Sccs
Chemlst ry RESEARCH ARTICLE

Received: Feb. 19, 2025 | Accepted: Mar. 20, 2025 | Published: May 10, 2025

Copper Nanoparticles Stabilized
by Adjacent Methyl Groups on Silica
for Durable Catalysts

Lujie Liu", Jiaye Lu?, Mingjie Liu' Hong Wang?® Jinyang Zhang®, Guangxian Xu® Zhandong Wang?® Yang Liu® Jie Liang?
Xinhua Gao?, Yating LV, Yida Zhou®, Shutao Xu®, Lina Li®*, Xiao-Ming Cao®*’* & Liang Wang"™

'Key Laboratory of Biomass Chemical Engineering of the Ministry of Education, College of Chemical and Biological
Engineering, Zhejiang University, Hangzhou 310027, 2Joint International Research Laboratory of Precision Chemistry
and Molecular Engineering, Feringa Nobel Prize Scientist Joint Research Center, School of Chemistry and Molecular
Engineering, East China University of Science and Technology, Shanghai 200237, *National Synchrotron Radiation
Laboratory, University of Science and Technology of China, Hefei, Anhui 230029, “State Key Laboratory of High-
efficiency Utilization of Coal and Green Chemical Engineering, School of Chemistry and Chemical Engineering, Ningxia
University, Yinchuan 750021, °National Engineering Research Center of Lower-Carbon Catalysis Technology, Dalian
Institute of Chemical Physics, Chinese Academy of Sciences, Dalian 116023, °Shanghai Synchrotron Radiation Facility,
Shanghai Advanced Research Institute, Chinese Academy of Sciences, Shanghai 201204, ’State Key Laboratory of
Synergistic Chem-Bio Synthesis, School of Chemistry and Chemical Engineering, Shanghai JiaoTong University,
Shanghai 200240

*Corresponding authors: lilina@sinap.ac.cn; xmcao@sjtu.edu.cn; liangwang@zju.edu.cn; ‘L. Liu and J. Lu contributed
equally to this work.

Cite this: CCS Chem. 2025, Just Published. DOI: 10.31635/ccschem.025.202505638

Stabilizing metal nanoparticle catalysts typically and outperforms generally supported copper nano-
requires supports with strong interactions, yet this particle catalysts.

poses a significant challenge for relatively inert sup-
ports (e.g,, silica). In this study, we address this issue
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methyl groups do not directly interact with the cop-
per nanoparticles but effectively stabilize them
against sintering during catalytic reactions. This is
due to the significantly elevated energy barrier for
copper nanoparticles to migrate through the nonin-
teracting methyl groups, thereby preventing the sin-
tering via migration-coalescence or Ostwald ripening
routes. Consequently, this strategy leads to excep-
tional durability of silica-supported copper catalysts
in the hydrogenation of dimethyl oxalate, a reaction Keywords: metal sintering, copper catalyst, silica
that suffers from deactivation from copper sintering, support, methyl groups, ethylene glycol synthesis
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Figure 1| Design and achieved results of sintering-resistant copper catalyst. (a) Different strategies for stabilizing
metal nanoparticles against sintering. (b) Schematic representation of the differences in the energetics for the sintering
of Cu nanoparticles on the silica surface with and without methy! groups. The migrating state with Cu nanoparticles or
atomic Cu intermediates on methyl groups has extremely high free energy that is difficult to move. (c) Scheme showing
the synthetic pathways of EG and its applications. (d) The deactivation rates of these two catalysts in DMO
hydrogenation. (e) Data showing the durability of silica-supported Cu catalysts with and without methyl groups in
DMO hydrogenation at 200 °C and 0.1 MPa. The error bounds for conversion and selectivity were +2%.

Introduction

The supported metal nanoparticle catalysts have been
industrially used in a wide range of reactions, but the
nanoparticles tend to grow into larger ones during the
catalysis."® This leads to a decrease in metallic specific
surface area or the number of interfacial sites, which
results in irreversible deactivation.*® In the practical re-
action processes, shutting down the industrial plant and
replacing the spent catalysts with new ones becomes
necessary and leads to high costs.® Rational design of
catalyst structures that could efficiently prevent metal
nanoparticle sintering is of great importance.

Metal nanoparticle sintering usually proceeds along
routes including the formation and diffusion of atomic

metal intermediates (Ostwald ripening) and/or nanopar-
ticle migration and coalescence on the solid support.”™
To overcome these issues, the general strategy has been
to encapsulate the nanoparticles with oxide/carbon
overlayers or in the nanopores,>™ which efficiently pre-
vent nanoparticle migration and/or metal detaching as
movable atomic intermediates, thus enhancing the sta-
bility (Figure 1a, |). However, these overlayers block the
metal nanoparticle surface to reduce the number of
active sites, leading to a partial loss of catalytic activity.”
Another route for metal stabilization is optimizing the
metal-support interactions,*2° which simultaneously sta-
bilize the metal nanoparticles and maintain the number
of accessible surfaces. Following this route, the reducible
oxides (e.g., CeO,, TiO,) have been extensively used to
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obtain stable metal nanoparticle catalysts, due to their
strong interaction with the metal nanoparticles.”

A more recent design employs the hybrid supports
involving components with distinguishable interactions
with the metal species, which further improves the sinter-
ing resistance.?°> |n this design, the ceria islands on silica
efficiently stabilize the Pt single atoms (Figure 1a, I1);%
physically mixing ceria with Cu/SiO,?* or Pt/Al,Oz* cata-
lyst that promotes the metal migration from silica or
alumina to ceria for stabilization. In these cases, the metal
species tend to stabilize in the strong interaction region
because of the large adhesion energy of metal nanopar-
ticles to the reducible oxide surface,®* and such bonding
usually changes the intrinsic catalytic properties of the
original metal nanoparticles. In contrast, for metal nano-
particles on relatively inert supports, such as amorphous
silica, which is a typical support with wide industrial appli-
cations,®?% their stabilization remains a great challenge.?®

Herein, we achieve stabilization of metal nanoparticles
on relatively inert support by introducing methyl groups
adjacent to copper nanoparticles on the silica surface
(Figure 1a, lll). These methyl groups are chemically inert
and noninteracting with copper, thus avoiding problems
caused by classical methods, including blocking the metal
surface or changing the intrinsic catalytic properties.
Instead, the methyl groups establish a significantly ele-
vated energy barrier for copper migrating through them,
forming a steric effect that effectively switches off the
migration-coalescence and Ostwald ripening sintering
mechanisms (Figure 1b). The hydrogenation of dimethyl
oxalate (DMO) is an important reaction in the coal-to-
ethylene glycol industrial process but suffers from cata-
lyst deactivation from Cu sintering (Figure 1¢,d).?**? The
silica supported catalyst with methyl groups shows
superior durability with an extremely low deactivation
rate (based on ethylene glycol (EG) yield, Figure 1d). The
deactivation is negligible, even under harsh reaction con-
ditions. In contrast, the catalyst without methyl groups
shows a high deactivation rate under the equivalent test.

Experimental Methods

The silica-supported Cu catalysts were synthesized by
the method we reported previously.?® 2.28 g of Cu
(NO3), - 3H,0 was dissolved in agueous ammonia solu-
tion (7.5 g of NHz - H,O diluted with 120 mL of deionized
water). After stirring for 10 min, 1.40 g of SiO, was added
to the solution and stirred vigorously at 80 °C for another
6 h. Then, the sample was filtrated, dried at 100 °C
overnight, and calcined at 350 °C for 3 h with a heating
rate of 1 °C/min. The obtained catalyst was prereduced
with hydrogen at 300 °C for 2 h before the catalytic test.
In synthesizing the methyl-modified silica (SiO,-Me) sup-
ported Cu catalysts, similar procedures were carried out
unless 1.0 g of tetrahydrofuran was added into the

mixture to promote the dispersion of support and depo-
sition of Cu species onto the support. The samples were
treated by calcination and prereduction under the same
conditions as that for the Cu/SiO,. More details for
materials, catalyst preparation, characterization, catalyt-
ic tests, and computational methods can be found in the
Supporting Information.

Results and Discussion

Synthesis, catalysis, and characterization

The silica modified by methyl groups was prepared
through the cohydrolysis of diethoxydimethylsilane
(DEMS) and tetraethyl orthosilicate (TEOS). Then Cu
nanoparticles were loaded following the ammonia-
assisted method, obtaining the Cu/SiO,-Me sample with
a Cu content of 30 wt % and methyl content of 10 mol %
(molar ratio of nipemsy t0 NpemsytNcTeoS) IN the starting
mixture at 1/10). The presence of methyl groups was
confirmed by Fourier transform infrared (FT-IR) spectra,
the water droplet contact angle, and nuclear magnetic
resonance (NMR) characterizations (Supporting Informa-
tion Figures S1-S3 and Table S1). In contrast, the reference
Cu/SiO, catalyst was synthesized by directly loading Cu
on amorphous silica, obtained from the hydrolysis of
TEOS without DEMS, with a content of 30 wt %.

The catalytic performance of fresh Cu/SiO, and Cu/
SiO,-Me were initially studied in DMO hydrogenation at
ambient pressure with a liquid hourly space velocity
(LHSV) of 0.6 h™ (mLpmo MLceat™ h™) based on a feeding
rate of DMO per milliliter of catalyst at 200 °C (Figure Te).
In the continuous reaction, the DMO conversion over Cu/
SiO, catalyst was continuously decreased, giving 55.5%
after reaction for 150 h (Figure 1e). The EG selectivity was
downhill during the process, with methyl glycolate (MG, a
semihydrogenation product) becoming a major product.
The deactivation for Cu/SiO, was due to the sintering of
Cu nanoparticles, where the spent catalyst showed the
average Cu nanoparticle size of 9.9 + 5.7 nm (Supporting
Information Figure S4), versus 5.4 + 1.5 nm on the fresh
sample. This result is in good agreement with the general
phenomenon of Cu sintering in DMO hydrogenation, par-
ticularly under ambient pressure.?® In contrast, the full
conversion of DMO and EG selectivity up to 91.5% were
maintained over the Cu/SiO,-Me catalyst during the test
for 200 h. To evaluate the Cu/SiO,-Me catalyst with
incomplete conversion of DMO, we increased the LHSV
to 2.0 h™', and the Cu/SiO,-Me exhibited constant perfor-
mance in another 100 h with DMO conversion of ~68%
and MG selectivity of ~85%. After switching the LHSV
back to 0.6 h™, the Cu/SiO,-Me catalyst showed similar
catalytic performance to that in the initial reaction for the
continuous test in another 200 h. Given the fact that any
activity decrease of Cu catalyst would sensitively reduce
the EG selectivity and enhance the MG selectivity, the
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Figure 2 | TEM images of (a, b) Cu/SiO» and (¢, d) Cu/SiO--Me before and after the methanol treatment at 220 °C for
96 h. Inset in a-d, Cu nanoparticle size distributions of the fresh and methanol-treated catalysts; inset in d, high-
resolution TEM image of the methanol-treated catalyst, where 0.21 nm corresponds to the (111) plane of Cu.*®

constant DMO conversion and EG/MG selectivity in the
test for 500 h sufficiently supported the durability of
Cu/SiO»-Me catalyst. Transmission electron microscopy
(TEM) images of the spent Cu/SiO,-Me catalyst after the
test for 500 h showed the small-size Cu nanoparticles
with an average size of 4.0 + 1.0 nm (Supporting Infor-
mation Figure S5), similar to the fresh catalyst.

The fresh Cu/SiO, and Cu/SiO,-Me samples had Cu
nanoparticles with average sizes at 54 + 15 and
3.7 + 1.0 nm, respectively, as observed in the TEM images
(Figure 2a,c). We evaluated the stability of these Cu
nanoparticles by treating them in methanol vapor, a con-
dition that usually causes Cu sintering.2®2%%3 After the
methanol treatment at 220 °C for 96 h (methanol feeding
rate of 0.03 mLquia/mMin in hydrogen with flow rate at
25 mL/min), many Cu nanoparticles on the Cu/SiO, were
sintered into large particles with an average size of
6.7 + 3.4 nm (Figure 2b and Supporting Information
Figure S6), and some nanoparticles were even larger than
35 nm (Supporting Information Figure S6). In contrast,
the Cu/SiO»-Me maintained the Cu nanoparticles, giving
an average size of 3.9 + 1.1 nm (Figure 2d and Supporting
Information Figure S7) after the equivalent treatment,
which is similar to the fresh Cu/SiO,-Me sample
(3.7 £ 1.0 nm, Figure 2¢). These data suggest that intro-
ducing methyl groups onto the SiO, surface significantly

suppressed the Cu nanoparticle sintering in methanol
vapor.

To gain insights into the surface electronic state of Cu
species, the Cu/SiO, and Cu/SiO,-Me samples before
and after methanol treatment at 220 °C were character-
ized by X-ray photoelectron spectroscopy (Supporting
Information Figure S8) with Cu LMM Auger electron
spectroscopy. A broad and asymmetrical peak was
obtained in these samples (Supporting Information Fig-
ure S9), and it was deconvoluted into two peaks at 916.1
(Cu® and 913.1 eV (Cu*").* The ratios of Cu*/(Cu®+Cu*)
were about 45% and 56% for the fresh Cu/SiO, and Cu/
SiO,-Me samples, respectively. After methanol vapor
treatment at 220 °C for 96 h, the Cu* species on the
Cu/SiO, were reduced into a metallic state, giving the
Cu*/(Cu®+Cu*) ratio of 35% over the Cu/SiO,. This was
due to the Cu sintering into large particles, which resulted
in the weak interaction between metallic Cu and silica
support since the Cu* species originated from the Cu®*-O-
SiO, interface.?®?°%-42 |n contrast, the Cu® and Cu* signals
were unchanged on the Cu/SiO,-Me before and
after methanol vapor treatment, giving a similar Cu*/
(Cu®+Cu*) ratio at 55% (Supporting Information Figure
S9). This can be ascribed to the sintering resistance of Cu
nanoparticles on the Cu/SiO,-Me, where the Cu**-O-SiO,
interface was well maintained during the treatment. This
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Figure 3 | (a) Normalized Cu K-edge XANES spectra and (b) Fourier transformed magnitudes of the experimental
Cu K-edge EXAFS of fresh and methanol-treated Cu/SiO, and Cu/SiO,-Me catalysts. (c) In situ XRD patterns
characterizing the change of Cu nanoparticles on the Cu/SiO» and Cu/SiO>-Me during the methanol treatment from
350 to 600 °C. (d) Scheme showing sintering of Cu on the SiO» and sintering-resistant of Cu on the SiO>-Me.

result was further supported by the CO-adsorption FT-IR
spectra (Supporting Information Figure S10).

The Cu/SiO, and Cu/SiO,-Me catalysts before and
after the methanol treatment at 220 °C were character-
ized by X-ray adsorption fine structures spectroscopy.
The X-ray absorption near-edge structure (XANES)
spectrum of the fresh Cu/SiO, was close to the reference
sample of Cu foil, suggesting that Cu® species were
dominant with some oxidation-state Cu (Figure 3a). Af-
ter the methanol treatment, the average valence of Cu
species on the Cu/SiO, was further reduced to Cu® since
the spectrum fell more closely to the Cu foil. This can be
reasonably ascribed to the sintering of Cu during the
methanol treatment. The extended X-ray adsorption fine
structure (EXAFS) fitting analysis (Figure 3b) showed
the increased coordination number (CN) of the Cu-Cu
shell from 8.3 to 9.6 (Supporting Information Table S2)
for the methanol-treated Cu/SiO, catalyst. In contrast,
the XANES spectra were unchanged for the Cu/SiO,-Me
regardless of methanol treatment (Figure 3a), and the CN

of Cu-Cu shell was 4.8 and 4.9 (Supporting Information
Table S2) for the fresh and methanol-treated Cu/SiO,-Me
catalysts, respectively. The results above confirm that Cu
nanoparticle size and oxidization state were stable in
methanol vapor on the support of methyl-modified silica.

Figure 3c shows the in situ X-ray diffraction (XRD)
characterizing the change of Cu nanoparticles in metha-
nol vapor. A temperature-programmed condition rang-
ing from 350 to 600 °C was used in this study to
accelerate the Cu sintering that benefitted the test.
Compared with SiO, support, the fresh Cu/SiO, showed
additional peaks at 43.3°, 50.1°, and 73.4°, attributed to
the diffraction of metallic Cu. After methanol vapor
treatment at 350 °C, the peaks assigned to Cu® species
became more intense on the Cu/SiO,. Further increasing
the temperature led to the continuously enhanced in-
tensities of these peaks because of the sintering of Cu
nanoparticles (Figure 3d). In contrast, these diffractions
on the Cu/SiO,-Me were unchanged during the metha-
nol treatment at 350 and 400 °C, suggesting high
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stability. After treatment at 450-600 °C, the diffractions
of Cu were slightly enhanced, which could be due to the
Cu sintering under such harsh conditions. Even after
treatment at 600 °C, an extremely harsh condition for
Cu, the diffraction of metallic Cu on the Cu/SiO,-Me was
still much weaker than that on the Cu/SiO..

The aforementioned results confirm the significantly
enhanced stability of Cu nanoparticles on the silica sup-
port containing methyl groups. Notably, this feature is not
relative to the extensively studied encapsulated structure
because the Cu nanoparticles were loaded on the readily
prepared SiO,-Me support, rather than a post modifica-
tion of the Cu/SiO, catalyst, while the latter usually leads
to blocking the metal surface®**** |n addition, the
N, sorption isotherms gave a Brunauer-Emmett-Teller
(BET) surface area (Sgegt) of 186 m?/g for the Cu/SiO,,
while it was 486 m?/g for the Cu/SiO,-Me due to the
cohydrolysis synthesis containing organic groups (Sup-
porting Information Figure S11).

One might ascribe the fact that the larger surface area
of SiO,-Me support contributed to the sintering resis-
tance of Cu nanoparticles rather than the methyl groups.
To exclude this hypothesis, we removed the methyl
groups on the SiO,-Me by ozone treatment at room
temperature and maintained the high surface area. Then
the Cu nanoparticles were loaded to obtain a Cu/SiO,-
Me-O3z sample (Supporting Information Figures S12 and
S13). This sample had a surface area of 553 m?/g, which
was higher than that of the Cu/SiO,-Me because of the
removal of organic groups (Supporting Information
Figures S14 and S15). The Cu nanoparticle size on the
fresh Cu/SiO,-Me-Oz catalyst was 7.6 + 3.8 nm, larger
than that on the methyl-modification silica. Then, the Cu
particles were sintered into 9.7 + 4.5 nm after a menthol
vapor treatment (Supporting Information Figure S16). All
these data confirm the crucial role of methyl groups in
stabilizing the Cu nanoparticles against sintering.

We also studied the stability of organic groups on the
catalyst. Compared with the thermogravimetric differen-
tial thermal analysis of Cu/SiO,, the Cu/SiO,-Me showed
exothermic additional signals at 560 and 620 °C (Sup-
porting Information Figure S17), due to the combustion
of methyl groups,*“® and these features benefitted the
catalysis. The water-droplet contact angle and NMR
characterizations (Supporting Information Figures S18
and S19) of the spent Cu/SiO,-Me catalyst still showed
obvious signals assigned to the methyl groups, which
were similar to those of the fresh catalyst, confirming the
stability of methyl groups under the DMO hydrogenation
conditions.

Catalysis at ambient pressure

The catalytic performances of Cu/SiO, and Cu/SiO,-Me
were compared at ambient pressure with an LHSV of
0.6 h™" (Figure 4a). The Cu/SiO, showed an initial DMO

conversion of 86.1% with selectivities to EG and MG of
42.0% and 56.4%, respectively. In contrast, the Cu/SiO-
Me showed the full conversion of DMO under the equiv-
alent test conditions, with the EG and MG selectivities of
91.5% and 2.5%, respectively. The higher activity of Cu/
SiO,-Me than Cu/SiO5 should reasonably be attributed to
the smaller Cu nanoparticles with more Cu®-0O-SiOy
interfacial sites that have been identified as crucial for
the DMO hydrogenation, 2829394042

Next, the catalytic performances of methanol-treated
catalysts were further investigated. Even after harsh
treatment in methanol at 220 °C for 96 h, the Cu/SiO,-
Me still showed constant performance in DMO hydro-
genation with LHSV between 0.6 and 2.0 h™", and EG yield
was similar to the fresh catalyst (Figure 4b). Under the
optimized reaction conditions, the highest EG yield was
91.5% for DMO hydrogenation at ambient pressure (Sup-
porting Information Figure S20).

To optimize the catalytic performance, a series of Cu/
SiO,-Me catalysts with different contents of methyl
group (molar ratio of npemsy to NpemsytNcteosy in the
starting mixtures at 5-25%) were synthesized (Support-
ing Information Figures S21 and S22). TEM characteriza-
tion showed average Cu nanoparticle sizes of 4.2-5.4 nm
for the fresh samples (Supporting Information Figure
S23) with similar reducibility as determined by the tem-
perature-programmed reduction test (Supporting Infor-
mation Figure S24). In the DMO hydrogenation, the EG
yield was increased over catalysts with contents of meth-
yl groups of 5%-10% due to the smaller-size Cu nano-
particles (3.7-4.2 nm vs 5.4 nm of fresh Cu/SiO5), which
reached their highest value of 91.5% over the Cu/SiO,-Me
with methyl group content of 10% (standard catalyst at
Cu average size of 3.7 nm, Figure 4c). Further increasing
the methyl group content to 25% drastically decreased
the EG yield. TEM images showed that the spent catalysts
had similar Cu nanoparticle sizes to the fresh catalysts
(Supporting Information Figure S25). These data confirm
that the methyl groups, regardless of their contents on
the catalyst, efficiently stabilized the Cu nanoparticles.

To examine the generality of such modulation, we
synthesized the silica-supported catalysts modified with
propyl and phenyl groups instead of methyl groups,
obtaining the Cu/SiO,-Cz and Cu/SiO,-Cg catalysts
(Supporting Information Figure S26). We evaluated the
fresh and methanol-treated (220 °C and 96 h) catalystsin
the DMO hydrogenation. As shown in Figure 4d, both
catalysts exhibited similar performances regardless of
methanol treatment, whereas EG yields were about
77% and 60% over the Cu/SiO,-Cz and Cu/SiO,-Cg, re-
spectively. XRD patterns and TEM analyses also sug-
gested negligible Cu sintering over these catalysts
during methanol treatment and catalytic tests in DMO
hydrogenation under ambient pressure (Supporting In-
formation Figures S27 and S28). This result demonstrates
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Figure 4 | (a) Catalytic performances of the Cu/SiO, and Cu/SiO»-10Me in DMO hydrogenation. Reaction conditions:

200 °C, 0.1MPa, LHSV of 0.6 h™, n(H2)/n(DMO) of 160, 100

h. (b) Data showing the effect of methanol treatment (initial

96 h) on the performances of the Cu/SiO and Cu/SiO>-Me catalysts in DMO hydrogenation. Conditions for methanol
treatment: methanol feeding rate of 0.03 mLiquie/Min, 220 °C, 96 h. (c) Effect of Me contents on the performances of
Cu/SiO.. (d) Data showing the EG yields in DMO hydrogenation over fresh and methanol-treated Cu/SiO>-Cz and
modified Cu/SiO>-Cg catalysts. The error bounds of conversion and selectivity were +2%.

the enhanced stability of Cu nanoparticles on the SiO,»
support when modified with alkyl groups.

Mechanism study

In the preparation of Cu/SiO,-Me, the Cu nanoparticles
were initially loaded on the methyl-modified support.
Another strategy was to directly modify the Cu/SiO,
catalyst through the hydrolysis of DEMS (Cu/SiO,-Me-
P), which enhanced the stability of Cu nanoparticles in
DMO hydrogenation.*” However, such Cu/SiO,-Me-P cat-
alyst showed lower activity than the Cu/SiO, catalyst
(Supporting Information Figure S29), due to the partially
blocked Cu surface by this method. In addition, we also
evaluated the performances of Cu/SiO,-Me-Oz catalyst
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in DMO hydrogenation, giving continuously decreased
conversion with reaction time (Supporting Information
Figure S30) due to the Cu nanoparticle sintering (Sup-
porting Information Figure S31). These results confirm
the pivotal role of methyl groups in achieving a durable
catalyst.

Previous research has demonstrated that Cu nanopar-
ticles on silica undergo sintering through particle migra-
tion and coalescence under thermal conditions, whereas
under chemical triggering conditions, they tend to pro-
ceed via Ostwald ripening.®***® In Ostwald ripening, Cu;-
related intermediates are formed and migrate from small
nanoparticles to larger ones to cause sintering. In the
migration and coalescence process, metal nanoparticles
move toward each other and aggregate to form larger

025.202505638
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Figure 5 | (a) Scheme showing the migration of Cu intermediates on the solid surface, and their diffusion into gas
phase through a process controlled by saturated vapor pressure, thus benefiting the detection of by SVUV-PIMS. (b, c)
Data showing the signals at different m/z regions in the SVUV-PIMS tests characterizing methanol treatment to the
Cu/SiO5 and Cu/SiO>-Me. The background signals were excluded. (d, e) Free energy diagram for the formation of
(CHO)Cu;* and (CH3O)Cu;* intermediates, and their migration (d) from Cu;z cluster onto Cuss cluster or (e) from Cu;z
cluster to Si-CHs site. (f) Scheme showing the migration of atomic Cu species on the SiO, and SiO>-Me. (g, h) Free
energies of Cu nanoparticle migration onto the neighboring nanoparticle on the SiO, and SiO>-Me, and the reddish
area shows the error of the averaged Jarzynski equality curve vs the SMD simulation. (i) Scheme showing the Cu
sintering through nanoparticle migration and coalescence on the SiO>-Me.

particles. Therefore, the influence of methyl groups on the
silica surface in the migration of Cu, intermediates and Cu
nanoparticles was considered.

In the Ostwald ripening pathway, Cu; intermediates
typically migrate on the solid surface, while the saturated
vapor pressure of the intermediates leads to their
partial diffusion into the gas phase (Figure 5a). During
DMO hydrogenation, the surface migration should be
predominant due to the low saturated vapor pressure

of the Cu; intermediates at mild temperatures. Never-
theless, it still enabled us to capture the intermediates
from the gas phase close to the catalyst surface and
identify them using synchrotron vacuum ultraviolet pho-
toionization mass spectrometry (SVUV-PIMS), a highly
sensitive technique adept at trace detection.

Our previous study showed that the methanol-
triggered Cu surface activation and Cu-Cu cleavage
benefitted the formation of Cus-related intermediates.?®
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These results were reproduced on the Cu/SiO, catalyst
in methanol vapor, where the signals of (CHO)Cu;* (m/z
ratio of ~92 and 94), (CH,O)Cu* (m/z of ~93 and 95),
and (CHzO)Cu;* (m/z of ~94 and 96) were detected in
the SVUV-PIMS, accompanied with the signals of meth-
oxyl (m/z of 31) and formaldehyde (m/z of 30) species
from methanol decomposition (m/z of 32, Figure 5b). In
the equivalent tests, only methanol-related signals (Sup-
porting Information Figure S32) were detected on the
Cu/SiO,-Me catalyst, with negligible signals associated
with the (CH,O)Cu;* complex (Figure 5c). The results
suggest that the methyl groups effectively minimize the
(CH,O)Cuy* intermediates on the catalyst surface.

We performed density functional theory calculations to
gain insights into the mechanism for minimizing the
(CH,O)Cuy* intermediates on the Cu/SiO,-Me. In the
methanol-triggered Ostwald ripening of Cu nanoparticles
by using a Cujz cluster as a model, methanol initially
reacted with the Cu surface to form multiple species.
Among them, *CHO and *CHzO were identified to be
more stable on the Cu surface, which may have caused
the detaching of Cu as a Cu, intermediate, but *CO and
*CH,O were prone to convert into CO and desorb from
the Cu surface immediately (Supporting Information
Figures S33 and S34). Following this insight, we com-
pared the free energies of (CHO)Cu;* and (CHzO)Cuy*
intermediates from Cu nanocluster transportation on the
silica surface with silanol (Si-OH) and methyl (Si-CH3)
groups. On the general SiO, surface, the (CHO)Cu;*
and (CHzO)Cuy* intermediates were activated on the
Cuyz matrix, transported across the silanol groups, and
finally docked onto an adjacent larger particle (Cuss
cluster as a model), with a free energy change of —0.91eV
(Figure 5d,f). This outcome indicates that the process is
energetically favorable and aligns with the classical Ost-
wald ripening mechanism on the SiO,.33354247

In contrast, for SiO,-Me, the support surface had both
silanol and methyl groups. Upon formation, the (CHzO)
Cur* and (CHO)Cuq* species initially migrated onto the
silanol group because of the interaction of silanol groups
with them, proceeding with Gibbs free energy changes of
0.31 (Supporting Information Figure S35) and 0.13 eV
(Supporting Information Figure S36), respectively. Due
to the negligible interaction between the inert methyl
groups with the Cu, intermedaites, the Cu,; species could
not migrate onto the methyl groups. Subsequent trans-
portation of these species across the methyl groups
encountered significantly higher energy barriers, amount-
ing to 0.99 eV for (CHz0O)Cu;* and 1.28 eV for (CHO)Cuy*
(Figure 5e). It should be noted that these Cu; intermedi-
ates are prone to be captured by the silanol nest on
dealuminated zeolite, as shown in our previous work,
which enables a redispersion of copper particles from
larger to smaller ones.®

In contrast, the Gibbs free energy required for the
migration of both intermediates exceeded 1.3 eV

(Figure 5e), suggesting that the presence of methyl
groups on the SiO, surface markedly elevated the energy
barrier for the Cu;-related intermediates during the sur-
face transportation. In this case, the function of methyl
groups worked for the Cu,; intermediates, regardless of
the size of the Cu cluster model used in this calculation.
The hindered migration of Cus-related intermediates
facilitated their rapid reattachment to the original Cu
particles rather than abundant migration on the solid
surface (Figure 5f), thereby preserving the stability
against sintering. This observation was consistent with
the SVUV-PIMS spectra, which gave negligible signals of
Cu;-related intermediates on the Cu/SiO,-Me catalyst
because the gas-phase intermediates were strongly re-
lated to the amount of intermediates on the solid surface,
as controlled by their saturated vapor pressure.

In terms of the migration and coalescence pathway in
the sintering behavior of Cu, we conducted a study on the
migration of Cu nanoparticles on the SiO, and SiO,-Me
supports using steered molecular dynamics (SMD) simu-
lations where a moving Hook’s potential drives the hori-
zontal movement of Cuss cluster matrix along the
reaction coordinate (Figure 5g,h and Supporting Infor-
mation Figure S37). In these simulations, the subsequent
coalescence processes were simulated using constrained
molecular dynamics to allow for a more accurate depic-
tion of its movement. Starting with the same position, the
free energy barrier for Cuss cluster migration on the SiO»,
was ~0.1 eV, which was lower than that on the SiO,-Me
support (~0.9 eV). In the Cu/SiO, system, the Cu cluster
must surmount several energy barriers before reaching a
neighboring Cu cluster with the highest free energy bar-
rier of ~0.5 eV. Once the Cu clusters were coalesced, they
became significantly exothermic, indicating that the Cu
sintering was thermodynamically favorable. Conversely,
the Cu cluster faced considerable difficulty in migrating
across the methyl groups horizontally along the SiO,
surface even driven by a moving Hook’s potential. This
finding aligns with the observed energy profile for the Cu/
SiO,-Me system (Figure 5h,i), which shows a rapid in-
crease in free energy at the initial stage (@), followed by a
plateau where the free energy remains constant (®),and a
subsequent decrease in free energy at the final stage (®).
Similar to that on the Cu/SiO,, once the Cu cluster climbs
over the methyl group, the coalescence of Cu clusters is
also exothermic. We understand that the migration and
coalescence of Cu nanoparticles under practical condi-
tions are more intricate, and the model used here is
smaller than the real-world catalysts. However, owing to
the presence of methyl groups, both cluster migration
and atom detachment from the Cu cluster hardly pro-
ceed, due to the significantly increased diffusion barrier
for metal nanoparticles or atoms across the support
surface.”® This barrier helps stabilize the copper clusters,
preventing them from sintering.

Citation: CCS Chem. 2025, Just Published. DOI: 10.31635/ccschem.025.202505638

Link to VoR: https://doi.org/10.31635/ccschem.025.202505638



https://www.chinesechemsoc.org/doi/suppl/10.31635/ccschem.025.202505638
https://www.chinesechemsoc.org/doi/suppl/10.31635/ccschem.025.202505638
https://www.chinesechemsoc.org/doi/suppl/10.31635/ccschem.025.202505638
https://www.chinesechemsoc.org/doi/suppl/10.31635/ccschem.025.202505638
https://www.chinesechemsoc.org/doi/suppl/10.31635/ccschem.025.202505638
https://www.chinesechemsoc.org/doi/suppl/10.31635/ccschem.025.202505638
https://www.chinesechemsoc.org/doi/suppl/10.31635/ccschem.025.202505638
https://www.chinesechemsoc.org/doi/suppl/10.31635/ccschem.025.202505638
https://doi.org/10.31635/ccschem.025.202505638
https://doi.org/10.31635/ccschem.025.202505638

@CCS

RESEARCH ARTICLE

Chemistry

Conclusion

In summary, we have successfully stabilized Cu nano-
particles on a silica support modified with methyl
groups, maintaining them against sintering under both
harsh treatment and practical reaction conditions. Al-
though the methyl groups have negligible interaction
with the Cu species, they effectively hinder the migration
of Cu nanoparticles and Cu;-related intermediates across
the silica surface, thereby significantly reducing the Cu
sintering through both migration-coalescence and Ost-
wald ripening pathways. Consequently, we have realized
a significant enhancement in durability for the catalytic
hydrogenation of DMO to EG, even under ambient pres-
sure conditions. This approach diverges from the conven-
tional principle of stabilizing metal nanoparticles by
constructing strong interaction regions on the support
to immobilize them. Instead, our strategy increases mi-
gration barriers by constructing weak interaction regions,
which can inform an efficient method to improve the
stability of industrial catalyst for future applications. Fur-
thermore, the methyl-functionalized Cu/SiO, catalyst
may demonstrate broad applicability in other important
reactions, including ester hydrogenation, CO, hydro-
genation to methanol, and reverse water-gas shift.*° How-
ever, for those reactions performed at high temperature
and oxidative atmospheres, the decomposition of methyl
groups may limit the application.
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