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Nanoengineering is one of the most effective methods to promote the lithium storage performance of
silicon material, which suffers from huge volume changes and poor reaction kinetics during cycling.
However, the commercial application of nanostructured silicon is hindered by its high manufacturing

cost and low tap density. Herein, a Si/Ge/graphite@C composite was successfully synthesized by ball-
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milling with subsequent calcination. By introducing Ge, graphite and an amorphous carbon coating, both

tap density and electrochemical performance are improved significantly. Benefiting from the synergetic
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1. Introduction

With the increasing concern of CO, emission and environ-
mental deterioration, energy storage devices such as lithium ion
batteries (LIBs) have been widely used for the storage and
utilization of renewable energy.'* Due to its high theoretical
capacity and low working potential, silicon is considered as one
of the ideal anode materials for next generation LIBs with high
energy density.>” However, it suffers from severe volume
changes during the alloying/dealloying process which leads to
the mechanical fracture of particles and pulverization of elec-
trodes. Eventually, these defects lead to rapid decay of capacity
and low coulomb efficiency. Besides, the low electronic
conductivity and poor lithium ion diffusion of Si also limit its
practical application.®*°

To address the above problems, one of the most effective
strategies is nanoengineering. By reducing the size of silicon
material to the nanoscale, it can effectively buffer the internal
stress during cycling and shorten lithium ion diffusion
distance.'*> Based on this theory, various nanostructured
silicon materials have been successfully fabricated, such as
nanowires," nanotubes,™ hollow or porous particles.***® All of
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effects of the above components, the Si/Ge/graphite@C composite delivers a reversibility capacity of
474 mAh g tat0.2Agtand stable capacity retention.

them showed improved cycle stability and rate performance to
a certain extent. Nevertheless, complex manufacturing, high
cost and low tap density make it difficult to meet practical
applications. Meanwhile, during the initial formation of the
solid electrolyte interface (SEI), the huge specific surface area
brings more irreversible capacity loss, leading to the waste of
cathode materials in full cells.””>°

Another method to improve the lithium storage performance
of silicon is to prepare silicon based composites.”*** Carbon
materials including graphite, graphene and amorphous carbon
have been widely applied because of their excellent electrical
and mechanical properties.*>” The conventional anode
graphite has a much smaller volume expansion (~10%) and
more stable electrode/electrolyte interface than silicon. Thus,
the material composed of silicon and graphite usually exhibits
better structural integrity during cycling. Moreover, certain
metal like germanium is gifted with better electronic conduc-
tivity and ion diffusion rate. When introduced to silicon
composite, it can effectively promote reaction kinetics and
reduce internal polarization. It has been demonstrated that the
initial coulomb efficiency can be dramatically promoted when
silicon is compounded with germanium or tin.**?*° However, it
is still necessary to explore the preparation technology of silicon
based composites suitable for industrial large-scale production.

Herein, we report the reasonable design and successful
fabrication of Si/Ge/graphite@C anode material. Considering
the application economy, both raw materials and
manufacturing techniques are common and low-cost. Micro
silicon was ball milled into the composite to raise the mass
specific capacity. Meanwhile, little amount of Ge was intro-
duced to improve electrochemical reaction kinetics. In order to
promote the tap density, graphite with flake morphology was

© 2023 The Author(s). Published by the Royal Society of Chemistry
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added by the same way. Besides, gelatin was used as glue to
form secondary particles and further decomposed to carbon
coating layer, which enhanced the electronic conductivity and
interface stability. As a result, the unique composition and
structure provide a synergistic effect of improving overall
performances. When served as the anode material of LIBs, the
Si/Ge/graphite@C shows higher initial coulomb efficiency,
capacity retention and better rate performance. Furthermore,
the lithiation/delithiation mechanism and pseudo capacitance
contribution are investigated through cyclic voltammetry
technology.

2. Experimental
2.1 Materials

Silicon powder (200 mesh, AR, 99.9%), germanium dioxide (AR,
99.9%), flake graphite (AR, 99.9%) and gelatin (LR, 98%) were
purchased from Sinopharm Chemical Reagent Co., Ltd.

2.2 Synthesis of Si/Ge composites

Si (1.685 g) and GeO, (0.419 g) with a molar ratio of 15: 1 were
ground in 12 cycles of 30 min of ball-milling with 15 min breaks
between each cycle in a 100 mL ZrO, grinding jar with a plane-
tary ball mill (Nanjing University Instrument Factory), the ball-
milling rotation rate was 400 rpm and the mass ratio of ZrO,
grinding balls and the powder (Si and GeO,) was 20: 1. Then,
the obtained materials were sintered under Ar/H, (95/5, v/v)
atmosphere at 900 °C for 2 h with a heating rate of 3 °
C min " (the sintering furnace type: OTF-1200X, HF-kejing. The
diameter of the quartz tube is 50 mm and the size of the
porcelain boat is 60 x 30 mm). After cooling down to room
temperature (first, cooling down to 400 °C with a cooling rate of
5°C min ", then cooling down to room temperature naturally),
a brown powder (Si/Ge composites) was collected. For compar-
ison, pure micro Si powder was treated in the same condition as
above except adding GeO,.

2.3 Synthesis of Si/Ge/graphite composites

The Si/Ge/graphite (Si/Ge/G) composites were obtained by
a similar procedure except that the flake graphite (2.1 g) was
added in the ball-milling process. The grinded product was also
calcined at 900 °C for 2 h under an Ar/H, (95/5, v/v) atmosphere.

2.4 Synthesis of Si/Ge/graphite@C composites

1.0 g gelatin was dissolved in 50 mL deionized H,O under
continuous stirring at 60 °C for 10 min. After completely dis-
solved, 1.0 g Si/Ge/graphite was added to the above solution and
stirred for 20 min. Then, the mixture was totally dried at 80 °C
in an oven. The Si/Ge/graphite@C composites were finally ob-
tained by annealing the solid under an Ar/H, (95/5, v/v) atmo-
sphere at 900 °C for 2 h.

2.5 Characterization

The phase structure and crystal type of the materials were
characterized by powder X-ray diffraction (XRD, SmartLab SE,

© 2023 The Author(s). Published by the Royal Society of Chemistry
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40 kv, 40 mA) with Cu Ko radiation. Raman spectra was recor-
ded using HR RamLab with the excitation source of 532 nm. The
morphologies and microstructure were characterized by scan-
ning electron microscope (SEM, Hitachi S4800) and trans-
mission electron microscopy (TEM, JEOL JEM 2100F). The X-ray
photoelectron spectroscopy (XPS, Thermo Scientific K-Alpha, Al
Ko, 12 kV, 6 mA) was used to analyze the surface composition,
and the spectra were revised by the C 1s peak at a binding
energy of 284.8 eV. Brunauer-Emmett-Teller (BET) surface
areas were measured using a Micrometrics ASAP 2010 instru-
ment. Thermogravimetric analysis (TGA) was conducted to
analyze the contents of the final composite.

2.6 Electrochemical measurements

The electrochemical performances of the composites were
conducted by assembling CR2016-type coin cells in an Ar-filled
glove box with H,0 and O, content less than 1 ppm. The active
material (Si, Si/Ge, Si/Ge/graphite and Si/Ge/graphite@C),
acetylene black (LITX) and poly(vinylidene fluoride) (PVDF)
were mixed with a mass ratio of 70:15: 15 and grinded evenly.
Then, a moderate amount of N-methylpyrrolidone (NMP) was
added to the above mixture drop by drop under the infrared
lamp to adjust the viscosity. A black slurry was finally obtained
after vigorous stirring for a certain time. The working electrode
was prepared by casting the slurry on Cu foil, followed by drying
at 80 °C in a vacuum oven for 12 h. The electrodes before
assembling are extruded through a double-roll machine. Li foil
was used as the counter and reference electrode and poly-
propylene membrane (Celgard 2325) was employed as the
separator. 1 M LiPF dissolved in ethylene carbonate (EC)/
dimethyl carbonate (DMC) (1:1, v/v) was used as the electro-
Iyte. Galvanostatic charge-discharge and rate performances
were tested using a Neware battery test system with a cut-off
voltage range of 0.01-2.0 V (vs. Li/Li'). Cyclic voltammetry
(CV) was performed on a CHI 760E electrochemical workstation
from 0.01 to 2.0 V with a scanning rate of 0.2 mV s~ '. The EIS
was carried out in the frequency range of 100 kHz to 0.01 Hz
with the amplitude of 5 mV. The specific capacities were
calculated based on the total mass of the active materials. The
average mass loading of the Si/Ge/graphite@C composite
material on the Cu substrate was ~1.5 mg cm™>. The thickness
of the coating layer is ~13 pm.

3. Results and discussion

As illustrated in Fig. 1, micro silicon and GeO, are ball-milled to
nanoscale particles firstly. Then, flake graphite was added into
the tank and ball-milled again to form a uniform mixture. After
sieved, the Si/GeO,/graphite composite was collected and stir-
red in the gelatin solution. Finally, the Si/Ge/graphite@C
secondary particles were obtained after a high temperature
annealing in a tube furnace filled with Ar/H,.

The morphologies and microstructures of the as-synthesized
samples were studied by scanning electron microscopy (SEM)
and transmission electron microscopy (TEM), respectively.
Fig. 2a shows the morphology of ball-milled Si, displaying that
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Fig. 1 Illustration of the synthesis of Si/Ge/graphite@C.

spherical particles with the diameter of 100-300 nm are finally
obtained. As demonstrated in Fig. 2b, the size and shape of the
acquired Si/Ge composite are similar with the ball-milled Si.
The image of Si/Ge/graphite in Fig. 2c exhibits that the Si/Ge
particles are well distributed on the graphite surface after
ball-milling. Fig. 2d-f shows the Si/Ge/graphite@C images with
different magnifications. As can be seen, a compact structure is
obtained after carbon coating and the Si/Ge particles were
tightly connected with graphite (Fig. 2e and f). The element
mapping results of Fig. 2d further demonstrates the unique
structure of Si/Ge/graphite@C composite (Fig. S1, ESIT).
Benefitting from this structure, the carbon coating can not only
effectively alleviate the volume expansion of nano Si, but also

View Article Online
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maintain the integrity of the electrode during the charge/
discharge process. Moreover, adding graphite can improve the
cycle stability of the Si-based composite. Fig. 2g-i displays the
TEM and HRTEM images of Si/Ge/graphite@C. The Si and Ge
nanoparticles are well distributed on the graphite surface
without agglomeration (Fig. 2g). The high-resolution TEM
image in Fig. 2h shows two types of lattice fringes, which can be
ascribed to Si (111) and graphite (002) planes, respectively.***>
Besides, the lattice fringes with the distance of 0.326 nm in
Fig. 2i are well-matched to the (111) crystal planes of Ge.**
Furthermore, an amorphous carbon layer coated on the
composite can be observed in the inset image of Fig. 2i.

The tap density is directly related to the volumetric energy
density of the materials. Commercial anode material BFC-Q4
(artificial graphite with the tap density = 1.0 g cm *) was
purchased from BTR New Materials Group Co., Ltd for
comparison. As shown in Fig. 3, 0.5 g ball-milled Si (nano Si), Si/
Ge, Si/Ge/graphite@C composite and BFC-Q4 were put into four
cylindrical glass bottle, respectively. The tap density of the
samples is calculated according to the following formula:

P.= MV (1)

where P, is the calculated tap density, M means the mass and V
refers to the volume. All the samples were shaken thoroughly

graphite

f (111)
0.326 nm

Fig. 2 SEM images of ball-milled Si (a), Si/Ge (b), Si/Ge/G (c) and Si/Ge/graphite@C (d—f), TEM (g) and HRTEM (h and i) of Si/Ge/graphite@C

composite.
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Fig. 3 Photographs of ball-milled Si (nano Si), Si/Ge, Si/Ge/graph-
ite@C composite and artificial graphite (BFC-Q4).

before calculation. Compared with the ball-milled Si and Si/Ge
composite, the Si/Ge/graphite@C composite displays a higher
tap density of 0.86 g cm™®, while the ball-milled Si and Si/Ge
composite are 0.2 and 0.58 g cm °, respectively. Meanwhile,
the tap density of commercial anode material (BFC-Q4) was
calculated to 1.02 g em™?, consistent with the nominal value
provided by the manufacturer.

The crystal and phase structure of the as-synthesized
samples were characterized by X-ray diffraction (XRD), as
shown in Fig. 4a. Three diffraction peaks observed at 28.4°,
47.3° and 56.1° (labeled as “®”) in the curve of ball-milled Si can
be assigned to the (111), (220) and (311) crystal planes of Si (PDF
#27-1402). The other diffraction peaks at 27.3°, 45.3° and 53.6°
in the Si/Ge composite (labeled as “¥”) can be attributed to the
(111), (220) and (311) crystal planes of Ge (PDF #04-0545).
Notably, three peaks at around 26.4°, 44.4° and 54.5° appear in
both Si/Ge/graphite and Si/Ge/graphite@C composites, which
are the characterization peaks of graphite (labeled as “”, PDF
#41-1487) and are assigned to the (002), (101) and (004) crystal
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Fig. 4 (a) XRD patterns of ball-milled Si, Si/Ge, Si/Ge/graphite and Si/
Ge/graphite@C. (b) Raman spectra, (c) TGA curves and (d) XPS spec-
trum of Si/Ge/graphite@C composite.
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planes.***% In addition, no impurity is detected, demon-
strating that GeO, is totally reduced after annealing in Ar/H,
atmosphere. The diffraction peaks of Si/Ge/graphite and Si/Ge/
graphite@C are basically the same, implying that the carbon
derived from gelatin maybe amorphous. Fig. 4b shows the
Raman spectra of the Si/Ge/graphite@C composite, the typical
bands at 520 cm ™' corresponds to crystalline Si, while the weak
peak at 290 cm ™' is assigned to Ge-Ge stretching motions,
suggesting the existence of Si and Ge, respectively. The broad
peak at 1350 cm ™' (D band) refers to disorder graphite and
another peak at 1582 cm™ ' (G band) corresponds to crystalline
graphite. The 2D band at 2720 cm ™' is formed by two compo-
nents and it is asymmetric.***” The Si, Ge and C contents in the
Si/Ge/graphite@C composite are determined via thermogravi-
metric analysis (TGA), which are calculated to be 20.51%, 3.54%
and 75.95%, respectively, as illustrated in Fig. 4c. X-ray photo-
electron spectroscopy (XPS) is used to confirm the elemental
composition and electronic state. The full spectrum in Fig. 4d
shows the distinctive peaks for Si 2p, Ge 3d, C 1s, N 1s and O 1s,
which indicates the existence of Si, Ge, C, N and O elements in
the Si/Ge/graphite@C composite. The presence of O element
maybe owing to the oxidation of Si and Ge and the absorbed
oxygen. The high-resolution spectra of Si 2p, Ge 3d, C 1s and N
1s are shown in Fig. S2.1 The existence of Si-O (Si**": 103.7 eV)
and Ge-O (32.99 eV) peaks in Fig. S2a and bt are the surface
oxidation of Si and Ge, respectively.*®* The peak of Si-Si (Si%
99.3 eV) is not apparent, which may be due to the surface
oxidation of the sample. The two peaks at around 29.76 and
31.69 eV of Ge 3d spectrum in Fig. S2bt are corresponded to Ge—-
Ge and Ge-C bands, respectively. The binding energy values of
284, 284.6 and 285.7 €V of C 1s spectrum in Fig. S2cf are
ascribed to C-Ge, C=C and C-C, respectively. For the N 1s
spectrum, Fig. S2d{ indicates three peaks at ~400.3, 399.5 and
397.6 eV, assignable to graphitic, pyrrolic and pyridinic N,
respectively. The formation mechanism of the graphitic,
pyrrolic and pyridinic N can be explained as a gradual thermal
transformation of N bonding configurations from gelatin.*
Pyrrolic N is first formed when the annealing temperature
increases to 400 °C. As the annealing temperature increases
gradually (400-500 °C), pyrrolic N is converted to pyridinic N.
When the temperature increases to 500 °C and above,
pyridinic N can be transformed to graphitic N. Furthermore, the
peak intensity of graphitic N is strongest. Graphitic N can
enhance the conductivity of carbon. Pyrrolic and pyridinic N
can supply more electrochemical reactive active sites, acceler-
ating the diffusion rate of Li'.** The nitrogen adsorption-
desorption isotherms and the pore structure of the Si/Ge/
graphite@C composite are shown in Fig. S3.f The specific
surface area and the average pore size are 41.98 m”> g~ ' and
4.68 nm, respectively, which are calculated by the Brunauer-
Emmett-Teller (BET) formula.

The electrochemical cycling performances of Si, Si/Ge, Si/Ge/
graphite and Si/Ge/graphite@C composites are displayed in
Fig. 5a. In comparison, Si/Ge/graphite exhibits a reversible
capacity of 287 mA h g ' after 100 cycles, while Si/Ge/
graphite@C composite exhibits a higher capacity of
474 mA h g, indicating that N-doped carbon coating derived

RSC Adv, 2023, 13, 440-447 | 443
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Fig.5 Comparison of cycling performances at 0.2 A g~ (a), initial coulombic efficiencies (b), rate performances (c) and Nyquist plots of Si, Si/Ge,
Si/Ge/graphite and Si/Ge/graphite@C composites (d), respectively. (e) Long-term cycling performance of Si/Ge/graphite@C at 1.0 A g~%.

from gelatin pyrolysis can effectively improve the cyclic stability
of the composite. Inversely, the cycling properties of Si and Si/
Ge decay rapidly due to large volume expansion during
cycling and poor electrical conductivity. Fig. 5b shows the initial
coulombic efficiency (ICE) of the as-synthesized materials.
Obviously, the ball-milled Si and Si/Ge composite give a lower
ICE of 68.9% and 71.1%, which may be due to the larger specific
area after ball-milling.”> While the ICE of Si/Ge/graphite@C
(79.3%) is improved significantly with the addition of
graphite. Meanwhile, adding graphite and subsequent carbon
coating can reduce the volume effect of Si and improve the
energy density and cycling stability. The rate capabilities of the

444 | RSC Adv, 2023,13, 440-447

as-synthesized samples are investigated and presented in
Fig. 5¢c. The Si/Ge/graphite@C composite exhibits the best rate
capability, achieving the capacities of 546, 511, 440, 383 and
333 mA h g ! at current densities of 0.2, 0.5,1,1.5and 2.0 Ag™
respectively. When the current density returns back to 0.2 Ag™ %,
a high specific capacity of 529 mA h g™ is stilled obtained,
revealing outstanding rate performance. In contrast, the rate
capability of Si and Si/Ge composite is poor, the capacities decay
rapidly. Even when the current density returns back to 0.2 Ag™,
the capacity can not be restored, indicating that the structure
has been destroyed during the charge-discharge process at high
current density. Electrochemical impedance spectroscopy (EIS)

© 2023 The Author(s). Published by the Royal Society of Chemistry
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measurements are carried out to explore the lithium storage
kinetics, as shown in Fig. 5d. The Nyquist plots of the as-
synthesized materials contain a semicircle in the high
frequency region and a sloping line in the low-frequency region.
They can be attributed to the charge transfer resistance (R..) and
diffusion impedance (Z,) of Li', respectively.®* It can be
distinctly observed that the R. of the Si/Ge/graphite@C
composite is the smallest among the as-synthesized materials,
indicating a faster faradaic reaction kinetics owing to an
excellent electrical conductivity after carbon coating. Further-
more, the Z,, of the Si/Ge/graphite@C composite is smaller than
the Si, Si/Ge and Si/Ge/graphite on account of the straight line
with a bigger gradient, illustrating a rapid diffusion rate of Li".
The long-term cycling stability of the Si/Ge/graphite@C
composite is also tested, as shown in Fig. 5e. The Si/Ge/
graphite@C composite delivers a high capacity of
342 mA h g~ ' after 300 cycles at 1 A g~ ' with the coulombic
efficiency remaining over 99%. It can be attributed to the N-
doped carbon coating layer derived from the thermal decom-
position of gelatin, which can effectively prevent the pulveriza-
tion and alleviate volume expansion during the cycling process.
Furthermore, the unique composition and structure can accel-
erate the transport of Li" and electrons simultaneously. Further,
Table S11 shows the comparison of electrochemical properties
of the Si/Ge/graphite@C composite and the reported Si-based
anodes.
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Fig. 6a demonstrates the cyclic voltammetry (CV) curves of
the Si/Ge/graphite@C composite at a scanning rate of 0.2 mV
s™' in the voltage range of 0.01-2.0 V. In the first cycle,
areduction peak at ~0.7 V is probably ascribed to the formation
of solid electrolyte interphase (SEI) film and the peak disap-
pears in the following two cycles, indicating that a steady SEI
film is formed.*® Furthermore, the peaks at 0.25 V and below
0.1 V correspond to the lithiation of Ge and Si and the Li"
insertion into graphite. The oxidation peaks at 0.01-0.2 V are
assigned to Li" extraction from graphite. While the oxidation
peaks at 0.2-0.3 V and 0.56 V are ascribed to the delithiation of
Li,Si and Li,Ge, respectively.*** The current density of CV
curves increases continuously in the following two cycles, sug-
gesting an activation process of the Si/Ge/graphite@C
composite. The reason for this phenomenon may be attrib-
uted to the gradual transformation of silicon from crystal to
amorphous structure. As can be seen from Fig. S4,F ex situ XRD
results show similar patterns except for different intensities of
diffraction peaks. As the number of CV cycles increases, the
ratio of Isjicon (20 at 26.4°) tO Iyaphite (20 at 28.4°) decreases
continuously. It can be ascribed to the partial transformation
from crystal silicon to amorphous phase. In fact, similar
phenomena also occurs in germanium anode. In Fig. S4,1 the
diffraction peaks of germanium have disappeared after the first
CV cycle, indicating a total activation process. This is consistent
with that the anodic peak current at 0.56 V in Fig. 6a remains
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Fig.6 (a) Cyclic voltammetry (CV) curves at a scanning rate of 0.2 mV s~ and (b) galvanostatic charge—discharge curves of Si/Ge/graphite@C, (c)
CV curves of Si/Ge/graphite@C at various sweep rates, (d) linear relationship between logi (peak current) vs. log v (scan rate).
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unchanged. The charge-discharge profiles of the Si/Ge/
graphite@C composite at 0.2 A g~ ' are shown in Fig. 6b. The
discharge and charge voltage plateaus are in good agreement
with the CV results. The discharge and charge capacities of the
first three cycles are 1046.6/830.0, 704.6/660.0 and 655.1/
638.1 mA h g, indicating corresponding coulombic efficien-
cies of 79.3%, 93.7% and 97.4% respectively. Furthermore, the
cumulative capacity loss of the first three cycles is
278.2 mA h g~". As can be seen in Fig. S5, the coulombic effi-
ciency has exceeded 99% and maintains stable since the 5th
cycle. The initial capacity loss may ascribe to the generation of
SEI film. To evaluate the electrochemical kinetics of the lithium
storage in the Si/Ge/graphite@C composite, the pseudocapaci-
tive effects are evaluated by CV measurements at a scan rate
range of 0.2-2.0 mV s, as represented in Fig. 6¢. The extent of
capacitive effect can be calculated according to the following
equations:

i=ar’ 2
logi=1loga + blogv (3)

where 7 is the measured current, v is the scanning rate, a and
b are adjustable parameters.**** The values of b obtained by the
slope of the log i vs. log v plots. Specially, the range of b value is
0.5-1.0. When the value of b approach to 0.5, indicating that
a diffusion-controlled behavior dominates the electrochemical
reaction kinetics. While b is close to 1.0, manifesting a surface
capacitive-dominant mechanism. The values of b are 0.55 and
0.59 for peak 1 and peak 2, respectively, illustrating a diffusion-
dominated behavior for the Si/Ge/graphite@C composite.

4. Conclusions

In summary, the Si/Ge/graphite@C composite has been
successfully synthesized by a ball-milling process followed by
annealing in Ar/H,. The Si/Ge/graphite@C composite exhibits
superior comprehensive properties relative to control groups.
The excellent electrical conductivity and fast Li* diffusivity of
metal Ge enhance the electrochemical properties of the
composite. Meanwhile, adding graphite can promote the tap
density and capacity retention remarkably. In addition, the N-
doped carbon coating layer from gelatin can improve the
conductivity and the stability of interface during the charge/
discharge process. Based on the synergistic effect of above
advantages, the Si/Ge/graphite@C composite exhibits a high
reversible capacity of 474 mA h g~ with the ICE of 79.3%. This
design and manufacturing strategy provides a reference for the
practical application of silicon materials in the future.
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