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Abstract  

Electronic structure and reactivity of Cu- and Zn-promoted wet kneaded MgO/SiO2 catalysts was 
interrogated during ethanol reaction to 1,3-BD.  A multimodal nature of characterization, 
including in situ or operando X-ray, electron, light spectroscopies and steady state reactivity 
measurements demonstrated critical new information on the temporal evolution of the catalyst 
active sites including key measurements performed operando using synchrotron source (EXAFS 
and XANES).  In situ DRIFT spectroscopy allowed to decouple the aldol condensation and 
dehydrogenation reactive steps due to the promotion with enhanced ability to carry out aldol 
condensation, as correlated with the steady state reactivity experiments .  In situ UV-Vis 
spectroscopy presented a complex picture of the adsorbates with π- π* electronic transitions due 
to the allylic cations, cyclic or aromatic species while also suggesting oligomeric CuO species 
were formed.  Operando X-ray measurements combined with ab initio multiple scattering 
modelling performed as a function of temperature identified a new transient intermediate 
assigned to a 4-fold coordinate Cu species that was key leading to increase in Cu-Cu pair number.  
For the first time, two types of Zn pairs, namely Zn-O and Zn-Mg, were identified during X-ray 
analysis under operating conditions. With Zn nearly 6-coordinated when in the vicinity of Mg 
while Zn-O species coordinated to nearly 4 nearest neighbors.  The data suggest that such 
supported catalyst deactivation might proceed not only via carbon coking mechanism but also 
through the dispersed Cu site diffusion and growth due to the nearest neighbor oxygen atoms 
loss.  The results presented suggest intermediates for segregation/deactivation mechanisms for a 
broader set of supported Cu and Zn catalysts used for alcohol upgrading catalytic reactions. 

*Corresponding author: job314@lehigh.edu, phone +1-610-758-6836 
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1. Introduction 

Catalytic conversion of ethanol to 1,3-butadiene (1,3-BD) is a promising green and renewable 

route for obtaining a commodity chemical that does not utilize a conventional petroleum-based 

feedstock.1 The feedstock and technological process landscape in 1,3-BD production is 

undergoing changes due to the distinct industry shift from oil to C4 hydrocarbon lean shale gas.2  

To this regard, ethanol is a very interesting platform molecule due to its steadily increasing 

production from biomass.1 Two classes of catalysts have been used for ethanol conversion to 1,3-

BD, namely ZrO2-based and MgO/SiO2-based (Lebedev catalyst).3 The former have thoroughly 

been investigated using a combination of computational and spectroscopic methods4,5 while the 

latter lack suitable spectroscopic characterization.3 The overall reaction mechanism on 

MgO/SiO2 is currently debated3,6–8 and several recent attempts have been made to elucidate it.6,9–

12  These studies pointed towards aldol condensation as the most energetically favorable C-C 

bond formation mechanism, except for Chieregato et al. who suggested that C-C bond was 

formed via interaction of ethanol/acetaldehyde through a stable carbanion intermediate.9  The 

rate-determining step was found to be ethanol dehydrogenation6,11 since an efficient 

dehydrogenating site was not present in MgO/SiO2 catalysts.  This suggests that an effective 

catalyst must possess multifunctional, i.e. acidic, basic and redox sites.  MgO/SiO2 catalysts are 

promoted with transition metal (oxides) to improve their dehydrogenation capability2,13–17 where 

the choice of transition metal used as a promoter is determined by its dehydrogenation 

capability.18–20  Au,21,22 Ag,23,24 and Cu25,26 have been utilized to enhance the 1,3-BD yield.2,27,28 

Zn is another promoter that has been utilized to improve the yield of 1,3-BD.13,15,29–31 The 

promotional effect was reported to originate from the improved availability of both Lewis acid 

sites and redox sites.3,15  While Au and Ag promoters present economic constraints due to their 

high costs, Cu and Zn are relatively inexpensive and present an alternative for an efficient 

catalyst design.  The work reported here provides new insights on the structure and reactivity of 

these sites under operating conditions. 

Several theoretical and ultra-high vacuum (UHV) studies have been conducted on Cu-based 

catalysts to determine the structure of the active sites32–39 but very few under operating 

conditions.  UHV characterization and DFT revealed formation of isolated or clustered Cu0 

phases on the MgO surface32,33 or a solid solution that contains Cu-Mg and Cu-O-Mg pairs.34  
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The formation of reduced Cu clusters on the surface was confirmed by Colonna et al. where Cu 

clusters, as evident by Cu-Cu distance (2.55 Å), were observed as a thin layer on MgO using 

XANES during the UHV evaporation-deposition synthesis.35 In a separate study, in addition to 

the observed Cu atoms on the MgO surface, both UHV XANES and DFT identified the 

formation of a solid solution between Cu and MgO.36,37 Larger charge transfer resulting in a 

strong ionic bond was observed when Cu was coordinated next to a defective MgO surface.38,39 

This shorter bond was due to the electron stabilization provided by the Cu atom.38,39 UHV 

XANES of several transition metal-promoted MgO catalysts utilized for CH3OH and RCH2Z 

(where R=H and CH3, Z=CN, COR’, and COOR”) coupling reactions confirmed the formation 

of Cu-MgO solid solution at 80 K and suggested that an octahedral coordination of the Cu 

species due to the pre-edge peak associated with 1s3d transition was very small.  This 

observation was accompanied by the extended X-ray absorption fine structure (EXAFS) analysis 

of the Cu-O and Cu-Mg atomic distances, 2.01 Å and 2.98 Å respectively, suggesting the 

formation of solid solution between Cu and MgO.   Thus variety of active copper sites can be 

present under operating conditions28,40–42 but very few studies, notably Angelici et al.,26,28 

attempted to decouple their reactivity during 1,3-BD formation or investigate the temperature 

effect on Cu site composition under reactive conditions.28  ZnO/SiO2 has been used as a model 

catalyst for many reactions, such as water-gas shift and methanol formation reaction,43 but X-ray 

based catalytic site characterization during ethanol-to-1,3-BD are not existent to the best of our 

knowledge.13,15,16 In-situ XAS and UV-Vis of this catalyst further showed the relevance of the 

precursor drying steps during the synthesis and that Zn was present both as a silicate 

(hemimorpite) and ZnO bulk phase at 10% Zn loading.43 Ambient UV-Vis and TEM studies of a 

1% ZnO/MgO catalyst demonstrated the formation of a highly-dispersed ZnO layer which had 

high activity for CO oxidation, affected by the quantum-confinement effect.44   

In this work, we performed a comprehensive characterization on both Cu- and Zn-promoted 

MgO/SiO2 catalysts. The promotion effect on the catalyst structure was studied by bulk and in-

situ surface characterization techniques such as TEM, XRD, in-situ DRIFTS and UV-Vis 

(Section 3.1). Section 3.2 discusses in detail the changes in the steady state reactivity of the 

catalyst when transition metals are used as promoters. Mechanistic reactivity changes due to the 

catalyst promotion with transition metal oxides is detailed by DRIFTS experiments in section 

3.3.1, while the changes in the Cu and Zn local structure are summarized in the in-situ UV-Vis 
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and operando XANES section 3.3.2 and 3.3.3, respectively. Conclusions that are complementary, 

if not contradictory, to those available in the literature28 were reached for Cu-promoted 

MgO/SiO2 while new insights on the coordination of Cu and Zn were obtained for Zn-promoted 

MgO/SiO2 catalysts from X-ray absorption spectroscopy data under operating conditions. 

2. Experimental Methods 

2. 1. Catalyst synthesis 

The wet-kneaded MgO/SiO2-support catalyst was prepared using the method used in the 

previous work.11 Briefly, magnesium hydroxide, Mg(OH)2, thermally precipitated from 

magnesium nitrate hexahydrate (Sigma), was wet-kneaded with fumed SiO2 (Cabot). The 

corresponding amounts of SiO2 and Mg(OH)2 were wet-kneaded in deionized water for 4 hours, 

centrifuged, dried overnight at room temperature. The oxide mass ratio was chosen to be 1:1 

(MgO : SiO2) since this was previously described as an optimum ratio.2,14,45 For the unpromoted 

catalyst, the support was further dried at 80°C overnight, while this step was not included for the 

promoted catalyst synthesis. Following drying at ambient conditions, the catalyst was 

impregnated with transition metal promoters, i.e. copper and zinc salts. Copper nitrate trihydrate 

(Alfa Aesar) and zinc nitrate hexahydrate (Sigma) were used. The Cu concentration was selected 

to be 1%, based on work by Angelici et al.14,28 while the Zn loading was 4 % based on the work 

by Larina et al.15 The thermal treatment that followed was done according to the method 

previously described.14,15,28 As a reference, 3% CuO/MgO (CuMg), 3% ZnO/MgO (ZnMg), 3% 

CuO/SiO2 (CuSi), and 3% ZnO/SiO2 (ZnSi) catalysts were synthesized using an incipient-

wetness impregnation method; the synthesized Mg(OH)2 was used for the MgO support, while 

fumed silica (Cabot) was used for the SiO2 support. 

2. 2. Steady state reactivity studies 

The steady state catalytic tests were done in a Microactivity-Reference fixed-bed reactor from 

PID Eng Tech (Spain). A quartz tube was used as a reactor with quartz wool to support the 

catalyst bed (0.1 g; sieved to 100-150 µm particle size to prevent excessive pressure drop while 

eliminating any transport effects). Additional SiO2 powder (Sigma) was used to increase the bed 

length to maintain the plug flow conditions.  SiO2 powder alone showed no conversion.  Ethanol 

was delivered into the reactor by bubbling He gas through a chilled ethanol saturator at 55 

ml/min total flow. The reactor hotbox temperature was set at 100°C to prevent any vapor 
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condensation. The bubbler temperature was varied to manipulate the overall weight hourly space 

velocity (WHSV). Prior to the reaction, the catalyst was activated by heating it up to 500 °C at a 

rate of 10 K/min in He and then held at that temperature for 1 hour under 30 ml/min He flow. 

The reaction was run at 350-450 °C where reactant was fed downstream into the reactor. In-situ 

surface site poisoning study was performed by concurrently flowing ethanol and either CO2, 

propionic acid or NH3. After ethanol reaction was equilibrated the probe molecule was flown 

simultaneously to detect the change in the principal (by)product formation rates.  The vapor 

phase products were analyzed using GC-FID equipped with a Restek RT-Q-Bond column. The 

principal ethanol reactant products, i.e. ethylene, acetaldehyde and 1,3-BD, were quantified 

based on the calibration carried out using a standard reference mixture (Praxair). 

2.3.Catalyst characterization 

Transition metal promoter concentrations, in weight %, of Cu- and Zn-promoted MgO/SiO2 

catalysts were determined using Inductively Coupled Plasma-Optical Emission Spectroscopy 

(ICP-OES, PerkinElmer Optima 2000 DV). About 10 mg of catalyst was digested in 40 ml 

solution containing 1:1:1 H2O, HCl and HNO3.  Bulk Cu concentration was found to be 0.8%, 

similar to that used by Angelici et al.14,28 while that of Zn was 2.5 %, close to that reported by 

Larina et al.15  

The XPS measurements were carried out with a PHI 5600ci instrument using a non-

monochromatized Al Kα X-ray source.  The pass energy of the analyzer was 58.7 eV, the 

acquisition area had a diameter of ~800 um and the scan step size was 0.125 eV.  Binding 

energies were corrected for charging by referencing to the C 1s peak at 284.8 eV.  Atomic 

concentrations were calculated from the areas under individual high-resolution XPS spectra 

using manufacturer-provided sensitivity factors. 

Bulk structural information of the catalysts was characterized using XRD. XRD patterns were 

obtained on a PANalytical Empyrean powder X-ray diffractometer using Cu Kα1,2 with λ=1.5418 

Å operating at 45 kV. Measurements were carried out between 2θ=10° and 100° using a step size 

of 0.05°. The BET specific surface areas of the catalysts were determined by nitrogen adsorption 

at 77 K on a Micromeritics ASAP 2010 instrument. All samples were degassed under nitrogen 

flow at 623 K for 12 h before the measurements.  
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The morphology of the catalyst particles was investigated using a dedicated Scanning 

Transmission Electron Microscope (STEM) (Hitachi 2700C) operating at 200 kV. 

 

2.4.In-situ and operando spectroscopy 

In-situ temperature programmed Diffuse Reflectance Infrared Fourier Transform Spectroscopy 

(DRIFTS) was performed using a Thermo Nicolet iS50 infrared spectrometer equipped with a 

Mercury-Cadmium-Tellurium (MCT) liquid nitrogen cooled detector, a Harrick Praying 

Mantis™ diffuse reflection accessory, and a ZnSe window. In-situ UV-vis DRS experiments 

were performed using an Agilent Technologies Cary 5000 UV-Vis- NIR to investigate the 

reactive ethanol conversion intermediate species and the transition metal promoter electronic 

structure. Briefly, about 30 mg of catalyst was pressed and loaded into the reaction cell and the 

catalyst was activated using a protocol similar to that used in the steady state reactivity testing 

experiment. After the catalyst activation, spectra were taken at different temperatures to probe 

the dehydrated state of the catalysts. For in-situ ethanol experiments, this was followed up by 

preadsorbing ethanol on the sample surface as a saturated vapor (saturator temperature at 4 °C) 

using 30 ml/min He as a carrier gas at catalyst temperature of 100 °C for 20 minutes. The 

catalyst was subsequently flushed with pure He at 30 ml/min for 40 minutes. Spectra were then 

continuously recorded every minute while the temperature was ramped up to 450 °C at 

10 °C/min under ethanol flow with similar partial pressure. Unless stated otherwise, all spectra 

were referenced to the spectra obtained without the presence of ethanol at the corresponding 

temperatures. Analysis of the UV-Vis spectra was done by deriving Tauc plots from the spectra. 

The Kubelka-Munk function was calculated from the absorbance of the UV-vis DRS. The edge 

energy (Eg) for allowed transitions was determined by finding the intercept between the straight 

line and the abscissa on the Tauc plot derived from the UV-Vis spectra.  In a similar manner, TP-

DRIFTS experiments with probe molecules, i.e. CO2 and NH3, were performed. After activation 

at 500°C, the catalyst temperature was decreased to 100°C and CO2 (Praxair) and 1% NH3/N2 

were preadsorbed on the surface for 15 minutes, followed by inert for 45 minutes. The 

temperature was then ramped up to 450°C with spectra being taken continuously. 

Operando X-ray absorption spectroscopy (XAS) experiments were performed at the beamline 

BL2-2 at the Stanford Synchrotron Radiation Lightsource (SSRL), SLAC National Accelerator 
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Laboratory. The Cu and Zn K-edge data were collected in transmission mode. For the 

measurements, the sample powder was loaded into a quartz tube with 0.9 mm inner diameter and 

1.0 mm outer diameter, which was then mounted into the Clausen plug-flow reaction cell.46 

Ethanol vapor was delivered into the system using a temperature-controlled saturator to 

manipulate the space velocity. He was bubbled through the saturator and fed into the reactor. 

Prior to the spectroscopic study under reaction conditions, the catalyst was pretreated at 450 °C 

for 1 hour under constant He flow. The operando measurements were performed at 100, 200, 

300 and 400 °C under constant ethanol flow. After reactor temperature reached 400 °C, the 

system was allowed to equilibrate for 2 hours and XAS spectra were repeatedly taken. The 

operando conditions were monitored by sampling the vapor-phase with a dedicated RGA Mass 

Spectrometer (RGA, Stanford research system). Standard reference compounds, CuO (Alfa 

Aesar), ZnO (Alfa Aesar), Cu2O (Alfa Aesar) and synthesized reference materials, i.e. CuMg, 

ZnMg, CuSi, and ZnSi, were pressed into the pellets and measured under ambient conditions. 

3. Results and Discussion 

3.1 Catalyst characterization 

The transition metal content in each catalyst was determined using both ICP-OES and XPS to 

infer bulk and surface concentration, respectively.  An agreement was found between the two 

characterization methods with ICP-OES determined Cu and Zn content of 0.8 % and 2.5 % 

virtually agreeing with those determined by XPS of 0.9 % and 2.7 % for each catalyst. These Zn 

and Cu concentrations are close to the intended high selectivity loading.14,15 The starting support 

material, i.e. wet-kneaded MgO/SiO2, possessed surface area of 120 m2/g, while promoting the 

MgO/SiO2 with transition metals led to an increase in the surface area. Zn and Cu-promoted 

samples exhibited surface area of 135 and 191 m2/g, respectively.  This increase in surface area 

was likely due to the impregnation step which was done before the support was calcined. The 

effect of calcination-impregnation order has previously been observed by Da Ros et al. with 

ZrZn-promoted MgO/SiO2 catalysts.16  This suggests that the metal promoters deposited via 

impregnation might also act as textural promoters, in addition to being electronic promoters. 

X-ray diffraction (XRD) patterns of the two promoted catalysts – CuMgSi and ZnMgSi – 

acquired under ambient conditions are shown in Figure 1 together with the unpromoted MgSi. 

The unpromoted sample exhibited prominent peaks at 37.4, 43.5, 63, 75 and 79° which were due 
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to the periclase MgO. Amorphous silica was also present in the XRD pattern as evidenced by the 

broad band in the lower 2θ region of 20-30°.  The wet-kneading of MgO and SiO2 did not 

produce new bulk crystalline phases, in agreement with Angelici et al.47 Shifts to lower value 

were observed for 43.5° peak suggesting the formation of solid solution, i.e. promoters 

incorporated into the lattice.  Careful examination of the XRD pattern also showed that both Zn 

and Cu enhanced the intensity of the MgO peaks suggesting changes in its crystalline structure. 

This change in crystalline structure was due to the formation of bulk ZnO and CuO species 

dispersed on the SiO2-rich area, which might have reduced the interaction between MgO-SiO2, 

and hence increased the crystallinity of MgO.  For reference, several concentrations of ZnSi and 

ZnMg were prepared and analyzed with XRD (Figure S1).  Neither ZnSi nor ZnMg showed any 

new crystalline phases being formed up to 5% loading.  Similarly, no new peaks appeared in the 

CuMg while CuO clustering was observed on 5% CuSi (Figure S2), e.g. above the loading used 

for the working catalyst. 

Figure 2 shows DRIFT spectra for dehydrated metal-promoted catalysts in the OH region, while 

that for the binary catalyst component compounds (ZnSi, ZnMg, CuSi, CuMg) is shown in 

Figure S3. The promoted MgSi catalysts show similar spectral features to the unpromoted MgSi. 

Detailed assignments of the four native OH groups can be found in the previous work.11 Briefly, 

there are four prominent peaks on an MgO/SiO2 catalyst, i.e. 3745 cm-1 assigned to both isolated 

MgO and silanol groups, 3725 and 3705 cm-1 ascribed to Mg-OH-Si with different OH 

coordination numbers and a 3680 cm-1 peak assigned to a magnesium silicate species.  

Promoting the MgSi with Cu or Zn significantly reduced and broadened the native silica and the 

WK-signature peaks, i.e. isolated silanol at 3745 cm-1 and Mg-O(H)-Si group at 3680 cm-1. This 

suggests that both transition metal promoters, Cu and Zn, interact strongly with this OH group. 

Displacement with Zn further results in a new OH site, as shown by the emergence of a peak at 

3760 cm-1, which was previously assigned to the isolated hydroxyl group of MgO.11,48 This 

highly isolated hydroxyl group might form from broken Mg-O-Si linkages due to the 

introduction of Zn suggesting Zn interaction with O-Mg. 

The coordination and oxidation states of the metal promoters were further characterized using in-

situ UV-Vis DRS under dehydrated conditions. Figure 3a shows a comparison between the Cu-

promoted (CuMgSi) catalyst, MgSi and reference binary materials, CuMg, CuSi and bulk CuO. 
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UV-Vis DRS spectra of the bulk CuO is characterized by the presence of a charge transfer (CT) 

peak at ~251 nm and a peak at 570 nm. The CT peak is assigned to the ligand-to-metal CT 

(LMCT) from O2- to Cu2+ in octahedral coordination.40 The peak at 570 nm can be assigned to 

either surface plasmon resonance from Cu0 or contributions from d-d transition.49 Furthermore, a 

peak at 235 nm is present on all supported Cu samples, while the peak at 270 nm is present only 

on a Mg-containing support. The former represents LMCT peaks for a very isolated Cu-O 

species,28,40 while the latter has been assigned to an oligomeric Cu-O species.40 The peak at 305 

nm for CuSi is assigned to the oligomeric Cu-O species.28 This reference sample (CuSi, Figure 

3a) also exhibits a d-d transition peak at ~760 nm, indicative of Cu2+ species in a (distorted) 

octahedral field.28 On the other hand, the CuMg reference exhibited an extra peak at 215 nm, 

possibly due to charge transfer from Mg2+ to the silica surface.27  The CuMgSi catalyst exhibits a 

small peak at ~570 nm, which, as in the CuO reference case, is due to the presence of Cu0. 

Dehydration under inert atmosphere is more likely to induce partial reduction on the catalyst.28  

In agreement, a known adsorption peak in the 560-570 nm region is due to the plasmon 

resonance of metallic Cu nanoparticles.49  

Tauc plots of the CuO standard and the catalyst (CuMgSi) were derived from the UV-Vis DRS 

spectra and are shown in Figure S4. Using the method previously described by Bravo-Suarez, et 

al.,40 identification of the oligomer was made possible by correlating the number of species to 

the edge energy. The plot for CuMgSi was deconvoluted and isolated (0 nearest neighbors) and 

the oligomer species with edge energies of 3.86 and 3.51 eV, respectively, were identified. The 

Tauc plot indicates that the reference oxide CuO exhibits an edge energy of 1.26 eV, close to the 

previously determined values at 1.17 ± 0.06 eV.40,50 The value for the isolated species in this 

work was higher than that reported for CuMgAl mixed oxide, reported to be ~3 eV.40 This is due 

to the coordination of the isolated CuO species to the surface. Using isolated CuO species and 

standard CuO (6 nearest neighbors), the coordination number, i.e. number of Cu-O-Cu bond, was 

determined to be 0.8. 

The Zn-promoted catalyst UV-Vis DRS spectra are shown in comparison with the reference 

samples, i.e., bulk ZnO, MgSi, ZnSi and ZnMg, in Figure 3b. The ZnMgSi catalyst shows a 

small peak at 276 nm. This small peak is down shifted ~100 nm, when compared to bulk ZnO at 

360 nm.  Additionally, ZnMgSi contains a peak at 215 nm, which resembles that of the CuMg 
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UV-Vis DRS spectrum. This CT peak appears in almost all Mg containing samples, except for 

CuMgSi. That peak was located at almost the same wavelength, ~215 nm, for CuMg, ZnMg, and 

ZnMgSi, but shifted when MgSi support was measured, i.e. at 225 nm. This peak can be 

assigned to a charge transfer from Mg2+ to O2-, where a shift is expected when MgO is wet-

kneaded with SiO2.51 However, introducing Zn to the MgSi support seems to negate this shift 

and it reverts back to ~215 nm. This phenomenon is consistent with DRIFTS data, as shown in 

Figure 2, where the OH peak at 3760 cm-1 disappeared when MgO was wet-kneaded to SiO2, but 

reappeared when Zn is introduced to the surface.  Figure 3b inset shows different Zn loadings 

on the wet-kneaded MgSi. At a higher loading, the peak at lower wavenumber, i.e. 215 nm, 

persists, while the ZnO peak started appearing at 270 and 280 nm for 10% and 15% Zn loadings, 

respectively. The shift in the CT peak is also followed by the shift in the edge energy. This shift 

with a higher Zn loading was also observed by Yoshida et al. on an SiO2 support, although they 

describe this Zn site to have a electronic structure distinct from bulk ZnO, with XANES 

confirming that the ZnO is in a tetrahedral configuration.52  

The reference ZnMg and ZnSi samples further aided in peak assignments of the UV-Vis spectra 

of the ZnMgSi catalyst. In addition to the discussed 215 nm peak, the former exhibits two other 

peaks at 276 and 360 nm. The first peak could be associated with the defect Mg site of the 

catalyst, assigned to tri-coordinated O2- ions on corner sites, which is also encountered in the 

MgSi sample.27,51,53 Along with the peak at lower wavelengths, 215-225 nm, these peaks are 

indicative of bulk MgO, also observed by Sels and coworkers.27 The second peak is likely to be 

assigned to bulk ZnO based on the bulk ZnO reference spectra. The ZnMgSi catalyst, on the 

other hand, hardly shows any other peaks related to Zn-containing species. Chouillet et al. 

reported a similar observation, where UV-Vis shows bands of a bulk ZnO phase in the limit of 

1.4-4.4 nm particle size, confirmed by TEM.43 To explore the possibility of the formed ZnO 

phase in the lower particle size limit, we performed STEM, shown in Figure 4. The ZnO 

nanoparticles were indicated by the arrows on the figure, pointing to the formation of 

nanoparticles at ~1 nm particles size. Highly dispersed ZnO nanoparticles have also been 

previously observed on MgO-supported catalysts.44,54 Isolated (monomeric) Cu sites, as well as 

oligomeric sites in both CuMg and CuMgSi, can’t be detected using STEM/EDS in Figure 4, 

indicating high dispersion of these sites. 
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To confirm the presence of some reduced species on the surface, oxidative treatment was done 

post-inert treatment by flowing air (Figure S5). The significant increase in the CT bands at 250 

and 310 nm at the expense of peaks at 575 and 633 nm for CuMgSi indicates the presence of 

some native reduced species that became oxidized upon the introduction of air at higher 

temperature. Similarly, ZnMgSi shows the continuous increase in peaks at 230 and 340 nm, 

indicating the formation of both MgSi sites and bulk ZnO phases when oxidized. 

3.2 Steady state catalytic performance and acid/base chemistry of the catalyst active sites 

The steady state reactivity comparison between MgSi, ZnMgSi and CuMgSi catalysts is shown 

in Figure 5. Here the activity of three catalysts is compared in the temperature range of 350-

450°C. It can be seen that promotion with Cu and Zn significantly enhanced the 1,3-BD 

formation rate from <1 mmol/gcat h to ~2 mmol/gcat h throughout the investigated temperature 

range. Furthermore, ethylene formation was suppressed, more significantly in the case of Zn 

promotion. The origin of this promotional effect can be traced back to the production of 

acetaldehyde, which significantly increased in comparison to the unpromoted catalyst.  The 

accumulation of acetaldehyde on the surface indicates that the Rate Determining Step (RDS) 

shifted for the case of promoted MgO/SiO2. Quantitatively, this is confirmed by the decrease in 

apparent activation energy, Ea, as derived from the Arrhenius plot of each product formation 

rates.  Acetaldehyde and 1,3-BD activation energies exhibit similar trends with promotion by Cu 

and Zn, with Ea (Zn) < Ea (Cu) < Ea (unpromoted). Apparent activation energy of ethylene, on the 

other hand, decreases with Cu promotion but not with Zn.  The very low formation rate of 

ethylene must be due to very low rate constant for ethylene formation, since raising the reaction 

temperature does not have significant effect on the formation rate.  A similar increase in 1,3-BD 

production was previously reported by other investigators.3 For instance, Angelici, et al. noticed 

a sharp increase (~20%) in both ethanol conversion and 1,3-BD yield upon promoting the wet-

kneaded catalyst with 1% CuO. The productivity of their catalyst was very similar to that 

reported here: 0.48 mmol gcat
-1 hr-1 at 425°C and WHSV = 1.1 hr-1.14  When the reaction was 

carried out at more than 375 °C, the conversion over ZnMgSi approached 100%.  This increase 

in conversion was previously observed when Zn was shown to provide more Lewis acidity and 

also suppressed the Brønsted acidity.15,55 Zn-promoted catalysts, such as MgO/SiO2
15 and talc13, 

were reported to increase both the conversion and selectivity toward 1,3-BD. The latter showed 
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the same productivity as our catalyst, ~1.1 mmol gcat
-1 hr-1 at an even lower reaction temperature 

(300°C) and a much higher WHSV (8.4 hr-1).  

A fundamental acid-base study on both transition metal-promoted catalysts were carried out by 

both in-situ and ex-situ methods (Section S1.2). In-situ studies using propionic acid showed that 

all three catalysts possessed a very limited amount of strong basic sites and that promotion with 

transition metals further decreased the amount of strong basic sites. The propionic acid cofeeding 

experiment showed that 1,3-BD productivity did not recover to its original formation rate, which 

suggests the presence of some strong basic sites that maintain strong interaction with the leftover 

propionic acid.2  With the wet kneaded support, the strong basic sites are limited and more 

medium basic sites are present. Both in-situ CO2 poisoning and DRIFTS studies confirmed the 

increased availability of the medium and weak basic sites. Our study aligns well with a previous 

study using deuterated chloroform, with Cu-Mg solid solution being thought of as the reason for 

fewer strong basic sites.28 The in-situ poisoning further unraveled the site requirements for every 

step of the reaction, i.e. acetaldehyde formation on weak basic sites, dehydration on any sites, 

aldol condensation and MPV (Meerwein-Ponndorf-Verley) reduction on strong basic sites. The 

reduced amount of strong basic sites is also the origin of RDS shift from acetaldehyde formation 

to MPV reduction. The total amount of acid sites was also reduced by promotion with Zn and Cu, 

as shown by both in-situ NH3 poisoning and NH3-DRIFTS experiments. Ethylene formation was 

reduced by poisoning of the acid sites, while the origin of acetaldehyde formation rate reduction 

is the competitive bonding between the available Cu2+ to NH3, since Cu catalysts are routinely 

investigated as SCR catalysts.56,57 This is further supported by the recovered acetaldehyde 

production. The acetaldehyde production was accompanied by successive reduction of Cu2+ to 

Cu0, as shown by in-situ XANES (vide infra) and was potentially the reason its productivity 

decreased over time.  

3.3 Active sites under operating conditions 

3. 3. 1. Temperature programmed infrared spectroscopy measurements (TP-DRIFTS) 

The effect of metal promoters on the ethanol to 1,3-BD reaction mechanism was probed using in-

situ temperature programmed DRIFTS. This allowed the study of surface species participating 

during the reaction. Experiments utilizing different probe molecules, i.e. ethanol, acetaldehyde, 

crotonaldehyde, and crotyl alcohol, were performed. Detailed assignments of the IR peaks can be 
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found elsewhere.11  Table 1 summarizes the peak assignments from experiments done on the 

MgSi catalyst. The in-situ DRIFT spectra in the 1700 to 1300 cm-1 region of MgSi, ZnMgSi and 

CuMgSi catalysts are shown in Figure 6 (insets).  There were two very prominent peaks in the 

spectra at high reaction temperatures (>250°C), i.e. ~1575 cm-1 and 1440 cm-1, previously 

assigned to the products of acetaldehyde aldol condensation and polymerization.11 A noticeable 

difference between the unpromoted and promoted spectra was the exact position of the two peaks. 

On promoted catalysts, the C=C stretch shifted to 1587 cm-1 while the prominent peak for the C-

H bending was at 1458 cm-1. The 1587 cm-1 peak location is identical in the case for both 

CuMgSi and ZnMgSi, which indicates a similar anchoring site on the catalysts. As will be 

discussed later, some of the magnesium forms solid solution with both Cu and Zn, which is 

possibly the binding site of the reaction product, given the identical peak location.  

Table 1. Vibrational frequencies in the 1600-1400 cm-1 wavenumber range and their 

assignments for ethanol, acetaldehyde, crotonaldehyde and crotyl alcohol adsorption on WK 

(1:1)11 

Assignment 
Experimental (cm-1) 

Ethanol Acetaldehyde Enolate Crotonaldehyde Crotyl 
alcohol 

ν (C=C) - - 1600, 1578 1600, 1574 1602 
δ (CH2) 1454 - - - 1380 
δ (CH3) 1418 - - 1456, 1434 1368 
ρw (CH) 1380 - - - - 
ρw (CH2) - - - - 1441 

ρw (CH3) 1338 1456, 1434, 
1382 - 1346 1456 

 

The C-H bending peak was very complex since every reactive intermediate has a C-H group. 

Peaks were deconvoluted using CasaXPS software suite version 2.3.18PR1.158 into several 

different components.  On the unpromoted catalysts, this broad envelope was deconvoluted into 

four peaks, i.e. 1458, 1440, 1416, and 1398 cm-1. The peak at 1458 cm-1 was formed more 

rapidly in the case of promoted catalysts, while peaks at 1435 and 1416 cm-1 lagged, compared to 

the unpromoted catalyst. The growth of the peak at 1458 cm-1, previously assigned to 

acetaldehyde (δ CH3) and crotonaldehyde (ρw CH3), is significantly enhanced over promoted 

catalysts.  The peaks at 1587-1575 cm-1 and 1457 cm-1 can be used to characterize the degree of 
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both aldol condensation and dehydrogenation that takes place on the surface, while the other 

peaks at ~1400 cm-1 are characteristic of the catalyst’ basicity, i.e. its ability to readily 

polymerize the formed acetaldehyde. This insight can be further utilized to probe the abundance 

of the active sites on the catalyst, i.e. based on the accumulated 2,4-hexadienal, which was 

characterized by the 1587 cm-1 peak. We carried out semi-quantitative analysis of the peaks at 

1587 (1575), 1440, and 1458 cm-1. The peaks at ~1400 cm-1 are summed together assuming that 

they result from a similar class of reaction, i.e. polymerization that typically yields more than one 

product such as metaldehyde and paraldehyde.59 The evolution of these peaks as a function of 

temperature was plotted in Figure 6. It can be seen that for all catalysts, there was no significant 

changes in the ~1400 cm-1 peak area. However, the promoted catalysts resulted in a higher 

intensity/area of the 1587 cm-1 peak with Cu higher than Zn. This indicates that promoting the 

catalyst with transition metals enhances the ability of the catalyst to carry out aldol condensation, 

while at the same time keeping the unwanted polymerization constant with regards to the 

unpromoted catalyst. Another noticeable difference was the temperature where the peak started 

increasing in intensity. For Cu, the peak starts increasing at lower temperature, even at ~150 °C, 

while Zn lagged behind and eventually showed similar reactivity to the unpromoted catalyst.  

Overall, combination of both DRIFTS and steady state fixed-bed experiments showed a shift in 

the rate-limiting step. Without the promotion with transition metals, less acetaldehyde was 

produced in the product stream indicating the rapid consumption of the intermediate. Promoted 

catalysts, on the other hand, saw an increase in acetaldehyde production.  The accumulation of 

acetaldehyde in the steady-state reaction experiments suggested that aldol condensation is the 

RDS. The acidity and basicity of the catalyst was affected by promotion with transition metals as 

well. The in-situ poisoning experiment with propionic acid and NH3 showed that promotion 

increased the availability of the weak basic sites and total acid sites. In-situ DRIFTS detection of 

ethanol indicated that there was a change in the binding site during the aldol condensation, as 

manifested by the shift of the C=C stretch peak at 1575 to 1587 cm-1. This systematic change 

suggested that while the anchoring site was identical between the two promoted catalysts, a 

potential solid solution formation took place. Mechanistically, this semi-quantification confirms 

the steady-state experiment findings where the activation energy of the dehydrogenation step was 

significantly reduced leading to higher amounts of acetaldehyde and products of aldol 
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condensation. The change in the polymerization products was also an indication of the reduced 

basicity of the catalyst, since acetaldehyde polymerization prevails on very basic surfaces.60,61  

3. 3. 2. In-situ UV-Vis DRS during ethanol reaction over MgSi catalysts 

Figure 7 shows the in-situ UV-Vis DR spectra during ethanol conversion to 1,3-BD on (a) 

CuMgSi and (b) ZnMgSi. The spectra plotted are difference spectra referenced to 100 °C to 

better describe the dynamic changes. On CuMgSi, increasing the temperature lead to intensity 

increases at 248, 315 and 565 nm while the band at 276 nm showed a decrease in intensity. 

Interestingly, the inset in Figure 7a shows that the band at 211 nm reached a maximum at 300°C 

and decreased in intensity at higher temperature. To assist with the peak assignments, we 

performed similar experiments on an unpromoted MgO/SiO2 catalyst (Figure S10). The UV-Vis 

spectra of the unpromoted catalyst showed changes for three bands at 210, 245, and 300 nm.  

These three peaks can be assigned to either CT bands of metal oxides, π- π* transitions of allylic 

cations, cyclic or aromatic species, or even neutral, uncharged aromatic species (for shorter 

wavelengths).62,63  An alternative assignment for the two bands at 210 and 245 nm is the LMCT 

band of Mg to O on defect sites and to SiO2, respectively.27,51  Due to the formation of heavy 

surface organic intermediates during the reaction,11 these peaks are most likely to originate from 

the organic intermediates with little contribution from the catalyst. The remaining peak at 276 

nm decreased at the expense of the peak at 565 nm. The former was assigned to oligomeric CuO 

species, while the latter one was assigned to surface plasmon resonance.28,40  The presence of 

surface Cu0 from reduced CuO oligomeric species will later be confirmed by X-ray methods 

since the peak at 565 nm could also originate from substituted or unsubstituted benzene 

(by)products.62 

On ZnMgSi in Figure 7b, in-situ UV-Vis experiments showed the emergence of different 

intermediates as signified the by the bands at ~240 -shifted to 268 nm at higher temperature-, 

300 and 211 nm. These bands were observed during the in-situ ethanol experiment over 

unpromoted MgO/SiO2 catalyst as well. Another band with a cutoff at 350 nm also appeared. 

This band could be indicative of π- π* transitions of dienic allylic cations62 or bulk ZnO 

formation since its emergence was also accompanied by the intensity increase of a shoulder at 

~230 nm, which alternatively can be assigned to CT between Mg2+ to SiO2.27 ZnMgSi exhibits a 

much higher reactivity with ethanol during the reaction, and hence more significant intensity 
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increases on these bands than those of CuMgSi can be assigned to the formation of unwanted 

heavy surface organic species. 

3. 3. 3. Operando XAS studies of Cu, Zn-promoted MgSi catalysts 

3.3.3.1. Operando XANES and EXAFS of Cu-promoted MgSi catalyst 

The XANES spectra of Cu catalysts and standards taken under ambient condition are 

shown in Figure 8. The XANES spectra for samples with Cu-promoted supports, i.e. CuMg, 

CuSi, and CuMgSi, show similar features in pre-edge region with a weak pre-edge peak located 

at about 8977 eV and a shoulder peak on the rising edge at about 8987 eV (Figure 8a). The weak 

feature at 8977 eV was previously assigned to the 1s → 3d transition, and is considered a 

fingerprint of Cu2+ species.28,64,65 For comparison, XANES spectra of the standards, i.e. Cu foil, 

Cu2O, and CuO, are plotted along with CuMg XANES spectrum in Figure 8b. The CuMgSi 

catalyst XANES spectrum strongly resembles that of the CuMg and is very different from CuSi 

(Figure 8a) and Cu standards (Figure 8b). Further, the EXAFS spectra in the inset (Figure 8a) 

are very similar for both CuMg and CuMgSi. The shoulder peak at 8987 eV in the XANES 

spectrum of CuMg, when compared to CuO, was shifted from 8985 eV. This shoulder peak is 

usually assigned to the 1s → 4p transition and its position is affected by neighboring atomic 

geometry.66 For CuMg, a shift in the shoulder peak was also observed. 28 Many reports attribute 

that shift to Cu being in octahedral or  distorted octahedral geometry, occupying Mg lattice sites 

in a solid solution.34,35,67  

As shown in Figure S11 (the Fourier transformed k2χ(k) spectra of CuMg, Cu2O, CuO 

and Cu foil), the R-space EXAFS spectra of CuMgSi have two distinct peaks in the range of 1-3 

Å. The peak at about 1.5 Å is due to the Cu-O contribution, and the peak at about 2.6 Å could be 

due to the Cu-Cu contribution from Cu oxides or Cu-Mg contribution if Cu enters the MgO 

lattice. To determine the local environment of Cu, EXAFS data fitting analysis was performed. 

To fit theoretical EXAFS signal to the experimental spectrum, two plausible models of local 

atomic arrangement around Cu absorbers were tested.  Model A includes Cu-O and Cu-Cu 

nearest neighbor single-scattering paths, and Model B includes Cu-O and Cu-Mg paths. The 

fitting k range was 2.0-11.0 Å-1 and R range was 1.0-3.1 Å. The best fitting results were obtained 

when Model B was used. Only this model provided both reasonable results for the fitting 

parameters and good quality of the fit as shown in Figure S12. The best fitting results are shown 
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in Table 2.  For comparison, the structural parameters for Cu foil, CuO, Cu2O, and MgO are also 

listed in Table 2. The Cu-O bond parameters for both samples are similar to those of the Cu-O 

bond in CuO. The Cu-Mg bond lengths in both CuMg and CuMgSi are also similar to the Mg-

Mg and Cu-Cu bond lengths of MgO and CuO standards, respectively. The Cu-Cu contribution 

was not detected for either CuMg or CuMgSi, which corroborates the insertion of Cu into the 

MgO lattice. The coordination number of Cu-O shown in the EXAFS analysis was also in line 

with the (distorted) octahedral geometry. Previous investigations by Asakura et al. and Angelici 

et al. demonstrated that Cu-O coordination numbers were lower than 6.28,34 Angelici, et al. found 

a coordination number of 4 and further assumed the presence of two additional oxygen atoms to 

simulate the XANES spectra, which revealed another contribution from a Cu-O bond at ~2.40 Å, 

which is characteristic of the separation between copper and apical oxygen atom in a CuO6 

complex.28 For CuMg, the Cu-O contribution follows similar observation of Angelici et al. and 

Asakura et al., i.e. less than 6.28,34  

Table 2. Best fitting results of Cu catalysts. The structural parameters of standards are listed for 
comparison.  

Sample Bond N R (Å) 

CuMgSi 
Cu-O 5.6±1.1 1.96±0.02 

Cu-Mg 7.0±1.8 3.01±0.02 

CuMg 
Cu-O 4.5±0.9 1.97±0.02 

Cu-Mg 7.1±2.0 3.00±0.03 

CuO 

Cu-O 4 1.96 
Cu-O 2 2.78 
Cu-Cu 4 2.9 
Cu-Cu 4 3.08 
Cu-Cu 2 3.18 

Cu2O 
Cu-O 2 1.84 
Cu-Cu 12 3.01 

MgO 
Mg-O 6 2.11 

Mg-Mg 12 2.98 

Cu foil 
Cu-Cu 12 2.56 
Cu-Cu 12 2.56 

 

Operando XAS experiments with flowing ethanol over CuMgSi were performed at 

different reaction temperatures to analyze the role of Cu species during the reaction and at 400°C 

multiple scans were performed to investigate the evolution of Cu species as the reaction 
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progresses at constant temperature. Figure 9 shows the XAS spectra of CuMgSi under both 

helium flow (a) and constant ethanol flow (b) at different temperatures. As shown in Figure 9, 

the pre-edge peak (at 8977 eV), which is a signature of Cu divalent species, remains almost 

unchanged after pretreatment, indicating Cu remains in the 2+ state after He treatment. Under 

helium at elevated temperatures, a new feature at 8982 eV appeared suggesting the change of the 

local environment of Cu after pretreatment. The position (8982 eV) of this peak is quite close to 

that (8981 eV) of the shoulder peak of Cu2O, in which each Cu atom is surrounded by two O 

atoms in a collinear manner. The appearance of the 8982 eV peak thus implies a decrease in the 

average coordination number of the Cu-O bond for Cu atoms in the CuMgSi catalyst. During the 

experiment with ethanol, significant increase in the intensity of the 8982 eV peak was observed, 

especially at high temperatures, suggesting an increased fraction of species in which the average 

Cu-O coordination number is low. We propose that such geometry is correlated with catalytic 

activity of the CuMgSi catalyst. The corresponding mass spectrometry (MS) data (Figure S13) 

show that the acetaldehyde (AA) was produced at very low temperature, i.e. starting as low as 

100 °C, and increased significantly at ~250 °C. This increase correlated with the significant 

increase in the 8982 eV peak observed in going from 200 °C to 300 °C in Figure 9. At the same 

time, the 1,3-BD started being produced at ~250 °C, which was lower than for the unpromoted 

catalyst, i.e. 300 °C. 

When reaction temperature reached 400 °C, the temperature was held constant while 

XANES spectra were repeatedly taken to investigate any changes that take place during the 

reaction. The change in the copper species was recorded as a function of time for total of ~2 

hours, (Figure 10). A Cu foil XANES spectrum taken at ambient temperature was overlaid for 

comparison. As the reaction proceeded, the peak at 8982 eV started decreasing in intensity, 

suggesting the re-arrangement of the local structure of Cu. Accompanied with this decrease, the 

peak at 8980 eV which is also a feature of the Cu foil spectrum appeared and increased with time, 

suggesting the formation of a Cu metallic phase. Based on the above results, we conclude that 

changes in the local structure of Cu occurred throughout the reaction. Quantitative information 

on the local structure of Cu during the reaction conditions was obtained by performing EXAFS 

analysis and the results were summarized in Figure 11. It shows the change in the coordination 

numbers of Cu-Cu, Cu-Mg, and Cu-O bonds during the reaction. From 200-400 °C, a steady 

decrease in Cu-O bond coordination number takes place, which, as discussed above, also 
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correlates with increase in the intensity of the 8982 eV peak. There was no appearance of a Cu-

Cu pair until the steady-state reaction at 400 °C. At 400 °C, the final EXAFS spectra show a 

significant increase in Cu-Cu coordination number from 0 to about 3. This indicates clustering of 

the Cu atoms after reaction has stabilized at 400 °C. 

To confirm the correlation between the XANES features and the coordination number of 

the Cu-O bond, XANES spectra simulations were performed using FEFF 9 code.68 Simulations 

were first performed on CuO and Cu2O to find optimized simulation parameters, which were 

then applied in calculating the spectra for all models. For the as-prepared CuMgSi catalyst, 

according to EXAFS analysis, the coordination number of Cu-O was close to 6 and Cu is very 

likely residing in the Mg sites in the MgO lattice. We simulated a MgO sphere with a diameter of 

about 1.6 nm and which contains 251 atoms, and replaced the core Mg atom by a Cu atom. This 

model was named Model 1. In this model, Cu is octahedrally coordinated by 6 O atoms at the 

same distance. The calculated XANES spectrum for this model is plotted in Figure 12, and the 

shoulder peak at the rising edge is indeed shifted to higher energy compared to that of CuO, 

which agrees with the trend observed in the experimental data. As shown by the EXAFS results, 

under reaction conditions and at high temperatures, the average Cu-O coordination number 

decreases and is close to 4. We thus modified Model 1 by removing 2 oxygen atoms around Cu. 

In this modified model, Model 2, Cu is then surrounded by 4 oxygen atoms at the same distance 

forming a planar geometry. In the simulated XANES spectrum for Model 2, a shoulder peak 

appears in the position between those of Cu2O and CuO. Such a trend was also observed in the 

experimental spectra. Therefore, the agreement between the experimental and theoretical 

XANES spectra suggests the shoulder peak at the rising edge of the Cu spectra is related to the 

local oxygen environment around Cu. In the CuMgSi system, Cu replaces Mg in the MgO lattice. 

When the reaction occurs, the octahedral Cu-O geometry will be distorted: most likely, part of 

oxygen atoms are pulling away from Cu, which could be then transformed to a Cu metallic phase 

as suggested by features detected for the final aged catalyst (Figure 10).  

An alternative, complementary interpretation of this operando measurement was offered 

by Angelici et al., where reactions were carried out at 400 °C under two different pretreatment 

conditions, i.e. inert flow and reducing atmosphere.28 Under inert flow, the initial state of the 

catalyst consisted of the native distorted octahedral Cu2+ species that was originally in the 

catalyst and another Cu2+ species that resembled to Cu2+ from CuO/SiO2. This latter Cu2+ species 
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was reduced to Cu0 and transformed to a distorted octahedral Cu2+ species when pretreated at 

425 °C under inert flow. Our observations show that there are new Cu species as evidenced by 

the peak at 8982 eV that appeared when the catalyst was pretreated at high temperature even 

though the pre-edge feature at 8977 eV, assigned to the distorted octahedral Cu2+ from CuMgSi, 

barely changed. Interestingly, a similar distribution between Cu2+, Cu+, and Cu0 was observed 

after ethanol reaction without reducing pretreatment, after reducing pretreatment under H2 and 

after ethanol reaction with reducing pretreatment.28 Specifically, the three treatment steps 

mentioned correspond to increasing amount of Cu0 in the final state of the catalyst. This indicates 

that both ethanol and hydrogen have a competing reducing effect on the catalyst. The final state 

after the steady-state reaction under both pretreatment conditions revealed that there were some 

Cu2+ species on the catalyst even after extensive reaction with ethanol.28  

In our experiments, however, we observed a different outcome. The two pre-edge 

features at 8977 and 8987 eV behaved similarly with both of them barely changing during the 

reaction. Even after extensive reaction at 400°C, the Cu-Mg coordination number did not change, 

while the Cu-O coordination number decreased (Figure 11) to 4. The apparent increase in peak 

at 8987 eV is mostly due to the increase in background from the peak at 8982 eV. We propose, 

based on data in Figures 9-12, that the origin of the peak at 8982 eV, assigned to Cu2+ with less-

than-6 oxygen neighbors, is from a bulk Cu2+ with six oxygen neighbors that catalyzed the 

reduction and lost bonding with two neighbor oxygens during interaction with ethanol, as 

indicated by the simulation (Figure 12). Furthermore, this new Cu species undergoes a further 

change in coordination number, decreasing to reduced Cu0, possibly due to the depletion of 

reducible Cu2+ that shifts the reaction active reaction sites, which further leads to reduction of all 

reducible copper species into Cu0, as suggested by clustering of Cu (increase in Cu-Cu 

coordination number) as the reaction progressed at 400 °C.  

 

3.3.3.2. Operando XANES and EXAFS of Zn-promoted MgSi catalyst 

The XANES spectra of Zn catalysts and standards taken in ambient condition are shown 

in Figure 13a. The standards used in this study are Zn foil and ZnO to represent the reduced and 

oxidized states of the transition metal. Comparison between ZnMgSi, ZnSi (ZnO/SiO2), and 

ZnMg (ZnO/MgO) reveals similarity between ZnMgSi and ZnMg. The silica-supported sample 

looks like those of willemite or hemimorphite, both Zn-silicates.43 Chouillet et al. investigated 
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the effect of drying temperature prior to calcination, and XANES spectra of all dried samples 

calcined at 450 °C, only 50 °C lower than our temperature, are nearly identical and indicative of 

zinc silicate formation.43 The Zn foil exhibits a peak at 9662 eV, which was assigned to an 

electron transition to an empty d orbital. The absence of this feature indicates that all samples are 

fully oxidized.69 For Zn standards (ZnO and Zn foil), there are two main features, the main edge, 

labeled as A, and feature B in the spectra. The main peak was assigned to a 1s→4p electron 

transition with lesser peak intensity corresponding to decreasing coordination number of the 

cation.70–72 The second feature was attributed to a multiple scattering resonance associated with 

medium range molecular structure around the target element; this feature was located differently 

for each sample, indicating a difference in geometric molecular structure.70,71 

Both Mg-containing samples, i.e. ZnMg and ZnMgSi, exhibit splitting at the edge that 

was significantly larger than that of ZnSi. The splitting was previously observed on ZnO/Al2O3 

and ZnFe2O4 and was attributed to a Zn2+ structure in a rigid environment nothing like ZnO.71,73 

EXAFS spectra of the samples show very similar spectral shape between the two samples 

although the oscillation magnitude of the ZnMgSi sample was much lower. The similarity 

indicates that the Zn in both samples possess very similar local structure. Fourier transform was 

applied to the EXAFS signal (k2χ(k)) of ZnMg to represent both samples and compared to ZnO 

and Zn foil (Figure 13b). Between 1-3 Å, there are two peaks at 1.40 Å and 2.40 Å for ZnMg. 

From the Fourier transformed spectra the first peak was attributed to a Zn-O bond, while the 

latter was lower than the Zn-Zn distance in ZnO yet higher than the Zn-Zn distance in Zn foil. 

This implies that this was not due to a contribution from a Zn-Zn pair and instead we predict this 

to be due to a Zn-Mg pair. To confirm it, we did EXAFS analysis for the ZnMgSi catalyst and 

tested three models, analogously to what was described above for Cu edge analysis: Model A 

includes Zn-O and Zn-Zn paths; Model B includes Zn-O, Zn-Zn, and Zn-Mg paths; Model C 

includes Zn-O and Zn-Mg paths. The fitting k range is 2.0-10.5 Å-1, and the R range is 1.0-3.2 Å. 

Only Model C yields both reasonable fitting results and good fit quality (Figure S12), which 

indicates that Zn was singly distributed into the MgO lattice. The best fitting results were 

summarized in Table 3. Within the MgO lattice, the first nearest neighbor of Zn is O, and the 

second nearest neighbor is Mg. The average coordination number of Zn-O is close to 4 and 5 for 

Zn-Mg, which is much smaller than the coordination number of Zn-Mg in ZnMg catalyst (Table 

3). Furthermore, that may explain the weaker spectral intensity in near edge region of Zn edge in 
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ZnMgSi catalyst compared to ZnMg catalyst (Figure 13a). This Zn-Mg distance was ~0.2 Å 

shorter than that of Zn-Zn pair in the ZnO foil, as which was previously determined for Zn(1-

x)MgxO alloy.74 The bond length values for standards and samples are tabulated in Table 3.  

The operando XANES spectra during ethanol conversion are presented in Figure 14. 

Similar to the study of CuMgSi, the experiment was conducted with increasing temperature 

under He (Figure 14a) and ethanol flow (Figure 14b). The MS data for the experiment (Figure 

S13b) shows similarities with that for CuMgSi. In particular, acetaldehyde was produced very 

early as well, following the induction time between ethanol flowing into the reactor and the 

product stream entering the MS. The production of 1,3-BD follows a similar trend, i.e. it started 

being produced at lower temperature before really ramping up at ~300 °C. This sudden increase 

at 300 °C coincides with a further increase in acetaldehyde production, which suggests that there 

are two active sites for ethanol dehydrogenation for each catalyst. The presence of these two sites 

on two promoted catalysts indicates that there are identical sites on both catalysts. When 

compared to the unpromoted MgSi catalyst, the steady-state activity testing data showed that 

acetaldehyde production was found to dramatically increase at this temperature as well. This 

indicates that promotion with Zn or Cu results in an additional dehydrogenating site, and that the 

native weak basic sites responsible for the reaction are still present after promotion. 

Table 3. Best fitting results for ZnMgSi, ZnMg, ZnO, MgO and Zn. The structural parameters of 
standards were listed for comparison. 

Sample Bond N R (Å) 

ZnMgSi 
Zn-O 3.6±0.5 1.98±0.02 

Zn-Mg 4.8±1.6 3.09±0.04 

ZnMg 
Zn-O 4.7±1.0 2.09±0.04 

Zn-Mg 14.0±2.8 3.05±0.02 

ZnO 
Zn-O 4 1.94 
Zn-Zn 6 3.15 
Zn-Zn 6 3.2 

MgO Mg-O 6 2.11 
Mg-Mg 12 2.98 

Zn foil 
Zn-Zn 6 2.66 
Zn-Zn 6 2.88 
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The Zn2+ local structure, however, has shown a resilient nature under flowing ethanol, as 

shown in Figure 14b (inset). There was no significant change under ethanol flow, compared to 

the thermal effect when only helium flowed (Figure 14a). Figure 14c further showed the 

analysis of the EXAFS spectra where there were no significant changes in Zn local coordination 

number (N) during the reaction. The calculated Zn-Mg and Zn-O coordination numbers both 

remained constant and no change in the local state of the catalyst was observed. This indicates 

that the Zn-promoted catalyst should be relatively stable compared to the Cu-promoted catalyst 

and possible deactivation is more likely to be related to the formation of carbonaceous deposits 

on the surface due to the higher activity exhibited by the additional redox and Lewis acid sites 

provided by the Zn dopant.15 

4. Conclusions 

Cu- and Zn-promoted wet kneaded MgO/SiO2 catalysts were interrogated in situ and 

operando conditions, providing new insights into their structure, and reactivity of their catalytic 

sites during ethanol reaction to 1,3-BD.  No distinct crystalline promoter phases were obtained 

according to XRD and STEM measurements, and Cu and Zn were suggested to bind strongly 

with the native OH groups.  Under dehydrated conditions, oligomeric Cu-O species were found 

to dominate CuMgSi while the combination of very small <4 nm ZnO nanoparticles and possibly 

solid Zn solution with MgO have been observed using a combination of UV-Vis and STEM 

measurements.  A reduction in the amount of strong basic sites due to the metal promoter 

binding was found to affect RDS shift from acetaldehyde formation to MPV reduction.  In situ 

DRIFT spectroscopy results allowed the decoupling of the aldol condensation and 

dehydrogenation fundamental steps that takes place on the surface, suggesting that transition 

metal promoters enhanced the ability of the catalyst to carry out aldol condensation, as supported 

by the steady state reactivity experimental results.  In situ UV-Vis spectroscopy suggested the 

appearance of π- π* electronic transitions of allylic cations, cyclic, or aromatic species on the 

catalysts while also providing insights on the oligomeric structure of the active sites.  In 

particular, oligomeric CuO species with ~0.8 Cu nearest neighbors were found to decrease in 

intensity suggesting their involvement in ultimate catalytic Cu0 species formation.   

Our operando X-ray measurements were combined with ab initio modelling to unravel 

the exact electronic structure of the Cu and Zn promoters. These measurements were performed 
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as a function of temperature and signified that the Cu-Cu pair appeared at reaction temperatures 

of 400 oC on the aged (TOS of 6-7 hours) catalyst at the expense of Cu-O bonds.  Cu replaced 

Mg in MgO lattice, which eventually led to Cu aggregation.  This is akin to literature reports 

where deactivation of Cu-containing catalysts was suggested to be due to the carbonaceous 

deposits rather than sintering of the promoter.  Furthermore, the 8982 eV peak typically assigned 

to Cu+ species, in our work was assigned to a 4-fold coordinate Cu species rather than Cu2O, and 

is proposed to be the key intermediate leading to an increase in Cu-Cu pair number.  This new 

Cu species is transient and is only populated at temperatures lower than 400 oC and starts 

decreasing to yield Cu0 during aging with ethanol.  Two types of Zn bonds, namely Zn-O and 

Zn-Mg, were identified during X-ray analysis and were resilient during conversion of ethanol 

under the operating conditions studied.  Particularly, Zn was coordinated with about 4 oxygen 

neighbors at the distance of 1.98 Å and about 5 Mg neighbors at the distance of 3.09 Å.  

Combination of the in-situ and operando spectroscopic techniques in this study allowed 

us to identify the presence of several sites with different activities. In particular, the solid M-Mg 

(M=Cu, Zn) solution does not exhibit activities toward the reaction, while CuO and/or Cu-O-Cu 

(UV-Vis) and ZnO (STEM) contributed to the dehydrogenation reactivity of both CuMgSi and 

ZnMgSi catalysts, respectively. The reducible nature of Cu led to its deactivation, as observed in 

the corresponding mass spectra data of the reactive intermediates, while Zn promoter 

demonstrated stability of the active site throughout the reaction. 
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