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 ABSTRACT 5 

Enhanced methanol production is obtained over a non-promoted Cu-MgO-Al2O3 mixed oxide 6 

catalyst derived from a Cu-Mg-Al hydrotalcite precursor (HT) containing narrowly distributed 7 

small Cu NPs (2 nm). Conversions close to the equilibrium (20%) with a methanol selectivity of 8 

67% are achieved at 230 °C, 20 bar and space velocity of 571 mLgcat
-1h-1. Based on operando 9 

spectroscopic studies, the striking activity of this Cu based catalyst is ascribed to the stabilization 10 

of Cu+ ions favored under reaction conditions due to lattice reorganization associated with the 11 

“HT-memory effect”, promoted by water. Temperature resolved IR-MS experiments have 12 

enabled the discernment of monodentate formate species, stabilized on Cu+ as the intermediate 13 

in methanol synthesis, in line with the results of DFT calculations. These monodentate formate 14 

species are much more reactive than bridge formate species, behaving the last ones as 15 

intermediates in methane and CO formation. Moreover, poisoning of the Cu0 surface by strongly 16 

adsorbed species behaving as spectators is observed under reaction conditions. This work 17 

represents a detailed spectroscopic study highlighting the influence of the reaction pressure on 18 

the stabilization of active surface sites, and the possibility of enhancing methanol production on 19 

usually less active non-promoted nano-sized copper catalysts, providing that the proper support 20 

is selected, allowing the stabilization of doped Cu+. Thus, methanol formation rate of 2.6·10-21 
3molMeOH·gcat

-1·h-1 at 230 °C, 20 bar and WHSV = 28500 mL·gcat
-1·h-1, is obtained on the Cu-MgO-22 

Al2O3 HT-derived catalyst with 71% methanol selectivity, compared to 2.2·10-4 molMeOH·gcat
-1·h-1 23 

with 54% methanol selectivity obtained on a reference Cu/(Al2O3-MgO) catalyst not derived 24 

from a HT structure. 25 
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 INTRODUCTION 1 

Establishing a carbon-neutral economy is one of the main targets in our society. In this 2 

context, greenhouse gas recycling, where the CO2 released into the atmosphere is captured and 3 

converted into chemicals and fuels, represents a hotspot in catalysis research as a means to 4 

close the carbon cycle.1-4 Accordingly, the methanol synthesis from CO/CO2 hydrogenation is 5 

attracting widespread interest since CO2 is a critical platform chemical with a total annual 6 

production of 95 million tonnes per year in 2019.5,6 On this point, high catalyst efficiency is one 7 

of the most pursued challenges researchers are dealing with. One appealing way to enhance the 8 

catalytic performance in many processes is to decrease the size of the active component to the 9 

nano- or sub-nanometer range, thus increasing the number of exposed surface atoms and the 10 

density of low-coordinated surface sites. This results in most cases in greater activity for smaller 11 

particle sizes.7 However, an opposite trend has been reported in the methanol synthesis from 12 

CO/CO2 hydrogenation, where the activity decreases significantly for Cu particles smaller than 8 13 

nm,8 specifically when using inert or non-redox supports in the absence of promoters.9,10 14 

Additionally, it has been reported that, with decreasing particle sizes, CO formation by the 15 

reverse water gas shift reaction (RWGS) starts to dominate versus methanol synthesis,11 16 

resulting in a low catalytic efficiency. In this sense, the possibility to develop new synthetic 17 

strategies, whereby it might be possible to modify the selectivity and inactivity of small particle 18 

size catalysts, is of particular significance from an economic efficiency viewpoint. This becomes 19 

especially interesting when using non redox supports, low metal loadings (<10%) and in the 20 

absence of promoters. In this respect, Yu et al. reported the possibility of enhancing methanol 21 

production by stabilizing Cu+ ions in a shattuckite-like structure in a 17 wt% Cu/SiO2 catalysts 22 

containing highly dispersed 2.6-3.8 nm copper particles prepared by flame spray pyrolysis.12 23 

Methanol yield of 1.1·10-3 mol MeOH·gcat
-1·h-1 at 230 °C and 30 bar (CO2:H2 molar ratio 1 to 3; 24 

GHSV = 2040 h-1) is obtained, surpassing that of conventional Cu/SiO2 catalysts, which have been 25 

usually considered as inert catalysts.9-11 In other studies, Cu/Al2O3 catalysts containing other 26 

metal oxides like MgO, CaO, SrO and BaO with a Cu:Me:Al molar ratio of 50:30:20 and prepared 27 

by a co-precipitation method have been investigated. Methanol yields of 5.1·10-4 molMeOH·gcat
-28 

1·h-1 and 31% selectivity to methanol at 200 °C and 20 bar (CO2:H2 molar ratio 1 to 2.8; GHSV = 29 

2000 h-1) have been reported for the most active Cu/MgO/Al2O3 catalyst.13 In analogy, low 30 

methanol selectivity (29.8% at 4.3% CO2 conversion) has been reported for copper catalysts 31 

supported on MgO-modified by TiO2
14 and for Cu-doped MgAl2O4 catalysts containing nano-32 

sized Cu NP (1-5 nm) displaying methanol selectivity below 20% at 2% CO2 conversion.15 In 33 

summary, all these results converge in an insufficient activity when non-promoted catalysts 34 

using non-redox supports are considered. 35 
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Aiming at enhancing the activity of small Cu NPs, Copéret et al., using a surface 1 

organometallic chemistry method, obtained well and narrowly distributed Cu NPs (2-4 nm) on a 2 

SiO2 support decorated with different types of promoters acting as Lewis acid sites, i.e., Ti4+, Zr4+, 3 

Ga3+ and Zn2+.16-19 Without a promoter, the catalyst shows poor activity, being enhanced after 4 

adding the second metal. In this case, methanol formation rates up to 1.7·10-4 molMeOH·gcat
-1·h-1 5 

with 86% methanol selectivity is obtained at 230 °C, 25 bar (CO2:H2 molar ratio 1 to 3 and WHSV 6 

= 24000 mL·gcat
-1·h-1) on a Cu-ZnII@SiO2 catalyst, composed of 4 nm Cu NPs, and 4.16 wt% Cu 7 

and 1.62 wt% Zn.19 8 

As a precursor of well dispersed metal species, layered double hydroxides (LDH) with 9 

hydrotalcite-like structure and a general formula M2+
1-xM3+

x(OH)2z+An-
z/nmH2Oz- have shown 10 

great interest in catalysis. Although most of the material comprises low-cost earth available 11 

elements (Mg-Al), the possibility to introduce a wide range of chemical compositions and 12 

structural features make them suitable catalysts in many organic transformations.20 In 13 

particular, due to their basicity, they proved to be excellent candidates for CO2 capture and 14 

utilization.21,22 In this regard, many catalyst’s formulations, including divalent (Ni2+, Co2+, Mg2+, 15 

Cu2+, Zn2+) and trivalent cations (Fe3+, Ga3+, Al3+, Mn3+, …) have been reported, resulting in 16 

complex bi- and multi-metallic systems with interesting CO2 hydrogenation activity to 17 

methanol.21-24 In the simplest formulation, containing only one metal besides Mg2+ and Al3+, most 18 

studies have been focused on Ni2+ and Co2+,21 and recently on Cu2+ giving in those cases CO and 19 

CH4.25 In particular, in the latter case, a reduced Cu-Mg-Al LDH derived catalyst, with basicity and 20 

operating conditions selected explicitly for the RWGS reaction displayed an enhanced specific 21 

activity towards CO due to the improved CO2 adsorption on the material. 22 

Consequently, seeking cost-efficient and non-promoted copper based catalysts with high 23 

atom efficiency in the synthesis of methanol from CO2 hydrogenation, hydrotalcite-derived 24 

materials seem to be a promising alternative. Therefore, and supported on our previous 25 

experience in hydrotalcite-like materials,26 a Cu-MgO-Al2O3 mixed oxide catalyst containing 26 

small Cu NPs (2 nm) and moderate basicity, derived from a Mg-Al-Cu hydrotalcite (HT) precursor 27 

has been explored in this work. Despite the absence of promoters and the redox inertness of 28 

the support, this catalyst appears as an interesting candidate in the CO2 hydrogenation to 29 

methanol with high thermal and temporal stability. 30 

Thus, methanol formation rate of 2.6·10-3molMeOH·gcat
-1·h-1 at 230 °C, 20 bar, CO2:H2 molar 31 

ratio 1 to 3 and WHSV = 28500 mL·gcat
-1·h-1, has been obtained with 71% methanol selectivity 32 

outperforming that of analogous non-promoted nano-sized Cu-based catalysts. The beneficial 33 

role of the HT-derived structure in the catalytic performance of the aforementioned catalyst has 34 

been highlighted compared to a Cu/Al2O3/MgO reference catalyst not derived from a HT 35 
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structure. In particular, catalyst restructuration under reaction conditions, promoted by the so-1 

called water-induced “HT-memory effect” and the positive effect of Cu+ ions in enhancing 2 

methanol formation have been compellingly disentangled by using operando IR-MS 3 

spectroscopic studies combined with IR surface titration experiments. In that way, monodentate 4 

formate species have been determined as a crucial intermediate in Cu+ promoted methanol 5 

synthesis, shining a light on the ambiguity of literature studies. DFT calculations on model 6 

undoped and Cu-doped MgO surfaces have contributed to the assignment of the nature of 7 

formate species. 8 

 9 

 EXPERIMENTAL SECTION 10 

Synthesis of CuHT-230 and CuHT-450. Hydrotalcite-type materials were prepared by a co-11 

precipitation through a mesoscale flow synthesis procedure described elsewhere.27-29 Besides, 12 

and to maximize the yield and bring forth a material with satisfactory physicochemical 13 

properties, synthesis and aging conditions (i.e., pH, temperature, time) were selected according 14 

to a recent optimization described in ref 26. The synthesis method started from two different 15 

aqueous solutions. On the one hand, solution A, containing the metallic species (i.e., Mg, Al, Cu) 16 

in the desired molar ratios to achieve a MII/MIII mol ratio 4 as nitrates (i.e., Mg(NO3)2·6H2O, 17 

Al(NO3)3·9H2O and Cu(NO3)2·2.5H2O, from Sigma-Aldrich) and 1.5 M of total cationic 18 

concentration. On the other hand, solution B, with the same total mass as solution A, but 19 

containing sodium carbonate (Fisher) and sodium hydroxide (Scharlab) in adequate amounts to 20 

accomplish a CO3
2- / (sol. A total cationic number) molar ratio equal to 0.66 and OH- / (sol. A 21 

overall positive charge) molar ratio equal to 1, respectively. These solutions were added at the 22 

same rate (20 mL·h-1) to an empty beaker with continuous stirring at 200 rpm and room 23 

temperature. After that, precipitates were aged at 60 °C overnight under sealed conditions, 24 

without agitation. The resulting solids were filtered, washed with Milli-Q water until pH 7, and 25 

dried overnight at 100 °C. Finally, the hydrotalcite was calcined at 550 °C for 6 h under static air 26 

to attain the corresponding mixed oxide. Before their use in catalysis and for spectroscopic 27 

measurements, the mixed oxides were in-situ reduced under an H2 flow (20 mL·min-1) at either 28 

230 °C (CuHT-230) or 450 °C (CuHT-450), always using a ramp rate = 5 °C·min-1 and for 3 h at 29 

maximum temperature. 30 

Synthesis of Cu/HT (w) and Cu/HT (ACN). Initially, the pure hydrotalcite material used as 31 

support (HT; just containing Mg and Al as metallic species) was synthesized following the same 32 

procedure above described for the Cu-Mg-Al hydrotalcite-derived materials. Nonetheless, in this 33 

case, the hydrotalcite was calcined at 450 °C (2 °C·min-1, for a total time of 10 h) under an airflow 34 

(100 mL·min-1) to attain the corresponding Mg-Al mixed oxide, as usually performed for simple 35 
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Mg-Al hydrotalcites.27,30 The incorporation of copper onto this support was carried out by the 1 

incipient wetness impregnation method using a solution of Cu(NO3)2·2.5H2O in water (w) or in 2 

acetonitrile (ACN) at an adequate concentration to achieve a metal loading of 10 wt% in the 3 

final solid. The latter solvent (i.e., ACN) was used alternatively to avoid the presence of water 4 

during the impregnation process, minimizing the HT memory effect. The impregnated solid was 5 

dried in a stove at 100 °C for 24 h (Cu/HT (w)) or in a fume hood at room temperature for 6h 6 

(Cu/HT (ACN)). Afterwards, the catalytic system was calcined at 550 °C (3 °C·min−1, 5 h) under 7 

air. Finally, the catalyst was thermally reduced at 230 °C (5 °C·min−1) under a H2 flow (20 mL·min-8 
1) for 3 h, prior to their use in catalytic experiments. 9 

Synthesis of Cu/(Al2O3/MgO). An intimate physical mixture of Al2O3 and MgO was used to 10 

support Cu nanoparticles for comparative purposes. This composite was prepared by 11 

incorporating Al(NO3)3·9H2O onto a high surface area MgO (MgO Nanoactive Plus, Nanoscale 12 

Corp.) by incipient wetness impregnation, followed by a calcination program analogous to that 13 

used for the pure Mg-Al hydrotalcites. The amount of Al(NO3)3·9H2O was calculated to keep the 14 

MII/MIII at the same value used throughout this work (i.e., 4), aiming at achieving acid-base 15 

properties analogous to those obtained for the HT-derived materials. Afterwards, copper was 16 

incorporated onto this support by incipient wetness impregnation using an aqueous solution of 17 

Cu(NO3)2·2.5H2O, at an adequate concentration to achieve a metal loading of 10 wt% in the 18 

final solid. Finally, the catalyst was thermally reduced at 230 °C (5 °C·min−1) under a H2 flow (20 19 

mL·min-1) for 3 h, prior to their use in catalytic experiments. 20 

Synthesis of Cu/SiO2. Nonporous silica spheres were synthesized via a technique adapted 21 

from Stöber et al.31 Then, copper was deposited via incipient wetness impregnation, followed 22 

by drying and calcination. Before impregnation, the SiO2 support was dried at 150 °C under 23 

vacuum for 1 h to remove adsorbed water. After that, the support was impregnated with an 24 

aqueous solution (0.1M HNO3) of copper nitrate (Cu(NO3)2·3H2O, Sigma-Aldrich) with the 25 

adequate concentration to achieve 1.5 wt% of Cu in the final material. The material was dried 26 

overnight under vacuum, at room temperature. Subsequently, the sample (∼1 g) was heated at 27 

350 °C (2 °C·min-1) in a flow reactor with 750 mL·min-1 of N2. 28 

Copper content, and hydrotalcite and mixed oxide compositions were characterized by 29 

Inductively Coupled Plasma Optical Emission Spectrometry (ICP-OES), with a Varian 715-ES ICP-30 

Optical Emission spectrometer, after sample digestion in an HNO3/HCl aqueous solution for 31 

those materials containing Mg, and HNO3/HCl/HF aqueous solution for the Cu/SiO2 sample. 32 

X-ray diffraction (XRD) measurements were performed using a PANalytical Cubix Pro 33 

diffractometer with a CuKα X-ray source (=0.15406 nm), provided with a variable divergence 34 
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slit and working in fixed irradiated area mode. Data were collected over a 2θ range of 5–90° at 1 

a scan rate of 2 min−1, operating at 40 kV and 35 mA. Spectra were compared with the PDF2 2 

database (codes in parenthesis) for adequate identification. 3 

Surface areas of solid samples (250 mg) were calculated by applying the Brunauer–Emmett–4 

Teller (BET) model to the range of the N2 adsorption isotherm where a linear relationship is 5 

maintained. These isotherms were obtained from liquid nitrogen adsorption experiments at 6 

−196 °C, in a Micromeritics flowsorb apparatus. 7 

High-resolution transmission electron microscopy (HR-TEM) images were collected on a 200 8 

kV Jeol JEM-2100F instrument. The microscope was also equipped with a high-angle annular 9 

dark-field (HAADF) detector to be run in a STEM mode, thereby achieving better compositional 10 

contrast between Cu-NPs and the oxide support. In this manner, the particle size distribution for 11 

each reduced samples was obtained with its statistical parameters (the  σ value). In all cases, a 12 

minimum number of 200 particles was considered. This study was done employing an image 13 

analyser software (ImageJ). The instrument also had an EDX X-Max 80 detector, with a resolution 14 

of 127 eV, which supplied qualitative information about which elements were in the sample. 15 

Therefore, maps with different colours depending on the element were obtained. These 16 

analyses allowed us to confirm the presence of copper nanoparticles as the bright dots in the 17 

STEM images. Additionally, Field Emission Scanning Electron Microscopy images were collected 18 

on a Zeiss Gemini SEM 500 instrument for the sample Cu/SiO2 to check that the Stöber silica 19 

support was prepared correctly. 20 

Temperature-programmed reduction (TPR-H2) analysis were performed on a Micromeritics 21 

Autochem 2910 instrument. About 50 mg of sample were initially cleaned with 30 mL·min-1 of 22 

Ar at room temperature for 30 min. Then a mixture of 10 vol % of H2 in Ar was passed through 23 

the solid at a total flow rate of 50 mL·min-1, while the temperature was increased up to 800 °C 24 

at a heating rate of 10 °C·min-1. The H2 consumption was measured using a thermal conductivity 25 

detector (TCD), previously calibrated using the reduction of CuO as a reference. 26 

The amount of surface copper metal sites was measured by N2O surface oxidation32,33 27 

followed by TPR-H2 analysis in a Micromeritics Autochem 2910 instrument assuming an 28 

adsorption stoichiometry of 1:2 (H2:Cu). Before measurements, about 50 mg of catalyst was 29 

activated in 20 mL·min-1 H2 flow (3 h, 230 °C for CuHT-230 sample). After reduction, the sample 30 

was cleaned at the same temperature under Ar flow. Then, the temperature was decreased to 31 

25 °C and the surface is oxidised using N2O (1 vol % in He, 10 mL·min-1
, 1h) from Cu0 to Cu2O. 32 

After this, the sample was cleaned with Ar (15 min) at room temperature. Finally, a TPR-H2 was 33 

carried on until 400 °C (10 vol % H2 in Ar, 50 mL·min-1, 10 °C·min-1) in order to reduce the previous 34 

oxidized Cu2O to Cu0.   35 
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The copper surface area has been calculated as:  Cusurf,area (m2
Cu/gcat) = (

୫୭୪ి౫,౩౫౨౜

୥ౙ౗౪
·NA /CM), and 1 

the mass of exposed copper has been calculated as: MassCu,surf (gCu/gcat) = (
୫୭୪ి౫,౩౫౨౜

୥ౙ౗౪
·63.546 2 

g/mol), where 
୫୭୪ి౫,౩౫౨౜

୥ౙ౗౪
 is determined from the amount of H2 consumed to reduce the surface 3 

of copper particles (Cu2OCu0) that have been previously oxidized by N2O, applying a factor 4 

considering the 1:2 (H2:Cu) stoichiometry; NA is the Avogadro’s number; CM is the number of 5 

surface Cu atoms per unit surface area (1.47·1019 at/m2); 63.546 g/mol is atomic weight of 6 

copper. 7 

Temperature Programmed Desorption (TPD-CO2) studies over in situ reduced samples were 8 

performed using a quartz reactor, connected online to a mass spectrometer Balzer (QMG 9 

220M1). 100 mg of sample was first activated in a 20 mL·min-1 H2 flow at 230 °C (5 °C·min-1) for 10 

3 h. Then, the sample was flushed with Ar (18 mL·min-1) and the temperature decreased to RT. 11 

After stabilization, CO2 was pulsed 19 times using a four way-valve (100 μL loop). After the 12 

adsorption, the temperature was increased to 600 °C, maintaining the inert flow (10 °C·min-1). 13 

CO2 desorption was followed by MS (m/z=44). 14 

Infrared (IR) spectra were recorded with a Nicolet (Nexus) 8700 FTIR spectrometer using a 15 

DTGS detector and acquiring at 4 cm−1 resolution. For IR measurements, samples were pressed 16 

into self-supported wafers and submitted to activation conditions prior to each experiment. 17 

IR characterization of reduced materials using CO as probe molecule was carried out by 18 

treating the samples at 230 °C (or 450 °C for CuHT-450 sample) in H2 flow (10 mL·min-1, 2.5 h), 19 

followed by evacuation at 10-4 mbar at 150 °C for 1.5 h and cooling down to -170 °C under 20 

dynamic vacuum conditions. CO was dosed at -170 °C and at increasing pressure (up to 5 mbar). 21 

IR spectra were recorded after each dosage. Spectra deconvolution has been done using the 22 

Origin software. In a first instance, derived curves and the parameters involved in the Gaussian 23 

fitting (i.e., y0, xc, w, and A) associated to the support were obtained. With these values, the IR 24 

spectra of the copper containing samples were deconvoluted. 25 

Operando CO2 hydrogenation IR studies at atmospheric pressure were performed in a 26 

home-made IR catalytic cell connected “online” to a mass spectrometer (Balzer (QMG 220 M1)). 27 

The IR cell allows in situ treatments in controlled atmospheres and temperatures from -176 °C 28 

to 500 °C, connected to a vacuum system with a gas dosing facility. Samples were firstly reduced 29 

in H2 flow (see above). After activation, the temperature was decreased to 160 °C, and the gas 30 

feed switched to reaction conditions (20 mL·min-1 total flow, 5 mL·min-1 CO2, and 15 mL·min-1 31 

H2). After 15 min of stabilization and monitored by MS, the temperature was increased to 200 32 

°C and kept there for 30 min. After this reaction step, the temperature was set at 230 °C for 33 
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another 30 min. IR spectra were acquired after all the experimental steps and every 15 min 1 

during catalysis. After the reaction, the temperature was decreased to 180 °C, followed by 2 

evacuation at 10-1 mbar (primary pump Leybold). Once the sample is at RT, the system is cooled 3 

down to -170 °C under dynamic vacuum conditions (10-4 mbar, using TBM pump, Pfeiffer). CO 4 

was dosed at -170 °C and at increasing pressure (up to 5 mbar). IR spectra were recorded after 5 

each dosage.  6 

Operando CO2 hydrogenation IR studies at 9 bar pressure were performed in a commercial 7 

IR catalytic cell (Aabspec, model #2000-A, https://www.aabspec.com/newproducts.html) 8 

connected “online” to a mass spectrometer (Balzer (QMG 220 M1)). This type of experiment 9 

initially presents the same two first steps that the CO2 hydrogenation at atmospheric pressure 10 

(activation + reaction at 1 bar, see the previous procedure above). After 1 bar reaction, the 11 

temperature was decreased to 160 °C, removing CO2 from the gas mixture and fixing 25 mL·min-12 
1 pure H2. Then, a back pressure regulator (BPR, Swagelok), connected in the outlet port of the 13 

IR-cell, was constrained to increase the pressure to 9 bar. After pressurization, the reaction 14 

mixture (20 mL·min-1 total flow, 5 mL·min-1 CO2 and 15 mL·min-1 H2) was submitted into the cell 15 

and stabilized for 15-30 min. Then, the temperature was increased to 230 °C and kept there for 16 

2 h. IR spectra were acquired after all the experimental steps and every 15 min during catalysis. 17 

The reaction was monitored by online MS as well as by offline GC. A three-way valve was 18 

installed before the MS instrument, to extract the downstream gas through a plastic syringe to 19 

the latter tracking. After 2 h on stream, the temperature was decreased to 180 °C and the cell 20 

was depressurized. The cell evacuation and the CO titration experiment were performed by 21 

following the previous subsection procedure at a temperature of -170 °C.  22 

Hydrogenation experiments after operando IR CO2+H2 reaction were performed at 1 and 9 23 

bar. The experimental procedure until the hydrogenation step has already been explained above 24 

for both pressures. After reaction, the temperature was decreased to 100 °C and the gas mixture 25 

switched to 30 mL·min-1; 10 vol% H2/N2. Then, a progressive hydrogenation at increasing 26 

temperatures and H2 % vol concentration was carried out. Further details can be found in SI. 27 

Mass analysis was performed using a mass spectrometer Balzer (QMG 220 M1) coupled to IR 28 

reaction cells. The m/z values used to monitor each compound were: 44 (CO2), 31 (MeOH), 29 29 

(HCOH), 28 (CO), 18 (H2O), 15 (CH4) and 2 (H2). Additionally, m/z values of 3 (HD), 4 (D2), 34 30 

(CH2DOD), 19 (CHD3) and 20 (CD4) were monitored during IR isotopic experiments (see SI). 31 

Laboratory XPS spectra of the catalysts were recorded with a SPECS spectrometer equipped 32 

with a Phoibos 150 MCD-9 multichannel analyzer using a non-monochromatic AlKα (1486.6 eV) 33 

X-Ray source. Spectra were recorded with an X-Ray power of 50 W, pass energy of 30 eV, and 34 

under an operating pressure of 10-9 mbar. The sample (∼30-50 mg) was pressed into a pellet 35 
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and loaded onto a SPECS stainless steel sample holder. Before XPS analysis, the samples were 1 

submitted to different treatments in a high-pressure reactor (HPCR) connected under UHV to 2 

the XPS analysis chamber: i) H2 reduction (10 mL·min-1 flow) at 230 °C and atmospheric pressure 3 

for 3 h; ii) CO2 hydrogenation reaction at 230 °C and 1 and 9 bar pressures in a CO2:H2 mixture 4 

(1:3 molar ratio, 8 mL·min-1 total flow) for 2 h. Gases were flown through two mass flow 5 

controllers (Bronkhorst). XPS spectra were referenced to the Mg 1s peak (1303.86 eV) and Si 2p 6 

peak (103.5 eV). Data treatment was addressed using the CASA XPS software. 7 

CO2 hydrogenation catalytic test were performed in a stainless-steel fixed bed reactor (inner 8 

diameter of 11 mm and 240 mm length), equipped with a back pressure regulator (BPR, 9 

Swagelok) that allows working at a pressure range of 1-20 bar. Typically, 200 mg of catalyst 10 

(particle size 400-600 µm) was diluted in SiC in a weight ratio 0.13 (Cat/SiC). Samples were in 11 

situ reduced at atmospheric pressure prior to catalytic tests (20 mL·min-1 H2, 230 °C, 3 h, 5 °C·min-12 
1 for all samples; 450 °C for CuHT-450 sample). Experiments at a constant weight hourly space 13 

velocity (WHSV, ∼28500 mL·gcat
-1·h-1) were performed under concentrated reaction conditions 14 

(23.8 vol % CO2, 71.3 vol % H2, 5 vol % N2) at 20 bar and reaction temperatures from 230 to 280 15 

°C. Each temperature was maintained for at least 1.5 h. Catalytic experiments were also 16 

performed at different contact times (WHSV ∼570 to 134000 mL·gcat
-1·h-1), maintaining the 3:1 17 

H2 to CO2 molar ratio at 20 bar pressure. The thermal stability of the CuHT-230 sample was 18 

evaluated at 230 °C after 3 high temperature steps at 280 °C (45, 90 and 90 min) and 20 bar 19 

(WHSV, 5700 mL·gcat
-1·h-1). In addition, a long-term stability experiment was carried out at 230 20 

°C and 20 bar (WHSV, 5700 mL·gcat
-1·h-1) for 85 h. Direct analysis of the reaction products was 21 

done by online gas chromatography (GC), using a SCION-456-GC equipment with TCD (MS-13X 22 

column) and FID (BR-Q Plot column) detectors. Blank experiments (in the presence of SiC) 23 

showed the absence of a homogeneous contribution to the reaction. 24 

DFT calculations were carried out using the slab-supercell approach, with the Vienna Ab-25 

initio Simulation Package (for further details, see Section 9B in the SI). The MgO(100) surface 26 

has been modeled with (2×2) periodicity and a three-layers slab with eight Mg and O atoms per 27 

layer. As for the interaction with Cu with the MgO surface, it was considered that Cu species 28 

may dope the MgO surface or adsorb on it. Moreover, the Cu2O(110) surface was modeled with 29 

(1 x 1) periodicity and a Cu2O slab consisting of 6 alternating Cu−O and Cu layers. A full 30 

monolayer adsorption (saturation coverage) of CO molecules on these surfaces was considered 31 

and vibrational spectra were calculated. Moreover, the stability and vibrational spectra of 32 

differently coordinated formate species on hydroxylated undoped and Cu-doped MgO(100) 33 

surfaces have been assessed. 34 
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 RESULTS AND DISCUSSION 1 

Synthesis, characterization and catalytic properties of calcined-reduced catalysts 2 

Two Cu-Mg-Al mixed oxide catalysts containing 10 wt% Cu have been prepared starting from 3 

a Cu-Mg-Al hydrotalcite (HT) precursor (details in the Experimental section). In this study, the 4 

molar ratio Cu2+/Mg2+/Al3+ has been fixed to 6/74/20, which, based on our previous work,26 5 

results in materials of large surface area (SBET 200 m2/g), exhibiting high metal dispersion and 6 

moderate basic sites. These features, that are critical for an enhanced CO2 hydrogenation 7 

activity and methanol selectivity, are found in the range of previously reported catalysts24,34 and 8 

that of a commercial like Cu/ZnO/Al2O3 sample synthetized as reference catalyst (see Section 4 9 

and 5 of SI). The co-precipitated Cu-Mg-Al-hydrotalcite catalysts were first calcined at 550 °C 10 

under an air atmosphere, and then reduced in H2 at two temperatures: 230 and 450 °C. After 11 

this procedure, two ex-solved copper-based systems are obtained, labelled as CuHT-230 and 12 

CuHT-450, respectively.  13 

The catalysts properties derived from physico-chemical characterization techniques are 14 

included in Table 1 (together with those of other reference samples) and discussed in the SI. 15 

 16 

Table 1. Main physico-chemical properties of Cu-based materials. 17 

aMeasured by ICP. bValues calculated from the N2 adsorption isotherm by applying the BET method. cSurface area of 18 
the bare support. dAverage Cu particle size by HR-TEM with the σ value (a minimum of 200 particles was considered) 19 
for the reduced material. eConsidering >60% particles (see SI). fConsidering >70% particles (see SI). gConsidering >90% 20 
particles (see SI).h Cu surface area determined by N2O and mass of exposed copper in gCu·gcat-1 [in square brackets]. 21 
 22 

XRD provides convincing proof of the formation of the desired hydrotalcite phase in the as-23 

prepared samples and the corresponding mixed metal oxide in the calcined and reduced 24 

samples (see Figure S2, SI). Diffraction peaks associated with other phases (like MgAl2O4 spinel 25 

or Al2O3) or copper related species are not detected, suggesting a high copper dispersion in the 26 

samples. Indeed, in the reduced samples, the ex-solution of small and narrowly distributed Cu 27 

NPs with a particle size of 2.0 nm has been confirmed by high-resolution transmission electron 28 

microscopy (HR-TEM), independently of the reduction temperature, ascertaining a remarkable 29 

Catalyst 
MII/MIII 

(mol.ratio)a 
Mg/Al 
(wt.%) 

Cu contenta 

(wt.%) 
Surface area 
(m2·gcat-1)b 

Particle size 
(nm)d 

Cu exp. area 
(m2Cu·gcat-1) 
[gCu·gcat-1)h 

CuHT-230 4.1 40.1/11.7 9.4 180 1.9 35.7 [5.5·10-2] 

CuHT-450 4.1 40.1/11.7 9.4 180 2.3 29.8 [4.6·10-2] 

Cu/HT (w) 4.1 33.7/10.0 8.8 169 2.3e 26.0 [4.0·10-2] 

Cu/HT (ACN) 4.4 28.3/7.8 7.1 147 n/d - 

Cu/(Al2O3/MgO) 3.6 38.8/13.0 8.3 144 2.6f 19.1 [2.9·10-2] 

Cu/SiO2 - - 1.5 162c 3.3g - 



 

12 
 

stability of the so formed Cu NPs (Figure 1). Elemental EDS analyses were used to properly 1 

distinguish Cu NPs from the support (see Figure S5b). 2 

 3 

Figure 1. Left, HR-TEM images of CuHT-230 (a) and CuHT-450 catalysts (c). Right, particle size 4 

distribution for CuHT-230 (b) and CuHT-450 catalysts (d). More than 200 particles have been 5 

measured in each sample. 6 

 7 

It has been reported that nano-sized copper NPs (<4 nm), supported on non-redox supports 8 

and in the absence of promoters, result in low methanol formation.9-14 This behaviour is not 9 

observed in our study (Table S1-S3). In particular, the methanol yield at 230 °C, 20 bar and WHSV 10 

of 28500 mLgcath-1 over the CuHT-230 catalyst is 2.6·10-3 molMeOH·gcat
-1·h-1, which normalized 11 

by the amount of exposed copper determined by N2O titration (5.5·10-2 gCu·gcat
-1, see Table 1) 12 

results in 4.7·10-2 molMeOH·gCu
-1·h-1 with 71% methanol selectivity (Table S2). This value surpasses 13 

that of a previously reported Cu/MgO/Al2O3 catalyst,13 where 8.2 mgMeOH·mLcat
-1·h-1 (5.1·10-4 14 

molMeOH·gcat
-1·h-1) at 20 bar, 200 °C and GHSV of 2000 h-1 has been found. Moreover, the catalytic 15 

activity of the herein reported CuHT-derived catalysts outperforms that referred in the literature 16 

with similar particle size (Figure S11), and the Cu-Me@SiO2 promoted catalysts reported by 17 

Copéret et al,18,19 when working at high contact time. In opposition to these previously reported 18 

catalysts, the ones in this study do not need expensive promoters or a complicated air sensitive 19 

synthesis methodology, thus leading to promising cost-efficient catalysts. 20 

In order to figure out if the hydrotalcite precursor plays a critical role in the catalytic 21 

performance of the final material, an alternative Cu/(Al2O3/MgO) catalyst was prepared. In this 22 

case, the support does not derive from a HT precursor, although displaying similar acid-base 23 

properties as the HT-derived catalyst (Figure S10b). In this sample, copper has been added using 24 

the incipient wetness impregnation methodology onto an Al2O3/MgO support, resulting in a 25 
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heterogeneous particle size distribution, with most particles around 2.6 nm (Figure S8). Using 1 

the same synthetic approach, two Cu impregnated Mg-Al HT catalysts (Cu/HT (w) and Cu/HT 2 

(ACN), where “w” and “ACN” denote impregnation in either water or acetonitrile) have also 3 

been prepared (Figure S7), resulting in similar particle size distributions as the Cu/(Al2O3/MgO) 4 

sample. Finally, the performance of these catalysts in the CO2 hydrogenation has been compared 5 

to that of a Cu/SiO2 catalyst of 3.3 nm particle size (Figure S9), prepared as in Refs (31,35-36). 6 

More details are in the Experimental Section and Table 1. 7 

As shown in Figure 2, and according to the data in Table S2, the methanol yield (STY) 8 

increases in the order Cu/SiO2 < Cu/(Al2O3/MgO) << CuHT-450 < Cu/HT (ACN)  Cu/HT (w) < 9 

CuHT-230. Notoriously, all HT-based samples show significantly higher methanol production 10 

than the other catalysts, independently of the more heterogeneous particle size distribution in 11 

the impregnated samples, this highlighting the positive role of the HT-type precursor. 12 

 13 

Figure 2. Methanol productivity of studied Cu based samples at variable temperature and 20 bar 14 

pressure (3:1 H2/CO2 vol% ratio, WHSV 28500 mL·gcat
-1·h-1). 15 

 16 

The effect of the contact time on the catalytic activity and selectivity has been studied (details 17 

in Table S3) on three selected samples (CuHT-230, Cu/(Al2O3/MgO), and Cu/SiO2), where the 18 

variation of the selectivity to methanol with the CO2 conversion obtained at 230 °C is given in 19 

Figure 3a. A higher selectivity is observed in the CuHT-230 catalyst, with a methanol selectivity 20 

around 67-70% at conversions < 22%, while it is lower in the case of Cu/(Al2O3/MgO) and Cu/SiO2 21 

samples (i.e., 50-57% and 5-8%, respectively). Interestingly, the CuHT-230 sample maintains 22 

remarkable methanol selectivity when the CO2 conversion is increased up to the equilibrium 23 

level (i.e. 22%), behaviour not common in conventional based Cu/ZnO samples, where the 24 

methanol selectivity tends to drop with the conversion (Figure 3b). displaying competitive 25 

methanol selectivity with respect to the commercial Cu/ZnO/Al2O3, at the same level of 26 

conversion (15% and 20%). 27 
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derived
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Analysing the initial formation rates of methanol and CO (obtained by extrapolating the 1 

respective rates to zero contact time, Figure S12), both CO and methanol appear as primary 2 

products in all three catalysts (Figure 3c). In the CuHT-230 catalyst, methanol formation is 3 

favoured over CO formation. In contrast, CO predominates over methanol formation with 4 

Cu/(Al2O3/MgO) and particularly with the Cu/SiO2 catalyst. This last behaviour has been reported 5 

for non-promoted nano-sized Cu catalysts, being more active for the RWGS than for methanol 6 

synthesis.11,37,38 According to this, the opposite trend observed in the CuHT-230 sample may 7 

indicate a different active site state, as determined later. 8 

 9 

 10 

Figure 3. Variation of the MeOH selectivity versus CO2 conversion at 230 °C and 20 bar on 11 

samples under study (a) and comparison between a commercial Cu/ZnO/Al2O3 catalyst (CZA 12 

comm) and the CuHT-230 sample under the same catalytic conditions (b). CZA comm was 13 

prepared according to the work of Baltes et al.39 Intrinsic formation rates of methanol and CO 14 

for representative catalytic systems (c). Long-term stability of CuHT-230 system at 230 °C, 20 bar 15 

and 5700 mL·gcat
-1·h-1 (d). 16 

In catalysts for methanol synthesis, long-term and thermal stability are crucial for practical 17 

applications. Significantly, the CuHT-230 catalyst shows high long-term stability with more than 18 

85 h of time of stream (TOS) (Figure 3d) operating at 20 bar, 230 °C, and 5700 mL·gcat
-1·h-1. An 19 
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initial decrease in methanol formation (8%) is observed during the first 33 h, then remaining 1 

stable until the end of the experiment. It is worth noting that conventional Cu-based catalysts 2 

in the absence of Al2O3 as stabilizer tend to deactivate when operating at high temperatures 3 

(280-300 °C). In contrast, the CuHT-230 catalyst displays high thermal resistance against 4 

alternating cycles of temperatures between 230 and 280 °C (Figure S13B), without apparent 5 

deactivation. 6 

In this direction, the stability of the CuNPs in the HT-derived material has been studied by 7 

HR-TEM of the spent catalyst (Figure S14), reflecting a change in the particle size from 1.9 to 3.2 8 

after one catalytic cycle and then remaining quite stable reaching 4.1 nm after four high-9 

temperature steps at 280 °C. Such particle stability is likely due to the stable ex-solution sites, at 10 

which the particles are tightly anchored.40 Interestingly, lattice fringes corresponding to the 11 

laminar structure of the HT are observed in the CuHT-230 sample after being submitted to 12 

several cycles of temperature. This feature corresponds to the “HT-memory effect”, a behaviour 13 

later discussed.  14 

In order to understand the reason behind the outstanding activity of the herein Cu-HT 15 

derived samples, spectroscopic studies using surface sensitive tools (X-ray photoelectron 16 

spectroscopy (XPS) and operando Infrared (IR) - mass spectrometry (MS)) studies combined with 17 

IR-CO titration experiments have been performed.  18 

 19 

Spectroscopic catalyst characterization. 20 

The chemical state of the Cu NPs has been studied by XPS and IR of CO. XPS spectra show the 21 

presence of Cu0 in all reduced samples, characterized by BE of 932.5 eV at the Cu 2p3/2 core 22 

line and a Cu L3VV auger peak maxima at  around  918.4 eV KE (Figure S15 and Table S4-S6). 23 

From XPS and the auger peak the presence of minority Cu+ species are hard to detect. However, 24 

by IR spectroscopy using CO as probe molecule, a higher surface sensitivity is obtained, and Cu+ 25 

species (IR band at 2138-2135 cm-1) together with Cu0 (IR bands at 2100-1990 cm-1) and Lewis 26 

acid sites and OH groups of the support (2168 and 2150 cm-1) are observed on reduced 27 

samples (Figure 4).41-43 The amount of Cu+ in the HT-derived samples follows the order CuHT-28 

230  CuHT-450  Cu/HT (w)  Cu/HT (ACN) (Figure 4e), being absent in the Cu/(Al2O3/MgO) 29 

and Cu/SiO2 samples (Figure S18). (More details in SI, Section 8). Interestingly, Cu+ ions are 30 

unexpectedly observed in the Cu/HT (w) sample, prepared by impregnation of a calcined Mg-Al 31 

HT support with an aqueous solution of a copper salt. It is known that the presence of water 32 

promotes the so-called “HT-memory effect” (as observed in the XRD pattern of Figure S4), 33 

favouring the relocation of Cu2+/+ ions in lattice positions.44 Especially, it has been reported that 34 
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the reconstruction of the hydrotalcite structure has a beneficial effect on maximizing the 1 

Cu+/Cu0 ratio in the corresponding reduced materials.45 Indeed, even when performing the same 2 

impregnation procedure with an organic solution using acetonitrile, a reversion toward the HT 3 

structure is again detected from the XRD pattern, although to less extent, together with the 4 

stabilization of lattice Cu+ ions in the IR-CO spectra. 5 

 6 

Figure 4. IR of CO adsorption at -170 °C and saturation coverage on reduced CuHT-derived 7 

samples: a) CuHT-230, b) CuHT-450, c) Cu/HT (w), d) Cu/HT (ACN). Color code for deconvoluted 8 

components: orange (HT support), dark cyan (Cu+ species), navy (Cu0 species). e) Comparison 9 

between the amount of Cu+ species normalized to sample weight analyzed at saturation 10 

coverage. 11 

 12 

Concerning the nature of Cu+ ions, a detailed analysis of the IR data, supported by DFT 13 

simulations and combined with UV-VIS studies allows for assigning the IR band at ≈2137 cm-1 to 14 

highly dispersed Cu+ ions in metal oxide lattice positions. Indeed, when CO interacts with Cu2O, 15 

its frequency appears around 2118-2127 cm-1,41,46-49 while when it coordinates with isolated Cu+ 16 

ions it has been reported at 2137 cm-1.50-52 Similar shifts in the CO frequencies with respect to 17 

the gas phase molecule have been retrieved from the DFT simulations (see Section 9 in the SI), 18 

where the IR band at 2137 cm-1 has been correlated to dopant Cu ions in the metal oxide lattice. 19 

In addition, the presence of isolated Cu2+ and Cu+ ions in the metal oxide lattice is confirmed by 20 

diffuse reflectance UV-VIS analysis (bands at 265 and 227 nm, respectively, see Figure S19) being 21 
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the amount of Cu+ ions enhanced in the reduced CuHT-230 sample. In conclusion, the above 1 

reported results reveal the coexistence of Cu NPs and Cu+ ions likely located in lattice positions 2 

of the reduced HT-derived mixed oxide catalysts. The fact that Cu+ ions are only observed in the 3 

HT-derived samples and not in the Cu/(Al2O3/MgO) or Cu/SiO2 samples could explain the 4 

different catalytic performance of the materials, considering that Cu+ has been reported in 5 

several works to enhance methanol production.12,53,54 6 

It must be highlighted that water is formed under reaction conditions and, as indicated 7 

above, water promotes the reconstruction of the metal oxide structure allowing relocation of 8 

Cu+ ions in lattice positions. At the same time, it may also behave as an oxidant competing with 9 

the reducing effect of H2 in the reaction feed or even assisting the desorption of the so-formed 10 

methanol or methoxy species during reaction. Thus, it is not surprising that the reaction 11 

conditions (as the reaction pressure) strongly influence the identification of copper species (Cu0, 12 

Cu2O, CuO) as well as the stabilization of lattice Cu+ ions, behaviour confirmed from operando 13 

spectroscopic studies, as detailed in the next section. 14 

 15 

Operando spectroscopic studies combined with titration studies 16 

From IR studies, significant transformations are identified on the catalyst surface depending 17 

on the working pressure. This is revealed on the quenched sample after 2 h of reaction at 230 18 

°C and 1 or 9 bar, submitted to CO titration at low temperature (-170 °C) (see Experimental 19 

Section for more details). For instance, while similar trends are observed in all samples, titration 20 

experiments performed on the most active CuHT-230 sample after reaction at 1 bar reveal slight 21 

oxidation of the copper nanoparticles with the formation of surface Cu2O species, whereas at 9 22 

bar the copper nanoparticles appear fully reduced (Figure S22). In addition, compared to the 23 

reduced catalyst, a decrease in the IR band ascribed to Cu0 sites, especially those appearing at 24 

lower (CO) frequencies, is observed at both pressures. This decrease is due to the poisoning 25 

of the copper surface by reaction products, as will be demonstrated later. Simultaneously, an 26 

increase in surface doped Cu+ ions (IR band at 2137 cm-1) is detected. This is particularly 27 

observed when working at 9 bar, (Figures S23-24), and it is linked to the higher reactivity of the 28 

samples (and, accordingly, water formation) at increasing reaction pressure. This higher 29 

reactivity is confirmed by online MS analysis and is aligned with catalytic studies performed at 30 

different pressures (Figure S25). 31 

In the next, considering all samples studied in this work, we calculated the concentration of 32 

Cu0 and surface doped Cu+ sites, before and after operando IR reaction at 9 bar, which is given 33 

in Figure 5 (the corresponding spectra and their respective deconvolution are shown in Figure 34 

4, and Figure S23). In particular, the concentration of Cu+ after reaction increases in all CuHT 35 
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samples (Figure 5a), reaching a final value of 0.55-0.65 in all of them. In addition, a decrease in 1 

the Cu0 sites is observed in all samples (Figure 5b), being 70% in the CuHT-230 sample, for 2 

instance. 3 

 4 

Figure 5. Normalized area of the IR component associated to CO coordinated to Cu+ (IR band at 5 

2137 cm-1) (a); and Cu0 (IR bands between 2115-1990 cm-1) (b); before (i.e., reduced samples) 6 

and after CO2 hydrogenation at 9 bar. 7 

 8 

In order to establish structure-activity correlations and identify the nature of the active sites, 9 

IR data of the IR-CO titration experiments after operando IR reaction at 9 bar have been 10 

compared with the catalytic performance of the samples in the fixed bed reactor. On the one 11 

hand, the amount of unblocked Cu0 sites has been correlated with catalytic activity and/or 12 

selectivity. In general, it is widely accepted that Cu0 sites are needed for CO2 hydrogenation,55-59 13 

in particular for H2 dissociation. Some authors reported a linear relationship11,25,33 between the 14 

methanol yield and the copper surface area, while other studies did not convey such a linear 15 

correlation 18,36,60 and in other cases metallic copper has been associated to the RWGS reaction.61 16 

In our case, we do not find a clear correlation between the amount of Cu0 and the CO or 17 

methanol production (Figure S26). In contrast, when representing the amount of surface doped 18 

Cu+ species under operando IR conditions at 9bar and the methanol yield (STY), a good linear 19 

correlation is obtained despite the pressure gap (Figure 6), thus highlighting the positive role of 20 

Cu+ in methanol production. In definitive, while Cu0 is necessary for catalytic activity, the 21 

controlling step in methanol production is determined by the presence of Cu+ sites in the mixed 22 

metal oxide surface. 23 
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 1 

Figure 6. Correlation between methanol production at 20 bar in a fixed bed reactor (STY MeOH) 2 

and the amount of Cu+ normalized to sample weight obtained in the operando IR studies at 9 3 

bar. 4 

 5 

Going one step further and aiming to gain mechanistic insights into the type of intermediate 6 

reaction species involved in the CO2 hydrogenation reaction and the role of Cu+ in the reaction 7 

mechanism, temperature resolved IR-MS studies have been done. In these experiments, the 8 

evolution of surface species in the IR spectra and the reaction products analysed by on-line MS 9 

are monitored on the most active CuHT-230 sample. 10 

Working at 9 bar and in the temperature range from 160 to 230 °C, a complex set of IR bands 11 

growing in intensity in the 1670-1200 cm-1 region, associated with the contribution of different 12 

types of carbonate and formate species, are observed. Thus, IR bands62-67 due to monodentate 13 

(m) formate (as(OCO) 1670-1650 cm-1, (C-H) 1355-1340 cm-1, s(OCO) 1310-1300 cm-1); bridge 14 

(b) formate (as(OCO) 1587-1579 cm-1, (C-H) 1398-1395 cm-1, s(OCO) 1374-1369 cm-1); 15 

bidentate carbonate (as(OCO) 1536-1524 cm-1, s(OCO) 1330-1327 cm-1); and bicarbonate 16 

species (as(OCO) 1638-1621 cm-1, s(OCO) 1442-1440 cm-1, (OH) 1248-1237 cm-1) are 17 

observed. Cu0 bonded formate (characterized by an IR band at 1350 cm-1) and methoxy species 18 

((C-O) 1087-1080 cm-1) are also detected (Figure S27). At this point, identifying kinetically 19 

relevant intermediate species is challenging since no correlation between the MS and a parallel 20 

disappearance in the IR bands could be detected. This may be caused by the high working 21 

pressure, which enhances the rate of the sequential reaction steps and, accordingly, inhibits the 22 

detection of short-lived intermediate species. In fact, by performing isotopic studies replacing 23 

part of the H2 flow by D2 under steady-state conditions at 230 °C and 9 bar, the whole set of IR 24 

bands in the 1670-1200 cm-1 remain unaltered, and only the detection of OD bands (2630 cm-1), 25 

and a very weak IR band at 1019 cm-1, associated to  (C-D) vibration, are observed (Figure S28). 26 
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Based on these results, it becomes evident that most of the identified IR species are not directly 1 

involved in the reaction mechanism, behaving as spectators, and blocking active sites of the 2 

copper surface, as described above. Further confirmation has been attained, by exposing the 3 

sample after IR operando conditions (i.e., in a CO2/H2 flow at 9 or 1 bar and 230 °C) to a H2/N2 4 

flow at 230 °C during 4.5 h, followed by a subsequent IR-CO titration experiment. As shown in 5 

Figure S29, the intensity of the Cu0-CO signal is restored, confirming that most of these species 6 

are blocking the copper surface under reaction conditions. Interestingly, hydrogenation of those 7 

adsorbed species results in CH4 and CO formation, disregarding them as intermediate species in 8 

the methanol synthesis and behaving mostly as spectators (Figure S30). Remarkably, the 9 

poisoning of the Cu surface by a high surface coverage of adsorbed species has been reported 10 

by other authors as one of the reasons causing the low activity of small Cu NPs.68 11 

Therefore, with the aim of slowing down the reaction kinetics, operando IR studies at lower 12 

pressure (i.e., 1 bar) have been carried out. At these conditions and through temperature 13 

resolved IR-MS experiments, accurate identification of reaction intermediate species in 14 

methanol, methane and CO formation is attained (Figure 7). Thus, by increasing the temperature 15 

from 160 to 200 °C, the disappearance of IR bands at 2934, 1660, 1348, and 1319 cm-1, 16 

associated with stretch(C-H), as(OCO), δ(C-H) and s(OCO) vibrations of monodentate (m)-17 

formate species,64,66,69 respectively, parallels with the exclusive detection of methanol in the MS 18 

(Figure 7 and Figure S31). A concomitant vanishing of the IR bands at 2853 and 1350 cm-1 19 

assigned to formate species on the copper surface70 is also observed, whereas its participation 20 

in the reaction can be ruled out.69 A further increase in the reaction temperature to 230 °C 21 

results in the disappearance of additional IR bands at around 2872, 1578, 1397, and 1370 cm-1, 22 

associated with the stretch(C-H), as(OCO), δ(C-H) and s(OCO) vibrations of bridge (b)-formate 23 

species, respectively, paralleling the detection of methane and CO in the MS and confirmed by 24 

GC analysis (Figure 7 and S32). Assignation of both formate species is supported by their 25 

dissimilar as-s(OCO) splitting, i.e., 341 cm-1 for monodentate and 208 cm-1 of bridge formate 26 

species.71 Using DFT analysis, we studied the stability and vibrational frequencies of differently 27 

coordinated formate species on modelled hydroxylated undoped and Cu+-doped MgO(100) 28 

surfaces (more details in Section 11 in the SI), and found that on the former bridge-type species 29 

are more stable (as-s(OCO) of 242 cm-1), whereas on the latter, monodentate formate species 30 

stabilized on Cu+ are favored (as-s(OCO) between 267-305 cm-1), supporting the role of Cu+ in 31 

the stabilization of monodentate formate species. 32 

 33 
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 1 

Figure 7. Temperature resolved IR studies under operando conditions at 1 bar in CO2/H2 flow. 2 

Left: IR spectra at specific temperature; Middle: subtracted spectra; Right: evolved reaction 3 

products detected by online MS. 4 

 5 

These findings allow us to associate monodentate (m)-formate and bridge (b)-formate 6 

species as intermediate in methanol and methane/CO formation, respectively. These 7 

correlations have been controversially discussed previously in the literature and scarcely 8 

supported experimentally. Moreover, the earlier detection of methanol (onset temperature of 9 

160 °C) in comparison to methane and CO (onset temperature of 230 °C) sustains the higher 10 

reactivity of m-formate species, in agreement with previous literature studies.62,72 11 

Based on the previous spectroscopic and catalytic results, the unusual activity of the Cu-12 

based HT-derived catalysts has been associated with the stabilization of lattice Cu+ species. 13 

Accordingly, we can designate surface doped Cu+ an active site in methanol formation, enabling 14 

the stabilization of m-formate intermediate species. 15 

 16 

 17 

 18 

 19 

 CONCLUSIONS 20 

In our work, a copper-based catalyst, mainly composed of inexpensive earth abundant MgO, 21 

prepared by an easy synthetic procedure and in the absence of promoters, has demonstrated 22 
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to be an interesting candidate for the CO2 hydrogenation to methanol. The herein reported Cu 1 

mixed oxide catalyst derives from calcination and further reduction of an Mg-Al-Cu hydrotalcite 2 

precursor. The striking activity of the CuHT catalysts compared to conventional Cu/Al2O3/MgO 3 

catalysts has been ascribed to the stabilization of Cu+ ions in lattice positions. This stabilization 4 

seems to be promoted under reaction conditions, which results in partial reconstruction of the 5 

metal oxide lattice linked to the “HT-memory effect” in the presence of water. This feature 6 

confers high resistance to the catalyst during alternative sequential temperature cycles, 7 

overcoming usual deactivation, one of the most critical drawbacks in methanol synthesis via CO2 8 

hydrogenation. Operando temperature resolved IR-MS experiments have enabled the 9 

discernment of monodentate formate species as the intermediate in methanol synthesis. These 10 

monodentate formate species are much more reactive than bridge formate species, behaving 11 

the last ones as intermediates in methane and CO formation. Combining spectroscopic with 12 

catalytic studies, together with DFT calculations, the herein detected monodentate formate 13 

species are ascribed to surface doped Cu+ ions, thereby explaining the remarked catalytic activity 14 

of the Cu-based HT-derived materials. In addition, other essential aspects that have remained 15 

ambiguous in the literature have been clarified in this study. Thus, high coverage of adsorbed 16 

species blocking preferentially low coordinated sites in the CuNPs has been visualized. Especially 17 

predominant in small Cu nanoparticles, these species behave mostly as non-intermediates 18 

species (i.e., spectators), whose hydrogenation results in methane and CO formation. 19 

In conclusion, our work represents a step further in unraveling fundamental aspects that 20 

could help in the design of a new generation of efficient catalysts for CO2 valorization. 21 

 22 
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