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Oxide-supported copper-containing materials have attracted considerable research attention as
promising candidates for acrolein formation. Nevertheless, the elucidation of the struc-
ture-performance relationships for these systems remains a scientific challenge. In this work, cop-
per oxide clusters deposited on a high-surface-area silica support were synthesized via a deposi-
tion-precipitation approach and exhibited remarkable catalytic reactivity (up to 25.5% conversion
and 66.8% selectivity) in the propylene-selective oxidation of acrolein at 300 °C. Aberra-
tion-corrected high-angle annular dark-field scanning transmission electron microscopy combined
with X-ray absorption fine structure measurements of the catalyst before and after the reaction
confirmed the transformation of the small-sized copper oxide (CuO) clusters into cuprous oxide
(Cuz0) clusters. With the aid of in situ X-ray diffraction and in situ dual beam Fourier transform
infrared spectroscopy (DB-FTIR), the allyl intermediate (CH2=CHCHz*) was clearly observed, along
with the as-formed Cuz0 species. The intermediate can react with oxygen atoms from neighboring
Cuz0 species to form acrolein during the catalytic process, and the small-sized Cu:0 clusters play a
crucial role in the generation of acrolein via the selective oxidation of propylene.
© 2021, Dalian Institute of Chemical Physics, Chinese Academy of Sciences.
Published by Elsevier B.V. All rights reserved.

1. Introduction

ates for the production of acrylic acid and methionine in the
organic chemical industry [1-3]. Recently, the development of

Acrolein is one of the most important synthetic intermedi- new catalysts for the production of acrolein, including
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BizMo0209 [4-11], Ag/Al203 [12], Cu/SiOz [13-21], and
FeMoTeO [22], has attracted a great deal of research interest.
Among them, oxide-supported catalysts containing the
non-noble metal copper represent particularly promising can-
didates with the advantages of high earth-abundance, good
thermal stability, and high reactivity for the activation and
conversion of propylene to acrolein [21,23-27]. However, ma-
jor barriers still exist in terms of the elucidation of struc-
ture-performance relationships of such copper-based catalysts,
and the nature of the active sites in the formation of acrolein
remains controversial.

Active copper phases anchored on a silica (Si02) matrix for
producing acrolein have been synthesized by “pH-jump” syn-
thesis [21], impregnation [28], microemulsion [29], and sol-gel
[30] approaches in aqueous solution. In a previous study, the
fresh copper catalyst was determined to consist of a crystalline
CuO phase with a large size of 18 nm, which was converted to a
partially reduced Cuz0 structure after reaction [19], limiting
the efficiency of copper toward acrolein formation at low tem-
peratures (<300 °C). Very recently, supported metal or metal
oxide clusters prepared via chemical reduction [31,32], deposi-
tion precipitation [33], and mass-selected cluster deposition
[34] routes have attracted significant attention in heterogene-
ous catalysis due to their unique features, which include high
concentrations of active species, strong metal-support interac-
tions, and unsaturated coordination of the active metal atoms
[35—39]. Small-sized (< 3 nm) copper or copper oxide clusters
of this type are typically obtained using a low copper concen-
tration of approximately 1 wt% to prevent agglomeration.
However, the resulting catalysts exhibited very low conversion
in the oxidation of propylene when normalized by the catalyst
weight [20]. Thus, methods for the synthesis of small-sized
copper or copper oxide catalysts with high Cu concentrations
(>5 wt%) are still urgently needed.

Additionally, both fully oxidized Cu(II) species [40] and par-
tially reduced Cu(]) species [21,41,42] have been reported to be
more selective in the oxidation of propylene to acrolein. These
arguments, as well as the limited exploration of the active sites
of copper-based catalysts on the catalyst surface under real
working conditions and the structural evolution of the sup-
ported metal or metal oxide have impeded significant en-
hancement in the reactivity of copper-based catalysts for pro-
ducing acrolein via the selective oxidation of propylene. In situ
infrared (IR) spectroscopy is an indispensable technique to
detect reaction intermediates for the investigation of reaction
mechanisms. However, due to the negative effects of the
gas-phase signals of the reactants and/or products, IR studies
of the adsorption sites for propylene over copper are usually
conducted using carbon monoxide, rather than C3He, as the
probe molecule [40,43]. The in situ dual beam-Fourier trans-
form IR (DB-FTIR) technique can directly monitor the entire
reaction process and simultaneously remove the background
spectrum of the gas-phase reactants and products under the
reaction conditions [44,45]. To gain further insight into the
non-crystalline structures of ultra-fine metal or metal oxide
clusters, the combination of aberration-corrected high-angle
annular dark-field scanning transmission electron microscopy

(HAADF-STEM) and X-ray absorption fine structure (XAFS)
analysis is highly useful [46,47]. Hence, a comprehensive un-
derstanding of the catalytically active sites and the reaction
mechanism of copper catalysts in the formation of acrolein via
the selective oxidation of propylene is urgently needed.

Herein, we report the synthesis of small-sized copper oxide
species supported on silica; non-crystalline copper oxide clus-
ters play a key role in governing the catalytic activities of the
resulting catalysts. The small-sized copper-silica catalysts were
obtained via a deposition-precipitation approach using Na2CO3
as a precipitating agent and exhibited remarkable reactivity for
the oxidation of propylene to acrolein. The best catalyst in our
study showed an excellent acrolein formation rate that ranked
among those of the most active catalysts for the production of
acrolein via the selective oxidation of propylene, and was sig-
nificantly higher than previously reported values under similar
reaction conditions [20,30,42]. With the aid of in situ X-ray dif-
fraction (XRD) and in situ DB-FTIR experiments, as well as
HAADF-STEM and XAFS measurements, we determined that
the small-sized copper species (after H2 reduction at 300 °C)
were partially oxidized to cuprous oxide (Cuz0) clusters during
the propylene oxidation reaction. Additionally, a surface allyl
intermediate (CH2=CHCH2z*) was clearly observed and reacted
with oxygen from neighboring Cuz0 species on the surface to
form acrolein.

2. Experimental
2.1. Catalyst preparation

2.1.1. Materials

All chemicals were of analytical grade and were used with-
out further purification or modification. Silicon dioxide (SiOz,
Sger = 688 m2/g, 99.9%) was obtained from Evonik Specialty
Chemicals (Shanghai) Co., Ltd. Copper nitrate (Cu(NOs)2:3Hz0,
98.0%-102.0%) and sodium carbonate (Na2C0O3, 99.8%) were
purchased from Sinopharm Chemical Reagent Co., Ltd.

2.1.2. Preparation of small-sized Cu/SiOz samples

The small-sized Cu/SiOz catalysts were prepared by the
deposition-precipitation method. Typically, 038 g of
Cu(NO03)2:3H20 (1.6 mmol) and 0.9 g SiO2 powder were added
to 100 mL Millipore H20 (>18 MQ-cm) under vigorous stirring
to synthesize the 10 wt% Cu/SiO2 catalyst. Then, an aqueous
NazCOs solution (0.50 M) was added to the suspension drop-
wise until pH reached ~9. The blue suspension was further
aged at room temperature for 4 h. The as-obtained precipitate
was filtered and washed with Millipore water three times. The
product was dried in a vacuum at 75 °C overnight and then
calcined in air at 400 °C for 4 h (2 °C-min-1). The synthesized
samples are denoted as xCu-DP (x = 5, 10, and 15), where x is
the copper content in weight percent (x = [Cu/(Cu+SiO2)] x
100%).

2.1.3. Preparation of larger-sized Cu/SiO; samples
For comparison, the incipient wetness impregnation meth-
od was used to synthesize larger-sized Cu/SiO: catalysts. To
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prepare a 10 wt% Cu/SiOz larger-sized catalyst, 0.38 g
Cu(NO3)2:3H20 (1.6 mmol) was first dissolved in 2.8 mL Milli-
pore H20 (>18 MQ-cm). The resulting aqueous solution was
added dropwise to 0.9 g SiOz powder under manual stirring.
The powders were allowed to stand under ambient conditions
for 2 h, dried at 80 °C for 12 h, and calcined in air at 400 °C for 4
h (2 °C-min-1). The synthesized samples are denoted as xCu-IM
(x = 5, 10, and 15), where x is the copper content in weight
percent (x = [Cu/(Cu+Si02)] x 100%).

2.2. Catalyst characterization

2.2.1. Transmission electron microscopy

The HAADF-STEM images were obtained using a JEOL
ARM200F microscope equipped with a probe-forming spheri-
cal-aberration corrector. The as-calcined catalyst and catalysts
that had been used at 300 °C were tested. Owing to the rela-
tively high atomic number of cations in the SiO2 support, the Cu
contrast in the HAADF images was not clear, particularly in the
thick region. To enhance the contrast between Cu and Si, we set
the inner and outer angles of the HAADF detector to 90 and 370
mrad, respectively, and the convergence angle to approximate-
ly 30 mrad.

2.2.2. X-ray absorption fine structure

Ex situ XAFS spectra at the Cu K (Eo = 8979 eV) edge were
obtained at the BL14W1 beamline of the Shanghai Synchrotron
Radiation Facility (SSRF), which was operated at 3.5 GeV in
“top-up” mode with a constant current of 260 mA. As-calcined
and used catalysts were used for characterization. To obtain
accurate valence and coordination information for the used
copper-silica samples, the samples were transferred to sample
tubes as soon as possible and sealed under Ar. For the XAFS
tests, approximately 30 mg of powder was pressed into a solid
pellet and sealed with Kapton tape. The XAFS data were rec-
orded in transmission mode with a Si(111) monochromator
and Oxford ion chambers. The energy was calibrated according
to the absorption edge of pure Cu foil. The programs Athena
and Artemis were used to extract the data and fit the profiles.
For the X-ray absorption near edge spectroscopy (XANES) part,
the experimental absorption coefficients as a function of the
energies u(E) were processed by background subtraction and
normalization procedures and reported as “normalized ab-
sorption”. Based on the normalized XANES profiles, the oxida-
tion state of copper can be determined by linear combination
fitting with the help of bulk references (Cu foil for Cu?, Cuz0 for
Cu*, and CuO for Cu?+). For the extended X-ray absorption fine
structure (EXAFS) part, the Fourier transformed (FT) data in R
space were analyzed by applying Cuz0 and CuO models for the
Cu-0 and Cu-Cu contributions. The parameters describing the
electronic properties (e.g., correction of the photoelectron en-
ergy origin, Eo) and the local structure environment, including
CN, distance (R), and the Debye-Waller factor around the ab-
sorbing atoms, were allowed to vary during the fitting process.
The fitted ranges for the k and R spaces were selected as k =
3-12 A-1 with R = 0.8-3.8 A (k3-weighted).

2.2.3. Insitu X-ray diffraction

In situ XRD was performed using a PANalytical X'pert3
powder diffractometer (40 kV, 40 mA) with an Anton Paar
XRK-900 reaction chamber in the 26 range 10°-90° at a scan
rate of 4°/min. The as-calcined catalysts were used directly as
the tested samples. The powder sample (15 mg) was loaded
directly into a ceramic sample holder (diameter = 10 mm,
depth = 1 mm); the mass transfer during this process was
non-existent. The instrument was programmed to collect the
XRD patterns of the measured sample at 30 °C initially. The
powder was then heated to a series of temperatures (100, 200,
250, 300, and 350 °C) at a constant rate of 10 °C/min under a
5% Hz/Ar flow (50 cm3-min-1); each temperature was main-
tained for 10 min before the XRD pattern was recorded. To
determine the phase transformation of the catalysts during the
CsHe oxidation reaction, the sample was loaded into a ceramic
sample holder, heated to 300 °C for 30 min in 5% Hz/Ar, and
cooled to 30 °C; the gas was then changed to high purity Ar for
10 min before the XRD pattern was recorded. Finally, the sam-
ple was heated to 250 or 300 °C for 320 min in 1% C3Hs/Ar (20
cm3-min-1) together with 1% O2/N2z (20 cm3-min-1) with XRD
pattern collection.

2.2.4. Insitu dual beam Fourier transform infrared
spectroscopy

In situ DB-FTIR spectrometry was used to study the surface
reaction processes and the structure of the adsorbents and
intermediates on SiOz and the catalysts under real reaction
conditions. The as-calcined catalysts were used directly as the
tested samples. The sample was pressed into self-supporting
thin wafers (1 cm?), which were placed in the sample beam,
while the reference beam was vacant. Before recording, the
sample was first treated with 5% Hz/Ar at 300 °C in the dual
beam IR cell reactor for 30 min. The sample was then cooled to
30 °C and evacuated (10-3 pa) for 1 h. Pure N2 (90 mL-min-1)
was passed through the reactor for 10 min as the temperature
was increased from 30 °C to 300 °C. Ten minutes later, record-
ing of spectra was started; the spectra were acquired with a
resolution of 4 cm-! and 64 scans in the region 3350-1350
cm-1, and an additional gas feed of C3He (2.5 mL-min-1) was
introduced to the system. After 30 min, the same amount of Oz
(2.5 mL-min-1) was added, and the gas composition was main-
tained as C3He/02/N2 (2.5/2.5/90, 95 mL-min-1, 1 atm) for 90
min. The spectra were obtained by subtracting the background
spectrum (obtained from the sample-free reference beam)
from the measured sample spectra.

2.2.5.  N:0 chemisorption

N20 chemisorption was carried out in a Builder PCSA-1000
instrument loaded with the sieved catalyst (20-40 mesh, 50
mg) to determine the Cu dispersion. First, the as-calcined sam-
ples were subjected to the H2-TPR procedure as described in
supporting information until 500 °C. The amount of Hz con-
sumption (A1) measured by the thermal conductivity detector
(TCD) in this step corresponded to the total amount of CuO. The
catalyst bed was then cooled to 35 °C and flushed with helium
(30 mL-min-1) for 1 h. The metallic copper atoms at the surface
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were selectively oxidized in a 20% N20/N2 gas mixture (30
mL-min-1) at 35 °C for 1 h. Finally, the samples were again
flushed with He for 1 h and subjected to another H2-TPR run to
a maximum temperature of 500 °C. The amount of Hz con-
sumption (A2) during this run corresponded to the amount of
surface Cuz0. Thus, the Cu dispersion was derived as D =
2A2/A1 x 100%.

2.3. Catalytic tests

The catalytic tests were carried out in a fixed bed reactor
using 100 mg of sieved (40-60 mesh) powder in a gas mixture
consisting of CsHe (2.5 cm3-min-1), Oz (2.5 cm3-min-1), and 10%
Nz/Ar (45 cm3-min-1) (from Jinan Deyang Corporation) at a
total flow rate of 50 cm3-min-1, corresponding to a space veloc-
ity of 30000 cm3-h-1-gearl. Before the reaction, the catalysts
were pretreated in 75% Hz/Ar (30 cm3-min-1) at 300 °C for 30
min for activation. After the catalysts had cooled to room tem-
perature, 10% N2/Ar was passed through the reactor for 10
min. Subsequently, the gas mixture was switched to the reac-
tion gas, the reactor was heated to temperatures from 225 to
325 °C (interval: 25 °C) for the “light off” tests, and data was
collected for a time on stream of 7 h. The products and reac-
tants in the gas phase were detected online using a Shimadzu
gas chromatograph (GC-9160). COz, CsHe, and N2 were analyzed
using a column packed with Porapak Q and 5A molecular sieves
and a TCD. Aldehyde, propanal, acetone, C3H¢, propylene oxide,
and acrolein were analyzed using an AE-FFAP capillary column
with a flame ionization detector (FID). The carbon balance was
calculated to be 100 * 3%.

The conversion of propylene, the selectivity (Sx), the yield of
acrolein and other byproducts, and the formation rate of acro-
lein (Facrolein), were defined considering the reaction aCsHs —
bCy as follows:

a
Zgnx
conversion(%) = a x 100
not + ¥=n
C3Hg b
g‘l’l
(%) = L2 x 100
b

Yield (%) = conversion xselectivity x 100

. in
conversion X Sicrolein X NeaHg

Tacrolein =
Mey

; in
conversion X Suerolein X NiH,

Tacrolein =
Meat

where ny is the partial mole of the products obtained during the
oxidation of propylene (aldehyde, propane, acetone, propylene
oxide, acrolein, and COz). To measure the reaction rates using
Arrhenius plots, the corresponding propylene conversions
were tuned within 20% to exclude mass transfer limitations.
Mass and heat transfer calculations were carried out using the
catalyst 10Cu-DP in this reaction (see supplementary infor-

mation, Table S1-S4). The Weisz-Prater criterion,
-r R’
prz%d, gave 7.15 x 10-2 < 1, indicating the ab-
e~ As

sence of internal diffusion limitations during our tests [48,49].

-r',R? - 1+0.33yy
C,D, |n-7,B]1+033n0)

The Mears criterion, , gave 1.78 x

10-2 < 2, indicating the absence of interphase and intraparticle
heat or mass transport limitations [48]. The above mathemati-
cal calculations verified that the mass and heat transfer limita-
tions could be neglected in our measurements.

3. Results and discussion

3.1. Catalyst performance in acrolein formation via selective
oxidation of propylene

The catalytic activities of the Cu species loaded on the SiO2
support were obtained using a fixed-bed reactor for the direct
oxidation of propylene solely by oxygen molecules
(5%CsHs/5%02/9%N2/81%Ar). To activate the measured
samples, a hydrogen pretreatment temperature of 300 °C was
used based on the complete Hz consumption of hydrogen at
this temperature in the hydrogen temperature-programmed
reduction (Hz-TPR) profiles (Fig. S1 and Table S5). In the ex-
periments, the activities of all the copper-silica catalysts varied
with the collection time (Figs. S2—S4), indicating the existence
of an induction/deactivation period, possibly due to structural
changes at the beginning of the reaction [18,50]. Thus, the pro-
pylene (C3He) conversion and selectivity of acrolein and other
byproducts (COz, aldehyde, propane, acetone, propylene oxide,
etc.) of all the tested catalysts were averaged using data ob-
tained from 160 to 320 min, during which the system was in a
relatively steady state.

Table 1 summarizes the propylene conversion, product se-
lectivity, and acrolein formation rate over different catalysts at
various reaction temperatures. Noteworthily, acrolein and CO:
were the predominant products. The combined selectivity to-
ward these two products was nearly 85% at a reaction tem-
perature of 225 °C, and exceeded 95% when the reaction tem-
perature was raised. Figure 1(a) shows the C3He¢ conversion
and acrolein selectivity for deposition-precipitation-synth-
esized 10Cu-DP at reaction temperatures of 225-325 °C (for
details, refer to Fig. S2). This sample clearly underwent a “light
off” period (rapid increase in both C3He conversion and acrolein
selectivity) from 225 to 300 °C, and gave a C3Hs conversion of
25.5% and acrolein selectivity of 66.8% at 300 °C (Table 1).
This corresponded to an acrolein yield of 17.0%, which is high-
er than the results in the literature under similar reaction con-
ditions (Table S6). At 325 °C, the sample gave a higher CsHs
conversion of 29.5%, while the acrolein selectivity dropped to
61.0% (Table 1). As shown in Fig. 1(b), the C3H¢ conversion
increased almost linearly with the Cu loading amount from 5Cu
(13.6%) to 10Cu (25.5%) and 15Cu (32.7%), while the acrolein
selectivity decreased from 5Cu (72.8%) to 10Cu (66.8%) and
15Cu (63.3%) (for details, refer to Fig. S3). Thus, 10Cu-DP,
which exhibited both high propylene conversion/acrolein se-
lectivity and good product yield, was selected as a typical sam-
ple for activity comparison in this work.

Furthermore, the synthetic strategy also plays crucial role in
the high reactivity of our copper-silica catalyst. We prepared
copper-silica samples via an incipient wetness impregnation
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Table 1
Catalytic performance of catalysts with different Cu weight percentages and particle sizes in propylene oxidation.
Sample T  Conversion Selectivity (%) Facrolein Facrolein Deuz0?
°Q) (%) Acrolein  CO: PO Acetone Propanal Aldehyde (mmol-h-1geu)  (mmol-h-1:ger)  (nm)
5Cu-DP 300 13.6 72.8 24.5 0.9 0.4 0.2 1.2 1271 6.1 2.6
10Cu-DP 225 0.7 41.6 43.1 11.8 1.3 0.5 1.7 19 0.2 25
10Cu-DP 250 34 49.6 409 6.7 1.0 0.3 1.5 111 1.0 25
10Cu-DP 275 12.7 57.9 38.8 1.6 0.2 0.2 1.3 479 4.5 2.7
10Cu-DP 300 25.5 66.8 30.7 0.4 0.1 0.1 19 111.2 10.5 2.8
10Cu-DP 325 29.5 61.0 36.5 0.2 0.1 0.1 21 117.4 12.7 3.1
15Cu-DP 300 32.7 63.3 34.2 0.2 0.1 0.1 21 85.3 12.7 3.5
5Cu-IM 300 25 75.5 20.8 0.7 0.3 0.5 2.2 23.2 1.2 12.8
10Cu-IM 300 3.8 74.7 22.0 0.4 0.6 0.4 19 17.2 1.7 20.3
15Cu-IM 300 43 72.5 239 0.8 0.5 0.4 19 12.8 19 28.3

a Particle size of the samples calculated from the XRD data using the Scherrer equation.
Reaction conditions: 0.10 g catalyst; C3He:02:N2/Ar = 2.5:2.5:45; 30000 cm3-h-1-gear!; 50 mL-min-1.

method (Cu-IM) for comparison with the catalyst fabricated
using the deposition-precipitation approach. Figure 1(c) shows
the catalytic performance of both 10Cu-DP and 10Cu-IM (for
details of the other Cu-IM catalysts, refer to Fig. S4) as a func-
tion of reaction time in the selective oxidation of propylene at
300 °C. The acrolein selectivity of 10Cu-DP (~66.8%) is lower
than that of 10Cu-IM (~74.7%), whereas the propylene con-
version of the former is four times higher than that of the latter.
This phenomenon indicates the structural dependence of the
copper species in the selective oxidation of propylene. The
normalized catalytic activity results in Fig. 1(d) show that
10Cu-DP exhibits a significantly higher acrolein formation rate
than 10Cu-IM on both a catalyst mass and Cu mass basis.

a
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For Kkinetic studies, the reaction rates of 10Cu-DP, which
was synthesized by the deposition-precipitation approach, and
10Cu-IM, which was prepared by the incipient wetness im-
pregnation method, were measured at low propylene conver-
sions in the temperature range 250-325 °C. Based on the Ar-
rhenius plots in Fig. S5, the apparent activation energies (Ea) of
10Cu-DP and 10Cu-IM were calculated to be 57.9+5.8 kJ-mol-!
and 64.0 + 4.1 k]-mol-1, respectively. These values were close to
those previously reported for such copper-based catalysts
[20,29]. The similar apparent activation energies suggested
that the two types of catalysts might catalyze the reaction via
the same type of active site, implying that the significant dif-
ference in the catalytic behavior of the catalysts could be at-
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Fig. 1. Catalytic performance of the Cu/SiO: catalysts. (a) Temperature dependence of the catalytic activity of 10Cu-DP in the range 225-325 °C; (b)
Cu-loading dependence of the catalytic activity of the copper-silica catalysts at 300 °C; Comparisons of (c) the propylene conversion and acrolein
selectivity with time on stream and (d) the acrolein formation rates of 10Cu-DP and 10Cu-IM in the selective oxidation of propylene at 300 °C. Reac-
tion conditions: 0.1 g catalyst, C3He:02:N2/Ar = 2.5:2.5:45, 30000 cm3-h-1-geac 1.
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tributed to an intrinsic difference in the copper species under
the reaction conditions. Notably, the Arrhenius formula as-
sumes that the activation energy (Ea) is a constant and inde-
pendent of temperature, which was consistent with the ex-
perimental results only within a certain temperature range.

As shown in Table 1, the catalytic activity as measured by
the acrolein formation rate normalized by the copper mass and
catalyst mass of 10Cu-DP increased rapidly with increasing
reaction temperature from 225 to 300 °C, indicating that our
copper-silica catalyst preferred a relatively higher reaction
temperature for the production of acrolein. The acrolein for-
mation rate (normalized to the mass of copper) of 10Cu-DP
reached 111.2 mmol-h-1-gcy~t at 300 °C, which was higher than
that of active 10%Cu/SBA-15 (75.5 mmol-h-1-gcu=1, 300 °C [20])
and Cu/SiOz (38.5 mmol-h-1-gcy=1, 325 °C [29]) at similar reac-
tion temperatures. Furthermore, this rate is comparable to that
of CuPc/SBA-15 at a very high temperature (475 °C, 90.5
mmol-h-1-gcy-1) [17], indicating the much lower “light off” tem-
perature of our copper-silica catalyst. The 3CuMSN-E of meso-
porous MCM-41 silica reported by Yang et al. [21] exhibited an
acrolein formation rate of 236.0 mmol-h-1-gcu-1 at 260 °C,
which is higher than our copper-mass-normalized value; how-
ever, the acrolein formation rate of 10Cu-DP on a catalyst mass
basis (10.5 mmol-h-1-gear-! at 300 °C) is still larger than that of
other catalysts (e.g, 7.2 mmol-h-1-gear'! at 300 °C for 10Cu/
SisN4-800 [50]; 7.1 mmol-h-1-gar! at 260 °C for 3CuMSN-E
[21]; 7.6 mmol-h-1-ga-1 at 300 °C for 10%Cu/SBA-15 [20], see
Table S6). Thus, 10Cu-DP is among the best copper-based cata-
lysts for the selective oxidation of propylene to produce acro-
lein.

3.2. Structural characterization of the copper-silica catalysts

To investigate the origin of the high reactivity of our cop-
per-silica catalysts in acrolein formation, multiple characteri-
zations were carried out to detect the differences in their
structures before (fresh) and after the reaction (used). As
shown in Fig. 2(a), no copper-containing phases characteristic
of Cu0/Cuz0/Cu were observed in the XRD patterns of fresh
10Cu-DP, 5Cu-DP, or 15Cu-DP, indicating the absence of crys-
tallized copper/copper oxide species in the samples prepared
by deposition-precipitation before the reaction. In contrast,
fresh 10Cu-IM showed distinct CuO peaks (PDF#00-045-0937)

(@)

(b)

with an average crystallite size of 18.3 nm as calculated by the
Scherrer formula (Fig. S6(a)). On the other hand, the XRD pat-
tern of 10Cu-DP used at 300 °C in Fig. 2(b) shows wide peaks at
36.5°, 42.4° 61.6° and 73.7° (26), which were assigned to the
(111), (200), (220), and (311) ©planes of Cuz0
(PDF#00-005-0667), respectively, and an average crystallite
size of 2.8 nm, while that of used 10Cu-IM shows similar but
sharper Cuz0 peaks and a larger size of 20.3 nm (Fig. S6(b)). In
addition, we calculated the average crystallite sizes of the Cu20
species in the used catalysts using the Scherrer equation; the
results are summarized in Table 1. Clearly, as the Cu loading
was increased from 5Cu-DP to 15Cu-DP and the reaction tem-
perature was raised from 225 to 325 °C, the intensities of Cu20
peaks gradually became stronger (Fig. 2(b)). A slight increase
in the Cuz0 crystallite size from 2.5 to 3.5 nm was also ob-
served, but this increase was much smaller than that of the
used catalysts synthesized by the impregnation method (12.8
— 28.3 nm). For both the Cu-DP and Cu-IM samples, cuprous
oxide species were only observed after the propylene oxidation
process. The combination of the XRD and catalytic performance
data for these catalysts revealed that the small-sized cop-
per-silica samples synthesized by the deposition precipitation
approach exhibited higher catalytic activity in this reaction
than the large-sized samples synthesized by the impregnation
method under the same testing conditions.

The electronic and coordination structures of the copper
species were analyzed using XAFS measurements. The XANES
profiles of fresh 5Cu-DP, 10Cu-DP, and 15Cu-DP exhibit edge
shapes similar to that of the a CuO reference (Fig. 3(a)), indi-
cating its oxidized Cu?+ state before reaction. However, after the
catalytic reaction, the used samples display edge shapes similar
to that of the Cuz0 reference (Fig. 3(c)), revealing the partial
reduction of the copper species after pretreatment with hy-
drogen and the subsequent propylene oxidation process.

As shown in Fig. 3(b), the EXAFS spectra of the fresh cop-
per-silica samples prepared by the deposition-precipitation
method exhibit a prominent peak at approximately 1.9 A, which
is derived from the first shell of Cu-O (Table 2). Here, the pos-
sibility of copper hydroxyl species cannot be excluded since
Cu-OH cannot be distinguished from Cu-0 in EXAFS. A second
weak Cu-Cu shell at approximately 3.0 A (Table 2) can also be
identified, which corresponds to the presence of Cu-O-Cu in-
teractions in the CuO model. After the reaction, the copper spe-
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Fig. 2. XRD patterns of the copper-silica catalysts prepared by deposition-precipitation method. (a) Fresh; (b) used.
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Fig. 3. Cu K-edge XANES profiles (a, c) and EXAFS fitting results (b, d) in R space for fresh (a, b) and used (c, d) copper-silica samples prepared by the

deposition-precipitation method.

cies in used 10Cu-DP could fitted using a Cu20 model, i.e., a first
Cu-O shell at 1.9 A, a second Cu-Cu shell at 3.0 A, and a third
Cu-O shell at 3.5-3.6 A (Fig. 3(d), Table 3). Furthermore, the
coordination numbers (CN) calculated for the high R shells
(Cu-0 and Cu-Cu > 2.5 &) were significantly lower than those of
the pure CuO and Cu20 model structures, indicating the
small-size of the CuOx species in both the fresh and used cata-
lysts.

Figures 4(a) and 4(b) show aberration-corrected
HAADF-STEM images of 10Cu-DP before and after reaction at
300 °C. The TEM images of the fresh catalyst show the high
dispersion of non-crystalline copper species with a narrow size
distribution and an average size of 1.9 + 0.4 nm (additional
images are provided in Fig. S7(a)). Although the vivid picture of
copper species on the used 10Cu-DP sample demonstrated
their enhanced crystallinity after the reaction, and with an av-
erage size of 2.2 = 0.4 nm (Figs. 4(b) and S7(b)), there is no
significant growth of such copper oxide species after the cata-
lytic reaction at 300 °C for 320 min. This result indicated the
high stability of the cluster size of the studied small-sized cop-

Table 2
EXAFS fitting results for fresh copper-silica samples with different Cu
loadings.

Sample Cu-0 Cu-Cu

R(A) CN R(A) CN
Cu0 1.948 4 2.935 10
5Cu-DP 1.89+0.01 29+0.2 2.9940.02 23%06
10Cu-DP 1934001 4.7+0.2 296+0.01 3.1+06
15Cu-DP 1934001 4.7+0.2 296+0.01 3.0%06

R: distance; CN: coordination number; ¢ (Debye-Waller factor) = 0.006
A2 (Cu-0) or 0.015 Az (Cu-Cu) for all the analyzed samples; AEo (inner
potential correction) = 9.1 + 0.3 eV for all the analyzed samples.

per-silica catalyst. Conversely, non-uniform copper oxide or
cuprous oxide species (determined by HRTEM) were clearly
observed for both fresh and used 10Cu-IM; these species
formed both very small-sized (~2 nm) species and bulky ag-
gregates (Fig. S8), which may have resulted in the low conver-
sion of C3He at 300 °C over this catalyst.

On the basis of the above XRD, XAFS, and HAADF-STEM da-
ta, we found that the present deposition-precipitation method
favors the formation of a copper-silica catalyst with small-sized
non-crystalline clusters, while the impregnation approach
tends to form larger-sized crystalline particles, and that these
copper-silica catalysts undergo a structural transformation
from CuO (air, 400 °C) to Cuz0 (C3He + O2, 300 °C) during the
reaction (Fig. 4(c)).

3.3. Investigation of the “structure-activity” relationship

To investigate the effect of the copper species on acrolein

Table 3
EXAFS fitting results of used 10Cu-DP samples.
Cu-0 Cu-Cu
Sample R(A) CN R(A) CN
Cu20 1849 2 3.019 12
3.540 6

1.87+£0.01 19+0.1 256+0.01 3.1+1.2
10Cu-DP-275-used

3.51+0.02 29%0.6 294+£0.02 33+16
10Cu-DP-300-used 1872001 23£0.1 3.00+£0.01 44+14

355+0.03 2.0%0.7
10Cu-DP-325-used 187:001 23201 3.00+0.01 48+15

355+0.02 23+0.7

o = 0.005 A2 (Cu-0) or 0.018 A2 (Cu-Cu) for all analyzed samples; AEo
=9.8 eV for or all analyzed samples.
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Fig. 4. Aberration-corrected HAADF-STEM images of (a) fresh and (b) used 10Cu-DP. (c) Schematic of the synthesis and structural transformation of

10Cu-DP.

production via the selective oxidation of propylene, in situ XRD
was performed to trace the structural evolution of the cop-
per-silica catalysts during the reaction. During the hydrogen
pretreatment (5% Hz/Ar) step, the diffraction patterns of
10Cu-DP were recorded under ambient conditions followed by
in situ reduction with increasing temperature from 100 to 350
°C. As shown in Fig. 5(a), the Cu® (111) peak appeared at 250 °C
and became more prominent as temperature was further in-
creased, indicating that the copper oxide species could be re-
duced to metallic copper above 250 °C. This finding was in good
agreement with the H2-TPR results (Fig. S1 and Table S5). After
cooling the catalyst to ~30 °C under the same reducing atmos-
phere, the characteristic peak of metallic Cu almost disap-
peared, probably due to redispersion of the crystallized copper
species [51]. That is, the highly dispersed copper oxide clusters
were gradually reduced to small crystalline copper species
under a hydrogen atmosphere (250-350 °C, short in duration)
without sintering. Thus, when the heating was halted abruptly
and the temperature dropped sharply, the small grains with
high surface-to-volume ratios were more likely to migrate rap-
idly to and redisperse on the surface of the silica support,
which had a high surface area. The interaction between the
copper species and the silica support was thought to be the
driving force for the redispersion process. These highly dis-
persed copper species were very stable at 30 °C under various
atmospheres (Ar or CsHe+02, see Fig. 5(b)). When the reactant
gas mixture (CsHe+02) was switched on and the testing tem-
perature was raised from 30 to 300 °C, a cuprous oxide (Cuz0)
phase with a (111) peak at approximately 36.5° was generated.
Moreover, even after 320 min of continuous reaction, only the
Cuz20 phase was observed, without any observable growth in
the average grain size (Fig. 5(b)).

Furthermore, we collected in situ XRD data for 10Cu-DP re-
acted at 250 °C under the same atmosphere (Fig. S9). A broader
Cuz0 (111) characteristic peak was generated at the same posi-
tion (36.5°) and remained almost unchanged over 320 min,
indicating that the structure of 10Cu-DP was very stable at a
relatively low reaction temperature. These in situ XRD results
demonstrate the structural transformation of silica-supported
copper oxide clusters via the selective oxidation of propylene,
i.e,, small-sized copper oxide (CuO) species were first converted
to a metallic copper (Cu) phase during the hydrogen pretreat-
ment, and then further transformed into partially oxidized cu-
prous oxide (Cuz20) clusters during the subsequent reaction
process.

For comparison, the in situ XRD patterns of the impregna-
tion-synthesized large-sized sample (10Cu-IM) were also col-
lected to investigate the size effect in our copper-silica catalyst.
Fig. 5(c) and 5(d) exhibit a similar CuO (fresh) — Cu (H2) —
Cu20 (C3He + 02) structural transformation; however, the
10Cu-IM patterns contained two distinctly different features:
(1) The sharp peaks indicated a high degree of crystallinity and
large average crystallite size of approximately 18.3 nm, and (2)
the XRD patterns obtained under the reaction conditions at 300
°C exhibited a mixture of both metallic Cu and partially oxi-
dized Cuz0 phases, rather than pure cuprous oxide. A previous
report of a Cs*-5 wt% CuOx/SiO2 (5.8 nm) catalyst proposed
that the Cu(0) was transformed into Cuz0, part of which was
further transformed into CuO after a longer reaction time,
which exhibited a lower yield of acrolein [19]. We can infer that
lower Cu loading on SiOz is not conducive to the maintenance of
Cuz0, and that there exists a strong size-dependent effect be-
tween active copper species and the reactivity on acrolein for-
mation directly from oxidation of propylene.
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Fig. 5. Structural evolution of the Cu/SiO: catalysts. In situ XRD patterns of 10Cu-DP (a, b) and 10Cu-IM (c, d) during hydrogen reduction at different

temperatures (a, ¢) and the propylene oxidation reaction (b, d).

The catalytic activity of the copper-silica catalyst was
strongly associated with the structural evolution of the active
copper species. Thus, to further investigate the reaction mech-
anism, in situ DB FTIR (Fig. S10) was used to trace and detect
the surface adsorbents and reaction intermediates under the
reaction conditions in the presence of propylene with oxygen at
300 °C. As shown in Fig. S11(a), C-H bond vibrations corre-
sponding to adsorbed propylene were observed under a C3He
atmosphere; the peaks at 2968 and 2907 cm-! (asymmetric
C-H stretching vibrations of the -CHs group) [52] increased
gradually and stabilized in approximately 30 min, revealing
that propylene molecules can be adsorbed even on the pure
SiO2 support. The introduction of the additional reactant O2
really helped the adsorption of propylene, but no other charac-
teristic peaks were observed after a 90 min test (Fig. S11(b)),
indicating that the adsorbed CsHe could not be activated and
further transformed into other products such as acrolein and
CO2z on pure SiO2 under the mixed propylene/oxygen atmos-
phere at 300 °C (Fig. S12).

The in situ DB FTIR spectra of the small-sized copper-silica
catalyst (10Cu-DP) were significantly different from those of
the pure SiOz support. Fig. 6(a) shows the propylene adsorp-
tion spectra on a reduced copper-silica sample (300 °C, 30
min), on which the Cu(Il)> Cu(0) reduction was verified by
H2-TPR (Fig. S1) and in situ XRD (Fig. 5(a)) previously in this
work. The IR bands at 2850-2970 and 3000-3110, 1620, and
680 cm-1, which corresponded to the C-H stretching vibration
of the -CH3 group, C-H stretching vibration of H2C=CH, and C=C
stretching vibration [40,52—-54] (detailed assignments are giv-
en in Table S7) gradually increased during the first 16 min and

levelled off soon afterwards. The peaks at 1473, 1441, and
1396 cm-! were assigned to =CH2 scissoring, =CH2 scissoring,
and C-H bending vibrations, respectively [40]. Importantly, a
peak at 1419 cm-! emerged once the C3He gas was introduced
and became more intense with increasing collection time; this
peak was ascribed to the C—H asymmetric deformation of for-
mate species [55]. 10Cu-DP showed significantly enhanced
adsorption of C3He compared to the pure SiO2 support under
the same testing conditions, suggesting that the introduction of
copper enhanced the adsorption capacity of propylene.

To investigate the subsequent oxidation process, the same
amount of Oz was added simultaneously after 30 min of CsHe
adsorption. Figure 6(b) shows that a strong adsorption peak at
1376 cm-! corresponding to the methyl symmetrical C-H
bending vibration on Cu(I) and a relatively weaker characteris-
tic band at 1548 cm-! ascribed to C=C interacting with Cu(I)
were observed, indicating that the oxygen could easily adsorb
on the surface of the reduced copper(0) species, resulting in the
formation of partially oxidized Cuz0 species under the reaction
atmosphere (CsHe + 02). These findings were consistent with
the in situ XRD results (Fig. 5(b)) [40,43]. The band at 2968
cm-! disappeared rapidly, and simultaneously, a new band at
2981 cm-1, which was attributed to the C—C—H stretching vi-
bration of the surface allyl intermediate (CH2=CHCH2*), ap-
peared and grew stronger. This demonstrated that the propyl-
ene adsorbed on the copper-silica catalyst was activated; this
was considered to be the first step in catalyzing the propyl-
ene-selective oxidation reaction and was crucial to subsequent
the processes on the catalyst surface [56]. Moreover, the C=0
stretching vibration band of —-HC=0 at 1731 cm-! and C-H
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Fig. 6. Dissociation adsorption ability of 10Cu-DP. In situ DB-FTIR results for 10Cu-DP during (a) propylene adsorption at 300 °C under a flowing
mixture of propylene and nitrogen gases at a time on stream of 1, 2, 3,4, 5,6, 7,8, 9, 10, 12, 14, 16, 18, 20, 22, 24, 26, 28, and 30 min (0.01 g catalyst,
C3He:Nz = 2.5: 90, 92.5 mL-min-1, 1 atm), and (b) propylene and oxygen coadsorption at 300 °C under a flowing mixture of propylene, oxygen, and
nitrogen gases at a time on stream of 1, 5, 10, 15, 20, 25, 30, 35, 40, 45, 50, 55, 60, 65, 70, 75, 80, 85, and 90 min (0.01 g catalyst, C3He:02:N> =

2.5:2.5:90, 95 mL-min-t, 1 atm).

stretching vibration bands of —HC=0 at 2720 and 2747 cm-!
were clearly detected once the surface allyl intermediate
(CH2=CHCH2*) was observed, confirming the formation of
acrolein [57,58]. The C-H asymmetric deformation peak of the
formate species vanished within 5 min, accompanied by the
appearance of COz in the region 2250-2400 cm-1 [53,55]. From
the results in Fig. 6, it can be inferred that the selective oxida-
tion of propylene on our small-sized copper-silica catalyst
probably proceeds via a Mars and van Krevelen mechanism, in
which the adsorbed C3Hs is effectively activated to form an
intermediate species (CH2=CHCH2*) on the surface of cop-
per-silica catalyst, and reaction between the intermediate and a
neighboring oxygen atom from the as-formed Cuz0 species can
take place to form acrolein and CO2 during the catalytic pro-
cess, as reported by Ponec et al. [59,60]. Thus, a possible path-
way for acrolein formation has experienced such a process:
—H] +[O]-[H]

CH,=CH-CH; — CH,=CH-CH,* ——— CH,=CH-CHO

The large-sized 10Cu-IM sample with much lower activity
was also examined during the selective oxidation of C3He for
comparison to 10Cu-DP. In Fig. 7(a), similar peaks were ob-
served during the CsHe adsorption process at 300 °C, implying
that the copper non-uniformly on the silica via the impregna-
tion method could enhance the adsorption of C3He. In Fig. 7(b),

new peaks similar to those of 10Cu-DP were also observed
when 02 was introduced. However, some clear differences
were observed between these two catalysts in the DB-FTIR
measurements. For 10Cu-IM, the newly generated peaks were
significantly weaker than those of 10Cu-DP. A very broad peak
at 1376 cm-! assigned to the methyl symmetrical C—H bending
vibration on Cu(l) was detected, implying that the large-sized
copper on SiOz required more time to be oxidized to Cuz0, in
agreement with the in situ XRD results (Fig. 5(d)). Additionally,
the peak at 2968 cm-1 was still present, and the peak of surface
allyl intermediate (CH2=CHCH2*) at 2981 cm-! was weaker
even after 90 min of reaction, implying that abstraction of a
hydrogen from CsHe was more difficult on the surface of the
large-size copper-silica catalyst. Only the C=0 stretching vibra-
tion band for -HC=0 at 1731 cm-! was observed, and the peak
at 1419 cm-! disappeared almost after 70 min. The peaks re-
lated to CO2 species emerged slowly, indicating that it was dif-
ficult for the allylic intermediate to react with oxygen from the
large-sized Cuz0 to form the products. The above results show
that both 10Cu-DP and 10Cu-IM can adsorb large amounts of
C3He, which can clearly be detected by DB-FTIR, and that the
small-sized Cu(0) of 10Cu-DP can more easily be oxidized to
Cuz0 to induce the formation of acrolein from the adsorbed
allylic intermediate. In contrast, no distinct differences between
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these two samples were observed in the single beam FTIR re-
sults in Fig. S13 and Fig. S14, mainly due to the influence of the
gas-phase CsHe peaks.

In addition, in the 3500-3800 cm-! region of the in situ DB
FTIR spectra (Fig. S15), silicon hydroxyls (Si—-0—H) and copper
hydroxyls (Cu—0—H) were clearly detected on the 10Cu-DP and
10Cu-IM samples after their activation with Hz. As the reaction
time was increased, the amount of copper hydroxyl groups
gradually decreased, whereas no reaction occurred between
the pure support and the gas mixture (C3He+02) (Fig. S12). This
result implied that the copper hydroxyls (Cu—0-H) very likely
affected the catalytic performance. Similarly, our previous work
reported that surface copper hydroxyls were strongly related
to acrolein selectivity, and that they favored the generation of
CO2 at the beginning of the reaction and thus leading to an in-
duction period [50]. The copper hydroxyls may have activated
the surface reaction for the generation of CO2 at the beginning
of this reaction, thus resulting in lower acrolein selectivity,
followed by a gradual increase in acrolein selectivity accompa-
nied by a decrease in copper hydroxyl groups (Fig. 1(c) and Fig.
§15). On the other hand, the propylene conversion of 10Cu-DP
decreased slowly throughout the whole reaction process,
which could be attributed to the sintering of the catalyst under
continuous high temperature reaction. However, the propylene
conversion was still six times higher than that of the larger
10Cu-IM catalyst, confirming that the small-sized cuprous oxide

clusters enhanced the catalytic reactivity in propylene-selective
oxidation.

As discussed as above, the small-sized Cu20 species
(10Cu-DP) exhibited better catalytic activity than their larger
counterparts (10Cu-IM) for the selective oxidation of propylene
to acrolein. Additionally, the copper dispersion is directly asso-
ciated with the number of active species on the copper-silica
catalysts. Hence, we applied an N20-titration approach to de-
termine the amount of surface copper(I) in each sample. As
shown in Fig. 8, the calculated Cu(I) dispersion for 10Cu-DP
(56%) was much higher than that of 10Cu-IM (8%), in accord-
ance with the higher activity of the former in the formation of
acrolein (Table 1).

Acknowledgments

We thank Dr. Shuangquan Hu (Evonik Industries) for his
kind help on supply of high surface-area silica support.

4. Conclusions

In summary, a controllable deposition-precipitation method
was applied to immobilize small-sized and chemically stable
copper oxide clusters on a silica support using Na2CO3 as a pre-
cipitating agent. The fabrication of uniform and small-sized
copper-silica catalysts was more facile using the deposi-
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tion-precipitation approach than the incipient wetness im-
pregnation method, especially for high loading (210 wt%)
copper-based catalysts. Moreover, the selection of a silica ma-
terial with a high surface area was beneficial to the dispersion
and stabilization of cuprous oxide clusters, which exhibited
high cluster size stability even after 320 min of reaction at 300
°C. Thus, outstanding catalytic activity in the generation of
acrolein via selective oxidation of propylene was obtained over
this active copper-silica catalyst. In particular, the 10 wt% Cu
sample showed excellent catalytic activity with 25.5% propyl-
ene conversion and 66.8% acrolein selectivity at 300 °C, re-
sulting in a very high acrolein yield of 17.0% and an acrolein
formation rate of 111.2 mmol-h-1-gcy~! or 10.5 mmol-h 1-gear 1
at 300 °C. The structural evolution of the catalyst during the
reaction was thoroughly explored using multiple characteriza-
tion techniques. The combination of in situ XRD and in situ
DB-FTIR demonstrated that the adsorbed C3Hs was effectively
activated to form intermediate species (CH2=CHCH2*) on the
surface of the small-sized copper-silica sample, and that the
intermediate reacts with neighboring oxygen atoms from the
as-formed Cuz0 species to form acrolein and COz. Furthermore,
the small-sized cuprous oxide species were identified as the
active sites for the generation of acrolein at 300 °C. This work
not only offers a facile method for the preparation of highly
efficient supported copper catalysts, but also provides a solid
understanding of the structure-activity relationship of cuprous
oxide clusters in the acrolein formation reaction.
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