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ABSTRACT: Strong metal−support interactions (SMSIs) and catalyst deactivation
have been heavily researched for decades by the catalysis community. The promotion
of SMSIs in supported metal oxides is commonly associated with H2 treatment at high
temperature (>500 °C), and catalyst deactivation is commonly attributed to sintering,
leaching of the active metal, and overoxidation of the metal, as well as strong
adsorption of reaction intermediates. Alcohols can reduce metal oxides, and thus we
hypothesized that catalytic conversion of alcohols can promote SMSIs in situ. In this
work we show, via IR spectroscopy of CO adsorption and electron energy loss
spectroscopy (EELS), that during 2-propanol conversion over Pd/TiO2 coverage of Pd
sites occurs due to SMSIs at low reaction temperatures (as low as ∼190 °C). The
emergence of SMSIs during the reaction (in situ) explains the apparent catalyst
deactivation when the reaction temperature is varied. A steady-state isotopic transient
kinetic analysis (SSITKA) shows that the intrinsic reactivity of the catalytic sites does not change with temperature when SMSI is
promoted in situ; rather, the number of available active sites changes (when a TiOx layer migrates over Pd NPs). SMSI generated
during the reaction fully reverses upon exposure to O2 at room temperature for ∼15 h, which may have made their identiﬁcation
elusive up to now.
KEYWORDS: strong metal−support interaction, alcohol conversion, supported-metal catalysts, acid−base catalysis, FTIR, EELS, SSITKA

■

INTRODUCTION
The catalytic conversion of alcohols is an important chemical
process that enables the transformation of bioderived
intermediates into chemical products currently supplied in
great extent by the oil industry. One of the great challenges for
diversifying the sources for chemicals of mass consumption, i.e.
unlocking the commercial viability of bioderived products, is
fundamentally understanding the transformation of active sites
under operando conditions that lead to decreased reaction
rates. Typical operando reconstructions of the active sites that
lead to catalyst deactivation are sintering, leaching of the active
metal (especially in slurry-phase reactions), and overoxidation
of the metal, as well as strong adsorption of reaction
intermediates or carbonaceous species.1−3
For metal nanoparticles (NPs) supported on metal oxides,
strong metal−support interactions (SMSIs) can cause
decreased rates. SMSI refers to the migration of the support
over the metal NPs, which reduces the number of exposed
metal catalytic sites. This phenomenon is commonly induced
in metal oxide supports by treatment in H2 (≥500 °C).4−8
Recent reports have deepened the understanding of this
phenomenon. For instance, it has been shown that alloying of
the supported NP with metal atoms in the support is a
mechanism competing with the migration of the overlayer.9 In
addition, the size of the supported metal particle/cluster aﬀects
© 2021 The Authors. Published by
American Chemical Society

the SMSI, with larger NPs promoting SMSI more easily than
smaller NPs, supported clusters, and single atoms.10−12
Oxygen treatment13 and a wet-chemistry methodology14
have also been reported to induce SMSI.
When it is properly harnessed, SMSI can lead to improved
catalytic performance compared with the base metal−support
system (without SMSI). The existence of SMSI can improve
catalyst stability with time on stream,5,15−18 increase turnover
frequency,19 and steer reaction selectivity.18,20 In our previous
work,21 it was shown that, upon exposure of Au/TiO2 to 2propanol at 150 °C, nearly 95% of the Au sites were covered
due to carbonaceous deposits and/or SMSI. Intrigued by this
phenomenon, we hypothesized that alcohol conversion over
noble metals supported on reducible supports might strongly
aﬀect the nature of the active sites due to in situ SMSIs. Pd
supported on reducible supports is a commonly used catalyst
for the conversion of a variety of alcohols.22−24 Thus, we have
decided to use the dehydrogenation/dehydration of 2Received: December 4, 2020
Revised: January 11, 2021
Published: January 28, 2021
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was ﬂushed in Ar for 10 and 30 min at 300 °C, respectively.
When consecutive treatment−CO adsorption cycles were
performed, CO was fully desorbed from Pd sites at 300 °C
(Figure S2).
Microscopy. The sample was treated ex situ in 2-propanol
at 300 °C and cooled to room temperature. The sample was
then either brieﬂy exposed to air or kept in air for 1 month
before transferring into the chamber of the NION UltraSTEM
100 kV microscope. The electron energy loss spectroscopy
(EELS) data were collected using a Gatan Enﬁna spectrometer
with a dispersion of 0.2 eV, convergence and collection
semiangles of 30 and 48 mrad, respectively, and a dwell time of
500 ms. The zero-loss peak had a full-width at half maximum
of 1 eV.
Transmission electron microscopy (TEM) images to
characterize the particle-size distribution were acquired using
a JEOL NEOARM instrument operated at 80 kV.
DFT Calculations. The Vienna ab initio simulation
package (VASP)32,33 was employed to perform periodic
density functional theory (DFT) calculations. The Perdew−
Burke−Ernzerhof (PBE)34 functional with the generalizedgradient approximation (GGA) was used for electron exchange
and correlation. The projector-augmented wave method
(PAW) 35,36 was used to describe the electron−core
interaction. The tolerance for force convergence was 0.05
eV/Å. All calculations were spin-polarized. A vacuum layer of
15 Å was used between slabs. The bottom two layers were
ﬁxed during optimization. To model the covered Pd surface
due to SMSI, a monolayer of Ti2O3 (001) in a 2 × 2 cell was
placed on the Pd (111) surface to simulate a reduced titanium
oxide layer.
Kinetic Measurements. Catalysts were pretreated at 295
°C in 50 mL/min 5% O2/Ar for 5 h before catalytic tests were
performed in a homemade plug-ﬂow reactor system. Catalyst
particles (30 mg) were diluted in quartz beads at a quartz/
catalyst ratio of 12 (w/w). Both the catalyst and the quartz
were sieved to 177−250 μm. The mixture was loaded into a
microreactor and held in place by quartz wool. A Nexus 3000
syringe pump (Chemyx) was used to inject 0.6−4 μL/min of
2-propanol into the system. Ar was used as the carrier for 2propanol. The reaction products were identiﬁed and quantiﬁed
using a Buck Scientiﬁc Model 910 gas chromatograph (GC)
with a MXT-Q-BOND column. All kinetic experiments were
performed under diﬀerential conditions (conversion <13%).
Steady-state isotopic transient kinetic analysis (SSITKA) was
performed to measure the turnover frequencies (TOF, rate per
active site) of the catalyst at diﬀerent temperatures and
quantify the density of surface intermediates.37−39 The
reaction was allowed to reach a steady state under “regular
conditions”: 2-propanol (CH3CH3CHOH) in 2% Ne/He (Ne
was the tracer accounting for the gas-phase hold-up in the
system). Once a steady state was reached, the inlet of the
reactor was changed to labeled 2-propanol
(13CH313CH3CHOH) in 2% Ar/He while the reaction
conditions were held constant (ﬂow, concentration, temperature, pressure). The observed kinetic isotopic eﬀect was not
signiﬁcant. The transient concentrations of reactants and
products were monitored using a mass spectrometer (MS)
(Pfeiﬀer Vacuum OmniStar). MS signals followed were m/z 20
(Ne), 40 (Ar), 39 (propene), 45 (2-propanol), and 58 and 60
(acetone). The contributions from diﬀerent components to a
single mass were decoupled and subtracted. To obtain the real
surface residence times (τ0), the surface residence time (τ) was

propanol to acetone/propene over Pd/TiO2 as a model system
to study the eﬀect of potential in situ SMSI on catalysis. We
believe our ﬁndings will help reimagine the nature of active
sites on other Pd catalysts where a reducing reactive mixture is
present.25−28
In the present work, steady-state isotopic transient kinetic
analysis (SSITKA), IR spectroscopy of CO adsorption,
electron energy loss spectroscopy (EELS), transmission
electron microscopy (TEM), and temperature-programmed
oxidation are combined to show that the in situ occurrence of
SMSI during 2-propanol conversion at low temperature (as
low as 190 °C) leads to partial coverage of Pd sites by a TiOx
layer, thus altering the nature of the active sites and hampering
reaction rates. The overlayer coating on Pd NPs easily reverses
at room temperature, which has probably made its
identiﬁcation elusive to date.

■

EXPERIMENTAL DETAILS
Synthesis of Pd/TiO2. Deposition−precipitation with urea
(DPU) was used to deposit Pd NPs on TiO2. This procedure
has been reported before,29−31 and our implementation is
described as follows. Titanium dioxide anatase (Sigma-Aldrich,
99.9+%) was calcined in air at 400 °C for 5 h prior to use.
Palladium chloride (PdCl2, Aldrich, 99.999%) was used as the
precursor for Pd NPs. PdCl2 (in the amount required to
achieve the desired theoretical loading, 2.2 wt %) was mixed
with 1 g of TiO2 and 100 mL of water. Urea (Sigma-Aldrich,
99.5%) was added at a 2.5/1 urea/TiO2 wt/wt ratio. In
addition, NH4Cl was added at a wt/wt ratio NH4Cl to PdCl2
of 6/1 to increase the solubility of PdCl2 in water. The mixture
was heated to 85 °C and maintained at that temperature using
a heating mantle while it was stirred continuously at 1200 rpm
for 16 h. After 16 h, the solution was centrifuged at 12000 rpm
for 10 min to separate the catalyst. The catalyst was washed
with deionized water and the centrifuge−wash cycle was
repeated ﬁve times. The catalyst was dried overnight in a
vacuum oven at 60 °C and subsequently calcined in air at 300
°C for 5 h.
Inductively Coupled Plasma (ICP), Surface Area, and
X-ray Diﬀraction (XRD). Inductively coupled plasma atomic
emission spectroscopy (ICP-AES) was performed by Galbraith
Laboratories Inc. The loading of Pd in the sample was 0.35 wt
%. Brunauer−Emmett−Teller (BET) surface areas were
measured using a Micromeritics Gemini VII Surface Area
and Porosity Analyzer at −196 °C. The surface area of TiO2
anatase was 9.1 m2/g. The BET surface area of 0.35 wt % Pd/
TiO2 anatase was measured to be 10.2 m2/g. X-ray diﬀraction
(XRD) data were collected with a PANalytical Empyrean
system using Cu Κα radiation. Diﬀraction patterns were
collected at incident angles for 2θ = 5−90°. Both TiO2 and
Pd/TiO2 showed the titania anatase phase (Figure S1).
IR Spectroscopy. Spectra were collected 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 in a ceramic cup, which was
placed in a diﬀuse reﬂectance infrared Fourier transform
spectroscopy (DRIFTS) cell (Pike Technologies). The sample
was treated under diﬀerent gas atmospheres: O2 (30 mL/min
of 3% O2/Ar), 2-propanol (30 mL/min of 6% 2-propanol/Ar),
and Ar (30 mL/min). CO adsorption/desorption was
performed at 30 °C. Background spectra were collected at
30 °C after treatment of the catalyst sample and before CO
was adsorbed. After treatment in O2 or 2-propanol, the catalyst
1939
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measured at diﬀerent gas space velocities (30, 50, 100, 200 L
g−1 h−1) for each temperature evaluated. τ0 is the surface
residence time as the total ﬂow approaches inﬁnity.
Temperature-Programmed Desorption (TPD). TPD
experiments were performed with a commercial Altamira
Instruments system (AMI-300). A 5 mg portion of the catalyst
sample was loaded into a U-tube quartz reactor. Before TPD
experiments, the sample was treated in 50 mL/min of 5% O2/
He and (sometimes) in 50 mL/min of 6% 2-propanol/He (He
bubbled through saturator), and CO2 or NH3 was adsorbed on
the catalyst surface at 30 °C (45 mL/min of 10% CO2/Ar for 2
h or 45 mL/min of 2% NH3/He for 2 h). TPD experiments
were performed in the temperature range 40−895 °C at a
ramping rate of 10 °C/min. The outlet from the reactor was
analyzed using an MS instrument (Pfeiﬀer Vacuum OmniStar).
The masses followed were m/z 18 (H2O), 28 (CO), 41
(propene), 44 (CO2), 17 (NH3), 45 (2-propanol), and 58
(acetone). The contributions from diﬀerent components to a
single mass were decoupled and subtracted.
Temperature-Programmed Oxidation (TPO). TPO
experiments were performed in a commercial Altamira
Instruments system (AMI-300). A 15 mg portion of the
catalyst sample (particle size <177 μm) was loaded into a Utube quartz reactor. Before TPO experiments, the sample was
treated in 50 mL/min of 5% O2/He and in 50 mL/min of 6%
2-propanol/He (He bubbled through a saturator). TPO
experiments were performed in the temperature range 40−
895 °C at a ramping rate of 10 °C/min. The outlet from the
reactor was analyzed using a MS instrument (Pfeiﬀer Vacuum
OmniStar).
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Figure 1. DRIFTS of adsorbed CO (after 10 min desorption) at 30
°C on Pd/TiO2 after treatment in O2 at 300 °C and in 2-propanol at
100 and 300 °C (in that order). CO was desorbed in O2 at 300 °C
before the next treatment. The sample was ﬂushed in Ar at 300 °C
after each treatment. All spectra were collected for the same sample
load.

■

RESULTS AND DISCUSSION
Blockage of Pd Sites after Treatment in 2-Propanol.
Exposed Pd sites were probed via DRIFTS after CO
adsorption at 30 °C (Figure 1). Initially, the sample was
treated in O2 at 300 °C to identify the Pd sites available for CO
adsorption before any SMSI (migration of the TiO2 support
over the Pd NPs) was induced. Linear CO adsorption on
oxidized Pdδ+ (2148 cm−1), atop CO adsorption on Pd(111)
defects (2089 cm−1), and on bridge (1973 cm−1) and 3-fold
(1894 cm−1) adsorption sites were identiﬁed (Figure 1).40
When the sample was treated in 2-propanol at 100 °C, the
adsorption of CO was reduced by ∼80%. 2-Propanol treatment
at 300 °C reduced the available Pd sites by ∼90%. Adsorption
on positively charged Pd sites (Pdδ+) disappeared completely
after treatment in 2-propanol, due to reduction of Pd sites.
These results suggest the blockage of surface sites of Pd NPs,
which would be consistent with SMSI and/or carbonaceous
deposits. Next, we explored the stability of the coating
overlayer upon exposure to O2 at 30 °C.
Reversibility of the Blockage. DRIFTS. As treatment in 2propanol at 300 °C leaves carbonaceous species (adsorbed
isopropoxy, adsorbed acetone, adsorbed propene, acetates, and
carbonates) on the surface (Figure S3), it is reasonable to think
that these adsorbates may be related to the blockage of surface
Pd sites and thus diminished the signal during DRITFS of CO
adsorption. Figure 2a-1st shows the adsorption of CO at 30 °C
after blockage of Pd sites was induced via 2-propanol treatment
at 300 °C. Next, CO was desorbed in Ar at 300 °C, followed
by readsorption at 30 °C (Figure 2a-1nd). The number of
exposed sites increased 2.6 times due to the removal of
carbonaceous species upon desorption of CO (see Figure S4).
However, when the same procedure was repeated but exposure

Figure 2. DRIFTS of adsorbed CO (after 10 min desorption) at 30
°C on Pd/TiO2: (a) after treatment in 2-propanol at 300 °C (1st) and
after desorption of CO at 300 °C in Ar and readsorbption (2nd); (b)
after treatment in 2-propanol at 300 °C and exposure to O2 at 30 °C
for 27 h (1st) and after desorbtion of CO at 300 °C in Ar and
readsorbtion (2nd). All spectra in (a) and (b) were collected for the
same sample load.

to O2 at 30 °C for 27 h was done before readsorption (Figure
2b), the amount of Pd sites exposed at the surface increased 7
times. Desorption of CO and CO2 was monitored during
exposure of the sample to O2 at 30 °C for 27 h, and indeed,
COx desorbs oﬀ the surface (Figure S5), which may be
responsible (at least in part) for freeing Pd sites as observed in
Figure 2b. CO adsorption/desorption at 30/300 °C did not
aﬀect the particle size (Figure S6), which could have aﬀected
the amount of available Pd sites.
Figure 3a shows the Pd surface sites available for CO
adsorption as a function of exposure time to O2 at 30 °C.
Spectra were recorded after exposing the sample to O2 for a
certain period of time and after adsorbing/desorbing CO at
30/300 °C to remove as many carbonaceous species from the
1940
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in agreement with a partial retraction of the TiOx overlayer.
The sample analyzed 1 month after ex situ 2-propanol
treatment did not show Ti overcoating the Pd NPs (Figure
3c-1−3). A Ti signal was only detected on the TiO2 support
itself (Figure 3c-4). Thus, DRIFTS and EELS have shown
clear evidence that Pd sites become blocked upon exposure to
2-propanol, the overlayer has the elemental composition TiOx,
and there are possibly carbonaceous species. In addition, the
overlayer retracts upon exposure to air, regenerating Pd sites.
DFT Calculations. We performed DFT calculations to gain
insight into whether the presence of carbon could be related to
the formation of the TiOx overlayer at such low temperature:
∼90% coverage after 2-propanol treatment at 300 °C (Figure
1) versus ∼70% coverage after H2 treatment at 600 °C (Figure
S7). To model the interface between Pd NPs covered by a
reduced TiO2 overlayer, a Ti2O3 monolayer was placed over
the Pd surface (Figure 4). We found that carbon adsorbs the

Figure 4. Adsorption energies for atomic carbon on various Ti2O3/Pd
SMSI model systems. Color code: Pd, cyan; C, blue; O, red; Ti, gray.

strongest in the sublayers of the Pd NPs, under the Ti2O3 layer
(Figure 4c). In other words, the SMSI structure induced by 2propanol could be facilitated by adsorbed carbonaceous species
at the interface between Pd NPs and the TiOx overlayer. A
similar adsorbate-induced SMSI has been also observed by
others.17,41
Eﬀect on Catalytic Performance. To gain insights into
the in situ generation of SMSIs during catalysis, the products of
2-propanol decomposition were monitored at diﬀerent
reaction temperatures. Pd/TiO2 was loaded in a plug-ﬂow
reactor, and the catalyst was pretreated in situ under O2 at 295
°C for 5 h. Then, the reactor was cooled to 191 °C under an
inert gas. Once the reactor temperature reached 191 °C, 2propanol was introduced and the reaction was conducted for 9
h until a steady state was reached. Later, the reaction
temperature was changed to 212, 233, and back to 212 °C.
Each temperature was held for 2 h (Figure 5a). In the
temperature sequence 191 °C → 212 °C → 233 °C → 212 °C
(repeat), the conversion at 212 °C (repeat) drastically drops
(at ∼1%), in comparison with the initial conversion (∼5%)
(Figure 5b). This drop in conversion correlates with the
overcoating of Pd NPs at 233 °C, which persists when the
temperature is lowered to 212 °C (repeat). The diﬀerent
evolutions of product selectivity with time on stream for
diﬀerent reaction temperatures (Figure 5c) suggest that the
catalyst reconstructs with changes in reaction temperature. The
decay in conversion was not due to changes in particle size, as
shown via TEM (Figure S8). Carbon deposits on the surface
were not responsible for the decay in conversion either, as
carbon deposits were nearly the same when 2-propanol
interacts with the catalyst at 200 and 300 °C according to
TPO experiments (Figure S9).
To shed light on the basic sites responsible for acetone
production, TPD experiments with and without CO 2
adsorption at 30 °C were performed. The pretreatment at
300 °C in O2 uncovers a minor fraction of basic sites, since

Figure 3. (a) Normalized area under IR signal from 2300 to 1800
cm−1 as a function of time, showing the reversibility of SMSIs upon
exposure to 3% O2/Ar at 30 °C for diﬀerent periods of time on the
basis of the area under the IR spectra of CO adsorption, Insert: the
corresponding IR spectra of adsorbed CO at 30 °C (after 10 min
desorption). CO desorbed oﬀ the sample at 300 °C in Ar before the
TiOx layer retraction was tested. (b, c) STEM images of Pd/TiO2
treated in 2-propanol at 300 °C ex situ and EELS analysis (each
spectrum is the sum of a 5 × 5 pixel region): (b) sample exposed to
ambient air for ∼2 h between the ex situ treatment and an EELS
analysis; (c) sample exposed to ambient air for 1 month between the
ex situ treatment and an EELS analysis.

surface as possible. After 15 h of exposure, the overlayer
covering Pd sites was almost fully retracted. Although it was
shown that this overlayer is at least partially constituted by
carbonaceous species, it has not been proved/disproved that a
TiOx overlayer due to SMSIs coexists.
EELS. To evaluate the existence of a TiOx layer overcoating
Pd NPs due to SMSI, we analyzed the elemental composition
of the overlayer via EELS. Given the retraction of the layer
overcoating Pd sites upon exposure to O2 at room temperature, EELS was performed for 2 h (Figure 3b) and 1 month
(Figure 3c) after ex situ 2-propanol treatment at 300 °C. For
the sample analyzed 2 h after ex situ 2-propanol treatment, the
energy loss corresponding to the Ti L-edge clearly shows that
Ti is present on the Pd NPs (Figure 3b-2,3), although Ti is
undetectable at the very top of the NP (Figure 3b-1), which is
1941
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Figure 5. 2-Propanol conversion to propene and acetone over Pd/
TiO2: (a) temperature proﬁle; (b) conversion; (c) selectivity. Reactor
inlet: 0.5 μL/min 2-propanol, 50 mL/min 2% Ne/He.

there was not a signiﬁcant number of basic sites available for
CO2 adsorption at 30 °C (Figure S10). The shape of the
desorption peaks during TPD makes the quantiﬁcation of the
minor fraction of freed basic sites unreliable. On the other
hand, TPD experiments after NH3 adsorption at 30 °C allowed
us to measure the density of acid sites. After pretreatment in
O2 at 300 °C, the Pd/TiO2 catalyst presented 0.25 μmol of
active sites per milligram of catalyst, which is 0.12 μmol/mg
higher than the density of active sites on the bare TiO2
support. Thus, the presence of Pd on the support created
extra acid sites. However, after 2-propanol treatment, the
surface species related to 2-propanol decomposition that
remain on the surface at 300 °C (see Figure S3) possibly
reduced the number of sites available to be probed with NH3
(Figures S11 and S12). Limitations in the quantiﬁcation of
basic/acid sites arose from the non-operando nature of TPD
characterization.
To provide intrinsic TOF and the density of surface
intermediates leading to acetone (relatable to basic sites)
and propene (related to acid sites), we performed SSITKA
experiments. The gas space velocity was varied to account for
product readsorption in the system (Figure S13 and Table
S1).38,39 The in situ generation of SMSIs aﬀects the rates of
both acetone and propene production (Figure 6a), if one
compares rates when the reaction is run at 212 °C for the ﬁrst
time versus the second time (212 °C (repeat)). However,
TOFs for acetone and propene were very similar at all
temperatures studied (Figure 6b). The fact that TOFs at 212
and 212 °C (repeat) are the same, despite the conversions
being signiﬁcantly diﬀerent, shows that diﬀerences in the rate
of propene and acetone production are related to the density of
active sites, not to the intrinsic reactivity of the sites. Figure 6c
shows the density of surface intermediates (assumed to be an
estimate of the surface active sites) at 212 °C, before and after
an SMSI overcoating at 233 °C is formed. It is evident that the

Figure 6. 2-Propanol conversion to propene and acetone over 30 mg
of Pd/TiO2: (a) steady state (or after 2 h TOS) production rates for a
reactor inlet of 0.5 μL/min 2-propanol in 50 mL/min 2% Ne/He. (b)
TOF measured via SSITKA; (c) surface intermediates measured via
SSITKA (surface intermediates = rate (mol min−1 gPd−1)/TOF
(min−1)); d) Sketch of SMSIs. The arrows in the lines connecting the
data signal the sequence in the change of temperature: 191 °C → 212
°C → 233 °C → 212 °C.

active sites for acetone production drastically decreased (from
237 to 60 μmol gPd−1), suggesting that acetone is mainly
produced at surface sites associated with Pd. The active sites
for propene production are somewhat reduced (from 38 to 24
μmol gPd−1), suggesting that interfacial Pd−Ti−O sites are the
main sites for propene production. This was rationalized by
considering that, when a supported metal nanoparticle is
overcoated, the available Pd surface metal sites decrease more
quickly in comparison to the Pd metal−support interfacial sites
(Figure S14). The TiO2 support by itself shows comparable
conversion only at much higher temperature (∼350 °C)
(Figure S15), suggesting that only surface sites electronically or
structurally aﬀected by the presence of Pd are responsible for
the turnovers reported in Figure 6.
As seen in Figure 6b, the TOFs do not have an exponential
(Arrhenius-like) dependence with temperature during 2propanol conversion over the Pd/TiO2 catalyst. For now, we
can only hypothesize that multiple active sites lead to acetone
and propene production and that the average TOF measured
via SSITKA is the result of weight averaging various types of
sites, whose relative composition diﬀers at each temperature
due to in situ SMSIs.
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catalytic activity due to in situ SMSIs formed over metal
particles supported on reducible oxides.

In an additional test, we evaluated whether Pd sites become
covered when the sample is exposed to 2-propanol and O2 at
300 °C at the same time, since the catalytic oxidation of
alcohols is a commonly studied system.42−44 It was found that
coverage of Pd sites due to in situ SMSIs was hindered in this
case but the nature of CO adsorption on Pd sites changed
signiﬁcantly (Figure 7). The active sites reconstructed in the

■

ASSOCIATED CONTENT

* Supporting Information
sı

The Supporting Information is available free of charge at
https://pubs.acs.org/doi/10.1021/acscatal.0c05324.
XRD patterns, FTIR spectroscopy, desorption plots,
TEM images, particle size distribution, TPO, TPD, and
SSITKA measurements, estimation of surface sites, and
additional references (PDF)

■

AUTHOR INFORMATION

Corresponding Authors

Felipe Polo-Garzon − Chemical Sciences Division, Oak Ridge
National Laboratory, Oak Ridge, Tennessee 37831, United
States; orcid.org/0000-0002-6507-6183;
Email: pologarzonf@ornl.gov
Zili Wu − Chemical Sciences Division and Center for
Nanophase Materials Sciences, Oak Ridge National
Laboratory, Oak Ridge, Tennessee 37831, United States;
orcid.org/0000-0002-4468-3240; Email: wuz1@
ornl.gov

Figure 7. DRIFTS of adsorbed CO (after 10 min desorption) at 30
°C on Pd/TiO2: (1st) after treatment in O2 at 300 °C; (2nd) after
treatment in an O2/2-propanol mixture (1.8/1) at 300 °C.

Authors

Thomas F. Blum − Center for Nanophase Materials Sciences,
Oak Ridge National Laboratory, Oak Ridge, Tennessee
37831, United States
Zhenghong Bao − Chemical Sciences Division, Oak Ridge
National Laboratory, Oak Ridge, Tennessee 37831, United
States
Kristen Wang − Department of Chemistry, University of
California, Riverside, California 92521, United States
Victor Fung − Center for Nanophase Materials Sciences, Oak
Ridge National Laboratory, Oak Ridge, Tennessee 37831,
United States; orcid.org/0000-0002-3347-6983
Zhennan Huang − Center for Nanophase Materials Sciences,
Oak Ridge National Laboratory, Oak Ridge, Tennessee
37831, United States
Elizabeth E. Bickel − Department of Chemical Engineering,
Tennessee Technological University, Cookeville, Tennessee
38505, United States
De-en Jiang − Department of Chemistry, University of
California, Riverside, California 92521, United States;
orcid.org/0000-0001-5167-0731
Miaofang Chi − Center for Nanophase Materials Sciences,
Oak Ridge National Laboratory, Oak Ridge, Tennessee
37831, United States; orcid.org/0000-0003-0764-1567

presence of the alcohol in diﬀerent ways depending upon the
O2 chemical potential in the reactive mixture. Further
exploration on how in situ SMSIs change with the presence
of O2 under diﬀerent conditions is of paramount importance to
reveal the operando nature of the active sites. This endeavor lies
beyond the scope of the present work.

■

CONCLUSIONS
The generation of SMSIs for a common catalyst, Pd/TiO2,
upon exposure to 2-propanol has been shown to occur at a
temperature much lower than that in H2 (∼300 °C lower).
DRIFTS of CO adsorption shows a reduction of exposed
surface Pd sites by 80% when the catalyst sample is in contact
with 2-propanol at 100 °C. Electron energy loss spectroscopy
(EELS) shows that the support migrates over the supported
NPs upon treatment in 2-propanol; however, DFT calculations
suggest carbon species and reduction of the support work
synergistically to induce SMSIs. Exposure of the catalyst
sample to O2 at room temperature retracted the TiOx
overlayer, reaching full retraction within ∼15 h of exposure.
The consequences of SMSIs on the kinetics of 2-propanol
conversion reveal that apparent deactivation of the catalyst,
when the reaction temperature is varied stepwise in the
sequence 191 °C → 212 °C → 233 °C → 212 °C, is due to
overcoating of Pd sites with a TiOx layer. The conversion at
the starting temperature of 212 °C is roughly 5 times
(conversion ∼5%) the conversion achieved by the sample
when it is cooled back to the same reaction temperature of 212
°C (conversion ∼1%). This drop in reactivity was a
consequence of the expansion of the TiOx layer covering Pd
sites when the reaction temperature was 233 °C. Steady-state
isotopic transient kinetic analysis (SSITKA) clearly shows that
the intrinsic rate per active site does not change during this
deactivation process, only the amount of active sites. The
ﬁndings of this work show that, in practical applications, spikes
in reactor temperature may be responsible for decreased
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