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ABSTRACT
UiO-66, a Zr-based metal–organic framework (MOF), provides an ordered porous environment capable of adsorbing/retaining
CO2 and oxygenated intermediates relevant for methanol synthesis. Although UiO-66-based composites containing Cu and Cu-
Zn species show promising performance for CO2-to-methanol conversion, the role of the MOF framework in stabilizing the active
metallic species under working conditions remains insufficiently understood. Here, the stabilization of copper species by UiO-
66 and the influence of Zn promotion on Cu speciation and catalytic performance during CO2 hydrogenation are investigated.
Operando X-ray absorption spectroscopy at the Cu, Zn, and Zr K-edges is combined with electron microscopy and density
functional theory calculations to follow the evolution ofmetal species and the framework during reduction, reaction, and transient
switching experiments. Zn promotes the formation and stability of highly dispersed Cu under reaction conditions, while the Zr6
nodes of UiO-66 respond dynamically through reversible hydroxylation and dehydroxylation. By correlating metal speciation,
framework response, and methanol productivity under continuous-flow conditions, this work provides molecular-level insight
into metal stabilization in Zr-based MOFs and informs the design of MOF-based catalysts for CO2 hydrogenation.

1 Introduction

Valorization of CO2 is important to mitigate global climate
change and contribute to closing the carbon cycle [1]. In this
scenario, researchers are searching for catalytic materials that
combine high activity, selectivity, and stability under tech-
nologically relevant conditions [2, 3]. Recently, metal–organic
frameworks (MOFs) attracted attention of researchers for val-
orization of CO2, including its capture and conversion [4, 5].

These materials combine organic linkers with inorganic nodes,
offering well-defined porosity and gas adsorption properties,
while providing coordination environments that resemble those
of metal-oxide catalysts [6]. This integration enables stabiliza-
tion of reaction intermediates and facilitates the formation of
chemical bonds relevant for CO2 activation [7]. In addition, well-
defined metallic species can be incorporated into the MOFs
[8], making them attractive systems for heterogeneous catalysis
[9, 10], and operando spectroscopy allows the investigation of the
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metallic centers under reaction conditions [11–13]. Among Zr-
based MOFs, UiO-66 is particularly attractive because of its
exceptional thermal and chemical stability, originating from its
Zr6 nodes connected by terephthalic acid linkers [14]. The Zr-
O and Zr-OH functionalities can enhance CO2 binding and
stabilize oxygenated intermediates [15–18], while the ordered
porosity of UiO-66 provides confined environments for hosting
metallic species active in CO2 hydrogenation. As an important
function, UiO-66 can accommodate structural defects, such as
missing linker or missing cluster defects, without collapse of
the framework owing to the high connectivity of the Zr6 nodes
[19, 20]. These defects generate coordinatively unsaturated Zr-
O(H) sites and local mesoporosity when aggregated. This can
act as anchoring point for introduced metal species and influ-
ence their dispersion, morphology, and stability under reaction
conditions [21]. UiO-66-based catalysts for CO2-to-methanol con-
version in continuous gas-phase operation have been reported
[22, 23], including several Cu- and Cu-Zn-containing UiO-66
composites showing promising catalytic performance [22, 24–
26]. Previous studies have addressed Cu stabilization in UiO-66
using X-ray absorption spectroscopy (XAS) [22] and density
functional theory (DFT) calculations [27–29], suggesting that
both confinement and active metal-node interactions may play a
role in the hydrogenation.

However, despite the growing number of reports, the role of
the UiO-66 framework in stabilizing the active metallic species
under working conditions remains insufficiently understood. In
particular, the interplay between active metal speciation and
particle morphology has not been resolved. The role of the local
coordination environment provided by Zr6 nodes and defects is
also increasingly recognized as an important factor contribut-
ing to activity and stability in MOF-based CO2 hydrogenation
catalysts [22, 30, 31]. Distinguishing between confinedmetal clus-
ters, interfacial metal-oxide motifs, and external metal domains
requires operando-sensitive characterization, as the structure of
theMOF-based catalystmay evolve significantly during reduction
and reaction [23].

In the present work, we investigate the role of the UiO-66
framework and Zn promotion in stabilizing Cu species during
CO2 hydrogenation to methanol. By combining operando X-
ray absorption spectroscopy at the Cu, Zn, and Zr edges with
electron microscopy and density functional theory calculations,
we directly correlate Cu and Cu-Zn speciation, its particle
morphology, and framework response under continuous-flow
reaction conditions, providingmechanistic insight into howUiO-
66 and its Zr-O(H) environments contribute to the stabilization
of catalytically relevant Cu species and enhanced methanol
formation.

2 Results and Discussion

First, two batches of UiO-66 were synthesized solvothermally
following a reported procedure [30], yielding a phase-pure,
crystalline Zr-based framework. We prepared Cu/UiO-66 and
Cu-Zn/UiO-66 with the same amount of Cu but promoted with
Zn by wet impregnation of two batches of UiO-66 using Cu or
Cu and Zn acetylacetonate precursors under inert conditions.
The synthesis is described in detail in the Experimental section.

A scheme of the synthesis is provided in Figure S1. X-ray
diffraction measurements of the fresh catalysts demonstrate
that the UiO-66 framework is preserved after incorporation
of the metallic species (Figure S2a,b). No additional peaks
from phases of Cu are observed in both catalysts, only traces
of ZnO in Cu-Zn/UiO-66, indicating that Cu and Cu-Zn are
introduced as highly dispersed species. 1H NMR spectroscopy
further supports the presence of metallic precursors together
with the UiO-66 matrix (Figure S2c). Signals associated with
acetylacetonate ligands and acetonitrile are detected for Cu- and
Cu-Zn-loaded samples, whereas pristine UiO-66 shows linker-
related resonances and residual dimethylformamide solvent from
the MOF synthesis. These results indicate partial retention of
precursor fragments after thermal treatment, consistent with
metallic species being anchored within the porous framework
rather than forming bulk phases. The textural properties of the
materials were evaluated by N2 physisorption (Table 1, Figure 1).
Each batch of pristine UiO-66 exhibits a high surface area (SBET
= 1150 and 920 m2 g−1) and total pore volume (Vtotal = 0.78
and 0.62 cm3 g−1), however a difference in the surface area and
pore volume may arise from differences in solvent exchange
after the MOF synthesis. Upon Cu or Cu-Zn incorporation,
the surface area decreases to 940 and 880 m2 g−1 and the
micropore volume to 0.09 and 0.15 cm3 g−1, while the average
pore diameter increases slightly from 2.7 to 2.9 and 3.3 nm,
respectively. Elemental composition determined by ICP-OES
demonstrates comparable Cu loadings of ca. 4 wt.% for both
catalysts, with Cu-Zn/UiO-66 additionally containing ca. 10 wt.%
Zn.

Ex situ electronmicroscopy provides direct insight into the spatial
distribution of Cu, Zn, and Zr species in the fresh catalysts.
Pristine UiO-66 consists of uniform, well-defined particles with
sizes in the 100–300 nm range and no contrast variations (Figures
S3 and S5e,f). We did not notice substantial differences in mor-
phology between the two batches. Both exhibit polycrystalline
morphology with a certain degree of aggregation and crystal
intergrowth,which is consistentwith the presence of interparticle
voids and mesopore volume contribution related to this. Fresh
Cu/UiO-66 shows a homogeneous distribution of Cu throughout
the MOF particles, without the formation of distinct Cu domains
(Figure S4a,b,e,f). In contrast, fresh Cu-Zn/UiO-66 exhibits dense
regions attributed to Cu-Zn-rich domains, corroborated by Zn
elementalmapping (Figure S4c,d,g,h). These domains are already
present before the reduction, indicating that Zn influences the
initial spatial distribution of introduced metallic species within
the UiO-66 framework. Overall, the combined XRD patterns,
1H NMR spectroscopy, N2 physisorption, ICP-OES, and elec-
tron microscopy results demonstrate that UiO-66 retains its
crystallinity and porosity after Cu and Cu-Zn species incorpo-
ration, while accommodating them as highly dispersed entities.
These materials, therefore, provide a structurally well-defined
platform for probing the relationship between metal specia-
tion, framework evolution, and catalytic performance in CO2
hydrogenation.

The catalytic performance of pristine UiO-66, Cu/UiO-66, and
Cu-Zn/UiO-66 was evaluated in a continuous fixed-bed reactor
under identical reaction conditions (200◦C, 20 bar, CO2:H2 =
1:3). The catalysts were activated prior to reaction by reduction
in 10 vol.% H2 in N2 at 220◦C and 5 bar total pressure, followed
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TABLE 1 N2 physisorption results and chemical composition of the UiO-66-based materials.

Sbet,
(m2 g−1)

Smicro,
(m2 g−1)

Vtotal
(cm3 g−1)

Vmicro,
(cm3 g−1)

Av. Pore
Dbet (nm)

Cu
(wt.%)

Zn
(wt.%)

Cu/Zr or
(Cu+Zn)/Zr
(wt.% / wt.%)

UiO-66 batch 1 1150 560 0.78 0.25 2.7 — — —
Cu/UiO-66 fresh 940 200 0.78 0.09 3.3 4.1 — 0.2
Cu/UiO-66 used 890 160 0.74 0.07 3.4 3.7 — 0.1
UiO-66 batch 2 920 460 0.62 0.20 2.7 — — —
Cu-Zn/UiO-66 880 320 0.64 0.15 2.9 4.1 10.2 0.4
Cu-Zn/UiO-66
used

870 370 0.63 0.17 2.9 4.6 11.0 0.4

FIGURE 1 N2 physisorption isotherms of pristine UiO-66 (two batches), fresh and used Cu/UiO-66 and Cu-Zn/UiO-66 (a, b). Insets highlight the
low- (blue) and intermediate-pressure (pink) regions. Corresponding total pore volume (c), mesopore volume (d), and average pore size (e) derived from
the adsorption data.

by cooling to reaction temperature and pressurization. Gas-phase
products weremonitored online by gas chromatography, and sub-
sequent transient experiments were performed by switching the
feed composition during steady-state operation (Figures 2 and 3).
PristineUiO-66 shows little/no catalytic activity towardmethanol
or CO formation under the applied conditions. Small amounts
of oxygenated species were initially detected and attributed to
desorption of residual synthesis-related compounds rather than
catalytic conversion. Apart from trace signals, no hydrocarbons or
oxygenates were produced over UiO-66, demonstrating that the
bare framework is catalytically inactive for CO2 hydrogenation
(Figure 2a). In contrast, Cu/UiO-66 exhibits significant activity
toward methanol formation. Under steady-state CO2 hydro-
genation, methanol is the dominant product with a selectivity
of approximately 90%, accompanied by minor CO formation
(Figures 2b and 3b).

The average methanol productivity for Cu/UiO-66 reaches ca.
1.8 mmol MeOH gcat−1 h−1, while CO productivity is about one
order of magnitude lower (Figure 3). These results demonstrate
that Cu species introduced into the UiO-66 framework are
catalytically active for CO2 hydrogenation to methanol.

Further enhancement is observed upon Zn promotion. Cu-
Zn/UiO-66 displays higher methanol productivity than Cu/UiO-
66 at identical Cu loading, reaching ca. 2.1 mmolMeOH g cat

−1 h−1

on average (or 44 and 51 mmol g Cu
−1 h−1, respectively; Figures 2c

and 3a). Themethanol selectivity remains close to 90%, indicating
that Zn primarily affects activity rather than selectivity. Overall,
the bimetallic Cu-Zn/UiO-66 catalyst is approximately 15%–20%
more active than the monometallic Cu/UiO-66 under the same
reaction conditions. At this stage, this enhancement indicates
a Zn promotional effect, while its structural origin cannot be
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FIGURE 2 (a–c) UiO-66, Cu/UiO-66, and Cu-Zn/UiO-66 product
yields. Conditions: reduction 220◦C, 1 h, 5 bar 10% H2 in N2; reaction
200◦C, 20 bar, CO2:H2 1:3, PFR reactor, 50mg catalyst+ 100mgSiC, 30mL
min−1 flow, GHSV 36 000 h−1.

assigned from catalytic data alone. Such promotional effects are
well established in Cu-Zn systems, where Zn-derived species
enhance Cu dispersion and catalytic performance [32, 33]. We
also note that the presence of additional mesoporous volume
may influence transport phenomena. Literature data for Cu/UiO-
66 systems with comparable Cu loadings but markedly different
textural properties show similar orders of magnitude inmethanol
yields (Table S1), indicating that the catalytic trends discussed
here cannot be attributed solely to porosity effects.

Transient experiments within the same experimental protocol
provide additional insight into the role of the MOF host and the
Cu and Cu-Zn species. When the H2 feed is switched off while
maintaining CO2 flow, methanol formation decreases rapidly
over both catalysts, indicating that gas-phase hydrogen is required
for continuous methanol formation. However, activity to CO can
bemaintained by the possible reaction of CO2 with the remaining
hydrogenated species in the MOF pores. Conversely, when CO2
is switched off, and H2 is maintained, methanol and CO signals
decay both, and more slowly. This delayed depletion indicates

that the MOF itself can retain CO2, temporarily available for
hydrogenation [34, 15, 18]. The effect is more pronounced for Cu-
Zn/UiO-66, possibly because of enhanced interaction of CO2 with
the Zn species [35, 36]. After a switch back to the reactionmixture,
an increase in themethanol andCOproduction for bothmaterials
is observed because of possible Cu redispersion, indicating that
the dispersion of Cu is an important factor affecting catalytic
activity in CO2 hydrogenation [37].

Electron microscopy was used to study the morphology of the
UiO-66 framework and the spatial distribution of Cu and Cu-
Zn species in the reduced and used catalysts. After reduction,
significant changes in the morphology of the introduced metallic
species are observed. In reduced Cu/UiO-66, Cu-based particles
with a broad size distribution are present within the MOF
crystals, ranging from approximately 2 to 30 nm (Figure 4a,b).

High-resolution TEM reveals that the larger Cu particles are
crystalline, as demonstrated by the presence of lattice fringes
(Figure 4c and Figure S5d). STEM-EDX elemental mapping
shows that these Cu particles are retained within the MOF
matrix and spatially correlatedwith the Zr-containing framework
(Figure 4e–g). These observations indicate that Cu species coa-
lesce during reduction while remaining confined within the UiO-
66 crystals. In contrast, reducedCu-Zn/UiO-66 exhibits a different
metal distribution. HAADF-STEM images show smaller bright
nanoparticles decorating the MOF particles (Figure 5a). Elemen-
tal mapping demonstrates the presence and colocalization of Cu
and Zn species within the framework (Figure 5c,d).

In addition to the Cu-rich species, larger Zn-containing crys-
talline domains are observed, often located near the edges of
the MOF crystals in Cu-Zn/UiO-66. Line-scan analysis and high-
resolution HAADF-STEM imaging reveal the crystalline nature
of these domains, with lattice fringes of approximately 2.62 Å
consistent with ZnO-like domains (Figure S5a,c). The morphol-
ogy of Cu-Zn/UiO-66 remains similar after catalytic operation.
Used Cu-Zn/UiO-66 shows small Cu-rich species retained within
the MOF together with larger Zn-containing crystalline domains
comparable to those observed in the reduced state (Figure 5e–h).
STEM-EDX elemental maps of the used catalyst demonstrate that
both Cu and ZnO remain present and spatially distributed in a
manner similar to the reduced sample, indicating that the metal
distribution established during reduction persists under reaction
conditions. No additional Cu- or Cu-Zn-containing crystalline
phases are detected by XRD in the reduced and used Cu-Zn/UiO-
66 (Figure S10), indicating that Zn is present predominantly as
ZnO domains. STEM-EDX mapping further demonstrates co-
localization of Zn, Cu, and Owithin the same regions, supporting
spatial association between Zn-containing oxide domains and
Cu-rich species (Figure S6).

We estimated the size of the Cu particles for the reduced Cu/UiO-
66 and reduced/used Cu-Zn/UiO-66 from several images. The
sizes of 5 ± 0.4 and 4 ± 0.3 nm were estimated for reduced
and used Cu-Zn/UiO-66 (averaged from 12 particles and 10
particles, accordingly), and 13 ± 1.5 nm for reduced Cu/UiO-66
(16 particles counted). This shift toward smaller Cu-rich species
in Cu-Zn/UiO-66 suggests that the higher methanol productivity
may partly arise from increased Cu dispersion and accessible
Cu surface area [38, 39]. We notice that particle size statistics
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FIGURE 3 Cu/UiO-66, and Cu-Zn/UiO-66 methanol productivity and CO productivity. Conditions: reduction 220◦C, 1 h, 5 bar 10% H2 in N2;
reaction 200◦C, 20 bar, CO2:H2 1:3, PFR reactor, 50 mg catalyst + 100 mg SiC, 30 mL min−1 flow, GHSV 36 000 h−1.

FIGURE 4 HAADF-STEM micrographs of reduced Cu/UiO-66 samples show the presence of Cu species with varying size distributions (a,b).
Larger Cu particles exhibit a crystalline structure (c). EDX-based elemental mapping (e–g) demonstrates the presence and spatial distribution of the Cu
species.

are limited by the high Zr contrast of the UiO-66 matrix, which
limits reliable identification of small Cu-rich domains. Additional
low- and high-magnification images supporting the particle-
size estimation are provided in Figures S7–S9. Taken together,
electron microscopy demonstrates that Cu species in Cu/UiO-
66 undergo significant coarsening during reduction, leading to
a wide particle size distribution spatially associated with the
UiO-66 crystallites (e.g., at defects or internal interfaces). In
contrast, Cu-Zn/UiO-66 is characterized by small Cu-rich species
and distinct ZnO-rich crystalline domains, which are already
present in the fresh catalyst and remain stable after reduction and
catalytic tests.

To support the EM findings on the redispersion of introduced
metallic species, we carried out the N2 physisorption measure-
ments after the catalytic tests (Figure 1). Both Cu/UiO-66 and
Cu-Zn/UiO-66 show a further reduction in micropore volume,
accompanied by an increase in mesopore volume contribution.

This evolution is attributed to initial micropore blocking by
introduced Cu and Cu-Zn species. Later, this was followed by
their migration and redispersion during reduction and reaction,
resulting in partial recovery of micropores for used Cu-Zn/UiO-
66 and an increase of the average pore size for used Cu/UiO-66.
The observation on structural changes for the pristine UiO-
66 and MOF-based catalysts before and after catalysis is also
supported by the XRD of the used catalysts with the peaks of
ZnO preserved within the MOF and no new phases present
(Figure S10). Minor changes in the local environment of the
Zr6O4(OH)4 nodes can be observed from the ex situ Raman
spectroscopy (Figure S11). In the 600–700 cm−1 region, the ν(Zr-
O) band around ∼630 cm−1 becomes broader after catalysis for
the Cu- and Cu-Zn-modified samples, and an overall broadening
of Raman features and an increase of background intensity is
observed for the used materials [40]. The latter can be explained
because of a buildup of retained reaction intermediates [41],
since the crystallinity of the MOF is preserved after the catalysis.
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FIGURE 5 HAADF STEM micrographs of reduced (a) and used (e) Cu-Zn/UiO-66 showing small bright nanoparticles decorating the MOFs.
EDX-based elemental maps (b–d, f–h) demonstrate the presence and distribution of Cu and Zn species for both reduced and used catalysts.

The∼1430 cm−1 signal (νs(O-C-O)) demonstrates splitting, which
appears as a doublet in pristine UiO-66. In the fresh Cu-Zn/UiO-
66 this feature becomes a single band, while after catalysis, the
doublet reappears, indicating a change associated with Zn. In
contrast, for Cu/UiO-66 the doublet is present in both fresh and
used materials. Later, we attempted to quantify the amount of
possibly missing linkers for the pristine materials from thermo-
gravimetric analysis coupled with mass spectrometry (TGA-MS,
Figure S12) [42, 43]. The results indicated a stoichiometrically
correct composition of the pristine MOF or slightly more organ-
ics present due to residual dimethylformamide from the MOF
synthesis (Figure S2c). Also, the possible presence of the missing
nodes in UiO-66 can be deduced from the “forbidden” XRD
reflections [31] (Figure S10a).

OperandoX-ray absorption spectroscopywas employed to resolve
the speciation of Cu, Zn, and Zr under reduction, reaction,
and transient switching conditions. Measurements were carried
out at the ROCK beamline using an “edge-jumping” [44] setup
that enables the simultaneous acquisition of Cu, Zn, and Zr
K-edge spectra by alternating between two detector cameras
tuned to different energies. The schematic of the experimental
configuration and a photograph of the experimental stage are
provided in Figures S13 and S14. The applied temperature,
pressure, gas composition, and switching protocol were identical
to those used during catalytic testing, enabling direct comparison
between catalytic performance and spectroscopic observations.
The MS signals, related to the gas mixtures and production of
methanol, are provided in Figure S15. From a primary estimate,
the Cu K-edge exhibits the most pronounced changes among the
three elements investigated. X-ray absorption near edge structure
(XANES) spectra of the fresh Cu/UiO-66 and Cu-Zn/UiO-66
catalysts show similar features consistent with a mixture of Cu
precursor species prior to reduction (Figure 6a).

To follow the changes observed at Cu K-edge, we used
multivariate-curve resolution-alternating least squares (MCR-
ALS) analysis, on both combined datasets Cu/UiO-66 and Cu-
Zn/UiO-66. MCR-ALS was performed using four components.
Components Cu(AcAc)2 and Cu0 were taken from experimental
spectra of the precursor (Cu(AcAc)2) and Cu foil (Cu0). Other
two components were initialized using SIMPLISMA [45] and
were allowed to evolve during ALS optimization. The component
assigned as Cu0-dispersed is in good agreement with literature
data for metallic Cu nanoparticles [46, 47]. The intermediate
CuO-dispersed component is in agreement with the spectra of
CuO nanoparticles [48, 49]. MCR-ALS analysis of the Cu K-
edge dataset identifies contributions from CuO dispersed and
Cu(acac)2-derived species in both fresh materials (Figure 7a–c).
Upon reduction, Cu/UiO-66 evolves toward a mixed Cu state.
MCR-ALS reveals first, the evolution of the remaining precursor
toward dispersed CuO [48], and then the formation of both
higher-coordination metallic Cu and a dispersed Cu component
[46, 47]. The higher-coordination Cu contribution forms dur-
ing the reduction step and remains significant under reaction
conditions, not affected by flow switching (Figure 7b). Derived
from the Cu foil reference spectrum, this component reflects Cu
environments spectroscopically similar to higher-coordination
metallic Cu rather than formation of a Cu foil phase. Since
XANES features reflect a combination of coordination, oxidation
state, and disorder, the extracted components are interpreted in
terms of relative coordination environments and likely contain
contributions from metallic Cu species with different particle
sizes and degrees of dispersion.

The evolution of copper is consistent with the electron
microscopy observations showing a broad Cu particle size
distribution after reduction (Figure 4). In contrast, Cu-Zn/UiO-
66 shows a distinct Cu evolution pathway. During reduction,
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FIGURE 6 Operando XANES at the ROCKbeamline (SOLEIL) during CO2 hydrogenation at 200◦C, 20 bar, 30mLmin−1, CO2:H2 = 1:3. CuK-edge
XANES for fresh/reduced Cu/UiO-66 and Cu-Zn/UiO-66 compared to reference spectra (a), Zn K-edge XANES for fresh/reduced Cu-Zn/UiO-66 (b), Zr
K-edge for fresh/activated UiO-66 and fresh/reduced Cu-Zn/UiO-66 compared to reference spectra (c).

FIGURE 7 Operando XANES at the ROCK beamline (SOLEIL) during CO2 hydrogenation at 200◦C, 20 bar, 30 mL min−1, CO2:H2 = 1:3. Cu K-
edge MCR-ALS reference/component spectra (Cu(acac)2, CuO [48] dispersed, higher-coordination metallic Cu (Cu0), Cu0-dispersed species [46, 47])
(a) and corresponding concentration profiles for Cu/UiO-66 (b) and Cu-Zn/UiO-66 (c). Enlarged inset in (d) – evolution of the Cu0-dispersed upon the
switches. Zr K-edgeMCR-ALS component spectra assigned to hydroxylated and dehydroxylated Zr centers (e) and corresponding concentration profiles
for UiO-66 (h) and Cu-Zn/UiO-66 (f).

Cu species rapidly evolve toward a dispersed Cu0 component,
referred to in the MCR-ALS analysis as very small Cu species
[46, 47] (Figure 7c). This dispersed Cu0 state remains dominant
during CO2 hydrogenation. Small but detectable changes in the
Cu0-dispersed component fractions are observed during feed
switches, indicating that the surface of the active Cu is higher
than for Cu/UiO-66 (Figure 7c inset, Figure S16). However,
the overall Cu speciation remains largely preserved under the
high-pressure hydrogenation conditions. During the cooldown,
the system was kept under the reaction mixture. At decreasing
temperature, H2-driven reduction becomes kinetically limited,
while mild oxidation associated with CO2 and residual reaction

water dominates, which can explain the increase of CuO-like
contribution and decrease of the higher-coordination metallic
Cu fraction for both catalysts. The references, spectra for
analysis used, and corresponding residuals are provided in
Figures S17–S19.

In contrast to Cu, Zn K-edge XANES spectra show no sig-
nificant changes during reduction, reaction, or gas switching
over Cu-Zn/UiO-66 (Figure 6b and Figure S20). The spectral
features remain unchanged within the experimental protocol,
indicating that Zn remains spectroscopically inert under the
applied conditions; however, this does not imply that Zn is
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catalytically inert. The Zn K-edge XANES spectra are consistent
with a ZnO-like local environment. ZnO-like species represent
the dominant Zn-containing phase in the material, as supported
by electron microscopy and XRD. This was corroborated by
comparison of Cu-Zn/UiO-66 XANES spectrum with a ZnO
reference spectrum (Figure S21). Furthermore, fitting of extended
X-ray absorption fine structure (EXAFS) spectra using the ZnO
structural model provides a good description of the data and
confirms the preservation of the ZnO coordination environ-
ment under reaction conditions (Figures S34 and S35, Table
S2). Comparison with a Cu-Zn alloy (brass) reference shows
no spectral similarity, indicating that alloy formation is not
observed. While Cu-Zn interfacial sites cannot be excluded, they
are not directly detected by the present measurements and are
only suggested by the computational analysis (vide infra). In
this context, Zn is interpreted to act primarily as a structural
promoter that stabilizes dispersed Cu species, while its direct
participation in the catalytic cycle cannot be resolved from the
present data. Because no meaningful spectral evolution was
observed, MCR-ALS analysis was not applied to the Zn K-edge
dataset.

The Zr K-edge XANES provides information on the response of
the UiO-66 framework during activation and reaction (Figures 6c
and 7d). For pristine UiO-66, the Zr spectra show a gradual evo-
lution from a hydroxylated to a dehydroxylated Zr environment
[34] during the activation procedure (Figure 7e). No significant
response to gas composition switches is observed, consistent
with the absence of catalytic activity for CO2 hydrogenation.
For Cu/UiO-66 and Cu-Zn/UiO-66, the Zr environment evolves
differently. During pretreatment, the Zr nodes transition toward
a dehydroxylated state (Figure 7d,f and Figure S22). Under
CO2 hydrogenation conditions, the Zr centers become partially
hydroxylated again, consistent with the formation of oxygenated
reaction products and intermediates, including methanol and
water [34]. We note that these changes reflect the response of the
Zr environment to adsorbed species under reaction conditions
and do not establish a direct role of Zr nodes in the catalytic
cycle, but rather reflect adsorption of reaction intermediates and
products. Gas switching induces further changes in the Zr K-
edge spectra. In the absence of H2, the Zr environment shifts
toward a partially dehydroxylated state, where CO2 can react
with the remaining hydrogenated intermediates in the MOF
pores, as we see from the catalytic performance data. In the
absence of CO2, the Zr centers become quickly dehydroxylated
again, indicating elution of the CO2 hydrogenation intermediates
and products from the MOF pores. During the cooldown in
reaction mix, the increase of the hydroxylated Zr fraction is
consistent with stronger adsorption of polar molecules as CO2
and residual reaction water at lower temperature. The reversible
nature of these changes can be observed in the time-resolved
Zr XANES data (Figure S23), with residuals of the MCR-ALS
analysis provided in Figure S24. Thus, the Zr K-edge XANES
results indicate a dynamic response of the framework to the
reaction environment, while a direct contribution of Zr nodes to
catalytic turnover cannot be concluded from the present data.
Taken together, the operando XANES results show that Cu
speciation is strongly affected by Zn promotion, with Cu-Zn/UiO-
66 stabilizing dispersed Cu species during reduction and reaction.
Zn remains spectroscopically inert under the given conditions,
while the Zr nodes ofUiO-66 respond dynamically to the presence

of oxygenated species, undergoing reversible hydroxylation and
dehydroxylation during reaction and gas switching.

Cu K-edge EXAFS was analyzed to support the Cu speciation
trends derived from XANES. Representative EXAFS spectra with
fits are shown in Figure 8, while raw data, additional fit outputs,
and fitting details are provided in Figures S26, S27, S32, and S33.

The fitted structural parameters are summarized in Table 2.
The EXAFS data for reduced catalysts are dominated by Cu-Cu
scattering contributions, with estimated first-shell coordination
numbers (CN) of 9.2 for Cu/UiO-66 and 6.2 for Cu-Zn/UiO-66.
In the fitted models shown in Figure 8, the first-shell Cu-Cu
contribution reproduces the main peak in R-space, and the
fitted coordination numbers are lower than those expected for
higher-coordination metallic Cu (CN = 12, Figure S32).

In this context, although coordination number and Debye–
Waller factors correlate, leading to an imprecise evaluation
of both, the lower values observed for Cu-Zn/UiO-66 (CN =
6.2; R = 2.47 Å) closely match reported values for activated
Cu/UiO-66 systems with dispersed Cu species [22]. The higher
coordination number obtained for Cu/UiO-66 (CN = 9.2; R =
2.52 Å) indicates a shift toward higher average Cu-Cu coor-
dination, consistent with larger Cu domains. Together with
the XANES/MCR-ALS analysis, these coordination numbers
are consistent with a larger fraction of higher-coordination Cu
environments in Cu/UiO-66 compared to Cu-Zn/UiO-66. The CN
value obtained for Cu/UiO-66 is furthermore consistent with the
coexistence of higher- and lower-coordination Cu environments
observed by XANES/MCR-ALS analysis, although EXAFS alone
cannot uniquely distinguish this situation from a distribution
of intermediate-sized Cu domains. The EXAFS-derived coordi-
nation numbers independently support the XANES/MCR-ALS
analysis, with Cu-Zn/UiO-66 dominated by lower-coordination
Cu environments and Cu/UiO-66 showing mixed higher- and
lower-coordination Cu contributions. Comparable coordination
numbers and Cu-Cu distances have also been reported for small
metallic Cu clusters on oxide supports under reaction-relevant
conditions [47]. Using established EXAFS-based coordination
number estimates for metallic nanoparticles [50], the coordina-
tion numbers observed here are consistent with Cu clusters in
the ∼1 nm size regime for Cu-Zn/UiO-66, supporting the use
of small MOF-confined Cu and Cu-Zn cluster models in the
DFT analysis. Furthermore, the density functional theory (DFT)-
calculated radial distribution functions (RDFs) forMOF-confined
nanoparticles (vide infra) demonstrate structural disorder, which
increases with the amount of Zn incorporated into the nanopar-
ticles (Figure S38). This distribution of Cu-Cu distances provides
a natural explanation for the comparatively high Debye–Waller
factors observed in the EXAFS analysis (σ2 = 0.014–0.015 Å2),
reflecting structural disorder associated with small and dispersed
Cu domains.

The DFT calculations were performed to rationalize the stabiliza-
tion of Cu and Cu-Zn species in UiO-66 observed experimentally
by XANES, EXAFS, and electron microscopy. Although the
experimental system exhibits substantial structural complexity,
including different defect types and distribution of nanopar-
ticle sizes, explicitly capturing the full complexity within a
single atomistic model is computationally prohibitive. The
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FIGURE 8 |FT| of averaged k2-weighted EXAFS spectra and their fit of the dispersedmetallic Cu species in Cu-Zn/UiO-66 and Cu/UiO66 samples.
Experimental and best fit curves of imaginary components and EXAFS spectra are reported in Figure S33.

TABLE 2 Fit results of the averaged spectra of the reduced Cu species in Cu/UiO-66 and Cu-Zn/UiO-66. Details on the EXAFS fit analysis can be
found in Section S8.

Sample Path N S02 Nav σ2 (Å2) E0 (eV) R (Å) R-factor

Cu/UiO-66 Cu-Cu 12 0.9 (fixed) 9.2 ± 0.7 0.014 ± 0.0008 3.2 2.52 ± 0.006 0.007
Cu-Zn/UiO-66 Cu-Cu 12 0.9 (fixed) 6.2 ± 0.9 0.015 ± 0.002 −0.005 2.47 ± 0.011 0.022
Cu foil Cu-Cu 12 0.90 ± 0.05

(fitted)
12

(fixed)
0.0088 ± 0.0005 4.129 2.54 ± 0.003 0.003

experimentally observed low coordination numbers and dis-
persed Cu environments motivated the use of small MOF-
confined Cu and Cu-Zn cluster models in the DFT analysis.
We therefore employ a deliberately simplified and well-defined
model that enables systematic comparison of stabilization trends
while being grounded in a plausible experimental scenario.
The chosen model consists of a defective UiO-66 framework
containing a missing-linker defect, created by removing one
terephthalate linker, with small Cu or Cu-Zn clusters confined
within the defect cavity. Other experimentally plausible defect
scenarios, such as missing-node defects that could host larger
nanoparticles, are not considered due to their substantially higher
computational cost. Accordingly, the presentmodel is intended to
rationalize relative stability trends rather than to reproduce the
full experimental structural complexity or uniquely identify the
dominant defect character.

Within this model framework, we investigated the confinement
and stabilization of small Cu and Cu-Zn clusters within the
UiO-66 framework, as summarized in Figure 9. To evaluate
the stabilization of different nanoparticle species, we modeled
various stoichiometries with increasing Zn composition: Cu20,
Cu18Zn2O2, Cu16Zn4O4, and Cu14Zn6O6 clusters. The clusters
were confined between two exposed Zr-oxo node faces inmissing-
linker defective UiO-66; when accessible, the Zn-rich face was
oriented toward the defect to maximize Zn-Onode interactions
with the oxygenated node terminations. To ensuremodel reliabil-
ity, we performed an exhaustive screening of the configurational
space by generating 2000 + 125×n(Zn) isolated in vacuum struc-
tures for each composition using the PGOPT code [51], which
were then optimized and ranked using theMACE-MATPES-PBE-
0 foundation model [52]. The top 10 most stable configurations
for each composition were subsequently reoptimized with DFT

to assess whether cluster topology significantly influences the
stabilization trends.

Representative examples of isolated and confined particle geome-
tries across different compositions are presented in Figure 9a.
We first assessed particle stabilization in the MOF by calculating
the stabilization energy (ΔEstab), which is the energy difference
between MOF-confined particles and isolated particles in the
vacuum. The calculations reveal that while particle topology
induces more scatter in individual stabilization energies, a clear
systematic trend demonstrates that increasing Zn content shifts
the stabilization energy distribution towardmore negative values,
indicating an increase in the amount stronger stabilized particles
within the configurational ensemble (Figure 9b). This trend
can be attributed to the significantly higher oxophilicity of
Zn compared to Cu, which drives preferential binding of Zn-
rich faces to the oxygen-terminated Zr-oxo nodes at the defect
sites [53].

To further investigate particle stabilization, we modeled a simpli-
fied sintering reaction (Figure 9c) in which two smaller confined
clusters (Cu10, Cu9ZnO, Cu8Zn2O2, Cu7Zn3O3) combine into a
larger aggregate, leaving one defect site vacant. The resulting
sintering energy (ΔEsint) quantifies the thermodynamic driving
force for particles to coalesce within the framework, with more
negative values indicating a stronger tendency toward sintering.
The results show that while all compositions exhibit a thermody-
namic propensity toward sintering, the magnitude of this driving
force depends strongly on cluster composition. While Cu9ZnO
particles exhibit a slightly enhanced tendency toward sintering
compared to Cu10, particles with higher Zn content demon-
strate increased resistance to sintering. This trend indicates that
Zn-rich compositions benefit from enhanced MOF-mediated
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FIGURE 9 DFT analysis of Cu and Cu-Zn nanoparticle stabilization in defective UiO-66. (a) Representative lowest-energy configurations of
isolated and confined clusters of considered stoichiometries (b) Calculated stabilization energy and (c) sintering energies for the MOF-confined
nanoparticles with the increasing Zn content. Color code for atoms: H – white, C – brown, O – red, Cu – dark green, Zn – blue, Zr – light green.

stabilization against particle growth/sintering, consistent with
the experimental observations discussed above, where Cu/UiO-
66 exhibits higher coordination numbers and a larger con-
tribution of higher-coordination metallic Cu compared to
Cu/Zn-UiO-66.

Overall, the DFT results shown in Figure 9 support the exper-
imental observation that UiO-66 can stabilize small Cu-based
clusters and that incorporation of Zn further enhances this sta-
bilization. These findings are consistent with the predominance
of dispersed Cu0 species identified by Cu K-edge XANES, the
reduced coordination numbers derived from EXAFS, and the
smaller Cu-rich species observed by electron microscopy in Cu-
Zn/UiO-66. Electron microscopy, operando XANES, EXAFS, and
DFT calculations consistently demonstrate that Zn promotion
alters Cu speciation within the UiO-66 framework: in Cu/UiO-
66, Cu evolves toward a mixture of higher-coordination and
dispersed metallic species, whereas in Cu-Zn/UiO-66, Cu is pre-
dominantly stabilized as lower-coordination dispersed species.
This shift toward smaller andmore dispersed Cu species suggests
that the observed increase in methanol productivity may partly
arise from a dispersion effect, in addition to stabilization under
reaction conditions. At the same time, the present data do not

allow identification of a unique methanol-forming active site,
and contributions from different Cu environments or Cu-Zn
interfacial motifs cannot be excluded. Further EXAFS analy-
sis supports reduced Cu-Cu coordination numbers compared
to higher-coordination metallic Cu, consistent with nanoscale
Cu domains in Cu-Zn/UiO-66, suggesting that the presence
of Zn contributes to the stabilization of these more dispersed
Cu species. Operando XANES further shows that Zn does
not exhibit detectable changes in its average local structure
under the applied conditions, indicating a stable Zn environ-
ment. The Zr nodes of UiO-66 respond dynamically through
reversible hydroxylation and dehydroxylation during reaction
and gas-switching experiments,which is interpreted as a response
to adsorbed species rather than direct evidence of catalytic
involvement. Textural and spectroscopic characterization further
demonstrates that the UiO-66 framework remains structurally
preserved upon Cu and Cu-Zn species incorporation, reduction,
and catalytic tests. N2 physisorption and Raman spectroscopy
reveal changes in local structure and porosity upon precursor
loading and reaction, indicating redistribution of introduced
metallic species within the framework while preserving the over-
all framework structure. Subsequent transient catalytic experi-
ments further show that the UiO-66 matrix can adsorb and retain
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oxygenated species, indicating a dual function as catalyst support
and adsorbent.

3 Conclusions

In this work, UiO-66-based catalysts promoted with Cu and
Cu-Zn were investigated for CO2 hydrogenation to methanol.
Pristine UiO-66 was shown to be catalytically inactive, while
incorporation of Cu enabled significant methanol formation with
high selectivity. Further promotion with Zn increased methanol
productivity by ca. 15–20% at comparable Cu loading, whilemain-
tainingmethanol selectivity close to 90% (1.8 mmol MeOH gcat−1 h−1

for Cu/UiO-66 and 2.1 mmol MeOH gcat−1 h−1 for Cu-Zn/UiO-66).

The combined operando spectroscopic, microscopic, and com-
putational results show that methanol productivity correlates
with the presence of dispersed Cu species within the UiO-
66 framework, which are further stabilized in the presence
of Zn under reaction conditions, consistent with a structural
promotion effect rather than a directly observed active Zn phase.
This stabilization persists under reaction and transient condi-
tions. These observations suggest that the UiO-66 framework
contributes to the stabilization of inorganic species and the
adsorption/retention of hydrogenated species during reaction.
Incorporation of Cu enables methanol formation, while Zn
promotion enhances productivity and brings changes in reactive
states during the feed switches. The ability of the MOF to retain
reaction intermediates and products under transient conditions
indicates that the framework contributes beyond acting as a
passive support.

These findings illustrate how a MOF host can be used to control
metal speciation under working conditions and provide guidance
for the design of MOF-based catalysts for CO2 hydrogenation.

4 Experimental Section

UiO-66 was synthesized by a solvothermal method [30]. Zir-
conium(IV) chloride (ZrCl4, 99.5%, Sigma–Aldrich) and tereph-
thalic acid (1,4-benzenedicarboxylic acid, 99%, Sigma–Aldrich)
were dissolved in N,N-dimethylformamide (DMF, anhydrous,
99.8%, Sigma–Aldrich), followed by the addition of aqueous HCl
(32 wt.%, Sigma–Aldrich) as a modulator. The reaction mixture
was heated in a sealed autoclave at 220◦C for 20 h to yield
UiO-66. The resulting solid was recovered by centrifugation,
washed repeatedly with DMF, and subjected to solvent exchange
with methanol (HPLC grade, 99.8%, VWR). Final activation was
performed under dynamic vacuum at elevated temperature to
remove residual solvents.

Cu/UiO-66 and Cu-Zn/UiO-66 were prepared by wet impreg-
nation of pre-synthesized and activated UiO-66 using metal
acetylacetonate precursors. UiO-66was suspended in dry acetoni-
trile (anhydrous, Sigma–Aldrich) under inert atmosphere, and
appropriate amounts of copper(II) acetylacetonate (Cu(acac)2,
≥ 97%, Sigma–Aldrich) or a mixture of Cu(acac)2 and zinc(II)
acetylacetonate (Zn(acac)2, ≥ 98%, Sigma–Aldrich) were added
to obtain nominal metal loadings of approximately 4 wt.% Cu
and 10 wt.% Zn. The suspensions were stirred overnight at

room temperature, followed by solvent removal. The impregnated
materials were thermally treated under vacuum at 150◦C to
partially decompose the precursors and anchor the metal species
within the UiO-66 framework. The resulting catalysts were stored
under an inert atmosphere prior to characterization and catalytic
testing.

1H NMR Spectroscopy: For sample preparation 5–10 mg of the
MOF were dissolved by sonication in an aqueous ammonium
bicarbonate solution 1 M prepared in D2O. 1H NMR spectra were
recorded on a Magritek Spinsolve 60 MHz spectrometer at room
temperature. Solvent signal suppression was applied using 50 dB
presaturation, with 8192 scans and a 7 s repetition delay. Chemical
shifts were referenced to the D2O signal.

Powder X-ray diffraction (PXRD) patterns were collected using
a Bruker D8 Advance diffractometer equipped with Cu Kα
radiation (λ = 1.5406 Å). Measurements were performed at room
temperature under ambient (air-exposed) conditions. Samples
were transferred from a glovebox prior to measurement and
mounted on zero-background sample holders. Data were col-
lected over a 2θ range of 2◦–80◦ with a step size of 0.04◦.
High-energy synchrotron XRDmeasurements were performed at
ID31, ESRF (Grenoble, France), using a photon wavelength of
0.0165 nm (75 keV) [54].

For TEM sample preparation, either continuous or lacey carbon
grids with copper or molybdenum support (product numbers:
S166-3 from Plano and Mo-400CN from Pacific Grid Tech) were
used. The sample was first crushed using a mortar inside a glove-
box, then dispersed in ethanol or methanol. The optimal sample
concentration was achieved by varying the relative amounts
of solvent and sample. Approximately 4 µL of the resulting
suspension was deposited onto the grid and allowed to dry on
filter paper. TEM and STEM-EDX images were obtained using
a probe-corrected JEOL JEM-ARM200F electron microscope
operating at 200 keV acceleration voltage and equipped with
cFEG. For the high-resolution TEM, we used low dose mode for
minimal damage of the MOFs. In STEM mode, using a cFEG,
we used emissions between 5 and 15 µA, which corresponded to
beamcurrents of 4–10 pA. For EDX-based data acquisition, higher
probe currents were used with two JEOL detectors. Data analysis
and figure preparationwere performed using theAnalysis Station
software (JEOL).

TGA-MS was performed using a Mettler Toledo TGA/DSC 1
instrument. The amount of the MOF (5–25 mg) was placed in
an alumina crucible and then heated up to 800◦C with a ramp
rate of 5◦C min−1 in artificial air flow, 20 mL min−1. The TGA
chamber outlet was connected to a mass spectrometer (MS,
Pfeiffer Thermostar).

Chemical composition was measured by ICP-OES at Agilent
ICP-OES 5110 spectrometer. Samples (5–20 mg) were digested
using a mixture of concentrated acids (HNO3, 65 wt.%; HF, 40
wt.%; HCl, 37 wt.%) under microwave heating. Then we diluted
them 10 times with mQ water and transferred to tubes for the
measurement.

N2 Physisorption Measurements: The materials were activated
overnight at 0.20 mbar and 150◦C, using aMicromeritics VacPrep
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061 sample preparation device. The weight loss due to activation
was considered for the calculation of molar amounts of materials,
and the N2 physisorption experiments were conducted on a
Micromeritics 3Flex instrument. The average pore diameter
was taken as the adsorption average pore diameter (4V/A by
BET).

Raman spectra of UiO-66 were recorded using a RamanTouch
confocal Raman microscope (Bruker) equipped with a 532 nm
excitation laser. The laser power at the sample was 0.51 mW.
Spectra were collected using a 300 gr mm−1 grating, a 50 µm
slit, and a 20× objective (NA = 0.45). Each spectrum was
acquired with an integration time of 3 s and averaged over 20
accumulations. The CCD detector was operated in low-noise
mode and cooled to −70◦C. Measurements were performed in
point mode under ambient (air-exposed) conditions. Data acqui-
sition and processing were carried out using RAMAN Imager2
software.

The CO2 hydrogenation experiments in the gas phase were
carried out using a fixed-bed reactor with a feed of CO2, H2,
N2. In a typical experiment, a stainless-steel reactor with I.D. of
2.5 mm was charged with 50 mg of the UiO-66-based material +
100 mg SiC. The reactor was sealed with the metal frits with a
pore size of 0.5 µm. Prior to catalysis, the catalyst was activated
in an H2-containing atmosphere (10 vol.% H2 in N2) at 220◦C
(heating rate 10◦C min−1) and 5 bars for 1 h to remove possible
organic contaminants and to reduce the introduced Cu and Cu-
Zn species. After the activation, the temperature was lowered to
200◦C in pretreatment gas mix, and the system was pressurized
to 20 bar. Then we kept the sample for ca. 2 h on CO2/H2 stream,
then alternated the flow for 20 min first inert/ CO2, then 20 min
of the reaction mix, then inert/H2 followed by the switch back to
CO2/H2 for 20min and then cooled down in the reactionmixture.
Each test was carried out three times.

Online analysis of the CO2 hydrogenation experiments was
performed by a gas chromatograph (GC, CompactGC 4.0, Global
Analyzer Solutions) with heated gas transfer lines. The GC had
four pre-columns, four columns, three detectors, and a Metha-
nizer device. A thermal conductivity detector (TCD) coupledwith
an RT-Q-Bond pre-column (3 m; i.d. 0.32 mm; film thickness
10 µm) and a Molsieve 5A FS column (15 m; i.d. 0.32 mm; film
thickness 30 µm) was used for the analysis of the permanent
gases, including H2, CO2, N2 were analyzed by another TCD
coupled with an RT-Q-Bond pre-column (3 m; i.d. 0.32 mm; film
thickness 10 µm) and an RT-Q-Bond column (12 m; i.d. 0.32 mm;
film thickness 10 µm). Oxygenates and hydrocarbons were traced
using an MXT-5 column (12 m; i.d. 0.28 mm; film thickness
1 µm) coupled with MXT-5 pre-column (3 m; i.d. 0.28 mm; film
thickness 1 µm) and analyzed with a flame ionization detector
(FID). A separate channel connected to a Methanizer device and
later to the FID detector was used for low CO concentrations. The
channel was equipped with a Carboxen 1010 pre-column (3 m;
i.d. 0.32 mm) and Carboxen 1010 column (12 m; i.d. 0.32 mm).
The selectivities and yields for the reaction were estimated from
the peak areas observed at FID and calibrated with analyti-
cal mixture containing small concentrations of CO, methanol,
methane, and ethylene, and using formulas provided here [23].
The response factor for methyl formate was estimated from
here [55, 56].

The ex situ and operando characterization of the Cu, Zn species
and Zr nodes in the UiO-66, their local environment, and the
chemical statewas carried out usingXAS for themeasurements at
ROCKbeamline, SOLEIL [57]. The storage ring operated inmulti-
bunch mode at 500 ampere maximum current. Measurements
were performed in transmission at Cu-Zn simultaneously and Zr
K-edge, using 2 Si(111) channel-cut monochromators aligned at
11.92◦ and 6.08◦, respectively. The oscillation amplitude of the
monochromator was set to 2.7◦ for Cu-Zn K-edges (covering an
energy range from 8750 to 10 800 eV) and to 0.6◦ for the Zr K-edge
(covering an energy range from 17 800 to 19 200 eV). Harmonic
rejection was ensured by mirrors aligned at 2.8 mrad with respect
to the X-ray beam before and after the monochromator, coated
with B4C and Pd for Cu-Zn and Zr K-edge, respectively. The
monochromator oscillates at 2 Hz, leading to an acquisition time
for one XAS spectrum of 0.5 s in the ascending angles of the
monochromator. To improve signal-to-noise ratio, consecutive
spectra were further averaged leading to a time resolution of
20 s per spectrum. During operando experiments, spectra were
collected alternatively every 30 s at Cu-Zn and Zr K-edges with
30 s to change from one edge to the other, taking advantage
of the so-called “edge-jumping” capability offered by the ROCK
beamline. Measurements were performed in transmission mode
using ionization chambers (OKEN) filled at 1 bar with N2 for
Cu-Zn K-edges and with a mixture of 50/50 N2/Ar for Zr K-
edge. The spectra of the Cu and Zr reference foil placed between
I1 and I2 were measured together with the sample and then
used for energy alignment. Spectra extraction, energy alignment,
and normalization were performed with the Python GUIs scripts
developed at the ROCK beamline [44]. EXAFS Fourier Transform
was performed in the 3–12 Å−1 k-range with Hanning window.
EXAFS data processing and fitting were carried out using Athena
and Artemis from the Demeter software suite [58]. For the fitting,
10 scans at the end of the first CO2/H2 exposure were averaged.

The operando catalytic hydrogenation of CO2 was carried out
using the reaction system available in-house and the gas rig
provided by Operando Group, SLS, PSI. The setup allows control
over reactant composition, flow rates, pressure, and temperature
under reaction conditions compatible with operando XAS [59].
The gas feed lines were connected to high-purity CO2, H2, and Ar
cylinders. The gas flowwas distributed to the setupwith a custom-
built setup, which consists of a series of Bronkhorst mass flow
controllers (MFCs), each dedicated to individual gases involved
in the experiment (H2, CO2, Ar), a fast-switching VICI valve, and
a back-pressure regulator (BPR, Bronkhorst). The fast-switching
valve enabled us to switch from one flow condition to another
with minimized delay, even at high pressure. The scheme for
the gas flow setup is provided in Figures S13 and S14. For the
operando experiments, 5–15mg of the powder sample was packed
between two quartz wool plugs into a 2 mm diameter, 0.1 mm
thick-walled quartz capillary to form an 8 mm long catalyst bed.
The capillary was then sealed in a U-shaped frame using epoxy
or UV-active adhesive and attached with Swagelok connections
to a capillary reactor setup developed by the ROCK beamline at
SOLEIL. The capillary was aligned in the X-ray beam path. The
reactor was heated with a gas blower; the outlet was connected
to a Bronkhorst back-pressure regulator, and the gas composition
was continuouslymonitoredwith amass spectrometer during the
XAS operando experiment. The heating assembly was calibrated
in the range of 50–250◦C under Ar flow. For the operando CO2
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hydrogenation experiments, we used the edge jumping feature
of the ROCK beamline. These experiments were designed to
reproduce the catalytic testing protocol. An initial state spectrum
was recorded for the sample at both edges under Ar flow (30 mL
min−1) at RT. This was followed by operando pre-treatment in
a 10%H2/Ar mixture at 220◦C, 5 bar, for 1 h with a 5◦C min−1

ramp. After the pretreatment, the reactor was first cooled to
reaction temperature (200◦C), pressurized to 20 bar in the same
gas mixture (10%H2/Ar, 30 mL min−1), and then switched to the
reaction mixture to study the transient effect of the introduction
of reactants to the Cu, Zn, and Zr species. The cell outlet
was connected to an exhaust and a mass spectrometer (Pfeiffer
Omnistar). Data pre-processing was performed using the Python
GUIs developed at the ROCK beamline (namely ‘extract_gui’ and
‘normal_gui’) [44].

Spectra energy alignment, background subtraction, edge jump
normalization, and EXAFS extraction were performed with
Larch-based python scripts [60]. Python-based tools were devel-
oped and used in this work. In XAS measurements of mul-
ticomponent systems, each spectrum can be expressed as a
linear combination of pure component spectra weighted by their
relative contributions [61]. Accordingly, a series of spectra col-
lected under varying experimental conditions (e.g., temperature
or gas composition) can be represented as a bilinear matrix
decomposition [62]. The number of components describing a
dataset was first estimated using Principal Component Analysis
(PCA) [63, 62]. The PCA was performed using Python scripts
based on the Pyfitit library [64]. Multivariate Curve Resolution-
Alternating Least Squares (MCR-ALS) method was applied to
resolve spectral components and their evolution [65, 66]. MCR-
ALS was performed using Python scripts based on pymcr library
[67]. This method enables blind decomposition without prior
reference spectra and is well suited for exploratory analysis of
evolving catalytic systems. Initial estimates for MCR-ALS were
generated using the SIMPLISMA algorithm [68]. The overall
workflow consisted of PCA to determine the number of signifi-
cant components, followed byMCR-ALS to extract concentration
profiles and spectral components using a mixture of initial
guess spectrum generated by SIMPLISMA and known references
measured in the same XAS experiment. Principal component
analysis results and corresponding residuals for Cu and Zr K-
edge XANES of Cu/UiO-66 and Cu-Zn/UiO-66 are provided
in Figures S19 and S24. For the datasets measured at Cu K-
edge and Zr K-edge, MCR-ALS analysis was performed on the
combined datasets of Cu/UiO-66 and Cu-Zn/UiO-66. At Cu K-
edge, four components were used in the iteration: (i) Cu foil
(imported reference, fixed), (ii) Cu(acac)2 (imported reference,
fixed, corresponding to precursor species), (iii) a CuO-like com-
ponent (initialized from SIMPLISMA and allowed to vary during
iteration), and (iv) a lower-coordination Cu-species component
(initialized from SIMPLISMA and allowed to vary). At Zr K-edge,
two SIMPLISMA-generated components were used as initial
guess and allowed to vary during iteration. Additional parameters
affecting the MCR-ALS results are discussed in Section S6.

Details for DFT Calculations

Methods: All DFT calculationswere performedusing theVienna
Ab Initio Simulation Package (VASP 6.4.3) [69]. The exchange-

correlation energy was described with the PBE functional and
D3BJ dispersion corrections [70–72]. A plane-wave basis set
with a cutoff of 550 eV in combination with the projected
augmented wave (PAW)method [73] was applied. Electronic self-
consistency was converged to an energy tolerance of 10−5 eV.
Gaussian smearing with a width of 0.05 eV was applied to
partial occupancies during the iterative diagonalization of the KS
Hamiltonian. Geometries were considered converged when all
the forces acting on the atoms were below 0.04 eV Å−1. Brillouin
zone sampling was restricted to the Γ-point.

Models:

a. Nanoparticles structure generation. To ensure repre-
sentative nanoparticle models, we performed an exhaus-
tive search of gas-phase nanoparticle configurations. Initial
nanoparticle geometries were generated using the PGOPT
code [51, 14], with the number of structures equal to 2000 +
125 × n(Zn), where n(Zn) is the number of Zn atoms in the
nanoparticle (e.g., 2000 for Cu20, 2500 for Cu18Zn2O2, etc.),
with the exception of Cu14Zn6O6, for which 4500models were
constructed. These structures were inserted in the center of
20 × 20 × 20 Å periodic box, optimized, and ranked using the
MACE-MATPES-PBE-0 [52] foundation model. The model
was used as-is, without further fine-tuning. The performance
of this model was validated against DFT data Figure S36,
demonstrating good agreement in ranking stable and unsta-
ble nanoparticle configurations. The configurational space
coverage is illustrated in Figure S37, confirming adequate
sampling of the potential energy surface.

b. MOF model construction. The cubic UiO-66-unit cell was
used as the starting structure. A defect site was created by
removing one terephthalate dianionic linker (C8H4(COO)2)2−
and deprotonating two MOF nodes exposed after the linker
removing. The unit cell was optimized for both ionic posi-
tions and cell parameters (with the cell shape fixed), yielding
lattice parameters of a = b = c = 20.87 Å. Nanoparticles
were then inserted between the exposed nodes, and if
possible, a Zn-rich edges were attached to the nodes. For
sintering energy calculations, only the lowest-energy small
nanoparticle configuration from each composition was used.
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