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Silica Silicalite-1 Zeolite and CeQO, into Cu Catalysts

Jing Xu, Ke Wang, Meng Zhao, Rui Zhang, Wenjie Cui, Li Liu, Xiao Wang,* Jing Wang,*

Shuyan Song,* and Hongjie Zhang

Abstract: Chemical conversion of CO, is providing an
opportunity to mitigate the global warming induced by
the overconsumption of fossil fuel. Cu has been
regarded as one of the most powerful contenders in
catalyzing CO, conversion, yet the precise manipulation
of its surface state and the nearby chemical environment
continues to pose a formidable challenge. In this work,
we report a high-efficiency catalyst by utilizing CeO,
and pure silicon zeolite (S1) to co-activate Cu species. In
CO,-to-methanol (CTM) conversion, the space-time
yield of methanol (STYy.on) of the obtained CuCe/S1
catalysts reaches 87.23 gkge, 'h™!, which represents a
fivefold increase compared to that of the Cu/CeO,
catalysts. The following mechanistic investigations reveal
that S1 serves as a pivotal stabilizer for the small-sized
CeO, particles, thereby significantly enhancing the
synergistic interaction between Cu species and CeO,.
The crafted interaface possesses abundant oxygen
vacancies and a high content of Cu', significantly
enhancing the adsorption of CO, and inhibiting the
formation of CO. Our discovery presents a promising
new direction for catalyst upgrading and performance
enhancement for CTM processes in the foreseeable

future.
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Introduction

Selectively converting CO, into useful chemicals opens up a
feasible pathway to mitigate the global warming induced by
excessive CO, emission and reduce our reliance on fossil
fuels.'*! Methanol is one of most significant products from
CO, hydrogenation, as it is not only an indispensable
industrial feedstock for olefin production, but also an
important hydrogen carrier. Among various active metals,
Cu demonstrates great advantages in CO,-to-methanol
(CTM) conversion by the unique capability of Cu™ in
stabilizing the oxygenated intermediates.l**! However, Cu*
is highly sensitive to the atmosphere and temperature.
Long-term and high-temperature hydrogenation reaction
can lead to the irreversible transformation from Cu* to Cu’,
thereby intensifying the side reaction, the reverse water-gas
shift (RWGS) reaction.” Recent research reveals that the
surface state of Cu species strongly relies on their interaction
with the supports.'"!!! The fine regulation of the metal-
support interaction in Cu-based CTM catalysts should be a
feasible way to boost the CTM conversion.

The size of supports has a significant impact on the
metal-support interaction.'*"¥ Generally, decreasing the
size of the support promotes the formation of highly active
interfaces, characterized by the presence of robust redox
pairs, a plentiful supply of oxygen vacancies, and a high
concentration of low-coordination metal atoms.'® These
features are considered particularly favorable for promoting
the occurrence of the catalytic reactions. For instance,
Carrettin et al. utilized small-sized CeO, (4 nm in diameter)
instead of bulk CeO, to support gold nanoparticles (NPs),
whereby the vacancy sites at the interface promote the
adsorption and activation of O,, achieving a two-orders-of-
magnitude enhancement in the low-temperature CO oxida-
tion activity."” Muravev et al. found that reducing the size
of CeO, can enhance its interaction with Pd, ultimately
leading to improved atomization of Pd and facilitating the
migration of O atoms at the interface.'! Despite significant
advancements having been made, the strategy pertaining to
the precise regulation of interfacial structures of Cu-based
CTM catalysts remains a pressing challenge nowadays.

Herein, we present a high-performance catalyst exhibit-
ing remarkable activity for the CTM reaction, featuring the
synergistic incorporation of pure silica silicalite-1 zeolite
(S1) and CeO, with Cu species. Specifically, at 240°C, the
space time yield of methanol (STYyon) for CuCe/S1 is
87.23 gkge, 'h™', which is almost 7 times higher than that of
Cu/S1 (12.60 gkge, 'h™") and 5 times higher than that of Cu/
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CeO, (18.29 gkgc, 'h™"), respectively. Through comprehen-
sive investigations, we conclusively demonstrated that S1
serves as a pivotal stabilizer for small-sized CeO, particles,
thereby significantly enhancing the synergistic interaction
between Cu and CeO,.

Results and Discussion

We employed the impregnation method to synthesize the
catalyst (CuCe/S1). Other catalysts were prepared using
similar methods (see Supporting Information for details).
Metal loading concentrations of these catalysts passed
inductively coupled plasma optical emission spectrometry
(ICP-OES) analysis (Table S1). As shown in Figure la, 1b
and S1, distinct NPs can only be observed on the surface of
S1 in the CuCe/S1. The aberration-corrected high-angle
annular darkfield scanning transmission electron microscopy
(AC-HAADF-STEM) image reveals that the lattice fringes
of 0.23 nm and 0.31 nm belong to the spacing of CuO (111)
and CeO, (111) facets, respectively (Figure l1c and S2),
indicating the formation of strongly-coupled mixed metal
oxides.""™ The TEM images reveal that CuCe/S1 has an
average CeO, size of 4.07 nm (Figure S3). This can also be
demonstrated by X-ray diffraction (XRD) results (Figure S4
and Table S2).”?"! The energy-dispersive X-ray spectro-
scopy (EDX) mapping reveals that Cu and Ce elements are
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uniformly distributed through the whole particle (Figure S5).
In contrast, in the absence of CeO,, TEM image reveals the
generation of larger NPs approximately 200 nm in size
(Figure 1d, e). The high-resolution image confirms that
these NPs have a lattice fringe of 0.23 nm, corresponding to
the CuO (111) facet, which is consistent with XRD results
(Figure 1f and S4). This observation underscores the role of
CeO, in restraining the growth of CuO.”*? For Cu/CeO,,
the corresponding TEM and EDX mapping reveal the
uniform distribution of Cu elements on CeO, with an
average particle size of 21.70 nm (Figure 1g-i, S3 and S5).
The XRD pattern proves that the Cu species exist mainly in
the oxide form (Figure S4 and Table S2). With respect to
Ce/S1, we can also observe small CeO, NPs (4.10 nm)
(Figure S3 and S6). The N, adsorption-desorption isotherms
experiments verify that the specific surface areas of CuCe/
S1, Cu/CeO, and Cu/S1 are slightly less than that of pure S1,
possibly caused by the blocking effect of surface loading
(Figure S7 and Table S3).

The catalytic performance of CO, hydrogenation was
tested in a fixed-bed reactor within a temperature range of
200-280°C and at a pressure of 3 MPa, utilizing a gas
mixture of 24 vol.% CO,+72 vol.% H,+4 vol.% Ar. As the
temperature increases, the STY.on gradually increases until
the temperature reaches 240°C."?*>! The pressure effect
was explored. With the data shown in Figure S8, increasing
pressure is conducive to the CTM reaction, which could be
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Figure 1. a, d, g) Schematic illustration, b, e, h) TEM and c, f, i) HAADF-STEM images of (a, b, ¢) CuCe/S1, (d, e, f) Cu/S1 and (g, h, i) Cu/CeO,.

The CeO, and CuO, are shown as yellow and blue balls, respectively.
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attributed to Le Chatelier’s principle.”*” Regarding the
effect of weight hourly space velocity (WHSV), as described
in Figure S9, the STYu.on of CuCe/S1 shows a negative
correlation with the WHSV, with the peak values achieved
at 8000 mlg,, ' h7'.®?! Based on above results, the
optimum reaction condition was controlled at 3 MPa,
8000 mlg., 'h™' WHSV and 240°C. At this condition, the
CuCe/S1 exhibits the highest STY .oy of 87.23 gkge, 'h™
with an excellent methanol selectivity of 58 % (Figure 2a,
2d). Next, we investigated the component effect by testing
the catalytic performance of 26CuCe/S1 and 38CuCe/S1 (26
and 38 represents the loading amount (wt%) of Cu,
Figure S10-S11). As shown in Figure2d and S12, both
increasing and decreasing the Cu contents can lead to the
decrease in methanol selectivity and STY,cy. For better
comparison, we tested the catalytic performance of Cu/S1
and Cu/CeO, under the same conditions. As shown in
Figure 2b and 2d, Cu/S1 exhibits a poor STYy.on Of
12.60 gkg, 'h™' and a low methanol selectivity of 10 %. For
Cu/CeQ,, while it maintains the high methanol selectivity
(58 %), its CO, conversion is extremely low (Figure 2c).
Consequently, a poor STYy.on of 1829 gkgo, ' h™' was
obtained, which is merely one-fifth of that achieved by
CuCe/S1 (Figure 2d). Negligible CTM activity was observed
when employing Ce/S1 as the catalysts, indicating that Cu,
as the main active center, is indispensable (Figure S13).

The turnover frequency (TOF) for methanol formation
over Cu sites was further calculated (Figure S14). Notably,
CuCe/S1 exhibits a TOF value of 4.16 h™!, surpassing that of
Cu/CeO, (1.21h™") by nearly threefold. Kinetic analyses
were carried out. The apparent activation energy (E,) of
CuCe/S1, calculated from the Arrhenius plot, is 24.69 kJ/
mol, which is much lower than that of Cu/CeO, (37.08 kJ/
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mol), suggesting the faster methanol production kinetics of
the CuCe/S1 catalysts (Figure S15).**! The reaction order
of H, (ny,) decreases for CuCe/S1 with respect to the Cu/
CeO,, indicating that CuCe/S1 possesses an abundant sur-
face H* species (Figure S16).”>** We further conducted a
control experiment by replacing CuCe/S1 with physically-
mixed Cu/S1 and Ce/S1. As shown in Figure S17, the
STY meon is 11.34 gkge, "h™!, which is much lower than that
of CuCe/S1, demonstrating the significance of forming CuO-
CeO, interface. For verifying the pore effect, we replaced S1
with amorphous silicon oxide (named as CuCe/SiO,) or
mesoporous silicon oxide (named as CuCe/MCM-41) to
support Cu species and CeO, (Figure S18-521).5" With
the data shown in Figure 2d and S22, the STY y.on of CuCe/
SiO, and CuCe/MCM-41 are 49.20 and 65.57 gkgc, 'h™!,
respectively, which are lower than that of CuCe/S1
(87.23 gkge, 'h™"), yet higher than that of Cu/CeO,
(18.29 gkge, 'h™'). This indicates that the presence of pores
facilitates the CTM reaction but is not the only key factor.
As displayed in Figure S23 and Table S4, among most
cutting-edge Cu-based CTM catalysts, our CuCe/S1 catalyst
exhibits comparable catalytic activity.

The long-term durability test reveals a progressive rise in
STYwueon for the initial 4 h, which stabilizes at approximately
97 gkge,~'h™" after 100 h of reaction (Figure 2¢).”**") The
increase in STY .o could be attributed to the activation of
the catalyst surface, which facilitates the formation of
oxygen vacancies (Figure S24 and Table S5). The TEM
images show that the post catalysts retain their original
morphology with no discernible nanoparticle agglomeration,
illustrating the excellent thermal stability (Figure $25).14!

To gain deeper insight into the reaction pathway, we
conducted in situ diffuse reflectance infrared Fourier trans-

CO [l CH,0H CO [l CH,OH Co [l CH,OH
a 100 I P I =T b 100{ 1 I . = —T1° © 10 1 . . =T
T
80| 9 80 ? 9 804 £
g (e’ & [ec § =
Z 601 ® | z z 60 ®  Z 604 ®
s s = s 3 g
3 401 33 3 40 30 g 40 30
» ) ] ~
Q Q Q
20 @ 20 $ & 20 “
Lo o o 0 0
200 220 240 260 280 200 220 240 260 280
T(°C) T(°C) T(°C)
100
d 87.23 e 240°C, 3 MPa
80 7756 7438 150 WHSV: 8000 mL g, "'
~ I I 6557 | ~ »
- = 5 ‘20'0”&9%
5 604 W . e .
3 49.20 3 PRI -
2 ] 2 "b; = WW
2 40/ 2 904
> >
[ =
) 18.29 @
20 12.60 60+
o ' ' ' %3 20 0 60 80 00
A o} s\ s\ 0 AN 4 1
oIS A cev? el el 5O2 AN
G CU\S ol 7_50“0 330\-‘0 C\.\Ge\ o “Oal\‘“o Time (h)

Figure 2. a, b, ) Effect of temperature on the catalytic activity of (a) CuCe/ST1, (b) Cu/S1 and (c) Cu/CeO,. d) STY o generation over various
catalysts at 240°C. e) Long-term stability of CuCe/S1 at 240°C. The data are displayed as the mean & SD (n=3). Reaction conditions: 150 mg of

the catalyst; WHSV: 8000 mlg,, ~"h™"; CO,/H,/Ar=24/72/4 (v/v/v).
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form (DRIFT) spectroscopy. As shown in Figure 3a and
Tables S6-S8, as the temperature rises from 50 to 200°C, the
intensities of the bicarbonate peaks at 1213 and 1629 cm™
gradually diminish, while the formate species surge, signify-
ing bicarbonate-to-formate transformation.**** At 150°C,
the rapid increase of CH;O* signal at 1069 cm™' corresponds
to the formate hydrogenation.**! These results reveal that
the process over CuCe/S1 follows a formate-mediated
reaction pathway (Figure 3a and 3d). For Cu/S1 and Cu/
CeO,, carbonate, formate and CH;O* species were also
observed (Figure 3b and 3c).[** We further identified the
CO, hydrogenation reaction pathways by replacing CO,
with CO as the feedstock. As shown in Figure S26, the
STYwmeon of CuCe/S1 and Cu/S1 significantly decreased. In
contrast, the STY .oy of Cu/CeO, is sharply raised from
18.29 gkg, 'h™! to 34.38 gkg, ' h™!, suggesting that Cu/
CeO, mainly follows a CO-mediated reaction pathway,
consistent with the previous report (Figure 3e).['!

We next probed the differences in the surface states of
Cu species by performing quasi-in situ Auger spectroscopy.
As shown in Figure 4a, S27 and Table S9, the ratio of Cu™/
Cu’ in the CuCe/S1 is 2.36, which is higher than that of Cu/
CeO, (1.32) and Cu/S1 (1.07). Such a huge difference fully
demonstrates the unique stabilizing effect of the small-sized
CeQ, in CuCe/S1 on Cu™. For Ce element, CuCe/S1 exhibits
a higher Ce’' content (56%) than Cu/CeO, (44 %),
indicating its higher oxygen vacancy content, which is
consistent with quasi-in situ O 1s X-ray photoelectron
spectroscopy  (XPS) spectra  (Figure 4b, S28 and
Table S10).[*! The extended X-ray absorption fine struc-
ture (EXAFS) and X-ray absorption near-edge structure
(XANES) techniques were utilized as complements to
quasi-in situ XPS spectra. In Figure 4c, the absorption edge
of CuCe/S1 is slightly higher than that of Cu/S1 and Cu/
CeO,, indicating that more Cu species are present as Cu**
(0<x<1).¥1 Analogously, Cu/CeO, and Cu/S1 have a
similar coordination structure to CuCe/S1 (Figure 4d, S29
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and Table S11). It is generally accepted that the formate-
mediated CTM process actually occurs at Cu* sites.[***>
The quasi-in situ XPS and XANES results well explain why
the obtained CuCe/S1 possesses higher methanol selectivity.

To study the effect of surface states on CO, adsorption,
we carried out the CO,-temperature programmed desorp-
tion (CO,-TPD) (Figure S30). CuCe/S1 exhibits a pro-
nounced CO, desorption peak at 315°C, which is higher
than that of Cu/CeO, (251°C), demonstrating the superior
CO, adsorption capacity of CuCe/S1.*"3 For better under-
standing, we further conducted the DFT calculations to
simulate the CO, adsorption behaviors over different active
sites. As shown in Figure 5a, 5c and S31, the CO, adsorption
energies on Cu and Cu—Ce interface in a Cu—CeO, model
are —0.25eV and —0.73 eV, respectively.” > When an
oxygen vacancy is introduced (Cu—CeO,—V), the adsorption
energy undergoes a pronounced decrease to —1.36 eV (Fig-
ure 5Sb and 5c), underscoring the intimate relationship
between oxygen vacancies and the enhanced adsorption of
COz.[SS_Sél

To gain insight into the root of the abundant oxygen
vacancies of CuCe/S1, we further compare the oxygen
vacancy formation energy of Cu—CeO, with bare CeO,.
Cu—CeO, interface exhibits a relative oxygen vacancy
formation energy (—2.61eV vs 2.95eV), indicating the
critical role of interfacial structures in oxygen vacancy
formation (Figure 5d, 5f and $32)." It is well recognized
that CeO, size plays a crucial role in the metal-support
interactions.’>® Considering the great difference in CeO,
sizes between CuCe/S1 and Cu/CeO,, and the fact that
smaller CeO, particles inherently possess a greater abun-
dance of step sites, we selectively loaded Cu clusters on the
planar surface (Cu—CeQO,) or the step edges (Cu—CeO,—S)
of CeO, to simulate the vacancy formation energy of CeO,
at different size scales.”*! As shown in Figure Se and 5f,
the oxygen vacancy formation energy for Cu—CeO,—S is
—6.28 ¢V, which is much lower than that of Cu—CeO,
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Figure 3. a, b, c) In situ DRIFT spectroscopy of CTM reaction over (a) CuCe/ST, (b) Cu/S1 and (c) Cu/CeO,. The test temperatures for the IR
spectra from bottom to top are as follows: 50, 100, 150, 200, 220, 240 and 260°C. d, €) CTM reaction mechanistic diagram of (d) CuCe/S1 and (e)

Cu/CeO,. The CeO,, CuO,, C, H and O are shown as yellow, blue, gray, purple and red balls, respectively.
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(—2.61 eV), indicating that small-sized CeO, facilitates the
formation of vacancies at the interface. These results
indicate that the S1 acts as a stabilizer for the small-sized
CeO, particles, promoting the synergistic effect between Cu
species and CeO,. This synergistic effect, in turn, facilitates
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the stabilization of Cu™ sites and the generation of oxygen
vacancies at the interface.””

To further verify the synergistic effect, we also per-
formed the H,-temperature programmed reduction (H,-
TPR) measurement (Figure S33). The Cu/S1 displays a
hydrogen reduction peak at 230°C, corresponding to the
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reduction of Cu** to Cu”."" The physically mixed Cu/S1 and
CeO, (Cu/S1+CeO,) present a similar reduction peak to
Cu/S1 (Figure S33). However, the Cu species reduction
peaks of CuCe/S1 (176°C) and Cu/CeO, (189°C) are
significantly lower than those of Cu/S1 (210°C) and Cu/S1+
CeO, (210°C)."! Otherwise, the p peak percentage for
CuCe/S1 stands at 43 %, significantly surpassing that of Cu/
CeO, (32%). These results demonstrate that S1 efficiently
strengthens the interaction of Cu species with CeO, (Fig-
ure $33 and Table $12).%! Additionally, we also verified
the H-spillover effect. As shown in Figure S34, the max-
imum color change of CuCe/S1 indicates its strongest H-
spillover capacity. This implies that the active hydrogen
species on CuCe/S1 can rapidly diffuse to the interface and
support surface, thereby facilitating the hydrogenation of
reactants, [l

Conclusion

In conclusion, we demonstrate a feasible strategy to finely
modulate the surface state and the nearby chemical environ-
ment of the Cu centers by synergistically incorporating S1
and CeO, into the catalytic matrix. The obtained CuCe/S1
catalysts exhibit remarkably improved catalytic perform-
ance, achieving a high STY ;.o of 87.23 gkge, 'h™!, which is
almost 5 times higher than that of Cu/CeO,. A thorough
mechanism investigation reveals that S1 functions as a
crucial stabilizer for nanoscale CeO, particles, thereby
prominently fostering the synergistic interplay between Cu
and CeO,. This synergistic effect gives rise to a proliferation
of oxygen vacancy and Cu” sites at the Cu-CeO, interface,
which in turn amplifies the CO, adsorption capacity and
inhibits the CO desorption process. This work offers new
insights into the design of Cu-based catalysts for CTM
reaction. We expect that our discovery will facilitate the
upgrading of surface-supported catalysts for a wide range of
catalytic applications.
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