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1 Introduction

Silicalite-1 zeolite encapsulated Cu-ZnO
nanoparticles for selective CO, hydrogenation to
oxygenates

Xu Wang, @ *@ Dongming Shen,® Hui Kang,? Kangzhou Wang, ©¢
Chundong Zhang, © *¢ Xinhua Gao, @¢ Jianli Zhang, ©®¢
Eunjoo Jang*" and Jong Wook Bae @ *°

Selective conversion of CO, into value-added oxygenates, particularly methanol and dimethyl ether (DME),
presents a promising route for CO, utilization. However, achieving both high selectivity and catalyst stability
remained significant challenges. To address this, we report the fabrication of a core-shell-structured
catalyst prepared by a steam-assisted crystallization (SAC) approach, in which highly dispersed Cu-ZnO
nanoparticles (2.0-3.5 nm) are encapsulated within nanocrystalline silicalite-1 zeolite. The spatial
confinement effects from silicalite-1 frameworks induce strong metal-zeolite interactions, effectively
suppressing Cu-ZnO nanoparticle aggregation and sintering phenomena. This structural feature helps to
preserve dominant populations of active Cu® species on thermally stabilized Cu-ZnO nanoparticles. As a
result, the optimized catalyst enables efficient tandem conversion of CO, to oxygenates, achieving a CO,
conversion of 21.5% with an oxygenate selectivity of 83.0% toward dimethyl ether (DME, 72.5%) and
methanol (10.5%), where an optimized catalyst exhibits exceptional catalytic performance for the tandem
CO,-to-DME reaction. Comprehensive characterization reveals that the spatial confinement within the
protective silicalite-1 matrix not only stabilizes highly dispersed Cu-ZnO nanoparticles and Cu* sites but
also facilitates the formation and stabilization of key reaction intermediates. These synergistic effects are
directly responsible for an enhanced catalytic activity, high DME selectivity, and prolonged operational
durability observed during 300 h of continuous CO, hydrogenation.

Keywords: CO, hydrogenation; Encapsulation; Silicalite-1 zeolite; Cu-ZnO nanoparticles; Oxygenates.

production. The integration of renewable hydrogen
production represents a cornerstone strategy for carbon
emission reduction, enabling the conversion of CO, into

The urgent demand to decarbonize chemical manufacturing
processes has positioned catalytic CO, hydrogenation as a
critical technology for sustainable and valuable chemical
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value-added hydrocarbons and oxygenates."™ Among these
products, dimethyl ether (DME) and methanol are considered
as the key platform intermediates, serving as both clean
alternative fuels and versatile precursors for the production of
olefins and aromatics.”” Conventionally, the synthesis of
methanol and DME proceeds via two successive reactions:
syngas (CO/CO,/H,)-to-methanol process (STM), followed by
separate methanol dehydration process (MTD: 2CH3;0H —
CH;0CH; + H,0, AH,og¢ = —23.5 k] mol').” In contrast, a
direct CO,-to-DME pathway combined with STM or CO,-to-
methanol (CTM) and MTD offers a compelling
thermodynamic advantage by integrating both steps into a
single reaction system with side reactions such as the
exothermic water gas shift reaction (WGS) and endothermic
reverse water gas shift reaction (RWGS). However, the direct
process requires advanced bifunctional catalysts to overcome
kinetic limitations and to suppress undesired competing
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reactions such as the RWGS and hydrocarbon byproduct
formation, which are prevalent in the CO, hydrogenation
reaction.® Therefore, the efficient production of DME relies
on bifunctional catalysis, where CO, is hydrogenated to
methanol over metal sites and the resulting methanol is
successively dehydrated to DME over solid acidic sites. The
synergy between two distinct catalytic functions, along with
their structural compatibility and long-term stability, is
critical for achieving high performance in a direct and
durable CO,-to-DME tandem reaction.

Cu-ZnO based catalytic systems remain the benchmark
methanol synthesis catalysts due to their high activity and
low preparation cost. However, they suffer from intrinsic
limitations, including thermodynamically driven
aggregation of Cu or Zn metal (oxides), which leads to
gradual catalyst deactivation;*"" re-oxidation of active Cu
species by water or CO,;">" and enhanced RWGS reaction
activity to form CO, which significantly compromises
methanol selectivity."*'® Therefore, stabilizing those active
metal (oxide) sites within porous matrices is a promising
strategy to prevent aggregation."” In particular, zeolitic

frameworks offer unique advantages by combining
crystalline microporosity, facilitating intermediate
diffusion, and intrinsic acidity, supporting cascade

reactions. However, the catalysts prepared using current
encapsulation methods predominantly produce methanol,
while DME formation is limited due to the presence of
insufficient acidic sites for methanol dehydration.'®>*
Therefore, synthetic approaches that incorporate
tunable and abundant acidic sites into zeolite frameworks
are essential for upgrading methanol to downstream DME
and higher hydrocarbon products, as well as for enabling
other extended tandem catalytic reactions that require
multifunctional active sites.

new

w
)
N

CZ(x)@

Scheme 1 Schematic synthetic procedures of CZ(x)@S-t catalysts via
the SAC method.
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Herein, we demonstrate a steam-assisted crystallization
(SAC) approach (Scheme 1) to construct silicalite-1
encapsulated Cu-ZnO nanoparticles (2.0-3.5 nm) that
enhance thermal-stability and introduce acidic functionalities
in the tandem CO,-to-DME catalytic reaction. This topotactic
transformation from amorphous SiO, into crystalline zeolite
enables homogeneous distribution of Cu-ZnO nanoparticles
within the silicalite-1 frameworks, while also generating
tunable Lewis acid sites through controlled crystallization
time for 12-72 h. Systematic characterization confirms a
near-complete amorphous-to-crystalline transition, the
highest acid density modulation (1.682 mmol g.. '), and
remarkable Cu” preservation in the CZ(0.9)@S-48 catalyst. As
a result, this catalyst exhibits a high DME selectivity of 72.5%
at 250 °C and excellent catalyst durability, maintaining the
catalytic performance without any significant deactivation
over 300 h continuous operation. These findings highlight
the roles of silicalite-1 zeolitic confinement in stabilizing Cu”
active sites, promoting the formate-mediated reaction
pathway, and suppressing aggregation of Cu-ZnO
nanoparticles and the RWGS side reaction by establishing a
versatile strategy for designing cascade bifunctional catalysts.

2 Results and discussion
2.1 Structural properties of CZ(x)@8S-t catalysts

The phase evolution and structural integrity of the CZ(x)@S-t
catalysts were characterized through X-ray diffraction (XRD)
analysis as well as high-resolution transmission electron
microscopy (HRTEM), and the results are displayed in Fig. 1.
The XRD patterns (Fig. 1a) reveal complete topological and
morphological structural transformations of amorphous SiO,
in CZ@Si into the well-defined silicalite-1 zeolite frameworks
according to the MFI (PDF#21-1486) structure during the SAC
step. The XRD patterns also show that the peak intensity
gradually decreased with the extended crystallization time
from 12 to 72 h, indicating the reduction in crystallinity and
structural evolution. These changes are closely associated
with variations in catalyst surface properties such as acidity,
metal dispersion, and metal-zeolite interactions, which
critically influence catalytic behaviors. Notably, no detectable
diffraction peaks attributed to crystalline Cu or Zn metal
(oxides) phases were observed based on the CuO (PDF#45-
0973) and ZnO (PDF#44-0003) standard cards, implying that
Cu-ZnO metal (oxides) nanoparticles are highly dispersed in
the silicalite-1 crystallite shells with their small amounts less
than 4 wt% on the fresh CZ(x)@S-¢ catalysts (Table S1).

The HRTEM analysis further reveals the structural
evolution during the SAC step. Initially, the precursor
material consists of amorphous SiO, nanospheres (~30 nm
in size) encapsulating multi-core Cu-ZnO nanoparticles, as
shown in Fig. 1b. With an extended crystallization duration
from 12 to 72 h, these amorphous
transformed into hierarchically organized nanosized
silicalite-1 zeolite with the size of ~200 nm, confining well-
dispersed Cu-ZnO nanoparticles which aligns with our

structures were
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Fig. 1 XRD patterns of (a) CZ(0.9)@Si and CZ(0.9)@S-t (t = 12, 24, 48, 72); TEM images of (b) CZ@Si, (c) CZ(0.9)@S-12, (d) CZ(0.9)@S-24, and (e)
CZ(0.9)@S-48; (f) HAADF images of CZ(0.9)@S-48 and (g) TEM image of CZ(0.9)@S-72; (h) HAADF image of the CZ(0.9)@S-72 catalyst; (i) EDS
mapping of CZ(0.9)@S-48 and (j) particle size distribution of (1) CZ@Si, (2) CZ(0.9)@S-12, (3) CZ(0.9)@S-24, (4) CZ(0.9)@S-48, (5) CZ(0.9)@S-72.

previous work.>® The spatial confinements are further
validated by HRTEM-EDS elemental mapping images, which
show homogeneous distribution of Cu and Zn species
throughout the silicalite-1 frameworks as shown in Fig. 1i for
CZ(0.9)@S-48, contributing to the formation of Lewis acid
sites by reversibly forming Bronsted acid sites under a water
environment for the methanol dehydration reaction.>*”” In
addition, statistical analysis of nanoparticle size distribution
(Fig. 1j) indicates that CZ@Si exhibits Cu-ZnO nanoparticles
with an average size of 2.5 nm (Fig. 1j-1), while those in the
crystallized CZ(x)@S-t catalysts maintained a narrow size
distribution in the range of 2.0-3.5 nm (Fig. 1j). Although
slight variations in particle sizes are observed across the
different crystallization durations, overall sizes were found to
be within a narrow range, indicating that the zeolite

344 | Ind. Chem. Mater., 2026, 4, 342-354

encapsulation effectively limits particle growth and
aggregation throughout the SAC method. These spatial
controls play key roles in maintaining the high dispersion of
Cu-ZnO nanoparticles and preventing thermal sintering
under the high-temperature reaction conditions, thereby
enhancing long-term catalytic stability.

2.2 Surface properties of CZ(x)@S-t catalysts

The SAC process fundamentally alters the textural and
surface properties of the CZ(x)@S-¢t catalysts. As shown in
Fig. 2a and Table 1, the transformations of amorphous SiO,
shells on CZ@Si into crystalline silicalite-1 frameworks led to
significant increases in surface areas from 101 to ~300
m® g by forming intraparticular mesopores as revealed by
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Fig. 2 Structural and surface properties of (a) N»-sorption of CZ(0.9)@S-t catalysts, (b) 2°Si NMR spectra of CZ(0.9)@5S-48, (c) NH3-TPD patterns,
(d) Py-FTIR peaks, (e) H>-TPR profiles, (f) CO,-TPD profiles and (g-j) in situ CO-DRIFTS patterns of the CZ(0.9)@S-t catalysts.

pore size distribution in Fig. S1. These structural transitions,
involving the reorganization of amorphous SiO, into a
tetrahedral SiO,* unit, reflect the inherent microporous
architectures of MFI-type silicalite-1, which features well-
defined networks of 10-membered ring (10-MR) channels
with micropore sizes of 5.1 x 5.5 A and 5.3 x 5.6 A.*® The
resulting hierarchical porosity enhances mass transport
properties, and those structural reorganizations are further
confirmed by 2°Si MAS NMR spectroscopy analysis (Fig. 2b),
which shows sharp and distinct peaks at -113 ppm (Q*
Si(0Si),) and -103 ppm (Q?, Si(0Si);0H).2>*° The high Q*/Q*
ratio observed in CZ(0.9)@S-48 indicates highly condensed
MFI frameworks, confirming nearly complete crystallization
of the amorphous SiO, shells on the CZ@Si.

NH,-TPD profiles (Fig. 2c and S2) further elucidated the
evolution of surface acidity on the CZ(x)@S-¢ catalysts with

© 2026 The Author(s). Co-published by the Institute of Process Engineering,
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varying crystallization duration (12-72 h). Three distinct
desorption regions were identified, corresponding to weak
acidic sites (100-200 °C), medium-strength acidic sites (200-
300 °C), and strong acidic sites (>300 °C). Quantitative
analysis as summarized in Tables 1 and S2 (summary of three
successive analyses) demonstrated that total acidity increased
with an increase in crystallization duration, reaching up to
1.682 mmol gcat__1 on CZ(0.9)@S-48. This observation
suggests the acidic site balance between zeolite crystallinity
and preservation of Cu and Zn nanoparticles, both of which
contribute to the formation of acidic sites.**>” Prolonged
crystallization beyond 48 h slightly decreased total acidity
(1.552 mmol g.. ') as confirmed on CZ(0.9)@S-72 with a
lower crystallization degree as confirmed by the smaller XRD
peak intensity in Fig. 1a. Pyridine-adsorbed FTIR analysis on
the CZ(0.9)@S-t catalysts (Fig. 2d) confirms that the acidity

Ind. Chem. Mater., 2026, 4, 342-354 | 345
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Table 1 Characteristics of the hybridized CZ(x)@S-t catalysts with their catalytic performances

N,-sorption?

H, consumption
(mmol ge, )

CO,-TPD
(mmol ge.. )

NH,TPD
(mmol g, ™)

Catalytic activity (mol%)°

Conversion  Selectivity

Catalyst Sg/PylPp (L/M/H (total))” (W/M/S (total))” (W/MJS (total))? (CO,) (CO/CH,/methanol/DME)
Cz@si 101/0.58/29.0 — — — 14.9 21.4/4.3/74.3/0
CZ(0.9)@S-12 334/0.21/3.6  0.168/0.114/0.228 (0.510) 0.290/0.117/0.089 (0.496) 0.183/0.316/0.341 (0.840) 21.3 11.3/4.3/79.3/9.4
CZ(0.9)@S-24 328/0.12/3.9  0.213/0.200/0.190 (0.603) 0.481/0.186/0.035 (0.702) 0.200/0.550/0.768 (1.518) 19.4 19.4/0/25.6/55.0
CZ(0.9)@S-48 310/0.06/4.2  0.244/0.181/0.176 (0.601) 0.331/0.162/0.141 (0.634) 0.212/0.614/0.856 (1.682) 21.5 17.0/0/10.5/72.5
CZ(0.9)@S-72 311/0.05/4.2  0.208/0.176/0.191 (0.575) 0.358/0.161/0.099 (0.618) 0.219/0.590/0.743 (1.552) 19.7 12.7/0/15.6/71.7
Cu@S-48 311/0.08/3.3  0.200/0.145/0.124 (0.469) 0.197/0.160/0.148 (0.505) 0.183/0.602/0.224 (1.009) 16.7 37.7/1.0/14.9/46.4
CZ(0.4)@S-48 273/0.05/3.2  0.173/0.110/0.041 (0.324) 0.208/0.201/0.072 (0.481) 0.439/0.440/0.665 (1.544) 19.1 17.0/1.9/49.9/31.3

¢ Summarized N,-sorption results of BET surface area (S, m” g '), pore volume (Py, cm® g'), average pore diameter (Pp, nm). b Amount of H,
consumption (mmol g, ') was estimated by H,-TPR analysis with three different reduction peaks at lower temperature:150-300 °C (L),
medium temperature: 300-500 °C (M) and high temperature >500 °C (H). ¢ Amount of desorbed CO, (mmol g, ") was calculated according to
different desorption temperatures of CO, such as weak (W) at 100-200 °C, medium (M) at 200-400 °C and strong (S) basic sites at >400 °C.
@ Acidic sites measured by NH,-TPD analysis and categorized with as (W), medium (M) and strong (S) acid sites with their total amount
(average values for 3 successive analysis) at maximum desorption of NH; in temperature ranges of 100-200, 200-300 and >300 °C, respectively.
¢ Catalytic activity of CZ(x)@S-t catalysts was measured under the reaction conditions of T = 250 °C, P = 5.0 MPa, H,/CO, molar ratio of 3/1 (4.0
vol% N, balanced) with a space velocity (SV) of 3000 mL g, h™ after the reduction treatment at 300 °C for 2 h with 5 vol% H, (N, balanced).

predominantly

originated

from  Lewis

acid

sites.

species was highly dispersed in the entire crystallites

Characteristic bands at 1445-1460 cm ', indicative of
pyridine molecules coordinated to Lewis acid sites,”® were
observed, whereas bands associated with Brensted acid sites
(~1540 cm™) were not clearly observed.’® These observations
imply that the acid functionality arises primarily from the
coordinatively unsaturated framework Si atoms or extra-
framework Zn and Cu species.”>®” The prevalence of Lewis
acid sites by reversibly forming Brgnsted acid sites due to
water formed during reaction is highly beneficial for
methanol dehydration,>*** which increases the bifunctional
catalyst's activity for direct CO,-to-DME conversion due to an
increased synergistic contribution between CTM and
successive  MTD reaction with an increased methanol
conversion as well.

H,-TPR analysis (Fig. 2e and S3) elucidates important
insights into Cu oxidation states or metal-zeolite
interactions. Three distinct reduction domains were
identified low-temperature peaks (<300 °C), which could be
assigned to the possible reduction of surface Cu®* to Cu* or
one step Cu®" to Cu® species,***> mid-temperature peaks in
the range of 300-500 °C, corresponding to the stepwise
reduction of Cu®>" to Cu” in strongly interacting environments
and high-temperature peaks (>500 °C) could be attributed to
the reduction of ion-exchanged Cu' species in zeolite to
metallic Cu® species.**® These results suggest that the Cu"
phases are the dominant species remaining after the
reduction pretreatment (300 °C) prior to the CO,
hydrogenation reaction over CZ(0.9)@S-¢ catalysts, owing to
stronger interactions between Cu and zeolite frameworks
induced by spatial confinements. Additionally, it was found
that the presence of ZnO in the catalysts further inhibits the
reduction of Cu species compared to the Zn-free Cu@S-48 as
shown in Fig. S3. This observation indicates that ZnO
addition promotes the preservation of partially reduced Cu
species under reduction conditions (300 °C), which favors the
stabilization of active copper sites as well. Moreover, the Zn

346 | /nd. Chem. Mater., 2026, 4, 342-354

according to the TEM-EDS mapping images as shown in
Fig. 1i, suggesting that the encapsulation of the Zn promoter
in silicalite-1 zeolite not only forms Cu-ZnO interfacial sites
for methanol formation,®® but also contributes to the
possible formation of Lewis acid sites for methanol
dehydration to DME,**** which confirms the significance of
Zn species in CZ(x)@S-t for catalytic performances of CO,
hydrogenation to oxygenates.

Fig. 2f and Table 1 present CO,-TPD profiles and
corresponding amounts of CO, desorption on the CZ(x)
@S-t catalysts. Three desorption peaks are evident,
corresponding to weak (W), medium (M), and strong (S)
basic sites.*” The peaks at the lowest temperatures (<200
°C) are assigned to weak basic sites originating from
surface OH groups, while medium-strength basic sites,
desorbing at intermediate temperatures, are attributed to
linearly adsorbed O-C-O species on metal-oxygen pairs
such as Zn-O species.”® The high-temperature peaks (>500
°C), indicative of strong basic sites, are attributed to the
bridge-bonded M-0O-C-O-M species associated with
surface O* anions.*® Notably, the total amount of
desorbed CO, was increased with an increase in
crystallization duration from 12 to 24 h (from 0.496
mmol g on CZ(0.9)@S-12 to 0.702 mmol g* on CZ(0.9)
@8S-24) and decreased again to 0.618 mmol g on CZ(0.9)
@S-72, while the decreased Cu/Zn ratio on CZ(0.4)@Si-48
showed a slightly smaller amount of desorbed CO,
molecules with 0.482 mmol g™* resulting in a slightly lower
CO, conversion as well. This reduction in CO, adsorption
capacity on the CZ(x)@S-t catalysts was attributed to the
strong interactions involving oxygen vacant sites. The loss
of CO, adsorption sites with prolonged crystallization
duration likely contributes to the suppression of CO,
conversion due to the depletion of oxygen vacant sites,
potentially caused by leaching of CuO species during the
SAC  process.  Furthermore, in  situ  CO-DRIFTS

© 2026 The Author(s). Co-published by the Institute of Process Engineering,
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(Fig. 2g and h) provides the direct evidence of Cu'
preservation even after its reduction at 300 °C for 2 h. The
persistent band at 2130 cm™”, assigned to the v(CO) stretch
mode of Cu™-CO carbonyls,**** remains intense even after
60 minutes of N, purging (Fig. 2g-j). The stabilized Cu’
species seem to create better structural configurations for
CO, activation, while Lewis acid sites synergistically
promote methanol dehydration, enabling efficient cascade
catalysis toward DME formation.
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Paper

2.3 CO, hydrogenation activity to DME and methanol over
CZ(x)@S-t catalysts

The catalytic performances of the synthesized CZ(x)@S-t
catalysts for CO, hydrogenation to DME and methanol were
systematically evaluated in a fixed-bed tubular reactor under
the reaction conditions of P = 5.0 MPa, T = 250 °C, space
velocity (SV) = 3000 mL g.. ' h™'. Fig. 3 and S4-S6
comprehensively document structure-activity relationships
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Fig. 3 Catalytic performances of CZ(x)@S-t catalysts with effects of (a) crystallization time, (b) Cu/Zn molar ratio, (c) reaction temperature from
230 to 270 °C, (d) space velocity (SV) and (e) long-term catalyst stability for 300 h reaction.
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across the catalyst series with varied crystallization duration
(t = 12-72 h) and Cu/Zn molar ratio. As shown in Fig. 3a and
Table 1, the parent CZ@Si exhibits limited catalytic activity,
achieving only 14.9% CO, conversion with 74.3% methanol
selectivity without DME formation, consistent with its lack of
acidic sites for methanol dehydration. As expected, the
CZ(0.9)@S-t catalysts obtained via progressive SAC treatment
gradually developed acidic sites that enabled further
methanol dehydration to DME. Specifically, CZ(0.9)@S-12
achieved a higher CO, conversion of 21.3% with 79.3%
methanol and 9.2% DME selectivity (11.3% of CO),
demonstrating the initial emergence of bifunctional synergy

120
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by facilitating the diffusion of in situ formed methanol to
Lewis acid sites. The catalytic performance over CZ(0.9)@S-48
emerged at the highest acidity (1.682 mmol gcat_’l, Table 1),
enabling nearly complete methanol dehydration (2CH;0H —
CH3;0CH; + H,0). This resulted in a high DME selectivity of
72.5% and a decreased methanol selectivity of 10.5%,
indicating the kinetic dominance of the dehydration step. In
contrast, the excessive crystallization duration on CZ(0.9)@S-
72 led to the decreased DME selectivity of 71.7%, attributed
to the diminished acidic sites (1.552 mmol g.. ‘). The
balance between sufficient active sites for CO, hydrogenation
to methanol and methanol dehydration to DME over the Cu-
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(a—c) HRTEM and EDS mapping images of the used CZ(0.9)@S-48 after 300 h reaction; (d) particle size distribution and (e-g) in situ DRIFTS

analysis results of CZ(0.9)@S-48 under the reaction conditions of T = 250 °C, P = 2.0 MPa, H,/CO, molar ratio of 3.
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ZnO nanoparticles and Lewis acidic sites are found to be
crucial for the selective conversion of CO, into DME and
methanol oxygenates. In addition, it is revealed in Fig. 3b
that the best Cu/Zn molar ratio is 0.9 (Table S1), and Zn
promotion significantly suppressed CO formation via the
RWGS reaction, as evidenced by the higher CO selectivity on
Zn-free Cu@S-48 (37.7%). Operational parameter studies
(Fig. 3c and d) demonstrate inherent trade-offs between
catalytic activity and oxygenate selectivity to DME and
methanol. At the reaction temperature of 230 °C, CO,
conversion was kinetically limited to 17.1%, yet oxygenate
selectivity (DME and methanol) reached up to 87.5%. At 270
°C, the thermodynamically favored RWGS reaction led to a
high CO selectivity of 29.3% and a drop in DME selectivity to
63.8%. A lower space velocity (SV = 3000 mL g.. ' h™)
resulted in prolonged residence of reactants, facilitating
consecutive methanol-to-DME conversion (DME selectivity of
72.5%). Conversely, a higher SV (up to 10000 mL g, ' h™)
led to an increased methanol selectivity (33.8%), decreased
DME selectivity (39.0%), and lowered CO, conversion (6.7%),
likely due to an insufficient contact with active sites.
CZ(0.9)@S-48 demonstrated an excellent stability over
300 h of longevity test (Fig. 3e), maintaining CO, conversion
at ~20% and DME selectivity above 70.1%. HRTEM analysis
(Fig. 4a-c) on the used CZ(0.9)@S-48 after 300 h confirms
that the Cu and Zn species were still highly dispersed
(Fig. 4e) with minimized aggregation and maintained
promotional Zn effects which preserved more active Cu-ZnO
interfaces for methanol formation; also the Cu-ZnO
nanoparticles maintained well-dispersed states with an
average size of 3.5 + 0.9 nm (Fig. 4d), comparable to the
initial size of 3.5 + 1.5 nm with no detectable sintering
phenomena. This also validates the spatial confinement
effects of silicalite-1 shells in preserving catalyst morphology
and catalytic performance. Elemental mapping analysis
confirmed the high dispersion of Cu and Zn metal (oxides),
which may contribute to maintaining active Lewis acid sites
for methanol dehydration. This remarkable stability
originates from the spatial confinement of Cu-ZnO
nanoparticles in silicalite-1 frameworks, which effectively
prevents aggregation and preserves the initial activity and
selectivity during CO, hydrogenation. In comparison, the
present studies for encapsulated Cu-based catalysts (Table
S3) reveal that the absence of abundant acidic sites will only
generate the methanol product, suggesting that the
controlled Lewis acid sites on the CZ(x)@S-t catalysts are
efficient ways for the direct CO,-to-DME tandem reaction.

2.4 In situ DRIFTS analysis and proposed reaction
mechanisms

In situ diffuse reflectance infrared Fourier transform
spectroscopy (DRIFTS) was conducted at an elevated pressure
of 2.0 MPa and reaction temperature of 250 °C by using the
CZ(0.9)@S-48 catalyst (Fig. 4e-g) and the CZ(0.9)@S-12 (Fig.
S7) catalyst, respectively, which were in situ reduced at 300 °C
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for 1 h. Temperature-programmed and time-resolved spectra
are acquired with 4 cm™ resolution, capturing the dynamic
evolution of surface intermediates during CO, hydrogenation.
In particular, the critical vibrational signatures revealed a
cascade of surface reactions occurring at different reaction
temperatures. It was found in Fig. 4f that the emergence of
characteristic bands at 2155 and 2130 cm™ confirmed the
absorbed CO* species on Cu" sites,*"****> or the formed gas-
phase CO product during the CO, hydrogenation. The
immediate appearance of these bands at 50 °C indicates
facile dissociative adsorption of CO, upon its introduction
into the DRIFT cell. Meanwhile, as reaction time increased at
the reaction temperature of 200 to 250 °C, the bands at 2939,
2887, and 1580 ¢cm™', assigned to the formation of formate
species,*® ™ gradually intensified, indicating that higher
reaction temperatures promote the hydrogenation of
activated CO, species. The subsequent generation of methoxy
or methanol species, indicated by the bands at 2960 and
2855 cm™*,>>*! supports the formate-pathway that transforms
CO, into methanol and subsequent dehydration to DME
product over the CZ(x)@S-t catalysts. Notably, methoxy
formation lagged behind formate appearance by ~20
minutes, suggesting that the formate hydrogenation seems to
be a rate-determining step (RDS) for methanol synthesis.>*>?
Besides, it was observed (Fig. S7) that the major intermediate
species on the CZ(0.9)@S-12 catalyst were formate (2939,
2887, 1580 cm™), methoxy (2960, 2855 cm™"), CO (2155, 2133
em™) and methane (3016 cm™') which appeared at similar
wavenumber. In comparison, the peak intensity on CZ(0.9)
@S-12 for formate species was much smaller and for methoxy
higher, which indicates that the methanol formation over
CZ(0.9)@S-12 is dominant via the hydrogenation of formate,
while the peak intensity of methoxy species was found to be
lower on CZ(0.9)@S-48, which also suggests its fast
consumption to generate DME species via the dehydration
reaction.

The proposed mechanism is described in Fig. 5, showing
that CO, molecules are initially activated and hydrogenated
to formate species over Cu" sites, followed by hydrogenation
to form methanol. Finally, the formed-methanol is
subsequently dehydrated into DME on the Lewis acid sites
(or Bronsted acid sites generated by its hydration with water)
in the silicalite-1 frameworks. Based on in situ DRIFTS
analysis, the mechanisms for the tandem conversion of CO,
to DME are schematically presented in Fig. 5. Initially, CO,
and H, reactants are dissociated on the active Cu-ZnO
surfaces, facilitating the formation of formate intermediates
and their subsequent hydrogenation into surface methoxy
species on the surfaces of metal oxides and zeolites.
Dehydration of these methoxy species from methanol occurs
on the Lewis acidic sites of the silicalite-1 surfaces to yield
DME and methanol as final products. This enhanced catalytic
performance on the CZ(0.9)@S-48 catalyst is attributed to the
synergistic combination of multiple structural and chemical
features within core-shell-structured architectures including
thermally stable Cu-ZnO nanoparticles encapsulated by
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Fig. 5 Proposed reaction mechanisms for CO, hydrogenation to dimethyl ether (DME) and methanol over CZ(x)@S-t catalysts.

silicalite-1 overlayers, exhibiting high crystallinity, abundant
Lewis acid and basic sites, and a large population of active
Cu" species. These factors collectively contribute to an
enhanced activity, long-term stability, and efficient mass
transfer, enabling effective tandem conversion of CO, to
oxygenates on the core-shell structured bifunctional catalyst.

3 Conclusions

In summary, the highly dispersed Cu-ZnO nanoparticles with
sizes of 2.0-3.5 nm were successfully encapsulated within the
nanocrystalline silicalite-1 zeolite frameworks via the SAC
approach. Under optimized conditions (Cu/Zn ratio of 0.9,
crystallization time of 48 h), strong metal-zeolite interactions
effectively suppressed aggregation of Cu-ZnO nanoparticles
and preserved dominant populations of active Cu' species.
The resulting bifunctional catalyst demonstrated an excellent
catalytic performance for tandem hydrogenation of CO, to
methanol and its subsequent dehydration to DME, achieving
a CO, conversion of 21.5% and combined oxygenate
selectivity of 83.0% including 72.5% DME. The enhanced
catalytic activity and stability were attributed to the
synergistic effects of the spatial confinement by silicalite-1
with abundant Lewis acidic sites, which not only stabilizes
Cu' sites but also facilitates the DME formation in an
efficient cascade catalytic reaction. Overall, this study
presents a robust and generalized approach for the
preparation of heterogeneous catalysts to design thermally
stable bifunctional catalysts with tunable acidity, suitable for
other extended tandem catalysis reactions requiring
multifunctional active centers.
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4 Experimental section
4.1 Preparation of CuZnO@SiO, and CuZnO@silicalite-1

Cu-ZnO@silicalite-1 catalysts were prepared via a two-step
strategy including the synthesis of Cu-ZnO®@SiO, through a
well-known reverse micelle method and the following
synthesis of Cu-ZnO@silicalite-1 via a steam-assisted
crystallization (SAC) approach by using the as-synthesized
Cu-ZnO@SiO, nanoparticles (CZ@Si). For more details,
Si0,-encapsulated Cu-ZnO nanoparticles with different Cu/Zn
molar ratios (denoted as Cu@Si, CZ(0.9)@Si and CZ(0.4)@Si)
were prepared according to our previous work.> In detail, the
CZ(x)@SiO, (x = 0.4 and 0.9) and Zn-free CuO@SiO, catalysts
with a different Cu/Zn molar ratio of x were prepared by
dissolving the metal precursors of Cu(NOj;),-3H,0 and
Zn(NO3),-6H,0, which were previously dissolved in 5 mL
deionized water (DIW), and 10.5 g Brij-C10 (polyethylene
glycol hexadecyl ether) as a non-ionic surfactant was dissolved
in 50 mL cyclohexane at 50 °C. The metal precursor solution
was slowly dropped into Brij-C10 solution under stirring
conditions over 1 h. Successively, aqueous ammonium
hydroxide (3 mL) and tetraethyl orthosilicate (TEOS, 5 mL)
were dropped into this solution under vigorous stirring
conditions over 2 h to obtain a blue-colored solution. The
resulting powders of CZ(x)@SiO, and CuO@SiO, were
collected after centrifugation by using 30 mL ethanol solvent
and dried at 80 °C overnight and eventually calcined at 550 °C
for 2 h at a ramp rate of 1 °C min™".

The core-shell-structured Cu-ZnO@silicalite-1 catalysts,
encapsulated with silicalite-1 on the Cu-ZnO nanoparticles,
were prepared by controlling the crystallization duration (¢)
for 12, 24, 48 and 72 h with varying Cu/Zn molar ratio (CZ(x)
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@S-t). For more details, the CZ(x)@S-¢ catalysts with Cu/Zn
molar ratios of x were prepared as follows: 0.5 g of as-
synthesized CZ(x)@Si was mixed with 1.25 g of tetrapropyl
ammonium hydroxide (TPAOH) (40 wt%) and 2.75 g of DIW
solvent, and stirred at room temperature for 10 h to get a
well-mixed sol compound. The obtained mixture was further
maintained in an oven at 60 °C at a ramping rate of 5 °C
min~" for 24 h to obtain dry gels, which were subsequently
transferred to 100 mL Teflon-lined autoclaves with 4 mL
ammonia solution having a concentration of 28 wt%, sealed,
and heated up to 170 °C for successive crystallization
durations (¢) such as 12, 24, 48 or 72 h, respectively. The
finally achieved products were washed with DIW several
times until the pH value approached ~7 in the upper
solution during centrifugation, which was further dried at 80
°C at a ramping rate of 5 °C min ' for 24 h before the
calcination treatment at 550 °C at a ramping rate of 1 °C
min' for 2 h under air environment, which was further
applied for catalytic activity measurement.

4.2 Evaluation of catalytic activity

Catalytic performance of CZ(x)@S-t catalysts was evaluated
with 0.2 g catalyst in a fixed-bed tubular stainless steel reactor
(inner diameter of 6 mm, reactor length of 453 mm). The
catalyst was initially activated at 300 °C at a ramp rate of 5 °C
min~' for 2h under a flow of 5vol% H, balanced with N,.
The CO, hydrogenation reaction was carried out by using a
mixed gas having a molar ratio of CO,/H,/N, = 24/72/4, where
an inert N, gas for the reaction was used as an internal
standard gas to evaluate relative changes of CO,/N, peak area
ratio before and after reaction for CO, conversion calculation
by using eqn (1) as follows. The mixture gas was fed into the
reactor maintaining a constant pressure of 5.0 MPa and the
reaction temperature was elevated up to 250 °C. Besides, the
effluent gases from the reactor were analyzed through an
online gas chromatograph (GC, YL6100 from Younglin Co.)
equipped with a thermal conductivity detector (TCD) to
analyze CO,, CO, N, and CH,, as well as a flame ionization
detector (FID) connected to a Carboxen-1000 packed column
and HP-PLOT-U capillary column to analyze organic products
such as CH, and oxygenates (CH;OH and DME), respectively.
The Xco, and Sj (j = CO, CH,, methanol and DME) represent
CO, conversion and selectivity of product j (j = CO, CHy,
methanol and DME) in percentage, whereas Nco, in, Nco,,out
and N;j represent the amount of CO, feeding, outlet CO, and
formed product j in moles.

Xco, = (Nco,,in — Nco,,out)/Nco,,in X 100% (1)

S; = (Nj/(Nco,,in = Nco,out) X 100% @)

4.3 Catalyst characterization

The structural properties of the fresh CZ(x)@S-t catalysts,
including the specific surface area (Sy, m* g*), pore volume
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(Py, ecm® g™), and average pore diameter (Pp, nm), were
determined by N, adsorption-desorption analysis at liquid
nitrogen temperature of -196 °C using a Micromeritics
TRISTAR-3000 instrument. The specific surface area was
calculated by using the Brunauer-Emmett-Teller (BET)
equation from data in the relative pressure (P/P,) range of
0.03-0.20. The average pore diameter and pore size
distribution were derived from the desorption branch of the
isotherms using the Barrett-Joyner-Halenda (BJH) method.
Powder X-ray diffraction (XRD) patterns were recorded over
the range of 26 = 5-90° by using a Malvern Panalytical X'Pert
PRO MPD diffractometer with Cu Ko radiation to identify
crystalline phases of the Cu-ZnO nanoparticles and silicalite-
1 zeolite. Particle size distributions and elemental
compositions of the CZ(x)@S-t catalysts were characterized by
using scanning-transmission electron microscopy (STEM/
TEM) and energy-dispersive X-ray spectroscopy (EDS) with a
JEM-F200/JEM-2100F instrument operating at 200 kV. Solid-
state magic angle spinning nuclear magnetic resonance (MAS
NMR) spectra of *°Si species were acquired on a Varian Unity
INOVA 500 MHz NMR spectrometer at a resonance frequency
of 130.3 MHz, using a MAS probe spinning at 10 kHz.

The reduction behaviors of the fresh CZ(x)@S-¢ catalysts
were investigated by temperature-programmed reduction of
hydrogen (H,-TPR) wusing a BELCAT-M instrument.
Approximately 50 mg of catalyst was pretreated under a flow
of Ar (30 mL min ') at 300 °C for 1 h at a ramp rate of 10 °C
min~". After cooling to 50 °C, the gas was switched to 5 vol%
H,/Ar mixture (30 mL min™"). Reduction profiles were
recorded using a thermal conductivity detector (TCD) after
passing the effluent gases through a water trap in a
temperature range of 100-500 °C to quantify H, consumption
(mmol g ). The surface acidic properties of the fresh
CZ(x)@S-t catalysts were evaluated by temperature-
programmed desorption of ammonia (NH;-TPD) using a
BELCAT-M instrument. The sample was pretreated under a
flow of He at 500 °C for 1 h, cooled down to 100 °C, saturated
with NH; probe gas, and then heated to 800 °C at a ramping
rate of 10 °C min™" under He flow to monitor its desorption
profiles for NH; probe molecules. Temperature-programmed
desorption of carbon dioxide (CO,-TPD) was similarly
performed with ~50 mg of the in situ reduced sample at 300
°C for 1 h, which was purged with He flow for 1 h, exposed
to CO, at 50 °C for 1 h, and then heated up to 800 °C at a
ramping rate of 10 °C min~" under a flow of He to obtain the
desorption profiles of CO, probe molecules.

In situ diffuse reflectance infrared Fourier transform
spectroscopy (DRIFTS) analysis was conducted by using a
PerkinElmer Frontier FT-IR spectrometer equipped with a
PIKE Technologies diffuse reflection cell with a resolution of
4 cm™". Approximately 20 mg of the fresh CZ(x)@S-t catalyst
was loaded into a DRIFT cell, reduced under a flow of 5 vol%
H,/N, at 300 °C for 1 h, purged with N, for 2 h, and cooled
to ambient temperature to acquire reference background
spectra. The reactant gas mixture (CO,/H,/N, = 24/72/4 vol%)
was then introduced at the pressure of 2.0 MPa while heating
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to 300 °C and holding for 2 h. Temperature-resolved spectra
were collected every 10 °C during the heating step, and time-
resolved spectra were recorded 5-minute interval at 300 °C
for 2 h to identify the adsorbed surface intermediates.
Furthermore, in situ CO-DRIFTS analysis was carried out to
verify oxidation states of metallic Cu species during the CO,-
to-DME reaction. Approximately 20 mg catalyst was reduced
at 300 °C under 5 vol% H,/N, flow (15 mL min™") for 2 h and
cooled to 30 °C. The flow was switched to inert N, (99.99%),
followed by H, flow (100 mL min™") for 30 minutes to reduce
partially oxidized surfaces under air exposure. Subsequently,
CO (99.99%, 30 mL min™") was introduced at 30 °C for 30
minutes, and after purging with inert N, flow for additional
30 minutes, CO-DRIFT spectra were collected at a fixed
temperature of 30 °C.
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