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A B S T R A C T

Methanol synthesis via CO₂ hydrogenation is a promising route for sustainable chemical production, providing an 
alternative to fossil-based methanol. In this study, Cu/ZnO/Al₂O₃ (CZA) catalysts were synthesized via wet co- 
impregnation using different Cu and ZnO precursor salts (nitrate, acetate, and chloride) to investigate their 
impact on catalytic performance. Characterization by BET, XRD, Raman spectroscopy, UV–Vis DRS, TPR, XPS, 
FESEM, and STEM revealed significant differences in Cu dispersion, metal-support interaction, and Cu phase 
distribution. CO₂ hydrogenation tests were conducted over a temperature range of 180–350 ◦C and a pressure 
range of 1–7 bar to evaluate methanol selectivity and productivity. Characterization results showed that 
CZA_nitrate exhibited the strongest Cu/ZnO interaction and the highest Cu/ZnO interface content, evidenced by 
a prominent Cu2+/ZnO charge transfer band in UV–Vis DRS, a lower-temperature reduction peak in TPR, and Cu 
species quantification at the Cu/ZnO interface via TPR. In contrast, CZA_chloride had significantly lower Cu/ZnO 
interface content, as confirmed by TPR peak deconvolution, and exhibited CuAl₂O₄ species formation (evidenced 
also by Raman and XRD), which hindered Cu-ZnO interactions. Among the catalysts tested, CZA_nitrate 
demonstrated the best catalytic performance, achieving 100 % methanol selectivity at 180–200 ◦C under at
mospheric pressure along with the highest methanol productivity. A strong correlation between Cu/ZnO inter
face content and methanol productivity was further validated by linear regression analysis. Stability tests 
confirmed that CZA_nitrate maintained high performance over time, whereas CZA_chloride deactivated due to 
coke formation, likely caused by CuAl₂O₄ phases limiting Cu/ZnO synergy. Comparison with a commercial Cu/ 
ZnO/Al₂O₃ catalyst (CZA_commercial) revealed that while both catalysts were active, CZA_nitrate significantly 
outperformed the commercial catalyst, achieving higher methanol selectivity (100 % vs. 23 %) at WHSV of 10 
h− 1, and 1 bar. At elevated pressures (up to 7 bar), methanol selectivity remained high at lower temperatures, 
while at 250 ◦C, increased pressure mitigated RWGS side reactions, enhancing selectivity. Methane formation 
remained negligible across all conditions, confirming that the primary side reaction was the RWGS reaction. A 
comparison with literature data demonstrated that CZA_nitrate outperformed previously reported Cu-based 
catalysts at atmospheric pressure, achieving superior methanol selectivity even at low temperatures 
(180–200 ◦C). This study highlights CZA_nitrate as an optimized catalyst for CO₂ hydrogenation and emphasizes 
the crucial role of precursor selection in designing highly efficient Cu-based catalysts for selective CO₂ conversion 
to methanol.
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1. Introduction

The global demand for sustainable energy solutions has grown 
exponentially in response to rising concerns about climate change, pri
marily driven by anthropogenic greenhouse gas (GHG) emissions [1,2]. 
Carbon dioxide (CO₂), the most significant GHG, accounts for approxi
mately 75 % of global emissions, originating mainly from the combus
tion of fossil fuels for energy production, industrial processes, and 
transportation activities [3–6]. To achieve the objectives set by the Paris 
Agreement—which aims to limit global warming to well below 2 ◦C 
compared to pre-industrial levels—it is essential to reduce CO₂ emissions 
and transition towards carbon-neutral energy systems. In this context, 
the development of renewable and low-carbon fuels, such as methanol 
produced via CO₂ hydrogenation, is becoming increasingly important 
[3,7]. Methanol, a versatile chemical feedstock and energy carrier, has 
gained significant attention as a potential green fuel [3,5]. Traditionally 
derived from fossil sources such as natural gas and coal [8], methanol 
production has been a notable contributor to GHG emissions. However, 
the recent shift towards utilizing CO₂ as a feedstock for methanol syn
thesis presents a promising strategy to close the carbon loop [3,9]. This 
process, commonly referred to as CO₂ hydrogenation, involves the cat
alytic conversion of CO₂ and green hydrogen (H₂)—generated from 
renewable energy sources such as wind, solar, or hydropower—into 
methanol. The advantage of this approach lies in its potential to produce 
methanol with a minimal carbon footprint, transforming CO₂ from a 
pollutant into a valuable resource [10,11]. The urgency to develop 
scalable and efficient CO₂ hydrogenation technologies arises from the 
numerous benefits they offer. First, methanol produced via this method 
can serve as a drop-in replacement for fossil-based methanol in the 
chemical industry, reducing dependence on non-renewable resources 
[12]. Second, as a liquid fuel, methanol can be directly utilized in in
ternal combustion engines, fuel cells, or as a precursor for synthetic 
fuels, providing a viable alternative to conventional fuels in hard-to- 
decarbonize transportation sectors, such as shipping and aviation 
[13]. Lastly, large-scale implementation of CO₂ hydrogenation to 
methanol could significantly contribute to the decarbonization of the 
energy sector by integrating renewable hydrogen production with CO₂ 
capture and utilization (CCU) strategies [4,14,15].

The choice of catalyst is crucial for both process selectivity and ef
ficiency. Recent research efforts have been dedicated to developing and 
optimizing catalytic systems to enhance conversion rates, methanol 
selectivity, and catalyst stability. Among the various catalysts studied, 
Cu-based catalysts remain the most widely explored for methanol pro
duction via CO₂ hydrogenation. In particular, Cu-ZnO/Al₂O₃ catalysts, 
traditionally used for methanol synthesis from syngas (CO and H₂), have 
been extensively investigated for CO₂ hydrogenation due to their high 
activity and commercial relevance [5,16–20]. Recent research has 
focused on enhancing the interaction between copper and the metal 
oxide support, which plays a crucial role in facilitating CO₂ adsorption 
and activation. For instance, modifications with Ga₂O₃ [21,22] and ZrO₂ 
[23] have been shown to improve methanol selectivity by promoting the 
formation of formate intermediates, which are essential for methanol 
synthesis from CO₂. Additionally, ZrO₂ doping enhances the dispersion 
of copper particles, leading to improved catalyst stability and perfor
mance. Boron oxide-modified CuO/ZnO catalysts exhibit enhanced ac
tivity and stability at lower temperatures due to a reduction in activation 
energy [24]. Similarly, La₂O₃-promoted CuO/ZnO/Al₂O₃ catalysts, 
despite showing a decrease in CO₂ conversion, achieve higher methanol 
selectivity and yield [25]. This study aims to investigate the influence of 
different copper and zinc precursor salts on the catalytic performance of 
Cu/ZnO/Al₂O₃ catalysts in CO₂ hydrogenation to methanol. While pre
vious studies have explored synthesis strategies—such as direct or 
reverse co-impregnation [26], the use of different precursor salts to 
understand the changes in the synthesis steps or in the precipitation 
mechanism [27,28], to our knowledge, no existing research has sys
tematically correlated the nature of Cu and Zn precursor salts with the 

formation of Cu/ZnO interfacial sites and their direct impact on catalytic 
performance in CO₂ hydrogenation to methanol. In this work, Cu/ZnO/ 
Al₂O₃ catalysts were synthesized via a wet impregnation–co-impregna
tion method using nitrate, acetate, or chloride precursors for CuO and 
ZnO. A comprehensive characterization campaign—employing N₂ 
physisorption, Temperature-Programmed Reduction (TPR), X-ray 
Diffraction (XRD), Raman spectroscopy, UV–Vis DRS, High-Resolution 
and X-ray Photoelectron Spectroscopy (XPS), FESEM, STEM—was con
ducted to investigate textural, structural, redox, morphological, and 
surface chemical properties. Catalytic performance was evaluated over a 
wide range of temperatures (180–350 ◦C) and pressures (1–7 bar), with 
a focus on methanol selectivity and productivity. Stability tests were 
also carried out under the most favorable conditions.

2. Materials and methods

2.1. Reagents used for catalysts preparation

Copper(II) nitrate trihydrate (Sigma-Aldrich), zinc nitrate hexahy
drate (Sigma-Aldrich), copper(II) chloride dihydrate (Sigma-Aldrich), 
zinc chloride anhydrous (Sigma-Aldrich), copper(II) acetate anhydrous 
(Sigma-Aldrich), and zinc acetate dihydrate (Sigma-Aldrich) were used 
as precursor salts. Al₂O₃ (Puralox), calcined at 600 ◦C, was employed as 
the support. Bi-distilled water was used for the preparation of the salt 
solution. Commercial catalyst was supplied by Thermo Fisher Scientific. 
According to the manufacturer's specifications, its composition is as 
follows: 63.8 wt% CuO, 24.6 wt% ZnO, 9.9 wt% Al₂O₃, and 1.4 wt% 
MgO.

2.2. Catalysts preparation

The Cu/ZnO/Al₂O₃ catalyst was synthesized using the wet co- 
impregnation method. Three different samples were prepared by 
employing nitrate, acetate, and chloride as Cu and Zn precursor salts.

The precursor salts were first dissolved in distilled water and stirred 
until completely dissolved. Al₂O₃ was then added to the solution, and the 
mixture was subjected to ultrasonic treatment to achieve a homoge
neous dispersion. Subsequently, the solution was continuously stirred 
and dried at 80 ◦C. Once the solvent had completely evaporated, the 
resulting dry sample was calcined in static air at 600 ◦C for 1 h, using a 
heating ramp of 5 ◦C min− 1. At the end of the preparation process, 
catalysts with a nominal composition of 30 wt% CuO, 55 wt% ZnO, and 
15 wt% Al₂O₃ were obtained, with particle sizes ranging from 180 to 
355 μm. The catalysts were named CZA_nitrate, CZA_acetate, and 
CZA_chloride for the Cu/ZnO/Al₂O₃ samples prepared using nitrates, 
acetates, and chlorides as precursor salts, respectively.

2.3. Catalysts characterization

All prepared samples were characterized using various analytical 
techniques. Specific surface area (SSA) analysis was performed using the 
BET method with N₂ adsorption at − 196 ◦C, employing a Costech 
Sorptometer 1042.

The Raman spectra were recorded using a Dispersive MicroRaman 
system (Invia, Renishaw), equipped with a 514 nm laser, in the 
100–2000 cm− 1 Raman shift range. Before conducting the catalytic ac
tivity tests, Temperature Programmed Reduction (TPR) analysis was 
performed using a 500 Ncm3 min− 1 flow of a hydrogen/argon mixture 
containing 5 vol% H₂, while the temperature was increased to 600 ◦C at 
a heating rate of 5 ◦C min− 1.

The UV-A–Vis diffuse reflectance spectra (UV-A–Vis DRS) of the 
catalysts were acquired using a Perkin Elmer Lambda 35 spectropho
tometer, equipped with an RSA-PE-20 reflectance spectroscopy acces
sory (Labsphere Inc., North Sutton, NH).

X-ray powder diffraction (XRD) analysis was carried out using a 
Philips X'Pert diffractometer with Cu Kα radiation. The scanning was 
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performed in a 2θ range of 20◦–90◦ with a step size of 0.02◦ 2θ and a 
time per step of 100 s. The lattice parameters of the fluorite phase 
present in the samples were determined through unit cell refinement 
using UnitCell software and the crystallite size was determined by 
applying the Scherrer formula. TPD analysis was performed on 0.1 g of 
the catalysts using a Micromeritics AutoChem II Instrument equipped 
with a thermal conductivity detector. For NH3 -TPD, the samples were 
exposed to a 2 vol% NH3 /He mixture (flow rate of 55 cm 3 /min) at 
room temperature for 30 min to allow complete adsorption of ammonia 
onto the acid sites; then, the samples underwent a 50 cm 3 /min He flow 
and a heating rate of 10 ◦C min− 1 from room temperature to 550 ◦C. A 
similar procedure was used for CO2-TPD, where the samples were first 
saturated at room temperature under a 15 vol% CO2 /N2 mixture (flow 
rate of 50 cm 3 /min), followed by a He purge and heating up to 550 ◦C 
under the same He flow. Signals were integrated as a function of time on 
stream; a preliminary calibration allowed us to determine the response 
factors for the conversion of NH3 or CO2 signals measured by the TC 
detector into amount (in mmol). Samples were not pre-treated. X-ray 
Photoelectron Spectroscopy (XPS) analysis was performed by means of a 
Physical Electronics PHI 5000 Versaprobe II spectrometer, with a 
monochromatic Al K-alpha line (1486.6 eV), with a dual compensation 
charge system made up of electron beam and Ar ions. Survey spectra 
have been acquired with a Pass Energy (PE) value of 187.85 eV, while 
High Resolution (HR) spectra have been acquired with PE = 23.50 eV. 
Time-per-step integration has been fixed equal to 20 ms for the survey 
and 50 ms for HR spectra, respectively. CasaXPS version 2.3.18 software 
has been employed to perform XPS spectra analysis. Background signals 
have been subtracted by means of the Tougaard function and C1s peak 
located at 284.8 eV has been chosen as reference for the Binding Energy 
axis. A commercial CuO powder has been used for Cu2+ reference in the 
Cu2p region analysis, while an Al foil, sputtered with Ar ions for 35 min 
at 2 kV accelerating voltage, has been used as reference for Al0 and AlOx 
in the Al2p region (residual O amount equals 1.5 at.%). Field-Emission 
Scanning Electron Microscopy (FESEM) was carried out with an Auriga 
FIB-SEM instrument (Zeiss) to study the morphology of the CZA 
catalysts.

Scanning Transmission Electron Microscopy (STEM) characteriza
tion was performed with a Thalos F200X instrument (ThermoFisher) 
equipped with four Silicon drift detectors (SDD) for Energy Dispersive X- 
ray spectroscopy (EDX). Concerning the sample preparation, the CZA_
nitrate powder was dispersed in ultra-pure ethanol and subsequently 
drop-casted onto an Au lacey carbon grid. Before insertion in the TEM 
column, the sample was plasma-cleaned in an Ar atmosphere. Thermo 
Scientific Velox software was used for the analysis of images and EDX 
data. EDX maps were obtained by evaluating the integrated intensity of 
the peaks after subtraction of the background.

2.4. Catalytic activity tests

Catalytic activity tests were conducted in a tubular stainless steel 
reactor (Length: 350 mm, Diameter: 11 mm, Thickness: 1.5 mm) placed 
inside an electric oven controlled by a TLK 43 (Ascon Technologic). The 
catalyst (particle size 180–355 μm) was mixed with quartz (particle size 
355–500 μm) and positioned inside the reactor between two layers of 
glass wool in the isothermal zone to ensure flow homogenization. The 
feed stream was introduced into the reactor using Mass Flow Controllers 
(Bronkhorst), maintaining a CO₂:H₂ ratio of 30:70 vol%. The outlet 
stream composition was analyzed using a mass spectrometer (Hiden 
HPR20), while the reactor temperature was monitored by two thermo
couples placed at the inlet and outlet of the catalytic bed. To compare 
the three catalysts, methanol selectivity (SCH₃OH), methanol TOF, and 
stability were assessed. Methanol selectivity was calculated using Eq. 
(1), methanol TOF via Eq. (2), and stability was evaluated at the optimal 
operating conditions. Catalytic performance was evaluated under 
different Weight Hourly Space Velocities (WHSV, Eq. 3) (10, 20, 25, and 
30 h− 1) while varying the reaction temperature from 180 ◦C to 350 ◦C. 

All screening tests were performed at atmospheric pressure. The catalyst 
that exhibited the best performance was compared with the commercial 
catalyst (CZA_commercial) (Thermo Fisher) and further tested in the 
pressure range of 1–7 bar.

The mathematical relationships used to evaluate SCH₃OH, TOF 
(Turnover Frequency), and WHSV are provided below: 

SCH3OH[%] =
PCH3OH

PCH3OH + PCH4 + PCO
⋅100 (1) 

TOF
[
h− 1] =

PCH3OH

[
mol
h

]

Cu[mol]
(2) 

WHSV =
WIN

[
g
h

]

gcatalyst
(3) 

PCH3OH

[

μ mol
min

]

=
YCH3OH*FIN

22414
(4) 

where: PCH3OH is the methanol productivity, PCH4 methane productivity, 
and PCO carbon monoxide productivity; WIN is the inlet flow in g h− 1, 
YCH3OH is the molar fraction of methanol in the outlet gas stream, and FIN 
is the inlet volumetric flow.

2.5. Post-reaction temperature programmed oxidation (TPO)

TPO (Temperature Programmed Oxidation) analysis was performed 
after the catalytic activity tests to evaluate coke formation during the 
reaction. The test was conducted at atmospheric pressure using a feed 
gas mixture of Ar and O₂ at a 95:5 vol% Ar:O₂ ratio, with a total flow rate 
of 500 Ncm3 min− 1 and a heating ramp of 5 ◦C min− 1. During the test, 
the formation of CO and CO₂ was continuously monitored using a mass 
spectrometer (Hiden HPR20).

3. Results and discussion

3.1. Catalyst characterization

The influence of varying copper and zinc precursors on the crystal
linity of CZA samples was studied using X-ray diffraction (XRD). The 
resulting XRD patterns are shown in Fig. 1a. Detailed phase analysis 
identified diffraction peaks associated with alpha-alumina (JCPDS card 
n◦ 10–0173 square symbol, □), wurtzite zinc oxide (JCPDS card n◦

36–1451 rhombus symbol, ◊), and copper (JCPDS card n◦ 48–1548 
asterisk symbol, *).

The CZA_chloride sample exhibits more pronounced CuO peaks 
(notably at 35.54, 38.71, 48.71, and 53.49, where 35.54 and 38.71 
correspond to 100 % and 90 % intensity, respectively), which implies a 
diminished dispersion of the copper oxide. Indeed, using Scherrer's 
formula, the average CuO crystallite size was determined to be about 20 
nm for samples prepared from nitrates and acetates, and roughly 35 nm 
for CZA_chlorides. Additionally, the CZA_nitrate sample shows signifi
cantly higher relative intensities of zinc oxide peaks compared to what is 
observed in the CZA_chloride and CZA_acetate patterns. Magnification 
of the diffraction patterns in the 2-theta range of 30◦-60◦, Fig. 1b, reveals 
another significant difference: the presence of signals that can be 
attributed to the formation of a copper aluminate phase, CuAl2O4 
(JCPDS card n◦ 33–0448), supporting the reduction behavior revealed 
by H2-TPR analysis (vide infra).

An analysis of the Specific Surface Area (SSA) was conducted for all 
the prepared samples, as well as for the Al₂O₃ support used in catalyst 
preparation (annealed at 600 ◦C). This analysis aimed to evaluate how 
the impregnation of Cu and Zn species influences the surface area of the 
final catalyst.

The BET method was employed to determine SSA values, and the 
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results are presented in Table 1.
As observed, all synthesized catalysts exhibited a notable reduction 

in surface area compared to pure Al₂O₃ (18 m2/g), which serves as the 
support material. This decrease is expected, as the introduction of CuO 
and ZnO phases can lead to partial support pore blocking or increased 
particle agglomeration [29]. Among the prepared catalysts, CZA_nitrate 
showed the most significant decrease in SSA (3 m2/g), while CZA_ace
tate retained a higher surface area (11 m2/g), followed by CZA_chloride 
(9 m2/g). The differences in SSA among the samples suggest that the 
choice of precursor salts influences the dispersion and deposition of CuO 
and ZnO onto the Al₂O₃ surface. In particular, nitrate precursors appear 
to induce a stronger reduction in SSA, possibly due to differences in 
precursor decomposition behavior during calcination, which may pro
mote a higher degree of pore blockage [27]. This trend aligns with 
previous findings that precursor chemistry plays a crucial role in 
determining textural properties of Cu/ZnO-based catalysts. Phong
prueksathat et al. [27] reported that catalysts prepared from nitrate 
precursors exhibit a stronger interaction with the support, often leading 
to lower SSA but enhanced metal-support interactions. Conversely, ac
etate precursors may favor a more homogeneous metal dispersion, 
helping to preserve a greater fraction of the original porosity [27]. 
Similarly, Lee et al. [29] demonstrated that the selection of the metal 
precursor significantly impacts the catalyst specific surface area. So, 
although CZA_nitrate exhibited the lowest BET surface area (3 m2/g), 
this does not translate into poorer catalytic performance. On the con
trary, the nitrate precursors promote strong metal–support interactions 
and intimate Cu–ZnO–Al₂O₃ domains, which reduce the global SSA but 
increase the density of active Cu–ZnO interfaces. This finding highlights 
that total surface area is not a reliable descriptor of catalytic activity in 
these systems; rather, the nanoscale distribution and connectivity of the 
phases govern methanol selectivity and productivity.

The Raman spectra of the synthesized catalysts, along with com
mercial CuO and ZnO, are shown in Fig. 2.

The comparison with pure CuO and ZnO reveals notable spectral 
shifts and modifications, providing insights into metal-support in
teractions, CuO dispersion, and the formation of the CuO/ZnO interface, 

which plays a key role in CO₂ hydrogenation performance [30,31]. The 
CuO reference spectrum exhibits characteristic vibrational modes at 
about 266 cm− 1 and 328 cm− 1 associated with Ag and Bg

(1) phonon 
modes along with a broader Raman band in the range 570–625 cm− 1 

(Bg(2)) associated with monoclinic CuO [30,32–34]. The ZnO reference 
spectrum, on the other hand, shows a strong peak at 434 cm− 1, attrib
uted to the E₂(high) mode of ZnO, characteristic of the wurtzite structure 
[35]. The spectral features observed in the synthesized catalysts gener
ally match these references, but shifts and intensity variations indicate 
significant structural modifications. A key observation is that the 266 
cm− 1 CuO peak is absent or highly suppressed in CZA_acetate and 
CZA_chloride, while it is downshifted in CZA_nitrate. This behavior 
suggests a strong precursor-dependent effect on the structural properties 
of the CuO phase. In CZA_nitrate, the 266 cm− 1 peak appears narrowed 
and downshifted, which may be attributed to the quantum confinement 
effect of the CuO nanoparticles [34]. In contrast, the absence of the 266 
cm− 1 peak in CZA_acetate and CZA_chloride suggests that CuO in these 

Fig. 1. (a) XRD patterns of the catalysts CZA_nitrate, CZA_acetate, and CZA_chloride; (b) enlargement of the XRD patterns in the 2-theta range 30◦-65◦.

Table 1 
Specific Surface Area (BET) analysis results.

Sample SSA [m2/g]

Al2O3 18
CZA_nitrate 3
CZA_acetate 11
CZA_chloride 9

Fig. 2. Raman spectra of ZnO, CuO, CZA_nitrate, CZA_acetate, and 
CZA_chloride.
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samples is either highly dispersed or structurally modified to the extent 
that the typical CuO vibrational mode is no longer detectable. This could 
be due to Cu2+ incorporation into the ZnO lattice during the thermal 
annealing process, leading to a loss of the distinct CuO vibrational 
signature [36,37]. The 434 cm− 1 ZnO peak remains well-defined in all 
samples, indicating that the ZnO lattice structure is largely preserved 
across the catalysts. However, notable differences in peak broadening 
and intensity variations suggest modifications in CuO/ZnO interactions. 
For CZA_nitrate, the 434 cm− 1 peak exhibits slight broadening 
compared to pure ZnO, which suggests an increased CuO/ZnO interfa
cial interaction without severe strain effects [36]. This behavior is 
consistent with a well-integrated CuO/ZnO system, where CuO is finely 
dispersed but does not induce significant distortions in the ZnO lattice. 
In contrast, for CZA_acetate and CZA_chloride, the 434 cm− 1 peak ap
pears more pronounced and slightly narrower, suggesting that CuO 
particles in these samples may be less dispersed or interacting differently 
with ZnO. A well-defined E₂(high) mode with reduced broadening 
generally indicates a lower degree of lattice strain and fewer defect- 
related modifications in ZnO, implying that in these two samples, CuO 
exists more as separate particles rather than forming an extensive CuO/ 
ZnO interface. This interpretation aligns with previous studies that re
ported broader ZnO peaks in catalysts where metal oxides were better 
dispersed and more interactive with the support, whereas sharper peaks 
indicated more phase-segregated systems [38]. Additionally, for CZA_
nitrate, the A₁(LO) mode at 574 cm− 1 of ZnO [39] is relatively weak, 
suggesting fewer defect-related vibrations and a more ordered ZnO 
lattice. However, a strong band at ~418 cm− 1 (assigned to E1(TO) mode 
of ZnO) is observed, which is not present in either CuO or ZnO but has 
been attributed to the presence of oxygen vacancies [40], indicating the 
presence of Cu-O-Zn interactions at the Cu-ZnO interface. The CZA_a
cetate spectrum shares similarities with CZA_nitrate but exhibits broader 
CuO-related bands and a weaker 418 cm− 1 feature, indicating that CuO/ 
ZnO interactions are less pronounced. The A₁(LO) mode at 574 cm− 1 is 
more intense than in CZA_nitrate, suggesting a higher density of oxygen 
vacancies. The CZA_chloride spectrum differs significantly, particularly 
in the 600–700 cm− 1 range, where a broad band is observed. This 
feature is indicative of CuAl₂O₄ (copper aluminate spinel), a phase that 
forms when Cu strongly interacts with Al₂O₃ rather than ZnO [41]. This 
finding aligns with XRD (Fig. 1) and TPR results (vide infra), further 
confirming that a significant fraction of Cu is trapped in the CuAl₂O₄ 
phase.

The UV–Vis DRS spectra of the synthesized catalysts are shown in 
Fig. 3.

Compared to pure ZnO, which exhibits a sharp absorption edge at 

~370 nm, the CZA_nitrate and CZA_acetate samples display an extended 
visible-light absorption up to ~800 nm, suggesting a significant modi
fication of their electronic structure due to the incorporation of CuO 
species. This extended absorption is consistent with the formation of a 
CuO/ZnO interface [42]. The CZA_nitrate spectrum exhibits two distinct 
absorption features, a broad band at 600–700 nm and a second band at 
760–770 nm. The first has been attributed to finely dispersed CuO 
phases, while the second is associated with d-d transitions of isolated 
Cu2+ ions in a tetragonally distorted octahedral environment [43]. A 
similar absorption band at 600–700 nm is observed in CZA_acetate, 
reinforcing the hypothesis that both catalysts contain well-dispersed 
CuO species.

A distinct absorption pattern is observed for CZA_chloride, where the 
spectrum features a broader absorption in the visible region with three 
peaks: one at 680 nm, corresponding to finely dispersed CuO species, 
and two additional bands at 720 nm and 770 nm. The peaks beyond 700 
nm indicate the presence of bulk CuO [44], but also suggest the for
mation of CuAl₂O₄, a copper-aluminate spinel phase, which has been 
reported to exhibit a characteristic d-d transition in the 700–800 nm 
region, associated with Cu2+ ions in an octahedral coordination within 
the spinel structure [45]. The presence of CuAl₂O₄ in this sample was 
further supported by XRD results (Fig. 1), Raman (Fig. 2) and TPR 
analysis (vide infra).

The H₂-TPR profiles of the CZA_nitrate, CZA_acetate, and CZA_
chloride catalysts (Fig. 4) reveal distinct reduction behaviors, high
lighting differences in CuO dispersion, Cu-ZnO interactions, and the 
presence of additional phases.

The first reduction peak, observed between 170 and 250 ◦C, is well- 
defined for CZA_nitrate and CZA_acetate, while it is weakly present in 
CZA_chloride. This peak corresponds to the reduction of finely dispersed 
CuO species and CuO interacting at the Cu/ZnO interface [46,47]. The 
CZA_nitrate catalyst exhibits a more intense reduction peak compared to 
CZA_acetate, indicating a higher fraction of reducible CuO species. In 
contrast, CZA_acetate exhibits a broader and less intense first reduction 
peak, indicating a significantly lower fraction of reducible CuO, sug
gesting that CuO is not well-dispersed. Moreover, the second reduction 
peak, located in the 350–470 ◦C range, is most prominent in CZA_
chloride, confirming the presence of strong Cu–Al interactions leading 
to CuAl₂O₄ formation [48]. CuAl₂O₄ is a stable spinel phase, in which 
Cu2+ is trapped in octahedral coordination with Al [43], making it much 
less reducible than dispersed CuO. The broad nature of this peak con
firms that Cu-species reduction in CZA_chloride is difficult. For CZA_
nitrate and CZA_acetate, the second peak is almost absent, confirming 
that Cu is primarily present in a reducible, dispersed form rather than in 
a strongly bound CuAl₂O₄ phase. The absence of this high-temperature 
reduction feature in these two samples is consistent with their higher 
catalytic performance (vide infra).

Fig. 3. UV–Vis DRS spectra of CZA_nitrate, CZA_acetate, CZA_chloride, 
and ZnO.
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A more detailed deconvolution analysis of the first reduction peak in 
the H₂-TPR profiles (Fig. 5), combined with a quantitative assessment 
(Table 2), reveals critical differences in Cu/ZnO interactions and metal 
dispersion among the CZA_nitrate, CZA_acetate, and CZA_chloride cat
alysts [49].

The first reduction peak (A) is attributed to finely dispersed CuO, 
which is highly reducible due to its small particle size and weak inter
action with the support [46]. The second reduction peak (B) corresponds 
to CuO species interacting at the Cu/ZnO interface, forming a partially 
reducible phase [47,50]. The third reduction peak (C) is associated with 
small CuO clusters [50–52].

The peak A is dominant in CZA_acetate (63.6 %) and significantly 
lower in CZA_nitrate (38.7 %), while it is absent in CZA_chloride 
(Table 2), indicating a lack of highly dispersed CuO species in this latter 
sample. The higher intensity of peak A in CZA_acetate suggests a greater 
fraction of isolated CuO nanoparticles, which are more easily reducible. 
On the other hand, the CZA_nitrate catalyst exhibits the highest fraction 
of peak B (60.3 %), confirming the presence of a well-developed Cu/ZnO 
interface. In CZA_acetate, this peak represents only 28.2 %, suggesting 
that although CuO is present, a smaller fraction is interacting with ZnO. 
CZA_chloride's peak B, is about 60.1 %, even though it seems compa
rable with the CZA_nitrate, the Cu moles at the interface is lower as it 
could be noticed in the Table 2 (TPR analysis show that CZA_chloride 
sample has a broader peak at high temperature, due to the CuAl2O4 
while a smaller peak is reported at 210 ◦C, of that peak 60.1 % is Cu-ZnO 
interface), aligning with the previously discussed Raman and UV–Vis 
DRS analyses, which revealed limited CuO/ZnO interface formation in 
this sample. Furthermore, CZA_acetate exhibits the highest relative 
fraction of peak C (8.2 %), while in CZA_nitrate, this peak is minimal 
(1.0 %), confirming that CuO in CZA_nitrate is better dispersed and more 
effectively interacts with ZnO. In contrast, CZA_chloride presents a peak 
C fraction of 39.9 %, reinforcing the conclusion that this sample consists 
mainly of larger CuO aggregates. A key metric derived from these data is 
the Cuinterface content, which quantifies the moles of CuO interacting 
with ZnO (Table 2). CZA_nitrate exhibits the highest Cuinterface value 
(0.002 mol), followed by CZA_acetate (0.0011 mol), while CZA_chloride 
has an extremely low Cuinterface content (4.756*10− 5 mol). These find
ings further reinforce that CZA_nitrate possesses the most favorable Cu/ 
ZnO interface for catalytic applications. The higher Cu–ZnO interfacial 
density in CZA_nitrate correlates with stronger Cu–ZnO interactions, 
leading to superior performance in methanol synthesis (vide infra). 
Finally, Table 3 compares the theoretical CuO content with the 

experimental values calculated from the TPR profiles in Fig. 4 for the 
CZA_nitrate, CZA_acetate, and CZA_chloride catalysts. The results show 
that the experimental CuO content closely matches the nominal value of 
30 wt%, confirming the accuracy of the synthesis procedure. Minor 
deviations between the theoretical and measured values may be attrib
uted to experimental errors associated with H₂ consumption measure
ment during TPR or to Cu losses during the catalyst preparation process.

Fig. 6a shows the NH3-TPD profiles of CZA samples, while desorbed 
amounts are reported in Table 4 and in Fig. 6b. Three types of acid sites 
are generally identified as weak, moderate, and strong. There is no 
general consensus on the corresponding desorption temperatures 
[53–55]. CZA_acetate is characterized by a larger amount of acid sites 
(mostly moderate acid sites, with some low acidity as well), with the 
main desorption peak at 325 ◦C. CZA_chloride shows a low NH3 
desorption corresponding to moderate-low acidity, while CZA_nitrate is 
characterized by a low acidity with a wide desorption profile. The most 
evident difference among the samples is the large amount of NH3 des
orbed from CZA_acetate at medium temperature. Its attribution is not 
trivial. According to Li et al. [56], this peak could be attributed to CZA 
catalysts, while Catizzone et al. [57] reported desorption of NH3 from 
γ-Al2O3 at 160 and 330 ◦C with a relative ratio equal to 1:3. Our results 
seem to support the attribution to alumina. In the other samples, the 
suppression of the intrinsic acidity of alumina could be due to the 
interaction among the different elements and/or to surface modifica
tions due to the different precursors.

Fig. 7 shows the CO₂-TPD profiles normalized by catalyst mass of the 
investigated CZA samples, while desorbed amounts are reported in 
Table 4. Similarly to acid sites, basic sites are often classified as weak, 
moderate to strong [58,59]. CZA_acetate is characterized by a larger 
amount of basic sites and it displays a sharp and intense peak at 162 ◦C, 
which is typically associated with weak basic sites, and a smaller 
shoulder at 256 ◦C, suggesting the presence of moderate to strong basic 
sites. CZA_chloride and CZA_nitrate, on the other hand, show similar 
behaviors with a broad peak with a long tail up to 400 ◦C, which was 
deconvoluted to three Gaussian peaks attributed to weak (144–138 ◦C, 
respectively) and medium to strong (328–330 ◦C, respectively) basic 
sites. The weak basic sites (low desorption temperature) were assigned 
to the structural OH groups on surface catalysts, while moderate to 
strong basic sites were related to metal‑oxygen pairs and the coordi
nately unsaturated O2− ions [49]. Table 4 shows the ratio of basic to 
acidic sites. Interestingly, this ratio increases with increasing catalytic 
performance, suggesting that this parameter influences the activity more 
than the overall amount of basic and/or acidic sites. Moreover, as shown 
in the CO2-TPD profiles, the CZA_nitrate sample exhibits a greater ca
pacity for CO2 adsorption at higher temperatures (higher than 300 ◦C), 
which can be attributed not only to the highest basic-to-acid site ratio 
among the three samples, but also to the combination of a lower number 
of acid sites – also weaker in strength – and a higher amount of stronger 
basic sites. CO2-TPD and NH3-TPD deconvolution peak are reported in 
Fig. S1 and Fig. S2.

X-ray Photoelectron Spectroscopy (XPS) was employed to determine 
the oxidation states of the various chemical species present on the sur
face of the three synthesized samples, each prepared using different 
precursors. From the survey spectra (see Fig. 8-a), the presence of Zn, 
Cu, O, and C is clearly evident. Detecting aluminum (Al), originating 
from the alumina matrix, is more challenging, as the Al2p and Al2s re
gions are largely overlapped by the Cu3p and Cu3s peaks. Therefore, the 
reported relative atomic concentrations include only the aforemen
tioned elements, excluding Al.

As shown in Table 5, the sample with the highest copper content is 
CZA_nitrate, while CZA_acetate has the lowest, with CZA_chloride dis
playing a similar intensity to the latter. Regarding zinc, the highest 
amount is found in the CZA_acetate sample, whereas the lowest is in 
CZA_chloride. Notably, the CZA_chloride sample exhibits a significantly 
higher oxygen content—over 10 atomic percent more than the other two 
samples. Given the low levels of both Cu and Zn in this sample, the 

Fig. 5. Deconvolution of the first reduction peak in the H₂-TPR profiles of 
CZA_nitrate, CZA_acetate, and CZA_chloride catalysts. The reduction peaks are 
labeled as A, B, and C, corresponding to different CuO species.
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excess oxygen must be attributed to other chemical compounds. The 
detected carbon, likely from environmental contamination, is not suf
ficient to account for this increase in surface oxygen. Examining the 

Table 2 
Peak area, relative content, and Cu-ZnO interfacial Cu content (Cuinterface).

Catalyst Peak area Relative content (APeak/ATotal)(%) Cuinterface
b

(mol)
AA AB AC AA/ATotal

a

(%)
AB/ATotal

a

(%)
AC/ATotal

a

(%)

CZA_nitrate 35.70 55.10 0.81 38.7 60.3 1.0 0.002
CZA_acetate 62.47 27.70 8.13 63.6 28.2 8.2 0.00107574
CZA_chloride / 1.19 0.79 / 60.1 39.9 4.756*10− 5

a AA, AB, and AC are the areas of peaks A, B, and C, respectively, and ATotal is the sum of all peaks for each catalyst.
b Obtained from the deconvolution of the first reduction peak in the H₂-TPR profiles for CZA_nitrate, CZA_acetate, and CZA_chloride catalysts.

Table 3 
Comparison between the theoretical CuO content (wt%) and the experimental 
CuO content (wt%) obtained from H₂-TPR analysis (Fig. 4) for CZA_nitrate, 
CZA_acetate, and CZA_chloride catalysts.

Sample CuO theoretical 
[wt%]

CuO experimental 
[wt%]

CZA_nitrate 30 26.5
CZA_acetate 30 30.9
CZA_chloride 30 32.9

Fig. 6. NH3-TPD profiles (a) and desorbed amounts (b) of CZA_nitrate, 
CZA_acetate, and CZA_chloride.

Table 4 
Amount of NH3 and CO2 desorbed during NH3/CO2-TPD analysis for CZA_ni
trate, CZA_acetate, and CZA_chloride.

Sample NH3 desorbed, mmol/g CO2 desorbed, mmol/g CO2/NH3

CZA_acetate 1.8 0.9 0.5
CZA_chloride 0.9 0.7 0.7
CZA_nitrate 0.7 0.6 0.8

Fig. 7. CO2-TPD profiles (a) and desorbed amounts (b) for CZA_nitrate, 
CZA_acetate, and CZA_chloride.
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high-resolution (HR) spectra of the Cu3p/Al2p region (see Fig. 8-b), and 
comparing them with the spectrum of an aluminum metal foil with a 
thin oxide layer, we observe that the CZA_chloride spectrum is less 
asymmetric than those of the nitrate and acetate samples. It is also 
shifted towards lower binding energy (BE) values, which correspond to 
the expected position of AlOx peaks [60]. This observation aligns with 
previous characterizations that indicated the presence of CuAl₂O₄.

To further investigate the copper oxidation states, attention must be 
paid to the Cu2p HR region (Fig. 8-c). Copper is known to exhibit a 
significant chemical shift in the presence of Cu2+, largely due to its 
electronic configuration, while Cu0 and Cu1+ are mostly difficult to be 
distinguished in the Cu2p region, in the lower BE region [62]. Moreover, 

Cu2+ exhibits a well-known satellite in the 935–950 eV region, which 
makes easier the recognition of this species.

Starting from the CuO reference spectrum, we can see that the 
Cu2p3/2 peak is located at a binding energy of around 934 eV and has a 
well-defined satellite, as expected. The CZA_nitrate sample is the one 
with the most intense satellite, although the position of the photoelec
tronic peak is shifted towards lower BE values (932.3 eV). The CZA_A
cetate sample also has a very visible satellite, with the photoelectronic 
peak further shifted towards the decreasing BE scale (932.0 eV); we will 
come back to this point later. The CZA_chloride sample, on the other 
hand, is the one with the least intense satellite, but has the Cu2p3/2 peak 
shifted towards higher BE values (932.9 eV), contrary to what one would 
expect, given the reduction in Cu2+ content. Examining the literature, 
we find an interesting work by I. S. Zhidkov et al. [63] where it is 
demonstrated how the peak in question shifts significantly to the left, in 
the presence of CuAl2O4 matrix, which further confirms the previous 
findings related to the presence of this compound.

If we want to obtain more objective data on the presence and 
abundance of Cu2+, we can use the method presented by Biesinger et al. 
[61], which explains how, by using the ratio between the areas under 
the Cu 2p3/2 peak and its satellite (Fig. 8-d), and considering certain 
shape parameters of the satellite, it is possible to quantify the percentage 
of Cu2+ present. The remaining portion is attributed to Cu0 and Cu+, 
which cannot be distinguished in this region of the spectrum. To gain 

Fig. 8. XPS a) survey spectra for the three samples; b) Cu3p/Al2p high-resolution spectra to infer the presence of Al from the overlapping Cu. A reference spectrum 
has been added (green line) to highlight the position of Al metal and oxide; c) Cu2p doublets for the three samples and a CuO reference, showing the relative position 
of Cu2p3/2 main peak and related Cu2+ satellite; d) the deconvolution peaks of the Cu2p region for CZA_nitrate sample, according to Biesinger et al. [61] method to 
evaluate Cu2+ concentration.

Table 5 
XPS relative atomic concentration (at.%) for the three samples together with the 
calculation of the Cu2+amount from Cu2p regionsa.

Sample Relative atomic concentration [at.%] Cu oxidation [%]

C1s O1s Cu2p3/2 Zn2p3/2 Cu2+

CZA_nitrate 30.5 57.1 3.7 8.7 67
CZA_acetate 14.6 58.1 2.1 25.2 44
CZA_chloride 19.1 72.2 2.6 6.1 30

a According to Biesinger et al. [61].
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more detailed information on Cu0 and Cu+, we would need to examine 
the Cu LMM Auger region. Unfortunately, in our case, this overlaps with 
the Zn LMM region, which limits the reliability of any deconvolution in 
that area. By looking at Table 5 (last column), we can clearly see that 
there is a linear trend starting from sample CZA_nitrate, with 67 % of 
Cu2+, passing to CZA_acetate with 44 % and lastly CZA_chloride with 30 
%. This trend follows the catalytic activity of the three samples, where 
CZA_nitrate is the most active and CZA_chloride the least active.

Since our hypothesis regarding catalytic activity is also based on 
enhanced surface interaction between ZnO and CuO, we analyzed the Zn 
2p3/2 region as well. However, literature reports indicate that the 
assignment of the ZnO-related peak position is not unambiguous. This 
variability is often attributed to factors such as nanoparticle size, surface 
termination—which can lead to the formation of Zn(OH)2 on the ZnO 
surface—and the material's porosity or compactness [64]. From the 
analysis of the three samples (not shown), we observe that the Zn 2p3/2 
peak appears at a lower binding energy (1021.1 eV) for the CZA_acetate 
sample, with a full width at half maximum (FWHM) of 1.8 eV. For the 
CZA_nitrate sample, the peak shifts slightly to higher binding energy 
(1021.5 eV), with a FWHM of 2.7 eV. The CZA_chloride sample shows 
the largest shift to higher binding energy (1021.8 eV), with a FWHM of 
2.4 eV. An increase in FWHM is typically attributed either to the pres
ence of multiple oxidation states or to a certain degree of structural 
disorder, which creates inelastic interaction sites that alter the kinetic 
energy of the emitted photoelectrons. A different distribution of surface 
charge can also lead to broadening of the FWHM, as observed in the 
nitrate-based sample. G. Deroubaix and P. Marcus demonstrated in their 
work [65] that direct interaction between Cu and Zn shifts both the Zn 
2p3/2 and Cu 2p3/2 peaks towards lower binding energy (BE) values. 

Specifically, in the presence of a Cu–Zn bond, the Zn 2p3/2 peak appears 
at 1021.5 eV and the Cu 2p3/2 peak at 932.7 eV, whereas in pure ZnO 
and CuO these peaks are located at 1022.1 eV and 933.6 eV, respec
tively. The CZA_nitrate and CZA_acetate samples show BE values more 
consistent with the Cu–Zn reference than with those of the individual 
oxides, suggesting possible charge transfer between the two compo
nents. In contrast, the CZA_chloride sample exhibits values closer to 
those of the unmodified oxides, indicating weaker surface interaction 
between Cu and Zn in this case.

FESEM images show that the morphology of the CZA catalysts is 
highly influenced by the choice of precursors. It is interesting to notice 
that the morphology at the nanoscale qualitatively correlates with the 
SSA values (Fig. S3).

Fig. 9 provides a representative STEM image of the CZA_nitrate 
catalyst, showing the complex, nanostructured morphology of its 
different components. It is interesting to correlate the morphology with 
the chemical composition by EDX mapping. Regions mostly dominated 
by the presence of the Al2O3 support are identified (right side of the 
STEM image in Fig. 9). Moreover, it is worth noticing that the EDX maps 
clearly prove that there are regions where Zn and Cu nanostructures are 
connected and homogeneously dispersed at the nanometer scale (left 
side of the STEM image in Fig. 9).

3.2. Catalytic activity results

3.2.1. Atmospheric pressure catalytic results
To assess the efficiency of the three prepared catalysts, activity tests 

were conducted under various operating conditions (varying WHSV and 
temperature). The tested WHSV values were 10, 20, 25, and 30 h− 1, and 

Fig. 9. High-angle annular dark field (HAADF) STEM image of the CZA_nitrate sample, alongside the corresponding EDX maps for O, Al, Cu and Zn. The sum 
spectrum is provided in c). The Au signal is due to the TEM grid.
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for each catalyst, the CO2 hydrogenation reaction was performed at 180, 
200, 250, 300, and 350 ◦C. The three prepared catalysts were compared 
in terms of methanol selectivity (SMeOH) and methanol TOF. Fig. 10
presents the methanol selectivity results at different WHSV and reaction 
temperatures.

The data reveal that selectivity is strongly influenced by temperature 
but remains largely unaffected by WHSV. Across all WHSV values, the 
catalysts exhibit high SMeOH (~100 %) at lower temperatures (180 ◦C 
and 200 ◦C). However, at temperatures above 200 ◦C, SMeOH declines 
sharply, approaching 0 % at 300 ◦C and 350 ◦C. This trend is further 
confirmed in Fig. 11, which provides a more detailed breakdown of the 
selectivity towards methanol, methane, and CO as a function of tem
perature at WHSV = 10 h− 1.

All catalysts display a similar selectivity pattern, where SMeOH re
mains high (~100 %) up to 200 ◦C, then starts to decline as temperature 
increases. Simultaneously, CO selectivity rises, becoming the dominant 
product at temperatures above 250 ◦C, reaching nearly 100 % selectivity 
at 300 ◦C and beyond. The formation of methane remains negligible for 
all catalysts across the tested temperature range, indicating that the 
decline in SMeOH is primarily due to CO formation [66]. Therefore, the 
system is not solely governed by CO₂ hydrogenation to methanol 
(reaction R1) but also by the reverse water-gas shift (RWGS) reaction 
(reaction R2), which becomes more prominent at higher temperatures. 

CO2 +3H2 ↔ CH3OH+H2O (R1) 

CO2 +H2 ↔ CO+H2O (R2) 

This behavior is consistent with previous studies on Cu/ZnO/Al₂O₃ 
catalysts for CO₂ hydrogenation to methanol, where higher tempera
tures favor CO formation due to thermodynamic limitations on meth
anol synthesis [17,67]. Importantly, since all three catalysts exhibit a 

similar trend, it can be concluded that the choice of precursor salts does 
not significantly affect the selectivity profile under atmospheric pressure 
conditions.

The differences in catalytic performance for methanol synthesis 
become more evident when analyzing methanol TOF, as shown in 
Fig. 12. TOF is a crucial parameter as it provides a more comprehensive 
evaluation of catalyst efficiency. Fig. 12 presents methanol TOF as a 
function of both WHSV and temperature, highlighting distinct trends 
among the prepared catalysts.

Methanol TOF follows a consistent trend across all tests, with 
methanol TOF increasing with temperature and reaching its maximum 
at 250 ◦C. However, as depicted in Fig. 11, while TOF peaks at 250 ◦C, 
methanol selectivity is significantly reduced. Among the catalysts, 
CZA_nitrate consistently exhibits the highest TOF at all WHSV values, 
reinforcing its superior catalytic performance. The significantly higher 
TOF observed for CZA_nitrate compared to CZA_acetate and CZA_
chloride suggests that the enhanced Cu/ZnO interface, as discussed in 
the TPR and Raman analysis, plays a key role in promoting CO₂ hy
drogenation to methanol. In contrast, CZA_chloride shows the lowest 
productivity, further confirming that the presence of CuAl₂O₄ limits the 
availability of active Cu sites.

This correlation between methanol productivity and the Cu/ZnO 
interface is further supported by Fig. 13, which presents the trend of 
productivity as a function of Cuinterface content.

The data reveal a strong linear correlation between methanol pro
ductivity and the amount of Cu at the Cu/ZnO interface, with high 
correlation coefficients (R2) for all tested WHSV values. This trend 
confirms that the Cu/ZnO interface plays a crucial role in determining 
methanol productivity, further justifying the superior performance of 
CZA_nitrate, which exhibits the highest Cuinterface content (Table 2). This 
finding strongly supports that the Cu/ZnO interface constitutes the 

Fig. 10. Methanol selectivity at atmospheric pressure for the three catalysts (CZA_nitrate, CZA_acetate, and CZA_chloride) at different temperatures and WHSV 
values. The results are shown for (a) 10 h− 1, (b) 20 h− 1, (c) 25 h− 1, and (d) 30 h− 1.
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primary active site for CO₂ hydrogenation to methanol. The slope of the 
linear fit can be interpreted as a measure of intrinsic catalytic activity 
per mole of interfacial Cu, highlighting the critical importance of 
interfacial engineering in catalyst design. This correlation not only 
validates the TPR-based quantification approach but also confirms that 
the observed catalytic behavior is directly linked to the physicochemical 
properties induced by the choice of precursor salts.

A comprehensive analysis of the catalytic performance indicates that 
an optimal set of operating conditions can be identified to balance 
methanol productivity and selectivity. The results demonstrate that 
SMeOH remains near 100 % at 180 ◦C and 200 ◦C, ensuring minimal by- 
products formation. However, at 200 ◦C, TOF is significantly higher 
compared to 180 ◦C, making this temperature more favorable for effi
cient CO₂ hydrogenation. Furthermore, among the tested WHSV values, 

Fig. 11. Selectivity trends of methanol, methane, and carbon monoxide as a function of reaction temperature for the three catalysts: (a) CZA_nitrate, (b) CZA_acetate, 
and (c) CZA_chloride at WHSV = 10 h− 1 and atmospheric pressure.
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the highest productivity is achieved at 10 h− 1, indicating that a lower 
space velocity enhances the contact time between reactants and active 
sites, promoting higher methanol yields. Consequently, under atmo
spheric pressure conditions, 200 ◦C and a WHSV of 10 h− 1 emerge as the 
most effective parameters for maximizing methanol production while 
maintaining high selectivity.

Therefore, stability tests (Fig. 14) were performed under these 
optimized conditions (200 ◦C and WHSV of 10 h− 1) to assess the long- 
term performance of the catalysts. The evaluation focused on both 
SMeOH (Fig. 14a) and methanol productivity (Fig. 14b) over an extended 
reaction period, providing insights into catalyst stability and deactiva
tion phenomena.

The results reveal distinct trends among the catalysts. Both CZA_ni
trate and CZA_acetate exhibit stable SMeOH over the 10 h testing period, 

with no significant fluctuations (Fig. 14a). However, CZA_chloride 
shows a slight decline in selectivity (Fig. 14a), which may indicate a 
progressive deactivation mechanism that could become more pro
nounced over longer reaction times. In terms of methanol productivity 
(Fig. 14b), CZA_nitrate consistently outperforms the other samples, 
maintaining the highest productivity levels. CZA_acetate follows a stable 
trend but at a lower rate compared to CZA_nitrate. On the other hand, 
CZA_chloride exhibits a gradual decrease in productivity (Fig. 14b), 
suggesting that deactivation phenomena are occurring during the re
action. This decline in performance necessitated further investigation 
into potential deactivation mechanisms. To assess whether coke depo
sition contributed to catalyst deactivation, post-reaction temperature- 
programmed oxidation (TPO) analysis was performed (Fig. 15).

The comparison between CZA_nitrate and CZA_chloride indicates 
that CO₂ evolution is only observed for the CZA_chloride sample during 
the oxidation step, confirming the presence of coke deposits. This 
carbonaceous buildup can be directly linked to the observed decrease in 
both SMeOH and productivity over time for CZA_chloride (Fig. 14). The 
presence of coke deposits in CZA_chloride can be correlated with the 
formation of Cu–Al spinel-like phases, which were detected in this 
sample (see XRD, Raman and H2-TPR results) and are known to influ
ence catalyst deactivation. Several studies report that aluminates can 
contribute to carbon deposition [68–70], leading to progressive deac
tivation. Unlike the other catalysts, where Cu is mainly present in highly 
dispersed or interface phases, the presence of Cu–Al interactions in 
CZA_chloride likely modifies the catalyst surface properties, favoring 
side reactions that result in coke formation. This explains the decline in 
both SMeOH and productivity during the reaction time.

To further validate the durability of the most promising formulation, 
an extended 72-h stability test was conducted on the CZA_nitrate cata
lyst under the optimal operating conditions (200 ◦C, 1 bar, WHSV = 10 
h− 1). As shown in Fig. 16, methanol productivity and selectivity 

Fig. 12. Methanol TOF at atmospheric pressure and different temperatures for varying Weight Hourly Space Velocity (WHSV) values: (a) 10 h− 1, (b) 20 h− 1, (c) 25 
h− 1, and (d) 30 h− 1.

Fig. 13. Correlation between methanol productivity and the Cuinterface content 
for different Weight Hourly Space Velocity (WHSV) values at 250 ◦C and at
mospheric pressure.
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remained stable throughout the entire test period. Specifically, meth
anol productivity was consistently maintained at ~0.085 μmol/min, 
while methanol selectivity remained close to 100 %, confirming the 
excellent long-term performance and resistance to deactivation of the 
CZA_nitrate catalyst under mild conditions. It is important to note that 
during CO₂ hydrogenation, every mole of CO₂ converted to methanol or 
CO inherently generates 1 mol of H₂O, creating hydrothermal conditions 
inside the reactor. Previous studies have highlighted that such condi
tions often compromise the durability of commercial Cu/ZnO/Al₂O₃ 
catalysts [71]. In this context, the stable performance of CZA_nitrate 
over 72 h of continuous operation (Fig. 16) is particularly significant, as 
it implies that the Cu–ZnO interface in this formulation is less prone to 
hydrothermal degradation. This enhanced interfacial stability further 
strengthens the role of nitrate-derived precursors in promoting durable 
Cu–ZnO interactions under reaction conditions.

Following the confirmation of long-term stability under optimal re
action conditions (200 ◦C, 1 bar, WHSV = 10 h− 1) over 72 h, the per
formance of the CZA_nitrate catalyst was further evaluated by direct 
comparison with a commercial Cu/ZnO/Al₂O₃ catalyst (CZA_commer
cial, supplied by ThermoFisher Scientific), as presented in Fig. 17.

Fig. 14. Stability tests results for CZA_nitrate, CZA_acetate, and CZA_chloride at atmospheric pressure, WHSV 10 h− 1, and 200 ◦C.

Fig. 15. CO2 formation during post-reaction TPO for CZA_nitrate and 
CZA_chloride.

Fig. 16. Long-term stability test of the CZA_nitrate catalyst performed at 200 ◦C, 1 bar, and WHSV = 10 h− 1 over 72 h.

L. Chianese et al.                                                                                                                                                                                                                                Chemical Engineering Journal 525 (2025) 169870 

13 



The results clearly demonstrate that CZA_nitrate achieves 100 % 
methanol selectivity, whereas CZA_commercial reaches only 23 %. This 
indicates that CZA_nitrate strongly favors methanol formation, effec
tively suppressing undesired side reactions. The superior selectivity of 
CZA_nitrate suggests that the Cu/ZnO interface in this catalyst is highly 
optimized for CO₂ hydrogenation, favoring the selective conversion to 
methanol while minimizing RWGS reaction. Conversely, the lower 
selectivity observed for CZA_commercial implies a significant contri
bution from side reactions, leading to by-product formation, likely 
including CO via the RWGS reaction. This behavior might be attributed 
to differences in metal dispersion and Cu/ZnO interfacial properties, 
which strongly influence the reaction mechanism.

To further evaluate the performance of the CZA_nitrate catalyst, its 
methanol selectivity was compared with data from some previous 
studies on CO₂ hydrogenation to methanol at atmospheric pressure 
(Table 4).

The CZA_nitrate catalyst exhibits outstanding performance, 
achieving 100 % SMeOH at 180 ◦C and 200 ◦C under atmospheric pres
sure. These results emphasize its superiority compared to previously 
reported Cu/ZnO/Al₂O₃-based and Pd-based catalysts, which generally 
exhibit lower SMeOH under comparable conditions. While the La₂O₃- 
promoted CuO/ZnO/Al₂O₃ catalyst [25] also achieves 100 % SMeOH, this 
occurs only at 160 ◦C. However, its performance declines significantly 
with increasing temperature, dropping to 70 % at 190 ◦C, 40 % at 
210 ◦C, and just 5 % at 240 ◦C. This trend suggests that side reactions, 
such as the RWGS reaction, become dominant at higher temperatures, 
limiting its operational range at atmospheric pressure. In contrast, 
CZA_nitrate maintains 100 % selectivity up to 200 ◦C, a temperature 
more favorable for methanol production due to higher reaction rates, 
while at 250 ◦C, it still retains 10 % methanol selectivity. This is 
significantly better than the La-promoted catalyst, which rapidly loses 
its selectivity beyond 190 ◦C under atmospheric conditions. The Pd- 
based catalysts [72] show even lower methanol selectivity: 65.1 % for 
Pd/ZnO, 23.3 % for Pd/Ga₂O₃, and 30.4 % for Cu/ZnO at 190 ◦C under 
atmospheric pressure.

To further contextualize the catalytic performance of the CZA_nitrate 
sample, methanol TOF values were calculated (Table 6). Although 
CZA_nitrate exhibits lower TOF values than some Pd-based systems (e.g., 
Pd/ZnO with TOF ~4 h− 1), it consistently delivers 100 % methanol 
selectivity at 180–200 ◦C under 1 bar, a performance not matched by 
other catalysts operating at comparable conditions. Notably, some of the 
Pd-based catalysts achieving higher TOF do so at the expense of selec
tivity. We believe that in methanol synthesis via CO₂ hydrogenation, 
selectivity is a key metric, especially for downstream purification and 
process efficiency. This result highlights the CZA_nitrate catalyst to 
direct the reaction pathway towards methanol formation while sup
pressing competing side reactions.

3.2.2. Effect of pressure on methanol synthesis performance
Methanol synthesis from CO₂ and H₂ is limited by thermodynamic 

equilibrium, especially under atmospheric pressure and at elevated 
temperatures, where the RWGS reaction becomes increasingly favored. 
At 1 bar, the equilibrium conversion is intrinsically low, restricting the 
overall methanol yield even in the presence of active and selective cat
alysts. To overcome this limitation, additional catalytic tests were per
formed using the best-performing catalyst (CZA_nitrate) at elevated 
pressures up to 7 bar. In particular, CO₂ hydrogenation tests were con
ducted at elevated pressures (up to 7 bar) while maintaining a constant 
WHSV of 10 h− 1 and varying the reaction temperature (Figs. 18 and 19).

The results reveal a strong dependence of CO₂ conversion, methanol 
selectivity, and methanol productivity on operating pressure. As shown 
in Fig. 18a, CO₂ conversion remains low at 1 bar, regardless of the 
temperature. However, increasing the pressure to 4 bar leads to a 
noticeable rise in CO₂ conversion (7 % at 350 ◦C). At 7 bar, a significant 
increase in CO₂ conversion is observed, reaching approximately 23 % at 
350 ◦C. SMeOH (Fig. 18b) follows the expected trend, with high selectivity 
at low temperatures (180–200 ◦C) across all pressures. However, at 
higher temperatures, SMeOH decreases due to the promotion of 
competing reactions, particularly the RWGS reaction. Notably, 
increasing the pressure to 7 bar mitigates this selectivity drop, extending 
the range of high SMeOH to slightly higher temperatures compared to 1 
bar and 4 bar. This effect is primarily linked to the thermodynamic 
equilibrium of methanol synthesis, which is favored at higher pressures, 
as methanol formation involves a net reduction in the total number of 
gas-phase molecules. Consequently, increasing pressure enhances 
methanol yield while suppressing the direct hydrogenation of CO₂ to CO 
via the RWGS pathway [73]. Moreover, the kinetic barrier for methanol 
synthesis is reduced at higher pressures, allowing for greater methanol 
productivity while limiting undesirable side reactions [74]. Indeed, TOF 
(Fig. 18c) exhibits a pressure-dependent maximum, peaking at 250 ◦C 
for all conditions. At 1 bar, TOF is significantly lower than at 4 and 7 bar, 
reflecting the lower CO₂ conversion. At 7 bar, the maximum TOF sur
passes 0.5 h− 1 (30 μmol/min), demonstrating the positive impact of 
higher pressure on methanol formation rate.

The detailed product distribution analysis in Fig. 19 further supports 
these observations.

At 1 bar (Fig. 19a), methanol is the dominant product at low tem
peratures, but selectivity declines rapidly above 200 ◦C, with CO 
becoming the main product due to RWGS. The formation of methane 
remains negligible. At 4 bar (Fig. 19b), CO formation is still dominant at 
high temperatures, but SMeOH remains high over a broader range. At 7 
bar (Fig. 19c), SMeOH remains high at lower temperatures (180–200 ◦C), 
similar to the trends observed at lower pressures. Notably, at 250 ◦C, 
SMeOH at 7 bar (about 50 %) is higher than at 4 bar (about 30 %), sug
gesting that increased pressure helps to suppress side reactions, main
taining a more favorable environment for methanol synthesis at this 
temperature. Regarding CO selectivity, the data reveal that increasing 
the pressure to 7 bar significantly suppresses CO formation at lower Fig. 17. Methanol selectivity at WHSV 10 h− 1, 200 ◦C, and 1 bar for CZA_ni

trate and CZA_commercial.

Table 6 
Comparison between methanol selectivity in the present work and in literature 
at atmospheric pressure.

Reference Catalyst Temperature 
[◦C]

Methanol 
selectivity [%]

TOF 
[h− 1]

Present 
work

CZA_nitrate 180 100 0.0556
200 100 0.0141
250 10 0.02929

[25] La2O3-promoted 
CuO/ZnO/Al2O3

160 100 /
190 70 /
210 40 /
240 5 /

[72] Pd/ZnO 190 65.1 3.96
Pd/Ga2O3 190 23.3 0.432
Cu/ZnO 190 30.4 0.27
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temperatures. While at 1 bar and 4 bar, CO production becomes domi
nant beyond 250 ◦C, at 7 bar, the increase in CO selectivity is delayed, 
appearing more prominently only at 300 ◦C and higher. Finally, 
methane formation remains minimal across the entire temperature and 
pressure range, with its extent still negligible compared to CO produc
tion, confirming that the only significant side reaction under the 
investigated operating conditions is the RWGS reaction.

To evaluate the consistency between experimental data and ther
modynamic limitations, methanol selectivity under equilibrium condi
tions was calculated using the Gaseq software (version 0.79). The model 
considered only the main reactions relevant under the tested conditions: 
CO₂ hydrogenation to methanol and the reverse water–gas shift (RWGS) 
reaction.

The comparison between experimental and calculated equilibrium 
methanol selectivity (Table S1) revealed a marked deviation at low 
temperatures. For instance, at 180 ◦C and 1 bar, the equilibrium selec
tivity was only 3.1 %, while the experimental value reached 100 %. A 
similar trend was observed at 200 ◦C. These discrepancies confirm that 

Fig. 18. High-pressure test results for CZA_nitrate at WHSV 10 h− 1, 200 ◦C, and 
different pressures (1, 4, and 7 bar) showing: (a) CO₂ conversion, (b) methanol 
selectivity, and (c) methanol productivity.
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Fig. 19. Selectivity to methanol, methane, and carbon monoxide at WHSV 10 
h− 1, under different temperatures and pressures: (a) 1 bar, (b) 4 bar, and (c) 
7 bar.
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under these mild conditions, the reaction is not limited by thermody
namics but is instead governed by kinetic factors. The high selectivity 
observed for the CZA_nitrate catalyst is thus attributed to its ability to 
promote methanol formation and inhibit the competing RWGS reaction.

In addition, to validate the reliability of the catalytic tests, a full 
carbon mass balance was performed for all experiments. Despite the 
challenges posed by the low conversion levels and the use of a highly 
sensitive detector (optimized for product quantification), the total car
bon balance consistently closed within 98 ± 2 %. This high level of 
closure confirms the robustness and accuracy of the experimental 
methodology and supports the validity of the reported selectivity and 
productivity values.

Furthermore, a dedicated test at 30 bar and 200 ◦C confirmed this 
trend: the CZA_nitrate catalyst achieved 14 % CO₂ conversion and 90 % 
methanol selectivity, demonstrating its potential under industrially 
relevant conditions. These findings are consistent with previous reports. 
For instance, Gaikwad et al. [66] demonstrated that high pressure 
significantly enhances methanol productivity in CO₂ hydrogenation due 
to favorable thermodynamics. Compared to the Ga-promoted Cu/ZnO 
catalysts studied by Cored et al. [75] at similar temperature and lower 
pressure (20 bar, 200 ◦C), which achieved CO₂ conversions of 6.2 % and 
4.9 % with selectivities of 90 % and 95 %, respectively, CZA_nitrates 
demonstrates a markedly higher activity while maintaining comparable 
selectivity. Furthermore, when compared to the Zr-promoted CZA 
catalyst investigated by Ren et al. [76] at higher pressure and temper
ature (60 bar, 260 ◦C), which showed a CO₂ conversion of 25 % and a 
methanol selectivity of 63 %, the CZA_nitrates catalyst offers a favorable 
balance of conversion and selectivity under milder conditions.

This confirms the crucial role of reaction pressure in overcoming 
equilibrium constraints and further validates the excellent performance 
of CZA_nitrate under both mild and pressurized conditions.

4. Industrial relevance and potential optimizations

Operating at moderate pressures (1–7 bar) and low temperatures 
(180–200 ◦C) offers a clear advantage in terms of reduced hydrogen/CO₂ 
compression work and simplified plant utilities. However, the thermo
dynamic limitation at low pressure yields low single-pass conversions 
and consequently larger reactor volumes and higher recycle/separation 
duties. Importantly, CZA_nitrate preserves excellent methanol selec
tivity when pressure is raised (e.g., ~14 % CO₂ conversion and ~ 90 % 
methanol selectivity at 30 bar, 200 ◦C), indicating suitability across a 
range of operating pressures. To translate the promising lab-scale 
selectivity into industrial competitiveness at moderate pressure, two 
complementary paths are envisaged: material-level improvements, 
increasing active Cu–ZnO interfacial density via high-surface-area or 
structured supports, promoter/dopant addition, and catalyst shaping 
(monoliths, washcoats) (aimed at increasing intrinsic activity and space- 
time yield); process-level innovations, staging with internal recycle, 
reaction–separation coupling (e.g., selective water removal or mem
brane reactors) or pressure-swing strategies to shift the equilibrium. 
Future work will quantify performance with industrially relevant met
rics (Space-Time Yield (STY), and energy per kg MeOH) and will include 
a preliminary techno-economic assessment to compare compression 
energy savings against the penalties of larger reactors and separation 
duty.

5. Conclusions

This study highlights the crucial role of precursor salt selection in 
determining the physicochemical properties and catalytic performance 
of Cu/ZnO/Al₂O₃ (CZA) catalysts for CO₂ hydrogenation to methanol. By 
varying the Cu and ZnO precursor salts (nitrate, acetate, and chloride), 
significant differences were observed in Cu dispersion, metal-support 
interaction, and Cu phase distribution, which directly influenced cata
lytic activity and selectivity.

Among the prepared catalysts, CZA_nitrate exhibited the strongest 
Cu/ZnO interaction and the highest Cu species content at the ZnO 
interface, as evidenced by a prominent Cu2+-ZnO charge transfer band 
in UV–Vis DRS and a higher Cu interface content derived from TPR peak 
deconvolution analysis. In contrast, CZA_chloride exhibited a signifi
cantly lower Cu-ZnO interface content and the presence of CuAl₂O₄ 
spinel-like species, as confirmed by Raman spectroscopy and XRD 
analysis, which hinder Cu-ZnO interactions.

CO₂ hydrogenation tests confirmed that CZA_nitrate exhibited su
perior catalytic performance, achieving 100 % methanol selectivity at 
180–200 ◦C under atmospheric pressure, coupled with the highest 
methanol productivity. In addition to its superior selectivity and pro
ductivity, the CZA_nitrate catalyst also demonstrated remarkable sta
bility under reaction conditions, which inherently involve hydrothermal 
stress due to water formation. The preservation of methanol selectivity 
and productivity over 72 h suggests that the Cu–ZnO interface in 
CZA_nitrate is highly resistant to hydrothermal degradation, a common 
limitation of commercial Cu/ZnO/Al₂O₃ catalysts.

Furthermore, methanol productivity was found to be strongly 
dependent on the Weight Hourly Space Velocity (WHSV). Among the 
tested conditions, the highest methanol productivity was achieved at 10 
h− 1 and 200 ◦C under 1 bar. A linear correlation between methanol 
productivity and the amount of Cu at the interface of ZnO was validated 
through quantitative TPR analysis, confirming that the Cu/ZnO inter
face is the key active site for CO₂ hydrogenation. The role of the Cu-ZnO 
interface was particularly evident when comparing CZA_nitrate and 
CZA_acetate, with the latter showing lower Cu interface content and 
reduced catalytic performance. Stability tests confirmed that CZA_ni
trate retained its activity over prolonged reaction times, whereas 
CZA_chloride suffered from deactivation, attributed to coke formation, 
as evidenced by TPO analysis, likely promoted by the presence of 
CuAl₂O₄ species that inhibited Cu-ZnO interaction. This suggests that 
CuAl₂O₄ formation not only reduces Cu availability but also promotes 
carbon deposition, accelerating catalyst deactivation. At high pressures 
(up to 7 bar), methanol selectivity on CZA_nitrate remained high at 
lower temperatures, and at 250 ◦C, increasing the pressure mitigated 
RWGS side reactions, improving methanol selectivity from 10 % at 1 bar 
to approximately 30 % at 4 bar and 50 % at 7 bar. Notably, methane 
formation remained negligible across all tested conditions, confirming 
that RWGS was the only significant side reaction. Comparative testing 
against a commercial Cu/ZnO/Al₂O₃ catalyst further highlighted the 
superior selectivity of CZA_nitrate, demonstrating its high efficiency in 
methanol synthesis. Finally, a comparison with literature data 
confirmed that CZA_nitrate outperformed previously reported Cu-based 
catalysts at atmospheric pressure, achieving superior methanol selec
tivity even at low temperatures (180–200 ◦C). Although the present 
study highlights the importance of optimizing the Cu/ZnO interface to 
enhance catalytic performance and emphasizes the critical influence of 
precursor selection on catalyst design, further mechanistic insights are 
still needed. Future investigations should include in situ spectroscopic 
techniques such as DRIFTS to better elucidate the nature of active Cu 
species and surface intermediates during CO₂ hydrogenation over 
CZA_nitrate catalyst.

The combination of excellent selectivity at mild conditions and 
promising behavior at elevated pressure suggests that CZA_nitrate is a 
strong candidate for lower-temperature methanol synthesis. Its indus
trial attractiveness at moderate pressure will depend on material opti
mizations (support, promoters, structured catalysts) and process 
integrations (reaction–separation schemes); these avenues should be 
pursued in follow-up studies, alongside basic techno-economic com
parisons using STY and energy per kg methanol as decision metrics.

However, this study provides valuable insights for the rational 
development of Cu-based catalysts for selective CO₂ conversion to 
methanol, offering potential avenues for improving catalyst stability, 
productivity, and selectivity through precursor engineering and 
controlled synthesis methods.
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