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Origin of active sites on silica–magnesia  
catalysts and control of reactive 
environment in the one-step 
ethanol-to-butadiene process

Sang-Ho Chung    1  , Teng Li1, Tuiana Shoinkhorova1, Sarah Komaty1, 
Adrian Ramirez1, Ildar Mukhambetov1, Edy Abou-Hamad2, Genrikh Shterk1, 
Selvedin Telalovic1, Alla Dikhtiarenko    1, Bart Sirks3, Polina Lavrik    1, 
Xinqi Tang2, Bert M. Weckhuysen    3, Pieter C. A. Bruijnincx    3,4, 
Jorge Gascon    1 & Javier Ruiz-Martínez    1 

Wet-kneaded silica–magnesia is a benchmark catalyst for the one-step 
ethanol-to-butadiene Lebedev process. Magnesium silicates, formed 
during wet kneading, have been proposed as the active sites for butadiene 
formation, and their properties are mainly explained in terms of the ratio of 
acid and base sites. However, their mechanism of formation and reactivity 
have not yet been fully established. Here we show that magnesium silicates 
are formed by the dissolution of Si and Mg subunits from their precursors, 
initiated by the alkaline pH of the wet-kneading medium, followed by 
cross-deposition on the precursor surfaces. Using two individual model 
systems (Mg/SiO2 and Si/MgO), we demonstrate that the location of the 
magnesium silicates (that is, Mg on SiO2 or Si on MgO) governs not only 
their chemical nature, but also the configuration of adsorbed ethanol 
and resulting selectivity. By using an NMR approach together with probe 
molecules, we demonstrate that acid and basic sites in close atomic 
proximity (~5 Å) promote butadiene formation.

1,3-Butadiene (hereafter butadiene) is a key monomer in the polymer 
industry. It is used for various end products, including polybutadiene 
rubber, styrene-butadiene rubber and acrylonitrile-butadiene rubber1,2. 
Currently, butadiene is mainly produced as a by-product of naphtha 
steam cracking, which is a process used for ethylene and propylene 
production. Correspondingly, the price of butadiene fluctuates with 
the supply–demand chain for ethylene3. This issue is exacerbated by 
the exploitation of shale gas, which leads to shortages in butadiene 
supply1,4,5. Moreover, these routes are fossil-based and clearly not 

sustainable. The development of an alternative and more sustainable 
production process for butadiene is therefore needed. The Lebedev 
process, a process developed in the 1930s in which ethanol is converted 
into butadiene in a single catalytic reactor, is thus again receiving 
much attention as part of the value chain of both bioethanol produc-
tion2,3,5–8 and the more recent, cutting-edge processes that convert CO2  
into ethanol9–11.

Silica–magnesia has long been a benchmark catalyst in the  
Lebedev process as it was first used in the industrial process in the 1940s 
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(Supplementary Figs. 1 and 2 and Supplementary Note 1). The dissolved 
Si and Mg subunits can precipitate on the surfaces of Mg(OH)2 and 
SiO2, respectively, as a result of the opposite surface charges on these 
species in this pH range (cross-deposition)17. Interestingly, the effect of 
longer-term wet kneading (that is, the dynamism of the wet-kneading 
process) can be inferred from studies on cement and concrete, where 
changes in similar systems (hydrated magnesium–silicate materials) 
have been investigated on timescales of a year27–29. For example, Roosz 
et al. conducted the long-term synthesis of MgO–SiO2–H2O for 1 year 
and obtained materials containing poorly crystalline magnesium 
silicates without pristine phases of SiO2 and MgO (ref. 30). This result 
suggested the continuous dissolution and deposition of Si and Mg 
throughout the experiments.

Further insight into the wet-kneading process was obtained in situ 
using solid-state 29Si NMR spectroscopy (Fig. 1d). As wet kneading starts 
immediately after mixing SiO2 and Mg(OH)2 in water (Fig. 1b), the 29Si 
NMR spectrum of the physical mixture of SiO2 and Mg(OH)2 without 
water is labelled as t = 0. The 29Si NMR spectrum at t = 0 shows three 
signals at −110, −100 and −91 ppm, which are attributed to siloxane 
groups (Q4, (SiO)4–Si), simple silanol (Q3, (SiO)3–Si−OH) and geminal 

and shows stable catalytic performance12. The method used for the 
preparation of silica–magnesia catalysts considerably influences its 
catalytic performance, and among the methods studied, wet kneading 
yields the most active catalysts3,13. This superior performance has been 
attributed to the formation of distinct magnesium silicates14–16. Wet 
kneading is typically performed using solid precursors (for example, 
SiO2 and Mg(OH)2) in water with continuous mixing (Fig. 1a)17. Various 
research efforts have aimed to achieve higher butadiene yields by opti-
mizing the synthesis of wet-kneaded silica–magnesia catalysts. Several 
synthetic variables, such as the types of Si and Mg precursors17,18, the 
precursor morphology19 and the Si/Mg ratio, have been investigated17,20. 
Post-synthetic factors, such as calcination, have also been shown to be 
important, as these alter the chemical structure of the formed mag-
nesium silicates and therefore the catalytic performance21. However, 
all studies concluded that the optimal catalyst for the Lebedev pro-
cess must strike a delicate balance between the number of acidic and  
base sites8,13–15,17,18,21–24.

However, even after more than 70 years, the fundamental details 
of how wet kneading generates the active sites for butadiene formation 
and the corresponding silica–magnesia phases have not been fully 
elucidated. Studies have commonly considered the catalytic sites of 
wet-kneaded silica–magnesia for the Lebedev process to be a combi-
nation of different oxide forms (bulk silica, magnesia and magnesium 
silicate species (Mg–O–Si)) and surface hydroxy groups16,25. However, 
the origin, location and nature of the active species in the Lebedev 
process are still open questions.

Here we provide a detailed insight into the genesis, location, 
nature and proximity of the active sites of a wet-kneaded silica–mag-
nesia catalyst for the Lebedev process. By varying the duration of wet 
kneading, we observed how the pertinent magnesium silicates are 
formed from their Si and Mg precursors. Based on these observations, 
the traditional wet-kneading conditions were modified by altering 
the pH of the wet-kneading medium to selectively prepare the indi-
vidual constituents of the wet-kneaded silica–magnesia catalyst, that 
is, Mg-decorated SiO2 and Si-decorated MgO (Mg/SiO2 and Si/MgO, 
respectively). Following this approach, we discovered that butadiene 
formation is optimal when acidic sites are surrounded by and in close 
proximity to basic sites at the single-particle level, while minimizing 
ethylene formation.

Results
Catalyst synthesis by wet kneading
Wet-kneaded silica–magnesia catalysts were prepared using spherical 
Stöber SiO2 and platelet-shaped Mg(OH)2 at a nominal Si/Mg molar 
ratio of 1.0 under the synthesis conditions previously optimized 
for high butadiene yield17,21. To better understand the wet-kneading 
process, we monitored the pH of the wet-kneading aqueous solu-
tion in situ over 72 h. A sharp, initial increase in pH to 10.4 (that is, in 
the first 2 min) was observed as a result of the dissolution of brucite 
(Mg(OH)2 → Mg2+ + 2OH−), which initiates the wet-kneading process 
(Fig. 1b). The pH of the wet-kneading solution then gradually decreased 
to 9.2 and stabilized after 10 h of wet kneading. Elemental analysis by 
inductively coupled plasma optical emission spectrometry (ICP-OES) 
showed the Si/Mg molar ratio in solution to follow the same trend as 
the pH (exponential decay with wet-kneading time), while the same 
Si/Mg ratio in the solid state remained consistent over a period of  
80 h (Fig. 1c,d). This suggests that the increase in hydroxide ions during 
the initial stage of the wet-kneading process triggers the dissolution 
of surface Si species of SiO2, which subsequently redeposit and form 
magnesium silicate composites26.

Even though the rapid variation in pH occurs only at the onset of 
the process (Fig. 1b, inset), we observed that wet kneading is a dynamic 
process and that the reaction continues to proceed after the pH has 
plateaued. Specifically, not only Si, but also Mg species continu-
ously dissolve out from Mg(OH)2, as confirmed by elemental analysis 
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Fig. 1 | Wet-kneading approach and time-resolved characterization of the 
silica–magnesia catalyst during wet kneading. a, Schematic illustration of 
the synthesis of a wet-kneaded silica–magnesia catalyst from spherical SiO2 and 
platelet-shaped Mg(OH)2. The x axis label of the main plot applies to the inset.  
b, Variation in the pH of the wet-kneading solution over 72 h. c, Molar ratio of Si  
and Mg in the wet-kneading solution and the resulting solids over time, determined 
by ICP-OES. d, In situ 29Si direct-excitation NMR spectra of a silica–magnesia  
sample during 72 h of wet kneading.
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silanol (Q2, (SiO)2–Si–(OH)2), respectively31,32. Upon wet kneading, the 
Q4 resonance continuously decreases and the Q2 and Q3 resonances 
gradually broaden. In addition, new features appear in the downfield 
region from −60 to −90 ppm (vide infra). This is in line with the notion 
above that the wet-kneading method evolves to a pseudo-steady state 
in which not only the dissolution of Si species from SiO2 nanoparti-
cles (for Mg, vide infra), but also the subsequent formation of new  
magnesium silicate species is continuous (Supplementary Fig. 3 and 
Supplementary Table 1). Note that, in our study, the siloxane signal 
is still the most prominent after 72 h of wet kneading, showing that 
most of the bulk SiO2 remains unreacted. The powder X-ray diffraction 
(PXRD) patterns of the wet-kneaded silica–magnesia catalysts also show  
that the bulk structure of the SiO2 and Mg(OH)2 precursors remains 
(Supplementary Fig. 4).

To investigate the deposited Si and Mg species on the nanoscale, 
high-angle annular dark-field scanning transmission electron micros-
copy imaging (HAADF-STEM) with energy-dispersive X-ray spectrometry 
(EDX) was used to characterize a silica–magnesia catalyst isolated after 
10 min of wet kneading (WK-10min-dried; Fig. 2a–g). The STEM–EDX  
images show the precursor SiO2 and Mg(OH)2 particles to be well mixed 
and in close contact (Fig. 2a,b), which has been reported to be benefi-
cial for the Lebedev process owing to the intimate interactions of the 
two components17. The high-magnification STEM–EDX images of the 
WK-10min-dried catalyst show that isolated Si clusters are deposited 
on the surface of Mg(OH)2 (Fig. 2c–f). This was further confirmed by the 
EDX area profile clearly showing the surface deposition of Si on Mg(OH)2 
(Fig. 2g), which is in line with silicon-rich surfaces on a wet-kneaded 
silica–magnesia catalyst determined by low-energy ion scattering analy-
sis25. While not as evident as the Si deposition on Mg(OH)2, Mg species 
were also found on the SiO2 domains (Supplementary Fig. 5), indicating 
the deposition of dissolved Mg subunits on SiO2. The decreased crystal-
linity of Mg(OH)2 after wet kneading observed by PXRD also suggests the 
dissolution of Mg subunits from brucite layers with the cross-deposition 
of Si subunits (Supplementary Fig. 4b and Supplementary Table 2).

The surface Si species on the dried catalysts were characterized in 
detail by NMR spectroscopy. Due to the poor signal from the surface Si 
species, dynamic nuclear polarization (DNP) surface-enhanced NMR 
spectroscopy (SENS) was used as it is a powerful and surface-sensitive 
technique for the identification of chemical structures33. Figure 2h shows 
the DNP-enhanced 1H–29Si cross-polarization (CP) magic-angle-spinning 
(MAS) NMR spectra of pristine SiO2 and wet-kneaded silica–magnesia 
samples at two wet-kneading times (10 min and 48 h) after drying. 
Notably, a distinct 29Si NMR resonance is observed at –66 ppm after wet 
kneading. The 29Si NMR isotropic chemical shifts in silicates are related 
to the degree of anion condensation and the number of neighbouring 
silicon–oxygen tetrahedra34–36. We attribute this band to surface silicon 
species surrounded by magnesium cations (individual Q0 supported 
on Mg(OH)2), similarly to the Q0 silicate observed in tricalcium silicate 
(Supplementary Note 2)36. The formation of dimeric and trimeric Si 
species (at around –77 and –84 ppm, respectively) is also observed, 
especially for the WK-10min-dried sample. During the wet kneading for 
48 h, the silicate units on brucite have progressively grown into longer 
silicate chains (oligomeric silicate species), showing upfield 29Si signals 
at chemical shifts beyond –86 ppm (Fig. 2h, inset)36. The decrease in the 
Q3/Q4 intensity ratio upon wet kneading (from 1.85 to 1.70) indicates 
that silanol groups are consumed, which can be related to the forma-
tion of surface magnesium silicates. Additionally, the resonances at 
–100 ppm for WK-10min-dried and WK-48h-dried are shifted downfield 
by ~1 ppm after wet kneading, indicating the overlap of silica Q3 species 
(–100 ppm) with the newly formed magnesium silicates, for example, 
talc (–98 ppm)37 and lizardite (–94 ppm)38.

Effect of thermal treatment
Catalyst calcination is a prerequisite to convert the dried, as-prepared 
material into an activated catalyst. We calcined the WK-10min-dried 

catalyst at 500 °C for 5 h, the optimal conditions for obtaining high 
butadiene yields21. Fig. 3a,b shows the morphological differences 
between the wet-kneaded silica–magnesia catalyst before and after 
calcination. After calcination, the MgO surfaces show substantially  
corrugated nanopatterns with intervals of ~3 nm between Si motifs 
(Supplementary Fig. 6). These patterns are not observed in the 
HAADF-STEM images of WK-10min-dried or a physical mixture of pris-
tine SiO2 and Mg(OH)2 after calcination (Supplementary Figs. 6 and 7),  
suggesting that the final morphology of the MgO phase is largely influ-
enced by the Si species deposited on Mg(OH)2 during wet kneading and 
subsequent calcination.

Further insight into the chemistry of the hydroxy groups was pro-
vided by thermal gravimetric analysis (TGA). TGA of dried samples of 
pristine SiO2 and Mg(OH)2 and wet-kneaded silica–magnesia revealed 
two distinct mass losses associated with (1) the removal of physisorbed 
water at approximately 100 °C and (2) the surface dehydroxylation of 
silica and/or magnesium hydroxide at 300–400 °C (Fig. 3c and Supple-
mentary Fig. 8)39. There was more physisorbed water in the dried SiO2 
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than in the dried Mg(OH)2 (7.1% and 1.9%, respectively), which explains 
why the actual ratios of Si/Mg in the wet-kneaded silica–magnesia 
samples were slightly less than 1.0 (0.91 by ICP-OES, Fig.1c). Notably, 
modification of the Mg(OH)2 surface with Si species considerably  
hindered the dehydroxylation of Mg(OH)2, shifting the onset and offset 
temperatures by ~40 °C (Supplementary Fig. 8 and Supplementary 
Note 3). This was also observed in complementary in situ PXRD meas-
urements (Supplementary Fig. 8). The phase transformation from 
Mg(OH)2 to the dehydroxylated MgO periclase phase starts in the 
external surface layers of the particles40,41 and is influenced by the sub-
stitutional atoms on the Mg(OH)2 surface42. We expect that the smaller 

Si4+ ions (ionic radius, rion, of Si4+ and Mg2+ = 0.026 and 0.072 nm, respec-
tively43) observed on the surface of Mg(OH)2 in WK-10min-dried (Fig. 2) 
retard the surface dehydroxylation of Mg(OH)2 (refs. 44,45), creating 
the corrugated surface structure observed by electron microscopy  
(Fig. 3b and Supplementary Fig. 7).

Figure 3d,e shows the 1H–29Si CP MAS NMR spectra of wet-kneaded 
silica–magnesia catalysts before and after calcination. Numerous types 
of magnesium silicate are found in nature46 and show distinct 29Si NMR 
signals, reflecting the local silicon environments (Supplementary 
Fig. 3)34,47. For example, phyllosilicates, pyroxenes and olivines show 
characteristic features at around −85 to −100 ppm (refs. 17,38,48,49), 
−75 to −90 ppm (refs. 34,47) and −60 to −75 ppm (refs. 48,50,51), 
respectively. Amorphous magnesium silicates also exhibit 29Si NMR 
features over a wide range, from −70 to −95 ppm (refs. 48,50,52–54). 
In the wet-kneaded samples, the resonance at −77 ppm is considerably 
enhanced after calcination, indicating that the proton density around 
the 29Si nucleus of this magnesium silicate is rather high21. We assign this 
feature to the dimeric Q1 species in the MgO domain, which contains 
hydroxy groups situated between Si and Mg species to compensate the 
negatively charged oxygen anions induced by the incorporation of Si4+ 
into the periclase phase (Mg2+–O2−). The resonances at −84, −93 and 
−97 ppm are contributions from enstatite17,48,50 and lizardite-type38,39 
and talc-type phyllosilicates17,48, respectively.

The chemistry of the Mg species was also directly investigated by 
25Mg NMR spectroscopy. Unlike 29Si NMR spectroscopy, the number of 
25Mg NMR studies performed on magnesium silicates is rather limited 
owing to the intrinsic insensitivity (0.26% to 1H) and relatively low natu-
ral abundance (10%) of 25Mg (refs. 38,55,56). Combined with its quad-
rupolar nature (I = 5/2) with low Larmor frequency (6% to 1H), the 
acquisition and interpretation of 25Mg NMR spectra is indeed rather 
complex. Recent advances in solid-state NMR spectroscopy, such as the 
availability of higher magnetic fields and the use of signal enhancement 
pulse sequences, offer new opportunities for 25Mg NMR studies56. This 
prompted us to consider natural-abundance solid-state 25Mg NMR 
spectroscopy at high magnetic fields (21.1 T) as a tool for understanding 
the wet-kneaded silica–magnesia catalysts. One-dimensional (1D) 25Mg 
NMR spectra are shown in Fig. 3f and Supplementary Fig. 9. The Mg sites 
in pristine MgO are highly symmetric (cubic symmetry, Fm3m )57, show-
ing a single symmetrical resonance at 26.3 ppm. After wet kneading, 
the 25Mg signals of the silica–magnesia catalysts shift slightly upfield 
with asymmetrical broadening, indicating the possible formation of 
new Mg sites in the wet-kneaded silica–magnesia catalysts. We per-
formed natural-abundance 25Mg triple-quantum (3Q) MAS experiments 
for MgO and WK-48h-calc (Fig. 3g, Supplementary Fig. 10 and Supple-
mentary Table 3). While pristine MgO shows a symmetrical 25Mg envi-
ronment (isotropic chemical shift, δiso = 26.3 ppm), the WK-48h-calc 
catalyst exhibits an asymmetrically broadened feature with a relatively 
large quadrupole coupling constant (CQ = 1.3 MHz), next to the sym-
metrical signal from MgO. We attribute the broad 25Mg feature of the 
WK-48h-calc catalyst to structurally disordered Mg species58–60, induced 
by incorporating Si4+ into the MgO periclase, that is, the deviation from 
the site symmetry of the MgO octahedral structure.

Catalytic performance at different wet-kneading times
Figure 4 shows the catalytic activity of the pristine materials (SiO2 and 
MgO) and wet-kneaded silica–magnesia catalysts obtained after dif-
ferent wet-kneading times. Over the investigated timespan (~40 h), 
wet-kneaded silica–magnesia samples did not show any significant 
deactivation (Supplementary Fig. 11). Pristine SiO2 and MgO and their 
physical mixture showed limited catalytic performance, not only in 
the conversion rate of ethanol, but also in their selectivity towards 
butadiene (Fig. 4a), in agreement with previous results15,18. For exam-
ple, pristine Stöber SiO2 showed no catalytic activity in the Lebedev 
process, whereas MgO produced butadiene at very low rates (3.1 µmol 
butadiene per g catalyst per minute (3.1 µmolbutadiene gcat

−1 min−1)).  
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Fig. 3 | Characterization of wet-kneaded silica–magnesia catalysts before 
and after calcination. a,b, HAADF-STEM images of WK-10min-dried (a) and 
WK-10min-calc (b). SiO2 and MgO particles are marked with red and green arrows, 
respectively. c, TGA analysis of dried pristine samples of SiO2, Mg(OH)2 and the 
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d,e, 1H–29Si CP MAS NMR spectra of WK-10min-dried (d) and WK-48h-dried  
(e) before and after calcination. f, 1D 25Mg direct-excitation MAS NMR spectra of 
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This indicates that the multiple reaction steps towards butadiene 
occur to a limited extent on the intrinsic acidic and basic sites on the 
pristine MgO surface (Supplementary Fig. 14). Similarly, Hayashi et al. 
observed negligible ethanol conversion on SiO2 and ~40 times lower 
butadiene formation rates on MgO compared with a metal-promoted 
phyllosilicate (Zn-talc)61. Although the mechanism of the Lebedev pro-
cess is under discussion4,8,62–64, the most plausible mechanism involves 
ethanol dehydrogenation to acetaldehyde, aldol condensation between 
two acetaldehyde molecules to form 3-hydroxybutanal (acetaldol), 
subsequent dehydration and hydrogenation steps to yield crotonal-
dehyde and crotyl alcohol, respectively, and finally intramolecular 
dehydration to yield butadiene2,4,5. Based on the observed high selec-
tivity towards acetaldehyde but low selectivity towards butadiene, we 
expect that pristine MgO (and the corresponding physical mixture of 
MgO and SiO2 catalyst) does not provide sufficient catalytic sites for 
the initial dehydrogenation step nor the appropriate active sites for 
the production of butadiene. Meanwhile, compared with the physi-
cal mixture of MgO and SiO2, the silica–magnesia catalyst obtained 
after only 10 min of wet kneading resulted in a fourfold increase in 
ethanol conversion rate and a sevenfold increase in butadiene selectiv-
ity (Fig. 4b,c). This clearly suggests that the cross-deposition result-
ing from wet kneading allows for the interplay of the acidic and basic 
sites needed for the multiple reaction steps leading to butadiene  
from ethanol13,16,65.

However, the catalyst transformations during wet kneading are not 
necessarily beneficial for the Lebedev process (Fig. 4b,c). For example, 
the ethanol conversion rate gradually decreased and had fallen by 20% 
after 72 h of wet kneading and ethylene selectivity increased, which is an 
unwanted by-product. This detrimental effect of prolonged wet knead-
ing on the efficiency of the Lebedev process was not expected as more 
magnesium silicates are formed and dispersed over the catalyst surface 
in extended dissolution and cross-deposition compared with in shorter 
wet-kneading times (Supplementary Fig. 12); therefore, more ethanol 
should be converted to butadiene over these magnesium silicates.  
A textural effect can be ruled out as the Brunauer–Emmett–Teller (BET) 
specific surface area of the wet-kneaded catalysts remains nearly the 
same for different wet-kneading times (Supplementary Fig. 13).

Balanced acidic and basic sites have often been proposed to be 
key to obtaining higher yields of butadiene3,4,7,13,16–18,21,25,66,67. For exam-
ple, in the two-step ethanol-to-butadiene process on beta-zeolite 
catalysts, a dependency was observed between the ratio of acidic and 
basic sites and butadiene selectivity (the highest butadiene selectiv-
ity was observed at the acid/base ratio of ~1.2)68. We characterized the 

wet-kneaded silica–magnesia catalysts by temperature-programmed 
desorption (TPD) using ammonia and carbon dioxide as probe mole-
cules to determine the number of acidic and basic sites on the catalysts, 
respectively, (Supplementary Fig. 14). The acidity–basicity charac-
terization revealed a ‘general’ trend in ethanol conversion, that is, 
the catalysts with an acid/base ratio of around 2 showed high ethanol 
conversion, whereas those with a ratio higher than 4 gave low ethanol 
conversion. However, this analysis does not provide a clear picture of 
the role of the acidic and basic sites of wet-kneaded silica–magnesia 
catalysts in the Lebedev process and the corresponding butadiene 
selectivity. A recent study by Szabo et al. also reflected the difficulty in 
determining a clear relationship between acid–base sites and catalytic 
performance in the Lebedev process69. All these results suggest that 
not all magnesium silicates are beneficial for butadiene production 
and/or that the spatial distribution of the active sites is not adequate 
for the multi-step catalytic reaction.

Rational design of two model components in wet-kneaded 
catalysts
As seen above, wet kneading generates active sites by providing an 
environment for simultaneous dissolution and cross-deposition of Si 
and Mg to ultimately give a mixture of two particles with contrasting 
catalyst surfaces (for example, Mg on SiO2 and Si on MgO). These  
heterogeneous features inherent in traditional wet-kneaded silica–
magnesia catalysts hamper the establishment of direct structure– 
performance relationships for the Lebedev process. To disentangle 
these contributions, we modified the traditional wet-kneading method 
and prepared two model catalysts in which either SiO2 or MgO is selec-
tively decorated with Mg and Si (Mg/SiO2 and Si/MgO), respectively 
(Fig. 5a). The materials were prepared in either ammonium nitrate or 
ammonium hydroxide solutions, which provide wet-kneading medium 
pH values of 8.3 or 11.4, respectively. At a pH of 8.3, the dissolution of 
SiO2 is limited53,70, whereas the solubility of magnesium species is 
greatly enhanced by a factor of >1014 with respect to pure Mg(OH)2 
owing to the formation of magnesium nitrate (solubility product  
constant, Ksp, for Mg(NO3)2 and Mg(OH)2 are Ksp,Mg(NO3)2  and 
Ksp,Mg(OH)2  = 2.4 × 103 and 5.6 × 10–12, respectively71). In contrast, SiO2 
nanoparticles can completely dissolve at a pH of 11.4 (an approximate 
tenfold increase in solubility compared with at a pH of 7)72,73, while 
Mg(OH)2 retains its morphological structure.

HAADF-STEM with EDX analysis confirmed the distinct nature of 
the two constituents: neither SiO2 nor MgO was observed on the Si/MgO 
and Mg/SiO2 model systems, respectively (Fig. 5a and Supplementary 
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Fig. 15). PXRD analysis supported the above observation that pristine 
SiO2 and MgO are not present in the corresponding model systems of 
Si/MgO and Mg/SiO2, respectively, whereas the wet-kneaded catalyst 
(WK-72h-calc) showed the presence of both pristine SiO2 and MgO 
(Supplementary Fig. 16). The crystallite size of MgO in WK-72h-calc 
and Si/MgO was similar (8.3 and 8.4 nm, respectively), indicating that 

the modified wet kneading alters only the surface of MgO by selective 
Si dissolution and deposition.

Figure 5b,c shows the catalytic performances of the two model 
catalysts as well as those of pristine MgO and the WK-72h-calc cata-
lyst for comparison. The two model catalysts displayed contrasting  
catalytic activity, showing around three times higher ethanol 
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conversion activity on Si/MgO than on Mg/SiO2. In addition, the high-
est selectivity towards ethylene and butadiene was observed for the 
Mg/SiO2 and Si/MgO catalysts, respectively, among all the catalysts 
tested in this study (under the conditions liquid hourly space veloc-
ity (LHSV) 1.0 h−1, weight hourly space velocity (WHSV) 7.3 h−1 and 
425 °C; a comparison of the product selectivity for the same level of 
conversion is shown in Supplementary Fig. 17a). Strikingly, the model  
Si/MgO catalyst showed a 36% higher butadiene production rate  
than the conventional wet-kneaded silica–magnesia catalysts 
(490 versus an average 358 µmolbutadiene gcat

−1 min−1) while minimiz-
ing rate of production of unwanted ethylene (272 versus an average 
278 µmolethylene gcat

−1 min−1).
The chemical structures of the species on the Mg/SiO2 and Si/MgO 

catalysts were investigated using 29Si and 25Mg NMR spectroscopy.  
Figure 5d,e shows the 1D 1H–29Si CP MAS NMR spectra and 
two-dimensional (2D) 1H–29Si CP FSLG heteronuclear correlation 
(HETCOR) spectra of the two model catalysts together with those of 
WK-72h-calc for comparison. The spectra show that a linear combina-
tion of the spectra of the two model catalysts closely resembles the 
spectral features of the traditional wet-kneaded silica–magnesia cata-
lyst. For example, the Mg/SiO2 catalyst shows 29Si resonances from bulk 
SiO2 (Q3 and Q4 at −100 and −110 ppm, respectively) with two additional 
peaks at −84 and –92 ppm, which are attributed to amorphous magne-
sium silicates (Q2 (1Mg, 1OH, 2Si) and Q3 (1Mg, 3Si), respectively)53. As 
seen from the PXRD patterns (Supplementary Fig. 16), the Mg species 
on the SiO2 surface do not form crystalline-layered magnesium silicates 
owing to the lack of crystalline octahedral Mg2+ layers. Interestingly, 
correlations between 29Si and 1H were mostly observed for silanols asso-
ciated with physisorbed and hydrogen-bonded water (δ1H ≈ 5 ppm)74. 
Owing to the low Mg content in Mg/SiO2 (2.6 wt% Mg), we used a quad-
rupolar Carr–Purcell–Meiboom–Gill pulse sequence combined with 
double-frequency sweeps (DFS–QCPMG) to enhance the 25Mg signal 
intensity (Supplementary Fig. 18). Notably, Mg/SiO2 showed a distinct 
25Mg resonance with a large quadrupolar constant (CQ = 2.6 MHz at 
δiso = 15 ppm), indicating that the bonding geometries of the surface 
Mg species are considerably different from those of the Mg species in 
pristine MgO and the Si/MgO catalyst. The Mg/SiO2 catalyst shows a 
remarkable increase in the number of acidic sites compared with the 
original SiO2 material (Supplementary Fig. 14), suggesting that the 
isolated Mg species on the SiO2 surface retain their acidic nature to 
favour ethylene formation.

The 1D 1H–29Si CP MAS NMR spectrum of the Si/MgO catalyst shows 
four 29Si resonances at −77, −85, −93 and −97 ppm with characteristic 
1H correlations (0.5 < δ1H < 2 ppm), attributed to structural hydroxy 
groups (Si–OH–Mg; Fig. 5d,e and Supplementary Fig. 19). Similar 1H 
chemical shifts were observed for phyllosilicates when the hydroxy 
groups were part of the octahedral Mg layers but pointing towards 
the surface Si units75. Thus, we assign the resonances observed for the  
Si/MgO catalyst as hydrous magnesium silicates, for example, Q1 (3Mg, 1Si),  
Q2 (2Mg, 2Si), and lizardite- and talc-type Q3 (1Mg, 3Si). The 25Mg 3Q 
MAS NMR spectrum of the Si/MgO catalyst also suggests that some 
surface Mg species are decorated with deposited Si species, as was also 
observed for WK-48h-calc (Supplementary Fig. 10 and Supplementary 
Table 3). Furthermore, the NH3 TPD data show that additional acidic 
sites are created on this catalyst, with around 20 and 3 times more acidic 
sites than pristine SiO2 and MgO, respectively (Supplementary Fig. 14). 
These results, together with the electron microscopy measurements 
(Fig. 5a and Supplementary Fig. 15), indicate that new acidic sites are 
created in close proximity to a matrix of basic MgO sites by modified 
wet kneading.

To gain more accurate information on the proximity of acid and 
basic sites, we developed a spectroscopic titration method consisting 
of the co-adsorption of NH3 and CHCl3 on MgO and Si/MgO catalysts 
followed by 2D 1H double-quantum single-quantum (DQ–SQ) MAS 
NMR spectroscopy76,77. More details about the conceptualization of 

the method, experimental details, data analysis and validation of the 
adsorption of the probe molecules by Fourier transform infrared spec-
troscopy can be found in Supplementary Note 4 and Supplementary 
Figs. 20 and 21. This 2D correlation NMR technique, shown in Fig. 6a,b 
for MgO and Si/MgO, allows the study of the dipolar coupling interac-
tions of a certain proton with other protons within a range of ~5 Å, which 
would be the distance between the protons of chemisorbed NH3 and 
CHCl3 on acid and basic sites, respectively. For the model Si/MgO cata-
lyst, the 1H chemical shifts of the adsorbed NH3 on Brønsted and  
Lewis acid sites show self-correlations at 5.0 and −0.1 ppm, respectively. 
This indicates a greater density of acid sites on Si/MgO than on MgO, 
in line with the results of NH3 TPD (Supplementary Fig. 14). After the 
adsorption of CHCl3 on pristine MgO and Si/MgO, additional protons 
are observed at around 3.5 and 0.9 ppm, respectively, indicating that 
the proton in CHCl3 can interact with the basic sites in various configu-
rations (Supplementary Fig. 21)13. Notably, the acidic sites show cor-
relations with the basic sites only for the Si/MgO catalyst (δ1HNH3  at 
5.0 and −0.1 ppm and δ1HCHCl3  at 3.5 and 0.9 ppm, respectively). This 
suggests that Si modification of MgO (Si/MgO) creates additional acid 
sites and that these sites are within 5 Å of basic sites (Fig. 6c), which was 
not observed for the pristine MgO and PM catalysts. To investigate 
further the effect of acid–base proximity, we compared the catalytic 
performances of the WK-10min-calc, WK-30min-calc and Si/MgO sam-
ples, which have similar acid/base ratios but different acid–base prox-
imities. The Si/MgO sample clearly showed an ~50% higher butadiene 
rate of formation than the wet-kneaded samples, in which a fraction of  
their acid and basic sites are physically separated (Supplementary Figs. 11  
and 17). We also measured the catalytic performances of the two model 
catalysts (Si/MgO and Mg/SiO2) physically mixed in different ratios; 
the results clearly show that the physical mixtures are not able to 
achieve higher butadiene rate of formation (Supplementary Fig. 17b). 
All these results highlight the importance of acid and basic sites in  
close proximity for the Lebedev reaction.

Mechanistic investigation using operando DRIFT–MS 
spectroscopy
Although the ethanol-to-butadiene reaction is generally considered 
to occur by an acid–base mechanism, the catalytic sites have not been 
identified. For example, the acidic and basic sites on wet-kneaded sil-
ica–magnesia catalysts have commonly been attributed to unsaturated 
Mg2+, as Lewis acid sites13,21, and MgO (and/or MgOH), as basic sites25,62, 
whereas other studies have reported surface silanol as weak Brønsted 
acid sites16,78 and Si–O–Mg sites as basic sites13,78. Based on the two 
model systems where we can identify the contributions from each 
component (Mg/SiO2 and Si/MgO), we investigated the structure–
performance relationship and reaction mechanism of the Lebedev 
process by operando diffuse reflectance infrared Fourier transform 
spectroscopy (DRIFTS) coupled with mass spectrometry (MS). The 
DRIFTS spectra of the catalyst samples are shown in Fig. 6d. For the  
Mg/SiO2 catalyst, compared with Si/MgO, the asymmetric CH3 stretch-
ing of ethanol79,80 is blueshifted to 2,984 cm−1 during the reaction at 
425 °C. This suggests that the orbitals of the CH3 group are rehybridized 
upon adsorption on the surface of Mg/SiO2 and that the H–C bond (in the 
CH3 group) becomes more polarized81 (that is, the partial positive charge 
on the H and the negative charge on the C increase). Thus, we expect that 
the CH3 group interacts with the Mg–O–Si surface, where Mg2+ acts as a 
Lewis acid site and stabilizes the carbanion (Supplementary Fig. 22a)62. 
This is supported by operando DRIFTS spectra, which show no evidence 
of interactions between the alcohol functional group and the hydroxy 
groups of the catalyst surface during the reaction (Supplementary  
Fig. 23). Thus, the dehydration of ethanol to ethylene is highly favoured 
on the isolated Mg units on SiO2 (Fig. 5b), especially in the proximity 
of the acidic site (Mg2+) and conjugated base (Mg–O–Si). This is in line 
with the increased ethylene selectivity observed for catalysts contain-
ing more of the Mg/SiO2 component, such as catalysts wet-kneaded 
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for longer periods of time and the physical mixtures of Si/MgO and  
Mg/SiO2 (Fig. 4c and Supplementary Fig. 17).

For Si/MgO and WK-72h-calc, which retain dispersed Si units on 
MgO, the surface hydroxy groups of the catalysts interact with ethanol 
and show a negative infrared band at ~3,730 cm−1, a band completely 
absent from the spectrum of the Mg/SiO2 catalyst (Supplementary  
Fig. 23). This indicates a strong interaction with the terminal Si–OH–Mg 
groups of the Si/MgO surface (rather than Mg–OH, with an absorption 
band at 3,749 cm−1; Supplementary Figs. 23 and 24 and Supplementary 
Note 5). Moreover, in the 3,600–3,200 cm−1 region, a broad OH stretch-
ing band is observed, attributed to intermolecular hydrogen bonding 
of ethanol with the catalyst surface. We expect that the interactions 
previously observed in DRIFTS studies between the reactants and/
or intermediates and the surface hydroxy groups on wet-kneaded 
silica–magnesia catalysts62,66,78,82 can indeed be attributed to the Si/
MgO surface (Si–OH–Mg). Notably, an additional infrared band is 
observed at 2,730 cm−1 (Fig. 6d), which is attributed to the asymmetric 
stretching of the C–H bond at the α-carbon of the adsorbed ethanol82. 
Taken together with the rapid formation of H2 on the Si/MgO catalyst 
(Supplementary Fig. 25), we expect that heterolytic elimination of 
hydrogen from ethanol is favoured13,83–90 and consequently that acet-
aldehyde is preferably produced (Supplementary Fig. 22b). Although 
the assignment of the bands in the range 1,700–1,200 cm−1 is cumber-
some and they have been attributed to intermediates (for example, 
surface acetates)66,91–94 or the overlap of several vibration modes of 

CHx or OCO(H) species82,95,96, the infrared feature at ~1,611 cm−1 is clearly 
observed for Si/MgO (and WK-72h-calc) and attributed to C=C stretch-
ing of key intermediate species such as crotyl alcohol (Fig. 6d)62,78.  
For the Mg/SiO2 model catalyst, these infrared features of intermedi-
ates towards butadiene are not observed, which is in line with its low 
butadiene selectivity. We additionally performed a DRIFTS–MS study 
on pristine MgO and Si/MgO catalysts under temperature-programmed 
surface reaction (TPSR) conditions (Supplementary Fig. 26). In neither 
case did we observe the characteristic infrared bands and MS spectra 
of the crotonaldehyde and crotyl alcohol intermediates due to their 
subsequent rapid dehydration to butadiene under the reaction con-
ditions94,97. The spectral features of both samples at 50 °C are similar, 
but with different intensity ratios. At high temperature, the infrared 
bands of acetaldehyde at 3,020 and 2,793 cm−1 (CH3 and CH stretching, 
respectively)62,66 are more predominant on the MgO surface than on 
Si/MgO. This suggests that acetaldehydes are strongly adsorbed and 
stabilized on the Mg2+–O2− pair in the horizontal configuration98,99, 
making the subsequent reactions toward butadiene difficult as MgO 
lacks the acidic sites for aldol condensation reactions. As this strong 
adsorption of acetaldehyde is not observed for the Si/MgO catalyst, 
we propose that Si incorporation into the MgO domain could reduce 
the affinity of the intermediates on the catalyst surface and/or enable 
the subsequent reactions to butadiene (for example, aldol conden-
sation and the dehydration of acetaldol and crotyl alcohol) by the 
cooperative interplay of acidic Si species in the basic MgO domain with 
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contributions from neighbouring hydroxy groups (Si–OH–Mg). This 
again highlights that the catalytic sites for the ethanol-to-butadiene 
pathway are not individual acidic and basic sites (and their physical 
mixtures; Fig. 4), but the synergy of acidic and basic sites in close prox-
imity, created by wet kneading.

Conclusions
Wet kneading is a non-conventional catalyst synthesis method, but 
essential for the preparation of active silica–magnesia catalysts for 
the one-step ethanol-to-butadiene process. The chemical changes 
that this preparation method elicits in the pristine SiO2 and Mg(OH)2 
precursors, in particular, the nature of the magnesium silicates thought 
to be the active components, has long been unclear. We have dem-
onstrated here that cross-deposition of Si and Mg species occurs on 
Mg(OH)2 and SiO2, respectively, under wet-kneading conditions. Two 
model catalysts prepared by modified wet-kneading, that is, Si/MgO 
and Mg/SiO2, play different catalytic roles in the Lebedev process. More 
specifically, it is evident that the magnesium silicates on Si/MgO can 
be held responsible for butadiene formation, while the magnesium 
silicates on Mg/SiO2 primarily produce ethylene. The close proximity 
of acidic and basic sites in Si–OH–Mg species in Si/MgO is thought to 
be key to efficient conversion, by lowering the activation energy of 
the multiple steps towards butadiene. To prove that, we developed a 
spectroscopic titration approach that revealed that the Si modification 
on MgO (Si/MgO) creates additional acid sites and that these sites are 
within 5 Å of the basic sites. We strongly believe that the spectroscopic 
approach developed here can be broadly applied to other catalytic 
systems where the distance between acidic and basic sites is relevant, 
such as other biomass conversion reactions100. Also, acid–acid prox-
imity could be investigated as some catalytic reactions, such as the 
conversion of methanol to olefins101–103 and the propene oligomeriza-
tion104,105, have been proven to be sensitive to the location of Brønsted  
acid sites.

Apart from the improved rate of production of butadiene with the 
model Si/MgO catalyst, the insights provided here into the structural 
requirements for wet-kneaded silica–magnesia catalysts will aid in the 
development of next-generation Lebedev catalysts. A direct conse-
quence of our study is that the source of the silica component can be 
revisited. In this and previous studies, expensive silica structures, such 
as Stöber silica, were used but, based on these results, the structure of 
the silica source is irrelevant and cheaper silica sources could be used 
as they will be dissolved and redispersed on MgO.

Methods
Catalyst synthesis
The wet-kneaded silica–magnesia catalysts were prepared from Stöber 
SiO2 and Mg(OH)2 precursors according to the published procedure17,21. 
The Stöber SiO2 was prepared by hydrolysis of tetraethyl orthosilicate 
in a mixture of ethanol and ammonium hydroxide solution. After aging 
for 15 h, solid SiO2 nanoparticles were obtained by rotary evaporation 
at reduced pressure. Mg(OH)2 was synthesized by adding 0.4 M NaOH 
aqueous solution dropwise to 0.2 M Mg(NO3)2 aqueous solution until 
the pH reached 12. The precipitated Mg(OH)2 particles were separated 
by centrifugation and washed multiple times with deionized water. 
The as-prepared wet-kneading precursors were dried overnight in a 
convection oven at 120 °C. The dried precursors were then wet kneaded 
in deionized water (the nominal molar ratio of Si and Mg was 1.0 and 
the mass ratio of liquid to solid was 95.7 g/g) at room temperature for 
various wet-kneading times (10 min to 72 h). After wet kneading, the 
catalytic samples were obtained by centrifugation and dried overnight 
at 120 °C (the catalysts are named WK-time-dried, where time = 10 min 
to 72 h). Finally, the samples obtained after drying were calcined at 
500 °C for 5 h at a heating rate of 5 °C min−1 (denoted as WK-time-calc). 
For comparison, a physical mixture of SiO2 and Mg(OH)2 was pre-
pared using a pestle and mortar for 10 min. The two model catalysts  

(Mg/SiO2 and Si/MgO) were prepared by modified wet-kneading for 
72 h in 3 M ammonium nitrate and 7.3 M ammonium hydroxide aque-
ous solutions, respectively. The model catalysts were obtained by 
centrifugation, dried and calcined as described above. The loading of 
Mg and Si on SiO2 and MgO was 2.6 and 9.8 wt%, respectively (deter-
mined by ICP-OES analysis). The pH of the wet-kneading medium was 
measured using a Mettler Toledo SevenMulti device with an InLab 
Expert PRO-ISM electrode.

Inductively coupled plasma optical emission spectroscopy
Elemental analysis of Si and Mg was conducted on a 5100 ICP-OES 
instrument (Agilent) using argon as the carrier gas. Digestion was 
executed in a solution containing a mixture of hydrochloric acid, nitric 
acid and hydrofluoric acid (6:2:1 v/v/v ratio) at maximum settings of 
273 °C and 35 bar on an UltraWAVE apparatus (Milestone).

Scanning transmission electron microscopy combined with 
energy dispersive X-ray spectroscopy
HAADF-STEM analysis and EDX elemental mapping of the catalyst 
samples were performed with an FEI Titan G 2 80–300 kV electron 
microscope operated at 300 kV. Elemental maps were acquired using 
an electron beam current of 0.5 nA with an average time per single map 
of ~1 min. Quantitative EDX area profiles were calculated with 75 lines 
consisting of 25 pixels per line.

Thermal gravimetric analysis
TGA measurements were performed using a Mettler Toledo TGA/DSC1 
Stare system with a sample mass of ~15 mg. The heating programme 
was the same as that used for the calcination step under a continuous 
air flow of 20 ml min–1.

Powder X-ray diffraction
PXRD patterns were acquired on a Bruker D8 Advance diffractometer 
operated at 40 kV and 40 mA using monochromatic Cu Kα radiation 
(λ = 1.5406 Å) while applying a scan speed of 8 s per step and a step size 
of 0.03° over a 2θ range of 5–80°. Crystalline phases were identified 
using the Diffract.Eva software with the help of the PDF-4+ (ref. 106) 
crystal database. The crystallite size of the catalysts was calculated 
using the Scherrer equation with a shape factor of 0.89 and an instru-
mental line broadening of 0.05° 2θ. The experimental patterns were 
best fitted to the brucite (Mg(OH)2) crystal phase, exhibiting hexagonal 
settings and crystallizing in the P3m1  (#164) space group with unit cell 
parameters a = b = 3.1477 Å, c = 4.7717 Å, α = β = 90° and γ = 120°. Pawley 
refinements were performed using the crystal data107 for brucite 
(Mg(OH)2) with the help of Reflex in the Accelrys Material Studio soft-
ware package. During the refinements, the unit cell parameters were 
adjusted, and the background and peak shape were modelled by a 
four-term polynomial and Pearson VII function, respectively. Other 
textural characteristics, such as the degree of crystallinity, were also 
analysed in Reflex (Accelrys) over the full measurement range. Because 
brucite has a lamellar structure with interlamellar distances coinciding 
with the c axis, the (001) diffraction line was evaluated when analysing 
the expansion and contraction of stacking spaces between (Mg(OH)2)n 
sheets. The in situ temperature-programmed XRD measurement was 
performed on the Bruker D8 Advance system equipped with an 
Anton-Paar HTK1200N furnace. A 2θ range of 35–70° was used with a 
step size of 0.02°. The PXRD patterns were collected every 10 °C, from 
30 to 500 °C, with a ramp rate of 5 °C min–1. Each PXRD pattern was 
collected over a period of 1 min. The intensity of the crystalline phase 
was normalized on the basis of the maximum peak intensity of the (101) 
and (200) diffraction lines of brucite and periclase, respectively. The 
small diffractions in the in situ PXRD patterns were due to the alumina 
corundum XRD holder ( Joint Committee of Powder Diffraction  
Standards database entry 46-1212, 2θ = 25.6, 35.4, 37.8, 43.4, 52.6, 57.5 
and 66.6°).
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Nitrogen and argon physisorption
N2 physisorption was measured at –196 °C using a Micromeritics ASAP 
2420 high-throughput analysis system. Samples were outgassed at 
300 °C under vacuum for 8 h. The specific surface areas were estimated 
according to the BET method in the relative pressure range (p/p0) of 
0.05–0.95 (where p and p0 denote partial pressure of adsorbate gas in 
equilibrium at surface at the temperature of analysis and for saturated 
pressure of adsorbate at the temperature of analysis, respectively). Ar 
physisorption was performed at –186 °C using a Micromeritics ASAP 
2040 system with the micropore option. Before the physisorption 
experiment, the samples were dried overnight at 350 °C under vacuum 
(p < 2 µmHg) for 4 h and for an additional 2 h at 90 °C before the start of 
the micropore analysis (ramp rate 10 °C min–1). Using the low-pressure 
incremental dose mode up to a relative pressure of 0.01, samples were 
dosed with 7 ml g−1 adsorptive per gram of sample. The BET-derived 
surface areas were calculated according to the Rouquerol criteria108. 
The microporous area and micropore volume were calculated using 
the Dubinin–Radushkevich method (MicroActive v4.00 software from 
Micromeritics). The pore size distribution was obtained using the 
SAIEUS v3.0 software, applying a density functional theory (DFT) 
model (Oxide-Ar-87, 2D NLDFT Heterogenous Surface) to the adsorp-
tion data. For the data fitting, values for regularization parameter (λ) 
were set between 2.5 and 3, and the standard deviations of the fits were 
between 0.75 and 0.98.

TPD using ammonia and carbon dioxide as probe molecules
The temperature-programmed desorption of NH3 and CO2 was per-
formed on a Micrometrics ASAP 2920 unit. The samples were pre-
treated in a quartz reactor at 350 °C for 30 min and then cooled to 40 
and 50 °C, respectively, in a flow of helium. Subsequently, NH3 (10 vol% 
in He) and CO2 (99.999%) were introduced to the catalyst for 15 min 
at 40 and 50 °C, respectively. Then the flow was switched to He for 
15 min to remove physisorbed species from the catalyst surface. Finally, 
the samples were heated to 500 and 700 °C for NH3 and CO2, respec-
tively, and the desorption of NH3 and CO2 was measured using thermal  
conductivity and MS.

DRIFTS and mass spectroscopy
The DRIFTS–MS study was performed on a Nicolet 6700 FTIR spec-
trometer equipped with a liquid nitrogen-cooled mercury–cadmium– 
telluride detector combined with an online gas-phase Transpector CPM 
mass spectrometer (1–100 amu). He (>99.999%), which has no overlap 
with the main products or intermediates in the ethanol conversion, was 
used as the carrier gas. For the TPSR experiments, ~40 mg of sample 
was pretreated at 425 °C for 40 min in a flow of He (20 ml min–1) at a 
heating rate of 5 °C min–1. The samples were then cooled to 50 °C and 
loaded with ethanol for 30 min using He as the carrier gas. After that, 
the samples were purged with He for 30 min at 50 °C to eliminate the 
physically adsorbed ethanol. Then the ethanol TPSR experiment was 
performed by heating the sample from 50 to 500 °C at a heating rate 
of 5 °C min−1 and then held at 500 °C for 30 min. For the in situ DRIFTS 
experiments, the same pretreatment procedure was adopted without 
the cooling step, and ethanol was continuously introduced at 425 °C. 
The in situ DRIFT spectra were obtained by subtracting the background 
spectrum of the bare catalyst after pretreatment, and information on 
the gas-phase ethanol was obtained by flowing ethanol through the 
cell loaded with KBr. The infrared data were processed by means of 
the Kubelka–Munk conversion using the OMNIC 8 software (version 
8.2.0.387) The online gas-phase products were analysed by MS and 
compared with the contents of the National Institute of Standards and 
Technology database. The m/z values of the reactant and products were 
as follows: hydrogen (2), helium (4), water (17), ethylene (26 and 27), 
ethanol (31), butadiene (39 and 54), crotyl alcohol (57) and crotonal-
dehyde (70). Acetaldehyde is not specified in the MS results due to its 
complexity and potential overlap with other possible products, such 

as m/z = 29 (ethyl radical) and 44 (carbon dioxide). The chemisorption 
of the two probe molecules (NH3 and CHCl3) was performed using the 
DRIFTS set-up. The samples were placed in the cell and pretreated 
before each experiment under a flow of He at 500 °C for 60 min (ramp 
rate 5 °C min–1). After cooling to 50 °C, a spectrum was collected and 
the sample treated in a flow of NH3 (0.5% balanced with He, 10 ml min–1) 
for 30 min. To remove physisorbed NH3, the sample was purged with 
He (30 ml min–1) for 30 min. CHCl3 was introduced to the sample in a 
flow of He (10 ml min–1) through a CHCl3-containing bubbler for 30 min. 
Similarly to NH3, the sample was further purged with He (30 ml min–1) 
for 30 min to remove physisorbed CHCl3. To prevent any contamination 
by water or oxygen, the samples in the DRIFTS cell were transferred in 
an argon glove box (both H2O and O2 levels below 0.1 ppm).

Solid-state NMR spectroscopy
Samples for the solid-state NMR experiments were ground and trans-
ferred to a 4 mm zirconia rotor. In situ 29Si MAS NMR experiments were 
performed on a Bruker 400 MHz (9.4 T) wide-bore magnet with an 
AVANCE-III console equipped with a Bruker 4 mm HX MAS probe in 1H 
and 29Si double resonance mode. The experiments were performed at 
room temperature with a MAS frequency of 5 kHz. Note that the effec-
tive sample temperature can be 5–10 °C higher due to frictional heat-
ing. Hard 29Si π/2 pulses were applied with a field strength of 125 kHz, 
a 20 s recycle delay and an accumulation of 128 scans. The 1D 1H–29Si 
CP MAS NMR spectra were recorded using a 5 s recycle delay, 28 ms 
acquisition time and 34,560 scans with a MAS frequency of 12 kHz. 
The 2D frequency-switched Lee–Goldberg 1H–29Si HETCOR spectra 
were recorded using a 4 s recycle delay, 10 ms (direct dimension, F2) 
and 9.5 ms (indirect dimension, F1) acquisition times with an accu-
mulation of 1,024 scans. During the CP step, 1H CP spin-lock pulses 
centred at 38 kHz were linearly ramped from 75% to 100% and the 29Si 
radiofrequency (RF) field was matched to obtain the optimal signal. 
1H and 29Si chemical shifts were referenced externally to adamantane 
and hexamethylcyclosiloxane, respectively. For DNP SENS analysis, 
~20 mg of sample was prepared by incipient wetness impregnation 
with 20 µl of 16 mM TEKPol (Cortecnet) in 1,1,2,2-tetrachloroethane 
(TCE). TEKPol was dried under high vacuum (<10−4 mbar) and TCE was 
stirred over calcium hydride and distilled in vacuo109. The DNP SENS 
spectra were acquired using a 300 GHz/400 MHz Avance III Bruker 
DNP solid-state NMR spectrometer equipped with a 3.2 mm Bruker 
triple-resonance low-temperature MAS probe. Experiments were per-
formed at ~100 K with 280 GHz gyrotron microwave irradiation. The 
sweep coil of the main magnetic field was set for microwave irradiation 
occurring at the 1H positive enhancement maximum of the TEKPol 
biradical. One-dimensional 1H–29Si DNP SENS spectra were collected 
with a 5 s recycle delay, 13 ms acquisition time and 64 scans with a 4 ms 
contact time at a MAS frequency of 8 kHz. The DNP enhancement factor 
(ε) was ~80 for each measurement. The 29Si direct-excitation MAS NMR 
and natural-abundance 25Mg NMR spectra were recorded on a Bruker 
900 MHz (21.1 T) wide-bore magnet. The 1D 29Si direct-excitation MAS 
NMR spectrum was recorded using a 3.2 mm HX probe with a 20 s recy-
cle delay at a MAS frequency of 20 kHz. The 1D 25Mg direct-excitation 
MAS NMR spectrum was recorded using a 4 mm HX low-gamma probe 
with a 0.5 s recycle delay, 30 ms acquisition time and accumulation of 
1,024 scans at a MAS frequency of 10 kHz. The 2D 25Mg z-filtered 3Q 
MAS NMR spectra110 were recorded using a 0.5 s recycle delay with 
7,200 scans with 50 µs t1 (where t1 denotes time-domain increments) 
at a MAS frequency of 10 kHz. The optimized pulse widths for excita-
tion, conversion and central-transition selective pulses were 15, 5.3 and 
40 µs, respectively. The z-filter delay between the conversion and the 
selective pulse was 20 µs. Before Fourier transformation, the 1D and 
2D NMR spectra were processed using an exponential window and a 
π/3-shifted squared sine-bell window in the F1 dimension, respectively. 
The 3Q MAS data were processed with a shearing transformation avail-
able in Bruker Topspin software (v3.6.3). The Haeberlen convention 
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was used to describe the chemical shift tensor in terms of the isotropic 
shift (δiso = (δxx + δyy + δzz)/δiso) and chemical shift anisotropy (CSA) 
shift asymmetric parameter (ηCSA = (δyy − δxx)/(δzz − δiso)) with the prin-
cipal components ordered as follows: ∣δzz − δiso∣ ≥ ∣δxx − δiso∣ ≥ ∣δyy − δiso∣.  
The quadrupolar tensor is described by the nuclear quadrupolar  
coupling constant (CQ = eQVzz/h) and quadrupolar asymmetric param-
eter (ηQ = (Vxx − Vyy)/Vzz), where e is the electric charge, Q is the nuclear 
quadrupole moment, V is the electric field gradient and h is Planck’s 
constant. The 25Mg QCPMG, DFS–QCPMG and 1H–25Mg CP–QCPMG 
experiments were performed at a MAS frequency of 10 kHz or under 
static conditions. Typically, the QCPMG pulse sequence was obtained 
using a 1 s recycle delay and 40 µs central-transition π-refocusing 
selective pulse with 50 µs spin-echo delays111. During the DFS pulse, 
the RF was linearly swept for 4 ms from 300 to 100 kHz. The 1H–25Mg  
CP–QCPMG experiments were performed with a 10 ms contact time 
after optimization using Mg(OH)2. The 1D 25Mg QCPMG, DFS–QCPMG 
and CP–QCPMG spectra were apodized using Lorentzian line broaden-
ing of 20 Hz. The 1D 25Mg DFS–QCPMG and 2D 3Q MAS NMR spectra 
were fitted using the WSolids1 (version 1.21.3) and DMFIT (version dmfit 
20200306)112 software, respectively. The 25Mg chemical shifts were 
externally referenced to MgCl3 at 0 ppm. The solid-state 1H DQ–SQ 
MAS NMR experiments were performed on a Bruker 600 MHz (14.1 T) 
wide-bore magnet with a MAS frequency of 20 kHz using a back-to-back 
recoupling sequence with two rotor periods for the excitation and 
reconversion of double-quantum coherences with a duration of 100 µs. 
The corresponding solid-state NMR samples were prepared in a 3.2 mm 
zirconia rotor in an argon glove box.

Catalytic activity test
All catalytic reactions were conducted in an Avantium four-channel 
Flowrence XD high-throughput reactor system at 425 °C and ambient 
pressure21. To ensure that the reactions were not performed in a heat 
transfer limitation regime, a very diluted ethanol feed in nitrogen 
carrier gas (2.2 vol/vol%) was used. The catalyst bed was diluted with 
silicon carbide in a catalyst/SiC volume ratio of 1:4 to decrease the 
effect of axial dispersion and to improve heat conduction in the bed. 
Typically, 50 µl catalyst was mixed with 200 µl grit46 SiC and placed 
in a quartz tube with an internal diameter of 2.3 mm. The LHSV (liquid 
flow volume per hour and per catalyst volume) was varied in nitro-
gen carrier gas. The absence of internal and external mass transfer 
limitation was verified by using the Weisz–Prater criterion and by 
using a constant LHSV with a fixed amount of catalyst, respectively 
(Supplementary Note 6 and Supplementary Fig. 27). The unreacted 
ethanol and reaction products were analysed by gas chromatogra-
phy (GC) using an Agilent 7890B gas chromatograph equipped with 
three detectors (two flame ionization detectors (FID) and one ther-
mal conductivity detector (TCD)). The FID channels were equipped 
with a 10 m precolumn with a wax stationary phase and a 30 m Gaspro 
stationary phase to separate ethanol, acetaldehyde, C1–C7 hydrocar-
bons and oxygenates. The TCD channel contained a PoraPLOT Q GC, a 
HayeSep Q and a Molsieve for the analytical column. The conversion 
of ethanol (X) and product selectivities (Si) were calculated using the  
following formulae:

X =
CEtOHin − CEtOHout

CEtOHin

× 100 (1)

Si=
i × Ci

2(CEtOHin
− CEtOHout )

× 100 (2)

where CEtOHin  and CEtOHout  are the concentrations of ethanol in the blank 
and reactor, respectively, i is the number of carbons in product i and 
Ci is the concentration of product i, determined by GC analysis. Note 
that there were no alcohols or any other oxygenates in the detected 
C4–C7 hydrocarbons.

Data availability
The data supporting the findings of this article are available in the paper 
and its Supplementary Information or from the corresponding author 
on reasonable request.
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