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ABSTRACT
The unique properties and structural merits of multidimensional germanium (Ge) nanostructures have enabled their broad appli-

cations in energy storage, biomedical engineering, and sensor technologies. Nevertheless, the current synthesis strategies for Ge

nanostructures are highly reliant on size-specific control methods, while achieving controllable fabrication of multidimensional

nanostructures under a unified scale range constraint remains a critical challenge. Herein, we present a precisely controlled

galvanic replacement reaction strategy for the structural inheritance synthesis of multidimensional Ge nanostructures, establish-

ing clear structure-performance relationships for enhanced lithium storage. A remarkable rate capability is achieved in engi-

neered Ge nanostructures, showing specific capacities of 24.2, 15.2, and 9.0 times that of bulk Ge at 10 A g−1 for NWs, NPs,

and NSs, respectively. Particularly, the NWs exhibited superior cycling stability, maintaining a reversible capacity as high as

1,132 mAh g−1 after 200 cycles at 1 A g−1. The exceptional electrochemical enhancement originates from effective interfacial

stress mitigation during lithium alloying/dealloying processes and optimized charge–transfer kinetics enabled by nanostructural

engineering, as systematically verified through electrochemical kinetic analyses. This work proposes a universal synthesis method

for multidimensional alloy-type anode materials, reveals the structure-performance correlations, and offers valuable insights for

the design of high-performance energy storage materials.

1 | Introduction

Germanium (Ge) nanostructures have emerged as versatile func-
tional materials due to their quantum confinement effects and
tunable surface chemistry, enabling tailored applications across
energy storage, biomedical engineering, infrared optoelectronics,
and catalytic conversion technologies [1–7]. Zero-dimensional
Ge nanoparticles (NPs), for example, demonstrate significant
potential in antimicrobial nanotherapeutics [8], photothermal

therapy [9], and third-generation photovoltaic devices [10].
One-dimensional Ge nanowires (NWs) offer distinct advantages
in high-sensitivity piezoresistive sensors [11], high-rate alkali-ion
battery anodes [12–14], and broadband photodetectors [15, 16].
Two-dimensional Ge nanosheets (NSs) exhibit exceptional prop-
erties for mid-infrared plasmonics [7, 17, 18], biodegradation
[19], and interfacial charge storage [20], which are attributed
to their anisotropic electron transport properties.
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To fabricate Ge nanostructures with tailored architectures,
researchers have developed a variety of synthesis methods. For
example, Yang et al. [21] prepared three-dimensional nanopo-
rous Ge via a dealloying approach, which involves melting
and casting metal ingots followed by acid etching to remove
excess metal. Despite its simplicity, this method requires high
temperatures (>700°C) and is generally restricted to producing
3D porous morphologies. Metallothermic reduction [22, 23]
and gas-phase reduction [24–27] methods utilize reducing agents
(e.g., metallic zinc or H2) to reduce GeO2 into metallic Ge. These
processes still depend on high temperatures (>400°C) and
involve additional steps such as acid washing to remove byprod-
ucts or require sealed environments for safe hydrogen handling.
Moreover, they typically yield only porous nanomaterials due to
the removal of oxygen atoms from the GeO2 framework.
Chemical vapor deposition (CVD) is another widely adopted
technique for producing Ge nanostructures like NWs [28, 29]
and nanotubes [30]. Nonetheless, CVD also operates at elevated
temperatures (>400°C), often under vacuum and employs haz-
ardous precursors such as germane (GeH4), introducing consid-
erable operational risks. Li et al. [31] employed electrospinning,
which reduces the reaction temperature (<300°C) and can be
conducted in air, yet this method suffers from low production
efficiency, process instability, and high-voltage hazards and is
limited to generating NWs. Electrochemical deposition [32–34]
represents another route offering high efficiency and good con-
trollability. However, it usually requires templates, and the nano-
structures are often damaged during template removal. Issues
such as poor reproducibility, nonuniform deposition, and uncon-
trollable morphology pose significant challenges to its utility.
Additionally, the energy consumption associated with the
required electric field is another factor that must be considered.
In comparison, wet chemical synthesis [35, 36] holds consider-
able promise for its mild reaction conditions, rapid processing,
and avoidance of high temperature or vacuum. However, this
solution-based crystallization method not only often leads to
poorly controlled morphology but also frequently requires the
use of the highly toxic solvent trioctylphosphine (TOP) [2, 37].
Furthermore, the relatively low reduction potential of Ge2+

makes the solution-phase synthesis of defined Ge nanostructures
particularly difficult. In summary, most existing methods suffer
from energy-intensive high-temperature requirements, complex
equipment, or a lack of versatility.

To overcome these challenges, we developed a dimensionally
programmable strategy based on a galvanic replacement reaction
(GRR), enabling the rapid (within 8 h) and high-yield synthesis of
well-defined Ge nanostructures—including zero-dimensional
particles (0D NPs), one-dimensional nanowires (1D NWs), and
two-dimensional nanosheets (2D NSs)—through structural
inheritance from redox-active Cu nano-templates. Importantly,
the process operates at a relatively low temperature (240°C)
and utilizes the environmentally benign solvent DMPU as a safer
and more sustainable alternative to TOP, thereby significantly
improving the sustainability and safety. Leveraging mild reaction
conditions and readily available precursors, this approach offers
an efficient, scalable synthetic route that effectively addresses key
limitations of existing techniques. The as-synthesized Ge nano-
structures were systematically evaluated as advanced anode
materials in lithium-ion batteries (LIBs), revealing intrinsic cor-
relations between dimensionality and electrochemical storage

behavior. Electrochemical evaluations revealed exceptional rate
performance with specific capacities of 516.9 mAh g−1 (NWs),
326.1 mAh g−1 (NPs), and 193.5 mAh g−1 (NSs) at 10 A g−1, cor-
responding to enhancements of 24.2, 15.2, and 9.0 times over
bulk Ge (21.4 mAh g−1). The Ge nanostructures (NWs, NPs,
and NSs) exhibited outstanding stability after 200 cycles at
1 A g−1, achieving 4.6-, 3.0-, and 3.6-fold higher reversible capac-
ities than bulk Ge, respectively. The enhanced performance
stems from synergistic effects including high ionic accessibility,
mitigated volume variations, and improved electron transport,
collectively alleviating pulverization issues common in alloy-type
electrodes. A comprehensive electrochemical kinetic investiga-
tion, employing electrochemical impedance spectroscopy (EIS),
cyclic voltammetry (CV), and galvanostatic intermittent titration
technique (GITT), unveils synergistic enhancement mechanisms:
(i) nanoconfinement-induced interfacial stress relaxation, and
(ii) hierarchical structure-driven charge–transfer acceleration.
Significantly, the 1D NW configuration forms 3D percolation net-
works that simultaneously provide continuous electron pathways
and mechanical buffering spaces. This GRR-based synthetic
strategy presents universal applicability in fabricating diverse
alloy-type nanostructures (Sb, Bi, Sn) featuring programmable
architectures, and provides insights into the material design of
next-generation energy storage systems.

2 | Results and Discussion

2.1 | Synthesis and Characterization of
Multidimensional Ge Nanomaterials

Figure 1 illustrates our dimensionally programmable synthesis
strategy, where structural inheritance from sacrificial Cu tem-
plates enables precise morphological control. The three-stage
process involves the following: (i) template engineering of 0D
Cu NPs (via thermal decomposition), 1D Cu NWs (via hydrother-
mal growth), and 2D Cu NSs (via roller pressing techniques)
(Figures S1 and S2); (ii) an interface-dominated galvanic replace-
ment reaction (GRR) driven by redox potential modulation; and
(iii) phase-pure Ge nanostructure formation via ion exchange.
The Cu templates play dual roles: as structural scaffolds enabling
dimensional control via epitaxial confinement, and as electron
donors for Ge2+ reduction. The thermodynamic barrier is over-
come via iodide-mediated potential alignment (Eθ(Cu+/Cu) =

FIGURE 1 | Schematic illustration of the synthesis routes for the 0D

Ge NPs, 1D Ge NWs, and 2D Ge NSs.
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+0.521 V> Eθ(Ge2+/Ge) = +0.1 V) (Table S1), with the interfacial
potential gradient (Note S1,ΔE= +0.1397 V) calculated using the
Nernst equation. This design principle enables the spontaneous
reaction: 2Cu + GeI2 → Ge+ 2CuI. Trioctylphosphine (TOP) was
chosen as the optimal solvent owing to its exceptional GeI2 sol-
ubility, strong CuI complexation, and catalytic role in activating
the Ge─I bond cleavage [2]. Guided by green chemistry princi-
ples, we engineered a solvothermal synthesis in less-toxic DMPU
(N,N’-dimethylpropyleneurea) [38] through kinetic modulation
of precursor concentration (1:0.6–1:1.2), temperature (200°C–
240°C), and reaction time (4–8 h). This approach achieved
high-purity Ge NWs (Figures S3 and S4) while eliminating tra-
ditional high-toxic solvents (TOP).

The synthesized multidimensional Ge nanostructures were char-
acterized in terms of their structure and crystalline phase, with
the results presented in Figure 2. The X-ray diffraction (XRD)
patterns in Figure 2a show that all Ge nanostructures exhibit
the characteristic diamond cubic structure (JCPDS No. 04-
0545) [39], confirming the successful synthesis of pure-phase
Ge nanostructures via transformation from Cu templates. The
structural information of the Ge nanomaterials was further veri-
fied through Raman spectroscopy. As shown in Figure 2b, the
characteristic E2g phonon mode [7, 40–42] of diamond-cubic
Ge exhibits a sharp resonance at 290 cm−1. The agreement
between the XRD and Raman spectroscopy results substantiates
the stability and reproducibility of the proposed methodology
under identical conditions. XPS depth profiling elucidates the
surface chemistry evolution during galvanic replacement. The
survey spectrum [43] (Figure 2c) confirms complete Cu removal,
as no signals related to Cu were observed. High-resolution Ge 3d
analysis (Figure 2d) deconvolutes two chemical states: metallic
Ge–Ge (29.0 eV) and surface GeOx (32.2 eV) [43, 44]. But no

signal of GeOx was detected in either XRD or Raman analyses,
indicating that oxidation is confined to the material surface.

The structural evolution from Cu templates to Ge nanostructures
was systematically investigated through scanning electron
microscopy (SEM) and transmission electron microscopy
(TEM). As shown in Figures 3a1–c2 and S5, the synthesized
0D Ge NPs (70 nm), 1D Ge NWs (diameter: 70 nm), and 2D
Ge NSs (thickness: 80 nm) exhibit high dimensional inheritance
from their parent Cu templates (Figure S2), validating the preci-
sion of the galvanic replacement for programmable nanofabrica-
tion. High-resolution transmission electron microscopy
(HRTEM) (Figure 3a3–c3) reveals highly crystalline Ge lattices
with a 0.33-nm interplanar spacing corresponding to the (111)
plane of cubic Ge (JCPDS No. 04-0545) [45]. Energy-
dispersive X-ray spectroscopy (EDS) elemental mapping results
(Figure 3a4–c4) show that homogeneous Ge is uniformly distrib-
uted and Cu is completely removed, further proving the phase-
pure transformation. By implementing dimension-controlled
templating, our interfacial redox engineering approach achieves
near-perfect structural replication, which can be universally
extended to architecting nanostructures of various alloy materi-
als (e.g., Sb, Bi, Sn) (Figures S6 and S7).

2.2 | Dimension-Dependent Electrochemical
Performance

The breakthrough synthesis of multidimensional germanium
enables pioneering investigations into dimensional effects,
unveiling the intrinsic relationship between material perfor-
mance and structural dimensions. Germanium-based materials
have emerged as ideal candidates for anode materials in

FIGURE 2 | Structural characterization of Ge NPs, Ge NWs, and Ge NSs. (a) XRD patterns and (b) Raman spectra of Ge NPs, Ge NWs, and Ge NSs.

(c) XPS survey spectrum and (d) high-resolution Ge 3d spectrum of Ge NWs.
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lithium-ion batteries (LIBs) due to their high theoretical capacity
(1384 mAh g−1) and exceptional electrical conductivity (104 times
higher than that of silicon) [3, 40, 46, 47]. Therefore, this study
selects nanostructured germanium as the core model to investi-
gate the correlations between multidimensional structure and
properties in electrode materials for LIBs. Figure 4 compares
the electrochemical performance of dimensionally engineered
Ge anodes (NW, NP, NS) with that of bulk Ge anodes
(1–10 μm, Figures S8 and S9). Electrochemical tests were per-
formed in a 1M LiPF6 dissolved in EC/DEC (1:1 v/v) electrolyte
within a voltage window of 0.01–1.5 V vs. Li/Li+. The first
cathodic peak (0.1 mV s−1, Figure 4a) observed at approximately
0.64 V is associated with the formation of the solid electrolyte
interface (SEI) layer and associated side reactions occurring at
the electrode/electrolyte interface. Within the voltage range of
0.4 and 0.01 V, these peaks can be attributed to the alloying reac-
tion between Ge and Li, resulting in the formation of LixGe alloys
(xLi + Ge → LixGe (0 ≤ x ≤ 4.4)) [24]. During the anodic scan,
three dealloying peaks at 0.43, 0.56, and 0.87 V correspond to the
sequential phase transitions: Li22Ge5 → Li7Ge2 → Li9Ge4 → Ge,
indicating the multistep transformation kinetics [12]. Subsequent
cycles exhibit stable CV curves without obvious peak shifts,

confirming the excellent reversibility of the Ge NW electrodes
during lithium insertion/extraction processes [48–50].

The cycling stability of the three Ge nanostructures and bulk Ge
for lithium storage at a current density of 0.2 A g−1 is illustrated
in Figure 4b. The variation in initial capacity is closely aligned
with the specific surface area, which governs the number of
active sites and the electrode–electrolyte contact area. The
BET surface area follows the order: Ge NWs > Ge NPs > Ge
NSs > Bulk Ge (Table S2), a trend that is fully consistent with
the observed initial capacity. Furthermore, all three types of
Ge nanostructured anodes exhibit superior cycling stability to
bulk Ge anodes after 100 cycles, demonstrating the inherent
superiority of nanostructural design in mitigating electrode deg-
radation. More significantly, among these nanostructures, Ge
NW anodes deliver the highest capacity retention (82.6%,
1157.6 mAh g−1), surpassing both Ge NP (78.9%, 967.4 mAh g−1)
and Ge NS (80.6%, 807.3 mAh g−1) anodes. The exceptional
cycling stability of Ge NWs stems from their 3D percolation net-
work, which actively regulates volumetric strain during cycling,
thereby inhibiting pulverization and boosting ionic/electron
transport kinetics [51, 52]. As shown in Figure 4c, Ge NWs

FIGURE 3 | Morphological characterization of Ge NPs, Ge NWs, and Ge NSs. SEM, TEM, HRTEM images, and elemental mapping of Ge NPs

(a1–a4), Ge NWs (b1–b4), and Ge NSs (c1–c4).
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anodes achieve specific capacities of 1446.7, 1295.4, 1206.9,
1118.5, 1007.1, and 797.2 mAh g−1 at progressively increasing
current densities of 0.1, 0.2, 0.5, 1, 2, and 5 A g−1, respectively.
Notably, even at an ultrahigh rate of 10 A g−1, Ge NW anodes
retained a capacity of 516.9 mAh g−1, which is 24.2 times higher
than that of bulk Ge (21.4 mAh g−1) and substantially
surpasses the capacities of Ge NP (326.1 mAh g−1) and Ge NS
(193.5 mAh g−1) anodes. As the current density increases from
0.1 to 10 A g−1, the discharge plateau of Ge NWs anodes shortens,
with a concurrent rise in polarization (which remains signifi-
cantly lower than that of bulk Ge, Figures 4d and S10). Such
enhanced rate performance can be attributed to the dimension-
ally optimized 3D percolation network in NW electrodes,
wherein the cross-linked architecture establishes unimpeded
ionic/electronic conduction pathways. Specifically, the 3D inter-
connected porous structure shortens Li+ diffusion length, while
the long and continuous nanowire network enhances electron
conduction.

Ge NW electrodes maintain a capacity of 841.3 mAh g−1

after 200 cycles at 1 A g−1, which is 4.6 times higher than
the 181.1 mAh g−1 observed for bulk Ge, highlighting the

nanostructural benefits (Figure 4e). Meanwhile, Ge NP and
Ge NS electrodes retain capacities of 541.2 mAh g−1 (3.0 times
higher) and 646.8 mAh g−1 (3.6 times higher), respectively.
These findings not only emphasize the superior structural
stability of Ge nanostructures during extended cycling but also
underscore their significant performance enhancement com-
pared to bulk Ge.

To elucidate the mechanisms governing the exceptional perfor-
mance of Ge NW anodes, comprehensive electrochemical analy-
ses were carried out. The ion transport kinetics were investigated
via scan-rate-dependent CV curves (ranging from 0.1 to 1 mV s−1,
Figure S11). For Ge NW anodes, kinetic analysis was performed
based on the CV curves (Figure S11b) using the power-law rela-
tionship [41, 53, 54]:

i= avb

The b-values of 0.63 for the oxidation peak O and 0.83 for the reduc-
tion peak R (Figure S12a) suggest a mixed charge storage mecha-
nism involving both diffusion-controlled processes (characterized
by a b-value approaching 0.5) and capacitive-controlled processes
(indicated by a b-value close to 1) [55, 56]. The capacity contribution

FIGURE 4 | Electrochemical performance of Ge NPs, Ge NWs, Ge NSs, and bulk Ge as anodes in LIBs. (a) CV curves of Ge NW anodes between 0.01

and 1.5 V at a scan rate of 0.1 mV s−1. (b) Comparison of the cycling performance at 0.2 A g−1 and (c) rate performance under various current densities

from 0.1 to 10 A g−1 of Ge NP, Ge NW, Ge NS, and bulk Ge anodes. (d) Galvanostatic charge/discharge curves of Ge NW anodes corresponding to the

current densities measured in (c). (e) Long-term cycling performance of Ge NP, Ge NW, Ge NS, and bulk Ge anodes at a current density of 1 A g−1.
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from diffusion- and capacitive-controlled can be quantitatively dis-
tinguished using the following equation [57, 58]:

i Vð Þ= k1v+ k2v
1=2

As shown in Figure 5a, the scan rate increases from 0.1 to
1 mV s−1, the capacitive contribution ratios of the Ge NP, Ge NW,
Ge NS, and bulk Ge electrodes progressively increase. The capac-
itive contribution ratios reach 80.7% for Ge NW, 71.1% for Ge NP,
and 73.6% for Ge NS anodes, compared to 59.0% for bulk Ge ano-
des at 1 mV s−1, thereby highlighting the nanostructure-driven
surface reactivity (Figures 5a and S12b). These findings confirm
that dimensional engineering shifts the charge storage mecha-
nism from a diffusion-controlled process to one dominated by
capacitive-controlled processes.

The ion diffusion coefficients were quantitatively evaluated using
CV curves (Figures 5b and S11) by employing the Randles–Sevcik
equation [59–61]:

ip = 2.69× 105ACLiD
1=2
Li n

3=2ν1=2

The Li+ diffusion coefficients (DLi+ ) were obtained by performing

linear fits on ip vs V
1
2 plots. Ge NW anodes demonstrated superior

kinetics, as evidenced by a slope of 3.02, which is significantly
higher than those of Ge NPs (2.58), Ge NSs (1.59), and bulk
Ge anodes (1.33) (Figure 5b). This finding is in excellent agree-
ment with the rate test results. The enhanced electrochemical
kinetics can be further elucidated through EIS analysis under
open-circuit conditions. As shown in Figure 5c, the Nyquist plots
of cycled electrodes display clear frequency-dependent features: a

semicircular arc in the high-to-medium frequency range attributed
to ohmic resistance (Rs) and charge transfer resistance (Rct), fol-
lowed by a linear Warburg region in the low-frequency domain
that reflects solid-state Li+ diffusion processes [62, 63].
Equivalent circuit modeling (Figure S13) quantitatively reveals
that nanostructure markedly improves interfacial kinetics, with
Ge NW anodes showing the greatest enhancement. The fitted
parameters (Table S3) reveal a 52.56% reduction inRct values (from
76.14Ω for bulk Ge to 36.12Ω for Ge NW anodes). Additionally,
the Warburg coefficient (σ) [64, 65] derived from the Z’-ω−1/2 plots
(Figure 5d) decreases by 82.26% (from 104.16 to 18.48Ω s−0.5), pro-
viding strong evidence for accelerated charge transfer and ion dif-
fusion kinetics. As presented in Figure S14 and Table S4, the σ of
the Ge NW anodes exhibited a slight increase with cycling prog-
ress, whereas the Rct continuously decreased. Notably, even after
500 cycles, Rct remained at a low level (less than 24Ω), indicating
that the Ge NW anodes possess rapid interfacial charge transfer
kinetics and excellent interfacial stability, which are highly advan-
tageous for achieving superior cycling performance.

The galvanostatic intermittent titration technique (GITT) reveals
distinct relaxation behaviors in the transient voltage responses
during current pulses [66, 67], as shown in Figure S15a, demon-
strating discernible differences in relaxation behavior among var-
ious nanostructures. The improvement in diffusivity is further
substantiated through the application of diffusion equation [68]:

DLi+ =
4
πτ

mBVM

MB

� �
2 ΔEs

ΔEτ

� �
2

FIGURE 5 | Kinetics analysis of the electrochemical behavior of Ge NP, Ge NW, Ge NS, and bulk Ge anodes. (a) Contribution ratio of the capacitive

process at different scan rates, (b) the peak current versus (scan rate)0.5 plots and the corresponding linear fits, (c) Nyquist plots (0.05–1,000,000 Hz), and

(d) Z 0-ω−1/2 plots after 10 cycles at 1 A g−1.

6 of 10 Small Structures, 2026

 26884062, 2026, 1, D
ow

nloaded from
 https://onlinelibrary.w

iley.com
/doi/10.1002/sstr.202500755, W

iley O
nline L

ibrary on [06/11/2026]. See the T
erm

s and C
onditions (https://onlinelibrary.w

iley.com
/term

s-and-conditions) on W
iley O

nline L
ibrary for rules of use; O

A
 articles are governed by the applicable C

reative C
om

m
ons L

icense



The DLi+ was calculated to be 1.85 × 10−13 cm2 s−1 for Ge NW
anodes, based on the above equation involving the relaxation
time τ, molar volume VM (13.58 cm3 mol−1), and molar mass
MB (72.64 g mol−1). This value is 1.4 times higher than that of
Ge NP (1.28 × 10−13 cm2 s−1) and 2.1 times higher than that
of Ge NS anodes (8.87 × 10−14 cm2 s−1) (Figure S15b and
Table S5). The in situ reaction resistance values (602.47Ω for
Ge NW vs 827.54Ω for Ge NP and 1290.15Ω for Ge NS anodes,
Figure S15c and Table S5) also validating that one-dimensional
(1D) nanowire structures are conducive to enhancing ion/elec-
tron transport.

3 | Conclusion

In summary, this study presents a structural inheritance-driven
synthesis of multidimensional Ge nanostructures via galvanic
replacement reaction using dimensionally targeted Cu templates.
The developed approach enables facile and rapid preparation of
phase-pure Ge nanomaterials with programmable architectures
(0D NPs, 1D NWs, 2D NSs), achieving high yield and exceptional
morphological retention. The Ge nanostructures exhibited electro-
chemical performance significantly surpassing that of bulk Ge.
Notably, the nanowire structure demonstrated the most
superior lithium storage characteristics: (i) outstanding cyclability
(841.3 mAh g−1 after 200 cycles at 1 A g−1, 4.6 times higher than
bulk Ge); (ii) reduced interfacial resistance (Rct= 36.12Ω, a 52.56%
decrease compared to bulk Ge); and (iii) ultrafast ion diffusion
(1.85× 10−13 cm2 s−1). The 3D percolation network in nanowires
synergistically addresses critical challenges in alloy-type anodes by
incorporating stress-adaptive porous architectures for volume
expansion accommodation, efficient ion/electron percolation
pathways, and maximization of electrochemically active surfaces.
This dimension-controlled paradigm is universally applicable to
alloy-type nanomaterial systems (Sb/Bi/Sn), establishing a mate-
rials-by-design platform that paves the way for next-generation
high-power lithium-ion batteries.

4 | Experimental Section

4.1 | Synthesis of Copper Templates

4.1.1 | Copper Nanoparticles (Cu NPs)

Cu NPs were synthesized via thermal decomposition [69] follow-
ing an adapted protocol. In an argon-filled glovebox, a precursor
solution was prepared by dissolving 0.1 g (1 mmol) CuCl and
0.2 g (0.74 mmol) octadecylamine (ODA) in 2mL squalane at
200°C for 30min. Separately, 19mL oleylamine (OLA) and
1mL trioctylphosphine (TOP) were degassed in a three-neck flask
(50mL) under argon. The solution was rapidly heated to 330°C,
followed by swift injection of the Cu precursor. After maintaining
at 330°C for 3min, the reaction was quenched in a water bath. The
product was purified via triple centrifugation (8,000 rpm, 5min)
with toluene dispersion.

4.1.2 | Copper Nanowires (Cu NWs)

Cu NWs were hydrothermally synthesized [59] by mixing
0.5 mmol D-(+)-glucose, 0.3 mmol CuCl2·2H2O, and 1.9 mmol
hexadecylamine (HDA) in 20 mL DI water under vigorous

magnetic stirring for 6 h, and the suspension was transferred to
a Teflon-lined autoclave and heated at 140°C for 10 h. The resul-
tant nanowires were washed sequentially with warm DI water
(60°C), ethanol, acetone, and hexane, followed by vacuum drying.

4.1.3 | Copper Nanosheets (Cu NSs)

Cu NSs were fabricated through mechanical exfoliation [70]. The
sandwich-structured Al foil/Cu foil/Al foil (20 μm Al/6 μm Cu)
assembly was subjected to repeated rolling-folding-rolling cycles
via roll-pressing technology until the Cu layer thickness was
reduced to less than 100 nm. The composite foil was etched in
1M NaOH (150mL, 5 h) to remove the Al, followed by ultraso-
nication (30 min) and centrifugation to collect the Cu NSs.

4.2 | Synthesis of Germanium Nanostructures

Ge nanomaterials were synthesized via a galvanic replacement
reaction. For Ge NWs, 0.5 mmol Cu NWs and 0.6 mmol GeI2
were dispersed in 15 mL DMPU within an Ar-filled glovebox.
The mixture was heated at 240°C for 8 h under an argon atmo-
sphere, then cooled naturally. Ge NPs/NSs were synthesized
using the identical synthetic process with the Cu templates
replaced by Cu NPs/NNs. Products were centrifuged
(8,000 rpm, 5 min), washed with ethanol, and vacuum-dried.

4.3 | Material Characterization

Crystalline structure was analyzed by XRD (PANalytical X’Pert
Pro, Cu Kα λ= 1.54178 Å) and Raman spectroscopy (Horiba
XploRA ONE, 532 nm laser). Morphology was examined using
SEM (JEOL JSM-7500F, 5 kV) and TEM (JEOL JEM-2100,
200 kV) with EDS mapping. Surface chemistry was investigated
by XPS (Thermo ESCALAB 250Xi, Al Kα).

4.4 | Electrochemical Characterization

Electrode slurries were prepared by mixing active material,
Ketjenblack ECP600JD, and carboxymethyl cellulose (CMC)
(7:2:1 wt%) in DI water. The slurry was coated on Cu foil (mass
loading: 1 mg cm−2) and dried at 60°C for 12 h. CR2032 cells were
assembled with Li foil as the counter electrodes and 1M LiPF6 in
EC/DEC (1:1 v/v) as electrolyte. Testing methods included the fol-
lowing: (1) galvanostatic cycling: 0.05–1.5 V vs. Li/Li+ (Neware
MIHW-200-160CH); (2) GITT: 0.5 A g−1 pulses (20min) with
2 h relaxation intervals; (3) CV: scan rates of 0.1–1mV s−1;
(4) EIS: frequency range from 100 kHz to 0.01Hz (Autolab 302N).
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