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The gas-phase direct epoxidation of propylene (DEP) using molecular oxygen,

which has been deemed the ‘dream reaction’ for propylene oxide (PO) pro-
duction due to its efficiency and environmental benefits, remains highly
regarded by researchers. In this contribution, we engineer a series of Cu,O
nanocatalysts by employing the ligand-protection/selective facet-etching
technique. Among these, the internally hollow Cu,O nanoframes, featuring
increased specific surface area and a prevalence of {110} sites, achieve a triple-
win in activity, selectivity, and stability, with an optimal PO formation rate of
0.18 mmol g.,.* h* and a selectivity of 83.8% at 175 °C. In addition, long-term
tests confirm that these internally hollow nanoframes maintain high activity
and selectivity for over 300 minutes. Further characterizations, combined with
density functional theory calculations, confirm that the unique atomic
arrangement of copper and oxygen on the Cu,O {110} facet facilitate the for-
mation of chemically adsorbed oxygen species and propylene oxide as well.
We anticipate that the ligand-protection/selective facet-etching approach may
serve as a versatile method for fabricating well-defined catalyst architectures.

M Check for updates

The selective catalytic conversion of propylene (C3Hg) into propylene
oxide (PO) is an important process in the field of industrial catalysis'™.
PO serves as a bulk chemical feedstock for the manufacture of versatile
value-added chemicals, which are essential in sectors of microchip and
capital construction fields* . Market research data forecasts that the
annual demand of PO will surpass 20 million tons in 20257%, However,
conventional industrial methods for PO production are encumbered
by their cost-ineffectiveness and adverse environmental impact,
resulting in the generation of multiple by-products that intricately
complicate downstream separation processes. To address this chal-
lenge, the direct epoxidation of propylene (DEP) with molecular oxy-
gen has emerged as an ideal alternative for the 21st century, owing to
its promise of achieving 100% theoretical atom economy and a sus-
tainable, environmentally friendly process® ™.

The DEP reaction using Cu-based catalysts, especially Cu,O
nanocrystals, has been the subject of intensive research®™, var-
ious Cu,O nanostructures, such as nanocubes, octahedra, and
rhombic dodecahedra, along with their modified counterparts, have
been synthesized, yielding significant understanding of the influence
of crystallographic orientation on catalytic outcomes'®". The differ-
ent Cu,O facets, such as {111}, {100} and {110}, with different surface
oxygen coordination structures, are closely associated with the
production propensity for acrolein, CO,, and PO, respectively®".
However, the PO yield was not satisfactory due to the low density of
the active site and the limited specific surface areas on the Cu,O
catalysts. The synthesis of hollow Cu,0O nanoframes has been iden-
tified as a promising solution to overcome the existing challenges,
primarily due to their enhanced surface-to-volume ratio and
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improved substrate transfer capacity®'*". Specifically designed hol-
low Cu,0 nanoframes, with a focus on exposing preferred crystal-
lographic planes, were expected to demonstrate superior catalytic
performance. For example, Sui et al.”° revealed that hollow Cu,O
catalysts with {111} edge sites significantly surpassed their solid
counterparts in the oxidative degradation of pollutants. In addition,
hollow Cu,0 nanoframes, characterized by {111} edge sites, exhibited
enhanced catalytic performance in photocatalysis reactions as
compared with conventional Cu,O cubes”*. However, the indis-
criminate formation of diverse exposed facets did not improve the
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Fig. 1| Microscopic characterizations and schematic illustration. SEM and TEM
images of (a) c-Cu,0, (b) c-Cu,0O-NF, (c) 0-Cu,0, (d) 0-Cu,O-NF, (e) d-Cu,0, ()
d-Cu,0-NF, (g) s-Cu,0, (h) s-Cu,O-NC and (i, j) s-Cu,O-NF. Three-dimensional

efficiency of the DEP reaction, owing to the critical dependence of
propylene oxide (PO) production on the exposure of the {110} facets
of Cu,0. Therefore, there is an urgent need to develop synthetic
methods specifically aimed at selectively engineering Cu,O nano-
frames to prioritize the exposure of {110} facets.

In this work, the fabrication of hollow Cu,O nanoframes with
abundant {110} facets was made possible through an innovative
synthesis approach called ligand-protection/selective facet-etching.
This was achieved by employing lauryl sodium sulfate as a ligand
protecting agent for preferentially binding to the high-surface-energy

Hollow @
» nanoframe &
with {110}

structure models of (k) c-Cu,O-NF, (I) 0-Cu,O-NF, (m) d-Cu,O-NF, (n) s-Cu,O-NC
and (0) s-Cu,O-NF models. p Schematic illustration for the synthesis process of
s-Cu,O-NF.
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Fig. 2 | Structural characterizations. (a) XRD and (b) FT-IR patterns of as-prepared Cu,O nanocatalysts. ¢ XPS patterns of Cu of s-Cu,0, s-Cu,0-NC and s-Cu,O-NF.
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Fig. 3 | Microscopic characterization of s-Cu,O-NF. a TEM images of the mor- of Cu, O, and Cl. The (e) HRTEM image (inset is the Fast Fourier transform image),
phology change of s-Cu,O-NF with different etching times. b HRTEM images of the  (f) SAED patterns of the area marked with a yellow rectangle and white circle in (d)
area marked with a yellow rectangle of s-Cu,O-NF after HCI etching for 15 min. TEM image of s-Cu,O-NF.

¢ High-angle annular dark-field image of s-Cu,0O-NF and elemental mapping images

Nature Communications | (2025)16:7802 3


www.nature.com/naturecommunications

Article

https://doi.org/10.1038/s41467-025-63059-0

{110} facets, effectively shielding them from HCI etching. Conversely,
the other Cu,O facets, especially the {111} and {100} facets, were
selectively diminished by HCI etching. Utilizing this technique, we have
successfully synthesized spherical Cu,O nanoframes (s-Cu,O-NF)
characterized by an internally hollow structure with the abundance of
{110} facets. The as-synthesized s-Cu,O-NF achieved an impressive
selectivity of nearly 100% for propylene oxide (PO) at a relatively low
operating temperature of 150 °C, which was superior to that of other
Cu,0 nanoparticles in the DEP reaction.

Results

Structure analysis of catalysts

Wet-chemical methods were used to synthesize a number of Cu,0O
nanocrystals, which included cubic (c-), octahedral (o-), rhombic
dodecahedral (r-), octadecahedral (d-), and spherical (s-) Cu,O. Fur-
thermore, c-, 0-, d- and s-Cu,O hollow nanoframes (see the experi-
mental section for details) have also been prepared. The scanning
electron microscopy (SEM) and transmission electron microscopy
(TEM) were used to characterize the morphologies of the synthesized
Cu,0 samples. The solid Cu,O samples were found to possess well-
defined cubic, octahedral, rhombic dodecahedral, octadecahedral,
and spherical shapes, which were characterized by uniform dispersion
and particle size, according to these techniques. The fabricated Cu,0O
structures are shown in Fig. 1 and Supplementary Fig. 1 with detailed
SEM and TEM images. Among these structures, the spherical Cu,O (s-
Cu,0) displays a uniformly spherical shape with an average size of
~475nm. The successful preparation of corresponding Cu,O nano-
frames/nanocages with hollow interiors that were clearly distinct from
the solid s-Cu,O nanocrystals was achieved through selective facet
etching. Figure 1h demonstrates that the spherical Cu,O hollow
nanocage (s-Cu,O-NC) assumes a concave, bowl-like form, with a
marginally reduced average size. Conversely, the internally hollow
Cu,0 nanoframe with spherical shape (s-Cu,O-NF) (Fig. 1i, j) adopts an
intricate, football-like geometry, with a wall thickness estimated at
25-40 nm. Subsequently, the ligand-protection/selective facet-etching
strategy was employed to eliminate the {111} and {100} facets from
Cu,0 catalysts in order to synthesize spherical Cu,O nanoframes (s-
Cu,O-NF) (Fig. 1p). This illustration demonstrated that the structure
was internally hollow and that there were numerous {110} sites.

XRD was used to confirm the crystal phases of the Cu,0O nanoca-
talysts that had already been prepared. As shown in Fig. 2a, all the
diffraction peaks were well indexed according to a pure phase of Cu,0
(space group: Pn 3m, lattice constant a=0.427 nm, JCPDS 05-
0667°*). The samples did not show any detectable impurities.
According to the ligand-protection/selective facet-etching process,
s-Cu,O-NF not only experienced a crystal growth process of up to 2 h,
but also existed in an etching stage of up to 50 min for facet-etching
and aging process, effectively increasing the intensity of characteristic
diffraction peaks. The above two key steps exposed the inner and
outer surfaces of s-Cu,O-NF with the abundance of {110} facets, origi-
nating from an internally hollow structure®. Notably, these nano-
frames showed a significantly increased proportion of {110} facets
when compared to the solid Cu,0 nanocrystals. This phenomenon was
particularly noticeable in the case of spherical Cu,O nanoframes,
which had a sharp Cu,0 {220} peak. The chemical bonds and inner
structures were further analyzed using FT-IR. As depicted in Fig. 2b, it
was demonstrated that all Cu,O nanocatalysts showed the identified
peak positions at 628 cm™ but absent at 550 cm™. The former could be
assigned to the stretching vibrations of Cu(l)-O, while the absence of
the latter peak, typically attributed to Cu(ll)-O vibrations, further
corroborated the predominant presence of Cu,O in these
nanocatalysts” .. Due to the different synthesis methods and the
color of the Cu,0 samples (Supplementary Fig. 2), the absorption and
transmission of infrared rays were different®®, In addition, as for
¢-Cu,0, the intensity of the Cu-O stretching vibration at 628 cm™ was

also increased due to the contribution of the -CH, band at 630 cm™ in
the residual D-glucose®**. In addition, the XPS analysis of C 1s (Sup-
plementary Fig. 3a) revealed only the presence of adventitious carbon
species (284.8 eV) and carbonate species (288.4 eV) on the surfaces of
spherical Cu,O nanocatalysts. The XPS analysis of Cu 2p (Fig. 2¢)
manifested that the surface copper atoms on various spherical Cu,0O
were almost the same valence. The in situ DRIFTS (Supplementary
Fig. 3b) of CO adsorption discerned vibrational features at 2112, 2125
and 2172 cm™. Two peaks at 2125 and 2172 cm™ can be attributed to the
gaseous CO**°. Another CO band at 2112 cm™ can be assigned to the
adsorbed CO on Cu(l) sites™*****2, After the ligand-protection and
selective facet-etching steps, the specific surface area was expanded
and the abundance of {110} facets was significantly increased, leading
to more pronounced and sharper infrared absorption peaks of CO
adsorption.

The morphological transformation of s-Cu,O-NF during the
first two hours of aging, characterized by the predominance of
etching processes over crystal growth, has been illustrated in
Fig. 3. The spherical Cu,0O sample retained a solid form during the
initial phase of HCl-mediated etching, which showed {110} edges
with a mixture of other facets internally. A representative high-
resolution transmission electron microscopy (HRTEM) image
(Fig. 3b), acquired from the region marked with a yellow rec-
tangle, displayed distinct lattice fringes with spacings of 0.21,
0.24 and 0.30 nm, corresponding to the {100}, {111} and {110}
facets of Cu,0, respectively’*** It can be observed in Fig. 3d-f,
after the appropriate etching time, s-Cu,O-NF nanocatalysts
exhibited a significant exposure of the {110} facets. HRTEM ima-
ges from regions outlined by a yellow rectangle in Fig. 3d and
Supplementary Fig. 4, where the lattice spacings of 0.30 nm and
0.43 nm were identified, demonstrated the typical characteristics
of the {110} facets (Supplementary Fig. 5). This was further con-
firmed by Fast Fourier transform and selected area electron dif-
fraction (SAED). However, the structural degradation and collapse
occurred as a result of prolonged etching time. Supplementary
Fig. 6 illustrates the connection between crystal phase transfor-
mation and morphology of s-Cu,O-NF during the HCI etching
processes. The pure phase of Cu,0 was clearly indicated by the
indexing of all the XRD peaks. Due to the adsorption of SDS and
its protection for the {111} facet, the XRD peak intensities were
low. By using the appropriate facet-etching technique, the inner
surface of s-Cu,O-NF was revealed, with the XRD intensity ratio of
{110}/{111} reaching almost 0.28, which is a significant improve-
ment from that in JCPDS 05-0667 (nearly 0.07). Furthermore, the
relative peak changes in UV-Vis spectroscopy (Supplementary
Fig. 7a) showed similar emission spectra but different intensities
over various Cu,O samples throughout the facet-etching pro-
cesses. These findings indicated that the source’s absorbance
changes during the s-Cu,O-NF facet-etching process within
50 min were responsible for the gradual shift of sample color
from yellow to orange-red, which occurred due to the internal
hollowing of the structure. The sample color became lighter as
the etching time increased, resulting in structural degradation of
the s-Cu,O-NF (Supplementary Fig. 7b)**¢. These observations can
be explained by three distinct stages in the crystal growth and
etching process***”: (1) the reaction of Cu** and OH™ led to
Cu(OH), precipitation; (2) the addition of NH,OH-HCI accelerated
the conversion of Cu(OH), precipitates into Cu,O nanocrystals
with trace CI” incorporating into the crystal lattice’; (3) mor-
phology control by the ligand-protection/selective facet-etching
strategy confirmed the predominant exposure of the {110} facets.

2Cu?* +OH™ — Cu(OH),(s) @
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Fig. 4 | Catalytic performance of propylene epoxidation with O,. Propylene
conversion and product selectivity over (a) as-prepared Cu,O nanocatalysts at
175 °C. Propylene conversion and product selectivity over (b) s-Cu,0, (c) s-Cu,0-NC

and (d) s-Cu,O-NF at different temperatures. Reaction conditions: C3Hg: O,: N, =10:
5: 85 vol.%, GHSV =36,000 h, 50.0 mg catalyst. e in situ DRIFTS spectra after
exposing s-Cu,O-NF to the mixed flow of C3Hg, O, and N, (10: 5: 85 vol.%).

2 Cu(OH), +2NH,O0H — Cu,0(s) +5H,0+N, )

Cu,0(s) + 4 HCl — 2HCuCl, +H,0 3)

The EDX mapping analysis can be found in Fig. 3¢ and Supple-
mentary Fig. 8. The structural integrity of the s-Cu,O-NF and
s-Cu,0-NC nanomaterials was confirmed by the uniform dispersion of
Cu and O elements observed in the comprehensive mapping. The
hollow configuration of the engineered Cu,O nanoframes, as descri-
bed earlier, was a distinctive feature. A profusion of meso- and macro-
pores was formed as a result of the combined ligand-protection/
selective facet-etching strategy and the inherently porous archi-
tecture. Consequently, there was a significant increase in the specific
surface area of the internally hollow Cu,O nanoframes, accompanied
by a concomitant increase in pore volume, surpassing that of con-
ventional Cu,0 nanoparticles (Supplementary Fig. 9 and Supplemen-
tary Table 1). Specifically, the s-Cu,O-NF and s-Cu,0-NC nanomaterials
exhibited significantly superior Sger and nitrogen adsorption capa-
cities compared to s-Cu,0.

DEP with molecular oxygen

The reactivity of Cu,0 nanocatalysts in the DEP reaction was evaluated
in a continuous-flow quartz reactor, maintaining a gas mixture com-
position of C3He/O0,/N, =10:5:85 vol.%, pressure (P) of 0.1 MPa, and a
flow rate of 30.0 mL min™. As shown in Supplementary Fig. 10, the
facet-controlled selectivity of Cu,O catalysts can be observed through

the DEP performance comparison of c-, o- and r-Cu,O nanocrystals,
which exposed {100}, {111}, and {110} facets, respectively. The dis-
tribution of DEP reaction products demonstrated the critical depen-
dence of PO production on the exposure to the {110} facets. Moreover,
the involvement of {100}, {111}, and even higher index facet sites in
truncated 26-facet polyhedral Cu,O catalysts, as visualized in SEM,
TEM and simulated structures images in Supplementary Fig. 11, was
conducive to the deep oxidation (Supplementary Fig. 12). More
importantly, the catalytic performances across various morphologi-
cally distinct Cu,0 structures (including c-, 0-, d-, and s-Cu,0) and their
hollow counterparts, derived via ligand-protection/selective facet-
etching strategy, are shown in Fig. 4 and Supplementary Fig. 13. As
expected, the ligand-protection/selective facet-etching strategy was
effective and versatile, as evidenced by the enhanced DEP activity
originating from the internally hollow Cu,O structures with pre-
dominant Cu,0{110} facet exposure. Figure 4a demonstrates that the
¢-Cu,O-NF and s-Cu,O-NC/-NF exhibited excellent PO selectivity at
175°C, and the catalytic performance of the above hollow Cu,O
nanoframes was attributed to the {110} facet or edge-sites that selec-
tively catalyze the propylene epoxidation. Among these, the con-
current presence of hollow structure and exposed {110} facet in
s-Cu,O-NF exhibited the highest PO selectivity of 83.8% at comparable
propylene conversions, achieving an optimal PO formation rate of
0.18 mmol g.,.* h™. A similar trend of DEP performance can be
observed at 225 °C (Supplementary Fig. 13). Compared with 0-Cu,O
and d-Cu,0, the smaller XRD intensity ratio of {110}/{111}, with the
residual minor {111} and {100} facets on the outer surface of 0-Cu,O-NF
and d-Cu,O-NF, promoted unwanted over-oxidation pathways,
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Table 1| Oxygen compositions of s-Cu,0, s-Cu,0-NC and
s-Cu,O-NF

Catalyst 0. (%) 0g (%)° o, (%) Ogup: 0,
$-Cuz0 141 52.5 334 0.57
s-Cu,0-NC 5.8 33.0 61.2 119
s-CuO-NF 12.4 34.1 535 2.16

“The compositions were determined by O,-TPD measurement.
The compositions were determined by XPS analysis.

underscoring the necessity of predominantly exposing the {110} active
facets (Supplementary Fig. 14).

Interestingly, different spherical Cu,O samples displayed drama-
tically different catalytic performances towards the DEP reaction. The
PO selectivity (<10%) was only low for solid Cu,O nanocrystals (s-
Cu,0) at all reaction temperatures (Fig. 4b), while moderate PO
selectivity (40-45%) was attained for hollow Cu,O nanocages (s-Cu,0-
NC) in the temperature range of 150 °C to 175 °C (Fig. 4c). In compar-
ison, the as-obtained s-Cu,O-NF, with the predominant exposure of the
{110} facets, achieved nearly 100% PO selectivity at 150 °C (Fig. 4d),
which can be intriguing and worth considering the separation cost for
the products in industry level. When the temperature was elevated to
175°C, 83.8% PO selectivity was still maintained with the C;H¢ con-
version of 0.14%. Supplementary Fig. 15 displayed the apparent acti-
vation energy plots of s-Cu,0, s-Cu,0-NC, and s-Cu,O-NF deduced via
the Arrhenius equation. Clearly, the catalysts with higher reactivity had
lower apparent activation energies, which indicated that ligand-pro-
tection/selective facet-etching treatment not only generated a greater
number of active sites but also enhanced intrinsic activity.

It was worth noting that the spherical Cu,0O nanocrystals without
etching (s-Cu,0-3) containing the doped Cl species (as visualized in
SEM, high-angle annular dark-field, and elemental mapping images in
Supplementary Fig. 16), displayed negligible DEP reactivity and almost
no PO selectivity across all reaction temperatures. Furthermore, as
shown in Supplementary Figs. 17 and 18, the influence of the controlled
variation of Cl supply indicated that unoptimized Cl introduction led
to insufficient catalytic activity or structural collapse. The PO selec-
tivity remained the highest only when the internal nanoframe structure
was preserved, with predominant exposure of {110} facets. The synergy
between Cl and the {110} facets exists but does not overshadow the
structural factors, which are the primary determinants of catalytic
performance. This emphasizes the irreplaceable role of the ligand-
protection/selective facet-etching method. By conducting a compre-
hensive comparative analysis of the DEP performance (Supplementary
Fig. 19 and Supplementary Table 2), s-Cu,O-NF demonstrated a high
PO selectivity and an unprecedented PO formation rate, out-
performing those of other coinage-metal-based catalysts.

The in situ DRIFTS measurement of C3Hg and O, adsorption on
s-Cu,O-NF at different temperatures corroborated the catalytic per-
formance (Fig. 4e). The bands at 1440, 1635, 2950, 2980 and 3100 cm™
were assigned to CH, bending, C = C stretching and a series of methyl
symmetrical C - H vibrations arising from propylene adsorption on
Cu()-O sites. The intensity changes indicated a positive correlation
between propylene conversion and reaction temperature®, Stability
tests revealed robust catalytic performance of s-Cu,O-NF at 150 °C,
175°C and 200 °C over prolonged periods exceeding 300 min. The
s-Cu,O-NF catalyzed the DEP reaction for 300 min with only a slight
decrease in the PO selectivity (above 85.2%) and a slight increase of
acrolein selectivity at 150 °C (Supplementary Fig. 20a). As depicted in
Supplementary Fig. 20b, stability evaluations at 175 °C showed that PO
and acrolein were initially predominant products; however, a slight
reduction in PO selectivity occurred over time, accompanied by the
emergence of CO, from deeper oxidation processes. PO remained the

primary product throughout the stability test. In contrast, the active
sites on s-Cu,O-NC and s-Cu,O exhibited lower stability, with PO
selectivity diminishing to negligible levels after the test duration sur-
passed 100 min (Supplementary Fig. 20e and f). Upon further elevating
the reaction temperature to 200 °C, s-Cu,O-NF maintained stable DEP
reactivity and consistent PO selectivity, with PO predominating among
reaction products throughout the 300 min testing period (Supple-
mentary Fig. 20c). Post-reaction structural integrity and morphology
of the spent s-Cu,O-NF were confirmed via extensive characterization
techniques including XRD, SEM, TEM, HRTEM, and XPS analyses
(Supplementary Fig. 21). After the DEP reaction at 150 °C and even up
to 200 °C, there were no significant changes in the hollow structure
and particle size, indicating that the essential {110} facet sites of
s-Cu,O-NF were still preserved without surface reconstruction. All of
these findings accentuated that ligand-protection/selective facet-
etching, targeting a larger specific surface area and predominant
exposure of Cu,O {110}, achieves a triple-win: it would not only
enhance the activity and selectivity for the DEP reaction, but also
strengthen catalyst durability.

Structure sensitivity of Cu,O catalysts

To obtain in-depth knowledge about the structure sensitivity of dis-
tinct Cu,O nanostructures in the DEP reaction, the EIS, Raman, O,-TPD,
H,-TPR and XPS analyses were utilized. In the DEP reaction, it was
postulated that the chemically adsorbed oxygen species, such as O™ or
0,7, would preferentially interact with the electron-rich C=C bond of
propylene to produce PO, while the nucleophilic lattice oxygen species
(0%) tends to attack the o« C-H bond to yield deep-oxidation
products*®*. It is well established that the chemically adsorbed O,
will be activated on the catalyst surface along with the charge-transfer
phenomenon. Therefore, the surface nature and charge transfer
capacity of catalysts have profound implications for the properties of
intermediate oxygen species, further determining the pathway of DEP
reactions. The Raman analysis was carried out to provide insights into
the surface and local chemical structures of the catalysts. Supple-
mentary Fig. 22a revealed that s-Cu,O-NF had the most obvious crystal
defects, which was beneficial to promote electron transfer from the
active sites to adsorbed oxygen species based on the strong depen-
dence of transferred electrons on defectiveness. Furthermore, the EIS
Nyquist plots provided the internal impedance of s-Cu,O samples by
comparing the radius of the arc, which represented the internal charge
transfer resistance: the smaller the radius of the arc, the lower the
resistance. As shown in Fig. 5a, s-Cu,O-NF generated the smallest
semicircle radius compared with s-Cu,0-NC and s-Cu,0, accompanied
by the smallest R, value (Supplementary Fig. 22b), illustrating that
s-Cu,O-NF possessed the smallest interfacial charge-transfer resistance
and the strongest charge transport capacity. Accordingly, the Raman
and EIS results were employed to characterize the charge-transfer
properties of the reactive oxygen species on s-Cu,0 and its derivatives.
Collectively, these results suggest that s-Cu,O-NF offers superior
electron and molecule transfer kinetics, enhancing the electron
transfer from the surface to molecular O, to generate O™ or O, on the
surface®® 2,

In addition, O,-TPD was conducted to gain insights into the oxy-
gen species. Typically, three types of oxygen species can be identified
on the Cu,0 surface, namely surface adsorbed oxygen (O,), chemically
adsorbed oxygen (Og, O or 0;), and lattice oxygen (O,). As shown in
Fig. 5b, only weak desorption peaks, primarily at the lattice oxygen
desorption temperatures, were observed on the s-Cu,0O, indicating
that nearly no adsorbed oxygen species were involved. In contrast,
s-Cu,O-NF exhibited three distinct desorption peaks located at 243,
331, and 404 °C. However, for s-Cu,0-NC, the weaker O, intensity but
stronger Oy, intensity was observed at higher temperatures (361 and
432 °C, respectively). Combined with the data split graph of O,-TPD
(Supplementary Fig. 23) and the relative contents (Table 1), it could be
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Fig. 5 | Structure sensitivity of Cu,0 catalysts and DEP process studies. (a) EIS
spectra (using a 1M KOH electrolyte dissolved in deionized water), (b) O,-TPD
patterns and (c) XPS patterns of O of s-Cu,0, s-Cu,O-NC and s-Cu,O-NF. In situ

DRIFTS spectra after exposing s-Cu,O-NF to the flow of C3Hg and mixed flow of
C3Hg, 0, and N (10: 5: 85 vol.%) at (d) 150 °C and (e) 250 °C.

inferred that the excellent PO selectivity via s-Cu,O-NF might be
attributed to the abundant O™ or O, species thereon. XPS measure-
ments were further undertaken to investigate the surface oxygen
species of the Cu,O samples. The O 1s spectra presented asymmetric
peaks, indicating that the presence of different oxygen species on
Cu,0 catalysts can be identified as hydroxyl (Ooy~, 532.8 eV), surface
adsorbed oxygen (Oq.p, 531.5€V), and lattice oxygen (Og, 530.0-
530.5eV), respectively’>**. Furthermore, the Oy.p peak of s-Cu,O-NF
and s-Cu,0-NC shifted to a higher binding energy than that of s-Cu,0,
attributed to the electron transfer from the Cu,O surface to O,. The
ratio of the oxygen species has been summarized in Table 1. Impress-
ively, s-Cu,O-NF, synthesized through the ligand-protection/selective
facet-etching strategy, exhibited a higher proportion of chemically

adsorbed oxygen species (O™ or O,7). The H,-TPR experiments (Sup-
plementary Fig. 24) were also carried out to identify the surface oxygen
species below 400 °C. The results revealed that the reduction peak of
s-Cu,O-NF shifted to a lower temperature compared to s-Cu,O-NC,
implying greater H, consumption. Thus, the conclusion could be
drawn that, in contrast to s-Cu,0 and s-Cu,0-NC, s-Cu,O-NF harbors a

higher proportion of chemically adsorbed oxygen species that can
promote PO formation.

Catalytic mechanism studies

In situ DRIFTS was also utilized to investigate the oxidative process of
propylene with O, over s-Cu,O-NF catalysts. The experiments were
conducted under conditions introducing C3He and C3Hg + O, in the
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Fig. 6 | DFT calculations. The relative energies of oxygen species and possible intermediates for the reaction of propylene with O,* over Cu,0 {111}, {100}, and {110}

surfaces, respectively.

range of 150°C to 250°C (0.1 MPa). After N, purging thoroughly,
s-Cu,O-NF was exposed to a C3Hg flow or C3Hg+ 0O, mixed flow,
resulting in the appearance of various IR features (Fig. 5d, e and Sup-
plementary Fig. 25). The assignments of these vibrational features have
been summarized in Supplementary Table S3. Among them, the bands
at 1635 and 2954 cm™ were indicative of the C=C and CHj stretching
vibrations, respectively, representing a free C3Hg molecule. Con-
currently, the peaks proximate to 1440, 1473,1540, and 2920 cm™ were
ascribed to C3Hg adsorbed at Cu(l) sites or bridging Cu-O sites of Cu,0
{110} (noted as C3Hg(a)cy & cu,0)™”. Significantly, the vibrational fea-
tures of intermediates during the DEP reaction process exhibited dis-
tinct variations when a mixed flow of CsHg and O, was introduced as
compared to the C3Hg flow at 150 °C. The appearance of IR bands at
2752, 2815, and 2856 cm™ arising from C —H stretching, which were
split by Fermi resonance, emerged exclusively in the mixture of
C3Hg + 0O,, signifying intermediates involved in PO production. Inter-
estingly, the same vibrational bands could be observed via PO
adsorption (Supplementary Fig. 26)'>*. In addition, characteristic IR
peaks associated with intermediates for acrolein or CO, production,
including HCOO(a) (1385 and 1560 cm™), C3H40(a) (1652cm™), and
CO, (manifesting as a pair of weak IR bands at 2305 and 2375 cm™),
were observed in the presence of C3Hg + O, but were absent with C3Hg
flow**°5%_ These results suggested that the reaction process occurred
only when the catalyst was exposed to an external source O, at 150 °C.
A similar phenomenon can be observed at a reaction temperature of
175 °C, at which the PO formation rate became most optimistic. With
further heating, the aforementioned vibrational features were similar
upon chemisorption of Cs;Hg+O, mixed flow or C;Hg flow on
s-Cu,O-NF (Supplementary Fig. 27). Based on the in situ FT-IR spectra
of propylene epoxidation, it can be concluded that the DEP reaction
catalyzed by s-Cu,O-NF would follow the Langmuir-Hinshelwood (LH)
mechanism at a relatively low operational temperature, utilizing
surface-adsorbed oxygen rather than lattice oxygen to interact with
CsHe. In contrast, above 175°C, the Mars-van Krevelen (MvK)
mechanism used lattice oxygen as the active oxygen species. It pre-
ferentially attacked the o C-H bond of propylene and gradually took
the initiative in the DEP reaction. Until reaching 250 °C, as shown in
Fig. 5e, the vibrational features of C3Hg chemisorption were similar to
those of C3Hg + O,, except that their intensities were reduced. These
DRIFTS results presented that s-Cu,O-NF catalyzed the DEP reaction
following the MvK mechanism, and this trend became fully visible,
resulting in deep oxidation.

Computational studies
To elucidate the influence of different morphologies of Cu,0O on the
DEP reaction, we employed periodic density functional theory (DFT)
calculations to assess the adsorption characteristics of Cu,O {111},
Cu,0 {100} and Cu,O0 {110} (Fig. 6 and Supplementary Table 4).
Initially, we examined the adsorption of molecular oxygen (O,*,
indicating chemically adsorbed oxygen) and the epoxidation product
(O*+PO). The DFT results revealed that O,* exhibited strong adsorp-
tion on the Cu,0 {111} surface with an adsorption energy of - 1.74 eV, in
contrast to the relatively weak adsorption on Cu,0 {100} and Cu,O
{110} surfaces, which presented adsorption energies of —0.51eV and
-0.57 eV, respectively. Analysis of Bader charges indicated that the
adsorbed O,* on these surfaces acquired negative charges of 0.58 le|,
0.10 |e|, and 0.27 |e|, respectively, suggesting the formation of super-
oxide species. Concerning the epoxidation product, the Cu,O {111}
surface demonstrated the most substantial adsorption energy
(-2.89¢eV), followed by the Cu,O {110} (-1.92eV) and Cu,O {100}
(-1.46 eV) surfaces. These results, however, could not explain why
only the Cu,0 {110} exhibits excellent DEP performance.
Accordingly, we shifted our attention to the adsorption of possi-
ble epoxidation intermediates. As depicted in Fig. 6, the interaction
among the propylene C=C bond, the adsorbed O,* and an adjacent
Cu atom can lead to the formation of peroxametallacycle species,
which was usually postulated as a critical intermediate in the epox-
idation process® . DFT calculations demonstrated that these perox-
ametallacycle species exhibited only marginal adsorption energies,
ranging from +0.12 to — 0.17 eV relative to O,* + C3H,, thereby down-
playing their significance in DEP. Alternatively, the interaction among
the propylene C=C bond, the adsorbed O,* and a nearby oxygen
atom (rather than Cu atom) can result in relatively stable glycolate
intermediates, with adsorption energies ranging from -1.02 to
-1.95eV with respect to O,*+CsHe. In principle, these glycolate
intermediates are expected to be more stable than the PO inter-
mediates due to the lower strain in the former case. Intriguingly, our
findings suggested that PO would be the most stable species on the
Cu,0 {110} surface, while glycolate intermediates exhibited the highest
stability on both Cu,O {111} and Cu,O {110} surfaces. This phenomenon
arose from the unique atomic arrangement of copper and oxygen on
the {110} facet, which provided a confined environment conducive to
the formation of a distorted adsorption structure for the glycolate
intermediate. This assertion was substantiated by the elongation of the
C-Ogyrrbond length on Cu,0 {110} as compared to Cu,0 {111} and Cu,O
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{100}, as detailed in Supplementary Table S3. Notably, as shown in
Fig. 5d, e and Supplementary Fig. 27, the IR features belonging to
glycolate intermediates, such as C-O stretching (1180-1210 cm™), and
the IR band located at 1578 cm™ which was ascribed to the formation of
glycolate®®®* can be observed upon adsorption of C3Hg+ O, mixed
flow at both 150 °C and 250 °C. Consequently, these findings came to
the conclusion that PO would be predominantly generated on the
Cu,0 {110} surface during the DEP, while by-products would be more
prevalent on the Cu,O {111} and Cu,0 {110}, nicely accounting for the
experimental observations.

To summarize, we have successfully employed a ligand-protec-
tion/selective facet-etching strategy to synthesize internally hollow
Cu,0 nanoframes, amplifying the exposure of {110} facets. Our work
highlights the distinct advantages of Cu,O {110} in generating chemi-
cally adsorbed oxygen species (O™ or O,7), which in turn markedly
improved DEP reactivity, PO selectivity and catalyst stability, realizing
a triple-win. Impressively, s-Cu,O-NF achieved >99% PO selectivity at
150°C, outperforming any other Cu,O nanocatalysts previously
reported. Through comprehensive characterizations, we proposed
that at relatively low temperatures, the DEP reaction occurred through
the LH mechanism with adsorbed O, species acting as the oxidant.
Furthermore, DFT calculations have elucidated that PO became the
dominant product only when it was thermodynamically more favor-
able compared to other intermediates for the reaction of propylene
and Oy*.

Methods

Materials

Copper chloride dihydrate (CuCl,2H,0), sodium hydroxide
(NaOH), hydroxylamine hydrochloride (NH,OH-HCI), oleic acid
(OA), glucose, L-ascorbic acid (AA), lauryl sodium sulfate (SDS),
ethanol, cyclohexane and hydrochloric acid (HCI) were pur-
chased from Sinopharm Chemical Reagent Co., Ltd. Copper
sulfate pentahydrate (CuSO,4-5H,0) was purchased from Macklin
Reagent company. Sodium potassium tartrate tetrahydrate
(SPTT), potassium hydroxide (KOH), palladium chloride (PdCl,)
and copper acetate monohydrate ((CH;COO),Cu-H,0) were
purchased from Aladdin Biochemical Technology Co., Ltd.
Polyvinylpyrrolidone (PVP) was purchased from Beijing Wokai
Biotechnology Co., Ltd. All chemical reagents were used as
received without further purification. All aqueous solutions
were prepared using deionized water with a resistivity of
18.2MQcm™.

Synthesis of spherical Cu,0 nanocrystals (s-Cu,0)

s-Cu,0 was synthesized according to the method improved by the
reported study of Zhan et al.” 0.073 g Cu(NO3),-3H,0 and 0.60 g PVP
were dissolved in 35.0 mL deionized water with constant stir. Then,
6.0 mL NaOH solution (0.20 mol L™) was added dropwise to the above
solution (~195s) and continued to stir for 10 min. After that, a fresh
ascorbic solution (0.10 mol L") was added dropwise within 10.5 min,
and the mixture was adequately stirred for another 10 min. The origi-
nal product was washed with ethanol for several times, and dried
under vacuum at 60 °C overnight.

Synthesis of spherical Cu,0 nanocages (s-Cu,0-NC)

s-Cu,0-NC was synthesized according to the method reported by Yu
et al.®. The experimental steps are as follows: 1.40 g (CH;COO0),Cu-H,0
was accurately weighed and dissolved in 35.0 mL deionized water. The
above precursor solution was poured into a 50.0 mL steel autoclave
coated with Teflon. Subsequently, the steel autoclave reactor was placed
in an oven for 24 h at 200 °C. The resulting mixture was collected by
centrifugation and thoroughly washed with deionized water and etha-
nol. The brick-red product was dried under vacuum at room tempera-
ture overnight.

Synthesis of spherical Cu,0 nanoframes (s-Cu,O-NF)

Typically, 91.1mL deionized water, 1.0 mL CuCl, (0.1molL™) and
0.87 g SDS were successively added into a conical flask. The conical
flask was placed in a 33 °C oil bath with stirring for the complete dis-
solution of SDS powder. After that, 5.0 mL NaOH solution (5.0 mol L™)
was added, and it formed a blue precipitate of Cu(OH), immediately,
along with the solution color changing blue. Next, 4.5mL of
NH,OH-HCI (2.0 mol L") was quickly injected, and the solution was
stirred for 20 s until the color of the solution changed from light blue
to green. After aging for 2h, 9.0 mL HCI solution (2.0 molL™) was
introduced with stirring for another 20s, and the solution color
changed from green to yellow. After etching for 50 min, the obtained
product was washed with ethanol and deionized water for several
times and dried under vacuum at 70 °C for 12 h.

Characterization methods

The crystalline structure identification of the Cu,O catalysts was ana-
lyzed by X-ray diffraction (XRD, Rigaku Ultima IV) with Cu K, radiation
(A=1.54 A), which operated at a voltage of 35 kV and a current of 15 mA
with a step size of 0.02°. The N, adsorption isotherms were obtained
using an automatic physical adsorber (ASAP2460, Micromeritics) at
-196°C and the surface area was determined by the Brunauer-
Emmett-Teller (BET) model. X-ray photoelectron spectroscopy (XPS,
Scientific K-Alpha, Thermo Fisher) analysis was carried out to obtain
the surface properties of samples under a tube voltage of 15kV and
current of 10 mA. The morphologies, sizes and crystallographic fea-
tures of the Cu,O catalysts were characterized by scanning electron
microscopy (SEM, Zeiss, Sigma) and transmission electron microscopy
(TEM, Philips, TECNAI F30) with energy-dispersive X-ray spectroscopy
(EDX) and a double-tilt sample holder. The Fourier transform-infrared
spectroscopy (FT-IR) of Cu,O catalysts were obtained by a Nicolet
6700 FT-IR spectrometer in the frequency range 3500-600 cm™. Dif-
fuse reflectance infrared Fourier transform spectroscopy (DRIFTS) was
measured on a Nicolet 6700 FT-IR spectrometer equipped with an
in situ Fourier transform infrared reaction cell and a liquid nitrogen
cooled mercury-cadmium-telluride detector. The Raman spectra of
representative catalysts were measured at room temperature
employing an instrument with a microscope attachment (Thermo
Fischer DXR 2Xi). Local structures were determined by Raman spec-
troscopy (DXR 2Xi, Thermo Fisher) using a 532 nm excitation source.
Electrochemical impedance spectroscopy (EIS) measurements were
based on a Biologic VMP3 electrochemical workstation. H,
temperature-programmed reduction (H,-TPR) experiments were
conducted using a chemisorption analyzer equipped with a thermal
conductivity detector (Baidewo Instruments, MFTP-3060).

0, temperature-programmed desorption (O,-TPD)
characterization

0,-TPD experiments were carried out in a Micromeritics Autochem Il
ASAP 2920 apparatus was used for O,-TPD experiments that involved
recording the signal and determining the oxygen species and their
corresponding concentrations on the catalyst surface with a TCD
(Baidewo Instruments, MFTP-3060). Typically, the nanocatalyst sam-
ple (50.0mg) was purged for an hour at 150°C with argon flow
(30 mL min™). After cooling down to room temperature, it was satu-
rated with 5% O./Ar flow (30 mL min™) at 50 °C for 2 h. After the above
steps, the nanocatalyst sample was heated from room temperature to
520 °C with helium at a heating rate of 5°C min.

Catalytic performance evaluation

The DEP catalytic performance of synthesized Cu,O catalysts was
monitored in a continuous flow fixed-bed microreactor at atmospheric
pressure with an axial quartz sheathed thermocouple. Typically, a
50.0 mg Cu,0 sample was equipped in a quartz reactor. The reactant
gas mixture (CzHe: Oy Np=10: 5: 85 vol.%) with a flow rate of
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30 mLmin™ was fed into the reactor to start the reaction, and the
reaction temperature was increased from 125 °C to 275°C at a rate of
5°C min™. The lines and valves of the reactor and the gas chromato-
graphs were heated to 110°C, preventing the condensation of
products®*®, The reactants and product were analyzed via two gas
chromatographs (GC) equipped with three columns in real time. The
outlet CO,, C3Hg, and O, were analyzed by a thermal conductivity
detector (TCD, separated by a Porapak column and a molecular sieve
5 A column). The outlet propylene oxide (PO), acrolein, acetone, pro-
pionaldehyde, isopropanol and acetaldehyde products were detected
by a flame ionization detector (FID, separated by a capillary column).
Considering the difference in carbon number of different products,
the catalytic activity, selectivity of PO and its formation rate were
calculated as the following equations:

Xi = Ri X Ai (4)

2X X
in — ZXPTOdUCtS, a + Z ngucts, C2 + Z Prod;cts,Cl (5)

X
C = ———— x100% 6
e ZXCSHs,infeed ( )
— Ni Xi 0,
Si=3 X x100% %)

Ccne X Feape X Pressure x Spq

8
RxTxm ®)

POformation rate =

Where X; represents the concentration of reactants or products, A;
represents conversion of the peak area obtained by GC, R; is the rela-
tive correction factor resulting from the standard gases, Cc3ys repre-
sents CsHe conversion, Xcspeineea Te€presents the concentrations of
C;Hg at the inlet, N; represents the carbon number in each product, S;
represents the selectivity of various products. Fczys represents the flow
rate of C3Hg, mc,, represents the mass of the catalyst.

Data availability
Data will be made available on request. Source data are provided in
this paper.
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