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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™! and atmospheric pressure.

primary active site for COz 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.
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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
Smeon 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 COz hydrogenation. Furthermore, among the tested WHSV values,
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Fig. 18. High-pressure test results for CZA nitrate at WHSV 10 h~!, 200 °C, and
different pressures (1, 4, and 7 bar) showing: (a) COz 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’l, under different temperatures and pressures: (a) 1 bar, (b) 4 bar, and (c)
7 bar.

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:
CO: 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



