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Advanced metal-support interactions in Cu/ZnO
catalysts: the role of MOFs and ZrO, for enhanced
methanol production
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This study explores the role of metal-support interactions (MSI) and the incorporation of Metal-Organic
Frameworks (MOFs) in enhancing the catalytic performance of Cu/ZnO-based catalysts, promoted and
supported by AlbOsz (ANC) and ZrO, (ZNC), for CO, hydrogenation to methanol. The ZNC catalyst
exhibits significantly superior catalytic performance, achieving up to 90% methanol selectivity and 28%
CO, conversion under optimal conditions. These improvements are attributed to its higher dispersion,
better reducibility, and stronger metal-support interaction (MSI), facilitated by the incorporation of ZrO,.
The use of MOFs in the catalyst synthesis contributes to enhanced stability and active site dispersion.

The MSI, coupled with the presence of ZrO,, facilitates hydrogen spillover, oxygen vacancy formation,
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Accepted 17th November 2025 and improved CO, and H, activation. DFT calculations corroborate experimental findings, revealing
ZNC's lower activation energy barriers and more efficient pathways for methoxy intermediate formation.

DOI: 10.1039/d5na008389 This study highlights the critical role of MSI and MOFs in optimizing catalytic efficiency, establishing ZNC
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1. Introduction

The rapid increase in greenhouse gas emissions, particularly
carbon dioxide (CO,), has led to significant environmental
challenges, including global warming and climate change. With
atmospheric CO, levels rising due to overconsumption of fossil
fuels, it is imperative to mitigate emissions and explore
sustainable alternatives.'” One promising strategy is the cata-
lytic conversion of CO, into valuable chemicals like methanol,
which serves as a versatile raw material for fuels and other
industrial applications. Methanol synthesis from CO, not only
reduces greenhouse gas emissions but also enables the recy-
cling of CO, into a sustainable “circular carbon economy”. This
process has the potential to address energy and environmental
crises by providing a pathway for renewable fuel production
while curbing CO, emissions.*® Catalysts play an essential role
in the hydrogenation of CO, to methanol, enabling the reaction
under economically viable conditions. Copper-based catalysts,
such as Cu/ZnO/Al,03, have long been the industrial standard
due to their high activity, stability, and cost-effectiveness.*®
However, the addition of promoters like transition metal
oxides has shown significant improvements in catalytic effi-
ciency by enhancing copper's reducibility, dispersion, and
interaction with CO,. Furthermore, the development of tailored
synthesis methods, such as co-precipitation and impregnation,
has provided researchers with tools to optimize catalyst
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as a promising candidate for sustainable methanol production.

performance. These advances allow for the efficient utilization
of CO, as a feedstock for methanol synthesis, driving progress
in sustainable chemical production.™

Despite its potential, CO, hydrogenation to methanol faces
several challenges. The inert nature of the CO, molecule
requires highly active and selective catalysts to facilitate its
transformation under practical reaction conditions.”> While
copper-based catalysts have shown promise, limitations such as
sintering, poor stability at lower temperatures, and competing
side reactions like reverse water-gas shift (RWGS) need to be
addressed. Additionally, achieving a balance between high
methanol selectivity and suppressing carbon monoxide forma-
tion remains critical. Advanced catalyst designs, including the
incorporation of promoters and novel supports, are being
explored to overcome these obstacles. Progress in this area
holds the key to scalable and efficient CO,-to-methanol
conversion technologies."**™*

Support materials are crucial in enhancing the performance
and longevity of Cu-based catalysts for CO, hydrogenation to
methanol. These materials stabilize active metal particles,
prevent aggregation, and improve the distribution of catalytic
sites. Metal oxides like Alumina and carbon-based supports play
unique roles: alumina's acidic nature promotes effective
dissociation of CO,, while its high thermal stability ensures
structural integrity during reactions.'® Hierarchical supports,
such as MOFs and zeolites, with their micro- and mesoporous
structures, ensure efficient reactant accessibility and provide
consistent dispersion of Cu nanoparticles.'”**

© 2026 The Author(s). Published by the Royal Society of Chemistry
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Metal-organic frameworks (MOFs), with their crystalline,
microporous structures, represent a promising frontier in
catalyst development for CO, hydrogenation to methanol.*®***°
Boasting high surface areas and tunable pore sizes, MOFs such
as ZIF-8, composed of Zn** and 2-methylimidazole, enable
precise control over reactant movement, catalyst stability, and
performance.**** These frameworks excel in encapsulating Cu
nanoparticles (NPs) with high dispersion, leveraging their
porosity to minimize particle aggregation and maintain activity
over time. The confinement effect within MOFs preserves the Cu
catalyst's structural integrity, enhancing metal dispersion and
active site exposure critical for efficient CO, activation and
hydrogenation. By offering these advanced functionalities,
MOFs elevate the overall catalytic efficiency and durability,
solidifying their importance in sustainable methanol
production.>*?*

Promoters are essential in enhancing the efficiency and
performance of Cu-based catalysts for CO, hydrogenation to
methanol. Metal oxides such as ZnO and ZrO, not only act as
promoters but also exhibit support characteristics.>® They can
improve electron transfer through their oxygen vacancies,
stabilize active sites, and enhance CO, adsorption. ZnO plays
a crucial role by adsorbing CO,, facilitating H, spillage over Cu,
and creating a synergistic system to boost methanol produc-
tion.>® However, ZnO's thermal instability and its tendency to
promote the reverse water-gas shift (rWGS) reaction at elevated
temperatures highlight the need for careful optimization.””**

ZrO, plays a multifaceted role in enhancing the performance
of Cu/ZnO catalysts for CO, hydrogenation to methanol. It acts
as a co-support that significantly improves Cu and ZnO
dispersion, enhances redox properties, and strengthens metal-
support interactions. These properties contribute to higher
catalytic activity and methanol selectivity, particularly at low
reaction temperatures (150-240 °C). The weak hydrophilic
nature of ZrO, also facilitates water desorption, thermody-
namically promoting methanol synthesis. In addition, the uni-
que amphoteric properties of ZrO,, combining weak acidic and
basic characteristics, allow it to interact effectively with CO, and
CO, stabilizing intermediates and aiding in their trans-
formation into methanol. Its ability to form amorphous struc-
tures or interact with crystalline Cu/ZnO enhances the
adsorption and activation of CO,, while optimizing the disso-
ciative adsorption of intermediates like formate. Furthermore,
the particle size and crystallinity of ZrO, strongly influence its
synergy with Cu and ZnO, with smaller or amorphous ZrO,
structures demonstrating enhanced methanol yield by creating
highly active sites. ZrO,'s versatility extends to its role in oxide-
oxide interactions, such as forming ZrO,-ZnO interfaces, which
boost CO, conversion efficiency and methanol selectivity. These
interfaces optimize adsorption properties, stabilize active
intermediates, and enhance catalytic stability under reaction
conditions. Its tunable physicochemical properties, such as
surface acidity, basicity, and oxygen vacancy concentration,
make ZrO, a critical component in advancing the design of next-
generation catalysts for sustainable methanol production from
CO, hydrogenation.***
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In this study, to achieve an efficient catalyst for CO, hydro-
genation to methanol, we employ ZIF-8 as a superior support for
Cu NPs, which are interconnected with Zn NPs through a thin
porous carbon interface derived during the catalyst fabrication
process. To further enhance catalyst stability and improve its
catalytic performance, additional metal oxides, ZrO, and Al,O3,
are employed as supports and promoters. Although these metal
oxides have been extensively studied, their specific role in
metal-support interaction (MSI) in Cu-based catalyst has not
been thoroughly investigated. This study not only evaluates
their characteristics using various analytical techniques and
examines their catalytic performance comprehensively but also
compares their features theoretically through density func-
tional theory (DFT). Unique attributes, such as their role in
hydrogen spillover and their influence on strengthening the
MSI, are analyzed, highlighting their importance in methoxy
formation, a key intermediate in the methanol production
process.

2. Experimental method
2.1 Catalyst synthesis

The catalyst fabrication is conducted through a multi-step
process. First, the synthesis of the zeolitic imidazolate frame-
work (ZIF-8) is performed using Zn(MeIm), (where MeIm stands
for 2-methyl imidazolate). At this stage, the active site incor-
porates both Zn and Cu metals, requiring the simultaneous
addition of Cu(NO3;),-3H,0 and Zn(NOj3),-6H,0 in a 2: 1 molar
ratio to the 2-methyl imidazolate solution.”* Next, the Cu-doped
ZIF-8 structure is encapsulated with zirconia using a deposition
precipitation method, followed by thermal treatment. Initially,
pyrolysis is carried out at 450 °C for 3 hours under a nitrogen
atmosphere to convert the ZIF-8 structure into a porous carbon
framework. This is followed by calcination at 350 °C for 5 hours,
which results in the formation of a thin porous carbon layer. As
highlighted by Wang et al., the combined effects of pyrolysis
and calcination improve the reducibility, dispersion, and crystal
size reduction of particles.”® While calcination in air can
partially remove the carbon layer, the chosen calcination
conditions ensure that complete carbon removal does not
occur.”® After the thermal treatment, the resulting catalyst
appears as a blackish-brown powder. For comparison,
a conventional Al,O; promoter-support was applied to prepare
the catalyst using a similar MOF-structure-assisted method,
aiming to achieve a catalyst with a suitable narrow mesopore
size distribution and an enlarged interfacial area at the metal-
oxide interface. The detailed synthesis procedures will be di-
scussed in the subsequent sections.

2.1.1 Catalyst preparation

2.1.1.1 Synthesis of Cu-doped ZIF-8. Typically, 5 g of
Cu(NO3),-3H,0, 3 g of Zn(NO3),-6H,0, and 0.3 g of CTAB were
dissolved in 60 mL of methanol to prepare solution 1, and the
mixture was stirred for one hour. Separately, 12 g of 2-methyl-
imidazole was dissolved in 60 mL of methanol to prepare
solution 2. Solution 1 was then slowly added to solution 2 while
stirring, and the combined mixture was stirred at room
temperature for 2 hours. After this stage, the solution was left
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undisturbed for 24 hours to allow the crystallization of ZIF-8. To
obtain Cu-doped ZIF-8, the resulting moist sample was dried in
a vacuum oven at 90 °C for 12 hours.

2.1.1.2  Synthesis of CuO@ZnO/ZrO, (ZNC). In this step, 4 g
of Cu-doped ZIF-8 were dispersed in 50 mL of ethanol. Sepa-
rately, 1 g of Zr(NO;),-6H,0 was dissolved in 50 mL of water.
These two solutions were gently mixed, and ammonium
carbonate was added to precipitate zirconium as zirconium
carbonate. The mixture was stirred for 9 hours at 60 °C to
remove excess moisture and subsequently dried at 90 °C for 12
hours in a vacuum oven. The resulting product was then sub-
jected to the specified thermal treatment program to produce
the final CuO@ZnO/ZrO, (ZNC).

2.1.1.3 Synthesis of CuO@ZnO/Al,0; (ANC). Similar to the
ZNC synthesis, 4 g of Cu-doped ZIF-8 were dispersed in 50 mL of
ethanol. Subsequently, 1.5 g of Al(NOj3);-9H,0 was dissolved in
another 50 mL of water. These two solutions were then gently
mixed. Afterward, ammonium carbonate was added to precip-
itate Al,(COj3)3, and the mixture was subjected to the same
thermal treatment used for ZNC to achieve the final CuUO@ZnO/
AlL,O; (ANC).

2.2 Characterization method

For the structural characterization of the catalyst, a range of
analyses is necessary, such as X-ray diffraction (XRD). The XRD
patterns are obtained using a Philips X'Pert MPD X-ray diffrac-
tometer with monochromatic Cu-Ka radiation (A = 0.179026
nm). Additionally, eqn (1), known as the Scherrer equation, is
used to examine the size of the crystalline particles, where A
represents the wavelength value 8 denotes the peak width at
half its maximum height and K is the shape factor, typically
about 0.9.

K2
" Bcosd

1)

The BET(Brunauer-Emmett-Teller) surface area and pore
volume of the samples were determined using the nitrogen
adsorption/desorption method with a Micromeritics Tristar
3020 analyzer on the sample was degassed.*® The TESCAN
MIRA3 helps us map out the elemental composition using FE-

Packed-Bed Reactor

Fig. 1 Fixed bed catalytic performance setup.
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SEM/EDS. The reducibility of catalyst samples and
temperature-programmed analyses, including H,-TPD, oxygen
titration, and TPR, were investigated using a U-tube quartz
reactor equipped with a Quantachrome CHEMBET-3000 unit
featuring a thermal conductivity detector (TCD). For TPR,
a 10 vol% H,/Ar flow (30 mL min~') was used, with the
temperature ramped at 5 °C min~* from room temperature to
900 °C. Metal dispersion was determined from H, uptake
during TPD, calibrated with gas standards and accounting for
catalyst-specific parameters such as weight, stoichiometry, and
metal loading. Active copper metal particle size was estimated
assuming spherical crystallites, based on the relationship
between surface area, density, and dispersion. The degree of
catalyst reduction (DOCR%) was measured via O, titration, re-
oxidizing the reduced catalyst and quantifying oxygen uptake,
with calculations based on the stoichiometry of copper oxida-
tion (Cu® to CuO). For CO,/H,-TPD, 0.05 g of reduced sample
was exposed to CO,/H, at 40 °C for 1 hour, purged with He for
30 minutes to remove physically adsorbed species, and subse-
quently analyzed by TPD with a temperature ramp of 10 °
C min~" up to 1000 °C in a helium stream (20 mL min™").3*%

2.3 Performance test

The catalyst performance in the CO, hydrogenation process is
assessed using a mini vertical fixed-bed reactor with a 10 mm
inner tube diameter. To ensure even heat distribution, 0.3 g of
each catalyst is loaded into the reactor along with silicon
carbide, filling the reactor. The reactor's temperature is gradu-
ally increased at a rate of 1 °C per minute from room temper-
ature to 475 °C and maintained at this level for 12 hours under
hydrogen flow to activate the catalyst by reducing it. After
cooling the reactor to operating conditions and reaching
a steady state, CO, hydrogenation reaction experiments are
conducted. Digital mass flow controllers and pressure regula-
tors manage the feed gas flow rate and pressure. The setup,
depicted in Fig. 1, includes a mini tubular fixed-bed reactor,
mass flow controllers (MFCs), and a temperature controller
(TC). Operating conditions for CO, hydrogenation include
a constant temperature of 150 °C, a feed ratio of H,/CO, = 3/1,
and a GHSV of 4000 h™", with varying pressure values of 25,
27.5, and 30 bar, respectively.®*-°

Analyzer System

HotTrap  Cold Trap Gas Effluent |

Liquid Effluent |
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After the process is completed in the reactor, the product is
analyzed using a GC analysis system (Agilent 7890A). By exam-
ining both the gas and liquid phases in the analyzer, CO,
conversion, methanol selectivity (Sy), and the productivity of
methanol (Py;) can be determined using eqn (2)-(4).

XCOZ _ FCozi}_ FCOZ()ut (2)
COzin
Fu

SM e
Fco,in — Fco,out

(3)

mole of methanol
Py= —r7—— 4
M Wea X 1 @)
where Foo,, Fp, Weat, and ¢ denote the molar fraction of CO,,
methanol, weight of the catalyst (kg), and time (h), respectively.

2.4 Technical description of molecular simulation

Density Functional Theory (DFT) is a robust computational
technique widely employed to explore molecular interactions
and perform simulations across various domains of materials
analysis. It leverages quantum mechanical principles to inves-
tigate and predict atomic-scale interactions with high accuracy.
In this study, the DFT calculations were carried out using the
Abinit software package,”>** while the initial atomic structures
were designed with the Avogadro and Packmol tools.?*?***> A
magnified visualization of the designed structures is presented
in Fig. 2, with graphical outputs generated using the OVITO
software,* which enables clear and detailed analysis of the
atomic configurations.

Following the structural design phase, the atomic models
were subjected to full optimization using the Broyden-Fletcher-
Goldfarb-Shanno (BFGS) minimization algorithm. This proce-
dure continued iteratively until the residual forces acting on
each atom converged to a constant value below 0.001 hartree
per A, ensuring precise structural stability.>

Technically, the wave functions were represented using
a plane-wave basis set with an energy cut-off value of 300 har-
tree, applied consistently to all atomic models. For reciprocal
space calculations, the Monkhorst-Pack method was utilized to
generate an optimized 8 x 8 x 8 k-point mesh within the Bril-
louin zone.*® In these interaction simulations, valence electrons

Fig. 2

© 2026 The Author(s). Published by the Royal Society of Chemistry
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were explicitly considered, while the influence of core electrons
was accounted for using pseudo-potentials derived from the
Projector Augmented Wave (PAW) methodology. The atomic
species included in the calculations, namely Cu, Zn, O, Al, and
Zr, were modeled with high fidelity using this approach.***

To achieve reliable and accurate electronic structure calcu-
lations, the Generalized Gradient Approximation (GGA) was
implemented with the Perdew-Burke-Ernzerhof (PBE) func-
tional for exchange-correlation approximations.”** Addition-
ally, the self-consistent field (SCF) iteration process was
performed with a strict convergence threshold set to 10 >°
hartree, ensuring a high degree of precision in the energy
calculations.

3. Result and discussion

3.1 Characterization

The XRD profiles of the two catalysts (Fig. 3), ANC and ZNC,
provide significant insights into their structural and textural
properties. For both catalysts, characteristic diffraction peaks of
CuO are observed at 26 values of 35.6° and 38.9°, corresponding
to the (002) and (111) planes of copper oxide crystals, respec-
tively, which align well with the standard JCPDS 05-0661.*

450

(200) * (ZNC)
(ANC)
CuO *
(010) * (111) z;lo #
300 A #L‘ ALO,@
-~ 710, $
i (101) e
z (102)
£ ﬁ
g 150
_p 8312
012
o1 @(113)
0 » r T —W
20 30 40 50 60 70
20 degree

Fig. 3 X-ray diffraction patterns of ANC and ZNC catalysts.

(a) Zoomed-in snapshot of a designed atomic sample; (b) perspective view of the geometry-optimized atomic structure.
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Additionally, peaks at 31.8° and 48.6° indicate the presence
of ZnO crystalline phases, attributed to the (010) and (102)
planes, as per the standard JCPDS 900-8878.**** However, the
ZNC catalyst exhibits significantly higher peak intensity
compared to ANC, highlighting zirconia's role in enhancing
crystallinity and stabilizing the catalyst structure.

The unique contribution of ZrO, in the ZNC catalyst is
further validated by the presence of additional peaks at 30.27°
and 50.26°, corresponding to the (101) and (112) planes of
zirconia, which align with the standard JCPDS 210-0389.>° This
contrasts with ANC, which lacks these peaks but instead shows
weak reflections at 25.57° and 43.39°, attributed to alumina
crystals (planes (012) and (113)) based on JCPDS 46-1212.'%*

These observations emphasize the MSI distinctions between
the two catalysts, with ZNC demonstrating greater crystalline
order and more uniform dispersion of active components
(Table 1). The smaller Cu particle size in ZNC, as indicated by
the XRD analysis (D? = 8.0 & 0.1 nm), contrasts with the slightly
larger particle size in ANC (D® = 9.1 & 0.1 nm).

Although, as Murthy et al.'® noted, Cu particle sizes in both
catalysts fall within the optimal size range (>8 nm), which is
crucial for minimizing side reactions, the smaller size in ZNC
provides a distinct advantage. The enhanced catalytic activity in
CO, hydrogenation to methanol can be attributed to the smaller
Cu particle size, which increases active site availability and
facilitates sufficient charge transfer for adsorbing intermediate
species.'® This structural feature of ZNC positions it as the more
active catalyst for methanol synthesis.

The observed differences in the XRD profiles and particle
sizes can be attributed to the distinct roles of ZrO, and Al,O; as
supports and promoters in the catalyst matrix. Zirconia, evident
in ZNC, significantly enhances crystallinity and provides
a stable framework for Cu and ZnO dispersion through the
porous carbon structure derived from ZIF-8. This highlights the
importance of strong metal-support interactions facilitated by
ZrO,. These interactions can improve the activation of CO, and
hydrogen, boosting methanol yield while suppressing side
reactions like the reverse water-gas shift (rWGS).

In contrast, the alumina support in ANC contributes to larger
Cu particle sizes (9.1 nm), which correlate with a reduced
surface area and fewer active sites. These differences impact
catalytic performance, with ANC exhibiting slightly diminished
CO, adsorption and stabilization of intermediate species.
Furthermore, the weaker crystalline order observed in ANC
suggests less efficient metal-support interactions, which may
reduce the overall activity of the catalyst in CO, hydrogenation.

Table1 The textural characteristics of all catalysts, the average size of
catalyst particles was measured (D? from XRD and D® from H,-TPD/O,
titration). The distribution of Cu particles and their dispersion were
assessed through H,-TPD and oxygen titration

Catalyst D? (nm) D° (nm) DOR% Dispersion %
ZNC 8.0 +£ 0.1 9.2 £ 0.5 84.2 12.5
ANC 9.1 + 0.1 10.1 £ 0.5 72.2 9.5
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View Article Online

Paper

The structural and textural properties, as influenced by the
support-promoter combination, play a pivotal role in opti-
mizing catalyst performance for methanol synthesis. ZNC's
attributes make it a more promising candidate for industrial
applications requiring high activity and selectivity.

The N, adsorption-desorption isotherm and pore size distri-
bution results are shown in Fig. 4 which reveal important insights
into the structural differences and surface properties of the ANC
and ZNC catalysts. Both catalysts exhibit Type IV adsorption
isotherms, which are indicative of mesoporous materials.
However, the nature of the hysteresis loops differs significantly.
ZNC displays an H3 hysteresis loop within the relative pressure
range of 0.75. These features suggest the presence of a narrow
pore size distribution with open ends, enhancing accessibility for
reactant molecules. In contrast, ANC exhibits an H1 hysteresis
loop within the relative pressure range of 0.58, signifying a more
uniform mesoporous structure (Table 2).2

The BET surface area (Sggr) values further emphasize the
structural differences. ZNC demonstrates a higher surface area
of 135 m> g~' compared to 106 m> g~ for ANC. The larger
surface area of ZNC correlates with its adequate MSI values,
which reduce metal site agglomeration, facilitate greater
dispersion of Cu/ZnO particles, and will enhance the accessi-
bility of active sites. The total pore volume (V},) of ZNC, at 0.2
cm?® g, is marginally higher than that of ANC, which is 0.19
em® g~ '. Additionally, the pore diameter (Pp) is slightly smaller
for ZNC (5.1 nm) compared to ANC (5.4 nm), indicating tighter
pore structures in ZNC. These values represent the primary pore
diameters derived from BET surface area analysis, and while the
measured pore diameters are slightly smaller than the particle
sizes (8 nm for ZNC and 9 nm for ANC), the difference is likely

200

150

Pore Volume (cm?/g)

Quantity Adsorbed (cm®g STP)

0 50 100 4
00 Pore width (A) 44
4
sy
&
50 ¥
JUSOOSS S -
ad e ANC ot ZNC

0 0.1 0.2 03 0.4 0.5 0.6 0.7 0.8 0.9 1

Relative pressure (P/P;)

Fig. 4 N,-physisorption isotherms and pore size distributions of the
catalysts.

Table2 The physicochemical properties of catalysts were determined
using N, adsorption isotherms

Catalyst Sger (m* g™ 1) Vp (em® g™ P, (nm)
ZNC 135 0.2 5.1
ANC 106 0.19 5.4

© 2026 The Author(s). Published by the Royal Society of Chemistry
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due to secondary contributions from interstitial voids between
the particles. The reported pore diameters are primarily attrib-
uted to the mesoporous structures within the materials, with
interstitial voids potentially influencing the overall porosity but
not constituting the primary source of the measured pore
diameter. This structure not only enhances surface area but also
improves mass transfer and dispersion of active sites, which are
critical for catalytic activity in CO, hydrogenation. The narrow
pore size in ZNC promotes effective diffusion of reactants and
intermediates, leading to improved catalytic performance.

Conversely, the ANC catalyst has a relatively uniform meso-
porous structure but lacks the benefits of high surface area.
Al,O; contributes to a stable framework but does not facilitate
the same level of surface area, optimized pore structure as ZrO,.
These structural advantages make ZNC a more promising
candidate for industrial applications, particularly in processes
requiring high catalytic efficiency and stability.

FESEM/EDS analysis was utilized to investigate the surface
characteristics and structural morphology of the synthesized
catalysts, with particular attention to the effective preservation
of the carbon coating through controlled calcination
processes.” This detailed analysis provided insights into the
compositional variations, as presented in Table 3. The FESEM/
EDS results (Fig. 5) highlighted significant differences in the
structural and elemental distribution of the ZNC and ANC
catalysts, underscoring the roles of ZrO, and Al,O; as supports—
promoters in CO, hydrogenation to methanol. Notably, both
catalysts exhibited roughly similar elemental proportions.
Additionally, the carbon and nitrogen contents, attributable to
the nitrogen-doped porous carbon layer derived from the ZIF-8
precursor, play a crucial role. This nitrogen-functionalized
carbon layer is instrumental in enhancing the dispersion of
Cu/ZnO particles, stabilizing active sites, and strengthening
metal-support interactions (SMSI). This is consistent with
findings by Wang et al.,>* where nitrogen-functionalized carbon
nanotubes (N-CNTs) improved Cu oxide dispersion, reduc-
ibility, and H,/CO, adsorption capacity, thereby boosting
methanol synthesis activity. The nitrogen-doped carbon in
these catalysts likely plays a similar role, increasing H, disso-
ciation and CO, adsorption, which strengthen the catalyst's
overall performance.

Furthermore, the particle size distribution diagram of each
catalyst, as shown in Fig. 5, reveals that ZNC exhibits an average
particle size of 14.9 nm, with smaller and more uniformly
distributed particles encapsulated within a matrix. This struc-
ture promotes improved Cu-ZnO dispersion and enhances
catalytic stability. In contrast, ANC displays a larger average

Table 3 Elemental content and particle average size of both catalysts
using FE-SEM/EDX

Elemental content (wt%)

Particle average

Catalyst Cu Zn C N O Al Zr  size (nm)
ZNC 39.13 19.15 7.29 1.61 24.71 — 8.11 149
ANC 39.24 19.06 7.33 1.59 24.61 8.17 — 16.5

© 2026 The Author(s). Published by the Royal Society of Chemistry
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Fig. 5 Images, elemental and particle size distribution of all catalysts
by FESEM/EDS mapping.

particle size of 16.5 nm with irregularly distributed particles,
indicative of weaker metal-support interactions and reduced
stability.

The H,-TPR profiles of the ANC and ZNC catalysts which are
exhibited on Fig. 6 present significant differences in their
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Fig. 6 H>-TPR profiles of both catalysts.
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reduction behaviors, primarily due to the nature of their
respective supports and promoter structures. For both catalysts,
the profiles were deconvoluted into two main peaks, corre-
sponding to the reduction stages of CuO to Cu’ and Cu' to
Cu’** In the ZNC catalyst, the first reduction peak occurs at
a lower temperature (206.6 °C) compared to ANC (232 °C),
reflecting the reduction of highly dispersed CuO clusters or
isolated Cu®* ions. Similarly, the second peak in ZNC appears at
215 °C, while in ANC it is shifted to 257 °C. These shifts indicate
that the ZNC catalyst exhibits easier and more efficient reduc-
ibility of copper oxide species compared to ANC.

The enhanced reducibility of the ZNC catalyst can be
attributed to the synergistic effects of the ZrO, promoter, which
facilitates oxygen vacancy formation and hydrogen spillover.
Zirconia, in its reduced Zr*" state, serves as an active site for
oxygen vacancy formation and interacts with copper oxide
species, significantly lowering their reduction energy barrier.
This interaction not only enhances the activation of CuO
species but also improves the catalyst's reducibility. The fine-
tuning capability of the Cu-ZrO, interface stabilizes Cu
cations, which act as electron acceptors during catalytic
processes, thereby boosting methanol production selectivity
and activity.>>’

These features create an optimized environment for
improved reducibility and stabilization of key intermediates
essential for catalytic efficiency. In contrast, the ANC catalyst,
supported by Al,O3, exhibits higher reduction temperatures due
to larger copper oxide particles, as confirmed by XRD analysis,
and the absence of oxygen vacancy formation capability in
Al,O;. This limitation leads to a less effective reduction envi-
ronment for CuO species and reduced catalytic efficiency in CO,
hydrogenation to methanol.

On the other hand, the comparison of ZNC and ANC cata-
lysts through H,-TPD/O, titration reveals key differences in
their textural and functional properties, as illustrated in Table
1. The average particle size derived from H,-TPD/O, titration
(D") highlights that ZNC exhibits smaller particle sizes (9.18
nm) compared to ANC (10.14 nm). The smaller particle size of
ZNC indicates better dispersion of active copper species, which
is confirmed by its higher dispersion percentage of 12.46%,
compared to 9.52% for ANC.

The degree of reducibility (DOR%) is another critical
parameter, where ZNC achieves a higher value (84.21%) than
ANC (72.23%). This improved reducibility of ZNC is attributed
to the synergistic effects of ZrO, as a promoter. The zirconium
oxide promotes hydrogen spillover and enhances the reduc-
ibility of copper oxide species. In contrast, the ANC catalyst,
supported by Al,O3, presents larger copper oxide particles and
reduced dispersion, which may result in weaker performance in
spillover phenomena.*®

The superior reducibility of the ZNC catalyst is attributed to
its unique structural and chemical properties. Encapsulation of
Cu/ZnO particles within a porous carbon layer derived from ZIF-
8 ensures improved particle dispersion and accessibility of
active sites. In contrast, the ANC catalyst, supported by Al,O3,
exhibits larger copper oxide particles, as confirmed by XRD

analysis. Al,O; lacks the reducibility and fine-tuning
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capabilities of ZrO,, leading to weaker interactions with Cu
species and limiting the reduction process. This results in
reduced dispersion of active copper sites and can negatively
impact overall catalytic performance. The higher DOR% of ZNC
compared to ANC aligns with the TPR analysis, indicating lower
reduction temperatures for ZNC and better activation of CuO
species. This enhanced activation contributes to superior
hydrogenation activity and methanol selectivity. Additionally,
ZNC's higher dispersion percentage, consistent with the litera-
ture, highlights the role of ZrO, in improving metal-support
interactions and stabilizing active sites.

Furthermore, the H,-TPD results, which are depicted in
Fig. 7a, highlight the distinct hydrogen adsorption and spillover
behaviors of the ZNC and ANC catalysts, revealing the influence
of the ZrO, and Al,O; supports on their performance. The ZNC
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catalyst demonstrated a superior H, uptake value in both the
low-temperature range (19.7 umol g.. ') and the high-
temperature range (31.8 umol g, ') compared to the ANC
catalyst, which exhibited H, uptake values of 13.5 umol gcat’1
and 15.9 pumol g.,. ', respectively. This indicates that the ZNC
catalyst is more effective in both hydrogen chemisorption and
facilitating spillover, key factors for catalytic activity in CO,
hydrogenation to methanol.*>*

The enhanced hydrogen uptake and spillover behavior of the
ZNC catalyst are strongly influenced by the properties of ZrO,,
which acts as a superior support-promoter. ZrO, enhances
hydrogen spillover through its ability to create oxygen vacancies
and interact with hydrogen via Kubas-type interactions.>*®-%
These interactions involve electron transfer and back donation
between the Zr 3d orbital and the hydrogen 1s orbital,
improving both adsorption and spillover processes. Addition-
ally, the ZNC catalyst's structure, with Cu/ZnO particles encap-
sulated in a porous carbon layer derived from ZIF-8, enhances
the dispersion and accessibility of active sites. This synergy
between ZrO,'s electronic properties and the optimized struc-
tural characteristics facilitates a highly efficient activation of
hydrogen, crucial for CO, hydrogenation to methanol.

In contrast, the ANC catalyst, supported by Al,O3, demon-
strates significantly weaker metal-support interactions (MSI).
Unlike ZrO,, Al,0; lacks the electronic properties and tunable
oxygen vacancy concentrations necessary to effectively promote
hydrogen spillover. This limitation results in lower hydrogen
uptake and reduced spillover efficiency, as observed in the H,-
TPD results. Consequently, the weaker MSI in ANC leads to
diminished stabilization and activation of active sites, nega-
tively impacting its overall catalytic performance.

The contrast in hydrogen spillover behaviors highlights the
pivotal role of MSI in shaping catalytic outcomes.*® In the ZNC
catalyst, the enhanced MSI facilitated by ZrO, not only improves
hydrogen chemisorption but also stabilizes reactive intermedi-
ates, enabling better hydrogen mobility and surface coverage.

Ear

@ ANC Catalyst: Ear=21eV

@ ZNC Catalyst: Ear=33ev

View Article Online

Nanoscale Advances

These factors collectively contribute to ZNC's superior catalytic
efficiency for CO, hydrogenation to methanol. The integration
of ZrO, underscores the strategic importance of support-
promoter selection in optimizing MSI, hydrogen spillover, and
overall catalytic performance.

The CO,-TPD results reveal significant differences in the
basicity and CO, adsorption capabilities of the ZNC and ANC
catalysts. The ANC catalyst exhibits a higher CO, uptake at lower
temperatures (0-150 °C), indicating a greater presence of weak
basic sites attributed to surface hydroxyl groups. Conversely, the
ZNC catalyst shows superior CO, uptake at medium (150-300 °
C) and strong (300-450 °C) basic sites, corresponding to oxide
pairs and unsaturated oxygen ions (O>7), respectively. These
strong basic sites are closely linked to methanol synthesis, as
they correlate with the active sites for CO, hydrogenation.*

The enhanced basicity of ZNC is attributed to the zirconia
support, which facilitates the formation of oxygen vacancies
and contributes to stronger adsorption sites. ZNC also
demonstrates a higher density of total basic sites (0.51 pmol
m %) compared to ANC (0.43 umol m ™ ?), emphasizing the dual
contribution of its surface area and basic strength. This supe-
rior basic site density likely enhances the catalyst's performance
by providing more active sites for CO, activation and
conversion.

In comparison, the ANC catalyst, supported by Al,Oj3, lacks
the ability to create robust adsorption sites due to the inert
nature of Al,O; in facilitating oxygen vacancy formation. The
weaker interaction between Cu species and Al,O; results in
a lower overall basicity and a reduced ability to adsorb and
activate CO,, which can limit its catalytic efficiency in methanol
production.

The disparities in CO, uptake and basic site distribution
between ZNC and ANC catalysts are rooted in the differing
properties of their supports. ZrO, in the ZNC catalyst enhances
the formation of medium and strong basic sites, which are
critical for methanol synthesis. The presence of a porous carbon

/f\ 2)

H%co,
»

" Eaf= 9 eV " AE =-12eV

5 Eaf=16eV X AE = 17eV

Fig. 8 The forward and reverse energy barriers for the methoxy formation reaction on both catalysts were calculated using DFT.
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layer further increases the accessibility of these sites, providing
a synergistic effect. Al,Os, on the other hand, lacks this capa-
bility, resulting in fewer strong basic sites and diminished
catalytic activity. Thus, the structural and compositional
advantages of ZNC underline its superior performance in CO,
hydrogenation to methanol. Future research could explore
further optimization of zirconia-based systems to enhance
basicity and catalytic efficiency.

3.2 Molecular computation

The DFT results which are depicted in Fig. 8 and presented in
Table 4 provide a comprehensive distinction between the ZNC
and ANC catalysts, emphasizing the critical influence of their
respective supports—ZrO, and Al,O;—on their catalytic effi-
ciency for CO, hydrogenation to methanol. The ZNC catalyst
exhibits significantly better adsorption enthalpy values for H,
and CO, (—6 eV and —13 eV, respectively) compared to ANC
(—4 ev and —9 eV), indicating its superior capability for these
molecule adsorption and activation. This superiority is further
validated by H,/CO,-TPD experimental results, where ZNC
consistently demonstrates higher uptake capacities for both
hydrogen and carbon dioxide across a broad temperature range.
The enhanced molecular interactions in ZNC are attributed to
the strong synergy between ZrO, and Cu/ZnO particles, which
not only facilitates hydrogen spillover but also intensifies
overall catalytic activity. The increased hydrogen spillover
distance in ZNC (21 A) compared to ANC (15 A) is a critical
factor, as it enhances the mobility of reactive hydrogen species
on the catalyst surface, further boosting its efficiency. The
superior hydrogen spillover capacity of the ZNC catalyst is evi-
denced by its higher hydrogen uptake compared to the ANC
catalyst, particularly in the second peak observed in the H,-TPD
profile. This enhanced spillover capability plays a pivotal role in
improving the reducibility of the catalyst, as it facilitates effi-
cient dissociation and migration of hydrogen across the catalyst
surface. This, in turn, directly will contribute to ZNC's superior
performance in CO, hydrogenation, enabling higher conversion
rates and selectivity for methanol production. The underlying
cause of this enhanced hydrogen spillover is rooted in the
unique electronic structure of zirconia (ZrO,), which serves as
a key promoter in ZNC.

The interaction energy between Cu nanoparticles and the
underlying atomic framework, along with the Metal-Support
Interaction (MSI) are presented in Table 4. The superior metal-
support interaction (MSI) energy of ZNC, measured at 36 eV
compared to ANC's 23 eV, highlights ZrO,'s critical role in

Table 4 Interaction energy between Cu nanoparticles and the
underlying atomic framework, along with the MSI (eV), average of
H-spillover (A), H, and CO, adsorption enthalpy (eV) of both catalysts
are computed by the DFT computation

AH(aq5) Of AH(aq5) Of Hydrogen MSI

H, (eV) CO, (eV) spillover (A) (ev)
ZNC —6 -13 21 36
ANC —4 -9 15 23
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enhancing catalyst performance. ZrO,'s ability to engage in
Kubas-type interactions plays a dual role in optimizing
hydrogen dynamics and fortifying MSL.*>® These interactions
involve electron transfer from the Zr 3d orbital to the hydrogen
1s orbital and subsequent back donation, significantly
improving hydrogen adsorption, activation, and spillover
processes. This robust MSI stabilizes the dispersion of Cu
nanoparticles, increasing the density and availability of active
catalytic sites. The enhanced MSI in ZNC directly correlates with
its higher DOR% and dispersion percentage, as evidenced by
H,-TPD/O, titration data, leading to better distribution of active
copper sites. This synergistic effect not only enhances the
reducibility and catalytic efficiency of ZNC but also underscores
the pivotal role of ZrO, in advanced catalyst design, particularly
for CO, hydrogenation to methanol.

Further supporting these findings, the DFT analysis of the
methoxy formation reaction (CO,-6 + 5H-0 = CH30-0 + H,O-0 +
36) reveals a more favorable reaction pathway for ZNC, with
lower forward activation energy (Ef = 16 eV) and reverse acti-
vation energy (E, = 33 eV) compared to ANC (E; =9 eV and E, =
21 eV). The significant difference in overall energy change (AE =
—17 eV for ZNC versus —12 eV for ANC) highlights ZNC's ther-
modynamic advantage, enabling a more efficient conversion of
CO, into methanol. The reduced energy barriers in ZNC ensure
a smoother and faster progression through critical reaction
intermediates, ultimately contributing to its superior catalytic
performance.

The intermediate reaction involving methoxy formation
plays a pivotal role in the methanol production process, as this
step represents a crucial juncture in the conversion of CO, into
methanol. By employing DFT to evaluate the minimum energy
pathway (MEP), this study offers critical insights into the
mechanisms of intermediate stabilization and activation. The
ability of ZNC to lower energy barriers and effectively stabilize
key intermediates not only underscores its superior catalytic
potential but also establishes it as a promising candidate for
sustainable methanol synthesis.

Overall, the DFT and experimental findings collectively
promise the exceptional catalytic performance of ZNC, attrib-
uted to its robust MSI, enhanced hydrogen spillover, and

26
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Fig. 9 Yield of methanol for both catalysts versus TOS of 182 hours at
150 °C, Ho/CO, = 3, GHSV = 4000 h™, and 30 bar.
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Table 5 The catalytic test results on both catalysts were done on a 0.3 g sample at 150 °C, H,/CO, = 3, GHSV = 4000 h™?, and various pressures.
Xco,%, Sm%. Sco% and Scy,% respectively represent CO, conversion, methanol, CO, methane selectivity and Py

Pressure (bar) Xco, (%) Sm% Sco% Scu,% Py (mol kgeoe " h™h)
ZNC 25 23 79 12 9 4.9

27.5 25 83.5 9.5 7 5.8

30 28 90 6 4 6.6
ANC 25 16 67 19 14 4.1

27.5 18 71.5 17.5 11 4.9

30 21 75 17 8 5.6

superior adsorption capabilities, which collectively pave the way
for achieving the MEP in the CO, hydrogenation process.

3.3 Catalytic activity

The catalytic performance of ZNC and ANC catalysts in CO,
hydrogenation to methanol reveals distinct differences that
highlight the critical influence of the support-promoter system
on their efficiency. Under identical conditions, ZNC consis-
tently demonstrates higher CO, conversion (Xgo,%), methanol
selectivity (Sy%), and Py, with notably lower Sco% and Scy;, %
compared to ANC. For example, at 30 bar, ZNC achieves a CO,
conversion of 28%, a methanol selectivity of 90%, and an Py, of
6.6 mol kg.,. ' h™', outperforming ANC, which reaches only
21% CO, conversion, 75% methanol selectivity, and an Py; of
5.6 mol kg., ' h™". The equilibrium CO, conversion at 30 bar
and 150 °C, according to Jiang et al.,' is approximately 35%,
indicating that our results are in reasonable compliance with
equilibrium conditions. This suggests that the methanol
selectivity observed for ZNC is high, as expected at these
conversions, while the CO selectivity increases in ANC. Addi-
tionally, carbon and mass balances were carefully monitored
and consistently exceeded 95%, confirming the accuracy of the
product distribution.

This superior performance of ZNC can be attributed to
several factors stemming from its structural and compositional
characteristics. The ZrO, support in ZNC significantly enhances
MS], as evidenced by the higher MSI energy (36 eV) compared to
ANC (23 eV) observed in DFT analyses. This stronger MSI
stabilizes active Cu sites, improves Cu/ZnO dispersion, and
facilitates the formation of oxygen vacancies, which are essen-
tial for activating and stabilizing CO, and hydrogen interme-
diates. The synergy between ZrO, and Cu/ZnO also promotes
hydrogen spillover, as demonstrated by the H,-TPD results,
where ZNC exhibits superior hydrogen uptake at both low and
high-temperature ranges compared to ANC.

In contrast, the ANC catalyst, supported by Al,Oj3, exhibits
weaker MSI, reduced reducibility, and lower H,/CO, adsorption
capacities, which limit its catalytic activity. The XRD and BET
analyses further corroborate these findings, showing that ZNC
has smaller Cu particle sizes, higher dispersion, and a larger
surface area than ANC catalyst, all of which contribute to
enhanced catalytic efficiency.

Moreover, the CO,-TPD results underline the role of basicity
in influencing CO, activation, illustrate that the ZNC exhibits
a higher density of medium and strong basic sites, which are

© 2026 The Author(s). Published by the Royal Society of Chemistry

closely linked to methanol synthesis, compared to ANC, which
is dominated by weak basic sites. This disparity is critical, as
strong basic sites, facilitated by ZrO,, provide robust adsorption
and activation of CO,, enabling a more efficient hydrogenation
pathway.

The degradation behavior over time also demonstrates the
stability and durability advantage of ZNC, as illustrated in Fig. 9.
Over 182 hours of time-on-stream (TOS), ZNC loses only 13% of
its conversion efficiency (slope = 0.0139), whereas ANC experi-
ences a 28% reduction (slope = 0.019). This difference further
underscores the role of ZrO, in maintaining catalyst stability by
preventing agglomeration of Cu particles and sustaining active
site availability. The primary cause of deactivation is believed to
be coke formation, which blocks active sites and causes particle
agglomeration. ZrO, in ZNC helps to disperse Cu particles and
reduce coke deposition, leading to enhanced catalyst stability.

In conclusion, the ZNC catalyst's superior performance in
CO, hydrogenation to methanol can be attributed to its opti-
mized MSI, enhanced basicity, and improved structural and
textural properties. These features collectively enable higher
CO, conversion, methanol selectivity, and long-term stability
compared to the ANC catalyst. The findings underscore the
importance of selecting appropriate support-promoter systems,
such as ZrO,, in designing advanced catalysts for sustainable
methanol production. Future research could further optimize
ZrO,-based systems to enhance their catalytic efficiency and
durability (Table 5).

4. Conclusion

The comparative analysis of ZNC and ANC catalysts highlights
the critical role of metal-support interactions (MSI) in opti-
mizing catalytic performance for CO, hydrogenation to meth-
anol. ZNC, supported by ZrO,, consistently outperforms ANC,
exhibiting superior CO, conversion rates and methanol selec-
tivity. This enhanced performance is attributed to the syner-
gistic effects of ZrO, and the nitrogen-doped carbon layer
derived from the ZIF-8 precursor. ZrO, plays a pivotal role by
facilitating oxygen vacancy formation, enabling effective
hydrogen spillover, and strengthening MSI. These properties
enhance Cu nanoparticle dispersion, reducibility, and H,/CO,
adsorption, all of which are essential for efficient methanol
synthesis.

In contrast, the ANC catalyst, supported by Al,O;, demon-
strates several limitations. Its inert nature, lack of active oxygen
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vacancies, and weaker MSI lead to poorer dispersion and
reduced stabilization of key reaction intermediates. The larger
CuO particle sizes and higher reduction temperatures observed
in ANC reflect inefficient interactions between the copper and
its support, ultimately limiting its catalytic activity and meth-
anol yield.

Experimental findings, supported by DFT calculations,
reveal that ZNC benefits from lower activation energy barriers
and more favorable pathways for methoxy intermediate
formation. These insights confirm ZNC's superior reducibility
and catalytic activity, with Kubas-type interactions on the ZrO,
surface further enhancing hydrogen uptake and spillover, crit-
ical factors in methanol production. The encapsulated structure
of ZNC ensures uniform dispersion and accessibility of Cu/ZnO
particles, amplifying its catalytic efficiency.

Overall, this study underscores the importance of advanced
catalyst design, particularly the integration of ZrO, and
nitrogen-doped carbon, in achieving high-performance cata-
lysts for sustainable CO,-to-methanol conversion. Future
research should focus on optimizing ZrO,-based systems to
further enhance stability, scalability, and catalytic efficiency for
industrial applications.
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