oxidation peak was observed
in the first cathodic scan at ~ 0.59 V corresponding to the phase transition from LixGe to Ge.*®

Galvanostatic tests were performed in order to further evaluate the electrochemical

performance of the In-catalyzed Ge nanowires, in terms of specific capacity values and capacity
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retention during charge-discharge cycling. The galvanostatic charge and discharge curves for
the 1%, 2" 10" and 15" cycles for Ge nanowires at a C/20 rate are shown in Figures 7(b) and
(c). A sloping region in the first charge curve was observed from ~ 2.73 — 0.35 V, which may
be attributed to the formation of an SEI layer and the irreversible decomposition of the
electrolyte on the surface of the electrode material.> This is followed by a distinct long plateau
at ~ 0.3 V, corresponding to the alloying of the Ge nanowires with Li.*® A long plateau was
also observed in the first discharge curve at ~ 0.52 V corresponding to the dealloying of the Ge
nanowires, which is in close agreement with the potential at which the strong oxidation peak
occurred in the first anodic CV scan, shown in Figure 7(a).

The specific capacity values obtained over fifteen cycles are shown in Figure 7(d). The
initial charge and discharge capacities obtained were ~ 2678.9 and 1169.9 mAh/g respectively,
corresponding to a coulombic efficiency (CE) of ~ 43.7 %. The low initial CE can be attributed
to considerable volume changes of the Ge nanowires during alloying with Li, which may result
in the loss of electrical contact with the current collector.*® The capacities for the second charge
and discharge decreased to ~ 1236.2 and 1219.5 mAh/g respectively. Similar differences
between the capacities obtained for the first and second charge have previously been reported
for various Ge nanostructures.®®*4! However, from the second cycle onwards the capacity
retention was greatly improved achieving charge capacities of ~ 1008.1 and 920.5 mAh/g after
the 10" and 15™ charges, respectively. The significant difference in the specific capacity for
the initial charge and subsequent cycles may be attributed to the formation of an SEI layer and
local structure rearrangement in the nanowires to accommodate the mechanical stress induced
during alloying and dealloying.3” The capacities values obtained over 15 cycles were greater
than previously reported values for Au-seeded Ge nanowires*®*? and comparable to values
reported for Ge nanowires catalyszd with Sn , and like In, it also reversibly alloys with Li.
Previous reports indicate that Au does not reversibly alloy with lithium causing Au-seeded Ge

nanowires to suffer from significant capacity fading issues.!” In has previously been shown to

17



reversibly alloy with Li, accommodating up to 4.33 mol of Li per 1 mol of In,*® hence it is clear
that the increased capacities obtained for our Ge nanowires, compared to Au-seeded nanowires,
are due to the presence of In. This indicates that In is a suitable alternative catalyst to commonly
used Au and also that In-seeded Ge nanowires formed quickly at relatively low temperatures,

are a promising anode material for Li ion batteries.

Conclusion

High yield synthesis of In-catalysed Ge nanowires with new oligosilylgermane
precursors as Ge sources was performed using the SLS mechanism in a temperature range
between 180 and 380 °C. At high synthesis temperatures, a notable yield of 85 % was obtained.
However, to obtain the same yield at low temperatures, the presence of an oxidising agent such
as TOPO was necessary. As trimethylsilyl groups of the precursor react with OA or oxygen
from TOPO, the silyl groups remain in the solution phase and do not interfere with nanowire
formation. EDX analysis showed no silicon impurity existed in the structure of the Ge
nanowires and only the presence of approximately 1 to 2 at.% of In. Rapid synthesis of Ge
nanowires with new oligosilylgermane precursors enhances the solute trapping phenomenon
and increases the incorporation of In atoms in Ge nanowires. Electrochemical testing also
showed that the incorporation of In atoms in Ge nanowires greatly enhances the charge capacity
of the nanowires in comparison to previously reported values for Ge nanowires synthesized

with Au seeds.
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Detailed discussion on indium incorporation in Ge nanowires, NMR spectra of
precursors, SEM images of Ge nanowires synthesized in the presence of TOPO at high
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and XRD spectrum, 2°Si NMR spectra of the reactions and finally SEM image of Ge nanowires
synthesized in presence of OA and TOPO mixture at high synthesis temperature.
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Figures and Tables

Table 1. Yield and In content of Ge nanowires under different growth conditions.

Precursor | Synthesis Solvent Capping | Solvent: | TOPO | Ge:ln | Yield | Indium
type Temp. ligand | OAvol. | (mmol) | molar content
(°C) ratio ratio (at.%)
1 180 n-dodecane TOPO - 0.5 100:1 | 81% | 1.3+0.1
1 180 n-dodecane OA 1:1 - 100:1 | 23% -
1 300 n-hexadecane | TOPO - 0.5 100:1 | 81% -
1 300 n-hexadecane OA 1:1 - 100:1 | 77% | 1.6 05
1 350 Squalene OA 1:1 - 100:1 | 85% | 1.8+0.8
1 380 Squalene TOPO - 0.5 100:1 - -
2 350 Squalene OA 1:1 - 100:1 | 79% | 09x0.1
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Figure 1. (a) SEM image and (b) high resolution bright field TEM image of Ge nanowires
synthesized with precursor 1 in n-dodecane, in the presence of TOPO at 180 °C. Inset: In

nanoparticle at the tip of a Ge nanowire (scale bar: 200 nm).

26



Figure 2. SEM images of Ge nanowires synthesized with precursor 1 in presence of OA. (a)
Grown in n-dodecane at 180 °C. (b) Grown in n-hexadecane at 300 °C. (c) Grown in squalane

at 350 °C.
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Figure 3. (a) and (b) Bright field TEM images (inset: SAED pattern) of different Ge nanowires
prepared with precursor 1 in n-hexadecane in the presence of OA at 300 °C, displaying
longitudinal stacking faults. (c) and (d) Bright field TEM images of single crystalline (inset:
FFT pattern) and defected Ge nanowires (inset: SAED pattern) respectively, prepared with
precursor 1 in squalane in the presence of OA at 350 °C. (d) Longitudinal staking faults parallel

to the nanowire growth axis.
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Figure 4. (a) and (b) SEM images of Ge nanowires synthesized with precursor 2 in a
squalane:OA mixture at 350 °C. (c) and (d) Bright field TEM images of the same Ge nanowires.
(c) Straight and kinked nanowires are shown in the image. (d) In nanoparticle at the tip of a Ge

nanowire. FFT pattern in the inset confirms the crystallinity of the nanowire.
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Figure 5. Histograms of the diameter of the Ge nanowires obtained with: (a) Precursor 1 in the

presence of TOPO at 180 °C. (b) Precursor 1 in the presence of OA at 300 °C. (c) Precursor 1

in the presence of OA at 350 °C. (d) Precursor 2 in the presence of OA at 350 °C.
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Figure 6. Proposed mechanism involving the thermal decomposition of a oligosilylgermane
precursor, the subsequent reaction of TMS groups from the precursor with capping ligands and

finally the formation of an In-catalyzed Ge nanowire.
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Figure 7. (a) Cyclic voltammograms for Ge nanowires acquired at a scan rate of 0.2 mV s,

Charge and discharge voltage profiles for (b) the 1% cycle and (c) the 2", 10" and 15" cycles

for Ge nanowires at a C rate of C/20 in a potential window of 1.5 -0.01 V. (d) Comparison of

the charge and discharge specific capacity values obtained for over 15 cycles.
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