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Abstract: This paper presents the preparation of heterogeneous catalysts for the direct hydrogenation
process of CO2 to methanol. The development of the modern chemical industry is inextricably linked
to the use of catalytic processes. As a result, currently over 80% of new technologies introduced in
the chemical industry incorporate catalytic processes. Since the basic factor of catalytic processes
is the catalysts, the studies for the deepening of the knowledge regarding the nature of the action
of the catalysts, for the development of new catalysts and catalytic systems, as well as for their
improvement, represent a research priority of a fundamental or applied nature. The Cu/ZnO/Al2O3

catalyst for the synthesis of green methanol, using precursors of an inorganic (copper nitrate, de-
noted by Cu/ZnO/Al2O3-1) and organic (copper acetate, denoted by Cu/ZnO/Al2O3-2) nature, are
obtained by chemical impregnation that includes two stages: preparation and one of calcination.
The preparation methods and conditions, as well as the physico-chemical properties of the catalyst
precursor, play a major role in the behavior of the catalysts. The prepared catalysts were characterized
using atomic adsorption analysis, scanning electron microscopy (SEM) with energy dispersive X-ray
(EDX) analysis, specific surface area and pore size analyses, adsorption, and the chemisorption of
vapor (BET).

Keywords: copper catalyst; impregnation method; catalytic; methanol; precursor

1. Introduction

Carbon dioxide (CO2) is one of the greenhouse gases that cause global warming.
Currently, most of the world’s energy comes from burning fossil fuels (coal, oil, and
natural gas). The primary energy sources with the most negligible CO2 emissions are
wind energy, solar energy, hydroelectric energy, ocean energy, geothermal energy, biomass,
and biofuels. Regarding the control of CO2 emissions, it has been the subject of extensive
research. The use of CO2 as a non-polluting and renewable carbon source has attracted
much attention worldwide, leading to major progress in the energy-efficient catalytic
conversion of CO2 [1,2]. Carbon capture, use, and storage technologies consist of a set of
proposed technological solutions (i.e., methods, measures, implementations, and policies)
that aim to capture carbon dioxide before its release into the atmosphere. Carbon dioxide
is the main form of the carbon-carrying molecule responsible for the greenhouse effect,
which originates from human economic activities and the destabilization of the planetary
climate. Climate change and the unsustainability of fossil fuels are calling for cleaner
energies, such as methanol as a fuel. Compared to fossil fuels, burning biomethanol
reduces nitrogen oxide emissions by up to 80% and carbon dioxide emissions by up to 95%
and eliminates sulfur oxide emissions. Methanol has several properties that make it an
attractive candidate as an alternative fuel. One of these properties is a high octane number;
methanol has a high-octane rating, which means it can better withstand compression in
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internal combustion engines. This allows for better performance and greater efficiency
compared to conventional fuels. Another property is low emissions; ethanol produces
low emissions of greenhouse gases and air pollutants compared to fossil fuels. Burning
methanol generates carbon dioxide (CO2), but this can be captured and used for other
purposes, such as the production of plastics or synthetic fuels. A third property is methanol
biodegradability; unlike other fuels, methanol is biodegradable and does not persist in the
environment for long. This makes it a safer option and less damaging to ecosystems [2].
The benefits are two-fold: the process removes carbon dioxide from the atmosphere and
turns it into an alternative fuel to current crude oil-based fuels. This is an important step
and could even lead to the creation of a “methanol economy” in the future, just as the
era of industrialization was based on coal, and now crude oil is used. The cost and yield
of biomethanol are highly dependent on the characteristics of the feedstock, the initial
investment, and the facility. The researchers studied the environmental analysis of using
renewable methanol as a fuel instead of conventional fossil fuels in the shipping industry
from a technical point of view without major challenges in managing the potential supply
chain to reduce emissions from shipping. [3]. Power-to-liquid (PtL) systems represent a
viable solution for future energy scenarios. PtL technology refers to a process that is able to
absorb energy and convert and store surplus energy from renewable sources in the grid in
a chemical form. Due to the importance of catalytic processes in the chemical industry and
the continuous need for them to be improved in order to reduce environmental pollution
and also to reduce costs, many efforts are being made to develop new synthesis routes
that allow the improvement of physical properties, the chemistry of the catalysts, and to
maximize their activities [4–6]. Hybrid materials with suitable porosity can be successfully
used in catalysis, optics, membrane technology, and biomimetics. Further, hybrid materials
present advantages in the field of catalysis regarding the capture and conversion of CO2
in order to reduce environmental pollution and transform it into products with added
value [7,8]. One of the current concerns in the field of catalysis and nanotechnology is the
development of catalysts that can be easily tailored according to the industrial application
in which they are used [9]. The thermo-catalytic hydrogenation of CO2 to obtain CH3OH
by heterogeneous catalysis is one of the promising approaches that have attracted much
attention in recent research [10–12]. Major advances have been made in the development of
various catalysts, including metals, metal oxides, and intermetallic compounds [6–8]. The
synthesis of green methanol, starting from pure sources and controlled concentrations of
CO2 and H2, greatly simplifies the chemistry and reaction products. The chemical reaction
to obtain methanol is shown below:

CO2 +3H2
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This process represents an ecological solution for methanol production, allowing a
reduction in the intensity of fossil fuel consumption and mitigating CO2 emissions [13–16].
The catalyst is often, if not always, the “center piece” of the chemical process, and the
strategy chosen in its preparation technique is the most important step in understanding
the catalyst’s production [17,18]. The state-of-the-art copper-based catalyst for the synthesis
of methanol from CO2 has the following formula: Cu/ZnO/Al2O3. In an analogy with
methanol synthesis from syngas, the active sites for CO2 hydrogenation in conventional
copper-based catalysts are bound to partially or fully reduced Cu with synergistic contact
with partially reduced ZnO or ZnOx (zinc oxide) [19,20]. ZnO plays an important role in
the performance of catalysts, as it favors the dispersion and stabilization of Cu active sites
and facilitates the adsorption of CO2 to be subsequently hydrogenated in methanol. In the
case of Al2O3 (aluminum oxide), this oxide improves the exposure and stabilization under
reaction conditions of the Cu-active centers. Metal oxides are binary compounds or mixtures
of elements with oxygen [21–23]. Most metal oxides are ionic lattice materials. They represent
one of the most important and widely used categories of solid catalysts, either as active phases
or as supports. In both crystalline and amorphous structures, the use of these metal oxides in
catalysis is linked to both acid-base and redox properties. They represent a very important
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family of catalysts in heterogeneous catalysis. Compared to alternative noble metals, they
have the advantage of being cheap and reliable. However, the chemistry of metal oxides
is not straightforward, especially due to the surface contribution [15,24]. Supported metal
oxides are used as environmental catalysts to selectively transform unwanted environmental
pollutants into non-harmful forms [25]. Supported catalysts have a very general design of
solid catalysts, in which the active phase is present on the surface of a solid, in this case, the
support. Obviously, the dispersion and stabilization of the support layer on a support with a
large specific surface lead to catalysts in the form of a composite material, extremely active and
robust [26–28]. The main characteristics of the supports are as follows: (a) providing a large
surface area, separating the active phase, and preventing the formation of large crystalline
particles; and (b) providing the space in which the catalytic reactions take place [29,30].

The preparation techniques of catalysts in the field of chemistry are the following:
impregnation, co-precipitation, and sol-gel [31,32]. The method chosen to prepare the
catalysts in this study was the impregnation method. Impregnation is the procedure by
which a certain volume of solution containing the precursor of the active phase is brought
into contact with the solid phase, which, in a subsequent step, is dried to remove the solvent
from the mixture [33–35]. Thus, this method can be used to prepare supported and mixed
catalysts [36]. Once the catalyst is impregnated on the support or other active solid phase,
it is then dried and calcined or reduced. The advantage of this method is the short reaction
time. The disadvantage of this method is the fact that it is more difficult to obtain catalysts
with a high concentration and a uniform dispersion of the catalyst components on the
surface. However, the wet impregnation method is much more advantageous compared
to other methods used in the preparation of catalysts; namely, it is easy to prepare a
layer of active material on the surface of the catalyst [37–39]. The preparation methods
and conditions, as well as the physico-chemical properties of the precursor used, play an
important role in the behavior of catalysts in chemical reactions.

In this work, heterogeneous catalysts will be developed for the direct hydrogenation
process of CO2 to methanol. The main effort is focused on the improvement of conven-
tional Cu/ZnO/Al2O3 catalysts and the development of new catalytic systems targeting
the specific needs for CO2 to methanol reactions. Major studies on the development of
active and selective catalysts, based on thermodynamics, mechanisms, nano synthesis, and
catalyst design (active phase, promoters, supports, etc.), are highlighted. Thus, in this study,
two types of catalysts were prepared using two types of precursors (one inorganic and one
organic). These two catalysts were compared with a commercial catalyst purchased from
BASF (Badische Anilin- und Soda-Fabrik, Ludwigshafen, Germany). The chosen method
was impregnation due to the advantages it presents. The catalysts were characterized by
several physico-chemical methods. The aim of the work is to obtain copper-based catalysts
for the production of methanol. The obtained methanol can be used in fuel cells with direct
methanol supply. The advantages of the file of fuel with direct methanol feed are low
cost, wide scale of use, and safe storage. The novelty and relevance of this research derive
from the use of two metal precursors to obtain an alternative catalyst to the commercially
available one (BASF).

2. Materials and Methods
2.1. Reagents

The synthesis reagents of analytical purity were used without further purification. The
materials used for the preparation of copper-based catalysts were as follows: copper acetate
(CH3-COO)2Cu ·H2O, 99.5%, S.C UTCHIM SRL, Ramnicu Valcea, Romania); copper nitrate
(Cu (NO3)2·2.5 H2O, 98.0%, Alfa Aesar, MA, USA), zinc oxide (ZnO, 99.0%, Alfa Aesar,
MA, USA), aluminum oxide (Al2O3, 99.97%, Alfa Aesar, MA, USA), and distilled water.
The Millipore system (Stuttgart, Germany) was used to purify the water.
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2.2. Synthesis

The Cu/ZnO/Al2O3 catalyst is of particular interest for the direct hydrogenation
process of CO2 to methanol. The main effort is focused on the improvement of conventional
Cu-based catalysts, starting from the inorganic precursor (copper nitrate) and organic
(copper acetate), and thus developing two types of catalysts targeting the specific needs
for CO2 to methanol reactions. These copper precursors were chosen because they present
the most convenient scrubbing method considering the formation of CO2 and NO2 and
their removal. The chemical impregnation method was used as a preparation technique.
The Cu/ZnO/Al2O3 catalyst was prepared as follows: 5 g of aluminum oxide (Al2O3)
and 20 g of zinc oxide (ZnO) were dried for 1 h in an oven at a temperature of 80 ◦C.
Ground and sieved aluminum oxide was used. Further, 40 g of each precursor mixed
with distilled water was kept on the stove for ten minutes at a temperature of 80 ◦C, after
which the zinc and aluminum oxides were added, and the reaction mixture obtained was
left— -stirring for 4 h at 80 ◦C. After the reaction mixture had cooled, it was washed with
2 L of distilled water. The powder was calcined at 1000 ◦C for 2 h at a heating rate of
5 ◦C min−1 in a nitrogen atmosphere in a tube furnace to remove any volatile chemical
species. The calcination temperature was chosen at 1000 ◦C because it must be below the
melting temperature of the substances in the catalyst structure. Therefore, it was chosen
below the melting temperature of copper (the melting point of copper is 1085 ◦C). Figure 1
summarizes the Cu/ZnO/Al2O3 catalyst powder synthesis using the impregnation method.
The preparation method of the catalysts is presented in Table 1.
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Table 1. The method of preparation of the catalysts.

Catalyst Precursor Preparation of Catalyst

Cu/ZnO/Al2O3-1 Copper nitrate

- 40 g copper nitrate;
- 5 g Al2O3;
- 20 g ZnO;
- 200 mL distilled water

Cu/ZnO/Al2O3-2 Copper acetate

- 40 g copper acetate;
- 5 g Al2O3;
- 20 g ZnO;
- 200 mL distilled water

3. Results
3.1. Determination of Cu and Zn Concentrations by Flame Atomic Absorption
Spectrophotometry Method

The Cu–Zn content was determined by flame atomic absorption spectrophotometry
using a NOVAA 300 atomic absorption spectrophotometer (Analytik Jena, Jena, Germany)
equipped with a deuterium lamp for background correction. It allows the sequential anal-
ysis of metallic and non-metallic traces in liquid and dissolved samples. All chemicals
and reagents used during the study were of spectroscopic grade; a CertiPur multielement
standard solution with a certified value of 1000 mg/l obtained from Merck (Darmstadt,
Germany) was used for the calibration curve. All investigated calibration curves were
characterized by a high correlation coefficient (r > 0.995). The analyses were performed in
an air-acetylene flame, and the radiation sources used were lamps with a cavity cathode
corresponding to each analyzed element. A TOPWAVE microwave extraction system (Ram-
sey Road, Shirley, NY, USA) was used for sample preparation/mineralization, equipped
with 12 digestion/mineralization vessels with sensors for temperature and pressure control
in the vessels on the rotor (Tables 2 and 3). After the digestion process with aqua regia
(7 mL of azotic acid (HNO3) conc. 65%, and 21 mL of hydrochloric acid (HCl) conc. 37%),
each extract was transferred quantitatively with ultrapure water in a 50 mL volumetric
flask. The Cu and Zn elements from the catalyst samples were analyzed according to the
standard methods in force. The results of the samples obtained by flame atomic absorption
spectrometry are presented in Table 4.

Table 2. Mineralization program.

Step Power
(W)

Power
(%)

Ramp
(min)

Pression
(PSI)

Temperature
(◦C)

1 400 1000 10 350 160
2 400 100 10 350 160
3 Cooling

Table 3. Instrumental parameters atomic absorption spectrophotometer in the flame.

Parameters
Element

Cu Zn

Wavelength (nm)) 324.8 213.8
Lamp current intensity (mA) 5.0 6.0

Working range (mg·l−1) 0.2–8.0 0.05–1.00
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Table 4. The results of the samples prepared by AAS analysis.

Sample %Cu %Zn

Cu/ZnO/Al2O3-1 29.2 31.5
Cu/ZnO/Al2O3-2 27.3 32.3

Cu/ZnO/Al2O3-BASF 41.2 14.4

3.2. Determination of Particle Size by Dynamic Light Scattering Method

The analysis of particle size and its distribution is of paramount importance for deter-
mining the properties of particulate materials. The characterization of the catalyst powder
nanoparticles was performed by measuring the particle size by Dynamic Light Scattering
(DLS) using the Nano DS Dual Light Scattering Particle Size Analyzer (Cilas, Orléans,
France). Dynamic light scattering uses Brownian motion to measure the size of nanopar-
ticles. The measurements were performed at a scattering angle of 90◦ and a temperature
of 25 ◦C with the Cumulant algorithm. The wavelength of the light source was equal to
638 nm. A stable and clean solution was prepared (without sedimentation, agglomeration,
aggregation, or flocculation) using 0.002 g of Cu/ZnO/Al2O3) and 3.998 g of distilled
water. The sample vial was placed in an ultrasonic bath for 2 h in order to improve the
dispersion of particles. The distribution is monomodal (only one peak, no agglomeration)
(Figure 2). The obtained results showed that the particle size of the Cu/ZnO/Al2O3-1
catalyst ranged between 1373.6 nm and 2139.8 nm, and for the Cu/ZnO/Al2O3-2 catalyst,
the particle size ranged between 2114.3 nm and 3282.3 nm. These results are comparable
with the particle size of the Cu/ZnO/Al2O3-BASF catalyst, which is between 1382.4 nm
and 4285.3 nm. In DLS measurements, particle size depends on the translational diffusion
coefficient determined thanks to the auto-correlation function. Below are the diagrams of
the two samples regarding the particle size distribution.
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3.3. Determination of Microstructural and Elemental Investigations by Field Emission Scanning
Electron Microscope Variable Pressure (FESEM VP) Method

The microstructural and elemental investigations were carried out using the field
emission scanning electron microscope with an auto electronic emission at variable pressure
(Field Emission Scanning Electron Microscope Variable Pressure—FESEM VP; brand CARL
ZEISS). The microscope is equipped with an EDS (energy dispersive X-ray spectroscopy)
system that allows the quantitative and qualitative analysis of all chemical elements up to B
(Z = 5). Figures 3 and 4 show the SEM images of Cu/ZnO/Al2O3-1 and Cu/ZnO/Al2O3-2
catalyst powder after sintering and Figure 5 for Cu/ZnO/Al2O3-BASF, which indicate their
morphology. The microstructure consists of both micro- and nanometer-size particles and
agglomerates. For the microstructural and EDX investigation, the powder was placed on a
double-sticky carbon tape, and the surplus was blown with compressed air (Figure 6). The
image below represents an SEM micrograph together with the EDX analysis. The particle
diameters were in the micron and submicron range.
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3.4. Determination of Specific Surface Area and Pore Size Distribution by
Brunauer–Emmett–Teller (BET) Method

The specific surface area was measured using an Autosorb IQ analyzer (Quantachrome,
Boynton Beach, FL, USA) using the BET technique. Nitrogen adsorption–desorption
isotherms were obtained at a temperature of 77 K. Samples were degassed prior to analysis
at 115 ◦C for 4–6 h. The specific surface area was calculated using the Brunauer–Emmett–
Teller (BET) equation, using the criterion of linearity in the range 0.1–0.3 P/P0. The
textural properties of the prepared catalysts were evaluated using the BET method. This
is a relevant analysis, especially for the porosity of the prepared catalysts, considering
that there must be chemically bound metal centers in a porous support. The pore size
distribution was investigated, taking into account the equations corresponding to the
theory of the Barrett–Joyner–Halenda (BJH) method using the desorption isotherm. The
surface area and microporosity of the Cu/ZnO/Al2O3 samples were performed by BET
and BJH analysis, respectively, and the analysis is shown in Figure 7. The BET analysis
is based on the non-selective and reversible physical adsorption between nitrogen gas
molecules and the exposed surface of the material at the temperature of liquid nitrogen. The
adsorption and desorption isotherms showed a hysteresis loop, suggesting a dominance of
the predominantly mesoporous structure; their overlap suggests a relatively weak behavior
of the porosity and is included in the field of type IV isotherms. This type refers to the
phenomenon of gas condensation in the small capillary pores of the solid material at
pressures below their saturation points (capillary condensation), indicating the dominance
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of finite-length pores; hysteresis arises because of the difference in interference geometry
between adsorption and desorption. BJ’s textural analysis is shown in Table 5. Surface
analysis was performed using BET analysis (Figure 7). Nitrogen adsorption is caused
by the existence of intrinsic surface energies. Cu/ZnO/Al2O3-1 and Cu/ZnO/Al2O3-2
powders showed a BET surface of 4.427 m2/g and 4.396 m2/g, respectively. Nitrogen
adsorption/desorption isotherms were measured at 77 K. The obtained curves indicated
a hysteresis loop in the adsorption–desorption isotherms, suggesting the presence of a
mainly mesoporous structure.
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Figure 7. BET adsorption and desorption isotherms, with reference to Cu/ZnO/Al2O3-1 powder (a),
Cu/ZnO/Al2O3-2 (b), and Cu/ZnO/Al2O3-BASF (c).

The obtained results showed that the specific BET surfaces of the prepared catalysts
had approximately equal values. Therefore, the decisive structural factor in the choice of
the catalyst is the pore volume. It is true that the same type of catalysts was used in the
methanol production reactions, but catalysts with a copper concentration higher than 40%
Cu by weight were used [40].
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Table 5. Specific surface analysis (BET method) 1 and porosity (BJH method) 2 for prepared and
commercial catalysts.

Sample Specific Surface Area 1 (m2 g−1) Pore Volume 2

(cm3 g−1)
Average Pore Radius 2

(A)

Cu/ZnO/Al2O3-1 4.427 0.035 15.650
Cu/ZnO/Al2O3-2 4.396 0.021 19.650

Cu/ZnO/Al2O3-BASF 77.927 0.222 18.516
1 Measured by BET method; 2 Measured by BJH method.

4. Discussion

The main advantage is the method described in this paper. Thus, by a method under
mild conditions, starting from different precursors (inorganic and organic), catalysts can
be prepared with lower metal concentrations than the commercial ones intended for the
same purpose (obtaining methanol) but with similar morphology and pore distribution
in the narrowest. field. Another main advantage is derived from the particle distribution.
By characterizing the prepared catalysts, the authors of the present study wanted to un-
derstand which of the precursors used showed better results. The results of the prepared
samples were compared with the results of a commercial catalyst. The results obtained
by atomic absorption spectrometry for the prepared catalysts showed that they had simi-
lar concentrations of copper (29.2 % Cu for Cu/ZnO/Al2O3-1, respectively 27.3% Cu for
Cu/ZnO/Al2O3-2). Thus, the commercial catalyst has a value between 1382.4 nm and
4285.3 nm, and the prepared catalysts have between 1373.6 nm and 2139.8 nm for the cata-
lyst Cu/ZnO/Al2O3-1, and between 2114.3 nm and 3282.3 nm for catalyst Cu/ZnO/Al2O3-
2. The pore distribution evaluated by the BET and BJH methods is also noteworthy. The
SEM images of the powder of the prepared catalysts, after sintering, indicated micro-
and nano meter sized particles, but also agglomerates. The surface of the powder of the
prepared catalysts, using the BET technique, showed that the adsorption and desorption
isotherms presented a hysteresis loop, suggesting the dominance of the predominantly
mesoporous structure. Their overlap suggests a relatively weak behaviour of the porosity
and is included in the field of type IV isotherms. Following these investigations, it appears
that the best results were obtained for the catalyst with an inorganic precursor.

In the literature, for the preparation of catalysts based on copper and zinc, they contain
copper nitrate mixed with zinc nitrate, impregnated on alumina and its characterization is
presented in the Table 6.

Table 6. Catalyst characterization reported in the literature.

Sample Method of Catalyst
Preparation

Cu:Zn:Al
(%w/w)

Mass Ratio

Specific
Surface Area 1

(m2 g−1)

Pore
Volume 2

(cm3 g−1)

Average Pore
Radius2

(A)
References

Cu/ZnO/Al2O3-1 Impregnation 29.2:31.5:00 4.427 0.035 15.650
Present
Work

Cu/ZnO/Al2O3-2 27.3:32.3:00 4.396 0.021 19.650
Cu/ZnO/Al2O3-

BASF - 41.2:14.4:00 77.927 0.222 18.516

Cu/ZnO/Al2O3 Impregnation 50:50:00 58.24 0.436 299.1 [41]
Cu/ZnO/Al2O3 Impregnation 75:25:00 36.11 0.241 266.6 [41]
Cu/ZnO/Al2O3 Impregnation 60:30:10 77.02 0.578 300.3 [41]
Cu/ZnO/Al2O3 Impregnation 3:3:0 67.6 - - [42]
Cu/ZnO/Al2O3 Co-precipitation 60:30:10 42.9 0.23 - [43]

1 Measured by BET method; 2 Measured by BJH method.

5. Conclusions

This paper presents the synthesis of alternative copper-based catalysts for the produc-
tion of methanol under mild reaction conditions, by the impregnation method. Therefore,
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in the following study we will evaluate the catalytic activity of catalysts with a concentra-
tion of 30% Cu and, concretely, the present study presents the stages of their preparation
and characterization. Future studies will consist of using the obtained catalysts in the
production of methanol. The methanol obtained will be used in direct methanol fuel cells.
The direct methanol fuel cell (DMFC) is an electrochemical energy source based on a simple
principle, but presents a complexity regarding the implementation of energy generation
systems in commercial applications. Fuel Cell is the market leader in fuel cell systems
for off-grid and mobile applications such as mission critical communications, information
technology, optronics, sensors and auxiliary power.
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