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ABSTRACT: The partial or complete blockage of active sites of metal nanoparticles (NPs) on
supported-metal catalysts has been of interest for tuning the stability, selectivity, and rate of
reactions. Here, we show that Au-sites in Au/TiO2 surprisingly become blocked upon treatment
in common alcohols (2-propanol and methanol), with 2-propanol causing a greater extent of
blockage. Nearly 95% of Au-sites are covered after treatment in 2-propanol at room temperature,
followed by desorption at 150 °C. Infrared spectroscopy of CO adsorption unambiguously
conﬁrms the occurrence of this phenomenon. Electron energy loss spectroscopy (EELS),
temperature-programmed desorption (TPD), Raman spectroscopy, and DFT simulations suggest
that the formation of carbon deposits from 2-propanol decomposition and/or the migration of a TiOx layer over the supported NPs
may be responsible for the blockage of Au-sites. Nearly full coverage of Au NPs after treatment in 2-propanol led to negligible
activity for catalytic CO oxidation, whereas partial retraction of the overlayer led to enhanced activity with time-on-stream,
suggesting a self-activating catalytic performance.
KEYWORDS: carbon deposition, strong metal−support interaction, gold catalysis, FTIR, EELS, CO oxidation

■

INTRODUCTION
Supported Au nanocatalysts present intriguing properties, and
their outstanding performances have made them suitable for
industrial applications.1 However, the deactivation of Au
nanocatalysts under reaction conditions has been reported for
various systems, including conversion of alcohols, CO
oxidation, and propene epoxidation.2−7 Strong metal−support
interactions (SMSIs), which consist of the migration of the
oxide support over the supported NPs,8−15 have been used as
one of the tools to enhance catalyst stability.4,16−18
Promoting SMSI on supported Pt and Pd NPs has shown to
be more favorable than for Au,19 because Au presents a low
work function and surface energy.19−21 However, Tang et al.
have shown that it is indeed possible to induce SMSIs for
supported Au NPs.4,16−18 In their work, the extent of coverage
of Au NPs in Au/TiO2 during “classical” SMSI treatment (H2
treatment at high temperatures (>400 °C)) is dependent on
the synthesis procedure and the crystallographic phase of the
TiO2 support. In fact, some samples did not achieve full
coverage of Au NPs after H2 treatment up to 600 °C. Anatase
was reported as the crystallographic phase of TiO2 most
susceptible to SMSI upon treatment in H2, followed by 80%
anatase+20% rutile, and with pure rutile as the least
susceptible.4 This intriguing behavior led us to explore if
there are alternate ways to induce coverage of Au NPs due to
SMSI in Au-samples that do not favor SMSI under H2. The
catalyst sample under study herein is a Au/TiO2 sample (80%
anatase, 20% rutile) that did not present SMSI under H2
treatment at 600 °C (Figure S1). This sample is commercially
© 2020 American Chemical Society

available and thus accessible to many research laboratories,
therefore, the ﬁndings reported herein are directly relevant to a
broad audience.
Since reduction of Au/TiO2 in H2 has led to SMSI4 and
alcohols have been shown to promote the reduction of metal
oxides,22,23 even below 100 °C on TiO2,24 we hypothesized
that alcohol-induced reduction of the catalyst could result in
SMSI at lower temperatures than with H2. The inherent
challenge while testing this hypothesis is that alcohol
dissociation on the surface may lead to carbonaceous species
that cover the Au NPs, which may mislead the conclusions
about the migration of the TiOx layer from the support.
Blockage of catalytic sites through the deposition of strongly
bound adsorbates has been vastly reported.25 Recently, it was
shown that 2-propanol conversion over Pd/Au/TiO2 leads to
catalyst deactivation at low temperature (75 °C), without
deactivation at moderate temperature (125 °C). Such
deactivation was attributed to strong binding of intermediates
to surface active sites.2
Herein, carefully performed spectroscopy experiments show
that treatment of Au/TiO2 with common alcohols (2-propanol
and methanol) near room temperature (followed by
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physisorption at −196 °C. The surface areas were calculated
using the BET method.30
X-ray Diﬀraction (XRD) Patterns. XRD patterns were
collected with a PANalytical Empyrean system using Cu Κα
radiation. Diﬀractograms were obtained at incident angles for
2θ = 5−90°.
FTIR Spectroscopy of CO Adsorption. Experiments were
performed at atmospheric pressure using a Thermo Nicolet
Nexus 670 FTIR spectrometer with an MCT detector. Each
spectrum was recorded with 32 scans at a resolution of 4 cm−1.
The sample was loaded into a porous ceramic cup, and the cup
was inserted into a Diﬀuse Reﬂectance Infrared Fourier
Transform Spectroscopy (DRIFTS) cell (Pike Technologies).
The sample was activated in a diﬀuse reﬂectance cell (Pike
Technologies) at diﬀerent temperatures and under diﬀerent
gases for 30 min, before the gas ﬂow was switched to 30 mL/
min of Ar, and background spectra were taken at 30 °C (or
−150 °C). After a background spectrum was collected, 30 mL/
min of 1%CO/(Ar+He) was ﬂowed through the catalyst for 10
min, followed by desorption for 10 min (CO adsorption was
done at 30 or −143 ± 2 °C). The catalysts were pretreated
under 30 mL/min of 3% O2/Ar or under 30 mL/min of 6% 2propanol/Ar (using a saturator ﬁlled with liquid 2-propanol at
25 °C), unless otherwise noted. After the catalyst was treated
in O2 or 2-propanol, it was ﬂushed in Ar for 10 and 30 min at
300 °C, respectively. For instance, for data reported in Figure
1a, the explicit procedure was the following:
Spectrum “O2300 °C”
1. Treat in O2/Ar at 300 °C for 30 min.
2. Flush catalyst with Ar at 300 °C for 10 min.
3. Cool down to 30 °C in Ar. Collect background spectrum
at 30 °C.
4. Collect spectra of CO adsorption for 10 min.
5. Collect spectra of CO desorption (in Ar) for 10 min.
Spectrum “2-propanol 30 °C”
6. Desorb CO by ﬂushing O2/Ar at 300 °C for 30 min.
7. Flush catalyst with Ar at 300 °C for 10 min.
8. Cool to 30 °C in Ar.
9. Treat in 2-propanol/Ar at 30 °C.
10. Desorb 2-propanol in Ar at 30 °C for 30 min.
11. Desorb 2-propanol in Ar at 300 °C for 30 min.
12. Cool to 30 °C in Ar. Collect background spectrum at 30
°C.
13. Collect spectra of CO adsorption for 10 min.
14. Collect spectra of CO desorption (in Ar) for 10 min.
15. Spectrum “2.8 days in O230 °C”
16. Flow O2/Ar through catalyst for 2.8 days at 30 °C.
17. Desorb CO in Ar at 300 °C for 30 min.
18. Cool to 30 °C in Ar. Collect background spectrum at 30
°C.
19. Collect spectra of CO adsorption for 10 min.
20. Collect spectra of CO desorption (in Ar) for 10 min.
Temperature-Programmed Desorption (TPD). TPD
experiments were performed in an Altamira Instruments
system (AMI-200). The catalyst sample was loaded into a Utube quartz reactor. Before TPD experiments from 30 to 920
°C, the sample was treated in 45 mL/min of 8% O2/Ar or in
6% 2-propanol/Ar (45 mL/min Ar bubbled through a
saturator). The ramping rate was 10 °C/min. The outlet
from the reactor was analyzed using an OmniStar mass
spectrometer from Pfeiﬀer Vacuum. The masses followed were
28 (CO), 41 (propene), 44 (CO2), 45 (2-propanol), and 58

desorption at 150−300 °C) indeed induces blockage of Ausites. 2-Propanol showed a greater extent of coverage of Au
NPs, and thus, it became the focus of the present study. After
Au/TiO2 was treated in 2-propanol, oxygen treatment at
temperatures higher than ∼230 °C retracts the overlayer
blocking the Au-sites. Partial retraction of the overlayer
changes the nature of the active sites on Au/TiO2 for CO
oxidation, making the catalyst resistant to deactivation over
time. Our study suggests that blockage of Au-sites is a
consequence of SMSI and/or carbon deposits. In any case, it is
remarkable that near-f ull coverage of Au-sites can be induced
by exposing the sample to 2-propanol at room temperature
(followed by desorption at 150 °C) and that such coverage
persists even up to 200 °C when the sample is exposed to O2.
In addition, it is remarkable that partial retraction of the
blocking overlayer leads to enhanced catalysis for CO
oxidation.

■

EXPERIMENTAL SECTION
Catalysts. Au/TiO2 (1 wt % Au, Au particle size ∼3 nm,
BET surface area = 47.5 m2/g) was obtained from the World
Gold Council.26,27
Au/SiO2 (1.9 wt %, Au particle size of ∼6−7 nm, Figure
S2a) was synthesized using the precursor Au(en)2Cl3 (en=
ethylenediamine).28 A brief description is presented as follows.
First, the precursor Au(en)2Cl3 was synthesized by mixing
ethylenediamine (0.45 mL), HAuCl2·3H2O (1 g), and H2O
(10 mL) to form a transparent brown solution. Addition of
ethanol (70 mL) produced a precipitate that was ﬁltered,
washed with ethanol, and dried overnight in a vacuum oven at
40 °C. Second, the precursor is adsorbed on SBA-15.
Au(en)2Cl3 (0.372 g) was dissolved in H2O (150 mL). The
pH of the solution was adjusted to 10 by addition of a NaOH
solution (5.0 wt %). Next, 2 g of SBA-15 was added. The pH
value of the solution decreased immediately, and the ﬁnal pH
value was controlled between 6 and 10 by the further addition
of the NaOH solution. The mixed solution was stirred for an
additional 2 h. The ﬁnal product was dried in a vacuum oven
for 2 days. The yellowish product was then reduced by ﬂowing
4% H2/Ar at 150 °C for 1 h. Calcination in O2 at 450 °C was
performed to remove ligands covering the Au NPs.
Au/CeO2 (5.0 wt % Au, Au particle size of ∼5 nm, BET
surface area = 36.6 m2/g, Figure S2b) was synthesized by
preparing the CeO2 ﬁrst and then supporting the Au NPs. The
CeO2 polyhedra were prepared using a previously reported
hydrothermal method.29 Brieﬂy, in a typical synthesis, 0.868 g
of Ce(NO3)3·6H2O and 16 mg of NaOH were dissolved in 5
and 35 mL of deionized water. The two solutions were mixed
and transferred to a 125 mL autoclave with a Teﬂon liner. The
autoclave was then heated to 373 K and kept for 24 h. After the
hydrothermal synthesis, the as-synthesized ceria was washed in
deionized water and ethanol at room temperature and then
dried at 90 °C overnight in air. To deposit the Au NPs, 0.5 g of
CeO2, 55 mg of HAuCl3, 1.28 g of urea, and 60 mL of H2O
were mixed together to form a suspension. The suspension was
stirred and kept at 80 °C in an oil bath for ∼20 h. The end
product was washed, collected, and annealed in air at 300 °C
for 3 h.
Inductively Coupled Plasma Atomic Emission Spectroscopy (ICP-AES). ICP-AES was performed by Galbraith
Laboratories, INC.
BET Surface Area. A Micromeritics Gemini VII Surface
Area and Porosity Analyzer was used to perform Nitrogen
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Instruments) to block the laser irradiation. The 442 nm (10
mW at sample) excitation is generated from a HeCd laser
(Melles Griot). A UV-enhanced liquid N2-cooled CCD
detector (Princeton Instrument) was employed for signal
detection. The procedure for data collection was as follows:
(1) 10 mg of Au/TiO2 was loaded into the Raman cell, and
one measurement was collected at room temperature without
any pretreatment. (2) The temperature was increased to 300
°C while ﬂowing 30 mL/min of 5% O2/Ar, and the
temperature was held at 300 °C for 30 min while ﬂowing
O2/Ar; next, the system was ﬂushed with 30 mL/min of Ar for
10 min, and a spectrum was collected. (3) 30 mL/min of Ar
was saturated with 2-propanol using a bubbler, and the mixture
was ﬂowed over Au/TiO2 for 30 min (still at 300 °C), then a
spectrum was collected. (4) The ﬂow was switched back to 30
mL/min of Ar while still holding the temperature at 300 °C for
30 min, then a spectrum was collected. (5) Finally, 30 mL/min
of 5% O2/Ar was ﬂowed over the catalyst for 30 min at 300 °C,
and a spectrum was collected.
To test whether the observed carbon deposition was caused
by the laser during step 3, a control experiment was performed
in which steps 1−3 were performed without exposing the
sample to the laser, and only at the end of step 4 was the
sample exposed to the laser for collection of a spectrum. It was
concluded that carbon deposition was not due to exposure to
the laser.
DFT Calculations. All periodic density functional theory
(DFT) calculations were performed with the Vienna ab initio
Simulation Package (VASP).32,33 The Perdew−Burke−Ernzerhof (PBE)34 functional of generalized-gradient approximation
(GGA) was used for electron exchange and correlation. The
electron−core interaction was described using the projectoraugmented wave method (PAW).35,36 A force convergence of
0.05 eV/ Å was used. All calculations were performed with spin
polarization. For all models, a vacuum layer of 15 Å was used
to prevent interactions between the periodic cells, and the
bottom two layers were ﬁxed during optimization. To model
the covered Au surface from SMSI, a monolayer of Ti2O3
(001) in a 2 × 2 cell was placed on the Au (111) √3 × √3
surface to simulate a reduced titanium oxide layer.
The free energy of formation (ΔG) of the SMSI structure
was calculated according to the formula:

Figure 1. FTIR spectroscopy of CO adsorption (after 10 min) at 30
°C on Au/TiO2 (a) after treatment in O2 at 300 °C, treatment in 2propanol at 30 °C (with postﬂush in Ar at 300 °C), and after exposure
to O2 for 2.8 days at 30 °C; (b) after treatment in O2 at 300 °C and
treatment in 2-propanol at 300 °C (with postﬂush in Ar at 300 °C);
(c) after treatment in O2 at 300 °C and treatment in methanol at 30
°C (with postﬂush in Ar at 300 °C); (d) after treatment in O2 at 300
°C, after treatment in 2-propanol at 30 °C, and after postﬂush in Ar at
50 and 150 °C (2nd, 3rd, and 4th share the same background). Note:
“1st”, “2nd” and “3rd” represent the sequence in the collection of
spectra. Each “set” of spectra (there are four sets: panels a, b, c, and d)
was collected for a fresh load of the Au/TiO2 catalyst in the DRIFTS
cell.

(acetone). The contributions from diﬀerent components to a
single mass were decoupled and subtracted.
Microscopy. Au/TiO2 was treated in 2-propanol at 300 °C
ex situ, then, images were collected in a NION UltraSTEM 100
kV microscope and electron energy loss spectroscopy (EELS)
analysis was performed. The normalized signal intensity versus
line scan coordinate was generated by subtracting the
background from each EELS edge, then integrating the signal,
and ﬁnally dividing by the scattering cross section for the given
window of integration. In situ thermal treatment of the sample
was not performed before imaging. The line scan was taken at
room temperature with a 100 kV electron beam.
Au/SiO2 and Au/CeO2 were dispersed onto 200-mesh
copper grids with a lacey carbon support by immersion of the
grids into the dry powder. Scanning transmission electron
microscopy (STEM) was carried out on a Hitachi HD-2000
ultrathin ﬁlm evaluation system with a 200 kV accelerating
voltage.
Raman Spectroscopy. In situ Raman spectroscopy was
performed on a multiwavelength Raman system31 at room
temperature and at 300 °C using 442 nm visible laser
excitation. Raman scattering was collected via a customized
ellipsoidal mirror and directed by a ﬁber optics bundle to the
spectrograph stage of a triple Raman spectrometer (Princeton
InstrumentsActon Trivista 555). Edge ﬁlters (Semrock) were
used in front of the UV−vis ﬁber optic bundle (Princeton

ΔG =

1
(E TixOy /Au − EAu − E TiO2,bulk ·x − EO2 ·(y − 2x)
A
− ΔμO ·(y − 2x))
2

where ETixOy/Au is the energy of the TixOy layer deposited on
the Au slab, EAu is the energy of the Au slab, ETiO2,bulk is the
energy of bulk TiO2, EO2 is the energy of gas-phase oxygen,
ΔμO2 is the change in oxygen chemical potential, and A is the
area of the surface generated.
Kinetic Measurements. The catalytic oxidation of carbon
monoxide at 50 °C and near-atmospheric pressure was
performed in an Altamira Instruments system (AMI-200).
Each catalyst sample (2−42 mg, sieved to 177−250 μm) was
diluted with quartz sand (177−250 μm) and loaded into a Utube quartz wool. The quartz-to-catalyst mass ratio was
approximately 6:1. The partial coverage of Au NPs due to
partial retraction of the blocking overlayer exposes fewer
catalytic sites than the base sample without treatment in 2propanol, and thus, to compare the catalysts at similar
8517
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conversions, diﬀerent amounts of catalyst were loaded in the
reactor. When the sample without treatment in 2-propanol was
tested using 42 mg, the conversion of CO to CO2 was 100%
(Figure S3), which does not allow studying the deactivation
process. Therefore, the amount of catalyst loaded to the
reactor was reduced to 2.2 mg in this case. The total ﬂow of gas
entering the reactor was 50 mL/min, consisting of 0.8% CO,
1% O2 and balance Ar+He. Each sample was pretreated in situ
under 45 mL/min of 8% O2/Ar and/or 45 mL/min saturated
with 2-propanol (45 mL/min of 6% 2-propanol/Ar) as
described in the main text. Products were analyzed using a
Buck Scientiﬁc Model 910 gas chromatograph (GC) equipped
with a ﬂame ionization detector and a HayeSep-D column.

■

RESULTS AND DISCUSSION
Infrared (IR) spectroscopy of CO adsorption is a commonly
used technique to probe the availability of metal sites, as the
adsorption of CO on exposed Au presents very distinct
vibrational modes. Au/TiO2 was treated in situ under O2 at
300 °C, and a spectrum during CO ﬂow at room temperature
was collected (Figure 1a−d). The vibrational mode at 2110−
2112 cm−1 is characteristic of CO adsorption on metallic (or
slightly cationic) Au.3 A subsequent treatment in 2-propanol at
30 °C, followed by a desorption in Ar at 300 °C (temperature
needed to desorb 2-propanol, and its decomposition products:
acetone, propene), completely prevented the adsorption of CO
on Au, suggesting the blockage of Au-sites upon treatment in
2-propanol. The overlayer covering Au-sites showed to be
stable upon oxygen exposure for ∼3 days at 30 °C (Figure 1a).
The band at 2180−2186 cm−1 is attributed to CO adsorption
on coordination unsaturated Ti sites on TiO2.37,38 Treatment
in 2-propanol at 300 °C also prevented the adsorption of CO
(Figure 1b). The particle size of the Au NPs did not change
during O2, CO, or 2-propanol treatment at 300 °C (∼3 nm,
see Figure S4); thus, the decrease in CO adsorption is not due
to sintering of Au NPs upon treatment. Treatment of the
sample in methanol at 30 °C followed by a desorption at 300
°C showed drastic reduction of CO adsorption on Au sites
(Figure 1c), although blockage of Au sites was not as extensive
as with the treatment in 2-propanol at 30 °C (Figure 1a).
Hereafter, we focus on the blockage of Au-sites after treatment
in 2-propanol.
IR spectroscopy results showed full coverage of Au NPs after
treatment in 2-propanol at 30 °C and Ar-ﬂush at 300 °C
(Figure 1a). To elucidate whether the blockage of Au sites
occurs during the exposure to 2-propanol at 30 °C or during
the desorption process of 2-propanol at temperatures between
30 and 300 °C where diﬀerent products can be formed from 2propanol conversion and desorbed from the surface (see
Figure 2a), further experiments were performed (Figure 1d).
Au/TiO2 was exposed to 2-propanol at 30 °C for 30 min and
then ﬂushed in Ar at 30 °C for 1 h, showing a signiﬁcant
reduction in the number of Au-sites available for CO
adsorption; however, these sites were not fully covered.
Upon desorption of the species associated with 2-propanol
adsorption/decomposition at 150 °C, more than 95% of the
Au sites were covered. This conﬁrms full coverage of Au-sites
after exposure to 2-propanol at 30 °C is only achieved when
the temperature of the system is increased beyond 150 °C
when the desorption chemistry-induced transformation of the
catalyst surface can fully occur. In Figure 1, the relative
intensity of peaks at 2180−2186, 2110−2112, and the shoulder
at 2130 cm−1 after O2 treatment at 300 °C slightly changes

Figure 2. Characterization of Au/TiO2. (a) TPD after 2-propanol
treatment at 30 °C. (b) TPD after O2 treatment at 300 °C. (c) Raman
spectroscopy under diﬀerent atmospheres. (d) STEM and EELS
analysis of Au/TiO2 after 2-propanol treatment at 300 °C. Line scan
follows orange arrow on the image to the left.

because minimal changes (±3 min) in the duration of the O2
treatment at 300 °C impact the traces of desorbed species in
the DRIFTS cell (Figure S5), covering slightly less/more
surface sites. Despite these small diﬀerences, the suppresion of
CO adsorption on Au sites upon treatment with 2-propanol
and methanol is evident.
IR spectroscopy was also utilized to characterize the species
on the surface after CO adsorption (Figure S6a), 2-propanol
desorption (Figure S6b), and methanol desorption (Figure
S6c) on Au/TiO2. CO2 was formed upon exposure of Au/
TiO2 to CO at 30 °C through the interaction with surface
oxygen. A variety of carbonate species were observed (Figure
S6a). After adsorbing 2-propanol at 30 °C and desorbing it in
Ar at 300 °C, surface 2-propoxy, acetate and carbonate species
are observed (Figure S6b). After adsorbing methanol at 30 °C
and desorbing it in Ar at 300 °C, surface methoxy and formate
species remain on the surface (Figure S6c) (see details in
Supporting Information). Therefore, although ﬂushing the Au/
TiO2 sample with Ar at 300 °C fully desorbs gas-phase 2propanol, acetone, and propene (see TPD results next),
adsorbed carbonaceous species remain on the surface.
Temperature-programmed desorption (TPD) results conﬁrm that the treatment in 2-propanol leaves additional
carbonaceous species on the surface (Figure 2a), when
compared with the sample before 2-propanol treatment
(Figure 2b). As observed in Figure 2a, although unreacted 28518
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propanol and the dehydration/dehydrogenation products
(propene/acetone) desorb at temperatures below 300 °C,
tightly bound species with desorption temperatures as high as
800 °C remain on the surface. The buildup of carbon deposits
after treatment in 2-propanol at 300 °C was additionally
characterized using in situ Raman spectroscopy (Figure 2c) in
order to unveil whether the treatment in 2-propanol induced
changes in the TiO2 structure. Raman shifts at 1376 and 1589
cm−1 reveal the creation of carbon deposits upon treatment in
2-propanol. Characteristic Raman bands of TiO2 anatase (the
Au/TiO2 sample under study is 80% anatase) are evident at
401, 523, and 637 cm−1.39−41 The relative intensity among
these peaks is constant despite treatments in O2, 2-propanol, or
Ar at 300 °C, and no other peaks appear, suggesting that TiO2
bulk is not reduced. If SMSI occurs, one can hypothesize that
only TiO2 in the close proximity to Au NPs gets reduced to
promote the migration of the TiO2 support over the Au NPs.
The signal intensity corresponding to TiO2 bands decreases
upon generation of carbon deposits because of the selfabsorption phenomenon,42 suggesting that those deposits
build over the entire TiO2 support, even away from the Au
NPs.
To test whether the TiO2 support migrates onto the Au NPs
upon 2-propanol treatment despite the existence of carbonaceous species, electron energy loss spectroscopy (EELS) was
performed on the treated Au/TiO2 sample as shown in Figure
2d. A line scan starting in vacuum (1), going through an
“anchored” Au NP and ﬁnishing in the support was performed
(the orange arrow in Figure 2d (left) shows the direction of
the line scan). The section of the line scan corresponding to
the Au NP without contribution from the support (between 2
and 3) shows the presence of carbon on the Au NP, along with
weak signals for O and Ti. The weak relative intensity of the
signals for O and Ti prevent us from upholding these results as
an unambiguous proof of migration of a TiOx layer over the Au
NP.
These results conﬁrm the formation of carbon deposits on
the Au NPs but do not disprove the occurrence of SMSI.
Hence, it is interesting to explore via density functional theory
(DFT) whether the deposition of carbonaceous species on Au
NPs and the formation a TiOx overlayer (SMSI) could be
associated.
Before studying the interaction of the Au-carbon-TiOx
interface, we evaluated whether the generation of SMSI
would be thermodynamically favorable in the Au/TiO2 system.
The free energy of formation (ΔG) of the SMSI structure
(TixOy layer over Au slab) was calculated at diﬀerent oxygen
chemical potentials (ΔμO2). As seen in Figure S7, ΔG < 0 for
the Ti2O3/Au SMSI structure when ΔμO2 < 4.2 eV, showing
that it is thermodynamically favorable under certain conditions. However, it has been shown before that Pt and Pd
form more readily a SMSI structure on TiO2 than Au.19
After calculations suggested that SMSI in the Au/TiO2
system is feasible under certain conditions, we investigated
the stability of the interaction between carbon species and
TiOx/Au interfaces. In Figure 3, carbon adsorption on model
Au and TiOx surfaces are shown on pristine Au(111) (−4.93
eV, Figure 3a), on pristine TiO2 (−4.40 eV, Figure 3b), over a
reduced TiO2 vacancy (−1.56 eV, Figure 3c), and on
Ti2O3(001) (−5.19 eV, Figure 3d). To model the interface
between Au NP covered by reduced TiO2, a Ti2O3 monolayer
is placed over the Au surface (Figure 3e−h). On this Ti2O3/Au

Research Article

Figure 3. Adsorption energies for atomic carbon on various model
systems: (a) Au(111), (b−d) TiOx surfaces, (e−h) SMSI Au/Ti2O3.
Adsorption energies are calculated with respect to atomic carbon in
the gas phase. Color code: gold = yellow, carbon = blue, oxygen = red,
titanium = gray.

SMSI model, we ﬁnd that carbon can adsorb with similar
strength atop the Ti2O3 layer (Figure 3e,f) and on the Au
surface under the Ti2O3 layer (Figure 3g); interestingly,
however, carbon adsorbs the strongest (−6.42 eV) when it is
bound to both Au and Ti (Figure 3h). Despite the simplicity of
the model, we ﬁnd a strong indication that carbon−Ti−Au
interactions would be thermodynamically feasible under the
presence of SMSI. Furthermore, in a SMSI-like structure
induced by 2-propanol, the migration of TiOx to Au NPs could
be further facilitated by the adsorbed carbon-containing
species such as alkoxide. Such adsorbate-induced SMSI was
also recently demonstrated by Matsubu et al.12 and Liu et al.18
It is known that CO adsorption on the Au surface is rather
weak compared to Pt-group metals. This is shown for CO
adsorption on an O2-300 °C treated Au/TiO2 sample where
the IR absorbance signal decreases quickly upon desorption in
Ar at 30 °C (Figure 4a). Therefore, one could argue that the
blockage induced by 2-propanol treatment may only occur at
the perimeter Au−Ti sites, but the Au sites away from the
support remain uncovered and nontitratable by CO due to
extremely weak adsorption at 30 °C. To address this query, IR
spectroscopy of CO adsorption at −143 °C on Au/TiO2 was
performed after 2-propanol treatment at 30 °C followed by Arﬂush at 300 °C (Figure 4b), and after reversing the overlayer
by O2 treatment at 300 °C (Figure 4c). After 2-propanol
treatment at 30 °C and desorption at 300 °C in Ar, CO
adsorption on Au is only a fraction (∼10%) (Figure 4b) of the
adsorption when the sample is treated in O2 at 300 °C
(overlayer retreated, Figure 4c), supporting the formation of a
blocking overlayer over the majority of the Au NPs after 2propanol treatment, not just the perimeter sites. Treatment in
2-propanol generated, however, adsorption of CO on
negatively charged Auδ− with a characteristic band at 2075
cm−1 and also on Ti3+ species or surface oxygen vacancies with
a vibrational mode at 2124−2127 cm−1 (Figure 4b), which
supports at least partial reduction of the surface.3,4,43 These
Auδ− adsorption sites are not evident in the fresh sample
treated in O2 at 300 °C (CO adsorption at 30 °C, Figure 4a)
and the sample with a retracted overlayer (CO adsorption at
−143 °C, Figure 4c). It has been previously reported that
SMSI in the Au/TiO2 system provokes electron donation from
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Figure 4. (a) FTIR spectroscopy of CO adsorption (10 min) and desorption (10 min) at 30 °C on Au/TiO2 after treatment in O2 at 300 °C. (b,c)
FTIR spectroscopy of CO adsorption (10 min) and desorption (10 min) at −143 °C on Au/TiO2: (b) after treatment in O2 at 300 °C followed by
treatment in 2-propanol at 30 °C (and postﬂush in Ar at 300 °C), (c) after treating the same sample load of b) in O2 at 300 °C. (d,e) FTIR
spectroscopy of CO adsorption (after 10 min) at 30 °C on (d) Au/SiO2, and (e) Au/CeO2 after treatment in O2 at 300 or 450 °C, and treatment
in 2-propanol at 300 °C (and postﬂush in Ar at 300 °C). Note: “1st”, and “2nd” represent the sequence in the collection of spectra. Each “set” of
spectra (there are four sets: panels a, b and c, d, and e) was collected for a fresh load catalyst in the DRIFTS cell.

Au-sites. Nevertheless, blockage of metal active sites via lowtemperature treatment with an alcohol has important
repercussions for studying the conversion of these alcohols
over supported-metal catalysts. Since the catalytic oxidation of
alcohols is a commonly studied system,45−47 possible blockage
of Au-sites was evaluated via IR spectroscopy after concurrent
2-propanol and O2 treatment at 300 °C. IR of CO adsorption
conﬁrms the blockage of Au sites upon concurrent 2-propanol/
O2 (ratio 1:1.8) treatment (Figure S9). This suggests that the
true active sites for alcohol conversion over supported Au NPs
could be drastically diﬀerent from what has been assumed
previously (exposed Au sites) in the temperature range of
∼30−300 °C.48−53
Next, the implications of the blockage of Au-sites via 2propanol treatment of Au/TiO2 for catalytic oxidation of CO,
chosen as a probe reaction, were studied. When CO oxidation
was evaluated over Au/TiO2 without any treatment in 2propanol (no coverage of Au sites), monotonic deactivation
with time-on-stream (TOS) was observed (Figure 5a), as has
been previously reported.3−6 When the sample was treated in
2-propanol at 300 °C, followed by treatment in O2 at 200 °C,
no catalytic activity for CO oxidation was observed (“O2 200
°C” in Figure 5a), consistent with IR spectroscopy of CO
adsorption, that showed no IR bands for adsorbed CO on Au
(Figure 5b). To partially expose Au at the surface, thus making
the Au-TiOx interface available for CO oxidation, the blocking
overlayer was retracted by increasing the temperature of the
O2-treatment (after treatment in 2-propanol at 300 °C). IR

the support to the Au NPs, thus generating an eﬀective
negative oxidation state on Au.4 This evidence supports the
creation of SMSI upon treatment in 2-propanol. CO
adsorption on TiO2 at −143 °C (Figure S8) was performed
and conﬁrmed the assignment of IR bands observed from CO
adsorption on Au/TiO2 in Figure 4b,c.
To test the hypothetical alcohol reduction-induced SMSI
structure in Au/TiO2, the availability of Au-sites was evaluated
upon similar treatment of a nonreducible support, Au/SiO2,
and another reducible support, Au/CeO2 (Figure 4d,e). On
Au/SiO2, fewer CO molecules adsorbed on Au-sites after 2propanol treatment at 300 °C (and desorption in Ar at 300
°C), when compared with the base sample (treated in O2),
possibly due to residual carbonaceous species. Nonetheless,
blockage of Au-sites was far from complete (Figure 4d). Au/
CeO2 did not present any IR band from adsorbed CO on Au
NPs after 2-propanol treatment (Figure 4e), consistent with
the picture that the occurrence of the SMSI-like coverage is
accompanied by the reduction of the support. Nonetheless, we
recognize that the comparison among Au/TiO2, Au/SiO2, and
Au/CeO2 is not completely conclusive. One could argue that
Au/SiO2 is simply less eﬀective at activating 2-propanol to
form adsorbates that would cover the actives sites, and
therefore, the coverage of Au sites is not complete.44
At this stage, evidence shows the signiﬁcant coverage of Ausite on reducible supports upon exposure to a common
alcohol. It remains unclear whether strongly bound adsorbates,
or SMSI, or both, are the reason for the observed blockage of
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Au/SiO2 is not as eﬀective at activating 2-propanol, thus
generating less carbon deposits and less coverage of Au-sites.
In conclusion, near-complete blockage of Au-sites upon
exposure of reducible supports to a common alcohol at low
temperatures has been demonstrated; however, it remains
unclear whether this blockage is associated with carbon
deposits, SMSI, or both.
Partial retraction of the blocking overlayer leads to selfactivating catalytic sites in Au/TiO2 for CO oxidation, whereas
the catalyst without treatment in 2-propanol monotonically
deactivates with TOS. The signiﬁcance of this work is 2-fold: it
is shown that modulating the degree of coverage of active sites
through exposure to a common alcohol can lead to a new type
of catalytic sites that may not be possible from other routes;
the results also suggest that a common catalytic system such as
the conversion of an alcohol over a supported-metal catalyst
can induce in situ coverage of the active metal surface through
carbon deposits and/or SMSI and thus calls for a
reconsideration of the related reaction mechanism.

Figure 5. (a) Catalytic activity for CO oxidation at 50 °C (O2/CO =
1.25) over Au/TiO2. The run “O2 200 °C” was performed after these
pretreatments were performed: O2 296 ± 2 °C, 4 h → 2-propanol 296
± 2 °C, 2 h → O2 200 °C, 2 h. The run labeled “No treatment in 2propanol” was performed with 2.2 mg of catalyst, while other runs
were performed with 42 mg. (b) FTIR spectroscopy of CO
adsorption (after 10 min) at 30 °C. The two broad IR features at
around 2120 and 2170 cm−1 are due to the gas-phase CO. Each
spectrum was collected on a diﬀerent load of the Au/TiO2 catalyst.
Each spectrum was collected after O2 treatment following full
coverage of Au NPs via 2-propanol treatment at 300 °C. For example,
the spectrum “O2 170 °C” was collected after these pretreatments
were performed: O2 300 °C, 30 min → 2-propanol 300 °C, 30 min →
O2 170 °C, 30 min.
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spectroscopy of CO adsorption shows that O2 treatment at a
temperature between 200 and 250 °C enables the retraction of
the overlayer blocking Au-sites, making CO adsorption
possible. Increasing the O2-treatment temperature, to further
retract the blocking overlayer, from 250 to 300 °C, increased
the amount of Au sites accessible to CO molecules, as
evidenced by the intensity of the IR band at 2109 cm−1 (Figure
5b). In agreement with IR spectroscopy, catalytic results show
that it is only when the oxidation treatment to retract the
overlayer is performed at temperatures above 233 °C that
catalytic activity is observed (Figure 5a).
CO oxidation over the sample with the blocking overlayer
retracted, via O2 treatment at 295 °C, showed an increase in
rate with time-on-stream (TOS) after initial deactivation
(Figure 5a). The production rate of CO2 in Figure 5a (“O2 295
°C”) is correlated with a decrease in CO exiting the reactor,
and thus, this CO2 is not produced from the desorption of
carbonaceous species deposited during treatment in 2propanol (Figure S10). This increase in the rate of CO
oxidation indicates that the density of catalytic sites increases
with time-on-stream (TOS) and/or the catalytic sites become
more active under reaction conditions. Although the
fundamental reasons for this “self-activating” behavior warrant
a future study, the induction of a blocking overlayer and the
retraction of such layer provide a tuning knob for the catalysis
of supported metal NPs.
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CONCLUSIONS
Evidence suggests that common alcohols (2-propanol and
methanol) can induce at least partial blockage of Au-sites in
Au/TiO2 at 30−300 °C. Exposure of Au/TiO2 to 2-propanol
at 30 °C, followed by desorption in Ar at 150 °C, induces the
coverage of more than 95% of Au sites, unprecedented lower
temperatures than those for traditional SMSI formation under
H2. Focused study of the treatment in 2-propanol showed that
this blockage of Au-sites takes place for reducible oxides (Au/
TiO2, Au/CeO2) but occurs to a much lesser extent in
nonreducible oxides (Au/SiO2), which is consistent with the
occurrence of SMSI. However, it is reasonable to argue that
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