
Nanoscale
Advances

PAPER

O
pe

n 
A

cc
es

s 
A

rt
ic

le
. P

ub
lis

he
d 

on
 0

1 
W

ay
su

 2
02

3.
 D

ow
nl

oa
de

d 
on

 1
9/

07
/2

02
5 

10
:0

2:
37

 A
M

. 
 T

hi
s 

ar
tic

le
 is

 li
ce

ns
ed

 u
nd

er
 a

 C
re

at
iv

e 
C

om
m

on
s 

A
ttr

ib
ut

io
n-

N
on

C
om

m
er

ci
al

 3
.0

 U
np

or
te

d 
L

ic
en

ce
.

View Article Online
View Journal  | View Issue
Solution process
aDepartment of Chemical Sciences and B

Limerick, V94 T9PX, Ireland. E-mail: kevin.m
bDepartment of Physics and Bernal Institu

T9PX, Ireland

† Electronic supplementary informa
https://doi.org/10.1039/d3na00648d

‡ These authors contributed equally to th

Cite this:Nanoscale Adv., 2023, 5, 6514

Received 15th August 2023
Accepted 27th August 2023

DOI: 10.1039/d3na00648d

rsc.li/nanoscale-advances

6514 | Nanoscale Adv., 2023, 5, 6514
able Si/Ge heterostructure NWs
enabling anode mass reduction for practical full-
cell Li-ion batteries†

Temilade Esther Adegoke,‡a Syed Abdul Ahad,‡a Ursel Bangert,b Hugh Geaney*a

and Kevin M. Ryan*a

Here, we report the solution phase synthesis of axial heterostructure Si and Ge (hSG) nanowires (NWs). The

NWs were grown in a high boiling point solvent from a low-cost Sn powder to achieve a powder form

product which represents an attractive route from lab-scale to commercial application. Slurry processed

anodes of the NWs were investigated in half-cell (versus Li-foil) and full-cell (versus NMC811)

configurations of a lithium ion battery (LIB). The hSG NW anodes yielded capacities of 1040 mA h g−1

after 150 cycles which corresponds to a 2.8 times increase compared to a standard graphite

(372 mA h g−1) anode. Given the impressive specific and areal capacities of the hSG anodes, a full-cell

test against a high areal capacity NMC811 cathode was examined. In full-cell configuration, use of the

hSG anode resulted in a massive anode mass reduction of 50.7% compared to a standard graphite

anode. The structural evolution of the hSG NW anodes into an alloyed SiGe porous mesh network was

also investigated using STEM, EDX and Raman spectroscopy as a function of cycle number to fully

elucidate the lithiation/delithiation mechanism of the promising anode material.
1. Introduction

Graphite with its low theoretical capacity of 372 mA h g−1 in Li-
ion battery (LIB) anodes is unable to keep pace with the
increasing energy density targets of long-range electric vehicles
(EVs).1,2 Increasing the energy density of future LIBs, requires
the use of high-capacity electrode materials such as Li alloying
anode materials. This requirement makes Si and Ge attractive
anode materials due to the Li-rich binary alloys formed during
charging resulting in their high theoretical specic capacities of
3579 mA h g−1 and 1384 mA h g−1 respectively.3–11 However, for
bulk Si and Ge, continuous cycling and Li alloy formation
unfortunately causes a large volume change (∼300%) that leads
to pulverization and loss of electrical conductivity.12,13 These
limitations result in capacity fade and shorten the battery cycle
life ultimately warranting alternative solutions.

Nanostructured morphologies such as Li-alloying anode
NWs serve as promising alternatives due to their mechanically
robust structure and high resistance to volume change related
degradation.9,11 NW anode offer numerous advantages
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including enhanced electrical conductivity, high surface area
and shortened paths for Li-ion transport.9,14 In addition, the
restructuring of alloying NWs (i.e. Si, Ge, and Sn) into a porous
network of the starting materials due to repeated Li cycling has
been observed to promote capacity retention of the
electrode.11,15–17 While the majority of research have either
focused on pure Si or Ge NW anodes, some reports have
demonstrated the benets of combining Si/Ge within the same
NW architecture to curb the poor rate capability due to low
conductivity of Si and high material cost of Ge.18–20 The lower
cost and high capacity of Si vs. the high conductivity (10 000×)
and Li ion diffusivity (400×) of Ge is leveraged in this work to
form electrodes with excellent charge storage capacity and
cycling stability, likely coupled with increased mechanical
strength of the Si/Ge matrix formed during cycling.16,17,21,22 To
date, a range of Si/Ge NW architectures have been formed,
including alloyed NWs,22,23 core/shell,24 axial hetero-
structures21,25 and branched structures.17

Si and Ge NWs architectures can be obtained via a variety of
synthetic protocols.26–31 A well-known route for substrate grown
NWs is chemical vapour deposition (CVD). However, the low
achievable yields is a signicant hurdle for the use of NWs as
active materials in practical applications. Alternative methods
to improve NW yield include the use of high surface area
substrates such as porous Ni and Cu foam.32,33 More recently
explored is the use of Cu-silicide NW networks as growth
substrates for high-density NWs.34,35 Integrating this substrates
grown NW into traditional battery congurations is still
© 2023 The Author(s). Published by the Royal Society of Chemistry
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challenging, especially since the inactive nanostructured
network adds dead mass to the nal device.

Solution based growth can ease the practical implementa-
tion of NWs since the active materials are dried to form powder
products that can be slurry processed. To this end, Heitsch et al.
demonstrated the solution–liquid–solid (SLS) synthesis of Au
and Bi seeded Si NWs by thermal decomposition of trisilane in
high boiling point solvent at atmospheric pressure.36 Au has
been widely employed as catalyst material for Si and Ge NWs
due to its Au/Si and Au/Ge eutectic behaviour.37 However, there
has been a shi from the use of Au as catalyst for NW growth
due to its high cost and low abundance. Furthermore, Au is an
electrochemically inactive material in LIB anodes and adds
extra mass to the nal electrodes.38 An attractive alternative
catalyst is tin (Sn), which actively participates in Li cycling (with
a specic capacity of 994 mA h g−1) and contributes to the
overall specic capacity.6 Solution based syntheses have been
used to produce Si6,40 and Ge5,39 NWs for slurry processed
anodes. However, to the best of our knowledge, no reports have
shown the formation of complex heterostructure Si and Ge
(hSG) NWs for high mass loading, slurry processed anodes.

Here we demonstrate the solution phase synthesis of heter-
ostructure Si and Ge (hSG) NWs, from Sn catalysts within a high
boiling point solvent (HBS) system.17,25,39 The Sn seeded hSG
NWs were then utilized as the active material for slurry pro-
cessed LIB anodes and provided synergistic advantages of both
Si and Ge for Li storage. The resulting electrochemical half-cell
cycling delivered a high specic capacity of 1040 mA h g−1

(1.5 mA h cm−2) with a coulombic efficiency (C.E) of 98.9%. This
capacity corresponds to 2.8 times capacity improvement in
comparison to a standard graphite anode (372 mA h g−1).
Qualitative post-mortem STEM and EDX analysis revealed the
formation of a porous and electrochemically active network that
formed during repeated cycling. The hSG anode was paired with
a NMC811 cathode, delivering a specic capacity of
100 mA h g−1 with a C.E of 99.1% at 0.2C aer 100 cycles. This
performance was achieved with pure hSG NWs without the use
of any conductive coatings on the NWs, indicating the potential
of the hSG NWs as a highly promising anode material for next-
generation LIBs.

2. Materials and methods
2.1 Synthesis of hSG NWs

Sn nanoparticles (NPs) with <150 nm diameters were used as
the growth catalyst for the heterostructured NWs, grown via SLS
mechanism. Prior to the NW growth, 5 mg of Sn NPs were
sonicated for 5 min in a vial containing 9 mL of squalane (99%
Aldrich). The Sn Np/squalane solution was added into the long-
neck Pyrex, round bottomed ask and connected to a condenser
sealed with a septum cap. The reaction ask was setup inside
a three-zone furnace and connected to a Schlenk line for control
of chemical reactivity during synthesis. Using the Schlenk line
to eliminate all residual moisture, the furnace was heated to
125 °C under vacuum (<300 mTorr) for 30 min and then
switched to Ar gas. The solution was then heated to the required
reaction temperatures under a continuous Ar ow and reux
© 2023 The Author(s). Published by the Royal Society of Chemistry
through a water condenser. The reaction temperature varied
from 430 °C to 460 °C to facilitate the decomposition of the
precursors.

Si NW segment. The growth of Si NWs was carried out at
reaction temperature 460 °C. First, 1 mL of phenylsilane (PS)
was injected through the septum cap into the reaction ask.
Aer 5 min, 0.02 mL of a LiBH4 solution was also injected to
reduce the surface oxides on the Sn catalysts and enhance Si
NW growth. The reaction was allowed to proceed for a duration
of 40 min.

Ge NW segment. The reaction temperature was lowered to
430 °C and allowed to stabilize over a 15 min duration. The Ge
precursor was prepared by mixing triphenylgermane (TPG) and
squalane in a 1 : 4 ratio and sonicated for 30 min. Subsequently,
0.5 mL of the mixture was injected into the reaction system and
the reaction was allowed to proceed for 8 min. The reaction was
quenched by turning off the furnace and allowed to cool to
room temperature before the ask was removed from the
furnace.

Washing steps. The ask was sonicated for 5 s to redisperse
the NWs from the walls of the ask into the residual squalane
solution at the bottom of the ask. Followed by centrifuging the
NW solution at 5000 rpm for 10 min. The supernatant was
discarded and redispersed in a toluene/isopropanol (1 : 1)
mixture and repuried by centrifugation. This washing step was
repeated two more times and the precipitate was collected and
dried in a vacuum oven at 100 °C for 12 h, resulting in a NW
yield of 11 mg.

2.2 Material characterisation

The hSG NWs were disseminated in ethanol. The solution was
drop cast onto a 1 cm× 1 cm copper foil and lacey carbon sheet
(Cu grid) for electron microscopy characterisation. Scanning
electron microscopy (SEM) and scanning transmission electron
microscopy (STEM) data were obtained. An FEI (Thermo) Helios
G4 CX Dual-beammicroscope with an Oxford X-maxN 50 Energy
dispersive X-ray spectroscopy (EDX) detector was used for all
SEM analyses of the NWs on copper foil. The operating
parameters were 20 kV & 1.4 nA. The Cu TEM grid anchoring the
NWs was placed in an FEI double-tilt holder, and STEM
measurements were carried out in the Thermo-Fisher Scientic
FEI double-aberration-corrected monochromated Titan Themis
S/TEM. Images were recorded with the high-angle annular dark-
eld (HAADF) detectors for Z-contrast imaging to highlight the
transition between the Ge and Si segments of the NWs.

Additionally, EDX maps were captured in HAADF STEM
mode. X-ray diffraction (XRD) analysis of hSG NWs was per-
formed using a zero-background disk. The XRD instrument was
a PANalytical Empyrean instrument tted with a Cu Ka source (l
= 1.5418 Å) and an X'celerator detector. Raman spectroscopy
measurements were performed with a Horiba Labram 300
spectrometer instrument tted with a 532 nm laser.

2.3 Electrochemical measurements

A hSG NW slurry mixture of 60% hSG, 20% carbon black and
20% carboxymethyl cellulose (CMC) binder and DI water was
Nanoscale Adv., 2023, 5, 6514–6523 | 6515
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casted on a copper (Cu, 16–18 mm) foil. The slurry was nally
dried overnight in a vacuum oven at 100 °C. The hSG NW
electrodes were cut in circular shape with an average mass
loading of 1.3–1.5 mg cm−2. For electrochemical characteriza-
tion two electrodes CR2032 coin cells or Swagelok cells were
assembled in an Argon lled glove box with O2 and moisture
levels kept below 1 ppm. A Celgard 2325 membrane was used as
electrode separator and an electrolyte solution of 1 M LiPF6 in
ethylene carbonate/diethyl carbonate (1 : 1 v/v) mixed with 10%
uoroethylene carbonate. An electrolyte volume of 80 mL was
used for both half and full-cell studies.

For theoretical capacity calculation of hSG electrode, the
mass of all active materials i.e. Si, Ge and Sn was considered
while (Si) 3579 mA h g−1, (Ge) 1384 mA h g−1 and (Sn)
994 mA h g−1 were used as theoretical capacities (Fig. S1†). The
theoretical capacity of hSG was calculated to be 2411 mA h g−1.
Half-cell testing was conducted by pairing the hSG NW elec-
trodes with Li foil as the counter/reference electrode and cycled
within a potential range of 0.011–2.0 versus Li/Li+. The half-cell
was tested at 0.1C (5 cycles) and eventually at 0.2C for long-term
cycling. For full cell assembly, NMC811 (9.71 mg cm−2,
2 mA h cm−2) tape procured from NEI corporation was used
directly as cathode and a P/N ratio of 1.18 was used to assemble
hSG NW–NMC full-cell. For full cell testing, hSG anode was
cycled for 5 cycles and stopped at 50% prelithiation stage before
pairing it with a NMC811 cathode. The full cell was cycled at
0.1C (5 cycles) and eventually at 0.2C between 2.8–4.2 V. All
electrochemical testing and electrochemical impedance spec-
troscopy was conducted using Biologic Instruments at ambient
laboratory temperatures.

3. Results and discussion

Fig. 1a illustrates the solution–liquid–solid (SLS) synthetic
approach for the growth of hSG NWs. This solution-based
synthetic route consists of a high boiling point solvent (HBS)
and Sn nanoparticles that form a eutectic with the Si and Ge
reactants.21,25,39–41 Si and Ge segments of the NWs were synthe-
sized by sequential thermal decomposition of PS and TPG in
HBS squalane at temperatures greater than 400 °C leading to
a yield of hSG NWs (>10 mg per synthesis). This achievable yield
is 10-folds higher than what is currently been obtained for hSG
NWs grown on low surface area planar substrates.16,17,21 XRD
analysis in Fig. 1b further conrmed the successful synthesis of
crystalline Si and Ge in hSG NWs with peaks corresponding to
tetragonal Sn, cubic Si and cubic Ge. A scanning electron
microscopy (SEM) image of the SLS grown hSG NWs is shown in
Fig. 1c. The high degree of polydispersity in the NW diameter
can be associated with the varied size distribution of the Sn NP
used as catalyst. A further contributor may be the low melting
point of Sn, resulting in nanoparticle agglomeration from the
high reactivity and chemical instability of Sn at high tempera-
tures.42 The NWs are typically several microns long and the
product contains a mixture of straight and bent NWs. The
average diameter of the Si and Ge segments were 180 nm and
228 nm respectively and the corresponding size distribution is
shown in Fig. S2.† The Sn : Si : Ge ratios were investigated using
6516 | Nanoscale Adv., 2023, 5, 6514–6523
SEM EDX detector where the weight% of multiple areas of the
substrate were determined and averaged as 18 : 50 : 32
(Fig. S1†). The Si and Ge contributions as well as NW yield
increases at longer growth times making the Sn : Si : Ge ratios
tunable. TEM-EDX mapping clearly show the variation in
elemental composition along the NW length (Fig. 1d).

High angle annular dark eld scanning transmission elec-
tron microscopy (HAADF-STEM) and EDX elemental mapping
revealed the heterointerface and the distribution of Si and Ge
(Fig. 2). Fig. 2a and b show low and high magnication views of
the hSG NW and a diameter expansion beginning at the Ge
segment of the NW. The high resolution image in Fig. 2d shows
the resolved atomic columns along the NW heterointerface; the
interplanar spacing (d) is 0.3236 nm for crystalline Si and
0.3428 nm for crystalline Ge. The Fast Fortier transform (FFT)
viewed down the [110] zone axis conrmed the NW's h111i
growth direction. FFTs spots in Fig. 2e were indexed with dia-
mond cubic Si and Ge (Fd�3m).

Additionally, we investigated the defects characteristics of
the hSG NWs (Fig. S3†). The main defects observed in the SLS
grown NWs were twin boundaries (TB) and stacking faults (SF),
parallel to the growth direction. The NW overview (Fig. S3†)
exhibits a SF that originates in the Si segment of the NW and
extend in to the Ge segment which was also previously observed
for Sn seeded heterostructures.25,43 High-magnication and
atomic resolution STEM images of the hSG NW show the SF
along its length in clearer detail. The SF propagated in the h111i
direction evident by the presence of streaks in the (111) type
plane, which are characteristics of planar defects.40,44–47 Planar
faults are oen growth mechanism dependent and are present
in high densities in Vapour Liquid Solid (VLS) grown NWs.46

The SLS mechanism is analogous to VLS and similar defects
have been observed in Si21,48 and Ge44,46,49 NWs. Defect proba-
bilities in Si and Ge NWs have been seen to be inuenced by the
instability of the metal catalyst which in turn inuences the
kinetics of the NW growth including defect propagation.25,39,45

Previous reports have demonstrated that not only can defect act
as catalyst doping sites and enhance the conductivity,25,50–52 but
may also inuence the mechanical properties of nano-
structures, improving their plasticity and strength. This
suggests that the presence of SF in the hSG NWsmay contribute
to strain relaxation the NWs where the origin of strain is due to
lithium insertion and extraction.53,54

The electrochemical performance of hSG NWs was gauged by
pairing with a Li counter electrode in a half-cell conguration.
The galvanostatic cycling showed that hSG NWs delivered an
initial lithiation capacity of 2544 mA h g−1 at 0.1C (Fig. 3a). Aer
initial pre-cycling at 0.1C, the hSG NW anode delivered a lith-
iation capacity of 1742 mA h g−1 at 0.2C with a high coulombic
efficiency (C.E) of 97.6%. In comparison, the Si NWs anode
delivered an initial specic capacity of 1140 mA h g−1 at 0.2C
with a C.E of 96%. Aer 150 cycles, the hSG NW anode further
delivered a high specic capacity of 1040 mA h g−1

(1.5 mA h cm−2) with an average C.E of 98.9% notable due to the
increased cycling stability offered by Ge. In contrast, the specic
capacity of the Si NWs anode decreased signicantly to
610 mA h g−1 aer 150 cycles, which is 1.7 times lower than that
© 2023 The Author(s). Published by the Royal Society of Chemistry
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Fig. 1 (a) Schematics of the solution phase growth of Sn seeded hSG NWs, (b) corresponding XRD analysis, (c) SEM image of hSG NWs, (d) EDX
elemental maps showing Sn, Si and Ge segments in a single hSG NW.
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of the hSG NW anode. This suggests that the properties of both
the high capacity Si segment and the high Li-ion diffusivity/
conductivity Ge segment can be employed together in the
form of hSG NWs to develop anodes with high cyclic perfor-
mance for Li-ion batteries. The specic capacity of the hSG NW
anode achieved aer 150 cycles is approximately 2.8 times
higher than a standard graphite anode (372 mA h g−1), making
Fig. 2 HAADF-STEM analysis of hSG NW (a) low-magnification STEM im
image, (c) EDXmaps with Si in red and Ge in green, (d) an atomic-resoluti
axis, indicating a coherent interface between the Si and Ge segments, (e)
atomic-resolution STEM image.

© 2023 The Author(s). Published by the Royal Society of Chemistry
the hSG anode a viable anode to achieve higher energy densities
in Li-ion full cell congurations as well. It should be noted that
the areal capacity of 1.5 mA cm−2 is signicantly higher than
what was achieved for hSG directly grown on planar current
collectors in our previous work, where we showed areal capac-
ities of <0.2 mA h cm−2.16
age showing the overview of the NW, (b) a higher magnification STEM
on HAADF-STEM taken from the same NW viewed down the [110] zone
FFT signals corresponding to the individual Si and Ge segments of the

Nanoscale Adv., 2023, 5, 6514–6523 | 6517
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Fig. 3 (a) Cyclic performance of hSGNWs and Si NWs at 0.2C cycled between 0.011–2.0 V, (b) corresponding voltage–specific capacity plot and
(c) EIS analysis of hSG NWs after 1st and 50th cycle of hSG NWs.
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The voltage–specic capacity plot of hSG anode aer the 1st

and 50th cycle (at 0.2C) show stable lithiation/delithiation
proles during cycling (Fig. 3b). The corresponding voltage–
specic capacity prole of Si NWs are given in Fig. S4† for
comparison. The Electrochemical impedance spectroscopy
(EIS) analysis was performed aer the 1st and 50th cycle to
understand the reaction kinetics during cycling (Fig. 3c). The
EIS analysis shows a charge-transfer resistance (Rct) of 47.9 ohm
aer 1st cycle which decreased to 5.1 Ohm (9 times lower) aer
50th cycle (Fig. S5, Table S1†). The low Rct value aer 50th cycle
signies stable SEI formation, minimizing electrolyte decom-
position and capacity losses during cycling.55,56 The rate capa-
bility test performed at 0.1, 0.2, 0.5 and 1C delivered specic
capacities of 2300, 1786, 1511 and 1146 mA h g−1 respectively
(Fig. S6a†). The corresponding voltage–specic capacity plot of
hSG NWs at various C-rates is given in Fig. S6b.†

The structural evolution of hSG NWs was studied using
STEM analysis in combination with the electrochemical
kinetics during cycling. The differential capacity (dQ/dV) plot of
hSG NWs aer the 5th cycle (at 0.2C) shows several peaks during
the lithiation/delithiation steps (Fig. 4a). Specically, the peak
appearing during lithiation at 0.65 V (A) corresponds to lith-
iation of the Sn57,58 while the peak appearing at 0.41 V (B)
corresponds to lithiation of the Ge.11 Other peaks are also
observed at 0.25 V (C) and 0.08 V (D) belonging to lithiation of
Si.45,59,60 Similarly, during delithiation step, the peak at 0.43 V (E)
indicate Si delithiation,45,59 another peak at 0.51 V (F) indicates
delithiation of Ge and while peaks at 0.60 V (G), 0.72 V (H) and
0.80 V (I) were attributed to delithiation of Sn.11,45,61 The indi-
vidual lithiation/delithiation peaks originating from Si, Ge and
6518 | Nanoscale Adv., 2023, 5, 6514–6523
Sn show that all three materials are active during the electro-
chemical cycling. STEM analysis of hSG NWs aer 5 cycles
shows conversion of Si and Ge segments into a mesh-like
structure due to the Li insertion and extraction while still
maintaining the initial NW outline and the interface separating
both segments. The visible STEM contrast shows a distinction
between the Si and Ge segments even aer 5 cycles with EDX
elemental maps of all the active materials. The transformation
of the Sn seed can also be seen in (Fig. S7a†) and both Si and Ge
segments have also become amorphous and no longer signify
an ordered crystalline structure (Fig. S7b and c†).

To further understand this structural and compositional
evolution, the differential capacity plots aer 25th and 50th

cycles and the corresponding structural changes in hSG NWs
were analysed (Fig. 4b and c). The dQ/dV plot aer 25th and 50th

cycle shows lithiation peaks at J (0.46 V), K (0.29 V), M (0.14 V)
which corresponds to Ge lithiation and L (0.24 V), N (0.04 V)
corresponds to lithiation of Si.62–65 The major delithiation peak
at 0.30 V (O) and 0.51 V (P) corresponded to the delithiation of Si
and Ge respectively. The dQ/dV plots of pure Si NWs (Fig. S8†)
clearly shows the absence of Ge NW lithiation/de-lithiation
peaks, which conrms the combined electrochemical activity
of Si and Ge in hSG anode. The merging of most of the peaks (as
compared to 5th cycle) suggests that during repeated electro-
chemical cycling, the Si and Ge segments have alloyed.17 Cor-
responding STEM analysis of the hSG anode aer 25 cycles,
suggests complete restructuring of the initial NW morphology
into a mesh structure and Li- assisted welding of neighbouring
individual NWs.11,16 EDX elemental maps showing complete
© 2023 The Author(s). Published by the Royal Society of Chemistry
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Fig. 4 Differential capacity plot of hSG NWs after (a) 5th, (b) 25th and (c) 50th cycle at 0.2C with corresponding STEM and EDX images. (d)
Schematic illustration of the structural evolution of hSG NW during Li cycling.
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overlap and uniform distribution of Si (red), Ge (green) and Sn
purple segments (Fig. 4b).

Also, STEM analysis aer 50 cycles shows agglomeration and
merging of several neighbouring hSG mesh structure, creating
bigger mesh interconnected networks during further cycling
(Fig. 4c). Formation of such mesh-like network might be
another reason for low Rct value aer 50 cycles, suggesting faster
electrochemical kinetics as well. Moreover, the interconnected
mesh structure could help with accommodating large volume
expansion during the lithiation/delithiation process.17 To
conrm the presence of a Si–Ge alloy in the cycled anode,
Raman spectroscopy was performed on the pristine as well as
cycled anodes aer the 5th and 25th cycle (Fig. S9†). The Raman
spectra of the pristine hSG NWs and hSG NWs aer 5 cycles,
show the presence of only two peaks around 300 cm−1 and
500 cm−1, originating from Ge–Ge and Si–Si bond respectively.
However aer 25 cycles, an additional peak around 400 cm−1
© 2023 The Author(s). Published by the Royal Society of Chemistry
originating from Ge–Si bond appears, which conrms the
presence of SiGe alloy in the cycled NWs.17,66,67 This suggests
that with increasing number of cycles, Si and Ge segments
intermix to form SiGe alloy electrochemically as well. This re-
affirms the evidence shown in the differential capacity plots
and STEM analysis that the Si and Ge segments in hSG NWs
converts to an SiGe alloy during electrochemical cycling
(Fig. 4d). This feature is unique since earlier report suggest SiGe
alloy NWs were synthesized via CVD process at higher temper-
atures and/or through simultaneous magnetron sputtering of Si
and Ge on substrates.22,66

hSG NWs were also paired with high areal capacity NMC811
(2 mA h cm−2) cathodes in a full-cell conguration. The galva-
nostatic cycling was conducted between 4.2–2.8 V at 0.2C. Aer
initial pre-cycling at 0.1C, the hSG NW/NMC full-cell delivered
a specic capacity of 161 mA h g−1 at 0.2C with a coulombic
efficiency of 96.6% (Fig. 5a). Thereaer, the hSG/NMC cell
Nanoscale Adv., 2023, 5, 6514–6523 | 6519
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Fig. 5 (a) Cyclic performance of hSG–NMC811 at 0.2C cycled between 4.2–2.8 V, (b) rate capability analysis of hSG–NMC811 cell and (c)
corresponding voltage–specific capacity graph of rate capability test at various C-rates.
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demonstrated a specic capacity of 127 mA h g−1 aer 50 cycles
with a capacity retention of 79%. The capacity settled at
∼100 mA h g−1 aer 100 cycles with an average coulombic
efficiency of 99.1%. The corresponding anode specic capacity
is also given with the capacity fade expected due to the limited
Li supply (fromNMC811) cathode as compared to Li metal (half-
cell). With a P/N ratio of 1.18 used in balancing hSG–NMC811
full cell, a 50.7% decrease in the total anode mass (including
binder and conductive additive) was observed as compared to
a standard graphite–NMC811 full cell (Table S2†). Such
decrease in the anode weight is highly benecial in terms of
increasing the total energy density of commercial batteries
using hSG NW anode. The corresponding voltage–specic
capacity plot aer 1st and 50th cycle is given in Fig. S10.† To test
the electrochemical performance of hSG/NMC conguration at
high C-rates, rate capability test at 0.1, 0.2, 0.5, 1 & 2C delivered
a specic capacity of 162, 160, 129, 106 and 80 mA h g−1,
respectively (Fig. 5b). The corresponding voltage–specic
capacity plots show stable lithiation/delithiation prole of full
cell at various C-rates (Fig. 5c). Overall, the hSG demonstrated
robust performance in both half- and full-cell congurations,
emphasizing its suitability for high performance Li-ion battery
anodes.

4. Conclusion

In summary, we have reported a solution-based synthesis of
hSG NWs using low-cost Sn powder. Unlike NW growth on
planar substrates with low masses, the solution-based synthesis
6520 | Nanoscale Adv., 2023, 5, 6514–6523
technique of hSG NWs has a potential of scaling up (with
product in powder form), paving the way for high mass loadings
during slurry processing. The hSG NW anode delivered an
excellent specic capacity of 1040 mA h g−1 aer 150 cycles with
an average coulombic efficiency of 98.9%. The detailed post-
mortem characterisation revealed structural evolution of the
hSG NWs with Si and Ge segments converting into a SiGe alloy
over extended cycling. The conversion of the starting NW
morphology into an interconnected mesh-like structure
contributed towards enhanced electron-transfer kinetics.
Finally, the use of hSG NW anode in Li-ion full-cells was
demonstrated by pairing with high areal capacity NMC cath-
odes, delivering a specic capacity of 100 mA h g−1 aer 100
cycles at 0.2C with an average C.E of 99.1%. Overall, this report
validates the successful use of segmented Sn seeded Si–Ge NWs,
which can replace low-capacity graphite anodes to increase
energy density in future high-energy LIBs.
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