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ABSTRACT

The Cu-based materials are an important category of catalysts for CO, hydrogenation to methanol, in which Cu® and Cu* species

have been widely acknowledged to play key roles in the reaction. Herein, a series of metal-organic frameworks (MOFs), namely

UiO-66(n) with exposed —COOH groups, are fabricated by employing both terephthalic acid and 1,2,4-benzenetricarboxylic acid

linkers. Following by introducing Cu nanoparticles, Cu@UiO-66(n) are synthesized. By regulating the amount of exposed —COOH
groups on the MOF pore wall, the interaction between Cu and the MOF support is regulated. This —COOH microenvironment
regulates the overall Cu®/Cu” ratio in the supported Cu species, thereby tuning the Cu®/Cu™ interfacial descriptor, which is closely
associated with the CO, hydrogenation performance. The Cu@UiO-66(25) featuring the longest Cu®/Cu™ interface achieves a
methanol space-time yield of 694 g kg.,,~* h™' and methanol selectivity of 92.8% at 250 °C and 4 MPa, far surpassing other
counterparts. This work provides a deep understanding of the synergistic effect between Cu® and Cu* species in catalytic CO,

hydrogenation.

1 | Introduction

The sustained increase in CO, emissions has led to severe envi-
ronmental challenges, creating a compelling necessity to convert
CO, into high-value fuels and chemicals [1-3]. Methanol, serving
as a fundamental chemical feedstock and an important energy
carrier, exhibits extensive applications across various fields,
thereby possessing substantial economic value [3-6]. The cat-
alytic conversion of green hydrogen and CO, into methanol can
effectively reduce CO, emissions, offering a promising approach
for realizing the resource utilization of CO, and contributing to

© 2026 Wiley-VCH GmbH

carbon neutrality [7-9]. Given the high stability of CO, molecules,
methanol synthesis by CO, hydrogenation typically requires
reaction conditions of high temperature (450-600 K) and high
pressure (20-100 atm) [10-15].

Copper (Cu)-based catalysts represent a significant class of cat-
alytic materials for the hydrogenation of CO, to methanol due to
their cost-effectiveness and excellent reaction performance under
moderate reaction temperatures [16, 17]. Cu nanoparticles (NPs)
serve as the metallic active centers, whose surface and electronic
properties are intricately correlated with the resulting catalytic
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SCHEME 1 | Illustration showing the synthetic strategy for
Cu@UiO-66(n) with different content of exposed —COOH groups.

activity [18]. However, Cu exhibits versatile redox properties,
leading to the coexistence of multiple Cu species (Cu®, Cu®*/Cut)
under real reaction conditions [19-21]. Metallic Cu® in Cu NPs is
widely regarded as the key site for H, dissociation, while electron-
deficient Cu* species at the metal-support interface can enhance
the adsorption of key oxygenate intermediates such as *CO and
HCOO* [22-25]. Notably, efficient further hydrogenation of the
HCOO* intermediate is critical, as insufficient conversion leads
to its accumulation on the catalyst surface [24]. Importantly, Cu*
species are proven to effectively stabilize the HCOO* intermedi-
ate, thereby facilitating its subsequent conversion to methanol,
which offers a direction for rational design of high-performance
Cu-based catalysts [26, 27].

However, supported Cu-based CO, hydrogenation catalysts con-
stitute a highly complex and dynamic system, whose activity is
influenced by a multitude of intricately intertwined factors [12,
28-31], which makes it challenging to decouple the real roles
of Cu* species. Furthermore, achieving continuous and precise
control over the Cu* content in conventional Cu-based catalysts
also remains a significant challenge. It is thus imperative to
construct a well-defined model catalytic system that allows for
precise and systematic control of Cu* content while fixing other
parameters, which is crucial to understand how Cu® and Cu™ sites
interplay in the CO, hydrogenation.

Metal-organic frameworks (MOFs) are porous crystalline materi-
als with high surface areas and tailorable structures [32-35]. Their
pore structures provide confinement effects that stabilize metal
NPs and prevent their agglomeration [36-39]. Furthermore, ratio-
nal functionalization of organic linkers offers a versatile strategy
for modulating the electronic states of incorporated metal centers
[40, 41]. The precise control at the atomic level makes MOFs,
particularly Zr-based MOFs with excellent structural stability and
tailorability [39, 40, 42], an ideal platform to investigate the roles
of Cut and Cu° sites in CO, hydrogenation.

Herein, UiO-66(n) with varying content of exposed —COOH
groups are fabricated, followed by incorporating Cu NPs to afford
Cu@UiO-66(n) (n = 0, 5, 10, 25, 40, 75, representing the molar
ratio of 1,2,4-benzenetricarboxylic acid among all linkers in UiO-
66(n)) for CO, hydrogenation (Scheme 1). The dangling —COOH
groups on the MOF pore wall interact with encapsulated Cu NPs,
generating Cu* species on the interface. The amount of exposed
—COOH groups creates a particular microenvironment that influ-

ences the Cu®/Cu* ratio and regulates the Cu®/Cu* interfacial
perimeter, which is identified to play a critical role in CO,
hydrogenation. Specifically, the HCOO* species adsorbed on Cu*
sites is hydrogenated by H, activated at neighboring Cu® sites. As
a result, Cu@UiO-66(n) exhibits a volcano-shaped performance
trend with increasing —COOH content, where Cu@UiO-66(25)
with the longest Cu®/Cu* interface demonstrates superior perfor-
mance, achieving a methanol selectivity of 92.8% and a space-time
yield of 694 g kg.,,~' h™" at 250 °C and 4 MPa.

2 | Results and Discussion

A series of UiO-66(n) with varying amounts of exposed —COOH
groups were synthesized based on mixed linkers of tereph-
thalic acid and 1,2,4-benzenetricarboxylic acid via a solvothermal
method. Subsequently, the pristine UiO-66(n) was dispersed
in an acetonitrile solution of Cu?*, and stirred at 80 °C to
give Cu** @Ui0-66(n). Then, the obtained samples were in situ
reduced at 275 °C and 4 MPa under a CO,/H, (1/3) atmo-
sphere to afford Cu@UiO-66(n) (refer to supporting information,
Experimental Section). Scanning electron microscopy (SEM)
observation shows that all these MOFs possess an octahedral
morphology (Figure S1). Powder x-ray diffraction (PXRD) pat-
terns indicate that all MOFs exhibit similar crystallinity and
structures to the pristine UiO-66 (Figure S2). '"H NMR analysis
of the digested UiO-66(n) samples confirms that the actual 1,2,4-
benzenetricarboxylic acid content in the skeleton agrees well
with the feed ratio (Figure S3). Upon the incorporation of Cu
species, the MOF crystallinity remains well, and no discernible
diffraction peak associated with Cu is observed (Figure S4). N,
sorption results indicate that an increased amount of exposed
—COOH groups in the MOF leads to a corresponding decrease in
its specific surface area (Figure S5). This is reasonable as the MOF
pore might be partially occupied by the dangling and additional
—COOH groups. The inherent microporous architectures of UiO-
66(n) are retained after Cu®" decoration, albeit with partially
decreased surface areas (Figure S6). Thermogravimetric analysis
(TGA) reveals that UiO-66(n) exhibit similar thermal stability
(Figure S7), and the corresponding MOF samples maintain good
thermal stability after Cu incorporation (Figure S8).

Diffuse reflectance infrared Fourier transform spectroscopy
(DRIFTS) is adopted to elucidate the interaction sites of Cu
species within the MOF. In comparison to UiO-66(0)/Ui0-66(25),
the infrared peak intensity at ~3670 cm ™., attributed to —OH/OH,
groups, exhibits a significant decrease upon introducing of Cu**
(Figures S9 and S10). This signifies the interaction between Cu**
and the —OH/OH, groups, suggesting that Cu?** is anchored
to the Zr—OH groups of unsaturated Zr-oxo clusters [40, 43].
After reduction of Cu*" to Cu NPs, the peak intensity of
—OH/OH, groups is recovered, supporting that Cu?* detaches
from the —OH groups. Transmission electron microscope (TEM)
images demonstrate no large or obviously aggregated Cu NPs for
Cu?*-incorporated UiO-66(25), both before and after the in situ
reduction (Figure 1a,b). High-angle annular dark field scanning
transmission electron microscopy (HAADF-STEM) combined
with energy-dispersive x-ray spectroscopy (EDS) elmental map-
ping further verifies the uniform dispersion of Cu species
throughout the MOF particle, and no distinguishable Cu NPs
can be directly identified (Figure 1c-f). To further examine the
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FIGURE 1 | (a) TEM image of Cu’*@UiO-66(25) before in situ
reduction. (b) TEM image, (c) HAADF-STEM image, and (d-f) the
corresponding EDS mapping images of Cu@UiO-66(25).

confined Cu nanoparticles, the UiO-66 framework in Cu@UiO-
66(25) was digested. TEM image after framework digestion shows
Cu nanoparticles with sizes of approximately 2-3 nm (Figure S11).
The Cu loading is verified to be similar across all samples based
on the inductively coupled plasma atomic emission spectroscopy
(ICP-AES) results (Table S1). The dispersion of Cu has been
further examined to be 48.1% for Cu@UiO-66(25), by using N,0
oxidation followed by CO temperature-programmed desorption
(TPD), corresponding to an estimated average Cu nanoparticle
size of 2.1 nm (Figure S12 and Table S2), which is consistent with
the TEM results. Similar average Cu sizes of 2-3 nm are estimated
across the other samples, supporting the high dispersion of Cu
species and suggesting no significant differences in Cu NPs size
(refer to Supporting Information-Section 7).

To understand the influence of exposed —COOH groups within
MOF pores on the interaction between Cu species and the UiO-
66 support, H, temperature-programmed reduction (H,-TPR) was
performed (Figure 2a). The H,-TPR profiles exhibit a remarkable
difference in the reduction temperature (200 °C vs. 330 °C) of Cu
species in Cu?**@Ui0-66(0) and Cu** @Ui0-66(25) before in situ
reduction. This result indicates that the exposed -COOH microen-
vironment in UiO-66(25) strengthens the interaction of the MOF
support with Cu**, thereby causing the elevation of the reduction
temperature [44, 45]. X-ray photoelectron spectroscopy (XPS)
analysis indicates that the Cu species in both Cu** @UiO-66(0)
and Cu** @Ui0-66(25) before in situ reduction are predominantly
in a 42 oxidation state with Cu 2p;/, binding energy at 933.6 eV
(Figure S13). The Cu 2p spectra after in situ reduction indicate that
Cu?* species are reduced to Cu®/Cu* (Figure 2b and Figure S14)
[46]. The Cu LMM Auger electron spectroscopy (AES) spectra
indicate that the presence of exposed —COOH groups within
MOF pore walls lowers the Cu®/Cu* ratio (Figures 2c,e and S15).

In situ DRIFTS experiments using CO as a probe (CO-DRIFTS)
have been conducted to provide further insights into the surface
electronic state of Cu (Figures 2d and S16). The three adsorption
bands located at 2116-2112, 2107-2099, and 2095-2089 cm™' are
attributed to Cu* sites, defective Cu® sites, and terrace Cu’
sites, respectively [47-50]. The deconvolution analysis enables the
proportion quantification of different Cu species within the cat-
alyst. The results reveal a negative correlation between exposed
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FIGURE 2 | (a) H,-TPR profiless of Cu?**@UiO-66(0) and
Cu?* @Ui0-66(25) before in situ reduction; (b) the Cu 2p XPS spectra and
(c) Cu LMM AES spectra of Cu@UiO-66(0) and Cu@UiO-66(25). (d) In
situ DRIFTS spectra of CO adsorption on Cu@UiO-66(0) and Cu@UiO-
66(25). (e) The evaluated ratio of Cu®/Cu* on Cu@UiO-66(n) obtained
from the CO-DRIFTS and AES results. (f) The surface concentration of
Cu* and Cu®/Cu* interfacial perimeter on Cu@UiO-66(n) according
to N,O oxidation followed by H,-TPR and N,O oxidation followed by
CO-TPD results.

—COOH group content and the ratio of Cu’/Cu* in Cu@UiO-
66(n), which is consistent with the AES results (Figure 2e). The
FT-IR results further support the interaction between exposed
—COOH groups and Cu species, suggesting that the —COOH
groups contribute to the regulation of Cu* species in Cu@UiO-
66(n) (Figure S17). Furthermore, the surface concentrations of
Cu® (Ccy(py) and Cu* (Ceqy), along with the interfacial perimeter
between Cu® and Cu* (Lcy).cum)> have been quantified for all
catalysts based on N,O oxidation followed by H,-TPR and N,O
oxidation followed by CO-TPD results (Figures S12 and SI8;
Table S2) [21, 46, 51-53]. Consistent with the CO-DRIFTS and
AES results, the surface concentration of Cu* is successfully
regulated by the —COOH microenvironment around the Cu NPs,
which demonstrates a clear positive correlation with the exposed
—COOH group content (Figure 2f). Interestingly, the Lcy).cum
displays a distinctive volcano-shaped trend along with increasing
exposed —COOH content (Figure 2f).

Encouraged by the above results, the CO, hydrogenation over
Cu@UiO-66(n) is evaluated under the conditions of 150-250 °C
and 4 MPa (CO,/H, = 1/3). The methanol space-time yield (STY)
exhibits a consistent increase with rising reaction temperature
for all investigated catalysts (Figure S19). The CO, conversion
over Cu@UiO-66(n) at 250 °C displays a volcano-shaped trend

Angewandte Chemie International Edition, 2026

30f8

85UB017 SUOWWOD BARR1D 3ot |dde 3y} Aq peusenob afe 9P VO ‘SN 0 S9IN1 10} A%eiq1T BUIUO A1/ UO (SUO I PUOD-PUE-SWRIALIOD A8 | IM A1 1[oU 1 UO//STY) SUORIPUOD PUe SWB L 38U 3 *[9202/60/20] U0 ARIgITaUIUO AB]IM ‘80UB IS JO AISIRAIUN AQ STEIT.F31UR/Z00T OT/I0P/LI0D A8 |M"ARIq1feul UO// SRy WO14 PBPeO|UMOq ‘L€ ‘9202 ‘€LLETZST



a b
6 100 800
L 3 =
s 80 :
£ > 600" 5
< £
S4 60 2 2
(g o o
£3 % 400 E
o 40 @ 0
g'2 3 T
© 20 2 2009
111 =
0 0 0
0 5 10 25 40 75 0 5 10 25 40 75
c Percentage of -COOH(%) d Percentage of -COOH(%)
100
64 g = 800
62 <. 80
< 61.1 3 600
—g 60 59.9 2 60
2
258 > 400
8 57 » 40 <
56 55.4 3
O 200
54 D 20
539 =
52 0 0
0 5 10 25 40 75 0 10 20 30 40 50
e Conten of -COOH (%) f Time on Stream (h)
‘f; 14 CuzZngAL0,
T €U-0.5:300
3 0.8 RN
206 PRty _This T 3
5 A o
% 0.4 Cecuzn PRI
'>_- Cuizro, CZZ@AITUD-1  CulCeWq 0,
® 0.2 MOF-808-NaCu
z CulMo,CT,/Sich-6h
=] »Cul42zr-Sio,
% 0.0 A
Cuzn@Ui0-bpy

00 02 04 06 08 1.0 0 5 10 25 40 75
Yeotexp! YMeoH,eq Percentage of -COOH (%)

FIGURE 3 | Catalytic performance for CO, hydrogenation. (a) The
CO, conversion and selectivity to methanol along with increasing per-
centage of exposed —COOH in Cu@UiO-66(n). (b) The methanol STY
over Cu@UiO-66(n). (c) Apparent activation energies (Ea) along with
increasing percentage of exposed —COOH in Cu@UiO-66(n). (d) Time-
on-stream test results of Cu@UiO-66(25). (e) Comparison of the catalytic
performance of the Cu@UiO-66(25) catalyst with previously reported Cu-
based catalysts [14, 19, 39, 54-60]. Reaction conditions: P =4 MPa, T = 250
°C, GHSV = 36000 mL g., " h™L. (f) The methanol STY and Cu®/Cu*
interfacial perimeter vary with increasing percentage of exposed —COOH
in Cu@UiO-66(n).

with increasing concentration of exposed —COOH groups within
the MOF pores, though they all exhibit very high selectiv-
ity (88.2-93.5% at 250 °C) to methanol (Figure 3a). Amongst
them, Cu@UiO-66(25) achieves the optimal performance, with
methanol STY of 694 g kg.,,™! h™' and methanol selectivity of
92.8% (Figure 3a,b). Only a minimal amount of CO by-product can
be detected in the gas-phase products, with no methane formation
during the reaction. Moreover, upon decreasing the GHSV from
36000 to 12000 mL g, h™!, the CO, conversion of Cu@UiO-
66(25) increases to 12.4%, with a methanol STY of 451 g kg ,,~!
h~! and a methanol selectivity of 90.1% (Table S3). The apparent
activation energy (Ea) of Cu@UiO-66(n) is calculated based on
the activity at different temperatures and the corresponding
Arrhenius plots (Figures 3c and S20), in which Cu@UiO-66(25)
exhibits the lowest value of 53.9 kJ mol~'. Moreover, the methanol
STY and selectivity of Cu@UiO-66(25) remains well preserved
over 50 h on stream under the condition of 250 °C and 4 MPa,
demonstrating its remarkable stability (Figure 3d). A comparison
with the reported Cu-based catalysts highlights the superior per-
formance of Cu@UiO-66(25) in CO, hydrogenation, as evidenced
by both the Cu-normalized productivity comparison and the
equilibrium-referenced analysis (Figure 3e, Figure S21, and Table

S3). Its activity reaches an impressive value of 38,556 gyieon Kgcu ™
h~! when normalized to the Cu loading.

Moreover, the MOF crystallinity is well maintained, and the Cu
NPs remain well dispersed throughout the MOF particle after
the reaction (Figures S22 and S23). Combined CO-DRIFTS, N,0O
oxidation followed by H,-TPR, and N,O oxidation followed by
CO-TPD results demonstrate that the ratio of Cu®/Cu* and the
Cu®/Cu™ interfacial perimeter in Cu@UiO-66(25) after reaction
are comparable to those of the fresh sample (Figures S24 and S25;
Table S2). These unambiguously support the structural stability
of Cu@UiO-66(25) during the reaction.

Besides, UiO-66 and UiO-66(25) showcase negligible activity for
CO, hydrogenation (Figure S26), revealing that Cu NPs serve
as real active sites for this reaction. To identify the active sites
in Cu@UiO-66(n), CO,-TPD and H,-TPD have been performed.
The CO,-TPD results demonstrate that the CO, desorption
temperatures are similar across UiO-66(0), UiO-66(25), and all
Cu@UiO-66(n) samples (Figure S27a). Quantitative analysis of
the desorbed CO, reveals that the CO, adsorption capacity
of these samples is comparable (Figure S27b). These results
suggest that the CO, adsorption sites on Cu@UiO-66(n) would
originate from the coordinatively unsaturated Zr-oxo clusters
within the MOF [39, 42, 50]. The increased content of exposed
—COOH groups and the variation in the ratio of Cu®/Cu* exert
negligible influence on CO, adsorption. In contrast, the H,-TPD
results for Cu@UiO-66(n) display significant differences, and the
pristine UiO-66(0) and UiO-66(25) supports show negligible H,
chemisorption (Figure S28). The adsorbed H, amount decreases
with an increased concentration of exposed —COOH groups in
Cu@UiO-66(n), aligning with the ratio variation of Cu®/Cu*
(Figure S29). Therefore, the Cu® species in Cu@UiO-66(n) should
be the active site for H, adsorption and dissociation [25]. By
regulating the concentration of exposed —COOH groups dangling
on the MOF pore walls, the ratio of Cu®/Cu* can be tuned,
which in turn affects the efficiency of H, activation, without
altering its CO, adsorption capacity. Given the comparable Cu
loadings and similar average Cu sizes among Cu@UiO-66(n),
the activity presents a positive correlation with the Cu®/Cu*
interfacial descriptor, suggesting that both Cu® and Cu* species
jointly contribute to and play important roles in the catalysis
(Figure 3f).

To gain deep insights into the reaction mechanism of CO, hydro-
genation, the evolution of surface species on Cu@UiO-66(0) and
Cu@Ui0O-66(25) during the reaction has been monitored using
in situ DRIFTS under a CO,/H, atmosphere (H,/CO, = 3) at
523 K (Figures 4a, b). Upon the introduction of the feed gas to
the catalyst, absorption peaks at 2742, 2842, 2857, 2877, 2968, and
2989 cm~! attributed to the characteristic bands of formate species
(HCOO*) can be observed [20, 42, 61]. Meanwhile, infrared
bands corresponding to methoxy species (CH;0%*) at 2823, 2921,
and 2938 cm™' are detected. These results suggest that CO, is
predominantly converted to methanol via the formate pathway
on Cu@UiO-66(0) and Cu@UiO-66(25). Given that the binding
strength of key reaction intermediates is very important in deter-
mining the methanol production rate, the electronic properties
of Cu NPs might significantly affect the binding strength of
the intermediates [26]. The Cu* species have been reported
to effectively enhance the transformation of oxygen-containing
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FIGURE 4 | In situ DRIFTS spectra of the CO, hydrogenation
reaction over (a) Cu@UiO-66(25) and (b) Cu@UiO-66(0) in the range of
3050-2700 cm™. (c) The signal intensity ratio of CH;0* (2924/2921 cm™)
to HCOO* (2857 cm™!) intermediates on the surface of Cu@UiO-66(25)
and Cu@Ui0-66(0) as a function of reaction time.

intermediates by inducing polarization of the C=0 bond [23, 25].
In the IR spectra of Cu@UiO-66(25), the characteristic band at
2842 cm™, typically ascribed to HCOO* adsorbed on Cu (HCOO*-
Cu), is absent in the Cu@UiO-66(0) spectra. Previous studies
have demonstrated that the reactivity of HCOO*-Cu is markedly
superior to that of HCOO* bound to ZrO, [61, 62]. Considering
the similar Cu loading in Cu@UiO-66(0) and Cu@UiO-66(25)
and the higher Cu* content in the latter, the appearance of the
HCOO*-Cu band over Cu@UiO-66(25) indicates that Cu* species
are involved in HCOO* adsorption, which may contribute to the
enhanced CO, hydrogenation activity of Cu@UiO-66(25).

To elucidate the dynamic behavior of intermediates on the sur-
faces of Cu@UiO-66(0) and Cu@UiO-66(25) during the reaction,
the absorption peaks at 2924 and 2857 cm™ for Cu@UiO-66(0), as
well as at 2921 and 2857 cm ™ for Cu@UiO-66(25), are selected to
monitor the evolution of CH;0* and HCOO* during the reaction
(Figure 4c). The ratio of CH;0*/HCOO* signal intensity on
Cu@Ui0-66(25) is significantly higher than that on Cu@UiO-66,
highlighting an accelerated conversion rate of HCOO* species on
the surface of Cu@UiO-66(25).

In order to investigate the stabilization effect of Cu* species for
the HCOO* intermediate, the characteristic vibrational peaks at
2855 and 2743 cm™! are selected to study the behavior of HCOO*
species under CO,/H, and Ar atmospheres. After Ar purging
for 30 min, these bands almost disappear on Cu@UiO-66(0),
partially decrease on Cu@UiO-66(10), and show slight changes
on Cu@UiO-66(25) (Figures S30-S32). These results indicate
the pivotal role of the generated Cu* species density in the
catalyst toward stabilizing HCOO* intermediates. Unfortunately,
an increase in the ratio of Cu* inevitably reduces the Cu® content
in the catalyst, thereby weakening its ability to activate H,. As
a result, the activity is not invariably improved by an increased
proportion of Cu* species in the catalyst, and does not exhibit a
strong positive correlation with either Cu* or Cu® content.

Instead, itis significantly associated with the interfacial perimeter
between Cu’ and Cu* species (Figure 3f). At the Cu’/Cu*

ato b 1o
A=0.824 eV —Cu(111)
s / ' - HCOO* —— Cu(111)/Cu,0(111)
3 r=—=A=0612eV 3 —
505 / ™ <05 —
8 " ™ B i
@ 1y \ H ¥ .
: s CH,OH
goo Y Booj~, % L oom i—_
) - . * !
2 |——cu(111)-Hcoo* Y 2 2 iy ’;’,CH:aOH (9
{—; —— Cu(111)-*COOH g =l —. 3

Cu(111)/Cu,0(111)-HCOO* HCOOH*
Cu(111)/Cu,0(111)-*COOH

Reaction Paths

H,CO* CH,0*

o
o
[
o

Reaction Paths

FIGURE 5 | DFT results for H*-assisted CO, hydrogenation to
methanol on Cu(111) and Cu(111)/Cu,O(111). (a) Calculated activation
barriers for the first hydrogenation of adsorbed CO, by surface H* to
form HCOO* and *COOH on Cu(111) and Cu(111)/Cu,O(111). (b) Gibbs
free energy profile for the subsequent formate-mediated hydrogenation
pathway on Cu(111) and Cu(111)/Cu,O(111). In these calculations, H* is
treated as a pre-formed surface hydrogen species, and the H, dissociation
step is not explicitly included.

interface, Cu® species actively facilitate the adsorption and
dissociation of H,, while adjacent Cu* sites stabilize HCOO*
intermediates. This synergistic effect accelerates the conversion
of Cu™-HCOO* intermediates into CH;OH [24].

Furthermore, DFT calculations have been performed to gain
mechanistic insight into the importance of the Cu®/Cu* inter-
facial sites in CO, hydrogenation. In this work, the Cu(111) slab
represents the metallic Cu® sites, while the Cu(111)/Cu,O(111)
heterojunction serves as an idealized local motif for the Cu®/Cu™*
interfacial sites in Cu@UiO-66(n) (Figure S33). This model does
not assume two completely separate Cu and Cu,O phases in the
catalyst. It describes the local coordination and electronic envi-
ronment at the Cu®/Cu’ boundary and compares the intrinsic
CO, hydrogenation energetics on Cu’ and Cu®/Cu* interfacial
sites. H* was introduced as a pre-formed surface hydrogen
species, which is assumed to originate from H, dissociation on
Cu® sites under the reaction atmosphere. The H, dissociation
step itself was not included in the present DFT calculations.
The activation barriers for the first H*-assisted hydrogenation
of adsorbed CO, to form HCOO* or *COOH are compared
(Figure 5a). The results reveal a pronounced preference for the
formate (HCOO*) pathway over the trans-*COOH route on these
two structures, which is consistent with the in situ DRIFTS results
(Figures 5a and S34). Moreover, Gibbs free energy calculations for
the formate-mediated CO, hydrogenation pathway reveal that the
Cu’/Cut interfacial model facilitates the formation of the HCOO*
intermediate and its further conversion to methanol (Figures 5b,
S35, and S36).

3 | Conclusion

In summary, a series of Cu@UiO-66(n) have been prepared
through facile impregnation and subsequent in situ reduction,
wherein tiny Cu NPs are distributed throughout the MOF par-
ticle. By altering the concentration of exposed —COOH groups
dangling on the MOF pore walls, the interaction strength between
Cu NPs and their surrounding microenvironment is controlled,
which regulates the Cu®/Cu* ratio and Cu’/Cu* interfacial
perimeter on the surface of Cu NPs. As a result, Cu@UiO-66(25)
featuring the longest Cu®/Cu* interface exhibits excellent cat-
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alytic performance in CO, hydrogenation, achieving a methanol
space-time yield of 694 g kg_,,~* h™! at 250 °C and >92% methanol
selectivity within the temperature range of 150-250 °C, surpassing
all other counterparts. At the Cu®/Cu* interfacial sites, the Cu®
adsorbs and dissociates H,, while neighboring Cu* effectively
stabilizes the HCOO* intermediates, promoting the conversion
of Cu-HCOO* into CH;0* and subsequently into methanol.
This work unambiguously unveils the synergistic mechanism
between Cu’ and Cu* species in Cu-based catalysts for CO,
hydrogenation, providing a unique perspective and design rule
for the development of high-performance Cu-based catalysts
toward CO, hydrogenation.
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