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Abstract
Dimethyl ether (DME), one of the proposed targets for CO2 recycling, is a very attractive renewable energy source due to 
its non-toxic nature, low environmental impact, and hydrogen (H2)-carrying abilities. The thermal catalyzed reaction of 
CO2 to DME requires two steps with different catalysts, and the combination and optimization of these catalysts are of great 
importance for achieving viable DME yield that would make future industrial implementation possible. The thermodynamics 
and reaction mechanisms of the CO2 conversion to DME were discussed. The metallic and acidic catalyst functions utilized 
for this reaction are analyzed in this review, and the different methods of combination are presented with a focus on hybrid 
catalysts to achieve successful and efficient catalyzed reactions with optimized DME yield. Additionally, an outlook for future 
directions in catalyst development and mechanistic understanding in this largely overlooked area are provided.
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1  Introduction

In the present day and age, energy is an indispensable part 
of our lifestyles. Our daily need for different types of energy 
(e.g., electricity, fuel, etc.) requires abundant energy sources, 
and according to the Environmental and Energy Study Insti-
tute (EESI), around 80% of our energy needs are powered 
by fossil fuels [1]. Unfortunately, our heavy dependence 
on fossil fuels results in large volumes of greenhouse gas 
emissions which are detrimental to the environment causing 
[2]. CO2 is the most abundant greenhouse gas released into 
the atmosphere (Fig. 1). It is reported that 37 Gt had been 
released into the atmosphere in the year 2022 alone. From 
all the CO2 generated by human activity, 42% of these emis-
sions stem from power generation, 26% from transportation, 

23% from manufacturing/construction, and 9% from other 
sources (e.g., residential) indicating the correlation between 
our energy-use and the release of CO2 into our atmosphere 
[3]. Lot of efforts has been undertaken to address the reduc-
tion of CO2 emissions and concentrations in the atmos-
phere. One of the most commonly implemented strategies 
to achieve this goal in the past was to use carbon capture 
and storage (CCS), a method of capturing CO2 and storing 
it underground for long periods [4]. However, this process 
requires infrastructure and large amounts of capital to be put 
in use. Therefore, there is a strong desire to identify a suit-
able, uncomplicated, and cost-effective solution to address 
the challenge of climate change by mitigating CO2 emis-
sions, thereby fulfilling the significant demand for energy.

Increasing attention has been drawn to carbon dioxide 
utilization (CDU), as this method helps close the carbon 
cycle and creates a more sustainable approach to the creation 
and utilization of CO2 [3, 5]. The interest in CDU dates back 
to the 1970s, and it has increasingly gained momentum as 
the demand for a solution to the issue of greenhouse gases 
has grown. The CDU process involves the capture of CO2 
to for recycling into both value-added products and fuels. In 
parallel with CDU, CO2 can be used directly in commercial 
products and services such as oil recovery, beverage car-
bonation, food processing, and solvents [4]. However, these 
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direct applications would only account for a small percent-
age of the available CO2. Consequently, there is a stronger 
focus on utilizing CO2 as a chemical feedstock, as this can 
have a much larger impact on CO2 levels in our environ-
ment. Every year, around 110 million metric tons of CO2 are 
used as a raw material for the production of urea, methanol, 
polycarbonates, cyclic carbonates and specialty chemicals.

Over the past two decades, numerous technologies and 
advanced mythologies have emerged to reduce CO2 emission 
and enhance utilization. Examples include photochemical 
reduction, thermochemical reduction, chemical reduction, 
electrocatalytic reduction, radiochemical methods, bio-
chemically reduction, enzymatic electrosynthesis, and more. 
These diverse approaches yield multiple products depending 
on the catalysts used sand the reaction’s selectivity, such as 
CH4, CO, HCOOH, C2H6, HCHO, CH3CH2OH, C2H4, and 
CH3OH. Here is this review, we will focus on thermal cata-
lytic pathway which is a promising approach to utilize cur-
rent existing industrial equipment, facilities, and infrastruc-
ture. One of the largest thermal catalytic pathways through 
for the utilization of CO2 is its conversion to methanol due 
to its high demand (57 Mt per year) [6]. Lots of studies has 
been focus on one-step conversion from CO2 to methanol 
conversion [3, 7, 8]. Additionally, methanol can then be con-
verted to produce many value-added products and renewable 
fuels. Among these CO2 derived products, dimethyl ether 
(DME) has recently garnered significant research interest. 
Our group has studied the DME as an alternative renew-
able fuel from thermodynamics, fuel properties and eco-
nomic feasibilities perspectives [9]. In this review, we will 
highlight the advantages and challenges of DME synthesis 

by using one of the renewable carbon sources, CO2. Syn-
thesis of DME via catalytical hydrogenation of CO2 is a 
promising approach since it is thermodynamically favored 
over methanol. It could occur in two ways: (a) two-step 
synthesis wherein CO2 is converted to methanol, which is 
subsequently converted to DME, or (b) a one-pot synthesis 
wherein CO2 is directly converted to DME. In previous stud-
ies, this reaction pathway has been performed by placing 
catalysts for each step in separate chambers and flowing the 
reaction mixture stepwise through each chamber, forming a 
continuous reaction channel [10]. However, recent advances 
have shown that integrates these two steps by mixing the two 
catalysts is able to synthesis of DME directly from CO2 with 
drastically improved the efficiency. As a result, increased the 
economic viability of its industrial implementation [11–13]. 
Both the two-step reaction system and the one-pot synthesis 
of DME will be covered in this review.

DME is a subject of interest due to its similar physi-
cal properties with liquefied petroleum gas (LPG) (i.e., 
propane and butane) and its potential use as a diesel fuel 
replacement [8, 9]. The technologies used for the storage 
and transportation of LPG may be used for DME without 
additional considerations [14]. In addition, DME’s high 
cetane number (55–60) allows it to be easily blended with 
diesel making it feasible to apply in current diesel engines 
without the need for any modification. Although metha-
nol is also being considered as an additive for gasoline 
engines due to its high octane number (Anti Knock Index 
of 98.65), it faces several issues such as high vapor pres-
sure and separation in the presence of water which makes 
it difficult to be used in high concentrations in unmodified 

Fig. 1   CO2 emissions by sector from 2019 to 2022
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gasoline engines. Furthermore, DME possesses a higher 
net calorific value than methanol (31.7 vs. 22.9 MJ/kg 
HHV) resulting in a 30% higher energy output per volume 
than methanol [15]. Unlike the poisonous fact of metha-
nol, DME is considered non-carcinogenic and non-toxic, 
contrary to methanol which is considered toxic, allow-
ing for much safer implementation as well as cleaner use 
as a fuel (lowered pollutant output) [9, 16]. Its chemical 
composition without the presence of sulfur and nitrogen 
contributes to very low NOx, SOx and soot emissions, as 
well as reduced CO production, making it a heavily desired 
fuel substitute [6].

Like methanol, DME can also serve as a good hydro-
gen carrier. However, research on DME as a hydrogen 
carrier has been largely overlooked in the global commu-
nity. DME boasts a higher hydrogen gravimetric capacity 
of 13 wt.% than methanol (12.5 wt.%) and a volumetric 
capacity of 87 kg H2/m3 albeit lower than methanol (99 kg 
H2/m3) [14]. DME steam reforming (DME-SR) to gen-
erate hydrogen is thermodynamically feasible, requiring 
reaction temperatures as low as 200 °C to achieve 99.9% 
conversion, as compared to 800 °C for traditional hydro-
carbon fuels (natural gas, gasoline, diesel) or in a lower 
temperature but with precious metals. DME-SR produces 
comparable hydrogen contents but with no toxicity issues 
in materials handling as compared to methanol.

Strategies to produce DME from sequestered CO2 offer 
a promising approach to developing carbon–neutral hydro-
gen carriers [14]. For example, combining direct air cap-
ture (DAC) and the CO2 to DME catalytic process has the 
potential to offer a clean and carbon–neutral method for 
the removal of CO2 from the atmosphere and producing 
clean fuel in return. DAC is a relatively new concept that 
involves the removal of CO2 from ambient atmospheric air 
utilizing sorbents [17]. Although DAC is not currently at 
a stage of successful implementation, if further improve-
ment brings it to this point, the process could provide a 
readily available feedstock of CO2 that can be converted 
into fuels such as DME, presenting a possible method for 
large reductions in emissions in which the conversion of 
CO2 to DME plays an important role.

Herein, this review summarizes the most recent and 
current work entailing CO2 conversion to DME, focus-
ing on the one-pot synthesis as the most efficient and 
promising reaction method of the topic. We first cover the 
favorable thermodynamics of the direct CO2 hydrogena-
tion to methanol, followed by its dehydration to DME. We 
overview reaction mechanism for DME formation along 
with the recent catalyst development for both synthesis 
methods. Additionally, we provide an outlook for future 
directions in catalyst development and mechanistic under-
standing in this largely overlooked area.

2 � Reactions

The process of forming DME from CO2 involves two indi-
vidual reactions, the first forming methanol from CO2 and 
the second turning the formed methanol into the desired 
product of DME. The initial CO2 reacts with hydrogen 
gas as shown:

CO
2
+ 3H

2
→ CH

3
OH + H

2
O ΔH

◦

298
= −41.4 kJ/mol

The two methanol molecules formed in the above reac-
tion react to form DME:

2CH
3
OH → CH

3
OCH

3
+ H

2
O ΔH

◦

298
= −23.4kJ/mol

Thus, the overall reaction is:
2CO

2
+ 6H

2
→ CH

3
OCH

3
+ 3H

2
O ΔH

◦

298
= −106.2kJ/mol

It is also important to take the reverse water gas shift 
(RWGS) reaction into account:

CO
2
+ H

2
→ CO + H

2
O ΔH

◦

298
= 41.4kJ/mol

This process requires hydrogen gas, which is often 
produced through the consumption of fossil fuels. Even 
though, the hydrogen source is not our focus in this review, 
but it is inevitable to mention it because it is one of our 
major feed streams. We hold promise to a cleaner, more 
sustainable pathway to hydrogen gas production that will 
be implemented in order to make the process worthwhile 
to implement at a large, industrial scale. A number of solu-
tions have been investigated (e.g., algae, biomass, etc.) and 
current clean hydrogen gas production often takes place 
through water electrolysis fueled by renewable electrical 
energy [18–20]. Water electrolysis to hydrogen gas is cur-
rently not at the highest efficiency (40–50%) but provides 
a very simple production system that is plausible to imple-
ment [21]. Although alkaline-based electrolysis is the most 
well-established, proton exchange membrane (PEM) and 
solid oxide electrolysis cell (SOEC) technologies are 
newly emerging, giving the process solid potential for 
further development [22]. Additionally, companies such 
as Oberon Fuels have begun to produce renewable DME 
from methanol at larger scales, proving the plausibility of 
this process.

As a matter of course, the thermodynamic favorability 
of each reaction must be considered as the combination 
of CO2 to DME and RWGS presents limitations in DME 
production. A simple thermodynamic analysis of the one-
pot synthesis of CO2 to DME (Fig. 2) shows the effects 
of temperature and pressure on CO2 conversion (XCO2), 
DME selectivity (SDME), methanol selectivity (SMeOH), and 
CO selectivity (SCO). The individual reactions of CO2 to 
DME are both exothermic, and thus are favored at lower 
temperatures. However, increasing the temperature results 
in significant production of CO due to the endothermic 
nature of the RWGS reaction, which is problematic for 
various reasons: yield of DME will decrease as CO is ther-
modynamically favored at higher temperatures, and the 
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produced CO must be consumed or disposed of carefully 
as it is considered a more dangerous and potent green-
house gas than CO2 [23]. Additionally, because of the 
low reactivity and relative stability of CO2, a significant 
amount of energy is required to overcome its activation 
barrier in these reactions. Based on the stoichiometry of 
products and reactants in the overall reaction of CO2 and 
DME, high pressures also favor the formation of DME, 
while the RWGS is unaffected, which ultimately improves 
selectivity to DME.

Therefore, reaction conditions must be carefully adjusted 
to maximize DME production despite the unintended con-
sequence of the RWGS reaction. The exact temperature and 
pressure values vary depending on the reaction setup and 
the catalyst mixture used and must be experimentally deter-
mined. Temperatures are generally held between 200 and 
300 °C and pressures are maintained between 2 and 5 MPa, 
although other values have been reported [24, 25], and we 
summarized them in Table 1.

As detailed, the large-scale implementation of DME 
production from CO2 first requires some issues to be 
addressed, including the source of renewable hydrogen 
gas and limited production of unintended CO gas. How-
ever, the development of an efficient catalyst mixture can 
be incredibly influential to the hydrogen productivity and 

selectivity to help address the issues presented and accel-
erate large-scale industrial implementation, which would 
drastically affect our ability to combat CO2 emissions.

3 � Catalyst Overview

In order to optimize catalyst function and efficiency, it is 
important to understand the possible mechanisms of reac-
tion utilized by each catalyst between different reactants. 
As demonstrated above, the reaction pathway between CO2 
and DME involves two separate reactions with methanol 
formed as the main intermediate. Taken separately, the 
two reactions require different types of catalysts to pro-
ceed effectively; the first step (CO2 to methanol) involves 
a metal oxide catalyst (often Cu or Zn) that is usually sup-
ported by other metal oxides (ZrO2, Al2O3, etc.) or noble 
metals (often Pd) [26], while the second step (methanol 
to DME) requires an acidic catalyst such as a zeolite (e.g. 
ZSM-5, MOR) or other solid acid catalysts (e.g. γ-Al2O3) 
[27–30]. In the following section, we will summarize the 
key related reaction mechanisms starting from the CO2 to 
methanol reaction.

Fig. 2   Effect of temperature and pressure in a CO2 conversion, b DME selectivity, c methanol selectivity, and d CO selectivity at equilibrium
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4 � Catalyst Reaction Mechanisms

4.1 � CO2 to Methanol

The reaction of CO2 to produce methanol—the first half of 
the reaction pathway to DME—is currently implemented 
on an industrial scale with the use of a Cu–ZnO–Al2O3 cat-
alyst [31–33]. The mechanism of CO2 to methanol involves 
three possibilities based on the intermediates formed. The 
most accepted and experimentally validated mechanism 
for the hydrogenation of CO2 to methanol involves for-
mate (HCOO−) as the predominant intermediate. It follows 
a Langmuir–Hinshelwood mechanism in which both the 

CO2 and H2 molecules are first adsorbed and proceed to 
react through the formate intermediate en route to the final 
product of methanol. The entire mechanism is composed 
of eight main steps (g: gaseous, a: adsorbed) [31]:

1.	 H2(g) → 2H(a)
2.	 CO2(g) → CO2(a)
3.	 CO2(a) + 2H(a) → HCOO(a) + H(a)
4.	 HCOO(a) + H(a) → H2COO(a)
5.	 H2COO(a) + H(a) → H2CO(a) + OH(a)
6.	 H2CO(a) + H(a) → H3CO(a)
7.	 H3CO(a) + H(a) → CH3OH
8.	 OH(a) + H(a) → H2O

Table 1   Summary of catalyst studies

Notable catalyst studies including method of preparation and reaction conditions ordered according to DME yield (%)
PM physical mixing, WM wet mixing, CP co-precipitation, IM impregnation
a Unless otherwise specified

Catalyst Prep. method H2/CO2 GHSV (ml/gcat/h)a P, T (MPa, °C) χCO2 (%) ΥCO (%) ΥDME (%) Reference

CuO–ZnO–Al2O3/HZSM-5 PM 10 10,471/h 36, 300 96 0.96 85.4 [18]
CuO–ZnO–Al2O3/HZSM-5 PM 3 3000 5, 260 29 33 65 [37]
CuO–ZnO–Al2O3/NaHZSM-5 CP 8 33.33 (gcat) h/molreac 4, 275 51.0 8.2 36.0 [38]
CuO–ZnO–Al2O3–La2O3/HZSM-5 PM 3 3000/h 3, 250 43.8 11.8 31.2 [70]
CuO–ZnO–Al2O3/HZSM-5 + CNTs PM 3 1800 3, 262 46.2 8.9 20.9 [39]
CuO–ZnO–Al2O3/Amorphous 

Si–Al
CP 3 1800 3, 266 47.1 12.3 20.1 [40]

CuO–ZnO–ZrO2–V/HZSM-5 CP 3 4200/h 3, 270 32.5 9.1 19.1 [71]
CuO–Fe2O3–ZrO2/HZSM-5 PM 5 1500 3, 260 28.4 2.2 18.3 [72]
CuO–ZnO–ZrO2/FER CP 3 8800 5, 280 29 7.0 18.1 [41]
CuO–ZnO–Al2O3/γ-Al2O3 CP 8 33.33 (gcat) h/molreac 4, 275 40.0 7.6 16.0 [38]
CuO–ZnO–ZrO2/FER CP 3 8800 5, 260 26 8.2 14.5 [42]
CuO–ZnO–Al2O3–ZrO2-Pd/HZSM-

5
CP 3.3 1800/h 3, 200 18.7 2.4 13.7 [19]

CuO–ZnO–ZrO2/MOR CP 3 8800 5, 280 26 9.9 13.5 [41]
CuO–Fe2O3–CeO2/HZSM-5 PM 4 1500 3, 260 20.9 5.2 13.2 [73]
CuO–ZnO–ZrO2/MOR CP 3 8800 5, 260 23.2 8.8 11.8 [42]
CuO–ZnO–ZrO2/MFI CP 3 2500 5, 240 23.6 5.8 11.6 [43]
CuO–ZnO–ZrO2/FER CP 3 8800 5, 260 23.5 9.6 10.8 [44]
CuO–ZrO2–PdCNTs/HZSM-5 CP 3 25,000 5, 250 18.9 6.4 9.8 [74]
Cu–Mo/HZSM-5 IM 3 1500/h 2, 240 12.4 2.0 9.5 [75]
CuO–Fe2O3–CeO2/HZSM-5 PM 4 1500 3, 260 18.1 4.6 9.4 [76]
CuO–Fe2O3–La2O3/HZSM-5 PM 4 1500 3, 260 17.2 5.2 8.8 [76]
CuO–ZnO–ZrO2/MFI CP 3 8800 5, 260 21.3 9.9 8.6 [42]
CuO–ZnO–ZrO2/H–Ga–Sil CP 3 1200 3, 250 19 6.4 8.6 [45]
CuO–ZnO–ZrO2/WOx–ZrO2 CP 3 4333 3, 260 21.5 13.91 6.9 [46]
CuO–ZnO–Al2O3–ZrO2/HZSM-5 WM 3 3100 3, 260 24.1 7 6.4 [47]
CuO–ZnO–ZrO2/SO4

2−–ZrO2 PM 3 15,000 2, 260 17.19 11.9 4.4 [48]
PdZn/ZSM-5 PM 3 3500/h 2, 270 14 9.1 4.3 [6]
CuO–ZnO–Al2O3/γ-Al2O3 PM 3 3000 5, 260 15 82 3 [37]
CuO–ZnO–Al2O3/TPA + MCM-41 PM 3 40,000 4.5, 250 8.9 – 2.1 [49]
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The rate determining step is the hydrogenation of 
HCOO− to H2COO as this has the highest activation energy 
of the mechanism (Fig. 3) [34].

The second proposed mechanism involves the utiliza-
tion of the RWGS reaction in which CO acts as the main 
intermediate in the pathway to form methanol [35]. This 
mechanism involves the initial adsorption of a HOCO spe-
cies that binds to the surface of the catalyst through a single 
O atom, as compared to the two O atoms in the case of the 
formate intermediate. As a result, the adsorbed HOCO spe-
cies is less stable than that in the formate pathway and is 
less favored. However, calculations have predicted that the 
formate species may poison the surface of the catalyst over 
time, resulting in an increased use of the CO pathway instead 
[31]. Additionally, the formyl (HCO−) intermediate that is 
part of the CO pathway was observed to be quite unstable 
and prefers to dissociate back into CO and H2, indicating 
that this pathway occurs on a much smaller scale than that 
of formate.

The third and more recent mechanism is proposed 
to occur via the formation of trans-COOH in place of 
HCOO− on the surface of the catalyst due to the presence of 
H2O formed on the catalyst surface from both the RWGS and 
CO2 to methanol reactions [36]. Observations concluded that 

the presence of water lowered the activation barrier associ-
ated with the formation of trans-COOH and thus indicated 
the formation of trans-COOH as being more thermodynami-
cally favorable than the HCOO pathway.

The hydrogenation of CO2 to methanol requires a tran-
sition metal catalyst supported on a metal oxide. Copper 
is the most commonly found catalyst used in this reaction, 
and Zn or ZnO supports are commonly seen as well. It has 
been experimentally shown that Cu on its own can catalyze 
the reaction, but the presence of Zn and ZnO significantly 
increases the production of methanol [33]. Studies have 
shown that Cu catalysts with Zn/ZnO supports are prefer-
able for the HCOO− mechanism [31]. Fujitani et al. studied 
the effects of Zn on catalysis with Cu to determine the pres-
ence of active sites [37]. Experimental results concluded 
that metallic Cu was the main active site for the formation 
of HCOO− from CO2, but Cu on its own was not enough to 
catalyze the reaction further. The addition of Zn facilitated 
the hydrogenation of HCOO− by stabilizing the molecule 
and providing support for further addition of H atoms, indi-
cating that the Cu–Zn sites were key in the completion of 
the reaction through the formate pathway. It was also seen 
that the presence of Zn resulted in the formation of ZnO 
sites which additionally increased the rate of production of 

Fig. 3   Reaction mechanism for the formate pathway of CO2 hydrogenation to methanol
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methanol, indicating that surface O atoms may also play 
a role in further catalytic activity [32, 37]. While metallic 
Cu (Cu0) is the main factor in initially catalyzing the CO2, 
it is also believed that Cu+ sites potentially contribute to 
increased methanol production [37].

4.2 � Methanol to DME

DME synthesis from methanol requires an acidic catalyst 
such as a zeolite or γ-Al2O3 as the acidic hydroxyl groups 
on the surface of the catalyst are utilized for the dehydra-
tive coupling of methanol over acid sites. Past production 
of DME has often occurred with liquid methanol as the 
reactant, but the use of gaseous methanol has become more 
widely accepted due to higher efficiency and better eco-
nomic feasibility [38]. Several reaction mechanisms have 
been suggested to produce DME from methanol [38, 39] 
over the acid sites of zeolite/acid catalysts. While no single 
route has been proven accurate, three main mechanisms are 
currently accepted as potentially occurring in the reaction.

The first and most probable mechanism for zeolite-like 
catalysts (A) involves the associative adsorption of methanol 
molecules on bridging hydroxyl groups through hydrogen 
bonding (Fig. 4). These bridging hydroxyl groups between 
Al and Si atoms are typical of surface Brønsted acid sites 
(BAS) on zeolites and allow for multiple gaseous methanol 
molecules to hydrogen bond and in turn interact with each 
other to produce DME and water [38].

Another mechanism (B) has been proposed for zeo-
lites, alternatively involving the dissociative adsorption of 
methanol molecules through dehydration and the formation 
of methoxy groups bonded to the oxygen atom of surface 
hydroxyl groups (Fig. 5). The methanol molecule displaces 
the proton of the hydroxyl group to form water and a sur-
face methoxy group. This then reacts with another methanol 
molecule to form DME as a product and reform the surface 
hydroxyl group [38].

The final proposed mechanism (C) is more applicable 
to other catalysts such as γ-Al2O3 in which acid sites are 
often terminal hydroxyl groups (Fig. 6). This pathway again 
details the dissociative adsorption of methanol molecules 
which begins through hydrogen bonding and leads to the 
formation of a surface methoxy group on an open Al atom 
and the displacement of the entire hydroxyl group to form 
water. This methoxy group reacts with another methanol 
molecule to form DME and the remaining hydroxyl group 
attaches back to the surface in the terminal position [38].

Both mechanisms A and B are possible in zeolite-cata-
lyzed reactions involving BAS, but theoretical calculations 
have shown that the associative pathway A is much more 
likely to occur and thus is highly favored due to the sig-
nificantly endothermic nature of mechanism B [40]. It has 
been shown that hydrogen bonding occurs during the pro-
cess, which again favors mechanism A, but surface methoxy 
groups have also been detected during the reaction, indi-
cating mechanism B is still present to some degree [38]. 
Due to the generally different composition of γ-Al2O3 and 

Fig. 4   (A) First proposed 
methanol to DME pathway 
(associative adsorption)

Fig. 5   (B) Second proposed 
methanol to DME pathway (dis-
sociative adsorption)

Fig. 6   (C) Third proposed 
methanol to DME pathway 
(terminal hydroxyl groups)
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other similar catalysts with high concentrations of terminal 
hydroxyl groups and high Al content, the reaction is believed 
to occur mainly through the dissociative pathway C instead. 
In summary, the involvement of BAS on zeolites highly 
favors the associative pathway, while Lewis acid sites seen 
on alumina-based catalysts (γ-Al2O3) are much more likely 
to favor the dissociative pathway of methanol dehydration.

5 � Catalyst Studies

Table 1 summarized some typical catalysts studied in this 
work.

5.1 � Methanol Synthesis Catalysts

5.1.1 � Metal Oxide

As previously mentioned, CO2 hydrogenation to methanol 
often occurs over a Cu–Zn catalyst with common modifiers 
such as Zr and Al [24, 41–53]. The CuO–ZnO–Al2O3 cata-
lyst combination is currently the most commonly utilized 
in industrial applications. The CuO–ZnO–Al2O3 and other 
metallic catalyst functions are mostly prepared by co-precip-
itation that is achieved through the use of aqueous metallic 
solution precursors that are combined and then precipitated 
into a single homogeneous solid. While the effect of Al on 
the catalyst is still not fully understood, it has been thought 
to act as a structural promoter that improves both catalyst 
morphology and stability. Additionally, it has been shown 
that Al3+ modifies the ZnO lattice structure by occupy-
ing substitutional sites [54]. It is reported the presence of 
Al3+ ions substitutes into the ZnO lattice and significantly 
improves conductivity, allowing for increased interaction 
with H2 and O2 molecules and thus a more efficient reaction.

Other promoters (Ga, Cr, etc.) have also been proposed 
for CO2 hydrogenation in hopes of similar methods of action 
as has already been proven for Al [54, 55]. In particular, 
Ga3+ has shown promise in providing a similar promotional 
quality through the reduction of ZnO sites. While Al3+ 
(ionic radius of 0.39 Å) is incorporated into the ZnO lat-
tice through substitutional sites, Ga3+ is present in a similar 
fashion through octahedral interstitial sites, as its larger ionic 
radius (0.47 Å) means it occupies a larger volume within the 
lattice structure. Both the Al3+ and the Ga3+ dopants result 
in a lowered reaction activation energy, facilitating the use of 
H2 in the reaction as well as the adsorption of CO2 and other 
intermediates through structural promotion [54].

Zr-promoted catalysts have also been studied to a larger 
extent than many others and are generally accepted to have 
greater performance than the traditional CuO–ZnO–Al2O3 
catalysts [56, 57]. This increased performance is generally 
attributed to the lowered water adsorption induced by the 

weak hydrophilic nature of ZrO2 and increased Cu disper-
sion seen after the addition of ZrO2 into the catalyst lattice. 
Higher levels of Cu dispersion are correlated with a larger 
interaction and formation of Cu–ZnO active sites, theo-
retically increasing catalyst activity. Mn has been similarly 
studied as a catalyst additive by Ateka et al. in combination 
with SAPO-18 as the acidic catalyst function [56]. Both Zr 
and Mn doped catalysts showed higher performance than 
the traditional alumina, and Mn showed an even larger Cu 
dispersion effect than that of Zr, indicating promise for use 
as an additive (Fig. 7). The much lower cost of Mn nitrate 
as compared to Zr nitrate presents the possibility of the 
CuO–ZnO–MnO catalyst having an economical advantage 
in potential industrial implementation [56].

5.1.2 � Noble Metals

The effect of noble metals (e.g. Rh, Au, Pd) on Cu–Zn cata-
lysts has also been investigated [58–60]. Fierro et al. studied 
the effect of the addition of Pd to the Cu–Zn catalyst back-
bone through two precipitation methods for the production 

Fig. 7   Selectivity and yield of methanol for Zr and Mn modified cata-
lysts [52]



Topics in Catalysis	

of methanol from CO2 [58]. It was shown that the co-precip-
itation method was quite detrimental to catalyst performance 
(most likely due to the difference in phases of the Cu and Zn 
precursors), but the sequential precipitation catalyst demon-
strated improved methanol selectivity and yield compared 
to the base Cu–Zn catalyst [58]. Another study was done in 
regards to Au-doped Cu–Zn–Al catalysts in which a small 
amount of Au (1 wt.%) added through deposition–precipita-
tion resulted in higher methanol yield (4.2% by mass) than 
the traditional catalyst without doping (3.75% by mass) [59]. 
Rh was also theoretically tested in place of Zn in a Rh–Cu 
catalyst alloy using density functional theory (DFT) calcu-
lations and modeling [60]. The models indicated CO2 and 
intermediates adsorbed more easily in the presence of the Rh 
sites, suggesting higher performance compared to pure Cu 
(no comparison was made with Cu–Zn combinations how-
ever). In general, the addition of noble metals to Cu/Cu–Zn 
surfaces has been observed to have positive effects, with the 
success of many still not fully understood, but the high cost 
of materials may hinder this method’s effectiveness in future 
practical applications.

Although Cu has been traditionally used in most applica-
tions of CO2 to methanol production, problems with stability 
and sintering have prompted research on a number of non-
Cu catalysts. Previous studies have been centered largely 
around noble metals supported on previously seen supports 
such as Zn and Zr [6, 61–63]. Pd is the most common noble 
metal used in such applications, with Pd–Zn combinations 
often taking the forefront of research [6, 61]. Although 
on the lower end, these catalyst combinations have shown 
methanol yield values comparable to other Cu-based cata-
lysts [6]. Other supports have also been studied, such as the 
Pd–In2O3 catalyst synthesized by Rui et al. that achieved 
over 80% methanol selectivity and 14.4% yields [62]. Wu 
et  al. reported Au supported on ZrO2 at comparatively 
low temperature and achieved 73% methanol selectivity at 
180 °C [63].

5.1.3 � Non‑noble Metal Bases

More recently, non-noble metals have been tested as catalyst 
bases for CO2 to methanol, including Co, Mn, In, Ga, and Ni 
[64–70]. Cobalt (Co) is thought of as a promising alternative 
to noble metals due to its effect on limiting the RWGS reac-
tion, with certain studies showing 0% selectivity to CO [64]. 
Co and Co–Mn combinations have drawn some attention but 
currently have not produced methanol selectivity and yield 
values that surpass those of noble metals [64, 65]. In2O3 
has also been gaining traction as a potential substitute for 
noble metals due to its potentially similar RWGS-inhibiting 
action as Co and the formation of surface oxygen vacancies 

that result in active sites for CO2 adsorption. A combination 
catalyst of In2O3–Co3O4 has promising CO2 conversion and 
methanol selectivity that closely matches productivity of the 
Pd–In2O3 noble metal catalyst described above (methanol 
yield of just under 13% with 75–80% methanol selectivity) 
[69]. In2O3 has also been tested on ZrO2 support as well 
as in combination with Ga [66, 67]. In2O3 impregnated on 
ZrO2 had promising results with methanol selectivity of 
almost 80%, while In2O3 co-precipitated with Ga resulted 
in fairly low methanol yields [66, 67]. Ni was additionally 
integrated with Ga in one study and provided interesting 
results: approximately 100% conversion to methanol that 
was comparable to the original Cu–Zn combination. The 
presence of Ni itself was suggested to facilitate the RWGS 
reaction but it was poisoned by CO. The Ga sites promote 
only the conversion to methanol, and the poisoning of the 
Ni sites indicates the only prominent reaction is the creation 
of methanol from CO2, meaning the overall prevalence of 
the RWGS reaction in this Ni–Ga catalyst is potentially less 
than that of the traditional Cu–Zn examples [68]. However, 
when Ni was combined with In2O3 and Al2O3 and promoted 
with different lanthanides, CO2 conversion, and methanol 
selectivity were drastically lower in comparison [70]. The 
addition of lanthanides proved to increase catalyst productiv-
ity slightly due to a decrease in surface basic sites, but not 
enough to match the aforementioned or traditional catalyst 
combinations.

5.1.4 � Carbon‑Based Materials

Certain carbon-based materials such as nanorods and gra-
phene aerogel are also being considered as potential supports 
and additives for the CO2 to methanol catalysts [71, 72]. 
Zhang et al. detailed the formation of a polymer nanorod 
with Cu–Zn framework for effective formation of methanol 
with ideal metal dispersion and support.

Zeolitic imidazolate frameworks-8 (ZIF-8) was used as 
the primary template which was then impregnated with Cu 
and substituted with 1,3,5-benzenetricarboxylic acid (BTC) 
to create the desired nanorod structure. This nanorod struc-
ture resulted in a much less drastic decrease in methanol 
selectivity with an increase in temperature as compared to 
the co-precipitated Cu–Zn catalyst, and the catalyst demon-
strated high stability even after 280 h of use [71]. Graphene 
oxide aerogel was also used as a support for the Cu–Zn cata-
lyst due to the much larger surface area of graphene aero-
gel as compared to many other suggested supports (Fig. 8). 
Catalysts contained a wrinkled 3D lattice impregnated with 
Cu–Zn, resulting in very high surface area and thus a large 
number of active sites that largely increased methanol yield 
compared to other traditional catalysts [72].
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5.1.5 � Metal–Organic Framework

Metal–organic framework (MOF) was also employed for 
methanol synthesis, for example, Cu enhanced MOF. Zr-
based UiO-66 incorporating Cu via crystal encapsulation 
was further employed for methanol synthesis [73], which 
demonstrated 100% methanol selectivity but low overall 
yield due to poor CO2 conversion of around 1.5%.

5.2 � DME Synthesis Catalysts

5.2.1 � γ‑Al2O3

As mentioned previously, the second step of the reaction 
often takes place over acidic catalysts such as γ-Al2O3 or 
ZSM-5. Alumina-silicate based γ-Al2O3 is generally con-
sidered the “traditional” most commonly used catalyst for 
this step, as it possesses high surface area, good thermal 
stability, and the presence of weak- to medium-strength 
acid sites that facilitate the production of DME [41, 42]. 
γ-Al2O3 is also inexpensive and currently industrially used 
as a methanol-to-DME catalyst. However, γ-Al2O3 often 
requires high temperatures to produce high yields of DME, 
and the hydrophilic character of the catalyst results in water 

adsorption that effectively poisons the catalyst and results in 
a drop in productivity. As such, zeolite catalysts have been 
more recently suggested as replacements for the production 
of DME.

5.2.2 � Zeolites

Zeolites are aluminosilicate based materials in the form 
of a lattice in which aluminate and silicate ions are bound 
with oxygen atom links. These materials contain pores 
which often facilitate the reactions by directing the reac-
tants through the pore channels. Zeolites contain both Brøn-
sted and Lewis acid sites, both of which can facilitate the 
dehydration of methanol to DME, but Lewis acid sites are 
generally more successful due to their lower overall acidity 
(less harsh conditions). These porous materials often have 
high surface areas which has a positive effect on the DME 
yield. The most commonly suggested is ZSM-5, often pre-
sented in the H-form [6, 24, 25, 41–43, 51, 74–80]. The 
choice between γ-Al2O3 and HZSM-5 is often debated 
since HZSM-5 has less hydrophilic character and thus is 
not majorly affected by the adsorption of water; however, 
the zeolite’s stronger acidic sites sometimes result in the 

Fig. 8   Schematic for the production of Cu–Zn supported on graphene aerogel [68]
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formation of hydrocarbon byproducts and coke deposits that 
may hinder overall productivity.

Many studies have been done with the final goal of 
improving the productivity and physical properties of 
ZSM-5 and other zeolites. For example, HZSM-5 and other 
zeolites were halogenated with either fluorine or chlorine (in 
an attempt to increase acidity) and subsequently subjected to 
ultrasonic irradiation to investigate the effects of halogens 
and irradiation on catalyst performance [81]. It was found 
that the impregnated catalysts had improved DME yield with 
both chlorine and fluorine compared to the base zeolites due 
to an increase in the number of BAS (chlorine or fluorine 
preference depended on the specific catalyst). Additionally, 
ultrasonication generally improved DME yield for all chlo-
rinated catalysts but not as much for the fluorinated coun-
terparts, most likely due to increased surface area and pore 
volume on the chlorinated catalyst combinations.

Other zeolites such as FER-, MFI-, and MOR-type cata-
lysts have been studied as alternatives with various results 
[45–48]. The FER-type catalysts have generally demon-
strated higher productivity than the other two (attributed 
to a more uniform surface spread of metal oxides as well 
as higher acid capacity), with DME yield of up to 18.1%. 
Following the zeolitic catalyst trend, water adsorption was 
insignificant, and the FER catalysts in particular have shown 
less coke formation as a whole when compared to others 
[45–48].

5.2.3 � Heteropolyacids

Heteropolyacids (HPAs) have been gaining attention as 
acidic function catalysts due to their high Brønsted acid-
ity, allowing for higher productivity and catalytic activity 

at lower reaction temperatures (Fig. 9) [82–88]. HPAs most 
commonly has the form HnXM12O40 where X is the heter-
oatom (P5+ and Si4+ are common), and M is a transition 
metal (typically Mo6+ or W6+). Since HPAs have very 
low comparative surface areas, they are often supported 
on another material such as TiO2 or boron nitride (BN) 
to increase surface area and thus also catalytic activity. 
H3PW12O40 (HPW) and H4SiW12O40 (HSiW) take the fore-
front of HPA research, with TiO2, SiO2, and ZrO2 being 
the most effective supports on which these HPAs are imple-
mented. Alharbi et al. investigated both HPW and HSiW 
on SiO2 and TiO2 supports [84]. In general, HPW showed 
slightly higher conversion and SiO2 provided the most effec-
tive support, with the higher surface area being directly cor-
related to increased methanol conversion. The most success-
ful catalyst achieved 24% methanol conversion (surface area 
of 213 m2/g), DME selectivity of all combinations remained 
at 100%. In a support-oriented study, HSiW was solely tested 
on six different support surfaces in comparison to the bulk 
acid [85]. TiO2, SiO2, and ZrO2 were proven more effec-
tive catalyst supports, with TiO2 and SiO2 claiming higher 
methanol conversion but with TiO2 and ZrO2 showing higher 
DME production rates overall (highest methanol conversion 
was 90% and all catalysts demonstrated 100% selectivity 
for DME). As expected, the supported HPAs were more 
effective than the bulk catalysts due to higher surface area 
and better dispersion of HPA unit sites. When compared to 
γ-Al2O3, HPA productivity was drastically higher at its most 
effective temperature, as the alumina-based catalyst requires 
higher temperatures (above 200 °C) while HPAs function 
best at lower temperatures (180–200 °C). A study on differ-
ent HPA loadings solely on TiO2 was done with both HPW 
and HSiW catalysts, concluding that an HPA loading of 

Fig. 9   Methanol conversion and DME production for different HPA supports [81]. (https://​creat​iveco​mmons.​org/​licen​ses/​by/4.​0/​legal​code, no 
changes made)

https://creativecommons.org/licenses/by/4.0/legalcode
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around 4.5 HPA units/nm2 had the highest methanol con-
version for both of the investigated HPAs [83]. In contrast, 
Schnee et al. focused on BN as a support for HPW catalyst in 
comparison to the TiO2 support [82]. It was discovered that 
the HPW interacts differently on the surface of the BN as 
compared to the TiO2, forming exclusively strong acid sites 
on the BN in contrast with the majority medium strength 
acid sites on the TiO2 surface. This resulted in higher over-
all activity on the BN-supported catalyst, indicating more 
options to be investigated as an alternative for the more com-
monly used supports (e.g., TiO2).

5.2.4 � Silicoaluminophosphates

In a matter more similar to zeolites, certain silicoalumi-
nophosphate (SAPO) catalysts have been experimentally 
implemented as the acidic catalyst function in this reaction 
process [89, 90] (e.g. SAPO-18, SAPO-34, etc.), but the 
most promising as of the present is SAPO-11. This catalyst 
contains micropore volume of 0.0498 cm3/g and weak acidic 
sites that promote the production of DME without hydrocar-
bon or coke formation [90]. When studied in comparison to 
other SAPO catalysts (SAPO-18), SAPO-11 demonstrated a 
significantly higher yield of DME in the ideal reaction tem-
perature range due to high density of weakly acidic sites and 
a porous structure that limits coke or hydrocarbon formation. 
Additionally, SAPO-11 has been used in combination with 
CuO–ZnO–ZrO2 metallic function for direct production of 
DME from CO2 and had slightly higher value of DME yield 
(~7.2%) and somewhat better stability than that of the tested 
control of CuO–ZnO–ZrO2/HZSM-5 [90]. The performance 
of this SAPO-11 catalyst was even further enhanced with 
the discovery of a method to create nano-sized SAPO-11 
crystals that result in more efficient DME production [89]. 
Ethanol was used as both a solvent and a growth modifier in 
order to grow smaller nano-SAPO-11 crystals. The smaller-
sized catalyst results in a larger surface area on which the 
reaction can be further promoted, resulting in better pro-
ductivity than both the traditional (micro) SAPO-11 cata-
lyst as well as γ-Al2O3 examples. The nano-SAPO-11 had 
much higher methanol conversion (80%) at lower tempera-
tures (~290 °C) and continued this high level of conversion 
over a larger temperature range (290–400 °C) than both the 
micro-SAPO-11 as well as the γ-Al2O3. DME selectivity 
was comparable between all three at lower temperatures, 
but the nano-SAPO-11 was also characterized by maintain-
ing higher selectivity over a broader temperature range than 
both other catalysts [89].

5.2.5 � Other Silica‑Based Materials

Certain silica-based materials have been suggested as addi-
tives for typical zeolite catalysts like HZSM-5. A noticed 

issue with HZSM-5 as a catalyst is its microporous struc-
ture: it contains micropores (~0.5 nm) that are subject to 
decreases in reaction rate due to blockage with reactants and 
by-products [91]. Because to the diameter of the pores being 
similar to the size of the molecules, diffusion of the reactants 
and formed DME is limited, and catalytic activity is lost over 
time. Thus, materials that have somewhat larger pore sizes 
would be more suitable for DME synthesis over longer reac-
tion times. One such proposed material is the silica-based 
MCM-41. This material, however, comes with disadvantages 
of its own, such as very low acidity. Tang et al. proposed a 
solution to this by integrating MCM-41 with HZSM-5 to 
create a molecular sieve that could promote a better pore size 
distribution while maintaining a reasonable level of acidity 
from the HZSM-5 [91]. When tested in parallel with pure 
HZSM-5, it was shown that conversion and selectivity with 
the zeolite alone dropped significantly over time and with an 
increase in temperature, while the MCM-41/HZSM-5 hybrid 
maintained conversion and selectivity incredibly well over 
the same measures, bringing forward a suitable method for 
increasing HZSM-5 stability and lifetime.

Similar to HPAs mentioned above, some attempted 
combinations of acidic catalysts involve the main substitu-
ent supported onto another material, primarily ZrO2. The 
most plausible combinations often include SO4

2− or WOx 
compounds [50, 52, 92, 93]. Sulfonated zirconia is the most 
commonly seen out of these two combinations due to the 
generally strong acidity of SO4

2− when supported on ZrO2. 
Witoon et al. investigated the effects of sulfur loading on the 
sulfonated zirconia catalysts to identify the tendencies of 
SO4

2− on the ZrO2 surface [92]. At lower sulfur contents, it 
was shown that the sulfate-induced the zirconia surface into 
acting as weaker Lewis acid sites, while higher sulfur con-
tents resulted in protonated sulfates acting as stronger BAS. 
The weaker acid sites on the lower sulfur loadings were 
more active at higher temperatures, but the stronger acid 
sites for higher sulfur loadings resulted in much higher cata-
lytic activity, with 20 wt.% having the highest DME yield 
overall at 260 °C. Temvuttirojn et al. supported SO4

2− onto 
high surface area mesoporous ZrO2 to increase the cata-
lyst surface area [52]. Although still on the lower end, this 
method produced a 4.4% DME yield with quite successful 
catalyst stability.

5.2.6 � Metal Oxide Supports

WOx compounds have been supported similarly in several 
studies [50, 93]. The WOx compounds do not afford the 
same acidic ability as the SO4

2−, but when supported on 
ZrO2, the W groups are often more stable and more resist-
ant to interactions with water during the reaction. The WOx/
ZrO2 combination was studied in parallel with the traditional 
CuO–ZnO–ZrO2 for the direct production of DME from CO2 



Topics in Catalysis	

and demonstrated a reasonable DME yield of 6.9%, higher 
than that of the SO4

2− catalysts [50]. Additionally, the cata-
lysts had very high stability, with practically no decrease 
in production over 48 h. In a different approach, WOx was 
instead supported on an unmodified Al2O3 acidic catalyst 
and again combined with CuO–ZnO–ZrO2 for the direct 
reaction [93]. Unfortunately, this combination only produced 
a 2.9% DME yield and lowered stability due to coke forma-
tion and the adsorption of water.

Niobium oxide acid catalysts have also been attempted 
[94]. Niobic acid has been proven to act as an effective acid 
catalyst in certain reactions, and the dispersion of different 
niobium oxides on supports tends to form distorted octahe-
dral and other geometric structures that favor the formation 
of both Lewis and BAS. A study analyzed different niobium 
loadings in a Nb/TiO2 catalyst for methanol dehydration 
which yielded the highest values of 11.3% CO2 conversion 
and 93% DME selectivity at the highest loading [94].

5.2.7 � Methyl Carboxylate Esters

Interestingly, one study detailed the addition of different 
methyl carboxylate esters as promoters in the methanol-
to-DME reaction [95]. Ester chain length was changed in 
the experiment to investigate the effects of longer chained 
esters on the reaction productivity, and all esters from 
methyl formate to methyl n-heptanoate were employed. 
It was shown that the esters did not interfere with the 
reaction and instead were very efficient promoters to 
increase DME yield. As chain length was increased, DME 
yield was also increased for all acidic catalyst examples 
(HZSM-5, H-MOR, etc.), with methyl n-hexanoate reach-
ing ~22% methanol conversion at upwards of 99% selectiv-
ity to DME. This reaction also proved thermodynamically 

intriguing as it was conducted at 150 °C (423 K), a much 
lower temperature than is generally required for all other 
catalysts mentioned. As chain length increased further, 
there was no discernable increase in DME production. 
Using the esters as promoters was proven even more 
advantageous because the specific esters can be switched 
easily with no unwanted effect on the reaction due to the 
readily reversible nature of the promotion (Fig. 10).

5.2.8 � Mineral Clays

As a final category of acid catalyst options, there have 
been several studies that investigate the use of mineral 
clays for the conversion of methanol to DME [96–98]. In 
general, these clays come in the form of natural zeolites 
such as kaolinite or diatomite. The zeolite-like composi-
tion of these clays resulted in similar activity compared to 
the zeolites that are used industrially. Although kaolinite 
and diatomite have been tested without modifications as 
catalysts, results have been reported lower reactivity moti-
vating research for supported and enhanced clay catalysts. 
Of note, kaolinite clay was impregnated with different 
loadings of cobalt and tested directly for the methanol-to-
DME reaction. The catalyst showed promising methanol 
conversions of between 60% and 80% as well as DME 
selectivity of up to 95% (at 350 °C) [96]. From a more 
thermodynamically feasible standpoint, methanol selec-
tivity was close to 25% with 100% DME selectivity at 
250 °C. While not geared for the production of DME as 
this paper entails, another study was conducted in which 
CuO–ZnO was supported on kaolinite and then physically 
mixed with SAPO-34 for the direct conversion of CO2 to 
light olefins [97]. The composition of this catalyst is very 

Fig. 10   DME yield and methanol conversion of mixed feeds of methanol and different methyl carboxylate esters [95]
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similar to those employed for CO2 to DME reactions, and 
the promising yield of 20–40% indicates that similar cata-
lysts could be devised for the DME pathway as well.

5.3 � Miscellaneous

To minimize the negative implications of the formation 
of water on catalysts in the reaction system, a different 
approach has also been proposed which entails a mem-
brane-fitted reactor, in turn allowing for more optimized 
catalyst performance. Rodriguez-Vega et  al. created 
a membrane reactor setup that utilized an LTA zeolite 
membrane for the elimination of water and by-products 
from the reaction chamber [99]. The reaction employed a 
physically mixed CuO–ZnO–ZrO2/SAPO-11 and achieved 
DME yields of 15–20%. The membrane reactor demon-
strated effective elimination of water that allowed for 
higher catalyst performance than the same reaction setup 
run identically without the membrane, indicating promise 
as an alternative setup for the CO2 to DME reaction.

6 � Bifunctional and Hybrid Catalyst Systems

The preparation of the catalyst for the hydrogenation 
of CO2 to DME plays a crucial role in the scalability 
of the reaction for industrial applications. As the reac-
tion generally takes place in two steps with methanol as 
the intermediate, there have been several applied tech-
niques for the combination of the two catalyst functions 
into a single working catalyst for a one-pot synthesis. 
As mentioned earlier, a single bed with the use of the 
combined catalyst helps lower operating and capital costs 
and improves efficiency as compared with a multi-bed 
reactor system. Moreover, the integration of metal and 
acid sites into one catalyst reduces thermodynamic limita-
tions in methanol synthesis which results to higher CO2 
conversions and DME selectivity. The current strategies 
for the combination of the metal and acid catalyst compo-
nents can be separated into two categories: bifunctional 
and hybrid. The distinguishing factor between these two 
forms of catalysts is the physical or chemical combination 
between the two functions; in bifunctional catalysts, the 
metallic and acidic functions are physically mixed, while 
hybrid catalysts are chemically mixed (often through co-
precipitation). Bifunctional catalysts contain dispersed 
acid and metal active sites that are not in direct contact 
with each other, thus maintaining the two-step process 
of CO2 to methanol and subsequently methanol to DME. 
In comparison, closer contact of metal and acid sites is 
characteristic of hybrid catalyst combinations and the two 
often work in parallel to create a “one-step” reaction in 

which CO2 is converted practically directly to DME due 
to the two reaction steps working concurrently in very 
close proximity.

6.1 � Bifunctional Catalysts

The most commonly applied method of producing bifunc-
tional catalyst is physically mix the metal and acid catalyst 
(HZSM-5, γ-Al2O3, etc.) to form a combination powder 
catalyst that can be pelletized for convenience. Since no 
chemical reaction occur during the mixing process, more 
active sites can be exposed and well dispersed using this 
method. As the most used bifunctional catalysts prepara-
tion method, it has been studied further than other examples 
of catalyst combinations. Physically mixed catalysts have 
demonstrated the highest DME yield overall (as shown in 
Table 1) [24, 41]. CuO–ZnO–Al2O3/HZSM-5 mixture shows 
the best performance with DME yield of 85.4% but required 
high temperature and high pressure (see Table 1), which 
is the main obstacle stopping the possibility of industrial 
application [24]. However, other tests with similar physically 
mixed catalysts have shown DME yield of up to 65% with 
milder reaction temperatures and pressures (5 MPa, 260 °C) 
[41] (Fig. 11).

A unique method of bifunctional catalyst synthesis has 
also been developed, involving a core–shell capsule design in 
which one of the catalyst functions is the core and is coated 
with the second function that acts as the shell [100–104]. 
These catalysts can be prepared through different methods 
such as physical coating, impregnation, surface infiltration, 
and hydrothermal synthesis, where either the metallic func-
tion acts as the core [100, 101, 103], or the inverse in which 
the acidic function is coated with the metallic [102, 104]. 
The design of the core–shell catalysts promotes a synergetic 

Fig. 11   CO2 conversion and DME selectivity for physically mixed 
CuO–ZnO–Al2O3/HZSM-5 (highest recorded catalyst DME yield) 
[18, 23]
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combination of metal and acid active sites that improves the 
catalyst function more than the traditional physically mixed 
counterparts.

MOF were also tested in a bifunctional catalyst system 
in which silicotungstic acid (STA) was supported on UiO-
66 MOF and physically mixed with Cu for the conversion 
of syngas to DME. While the method was plausible (1.99% 
CO conversion and 69.3% selectivity to DME), the overall 
yield was still less than that of the baseline Cu–ZnO/γ-Al2O3 
physically mixed counterpart (10.15% CO conversion and 
43.02% selectivity to DME) [105].

6.2 � Hybrid Catalysts

Although more recently implemented, hybrid catalysts for 
the conversion of CO2 to DME have gained more traction as 
of the present day. Despite the growing interest and utiliza-
tion of these hybrid catalysts, progress in their studies has 
been slower due to the increased importance of the chemical 
composition of hybrid catalysts. Due to the proximity of the 
metal and acid sites, the correct ratio must be achieved to 
develop the desired dispersion and surface properties that 
these active sites can afford. Hybrid catalysts are often syn-
thesized using different methods of precipitation or impreg-
nation to chemically incorporate both functionalities into a 
homogeneous catalyst. Hybrid catalysts for DME produc-
tion from CO2 have not yet achieved DME yields compara-
ble to those of the best physically mixed catalysts but have 
successfully demonstrated DME yield of up to 36% with 
reasonable reaction conditions (4 MPa, 275 °C) [42]. This 
CuO–ZnO–Al2O3/NaHZSM-5 catalyst also had the posi-
tive characteristic of relatively low CO production as a by-
product (8.2%). Other co-precipitated catalyst combinations 
reached DME yields of around 20% [44, 75]. When compar-
ing co-precipitation with deposition, results are generally 
mixed and depend on the specific catalyst being used.

In order to improve the spread of the active sites within 
hybrid catalysts, carbon nanotubes have been studied as sup-
ports through precipitation methods with both functions of 
the combined catalyst [43, 78, 106]. These carbon nanotubes 
(Fig. 12) allow for a more uniform surface characterization 
due to their nature as effective supports, which allows for 
a more productive connection between the more dispersed 
metal and acid active sites. The carbon nanotube catalysts 
synthesized through co-precipitation of both metallic and 
acid functions in parallel with the nanotubes show com-
petitive DME yields (9.8%) when modified with Pd [78]. 
Although the final catalyst was physically mixed, another 
study detailed a CuO–ZnO–Al2O3/HZSM-5 catalyst in 
which both the metallic and acidic functions were separately 
co-precipitated with carbon nanotubes before being physi-
cally mixed together [43]. This catalyst outputs a remarkably 

high DME yield value of 20.9%, which was higher than that 
of the identically produced catalyst without the presence of 
nanotubes (Fig. 13).

HPA systems have also been employed for direct pro-
duction of DME from CO2 by combination with typical 
metallic catalysts [86, 87]. Millán et al. reported that lower 
loadings of HPW showed much lower DME yields than 
the typical CuO–ZnO–Al2O3/HZSM-5 combination, how-
ever, the 2.7 monolayered HPW exhibited a higher DME 
yield and a lower deactivation rate than that of the more 
established catalyst. In a different approach, HPW and 
H3PMo12O40 (HPMo) were layered onto montmorillonite 
K10 clay as support and physically mixed with CuO–ZrO2 
metallic component for CO2 to DME conversion [87]. The 

Fig. 12   Transmission electron microscopy image of CuO–ZnO–
Al2O3 supported on carbon nanotubes [39]

Fig. 13   CO2 conversion, selectivities of products, and DME yield for 
carbon-nanotube-supported CuO–ZnO–Al2O3 at different catalyst 
masses [39]
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highest DME yield values were observed under HPW-
combinations, but yields were still on the lower end when 
compared to the traditional zeolite/γ-Al2O3 catalysts (high-
est yields between 2% and 3%). Yu et al. studied a unique 
approach to HPA catalyst combinations, using Cu and Fe 
HPA salts [88]. Catalysts were synthesized through a sim-
ple replacement reaction and demonstrated 100% DME 
selectivity from methanol up to 250 °C (Fig. 14). All salts 
showed greater catalytic stability than the pure HPAs, with 
CuSiW and FeSiW salts showing the slowest deactivation 
and fairly high continued productivity (>65% methanol 
conversion) after 120 h. Taken together, HPA-based cata-
lysts are very interesting candidates for DME production, 
as they have demonstrated potential for high DME yields 

as well as operation at lower temperatures, indicating a 
better potential outlook in industrial use.

7 � Challenges

The method of combining the two catalyst functions for the 
direct conversion of CO2 to DME presents new obstacles to 
large scale implementation, as the mixing of the two cata-
lysts must be done very specifically in order to maximize 
production. The method of mixing, size of the metal par-
ticles, and the acidic catalyst used are all important factors 
that must be considered, as a change in any could drastically 
affect the production of DME [107].

Fig. 14   Conversion and selectivities for Cu and Fe HPA salts compared to base HPAs [84]. (https://​creat​iveco​mmons.​org/​licen​ses/​by/4.​0/​legal​
code, no changes made)

https://creativecommons.org/licenses/by/4.0/legalcode
https://creativecommons.org/licenses/by/4.0/legalcode
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A challenge that presents itself with the Cu-based cata-
lysts for the methanol production step is the potential sin-
tering of Cu and other metals at high temperatures. Cu 
has generally been shown to sinter at temperatures of over 
300 °C and thus any reaction must be kept safely under this 
threshold to ensure the continued stability and production of 
this catalyst function over longer periods of time [108, 109].

The main challenge seen with zeolite-type catalysts such 
as ZSM-5 for the methanol to DME step is the potential 
deactivation over time due to coke deposits and ion migra-
tion. As mentioned previously, the microporous zeolite 
surface allows for molecules (by-products) to become 
trapped within the pore channels and deactivate the cata-
lyst over time, possibly through coke formation or through 
pore blockage. When mixed with the metallic function, ion 
exchange between the metallic and zeolitic active sites is 
also possible, which has been seen to potentially impair 
catalyst activity [110]. However, the deactivation from ion 
exchange has been largely reported only when using metal-
lic/zeolite mixtures for hydrocarbon/olefin formation and 
positive effects from the ion exchange have also been seen 
when using these catalysts for DME production [111].

Apart from catalyst stability, thermodynamic considera-
tions must also be evaluated for DME production. All cata-
lyst systems required temperatures of 200 °C and above to 
produce successful results, with the exception of the methyl 
carboxylate ester promoters, with higher temperatures and 
pressures generally correlating to higher DME yield. The 
challenge of implementing these catalysts (or newly discov-
ered alternatives) at lower temperatures can drastically influ-
ence the outlook on feasibility of implementation.

8 � Perspectives and Outlook

The combination of metal and acid functionalities into one 
catalyst offers improved thermodynamics in CO2 hydrogena-
tion. However, the low temperature requirement for high 
DME selectivity due to competing RWGS reaction also 
results in low catalytic activity. Hence, designing a cata-
lyst with high catalytic activity at low temperatures is an 
important challenge to overcome. Performing computational 
studies (e.g., DFT calculations, micro-kinetic modeling, etc.) 
would be a promising research direction to aid in finding the 
optimal catalyst combinations for CO2 to DME reactions. 
Additionally, significant insights on the reaction mechanisms 
and a deeper understanding of the role catalyst active sites 
could be obtained from these studies which would be ben-
eficial in designing high-performance catalysts. It is also 
important to consider that the catalysts should be stable in 
the presence of water as hydrogenation and RWGS reactions 
produce significant amounts of water.

Looking at the metallic catalysts, most of the studies 
presented focused on the use of Cu-based catalysts. How-
ever, given the exothermic nature of the reactions coupled 
with the susceptibility of Cu to sintering, it is imperative to 
explore different synthesis techniques or catalyst configura-
tions to minimize the catalyst deactivation. One possible 
method that can be further investigated is the encapsulation 
of the metal oxides in zeolites which may improve its stabil-
ity and prevent sintering [112].

Ensuring the stability of the acidic catalysts is also criti-
cal for a high-performing catalytic system. Zeolites have 
been mostly used as the acidic site for the CO2 hydrogena-
tion to DME, but its porous structure makes it susceptible 
to coke formation, and thus deactivation. A study by Arora 
et al. [113] showed that high-pressure H2 cofeeds minimizes 
coke formation in zeolites in methanol to hydrocarbons reac-
tions. Similarly, this can be tested as well on CO2 to DME 
reactions by changing H2/CO2 feed ratios. HPAs have also 
been shown to have slower deactivation rates compared to 
HZSM-5 and further improvements in its design to improve 
conversion and selectivity to DME could make it a promis-
ing acidic catalyst. The synergetic character of the active 
sites on hybrid catalysts has proven a very promising scope 
for the direct conversion of CO2 to DME, but the correct 
chemical compositions must still be evaluated through fur-
ther research to compete with the most productive physically 
mixed catalysts.

The use of data-driven computer modeling can also 
improve the experimental process over time by providing 
insight into reaction optimization and configuration. Reac-
tion kinetic modeling has been attempted and results were 
very promising when experimentally validated afterwards 
[114].

In an industrial perspective, performing process optimi-
zation or intensification considering current catalysts com-
binations, conversions, selectivity to DME, and catalyst 
lifetimes would be beneficial in determining other factors/
limitations that researchers must consider when designing 
their catalysts. Certain optimization processes such as recy-
cling the water produced within this reaction to be used for 
electrolysis (and thus the production of more H2) can add 
increased sustainability to the process and increase the merit 
of implementation. Additionally, an economic analysis of 
the CO2 to DME industry would provide an outlook on the 
conversion and selectivity that must be targeted for a feasible 
and sustainable process.

9 � Conclusions

Current progress on the combined catalyst system for CO2 
hydrogenation to DME has yielded promising DME yield 
values, with the highest at 85.4%. In general, extreme 
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reaction conditions (36 MPa and 300 °C) could result in 
higher DME yield. Despite this, several catalyst combina-
tions have demonstrated substantial production of DME 
even at milder reaction conditions, reaching up to 65% at 
5 MPa and 260 °C. Utilizing milder reaction conditions is 
pivotal to realizing the potential of CO2 to DME conver-
sion as an industrial process to reduce operational costs. 
As a whole, the CuO–ZnO–Al2O3 catalysts had more suc-
cess than any other combination, making up the entire top 
six catalytic results in terms of DME yield (see Table 1). 
All other catalysts yielded less than 20% DME. Under this 
threshold, DME yields observed for different systems are 
scattered, making it difficult to classify performance based 
on catalyst type. The CuO–ZnO–ZrO2 combination was 
the most utilized catalyst, having the second-best yields 
(19% DME) after CuO–ZnO–Al2O3. HZSM-5 was the 
most common acidic function catalyst, and its combination 
with CuO–ZnO–Al2O3 was successful overall. Addition-
ally, a majority of the acidic catalysts studied for the one-
pot synthesis were zeolites, and therefore, the conversion 
of CO2 to DME reaction have not been studied in great 
detail for other systems (e.g., heteropolyacids).

Concerning the preparation method of the mixed cata-
lysts, physical mixing provided higher DME yields. The 
co-precipitation method has been employed progressively 
for hybrid catalyst design, but the highest yield achieved 
in this method is 36%, leading to the conclusion that fur-
ther investigation is needed to bring hybrid catalysts into 
the realm of potential future applications. Overall, the 
one-pot synthesis of DME for CO2 holds promise, and 
a substantial amount of literature has been developed in 
this regard. Hybrid catalysts in which the active sites are 
closer in proximity can offer increased preparation effi-
ciency as well as a better yield if prepared correctly, and 
thus warrant further study. If an optimized catalyst system 
is prepared, its combination with DAC and other methods 
of clean CO2/H2 production can help us mitigate and find 
a solution for the greenhouse gas emissions that we are 
currently battling worldwide.
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