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SI │Supplementary Figures 

 

Supplementary Figure 1│Dissolved amount of Si and Mg in liquid wet-kneading medium analyzed using 

ICP–OES.  

 

Supplementary Note 1│ Equilibria calculations for SiO2 and Mg(OH)2 systems in aqueous media.  

(i) Amorphous silica 

The elementary dissociation and association reactions in aqueous solution/dispersion of amorphous SiO2 can 

be described as following equations with the respective formation or dissociation constants: 

SiO2
am + 2H2O	⇋ H4SiO4               logK1=-2.74 1  (eq. 1) 

H4SiO4⇋	H++	H3SiO4
-    logK2=-9.81 2  (eq. 2) 

H4SiO4⇋ 2H++ H2SiO4
2-   logK3=-23.14 2 (eq. 3) 

Accordingly, total equilibrium in the system can be described by following material balance equation: 

[Si]total= [H4SiO4]	+ [H3SiO4
- ]	+ %H2SiO4

2-&   (eq. 4) 

where [Si]total is the total concentration of all species in the system. Considering the expressions for the 

dissociation constants of H4SiO4:  

K2= [H3SiO4
- ]#H+$

[H4SiO4]
 ;      K3= 

%H2SiO4
2-&#H+$

2

[H4SiO4]
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the fractions of each soluble species in the solution could be correlated with pH of the system and can be 

determined applying the following formulas: 

fH4SiO4= 1

'1+ K2
!H+"

 + K3
!H+"

2(

 ;     fH3SiO4
-
= 1

)
!H+"
K2

 + 1 + K3
!H+"∙K2

*
;      fH2SiO4

2-
= 1

'
!H+"

2

K3
  + 

K2∙!H
+"

K3
 + 1(

 

The solubility of amorphous SiO2 as a function of pH can be derived from the eq. 4, considering the formation 

constant K1 (eq. 1). Because the activity coefficients of SiO2 and water are equal to 1, the equilibrium 

concentration for [H4SiO4] becomes equal to K1 (eq. 1). Thus, the solubility of amorphous SiO2 as a function 

of pH can be plotted by the following equation: 

[Si]total= K1+ K2∙K1
#H+$

+ K3∙K1
#H+$

2         (eq. 5) 

 

(ii) Magnesium hydroxide 

The elementary dissociation and association reactions in aqueous solution/dispersion of Mg(OH)2 can be 

described as the following equations with their respective formation or dissociation constants: 

Mg2+ + H2O⇋ H++ Mg(OH)-  logK1=-11.44 3 (eq. 6) 

Mg2++2H2O ⇋ 2H++ Mg(OH)2  logK2=-16.85 3 (eq. 7) 

The material balance equation is: 

[Mg]total= %Mg2+&+ [Mg(OH)-]+ %Mg(OH)2&  (eq. 8) 

To find the fraction of each components, eq. 8 is used for the association constants and [H+]. After factoring 

out and rearranging the equation, the expressions for each species can be derived as follows: 

fMg2+= 1

'1+ K1
!H+"

 + K2
!H+"

2(

 ;     fMgOH+= 1

)
!H+"
K1

 + 1 + K2
!H+"∙K1

*
;      fMg(OH)2= 1

'
!H+"

2

K3
  + 

K2∙!H
+"

K3
 + 1(

 

The solubility curve as function of pH could be derived from material balance (eq. 8) and the solubility product 

constant for Mg(OH)2:3 

Ksp
Mg(OH)2=[Mg][OH]2= [Mg]Kw

[H+]
=10-11.6   (eq. 9) 

Thus, the solubility curve as function of pH is described by  
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[Mg]total= 
Ksp
Mg(OH)2 ∙[H+]

2

Kw2
+ K2∙K1

#H+$
+ K3∙K1

#H+$
2    (eq. 10) 

where Kw is ionic product of water, [H+][OH-] = 1·10-14 mol L-1 (at room temperature).4 

 

Supplementary Figure 2│ Distribution of aqueous Si (top) and Mg (bottom) species in equilibrium as a 

function of pH for amorphous SiO2 or crystalline Mg(OH)2, respectively. Curves are calculated using 

thermodynamic constants provided in database (Hydra-Medusa software)2  and solubility curves are denoted 

as black dashed line. 
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Supplementary Figure 3│Summary of 29Si and 25Mg chemical shifts of SiO2, MgO, and magnesium 

silicate materials as reported in literature. Chemical shift values and corresponding references are listed in 

Supplementary Table 1. δcog represents center of gravity. 

 



6 
 

 

Supplementary Figure 4│PXRD analysis of prepared wet-kneading precursors and wet-kneaded silica–

magnesia samples. a, PXRD patterns of dried wet-kneaded samples, b, Rietveld analysis of Mg(OH)2 and 

WK–72h–dried samples, c, PXRD patterns of calcined samples and d, calculated crystallite sizes of physical 

mixture of SiO2 and Mg(OH)2, dried, and calcined wet-kneaded silica-magnesia samples using the Scherrer 

equation. Rietveld results are summarized in Supplementary Table 2.  
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Supplementary Figure 5│ Additional STEM–EDX analysis of WK–10min–dried. a,c, STEM images and 

c,d, corresponding EDX mapping results. EDX results on different regions (Si#, Mg# and bg# for SiO2-, and 

Mg(OH)2-domains and backgrounds) after 10 min of wet-kneading indicates that Si and Mg are cross-

deposited on MgO and SiO2, respectively. The averaged Si:Mg:O ratios (wt.%) on SiO2 and MgO domains 

are 43:3:54 and 4:52:44.  
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Supplementary Figure 6│Size of Si motifs on the MgO domain of the WK–10min–calc sample. a, 

HAADF–STEM image and b, pixel intensity counts of line profiles 1 and 2. The average size of the 

nanopatterns was calculated to be 3.3 (±1.1) nm.  

 

 

Supplementary Figure 7│ Surface morphology differences between PM– and WK–calc samples. 

HAADF–STEM images of a, PM–calc (calcined after physical mixing of SiO2 and Mg(OH)2) and b, WK–

10min–calc (calcined after 10 min of wet-kneading). For the physical mixture sample, dried pristine SiO2 and 

Mg(OH)2 were mixed manually for 10 min using a mortar. The samples were calcined at 500°C for 5 h with 

a heating rate of 5°C min−1. 
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Supplementary Figure 8│Effect of wet-kneading on surface dehydroxylation of Mg(OH)2. a, TGA 

analysis for the dried samples including pristine SiO2 and MgO, the physical mixture of SiO2 and Mg(OH)2, 

and wet-kneaded catalysts (10 min to 72 h of wet-kneading). b, Wet-kneaded silica–magnesia samples show 

the retarded surface dehydroxylation of Mg(OH)2, shifting Tonset and Toffset to higher temperatures.  

 

 

Supplementary Figure 9│ Solid-state natural abundance 25Mg NMR spectra of MgO, WK–10min–calc, 

and WK–72h–calc samples.  
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Supplementary Figure 10│Natural abundance 25Mg NMR spectra of the Si/MgO model catalyst. a, 2D 

3Q MAS NMR spectra and b, 1D 25Mg direct excitation NMR spectra and deconvoluted spectra. The spectra 

of MgO and WK–48h–calc are included for comparison. The NMR parameters obtained from 1D and 2D 
25Mg MAS NMR experiments are summarized in Supplementary Table 3.  

 

 

Supplementary Figure 11│ STEM–EDX images of (a) WK–10min–calc and (b) WK–72h–calc samples.  
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Supplementary Figure 12│ Textural properties of prepared samples. a, N2 physisorption isotherms and 

b, BET surface areas of pristine SiO2 and MgO, and wet-kneaded silica–magnesia samples. c, Ar adsorption 

isotherms and d, pore size distribution of wet-kneaded silica–magnesia catalysts (after 10 min, 2 h and 72 h 

of wet-kneading). Ar physisorption results at 87 K show that the microporosity of wet-kneaded samples is not 

developed during 72 h of wet-kneading.  
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Supplementary Figure 13│ The number of acidic and basic sites of catalysts measured by NH3– and 

CO2–TPD. The amount of CO2 desorbed for pristine SiO2 is below the limit of detection.  

 

 
Supplementary Figure 14│Additional STEM–EDX images of the two model catalysts: a,b, Mg/SiO2 and 

c,d, Si/MgO.  
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Supplementary Figure 15│PXRD patterns of the two model catalysts and the WK–72h–calc catalyst. In 

the 2θ region of 15°–30°, a halo is observed from amorphous silica. Characteristic diffraction patterns of the 

crystalline periclase phase were observed at 2θ = 36.9°, 42.9°, 62.3°, 74.5° and 78.6°, corresponding to (111), 

(200), (220), (311), and (222) planes, respectively (cubic structure, space group Fm–3m).  

 

 

Supplementary Figure 16│Additional catalytic activity test results of the prepared catalysts, including 

pristine and physical mixture samples. In a, the ethanol conversion of each catalyst system is noted as 

numbers on top of the bar graphs. The physical mixing of pristine MgO and SiO2 (PM) and the two model 

catalysts at different mass ratios was manually conducted using a mortar for 10 min. The trend of decreasing 

ethanol conversion with a higher ratio of Mg/SiO2 over Si/MgO catalyst is in good agreement with the results 

of wet-kneading time variation (Fig. 4). For the 1:9 ratio of the Mg/SiO2 over Si/MgO sample, a relatively 

large amount of acetaldehyde was produced, suggesting competitive adsorption of ethanol, acetaldehyde and 

ethylene over a limited number of catalytic sites.5,6  
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Supplementary Figure 17│25Mg DFS–QCPMG spectra of Mg/SiO2 at static condition. The number of 

scans is 275993 with 1 s of recycle delay (3 days of total acquisition time). NMR parameters were calculated 

as δiso 15 ppm, ηQ 0.4 and CQ 2.6 MHz using WSolids software in the Haeberlen convention. 
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Supplementary Figure 18│ Deconvolution results of (a,b) 1H–29Si CP and (c,d) 29Si direct excitation 

MAS NMR spectra of the two model catalysts. For Mg/SiO2, the existence of geminal silanol (Q2) of pristine 

SiO2 is cumbersome from the 1D 1H–29Si CP MAS and 2D FSLG HETCOR NMR spectra (Supplementary 

Table 2). The number of scans of 29Si DE MAS NMR for Si/MgO and Mg/SiO2 are 13387 and 3983, 

respectively. The reliance of fitting (R2) is >0.998 for all fitting results.  
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Supplementary Figure 19│Proposed reaction mechanism for ethylene and acetaldehyde formation 

during one-step Lebedev process for the two model catalysts of wet-kneaded silica–magnesia catalysts. 

a, Dehydration of ethanol towards ethylene on Mg/SiO2 and b, dehydrogenation of ethanol towards 

acetaldehyde on the Si/MgO catalyst.  

 



17 
 

 

Supplementary Figure 20│Operando DRIFTS spectra of Mg/SiO2, WK–72h–calc, and Si/MgO during 

constant flow of ethanol at 425°C.  

 

Supplementary Figure 21│Static 25Mg QCPMG and CP–QCPMG spectra of Mg(OH)2, MgO, WK–

10min–calc and WK–48h–calc samples. Prior to the Fourier transformation, the QCPMG and CP–QCPMG 

spectra were processed using an exponential window function with 20 Hz line broadening.  
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Supplementary Note 2│The existence and role of Mg–OH in wet-kneaded silica–magnesia catalyst for  the 

Lebedev process has been controversial.5–11 For example, Janssens7 and Taifan et al.11 expected that the Mg–

OH groups on the MgO-rich phase can act as basic sites, promoting aldol condensation of acetaldehyde to 

crotonaldehyde. Meanwhile, Hayashi et al. claimed that the surface hydroxyl group on MgO with hydride 

species (Mg-H), can act as a redox site for the reaction intermediate species.8 Owing to the complexity of 

direct observation of Mg–OH solely by 1H NMR,5,12 here we used indirect analysis to qualitatively compare 

the proton density near the 25Mg nuclei, using quadrupolar Carr–Purcell–Meiboom–Gill (QCPMG) and CP–

QCPMG pulse sequences in static condition (Supplementary Fig. 21). Compared with MgO (and Mg(OH)2), 

the Mg species of the calcined WK samples are not sensitive and show no resonances from cross–polarization 

of 1H to 25Mg, indicating that (i) the proton density around the 25Mg species is less than MgO (and Mg(OH)2) 

and (ii) the chemical nature of the proton on wet-kneaded silica–magnesia is different from pristine MgO 

(Mg(OH)2). Thus, we suggest that (i) the surface of MgO is covered with Si (compensated with Mg–OH 

groups, similar to the observed decrease of Si–OH after wet-kneading, Fig. 2f) as well as less-hydroxyl 

containing Mg-layers are formed on SiO2 and (ii) the contribution of Mg–OH of pristine MgO (or Mg(OH)2) 

is not substantial on the Lebedev process after wet-kneading.  

 

 

Supplementary Figure 22│Online mass spectrometer analysis during operando DRIFTS study for a,d, 

Mg/SiO2, b,e, WK–72h–calc, and c,f, Si/MgO. MS spectra at the initial stage in detail (d,e,f) during operando 

DRIFTS. The first detection time of hydrogen by MS spectrometry is denoted with an arrow. 
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Supplementary Figure 23│DRIFTS–MS analysis during TPSR conditions for a,c, MgO and b,d, 

Si/MgO. The mass data signal for each m/z was processed using a Savitzky–Golay smoothing filter (points 

of window 10 and polynomial order of 2) in OriginPro 2019 software (version 9.6.0.172). During TPSR mode 

for the DRIFTS–MS study, butadiene is observed earlier than the detection of acetaldehyde. For Si/MgO, the 

simultaneous decrease of butadiene and ethanol, albeit with a considerable amount of acetaldehyde on the 

catalyst surface, suggests that a Meerwein–Ponndorf–Verley–Oppenauer (MPVO) type reaction may be 

involved (reduction of crotonaldehyde by ethanol),9 i.e., only adjacent ethanol–intermediates react to undergo 

the butadiene pathway, whereas “individual” ethanol is converted to acetaldehyde.  

  



20 
 

SII │Supplementary Table 

Supplementary Table S1│Summary of 29Si and 25Mg chemical shifts of SiO2, Mg(OH)2, MgO, and 

magnesium silicates from published literature.  

 Material δ29Si (ppm) δiso25Mg (ppm) Reference Note 

Forsterite 

−61.6  1990, Hartman et al.13  

−61.9  1984, Magi et al.14   

−62.2  2020, Rim et al.15 Observed during heat 
treatment of lizardite 

 Mg1: 12.5, Mg2: 2.4 2009, Pallister et al.16  

Amorphous 
dehydroxylate 

−73, −80  1990, Hartman et al.13 Observed with a Si/Mg ratio 
of 1:1; suggested as Q0 

−72 to −74  1994, Mackenzie et al.17 Observed during heat 
treatment of chrysotile 

−76.7  2013, Mackenzie et al.18  

 δcog −33 to −46 ppm 1994, Mackenzie et al.17 Observed during heat 
treatment of chrysotile 

Orthoenstatite 
−82  1984, Magi et al.14 

A broad signal with 
linewidth of more than 5 
ppm is noted from the 
authors 

 Mg1: 18, Mg2: 0 2011, Griffin et al.19  

Enstatite 

−83.3  2013, Mackenzie et al.18  

−85.1  2020, Rim et al.15 Observed during heat 
treatment of lizardite 

 27 (δcog −18 ppm) 1994, Mackenzie et al.20  

Amorphous 
magnesium silicate 

−84, −92.5  1995, d’Espinose de la 
Caillerie et al.21  

~−84, −92  1998, Temuujin et al.22  

Antigorite 

−87.8  2015, Walling et al.23 Broad resonance owing to 
iron oxides in the sample 

 50 (δcog −13 ppm) 1994, Mackenzie et al.20  

 δcog ≈ −20 ppm**** 2015, Walling et al.23  

Lizardite 

−92.7  2020, Rim et al.15  

−93.7  2015, Walling et al.23 Broad resonance owing to 
iron oxides in the sample 

 δcog ≈ −9 ppm**** 2015, Walling et al.23  

Chrysotile 
−87.6  2013, Mackenzie et al.18  

−92.9  1994, Mackenzie et al.17  
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 δcog = −59 ppm 1994, Mackenzie et al.20  

Stevensite 
−95.1  2008, Rhouta et al.24  

−95.1  2010, Chabrol et al.25  

Sepiolite 
−92, −95, −98  1985, Barron et al.26  

 51 (δcog = −4 ppm) 1994, Mackenzie et al.20  

Talc 

−97.6  2016, Chung et al.10 δ1H = 0.75 ppm 

−98.1  1984, Magi et al.14  

 Mg1: 25, Mg2: 16 2004, Dowell et al.27  

 δcog ≈ 5 ppm**** 2015, Walling et al.23  

Dehydroxylated talc  δcog = 0 ppm 2013, Mackenzie et al.18  

Silica −91, −100, −110  1992, Léonardelli et al.28  

Periclase 
 26.2 2009, Pallister et al.16  

 26.5 1994, Mackenzie et al.20  

Brucite 
 11.8 2009, Pallister et al.16  

 14.1 (δcog =  −39 ppm) 1994, Mackenzie et al.20  
*We acknowledge a previous summary of listed materials to Rim et al.15 and Freitas et al.29 for 29Si and 25Mg chemical shifts, 
respectively. 
**The 25Mg chemical shift ranges from 30 to −50 ppm for octahedral Mg sites, whereas that above 30 ppm is considered to be the 
tetrahedral region.18  
***δcog represents the center of gravity of the 25Mg chemical shift. 
****The δcog value was not reported in the literature and is estimated from the data plot in this study.  
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Supplementary Table S2│Refined crystallographic data with corresponding figures of merit for 

Mg(OH)2 and WK–72h–calc samples. 

Sample Unit cell parameters and d001 R-values (%) Xc (%)* 

Mg(OH)2  

a = b 3.1470(3) Å 

Rwp = 10.20 
Rp = 6.86 

98.7% 
(whole range 2θ = 5–80°) c 4.7742(8) Å 

d001** 0.4774 nm 

WK–72h–calc 

a = b 3.1481(4) Å 

Rwp = 5.68 
Rp = 3.97 

75.82% 
(whole range 2θ = 5–80°) c 4.7758(7) Å 

d001** 0.4775 nm 
*Xc (degree of crystallinity, %) = Icryst × 100%/(Icryst + Iamorph), where Icryst and Iamorph are the diffracted intensities of the crystalline 
and amorphous phases, respectively. 
**Determined from the powder pattern as the position of the (001) diffraction line. 
 

Supplementary Table S3│Simulated 25Mg spectral parameters for MgO, WK–72h–calc, Si/MgO, and 

Mg/SiO2.  

Catalyst Site 

2D 25Mg 3Q MAS spectra 1D 25Mg direct excitation  spectra 

δF2 
(ppm) 

δF1 
(ppm) 

δiso  
(ppm) 

dCSA 
(ppm) 

CQ 
(MHz) 

νQ 
(kHz) width xG/(1 − x)L Integrated 

area (%)** 

MgO Mg1 26.3 26.3 26.3  1.3 n.d.** n.d.  2.0 0.2 100 

WK–calc–48h 
Mg1 26.7 26.1 26.3 1.3 n.d. n.d. 2.0 0.2 66 

Mg2 23.5 27.1 25.8* 1.0 1.3 168 4.7 0 34 

Si/MgO 
Mg1 26.2 26.9 26.6 1.3 n.d. n.d. 2.0 0.1 62 

Mg2 23.0 27.5 25.9 1.0 1.3 173 4.3 0 38 

Mg/SiO2*** Mg3 n.d. n.d. 15* - 2.6 - - - 100 
*The distribution of electric field gradient was simulated using DMFIT (version dmfit#20200306) software.30 The parameters were 
fitted using a rapid version of the Czjzek distribution of quadrupolar interaction for the distribution of the isotropic chemical shift.31 
dCSA is the width of the Gaussian distribution of δiso (anisotropy of the chemical shift anisotropy tensor). δiso is determined by 17/27 
δ1 + 10/27 δ2.32 νQ and CQ are the quadrupolar frequency and quadrupolar coupling constant. x denotes the ratio between Gaussian 
and Lorentzian function (in xG/(1 − x)L, G and L for Gaussian and Lorentzian).  
**Integrated area (%) was calculated after fitting 1D 25Mg direct excitation spectra, using quadrupolar coupling parameters from 
spectral fitting of 2D 25Mg 3Q MAS spectra. During the fitting of experimental 2D 25Mg 3Q MAS NMR spectra, the quadrupolar 
coupling constant for MgO is hypothetically added (CQ of 0.2 MHz) to obtain the best fitting results. In practice, MgO does not 
exhibit any quadrupolar constant owing to its crystal symmetry. 
***The static 25Mg DFS–QCPMG NMR spectra for Mg/SiO2 was fitted using WSolids1 software with Haeberlen conversion. 
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Supplementary Table S4│Summary of 1H–29Si spectral parameters for Si/MgO and Mg/SiO2.   

Catalyst Site δ29Si (ppm) Normalized area from 
1H-29Si CP MAS NMR (%) 

Normalized area from 
29Si DE MAS NMR (%) 

Si/MgO 

Si1 −76.8 63.4 5.4 

Si2 −85.4 12.0 7.5 

Si3 −93.1 18.1 3.0 

Si4 −97.3 5.2 0.7 

Si5 −100.0 0.5 2.6 

Si6 −110.0 0.8 80.8 

Mg/SiO2 

Si7 −84.3 2.8 1.1 

Si8 −92.0 11.1 4.7 

Si5 −100.0 63.5 14.7 

Si6 −110.0 22.5 79.5 
*The intensities are normalized with the maximum intensity of the signal in the δ29Si chemical shift region from −50 to −140 ppm. 
The spectral parameters for 1H–29Si CP MAS NMR are fitted with Voigt function using Fityk software (version 1.3.1.).33 The shape 
parameter for each line fitting of the Voigt function is between 0 and 0.2 (the ratio of Lorentzian and Gaussian width; 0 and ∞ for  
pure Gaussian and Lorentzian, respectively).  
**For Mg/SiO2, the attribution of geminal silanol species (Q2) is insignificant (<0.1% by total area in both 1H–29Si CP and 29Si DE 
MAS NMR spectra) and excluded for spectral fitting.  
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