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ABSTRACT: Supported nanoparticulate Au/Ti-SiO2 catalysts are a promising
candidate for selective epoxidation of propene with H2/O2 mixtures. Here, we
demonstrate that by altering the acidity of the surface titanol groups in Au/Ti-SiO2,
the selectivity of these catalysts in propene oxidation can be controlled. That is, Au/
Ti-SiO2 prepared using an alkali base during gold deposition shows basic properties
due to the formation of Ti-ONa groups. The catalysts that contained Na+ and
neutralized acid sites demonstrate high selectivity toward propene oxide. On the
contrary, when the acidity of the Ti-OH groups is preserved by using NH4OH as a
base during gold deposition, the catalyst is highly selective toward propanal at a similar propene conversion. This difference in
selectivity is explained by the isomerization of initially formed propene oxide into propanal over acidic Ti-OH groups as we
demonstrated using stacked bed experiments, where the Ti-support was exposed to propene oxide. When Na+ was present, no
isomerization was observed, while without Na+ present, propene oxide was isomerized to propanal. In short, we demonstrate the
crucial role of Na+ and acidic Ti-sites in steering the selectivity in gold-catalyzed propene epoxidation.

■ INTRODUCTION
Selective oxidation of alkenes is of major industrial
importance.1 Oxygenates of simple alkenes find end-user
application in various polymers. In the E.U., more than 13% of
propene is converted into propene oxide (PO).2 For ethene
oxide (EO) production, primarily supported silver catalysts are
used. While Ag/Al2O3 catalyzes the direct oxidation of ethene
with molecular oxygen, their use for propene oxidation results
in complete oxidation.3,4 Instead, PO is produced via indirect
oxidation processes: oxidation of propene with hydroperoxides
and the so-called chlorohydrin route (Scheme 1).5 The
chlorohydrin route is the older process. In this process,

propene is chlorinated to propene chlorohydrin and
subsequently dehydrochlorinated with Ca(OH)2 to produce
propene oxide and CaCl2.

3−5 It has an environmental
disadvantage since it produces chlorinated hydrocarbons and
an equal molar amount of CaCl2 as waste. Alternatively, the
hydroperoxide route is based on the epoxidation of propene
with various hydroperoxides catalyzed by heterogeneous Ti-
catalysts or homogeneous Mo-catalysts. This route, however,
couples the production of propene oxide to other bulk
chemicals, such as methyl-tert-butyl-ether (in the tert-
butylhydroperixode process) or styrene (in the styrene
monomer-propene oxide process). Alternatively, it relies on
the use of H2O2 in the hydrogen peroxide propene oxide
(HPPO) process or hydrogen peroxide route, which carries
high raw material costs and has safety disadvantages due to a
high concentration of the oxidant.3−7

Other potential products of propene oxidation, such as
propanal, are also valuable. Propanal is currently produced
using hydroformylation of ethene with CO over a homoge-
neous Rh-catalyst.8,9

An alternative route for PO production with easy catalyst
separation, limited environmental impact, and high reactant
efficiency is highly desirable. A candidate is the direct gas-
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Scheme 1. Routes for Industrial Propene Epoxidation
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phase oxidation of propene with H2/O2 mixtures over
nanoparticular gold-based catalysts. As first shown by Haruta
et al., titania supported gold nanoparticles of 2−5 nm catalyzed
epoxidation of propene with H2/O2 at conversions of <1%
propene, with >99% selectivity to PO.10,11

Since then, research has contributed to the understanding of
the reaction mechanism and improvement of the epoxidation
of propene over gold−titanium(IV)-based catalysts. The
proposed mechanism (Scheme 2) consists of two main steps:

first, a hydroperoxide is formed from H2/O2 over the surface of
small (<5 nm) gold nanoparticles13 followed by its spillover to
form Ti-OOH,12 which transfers the electrophilic oxygen to
the CC bond, offering PO with high selectivity.14 This
mechanism is supported by spectroscopic experiments by
Oyama et al., who detected Ti-OOH as an intermediate.12

Whether the active sites are neighboring Au−Ti sites or
interfacial Au−Ti sites is still under debate.13,15
At first, TiO2 was used as a support for gold nanoparticles.

However, the Au/TiO2 catalysts lost their activity in the course
of hours due to irreversible adsorption of propoxy-species,16,17

and the presence of Ti-O-Ti oligomers on silica-supported
catalysts favored complete oxidation of propene to CO2.

15 A
high dispersion of titanium(IV) sites on an inert silica surface
was soon shown to improve both catalyst stability and
selectivity in propene epoxidation with H2/O2 mixtures.11,18

Only small (<5 nm) supported gold nanoparticles prepared
via deposition precipitation (DP) lead to active and selective
catalysts for propene epoxidation, whereas Au−Ti catalysts
prepared via impregnation give total propene oxidation and
propene hydrogenation.11 Severe propene hydrogenation is
sometimes also observed for small (<6 nm) supported gold
nanoparticles.19,20 Other oxygenates such as acrolein, acetone,
propanal, and ethanal are typically only observed in trace
amounts. Delgass et al. demonstrated the effect of different
preparation methods for Au−Ti-based catalysts in propene
epoxidation. The group showed that the titanium(IV)
dispersion had a large impact on catalyst performance.21

Haruta et al. demonstrated that alkali hydroxides were
necessary in propene oxidation over small supported gold
clusters with O2/H2O instead of O2/H2.

22 It was speculated
that under those conditions, alkali salts interacted with the gold
cluster to activate O2 and, after the reaction with H2O, formed
peroxide. However, the use of H2O instead of H2 leads to an
increased acrolein selectivity due to the preferred O insertion
at the allylic C−H.
Haruta and co-workers showed that the presence of alkali

cations on the catalyst suppressed the propene hydrogenation
activity during propene epoxidation. They postulated that trace

amounts of Na+ and K+ lead to the generation of more oxygen
vacancies on the Ti-based oxidic support. This promotor effect
was only observed for gold nanoparticles of 2−5 nm. Both
smaller and larger particles catalyzed mainly propene hydro-
genation.20 Nijhuis and co-workers elaborated on the oxidation
of propene with water and oxygen and demonstrated that alkali
ions enhance the gold uptake from the precursor solution
during catalyst preparation.23 In addition, they showed that the
prepared Au/TS-1 catalysts produced acrolein as the major
reaction product. It was observed that the acrolein formation
rate for different gold catalysts did not change in the presence
or absence of titanium(IV). It was postulated that acrolein is
formed over Au-sites that are incapable of forming peroxide.23

Until now, a systematic study on the influence of Na+ on the
acidity and selectivity of Au/Ti-SiO2 catalysts in propene
epoxidation has not been performed.
In this study, well-defined site-isolated titanium(IV)-grafted

silica was decorated with small gold nanoparticles. The gold
nanoparticles were introduced via cation adsorption using
different gold precursor/base combinations. Catalysts with
different acid/base properties were prepared, and we clearly
demonstrate the crucial role of the acid/base properties of the
Ti-sites on the selectivity in propene oxidation with H2/O2
mixtures.

■ METHODS
Chemicals. All chemicals were used as received without

further purification: bis(cyclopentadienyl)titanium dichloride
(STREM, 99+%, stored in an Ar glovebox), chloroform (Acros
Organics, anhydrous, 99.9%), 1,2-dichloroethane (Acros
Organics, anhydrous, 99.8%), HAuCl4·3H2O (Acros Organics,
reagent ACS, ≥49.0% Au), silica (SiO2, GRACE SI 1404, BET
S.A. 525 m2/g, P.D. 7.4 nm, P.V. 0.92 cm3/g was kindly
provided by GRACE), and triethylamine (Sigma-Aldrich,
anhydrous, ≥99.5%).

General Considerations. For inert preparations, common
Schlenk techniques and equipment were used using glassware
with Teflon joints. All preparations involving gold were
performed in the absence of light in glassware cleaned with
aqua regia prior to use.

Grafting of Titanium. Titanium(IV) sites were grafted
onto a silica surface using titanocene dichloride using an
adapted literature procedure.24 In brief, 2.0 g of previously
dried SiO2 was dispersed in 20 mL of anhydrous 1,2-
dichloroethane under a N2 atmosphere. To this suspension,
an appropriate amount of bis(cyclopentadienyl)-titanium
dichloride in a 1,2-dichloroethane solution was added
corresponding to 0.10 or 0.50 metal sites per nm2 (nominal
0.4 and 2.0 wt % Ti). The red mixture was stirred at 60 °C for
1 h to allow for diffusion of the metallocene into the pores.
This was followed by the addition of 2.0 mL of anhydrous
triethylamine at room temperature and subsequent heating at
60 °C for 3 h. The grafted xTiCp-SiO2 was recovered via
filtration, washed three times with plenty of anhydrous
chloroform, dried in vacuo, and calcined in static air at 500
°C for 4 h, ramp 10 °C/min to offer titanium(IV)-grafted silica
denoted as xTi-SiO2, with x corresponding to the nominal
surface density in atoms/nm2 derived from the titanium
loading as evidenced from elemental analysis and the
Brunauer−Emmett−Teller (BET) surface area from N2
physisorption (Figure S1).

Preparation of Supported Gold Nanoparticles from
Au(en)2Cl3. As described by Dai et al.,25 1.0 g of 0.5Ti-SiO2

Scheme 2. Mechanism of Propene Epoxidation over Au−Ti
Catalysts, Adapted from Haruta et al.12
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and the appropriate amount of previously synthesized
Au(en)2Cl3

26 (4.04 mg; corresponding to 0.20 wt % Au)
were dispersed in 50 mL of Milli-Q water. Under vigorous
stirring, the pH was raised from 4.6 to 9.6 by addition of an
aqueous 2.5 wt % Na2CO3 solution. The reaction was allowed
to continue for 3 h in the dark. The solids were collected over a
glass filter and washed with 20 mL of Milli-Q water four times
until AgNO3 addition did not show the formation of a
precipitate. The white solids were allowed to dry at room
temperature in the dark, subsequently reduced at 300 °C (2 h,
50 mL/min, 20% H2 in N2, ramp 5 °C/min), and calcined at
450 °C in artificial air for 3 h (ramp 10 °C/min) to offer a pink
powder denoted as Au/xTi-SiO2 (Na2CO3).
Preparation of Supported Gold Nanoparticles from

HAuCl4·3H2O. As described by Nijhuis et al.,19 1.0 g of xTi-
SiO2 was dispersed in 50 mL of Milli-Q water followed by
addition of a HAuCl4·3H2O solution (4.05 mg, 10 mL Milli-Q,
corresponding to 0.20 wt % Au). The pH of the mixture was
raised from 3.8 to 9.6 by addition of a dilute NH4OH solution
(2.5 wt %). The mixture was stirred in the dark for 1.5 h
followed by retrieval of white solids via filtration. The solids
were washed four times with plenty of Milli-Q water, dried at
room temperature in the dark, subsequently reduced at 300 °C
(2 h, 20% H2 in N2, 5 °C/min), and finally calcined at 400 °C
in artificial air for 3 h (ramp 10 °C/min) to offer the catalysts
as pink powders denoted as Au/xTi-SiO2 (NH4OH) all at a
nominal gold loading of 0.20 wt %.
Acid Post-synthesis Treatment. Au/0.5Ti-SiO2

(Na2CO3) (150 mg) was treated with 2 mL of 0.1 M
HNO3(aq), filtrated immediately, and washed three times with
plenty of Milli-Q water. The powder was dried under ambient
conditions in the dark and at 120 °C for 2 h. The retrieved
catalyst was denoted as Au/0.5Ti-SiO2 (Na2CO3 + acid).
Alkaline Post-synthesis Treatment. Au/0.5Ti-SiO2

(NH4OH) (200 mg) was dried in vacuo at 100 °C for 24 h
followed by incipient wetness impregnation of 0.18 mL of a
0.25 M NaOH solution in Milli-Q, corresponding to 0.4 wt %
Na+, and drying in vacuo at 90 °C for 2 h to offer a pink
powder, denoted as Au/0.5Ti-SiO2 (NH4OH + base).
Alkaline Treatment of the Support. 0.5Ti-SiO2 (1.0 g)

was dispersed in 50 mL of Milli-Q water. Under vigorous
stirring, the pH was raised from 3.1 to 8.5 by addition of an
aqueous 2.5 wt % Na2CO3 solution. The reaction was allowed
to continue for 3 h. The solids were collected via centrifugation
(5 min, 6000 rpm) and washed with 20 mL of Milli-Q water
four times with centrifugation in between. The white solids
were allowed to dry at room temperature, subsequently
reduced at 300 °C (2 h, 50 mL/min, 20% H2 in N2, ramp 5
°C/min), and calcined at 400 °C in artificial air for 3 h (ramp
10 °C/min) to offer a white powder denoted as 0.5Ti-SiO2
(Na2CO3) with a PZC of 8.1.
Catalyst Characterization. Diffuse reflectance UV−vis

(DR UV−vis) was recorded under ambient conditions on a
Perkin Elmer Lambda 950S coupled with a 150 mm integrating
sphere and an InGaAs detector using a PTFE standard as white
(200−800 nm, 4 nm interval, slit size 4 nm); the absorbance
spectra obtained were corrected for Kubelka−Munk and
normalized to the sole absorbance band of the pristine silica
at 210 nm (more details are included in the SI). Nitrogen
physisorption measurements were done at 77 K using a
Micromeritics TriStar 3000. Powder XRD was performed with
a Bruker D2 phaser with a Co Kα source. Elemental analysis
was performed by inductively coupled plasma mass spectrom-

etry (Geosciences, Universiteit Utrecht, The Netherlands, for
Au. Ti compositions were determined at Mikroanalytisches
Laboratorium Kolbe, Germany).
Fourier transform infrared spectroscopy (FTIR) was

performed on a Thermoscientific Nicolet iS5 using a custom-
built cell in transmission mode. Sixty-four scans were used for
the background and 32 scans for samples at a resolution of 4
cm−1. In brief, self-supporting pellets of approximately 20 mg
(12 mm diameter) were evacuated in vacuo at room
temperature for 1 h at ca. 6.0 × 10−5 mbar followed by
recording the desired spectrum. Where applicable, an
integrated molar extinction coefficient ε(OH) 3.44 was used
for determination of isolated silanol concentration.27

Fourier transform infrared spectroscopy with adsorption and
desorption of pyridine (Py-FTIR) was performed on a
Thermoscientific Nicolet iS5 using a custom-built cell in
transmission mode. Sixty-four scans were used for the
background and 32 scans for samples at a resolution of 4
cm−1. In brief, self-supporting pellets of approximately 20 mg
(12 mm diameter) were evacuated at room temperature for 1
h. At 30 °C, 15 mbar of pyridine (Sigma-Aldrich, 99.8%) vapor
was allowed to adsorb on the sample for 30 min, with spectra
recorded every 5 min. After adsorption, the sample was
evacuated for 15 min under dynamic high vacuum followed by
temperature-programmed desorption of the pyridine under
dynamic high vacuum (30−500 °C, ramp 5 °C/min) with
spectra recorded every 25 °C. The acid concentration was
determined after evacuation at 200 °C under dynamic high
vacuum using the v19b vibrations with the molar extinction
coefficients as reported by Emeis ε1455 = 2.22 and ε1545 =
1.67.27

Transmission electron microscopy (TEM) and elemental
mapping images were collected on a Talos F200X microscope
operated at 200 kV. Average particle sizes were determined by
counting typically 200−300 individual particles. Energy-
dispersive X-ray spectroscopy (EDX) was performed by four
windowless SuperX EDX-detectors with a resolution of 128 eV
arranged around the sample. Identification of the EDX signal
was carried out using the Velox software. The point-of-zero-
charge (PZC) of the catalysts was recorded with a Radiometer
analytical, MeterLab PHM210 standard pH meter. The weight
loss of the spent catalyst was determined using a PerkinElmer
TGA 8000 equipped with a mass spectrometer (MS) under
20% O2 in Ar at 14 mL/min total flow.
X-ray photoelectron spectroscopy (XPS) was performed

using a K-Alpha XPS spectrometer (Thermo Scientific)
equipped with an Al anode (Al Kα = 1486.68 eV)
monochromatized X-ray source. Powder samples were placed
on a double-sided carbon tape, and the spectra were acquired
using a flood-gun source to account for surface charging. A
pass energy of 50 eV and spot size of 400 μm were used. The
peak binding energies were calibrated against the C 1s peak at
284.8 eV. Analysis of XPS data was performed using the Casa
XPS software.

Propene Oxidation with H2/O2 Mixtures. The oxidation
of propene was performed in a quartz fixed bed reactor
(internal diameter of 4 mm) loaded with 150 mg of the catalyst
(sieve fraction of 90−150 μm) and diluted with SiC (300 mg,
<425 μm). Prior to catalysis, the catalysts were treated under
10% H2 in He at 250 °C for 1 h. The reaction was carried out
at 200 °C with a typical gas feed of 25 mL/min in total with a
volumetric concentration of 10% of each reactant (H2, O2, and
C3H6) in helium as a balance at a GHSV of 10,000 mL/gcat/h.
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Reaction products were quantified with a standard gas mixture
with known concentrations using an online Interscience
Compact GC 4.0 (analysis time 8 min) equipped with a

Porabond Q column and a Molsieve 5A column in two
separate channels, both with a thermal conductivity detector.
The Au/SiO2 catalyst, without titanium, only produced trace

Figure 1. Support and catalyst characterizations. (a) Diffuse reflectance UV−vis absorption spectra of the xTi-SiO2 supports, (b) DR UV−vis of
the Au/0.5Ti-SiO2 catalysts, and (c) DR UV−vis of the Au/0.1Ti/SiO2 catalysts.

Figure 2. (a−c) HAADF-STEM images of selected 0.2 wt % Au/0.5Ti-SiO2 catalysts. (d) EDX map of Au/0.5Ti-SiO2 (Na2CO3). Small gold
clusters are highlighted by white circles in the HAADF-STEM images.
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amounts of acrolein and water. The 0.5Ti-SiO2 that did not
contain gold did not show any activity under the studied
conditions. Also, Au/xTi-SiO2 was inactive in propene
oxidation at 200 °C in the absence of H2 in the gas feed.
No propene hydrogenation activity was observed for the
studied catalysts. The conversion of propene at time i was
calculated from the total sum of moles of carbon in the
oxygenates (propene oxide, propanal, acetone, acrolein,
ethanal, and COx) as

χ =
∑

·
nC

nC
(%) 100%i

C H

oxygenates

feed0
3 6

The selectivities toward products propene oxide and
propanal at reaction time i were calculated as

=
∑

·
nC

nC
S (%) 100%i

i

PO
PO

oxygenates

=
∑

·S
nC

nC
(%) 100%i

i

PA
PA

oxygenates

The conversion of hydrogen was calculated as

χ = ·
n

n
(%)

H

H
100%i

H
2

20
2

■ RESULTS AND DISCUSSION
Catalyst Characterization. Figure 1a shows the diffuse

reflectance UV−vis (DR UV−vis) absorption spectra of silica
supports with different loadings of titanium(IV), denoted as
xTi-SiO2, with x indicating the number of titanium atoms/
nm2. The 0.1Ti-SiO2, with a nominal loading of 0.4 wt % Ti,
shows two absorption maxima, at 221 and 252 nm,
respectively. These maxima correspond to isolated tetrahedral
Ti-OH sites and hydrated isolated Ti-OH sites as reported by
Garciá-Aguilar et al.28,29 The absorption maximum of 0.5Ti-
SiO2 at 1.9 wt % Ti shows a red-shift, most likely due to the
presence of dimers or small oligomers of TiOx. For both
supports, the absorbance maxima and optical edge energies
(see Figures S2−S4) are in good agreement with isolated
hydrated Ti-sites, but the oligomerization of Ti-sites for the
0.5Ti-SiO2 support cannot be ruled out.12,19,30,31 The X-ray
diffractogram (Figure S5) does not contain any diffraction
lines that can be ascribed to crystalline TiO2.
The bifunctional Au catalysts using xTi-SiO2 as a support (at

a nominal Au loading of 0.2 wt %) were prepared via cation
adsorption using literature procedures.19,25,32−37 Au(en)2Cl3 or
HAuCl4·3H2O was used as a Au precursor at high pH (9.4−
9.6) using either Na2CO3 or NH4OH(aq) as a base as
indicated. For example, Au/0.1Ti-SiO2 (Na2CO3) stands for
the catalyst prepared using Na2CO3 as a base. The use of these
specific combinations of a gold precursor and base results in
catalysts with similar final gold loadings and gold particle sizes.
Larger gold nanoparticles were obtained for the combination
of Au(en)2Cl3 and NH4OH(aq). Meanwhile, it is reported in
the literature that deposition precipitation of HAuCl4·3H2O
with alkali bases on Ti-SiO2 supports suffers from inefficient
gold uptake from the precursor solution and therefore results
in catalysts with lower gold loadings.
DR UV−vis spectra of gold nanoparticles supported on

0.5Ti-SiO2 (Figure 1b) and 0.1Ti-SiO2 (Figure 1c) show that

titanium(IV) is still present as isolated hydrated Ti-sites in Au/
Ti-SiO2 along with gold nanoparticles as clear from the
localized surface plasmon resonance band located at 510−525
nm.
Figure 2a−c and Figure S8a,b show representative HAADF-

STEM images of gold nanoparticles supported on xTi-SiO2
and their corresponding particle size distribution. Au particles
of 2.3 ± 1.0 nm to 2.9 ± 1.1 nm were present, irrespective of
the base used during the preparation or the Ti density on the
silica support. STEM-EDX (Figure S8c,d) showed small
clusters of Ti in the Na2CO3-derived Au/0.5Ti-SiO2, in line
with the earlier observation with UV−vis that in this sample,
oligomeric TiOx was present.
Table 1 summarizes the characterization data for both gold-

containing catalysts and Ti-SiO2 at different metal contents

and after different treatments. No change in the Ti-loading is
observed upon the gold deposition. The acidic properties of
the support material and Au/Ti-SiO2 were determined by mass
titration.38 The pristine silica support showed weak acidic
properties with a point-of-zero-charge (PZC) of 5.6. Grafting
Ti on the silica surface led to a decrease in the PZC, implying a
more acidic character of Ti-OH groups compared to surface
silanols. The PZC of the 0.1Ti-SiO2 support is 2.8 and is lower
than that of 0.5Ti-SiO2 at 3.6. This difference suggests the
presence of some oligomeric TiOx sites at higher titanium(IV)
loadings. As indicated by UV−vis, our 0.1Ti-SiO2 support
contains isolated tetrahedral titanium(IV) sites, where one
titanium atom is coordinated by four oxygen atoms. As
demonstrated by Fois and co-workers, these tetrahedral
titanium(IV) sites possess a more acidic character compared
to catalysts with octahedral titanium(IV) sites. Here, the
titanium center is coordinated by six oxygen atoms, which
reduced the acidity, as is the case for oligomeric TiOx
species.39 FTIR analysis with adsorption and desorption of
pyridine showed the presence of Lewis acid sites on 0.5Ti-SiO2

Table 1. Characterization of Selected Au/xTi-SiO2
Catalystsa

catalyst

Au
content
(wt %)

Ti
content
(wt %)

density of Ti-
sites

(atoms/nm2)
gold particle
size (nm) PZC

SiO2 5.6
0.1Ti-SiO2 (0.10

nominal)
2.8

0.5Ti-SiO2 1.93 0.49 3.6
Au/0.5Ti-SiO2
(Na2CO3)

0.18 1.84 0.46 2.3 ± 1.0 9.6

Au/0.5Ti-SiO2
(Na2CO3 +
acid)

0.19 1.71 0.43 2.9 ± 1.1 4.0

Au/0.1Ti-SiO2
(Na2CO3)

0.16 2.7 ± 0.8 8.4

Au/0.5Ti-SiO2
(NH4OH)

0.16 2.01 0.50 2.8 ± 0.8 4.5

Au/0.5Ti-SiO2
(NH4OH +
base)

10.3

Au/0.1Ti-SiO2
(NH4OH)

0.16 3.1 ± 1.2 5.6

Au/SiO2
(Na2CO3)

0.11 2.5 ± 1.0 10.3

Au/SiO2
(NH4OH)

0.11 4.2 ± 1.3 5.5

aLoadings of Au and Ti were determined by ICP, and the gold
particle size was determined by HAADF-STEM.

The Journal of Physical Chemistry C pubs.acs.org/JPCC Article

https://doi.org/10.1021/acs.jpcc.1c05503
J. Phys. Chem. C 2021, 125, 16557−16568

16561

https://pubs.acs.org/doi/suppl/10.1021/acs.jpcc.1c05503/suppl_file/jp1c05503_si_001.pdf
https://pubs.acs.org/doi/suppl/10.1021/acs.jpcc.1c05503/suppl_file/jp1c05503_si_001.pdf
https://pubs.acs.org/doi/suppl/10.1021/acs.jpcc.1c05503/suppl_file/jp1c05503_si_001.pdf
https://pubs.acs.org/doi/suppl/10.1021/acs.jpcc.1c05503/suppl_file/jp1c05503_si_001.pdf
pubs.acs.org/JPCC?ref=pdf
https://doi.org/10.1021/acs.jpcc.1c05503?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as


as opposed to the pristine SiO2 that does not show Lewis
acidity (Figure S6).
A clear difference in the materials’ PZC is observed for Au-

containing catalysts prepared using either Na2CO3 or NH4OH
as a base during the gold deposition step. The use of Na2CO3
led to a significant increase in the surface basicity compared to
the xTi-SiO2 support. EDX analysis of Au/0.5Ti-SiO2
(Na2CO3) showed that Na is present (Figure 2d and Figure
S9a), while the PZC of the catalyst increased to 9.6. In
addition, FTIR analysis of the same catalyst (Figure S7)
confirmed the presence of sodium carbonate (1421 and 1576
cm−1)40 on the Ti-SiO2 support surface. Interestingly, no
carbonate residues were detected on the SiO2 surface of the
Au/SiO2 (Na2CO3) catalyst in the absence of titanium(IV)
(Figure S7). Hence, it is expected that Na+ neutralizes the
acidic Ti-sites and thus neutralizes the acidity of the support, as
illustrated in Figure 3. The X-ray photoelectron spectrum of

Na 1s (Figure S11) supports this. It shows the presence of Na+

on the surface of the Au/SiO2 and Au/0.5Ti-SiO2 catalysts that
were prepared with Na2CO3, while Na+ is absent for the Au/
0.5Ti-SiO2 catalyst that was prepared with NH4OH(aq).
For catalysts prepared with dilute ammonium hydroxide as a

base during gold deposition (catalysts denoted with NH4OH),
FTIR did not show any NH3 residues after the thermal
treatment (Figure S7). Also, the PZC measurement of these
catalysts show preservation of the acidity, in contrast to the
Na2CO3-derived catalysts, which can be explained by the facile
desorption/decomposition of ammonia during calcination.
Hence, the use of Na2CO3 during gold deposition leads to
neutralization of acidic Ti-sites in the Au/xTi−SiO2 catalyst,
while the use of NH4OH leads to preservation of the surface
acidity. Alternatively, a post-synthesis treatment of the
neutralized catalyst Au/0.5Ti-SiO2 (Na2CO3) with dilute
nitric acid (denoted as Na2CO3 + acid) resulted in the
removal of Na as observed in the EDX spectrum (Figure S9b)
and restoration of the support surface acidity without a major
change in the gold particle size.
The oxidation states of Au and Ti were characterized by X-

ray photoelectron spectroscopy (XPS) as shown in Figure 4.
Figure 4a,c demonstrates the Ti 2p spectra of the catalyst
prepared with Na2CO3 and NH4OH(aq), respectively. The
intense Ti 2p3/2 peak at 459.1−459.7 eV agrees with
tetrahedral Ti4+ species.41 It is slightly lower compared to
Ti4+ in titanosilicate-1, indicating that a minor amount of
oligomeric TiOx can be present as previously mentioned.41,42

No shoulder at lower binding energy corresponding to TiO2
was observed around 458.3 eV.43 Figure 4b,d demonstrates the
Au 4f spectra. The Au 4f7/2 peak is observed at 83.7 and 84.0
eV for the Au catalyst prepared with Na2CO3 and NH4OH,
respectively, indicating that Au is present in the metallic Au0

state in both catalysts.42,44 The gold catalyst without titanium,
Au/SiO2 (Na2CO3), shows a similar binding energy at 84.0 eV.
Although the peak intensity is low due to the low gold loading,
no shoulder at 84.6 or 86.0 eV was observed corresponding to
cationic Au+ and Au3+, respectively.44,45

Selectivity in Catalytic Propene Oxidation with O2/
H2. Both NH4OH- and Na2CO3-derived Au/0.5Ti-SiO2
catalysts with a nominal Au-loading of 0.20 wt % were studied
in gas-phase propene oxidation with an O2/H2 mixture at 200
°C after treatment with 20% H2 in He at 250 °C. The
conversions and selectivity of the Au−Ti bifunctional catalysts
are shown in Figure 5.
Clear differences in the performance in propene oxidation

are observed for catalysts prepared using different bases
(Figure 5). Both Na2CO3-derived (blue) and NH4OH-derived
(red) catalysts show propene conversions of 2.2−2.6% (Figure
5a), while the H2 conversion of the Na2CO3-derived catalyst is
slightly higher (35.8%) compared to that of the NH4OH-
derived catalysts (19.7%, Figure 5b). Moreover, a significant
difference is observed in the product selectivity (Figure 5c,d).
The Na2CO3-derived catalyst showed a high selectivity toward
propene oxide (89.3%, Figure 5c) with trace amounts of other
oxygenates, such as ethanal, acrolein, and CO, and almost no
propanal. For the Au/0.5Ti-SiO2 (NH4OH), propanal formed
as the main product with 83.4% selectivity (Figure 5d) and
only traces of PO, acrolein, acetone, ethanal, and CO were
observed. The average PO formation rate was 48.4 gPO·kgcat

−1·
h−1 for Au/0.5Ti-SiO2 (Na2CO3), and the average propanal
formation rate was 53.4 gpropanal·kgcat

−1·h−1 for the Au/0.5Ti-
SiO2 (NH4OH) catalyst, while the H2 efficiency for both
catalysts was typically <11.0% (Table 2). These catalysts are
less active than catalysts reported in the literature supported on
titanosilicate-1 (TS-1), showing higher PO formation rates of
up to 112−137 gPO·kgcat

−1·h−1 at 200 °C.28,46,47 No catalyst
has, however, been reported with the high propanal formation
rate that we report here; propanal is often only observed in
minor amounts for catalysts with lower Ti-content.19 An
overview of reaction rates and hydrogen efficiency is given in
Table 2. The best-performing catalyst was recycled (Figure
S12) and showed deactivation in propene conversion during

Figure 3. Schematic illustration of the surface sites in Au/Ti-SiO2
prepared using different bases. (a) Au/Ti-SiO2 catalyst with Ti-ONa
moieties. (b) Au/Ti-SiO2 catalyst with acidic surface Ti-OH groups.

Figure 4. XPS spectra of (a, b) Ti 2p and Au 4f regions of Au/0.5Ti-
SiO2 (Na2CO3) and (c, d) of Au/0.5Ti-SiO2 (NH4OH).
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the recycling tests, while H2 conversion remained similar. The
propene conversion decreased from 2.8 to 2.1% during the first
4 h of catalytic propene epoxidation at 200 °C and from 1.9 to
1.6% in the second run of 4 h. The slow deactivation of Ti-
SiO2 catalysts that were prepared by grafting methods has been
reported previously by Haruta et al. and Moulijn et al. and is
proposed to be due to the irreversible adsorption of propoxy-
species at the epoxidation Ti-sites.16,48

While the Au-loading, Au particle size, and Ti-loading were
similar for our catalysts, the acidic properties of the catalyst
surface differed (Table 1). The Au/0.5Ti-SiO2 catalyst
prepared with Na2CO3 has a high PZC of 9.6 and has a high
selectivity to PO (Figure 5, blue) in accordance with literature
reports.37,49 The catalyst prepared with NH4OH, which
showed preservation of surface acidity with a PZC of 4.5,
showed a high selectivity toward propanal. In the literature,
there are just a few examples of Au/Ti-based catalysts with a
moderate selectivity to propanal.11 To the best of our
knowledge, there are no reports on Au/Ti-based catalysts
with the high selectivity to propanal as the one that we report
here.
When Au/0.5Ti-SiO2 (Na2CO3) was treated with dilute

nitric acid, its PZC decreased to 4.0 (Table 1) and Na was
removed as confirmed by EDX (Figure S9a,b). The resulting
catalyst showed an increase in aldehyde selectivity compared to
the non-acid washed Au/0.5Ti-SiO2 (Na2CO3); however,
propene conversion decreased to 0.40% (Figure 5, lilac). The
low conversion of propene is possibly the result of Au particle

growth caused by the acid treatment from 2.3 ± 1.0 nm to 2.9
± 1.1 nm. Similarly, impregnating the Au/0.5Ti-SiO2

(NH4OH) catalyst with 0.4 wt % NaOH to increase the
PZC led to complete inhibition of propene oxidation activity.

Identification of the PO Isomerization Sites. Our
results clearly demonstrate that acidic Au/Ti-based catalysts
produce propanal as the main product, while catalysts with a
high PZC show high selectivities to propene oxide.
Interestingly, in the literature, propanal is often observed as
a byproduct in trace amounts from propene oxidation.50,51

As first suggested by Moulijn et al.,16 acidic surface groups
(Ti-OH or Si-OH) convert small amounts of the propene
oxide product into propanal, which is irreversibly adsorbed on
acidic Ti-OHs, whereas an excess of base residues (ammonium
ions and magnesia) at the surface was shown to enhance
selectivity toward acetone.21,52 These suggestions in propene
oxidation are similar to observations in ethene oxidation over
supported silver catalysts. There, ethene oxide (EO) is
converted rapidly over the surface groups of most oxides,
such as Si−OH, Al−OH, and Ti−OH.53−56 Strategies to limit
the EO isomerization to ethanal (acetaldehyde) are focused on
limiting the amount of surface groups. Therefore, low surface
area α-alumina is often reported as the superior support for
silver catalysts.55 Also, in ethene oxidation, alkali addition is
used to neutralize surface acidity.53,57 However, this is the first
time that the role of alkali promotors in the surface acidity is
reported for propene epoxidation.

Figure 5. Catalytic behavior of Au/0.5Ti-SiO2 catalysts in propene oxidation at 200 °C, a flow of 10,000 mL/gcat/h, and a 1/1/1/7 ratio of C3H6/
O2/H2/He. (a) Propene conversion, (b) hydrogen conversion, (c) propene oxide selectivity, and (d) propanal selectivity. The colors indicate the
base used for pH control during catalyst preparation. Solid lines are added to guide the eyes.

Table 2. Effect of Ti-Loading and the Preparation Method on Propene Oxidation with O2/H2 at 200 °C and a Flow of 10,000
mL/gcat/h

entry catalyst χC3H6(%) χH2(%)
SPO
(%)

Spropanal
(%)

H2 efficiency
a

(%)
PO formation rate
(mol·gcat−1·s−1)

propanal formation rate
(mol·gcat−1·s−1)

1 Au/0.5Ti-SiO2
(Na2CO3)

2.2 35.8 89.3 1.0 4.8 2.3 × 10−7 2.4 × 10−9

2 Au/0.1Ti-SiO2
(Na2CO3)

1.1 51.4 86.3 2.6 2.3 1.4 × 10−7

3 Au/0.5Ti-SiO2
(NH4OH)

2.4 19.7 3.9 83.4 11.0 1.2 × 10−8 2.6 × 10−7

4 Au/0.1Ti-SiO2
(NH4OH)

2.1 28.4 55.9 31.8 4.5 (7.3)b 1.4 × 10−7 8.9 × 10−8

aH2 efficiency is defined as rPO/rH2·100% or rpropanal/rH2·100%, respectively.
b7.3% H2 efficiency taking both PO and propanal formations into

account.
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To elucidate whether the observed propanal formed as an
intrinsic reaction product in propene oxidation over acidic Au/
Ti-SiO2 or as a product from propene oxide isomerization, we
performed stacked bed experiments where the acidic Ti-SiO2
support was exposed to a gas feed comprising propene oxide.
The Au/0.1Ti-SiO2 catalyst prepared using a literature

procedure19 and selective toward propene oxide was placed on
top of a layer of SiO2 or 0.5Ti-SiO2 supports (Figure 6a), using
a downward flow of the reactant mixture. The SiO2 and 0.5Ti-
SiO2 supports alone show no activity in propene oxidation.
The propene oxide-producing catalyst (Figure 6, pink) showed
a propene conversion of 2.8%, a H2 conversion of 33.0%, and
selectivities of 66.9% toward propene oxide and 18.5% toward
propanal. When a pristine SiO2 bed layer was placed below a
Au/0.1Ti-SiO2 bed, no change in reaction selectivity was
observed (Figure 6d,e, blue). On the contrary, when a 0.5Ti-
SiO2 bed was placed beneath the PO-producing catalyst

(Figure 6, orange), a complete change in selectivity was
observed with no PO formed and propanal becoming the main
product (>90%), while TGA-MS confirmed the deposition of
carbonaceous species on the exposed 0.5Ti-SiO2 (Figure S10),
explaining the lower propene conversion. We therefore
conclude that propanal is formed via isomerization of propene
oxide over acidic Ti-sites and not over acidic silanols. This is
rather remarkable since EO isomerization has been reported to
occur over most acidic surface groups, both including Si-OH
and Ti-OH.55 Yet, here, we observe that PO isomerization
requires the Lewis acidic Ti-sites of the Ti-containing support
as catalytic centers. Similar to ethene oxidation, these acidic
sites can be neutralized by an alkali base. Catalysts producing
larger amounts of propanal were reported before, but no
relation with the alkali base was mentioned. For instance,
Haruta et al. observed propanal with 74% selectivity at 0.6%
propene conversion as the product from propene epoxidation

Figure 6. Catalytic results of stacked bed experiments where the Au/Ti-SiO2 catalyst prepared according to ref 19 was always used as a PO-
producing top layer and different support materials were used beneath to study PO isomerization. (a) Example of the loaded reactor tube used for
the experiments. (b) Observed propene conversion, (c) observed hydrogen conversion, (d) observed propene oxide selectivity, and (e) observed
propanal selectivity. Solid lines are added to guide the eye. Conditions: temperature of 200 °C, flow of 10,000 mL/gcat/h, 1/1/1/7 ratio of C3H6/
O2/H2/He.

Figure 7. Catalytic results of stacked bed experiments where the Au/0.1Ti-SiO2 (Na2CO3) catalyst was used as a PO-producing top layer and
different support materials were used beneath to study PO isomerization. (a) Observed propene conversion, (b) observed hydrogen conversion, (c)
observed propene oxide selectivity, and (d) observed propanal selectivity. Solid lines are added to guide the eye. Conditions: temperature of 200
°C, flow of 10,000 mL/gcat/h, 1/1/1/7 ratio of C3H6/O2/H2/He.
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using an “extensively” washed Au/TS-1 catalyst. This is the
highest propanal yield reported so far.11 Their observation
might be due to the removal of alkali during washing since later
Au/TS-1 catalysts with outstanding PO selectivity were
reported.50,58 Also, catalysts prepared using a non-alkali base,
such as NH4OH, tend to show a higher propanal selectivity.19

Although no data is reported on the surface acidity of these,
the catalysts prepared at elevated pH, using alkali salts, are
expected to contain neutralized Ti-sites and hence give high
PO selectivity.
Figure 7 shows the catalytic results from a stacked bed

experiment where the 0.5Ti-SiO2 was treated with Na2CO3
and tested in the PO isomerization reaction. Both propene
(Figure 7a) and hydrogen (Figure 7b) conversions were
slightly lower for the stacked bed compared to solely the PO-
producing catalyst Au/0.1Ti−SiO2 (Na2CO3). Strikingly, the
PO selectivity was 86% for both catalysts (Figure 7c), while no
propanal was observed in the effluent gas (Figure 7d). The
inhibition of PO isomerization was only observed when Na+

was present on the catalyst support.
Shown in Scheme 3 are the various products that can be

obtained from propene oxidation. Acrolein formation (top

pathway) was only observed for the Au/SiO2 catalyst, without
titanium. In the literature, acrolein formation is well reported
over mixed metal oxide catalysts,59 gold catalysts that do not
produce propene oxide,22,60 and supported copper and silver
catalysts.61,62 In the middle is shown the complete oxidation of
propene, which is reported for gold and other noble metal
catalysts supported on ceria.45 Propene oxide formation
(bottom pathway) is observed for the Au/Ti-SiO2 (Na2CO3)
catalyst and many catalysts reported in the literature. In
addition, the propene oxide isomerization toward propanal
over the used Ti-SiO2 support is included in the scheme. The
isomerization of epoxides to aldehydes is known to be
catalyzed by both Lewis and Brønsted acids in organic
synthetic chemistry, a reaction known as Meinwald rearrange-
ment.63,64 To the best of our knowledge, no examples on the
heterogeneously catalyzed Meinwald rearrangement of PO to
propanal have been reported. As demonstrated here (Scheme
3), PO can be selectively rearranged to propanal by the Ti-OH
sites of the Ti-support. Also, as we observed in our stacked bed
experiments, these acidic sites are neutralized by the alkali base
used during catalyst preparation.
Effect of Ti-Loading on Propene Oxidation. While the

results above states that the base used during gold deposition
highly affects the selectivity in propene oxidation, Nijhuis et al.
demonstrated that lowering the Ti-content can be beneficial
for PO selectivity for catalysts prepared using NH4OH.

19 This

was supported by Haruta et al., who also showed improved PO
selectivity for catalysts with a lower Ti-content, although it is
attributed to the lack of Ti-O-Ti oligomers.65 Since the acidic
Ti-sites were responsible for lowering the PO selectivity, we
synthesized and studied Au catalysts with a lower Ti-loading
(0.1 Ti/nm2 instead of 0.5 Ti/nm2). The characterization data
are shown in Table 1, and the catalytic results are shown below
in Table 2.
The Au/Ti-SiO2 catalysts prepared with NH4OH and

Na2CO3 and different Ti-loadings show similar propene
conversions. Catalysts prepared using Na2CO3 (entries 1 and
2) both showed a high selectivity toward PO. The lower
propene conversion for the catalyst with lower Ti-loading is
most likely due to the lack of intimacy between the gold
nanoparticles and Ti-sites on the support. This explanation is
supported by the increase in H2 conversion at lower Ti-
loadings since without access to the epoxidation Ti-sites, the
formed hydroperoxo-species are converted into water.
For the acidic NH4OH-derived catalysts at high Ti-loading

(0.5Ti-SiO2 as the support, entry 3), propanal was the major
product. By lowering the Ti-content, the selectivity changed to
a mixture of PO and propanal (entry 4), indicating that there
are less Ti-sites available for the rearrangement of PO to
propanal. These results clearly indicate that the epoxidation
activity of the studied catalyst is unchanged by lowering the Ti-
loading while the rearrangement of PO to propanal is changed.

■ CONCLUSIONS

In this work, we highlight the origin of the isomerization of
propene oxide during propene epoxidation over supported
gold−titanium(IV) catalysts. We show that acidic Ti-sites of
the Ti-SiO2 support material catalyze the isomerization of PO
toward propanal, thus reducing the PO selectivity of catalysts
prepared using Ti-SiO2-based supports, which is undesired.
The isomerization activity is completely inhibited by the
presence of Na+ on the Ti-SiO2 support. Similarly, during gold
adsorption, the use of Na+ bases results in residual Na+ and
neutralized Ti-sites on the final Au/Ti-SiO2 catalysts. These
catalysts were shown to demonstrate high PO selectivity in line
with previous reports. Alternatively, the use of NH4OH shows
preservation of acidic sites and the absence of Na+ in the Au/
Ti-SiO2(NH4OH) catalysts. During propene epoxidation,
these catalysts show unprecedentedly high selectivity toward
propanal at a similar propene conversion.
We demonstrate that the (acidic) Ti-OH sites of the support

and not the Si-OH sites are responsible for the rearrangement
of PO to propanal, leading to the observed difference in
selectivity and that these sites are neutralized by the Na+ base
used. Lowering the Ti-loading also limits the PO isomerization
to propanal over the studied catalysts. These insights provide
guidelines for designing catalysts with tunable selectivity in the
oxidation of propene.
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Basáñez, I.; Chinchilla, L. E.; Calvino-Gámez, J. J.; Cazorla-Amorós,

The Journal of Physical Chemistry C pubs.acs.org/JPCC Article

https://doi.org/10.1021/acs.jpcc.1c05503
J. Phys. Chem. C 2021, 125, 16557−16568

16566

https://pubs.acs.org/action/doSearch?field1=Contrib&text1="Baira+Donoeva"&field2=AllField&text2=&publication=&accessType=allContent&Earliest=&ref=pdf
https://orcid.org/0000-0002-1702-8857
mailto:baira.donoeva@gmail.com
https://pubs.acs.org/action/doSearch?field1=Contrib&text1="Ewoud+J.J.+de+Boed"&field2=AllField&text2=&publication=&accessType=allContent&Earliest=&ref=pdf
https://pubs.acs.org/action/doSearch?field1=Contrib&text1="Jan+Willem+de+Rijk"&field2=AllField&text2=&publication=&accessType=allContent&Earliest=&ref=pdf
https://pubs.acs.org/action/doSearch?field1=Contrib&text1="Petra+E.+de+Jongh"&field2=AllField&text2=&publication=&accessType=allContent&Earliest=&ref=pdf
https://orcid.org/0000-0002-2216-2620
https://orcid.org/0000-0002-2216-2620
https://pubs.acs.org/doi/10.1021/acs.jpcc.1c05503?ref=pdf
https://doi.org/10.1021/ed063p216?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as
https://doi.org/10.1021/ed063p216?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as
https://www.petrochemistry.eu
https://doi.org/10.1021/ie0513090?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as
https://doi.org/10.1021/ie0513090?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as
https://doi.org/10.1080/01614940.2015.1041849
https://doi.org/10.1080/01614940.2015.1041849
https://doi.org/10.1016/0021-9517(73)90314-X
https://doi.org/10.1016/0021-9517(73)90314-X
https://doi.org/10.1016/0021-9517(73)90314-X
https://doi.org/10.1021/ar9700163?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as
https://doi.org/10.1021/ar9700163?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as
https://doi.org/10.1016/j.apcata.2013.10.019
https://doi.org/10.1016/j.apcata.2013.10.019
https://doi.org/10.1016/j.apcata.2013.10.019
https://doi.org/10.1016/S0920-5861(00)00261-3
https://doi.org/10.1016/S0920-5861(00)00261-3
https://doi.org/10.1016/S0920-5861(00)00261-3
https://doi.org/10.1006/jcat.1998.2157
https://doi.org/10.1006/jcat.1998.2157
https://doi.org/10.1006/jcat.1998.2157
https://doi.org/10.1163/156856798X00276
https://doi.org/10.1163/156856798X00276
https://doi.org/10.1163/156856798X00276
https://doi.org/10.1021/jp077501s?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as
https://doi.org/10.1021/jp077501s?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as
https://doi.org/10.1021/jp077501s?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as
https://doi.org/10.1021/jp077501s?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as
https://doi.org/10.1021/ar400196f?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as
https://doi.org/10.1021/ar400196f?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as
https://doi.org/10.1016/j.cattod.2007.02.005
https://doi.org/10.1016/j.cattod.2007.02.005
https://doi.org/10.1016/j.jcat.2018.06.015
https://doi.org/10.1006/jcat.2001.3239
https://doi.org/10.1006/jcat.2001.3239
https://doi.org/10.1016/j.jcat.2009.06.019
https://doi.org/10.1016/j.jcat.2009.06.019
https://doi.org/10.1016/j.jcat.2009.06.019
https://doi.org/10.1006/jcat.1999.2540
https://doi.org/10.1006/jcat.1999.2540
https://doi.org/10.1006/jcat.1999.2540
https://doi.org/10.1006/jcat.1999.2540
https://doi.org/10.1002/cctc.201200572
https://doi.org/10.1002/cctc.201200572
https://doi.org/10.1016/j.jcat.2011.03.028
https://doi.org/10.1016/j.jcat.2011.03.028
https://doi.org/10.1021/jp048869h?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as
https://doi.org/10.1021/jp048869h?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as
https://doi.org/10.1021/jp048869h?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as
https://doi.org/10.1016/j.apcata.2012.05.040
https://doi.org/10.1016/j.apcata.2012.05.040
https://doi.org/10.1016/j.apcata.2012.05.040
https://doi.org/10.1016/j.jcat.2015.07.024
https://doi.org/10.1016/j.jcat.2015.07.024
https://doi.org/10.1016/j.jcat.2015.07.024
https://doi.org/10.1038/378159a0
https://doi.org/10.1038/378159a0
https://doi.org/10.1021/jp060637q?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as
https://doi.org/10.1021/jp060637q?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as
https://doi.org/10.1021/ja01154a071?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as
https://doi.org/10.1021/ja01154a071?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as
https://doi.org/10.1006/jcat.1993.1145
https://doi.org/10.1006/jcat.1993.1145
https://doi.org/10.1006/jcat.1993.1145
pubs.acs.org/JPCC?ref=pdf
https://doi.org/10.1021/acs.jpcc.1c05503?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as
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