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Engineering copper nanoparticles to achieve high dispersion and thermal stability with stable catalytic
activity is crucial and challenging for the direct hydrogenation of CO, to oxygenates via tandem catalysis
over hybridized catalysts. Herein, hybridized Cu-ZnO nanoparticles were encapsulated in nano-
crystalline ZSM-5 overlayers through a steam-assisted crystallization (SAC) approach by optimizing the
Cu/Zn ratios of Cu-ZnO nanoparticles, the Si/Al ratio of ZSM-5, crystalline structures, and the oxidation
states of active sites to achieve higher and durable direct conversion of CO, into dimethyl ether (DME)
and methanol. The spatially confined Cu-ZnO nanoparticles inside ZSM-5 frameworks facilitated
suppressed nanoparticle aggregation by preserving major Cu™ phases of active copper species, which
contributed to excellent catalytic performance with CO, conversion rate of up to 20.8% and a
methanol/DME selectivity of 81.6% (DME selectivity of 62.2%) with a space-time yield (STY) of 13.9 gpme
(gcu™ h™Y). In situ DRIFTS, AES/XPS and XANES analyses further revealed that the spatial confinement
effects in protective ZSM-5 zeolite overlayers effectively stabilized homogeneously dispersed Cu-ZnO
nanoparticles with dominant distribution of Cu* phases, which played key roles in generating formate
and methoxy intermediates that are responsible for the enhanced catalytic activity and catalyst durability.
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Broader context
Cu-ZnO nanoparticles encapsulated in ZSM-5 revealed a higher catalytic activity and stability for CO, hydrogenation to DME and methanol oxygenates owing to
the stable preservation of the Cu” phase via spatial confinement effects inside zeolite shells.
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1. Introduction

Significant consumption of fossil fuels, resulting in excessive
carbon emissions, has led to global warming and adverse envir-
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i Electronic supplementary information (ESI) available: Particle size distribution

of the fresh Cu-ZnO nanoparticles encapsulated in SiO, (Fig. S1), HADDF images

and EDS elemental mapping results of fresh CZ(0.9)@Z(60)-24 (Fig. S2), TEM
image and size distribution of used CZ(0.9)@Z(60)-24 (Fig. S3), TEM and EDS
elemental mapping images of used CZ(0.9)@Z(60)-24 after 100 h of reaction (Fig.

S4), Py-IR spectra of the fresh CZ(0.9)@Z(60)-t catalyst (Fig. S5), EPR spectra of the

fresh CZ(0.9)@Z(60)-t catalysts (Fig. S6), catalytic activity with time-on-stream

(TOS) on all the CZ(x)@Z(y)-t catalysts (Fig. S7), summarized results of bulk

composition and surface properties (Table S1), comparisons of the catalytic

activity of CZ(0.9)@Z(60)-24 with previous reports on CO, hydrogenation (Table

S2), and catalytic performances of the hybridized reference CZ@Si and CZ@ZSM-

5, supported CZ/ZSM-5 catalysts (Table S3). See DOI: https://doi.org/10.1039/

d4ey00273c¢
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onmental effects."” Considerable efforts have been devoted to
developing strategies for the reduction of CO, emissions through
economically viable means.** The utilization of CO, can produce
various value-added petrochemicals such as light olefins,>®
gasoline-range hydrocarbons,”** aromatics,">*® and methanol/
dimethyl ether (DME).">"** Notably, DME and methanol, which
are recognized as clean and sustainable alternative fuels and
crucial chemical intermediates, can be synthesized through a
stepwise CO, hydrogenation, where CO, is initially converted into
methanol on copper (Cu)-based catalysts followed by dehydration
to DME on solid acid catalysts."**® The Cu-based catalysts and
solid acid catalysts can be effectively combined together to link
the reactions of CO,-to-methanol (CO, + 3H, < CH3O0H + H,0,

© 2025 The Author(s). Published by the Royal Society of Chemistry
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AH,o5¢ = —49.4 k] mol ") and that of methanol-to-DME (2CH;0H
> CH30CH; + H,0, AH,o5x = —23.5 k] mol '), while a reverse
water-gas shift (RWGS) reaction (CO, + H, <> CO + H,0, AH,g5% =
+41.2 k] mol ') as a main side reaction can produce a CO
byproduct.

For the direct synthesis of DME/methanol via CO, hydro-
genation as well as consecutive dehydration, Cu-based catalysts
have been frequently modified with ZnO, ZrO,, or Al,O3 pro-
moters to enhance thermal stability and methanol production
rate."”>* Among the promoters, ZnO has been known to be
most effective for enhancing active interfacial areas®* for
stabilizing crucial intermediates such as formates or methoxy
species®*° and dispersing active Cu metals.>****° However,
catalyst deactivation generally happens owing to the sintering
and oxidation of Cu nanoparticles*>*" as well as agglomeration
of Zn0,*? leading to the shrinkage of active Cu-ZnO interfaces
and declined catalytic activity. In addition, active copper spe-
cies of Cu’/Cu’ phases, where Cu® facilitates the dissociation
of adsorbed H, and Cu’ stabilizes the methoxy or formate
intermediate,**™*° are susceptible to further oxidation by H,O
formed during the dehydration step. Hence, maintaining active
and stable Cu’/Cu” phases with their optimal balance is critical
for CO,-to-DME tandem reactions. Although zeolites, especially
ZSM-5, are commonly applied as supports, when acid catalytic
sites are provided for dehydration reactions,'®* the strong
acidic sites also promote byproduct formation and coke deposi-
tion, causing catalyst deactivation.*® Introducing hierarchically
structured mesoporous structures via the encapsulation of
active metal oxides®® using crystalline ZSM-5 can remarkably
enhance coke resistance with decreased surface carbon
depositions.’”*® Therefore, controlling ZSM-5 crystallite sizes
and hierarchically structured mesopores is a feasible approach
to enhance the catalytic activity and thermal stability of tandem
catalysts for CO, hydrogenation and successive methanol dehy-
dration. Although amorphous SiO, is frequently employed as
a supporting material to confine active nanoparticles with its
enhanced resistance to thermal aggregation,®® SiO, itself has a
small pore volume and surface area with insignificant acidic
sites that result in a lower CO, conversion with limited inter-
mediate diffusion. Zeolites having abundant acidic sites largely
altered intermediate diffusion with its successive transformation
on the acidic sites, and zeolite-encapsulated Cu nanoparticles on
which CO, hydrogenation occurs are generally reported as
selective methanol synthesis catalysts.*

In this study, we synthesized ZSM-5-encapsulated Cu-ZnO
nanoparticles to improve CO,-to-DME tandem reaction activity
via steam-assisted crystallization (SAC), achieving an excellent
DME/methanol selectivity of 81.6% with a productivity of 13.9
gpme (gco " h™') and prolonged catalyst activity for 100 h on
stream. The spatial confinement effects by ZSM-5 zeolites
strengthened the interactions between Cu nanoparticles and
ZSM-5 zeolites, predominantly preserving Cu' species to facilitate
the generation of formate intermediates. We thoroughly investi-
gated the effects of crystallization process with different Si/Al
and Cu/Zn molar ratios, crystalline structures, and their oxida-
tion states. The reaction mechanism over the catalyst was

© 2025 The Author(s). Published by the Royal Society of Chemistry
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proposed based on the analyses using XPS, AES, XANES, and
in situ DRIFTS techniques, suggesting a viable way to fabricate
zeolite-encapsulated Cu-ZnO nanoparticle catalysts with their
high dispersion and thermal stability, particularly for a tandem
CO,-to-DME reaction.

2. Experimental section

2.1. Preparation of CZ(x)@SiO, and CZ(x)@Z(y)-t catalysts

SiO,-encapsulated Cu-ZnO nanoparticles with different Cu/Zn
molar ratios (denoted as CZ(x)@SiO,) were prepared by a pre-
viously reported reverse micelle method with copper and zinc
metal precursors, where the Cu/Zn mole ratio was nominally
controlled in the range of x (x = 0.3-1.5). In detail, the
CZ(x)@SiO, nanoparticles with a Cu/Zn molar ratio of x were
prepared by dissolving Cu(NO;),-3H,0 and Zn(NO;),-6H,0,
which were dissolved in 5 mL deionized water (DIW), and
10.5 g of Brij-C10 (polyethylene glycol hexadecyl ether) as a
non-ionic surfactant was dissolved in 50 mL cyclohexane at
50 °C. This metal precursor solution was slowly dropped into
the Brij-C10 solution with stirring for 1 h. Aqueous ammonium
hydroxide (3 mL) and tetraethyl orthosilicate (TEOS) (5 mL) were
separately added to this solution under vigorous stirring for 2 h
to obtain a blue-colored solution. The resulting fine powders
were collected by centrifugation using 30 mL ethanol solvent,
dried at 80 °C overnight, and calcined at 550 °C for 2 h to obtain
CZ(x)@SiO, (x = 0.3, 0.6, 0.9 and 1.5). In addition, Zn-free
CuO@8SiO, (Cu@SiO,) as a reference catalyst was prepared to
compare the effect of Zn.

The hybridized Cu-ZnO@ZSM-5 catalysts, with solid acid
ZSM-5 zeolite coating on CZ@SiO,, were prepared by controlling
the crystallization duration (¢) for 12, 24, or 48 h and by varying
Si/Al molar ratios (y) of 40, 60, and 100, which were denoted as
CZ(x)@Z(y)-t as shown in Fig. 1. For instance, CZ(0.9)@Z(60)-24
having an Si/Al ratio of 60 and a Cu/Zn ratio of 0.9 was prepared
as follows: 0.5 g of as-synthesized CZ(0.9)@SiO, was mixed with
0.0521 g aluminum nitrate precursor (Al(NO3);-9H,0), 1.25 g of
tetrapropyl ammonium hydroxide (TPAOH) (40 wt%) and 2.75 g
of DIW, and stirred at room temperature for 10 h. The resulting
mixture was kept in an oven at 60 °C for 24 h to obtain dry gel.
The gel was transferred to a 100 mL Teflon-lined autoclave with
4 mL ammonia solution (~28 wt%), sealed and heated up to
170 °C for successive crystallization with durations (t) of 12, 24 or
48 h. The synthesized powders were washed several times with
DIW, dried at 80 °C for 24 h, and calcined at 550 °C under air for
2 h. Furthermore, CZ@SiO, physically mixed with ZSM-5 as well
as supported CZ/ZSM-5 catalysts by a wet impregnation method
with similar compositions were also prepared.

2.2. Evaluations of catalytic activity

The catalytic activity was evaluated with 0.2 g catalyst in a fixed-
bed tubular reactor having an inner diameter of 6 mm and a
length of 453 mm. The catalyst was previously reduced at 300 °C
for 2 h under a flow of 5vol% H, balanced with N,. To carry out
the direct hydrogenation of CO, to methanol/DME, mixed gas

EES Catal., 2025, 3, 420-434 | 421
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Steam-assisted Crystallization (SAC)
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Fig. 1 Schematic of CZ(0.9)@Z-t preparation at different crystallization times (t = 12, 24, and 48 h).

having a molar ratio of CO,/H,/N, = 24/72/4 (N, as an internal
standard gas) was fed into the tubular reactor at a fixed pressure
of 5.0MPa, and the reaction temperature was increased up to
260°C at a space velocity (SV) of 3000 mL (g, " h™"), which
was the commonly applied CO,-to-DME reaction condition.
The effluent gases were in situ analyzed by gas chromatography
(GC, YL6100, Younglin Co.) with a thermal conductivity detector
(TCD) as well as a flame ionization detector (FID), connected to a
Carboxen-1000 packed column and a HP-PLOT-U capillary col-
umn, respectively. The conversion of CO, (Xco,, mol%) and the
product distributions (mol%) were calculated based on the total
carbon balances at a steady state after 30 h on stream, which are
described with more details in the ESL.}

2.3. Catalyst characterization

Structural properties such as specific surface area (S, m? g "), pore
volume (Py, cm® g~ ') and average pore diameter (Pp, nm) of the
fresh CZ(x)@Z(y)-t catalysts were studied by N, adsorption-
desorption analysis at a liquid N, temperature of —196 °C using
a TRISTAR-3000 instrument (Micromeritics) to calculate the specific
surface area in the range of P/P, of 0.03-0.2 based on the Brunauer—
Emmett-Teller (BET) equation. The average pore diameter with
pore size distribution was measured by the Barrett-Joyner-Halenda
(BJH) method from the desorption branch of the isotherms.
Powder X-ray diffraction (XRD) patterns in the range of 5 -90° were
characterized to verify the crystalline phases of Cu-ZnO nano-
particles and ZSM-5 zeolite using an X'Pert PRO MPD diffracto-
meter (Malvern Panalytical) equipped with a Cu Ko radiation
source. Particle size distributions and elemental compositions of
the CZ(x)@Z(y)-t catalysts were also determined by scanning trans-
mission electron microscopy (STEM/TEM) and energy-dispersive X-
ray spectroscopy (EDS) using a JEM-F200/JEM-2100 F instrument
operating at 200 kV. The solid-state magic angle spinning nuclear
magnetic resonance (MAS NMR) spectra of *’Al species were
analyzed by using a 500 MHz NMR spectrometer with a Varian
Unity INOVA instrument at a resonance frequency of 130.3 MHz,
where the MAS probe worked at a spinning rate of 10 kHz.

422 | EES Catal., 2025, 3, 420-434

The reduction behaviors of the fresh CZ(x)@Z(y)-t catalysts
were verified by temperature-programmed reduction analysis
(H,-TPR) under a flow of mixed reduction gas (5 vol% H,
balanced with Ar, 30 mL min~ ') using a BELCAT-M instrument.
For the H,-TPR, 50 mg fresh catalyst was purged at 300 °C for 1h
at a ramping rate of 10 °C min~" under an Ar flow (30 mL min"),
and the balanced H, gas was switched after cooling down to 50 °C.
The reduction patterns of metal oxides were acquired using a
TCD analyzer after passing over water trap at a temperature in
the range of 100-500 °C to estimate the consumed H, quantity
(mmol g, '). Temperature-programmed desorption analysis of
NH; (NH;-TPD) for the fresh catalysts was performed using a
BELCAT-M instrument to measure the acidic strength and the
amount of surface acidic sites. Prior to the analysis, pretreatment
under a flow of He gas was carried out at 500 °C for 1 h.
Subsequently, it was cooled down to 100 °C, switched to NH;
probe gas for its adsorption and temperature increased to 800 °C
at a ramping rate of 10 °C min~" for monitoring desorption
behaviors. In addition, temperature-programmed desorption ana-
lysis of CO, (CO,-TPD) was performed. Before the analysis, 50 mg
of sample was reduced at 300 °C for 1 h and purged under a He
flow to remove surface contaminants. The adsorption of CO, was
carried out at 50 °C for 1 h, and then desorption profiles were
obtained in the temperature range of 50-800 °C at a ramping rate
of 10 °C min™".

Surface properties such as metal distributions and oxidation
states with their interactions on the reduced and used CZ(0.9)@
Z(60)-t catalysts were separately measured using X-ray photoelec-
tron spectroscopy (XPS) as well as Auger electron spectroscopy
(AES) using a PHI Quantera II (Scanning X-Ray Microprobe)
instrument equipped with Al Ko radiation at an energy of
1484.6 eV and a chamber working pressure of 5.0 x 10~ Pa.
The Cu 2p, Zn 2p and Si 2p peaks were analyzed with a
resolution of 0.05 eV to elucidate the variations in binding
energy (BE) and Zn/Cu surface atomic ratio after correcting their
BEs using a reference BE of C 1s of 284.8 eV. In addition, X-ray
absorption fine structure (XAFS) analysis was performed at

© 2025 The Author(s). Published by the Royal Society of Chemistry
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Pohang Light Source-II (PLS-II) of Pohang Accelerator Laboratory
(PAL) to verify the local structures and oxidation states of Cu
species on the CZ(0.9)@Z(60)-24 catalyst through a transmission
mode. The metallic Cu foil, Cu,0 and CuO were used as
reference materials. Fourier transform fittings of XAFS spectra
were carried out using a k” weighting factor, and the parameters
for background removal and normalization based on the refer-
ence E, = 8079 eV at the pre-edge range of —150.0 to —30.0, and
the normalized range of 150 to 620 with a spline range of k was
in 0-13. For Fourier transform parameters, the y(k) values in the
R space were obtained in the range of 3.0-12.0 A by employing a
Hanning window function, and the position of absorption edge
was determined from the first maximum of the 1% derivatives of
normalized u(E). Furthermore, wavelet transform (WT) was
carried out using the Hama Fortran program obtained from
the European Synchrotron Radiation Facility (ESRF) official
website (Rpyin = 1.0 A and R, = 5.0 A via the Morlet function
for the transform parameter). The EPR spectra on the CZ(0.9)@
Z(60)-t catalysts were recorded using a Bruker equipment, oper-
ating at the X band with a microwave frequency of 9.421 GHz.
In situ diffuse reflectance infrared Fourier transform
spectroscopy (DRIFTS) analysis was performed using a FT-IR
spectrometer (PerkinElmer Frontier), equipped with a diffuse
reflection cell (PIKE Technologies) with a resolution of 4cm™".
Prior to the analysis, 15 mg fresh CZ(0.9)@Z(60)-24 catalyst was
loaded in a DRIFT cell and reduced under a flow of 5 vol% H,/
N, at 300 °C for 1 h. After that, the sample was purged under a
N, flow for 2 h to remove surface residues and cooled down to
ambient temperature to obtain the reference background spectra.
Then, reactant gas (CO,/H,/N, = 24/72/4 vol%) was injected into
a reaction chamber at an ambient pressure by increasing the
temperature up to 260 °C and kept for 1 h. Temperature-resolved
DRIFTS spectra were recorded every 10 °C and time-resolved
spectra were also recorded every five minutes at 260 °C for 1 h

View Article Online

EES Catalysis

to identify surface intermediates. In addition, DRIFTS spectra
under methanol-TPD analysis conditions at a temperature in the
range of 30 to 400 °C and those of methanol dehydration to DME
at 260 °C for 1 h were further verified to confirm surface inter-
mediates during CO,-to-DME reactions. Furthermore, in situ
CO-DRIFTS analysis was performed to examine the oxidation
states of active metallic Cu species during the CO,-to-DME
reaction. In more detail, 15 mg of catalyst was loaded in a cell
and reduced at 300 °C under 5 vol% H,/N, flow (15 mL min~") for
2 h and cooled down to 30 °C. Subsequently, the flow was
switched to N, gas (99.99%), and purged with H, (100 mL min™")
for 30 minutes to remove the surface residual followed by
introducing CO gas (99.99%) at a flow rate of 30 mL min™" at
30 °C for 30 minutes. Then, N, gas was injected to purge for
30 minutes and the CO-DRIFT spectra were recorded at 30 °C.

3. Results and discussion

3.1. Structural properties of CZ(x)@Z(y)-t catalysts

The structures and surface properties of the CZ(x)@Z(y)-t
catalysts were characterized to verify the reaction mechanisms.
The TEM images displayed in Fig. 2(a)-(d) showed the encap-
sulated multiple cores in overlayer shells with different size
distributions (Fig. S1, ESIT). The Cu-ZnO nanoparticles encap-
sulated in a thick SiO, shell (d = 30 £ 1.6 nm) showed almost
uniform particle sizes (d) of 3.0 + 1.2 nm. As-synthesized core/
shell structured CZ@SiO,, aluminum precursor, and TPAOH
were subjected to a high-temperature annealing (hydrothermal)
process to form CZ(0.9)@Z(60)-t catalysts with different crystal-
lization durations (¢ = 12, 24 and 48 h). During the crystal-
lization process, some portions of Cu and Zn metal elements
were leached out and altered the bulk Cu/Zn ratio, as confirmed
by XRF analysis (Table 1 and Table S1, ESI{), which was more
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Fig. 2 TEM and inset HR-TEM images of the fresh catalysts: (a) CZ@SiO,, (b) CZ(0.9)@Z(60)-12, (c) CZ(0.9)@Z(60)-24, and (d) CZ(0.9)@Z(60)-48. (e) XRD
patterns, (f) pore size distributions, (g) N» adsorption—desorption isotherms, and (h) 2’Al MAS NMR spectra of the fresh CZ(0.9)@Z(60)-t catalysts.
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Fig. 3 H,-TPR patterns of the fresh CZ(x)@Z(y)-t catalysts with different (a) crystallization conditions (t), (b) Cu/Zn ratios (x), and (c) Si/Al ratios (y) with

variations in the Cu/Zn ratio.

244-400 °C to 277-487 °C. It was expected that the stronger
interactions between Cu and Zn in the Cu-ZnO nanoparticles
required more harsh reduction conditions, possibly due to the
spinel-type Cu oxide phases.'® However, the effects of the Si/Al
ratio on the reduction behaviors were not significant when the
Cu/Zn ratio was fixed, indicating that the contribution of Cu/Zn
ratio to the reduction was more dominant than the interactions
between Cu-ZnO nanoparticles and ZSM-5 zeolites. The total
quantity of consumed H, was proportional to the Cu content in
the CZ(x)@Z(y)-t catalysts, ranging from 0.50 to 2.89 mmol g%,
as summarized in Table S1 (ESIt). More specifically, the four
different characteristic peaks for the reduction profiles in
Fig. 3(a) could be assigned to the reduction of different copper
states of CuO (Cu*"), Cu,O (Cu') to metallic Cu® species corres-
ponding to the strengths of the interaction with ZSM-5. The peak
that appeared at a temperature below 280 °C was attributed to
the reduction of the small-sized isolated Cu-ZnO nanoparticles.
The reduction peaks were involved in one-step reduction of CuO
to surface metallic Cu® or two-step successive reduction of Cu®*
species to Cu® and surface Cu® phases, which were separately
assigned to the peaks appearing at a temperature lower than
300 °C and at a temperature higher than 400 °C for the transition
from Cu"* to Cu® species.*' ™ In addition, the reduction peaks in
the range of 300-360 °C originated from the reduction of the
encapsulated and strongly interacted CuO nanoparticles with
ZSM-5 zeolite overlayers as well as with the ZnO moiety by
possibly forming spinel-type CuAl,O, or ZnAl,0,,"° eventually
affecting the thermal stability of the Cu-ZnO nanoparticles
against aggregation during CO,-to-DME reactions. Therefore,
the CZ(0.9)@Z(60)-12 catalyst, prepared with a relatively
short crystallization duration, still contained weakly interacted
Cu(-ZnO) nanoparticles compared to the catalysts experiencing a
longer crystallization time. The reduction peaks above 400 °C
can be assigned to the reduction of successive Cu' phase to bulk
metallic Cu® species,”>** suggesting that the possible ion-
exchange of Cu’ on the ZSM-5 surfaces decreased the number
of stronger Brgnsted acid sites. The phenomena are also bene-
ficial for suppressing potential hydrocarbon formation via the

© 2025 The Author(s). Published by the Royal Society of Chemistry

methanol-to-hydrocarbon pathway. While the Cu/Zn ratio was
controlled from 0.3 to 1.5 or to even Zn-free catalysts, the reduction
behaviors were considerably changed, where the reduction of the
Cu@Z(60)-24 occurred in the lowest temperature region due to the
weak interaction between Cu and ZSM-5 layers.>

NH;-TPD analyses of the CZ(x)@Z(y)-t catalysts were per-
formed to investigate the surface acidic properties, and the results
are summarized in Fig. 4(a)—(c), Table 1 and Table S1 (ESIt). In
general, the crystallization process for zeolite synthesis affects the
surface acidity significantly by changing the crystallinity and defect
sites. Three characteristic desorption peaks of NH; probe molecules
could be assigned to weak (W), medium (M) and strong (S) acidic
sites at their respective desorption temperatures of ~180, 250 and
400 °C with the possible water desorption or NH; desorption on
Lewis acid sites at ~580 °C.***> The weak acidic sites originated
from the weakly adsorbed NH; molecules on the surface Si-OH
groups,” and medium and strong acidic sites correspond to the
strongly absorbed NH; molecules on Lewis and Brensted acidic
sites, respectively.*>*” The Lewis acid sites, assigned to medium
acidic sites, originated from metal ion-exchanged ZSM-5 surfaces
with the characteristic peaks above 500 °C in the NH;-TPD analysis.
In addition, the peaks can be only reduced above 400 °C based on
the H,-TPR patterns, where the appearance of the reduction peaks
above 400 °C can be possibly attributed to the reduction of Cu'-
exchanged ZSM-5 sites.*® As the crystallization duration increased
from 12 to 48 h (Table 1 and Table S1, ESIt), the total amounts of
weak, medium, and total acidic sites decreased from 1.058 to
0.553 mmol g~ *. However, the strong acidic sites revealed similar
trends, showing minimum amounts of strong acidic sites
(0.078 mmol g~ ') on fresh CZ(0.9)@Z(60)-48. While the Si/Al ratio
or the Cu/Zn ratio increased, both total and strong acidic sites
decreased due to lower Al and Cu contents, respectively. Based on
the XRF results, as summarized in Table 1 and Table S1 (ESI}), it
was noticed that the Cu species leached out more easily than Zn
species during the hydrothermal synthesis step. Furthermore, the
Py-IR analysis revealed that the Lewis acid sites were found to be
more abundant than Brgnsted acid sites on the CZ(0.9)@Z(60)-t
catalysts (Fig. S5, ESIT), and both Lewis and Bronsted sites were also

EES Catal., 2025, 3, 420-434 | 425
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Fig. 4 NH3-TPD patterns of the fresh CZ(x)@Z(y)-t catalysts with different (a) crystallization conditions (t = 12, 24, and 48 h), (b) Cu/Zn ratios (x = 0.3, 0.5,
and 1.5), and (c) Si/Al ratios (y = 40, 60, and 100). CO,-TPD patterns on fresh (d) CZ(0.9)@Z(60)-t catalysts (t = 12, 24, and 48 h), (e) different Cu/Zn molar
ratios (x = 0.3, 0.5, and 1.5), and (f) different Si/Al molar ratios (y = 40, 60, and 100).

found to be active for methanol dehydration. In summary, the
smallest acidic sites (0.382 mmol g ) in Cu@Z(60)-24 were
responsible for the lowest DME selectivity (22.3%), while med-
ium acidic sites (0.819 mmol g~ ') in CZ(0.9)@Z(60)-24 showed
the highest DME selectivity (62.2%), suggesting that the appro-
priate number of acidic sites significantly adjusted the DME
formation rate from the methanol intermediate by a dehydra-
tion reaction over the ZSM-5 surface.

The CO,-TPD profiles on the CZ(x)@Z(y)-t catalysts according
to different crystallization durations and other preparation
conditions were used to estimate the surface basicity and oxygen
vacant sites (Fig. 4(d)-(f)). Most catalysts showed three distinct
desorption peaks of CO,, assigned to weak (W), medium (M) and
strong (S) basic sites.* The weak basic sites at the lowest CO,
desorption temperature below 200 °C originated from the sur-
face OH groups, and the medium basic sites resulted from
adsorbed CO, on metal-oxygen pair-like Zn-O as linearly
adsorbed O—=C=0—M species.’® The strong basic sites appearing
at a higher desorption temperature above 500 °C were attrib-
uted to the bridge-bonded M-O-C-O-M over the surface
0°" anion sites.’®>> It was noticed that the amounts of the
desorbed CO, molecules decreased as the crystallization time
increased (0.654 mmol g~' on the CZ(0.9)@Z(60)-12 and

426 | EES Catal, 2025, 3, 420-434

0.503 mmol g ' on the CZ(0.9)@Z(60)-48) and the Si/Al
ratio decreased (0.860 mmol g ' on the CZ(0.9)@Z(100)-24
and 0.453 mmol g~' on the CZ(0.9)@Z(40)-24) (Table 1 and
Table S1, ESIt). These observations were attributed to the
strong interactions of oxygen vacant sites, as confirmed by
EPR analysis with the characteristic g factor of 2.07,>* as shown
in ESL,{ Fig. S6 as well as the adjusted basic sites from the Cu-
ZnO nanoparticles inside the ZSM-5 layers. The decreased
number of active sites for CO, adsorption after longer crystal-
lization durations can further suppress CO, conversion, which
were possibly attributed to the loss of oxygen vacant sites by the
leaching phenomena of CuO species during the hydrothermal
synthesis process. The CO, adsorption capacity showed high
values in the range of 0.792-1.046 mmol g ' when the Cu/Zn
ratios were lower in the range of 0.3-0.6 than the optimum Cu/
Zn ratio of 0.9, which clearly explained the enhanced byproduct
selectivity on the CZ(x)@Z(y)-t catalysts.

The surface environments of Cu-ZnO nanoparticles of the
representative catalysts under fresh, reduced and used condi-
tions were studied with XPS and AES analyses (Fig. 5). The
binding energy (BE) of the Cu 2p peak of fresh CZ(0.9)@Z(60)-
24 and Cu@Z(60)-24 was determined to be ~933 eV with
compound peaks at higher BEs of ~ 935 eV, which are separately

© 2025 The Author(s). Published by the Royal Society of Chemistry
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Fig. 5 XPS spectra of Cu 2p, Al 2p, Si 2p, and O 1s for (a) fresh Cu@Z(60)-24 and CZ(0.9)@Z(60)-24. XPS spectra of Cu 2p and Zn 2p of (b) reduced and
(c) used catalysts. Cu LMM and Zn LMM AES spectra of (d) reduced and (e) used catalysts (*denotes satellite).

assigned to Cu* and Cu*" oxidation states. The Cu®>" phase can
be coordinated to the framework oxygen atoms or the surface
CuO phase,””"** and the Cu’ species originated from the
partially reduced Cu,O phase under reductive conditions.>®™®
It is noteworthy that the Cu>* peak intensity on Cu@Z(60)-24 was
found to be much larger than that of CZ(0.9)@Z(60)-24, as shown
in Fig. 5(a). The ZnO promoter on CZ(0.9)@Z(60)-24 slightly
decreased the BE of Cu 2p at 933.0 eV, suggesting that the
ZnO moiety abated the interactions between CuO and ZSM-5.>°
The Al 2p peaks are shown in Fig. 5(a), in which three character-
istic peaks were observed at the BEs of 73.6-73.8, 75.2-75.9 and
77.4-78.6 eV. The peaks below 74 eV can be assigned to the
framework Al species in-Si-O-Al- of the ZSM-5 structures, and
the peaks above 75 eV are attributed to the closely interacting Al
species with Cu-ZnO nanoparticles through transferring elec-
trons from Al to Cu atoms.’® The peak above ~75 eV on
Cu@Z(60)-24 was found to be considerably larger than that of
CZ(0.9)@Z(60)-24, which strongly indicated the much stronger
interactions of the CuO phase with Al sites on the ZSM-5 over-
layers. The Si 2p spectra at ~102.3 and 103.4 eV shown in
Fig. 5(a) are assigned to the framework Si atoms such as -Si-O-
Al- and -Si-O-Si- on the ZSM-5 overlayers having lower

© 2025 The Author(s). Published by the Royal Society of Chemistry

oxidation states,®>®* which were found to be similar on Cu@

Z(60)-24 and CZ(0.9)@Z(60)-24. However, the O 1s spectra displayed
in Fig. 5(a) show two distinctive peaks at 531.1 and 532.6 eV,
where the peak at higher BE can be assigned to oxygen species
on the ZSM-5 frameworks and the peak at lower BE can be
assigned to the oxygen species from the surface metal oxides,””
and the lower BE peak appeared larger on Cu@Z(60)-24 due
to the stronger interactions of CuO nanoparticles with ZSM-5
overlayers. After the reduction treatment, the Cu®* peaks
at ~935 eV on CZ(0.9)@Z(60)-t significantly declined by main-
taining the peak intensities at ~933 eV while Zn-free Cu@
Z(60)-24 had an intense Cu®>" peak with a Cu*/Cu® shoulder
peak at 933 eV (Fig. 5(b)). This explains that the Cu species in
Cu@Z(60)-24 is more difficult to be reduced due to their
stronger interactions with ZSM-5 overlayers. On the contrary,
the Cu nanoparticles on used Cu@Z(60)-24 were oxidized more
easily during the reaction, which showed the much larger peak
intensity at ~935 eV compared to the ZnO-promoted CZ(0.9)@
Z(60)-t catalyst. This also suggests that the ZnO moiety can
prevent the reoxidation of active Cu®/Cu*, preserving the origi-
nal ratio of active sites (Cu’/(Cu” + Cu®)) (based on the AES
results presented in Table 1) by inhibiting thermal aggregations

EES Catal., 2025, 3, 420-434 | 427
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of Cu-ZnO nanoparticles. Furthermore, a slight shift to a lower
BE of Cu 2p and Zn 2p peaks was observed due to the increased
interactions between Cu-ZnO nanoparticles and zeolite over-
layers according to increased crystallization times, as shown in
Fig. 5(b), which was found to be consistent with H,-TPR results
as well.

The atomic Cu/Zn ratios decreased from 1.07 to 0.20 as the
crystallization duration increased from 12 to 48 h, and the
surface ratios of the Cu/Zn and Si/Al on the reduced CZ(x)®@
Z(y)-t catalysts measured by the XPS analysis were found to be
much smaller than the corresponding ratios measured by the
XRF analysis (Table 1). This observation strongly suggests the
preferential formation of the strong Cu-Al,O; interactions
inside ZSM-5 overlayer matrices (less exposed on the surfaces,
confirmed by XPS analysis), which resulted in more stabilized
Cu-ZnO nanoparticles under the crystallization or reaction
condition. The Zn 2p XPS spectra of the reduced and used
samples displayed in Fig. 5(b) and (c) appeared at 1022.3 and
1023.3 €V separately assigned to ZnO and Zn(OH)" species,
indicating there were strong interactions between the ZnO and
ZSM-5 overlayers or partially reduced ZnO species.®” Further-
more, the oxidation states of the outermost Cu surfaces were
measured by AES analysis (Fig. 5(d) and (e)) on the reduced and
used catalysts, representing the distinguished oxidation states

View Article Online

Paper

of Cu species (Cu® and Cu") with the kinetic energy in the range
of 904-918 eV. The lower Cu’/(Cu’ + Cu') ratio on the
CZ(0.9)@Z(60)-t catalysts in the range of 0.03-0.16 also revealed
that a little amount of metallic Cu® and dominant Cu" phases
were stably preserved by maintaining their initial oxidation
states due to the presence of protective crystalline ZSM-5 zeolite
overlayers by encapsulating Cu-ZnO nanoparticles during the
hydrothermal synthesis process. However, the lower ratio of
Cu®/(Cu® + Cu") was also attributed to the stronger interaction
between Cu-ZnO nanoparticles and ZSM-5 overlayers as well as
the large-sized CuO nanoparticles in the absence of ZnO
promoter. Additionally, Zn LMM AES was analysed to further
understand the reduced Zn states, as displayed in Fig. 5(d) and
(e), and the peaks at 989.2 and 986.5 eV could be assigned
to the partially reduced Zn°" species (0 < § < 2) and Zn*" in
ZnO phase.® The oxidation states of Cu species on the reduced
CZ(x)@Z(y)-t catalysts were further confirmed by XANES and
CO-probe in situ DRIFTS analysis (Fig. 6). It was disclosed that
the reduced CZ(0.9)@Z(60)-24 catalyst predominantly pre-
sented Cu” instead of the Cu’ phase (Fig. 6(a)-(c)). The Cu
local coordination environments were observed by wavelet
transform (WT) in Fig. 6(d), and the Cu oxidation state was
determined by CO-DRIFTS analysis, as observed in Fig. 6(e),
showing the bands around 2162, 2148, and 2131 cm ™" for the
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CO adsorption on Cu®" in SiO, matrices,** symmetric and
asymmetric stretching modes of Cu*(C0),*® and Cu'(CO)
species,®*°® respectively. The dominant Cu* and little portion
of Cu® phase were detected based on the Cu LMM peak with
partially reduced Zn®" species (0 < 6 < 2) according to the Zn
LMM in the AES analysis, which stably preserved even after the
reduction and reaction without any significant change in the
Cu*/Cu’® distribution.

3.3. CO, hydrogenation activity to DME and methanol over
CZ(x)@Z(y)-t catalysts

The hybridized bifunctional catalysts of Cu-ZnO nanoparticles
encapsulated in ZSM-5 zeolite were successively prepared via
the SAC approach and showed excellent catalytic performances
with time on stream, as displayed in Fig. 7 and Fig. S7 (ESIt).
In addition, the CZ(x)@SiO, catalysts were synthesized with
different Cu/Zn metal ratios of (x) as reference catalysts. The
amorphous SiO, overlayer shells with inner Cu-ZnO nano-
particles were transformed into the crystalline ZSM-5 zeolite
with their different sizes of Cu-ZnO nanoparticles of 4.5, 9.5 to
10.5 nm during their crystallization durations of 12, 24, and
48 h, respectively. The increase in the crystallite sizes of mixed
metal (oxides) of the Cu-ZnO nanoparticles under the hydro-
thermal condition was responsible for the decreased active
surface area, enhancing the activation energy barriers with
lower CO, conversion to oxygenates (Table 1). The catalytic
activity for CO, hydrogenation to DME and methanol oxyge-
nates on CZ(x)@Z(y)-t catalysts with different Cu/Zn ratios (x),
Si/Al ratios (y), and crystallization time durations (f) was

View Article Online

EES Catalysis

measured under the reaction conditions of T = 260 °C and
P = 5.0 MPa (Fig. 7 and Fig. S7, ESIf), which showed stable
activity after the induction period of ~10 h on stream. All the
CZ(0.9)@Z(60)-t catalysts with a Cu/Zn ratio of 0.9 and an Si/Al
ratio of 60, revealing similar CO, conversion in the range of
20.5-21.4% regardless of the crystallization duration. The high-
est DME selectivity of 62.2% and the lowest CO selectivity of
17.9% were observed on optimal CZ(0.9)@Z(60)-24, as shown
in Fig. 7(a), and summarized in Table 1 and Table S3 (ESI¥).
The slight decrease in CO, conversion on CZ(0.9)@Z(60)-24
compared to that of CZ(0.9)@Z(60)-12 was possibly due to
the decreased Cu-ZnO content (less than 5 wt% as shown in
Table S1 (ESIt) during the SAC preparation step, resulting in a
less amount of active metallic Cu® sites. The acidic and basic
sites of the CZ(x)@Z(y)t catalysts were also measured by NH;-
TPD and CO,-TPD analyses (Table 1), and more abundant acidic
and basic sites on CZ(0.9)@Z(60)-12 with respective values of
1.058 and 0.654 mmol g ' than the other CZ(0.9)@Z(60)-t
catalysts revealed a lower methanol selectivity (18.2%) due to
an increased successive reaction to form CO, facilitated by
surface Brensted acidic sites. The effects of the Cu/Zn molar
ratios on the CZ(x)@Z(60)-24 catalysts were examined for CO,
hydrogenation, and are displayed in Fig. 7(b). As the Cu/Zn ratio
increased from 0.3 to 0.9, CO, conversion rate and DME selec-
tivity were enhanced from 18.5 to 20.8% and from 46.9 to 62.2%,
respectively. However, the CO, conversion and DME selectivity
decreased (19.6 and 50.3%, respectively) when the Cu/Zn ratio
further increased up to 1.5. It is worth noting that the CZ(x)@
Z(60)-24 catalysts with a Cu/Zn ratio lower than 0.6 revealed
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Fig. 7 Catalytic activity of the CZ(x)@Z(y)-t catalysts: (a) CZ(0.9)@Z(60)-t at different crystallization times (t = 12, 24 and 48 h). (b) CZ(x)@Z(60)-24 for
different Cu-to-Zn molar ratios (x = 0.3, 0.6, 0.9, 1.5 and only Cu metal). (c) CZ(0.9)@Z(y)-24 for different Si/Al molar ratios (y = 40, 60 and 100). (d)
Catalytic activity of CZ(0.9)@Z(60)-24 with time on stream at 260 °C and 5.0 MPa.
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higher selectivity toward hydrocarbons. By decreasing the Cu/Zn
ratios in the CZ(x)@Z(60)-24 catalysts, the amount of reducible
and active Cu phase was significantly declined, as confirmed by
H,-TPR analysis shown in Fig. 4, which caused the concentrations
of the formed methanol intermediate over the Cu-ZnO nano-
particles to be significantly decreased for their further selective
conversion to DME, which seems to possibly cause the selective
formation of methane from the kinetic prospective.®®

The Cu@Z(60)-24 catalyst without any Zn promoter showed
the lowest CO, conversion of 16.8% with a higher CO selectivity
of 49.0%. This was mainly attributed to the poorly dispersed,
large-sized Cu nanoparticles, explaining the contribution of the
Zn promoter to isolate the Cu phases and create more Cu-Zn
interfaces,>*** which were responsible for a higher methanol
synthesis activity and Zn promotion had significant effects on
the catalytic activity and selectivity. The effects of Si/Al ratios,
controlled from 40 to 100 in the CZ(0.9)@Z(y)-24 catalysts
for the catalytic performances, are shown in Fig. 7(c), which
showed similar CO, conversions with different product distri-
butions. In contrast, the observed lower catalytic activity on the
reference physically mixed and wet-impregnated CZ(0.9)/ZSM-
5(60) catalyst is briefly shown in Table S3 (ESIt), which clearly
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indicated that the ZSM-5 encapsulation strategy of Cu-ZnO
nanoparticles significantly enhanced catalytic performances.
The highest DME selectivity of 62.2% was observed for an Si/
Al ratio of 60 due to its highly crystallized ZSM-5 structures
with abundant strong acidic sites (0.118 mmol g~ obtained
from NH;-TPD analysis, as shown in Table 1)."° CH, byproduct
formation was also enhanced for CZ(0.9)@Z(40)-24 having a
lower Si/Al ratio of 40 with 2.5% selectivity. Therefore, the
catalyst compositions and structures were optimized at a Cu/
Zn ratio of 0.9, an Si/Al ratio of 60, and a crystallization time of
24 h, resulting in the optimal CZ(0.9)@Z(60)-24 catalyst, where a
medium turnover frequency (TOF) of 64.7 h™" and an activation
energy (E,) of 15.4 k] mol™" were obtained. The medium particle
size of Cu-ZnO (diameter, d = 9.5 nm) showed the medium
amount of acidic and basic sites (0.819 and 0.526 mmol g,
respectively), leading to an increased CO, conversion and DME
selectivity due to sufficient acidic sites and active CO, reactants
on the surface metallic Cu® sites. CZ(0.9)@Z(60)-24 was further
tested for 100 h on stream to verify the catalytic stability
(Fig. 7(d)), revealing selective production of DME (66%) at high
CO, conversion (~22%) with an excellent stability even after
100 h of reaction. The observed induction period was probably
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50 to 260 °C, and kept at a constant reaction temperature of T = 260 °C and P = 0.5 MPa for 60 minutes every 5 minutes, (d) and (e) methanol-TPD
at different reaction temperatures ranging from 30 to 400 °C, and (f) methanol dehydration to DME at 260 °C under ~10 mol% methanol vapor/N, flow

(30 mL min™Y).
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involved in the surface reconstructions by the adsorption of
surface intermediates formed during CO, hydrogenation,®” which
was also supported by the particle size changes from ~9.5 nm
before the reaction to ~10 nm after 100 h reaction over the
CZ(0.9)@Z(60)-24 catalyst, as displayed in Fig. S1 and S3 (ESIt).

3.4. Proposed reaction mechanisms for CO, hydrogenation
over CZ(x)@Z(y)-t catalysts

In situ DRIFTS analysis of the CO, hydrogenation reaction,
temperature-programed desorption of methanol (methanol-TPD)
and methanol dehydration on CZ(0.9)@Z(60)-24 were further
carried out to verify surface intermediates, and altered analyses
from 30 to 400 °C for methanol-TPD analysis were also performed
(Fig. 8). The characteristic peaks appearing at 2953, 2892, 2842
and 1585 cm ' originated from C-H and C-O vibrations of the
surface formate intermediate.®®*”" Those peaks slightly increased
as the reaction temperature increased up to 260 °C, and the
duration extended up to 60 minutes because of the enhanced
formation of intermediates by CO, activation. The newly formed
peak appearing at 3015 cm™ ' was attributed to the formation of
surface methane,”” and the absorption bands at 2978, 2960 and
2855 cm™ !, introduced at a higher temperature above 200 °C, were
attributed to the C-H vibration modes of surface methoxy inter-
mediates or methanol formed.”>”” It was expected that the peak
at 2899 cm ™" originated from the DME product, strongly bonded
to the surface acidic sites of the ZSM-5 overlayers (Fig. 8(a)-(d)).”?
The formation of surface formate and methoxy intermediates
explains that methanol was possibly produced by the well-
known formate-pathway and could be dehydrated to form DME
on the acidic ZSM-5 surfaces. This pathway was facilitated on the
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optimal CZ(0.9)@Z(60)-24 catalyst with a large amount of strong
acidic sites and Cu*/Cu”® sites. Furthermore, the formation of C-H
bonds was accelerated by facilitated CO, dissociation to generate
surface CO* intermediates selectively, confirmed by the observed
peaks in the range of 2250-2400 cm ™' for adsorbed CO, and
at 2154 and 1868 cm ' for surface CO* species,”*"® formed
by the RWGS reaction on the oxygen vacant basic sites. To clarify
the adsorption properties of methanol intermediates over
CZ(0.9)@Z(60)-24, methanol-TPD and methanol dehydration reac-
tions were carried out by in situ DRIFTS analysis. The C-H
vibration peaks at ~2949, 2854, and ~2956 cm™ " were assigned
to methanol or surface methoxy species and the C-H vibration
peak (2990 cm ') for the DME product is shown in Fig. 8(d). It
was noted that the C-H vibration peak of formate intermediates
(2843 cm™') appeared with the formation of C-O vibration
(2156 cm™ ') and that the desorption occurred at the temperature
range from 200 to 300 °C (Fig. 8(e)). This observation suggests that
the CO* adsorbate can also be generated on the active Cu” sites in
CZ(0.9)@Z(60)-24 for further hydrogenation or decomposition.””
In addition, the formation of surface methoxy intermediates (C-H
vibration at 2950, 2844 cm™ '), formate (C-H vibration at
2844 cm~') and DME product (C-H vibration at 2899 cm™")
through the reaction of methanol with the surface methoxy
species formed by dehydration were also observed, as shown in
Fig. 8(f). Based on the in situ DRIFTS analyses, the mechanisms
for CO,-to-DME tandem reactions are summarized as follows, and
the schematic descriptions are displayed in Fig. 9. First, CO, and
H, reactants were simultaneously activated on the active Cu-ZnO
nanoparticles to from methanol/methoxy species through formate
intermediates with their successive hydrogenation to methoxy

Fig. 9 Proposed reaction mechanisms for direct CO, hydrogenation to DME and methanol over ZSM-5-encapsulated Cu-ZnO nanoparticles.
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species, and the dehydration of methoxy and methanol on the
acidic sties of the ZSM-5 overlayers produced DME products.
Accordingly, the catalytic activity and stability for direct CO,
hydrogenation to DME on the core-shell structured CZ(0.9)@
Z(60)-24 catalyst were correlated well with the formation rate of
surface methoxy intermediates via the preferential reaction path-
way from the formate intermediate to methanol. The optimized
CZ(0.9)@Z(60)-24 catalyst showed much higher DME/methanol
selectivity above 80% at a comparable CO, conversion above 20%
compared to the previously reported results, as summarized in
Table S2 (ESIt). In addition, CZ(0.9)@Z(60)-24 revealed a higher
DME selectivity with a lower CO selectivity than those of the
physically mixed reference CZ@Si/ZSM-5 catalysts, as summarized
in Table S3 (ESIt). High crystallinity, abundant strong acidic and
basic sites, and large amounts of active Cu’ on the thermally
stable Cu-ZnO nanoparticles, which were encapsulated with
proper ZSM-5 overlayers, were found to be most crucial for an
enhanced catalytic activity and stability during direct CO, hydro-
genation to oxygenates.

4. Conclusions

Cu-ZnO nanoparticles encapsulated in nanocrystalline ZSM-5
zeolite overlayers were prepared via a SAC preparation
approach. Highly dispersed Cu-ZnO nanoparticles maintained
active Cu' species via stronger interactions between Cu/Zn and
ZSM-5 overlayers, which revealed their thermal stability against
sintering under the optimized reduction and reaction condi-
tions of Cu/Zn ratio of 0.9, an Si/Al ratio of 60.2, and 24 h of
crystallization process. The catalyst revealed an excellent per-
formance of CO, hydrogenation to methanol and its successive
dehydration compared to the previous reports and exhibited
a CO, conversion rate of 20.8%, a STY of DME products of
13.9 gpme (gou * h ™), and a methanol/DME oxygenate selectivity
of 81.6% (62.2% DME). The spatial confinements of Cu-ZnO
nanoparticles inside ZSM-5 overlayers strengthened the interac-
tions between Cu and ZSM-5, which preserved dominant Cu"
species and facilitated the formation of key intermediates such
as formate and methoxy species for enhanced CO, conversion,
high DME selectivity, and prolonged catalyst durability for CO,-
to-DME tandem reactions. These findings for the surface struc-
tures of catalytic active sites and reaction mechanisms were well
supported by detailed characterization results including in situ
DRIFTS, AES/XPS, and XANES analyses. Our reports also paved
the possible pathway for an efficient carbon removal method by
simply providing effective and stable Cu-ZnO nanoparticles
stabilized with ZSM-5 zeolite overlayers for CO,-to-DME tandem
reactions.
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