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Abstract
Highly dispersed silica-supported  CuOx/SiO2 catalysts were synthesized via solution-phase deposition and studied for their 
activity, selectivity, and stability in catalyzing the selective oxidation of propylene to acrolein. Strategies for ensuring high 
metal dispersion included controlling the surface density of silanols (via covalent silanol-capping) or by pre-installing differ-
ent “promoter” transition metals at submonolayer coverages. A comparison of the effect of first row transition metal promoters 
showed that V and Cr significantly boost catalyst performance and stabilize  CuOx sites against aggregation.
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1 Introduction

The catalytic partial oxidation of propylene to acrolein 
has become one of the most studied reactions in hydro-
carbon oxidation [1–6]. Various catalyst design elements 
have been investigated in the design of supported catalysts 
for selective partial oxidation of propylene to acrolein. 
Specifically, the effects of active site and oxide dispersion, 
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presence of promoter ions and nature of solid supports 
(i.e., acidity and basicity) have been studied in the devel-
opment of catalytic materials that activate C–H bonds and 
sequentially mediate oxygen atom transfer to form C–O 
bonds [7]. Despite the breadth of catalytic systems devel-
oped and studied for this reaction, gains in performance 
and fundamental understanding are still needed [8]. Het-
erogeneous catalysts for propylene-to-acrolein oxidation 
include monometallic materials like  CuOx–SiO2 and multi-
metallic/multicomponent materials like promoted bismuth 
molybdates [9–11]. The relative compositional simplicity 
of the  CuOx/SiO2 systems renders them more amenable to 
structure–activity correlation studies. Recent studies on 
 CuOx/SiO2-catalyzed propylene oxidation to acrolein sug-
gest that site dispersion is key to achieve high selectivity 
to acrolein; Schüth and coworkers [8] reported that highly 
diluted  CuOx on  SiO2 afforded higher selectivity to acr-
olein and reduced combustion to carbon oxides and C1–C2 
cracking products. Site dispersion has also been shown 
to be important in other transition metal-based oxidation 
catalysts; sub-monolayer  VOx–SiO2 enhanced propylene 
oxidation selectivity to oxygenates, particularly acrolein 
[12].

High active site dispersion could be achieved via two 
general synthetic strategies. The first approach involves the 
purposeful decrease in  SiO2 surface hydroxyl concentra-
tion via thermal treatment or covalent surface modification 
(e.g., –SiMe3 capping), while the second approach involves 
modifying oxide surfaces with cationic ‘anchors’ that sta-
bilize highly dispersed catalytic sites [13–15]. In the lat-
ter approach, the cations can also act as catalyst promoters 
[16–19]. The promoter effect was thought to be responsi-
ble for the enhanced oxygenates selectivity of Fe catalysts 
[20–22]. Enhancement in  CuOx/SiO2 selectivity to acrolein 
was observed in the presence of Au promoters; Au was 
proposed to stabilize low-valent  Cu1+ species which are 
more selective to oxygenate formation (e.g., acrolein) [18]. 
Similarly, the effects of transition metal promoter cations 
on the activity and selectivity of supported  CuOx systems 
for hydrocarbon partial oxidation have been demonstrated 
in the use of redox-active V [23–26] and Cr [27–30] sites. 
One limitation of prior studies on these promotion effects is 
that initial surface densities are typically high, presenting a 
range of surface structures and a relatively low number of 
the isolated sites proposed to be the most selective.

In this paper, we first investigate how these two synthetic 
strategies (TMS-capped  SiO2 and promoter-modified  SiO2) 
can be employed to increase the dispersion and stabilization 
of active sites for propylene oxidation, especially at very low 
surface coverages where statistical isolation is expected, at 
least for the initial catalyst state. Then we focus on a few 
promising promoters which lead to higher yield and higher 
stabilisation of active sites.

2  Experimental

2.1  Preparation of Trimethylsilyl‑Capped  SiO2

Commercially available mesoporous silica support (Selecto 
Scientific, 30–200 μm size, pore size ca. 6 nm, surface area 
520 m2/g) was used (Fig. S1a, see Supporting Information). 
To 20 g  SiO2 in 250 mL hexane in a 500-mL round bottom 
flask, 15 mL of hexamethyldisilane (HMDS,  Me3Si-SiMe3) 
was added with stirring. The mixture was refluxed over-
night, and the solids filtered after allowing to cool to room 
temperature. After rinsing with three 200-mL portions of 
hexane, the solids were dried in vacuo at 120 °C for com-
plete removal of any unreacted and by-product silanes and 
solvent. Thermal gravimetric analyses (TGA) of dried sol-
ids indicated the presence of a trimethylsilyl groups at a 
coverage of ca. 0.6 moieties per  nm2, thus reducing silanol 
surface density to about 1.3 SiOH/nm2 (Fig. S2, Table S1). 
The trimethylsilyl-capped  SiO2 is labelled TMS-SiO2.

2.2  Preparation of M/TMS‑SiO2 (M = Fe, Co, Cu)

Metal ions known for their catalytic oxidation activ-
ity (specifically Fe, Co and Cu) were installed 
via grafting of molecular precursors on TMS-
SiO2, using molecular bis(hexamethyldisilazido)
iron(II),  bis(hexamethyldisilizado)cobalt(II) and 
bis(dimethylamino-2-propoxy)copper(II) precursors in 
toluene at room temperature for 24 h. Two loadings (0.1 
and 1.0 metal atoms/nm2) of Cu, Fe, and Co supported on 
TMS-SiO2 were chosen.

2.3  Preparation of M‑SiO2 Supports (M = V, Cr, Zn, 
Co, Zr)

SiO2 treated at 200 °C under vacuum overnight was chosen 
as support. The 2.5 wt%  VOx on  SiO2 and 0.7 wt%  CrOx 
on  SiO2 supports were synthesized via incipient wetness 
technique following published methods from an aqueous 
solution of ammonium metavanadate  (NH4VO3) mixed 
with oxalic acid  (H2C2O4) [31], and a methanolic solution 
of chromium(III) nitrate nona-hydrate (Cr(NO3)3·9H2O), 
respectively [32]. The 8.3 wt%  Zn2+/SiO2 and 9.5 wt% 
 Co2+/SiO2 supports were prepared by strong electrostatic 
attraction (SEA), employing literature methods from aque-
ous solutions at pH 11 of zinc(II) nitrate hexa-hydrate [33] 
(Zn(NO3)2·6H2O) and hexamminecobalt(III) chloride [34] 
(Co(NH3)6Cl3), respectively. In addition, 3.9 wt%  Zr4+/
SiO2 support was prepared via solution-phase deposition 
of tetrakis(isopropoxy)zirconium(IV). The samples were 
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calcined at various temperatures (See supporting informa-
tion for detailed synthesis procedures).

2.4  Deposition of Copper onto  SiO2 and M‑SiO2 
Supports via High‑Throughput Synthesis

A protocol was developed for high-throughput, automated 
synthesis of catalysts that included support and solution 
dispensing, stirring/shaking and washing. Using this meth-
odology, a wide range of copper loadings (nominally 0.05 
to 0.25 metal atom/nm2), using bis(dimethylamino-2-pro-
poxy)copper(II) as precursor in toluene, was deposited on 
 SiO2 pre-treated at 200 °C under vacuum overnight and on 
M-SiO2 (M = V, Cr, Zn, Co, Zr) supports. There was no fur-
ther treatment after deposition. Details can be found in SI.

2.5  Catalyst Characterization

A JEOL JEM-2100F transmission electron microscope 
(TEM) was used for all bright field imaging at 200 kV. 
Samples were prepared by dispersing solids in ethanol via 
sonication for 30 s. Colloidal suspensions were drop cast 
onto either Mo grids or lacey C on Ni grids (300 mesh) 
from Electron Microscopy Sciences at Argonne National 
Laboratory. TEM was used to probe for the presence of 
metal clusters on the supports; however, it should be noted 
that sample preparation for TEM analyses (sonication in 
ethanol) as well as imaging conditions (a 200 kV electron 
beam) could change material composition in situ (e.g., metal 
agglomeration). Diffuse reflectance UV–Vis spectra were 
collected with a Shimadzu UV-3600 spectrophotometer 
equipped with a Harrick Praying Mantis diffuse reflectance 
accessory. Polytetrafluoroethylene was used as the base-
line white standard, and reflectance data were transformed 
to pseudo-absorbance using the Kubelka–Munk function, 
F(R∞). Elemental analysis was performed using a Thermo 
iCap7600 ICP-OES instrument. Approximately 30 mg of 
sample was digested in 1 mL of HF and subsequently diluted 
to 11 mL with a 0.9 wt%  HNO3 aqueous solution. Standards 
of known concentration were prepared to quantify the sam-
ples’ metal content. Raman spectroscopy studies were per-
formed using a Renishaw InVia Qontor Raman Spectrometer 
equipped with 785, 532, and 405 nm solid-state lasers, ×5, 
×20, ×50, and ×100 objectives, and a MS 20 Encoded Stage. 
All measurements used a 785 nm laser and 1200 L  mm−1 
grating and were taken with a range of 200–1500 cm−1 using 
a 50× long distance objective, 30 s of exposure time, and six 
accumulations under ambient conditions. The laser power 
used was tuned to get the maximum Raman spectra intensi-
ties without damaging the different metal oxide supported 
catalysts.  H2-TPR studies were carried out in an Altamira 
(AMI-100) system. A mixture of 3%H2/N2 at atmospheric 
pressure was used. Samples of 25 mg were loaded into 

a quartz U-tube reactor and calcined in air at 500 °C for 
15 min. The samples were then cooled down to 30 °C in 
Ar. The  H2-TPR profiles were obtained by flowing  H2/Ar 
mixture at 50 mL/min from 30 to 700 °C at 10 °C/min. The 
hydrogen consumption was monitored quantitatively using a 
thermal conducutivity detector. High energy X-ray total scat-
tering data suitable for pair distribution function (PDF) anal-
ysis were collected at beamline 11-ID-B of the Advanced 
Photon Source at Argonne National Laboratory. Data were 
collected in 3–5 min exposures using an amorphous-silicon 
based area detector at an X-ray wavelength of ~ 0.211 Å. The 
images were reduced to one-dimensional diffraction patterns 
within GSAS-II and PDFs calculated within PDFgetX2 and 
XPDFsuite, following subtraction of the background. Dif-
ferential PDFs were calculated by subtracting the PDF meas-
ured for the support from that measured with the catalytic 
functionalization.

2.6  High‑Throughput Catalyst Testing

High-throughput catalyst testing was carried out to iden-
tify optimum conditions (temperature, propylene to oxidant 
ratio) for further testing and to screen a large number of 
catalysts. Propylene oxidation to acrolein was performed in 
a 16 fixed bed reactor system (Flowrence, Avantium). Typi-
cally, 50 mg of as-prepared catalyst was diluted with 100 mg 
nonporous silica gel (Davisil grade 646) and loaded into a 
quartz reactor (ID = 2 mm, OD = 3 mm, L = 300 mm). The 
silica diluent showed no catalytic activity in control experi-
ments. Reactions were performed between 200 and 500 °C 
at nominal atmospheric pressure. All gases were purchased 
from Airgas. 5% propylene in Ar was used together with dry 
air,  N2 (UHP) and He (UHP) as the standard. Propylene:O2 
ratios were varied (1:1, 3:1 and 5:1) and total flow rates 
varied from 10 to 30 mL/min. Reactions were performed at 
a space velocity of 140–180 mol propylene/min mol Cu and 
a GHSV of 36,200 mL/gcat/h. The effluent of each reactor 
was analyzed sequentially by a gas chromatograph (7890B, 
Agilent Technologies), equipped with a thermal conductiv-
ity detector (TCD) and 2 flame ionization detectors (FID). 
A simplified reaction diagram is presented in Scheme 1. 
However, methanol, ethanol, propanal, 1- and 2-propanol, 

CO2 and CO

O

O2

O2O2

Scheme  1  Reaction scheme of propylene oxidation to acrolein or 
 COx
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propionic acid, acetaldehyde and propylene oxide were also 
detected in small quantities. Selectivities were calculated 
on a  C3 basis.

2.7  Microreactor Studies

Microreactor experiments were used for kinetic studies and 
long-term testing to evaluate catalyst deactivation. Propylene 
oxidation to acrolein was performed at atmospheric pres-
sure in a packed-bed quartz microreactor. Typically 50 mg 
catalyst, previously calcined at 400 °C for 4 h in air, was 
diluted in 100 mg non-porous silica gel to achieve a bed 
height of 2–3 mm to minimize pressure and temperature 
gradients. The silica diluent showed no catalytic activity in 
control experiments. Catalysts were pre-treated at 250 °C 
with 33 mL/min of 6%  O2/balance He for 30 min to remove 
residual water before reaction and cooled to 200 °C. The 
temperature was ramped in 25 °C intervals up to 400 °C. 
The catalyst was held at each intermediate temperature for 
approximately 1 h. Reactions were performed at a constant 
space velocity of 14.2 mol propylene/min mol Cu, a total 
flow rate of 33 mL/min, and a GHSV of 39,600 mL/gcat/h. 
The ratio of propylene:O2 was 1:1. Products were analyzed 
using an Agilent GC 6890 with FID and TCD in parallel. 
Instantaneous turnover frequencies for each GC injection 
are calculated from the differential region of product yield 
divided by contact time, and selectivities were calculated as 
shown below:

3  Results and Discussion

3.1  Selection of Propylene:O2 ratio and Active 
Metal in M/TMS‑SiO2 (M = Fe, Co, Cu)

Initial experiments were undertaken with  CuOx,  FeOx, and 
 CoOx supported on TMS-SiO2 at target metal loadings of 
1.0 and 0.1 metal atoms/nm2. The initial catalyst testing was 
carried out on a 16-reactor parallel fixed bed reactor system 
to identify propylene to oxygen ratio. The ratio of propylene 
to  O2 was first investigated using 0.1 and 1.0 Cu atoms/nm2; 
results of these experiments indicate that lower substrate-to-
oxidant ratios favor acrolein selectively (Fig. S3). A ratio of 
propylene:O2 to 1:1 was then chosen.

Figure 1a–c shows a comparison of the catalytic activ-
ity of  FeOx,  CoOx and  CuOx catalysts on TMS-SiO2 at two 
different loadings measured at temperatures between 200 
and 500 °C. The experiments revealed, as expected, increas-
ing conversion of propylene with increasing temperature; 
however, increasing temperature generally led to increasing 

SC3 =
Acrolein

Acrolein + CO
2
∕3 +

CO

3
+ C6-olefin × 2

yields of  CO2 (i.e., complete oxidation of propylene) with 
limited selectivity for acrolein. Propylene conversion is low-
est with the use of  CoOx systems, and while appreciable 
conversions were also observed for  FeOx systems,  CuOx was 
clearly the best-performing among the three metals chosen 
in this study in terms of selectivity to acrolein. In contrast, 
 FeOx and  CoOx systems favored deep oxidation products 
such as CO and  CO2. Furthermore, our data is consistent 
with previous literature reports that lower metal loadings 
improve the selectivity to partial oxidation at any given 
conversion, most likely due to more dispersed active sites 
[8]. While Cu loadings of 0.1 atom/nm2 lead to lower con-
version compared to 1 atom/nm2 at low temperature, it is 
worth noting that higher conversion is achieved at 500 °C. 
The highest acrolein yield, 4.8% was obtained for 0.1 Cu at 
400 °C at 36,000 mL/gcat/h. We note for 1 atom/nm2 Cu 
that propylene conversion failed to increase with increasing 
temperature (i.e. conversions at 400 and 500 °C) which is 
indicative of deactivation via agglomeration of the  CuOx 
sites. TEM shows significant agglomeration of  CuOx in these 
materials (see Fig. S4), and this will be discussed further 
below. DR UV–Vis analyses of Cu- and Fe-based TMS-SiO2 
confirm a lesser degree of agglomeration for the samples at 
low loadings after reaction at various temperatures (Fig. S5). 
It should also be noted any deactivation with TOS is convo-
luted in with all this activity data, which can limit the quan-
titative utility of the rates determined from high-throughput 
screening. Nevertheless, this screening does allow for quali-
tative comparisons of large numbers of catalysts. Based on 
the higher selectivity seen in these initial results, we nar-
rowed our scope to low loadings of  CuOx/SiO2.

3.2  Effect of  CuOx on TMS‑SiO2 versus  CuOx on M–
SiO2 (M = Zr, Zn, V, Cr, Co)

To further enhance the activity of  CuOx catalysts and com-
pare the effect of TMS capping with that of doping, we 
synthesized  CuOx on doped-SiO2 with a variety of promot-
ers. Promoter ions were chosen based on two hypotheses. 
Redox-active, oxophilic promoters (V, Cr, Co) may facili-
tate oxidant transfer from the active metal site by weaken-
ing the active metal–oxygen bond and acting as a chemical 
promoter. Alternately, promoter ions (Zr, Zn) that are more 
acidic than silanols may be better able to anchor the active 
 CuOx domain, thus improving catalyst stability against 
aggregation and other structural changes [35].

Figure 2 summarizes the results of the evaluation of a 
series of  CuOx/M-SiO2 (0.05 to 0.25 Cu atoms/nm2, M = Zr, 
V, Cr, Co, Zn) catalyst candidates for propylene oxidation 
to acrolein at 250 °C. With the notable exception of  CuOx/
Zr–SiO2, acrolein yields decreased with  CuOx loading due to 
rapidly decreasing selectivity to acrolein. At a low loading of 
0.05 Cu atoms/nm2, the trend in acrolein per-pass yield was: 
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 CuOx/Cr–SiO2 > CuOx/V–SiO2 > CuOx/TMS-SiO2 > CuOx/
SiO2 > CuOx/Zn–SiO2 > CuOx/Zr–SiO2 > CuOx/Co–SiO2. It 
can be noted that  CuOx/TMS-SiO2 gives a higher acrolein 
yield compared to  CuOx on bare  SiO2 (vacuum treated at 
200 °C), which indicates that a higher site isolation is favora-
ble for the production of acrolein.

Following screening, the two of the highest-performing 
promoted catalysts  (CuOx/Cr–SiO2 and  CuOx/V–SiO2) as 
well as  CuOx/Zr–SiO2 were selected for more detailed stud-
ies in a microreactor. Loadings of Cu and the promoters are 
presented in Table 1.

Activity and selectivity (to acrolein) data collected 
from the micro-reactor study are presented in Fig. 3. Data 
points represent an average over 60 min time on stream at 
a given temperature. Materials prepared with just the pro-
moter ion and no copper (V–, Cr–, or Zr–SiO2) were not as 
active as the heterobimetallic catalysts (Table 2, Fig. S6). 
Total propylene conversion reached as high as 32% under 
these conditions, and conversion rates normalized to the 
total amount of catalyst are reported in Fig. 3a. The most 
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prevalent products were CO and  CO2, not shown here. 
There were no significant side products formed, although 
dimerization products were observed in small quantities at 
low temperatures. The catalysts displayed linear Arrhenius 
behavior under differential conversion conditions (325 °C 
and below) (Fig. 3c). Acrolein yield and apparent activa-
tion energies are reported in Table 2.

Of the materials studied,  CuOx/Cr–SiO2 displayed the 
highest overall propylene conversion at temperatures above 

300 °C (Fig. 3a). However, the acrolein yield of  CuOx/
Cr–SiO2 is roughly equal to the sum of the acrolein yield 
of  CuOx/SiO2 and Cr–SiO2 (Table 2), so there is no evi-
dence of synergistic interaction between  CrOx and  CuOx. 
Alternatively, although  CuOx/Zr–SiO2 had higher propylene 
conversion than  CuOx–SiO2, the yield of acrolein is less than 
that of the un-promoted copper catalyst. The addition of Zr 
lowers the selectivity of the catalyst to acrolein by dispro-
portionately increasing the rate of formation of  CO2. Finally, 
 CuOx/V–SiO2 maintained its selectivity to the desired acr-
olein product as temperatures increased, and above 300 °C, 
it had the highest selectivity, (Fig. 3b, d), and the highest 
rate of acrolein production. Moreover, the acrolein yield 
was higher than that of  CuOx–SiO2 and V–SiO2 combined, 
suggesting that synergistic effect exists between Cu and V. 
The acrolein yield obtained at 400 °C for  CuOx/V–SiO2 
was 3.4%, which is higher compared to that obtained from 
other Cu/V systems [24, 25]. When comparing with precious 
metal-free Cu-based catalyst [36], it is also in the same range 
as the one reported by Tüyüz et al. 3.7% [8] but they used a 
smaller GHSV (15,000 mL/gcat/h at the same  O2:C = 1:1), 
while we use almost 40,000 mL/gcat/h.

Table 1  Characteristics of  CuOx/M-SiO2 materials selected for 
microreactor studies

Catalyst M (wt%) Cu (wt%) Cu (μmol/gcat) Cu (atoms/nm2)

CuOx/SiO2 – 0.45 70 0.085
CuOx/Zr–

SiO2

3.40 0.47 75 0.090

CuOx/Cr–
SiO2

0.70 0.45 69 0.082

CuOx/V–
SiO2

2.37 0.35 55 0.066
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Fig. 3  Performance comparison of the promoted and unpromoted 
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propylene conversion of copper supported on modified and unmodi-
fied silica, d Selectivity to acrolein at increasing extents of propylene 
conversion
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Micro-reactor studies were also used to provide more 
insight into the deactivation of the high-performing cata-
lysts. All of the materials tested showed a gradual deactiva-
tion and decrease in conversion (Fig. S7) and in the forma-
tion of  CO2 with time on stream for isotherms at or above 

300 oC (Fig. 4a). However, the yield of acrolein remained 
nearly constant with time on stream (Fig. 4b). This find-
ing suggests that at high temperatures, the rearrangement 
of metal oxides on the silica surface results in a decrease in 
the number of sites that are active for combustion while sites 
that are responsible for selective oxidation are preserved or 
possibly even generated.

3.3  CuOx/M‑SiO2 Characterization Pre‑ 
and Post‑Catalysis (M = Zr, V, Cr)

The Raman spectra of the as-prepared catalysts (0.05  CuOx/
SiO2, Cr–SiO2, V–SiO2, Zr–SiO2, 0.05  CuOx/Cr–SiO2, 0.05 
 CuOx/V–SiO2 and 0.05  CuOx/Zr–SiO2) as well as bulk 
CuO, monoclinic  ZrO2,  SiO2 and  V2O5/SiO2 are presented 
in Fig. 5. In agreement with previous reports, features at 
296 and 345 and 660 cm−1 are observed for bulk crystalline 
CuO reference sample [37]. In the case of  CuOx/SiO2,  CuOx/
Cr–SiO2,  CuOx/V–SiO2 and  CuOx/Zr–SiO2, there is a vibra-
tion around 976 cm−1 that is not observed in the bulk phase 

Table 2  Rates of acrolein production and apparent activation energy 
for M–SiO2 and  CuOx/M–SiO2 materials (M = Cr, V and Zr)

Acrolein yield 
(µmolAcr/
mgcats × 103)

Catalyst EA,app (kJ/mol) 200 °C 300 °C 400 °C

CuOx/SiO2 98 1.1 33 82
CuOx/Zr–SiO2 137 0.19 17 56
CuOx/Cr–SiO2 86 < 0.01 90 190
CuOx/V–SiO2 90 23 120 660
Zr–SiO2 92 < 0.01 3 38
Cr–SiO2 47 9.4 55 120
V–SiO2 102 2 27 240

Fig. 4  Comparison for catalytic 
systems with nominal loading 
of 0.05 Cu atoms/nm2 onto 
various supports of a  CO2 and 
b acrolein yield with time on 
stream. Propylene conversion is 
shown in Fig. S7
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of CuO, but is due to silica aerogel [38, 39]. For Cr–SiO2, 
the Raman spectrum is dominated by one strong, broad 
band at 890 cm−1 and shoulders around 982, and 689 cm−1. 
The band at 890 cm−1 is typical for dichromate [40]. The 
Raman band at around 982 cm−1 is characteristic of a dehy-
drated chromium oxide species [41, 42]. However, previous 
Raman studies concluded that this chromium oxide specie 
is predominantly present as a polychromate specie [40]. An 
interesting observation was that the peak around 689 cm−1 
observed in the binary and ternary chromium systems is not 
observed in the literature [40, 42–44] for reported Cr–SiO2 
catalysts. However, no isolated surface chromate species 
were observed (Cr=O vibrations at 1030 cm−1). On  CuOx/
Cr-SiO2, the large peak at 890 cm−1 disappears and the 
vibration at 689 cm−1 dampens. The presence of polychro-
mate species in  CuOx/Cr–SiO2 may explain the high conver-
sion of propylene into  CO2, as seen in Fig. 4a. For vanadium 
based catalysts a vibration was found at 1034 cm−1 char-
acteristic of molecularly dispersed 2D V=O [44, 45]. The 
absence of 995 cm−1 vibration (3D V=O) [45] in compari-
son with bulk  V2O5 indicates the V–SiO2 is well-dispersed.

Since the partial oxidation reaction follows a redox mech-
anism, the reducibility of the samples, was investigated by 
the temperature-programmed reduction (TPR) technique. 
The TPR profile of the 0.05  CuOx/SiO2, Cr–SiO2, 0.05 
 CuOx/Cr–SiO2, V–SiO2, 0.05  CuOx/V–SiO2, Zr–SiO2 and 
0.05  CuOx/Zr–SiO2 after treatment in air at 500 °C are 
shown in Fig. S8. There is a small peak at 252 °C for  CuOx/
SiO2 which corresponds to highly dispersed CuO and a 
broad peak up to 630 °C which corresponds to dispersed 
Cu (II) species onto silica which is hard to reduce [46, 47]. 
There is one main sharp peak for Cr–SiO2 and for V–SiO2 
while for Zr–SiO2, there is one broad peak. For V–SiO2, 
the peak reduction temperature is at 568 °C, which does 
correspond to either isolated or oligomeric  VOx species in 
p-tetrahedral and square-pyramidal coordination [48]. The 
peak at 463 °C for Cr–SiO2 corresponds to the reduction 
of Cr(VI) to  Cr2O3 [49]. The temperature for reduction of 
these promoter oxides are lowered in the presence of copper 
indicating close interactions, as reported for various load-
ings of Cu onto V-HMS [50]. In addition, for  CuOx/V–SiO2, 
the copper species reduce at higher temperature indicating a 
stronger interaction of Cu with vanadium than Cu with the 

Fig. 5  Raman spectra of as-pre-
pared Cr–SiO2, 0.05  CuOx/SiO2 
and 0.05  CuOx/Cr–SiO2 a, V–
SiO2, 0.05  CuOx/SiO2 and 0.05 
 CuOx/V–SiO2 (b) and Zr–SiO2, 
0.05  CuOx/SiO2 and 0.05  CuOx/
Zr–SiO2 (c). Reference spectra 
of  SiO2,  ZrO2, CuO, and  V2O5/
SiO2 added for comparison
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 SiO2 support. This may explain the enhanced stability of 
copper species when supported on V–SiO2. In addition the 
hydrogen consumption is enhanced for copper species on 
V–SiO2, which also indicates more lattice oxygen is avail-
able which is responsible for the enhanced reactivity of allyl 
oxidation [47].

Analysis of the spent  CuOx/SiO2 catalysts (from micro-
reactor studies) via DR UV–Vis provided a rationale for 
the differences in the effects of various promoters (Fig. 6). 
The spent  CuOx/SiO2 catalyst displays increased absorp-
tion > 350 nm, consistent with aggregation to form extended 
CuO sheets, and > 550 nm indicative of aggregation to form 
larger CuO crystallites [51, 52], as compared to the spectra 
after preliminary calcination. The  CuOx/Cr–SiO2 and  CuOx/
Zr–SiO2 show slightly increased absorption between 350 
and 550 nm consistent with some growth of CuO sheets. In 
contrast,  CuOx/V–SiO2 catalysts do not display increased 
absorption > 350 nm which indicates the discrete  VOx phases 
particularly stabilize a highly dispersed CuO phase [53]. It 
should be acknowledged that  CrOx and  VOx both contribute 
to the total absorption spectra in addition to  CuOx, which 
may obscure precisely which domains are changing under 
reaction conditions.

PDF characterization of the local structure of calcined 
(400 °C)  CuOx/M–SiO2 systems was carried out in order to 
elucidate structural factors responsible for the stability of 
 CuOx. Positions of maxima correspond directly to intera-
tomic distances; while areas are related to coordination 
numbers. Figure 7 shows the data for the calcined samples. 
Some of the interatomic distances do not correspond to CuO, 
 Cu2O or  Cu0, for instance 2.7, 4.0, 5.3 and 5.9 Å but could 

be attributed to deformation of the strained CuO structure 
indicating highly dispersed CuO phase onto support [54]. 
The main peak at 3.5 Å can also be attributed to Cu–O–M 
for instance in  Cu2[μ-(η2:η2-O2)], in agreement with a pre-
vious report by Vilella and co-workers on the stability of 
oxo-bridged Cu species supported on zeolites [55]. The cal-
cined  CuOx/V–SiO2 has short range ordered features, while 
the  CuOx/Cr–SiO2 and  CuOx/Zr–SiO2 show well defined 
peaks to longer distance, which supports the better stability 
of  CuOx/V–SiO2 against formation of aggregates.

The stabilizing effect of a promoter can also be confirmed 
visually via TEM. Figure 8 compares TEM images of post-
catalysis  CuOx/SiO2 and  CuOx/V–SiO2 (Fig. 8b, c). On 
 CuOx/SiO2 there is evident formation of crystalline  CuOx 
phases larger than 10 nm in diameter. TEM images of as-
prepared V–SiO2 (Fig. 8a) showed the presence of clusters 
of less than 5 nm. Raman (Fig. 5) confirmed these clus-
ters to be 2D V=O. Post-catalysis  CuOx/V–SiO2 maintains 
these  VOx islands and there is no evidence of  CuOx or  VOx 
aggregating further, which is also in agreement with the DR 
UV–Vis (Fig. 6). This is consistent with microreactor stud-
ies in which the  CuOx/V–SiO2 undergoes less deactivation 
over the course of reaction than  CuOx/Cr–SiO2 and  CuOx/
Zr–SiO2 or (non-promoted)  CuOx/SiO2 catalysts (see Fig. 
S7). On the other hand, the Zr–SiO2 likely does not stabi-
lize the  CuOx phase well due to its poor dispersion leaving 
large areas of  SiO2 surface without  ZrOx to stabilize the 
 CuOx phase (Fig. S11), which is consistent with increased 
absorption > 350 nm (Fig. 6) indicative of sintering of the 
 CuOx phase during reaction on the  CuOx/Zr–SiO2 catalyst. 
It is possible that the increased absorption in the tail is due 

Fig. 6  Absorption spectra of 0.05  CuOx/SiO2 and  CuOx/M–
SiO2 (M = V, Cr, and Zr) catalysts. M–SiO2 (black), freshly cal-
cined (400  °C 4  h air) 0.05  CuOx/M-SiO2 (blue) and after micro-
reactor studies (red). Spectra are normalized to freshly calcined 
 CuOx/M-SiO2. LMCT maximum for comparison
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to sintering of  CuOx that sits directly on the  SiO2 support 
rather than  ZrO2 crystallites.

Several literature reports on selective oxidation also 
report  CuOx promotion and stabilization by  VOx or  CrOx. 
Yang and co-workers reported synergistic effects between 
copper and vanadium, attributing the increase in catalytic 
epoxidation of propylene by oxygen to enhanced dispersion 
of copper by vanadium [23]. In a separate work, Bøyesen 
and others also identified a synergistic Cu/V redox pair 
prepared via co-deposition into AlPO-5 with selective for-
mation of acrolein from propylene oxidation as a result of 
extralattice oxygens generated by reactive Cu/V pairs linked 
by bridging oxygens (Cu–O–V) [24–26]. Dekker and co-
workers also reported the CO oxidation by  O2 and  N2O using 
Cu–Cr/Al2O3 by co-impregnation from an aqueous solution 
of Cu(II) and Cr(III) nitrate, with Cr thought to stabilize Cu 
against sintering by limiting Cu reduction via the formation 
of a  CuCr2O4 phase [29]. This promoter effect of Cr on Cu 
via a  CuCr2O4 spinel was previously reported by Khanma-
medov’s group in their studies of Al–Cu–Cr catalysts for 
 H2S and CO oxidation [30].

4  Conclusions

Highly dispersed silica-supported catalysts were studied 
for their activity, selectivity, and stability in catalyzing the 
selective oxidation of propylene to acrolein. High active 
site dispersion, could be achieved via two general synthetic 

strategies, which included (i) the decrease in  SiO2 surface 
hydroxyl concentration via covalent surface modification 
(silanol capping), or (ii) the modification of the oxide sur-
faces with cationic ‘anchors’ that stabilize highly dispersed 
catalytic sites. In a first part, a series of highly dispersed 
metal  (Fe3+,  Co2+,  Cu2+) sites on trimethylsilyl-capped  SiO2 
via solution-phase synthesis was tested. Evaluation of cata-
lyst candidates reveals minimal activity of  CoOx/SiO2 cata-
lysts while  FeOx/SiO2 systems produced more of undesirable 
deep oxidation product,  CO2. Appreciable propylene conver-
sion and selectivity for acrolein were observed for  CuOx/
SiO2 systems which, however, suffered from rapid deactiva-
tion due to  CuOx agglomeration under reaction conditions. 
The second part included synthesizing a series of highly 
dispersed copper of various surface densities, onto modified-
SiO2 with promoters (V, Cr, Zn, Co, Zr). Several promising 
promoters, V and Cr, were identified and subjected to more 
rigorous activity and durability testing.  CuOx/V–SiO2 was 
ultimately the catalyst with the highest acrolein yield. Across 
a range of temperatures, the yield was much higher than the 
combined yield of  CuOx/SiO2 and control  VOx/SiO2 cata-
lysts, suggesting a synergistic effect between the two metals 
that was not observed for any other promoter. Although all of 
the materials tested showed a gradual decrease in total pro-
pylene conversion at high temperatures, the majority of the 
observed deactivation came from a decrease in  COx produc-
tion. Acrolein selectivity remained nearly constant and even 
improved for both  CuOx/V–SiO2 and  CuOx/Cr–SiO2, which 
implies that at high temperatures, the rearrangement of metal 
oxides on the silica surface results in a decrease in the num-
ber of sites that are active for combustion while the sites that 
are responsible for selective oxidation are preserved. Finally, 
it was seen via Raman, TPR-H2, DR UV–Vis, PDF and TEM 
that one potential reason for the high activity and stability 
of  CuOx/V–SiO2 is that the addition of V, which formed 2D 
islands, appears to help minimize the aggregation of  CuOx 
into large clusters before, during calcination and under reac-
tion conditions.
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