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Abstract 

The preparation of copper-based heterogeneous catalysts dedicated to the hydrogenation 

of CO2 to methanol typically relies on multi-step procedures carried out in batch. These steps 

are precisely tailored to introduce the active phase (Cu) and the promoters (e.g. zinc, gallium) 

onto a preformed support, to maximize catalyst performance. However, each process step – 

often carried out in batch – can be associated with the formation of waste and with the 

consumption of energy, thereby negatively impacting the environmental performance of the 

overall catalyst preparation procedure. Here, we propose a direct and continuous production 

process for the synthesis of efficient catalysts for the CO2 to methanol reaction. Gallium- and 

zinc-promoted mesoporous Cu-SiO2 catalysts are prepared in one step by the aerosol-assisted 

sol-gel process. The catalysts consist of spherical microparticles and feature high specific 

surface area and pore volume, with interconnected pores of about 6 nm. A strong promoting 

effect of Ga and Zn is highlighted, boosting the selectivity for methanol at the expense of CO. 

Upon calcination, we show that Cu species – initially trapped in the silica matrix – undergo a 

migration towards the catalyst surface and a progressive sintering. After optimization, the 

catalysts obtained via such direct, continuous, simple, and scalable route compete with the best 

catalysts reported in the literature and obtained via multi-step approaches.  
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Introduction 
 

Anthropogenic emissions of CO2 have a marked effect on the climate and on the 

environment.[1] Under the umbrella of the Paris agreement, the international community is 

largely committed to tackle this issue.[2] In a scenario where the production of renewable energy 

is boosted, it will be possible to produce “green hydrogen” at large scale (Power-to-Hydrogen 

scenario).[3] Concomitantly, CO2 has to be captured from local emission points, purified and 

further converted by hydrogenation to methane, methanol, olefins, etc.[4] This so-called 

“power-to-X” scenario has attracted significant interest during the last decade.[5] Arguably, the 

development of high-performance nanostructured heterogeneous catalysts is one of the main 

scientific key to unlock the potential of this strategy and important progress is currently being 

made in this field.[6]  

As a platform molecule, methanol is a sustainable source of liquid fuels and one of the 

most useful organic chemicals.[7] Methanol finds many applications in the chemical industry 

and can be incorporated into the energy portfolio as an efficient storage system.[8] The current 

industrial production of methanol is primarily achieved from syngas (reaction 1) using Cu-

based catalysts but methanol can also be produced directly by the hydrogenation of carbon 

dioxide (reaction 2).[9] Simple copper-based catalysts, however, are not suitable for the direct 

hydrogenation of CO2 since they preferentially catalyse the reverse water-gas shift reaction 

(RWGS, reaction 3) under the typical process conditions (5-10 MPa; 200-300 °C).[9,10] The 

occurrence of the RWGS negatively impacts the selectivity of the CO2-to-methanol process, 

and is also known to decrease the catalyst lifetime.[11] Therefore, modifications of the catalytic 

system are required to improve the performance, and this can be achieved using appropriate 

dopants. 

(1) CO + 2 H2 → CH3OH;       ΔH298K = -90.8 kJ mol-1 

(2) CO2 + 3 H2 → CH3OH + H2O;      ΔH298K = -49.5 kJ mol-1 

(3) CO2 + H2 → CO + H2O ;       ΔH298K = +41.2 kJ mol-1 

Catalysts dedicated to the CO2-to-methanol reaction consist of supported Cu promoted 

by another metal (e.g. Zn, Ga, Ce, Zr).[12] Among them, Cu-ZnO systems are the most 

studied.[13] The synergetic effect on catalytic performances is usually explained by (i) the 

formation of surface defects,[14] (ii) the creation of active sites of CuZnO alloy, implying 

oxygen vacancies and Cuᵟ+ species,[15] or (iii) a hydrogen reservoir at the surface of the zinc 

oxide phase.[16] Gallium has been added as a promoter to Cu/ZnO, Cu/ZrO2 or Cu/SiO2 
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catalysts to form Cu/ZnO/Ga2O3,
[17] Cu/ZrO2/Ga2O3,

[18] Cu/ZnO/ZrO2/Ga2O3,
[19] or 

CuGa/SiO2.
[20] The positive effect of Ga addition on catalytic activity for the direct 

hydrogenation of CO2 towards methanol has been proposed to proceed via several possible 

phenomena. For Cu/ZnO/Ga2O3 catalysts, Schumann et al.[17a]
 proposed that Ga3+ species exert 

a direct structural promotion effect. On the other hand, Tsang and co-workers[17c] suggested 

that Ga3+ promotes the formation of highly active alloyed CuZn nanoparticles via a facilitated 

reduction of ZnO to Zn0. Studies focused on Cu/ZnO/ZrO2/Ga2O3 catalysts concluded that 

Ga2O3 increases the number of active sites by increasing the Cu dispersion.[19] Toyir et al. 

reported that the Cu+:Cu0 ratio is affected by the presence of Ga, impacting the performances 

of Cu/ZnO catalysts.[17b] In the same study, however, they reported no promotional effect of 

gallium on Cu/SiO2 catalysts. Conversely, Medina et al.[20] have shown that gallium promotion 

increases the selectivity of Cu/SiO2 catalysts towards methanol. Performing in-situ DRIFTS 

during CO2 hydrogenation reaction at steady state, they observed no influence of the Ga 

presence on the oxidation state of Cu (mainly Cu0) but an enhanced formation of formate 

adsorbates on Ga2O3 species. More recently, Copéret and co-workers prepared alloyed CuGa 

nanoparticles supported on SiO2 using a surface organometallic chemistry technique.[21] They 

assigned the enhanced catalytic activity and selectivity towards methanol to an increased 

interfacial area between Ga2O3 and Cu0, where methoxy intermediates are stabilized. While the 

precise mechanism of promotion continues to be debated, it should be kept in mind that the 

hydrogenation of CO2 to methanol on Cu-based catalysts is strongly structure-sensitive.[22] In 

this regard, regardless of the catalyst preparation procedure, the Cu nanoparticles size is a key 

factor dictating performance. Also, for promoted catalysts, the interaction between the active 

Cu NP and the promoter is important.[23]   

Thus, there is a dense body of literature covering all aspects of catalyst preparation, in a 

search for a fine control on particles size, on particle size distribution, on the interaction 

between the (promoted) support and the Cu NP, on catalyst textural properties, etc.[24] 

Conventional catalyst preparation procedure, however, systematically consist in multi-step 

batch procedures (co-precipitation, drying, calcination, impregnation of the promoter, 

calcination, impregnation of the active phase, calcination, reduction, etc.). Each step is usually 

carried out in batch mode and involves the utilization of energy or the production of waste. 

Such multi-steps batch procedures are considered to have low environmental performance an 

intensification of catalyst preparation procedure should be targeted.  

Aerosol processes are currently emerging as promising synthesis routes to nanomaterials 

– especially heterogeneous catalysts[25] – and have a bright forecast in terms of sustainability. 
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Based on the atomization and fast drying of a precursors solution or suspension, this bottom-

up technique allows the one-step and continuous production of nanomaterials with tailored 

composition, textural and surface properties.[26] One of the decisive advantages of the method 

is that it is can be operated in a continuous way. Thus, waste production and energy 

consumption is typically lower than with multi-step batch processes; moreover, the method is 

considered to be easily scalable.[26,27]  

The aerosol-assisted sol-gel processes (AASG) can be defined as the combination of 

spray drying with sol-gel chemistry, and was already identified as a powerful means to prepare 

tailor-made heterogeneous catalysts.[28] Typically, a precursor solution is sprayed in the form 

of a mist of air-borne droplets using an aerosol generator, and the droplets are processes through 

a drying chamber where the volatile solvent is removed and where the sol-gel polycondensation 

reactions occur rapidly (Scheme 1). The dried particles are recovered in a collector (cyclone, 

filter, etc.). Playing on the atomization and/or drying conditions allows tuning the particles 

size, morphology, etc.[29] Leveraging on sacrificial pore-generating agents, the texture of the 

materials can be fine-tuned.[26,30] The versatility of sol-gel chemistry gives access to a wide 

range of materials. Interestingly, the rapid drying of the droplets allows forming solids in 

metastable states, including highly homogeneous metallosilicates which are of great interest in 

the field of heterogeneous catalysis.[28b] Recently, enhanced performance has been reported for 

catalysts prepared by such route in a range of applications: hydrocarbon isomerization,[31] 

lactate synthesis,[32] olefin metathesis,[33] selective oxidation of olefin,[30,34] 

carboxymethylation,[35] mild oxidation of sulphur compounds,[36] etc. The method was recently 

applied to synthesize noble metal-based catalysts with hierarchical structure showing record 

performance in electrocatalysis.[37] In the field of CO2 hydrogenation, the AASG route has been 

successfully applied to synthesize mesoporous titania supports for Ru-based methanation 

catalysts.[38] 

Herein, we propose to exploit AASG to prepare Cu-based catalysts dedicated to the 

conversion of CO2 to methanol. Cu/SiO2 catalysts consisting of spherical and mesoporous 

particles, promoted either by Zn or Ga, are obtained in one-pot, in a continuous way. We 

investigate the influence of the calcination temperature, as well as the nature of the promoter, 

on their catalytic performances. With this new catalyst production process in hand, we design 

efficient hydrogenation catalysts and we step forward in the understanding of the promotional 

effect of Zn and Ga.  
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Scheme 1. Schematic view of the AASG process that can be operated in a continuous 

mode for the one-pot production of nanostructured catalysts.[25] The precursor solution contains 

a solvent, metal precursors, and a templating agent (e.g. a surfactant that will form micelles via 

evaporation-induced self-assembly, EISA). The droplets formed by atomization are transported 

in a drying gas towards a drying zone where the formation of structured particles takes place.  

 

 

Results and discussion 

 

Mesoporous silica and Ga- or Zn-doped silica supports impregnated with 

Cu 
Utilizing the aerosol-assisted process, we prepared a mesoporous silica material (Si-550) 

as a mesostructured support for Cu. This material consisted in spherical particles, with a 

diameter ranging from 0.1 to 5 µm (Figure S1). Their spherical shape originates from the fact 

that they are obtained through the drying of spherical aerosol droplets. As a result of the 

templating effect brought by the sacrificial surfactant used in the synthesis (evaporation-

induced self-assembly of F127), the solid exhibited a mesoporous texture, with relatively large 

specific surface area, large pore volume and a pore size distribution centred on 5-6 nm (see 

below). Copper was loaded onto this support using a classical dry impregnation method to 

obtain DI-Cu/Si-550. This DI-Cu/Si-550 catalyst showed very poor activity in the 

hydrogenation of CO2 to methanol (Figure 1). Not only the CO2 conversion was very low, but 

also the MeOH selectivity remained as low as ~10% (the rest being converted to CO).  
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Figure 1. Catalytic hydrogenation of CO2 with catalysts prepared by dry impregnation on Cu 

onto mesoporous supports. CO2 conversion (left), MeOH selectivity (middle) and MeOH 

productivity (right). 

 

It is known that the copper-catalysed conversion of CO2 to MeOH is strongly promoted 

by Zn[39] and Ga.[20,21] Also, the dispersion of the promotor should be high to create high 

interfacial area between the promoter and the Cu nanoparticles.[20,40] Thus, exploiting the 

ability of the aerosol-assisted sol-gel process to produce highly homogeneous metallosilicates, 

we have prepared Ga- and Zn-promoted silica supports (GaSi-550 and ZnSi-550). The nominal 

molar ratio of promoter/Si was 0.05. Upon addition of Cu by dry impregnation, the promoted 

catalysts (DI-Cu/GaSi-550 and DI-Cu/ZnSi-550) showed much higher activity in the 

production of methanol as compared to the non-promoted DI-Cu/Si-550 catalyst (Figure 1). 

Both conversion and MeOH selectivity increased drastically, and the effect was more 

pronounced for the Ga-promoted catalysts. Rather than obtaining high conversion, or even high 

yield (or productivity), attaining high selectivity is important in the perspective of an industrial 

process, because it ensures a thorough use of the H2 and it facilitates downstream 

purification.[41] Here, methanol selectivity was markedly promoted by the presence of the 

dopants. At 220 °C, the non-promoted catalyst is virtually inactive, but the Zn- and Ga-

promoted catalysts reached 97 µmolMeOHgcat
-1h-1 and 152 µmolMeOHgcat

-1h-1, respectively. At 

this temperature, the Ga-promoted catalyst exhibited an outstanding MeOH selectivity of 79%. 

Increasing the reaction temperature provoked a progressive diminution in MeOH selectivity 

but markedly boosted conversion, resulting in an overall increase in methanol productivity (520 

µmolMeOHgcat
-1h-1 at 280 °C). Recent reports, using CuGa/SiO2 catalysts prepared by reverse 

microemulsion technique attained only ca. 420 µmolMeOHgcat
-1h-1 under the same reaction 

conditions.[20] The high activity showed by our catalysts might be related to a better dispersion 

of Ga species and hence a better contact with Cu nanoparticles.  
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From the data presented in Figure 1, the Arrhenius plots can be built to estimate the 

apparent activation energy (Figure S2 and Table S1). While the apparent activation energy for 

CO formation tended to increase upon promotion (76, 119, and 108 kJ.mol-1 respectively for 

the un-promoted, Ga-promoted and Zn-promoted catalysts), the apparent activation energy for 

MeOH formation dropped upon promotion (56, 46, and 34 kJ.mol-1 respectively for the un-

promoted, Ga-promoted and Zn-promoted catalysts). Therefore, the promotion effect of Ga or 

Zn can be interpreted by the fact that the dopants favour the formation of new active sites with 

higher intrinsic activity (lower activation energy), and not simply by the fact that they would 

promote the formation of more numerous active sites of identical intrinsic activity. This is 

consistent with previously reported observations.[20,21]  

 

Cu-based catalysts prepared in one-pot 
 

Stepping further towards the sustainable production of effective hydrogenation catalysts, 

we propose the one-step preparation of promoted copper catalysts. In this case, the copper salt 

is simply incorporated in the precursors solution (already containing pre-hydrolysed TEOS, 

surfactant and dissolved promoter salt) right before spray drying. Avoiding the batch 

impregnation step, such a direct one-step process allows envisaging a catalyst production in a 

fully continuous mode.  

In order to assess the reliability of such one-pot synthesis route, the catalyst composition 

was verified by ICP-AES (Table 1). The actual copper loading was systematically a bit lower 

than the targeted one (~8 wt.% instead of 10 wt.%). This may be due to the hygroscopic 

properties of the metal precursor, biasing the mass measurement owing to adsorbed moisture. 

Yet, the Cu loading was very consistent in all the preparations. Both promoters (Ga and Zn) 

were detected at the expected concentrations, corresponding to the targeted promoter/Si molar 

ratio (0.05). Overall, the one-pot aerosol route can be considered to offer a good control on 

bulk composition. 

 

Table 1. Composition of one-pot aerosol-synthesized catalysts determined by ICP-AES. 

Sample Cu (wt.%) Si (wt.%) Zn or Ga (wt.%) Zn/Si or Ga/Si (-)a 

A-CuSi-550 7.7 36.2 - - 

A-CuZnSi-550 7.8 32.5 3.7 0.049 

A-CuGaSi-550 8.0 34.3 4.0 0.047 
a molar ratios 
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The morphology of Cu-based catalysts prepared by the one-pot method was typical of 

mesoporous metallosilicate obtained by AASG and was the same as that of the silica supports 

presented above. By (scanning) transmission electronic microscopy, one can clearly observe 

mesostructured spherical particles with mesopores down to the core of the particles (Figure 2). 

At relatively high magnification, on small particles, copper oxide nanoparticles of a few 

nanometers can be observed, as darker spots. This is confirmed by STEM-EDS, where the 

elemental mapping shows that Cu is dispersed homogeneously throughout the catalyst 

particles, in the form of nanoparticles of a few nanometre in size. For the Ga- and Zn-doped 

catalysts, the same mesostructures are observed and the formation of Cu nanoparticles appears 

similar (Figure S3 and S4). Importantly, the dopants (Ga or Zn) appear homogeneously 

dispersed throughout the microspheres.  

 

 

Figure 2. Electron micrographs of A-CuSi-550 observed in (top left) dark field STEM, (top 

right) TEM, and (bottom) STEM-EDS with elemental mapping of Si in green, O in blue, and 

Cu in red. A-SuGaSi-550 and A-CuZnSi-550 were very similar, with also a homogeneous 

dispersion of Ga and Zn (see supplementary information, Figure S3 and S4) 
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In nitrogen physisorption, the catalysts featured Type IV isotherms associated with the 

presence of open mesopores (Figure 3). The shape of the hysteresis loop corresponds to the 

H2-type (asymmetrical with a steeper desorption branch than the adsorption branch) 

characteristic of restrictions within the porous network. The forced closure of the hysteresis 

loop at p/p0 values of 0.4-0.5 indicated the presence of mesopores smaller than 3.8 nm.[42] The 

BJH model applied on the adsorption branch of the isotherm revealed the presence of 

mesopores of about 5-6 nm, in line with TEM observations (Table 2). The steep nitrogen uptake 

at very low pressure indicated the presence of micropores as well, which however represents a 

minor contribution to the total pore volume. The specific surface area and pore volume were 

higher for promoted catalysts as compared to A-CuSi-550, reaching values as high as 430 m²g-

1 and 0.30 cm³g-1 for A-CuGaSi-550.  

 

 

Figure 3. N2 physisorption isotherms of catalysts prepared in one step via the AASG process 

and calcined at 550 °C. (black) A-CuSi-550, (blue) A-CuZnSi-550, (red) A-CuGaSi-550. Full 

symbols are used for the adsorption isotherms and empty symbols for desorption isotherms.  

 

 

Table 2. Textural properties of catalysts prepared in one step via the AASG process. 

Sample Surface Area 

(m².g-1) 

Vp 

(cm³.g-1) 

Vmicro  

(cm³.g-1) 

Dp 

(nm) 

A-CuSi-550 180 0.13 0.03 5 

A-CuZnSi-550 460 0.36 0.06 6 

A-CuGaSi-350 510 0.33 0.09 5 

A-CuGaSi-550 430 0.30 0.06 6 

A-CuGaSi-650 290 0.25 0.05 5 

A-CuGaSi-750 70 0.01 0.001 - 
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In the hydrogenation of CO2 to MeOH (Figure 4), A-CuSi-550 was about one order of 

magnitude more active than the corresponding catalyst prepared by impregnation, but MeOH 

selectivity remained poor. As a result, the MeOH productivity was very low. With the promoted 

catalysts, however, a strong positive effect on MeOH selectivity was again highlighted. This 

was particularly true for the Ga-promoted catalyst, which reached a record MeOH selectivity 

of 85 % at 220 °C. Conversion was modified positively for Zn, and negatively for Ga. Overall, 

the Ga-promoted catalyst (A-CuGaSi-550) was the most productive catalyst. For this catalyst, 

a marked decrease in the activation energy for the formation of MeOH was calculated (27 

kJ.mol-1, see Table S1 and Figure S2). Nevertheless, it performed somewhat lower that the 

corresponding catalyst prepared by impregnation of Cu onto GaSi-550, probably owing to a 

lower amount of active sites available at the surface.   

 

 

Figure 4. Catalytic hydrogenation of CO2 with catalysts prepared by the one-pot aerosol-

assisted sol-gel method. CO2 conversion (left), MeOH selectivity (middle) and MeOH 

productivity (right). 

 

With such one-pot preparation approach, calcination plays a crucial role. Indeed, the 

AASG process is expected to lead to the dispersion of Cu into (and not necessarily onto) the 

metallosilicate matrix, because the process is known to favour a so-called “kinetic quenching” 

of the sol-gel reactions, which typically results in the formation of solids with a homogeneous 

composition.[25] This can be expected to promote a more intimate interaction between the Cu 

species and the (promoted) silica matrix. Yet, it was not evident that active Cu nanoparticles 

could be formed, and that the latter would be available at the surface of the materials to act in 

the catalytic reaction.  

In fact, XRD showed that the freshly prepared A-CuSi material (before calcination) was 

totally amorphous (Figure 5). This is consistent with the formation of a material with copper 

species homogeneously dispersed in the metallosilicate matrix. Upon calcination at 350 °C, the 
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onset of CuO diffraction peaks was observed (2θ = 35.5°, 38.7° and 48.8°).[43] Using in situ 

XRD, we followed the evolution of the sample crystallinity upon increasing temperature. CuO 

diffraction peaks progressively shifted to smaller angles due to the thermal dilatation of the 

sample. More importantly, the CuO diffraction peaks became more intense and narrower as the 

calcination temperature increased, indicating the progressive formation of larger CuO 

nanoparticles. Calculations of the CuO nanoparticles size via the Scherrer equation showed 

that the estimated size progressively grew from 11 nm for the catalyst calcined at 350 °C to 37 

nm for the catalyst calcined at 750 °C (Figure S5).  

 

Figure 5. In-situ X-Ray diffractograms of A-CuSi. The grey line corresponds to the fresh 

powder obtained directly from the aerosol process. The other diffractograms come from the 

same catalyst which has undergone the first calcination step ex situ, at 350 °C and is brought 

to the indicated temperature (from 30 °C to 750 °C and back to 30 °C) in the XRD apparatus 

(in air). 

 

The best catalytic formulation (A-CuGaSi) has been subjected to different calcination 

temperatures. Increasing the calcination temperature from 350 °C to 650 °C resulted in a 

moderate reduction of the specific surface area and pore volume (Table 1). The mean pore 

diameter stayed constant (5-6 nm). However, at 750 °C, the mesostructure was lost and the 

specific surface area and pore volume dropped dramatically. XPS analyses showed that the 

dispersion of Ga oxide species remained relatively unaffected by the different thermal 
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treatments (except 750 °C) (Table 2). On the contrary, the copper surface concentration 

increased noticeably with increasing calcination temperature (from 1.0 to 2.4 at.% when 

calcined at 350 °C to 750 °C). This indicated that the surface was progressively enriched in Cu 

when the calcination temperature was increased. At 550 °C, the Cu surface concentration was 

at the same level (~1.5 at.%) regardless of the presence of the promoter. After calcination at 

650 °C, the Cu surface concentration was at the same level as what is observed for the 

impregnated catalyst.  

 

Table 2 Surface composition as measured by XPS. 

Sample Atomic concentration (%)  

 Cua O Si Ga or Zn Ga/Si (-) 

A-CuSi-550 1.5 65.3 33.2 - - 

A-CuGaSi-350 1.0 61.2 32.7 5.1 0.16 

A-CuGaSi-550 1.4 63.2 30.8 4.6 0.15 

A-CuGaSi-650 1.8 62.7 30.9 4.7 0.15 

A-CuGaSi-750 2.4 68.7 23.7 5.6 0.24 

DI-Cu/GaSi-550 1.9 62.4 30.6 5.1 0.17 
a Note that, from the observation of a broadening of the Cu 2p3/2 photoelectron peak, one 

may tentatively pinpoint the interaction between Cu and Ga species in the catalysts prepared 

in one pot by AASG when the calcination was done at 550 °C or 650 °C (see Figure S6). 

 

Using N2O chemisorption, we measured the Cu dispersion and found that it increased 

when the calcination temperature increases: from 6 % at 350 °C to 27 % at 550 °C and 31 % 

at 650 °C. This is not incompatible with a progressive sintering, as the latter is compensated 

by the migration towards the surface where copper can be titrated. For A-CuGaSi-750, 

however, the TCD signal in the N2O chemisorption experiment was below the accuracy limit, 

suggesting that in this case, even if copper is present at the surface of the catalyst, its heavy 

sintering (see XRD) results in a very low dispersion.  

Based on in situ XRD, XPS, and N2O chemisorption results, we propose that calcination 

did not only provoke the elimination of the surfactant to release the mesoporosity but also 

modified the distribution of copper (Figure 6). XPS unambiguously showed that, even if Cu is 

first mostly dispersed into the metallosilicate matrix after the one-step AASG process, Cu 

species tend to migrate towards the catalyst surface under the effect of temperature. The driving 

force for this migration is the poor solubility of the Cu species into silica. In parallel, CuO 

nanoparticles are formed and progressively grow in size by sintering.  
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Figure 6. Schematic view of the mechanism that takes place during calcination of the 

catalysts prepared by AASG.  

 

Consistent with the characterization data, the catalytic performance of this catalyst series 

showed that a too low or too high calcination temperature led to virtually inactive catalysts 

(Figure 7). After calcination at 350 °C, Cu is still mainly trapped in the walls of the porous Ga-

SiO2 material and not accessible for the catalytic reaction at the surface. It is also possible that 

the Cu nanoparticles are too small, as it is known that Cu-based hydrogenation catalysts are 

structure-sensitive and that very small particles have low activity.[22b,44] After calcination at 

750 °C, the loss of activity can be associated with the heavy sintering of the copper phase and 

the destruction of the mesostructure. As compared to the catalyst calcined at 550 °C, the one 

calcined at 650 °C (A-CuGaSi-650) showed somewhat lower selectivity levels. This may be 

ascribed to the formation of too large particles. Yet this was compensated by a higher 

conversion, attributed to the further migration of Cu, resulting in higher surface concentration. 

Overall, this one-pot catalyst achieved a high MeOH productivity (486 µmolMeOHgcat
-1h-1 at 280 

°C), almost reaching the productivity of the impregnated one. Like all catalysts discussed here, 

the activity levels appeared stable at each investigated temperature for a 5 h time on stream 

(see Figure S7). 

 

 
Figure 7. CO2 conversion (left), MeOH selectivity (middle) and MeOH productivity (right) 

of A-CuGaSi catalysts as a function of the reaction temperature.  
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Conclusions 

We show that a simple, direct, and continuous synthesis approach relying on the aerosol-

assisted sol-gel process can be utilized to prepare highly efficient Cu-based catalysts for the 

hydrogenation of CO2 to methanol. The process leads to spherical and mesostructured silica-

based microparticles with highly dispersed Ga or Zn species and open mesopores. Copper can 

either be impregnated onto these doped supports or directly incorporated in the precursor 

solution, so that the catalyst is formed in one step. Similar performances can be reached even 

if the catalyst prepared by impregnation remained slightly more active than the one-step-made 

catalyst. Using a direct one-step method, however, decreases the environmental footprint of the 

synthesis process as compared to classical multi-step approaches. While Cu-SiO2 formulations 

show very low activity, the addition of Ga or Zn in the silica matrix boosts both CO2 conversion 

and methanol selectivity. This strong promotion effect is consistent with the proposition that 

Ga and Zn dopants favour the formation of active sites that are intrinsically more active for 

methanol synthesis (lower energy of activation) and less active for CO synthesis (higher energy 

of activation). While this one-step AASG method leads to the incorporation of Cu species 

dispersed into the walls of the metallosilicate materials, we show that calcination provokes 

their migration towards the catalyst surface and a progressive sintering of CuO nanoparticles. 

The optimized Ga-promoted catalysts had a methanol productivity as high as 0.5 mmol of 

methanol produced per g of catalyst and per hour at 280 °C.  

 

Experimental 
 

Catalyst preparation 
 

SiO2, Ga-SiO2, and Zn-SiO2 supports prepared by aerosol-assisted sol-gel 

 

SiO2, Ga-SiO2, and Zn-SiO2 supports were synthesized by the aerosol-assisted sol-gel 

(AASG) method.[33a] Solution A (45 g of ethanol (VWR, > 99.8 %), 8 g of distilled water, 3.88 

g of Pluronic F127 (Sigma Aldrich) and solution B (12 g of TEOS (TCI Chemicals, > 97.0 %), 

20 g of aqueous solution of HCl (Roth, 37 %) pH 2) were prepared and stirred overnight then 

mixed together. For the promoted supports, the nitrate salt of the doping element 

(Ga(NO3)2.H2O (Roth, 99.9995 %) or Zn(NO3)2.H2O (Roth, >99 %)) was added to the 

precursors solution to reach a Ga/Si or Zn/Si molar ratio of 0.05. The solution is then sprayed 



16 
 

with an atomizer from TSI with an air pressure of 30 psi. The aerosol goes through a tubular 

quartz tube heated at 450 °C. The dried powder is collected on a nitrocellulose filter (Sartorius 

Stedim, 0.45 µm). Powders are calcined in a muffle furnace under static air, first at 350 °C 

(1°C/min) for three hours, and then at 550 °C (1 °C/min) for three more hours. These materials 

are denoted Si-550, GaSi-550 and ZnSi-550.  

 

Cu impregnation on preformed supports 

 

A dry impregnation (DI) protocol was applied, using Cu(NO3)2 x 2.5 H2O (Alfa Aesar, 

98 %), to obtain a final copper loading of 10 wt%. The amount of impregnation solution (and 

its concentration) was determined from the measured pore volume. Prior to the impregnation, 

supports were ground with a mortar and a rammer. Then the copper solution was mixed with 

the ground support to obtain a homogeneous dough. A first drying step (50 °C, 1 h, static air) 

was applied before grinding the powder again and then a second drying step (90 °C, 1 h, static 

air) was applied. Powders were finally calcined at 350 °C (1 °C/min) under static air for three 

hours. The catalysts are denoted DI-Cu/Si-550, DI-Cu/GaSi-550 and DI-Cu/ZnSi-550.  

 

One-pot preparation of Cu-(Ga)-(Zn)-SiO2 by aerosol 

 

The AASG protocol described above for the supports was simply modified by the 

addition of the copper precursor right before spray drying. Cu(NO3)2.2.5H2O (Alfa Aesar, 98 

%) was added to the precursors solution to obtain a nominal Cu loading of 10 wt.%. For the 

Ga-promoted catalysts, various temperatures were tested for the last calcination step. Catalysts 

are denoted A-CuSi-X, A-CuGaSi-X or A-CuZnSi-X, where X represents the temperature of 

the last calcination step (350, 550, 650, or 750 °C).  

 

Characterization 
 

Textural properties were measured by N2-physisorption at -196 °C using a Micrometrics 

Tristar 3000 instrument. Calcined samples were degassed overnight under vacuum at 150 °C 

prior to analysis. The BET model was used to determine specific surface area (SSA) under the 

relative pressure range of 0.05-0.30. Total pore volume (Vp) was estimated from the adsorption 

branch of the isotherm at P/P0 = 0.98 and the average pore diameter (Dp) was estimated from 
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the BJH model applied on the adsorption isotherms. The microporous volume (Vmicro) was 

estimated from the t-plot.  

X-ray diffraction analyses was performed using a Bruker D8 Advance diffractometer 

(Bragg-Brentano geometry). The x-ray source operates at 1200 W (30 mA, 40 kV). Analyses 

are made at room temperature via the Kα1,2 radiation of Cu (λ = 0,15418 nm) within a 2θ range 

of 5 ° and 80 ° with a step size of 0.02 ° (2θ) and 0.15 second per step. The detector was a 

Bruker Lynxeye XE-T. Some analyses were performed in-situ under air between 350 °C and 

750 °C with a step size of 50 °C. The reactor chamber was an Anton Paar XRK 900. The height 

of the sample was adjusted each measurement to not skew the results. Identification of the 

phases was carried out using PFD-2 database and COD database. 

XPS analyses were carried out on an SSX 100/206 photoelectrons spectrometer from 

Surface Science Instruments (USA) equipped with an Al RX monochromatic and micro-

focused source (20 mA, 10 kV). Samples were disposed on a conducting carousel sample carrier 

made of aluminium thanks to double-sided adhesive tape. The pressure inside the analysis 

chamber is about 10-6 Pa. The angle between the normal to the surface and the axis of the input 

lens of the analyzer was 55 °. The analysed zone was approximately 1.4 mm² and the pass 

energy was fixed at 150 eV. Under these conditions, the half-height width (FWHM) of the Au 

4f7/2 photo-peak measured on a standard cleaned gold sample was about 1.6 eV. An electron 

gun set at 8 eV and a nickel grid placed 3 mm above the surface of the sample were used to 

stabilize the charge. The C-(C,H) component of the C1s peak of carbon was set at 284.8 eV to 

set the scale of the binding energy. Data processing was carried out with the CasaXPS program 

(Casa Software Ltd, UK). The molar fractions were calculated using standard peak areas based 

on the acquisition parameters and sensitivity factors provided by the manufacturer. 

ICP-AES analyses were performed on an ICP Thermo Scientific 6500 instrument after 

dissolution of the samples by sodium peroxide fusion. 

SEM images have been obtained by a JEOL 7600F microscope under 10 kV or 15 kV. 

The emission current was about 100 µA. Prior scanning, samples were disposed on a carbon 

paper on an aluminium beak and were coated by gold or chromium under vacuum via 

Cressington Sputter Metal 208 HR instrument. 

TEM images were obtained with a FEI Tecnai 120 Twin microscope, operating at 120 

kV and equipped with a GatanOrius CCD numeric camera. The samples were prepared by 

ultrasonic dispersion of the powders in ethanol and a droplet of the dispersion was then placed 

on a carbon coated copper grid. 



18 
 

Cu dispersion was obtained by N2O chemisorption using a Quantachrome ChemBET-

3000 unit. The catalyst (ca. 100 mg) was first reduced in a fixed bed reactor under a 10 vol.% 

H2/Ar mixture (Air Liquide 99.999 %, 20 mL/min, 5 °C/min) at 300 °C for 1 h, before being 

cooled to 30 °C. Then, the H2/Ar flow was switched to 1 vol.% N2O/Ar (20 mL/min). At this 

temperature, N2O reacts selectively with the surface Cu atoms, with negligible bulk 

oxidation.[45] After 15 min under N2O/Ar, the flow was switched to 10 vol.% H2/Ar and the 

sample was reduced under the same conditions used the first time (300 °C, heating rate 5 °C 

min−1). The consumption of H2 was monitored using a thermal conductivity detector (TCD). 

The integration of this second reduction curve allowed calculation of the concentration of Cu 

atoms located at the surface. The TCD was calibrated with different amounts of pure CuO. 

Dispersion was defined as the ratio between surface Cu atoms and the total Cu atoms in the 

catalyst. The amount of copper atoms on the surface was calculated assuming a molar 

stoichiometry of N2O/Cu = 0.5. An experimental error of ~10 % in relative has to be taken into 

account.  

 

CO2 Hydrogenation to methanol 
 

Catalytic tests were performed in a fixed bed reactor. The catalyst was pressed, ground, 

and sieved in the 150 to 380 µm range, and then loaded on quartz wool in a stainless steel 

tubular reactor. Prior to the analyses, samples were reduced in the reactor under 30 mL/min of 

H2 (Air Liquide, 99.999 %) for one hour at 300 °C (2 °C/min). After reduction, the system is 

pressurized (800 kPa) and fed by the gas mixture (20 mL/min of CO2 and 5 mL/min of H2) (Air 

Liquide, 99.999 %). Analyses are made at 280, 260, 240 and 220 °C. To check for an eventual 

deactivation of the catalyst, a supplementary measurement is done after a comeback at 280 °C 

(2 °C/min) at the end of the analysis. Each temperature is maintained for about five hours to 

ensure the steady state of the system. The exit gases are separated and analysed via a GC Perkin 

Elmer Autosystem XL instrument equipped with a Porapak Q column connected to a TCD and 

FID. The FID is equipped with a methanizer to quantify more accurately carbon oxides. 
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Figure S1. Mesoporous silica support prepared by the aerosol-assisted sol-gel process (Si-

550) as observed in (top) SEM and (bottom) TEM. 

10 µm 1 µm
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Figure S2. Arrhenius plots for determination of activation energy of methanol (left) and CO 

(right) synthesis for catalysts calcined at 550 oC and prepared by impregnation (top) or 

aerosol (bottom). 

 

 

  



26 
 

 

Figure S3. Electron micrographs of A-CuGaSi-550 observed in (top left) dark field STEM, 

(top right) TEM, and (bottom) STEM-EDS with elemental mapping of Si in green, O in blue, 

Ga in indigo, Cu in red.  
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Figure S4. Electron micrographs of A-CuZnSi-550 observed in (top left) dark field STEM, 

(top right) TEM, and (bottom) STEM-EDS with elemental mapping of Si in green, O in blue, 

Zn in yellow, Cu in red.  

 

 

 

Figure S5. CuO nanoparticles size (determined via the Scherrer equation) as a function of the 

applied temperature for A-CuSi.  
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Figure S6. XPS Cu 2p peak. The Cu 2p3/2 is large (932-936 eV) and accompanied by a 

shake-up satellite peak (943 eV) that accounts for a little less than 50% of the main peak. 

This corresponds to Cu2+ species as typically found in CuO (consistent with XRD data) 

[Biesinger, Surf. Interface Anal. 2017, 49, 1325]. This interpretation particularly valid for the 

catalyst that do not contain Ga and for those where the interaction between Cu and Ga is 

probably weak (the one prepared by DI and the one calcined at 750°C, where a complete 

sintering of CuO is observed). On the contrary, for the sample where a strong interaction 

between the Cu and the Ga can be expected (A-CuGaSi-550 and A-CuGaSi-650, which are 

also the most active catalysts), the main peak appears larger, with a stronger contribution at 

higher BE. It is suggested that this broadening could be associated with the interaction 

between Ga and Cu. The nature of this interaction is however unclear. The proportion of the 

satellite peak remains stable, indicating the presence of Cu2+ species. Note that the catalyst 

calcined at 350°C only displays a peculiar Cu 2p3/2 peak (with a smaller satellite peak and a 

sharper contribution at 934 eV), possibly associated with the presence of some reduced Cu 

species (Cu+ species do not lead to the formation of a satellite peak). 
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Figure S7. Productivity, as a function of time, towards MeOH (black) and CO (red) of A-

CuGaSi-650. Each temperature (280, 260, 240, and 220°C) is maintained for about 5 hours. 

The measurement at 280°C performed as the first step was repeated at the end of the testing 

procedure and showed similar levels of MeOH and CO productivity, suggesting that no 

marked deactivation phenomenon occurs in the conditions used here.  

 

 

 

Table S1. Activation energies of both methanol and CO synthesis for catalysts calcined at 

550°C and prepared by dry impregnation or by one-pot AASG. 

Catalyst 
Ea(MeOH) 

(kJ/mol) 
Ea(CO) (kJ/mol) 

DI-Cu/Si-550 56 76 

DI-Cu/GaSi-550 46 119 

DI-Cu/ZnSi-550 34 108 

A-CuSi-550 49 117 

A-CuGaSi-550 27 91 

A-CuZnSi-550 46 91 

 

 


