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A B S T R A C T   

This paper aims at shedding more light on the reaction mechanism behind the direct hydrogenation of CO2 
streams into DME in presence of hybrid catalysts. Starting from the physico-chemical properties of an optimized 
CuO-ZnO-ZrO2/HZSM-5 catalytic system, whose synergy among active sites of different nature (i.e., metal/oxide 
and acid/base) was recently proposed as the key to overcome the typical limitations showed by random mixing 
of two preformed catalysts, new evidences are herewith reported about catalytic performance, conditions for 
activation of reactants, limiting steps and product formation. Likewise to other proposed mechanisms at the state 
of the art, the catalyst efficiency is resulted to be dependent on several catalyst features, related not only to the 
metal-oxide phase responsible for CO2 activation/hydrogenation, but also to specific characteristics of the zeolite 
(i.e., porosity, specific surface area, population, location and strength of acid sites, interaction with active metals, 
…), influencing the activity-selectivity pattern. The production of DME is conditioned by the rate of methanol 
formation in proximity of the metal-oxide interface, followed by a rapid transferring of methanol towards the 
neighboring acid sites of the zeolite. Operando spectroscopic investigations performed under simulated reaction 
conditions (30 bar, 200− 260 ◦C) have shown that the intermediates formation strongly depends upon a 
concurrence of texture, structure and surface aspects; however, depending on the reaction conditions, methanol 
formation normally passes through the formation of formate species. From a technological point of view, a re-
action pressure of 30 bar appears as the ideal compromise between CO2 conversion and limitation of operative 
costs, while, due to thermodynamic restrictions, a reaction temperature not higher than 200 ◦C is necessary to 
attain DME selectivity close to 90 %.   

1. Introduction 

The sustainable production of alternative clean energy vectors rep-
resents a topic of great global interest both for economic and environ-
mental concerns. In this context, in recent years particular attention has 
been paid to the possibility of using DME as an alternative fuel to be used 
mainly in diesel engines [1–5]. DME is considered an environmentally 
friendly fuel because it is not toxic, it is not a greenhouse gas and if used 
in diesel it produces less particulate matter. In addition, DME is a low 
pressure liquefiable gas and can be easily distributed using the methods 
already used for LPG [6,7]. DME is currently produced industrially in 
two steps: 1) synthesis of methanol from synthesis gas; 2) dehydration of 

methanol on acid systems [8–18]. As it is known, synthesis gases are 
produced by reforming processes of fossil fuels and therefore the prob-
lem of emission of CO2 in the atmosphere remains [19–21]. 

Some years ago, a futuristic perspective on the use of CO2 as a 
feedstock for methanol production has been proposed [22–25]. This idea 
focuses on three main aspects: 1) CO2 capture; 2) the production of 
hydrogen from renewable sources; 3) the combination of CO2 and H2 to 
produce CH3OH. In this way, using methanol as the basis for the pro-
duction of fuels, one could hypothesize a zero-emission of CO2 cycle. The 
production of CH3OH from syngas is a well-known industrial process 
and CuO-ZnO-Al2O3 is the catalyst formulation conventionally used. 
This catalyst appears to be active also in the synthesis of CH3OH by using 
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pure CO2 instead of syngas, even if the values of CO2 conversion and 
CH3OH selectivity so far achieved do not allow a full commercial 
exploitation of the catalytic process [23,26]. In this context, to overcome 
the thermodynamic restrictions typical of methanol synthesis, a viable 
alternative route to shift the position of CO2 conversion beyond low 
conversion values could be represented by the production of DME in 
presence of a hybrid catalytic system [27,28]. Indeed, equilibrium 
values of CO2 conversion and product selectivity, at a typical and stoi-
chiometric feed composition of CO2/H2 equal to 1/3 mol/mol, are 
strongly dependent on temperature and pressure. As a rule, the equi-
librium yield of DME increases with pressure and decreases with tem-
perature [29]. What is important is that the CO2 equilibrium conversion 
to DME is considerably and consistently higher than that achievable 
when the conversion is stopped to methanol without further trans-
formation to DME [30], although for maximizing DME selectivity the 
reaction should be carried out at low temperature. In addition, the 
thermodynamic limitation of CO2 conversion could be also mitigated if 
water is continuously removed from the product side. Several research 
groups have already confirmed that the direct synthesis of DME using 
CO2/H2 mixture is feasible, but still now the development of a catalyst 
with suitable properties to operate with both high CO2 conversion and 
DME selectivity is a challenge. 

The first studies on hybrid/bifunctional catalytic systems active in 
the direct hydrogenation reaction of CO2 dealt with the use of physical 
mixtures between a methanol synthesis catalyst and an acid system, 
typically a Cu-ZnO-Al2O3 system for the synthesis of MeOH and γ-Al2O3 
or zeolites as acid solids for the dehydration of MeOH. As the name 
implies, physically mixed hybrid catalysts are prepared by mixing the 
two catalysts using dry powder mixing or grinding. The characteristic of 
the physically mixed hybrid catalyst is that both functions, methanol 
synthesis and methanol dehydration, are preformed before the mixing 
procedure. Zeolites, in particular, have shown better efficiency than 
γ-Al2O3 as acid components of the bifunctional catalyst, considering that 
the possibility of modulating acidity (in terms of number, type and 
strength of acid sites) enables direct synthesis of DME at low tempera-
tures, where the formation of methanol is thermodynamically favored. 
For instance, Naik et al. [31] compared the catalytic activity of hybrid 
catalysts prepared by mechanical mixing of a methanol catalyst and 
γ-Al2O3 or ZSM-5 (Si/Al, 60). Catalytic tests carried out in a fixed-bed 
reactor at 260 ◦C and 5 MPa revealed that ZSM-5-based bifunctional 
catalyst exhibits a superior catalytic behaviour than γ-Al2O3 supported 
catalyst, in terms of CO2 conversion (ca. 30 % vs. ca. 20 %), DME 
selectivity (ca. 75 % vs. ca. 5%) and stability. As a conclusion, DME yield 
was about 20 % over methanol catalyst supported on ZSM-5 and lower 
than 1% over γ-Al2O3. Yet, Aguayo et al. [32] investigated the deacti-
vation behavior of Cu− ZnO− Al2O3/Na-HZSM-5 and Cu− ZnO-
− Al2O3/γ-Al2O3 hybrid catalysts. The bifunctional system was prepared 
by physical mixing of Cu− ZnO− Al2O3 with the methanol dehydration 
catalyst in an aqueous solution, which was dried subsequently in two 
steps. Interestingly, the catalyst with Na-HZSM-5 as a solid acid 
component was less prone to deactivation by coke when water was 
co-fed, totally recovering its catalytic performance (21 % yield and 48 % 
selectivity of DME) even after 10 reaction− regeneration cycles. A slight 
improvement in catalytic activity of Cu− ZnO− Al2O3/HZSM-5 was 
instead observed by addition of Zr as a structural promoter of the 
bifunctional system [33]. Other types of zeolites in combination with 
different methanol synthesis catalysts have been evaluated too. Ad-
mixtures of Cu− ZnO− ZrO2 or Cu− ZnO− Ga2O3 and NaZSM-5, HZSM-5, 
H-Ga-silicate or SAPO-34 zeolites were studied extensively by several 
researchers [34–36]. Combined with Cu− ZnO− ZrO2, HZSM-5 showed 
very high DME selectivity (60.1 %) at 35 % CO2 conversion [35], while 
H-Ga-silicate showed only 45 % DME selectivity at 19 % CO2 conversion 
[34]. In another study, the doping of Zr to Cu− Fe2O3/HZSM-5 system 
was seen to affect the electron density of Cu2+, along with the specific 
surface area and the reducing behavior of CuO species, definitely 
enhancing the catalytic activity toward DME [37]. Similarly, Wang et al. 

[38] examined various Ti/Zr molar ratios in Cu− TiO2− ZrO2/HZSM-5, 
evidencing how the copper reducibility controls the catalytic behaviour. 
In other studies, addition of small amounts of Pd-decorated carbon 
nanotubes (CNTs) to a bifunctional Cu− ZrO2/HZSM-5 system improved 
the adsorption properties for H2 and CO2, in turn increasing the rate of 
the surface hydrogenation reactions [39]. Also, the catalytic activity 
could be enhanced using Cu− ZnO− Al2O3/HZSM-5 hybrid catalyst 
supported over acid-treated multi-walled CNTs [40]. Still, Dubois et al. 
[41] reported a better performance of Y-zeolite (SiO2/Al2O3 = 6), 
compared to mordenite (SiO2/Al2O3 = 10), in combination with 
Cu− ZnO− Al2O3, as well as a very interesting catalyst performance was 
exhibited by admixing Cu− ZnO− Cr2O3 with NaY, owing to the presence 
of higher number of moderate acid sites, whereas NaY with only weak 
acid sites was not effective in DME synthesis [42]. 

The idea to prepare a multifunctional hybrid system was born by the 
necessity to overcome the catalytic and technical problems encountered 
using a mechanical mixture. In particular, considering the limitations of 
not uniform distribution of active sites, mass transfer constraints, not 
full reproducibility of the mixed system, …, [43–45], in the last years 
increasing attention has been paid on novel synthesis strategies to 
realize a more intimate contact between the methanol synthesis catalyst 
and the dehydration catalyst. In this respect, several approaches have 
been reported by different research groups, like the preparation of 
core–shell hybrid catalysts (with a core of Cu–based catalyst and a shell 
of a zeolite) [46], the mixing of a zeolite with Cu–ZnO active sites 
confined in a mesoporous silica [47], the combination of an acid matrix 
with a Cu-based catalyst supported on carbon nanotubes [48], the 
immobilization of nanoparticles of CuO and ZnO onto acid supports 
[49], the mixing of colloidal nanoparticles of Cu/ZnO with γ-Al2O3 or 
HZSM-5 [50,51]. Other studies have shown how the generation both of 
metal-oxides and acid sites in a single catalyst grain is able to improve 
the conversion of CO2 compared to conventional mechanical mixing of a 
methanol synthesis catalyst and a zeolite, also allowing a higher rate of 
MeOH formation/dehydration on neighbouring surface sites [52,53]. 
Nevertheless, there are different opinions on the efficiency of bifunc-
tional catalysts in comparison to admixed systems. García-Trenco et al. 
[54] stated that the performance of admixed catalyst systems is superior 
than bifunctional systems, since the classical preparation procedures of 
bifunctional integrated catalysts lead to a decrease of surface area owing 
to pores blockage. However, they do not deny that possible interactions 
among the active components might positively influence catalyst ac-
tivity. Sun et al. [55] observed an easier generation of DME in presence 
of a bifunctional catalyst prepared by coprecipitation-sedimentation of a 
ZrO2-doped CuZnAl catalyst on a HZSM-5 zeolite, thanks to the close 
contact among the active sites. Ge et al. [56] also concluded that the 
active sites need to be in close contact to achieve a synergistic effect for 
improved catalytic activity, although coverage of active sites during 
preparation needs to be avoided for possible decrease in active surface 
area. Qi et al. [57] claimed that addition of Mo to Cu/HZSM-5 
(Mo/Cu = 1/2 wt/wt) markedly enhanced the catalytic activity to-
ward DME synthesis by creating new adsorption sites to increase CO2 
hydrogenation rate. Li et al. [58] developed a novel synthesis method to 
prepare a hybrid catalyst composed of CuO− ZnO as a core and HZSM-5 
as a shell layer. The high catalytic activity of core− shell hybrid catalyst 
was mainly attributed to the orderly self-assembly of core− shell struc-
ture, suitable to optimize the reactant diffusion and to enhance the re-
action rate. Besides, by inverting the two layers in the core− shell 
structure, HZSM-5 as shell and Cu− ZnO− Al2O3 as a core type capsule 
catalyst, a good DME selectivity was attained over the conventional 
hybrid catalyst [58,59]. 

Frusteri et al. [44] investigated the behaviour of hybrid catalysts 
prepared via gel-oxalate coprecipitation of CuZnZr precursors in a slurry 
solution containing ZSM-5 crystals. Results displayed that acidity of 
zeolite must be carefully tuned as a compromise between catalytic ac-
tivity and resistance to deactivation by water. Moreover, the microscopy 
analysis of hybrid systems prepared via co-precipitation of CuZnZr 
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precursors over zeolites of different topology (i.e., MOR, FER and MFI) 
revealed that zeolite crystal features strongly affect the metal-oxide(s) 
distribution, revealing the superior DME productivity of the FER-based 
catalyst, due to lower mass transfer limitations offered by anchorage 
of metal-oxide clusters over the lamellar-type crystals as well as a larger 
population of Lewis basic sites generated on zeolite surface able to 
activate carbon dioxide and promoting its conversion [60]. Neverthe-
less, these hybrid integrated catalysts exhibit an important deactivation 
trend during time-on-stream, mainly favoured by either coke deposition 
or metal sintering or poisoning from strong water adsorption or con-
taminants present in the reaction stream, leading to the blockage of 
active sites [61,62]. In this respect, the addition of Silicalite-1 shell to 
the ZSM-5 zeolite was considered as an efficient method for improving 
the resistance to the carbon formation [63]. Very importantly, it has 
been demonstrated that reactor configuration strongly affects catalyst 
deactivation, this phenomenon being faster in slurry rather than in 
fixed-bed reactors [64]. 

Although hybrid Cu-based systems have been the subject of many 
research papers reporting catalytic data under a large set of experi-
mental conditions, these examples show that a deeper understanding of 
the underlying mechanisms and interactions among the active compo-
nents both in admixed and in bifunctional catalysts is necessary. 
Therefore, in view of an effective process intensification addressing the 
scale-up of the catalytic technology, this work has been focused on 
providing more evidences on the crucial reaction pathways behind the 
CO2-to-DME hydrogenation reaction, on the basis of dynamics of surface 
modifications exhibited during operando investigations by hybrid sys-
tems wherein an optimized methanol composition of a CuO–ZnO–ZrO2 
catalyst [43,44] was directly generated on the framework of an acidic 
ZSM-5 zeolite [65], so to enhance the mutual cooperation among sites of 
different nature and with a peculiar catalytic role. 

2. Experimental 

2.1. Synthesis of hybrid CuO–ZnO–ZrO2/HZSM-5 system 

The procedure adopted for the preparation of the CuO–ZnO–ZrO2/ 
HZSM-5 system consists of a combination of copper, zinc and zirconia 
with a home-made MFI-type zeolite as described in our previous works 
[43,44]. The catalyst was synthesized by dissolving copper, zinc and 
zirconia nitrates in ethanol (Cu/Zn/Zr atomic ratio 6:3:1), following a 
coprecipitation by oxalic acid at ambient conditions under vigorous 
stirring in a solution containing a finely dispersed ZSM-5 zeolite (Si/Al, 
38 mol/mol; SA, 360 m2/g; PV, 0.168 cm3/g; MV, 0.118 cm3/g). After 
filtration, drying (95 ◦C for 16 h) and calcination (350 ◦C for 4 h), the 
sample was pelletized at 15 MPa, ground in an agate mortar and sieved 
for obtaining a size fraction in the range of 40–70 mesh. 

2.2. Catalyst characterization 

The chemical composition of the samples was determined by ICP-MS 
(Perkin-Elmer DRC–e), while their morphology along with element 
distribution was studied by SEM-EDAX analysis (Philips XL-30-FEG). 

Regarding the textural properties, nitrogen adsorption/desorption 
isotherms at − 196 ◦C were performed by using a Micromeritics ASAP 
2020 gas adsorption device. The isotherms were elaborated according to 
the Langmuir method for surface area calculation (SA), while Bar-
rett–Joyner–Halenda (BJH) and Horvath-Kawazoe (HK) methods were 
used for meso- and micro-porosity evaluation. 

Measurements of reducibility at temperature programmed (TPR) 
were performed in a 5 vol.% H2/Ar mixture, flowing at 30 STP mL/min 
within a linear quartz micro-reactor (i.d., 4 mm). The experiments were 
carried out between range 100 and 700 ◦C at a heating rate of 20 ◦C/ 
min, monitoring the H2 consumption by a thermal conductivity detector 
(TCD), previously calibrated with standard CuO. 

Metallic properties were obtained by N2O chemisorption 

measurements at 90 ◦C, assuming a Cu:N2O = 2:1 titration stoichiometry 
and a surface atomic density of 1.46 × 1019 Cuat/m2. Before “single- 
pulse” N2O-titration of the metal copper sites, the samples were reduced 
in situ at 300 ◦C in flowing H2 (100 STP mL/min) for 1 h, then “flushed” 
at 310 ◦C in nitrogen carrier flow (15 min) and further cooled down at 
90 ◦C. 

The concentration of acid-base surface sites was determined by 
temperature programmed desorption of carbon dioxide (CO2-TPD) and 
ammonia (NH3-TPD). The catalysts (ca. 100 mg) were pre-reduced at 
300 ◦C for 1 h under H2 atmosphere (60 STP mL/min) in a linear quartz 
micro-reactor (i.d., 4 mm; l, 200 mm). After washing in helium, the 
samples were saturated for 60 min at 150 ◦C in an atmosphere of 20 vol. 
% CO2/He or 5 vol.% NH3/He. After baseline stabilization, a carrier flow 
of He at 25 STP mL/min was used in the temperature range of 
100–400 ◦C or 100–800 ◦C (heating rate, 10 ◦C/min) for CO2 or NH3 
desorption respectively, monitoring their evolution by a thermal- 
conductivity detector, previously calibrated by pulses of CO2 or NH3 
at known area. 

TEM images of the hybrid catalysts were acquired and elaborated by 
a Philips CM12 instrument equipped with a high-resolution camera. 
Powdered samples were dispersed in 2-propanol under ultrasound 
irradiation and the resulting suspension put drop-wise on a holey 
carbon-coated support grid. 

X-ray photoelectron microscopy (XPS) data were collected on a PHI 
5800 spectrometer with a monochromatic Al source. The charging ef-
fects were corrected by adjusting the binding energy of C1 s peak from 
adventitious carbon to 284.6 eV. The characterization experiments were 
carried out for fresh (before reaction) and spent (after reaction) samples. 

2.3. CO2 hydrogenation by in situ and operando diffuse reflectance FT-IR 
(DRIFTS) measurements 

The nature, functionality and reactivity of surface adsorption sites 
were probed by in situ and operando diffuse reflectance FT-IR (DRIFTS) 
measurements. The spectra under CO2 hydrogenation conditions (CO2/ 
H2, 1:3 mol/mol) were obtained in a Nicolet 5PC Spectrometer equipped 
with a mid range MCT detector, a KBr beamsplitter, a COLLECTORTM II 
diffuse reflectance mirror system and a flow-through high temperature 
DRIFTS cell (Spectra-Tech, Inc.). A ceramic holder cup (i.d.: 5 mm; 
height: 4 mm) located within a chamber with ZnSe windows was filled 
up with finely powdered catalyst (14− 20 mg) and the experiments were 
carried out between 200 and 260 ◦C, at 30 bar, and considering a GHSV 
of about 60,000 NL/kgcat/h. These conditions resulted in very small CO2 
conversions (< 5%), with only formation of methanol, DME and CO, so 
that the DRIFT cell was considered to be a differential reactor. The 
resolution was fixed 2 cm− 1 and the scan speed was adjusted as a 
function of reaction conditions. Prior to each test, the catalyst was in situ 
reduced at 300 ◦C for 1 h in pure hydrogen at atmospheric pressure. The 
reaction at each temperature was stopped only after stabilization of the 
signals. The evolution of surface species was monitored as a function of 
reaction temperature either in steady state or in transient mode, wherein 
one of the reactants (H2 or CO2) was selectively removed from the 
reactant mixture or admitted again inside the reactor cell, until reaching 
a new steady state, in about 30, 60 or 120 min. 

3. Results 

3.1. Physico-chemical properties of the hybrid CuO-ZnO-ZrO2/HZSM-5 
catalyst 

Differently from the conventional coprecipitation of metal pre-
cursors by sodium or potassium carbonate/bicarbonate in aqueous so-
lutions to prepare Cu-based systems, the coprecipitation by oxalic acid 
in ethanol (gel-oxalate coprecipitation) represents a simple and fast 
procedure to obtain catalysts free of alkaline contamination, at high 
level of reproducibility and optimal performance under the typical 
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conditions of CO2 hydrogenation [44]. The chemical composition along 
with the textural properties of the studied sample are reported in 
Table 1. 

It is interesting to observe that no significant change in the chemical 
composition of the zeolite is visible upon coprecipitation of the meth-
anol synthesis phase, since the atomic Si/Al ratio appears only slightly 
decreased (36 vs. 38) with respect to the bare sample. On the whole, the 
textural data suggest that copper, zinc and zirconia components 
distribute over the outer zeolite surface, leading to a hybrid sample 
characterized by a loss of microporosity (0.026 cm3/g vs. 0.168 cm3/g of 
the bare zeolite) and an extended meso-porosity, as evidenced by the 
increase of the cumulative pore volume (0.374 cm3/g vs. 0.168 cm3/g of 
the zeolite). 

The multi-site hybridization prompted by the gel-oxalate coprecipi-
tation was probed by TEM and SEM analysis. The TEM image shown in 
Fig. 1 is illustrative of how the metal-oxide clusters distribute on the 
zeolite surface. Obviously, the zeolite topology can significantly affect 
this distribution, with the formation of less or more large agglomerates 
implying different texture, morphology, surface and also catalytic 
properties. However, what is important is that the preparation proced-
ure favours a quite uniform distribution of mixed oxides on the zeolite 
framework, ensuring an intimate surface contact among the phases, 
predicting minor restrictions in terms of transport phenomena during 
reaction. 

Such a uniform distribution of mixed oxides on the HZSM-5 zeolite is 
well visible by looking also at the SEM-EDAX micrographs shown in 
Fig. 2. As displayed, the hybrid catalyst presents a sponge-like structure, 
typical of porous systems, favouring a long range interdispersion among 
the different sites onto the zeolite framework. 

Fig. 3 shows the XRD pattern of the hybrid CuO-ZnO-ZrO2/HZSM-5 
system upon reduction at 300 ◦C in H2 atmosphere. As shown, the 
characteristic reflections of hexagonal phase of zinc oxide (JCPDS 
01− 076-0704) and metallic copper (JCPDS 01− 089-2838) are well 
evident, so that the application of the Scherrer’s equation to the <111>
line of Cu◦ allowed to determine a mean copper crystallite size of 
9.4 nm. Such findings were confirmed by N2O chemisorptions mea-
surements reported in Table 1 (particle size of ca. 9 nm), accounting for 
a copper surface area of 27 m2/gcat and a metal dispersion of 11.1 %. 

The reduction behaviour of the hybrid catalyst is shown in Fig. 4. As 
a reference, the reduction pattern of the pure CuO sample is also 
reported. 

It can be seen that the standard CuO sample exhibits a sharp peak of 
reduction at 300 ◦C, diagnostic of a full reduction of CuO to Cu◦, while 
the reduction kinetics of the CuO-ZnO-ZrO2/HZSM-5 catalyst differs 
both in terms of pattern and reduction maxima, displaying a main 
broader peak centered at 257 ◦C, ascribable to a reactivity of Cuδ+

species strongly affected by a large surface heterogeneity. Moreover, the 
hydrogen consumption above 350 ◦C, reporting a convoluted maximum 
at 600 ◦C and shouldered on the left side, monitors an incipient reduc-
tion of ZnO and/or ZrO2 in close interaction both with copper crystal-
lites and with the acidic functions of the zeolite [43]. 

Fig. 5 shows the profiles of CO2 and NH3 desorption from the 

investigated hybrid catalyst. Concerning CO2-TPD (Fig. 5A), a main 
convoluted peak shouldered on the high-temperature side points out the 
contribution of two main sites for CO2 adsorption, corresponding at 
weak-medium (below 250 ◦C) or medium-strong base sites (above 
250 ◦C) respectively. 

Specular findings were deduced from NH3-TPD (Fig. 5B), wherein 
two main typologies of acid sites were associated both to weak-medium 
acid sites (100–500 ◦C), generally inducing a certain proton mobility in 
zeolites [60], and to medium-strong acid sites (500–800 ◦C), corre-
sponding to ammonia desorbed from Brønsted acid sites and considered 
of primary catalytic importance in MeOH-to-DME dehydration reaction 
[72]. 

From a quantitative point of view (see Table 2), a cumulative CO2 
capacity of 123 μmol/gcat accounts for a prevailing population of weak- 
medium basic sites (ca. 90 %) mainly concentrated below 250 ◦C, as 
diagnostic of surface hydroxyl groups or metal-oxygen pairs [60]. On the 
other hand, regardless of the typology of acidity (i.e., Brønsted or Lewis), 
the hybrid catalyst possesses a larger population of weak-medium acid 
sites (ca. 80 %), evidencing how nature and/or typology of zeolite can 
significantly affect not only the oxide distribution, but also the surface 
properties [28,44,60]. 

XPS analysis was performed in order to obtain information regarding 
the oxidation state of the elements in the hybrid sample. Their atomic 
concentration (at.%) (see Table 3) was calculated using HR spectra. 

As reported, the sample contains the expected elements (Cu, Zn, Zr, 
O, Si and C from hydrocarbon contamination). Because of the overlap of 
the Al 2 s and 2p peaks with the Cu 3 s and 3p peaks and because of the 
high Cu content, the presence of Al in the zeolite cannot be confirmed. 
However, the XPS composition clearly deviates from the nominal bulk 
concentrations, highlighting how the depth distribution of the compo-
nents is not homogeneous. In particular, the Zr:Cu ratio, which is around 
1:2 instead of the nominal 1:6, may be explained by assuming segre-
gation of Zr-oxide clusters to the surface. Moreover, the drastic change 
of the Cu L3M45M45 Auger line shape upon reduction, along with the 

Table 1 
Analytical composition, textural and metallic properties of the hybrid CuO-ZnO-ZrO2/HZSM-5 catalyst.  

Cu Zn Zr Si/Al(a) SA(b) PV(c) MV(d) MSA(e) DCu
(f) dCu

(g) 

(at. %) (at/at) (m2/g) (cm3/g) (cm3/g) (m2/g) (%) (nm) 

58 28 13 36 225 0.374 0.026 27 11.1 9  

(a) From ICP measurements. 
(b) Surface Area Langmuir. 
(c) Pore Volume at p/p0 = 0.995. 
(d) Micropore Volume from t-plot. 
(e) Copper surface area. 
(f) Copper dispersion. 
(g) Average Cu particle size. 

Fig. 1. TEM image of the hybrid CuO-ZnO-ZrO2/HZSM-5 catalyst.  
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shift of the Cu 2p lines towards lower binding energy and disappearance 
of some shake-up features (not shown for sake of brevity) indicate the 
reduction of copper to the metallic state, although a certain fraction of 
copper resists to be present in oxidized form (Cuδ+). At the same time, 
the binding energy of 1022.2 eV for Zn 2p3/2 as well as 182.2 eV for the 
Zr 3d5/2 peak are clearly in the range reported for ZnO and ZrO2 
respectively. Finally, the O 1s region (even after correction for the 
charging of the zeolite-related contribution) presents two main features: 
the one around 530.3 eV arises from metal-oxides, whereas the other 
one around 532.2 eV is due to oxygen-containing species in the zeolite. 
From these observations, it appears that a certain fraction of the oxides is 
electronically coupled to the zeolite, while another fraction seems to be 
independent from the zeolite. 

3.2. Dynamics of catalyst surface under relevant CO2 hydrogenation 
conditions 

To disclose the nature, functionality and reactivity of the active sites 
under relevant CO2 hydrogenation conditions, FTIR-DRIFTS measure-
ments in operando mode were performed after contacting the catalyst 
with a CO2/H2 flow (1:3 v/v) at 30 bar for 1 h. In Fig. 6, the spectra 
acquired at different temperatures (from 200 to 260 ◦C) were compared 
and polished from gaseous CO2, considering the very high intensity of its 
peaks. No methane, hydrocarbons or coke were detected under the 
adopted conditions. 

The peaks at high wavenumbers (2000− 2200 cm− 1) are ascribed to 
gas phase CO, while the ones at 1003-1031− 1082 cm− 1 derive from gas 
phase methanol [66] and progressively increase with the temperature. 
Gas phase DME gives relatively sharp bands at 1192, 1176, 1167, 1119, 
1100 and 939 cm− 1, showing an increase with temperature too. The 
peak at around 1100 cm− 1 is generally assigned to methoxy species 

(CH3O-) adsorbed on the ZnO component of the catalyst, whereas more 
complex appears the interpretation of the region 1300− 1550 cm− 1, 
considering controversial assignment of C–O stretching either to car-
bonate/bidentate formate species on Cu [67,68] or to carbonate/hy-
drogenocarbonate/formate species adsorbed on ZnO [66,69–71]. 

Moreover, the signal at 1456 cm− 1 is generally ascribed to the 
bending of the oxymethylene intermediate on zirconia (Zr⋅⋅⋅O2CH2), 
although this species is reported to be not stable at high temperature 
[66]. 

Further DRIFTS experiments were performed in transient mode (see 
Fig. 7), considering that the behavior of heterogeneous catalyzed re-
actions is strongly influenced by the rate constant of the elementary 
steps. Specifically, by exposing the catalyst to changes in partial pressure 
of the reactants and following the time evolution of the adsorbed species 

Fig. 2. SEM micrograph and mapping of the “reduced” hybrid CuO-ZnO-ZrO2/HZSM-5 sample.  

Fig. 3. XRD pattern of the “reduced” hybrid CuO-ZnO-ZrO2/HZSM-5 sample.  

Fig. 4. H2-TPR profile of the hybrid CuO-ZnO-ZrO2/HZSM-5 sample. The 
dashed pattern refers to the reduction of pure CuO. 
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under various conditions, it was possible to observe the reactivity of the 
surface species, with a proper identification of the concomitant spec-
tator surface species. As said, CO2 and H2 flows have been alternatively 
switched off and then re-admitted over the catalyst, thus following the 
evolution of the adsorbed species with time on stream, as well as the 
formation of intermediates starting from different initial states. 

By analyzing these spectra it is possible to deduce some important 
information. In fact, after CO2 switch-off (Fig. 7A), the main peaks 
related to adsorbed CO, formate, carbonate and methoxy species (at 
2075, 1604, 1380, 1303, 1122, 1100, 1082 and 1031 cm− 1) decrease in 
intensity. Instead, the same peaks increase when the flow of CO2 is 
admitted onto the catalyst surface again (see Fig. 7B). However, the 

signal at 1560 cm− 1 ascribed to bidentate formate (b− HCOO-) [71] is 
still present at the end of the transient step, definitely suggesting that the 
process of the hydrogenation of b− HCOO- represents the rate-limiting 
step for methanol synthesis from CO2 hydrogenation. The disappear-
ance of CO during CO2 switch-off (see Fig. 7A) and its appearance during 
re-admission of CO2 (see Fig. 7B) also indicates a direct involvement of 
carbonate and formate species during reaction, mainly as intermediates 
to methoxy species. Still, in absence of CO2 the species adsorbed are fully 
hydrogenated by H2 until they disappear (Fig. 7A), whereas they appear 

Fig. 5. CO2-TPD (A) and NH3-TPD (B) on the hybrid CuO-ZnO-ZrO2/HZSM-5 catalyst sample.  

Table 2 
Uptake (μmol/gcat) of CO2 and NH3 on the hybrid CuO-ZnO-ZrO2/HZSM-5 catalyst sample.  

CO2 uptake(a) 100− 250 ◦C(b) 250− 400 ◦C(c) NH3 uptake(d) 100− 500 ◦C(e) 500− 800 ◦C(f) 

123 109 14 138 112 26  

(a) Cumulative CO2 desorption in the range of 100− 400 ◦C. 
(b) Population of weak-medium base sites between 100 and 250 ◦C. 
(c) Population of medium-strong base sites between 250 and 400 ◦C. 
(d) Cumulative NH3 desorption in the range of 100− 800 ◦C. 
(e) Population of weak-medium acid sites between 100 and 500 ◦C. 
(f) Population of medium-strong acid sites between 500 and 800 ◦C. 

Table 3 
Composition of the sample as determined from the XPS measurement upon 
reduction at 300 ◦C and 300 mbar of H2 for 1 h.  

Element/peak Binding energy 
(eV) 

Chemical state, relative 
contribution 

at.% 

Cu 2p3/2 932.5 metallic Cu 

Cu: 5.6 
Cu LMM 919.1 (kinetic energy) metallic Cu 
Auger 

parameter 1851.6 CuO 

Zn 2p3/2 1022.2 ZnO Zn: 4.8 
Zr 3d5/2 182.2 oxidized Zr Zr: 2.6 

O 1 s 530.3 metal oxides (ZnO, CuO, ZrO2) O: 
58.4 532.2 SiOx, -OH 

C 1 s 284.8 Hydrocarbon contamination C: 9.7 

Si 2p 102.2 Si in silicates 
Si: 
18.9  

Fig. 6. DRIFTS spectra recorded during the CO2 hydrogenation reaction from 
200 to 260 ◦C at 30 bar. 
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Fig. 7. DRIFTS spectra recorded during the CO2 hydrogenation reaction at 30 bar and 220 ◦C in transient mode: A) CO2 flow switch-off (only H2 flowing over the 
catalyst); B) CO2 flow switch-on; C) H2 flow switch-off (only CO2 flowing over the catalyst); D) H2 flow switch-on. 
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again when CO2 pressure is gradually raised and the reaction proceeds 
with the formation of formate species and production of MeOH and DME 
(Fig. 7B). Obviously, these modifications require a certain time to take 
place, more or less long depending on the space velocity. 

On the other hand, when H2 is switched off (see Fig. 7C) the H2/CO2 
ratio progressively decreases until zeroing, so leading to a progressive 
disappearance of the signals assigned to the gas phase MeOH and DME 
signals, contrarily to the signals at 1082 and 979 cm− 1 assigned to 
methoxy species adsorbed on ZnO and Cu component respectively, 
which become more evident. This points out that the hydrogen atom 
population on the catalyst surface is critically dependent on the H2/CO2 
ratio and that, in absence of H2, methoxy species remain adsorbed 
without undergoing hydrogenation, while the amount of carbonate 
adsorbed at the metal-oxide interface decreases. Yet, the peak at 
1604 cm− 1, related to formate (m− HCOO-) on metal oxides, decreases 
consistently with lower H2 or CO2 pressure leading to reduced levels of 
hydrogenation of intermediates and products. As regards the signals in 
the region 1950− 2200 cm− 1 and specifically the peak at 2075 cm− 1 

derived from CO adsorbed on Cu (111), it decreases during the CO2 
removal (Fig. 7A) consistently with lower carbonate species at 
1380 cm− 1. It is argued that CO2 adsorbs dissociatively as CO and sur-
face oxygen (Os) so that a new CO2 molecule can form a carbonate 
species on the surface. 

Another important evidence concerns the peak at 2132 cm− 1 

assigned to linear CO adsorbed on Cuδ+ sites which increases during the 
initial 30’, being then removed until to disappear. This unequivocally 
indicates that the oxidation state of Cu considerably changes during the 
reaction and that partially oxidized copper particles participate in the 
catalytic reaction. Finally, in Fig. 7D, by increasing H2 pressure, the 
band at 2075 cm− 1 (assigned to CO adsorbed on Cu) increases with the 
concentration of CO in gas phase, which proofs a strong competition of 
H2 with CO for the adsorption on Cu. 

4. Discussion 

The main debate about the definition of the real mechanism behind 
the direct CO2-to-DME hydrogenation process lays down essentially on 
the initial step of the whole process, considering the complexity in 
identifying the activation site of carbon dioxide leading to the formation 
of methanol as reaction intermediate, then undergoing to dehydration 
for DME production. In fact, regarding the methanol-to-DME dehydra-
tion step most of the studies converge on the existence of two main re-
action pathways, according to which either two co-adsorbed methanol 
molecules associate into DME (associative mechanism) or one molecule 
of adsorbed methanol is first dissociated into a surface methoxy species 
then reacting with another methanol molecule to form DME (dissocia-
tive mechanism) [72]. Despite specific reaction conditions can signifi-
cantly address the prevalence of one mechanism on the other one, 
however for both cases the methanol condensation is consistent with the 
cooperation of Brønsted acidic sites located on the dehydration 
component [73–75]. Therefore, the actual debate is more focused on 
unravelling the mechanistic pathway behind the activation of reactants 
(i.e., CO2 and H2), with a clear definition of the intermediate or spec-
tator species preceding methanol synthesis. 

As for CO2 activation, there are two mechanisms mostly accepted on 
Cu-based catalysts [76]: (i) formate mechanism, in which CO2 hydro-
genation proceeds via formate intermediates (HCOO); (ii) reverse 
water-gas shift (RWGS) mechanism, where CO2 is converted to CO and 
then to MeOH via hydrogenated intermediates [76–78]. Concerning the 
formate pathway, kinetic studies have identified the hydrogenation of 
adsorbed formate (HCOO-) to dioxomethylene (H2COO-) and adsorbed 
dioxomethylene to formaldehyde (HCHO-) as the limiting steps for the 
methanol synthesis [76,78]. The addition of zinc was seen to be effective 
both in the stabilization of the intermediate HCOOH- by direct Zn-O 
interaction and in the activation of HCOO- by hydrogenation. On the 
other hand, the alternative pathway of RWGS has as a limiting step of 

CO- and formyl (HCO-) hydrogenation. However, it has been demon-
strated that on Cu-based surfaces only a small amount of CO- formed via 
RWGS reaction leads to methanol, most of CO- being more favorably 
desorbed from the surface, with no effect on methanol selectivity. 
Therefore, to enhance the catalyst performance, the Cu-based catalysts 
are typically promoted or doped with various elements, thus improving 
binding of CO and its hydrogenation to HCO- for facilitating the syn-
thesis of methanol [77,79]. Beside to the parameters affecting product 
selectivity, like binding energy of adsorbed species and energetics for 
intermediate reactions, gaseous water produced during reaction is also a 
critical factor influencing the activation of reactants and triggering 
possible pathways through carboxyl intermediates [78]. On the whole, 
an ideal Cu-based catalyst for CO2 hydrogenation should be able to 
easily hydrogenate surface intermediates but moderately bond CO, so to 
favour CO adsorption and progressive hydrogenation without causing 
any poisoning [75,76]. 

According to the experimental findings herewith reported, the 
dissociative H2 adsorption on the surface of Cu0 is accompanied by CO2 
adsorption and activation at the metal-oxide interface. Namely, CO2 
dissociatively adsorbs forming CO and surface oxygen with transient 
formation of carbonate on partially oxidized copper sites (also probed by 
XPS measurements) [69–71] and then progressive hydrogenation to 
methoxy via formate, according to the following hydrogenation trend:  

O-C-O → (HO− COO-) → HCOO- → HOCHO- → HOCH2O- → CH2O- 
(+HO-) → CH3O-                                                                                 

In particular, as displayed in Fig. 8, the migration of hydrogen atoms 
by spillover from copper surface to activated CO2 leads to the formation 
of either monodentate (m− HCOO-) or bidentate formate (b− HCOO-). 
Indeed, hydrogen atoms reach formate species giving rise to the for-
mation of oxo-intermediates preceding methoxy (CH3O-) formation and 
finally methanol. Obviously, the feed composition of the hydrogenation 
stream (i.e., CO or CO2) significantly affects the Cu oxidation state and 
accordingly the reaction pathway leading to DME under the same re-
action conditions [19,76,78]. Methanol is finally dehydrated to 
dimethyl ether. 

Following the methanol protonation of a methanol molecule on an 
acidic site of the zeolite, the alcoholic oxygen of the second methanol 
molecule gives rise to a nucleophilic substitution reaction with the 
removal of a water molecule and the formation of protonated dimethyl 
ether. So, a water molecule deprotonates the intermediate transferring 
back the proton to the zeolite which regenerates the acidic site, and 
simultaneously, dimethyl ether is formed. 

5. Conclusions and future perspectives 

Starting from the novel approaches for the development of hybrid 
catalysts to be employed in the direct hydrogenation of CO2 to DME, this 
paper moves a step forward in the definition of the controlling steps of 
the process and the main intermediates therein involved, also in the light 
Zof the thermodynamic aspects, suggesting operation at high pressure 
and low temperature for achieving both high conversion and DME yield. 
Although Cu− ZnO is expected to remain the benchmark catalyst 
formulation to activate CO2, some issues are still associated with the 
functionality and reactivity of hybrid systems combining a metal-oxide 
methanol synthesis phase and an acidic methanol dehydration phase 
to drive the process in one step. In this respect, through a systematic 
characterization of a CuO-ZnO-ZrO2/HZSM-5 system, it was demon-
strated that metal-oxide(s) components homogeneously distribute over 
the zeolite surface, ensuring an intimate surface contact among the 
phases suitable to prevent restrictions in terms of transport phenomena 
during reaction. In any case, the multi-site nature of the catalyst clearly 
displays the presence of not unimodal populations of acid or basic sites 
as well as mutable oxidation states of the copper sites upon activation 
conditions, affecting the extent of the metal-oxide interface and thus the 
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reactivity of Cuδ+ species. These features are evidently determined by 
the specific preparation procedure adopted, which in the case of the gel- 
oxalate coprecipitation of metal precursors in a slurry solution of 
dispersed zeolite leads to the segregation of some cluster oxides to the 
surface. 

Operando spectroscopic investigations under relevant CO2 hydroge-
nation conditions allowed to get a deep understanding about the mul-
tiple catalytic steps behind DME synthesis, providing crucial 
information for a rational design of hybrid catalysts. Experiments in 
steady-state and transient modes confirmed the cooperation of metallic, 
acid-base and redox sites at a busy gas-solid interface, where the acti-
vation of hydrogen atoms, CO and surface oxygen precedes the inter-
mediation of carbonate, formate and methoxy species towards the 
formation of methanol and then its acid condensation into dimethyl 
ether. 

Looking in a perspective of industrial exploitation, independently of 
the fact that Cu surfaces or Cu− ZnO interfaces can continue to represent 
the standard active phase for the catalytic technologies based on CO2 
utilization, nevertheless new synthetic procedures are certainly 
welcome to realize a better synergy among the phases constituting the 
hybrid catalyst. Also considering a certain loss of microporosity of the 
zeolite following the preparation method herewith described, a further 
research effort is mainly required in tailoring more efficient systems by 
unconventional procedures, suitable to deliver optimized physico- 
chemical properties allowing CO2 activation at a reaction temperature 
as low as 200 ◦C, wherein DME selectivity is above 90 %. A challenging 
target of DME yield close to 30 % can pave the way for a full industri-
alization of this process, especially if the stability of the system in 
presence of water as well as the inhibition of other side pathways are 
fully accomplished. 
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