
S-1

Supporting Information

 Facile Synthesis of Core-Shell Structured 

Si/Graphene Ball as high-performance Anode for 

Lithium-Ion batteries

Anif Jamaluddin1,2, Bharath Umesh3, Fuming Chen4, Jeng-Kuei Chang5*, Ching-Yuan, 

Su1,3,6,7*

1 Graduate Institute of Energy Engineering, National Central University, Taoyuan 32001, 

Taiwan

2Physic Education Department, Universitas Sebelas Maret, Jl. Ir Sutami 36 A, Surakarta, 

Indonesia

3Institute of Materials Science and Engineering, National Central University, Taoyuan 32001, 

Taiwan

4 School of Physics and Telecommunication Engineering, South China Normal University, 

Guangzhou 510006, China

5Department of Materials Science and Engineering, National Chiao Tung University, Hsinchu 

30010, Taiwan

6Depatment of Mechanical Engineering, National Central University, Taoyuan 32001, 

Taiwan

7 Research Center of New Generation Light Driven Photovoltaic Module, National Central 

University, Tao-Yuan 32001, Taiwan

*To whom correspondence should be addressed: (J.K. Chang) jkchang@nctu.edu.tw ; (C. Y. 

Su) cysu@ncu.edu.tw

Electronic Supplementary Material (ESI) for Nanoscale.
This journal is © The Royal Society of Chemistry 2020



S-2

Figure S1. AFM images of: (a) graphene oxide (GO), (b) bilayer electrochemical exfoliated 
graphene (BL-ECG) and (c) few-layer electrochemical exfoliated graphene (FL-ECG).
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Figure S2. TEM images of the Si@BL-GB (a) microsized ball structure and a (b) high 
magnification image.

Figure S3. TEM images of Si@rGO-B: (a) high magnification of the HR-TEM image showing 
the graphene layer encapsulates Si NPs, (b) low magnification image of the microsized ball 
structure, and (c) high magnification image.
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Figure S4. XRD pattern of FL-ECG, Si@FL-GB, and Si@rGO-B. The enlarged area for 
Si@FL-GB and Si@rGO-B, where the broadening peak at 23.34o can be identified, which is 
corresponding to 002 plane of graphite with interlayer spacing of ~0.34 nm.

Figure S5. (a) TEM image of pure Si NPs and the corresponding EDS spectrum.
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Figure S6. XPS fitting for Si@rGO-B and Si@BL-GB: (a) Si 1s spectra and (b) C 1s spectra.



S-6

Table S1. Comparison of compositional spectra of the Si@Gra composites (Si NPs, Si@rGO-
B, Si@BL-GB, and Si@FL-GB) include binding energy (eV) and fraction (%).
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Table S2. The sheet resistance and C/O ratio of graphene oxide, rGO at 185 °C, BL-ECG, 
and FL-ECG.

*The sheet resistance of graphene layers is measured by 4-point probe method. The sample 

(graphene sheet) is coated on the glass substrate with uniform film thickness (~ 40 μm). The 

C/O ratio of graphene is calculated based on data from XPS instrument.
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Figure. S7. The 1st, 2nd and 3rd charge-discharge performance at 0.2 A g-1 : (a) bare Si NPs, (b) 
Si@FL-GM, (c) Si@rGO-B, (d) Si@BL-GB.
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Figure. S8. The rate performance with difference current density of 0.2, 0.5, 1, 2 and 3 A g-1 
for samples of (a) bare Si NPs, (b) Si@FL-GM, (c) Si@rGO-B, and (d) Si@BL-GB.
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Figure. S9. CV curve with scan rate of 0.1 mV s–1 for (a) Si@rGO-B, and (b) Si@BL-GB. Note 
enlarge feature at 0.5~2.5 V.
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Diffusion coefficient calculation

The lithium ion diffusion into active materials or warburg coefficient that calculated by 

following the equation 1, 2 :

(1)𝑍' = 𝑅𝑠 + 𝑅𝑐𝑡 + 𝜎𝜔( ‒ 1 2)

Where Z’ represent Warburg impedance (real part resistance), Rs= bulk resistance, Rct = charge 

transfer resistance,  = 2f (f = frequency) angular frequency, σ= Warburg coefficient 

determine by the slope of the line Z’ ∼ω−1/2. 

Table S3. Resume circuit equivalent of Nyquist fitting and Warburg coefficient 
calculation
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Figure S10. The Nyquist plots of (a) (b) Si@FL-GB, (c) Si@rGO-B, and (d) Si@BL-GB. Here 
(b) (c) and (d) show the curves fitting of the Nyquist plot and the insert curve for determining 
the Warburg coefficient.
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Figure S11. Comparison of specific capacity and the 1st coulombic efficiency with literature 
reports. Our work has excellent result, and comparable with other methods such as ball milling, 
simple mixing and other types of graphene include Exfoliated Graphene, Graphene Oxide, and 
CVD-graphene. Si@FL-GB, Si@BL-GB and Si@rGO achieve 86.9%, 81.5% and 77.6% of 1st 
CE, respectively. Furthermore, the comparison of rate performance and cycle stability present 
in Table S3.
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Figure S12. The stability testing at a high current density of 3A g-1 until 300 cycles of the Si@FL-GB 
and Si@FL-GM. The Si@FL-GB maintained capacity up to 747.47 mAh g-1 (99.8% of CE) with a 
capacity retention of 62.3% showing superior stability when compared to the Si@FL-GM, from 
which the capacity dropped rapidly to 144.93 mAh g-1 with 15.9 % of capacity retention. 
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Table S4. The initial capacitance, rate performance, and stability of Si@Gra composite for anode material of LIB on a different technique

No Materials Process Post 
Treatment

1st Discharge 
Capacity (mAh g-

1), bracket current 
density 

Performance 
capacity

(mAh g−1), bracket 
current density

Stability test
Capacity (mAh g-1), 
current density (A 

g-1)

References

1 Si:graphene 
(electrochemical 
exfoliation):
Polydopamine

Mixing & dry Microwave, 3-4 
seconds

2314 (0.1 A g-1) 
75.4% (CE)

2318 (0.1 A g−1)
854 (2 A g−1)

662 (1), 200 cycles, 
98.1% (CE), 62.7% 
of capacity retention  

3

2 Si:graphene Electrolysis 
process

800 0C, under 
Ar–4% H2

1764, 76.8% (CE) 1285 (0.2 A g-1)
423 (2 A g-1)

2017 (0.5) A g-1, 100 
cycles

4

3 Si: graphene 
(liquid phase 
exfoliation)

Simple 
mixing and 
drying

700 0C, 30 Min 
under H2

 1380, 39.5% (CE)   1500, 300 cycles, 
99.8% (CE)

5

4 Si:graphene 
(CVD)

CVD with Ni 
template

remove 
template

2,532 (0.25 A g-1) 
92% (CE)

2500 (0.2 A g-1) 
500 (4.0 A g-1)

1385 (0.5), 95% of 
capacity retention

6

5 Si:graphene 
monolayer (CVD)

CVD with Cu 
template

remove 
template

1450 (0.5 A g-1) 
85% (CE)

3100 (0.1 A g-1) 
850 (3.0 A g-1)

1287 (0.5), 500 
cycles, 89% of 
capacity retention

7

6 Si:graphene 
(CVD)

CVD with Ni 
template

remove 
template

3300 (4.2 A g-1) 
92% (CE)

2850 (0.525 A g-1) 
500 (16.8 A g-1)

1400 (2.1), 300 
cycles

8

7 Si:PVA:Graphene 
Oxide (Si/C/rGO)

Spray dry 700 oC, under 
Ar/H2 (9:1)

1062 (0.1 A g-1) 
65.6% (CE)

945 (0.1 A g-1) 
596 (0.5 A g-1)

928, 70 cycles 9
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8 Si:Graphite:Graph
ene Oxide

Spray dry 450 oC, 3 h 
under argon 

820.7 (0.05 A g-1) 
77.98% (CE)

820.7 (0.05 A g-1) 
766.2 (0.5 A g−1)

500 (0.1), 100 cycles 1

9 Si:Sucrose:Graphe
ne Oxide

Spray dry 800 oC, 4 h 
under H2/Ar

2124 (0.2 A g-1) 
75.3% (CE)

1850 (0.1 A g-1)
951 (2.0 A g-1)

1599 (0.1), 100 
cycles, 94.9% of 
capacity retention

10

10 Si: 
phloroglucinol:for
maldehyde 

Mixing and 
drying

800 oC, 2.5 h 
under Ar

 2500 (0.5A g-1) 
70% (CE)

1600 (0.25 A g-1)
1100 (2.1 A g-1)

1600 (0.5) 
500 cycles

11

11 Si:Graphene Oxide Freeze dry 1000 oC for 1 h 
under Ar/H2 
(95/5)

1040 (0.5 A g-1)
 CE 83%

750 (0.05 A g-1) 
500 (0.25 A g-1)

750, 100 cycles 12

12 Si:GO:PAA(PolyA
crylic Acid)

Mixed and 
treated by 
Microwave 
radiation 

700 oC under 
H2/Ar (95:5)

1850 (0.5 A g-1)
 63% (CE)

1400 (0.05 A g-1)
900 (0.5 A g-1) 

815 (0.5), 100 cycles, 
80% of capacity 
retention

13

13 Si:Graphene Oxide Modify with 
tetraethylorth
osilicate

reacted with Mg 
and NaCl in 650 
oC, 2 h under Ar

2949.4 (0.1 A g-1) 
65% (CE)

1500 (0.1 C)
1200 (5 C)

1338.1 (2.1), 100 
cycles, 87.1% of 
capacity retention

14

14 Si:Graphene Oxide 
: PDAA (Poly 
(diallydimethylam
monium chloride)

Mixed, dry in 
autoclave 

450 oC for 3 h 
under Ar

2175 (0.1 A g-1)
71.5% (CE)

1877 (0.1 A g-1)
950 (5 A g-1)

1192, 100 cycles, 
84% of capacity 
retention

15

15 Si:Graphene 
(Expanded 
Graphite)

Ball milling NA 1663.7, 69.3% 
(CE)

1121(0.2 A g-1)
470 (2 A g-1)

1055 (0.2), 50 cycles, 
63.6% of capacity 
retention

16
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16 Si: Few-layer 
graphene 
(Electrochemical 
Exfoliated 
graphene)

Spray Dry NA 2882.3 (0.2 A g-1) 
86.9% (CE)

2567.9, (0.2 A g-1) 
1360.9 (3.0 A g-1)

1063.2 (0.5), 100 
cycles, 70.9% of 
capacity retention

Our work

17 Si:Bi-layer 
graphene 
(Electrochemical 
Exfoliated 
graphene)

Spray Dry NA 2351 (0.2 A g-1) 
81.5% (CE)

1963.9 (0.2 A g-1)
794.6 (3 A g-1) 

661.4 (0.5), 100 
cycles, 57.3% of 
capacity retention

Our work

18 Si:Graphene Oxide Spray Dry NA 2581 (0.2 A g-1) 
77.6% (CE)

2128.4 (0.2 A g-1) 
1206.9 (3 A g-1)

787.9 (0.5), 100 
cycles, 60.9% of 
capacity retention

Our work

Note : Coulombic Efficiency (CE)
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Table S5. The BET surface area, total volume of pores, and BJH average pore diameter for the 

Si@FL-GB and Si@FL-GM.

BET surface 

area(m²/g)

Total volume of 

pores (cm³/g)

BJH average pore 

diameter(nm)

Si@FL-GB 9.666 0.0481 25.34

Si@FL-GM 8.355 0.0450 31.99
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