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Introduction

Short-chain unsaturated esters, methyl acrylate (MA) and
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Dual-engine-driven synthesis of unsaturated esters
over channel-expanding Cu—Cs catalysts+

Jiagi Fan,?® Lishu Shao,**© Weizhe Gao,” Yitong Han,® Wenjie Xiang,” Hao Huang,”
Zhihao Liu,? Chufeng Liu,” Bo Wang,? Kangzhou Wang, & ¢ Guangbo Liu,® Jiancai Sui,’
Qiang Liu," Tao Li,% Tao Xing,? Shuhei Yasuda,® Zhixin Yu, & *2 Guohui Yang, © *°
Peipei Zhang* and Noritatsu Tsubaki @ *°

This study presents a one-step catalytic synthesis of unsaturated esters (methyl acrylate, MA; methyl
methacrylate, MMA) from methanol (MeOH, C1 source) and methyl acetate (MAc) via a Cu—Cs dual-
engine-driven (DED) system that integrates four sequential steps—dehydrogenation, aldol condensation,
hydrogenation, and secondary aldol condensation. The Cu-engine facilitates proton transfer by capturing
protons during MeOH dehydrogenation and donating them in methyl acrylate (MA) hydrogenation, while
the Cs-engine activates saturated esters for formaldehyde-mediated aldol condensation. Through
systematic optimization of Cu loading methods, deposition sequences, and Cu/Cs ratios, we developed
a silicon carrier channel-expanding strategy, enlarging mesopores from 14 nm to 20 nm (30% specific
surface area extension) via copper phyllosilicate-induced corrosion. Catalytic performance hinges on
balanced medium-strength acid—base sites, a 10:7 Cs/Cu ratio, and sequential Cu/Cs loading via the
ammonia evaporation method. The optimized 10Cs/7Cu/Q10 catalyst, combined with a downstream
Cs—Al/Q10 system, achieves 64.0% unsaturated ester selectivity (55.3% MeOH and 59.8% methyl acetate
conversion). This work establishes a design framework for efficient Cu—Cs catalysts in one-step ester
synthesis, emphasizing pore engineering, acid—base synergy, and dual-site cooperativity.

rubber.”® Notably, polymethyl methacrylate (PMMA), synthe-
sized from MMA monomers, assumes an irreplaceable role in
biomedical applications,”™ underscoring the paramount

methyl methacrylate (MMA), serve as pivotal chemical feed-
stocks with extensive applications spanning adhesives, coat-
ings, functional materials and the modification of plastics and
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importance of efficient MMA production methodologies.
Currently, industrial synthesis of MMA predominantly relies
on acetone-, isobutene- or ethylene-based routes.” The acetone
cyanohydrin (ACH) process, utilizing acetone as the starting
material, necessitates the use of highly toxic hydrogen cyanide
(HCN) and excessive corrosive sulfuric acid during the amina-
tion step,"® posing significant safety and environmental chal-
lenges. Isobutylene-derived processes via methacrolein
intermediates are encumbered by the reliance on rare metal
catalysts and complex multi-step procedures."**” Ethylene-
based pathways include hydroesterification and aldol
condensation;**?° the former step demands palladium-based
catalysts, inflating industrial costs, while the Ilatter step,
involving methyl propionate (MP)-formaldehyde condensation
under milder conditions, emerges as a promising alternative.
Besides ethylene, MP can also be produced by the hydrogena-
tion of MA. Therefore, a three-step cascade process involving
aldol condensation, hydrogenation and secondary aldol
condensation using formaldehyde and methyl acetate (Mac) as
feedstocks offers an environmentally benign route to MMA
(Fig. 1). However, this approach requires either dissolving toxic
paraformaldehyde in methanol (MeOH) or oxidizing MeOH to
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Fig. 1 Traditional process and the one-step synthesis route for MMA.

generate formaldehyde. Both methods are operationally
cumbersome and economically inefficient. Direct utilization of
MeOH as a feedstock for unsaturated esters could streamline
the synthesis and enhance the value of this abundant C1
compound.

MeOH was primarily produced via syngas conversion over
Cu-based catalysts>>® and increasingly via CO, reduction
pathways.”*** In 2013, Tsubaki's team reported a remarkable
56% total carbon conversion and 98% MeOH selectivity at 170 °©
C from CO,-containing syngas.”* Mature synthesis routes and
well-established synthesis processes render MeOH a readily
available C1 resource.>** Leveraging MeOH to produce high
value-added products not only addresses excess production
capacity but also aligns with global efforts toward carbon
neutrality.

In the pursuit of more sustainable synthesis methods,
numerous strategies have been explored for the catalytic
conversion of MeOH into unsaturated esters. Cobalt complexes
have demonstrated catalytic activity, yet their intricate molec-
ular structures and elaborate preparation protocols impede
practical implementation.>**® Noble metal-based systems, such
as Au catalysts, exhibit excellent performance but remain cost-
prohibitive for large-scale industrial deployment.*** Zeolite-
based catalysts, exemplified by Beta zeolites, suffer from inevi-
table coke formation, leading to rapid deactivation and short-
ened catalyst lifetimes.*® Although Duan's team recently
reported a Cu/SiO, and Cs/SiO, catalyst mixture for MMA
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synthesis,* the practical application of this system requires the
precise arrangement of three distinct catalysts within the reac-
tion bed, with product selectivity highly sensitive to their spatial
configuration.

Considering the above challenges and opportunities, the
design of a novel catalytic system for the one-step synthesis of
MMA or MA from MeOH presents a compelling research
direction. Drawing inspiration from the “dual-engine-driven”
(DED) catalytic concept,® we hypothesized that the protons
released during methanol-to-formaldehyde conversion could be
harnessed for MA hydrogenation. Capitalizing on this synergy,
we developed a copper-cesium-based DED catalytic system. The
Cu-engine functions as a proton shuttle, facilitating proton
abstraction during MeOH dehydrogenation and donation
during MA reduction, while the Cs-engine activates MAc and
MP, promoting their condensation with formaldehyde. This
integrated approach aims to achieve a more efficient and
sustainable route to industrially important unsaturated esters.

Experimental
Catalyst preparation

Supported Cu-Cs catalysts were prepared by the impregnation
or ammonia evaporation method.

During a typical co-impregnation process, 0.312 g of cesium
nitrate (CsNOj, Sigma-Aldrich, 99%) and 0.534 g of copper
nitrate (Cu(NO3),-3H,0, Sigma-Aldrich, 99%) were dissolved in

© 2025 The Author(s). Published by the Royal Society of Chemistry
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5 mL of deionized water separately and stirred for 30 min. The
above solutions were then added dropwise to 2 g of SiO,
(CARIACT Q-10, Fuji Silysia Chemical Ltd.) particles under
ultrasonic treatment. After vacuum drying overnight, the
sample was further calcined at 500 °C for 6 h. Two samples with
different metal loadings were prepared and named 10Cs-7Cu/
Q10 and 33Cs-22Cu/Q10, respectively. 10Cs/Q10 was prepared
by the same impregnation method without adding Cu sources.

7Cu/Q10 and 22Cu/Q10 were prepared by the ammonia
evaporation method. Specifically, 0.534 g of copper nitrate
(Cu(NO;),-3H,0, Sigma-Aldrich, 99%) was dissolved in 50 mL
of deionized water. Subsequently, 5 ml of ammonia (NH;-H,0,
Wako, 25%) was added and stirred for 30 minutes, followed by
the addition of 2 g of SiO, (CARIACT Q-10, Fuji Silysia Chemical
Ltd.). The mixture was stirred at room temperature for 4 h to
form a homogeneous slurry and then stirred at 80 °C for 2 h to
evaporate the ammonium solution. The obtained precursors
with different metal loadings were washed, dried, and then
calcined at 400 °C for 4 h to obtain 7Cu/Q10 and 22Cu/Q10.

7Cu/10Cs/Q10-A was obtained by loading Cu on previously
mentioned 10Cs/Q10 through ammonia evaporation treatment.
7Cu/10Cs/Q10-1 was also prepared in two steps; however, Cu
was loaded by the impregnation method rather than ammonia
vaporization.

10Cs/7Cu/Q10 and 33Cs/22Cu/Q10 were prepared based on
7Cu/Q10 and 22Cu/Q10, with Cs loaded by the impregnation
method. Meanwhile, 13Cs/4Cu/Q10 and 7Cs/10Cu/Q10 with
different copper-cesium ratios were also prepared.

10Cs-Al/Q10 was prepared by two step impregnation. 0.91 g
of aluminum nitrate (Al(NO3);-9H,0, Wako, 98%) was dis-
solved in 5.1 mL of deionized water, then dropwise added to 4 g
of Si0, (CARIACT Q-10, Fuji Silysia Chemical Ltd) and sonicated
for 30 min. Al/Q10 was obtained after overnight drying and
calcination at 500 °C for 4 h. Cesium carbonate (Cs,CO3, Sigma-
Aldrich, 99%) was then dissolved in 3.3 mL of deionized water
and dropped onto Al/Q10, followed by overnight drying, and
further calcined by a stepwise temperature program of 150 °C
for 3 h, then 350 °C for 3 h, and lastly 550 °C for 4 h to get 10Cs-
Al/Q10.

7Cu/10Cs-Al/Q10 was prepared by the same method of 7Cu/
10Cs/Q10-1 except for the replacement of 10Cs/Q10 with 10Cs-
Al/Q10.

Catalyst characterization

Powder X-ray diffraction (XRD) was performed on a RINT 2400
diffractometer (Rigaku, Japan) with a Cu Ko (A = 0.154 nm)
radiation source. The operating voltage was 40 KV, and the
current was 20 mA. Scanning was carried out in the 26 range of
5-80° W. The scanning electron microscopy (SEM) images were
captured using a JSM-6360 LV (JEOL, Japan) at an accelerating
voltage of 10 kV. High-resolution transmission electron
microscopy (HRTEM) was performed using a JEM-2100F
microscope operated at 200 kV, and elemental mapping was
performed using an Oxford spectrometer.

Inductively coupled plasma-optical emission spectrometry
(ICP-OES) was conducted using a Thermo Scientific iCAP at an

© 2025 The Author(s). Published by the Royal Society of Chemistry
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RF power of 1.25 W. A certain amount of the sample was dis-
solved in mixed acids and diluted to a constant volume, fol-
lowed by nebulization at a flow rate of 0.7 L min~" into the
spectrophotometric system.

X-ray photoelectron spectroscopy (XPS) of the samples was
carried out on a Thermo Fisher Scientific ESCALAB 250Xi
multifunctional X-ray photoelectron spectroscope. All data were
normalized and corrected with a standard of 284.8 eV for C 1s.

The acidic and alkali properties of the samples were
measured using ammonia temperature-programmed desorp-
tion (NH;-TPD) and carbon dioxide temperature-programmed
desorption (CO,-TPD). These measurements were carried out
on a BELCAT II catalyst analyzer equipped with a thermal
conductivity detector (TCD). In a typical NH;-TPD measure-
ment, 10 mg of sample powder was pretreated for 1 h at 400 °C
under a flow of helium at 30 ml min ‘. Then, the mixed
ammonia gas flow (5 vol% NHz/He, 30 mL min ') was intro-
duced after cooling down to 50 °C. Subsequently, helium (30 ml
min~") was purged for 1 h to remove physically adsorbed
ammonia. The desorption of ammonia was carried out under
a helium flow of 30 ml min~" in the range of 50-500 °C. In
a typical CO,-TPD measurement, 40 mg of sample powder was
pretreated for 1 h at 400 °C under a flow of helium at 30 ml
min~". The CO, gas flow was introduced after cooling down to
50 °C, followed by purging with helium (30 mI min~") for 1 h to
remove physically adsorbed CO,. The desorption was carried
out under a helium flow of 30 ml min~" in the range of 50-500 ©
C.

Temperature programmed surface reaction mass spectrom-
etry (TPSR-MS) was conducted using a BELCAT II catalyst
analyzer equipped with a mass spectrometer. A 10 mg sample
was purged with helium (30 ml min~") at 400 °C for 1 h and
then cooled to 50 °C. Helium (30 ml min~") was then passed
through a cold trap containing 12.1 g of MeOH and 2.1 g of MAc,
carrying the saturated vapors of the feedstock through the
catalyst bed while the sample was heated up to 700 °C at a rate
of 5 °C min~ ",

Nitrogen absorption-desorption isotherms were obtained
using a Micromeritics 3Flex analyzer. Before measurement, the
samples were vacuumed at 200 °C for 4 h to degas the surface.
Based on nitrogen absorption-desorption isotherms, the
specific surface area was calculated using the Brunauer-
Emmett-Teller (BET) method; the pore size distribution was
calculated using the Grand Canonical Monte Carlo (GCMC)
method.

In situ Fourier transform infrared spectroscopy (In situ FTIR)
was performed by collecting 64 scans at a resolution of 2 cm ™"
on a Nicolet Nexus 470 FTIR spectrometer equipped with
a liquid-nitrogen-cooled MCT detector. In a typical measure-
ment, about 15 mg of sample powder was pressed into a self-
supporting wafer and placed into a cell equipped with ZnSe
windows. The samples were pretreated at 400 °C in a He
atmosphere at 20 ml min ™" for 4 h. Reduction was carried out
for 4 h at a flow rate of 20 ml min~" of H,, followed by purging
with N, at 20 ml min ™" for 30 min. Subsequently, 20 ml per min
N, passed through a 0 °C cold trap containing 12.1 g MeOH and

Chem. Sci., 2025, 16, 12927-12940 | 12929
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2.1 g MAc, carrying the mixture gas into the in situ cell while the
collection of drift spectra was initiated.

Catalytic performance evaluation

Catalytic performance evaluation for unsaturated ester
synthesis was conducted with an 8 mm inner diameter fixed-
bed reactor using a designed dual-bed catalyst. First, 200 mg
of 40-60 mesh catalyst was loaded into the reactor. Then,
a 5 mm layer of quartz wool was filled, followed by filling 200 mg
of 40-60 mesh Cs-Al/Q10 catalyst. The reduction process was
conducted at 400 °C with 20 mL per min H, for 10 h. The
reaction was performed at 400 °C with a N, flow rate of 20 mL
min~". The nitrogen gas passed through a 0 °C cold trap con-
taining 12.1 g MeOH and 2.1 g MAc. The effluent gas after
reaction was analyzed by online gas chromatography (GC)
equipped with a capillary column (InertCap 5), which was
connected with a flame ionization detector (FID). Conversion of
MeOH (Cpeon), MAC (Cumac) and selectivity of products (Sj)
based on carbon molar numbers were calculated using the
following equations:
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CMeOH (0/0) = (AMeOH, in — AMeOH, out)/(AMeOH, in) x 100%
(4 is the GC peak area of detected species.)

CMAc (0/0) = (AMAC, in — AMAC, out)/(AMAc, in) x 100%

S; (%) = ny/=n; x 100% (1 = MA, MP, MMA, byproducts;
n = the amount of substance of i.)

Results and discussion

Fig. 2A and B illustrate the XRD patterns of as-synthesized and
spent catalysts, providing crucial insights into their structural
transformations. The characteristic diffraction peaks at 26
values of 35.6°, 38.4°, and 38.7°, corresponding to the [—111],
[111], and [200] crystal planes of CuO (PDF00-041-0254),**
along with additional peaks at 48.7° [—202], 53.5° [020], 58.4°
[202], and 71.6° [—311], confirm the successful dispersion of
CuO on the Q10 carrier. Notably, samples 33Cs-22Cu/Q10 and
33Cs/22Cu/Q10, characterized by higher Cu loadings, exhibit
enhanced diffraction intensities of CuO, as evidenced by
patterns b and fin Fig. 2A. Diffraction peaks at 26 values of 19.7°

@

10€s/7Cu/Q10

I
CsLal 30 nm
Si Kal
I
30 nm

Cs Lal

I
CsLal 30nm

Fig. 2 The XRD patterns of as-synthesized samples (A) and spent samples (B): (a) 10Cs—7Cu/Q10, (b) 33Cs-22Cu/Q10, (c) 7Cu/10Cs/Q10-I, (d)
7Cu/10Cs/Q10-A, (e) 10Cs/7Cu/Q10, (f) 33Cs/22Cu/Q10, and (g) 7Cu/10Cs-Al/Q10; (C)-(E) SEM images of the samples; (F)-(H) HRTEM images

of the samples; (I)-(K) EDS mapping analysis of the samples.
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and 28.1° indicate the presence of Cs in an oxidized state (Cs,0)
within the as-synthesized catalysts;**** however, their relatively
low intensities suggest high dispersion. In contrast, the XRD
patterns of spent catalysts reveal a significant transformation:
the disappearance of CuO and Cs,O peaks, replaced by the
characteristic peaks of metallic Cu at 26 values of 43.4° [111],
50.5° [200] and 74.1° [220]. The absence of metallic Cs diffrac-
tion peaks implies that the Cs site (Cs,O) might be covered by
coke deposition.

Morphological analysis reveals that all catalysts maintain
spherical particle shapes with a diameter of approximately 75
pum. Although the sequential loading of metals does not alter
the overall morphology, a notable difference emerges in the
particle dispersion. As shown in Fig. S1,f 7Cu/10Cs/Q10-I,
prepared via double impregnation, exhibits significant
particle agglomeration, contrasting sharply with the more
dispersed structures of catalysts synthesized by ammonia
evaporation (Fig. 2C-E). HRTEM photographs and corre-
sponding EDS surface scanning analysis (Fig. 2F-K) show that
CuO and Cs,O particles are uniformly dispersed on the 10Cs/
7Cu/Q10 catalyst, with denser dispersion of these particles
observed on the higher metal-loading 33Cs/22Cu/Q10; in
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contrast, 7Cu/10Cs/Q10-A displays lower Cs energy-dispersive
spectroscopy surface scanning density than 10Cs/7Cu/Q10,
along with larger metal oxide particles, indicating that the
secondary ammonia evaporation treatment causes partial loss
of pre-loaded Cs sites and facilitates agglomeration of oxide
particles. EDS mapping quantifies the surface loadings of
copper and cesium on 10Cs/7Cu/Q10 at 2.1 wt% and 5.3 wt%,
respectively, yielding a Cu/Cs mass ratio of 3.96/10 (Fig. S2ET).
The catalyst 33Cs/22Cu/Q10, synthesized with increased metal
salt inputs, shows substantially higher loadings of 23.3 wt% Cu
and 17.2 wt% Cs (Fig. S2Ff). The Cu/Cs mass ratio of 4.48/10 on
the 7Cu/10Cs/Q10-A catalyst suggests that subsequent metal
loading partially covers the sites of the initially loaded metal.
Additionally, complementary ICP-OES analysis of the fresh and
spent samples (Table S17) further validates the minimal
leaching of Cu, ensuring the stability of the catalytic system.
N, adsorption-desorption isotherms (Fig. S31) and pore size
distribution curves (Fig. 3A) provide insights into the catalyst's
textural properties. The BET surface areas and average pore
diameters are summarized in Fig. 3B. Co-impregnated and
multiple impregnated samples retain a consistent mesoporous
structure with an average pore size of 14 nm. In contrast,

11600 cm™

Absorbance

7Cu/Q10

10Cs/Q10

1800 1600 1400 1200 1000 800 600 400
‘Wavenumber (cm")

for Cu loading

Rt 2L

10Cs/7Cu/Q10

(A) Calculated GCMC pore size distribution curves of as-synthesized samples. (B) BET surface area and average pore diameter of as-

synthesized samples: (a) 10Cs-7Cu/Q10, (b) 33Cs—22Cu/Q10, (c) 7Cu/10Cs/Q10-I, (d) 7Cu/10Cs/Q10-A, (e) 10Cs/7Cu/Q10, (f) 33Cs/22Cu/Q10,
and (g) 7Cu/10Cs—-Al/Q10. (C) FTIR spectra of 10Cs/Q10, 7Cu/Q10 and 10Cs/7Cu/Q10. (D) Cu 2p XPS spectra of 7Cu/Q10-I, 7Cu/Q10 and 10Cs/

7Cu/Q10. (E) Schematic synthesis routes of 10Cs—7Cu/Q10, 7Cu/10Cs/Q10-A, and 10Cs/7Cu/Q10.
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ammonia evaporation treatment induces significant structural
modifications. Etching of the silica framework creates larger
mesopores (20 nm), as indicated by GCMC modeling. These
changes also led to a visible extension of the specific surface
area of the catalyst from 150 m* g~* (7Cu/10Cs/Q10-1) to 200 m>
g~' (7Cu/10Cs/Q10-A). The enhanced surface area likely
improves catalytic activity by exposing more active sites.

FTIR was used to investigate deformations in the silica-
oxygen structure of Q10 carriers during the ammonia evapora-
tion process. As depicted in Fig. 3C, absorption bands at
1087 em ! and 763 cm ! correspond to asymmetric vg;_o and
symmetric vsi_o stretching vibrations of SiO,, respectively.***”
While bands at 1600 cm ' are associated with physically
adsorbed water.*® These features, originating from Q10 carriers,
are readily observable in all tested samples. For 7Cu/Q10,
a shoulder peak at 1006 cm ' appears adjacent to the
1087 cm ' bands. This offset asymmetric vg o stretching
vibration originates from copper phyllosilicate (Cu,Si,O5(OH),).
The absorption bands at 655 cm ™" indicate bending vibration of
the hydroxyl group 6o-y in copper phyllosilicate.**** The
shoulder peak around 1006 cm ™" is less pronounced in 10Cs/
7Cu/Q10, suggesting that subsequent Cs loading weakens the
Si-O vibrational signal in copper phyllosilicate via the forma-
tion of Si-O-Cs linkages. However, the absorption bands of the
characteristic bending vibrations doy (655 cm ™) remain clearly
visible.

XPS analysis (Fig. 3D and S47}) provides further evidence for
copper phyllosilicate formation. For CuO, the Cu 2p,/, and Cu
2ps» binding energies typically appear at 954 eV and 933 eV,
respectively.***! In 7Cu/Q10-I prepared by impregnation, peaks
at 953.7 eV and 933.1 eV confirm the presence of surface CuO. A
significant shift in the Cu 2pj;/, binding energy to 934.9 eV was
observed over the catalysts prepared by the ammonia evapora-
tion method (7Cu/Q10 and 10Cs/7Cu/Q10). This shift is char-
acteristic of Cu 2p in copper phyllosilicate.** Additionally, the
Cu*" satellite peaks in the XPS spectra of all samples within the
range of 940-945 eV confirmed the d° electronic configuration
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of Cu ions.*" In the Cs 3d region of 10Cs/7Cu/Q10 (Fig. S4Bt),
peaks at binding energies of 725.5 eV (Cs 3d5,,) and 739.6 eV (Cs
3ds),) indicate the presence of Cs,0.%%%%°

These findings elucidate the molecular mechanism of
channel-expanding effect by the ammonia evaporation method.
As illustrated in Fig. 3E, co-impregnation deposits metals
primarily on the external surface and within narrow pores. In
contrast, ammonia solutions containing copper-ammonia
complexes etch the silica framework by forming copper phyl-
losilicate. This process enlarges the original 14 nm mesopores
to 20 nm, and the larger mesopores result in an extension of
specific surface area. The expanded pores facilitate uniform
metal dispersion and enhance mass transfer. After Q10 is pre-
treated with copper nitrate and ammonia, subsequent Cs
species disperse more effectively within the enlarged meso-
pores. Impregnation methods without prior pore expansion
lead to preferential Cs deposition on the catalyst surface.

To probe the activity enhancement benefits from the
channel-expanding strategy, the catalytic performance of two
series of catalysts—10Cs-7Cu/Q10 and 33Cs-22Cu/Q10 (co-
impregnation) vs. 10Cs/7Cu/Q10 and 33Cs/22Cu/Q10
(ammonia evaporation)—was evaluated for one-step unsatu-
rated ester synthesis. As shown in Fig. 4A, 10Cs-7Cu/Q10 ach-
ieved 35.9% MeOH conversion and 52.6% MAc conversion, with
MA and MP selectivities of 48.8% and 4.8%, respectively
(Fig. 4E). Tripling the metal loading (33Cs-22Cu/Q10) reduced
MAc conversion to 35.3% (Fig. 4B), implying that the excessive
metal loading decreases active site accessibility. Narrow pores
and metal stacking likely impede reactant diffusion, leading to
increased by-products (e.g., 2-methacrolein, methyl isobutyrate
and propionaldehyde) and lower selectivity of MA (38.4%). In
contrast, the channel-expanding catalyst 10Cs/7Cu/Q10 signifi-
cantly improved both MeOH (55.3%) and MAc (59.8%) conver-
sion (Fig. 4C). MA selectivity increased to 59.2%, accompanied
by 5.3% MMA formation via the further condensation of MP
and formaldehyde. In contrast to catalysts prepared by the co-
impregnation method, when increasing the metal loading on
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Fig. 4 Catalytic performance of (A) 10Cs—7Cu/Q10, (B) 33Cs—22Cu/Q10, (C) 10Cs/7Cu/Q10, and (D) 33Cs/22Cu/Q10. (E) Product selectivity
over different samples. Reaction conditions: dual layer catalytic bed with 0.2 g sample loaded in the upper layer and 0.2 g Cs—Al/Q10 in the lower
layer, GHSV = 3000 ml g~ h™%, 400 °C, 0.1 MPa, MeOH/MAc = 2/1, N, flow rate 20 mL min™™.
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33Cs/22Cu/Q10, it was found that the conversions of MeOH and
MAc increased to 60.1% and 67.2%, respectively. This implies
that 33Cs/22Cu/Q10 exposes more active sites than 33Cs-22Cu/
Q10, which means the channel-expanding strategy mitigates
metal stacking and enhances catalytic performance.

In situ FTIR was employed to monitor surface changes during
reduction and reaction (Fig. 5 and S5%). During the 2 h reduc-
tion of 7Cu/Q10 (Fig. 5A), a broad inverse absorption band near
3600-3300 cm ™" was assigned to O-H stretching vibrations of
water absorbed on the surface of CuO.”*** This band was absent
in 10Cs/Q10 during the same reduction process (Fig. 5B), con-
firming that the water originated from CuO surfaces. As H,
reduced CuO to metallic Cu, adsorbed H,O desorbed, explain-
ing the band's decline. For the same reason, a similar band
around 3200 cm™ " appeared during the reduction of 10Cs/7Cu/
Q10 (Fig. 5C). Sharp bands at 2367 cm ' and 2337 cm ' in
Fig. 5A were assigned to CO, infrared signatures.>**>*

Surface information of 7Cu/Q10 was also recorded under the
atmosphere of MeOH/MAc mixtures to model the reaction
process. A sharp negative band at 3744 cm ™' corresponded to
O-H stretching vibration of isolated silanol groups (Fig. 5D),>*"*’
arising from hydrogen bonding between MeOH and silanol
groups. This interaction was negligible on the 10Cs/Q10 surface
(Fig. 5E), indicating that MeOH preferentially adsorbs on Cu
rather than Cs sites. Bands at 2953 cm ' and 2854 cm '
correspond to C-H asymmetric/symmetric vibrations of *CHj;
species in MeOH/MAc.¥-* The absorption bands at 1765 cm ™"
and 1240 cm ! corresponded to the C=0 symmietric stretching
vibration and C-O stretching mode of *COOCH; species in
MAc, respectively.®”* Another 1053 cm ™' absorption band
indicated C-O stretching mode in MeOH.*"*

For 10Cs/Q10 (Fig. 5E), apart from characteristic peaks of
MeOH and MAc (absorption bands at 2953 cm ™", 2854 cm ™},

View Article Online
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1765 cm ', 1240 cm ' and 1053 cm '), a 1583 cm ' charac-
teristic band revealed C=C symmetric stretching vibration,*”°
indicating solid evidence for the formation of unsaturated
esters (MA and MMA). This implies that aldol condensation
occurs at Cs sites.*>”*7* It is hypothesized that Cs-driven acti-
vation of MAc's carbonyl group enables enolate formation even
without formaldehyde substitution. The absence of C=C bands
on 7Cu/Q10 confirms that Cs sites are critical for condensation.

As shown in Fig. 5F, the more pronounced absorption band
at 3744 cm ™' indicated enhanced MeOH adsorption and
conversion on 10Cs/7Cu/Q10 compared to 7Cu/Q10. While
MeOH and MAc signals persisted (2953 cm ', 2854 cm !,
1765 cm ™!, 1240 cm ™' and 1053 ecm ™), it is noteworthy that the
1583 cm™ " band (C=C) was more intense than that of
1765 cm™ " (C=0), contrasting with 10Cs/Q10. This stems from
DED synergy: Cu-engine promotes the conversion of MeOH to
formaldehyde, which provides the feedstock for aldol conden-
sation, while protons (*H) produced by the above process can
reduce unsaturated MA to MP, enabling subsequent conden-
sation with formaldehyde to obtain more MMA.

The catalytic performance of 10Cu/Q10 and 7Cs/Q10
(Fig. S61) is consistent with the infrared conclusions: in the
Cu-only system, MeOH conversion remains at 27%, while MAc
conversion is below 2%. This confirms that Cu promotes MeOH
conversion, but MAc activation is negligible without the Cs-
engine. Formaldehyde was the main by-product without any
ester generation. In the Cu-only system, MeOH conversion is
only 5% (lacking Cu-engine), and MAc conversion is 2-3%,
significantly lower than the 30-60% observed on the DED
catalyst (10Cs/7Cu/Q10). Under formaldehyde-deficient condi-
tions, Cs-engine alone cannot facilitate efficient aldol conden-
sation of MAc with formaldehyde. Trace MA was detected, but
no MP was observed, indicating that proton availability for MA
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hydrogenation is insufficient without Cu-driven
dehydrogenation.

These findings underscore the synergistic interplay between
Cu and Cs in the DED catalyst: Cu facilitates MeOH dehydro-
genation to generate formaldehyde and protons, while Cs acti-
vates MAc via carbonyl coordination, enabling efficient aldol
condensation. The presumed reaction pathway (Fig. 6), based
on in situ FTIR analysis, proceeds as follows: firstly, MeOH is
dehydrogenated on Cu sites to produce formaldehyde, which is
activated to a carbon cation immediately. Simultaneously, Cs
coordinates the carbonyl group of MAc, enhancing a-carbon
nucleophilicity. Aldol condensation between these activated
species yields a hydroxyl intermediate and the unstable inter-
mediate, which dehydrates to form the primary unsaturated
ester MA. Secondly, MA is hydrogenated to the saturated ester
MP using protons derived from MeOH dehydrogenation,
mediated by Cu sites. This step highlights the dual role of the
Cu-engine in both formaldehyde generation and subsequent
hydrogenation. Thirdly, Cs coordinates the carbonyl group of
MP, enabling Cu-driven o-hydrogen abstraction to form
a nucleophilic carbanion. Electrophilic substitution with acti-
vated formaldehyde generates a secondary intermediate, which
undergoes dehydration to yield MMA. Protons released during
this step recombine as H, gas. The exclusive a-carbon substi-
tution in unsaturated esters arises from Cs-driven carbonyl
polarization, which directs electrophilic substitution to the a-
carbon position. This mechanistic insight demonstrates the
cooperative roles of Cu (redox) and Cs (base) in enabling the
sequential dehydrogenation, condensation, and hydrogenation
steps that are critical for efficient MMA synthesis.
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Given the critical role of acidity and alkalinity in activating
formaldehyde as well as MAc, NH;-TPD and CO,-TPD were
conducted to characterize the acid-base properties of the
samples (Fig. 7A, B and S77). Desorption peaks appearing at 50—
150 °C are attributed to weak acid and base sites, those at 150-
300 °C to medium sites, and signals at 300 to 500 °C are
summarized as strong acid and base sites.

Vertical peak integration (Fig. 7C) showed that 10Cs/7Cu/
Q10 possessed 302 pmol NH; per g total acid sites, primarily
weak (121 pmol NH; per g) and medium acids (162 pmol NH;
per g), along with comparable weak (97 pmol CO, per g) and
medium (123 pmol CO, per g) base sites. As expected, 33Cs/
22Cu/Q10 exhibited higher acid (433 pumol NH; per g) and
base site (314 pmol CO, per g) densities. These acid and base
sites originate from the loaded Cu and Cs elements and linearly
correlate with their content. Adjusting the Cu/Cs ratio revealed
that increase in Cu loading enhanced weak acids (121 pmol NH;
per g in 7Cs/10Cu/Q10), while higher Cs loading enriched
medium base sites (151 pmol CO, per g in 13Cs/4Cu/Q10).
Comparing 10Cs/7Cu/Q10 (Fig. 4C) and 13Cs/4Cu/Q10
(Fig. 7D) at close MAc conversions (60%), the latter showed
improved MA selectivity in the first 2 h. It highlights the
contribution of the Cs-engine in aldol condensation since the
extra Cs promotes the MAc conversion. However, the proton
transfer between MeOH and MA was limited because of the
insufficient Cu-engine, reducing the conversion of MeOH and
selectivity of MP (3.1%). For 7Cs/10Cu/Q10 (Fig. 7E), MeOH/
MAc conversions were 38.3% and 47.5%, respectively. Despite
the guaranteed amount of Cu loading, reduced MeOH conver-
sion stemmed from insufficient Cs-driven MA activation, while

Fig. 6 Presumed reaction pathway for DED synthesis of unsaturated esters over the Cu—Cs catalyst.
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0.2 g Cs—-Al/Q10 in the lower layer, GHSV = 3000 ml g™* h™%, 400 °C, 0.1 MPa, MeOH/MAc = 2/1, N, flow rate 20 mL min™™.

12.7% selectivity of MP indicated near-saturation of proton
acceptance by MA. These results confirm that the Cu and Cs
engines act synergistically rather than independently to
promote the generation of MA and MMA. Catalysts with
reversed metal loading order (7Cu/10Cs/Q10-A and 7Cu/10Cs/
Q10-I) exhibited lower amounts of acid sites and base sites
(210 pmol NH; per g, 173 umol CO, per g vs. 223 umol NH; per
g, 190 umol CO, per g, respectively). The production over 7Cu/
10Cs/Q10-A contains 19.3% MP probably due to a higher
amount of medium acid sites (121 pmol NH; per g), while 46.2%
of by-products were generated on 7Cu/10Cs/Q10-I because of
imbalanced acid-base ratios. 10Cs/7Cu/Q10's
optimal acid-base ratio and a higher percentage of medium
acid and medium base, enabled superior catalytic performance.

Notably, Cs-Al/Q10 was introduced as a second catalyst bed
in a series of previously executed reactions to enhance the
formation of unsaturated esters, as it promotes the condensa-

In contrast,

tion of MP with formaldehyde and accelerates the consumption
of MAc and excess formaldehyde according to the previous
reports.**”® Here we investigated the role of the lower Cs-Al/Q10
bed through comparative experiments with or without its

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

loading, using Cu-loaded Cs-Al/Q10 as a reference (Fig. 8E).
With dual-bed catalysts (Fig. 8B), the selectivity of MA increased
from 21% at 1 h to a stable 59%, whereas the single-bed system
without Cs-Al/Q10 showed only 5% MA selectivity at 1 h
(Fig. 8D), with 43% MP and 48% byproducts. This confirms that
Cs-Al/Q10 preferentially drives MAc to MA rather than to by-
products.

In the dual-bed system (10Cs/7Cu/Q10 + Cs-Al/Q10), the
selectivity of the saturated ester MP initially reached 45% but
decreased to 15% as the reaction proceeded, compared to
30.3% MP selectivity in the single-bed system (Fig. 8G). This
indicates that Cs—Al/Q10 accelerates the condensation of MP to
MMA, evidenced by the MMA selectivity enhancement by add-
ing Cs-Al/Q10 (from 4.9% to 5.3%). Conversely, 7Cu/10Cs-Al/
Q10 (Fig. 8F) showed 38.3% MeOH and 47.5% MAc conver-
sion without MMA formation, suggesting that Cu loading on
Cs-Al/Q10 limits Cs-driven MAc/MP activation. Dual-bed
configuration optimizes Cu/Cs site utilization.

TPSR-MS analysis (Fig. 8H-K) probed the reaction dynamics
with or without Cs-Al/Q10, and fragment m/z values for relevant
chemicals are given in Table S2.f *CH; (m/z = 31) fragments

Chem. Sci., 2025, 16, 12927-12940 | 12935
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represent MeOH, while *COCHj; (m/z = 43) fragments as well as
MAc molecular fragments (m/z = 74) represent MAc. These
signals decreased from 270 °C, reaching a minimum at 420 °C,
indicating vigorous reaction between MeOH and MAc at this
temperature. A rebound in fragment intensity above 510 °C
suggested side reactions.

Among the product fragments, *COCH=CH, (m/z = 55) and
the MA molecule (m/z = 85) fragments peaked at 480 °C,”” while
*COCH,CH; (m/z = 57) fragments and MP molecule (m/z = 88)
fragments showed maximum signals at 455 °C. The decline in
MP signals and rise in MA signals between 455 to 480 °C indi-
cate that the hydrogenation of MA favors lower temperatures,
consistent with theoretical calculations.” The fragments with
m/z = 41 representing *C(CH;)=CH,, corresponding to MMA,
also peaked at 455 °C, overlapping with MP signals, reflecting
abundant formaldehyde in the reaction system. All product

12936 | Chem. Sci., 2025, 16, 12927-12940

fragment intensities were higher in the dual-bed system,
reconfirming Cs-Al/Q10's role in the acceleration of MP
condensation.

A 24-hour stability test was conducted using the optimal
10Cs/7Cu/Q10 catalyst in the unsaturated ester synthesis system
on a dual-layer catalytic bed (Fig. S87). The results show that the
selectivity of MA remains relatively stable over TOS, while the
selectivities of MP and MMA decrease gradually. The selectivity
of byproducts increases slightly during the test period, and
starting from the 12th hour, the conversion of MAc shows
a gradual decline. Overall, the 10Cs/7Cu/Q10 catalyst demon-
strates good stability in this synthesis system, indicating its
potential for practical applications in the one-step synthesis of
unsaturated esters.

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

In this study, a DED catalytic system was developed for the one-
step synthesis of unsaturated ester from MeOH and MAc. The
designed catalyst integrates a Cu-engine and a Cs-engine,
addressing the critical challenge of spatiotemporal mismatch
in proton transfer during MeOH dehydrogenation and MA
hydrogenation. The Cu-engine facilitates proton shuttling to
synchronize these two reactions macroscopically, while the Cs-
engine, acting as base sites, activates the a-carbon of the satu-
rated esters (MAc and MP) by carbonyl coordination, enabling
efficient aldol condensation with formaldehyde. This dual
functionality provides a seamless, synergistic mechanism for
the entire reaction network. As evidenced by in situ FTIR, the
absence of C=C absorption bands over the single Cu-engine
catalyst (7Cu/SiO,) confirms the indispensable role of Cs for
unsaturated ester formation. In contrast, the DED catalyst
(10Cs/7Cu/Q10) exhibited enhanced MeOH adsorption and
product signals compared to the Cs-only (10Cs/Q10) system.

Additionally, an ammonia evaporation method introduced
a channel-expanding strategy during catalyst preparation.
Compared to the co-impregnated 10Cs-7Cu/Q10, 10Cs/7Cu/Q10
showed a 50% increase in average pore diameter and a 60%
expansion in specific surface area. In a dual-bed catalytic system
combining Cs-Al/Q10, the overall selectivity of unsaturated
esters reached 64.5%. The present work achieves the efficient
synthesis of unsaturated esters via a channel-expanding Cu-Cs
DED catalyst, offering a new paradigm for catalyst design and
modification in multi-step transformations.
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