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1. SEM-EDX
Sample SM-150-15 SM-150-25 SM-150-110 SM-200-15 SM-200-25 SM-200-70 SM-250-15 SM-250-25 SM-250-65

Elements 1 2 1 2 1 2 3 4 1 2 3 1 2 3 1 2 3 1 2 1 1 2

Si 56.51 65.37 27.97 67.32 83.46 26.99 26.91 83.09 32.46 71.36 2.64 75.89 80.39 14.08 14.37 20.81 14.20 70.01 65.85 2.63 3.86 3.93

Cu 36.85 0.80 48.08 0.70 5.05 65.35 65.16 5.03 52.84 0.61 0.38 0.98 0.44 42.69 11.02 13.19 10.87 6.04 5.81 0.38 1.06 0.52

C 3.62 24.70 19.13 31.56 8.64 21.92 19.78 19.11 18.79 17.59 30.95 29.98 10.60 14.52 19.67 14.71 19.87

O 1.79 8.75 1.57 5.70 45.46 3.50 9.57 11.76 11.56 45.51 31.00 48.15

Al 0.77 0.14 1.10 0.24 2.20 2.62 2.61 2.19 0.78 0.14 7.28 1.31 7.23 13.95 7.17 0.24 0.23 7.26 1.96 2.70

Cl 0.46 0.24 2.16 0.18 3.52 2.56 2.55 3.49 0.83 0.14 9.82 0.19 0.06 1.26 11.23 18.66 11.02 0.63 0.96 9.80 2.70 4.90

Fe 1.11 0.74 0.13 0.10 0.09 5.58 0.26 0.48 20.65 0.97

Cr 0.45 5.77 2.48 2.47 5.72 0.31 7.88 0.07 0.04 4.12 25.19 33.40 24.67 0.12 7.87 15.38 12.17

Ni 0.26 0.33 3.80 1.52 0.02 2.44 0.09

Ti 0.04 0.15 0.57 0.13 0.67 0.59

Zn 1.84 6.75 0.16 0.19 0.30 0.59 6.74 2.30 3.18

Mg 0.04 3.27 2.93

Table S1 – SEM-EDX elemental analyses data table
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2. 1H, 13C, 29Si NMR – data
For results of synthesis with methanol 
1H NMR ((CDCl3, δ, ppm, J/Hz): 3.68 (s, 1H), 3.50 – 3.44 (m, 12H), 3.40 (s, 3H).
13C NMR ((CDCl3, δ, ppm): 60.14 (s), 50.99 (s), 50.92 (s), 50.87 (s), 50.13 (s).
29Si NMR ((CDCl3, δ, ppm): -78.72 (s), -86.08 (s).

For results of synthesis with ethanol
1H NMR ((CDCl3, δ, ppm, J/Hz): 3.84 (q, J = 7.0 Hz, 2H), 3.70 (q, J = 7.0 Hz, 2H), 2.17 (s, 1H), 1.23 (t, J = 7.0 Hz, 3H), 1.22 (t, J = 7.0 Hz, 

3H).
13C NMR ((CDCl3, δ, ppm): 59.03 (s), 57.64 (s), 17.90 (s), 17.83 (s), 17.75 (s).
29Si NMR ((CDCl3, δ, ppm): -81.92 (s), -88.97 (s), -89.17 (s).

For results of synthesis with butanol
1H NMR ((CDCl3, δ, ppm, J/Hz): 3.78 (t, J = 6.6 Hz, 2H), 3.67 (q, J = 11.4, 6.4 Hz, 2H), 1.61 – 1.54 (m, 4H), 1.49 (t, J = 4.7 Hz, 1H), 1.45 – 

1.35 (m, 4H), 0.95 (t, J = 7.4 Hz, 3H), 0.93 (t, J = 7.4 Hz, 3H).
13C NMR ((CDCl3, δ, ppm): 63.14 (s), 62.19 (s), 34.65 (s), 34.33 (s), 18.83 (s), 18.73 (s), 13.70 (s), 13.63 (s).
29Si NMR ((CDCl3, δ, ppm): -81.84 (s), -88.84 (s).

For results of synthesis with ethoxyethanol
1H NMR ((CDCl3, δ, ppm, J/Hz): 3.94 (t, J = 5,5 Hz, 2H), 3.76 – 3.72 (m, 2H), 3.58 – 3.50 (m, 8H), 2.39 (s, 1H), 1.23 (t, J = 7.0 Hz, 3H), 1.19 

(t, J = 7.0 Hz, 3H).
13C NMR ((CDCl3, δ, ppm): 71.69 (s), 71.15 (s), 66.39 (s), 66.30 (s), 62.77 (s, J = 6.1 Hz), 61.44 (s), 14.98 (s), 14.89 (s).
29Si NMR ((CDCl3, δ, ppm): -82.49 (s), -89.17 (s).



5

3. XPS

Elements, at%
Spent mass

С O Si Cl Cr Cu Zn F

SM150 39.4 40.3 12.0 1.5 4.8 1.1 1.0 -

SM200-15 23.5 36.9 33.9 1.6 0.7 2.6 0.8 -

SM200-25 30.7 36.4 24.5 2.7 0.8 3.4 1.5 -

SM200 47.2 41.0 2.1 1.7 6.4 0.7 0.9 -

SM250 52.6 35.6 1.8 1.4 7.2 0.5 0.9 2.7

Table S2. Concentrations of elements on the surface of the studied samples (atom. %), calculated from the survey XPS spectra.
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Elements, at%
Spent mass

C O Si Si0 Si4+ Cl Zn Cr Cu

SM150 42.7 39.0 13.0 10.4 2.6 1.5 1.0 4.3 1.0

SM200-15 26.9 34.5 35.9 28.0 7.9 1.6 0.8 0.6 2.2

SM200-25 33.2 35.1 27.4 19.2 8.2 2.7 1.5 1.0 3.3

SM200 52.0 39.3 2.4 0.6 1.8 1.7 0.9 5.9 0.6

SM250 56.1 35.1 2.0 0 2.0 1.2 0.9 6.7 0.1

Table S3 - Concentrations of elements on the surface of the studied samples (atom. %), Calculated from the high-resolution XPS spectra.
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Sample Oxidation state Si0 Si4+

Peak 2p3/2, eV 2p1/2, eV 2p3/2, eV

SM-150 BE, eV 99.34 99.95 103.4

W, eV 0.93 1.12 2.08

Irelative 0.53 0.27 0.20

SM-200-15 BE, eV 99.34 99.95 103.44

W, eV 0.77 0.82 1.90

Irelative 0.52 0.26 0.22

SM-200-25 BE, eV 99.34 99.95 103.34

W, eV 0.89 1.08 1.98

Irelative 0.47 0.23 0.30

SM-200 BE, eV 99.34 99.95 103.44

W, eV 1.06 1.2 2.04

Irelative 0.16 0.08 0.76

SM-250 BE, eV 99.14 99.75 103.44

W, eV 0.8 1.06 2.03

Irelative 0.026 0.013 0.961

Table S4. Characteristics of photoelectron spectra: binding energies BE, widths (W), and relative intensities (Irelative) of photoelectron peaks assigned to 

different chemical charge states in the Si 2p spectra.
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Samples Parameters Cu0 Cu2+, Cu2+, sat1 Cu2+, sat2 Cu2+, sat3 Cu2+, sat4

I II III IV V VI

SM-150 BE 933.2 933.8 935.7 941.7 942.9 944.9

W 1.5 2.1 3.2 1.0 3.5 1.8

Irelative 0.1 0.3 0.4 0 0.2 0.1

SM-200-15 BE 932.7 934.6 936.0 - 942.3 944.2

W 1.6 1.7 2.3 - 3.5 1.8

Irelative 0.7 0.1 0.1 - 0.02 0.02

SM-200-25 BE 932.8 934.5 936.0 941.3 942.2 944.0

W 1.6 1.7 2.3 1.0 3.5 1.8

Irelative 0.7 0.1 0.1 0 0.04 0.03

SM-200 BE 933.2 934.3 935.9 - 942.7 944.8

W 1.4 2.1 2.1 - 3.5 1.8

Irelative 0.5 0.2 0.2 - 0.1 0.04

SM-250 BE 933.0 934.7 936.1 - - -

W 1.5 1.7 2.3 - - -

Irelative 0.8 0.1 0.1 - - -

Table S5. Characteristics of photoelectron peaks identified in the Cu 2p3/2 spectra: binding energies BE, widths (W), and relative intensities (Irelative)
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Sample Cu 2p3/2, eV Cu L3M4,5M4,5 Cu 2p3/2 + Cu L3M4,5M4,5, eV Charge reference, eV C 1s, eV Ref.

SM-200
933.2

934.3
914.8

1848.0

1849.1

Si 2p

99.34

SM-150
933.2

933.8
915.1

1848.3

1848.9

Si 2p

99.34

SM-250*

SM-200-15 932.7 915.9 1848.6 Si 2p 99.3 285.3

SM-200-25
932.8

934.4

915.5

917.9

1848.3

1850.7

1849.9

1852.3

Si 2p

99.3
285.2

CuCl 932.5 914.9 1847.4 285.0 [1]

CuCl 932.54 914.98 1847.51 285.0 [2]

Cu2O 932.9 916.5 1849.4 285.0 [3]

Cu2O 932.38 916.79 1849.17 285.0 [2]

Cu2O 932.9 916.6 1849.5 285.0 [4]

Cu2O 932.8 915.9 1848.7 285.0 [5]

Cu 932.67 918.49 1851.16 Au 4f7/2 83.98 [6]

Cu(OH)2 934.2 916.5 1850.7 285.0 [7]

Cu(OH)2 934.87 916.05 1850.92 285.0 [2]

CuCl2 935.1 915.3 1850.4 285.0 [8]

CuCl2 935.5 914.88 1850.37 285.0 [2]

CuO 933.75 917.7 1851.45 285.0 [9]

CuO 933.77 917.37 1851.33 285.0 [2]

Table S6. Characteristics of photoelectron and Auger spectra of Cu studied samples and reference data.

* Due to the low copper concentration in the sample, a low signal intensity was observed in the region of the Cu-LMM Auger transitions, which made 

it impossible to determine the Ekin of the Auger peak
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Sample Cr 2p3/2, eV Cr 2p1/2, eV Cr 2p1/2 - 2p3/2, eV Cu/Cr Ref.

SM-150 577.9 587.7 9.8 0.24

SM-200-15 577.6 587.8 10.2 3.84

SM-200-25 577.3 587.3 10.0 3.39

SM-200 577.2 587.1 9.9 0.09

SM-250 576.9 586.6 9.7 0.01

Cr2O3 576.9 586.7 9.8 [10]

Table S7. Characteristics of the Cr 2p photoelectron spectra.
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4. Spectra and other additional information

4.1. SEM-EDX – images and spectra

Figure S1       SM-150-15(1)

SM-150-15(1)
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Figure S2       SM-150-15(2)

SM-150-15(2)
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Figure S3       SM-150-25(1)

SM-150-25(1)
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Figure S4       SM-150-25(2)

SM-150-25(2)
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Figure S5       SM-150-110(1)

SM-150-110(1)
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Figure S6       SM-150-110(2)

SM-150-110(2)
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Figure S7       SM-150-110(3)

SM-150-110(3)
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Figure S8       SM-150-110(4)

SM-150-110(4)
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Figure S9       SM-200-15(1)

SM-200-15(1)
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Figure S10       SM-200-15(2)

SM-200-15(2)
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Figure S11       SM-200-15(3)

SM-200-15(3)
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Figure S12       SM-200-25(1)

SM-200-25(1)
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Figure S13       SM-200-25(2)

SM-200-25(2)
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Figure S14       SM-200-25(3)

SM-200-25(3)
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Figure S15       SM-200-70(1)

SM-200-70(1)
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Figure S16       SM-200-70(2)

SM-200-70(2)
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Figure S17       SM-200-70(3)

SM-200-70(3)
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Figure S18       SM-250-15(1)

SM-250-15(1)
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Figure S19       SM-250-15(2)

SM-250-15(2)
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Figure S20       SM-250-25(1)

SM-250-25(1)



31

Figure S21       SM-250-65(1)

SM-250-65(1)
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Figure S22       SM-250-65(2)

SM-250-65(2)
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4.2. NMR
NMR for tetramethoxysilane synthesis

Figure S23    1H NMR spectrum for synthesis with methanol
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Figure S24    13C NMR spectrum for synthesis with methanol
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Figure S25    29Si NMR spectrum for synthesis with methanol



36

NMR for tetraethoxysilane synthesis

Figure S26    1H NMR spectrum for synthesis with ethanol
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Figure S27    13C NMR spectrum for synthesis with ethanol
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Figure S28    29Si NMR spectrum for synthesis with ethanol
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NMR for tetrabutoxysilane synthesis

Figure S29    1H NMR spectrum for synthesis with butanol



40

Figure S30    13C NMR spectrum for synthesis with butanol
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Figure S31    29Si NMR spectrum for synthesis with butanol



42

NMR for tetra(2-ethoxy)ethoxysilane synthesis

Figure S32    1H NMR spectrum for synthesis with ethoxyethanol
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Figure S33    13C NMR spectrum for synthesis with ethoxyethanol
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Figure S34    29Si NMR spectrum for synthesis with ethoxyethanol
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4.3. PXRD – date

Figure S35 PXRD data of contact mass samples after reaction Si + MeOH (20% CuCl), acceleration 19 g, Т = 100 оС, 300 min.
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Figure S36 PXRD data of contact mass samples after reaction Si + MeOH (20% w CunXm), acceleration 19 g, Т = 250 оС, 30 min.
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Figure S37 PXRD data of contact mass samples after reaction Si + MeOH (20% w CuBr), acceleration 19 g, a) Т = 100 оС, 300 min. b) 

Т = 250 оС, 30 min.
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Figure S38 PXRD data of contact mass samples after reaction Si + MeOH (20% w CuI), acceleration 19 g, a) Т = 100 оС, 300 min. b) 

Т = 250 оС, 30 min.
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4.4. GLC-MS – spectra

Figure S39    GLC-MS – spectra of products mixture after the synthesis with methanol
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Figure S40    GLC-MS – spectra of products mixture after the synthesis with ethanol
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Figure S41    GLC-MS – spectra of products mixture after the synthesis with butanol
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Figure S42    GLC-MS – spectra of products mixture after the synthesis with ethoxyethanol
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4.5. XPS – spectra
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Figure S48 shows the Si 2p photoelectron spectra of the studied samples, normalized to the intensity of the high-energy peak corresponding to the Si4+ 

state, and qualitatively reflecting the relative concentrations of the Si4+ and Si0 states. 
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Figure S48 Photoelectron spectra of Si 2p of the studied samples, the spectra are normalized to the intensity of the high-energy peak.

For quantitative estimates, the spectra were decomposed into components. The low-energy part of the spectrum is described by the Si 2p3/2-2p1/2 spin-

orbital doublet with a splitting of 0.61 eV and a characteristic ratio of 2/1 (Figure S49). Due to the low signal-to-noise ratio in the region of binding 

energies of about 99.3 eV in the case of the spectra of sample SM-250, the surface charging was taken into account by the peak of the Si4+ state, to 

which the binding energy of 103.44 eV was assigned, and the values of the binding energies for the Si0 state given in Table S4 are approximate.
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Figure S49 Si 2p photoelectron spectra of the studied samples; fitting with some Gaussian profiles.
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Taking into account the possibility of copper reduction under the action of X-ray radiation, the Cu 2p spectra were recorded at the beginning 

and at the end of the experiment (Figure S50). To reduce the degree of influence, the registration of the spectra was begun with the Cu 2p spectrum. 
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Figure S50 Effect of X-ray radiation on the chemical state of copper atoms.
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Figure S50 clearly demonstrates the increase in the intensity of the low-energy peak at the end of the photoelectron spectra acquisition. Therefore, the 

fraction of the Cu2+ state determined from the considered spectra can be higher. Since the Cu 2p1/2 spectrum partially overlaps with the Co LMM 

Auger spectrum, further analysis was carried out only for the Cu 2p3/2 spectrum. Figure S51 shows that the spectrum of sample SM-150 stands out 

noticeably, which is due to the large fraction of the Cu2+ state in the sample, as indicated by intense satellites at ~944 eV, an intense signal at ~ 936 eV, 

and a shift of the main peak to the region of high binding energies relative to peaks of other samples. To determine the relative fractions of different 

chemical states, approximations of the Cu 2p spectra with some components (Figure S52), based on the characteristics of the peaks given in [11] were 

used. The results are shown in Table S5. 
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Figure S51 The Cu 2p3/2 photoelectron spectra of the studied samples.
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Figure S52 The Cu 2p3/2 photoelectron spectra of the studied samples approximated with some components.

From the data given in Table S5, it follows that the fractions of the Cu2+ state in samples SM-150, SM-200-15, SM-200-25, SM-200 and SM-250 are 

0.93, 0.29, 0.30, 0.47 and 0.20, respectively.
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Figure S53 Region of the L3M4,5M4,5 Auger spectra of the studied samples and their difference spectra.

Figure S53 shows the L3M4,5M4,5 Auger spectra of the studied samples, partially overlapping with the Cr 2p3/2 spectra and some difference spectra for 

which the Auger peak energies were determined and presented in Table S6. Due to the highest Cu concentration in sample SM-200-25, the 

corresponding Auger spectrum has the best signal-to-noise ratio. There are clearly two peaks in the spectrum; subtraction of the spectrum of sample 

SM-200-15 was used to determine the position of the low-energy peak. The binding energies of these peaks are 571.1 and 568.8 eV, and the 

corresponding kinetic energies and Auger parameters are given in Table S6. The Auger parameter of 1848.3 eV, according to the data presented in 

Table S6, occupies an intermediate position between the values characteristic of CuCl (~1847.4 eV) and Cu2O (1849.17-1849.5 eV). Similarly, the 

Auger parameter of 1850.65 eV can be assigned to both Cu2O and Cu0. In this case, we do not consider the close values of the Auger parameters 

related to the state of Cu2+ due to the absence of their characteristic satellites in the region of binding energies of about 942 eV with an intensity 

approximately equal to half the intensity of the main peak. However, taking into account the binding energy of the low-energy peak at 932.8 eV and 
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the size effect [12, 13], which is more pronounced in the Auger spectrum, the Auger peak with a binding energy of 568.75 eV should be attributed to 

the Cu0 state [13].
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Figure S54 Photoelectron spectra of Cr 2p and Cu LMM Auger spectra of the studied samples.

Figure S54 shows that the Cr 2p photoelectron spectra and Cu LMM Auger spectra overlap in the case of samples SM-200-15 and SM-200-25 

at large ratios of Cu and Cr concentrations. If the positions of the main Cu LMM Auger peaks are the same, then that of the Cr 2p peaks are noticeably 

different, which, apparently, indicates the manifestation of differential charging, since the Cr 2p line shapes when they are combined in the case of 

samples SM-200, SM-150, and SM-250 are virtually indistinguishable. The Cr 2p1/2 peaks of samples SM-200-15 and SM-200-25 are characterized by 

a slight broadening, which is caused by a significantly lower chromium concentration and, accordingly, a greater inhomogeneity of the samples, which 

manifests itself in a decrease in the signal-to-noise ratio. As for the Cr 2p3/2 peaks, their shape is significantly affected by the overlap with the Cu LMM 
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Auger spectrum and the features of background subtraction. Table S7 shows the characteristics of the Cr 2p photoelectron spectra. The table shows the 

dependence of the 2p1/2 - 2p3/2 spin-orbit splitting on the Cu/Cr ratio. It should be noted that for pure chromium, the spin-orbit splitting is 9.2 eV [12].

In other words, the higher the chromium concentration in the sample, the closer the spin-orbit splitting to the reference value for Cr2O3. It was 

shown that with an increase in the oxidation state of Cr atoms, the spin – orbit splitting also increases [14]. At the same time, it decreases with an 

increase in 3d electrons and for Cr6+ is in the range of 8.7-9.4 eV [15]. Thus, the values of 10 and 10.2 eV should be attributed to the influence of the 

nearest environment on the relative components of the multiplet splitting in the Cr 2p spectra, which manifests itself at low Cr concentrations in the 

samples.

Figure S55 shows the C 1s spectra of the studied samples, from which it can be seen that the positions of the main peaks are very different. It 

should be noted that the surface charging was taken into account according to the state of Si0, which is distinguished in the corresponding Si 2p peaks. 

As a rule, in the C 1s spectra, the peak with the highest intensity is attributed to the C–C/C–H state, the binding energy of which is in the range 284.6 - 

285.2 eV. However, in most cases it is believed that the binding energy of this state is in the range of 284.8-285.0 eV. The spectra of samples SM-200-

15 and SM-200-25 have almost identical shapes with close binding energies of the main peaks: 285.4 and 285.2 eV, which should be attributed to the 

C-C/C-H state and, in turn, indicate the presence of differential charging. Figure S56 shows the selection of various states in these spectra, which, due 

to differential charging, may be assigned to the C-C/C-H, C-OH/C-O-C and C(O)O groups.
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Figure S55 The C 1s photoelectron spectrum of samples SM-150, SM-200-15, SM-200-25, SM-200, SM-250.
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Figure S56 The C 1s photoelectron spectra of SM-200-15, SM-200-25
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