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Figure S1. UPS spectra of G@S@G on Cu foil. Bias voltage is −5V. 
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Figure S2. XPS spectrum of Cu 2p of G@S@G on Cu foil.

Figure S3. Top view, side view of unit cell and side view of 3x3x3 supercell of DFT optimized 

geometries of stishovite.
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Figure S4. Schematic drawing of the structural composition of G@S@G with oxidized silicene in 

the nanosphere in two types. a) & b) oxidized silicene layer in the inner of the silicene layer, c) & 

d) oxidized silicene layer near outside of the silicene layer.

Figure S5. TEM image of G@S@G after Cu foil etched.
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Table S1. The work function and interlayer distance for studied multilayer nanomaterials.

Structure Simulation Experiment a)

Work 

function

[eV]

Dlayer [Å]

(Gr-Gr)

Dlayer [Å]

(Gr-Si)

Work 

function

[eV]

Dlayer 

[Å]

(Gr-Gr)

Dlayer 

[Å]

(Gr-Si)

BLG 4.52 3.35 4.65-4.75 3.4

Gr+silicene 4.66 3.53

BLG/silicene 4.93 3.35 3.05

BLG/Silic-1O 5.04 4.91 3.52

BLG/Silic-2O 4.50 3.83 3.92

BLG/stishovite 5.37 4.04 4.05

a) Experimentally measured values from references.1-2

Note 1

Work function and distance between the layers. Calculated values of distance between layers, 

work function are simulated with performed by CASTEP program.3 GGA-PBE is used to describe 

the electronic exchange and correlation interaction.4 The dispersion interactions are considered 

using the semi-empirical scheme proposed by Grimme.5 Ultra-soft pseudo-potential is adopted 

with the plane-wave cutoff energy of 300 eV. Different k-points are employed to different bilayer 

nanomaterials. Bilayer graphene (BLG) is also used for comparison by applying a Monkhorst-

Pack grid of 12 × 12 × 1 for geometry optimization and 20 × 20 × 1 for electronic property 

calculations,6 which shows good accordance with the experimentally measured values.2 Calculated 

values of distance between layers, work function are shown in Table S1.
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Table S2. Cell parameters, crystallographic data and chemical bond parameters for optimized 

structures

Silicene-ML Silic-1O Silic-2O

Cell Cell Cell

Length a [Å] b [Å] c [Å] Length a [Å] b [Å] c [Å] Length a [Å] b [Å] c [Å]

3.8785 3.8784 3.5062 3.9250 3.9248 4.6846 4.0699 3.9465 4.6996

Angle α β γ Angle α β γ Angle α β γ

89.99 90.00 120.00 114.78 65.22 120.02 104.51 81.29 120.75

Atom frac. x frac. y frac. y Atom frac. x frac. y frac. z Atom frac. x frac. y frac. z

Si 0.3501 0.1992 0.5858 Si 0.4849 0.1454 0.9519 Si 0.2197 0.3181 0.2794

Si 0.6834 0.8659 0.4142 Si 0.7576 0.8727 0.1337 Si 0.5541 0.0353 0.4176

O 0.6166 0.0158 0.5428 O 0.5805 0.1898 0.7970

O 0.1942 0.1666 0.9000

Si-Si Si-Si Si-O Si-Si Si-O

Bond 
length 2.32 Å Bond 

length 2.38 Å 1.68 Å Bond 
length 2.38 Å 1.74 Å

Si-Si-Si Si-Si-Si Si-Si-Si Si-O-O

Bond 
angle 113.5º Bond 

angle 110.71º Bond 
angle 111.97º 104.88º

Bulking 
distance 0.6 Å Bulking 

distance 0.745 Å Bulking 
distance 0.62 Å

Note 2

Crystal structure optimization, stacked interactions. First-principles ab-initio approach was 

utilized in the framework of DFT within the Perdew-Burke-Ernzerhof (PBE) generalized gradient 

approximation (GGA).4, 7-10 The cutoff energy of 320 eV was used for the plane-wave expansion 

of wave functions.11-13 A scheme by Monkhorst and Pack was carried out for k-point sampling of 

Brillouin zone.6, 11-13 The grid was set as follows depending on the specific geometry: monolayer, 

2D cell optimization with k-grid 13x13x1; bulk, unit cell optimization: k-grid 9x9x10, 41x41x11; 

bulk, super cell, cell optimization, k-grid: 3x3x3, 9x9x9. All the unit cells were fully relaxed with 
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no constrains until the corresponding energy and forces had been converged to 10−5 eV and 0.01 

eV/Å, respectively. Long range vdW interactions in stacking geometries were accounted by 

employing both Grimme and other nonempirical vdW corrections to GGA.5, 14-19 Calculations were 

performed with Quantum Espresso and CASTEP software packages.3, 20 Optimized unit cell 

parameters and fractional coordinates for all these structures are listed in Table S2.

Simulated structure of multilayered silicene (named as Silicene-ML) consists of stacked layers 

of silicene sheets. Each layer is exactly on top of the other. Unit cell of this structure contains two 

Si atoms. Top view reveals a honeycomb arrangement of Si atomic centers. From the 2D 

perspective, the Silicene-ML is very similar to the structure of conventional 2D silicene sheet with 

lattice parameter 3.87 Å. The Si−Si bond length is 2.32 Å and Si−Si−Si bond angle is 113.5o. 

These result in a buckling distance of 0.6 Å. In case of true 2D silicene it is 0.47 Å, hence the 

deviations are quite small. The simulated structure of Silicene-ML is shown in Figure 2e inset.

Structure Silic-1O with single oxygen atom per unit cell also exhibit a layered visual appearance 

when being viewed from the side. Despite on that, the layers of silicon atoms here are not the same 

as that in silicene. Unit cell vectors for this configuration show significant distortions from the 

ones for multilayered silicene. In Silic-1O structure, each layer contains Si atoms in tetrahedral 

spatial arrangement. Oxygen atoms are acting as bridges interconnecting such layers by forming 

atomic bond with Si atoms from two adjacent layers simultaneously. Each Si atom possesses 

tetrahedral bonding arrangement with three Si and one O neighboring atoms. Distance between Si 

atoms (Si−Si) is 2.38 (Å) and Si−O bond length is 1.68 Å. The simulated structure of Silic-1O is 

shown in Figure 2e inset.

In the Silic-2O structure, the layers of Si atoms are indeed resembling the honeycomb structure 

of silicene. Unit cell parameters of Silic-2O in the a-b plane are just slightly off the values that 
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corresponds to the 2D silicene sheet. Each unit cell contain two Si atoms accompanied with two 

O atoms. Super cell view of this configuration show that layers of Si atoms are slightly shifted 

with respect to each other. Oxygen molecules act as bridges connecting these layers. The Si−Si 

bond length is 2.38 Å which is similar to the one in Silic-1O. The Si−Si−Si bond angle is 111.97o 

in Silic-2O but 110.71o in Silic-1O. The Si−O bond length is 1.74 Å and Si−O−O angle is 104.88o. 

Therefore, buckling of Si atoms in Silic-2O is 0.62 Å, which is again quite close to the buckling 

in 2D silicene. The simulated structure of Silic-2O is shown in Figure 2e inset.

Table S3. Si K-edge ionization potential (IP) and σ→π* photon energy values. 

Structure Simulation a) Experiments Simulation (corrected) f)

Model
IP

(eV)

σ→π*

(eV)b)

IP

(eV)

σ→π*

(eV)

IP

(eV)

σ→π*

(eV)b)

Silicene-ML
1852.1
2

1848.8
0 1848.8 (D) c) 1841.1 (A) c) 1848.10(-

3.3)
1841.10(-
7.7)

Silic-1O
1853.6
0

1849.5
0 1848.8 (D) c) 1846.2 (C) c) 1849.00 g) 1843.00 g)

Silic-2O
1853.7
0

1848.2
0 1848.8 (D) c) 1843.6 (B) c) 1849.10 g) 1841.70 g)

Stishovite
1855.6
0

1852.5
0 1851.0d) 1846.0d) 1851.00(-

4.6)
1846.00(-
6.5)

Silicon
1852.0
3

1848.8
0 1848.0e) 1840.0e) 1848.00(-

4.0)
1840.00(-
8.8)

α-Quartz
1856.0
0

1854.0
0 1849.0e) 1845.0e) 1849.00(-

7.0)
1845.00(-
9.0)

a) Value obtained with half-core approximation. b) As seen in convoluted simulated absorption 
profile. c) Experimentally measured values from this work. d) Experimentally measured values 
from references.21-22 e) Experimentally measured values from references.23-24 f) Corrections as 
difference between simulation and experimental values are shown in the brackets. g) Same 
corrections as for stishovite.

Note 3



S-8

Oscillator strengths for absorption transitions and X-ray absorption near-edge spectra 

(XANES). Quantum chemical calculations have been performed to assign the observed peaks in 

the experimental X-ray absorption spectra. XANES spectra were computed at the GGA DFT level 

using STOBE-DEMON numerical package with the gradient corrected Becke exchange functional 

and the Perdew correlation functional.25-28 Oscillator strengths of transitions were computed for 

both half-core-hole and full-core-hole approximations by the transition potential (TP) method in 

combination with a double basis set technique followed by Delta Kohn–Sham (DKS) scheme.29-32 

In order to obtain an improved representation of relaxation effects in the inner orbitals, the ionized 

atomic center was described by the IGLO-III basis of Kutzelnig and effective core potentials (ECP) 

were used on all other atoms.33-34 To mimic the experimental broadening of the experimental 

spectra, all simulated electronic transitions were then subjected to Gaussian convolution with 

varying broadening. For the region below the ionization threshold the broadening [full width at 

half maximum (FWHM)] was set to 1.5 eV. Above the threshold the constant broadening of 4.5 

eV was applied. Si K-edge ionization potential (IP) and σ→π* photon energy values are shown in 

Table S3.

Table S4. Simulated Si 2p and O 1s core-electron binding energy values with and without 

correction for selected model structures.

Structure Bonding Binding energy (eV)

Without correction With correction

Si 2p O 1s Si 2p O 1s

Silic-2O Si-O2-Si 103.18 530.94 102.23 533.44

Silic-1O Si-O-Si 102.66 528.73 101.71 531.23

α-quartz Si-O4 104.19 529.82 103.89 532.70
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Stishovite Si-O8 103.10 528.21 102.80 531.09

Silicene-ML Si-Si 101.22 98.29

Table S5. Simulated Si 2p, O 1s, C 1s core-electron binding energy values for selected model 

structures.

Molecule Simulated binding energy (eV) a)

Si O1 O2 C1 C2

ATOTMS 102.62 530.20 529.29 288.04

VTETOS 103.10 529.59

DMOMS b) 102.74 529.50

PHS 102.40 284.04(sp2) 284.33

HMDSO 528.86 284.03(sp3) 284.20

PS 102.28

HMDS 101.39

PDMS 101.16

a) with PBE/TZP, b) for DMOMS/PDMSO.

Table S6. Corrections to simulated Si 2p core-electron binding energy values for different bonding 

environments

Method Bonding arrangement (Model)

In-plane Si-Si 
(PDMS)

Spatial Si-Si 
(Silicon)

In-plane Si-O 
(DMOMS) b)

Spatial Si-O

(α-Quartz)

PBE/tzp 101.16 102.04 102.74 104.18

Exp. a) 98.1 99.1 101.79 103.7

err. -3.06 -2.94 -0.95 -0.48

a) see references,35-40 b) for DMOMS/PDMSO.
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Table S7. Corrections to simulated C 1s core-electron binding energy values for different bonding 

environments

Method Bonding arrangement (Model)

Si-Si-C 
(PDMS)

O-Si-C 
(DMOMS) b) C(sp2) (PHS) C=O 

(ATOTM)

PBE/tzp 283.52 283.84 284.33 288.04

Exp. a) 283.5 284.38 284.47 288.2

err. -0.02 0.54 0.14 0.16

a) see references,35-39, 41-43 b) for DMOMS/PDMSO

Table S8. Corrections to simulated O 1s core-electron binding energy values for different bonding 

environments 

Method Bonding arrangement (Model)

n-plane Si-O (DMOMS) b) Spatial Si-O (α-Quartz)

PBE/tzp 529.50 529.82

Exp. a) 532.00 532.70

err. 2.50 2.88

 a) see references,35, 44-46 b) for DMOMS/PDMSO

Table S9 Si 2p, O 1s, C 1s core-electron binding energies for selected small molecules and 

different bonding environments. 

Molecule Bonding Simulation Experiment a)

Si 2p (eV) O 1s (eV) C 1s (eV) Si 2p (eV) O 1s (eV) C 1s (eV)

Silane Si-H 106.80



S-11

For. acid C=O 537.96 538.97

For. acid C-OH 539.70 540.63

Water H-O 538.97 539.90

CO2 C=O 540.33 296.70 541.28 297.69

CO C=O 541.60 295.70 542.55 296.21

Ethene C=C 290.26 283.60

Methanol C-OH 537.70 291.50 539.11

Acetone C=O 536.44 290.80

Ether C-O 536.71 289.66

a) see references.35-46

Table S10 Simulated Si 2p core-electron binding energy values with and without correction.

With corrections applied

Method Bonding arrangement DBE (eV) Bonding arrangement

Si-O-C O-Si-O Si-O-C O-Si-O

ATOTMS DMOMS ATOTMS DMOMS

BLYP/tzp 102.80 102.93 -0.13 101.85 101.98

OLYP/tzp 103.13 103.26 -0.13 102.18 102.31

PBE/tzp 102.62 102.74 -0.12 101.67 101.79

PW91/tzp 102.84 102.97 -0.12 101.89 102.02

BLYP/aug-tzp 102.79 102.92 -0.12 101.84 101.97

OLYP/aug-tzp 103.12 103.24 -0.12 102.17 102.29

PBE/aug-tzp 102.61 102.72 -0.11 101.66 101.77

PW91/aug-tzp 102.83 102.95 -0.11 101.88 102.00

Si-O3 O-Si-O

VTETOS DMOMS

BLYP/tzp 102.80 102.93 -0.13 102.32 101.98

OLYP/tzp 103.13 103.26 -0.13 102.65 102.31
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PBE/tzp 102.62 102.74 -0.12 102.14 101.79

PW91/tzp 102.84 102.97 -0.12 102.36 102.02

BLYP/aug-tzp 102.79 102.92 -0.12 102.31 101.97

OLYP/aug-tzp 103.12 103.24 -0.12 102.64 102.29

PBE/aug-tzp 102.61 102.72 -0.11 102.13 101.77

PW91/aug-tzp 102.83 102.95 -0.11 102.35 102.00

Si-O4 O-Si-O

α-Quartz DMOMS

BLYP/tzp 104.39 102.93 1.46 103.91 101.98

OLYP/tzp 104.74 103.26 1.48 104.26 102.31

PBE/tzp 104.19 102.74 1.44 103.71 101.79

PW91/tzp 104.41 102.97 1.44 103.93 102.02

BLYP/aug-tzp 104.62 102.92 1.71 104.14 101.97

OLYP/aug-tzp 104.94 103.24 1.70 104.46 102.29

PBE/aug-tzp 104.40 102.72 1.68 103.92 101.77

PW91/aug-tzp 104.63 102.95 1.68 104.15 102.00

Si-Si O-Si-O

Silicon DMOMS

BLYP/tzp 101.95 102.93 -0.98 99.01 101.98

OLYP/tzp 102.51 103.26 -0.75 99.58 102.31

PBE/tzp 102.04 102.74 -0.70 99.10 101.79

PW91/tzp 102.21 102.97 -0.76 99.27 102.02

BLYP/aug-tzp 101.94 102.92 -0.98 99.00 101.97

OLYP/aug-tzp 102.50 103.24 -0.74 99.56 102.29

PBE/aug-tzp 102.02 102.72 -0.70 99.09 101.77

PW91/aug-tzp 102.19 102.95 -0.75 99.26 102.00

Si-Si O-Si-O

Silicene 3D DMOMS

BLYP/tzp 101.96 102.93 -0.97 99.02 101.98
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OLYP/tzp 102.53 103.26 -0.73 99.59 102.31

PBE/tzp 102.05 102.74 -0.69 99.11 101.79

PW91/tzp 102.22 102.97 -0.75 99.28 102.02

BLYP/aug-tzp 101.95 102.92 -0.96 99.01 101.97

OLYP/aug-tzp 102.52 103.24 -0.72 99.58 102.29

PBE/aug-tzp 102.03 102.72 -0.69 99.10 101.77

PW91/aug-tzp 102.21 102.95 -0.74 99.27 102.00

Si-Si O-Si-O

Silicene ML DMOMS

BLYP/tzp 101.32 102.93 -1.62 98.38 101.98

OLYP/tzp 101.72 103.26 -1.54 98.78 102.31

PBE/tzp 101.22 102.74 -1.52 98.29 101.79

PW91/tzp 101.50 102.97 -1.46 98.57 102.02

BLYP/aug-tzp 101.45 102.92 -1.46 98.51 101.97

OLYP/aug-tzp 101.72 103.24 -1.52 98.78 102.29

PBE/aug-tzp 101.34 102.72 -1.39 98.40 101.77

PW91/aug-tzp 102.07 102.95 -0.87 99.14 102.00

O-Si-O O-Si-O

Sili w1O DMOMS

BLYP/tzp 102.65 102.93 -0.28 101.70 101.98

OLYP/tzp 103.16 103.26 -0.10 102.21 102.31

PBE/tzp 102.66 102.74 -0.08 101.71 101.79

PW91/tzp 102.85 102.97 -0.12 101.90 102.02

BLYP/aug-tzp 102.68 102.92 -0.24 101.73 101.97

OLYP/aug-tzp 103.18 103.24 -0.05 102.23 102.29

PBE/aug-tzp 102.68 102.72 -0.04 101.73 101.77

PW91/aug-tzp 102.87 102.95 -0.08 101.92 102.00

O2-Si-O2 O-Si-O

Sili w1O DMOMS
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BLYP/tzp 103.15 102.93 0.22 102.20 101.98

OLYP/tzp 103.70 103.26 0.44 102.75 102.31

PBE/tzp 103.18 102.74 0.44 102.23 101.79

PW91/tzp 103.37 102.97 0.40 102.42 102.02

BLYP/aug-tzp 103.18 102.92 0.27 102.23 101.97

OLYP/aug-tzp 103.72 103.24 0.48 102.77 102.29

PBE/aug-tzp 103.21 102.72 0.48 102.26 101.77

PW91/aug-tzp 103.40 102.95 0.45 102.45 102.00

Si-O8 O-Si-O

stishovite DMOMS

BLYP/tzp 104.30 102.93 1.36 103.82 101.98

OLYP/tzp 103.76 103.26 0.50 103.28 102.31

PBE/tzp 103.10 102.74 0.36 102.62 101.79

PW91/tzp 103.31 102.97 0.34 102.83 102.02

BLYP/aug-tzp 103.73 102.92 0.81 103.25 101.97

OLYP/aug-tzp 103.71 103.24 0.47 103.23 102.29

PBE/aug-tzp 103.49 102.72 0.76 103.01 101.77

PW91/aug-tzp 103.49 102.95 0.55 103.01 102.00

Table S11 Simulated O 1s core-electron binding energy values with and without correction.

With corrections applied

Method Bonding arrangement DBE (eV) Bonding arrangement

Si-O3 O-Si-O Si-O3 O-Si-O

VTETOS DMOMS VTETOS DMOMS

BLYP/tzp 530.04 529.96 0.08 530.04 532.46

OLYP/tzp 529.25 529.17 0.07 529.25 531.67

PBE/tzp 529.59 529.50 0.09 529.59 532.00

PW91/tzp 529.96 529.88 0.09 529.96 532.38
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BLYP/aug-tzp 530.03 529.96 0.08 530.03 532.46

OLYP/aug-tzp 529.24 529.17 0.07 529.24 531.67

PBE/aug-tzp 529.58 529.50 0.08 529.58 532.00

PW91/aug-tzp 529.95 529.87 0.08 529.95 532.37

Si-O-C O-Si-O Si-O-C O-Si-O

ATOTMS DMOMS ATOTMS DMOMS

BLYP/tzp 530.71 529.96 0.75 533.21 532.46

OLYP/tzp 529.85 529.17 0.67 532.35 531.67

PBE/tzp 530.20 529.50 0.70 532.70 532.00

PW91/tzp 530.59 529.88 0.71 533.09 532.38

BLYP/aug-tzp 530.71 529.96 0.75 533.21 532.46

OLYP/aug-tzp 529.84 529.17 0.67 532.34 531.67

PBE/aug-tzp 530.19 529.50 0.70 532.69 532.00

PW91/aug-tzp 530.58 529.87 0.71 533.08 532.37

Si-O-Si O-Si-O Si-O-Si O-Si-O

DMS DMOMS DMS DMOMS

BLYP/tzp 529.37 529.96 -0.60 531.87 532.46

OLYP/tzp 528.47 529.17 -0.71 530.97 531.67

PBE/tzp 528.86 529.50 -0.64 531.36 532.00

PW91/tzp 529.25 529.88 -0.63 531.75 532.38

BLYP/aug-tzp 529.35 529.96 -0.61 531.85 532.46

OLYP/aug-tzp 528.46 529.17 -0.71 530.96 531.67

PBE/aug-tzp 528.85 529.50 -0.65 531.35 532.00

PW91/aug-tzp 529.23 529.87 -0.64 531.73 532.37

Si-O4 O-Si-O Si-O4 O-Si-O

α-quartz DMOMS α-quartz DMOMS

BLYP/tzp 530.30 529.96 0.33 533.18 532.46

OLYP/tzp 529.44 529.17 0.27 532.32 531.67

PBE/tzp 529.82 529.50 0.31 532.70 532.00
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PW91/tzp 530.20 529.88 0.32 533.08 532.38

BLYP/aug-tzp 530.32 529.96 0.36 533.20 532.46

OLYP/aug-tzp 529.49 529.17 0.32 532.37 531.67

PBE/aug-tzp 529.85 529.50 0.35 532.73 532.00

PW91/aug-tzp 530.23 529.87 0.36 533.11 532.37

Si-O8 O-Si-O Si-O8 O-Si-O

Stishovite DMOMS Stishovite DMOMS

BLYP/tzp 528.67 529.96 -1.29 531.56 532.46

OLYP/tzp 527.85 529.17 -1.33 530.73 531.67

PBE/tzp 528.21 529.50 -1.30 531.09 532.00

PW91/tzp 528.58 529.88 -1.30 531.46 532.38

BLYP/aug-tzp 528.64 529.96 -1.32 531.52 532.46

OLYP/aug-tzp 527.83 529.17 -1.34 530.71 531.67

PBE/aug-tzp 528.18 529.50 -1.32 531.06 532.00

PW91/aug-tzp 528.55 529.87 -1.32 531.43 532.37

Si-O-Si O-Si-O Si-O-Si O-Si-O

Sili w1O DMOMS Sili w1O DMOMS

BLYP/tzp 529.17 529.96 -0.79 531.67 532.46

OLYP/tzp 528.34 529.17 -0.83 530.84 531.67

PBE/tzp 528.73 529.50 -0.77 531.23 532.00

PW91/tzp 529.10 529.88 -0.78 531.60 532.38

BLYP/aug-tzp 529.19 529.96 -0.77 531.69 532.46

OLYP/aug-tzp 528.37 529.17 -0.80 530.87 531.67

PBE/aug-tzp 528.75 529.50 -0.75 531.25 532.00

PW91/aug-tzp 529.12 529.87 -0.75 531.62 532.37

Si-O2-Si O-Si-O Si-O2-Si O-Si-O

Sili w2O DMOMS Sili w2O DMOMS

BLYP/tzp 531.39 529.96 1.42 533.89 532.46

OLYP/tzp 530.65 529.17 1.48 533.15 531.67



S-17

PBE/tzp 530.94 529.50 1.44 533.44 532.00

PW91/tzp 531.31 529.88 1.44 533.81 532.38

BLYP/aug-tzp 531.37 529.96 1.41 533.87 532.46

OLYP/aug-tzp 530.64 529.17 1.47 533.14 531.67

PBE/aug-tzp 530.93 529.50 1.43 533.43 532.00

PW91/aug-tzp 531.30 529.87 1.43 533.80 532.37

Note 4

Core-electron ionization potentials (core-electron binding energies). The core-electron 

ionization potentials were calculated in the ΔKS (Kohn–Sham) scheme in which the energy is 

taken as the difference between the optimized ground state and core-ionized state. To be able to 

compare with experimental data the 1s core state was considered for oxygen and carbon elements, 

whereas 2p core state was considered for silicon. Gradient-corrected functional with both polarized 

triple-zeta (TZP) and augmented polarized triple-zeta (aug-TZP) basis sets were used in the 

calculations. Calculations were performed in ADF program suite.26, 47-53 The core-electron 

ionization potentials of the Si, C, O are shown in Table S4-11.53
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