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Abstract: Hydrogenation of CO2 relative to valuable chemical compounds such as methanol or
dimethyl ether (DME) is an attractive route for reducing CO2 emissions in the atmosphere. In
the present work, the hydrogenation of CO2 into DME over CuO-In2O3, supported on halloysite
nanotubes (HNT) was investigated in the temperature range 200–300 ◦C at 40 atm. HNT appears to
be novel promising support for bifunctional catalysts due to its thermal stability and the presence of
acidic sites on its surface. CuO-In2O3/HNT catalysts demonstrate higher CO2 conversion and DME
selectivity compared to non-indium CuO/HNT catalysts. The catalysts were investigated by N2

adsorption, X-ray diffraction, hydrogen-temperature programmed reduction and transition electron
microscopy. The acid sites were analyzed by temperature programmed desorption of ammonia. It
was shown that CuO/HNT was unstable under reaction conditions in contrast to CuO-In2O3/HNT.
The best CuO-In2O3/HNT catalyst provided CO2 conversion of 7.6% with 65% DME selectivity
under P = 40 atm, T = 250 ◦C, gas hour space velocity 12,000 h−1 and H2:CO2 = 3:1.

Keywords: CO2 hydrogenation; dimethyl ether; indium oxide; copper-indium catalysts; halloysite
nanotubes; aluminosilicates

1. Introduction

Currently, global warming is considered as one of the global environmental concerns
along with air pollution. One of the reasons for these problems is the ever-increasing
emissions of CO2 in the atmosphere as a result of various industrial factories. In order to
address these issues, researchers are developing new methods to efficiently convert carbon
dioxide into valuable chemical materials. One of these methods include the hydrogenation
of CO2 to methanol or dimethyl ether (DME) [1]. The direct synthesis of DME is more
favorable than methanol due to thermodynamics [2], higher H/C ratio and non-toxicity.
The dimethyl ether (DME) is one of the most important chemicals due to its properties
and application in various fields. DME is also considered as an alternative “green” fuel
because its properties are similar to liquefied petroleum gas (LPG); therefore, it can be easily
stored and transported by using the existing infrastructure for LPG [3,4]. DME is used as
a precursor in organic synthesis for the production of diethyl sulfate, methyl acetate or
olefins [5] as a solvent and as an aerosol for various personal care products [6]. Furthermore,
DME can be used as a hydrogen source for low-temperature proton-exchange membrane
fuel cells by autothermal or steam reforming [7]. Moreover, DME is an alternative to
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diesel fuel due to its similar cetane number, lower emissions of soot particles and NOx in
exhaust gases [8].

Currently, the process of DME production can be carried out with two methods:
The first is an indirect route using two reactors with methanol synthesis on a metallic
copper-based catalyst, and it involves dehydration to DME over solid acid catalysts. This
is an industrial process. The secnd method is the direct synthesis of DME from CO2
in a single reactor using bifunctional catalyst consisting of two types of active sites—
metallic for methanol synthesis and acid sites for methanol dehydration [9]. The direct
synthesis process has some advantages in comparison with the traditional one: first, higher
conversion of reactants results from the removal of thermodynamic restrictions; and second,
using a single reactor results in lower DME production costs. The direct synthesis of DME
by CO2 hydrogenation involves three reactions: methanol synthesis from CO2 and H2
(1), dehydration of formed methanol to DME (2) and side reaction and reverse water gas
shift reaction (3).

3H2 + CO2 = CH3OH + H2O (1)

2CH3OH = C2H6O + H2O (2)

CO2 + H2 = CO + H2O (3)

As mentioned above, this scheme requires two types of active sites on the catalysts’
surface: the first type involves metal particles to methanol synthesis; and the second type
involves acid sites for methanol dehydration to DME. Moreover, the catalyst has to be
inactive in undesirable CO2 methanation and methanol/DME condensation reactions.

In recent years, In2O3 was viewed as a promising catalyst for the synthesis of methanol from
CO2 due to its excellent selectivity for methanol in the temperature range 200–320 ◦C [10–12].
Using a density functional theory, Ye et al. [10] demonstrated that defective In2O3 had
great performance in CO2 hydrogenation. It was shown that methanol synthesis on de-
fective In2O3 was followed by a mechanism including the cycling reaction of activated
CO2 molecules on oxygen vacancies. After that, many researchers investigated the cat-
alytic properties of indium oxide in methanol synthesis reaction [11–15]. In the work by
Sun et al. [11], pure In2O3 was used as a catalyst in methanol synthesis from CO2. This
catalyst shows low CO2 conversion (1.1%) with 54.9% methanol selectivity at 270 ◦C and
40 atm. However, by increasing temperatures up to 330 ◦C, CO2 conversion rises to 7.1%,
since methanol selectivity decreases to 39.7%. This value of selectivity at this temperature
is quite high, which is associated with the inhibition of RWGS reaction. Martin et al. [12]
reported that In2O3/ZrO2 exhibited 5.2% CO2 conversion with 99.8% methanol selectivity
at 300 ◦C, 50 atm and H2:CO2 = 4:1. The next step in the study of the catalytic activity
of indium-based catalysts was with Pd/In2O3 catalysts. Rui et al. [14] showed that Pd-
P/In2O3 catalyst had great results in CO2 hydrogenation to methanol—above 20% CO2
conversion and above 70% selectivity for methanol at 300 ◦C and 50 atm. Nevertheless,
Pd is quite expensive, which leads to finding low-cost and efficient catalysts for methanol
synthesis by CO2 hydrogenation.

Up to this point, Cu-based catalysts are typically used as catalysts for methanol syn-
thesis [16–22]. Many various promotors have been investigated in order to improve the
catalytic properties of copper catalysts. The most popular catalysts with promotors are
CuO-ZnO-Al2O3 [16,17], CuO-ZnO-Al2O3-ZrO2 [18,19] and CuO-ZnO-ZrO2 [20–22]. How-
ever, with the growing interest in indium oxide as a catalyst for methanol synthesis, some
investigations devoted to the study of copper-indium catalysts appeared. For example,
Shi Z. et al. [23] investigated a CuIn@SiO2 core-shell catalyst prepared by the solvothermal
method for CO2 hydrogenation to methanol with 9.8% CO2 conversion and 78.1% methanol
selectivity at 280 ◦C and 30 atm. Yao et al. [24] have examined the Cu-In-Zr-O mixed oxide
catalysts in methanol synthesis. The catalytic activity of this sample was 1.48% CO2 con-
version with 79.7% methanol selectivity at 250 ◦C and 25 atm. In this work, we report CO2
hydrogenation to DME by using CuO-In2O3 oxides as a methanol synthesis component.



Catalysts 2021, 11, 1151 3 of 12

Halloysite nanotubes (HNT) are one of the promising materials used as a catalysts
support, which has recently attracted great interest from researchers [25]. HNT is a natural
aluminosilicate of the kaolin group, with a hollow tubular structure 1–1.5 µm in length,
ca. 50 nm in outer diameter and 10–15 nm in terms of inner diameter. The outer sur-
face of HNT is formed from alumina and negatively charged, while the inner is formed
from silica with a positive charge. These unique features of HNT possess selective mod-
ification of outer/inner surfaces by metals (Au, Ag, Ru, Pd, Cu, Pt, etc.) or organics
in order to adjust morphology and to tune catalytic properties [26–28]. In recent years,
research study focuses shifted towards the design and development of functional mate-
rials based on HNT for coatings, drug delivery, fabrication of high-quality ceramics and
catalysis [29–31]. Compared to synthetic aluminosilicates such as zeolites, mesoporous
silicas, alumina or carbon nanotubes, HNT is a low-cost clay material that is abundantly
available, safe and environment-friendly [32–36]. It is characterized by high mechanical
strength (above 500 MPa) and possesses up to 1100 ◦C thermal stability [35]. After heating
above 400–450 ◦C, the halloysite rolled structure loses water molecules incorporated into
the interlayer cavity [35].

A combination of copper-indium catalyst as a metallic component with HNT as an
acidic component will make obtaining a highly effective catalyst for direct CO2 hydrogena-
tion to DME possible.

In the present work, we report the synthesis, catalytic activity and structural char-
acterization of novel copper and copper-indium catalysts, supported on HNT in CO2
hydrogenation to DME.

2. Results
Characterization of Catalysts

Fresh and used CuO/HNT and CuO-In2O3/HNT catalysts were studied by several
methods, such as XRD, SBET, NH3-TPD and inductively coupled plasma atomic emission
spectroscopy (ICP-AES). The summarized data are presented in Table 1. Metal loadings,
obtained by ICP-AES, are similar to fresh and used CuO/HNT and CuO-In2O3/HNT cata-
lysts; thus, there is no metal loss during the reaction. Real copper and indium loadings are
slightly lower than the calculated ones (10 wt.% for both metals) since some experimental
errors, due to a larger amount of crystalline water in precursors, appeared to contrast
those given in the datasheet. Moreover, SBET did not change during CO2 hydrogenation
in the case of both catalysts. The BET surface area of CuO/HNT is 62 m2/g and is lower
than 71 m2/g for pure HNT. A similar behavior was observed for CuO-In2O3/HNT, for
which its SBET is 55 m2/g. The acidity parameters of the catalysts and supports calculated
from NH3-TPD method are listed in Table 1. Nitrogen adsorption/desorption isotherms
and pore size distribution of CuO-In2O3/HNT catalyst are presented in Supplementary
Materials (Figure S1). Based on the desorption spectra, acidity was classified as weak
and medium (amount of ammonia (µmol/g) desorbed below 300 ◦C) and strong sites
(amount of ammonia (µmol/g) desorbed above 300 ◦C). As shown in Table 2, the acidity of
supported catalysts is slightly lower than that of the pure halloysite. This is explained by
some metal particles blocking surface acid sites, which results in a decrease in their amount.

Table 1. Physical-chemical properties of HNT, CuO/HNT and CuO-In2O3/HNT.

Catalyst

Metal Loading, wt.% Acidity Sites, µmol/g
SBET, m2/g

Cu In Weak and
Medium * Strong ** Total

Amount

HNT - - 22 122 144 71

CuO/HNT
fresh 9.7 -

18 110 128 62used 9.7 -

CuO-
In2O3/HNT

fresh 9.8 9.4
15 99 114 55used 9.8 9.4

* Amount of ammonia desorbed below 300 ◦C. ** Amount of ammonia desorbed above 300 ◦C.
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Table 2. XRD data for the CuO/HNT and CuO-In2O3/HNT catalysts.

Catalyst
Unit Cell Parameters, nm CSR, nm

a (In2O3) D (Cu) D (In2O3)

CuO/HNT
fresh - 15 -
used - 59 -

CuO-In2O3/HNT
fresh 1.0054 - 8
used 1.0089 8.5 8

The catalysts were examined by X-ray diffraction analysis. The results are shown
in Figure 1. According to XRD patterns (Figure 1a) of HNT, fresh CuO/HNT and CuO-
In2O3/HNT catalysts have peaks correlated with copper (II) oxide (PDF# 00-005-0661,
a = 4.684 Å, b = 3.425 Å, c = 5.129 Å and β = 99.47◦) with a crystallite size of 15 nm. The XRD
pattern of used CuO/HNT contained peaks of metal copper particles (PDF# 00-004-0836,
a = b = c = 3.615 Å) with a crystallite size of 59 nm. This is explained by the fact that the
catalyst is in a reducing atmosphere during the CO2 hydrogenation reaction to DME. The
observed significant increase in copper crystallite size indicates that copper particles on
the HNT surface are sintered into larger agglomerates during the reaction. In the case of a
used copper-indium catalyst, different results are observed. On XRD patterns, we can see
peaks of indium oxide (PDF# 00-006-0416, a = b = c = 10.110 Å, crystallite size 8 nm) and
metallic copper (PDF# 00-004-0836, a = b = c = 3.615 Å, crystallite size 13 nm).
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Figure 1. (a) XRD patterns of HNT, CuO/HNT and CuO-In2O3/HNT catalysts. (b) Thermogravimet-

ric analysis (TGA) curve for pristine HNT. 

Table 2. XRD data for the CuO/HNT and CuO-In2O3/HNT catalysts. 

Catalyst 

Unit Cell Param-
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a (In2O3) D (Cu) D (In2O3) 

CuO/HNT fresh - 15 - 

Figure 1. (a) XRD patterns of HNT, CuO/HNT and CuO-In2O3/HNT catalysts. (b) Thermogravimetric analysis (TGA)
curve for pristine HNT.

The unit cell parameter of indium oxide 1.0054 nm is lower than the standard bulk
value 1.1011 (±0.003 Å) nm [37]. This is most likely due to the insertion of Cu2+ (ion
radius 0.73 Å) cations into In2O3 (ion radius 0.80 Å) lattice. As observed from the XRD
pattern of the used CuO-In2O3/HNT catalyst, there are peaks correlated with phases of
Cu and In2O3. Note that the unit cell parameter of In2O3 slightly increases to 1.0089 nm,
but it is still lower than the bulk value. A decrease in the intensity of peaks from the
In2O3 phase, an increase in the intensity of peaks from copper-containing phases and
an increase in the lattice parameter of In2O3 indicates a partial release of copper from
the mixed oxide composition. By summarizing all data, we can conclude that the active
sites of this catalyst are indium oxide particles mixed with copper particles. Furthermore,
the addition of indium oxide to copper catalysts results in copper particles stabilizing on
the surface of the catalyst, and its sintering is suppressed. The absence of HNT-related
peaks on XRD patterns for samples with immobilized metal oxides could be assigned
to interlayer water molecules loss after calcination during the catalyst preparation step
(Figure 1b, Figures S2 and S3) [35]. Meanwhile, the retention of the tubular structure of
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HNT is observed from TEM images (Figure 2), and its thermal stability up to 1000 ◦C was
confirmed by TGA analysis (Figure 1b).

a b c 

e f 

Figure 2. TEM (a,d) and STEM (b) images and EDX-mapping (c,e,f) of used CuO-In2O3/HNT catalyst.

Figure 2 shows TEM images of the used CuO-In2O3/HNT catalyst and element
distribution in this catalyst. We can observe that all elements are distributed uniformly on
the catalyst’s surface (Figure 2c,e,f). Halloysite nanotubes were observed in both samples,
and the images show that the nanotubes remained stable under reaction conditions. On
HR TEM, we can only observe the copper particles according to interplanar distance. In
accordance with XRD data for used catalyst, we can observe that the indium particles are
located mainly in the same locations as the silicon and copper particles in the case of both
catalysts from the elemental mapping. Thus, it can be concluded that CuO-In2O3/HNT
catalyst contains two types of active sites on the surface: copper particles mixed with
indium oxide particles supported on silica, which are responsible for methanol synthesis,
and alumina oxide particles, which are responsible for methanol dehydration.

Figure 3 shows the reducibility of fresh CuO/HNT and CuO-In2O3/HNT catalysts
investigated by the H2-TPR method. It should be noted that indium oxide does not reduce
in the investigated temperature range. In the case of CuO/HNT, we can observe two peaks
of hydrogen uptake—at 225 and 245 ◦C. This fact can be explained by the reduction in
small and large copper particles [38] on the catalyst surface. At the same time, for the
CuO-In2O3/HNT catalyst, only one peak at 230 ◦C was observed on the graph. It can be
attributed to the absence of large copper particles on the catalyst surface.
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Figure 3. H2-TPR profiles of CuO/HNT and CuO-In2O3/HNT catalysts.

The results obtained allow us to conclude that there are two types of active sites on
the catalyst surface: metal particles (copper for CuO/HNT and copper-indium for CuO-
In2O3/HNT) for methanol synthesis and acidic sites of HNT for dehydration of methanol
to DME.

The catalytic properties of CuO/HNT and CuO-In2O3/HNT catalysts were studied
in CO2 hydrogenation to DME. The reaction conditions were T = 200–300 ◦C, P = 40 atm
and GHSV = 12,000 h−1 (Vcat = 2 mL, mcat ~1.2 g). Only CO, H2O, methanol and dimethyl
ethers were detected as reaction products. No hydrocarbons were observed in the products.
Figure 4 shows the temperature dependencies of CO2 conversion, CO and DME selectivity
for CO2 hydrogenation to DME over CuO/HNT and CuO-In2O3/HNT catalysts. We
can observe that CO2 conversion is almost similar for both catalysts, but the values of
DME selectivity are higher on CuO-In2O3/HNT than that on CuO/HNT. This is most
likely connected with the fact that the reverse water gas shift reaction on CuO/HNT is not
suppressed, unlike CuO-In2O3/HNT [10]. This is confirmed by CO selectivity on these
catalysts, which is higher on CuO/HNT.

As we can observe from the graph, CO2 conversion increases with increasing tem-
perature, while DME selectivity, on contrary, decreases. Such behavior is consistent with
thermodynamic data: The dehydration of methanol is an exothermic reaction; thus, the
evolving reaction heat results in a decrease in DME formation rates. Following this, the
temperature dependence of the DME production rate is also explained. The results are
shown in Figure 5.

The DME production rate passes through the maximum at 250 ◦C and then decreases
despite the increase in CO2 conversion. The maximum of DME production rates reaches
0.203 gDME/gcat·h over CuO-In2O3/HNT at 40 atm, T = 250 ◦C, GHSV = 12,000 h−1 and
inlet composition of H2:CO2 = 3:1.
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Figure 5. Effect of temperature on DME production rate over CuO/HNT and CuO-In2O3/HNT
catalysts. Reaction conditions: P = 40 atm, GHSV = 12,000 h−1; Inlet composition, vol.%: H2:CO2 = 3:1.

It is well known that copper catalysts suffer from deactivation problems due to
sintering [39]. In order to solve this problem, promoters are usually added to catalysts to
increase the stability of the copper particles. A series of experiments was carried out to
study the effect of indium oxide particles on the stability of the surface copper particles.
Figure 6 presents CO2 conversion and DME selectivity as a function of a time on stream for
CO2 hydrogenation at 250 ◦C over CuO/HNT and CuO-In2O3/HNT catalysts. As we can
observe from Figure 6, CO2 conversion and DME selectivity were constant in the case of
CuO-In2O3/HNT and decreased with time for CuO/HNT. According to TPO experiments,
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no coke formation for both catalysts was observed. Thus, from our point of view and
by considering the XRD data, the most likely reason for CuO/HNT deactivation is the
sintering of copper particles during the reaction.
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composition, vol.%: H2:CO2 = 3:1.

Thus, CuO-In2O3/HNT showed sufficient activity in CO2 hydrogenation to DME at
40 atm and T = 250 ◦C. This fact was attributed to the stability and activity of copper and
indium oxide particles in the synthesis of methanol and the stability and activity of acid
sites of HNT in further methanol dehydration. The catalytic activity of CuO-In2O3/HNT
could be improved further by optimizing metal loading, modifying HNT or balancing
reaction conditions.

Indium oxide-based catalysts for methanol synthesis have only recently gained popu-
larity, and the investigations are still at an early stage. Most of the work on indium catalysts
is devoted to the synthesis of methanol [10–15], while only one article on the synthesis
of DME has been published so far [40]. Therefore, it is a point of interest to compare the
activity of new copper-indium catalysts and systems well studied in the literature. Table 3
shows comparative data.

Table 3. Comparison of catalyst activities in CO2 hydrogenation to dimethyl ether.

Catalyst T, ◦C Pressure,
atm

GHSV,
mL/gcat·h

S (DME),
%

W (DME),
gDME/gcat·h

Reference

CuO-In2O3/HNT 250 40 12,000 65 0.203 This work
CIZO 1/SAPO-34 250 30 6000 65.1 0.08 [40]
CZA 2/H-ZSM-5 240 30 452 69 0.27 [18]

CZA/HZSM-5 260 50 3000 65 0.29 [19]
CZZ 3/ferrierite 260 50 8800 40 0.435 [20]
CZZ/H-ZSM-5 240 30 2200 49 0.251 [21]

CZZ/beta 260 30 8800 30 0.3 [22]
1 CuO-In2O3-ZrO2. 2 CuO-ZnO-Al2O3.

3 CuO-ZnO-ZrO2.
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We can observe that, compared to state-of-art catalysts, our catalyst shows excellent
performance in the case of DME selectivity, which is the key reason for using indium oxide
catalysts. Compared to Cu-In-Zr-O catalysts admixed with SAPO-34, the CuO-In2O3/HNT
catalyst shows the same DME selectivity but higher CO2 conversion, which results in an
increase in DME productivity. However, at the same time, both CO2 conversion and DME
productivities are lower compared with common CZZ or CZA catalysts. As described
in the literature [10], indium oxide inhibits RWGS reaction, and catalysts with indium
oxide can operate at higher temperatures with lower CO selectivity compared to traditional
copper-based catalysts. These copper-indium systems look very promising in the field of
direct DME synthesis by CO2 hydrogenation but require further investigation.

3. Materials and Methods

Aluminosilicate halloysite nanotubes (Al2Si2O5(OH)4) (Sigma-Aldrich, St. Louis, MO, USA)
were used as supports for catalysts.

CuO/HNT and CuO-In2O3/HNT were prepared by incipient wetness impregnation.
HNT was impregnated with a solution of copper (II) nitrate to obtain 10 wt.% CuO/HNT.
In the case of 10 wt.% CuO-10 wt.% In2O3/HNT catalyst, a combined solution of copper
(II) and indium (III) nitrates was used for impregnation. The samples were dried at 80 ◦C in
the air for 4 h, and they were calcined at 450 ◦C (heating rate 1 ◦C/min) for 3 h in air after.

The fresh and used catalysts were characterized by transmission electron microscopy
(TEM), EDX-mapping, X-ray powder diffraction (XRD), low-temperature nitrogen adsorp-
tion (SBET), temperature-programmed desorption of ammonia (NH3-TPD), inductively
coupled plasma atomic emission spectrometry (ICP-AES) and temperature-programmed
oxidation (TPO) methods.

Transmission electron microscopy images of the samples were obtained using a JEOL
JEM-2100 (UHR) (Jeol Ltd.; Tokyo, Japan) operated at 200 kV (the lattice resolution of
0.19 nm) equipped with a LaB6 gun. The catalysts for the TEM analysis were dispersed
in ethanol and, after that, dropped into a carbon-coated formvar TEM Cu grid (300 mesh,
Ted Pella, Inc.). The acquisition of TEM/HRTEM images was performed in TEM mode by
using an Olympus Quemesa 11-megapixel CCD camera (Tokyo, Japan). The analysis of
structure, morphology and chemical composition of the supported particles was performed
by using an EX-24065JGT energy dispersive X-ray (EDX) analyzer (Jeol Ltd.; Tokyo, Japan)
in STEM mode.

The specific BET surface areas (SBET) of the samples were determined from low-
temperature nitrogen adsorption isotherms by using a TriStar3000 apparatus (Micromerit-
ics, Norcross, GA, USA). Before the experiment, all samples were outgassed in a vacuum
at 300 ◦C; then, nitrogen adsorption/desorption isotherms were recorded at -196 ◦C. The
specific surface area of the samples was calculated by the Brunauer–Emmett–Teller (BET)
equation. The pore volume was evaluated by using the Barrett–Joyner–Halenda model.

Total acidities of CuO/HNT and CuO-In2O3/HNT catalysts were calculated by us-
ing a temperature-programmed desorption of ammonia (NH3-TPD) on a Micromeritics
AutoChem HP2950 apparatus (Micromeritics, Norcross, GA, USA). First, the catalyst was
held in a stream of nitrogen at 300 ◦C for 1 h. After that, the sample was saturated by
the mixture of ammonia/nitrogen at 100 ◦C for 30 min. Then, to remove physisorbed
ammonia, the catalyst was purged with a stream of nitrogen at the same conditions. After
that, an NH3-TPD curve was obtained by increasing the temperature up to 700 ◦C at a rate
of 10◦/min.

Temperature-programmed reduction (H2-TPR) and temperature-programmed oxi-
dation (TPO) experiments were carried out by using an STA 409 PC Luxx derivatograph
(Netzsch, Germany) connected with a QMS-200 mass spectrometer (Pfeiffer Vacuum, Asslar, Ger-
many). Before H2-TPR experiments, the catalyst was held at 300 ◦C in a stream of N2 for
1 h. For H2-TPR, the samples (~50 mg) were heated from room temperature to 500 ◦C
(5 ◦C/min) in a 10 vol.% H2–Ar mixture with flow rate of 80 mL/min. For TPO, there were
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no additional pretreatments of catalyst. The sample was heated from room temperature to
800 ◦C in a 10 vol.% O2-Ar mixture with a flow rate of 80 mL/min.

X-ray structural analysis (XRD) of the catalysts was recorded on a Bruker D8 Advance
diffractometer (CuKα radiation) (Bruker, Germany). The scan was performed in the 2θ
range of 8–63◦ with a step of 0.05◦ per 4 s. The analysis of the obtained diffraction data was
carried out by using the program “PowderCell 2.4” with the JCPDS international diffraction
database as a reference. Crystallite sizes were calculated by using the Scherrer equation.

CO2 hydrogenation was carried out in a fixed-bed continuous flow stainless steel
reactor at a 20–40 bar pressure, 200−300 ◦C temperature range, gas-hour space velocity
(GHSV) = 12,000 h−1 and inlet composition of H2:CO2 = 3:1. Before the experiments, all
the catalysts (particle size 0.5−1 mm) were reduced at 300 ◦C for 1 h using a mixture of
10 vol.% H2 in Ar. After that, the temperature was lowered to 200 ◦C, and the reaction
mixture was fed on the catalyst. In most cases, the experiment was carried out for 8–10 h
and 1 h before the pre-reduction of catalyst. The compositions of the inlet and outlet gas
mixtures were identified by gas chromatography (GC Chromos-1000, Russia) with TCD
and FID detectors and Porapack T/CaA columns. Catalytic activity was characterized by
CO2 conversion (%), DME and methanol (MeOH) selectivity (%) and DME production
rate (gDME/gcat·h).

The detection limits for CO, CO2, CH4, DME and methanol were 5 × 10−3 vol.%. The
carbon imbalance in all catalytic experiments was ±5%.

CO2 conversion (XCO2), MeOH and DME selectivity (SMeOH, SDME) were calculated
as follows:

XCO2(%) =
CCO + CCH4 + CMeOH + 2 × CDME

CCO + CCH4 + CMeOH + 2 × CDME + CCO2

∗ 100 (4)

SMeOH(%) =
CMeOH

CCO + CCH4 + CMeOH + 2 × CDME
∗ 100 (5)

SDME(%) =
2 ∗ CDME

CCO + CCH4 + CMeOH + 2 × CDME
∗ 100 (6)

WDME(
gDME

h ∗ gcat
) =

FDME ∗ MDME
mcat

(7)

where C0
i and Ci are the inlet and outlet concentrations (vol.%); Fi represents the flow

rate (mol/h); ni represents mole amount (mol); m represents catalyst weight (g); and Mi
represents molecular weight (g/mol).

4. Conclusions

CuO/HNT and CuO-In2O3/HNT catalysts were studied in CO2 hydrogenation to
dimethyl ethers. With the help of physicochemical methods, such as TEM, XRD, SBET,
NH3-TPD and H2-TPR, we can suggest that copper-indium catalysts have two types of
active sites: metallic copper mixed with indium oxide particles for methanol synthesis and
halloysite acid sites for methanol dehydration to DME. CuO-In2O3/HNT provided 7.6%
CO2 conversion with 65% DME selectivity at 40 atm, T = 250 ◦C, GHSV = 12,000 h−1 and
inlet composition of H2:CO2 = 3:1, and it was stable after 10 h of experiment.

Supplementary Materials: The following are available online at https://www.mdpi.com/article/
10.3390/catal11101151/s1, Figure S1: Nitrogen adsorption/desorption isotherms (A) and pore size
distribution (B) of CuO-In2O3/HNT catalyst, Figure S2. SEM image of HNT, Figure S3. TEM image
of HNT.
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