nature communications

Article https://doi.org/10.1038/s41467-023-36640-8

Scalable synthesis of Cu clusters for remark-
able selectivity control of intermediates in
consecutive hydrogenation

Dawei Yao"®, Yue Wang ® %, Ying Li", Antai Li', Ziheng Zhen', Jing Lv', Fanfei Sun?,
Ruoou Yang??, Jun Luo ®#, Zheng Jiang®?2, Yong Wang®°®' | & Xinbin Ma®"

Received: 19 October 2021

Accepted: 8 February 2023

Published online: 27 February 2023

Subnanometric Cu clusters that contain only a small number of atoms exhibit
unique and, often, unexpected catalytic behaviors compared with Cu nano-
particles and single atoms. However, due to the high mobility of Cu species,
scalable synthesis of stable Cu clusters is still a major challenge. Herein, we
report a facile and practical approach for scalable synthesis of stable sup-
ported Cu cluster catalysts. This method involves the atomic diffusion of Cu
from the supported Cu nanoparticles to CeO, at a low temperature of 200 °C
to form stable Cu clusters with tailored sizes. Strikingly, these Cu clusters
exhibit high yield of intermediate product (95%) in consecutive hydrogenation
reactions due to their balanced adsorption of the intermediate product and

M Check for updates

dissociation of H,. The scalable synthesis strategy reported here makes the
stable Cu cluster catalysts one step closer to practical semi-hydrogenation

applications.

Supported Cu-based catalysts have been used in a variety of industrially
important applications such as water-gas shift reaction’, methanol
synthesis?, and hydrogenation of esters® and CO,*. Understanding and
control of catalytic activity of Cu species from single atoms (SAs) to
nanoparticles (NPs) have thus generated a great deal of interest
recently’”. Of particular interest are subnanometric Cu clusters, con-
taining only a small number of atoms, which can exhibit distinctive
catalytic behavior because of their unique geometrical and electronical
properties including the high density of active sites®’, low-coordination
evironment'®”, and appropriate electron-deficient surface'®>™,
Synthesis strategies for atomically tailoring Cu clusters by atomic layer
desorption'®", magnetron sputtering>'®, and electrospray ionization'”
have emerged in recent years, but the low yields and high costs asso-
ciated with these methods hinder their industrial applications. High
mobility of Cu atoms makes it even more challenging to synthesize
stable subnanometric Cu clusters in a facile and scalable way.

A promising strategy has recently been reported on synthesizing
thermally stable single-atom catalysts via a facile thermal treatment, in
which the supported metal particles™, bulk metals®, or metal
oxides” can atomically diffuse between supports and reconstruct to
form stable SAs. However, high temperatures (e.g., 600-1000 °C) are
required in this process to ensure the mobility of metal atoms and to
enable atomic diffusion. A potential downside is that once the emitted
metal atoms exceed the anchoring capacity under the high-
temperature treatment conditions, they tend to form large metal
NPs rather than SAs or subnanometric clusters*2*, which is difficult to
tailor and maintain the monodispersity.

In this work, we report the synthesis of stable Cu subnanometric
cluster catalysts via a low-temperature atomic diffusion process which
are highly selective in consecutive hydrogenation to form desired
intermediate products. By controlling the size of Cu NPs in the starting
materials (e.g., Cu/SiO,), Cu atoms atomically diffuse from these NPs at
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Fig. 1| Cu atomic thermal diffusion process and its influence on catalytic per- DMO =80. The catalysts were made by physically mixing CeO, and corresponding
formance in long-term DMO hydrogenation. a Scheme of Cu atomic thermal lamellar-structured copper silicates listed in Supplementary Table 1. Three differ-
diffusion process in forming clusters. b Scheme of the consecutive hydrogenation  ent stages of catalysts (initial, interim, stable) during Cu low-temperature thermal
of DMO to MG and EG. c-e, Catalytic performance of 3Cu (c), 5Cu (d), 7Cu (e) in diffusion are defined.

long-term DMO hydrogenation. Reaction conditions: 200 °C, WLHSV¢, =6 h™, Hy/

low temperature (200°C) and reconstruct to form stable clusters method”. Due to the confinement by lamellar structure, the
containing only a small number of atoms on CeO, (Fig. 1a). The obtained Cu NPs after reduction are uniformly dispersed with
obtained supported Cu clusters exhibit superior semi-hydrogenation around 3 nm diameters (Supplementary Fig. 2). Here, catalysts were
selectivity with excellent stability in various consecutive hydrogena- prepared by physically mixing the copper silicate precursors
tion reactions, such as acetylene hydrogenation to ethylene and aforementioned with CeO, which was obtained by calcination of
dimethyl oxalate (DMO) hydrogenation to methyl glycolate (MG, cerium nitrate'®, followed by reduction in pure H, at 300 °C for 4 h
Supplementary Fig. 1). Furthermore, due to the facile synthesis of and further treatment in pure H, at 200 °C for 100 h. It was found
catalyst precursors, this low-temperature atomic diffusion strategy can ~ from the element distribution (Supplementary Fig. 3) that, after
be readily scaled-up and has been demonstrated in a large-batch low-temperature thermal treatment, most Cu species appeared and
synthesis of stable supported Cu catalysts with the control of Cu were highly dispersed on CeO, rather than SiO,, evidencing the
nuclearity from single atoms to clusters, showing promising prospects  successful diffusion of Cu between these two supports and its

in industrial applications. reconstruction at low temperatures.
DMO hydrogenation has been found to be sensitive to the chemical
Results and discussion states of Cu species®?. This reaction contains two consecutive hydro-

The atomic diffusion of Cu species occurring at low temperature  genations of the two symmetrical ester groups (DMO to MG, then MG to
To obtain stable Cu clusters via atomic thermal diffusion, it is ethylene glycol (EG), as shown in Supplementary Fig. 1). These two
important to select the temperature of thermal treatment to facil-  reactions can happen under exactly the same conditions”, and usually
itate the detachment and diffusion of Cu atoms from supported Cu  the hydrogenation intermediate MG is not easily obtained over the
NPs with small and uniform size while preventing aggregation of Cu  copper-based catalyst because the thermodynamic constant of the
clusters. We previously reported the synthesis of lamellar- second hydrogenation step is two orders of magnitude larger than that
structured copper silicate by a facile ammonia-evaporation (AE) of the first hydrogenation step®, leading to both the DMO conversion
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and MG selectivity being sensitive to the changes of Cu sites. It is also
noted that the DMO hydrogenation was carried out at the same tem-
perature as the thermal treatment aforementioned (200 °C), thus we
here used it as the probe reaction to reveal the evolution of Cu species
during long-term reaction on a series of catalysts with increased Cu
loadings (3, 5, and 7wt% Cu shown in Fig. 1c-e, respectively). In the
beginning of reaction, all catalysts exhibited high selectivity to EG (close
to 100%) from the corresponding Cu NPs precursors® (Supplementary
Table 1). As the reaction proceeded, the selectivity of intermediate
product MG gradually increased on all the catalysts, implying that the
surface Cu is altered likely due to the atomic thermal diffusion of Cu
under heat treatment. The performance of 3Cu and 5Cu catalysts sta-
bilized after 10 h and 24 h, respectively, and remained unchanged in the
subsequent >100 h test (Fig. 1c, d), indicating that the Cu diffusion
process was completed and the stable Cu species were formed. Notably,
evolution of catalytic performance over 7Cu catalyst (Fig. 1e) is different
from those on 3Cu and 5Cu catalysts. After 29 h time-on-stream, EG
selectivity slightly increased while MG selectivity slightly decreased,
suggesting the Cu atomic diffusion in 7Cu catalyst continued, then
stable catalyst performance was reached in the subsequent 50 to 150 h
time-on-stream test. Based on the catalytic performance, the interim
stage of Cu atomic diffusion could be probed. It is worth noting that the
initial increase and then decrease of MG selectivity was even more
obvious on the catalyst with further increased Cu loadings, e.g., 9Cu
catalyst, on which the EG became the predominant product again after
100 h time-on-stream (Supplementary Fig. 4a). To investigate the
influence of reactants on this Cu atomic diffusion process, we switched
the inlet flow between the reactants (H, + DMO) and the inert gas (N,) or
pure H, but kept the same heating program during the long-term
reaction. As shown in Supplementary Fig.s 4b and c, similar catalytic
performances were observed under different gas conditions, indicating
that the assembly of Cu atoms is thermally driven. According to the
catalytic performance in the long-term hydrogenation reaction, ther-
mally treating stages can be defined and used for further characteriza-
tion. The catalysts just after reduction (0 h) and after long-term thermal
treatment (after 100 h) are denoted as reaching initial stage and stable
stage, respectively, as marked in Fig. 1c-e. Furthermore, owing to the
unique performance of 7Cu and 9Cu catalysts, an interim stage is

defined at 29 h thermal treatment, as marked in Fig. le and Supple-
mentary Fig. 4.

An additional experiment was performed to verify the diffusion of
Cu between supports, which is illustrated in Supplementary Fig. 5. The
Cu/SiO, and CeO, were shaped into pellets with different diameters of
about 0.12 mm and 0.63 mm respectively, reduced separately and then
physically mixed. After 100 h treatment in hydrogen under 200 °C, the
CeO, pellets were sifted out for evaluation. We found that the sieved
CeO, pellets are active in DMO hydrogenation, while the untreated
CeOQ, is inactive for DMO conversion. The Cu species on separated
CeO, pellets was detected by EDS-mapping (Supplementary Fig. 5b).
These results clearly confirm that the atomic diffusion of Cu species
from SiO, to CeO, occurs at a low temperature of 200 °C even in the
absence of DMO reactant.

Formation of Cu clusters during low-temperature atomic
diffusion

To investigate the atomic diffusion of Cu species under low-
temperature thermal treatment at 200 °C, both X-ray absorption fine
structure (XAFS) and atomic-resolution scanning transmission elec-
tron microscopy (STEM) characterizations were conducted. The X-ray
absorption near edge structure (XANES) spectra and their corre-
sponding first derivative data are shown in Fig. 2a. The corresponding
Cu-K adsorption energies of all samples are listed in Table 1. The
XANES and Cu-K adsorption energies of Cu-Initial catalysts are similar
to the Cu foil (8979.0 eV), which indicates that all the Cu NPs before
low-temperature thermal treatment are nearly at metallic state. After
the low-temperature thermal treatment at 200 °C to the stable stage,
Cu diffusion took place and the Cu-K adsorption energies of 3Cu, 5Cu,
and 7Cu catalysts increased but are still lower than the Cu,O reference,
indicating that part of the Cu species are present as Cu® (0<8 <1) after
anchoring on coordinately unsaturated CeO, surface. It has been
previously reported that the bottom layer of Cu NPs or clusters con-
tains mainly Cu® atoms that are chemically bonded with the Ce**-0,
(oxygen vacancy), whereas the top layer of Cu NPs atoms has pre-
dominantly Cu® atoms®**°. During the Cu atomic diffusion, the Cu
species reconstructed to form single atoms or clusters on CeO,,
resulting in increased Cu average valence.
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Fig. 2 | XAFS characterization of Cu species during atomic thermal diffusion
process. a Cu K XANES spectra and the first derivatives of catalysts with different
Cu loadings and stages, while the Cu K adsorption energies are listed in Table 1.
b Cu R space EXAFS spectra of catalysts with different Cu loadings and treatment
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stages. The dots are original data and lines are fitted by FEFF code from the
reported crystal structures** (JCPDS card#: 4-836, 5-667, and 41-254 for Cu, Cu,0,
and CuO respectively). The fitted structural data of Cu catalysts are shown in
Table 1.
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Table 1| Cu-K adsorption energy and EXAFS fitting results of Cu catalysts in the different stages

Catalyst Cu-K adsorption energy (eV) Path R (A) CN® o2 (102 AY)e AE, (eV)? R-factor

3Cu-Initial 8979.0 Cu-Cu 2.53+0.02 9.6+0.9 9.6 3.95 0.007
Cu-O 1.83+0.02 1.0+0.1 9.6

3Cu-Stable 8980.5 Cu-Cu - = = 3.44 0.020
Cu-O 1.85+0.02 1.3+0.1 7.6

5Cu-Initial 8979.0 Cu-Cu 2.53+0.02 8.9+0.8 9.2 3.91 0.009
Cu-O = = =

5Cu-Stable 8979.6 Cu-Cu 2.53+0.02 2.6+0.2 7.2 4.77 0.014
Cu-O 1.85+0.02 1.6+0.2 7.2

7Cu-Initial 8979.0 Cu-Cu 2.54+0.02 8.5+0.9 8.8 3.54 0.004
Cu-O - - -

7Cu-Interim 8979.4 Cu-Cu 2.54+0.02 3.5+0.3 8.7 4.51 0.021
Cu-O 1.85+0.02 1.9+0.2 8.3

7Cu-Stable 8979.2 Cu-Cu 2.54+0.02 4.8+0.5 9.7 4.53 0.007
Cu-O 1.85+0.02 1.3+0.1 5.2

cuf 8979.0 Cu-Cu 2.56 12
Cu-O

Cu,Of 8980.8 Cu-Cu 3.70 8
Cu-O 1.85 4
Cu-Cu 2.91 4

Cuof 8983.8 Cu-O 1.91 2
Cu-O 1.99 2

“R is interatomic distance.

°CN is coordination number.

°c? is Debye-Waller factor, a measure of thermal and static disorder in absorber scatter distances.
9AE, is edge energy shift.

°No reliable fitted values can be obtained.

EXAFS data (R and CN) were calculated by FEFF code from the reported crystal structures* (JCPDS card#: 4-836, 5-667, and 41-254 for Cu, Cu,0, and CuO, respectively).

We further obtained the structural and coordination information
of Cu species according to the extended X-ray absorption fine struc-
ture (EXAFS) R space spectra (Fig. 2b) and the corresponding fitting
results of coordination numbers (CN, listed in Table 1). For all Cu-Initial
catalysts, the main peaks of Cu-Cu at 2.24 A with coordination number
of 8.5-9.6 were observed, which is consistent with the existence of
2-3nm Cu NPs in the initial stage®. After low-temperature thermal
treatment, the structure of Cu species apparently changed. For 3Cu-
Stable, the Cu-Cu peak disappeared while the Cu-O peak at 1.50 A
appeared, indicating that the Cu NPs restructured to form Cu SAs
during the thermal diffusion. The formation of Cu SAs proved that
atomic diffusion rather than particle migration occurred during the
low-temperature thermal treatment, which might be benefited from
the well-uniformed size distribution of Cu NPs in the initial precursors
synthesized using the AE method™.

By fitting the EXAFS of catalysts with different Cu loadings and
low-temperature thermal treatment stages, the Cu atomic diffusion
process could be further elucidated. According to the coordination
number of 2.62 and 4.84 in 5Cu-Stable and 7Cu-Stable, respectively, it
could be deduced that the Cu clusters of 2-3 atoms formed in 5Cu-
Stable while those in 7Cu-Stable contain about 30 atoms®. The
arrangements of copper atoms within clusters in 5Cu-Stable and 7Cu-
Stable were further confirmed by atomic-resolution high-angle annular
dark-field (HAADF) STEM combined with electron energy loss spec-
troscopy (EELS). Unlike the noble metal atoms, Cu atoms are difficult
to be imaged on the CeO, background, thus the edge of CeO, was
focused to detect the metal atoms with low atomic number**. We here
conducted STEM and EELS for several CeO, edges to determine the
morphology and uniformity of Cu species, as shown in Fig. 3 and
Supplementary Figs. 6-8. The intensity line scanning of the edge of
5Cu-Stable (Fig. 4a and Supplementary Fig. 6) and 7Cu-Stable (Sup-
plementary Fig. 7b) shows the location of Cu atoms and Ce atoms,

demonstrating the Cu clusters are on the CeO, surface. The distance of
the adjoining copper atoms on the top layer was 0.20 nm, which is
equal to the interplanar spacing of 0.208 nm in Cu(111). The distance
between the Ce atoms of the top layer and the Cu atoms was 0.28 nm,
demonstrating that Ce and Cu atoms in the interface are connected via
interfacial O atoms which are invisible in the HAADF-STEM image'. The
Cu L,3 and Ce My edges of line-scanning EELS in Fig. 3e and Sup-
plementary Fig. 8 further affirmed the existence of Cu clusters on CeO,
surface. It could be seen that the trapped Cu species present mainly as
clusters of 2-3 atoms on 5Cu-Stable catalyst, in accordance with the
EXAFS fitting results in Table 1. Furthermore, large-scale STEM-EDS
images of 5Cu-Stable catalyst and the corresponding fast Fourier
transform image are shown in Supplementary Fig. 10. The Cu atoms
are located on CeO,, while there is no lattice fringe of any Cu planes in
the same region, confirming the high dispersion of Cu species. The
geometric configuration of clusters on 5Cu-Stable (2-3 atoms) and
7Cu-Stable (0.78 nm) are further built by density functional theory
(DFT) respectively, as shown in Figs. 3c and 3f. The Cu atoms at the Cu-
CeO, interface are calculated of positive charge', which is also
demonstrated by XANES (Fig. 2a), which confirmed the appearance of
Cu® (0<8<1) after anchoring on coordinately unsaturated CeO,
surface. The optimized 0.80 nm cluster is formed by DFT (Fig. 3f),
which is consistent with the EXAFS fitting result of 7Cu-Stable (Table 1).
Notably, compared to the CeO, supported Cu clusters prepared by
deposition-precipitation method’, these Cu clusters generated via the
atomic diffusion are more like hemispheres rather than monolayers or
bilayers. To further clarify that the Cu diffusion is thermally driven, we
treated 5Cu and 7Cu catalysts with the same heating program but in
the absence of reactants, i.e., these two reduced catalysts were treated
under N, at 200 °C for 100 h. The HAADF-STEM images of these two
samples (shown in Supplementary Fig. 9) demonstrate that Cu atoms
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Fig. 3 | Structural information of Cu clusters in 5Cu-Stable and 7Cu-Stable.

a HAADF-STEM image of 5Cu-Stable and intensity line scans from two directions (S1
and S2) of the top atomic layers of CeO,. The top three layers of CeO, edge (8 x3
atoms) surface was magnified as shown in (b). b Distance between atoms. The
distance between the darker atoms and the brighter atoms are 0.20 nm and

0.31 nm respectively, corresponding to the interatomic distance of Cu-Cu and Ce-

Ce0,(110)
0.19 nm

0.78 nm cemCeMs 0
Cluster

Intensity (a. u.)

T T T
880 920 960
Energy Loss (eV)

0.80 nm
32 atoms

Ce'. ¢ Corresponding theoretical structure of (b), optimized by DFT. d HAADF-
STEM image of 7Cu-Stable, the interface between Cu cluster and CeO, can be
distinguished according to the line scans as shown in Supplementary Fig. 7b.

e STEM-EELS of different areas of 7Cu-Stable. f Corresponding optimized theore-
tical structure by DFT calculation.

can also diffuse to CeO, and form Cu clusters after thermal treatment
in the absence of reactants.

It can be deduced the Cu SAs are generated in the 3Cu-Stable by
Cu atomic diffusion and anchoring on the defects of CeO, surface
during thermal treatment'®**, However, when excess Cu are available
in the precursor, we found that the atomic thermal diffusion would
continue to form Cu clusters, such as what occurred in the 5Cu-Stable
and 7Cu-Stable catalysts. The Cu-Cu coordination number of 7Cu
sample first decreased before the interim stage but then increased in
the following 70 h treatment (Table 1). It also could be seen from the
Cu-K adsorption energy (Table 1) that the average valence of Cu spe-
cies increased first but then decreased. This changing pattern is more
obvious when we increased the initial Cu content to 9 wt%, where the
size of Cu species decreased at first, and then increased, eventually
forming Cu NPs after the 100 h low-temperature thermal treatment, as
shown in Supplementary Fig. 11 and Supplementary Table 2. Accord-
ingly, the formation processes of clusters and NPs during low-
temperature atomic diffusion could be deduced. When all the avail-
able sites for trapping Cu atoms are occupied, excess Cu atoms would
continue to be emitted, diffuse, and deposit around the trapped single-
atom sites, forming clusters or NPs.

To further confirm the Cu atomic diffusion mechanism, DFT cal-
culation was conducted to investigate the detachment of Cu atoms
from cluster supported on SiO, and the anchor of these detached Cu
atoms on Ce0,(100) and CeO,(110). As shown in Fig. 4 and Supple-
mentary Figs. 12-15, the adsorption energies of Cu atoms anchored on
CeO, are -2.26eV--3.56eV, which are much lower than those
adsorption energies on SiO, (-0.52--0.64 eV). This result indicates Cu
atoms are more stable on CeO, surface than SiO, surface, and confirms
that the detached Cu atoms from SiO, prefers to anchor on the CeO,
surfaces. According to the potential anchoring positions of Cu atoms
(Supplementary Figs. 12-15), the Cu atoms tend to first being stabilize
on oxygen vacancy of CeO, to form single Cu sites, followed by addi-
tional Cu atoms migrating on the surface and anchoring at the existing
Cu sites, leading to the growth of the Cu clusters on both Ce0,(100)
and Ce0,(110) facet. We could also find that the Cu; sites and Cus.4
clusters are more stable than other sites during the anchoring process,
which is consistent with our finding from EXAFS and STEM that single
Cu site and Cus cluster are formed under the low Cu loadings.

Based on these experimental and theoretical results, it could be
concluded that the stable Cu clusters are obtained via a two-step
atomic diffusion process at low temperature, as illustrated in Fig. 1a.
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Fig. 4 | The formation process of Cu clusters during ordered atomic diffusion
investigated by DFT study. a Cu adsorption energies on Cu clusters and NPs on
Si0,. b, ¢ The most stable adsorption positions of Cu atoms on CeO, (100) (b) and

CeO; (110) (c) surface and their relative adsorption energies. All of the potential
positions for Cu atom absorbed on CeO, (100) and CeO, (110) surface and corre-
sponding adsorption energies are shown in Supplementary Figs. 12-15.

The first step, which happens in the initial several hours, involves Cu
atoms emitting from NPs precursors and then being trapped by the
defects on CeO, to form stable Cu SAs. During this step, the average
crystalline size of Cu decreases while the surface proportion of
atomically dispersed Cu® increases. After all the available sites on
Ce0, are occupied, emitted excess Cu atoms would anchor around the
single atoms, gradually forming stable Cu clusters.

Subnanometric Cu clusters for efficient semi-hydrogenation
During the long-term DMO hydrogenation, the selectivity of semi-
hydrogenation product and final product changed significantly as
the Cu catalysts evolved through Cu atomic diffusion. Based on the
results discussed above, it could be deduced that the size of Cu
domains, especially clusters, could significantly influence their cata-
lytic behavior in consecutive hydrogenations. To further confirm this
hypothesis, we prepared a series of stable Cu catalysts with different
domain sizes via the low-temperature atomic diffusion method by
modulating the Cu loadings. As confirmed by the XRD, EXAFS, and
STEM-EDS characterization (Supplementary Figs. 16-18 and Supple-
mentary Table 3), Cu NPs of 4.1nm and 7.0 nm were synthesized on
9Cu-Stable and 11Cu-Stable catalysts, respectively, as well as the Cu SAs
(3Cu-Stable) and Cu clusters (i.e., Cus clusters (5Cu-Stable) and Cusg
clusters (7Cu-stable)). It is worth noting that these catalysts can be
readily scale-up prepared (at least 1kg per batch, as demonstrated in
Supplementary Fig. 19), showing promising prospects in industrial
application.

Two representative consecutive hydrogenation reactions, DMO
hydrogenation and acetylene hydrogenation, were carried out to
understand the catalytic performance over Cu SAs, Cu clusters, and Cu
NPs (Fig. 5). The flow rate of reactant is set according to Cu surface
amount to fix the ratio between exposed Cu sites and the amount of
reactant per unit time. The catalytic performance of DMO hydro-
genation is shown in Fig. 5a. For single-atom Cu catalyst, the semi-
hydrogenation product MG is predominant with 84% yield. As the size
of Cu species increased from single atom to Cus cluster, the MG yield
increased from 84% to 95% (95% MG selectivity and 100% DMO con-
version). With further increasing the Cu dimension, the DMO conver-
sion reached 100% but the MG selectivity gradually decreased because
of the further hydrogenation of MG to EG. The EG selectivity conse-
quently increased and reached 95% when the size of Cu NPs reached
about 7 nm. Thus, by simply tailoring the domain size of Cu species,
the yield of semi-hydrogenation product MG could be improved to
95% in DMO hydrogenation. According to previous reported works on
Cu-based catalysts, the high MG selectivity could only be achieved by
increasing space velocity of DMO?, decreasing reaction temperature®
or reducing the amount of exposed Cu species®. However, these
approches unavoidably led to drastically decreased DMO conversion,
and consequently low MG yield. The catalytic performance data of all
previous literature reports are summarized in Fig. 5b, showing that all
MG yields are lower than 80%. Notably, the catalytic performance of
Cu;s cluster in this work shows a distinctively high MG selectivity of 95%
without sacrificing the DMO conversion (100%), resulting in an
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Cu/SiO,-AE”, and Cu/SiO,-AEH”. Detailed reaction information is shown in Sup-
plementary Table 4. ¢ Catalytic performance of Cu species with different dimen-
sions for C,H, hydrogenation. Reaction condition: 120 °C, 0.1 MPa, 1% acetylene,
10%H; balanced in Ar. 0.956 gcapy/(gcyeh) normalized based on amount of exposed
Cu weight. By-products: Cs.4 oligomers. d H, diss °Ciation barrier, MG adsorption
energy, and C,H,4 adsorption energy on Cu species with different sizes. Detailed
DFT results are shown in Supplementary Figs. 21-24.

unprecedented MG yield of 95%. The clusters also displayed remark-
able catalytic performance in semi-hydrogenation of acetylene to
ethylene shown in Fig. 5c. It could be seen that the conversion of
acetylene over Cu SAs was much lower than that over clusters, and the
selectivity of ethylene decreased sharply when the Cu species
increased from clusters to NPs. Based on the catalytic performance in
these two consecutive hydrogenation reactions, it is apparent that the
Cu clusters exhibit high selectivity to intermediate products even at
high conversions, resulting in significantly improved yield of semi-
hydrogenation products.

Selective hydrogenation remains a general challenge in chemical
synthesis, which is usually plagued by the rapid over-hydrogenation®-*%,
To better understand the superior performance of Cu clusters in semi-
hydrogenation, we investigated the adsorption and activation behavior
of the intermediate products (MG and ethylene) and H, on Cu species of
different dimensions (Fig. 5d). As shown in the MG temperature pro-
gramed desorption combined with mass spectrometry (Supplementary
Fig. 20), the MG desorption peak shifted from 150 °C to 171 °C with the

size of Cu species increased from single atom to 7 nm, indicating that
the adsorption of MG is stronger on larger Cu species. We also inves-
tigated the MG desorption and the first step of MG hydrogenation (MG
to MGH*)* via DFT calculation, as shown in Supplementary Figs. 21 and
22. With the increased Cu atoms number of the active sites, the MG
adsorption energies gradually decrease from —0.16 eV (Cu;) to -1.48 eV
(Cuyg), indicating that MG could be more easily desorbed from smaller
Cu sites. The activation barrier of MG to MGH* (first MG hydrogenation
step) only slightly changed when varying the Cu atoms number, indi-
cating that MG hydrogenation ability is not the primary factor for
influencing the MG selectivity. It is therefore deduced that the Cu sites
with only a few atoms tend to release MG instead of further hydro-
genate them to EG, resulting in a higher MG yield. The desorption
behavior of ethylene on Cu species with different dimensions is similar
to MG desorption, as shown in Supplementary Fig. 23. The H, dis-
sociation barrier on Cu species was calculated as well (Supplementary
Fig. 24). With the increased Cu size, the H, dissociation barrier gradually
decreased, indicating more readily dissociation of H, molecules on
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larger Cu species'®*%. From both experimental and computational
results, it could be inferred that the low H, dissociation ability of Cu SAs
is the main reason of the low conversion in hydrogenation reactions. On
the other hand, the strong adsorption of intermediate products (MG
and ethylene) on Cu NPs leads to the over-hydrogenation to the final
products (EG and ethane), which is the main reason of low selectivity to
intermediate products. Cu clusters, with high H, dissociation ability and
relative low adsorption ability towards intermediate products, are
shown to be effective for semi-hydrogenation reactions.

In this work, we proposed a simple and practical strategy to syn-
thesize stable Cu clusters containing only a small number of atoms, in
which the Cu atoms could detach from supported nanoparticles,
atomically diffuse and restructure on CeO, surface under low tem-
perature (200°C). The Cu clusters exhibited remarkable catalytic
performance in selective hydrogenations to producing intermediate
products, such as DMO hydrogenation to MG or acetylene hydro-
genation to ethylene. In particular, the Cus clusters achieved unpre-
cedented MG yields as high as 95%. Combined experimental and
computational studies show that the stable Cu clusters exhibit high H,
dissociation ability and low adsorption ability towards intermediate
products, resulting in the efficient semi-hydrogenation performance.
Furthermore, this low-temperature atomic diffusion strategy is readily
scaled-up and we have demonstrated in producing kilogram-batch
catalysts with Cu size regulated ranging from single atoms to clusters,
which shows great potential in semi-hydrogenation at industrial level.

Methods

Synthesis of the lamellar-structured copper silicate
Lamellar-structured copper silicate was prepared by ammonia eva-
poration (AE) method. Cu(NO),*3H,0 (99.99%; Sigma-Aldrich) and
ammonia water (25 wt%; J&K Co.) were first dissolved into the deio-
nized water and stirred for 10 min to form cuprammonia solution. The
silica sol was dropwise added into the solution and stirred for 4 h. Then
this mixture was heated in an 80 °C water bath to allow the evaporation
of ammonia and consequent precipitation. The evaporation process
was terminated when the pH value decreased to 7. The obtained pro-
duct was filtered, washed, dried under vacuum at 80 °C, and calcined
in air at 450 °C for 4 h to obtain the light blue powder sample.

Synthesis of CeO,
The Ce(NO3);°6H,0 (99.999%; Sigma-Aldrich) was heated in air at
350 °C for 2 h, producing the yellow powder sample.

Physically mixed samples

The lamellar-structured copper silicate and CeO, were mixed at a
weight ratio of 1:3.6 and ground for 15 min, then pressed and crushed
into granules of 40-60 meshes.

Catalytic activity test

Catalytic activity tests were carried out in a straight stainless-steel
fixed-bed reactor with an internal diameter of 8 mm. The reactor was
placed inside a vertical furnace with three temperature controllers.
0.2-1g catalyst (40-60 meshes) was loaded into the reactor between
two layers of quartz wools.

To investigate the catalyst evolution process during long-term
DMO hydrogenation, the as-prepared catalysts were first reduced by
hydrogen at 300 °C for 4 h then decreased to 200 °C, and then the feed
with a H,/DMO molar ratio of 80 was injected into the reactor. The
DMO flow rate was set according to the total Cu weight, which is
6 gpmo Ecu ' h™%. Three stages are defined for the catalysts according to
the reaction time-on-stream at 200 °C: initial stage (after reduction;
0 h treatment at 200 °C), interim stage (29 h treatment at 200 °C), and
stable stage (100 h treatment at 200 °C).

To investigate the influence of Cu domain size on the consecutive
hydrogenations, the as-prepared catalysts with different Cu loadings

(x%) were first reduced by hydrogen at 300 °C for 4 h, then treated at
200 °Cin hydrogen for 100 h to reach the stable stage, denoted as xCu-
Stable. For DMO hydrogenation, the DMO flow rate was set according
to the surface amount of Cu, which is 6 gpmo/(gcy-h), and the H,/DMO
molar ratio was kept at 80. The DMO hydrogenation was conducted at
200 °C and 2.5MPa. For C,H, hydrogenation, the C,H, flow rate was
also set according to the surface amount of Cu, which is 0.956 gcop,/
(gcu-h), and the feed gas contains a mixture of 1vol% C,H, and 10 vol%
H, balanced with Ar. The C,H, hydrogenation was conducted at 120 °C
and 0.1 MPa.

The products in DMO hydrogenation were condensed and ana-
lyzed using an Agilent Micro GC 6820 chromatography with flame
ionization detector (FID) and a HP-INNOWAX capillary column (Hew-
lett-Packard, 30 mx 0.32mm x 0.50 pm). The vent gases in C,H,
hydrogenation were analyzed by a Shimadzu GC 2014C online gas
chromatography with two thermal conductivity detectors (TCD) and
one FID, employing an Al,O5 capillary column (25 m x 0.32 mm) and
two packed columns (Molecular sieve-13X, 3.0 m x 3.2 mm and Por-
apak-N, .0 m x 3.2 mm).

Characterization

The copper content of samples was analyzed by using an Inductively
Coupled Plasma Optical Emission Spectrometer (ICP-OES, Varian Vista-
MPX), and was determined by the Cu characteristic peak at
324.754 nm. Transmission electron microscopy (TEM) images and
corresponding EDS of samples were obtained by a JEM-2100f system
electron microscope at an electron acceleration voltage of 200 kV.
Atomic resolution high-angle annular dark-field (HAADF) STEM images
and corresponding EDS of samples were obtained by Titan Cubed
Themis G2300 in Center for Electron Microscopy and Tianjin Key Lab
of Advanced Functional Porous Materials, Tianjin University of
Technology.

X-ray diffraction (XRD) was conducted by a Rigaku C/max-2500
diffractometer, employing the graphite-filtered Cu Ko radiation
(A=1.5406 A) at room temperature. The samples were scanned from
10° to 90° with a rate of 8°/min or from 30° to 50° with a rate of 2°/min.

X-ray adsorption fine structure (XAFS) profiles at Eo = 8979 eV (Cu
K-edge) were obtained at BLI4W1 beamline of Shanghai Synchrotron
Radiation Facility (SSRF)*® operated at 3.5 GeV under top-up mode with
a constant current of 220 mA. Before each measurement, the samples
were placed in a quartz tube oven with valves at both ends and were
reduced at 300 °C in pure hydrogen followed by further thermal
treatment at 200 °C in hydrogen for different time. After these treat-
ments, the quartz tube was directly sealed by the valves and trans-
ferred into the glovebox. Then the sample was taken out from the
quartz tube and placed into a hollow Teflon chamber which was
completely sealed by several layers of Kapton foil. This sealed chamber
was directly placed in beamline for characterization. The obtained
XAFS data was processed by standard procedures via ATHENA module
in IFEFFIT software*’. The EXAFS data was obtained by subtracting the
background of post-edge and normalized by the edge jump step. The
R-space data was obtained by Fourier transformed by the k-space data.
The coordination information can be obtained by the least-squares
curve fitting in the R-space using the ARTEMIS module in IFEFFIT
software**.

The surface amount of Cu species in xCu-Stable catalysts was
calculated according to Eq. (1):

Surface amount of Cu per gram catalyst = Cu dispersion
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where V, is Cu atomic volume in the crystal lattice (0.0119 nm?) and C,
is cross-sectional area of Cu atom (0.0680 nm)*.

MG temperature desorption profiles were obtained by a Micro-
meritics Autochem Il 2920 apparatus. The catalysts with normalized
weight according to Cu loading were first reduced at 300 °C for 4 h and
further kept at 200 °C in hydrogen for different time. Then, the tem-
perature was decreased to 100 °C in helium. MG was bubbled under
80 °C and carried by helium into the sample tube for 60 min. After MG
adsorption the sample tube was purged by He under 100 °C for 30 min.
Finally, the temperature was gradually increased to 400 °C at a rate of
5°C/min in helium. The vent gas was analyzed by mass spectrometry
(MS, Hiden HPR-20 EGA).

Computational methods

Density functional theory (DFT) calculations were performed using the
CASTEP package of Materials Studio with a planewave energy cutoff of
400 eV. The electron exchange and correlation were described by the
generalized gradient approximations (GGA)*® with the Perdew—Burke
—Ernzerhof (PBE) functional*®. The Hubbard U term was used to
properly localize the state of Ce 4f*’. The effective U (U.s) parameter is
defined as the difference between Coulomb U and exchange J. The Ucgr
of Ce was set to 4.5 eV for all the calculations***°,

For the Cu/CeO, catalyst, a seven-layer CeO, (110) - (2x2)
(11.14 A x 7.55 A) and a seven-layer CeO, (100) - (3 x 3) (11.62 A x 11.62 A)
slab with vacuum region of 15A between slabs were employed to
simulate the CeO, surfaces with different facet. The top two layers were
allowed to relax while the bottom five were fixed to their bulk positions.
The k-point mesh of 2 x 3 x 1 was used to generate the Brillouin zone.

For the Cu/SiO, catalyst, we chose the (001) surface of a-quartz to
simplify the surface structure of amorphous SiO, in experiment
because the SiO, (001) surface has the lowest energy in low-index
surface®. An eleven-layer SiO, (001) - (4 x4) (19.92 A x19.92 A) slab
with a vacuum space of 15 A was employed to simulate the SiO, surface.
The top three layers were allowed to relax while the bottom eight were
fixed to their bulk positions. Besides, half of the surface terminal O
atoms were saturated by H atoms. Due to the large size of surface cells
and large size of Cu, clusters, the calculations were performed at a I'-
point grid.

The adsorption energy (Eads) of Cu was determined based on the
energy difference by adding one more Cu atom to the existing Cu
domain on CeO2 surface, as shown in the following Eq. (3),

Eads = E(slab+nCu) - l':[slabJr(n—l)Cu] - E(Cu) (3)

where Epab+ncu) and Esiab+n-1ycu) represent the total energies of the
slab with nCu cluster and (n-1)Cu cluster, respectively. A more nega-
tive E,qs indicates a stronger adsorption.

For ethylene adsorption, MG adsorption, MG hydrogenation, and
H, dissociation calculation, we chose a seven-layer CeO, (110) - (2 x 4)
slab (11.14 A x 14.96 A) with a 25 A vacuum to simulate the surface of
CeO, support. The top two layers were allowed to relax while the
bottom five were fixed to their bulk positions. The diameter of largest
Cu cluster (Cuysg) in xy direction is 6.48 A. Due to the large size of
surface cells and large size of Cu cluster, the calculations were per-
formed at a k-point of T-point. the atomic structures were relaxed until
the forces on all unconstrained atoms were less than 0.05 eV/A, and
the convergence criterion for energy was 2 x 10~ eV. The adsorption
energies (E,qs) of MG and ethylene were defined as Eqs. (4) and (5) as
follows,

Eads = E(surface+MG) - E(surface) - E(MG) (4)

Eqgs = E(surface +C2H4) — E(surface) - E(C2H4) )

where the Eurface)r Esurface+mc), and E(surface+cona) represent the total
energy of Cu/Ce0,(110) surface, Cu/CeO,(110) surface with absorbed
MG, and Cu/Ce0,(110) surface with adsorbed ethylene, respectively. A
lower E,4s demonstrates the product is more stable on Cu/CeO, sur-
face. The activation barrier of MG to MGH* and H, decomposition is
calculated by the energy of transition state (E.rs)) minus the energy of
Cu/Ce0,(110) with adsorbed MG +H or adsorbed H,, as shown in the
Egs. (6) and (7),

Eoc =Es) — Evc+n) (6)

Eact = I-:(TS) - E(surface+H2) (7)

Data availability

The data generated in this study are provided in the Supplementary
Information. More detailed data that support the findings of this study
are available from the corresponding author upon reasonable request.
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