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ABSTRACT: Although perovskite catalysts are well-known
for their excellent redox property, their acid−base reactivity
remains largely unknown. To explore the potential of
perovskites in acid−base catalysis, we made a comprehensive
investigation in this work on the acid−base properties and
reactivity of a series of selected perovskites, SrTiO3, BaTiO3,
SrZrO3, and BaZrO3, via a combination of various approaches
including adsorption microcalorimetry, in situ FTIR spectros-
copy, steady state kinetic measurements, and density func-
tional theory (DFT) modeling. The perovskite surfaces are
shown to be dominated with intermediate and strong basic
sites with the presence of some weak Lewis acid sites, due to
the preferred exposure of SrO/BaO on the perovskite surfaces as evidenced by low energy ion scattering (LEIS) measurements.
Using the conversion of 2-propanol as a probe reaction, we found that the reaction is more selective to dehydrogenation over
dehydration due to the dominant surface basicity of the perovskites. Furthermore, the adsorption energy of 2-propanol
(ΔHads,2−propanol) is found to be related to both a bulk property (tolerance factor) and the synergy between surface acid and base
sites. The results from in situ FTIR and DFT calculations suggest that both dehydration and dehydrogenation reactions occur
mainly through the E1cB pathway, which involves the deprotonation of the alcohol group to form a common alkoxy intermediate
on the perovskite surfaces. The results obtained in this work pave a path for further exploration and understanding of acid−base
catalysis over perovskite catalysts.
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1. INTRODUCTION

Perovskite is a general name for mixed metal oxides with the
structural formula ABO3. In the perovskite structure, the A
cation is typically a lanthanide, alkaline or alkaline-earth cation,
while the B cation is usually a transition metal cation.1 An ideal
perovskite unit cell can be described as cubic, and belonging to
the Pm3m space group, where the A cation is 12-fold
coordinated to oxygen anions, and the B cation is 6-fold
coordinated to oxygen anions.2

One of the main advantages of the perovskite structure is its
flexibility to adopt a wide range of compositions. This is
possible by partially or fully substituting either the A or B
cation, resulting in different surface and redox properties.3

However, the nature and extent of substitution of the A and/or
B cation is limited by the stability of the framework. The
Goldschmidt tolerance factor (t) is used to determine the
geometric constraint and distortion of the crystal structure, and
it should meet the restriction of 0.75 ≤ t ≤ 1.0, where t = (rA +
rO)/[2

1/2(rB + rO)], and rA, rB, and rO are the radii of the
respective ions.4 An ideal cubic perovskite structure has a

tolerance factor of 1. If the value of t is less than 0.75 or more
than 1.00, the crystal structure typically becomes unstable.
Early studies on the catalysis of perovskites were focused on

the reduction of NO and alkenes, exhibiting exceptional
catalytic activity.5,6 Coupled with its low cost, perovskites
have the potential of replacing noble metals in catalytic
convertors. The catalytic reduction of NO uses CO,7 NH3,

8

hydrocarbons,9 or H2
10 as reducing agents. It was reported that

the redox ability of the B cation and the presence of oxygen
vacancies are required for the adsorption and activation of
NO.11,12 Furthermore, partial substitution of the B cation can
improve its catalytic activity. Kaliaguine et al. reported that the
partial substitution of Fe by Cu or Pd in LaFe1−x(Cu, Pd)xO3

resulted in enhanced reduction of NO in the presence of
C3H6.

13 It was suggested that this was due to the increased
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concentration of oxygen vacancies and enhanced reducibility of
the cation.
Besides reduction, perovskite catalysts are also active in

oxidation reactions. It was reported that manganite and
cobaltite perovskites are active in the catalytic oxidation of
carbon monoxide and methane.3,14 Although PdO is an active
catalyst for CH4 oxidation, it can be deactivated by
decomposition.15 Furthermore, it deactivates rapidly at high
temperature compared to perovskites.16 Similarly, the catalytic
performances of perovskites can be tuned by partial
substitution of the A and/or B cation. Ponce et al. synthesized
a series of La1−xSrxMnO3 manganites and reported that the
substitution x = 0.2 exhibited the highest activity for methane
combustion.17 This was attributed to the higher stability of
Mn4+ in the structure.
While most of the research has focused on reduction and

oxidation reactions over perovskites, there is limited literature
on the surface acid−base properties and reactions of perov-
skites. Trikalitis et al. varied the amount of Sr in La1−xSrxVO3
and reported that the selectivity of propene decreased with
increasing Sr content in the conversion of 2-propanol.18 It was
suggested that this was due to the creation of more basic sites,
but its surface properties were not reported. Similarly, LaMnO3
mixed with carbon black was used in the ketonization of n-
butanol,19 but its acid−base properties were not investigated
either. Furthermore, the catalytic effect of LaMnO3 was not
decoupled from carbon black. In addition, there are conflicting
reports on the origin of acid−base sites on perovskites in the
literature. Kuhn et al. investigated the surface properties of
La0.6Sr0.4CoyFe1−yO3−δ using methanol as a probe molecule.20 It
was demonstrated that Lewis acid sites are correlated to the Sr
content, while basic sites are associated with the Co content. In
contrast, Natile et al. reported that Lewis acid sites are
correlated to the atomic ratio of Co to La for nanostructured
LaCoO3 powders.

21

In light of the largely unknown acid−base properties of
perovskites, in this work, we used the conversion of 2-propanol
as a probe reaction to characterize the acid−base reactivity of
perovskites with selected titanates and zirconates. In the
presence of an acid or base site, 2-propanol can undergo
intramolecular dehydration to form propene and water,
intermolecular dehydration to form di-isopropyl ether, or
dehydrogenation to form acetone and hydrogen.22−24 The
perovskites used in this study are SrTiO3, BaTiO3, SrZrO3, and
BaZrO3. By characterizing the nature, density, and strength of
surface acid−base sites, new insights can be obtained by
comparing these to kinetic measurements. Furthermore, the
adsorption of 2-propanol over the perovskites was investigated
using FTIR spectroscopy, microcalorimetry, and DFT calcu-
lations. A combination of these approaches allows us to
establish relationships between surface acid−base properties
and the catalytic reactivity of perovskite catalysts, thereby laying
the ground for the exploration and design of a perovskite
catalyst with enhanced activity for acid−base reactions.

2. EXPERIMENTAL SECTION

2.1. Materials. Strontium titanate, barium titanate, and
acetone (99.9%) were purchased from Sigma-Aldrich. Stron-
tium zirconate and barium zirconate were purchased from Alfa
Aesar. 2-Propanol (99.9%) was purchased from Fischer
Scientific. Argon, 5% O2/He, 5% O2/Ar, O2, NH3, and CO2
were purchased from Airgas. The four perovskite catalysts were

calcined in air at 550 °C for 4 h, with a ramp rate of 10 K/min
before the characterization and reactivity study.

2.2. Characterization. Nitrogen physisorption was per-
formed using a Micromeritics Gemini 2375 Surface Area and
Pore Size Analyzer at −196 °C. The catalysts were degassed for
1 h prior to measurement. The BET method25 and the BJH
method26 were used to calculate the surface areas and pore
volumes, respectively. X-ray diffraction (XRD) patterns were
collected with a PANalytical X’Pert Pro system using Cu Kα
radiation. Diffractograms were obtained at incident angles for
2θ = 7−90°. Scanning electron microscope (SEM) images were
collected using a Zeiss Merlin system operating at 1.00 kV.
To quantify the concentration and strength of acid and base

sites, the heat of adsorption of NH3 and CO2 were measured
using a Micromeritics 3Flex Characterization Analyzer coupled
with a Setaram Sensys Evo DSC microcalorimeter.27 Each
sample (sieved between 180 and 400 μm, 50−200 mg) was
loaded into one side of a custom-made quartz bitube,28 and the
tube was inserted into the microcalorimeter aluminum block.
The tube opening was connected to the chemisorption port of
the 3Flex instrument for degassing and dosing. Each sample
was evacuated and heated at 550 °C for 1 h, dosed with 500
mmHg of O2, evacuated for 30 min each for two rounds, and
cooled down to 150 °C (NH3 adsorption) or 30 °C (CO2
adsorption). The temperature was held for 1 h to reach thermal
equilibrium. Subsequently, the sample was exposed to doses of
NH3 or CO2. After the final target pressure was reached, the
sample was evacuated for 1 h at the same temperature and
dosed with NH3 or CO2 again. The concentration of acid and
base sites was determined by the amount of irreversibly
adsorbed NH3 and CO2, respectively. A separate control
experiment using an empty bitube filled with quartz wool
showed negligible amount of irreversible adsorption of the
probe molecules.
To determine the type of acid and base sites present,

pyridine and CO2 adsorption followed by FTIR spectroscopy
were performed 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 spectrosco-
py (DRIFTS) cell (HC-900, Pike Technologies). The sample
was activated at 550 °C for 1 h under 30 mL/min of 5% O2/He
and cooled down to 150 °C (pyridine adsorption) or 25 °C
(CO2 adsorption). The gas was switched to 30 mL/min of He,
and a background spectrum was collected before any
chemisorption. For pyridine adsorption, He was bubbled
through a saturator filled with liquid pyridine at 25 °C. A
pulse of pyridine saturated gas (sample loop 0.5 mL) was
introduced into the sample cell. For CO2 adsorption, a pulse of
2% CO2/He was introduced into the sample cell. After
adsorption, the sample was purged with He for 15 min (30
mL/min), and a spectrum was collected.
The samples were sent to Lehigh University for low energy

ion scattering (LEIS) analysis to determine the composition of
the top surface layer.29,30 LEIS spectra were collected by using
an IONTOF Qtac100 spectrometer (ION-TOF GmbH,
Miǹster, Germany). Briefly, each sample was pressed into a
circular self-supported wafer and transferred into a sample
holder. The sample was evacuated and heated to 100 °C, and
around 100 Torr of O2 was introduced into the chamber.
Subsequently, the temperature was increased to 500 °C and
held for 30 min. After cooling and evacuation, the sample was
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transferred into the spectrometer for analysis. The spectra were
collected using 3 keV He+ at 2 × 1014 ions cm−2 or 5 keV Ne+

at 1 × 1014 ions cm−2 as ion sources. For depth profiling, the
surface was sputtered with 0.5 keV Ar+ at 5 × 1014 cm−2 per
profile cycle, corresponding to approximately 0.1 nm.
2.3. Steady State Kinetic Measurement. The conversion

of 2-propanol was performed in an Altamira Instruments
system (AMI-200). Each catalyst sample (30 mg, sieved to 63−
125 μm) was diluted with quartz sand (177−250 μm) to
minimize channeling and local temperature differences. The
quartz-to-catalyst mass ratio was approximately 12:1. The
catalyst bed was placed inside a quartz u-tube and held in place
by quartz wool at both ends of the bed. Each sample was
pretreated under 50 mL/min of 5% O2 in Ar or He at
approximately 550 °C for 1 h. The temperature was lowered to
around 300 °C, and the gas was switched to 50 mL/min of Ar.
Liquid 2-propanol was fed into the system using a Chemyx
Nexus 3000 syringe pump. All experiments were performed
under conditions free of mass transfer limitations (see
Supporting Information including Figures S1 and S2, and
Tables S1 and S2). Products were analyzed using a Buck
Scientific Model 910 gas chromatograph (GC) equipped with a
flame ionization detector and a Restek MXT-Q-BOND
column. The GC response factor was calibrated employing 2-
propanol as an internal standard and assuming a closed mass
balance in the system. All lines were heated to avoid
condensation. Each experiment was performed under differ-
ential conditions (conversion less than 13%) to determine
activation energies. Thus, any effects of concentration and
temperature gradients throughout the catalyst bed were
minimized.
2.4. Adsorption and Temperature-Programmed De-

sorption of 2-Propanol Followed by FTIR Spectroscopy.
The adsorption of 2-propanol was performed using the Thermo
Nicolet Nexus 670 FTIR spectrometer described in the above
section. The sample was activated in a diffuse reflectance cell
(Pike Technologies HC-900) at 550 °C for 1 h under 30 mL/
min of 5% O2/He before the gas flow was switched to 30 mL/
min of He, and background spectra were taken at 300, 200, 100,
and 25 °C during the cooling process in flowing He. He was
bubbled through a saturator filled with liquid 2-propanol at 25
°C. A pulse of 2-propanol saturated gas (sample loop 0.5 mL)
was introduced into the sample cell, purged with He for 10 min,
and a spectrum was taken. The sample was heated to 100, 200,
and 300 °C, and a spectrum was taken at each temperature.
2.5. Adsorption Microcalorimetry of 2-Propanol and

Acetone. Adsorption microcalorimetry experiments were
performed using a Micromeritics 3Flex Characterization
analyzer coupled with a Setaram Sensys Evo DSC micro-
calorimeter as described above. Each sample was evacuated and
activated at 550 °C for 1 h, dosed with 500 mmHg of O2,
evacuated for 30 min each for two rounds, and cooled down to
30 °C. The temperature was held for 1 h to reach thermal
equilibrium, and the sample was exposed to doses of 2-
propanol or acetone. Prior to adsorption, the 2-propanol and
acetone used in the experiments were degassed by three cycles
of freeze−pump−thaw in a stainless-steel reservoir.
2.6. DFT Calculations. All periodic density functional

theory (DFT) calculations were performed with the Vienna ab
initio Simulation Package (VASP).31,32 The Perdew−Burke−
Ernzerhof (PBE)33 functional of generalized-gradient approx-
imation (GGA) was used for electron exchange and correlation.
The electron−core interaction was described using the

projector-augmented wave method (PAW).34,35 A kinetic
energy cutoff of 450 eV was used for the planewave basis set,
and the Brillouin zone was sampled using a 3 × 3 × 1
Monkhorst−Pack scheme.36 The adsorption energies were
calculated using the definition Eads = Esurface+adsorbate − (Esurface +
Eadsorbate), where the energy of the adsorbate Eadsorbate was
computed by placing the adsorbate in a 15 Å wide vacuum
cubic cell. The surface slabs of the studied ABO3 perovskites
were created containing three AO layers and three BO2 layers,
for a total of six, with a 15 Å vacuum layer. A 2 × 2 supercell of
the slabs was created from the unit cell. 2-Propanol adsorption
on the perovskites and the active site displacement calculations
were obtained where the top two layers of the slabs were
allowed to relax. This is compared to the adsorption of 2-
propanol for which the surface atoms are kept fixed, and the
propanol is situated over the same site to study the effect of site
displacement on adsorption energy.

3. RESULTS
3.1. Catalyst Properties and Surface Density of Acid−

Base Sites. Table 1 shows the tolerance factor and physical

properties derived from nitrogen physisorption of the perov-
skite catalysts. The tolerance factor was calculated using the
ionic radii obtained from the literature.3 SrTiO3, BaTiO3,
SrZrO3, and BaZrO3 have a tolerance factor ranging from 0.83
to 1.04, indicating that the crystal structure of each perovskite is
expected to be stable. The measured surface area and pore
volume of SrTiO3 are the highest, while they are similar for the
other three perovskites.
Figure 1 shows the XRD patterns of the four stable

perovskite catalysts. The XRD pattern of SrTiO3 contains
major peaks at 32.7°, 40.3°, 46.7°, 58.1°, and 68.2°. These are
attributed to the (110), (111), (200), (211), and (220) planes
of its cubic crystal structure, respectively.37,38 In the case of
cubic BaTiO3, these peaks are observed at about 1° lower
compared to those for SrTiO3,

39,40 indicating an increase in the

Table 1. Tolerance Factor and Physical Properties Derived
from Nitrogen Physisorption of Perovskite Catalysts

catalyst tolerance factora surface area (m2/g) pore volume (cm3/g)

SrTiO3 0.91 24 0.106
BaTiO3 1.04 6 0.007
SrZrO3 0.83 7 0.017
BaZrO3 0.91 8 0.010

aCalculated from the literature.3

Figure 1. XRD patterns of perovskite catalysts.
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lattice parameter. In the case of BaZrO3, the peaks at 30.6°,
37.7°, 43.6°, 54°, and 63.1° correspond to the (110), (111),
(200), (211), and (220) planes of its cubic phase,
respectively.41,42 For SrZrO3, the perovskite with the smallest
tolerance factor, characteristic peaks of its orthorhombic crystal
structure are observed at 31.3°, 44.5°, 55.2°, and 64.6°, which
are assigned as (002), (040), (240), and (242) planes,
respectively.43,44 Figure S3 in the Supporting Information
shows the SEM images of the perovskite catalysts. SrTiO3
displayed the smallest crystallite size of less than 100 nm, while
BaTiO3 showed the largest crystallite size of around 500 nm.
SrZrO3 and BaZrO3 have an average crystallite size of ∼400
nm.
Low energy ion scattering (LEIS) was performed to analyze

the composition at the top surface of the perovskite catalysts, as
it was shown that LEIS is particularly suited to determine the
composition of the top atomic monolayer of material (∼0.3
nm) with a sensitivity on the order of 0.1 atomic %.29,30 Figure
2 shows the ratio of the integrated scattering intensity of the A

to B cation as a function of depth. The ratios are normalized to
unity at the greatest depth for each sample. Because of the small
difference in mass between Sr and Zr, the peaks for SrZrO3
could not be resolved. For SrTiO3 and BaZrO3, there is
evidence of enrichment of the A cation at the surface but not
for BaTiO3.
Microcalorimetry was used to probe the concentration and

strength of acid and base sites on the perovskite samples. The
heats of adsorption of NH3 and CO2 were measured as a
function of surface coverage, and the results are shown in
Figure 3. SrTiO3 displayed the highest initial differential heat of
NH3 adsorption, followed by BaTiO3 (Figure 3A). SrZrO3 and
BaZrO3 have a similar initial heat of adsorption around 53 kJ/
mol. The differential heat of NH3 adsorption on SrTiO3
remained constant up to a surface coverage of 0.43 μmol/m2

and decreased at higher surface coverage. For the remaining
three perovskites, the differential heat of NH3 adsorption
decreased as a function of surface coverage, reaching values
between 20 and 40 kJ/mol. This suggests the physisorption of
NH3 at higher surface coverage.45,46

The initial heats of adsorption of CO2 are similar between
SrZrO3 and BaZrO3 at ∼125 kJ/mol, which were around 20 kJ/
mol higher compared to those of SrTiO3 and BaTiO3 (Figure
3B). Up to a surface coverage of 2.4 μmol/m2, the heat of
adsorption of CO2 on SrTiO3 remained constant around 105
kJ/mol, and it gradually decreased. For the other three

perovskites, the differential heats of CO2 adsorption decreased
slightly as a function of surface coverage, followed by a sharp
drop at various surface coverages.
Table 2 shows the surface density of acid and base sites on

the perovskite catalysts, which was determined by the

concentration of irreversibly adsorbed NH3 and CO2,
respectively. SrTiO3 has the highest surface density of the
acid site, followed by SrZrO3. BaTiO3 and BaZrO3 have similar
surface densities of acid sites. For the base site, SrTiO3 also has
the highest surface density, followed by SrZrO3, BaZrO3, and
BaTiO3. The surface density of base sites in Table 2 is higher
than the surface density of base sites at constant heat of
adsorption (Figure 3), indicating that the adsorption of CO2
with a lower differential heat of adsorption is also irreversibly
adsorbed. In terms of the ratio of base to acid site, SrTiO3,
SrZrO3, and BaZrO3 have similar values, while the ratio for
BaTiO3 is approximately half compared to that of the other
perovskites. Overall, all of the perovskite surfaces are
dominated with basic sites.
Pyridine and CO2 adsorption followed by in situ FTIR

spectroscopy were performed to investigate the nature of the
acid and base sites of the perovskite catalysts, respectively. The
FTIR spectra for the adsorption of pyridine on the perovskites
showed two main peaks around 1595 and 1443 cm−1 (Figure

Figure 2. Surface A/B cation intensity ratio of the four perovskite
catalysts as a function of probing depth using low energy ion scattering
(LEIS).

Figure 3. Heat of adsorption of (A) NH3 and (B) CO2 on perovskite
catalysts measured at 150 and 30 °C, respectively.

Table 2. Surface Density of Acid and Base Sites on
Perovskite Catalysts

catalyst
acid site

(μmol/m2)
base site

(μmol/m2)
ratio of base to acid

site

SrTiO3 0.42 3.47 8.26
BaTiO3 0.29 1.25 4.31
SrZrO3 0.35 2.78 7.94
BaZrO3 0.26 2.11 8.12
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S4A). These peaks are assigned as pyridine coordinatively
adsorbed to the Lewis acid site.47,48 In general, for the peak
around 1595 cm−1, it increases in wavenumber as the strength
of Lewis acid site increases. In the case of η-Al2O3, weak,
medium, and strong Lewis acid sites were observed at 1595,
1613, and 1623 cm−1, respectively.49 Thus, most of the Lewis
acid sites on the perovskite catalysts are weakly acidic, while the
shoulders around 1618 cm−1 indicate a small concentration of
Lewis acid sites with medium strength. The absence of a peak at
1540 cm−1 indicates that no apparent Brønsted acid sites are
present on these perovskite catalysts.
The FTIR spectra for the adsorption of CO2 on the

perovskites are shown in Figure S4B. The formation of both
bidentate and unidentate carbonates are observed on the
perovskite catalysts, indicating that basic surface oxygen atoms
are exposed on the surface.50−52 The absence of bicarbonate
species implies that basic surface hydroxyl groups are not
present on these perovskites. Table S3 summarizes the peak
assignments of the observed carbonates formed from CO2
adsorption.
To estimate the ratio of acid and base sites that are still in

equilibrium with the titrants at the reaction temperature of 300
°C for 2-propanol conversion (see below), the integral of the
peaks in the FTIR spectra for the adsorption of pyridine or
CO2 was obtained at the adsorption temperature (Iads) and 300
°C (I300). For pyridine adsorption, the integral of the peak
around 1595 cm−1 was used. For CO2 adsorption, the integral
of the peaks between 1800 to 1200 cm−1 was used. The ratio of
the integral (I300/Iads) gives an estimation of the titrants that are
still adsorbed at 300 °C, and the result is shown in Table 3. At
the reaction temperature of 300 °C, the surface coverage of acid
and base sites decreased significantly.

3.2. Steady State Kinetic Measurement of 2-Propanol
over Perovskite Catalysts. Conversion of 2-propanol over
the four perovskite catalysts was performed in the temperature
range of 286−320 °C under differential conditions (conversion
less than 13%). The Arrhenius plots are shown in Figure 4, and
the apparent activation energies for dehydration and dehydro-
genation reactions are summarized in Table 4. Propene and
acetone are the only products observed with acetone as the
major product (Figure 5). The selectivity to acetone is higher
than 70% for each perovskite. BaTiO3 showed the highest
apparent activation energy for dehydration and dehydrogen-
ation, while SrZrO3 showed the lowest apparent activation
energy for both reactions. Between 280 and 320 °C, the
selectivity toward acetone production increased with temper-
ature, except for SrZrO3 (Figure 5).
3.3. Adsorption and Temperature-Programmed Re-

action of 2-Propanol Followed by FTIR Spectroscopy.
Figure 6 shows the FTIR spectra of 2-propanol adsorbed on the

perovskites. For pure liquid 2-propanol, the two peaks at 1381
and 1369 cm−1 are assigned as the symmetric δCH3 vibration,
while the peaks at 1342 and 1313 cm−1 are attributed to δCH
and δOH vibration, respectively.53−56 Peaks observed at 1164,
1132, and 1113 cm−1 are related to νC−C, ρCH3, and νC−O
vibrations, respectively.57 Several changes are observed when 2-
propanol is adsorbed on the perovskite catalysts at 25 °C. Table
5 summarizes the peak assignments. The most prominent

Table 3. Percentage of Acid and Base Sites in Equilibrium
with Titrants at a Reaction Temperature of 300 °C Based on
the Ratio (I300/Iads) of the FTIR Peak Integral of Pyridine
and CO2 Adsorption between 300 °C and Adsorption
Temperature (Pyridine, 150 °C; CO2, 25 °C)

acid site (%) base site (%)

SrTiO3 31 24
BaTiO3 80 39
SrZrO3 62 25
BaZrO3 41 51

Figure 4. Arrhenius plots for the production of (A) propene and (B)
acetone from 2-propanol over perovskite catalysts. Reaction
conditions: 286−320 °C and 50 mL/min Ar. WHSV: 0.8 h−1.

Table 4. Apparent Activation Energies for Dehydration and
Dehydrogenation of 2-Propanol over Perovskite Catalystsa

apparent activation energy (kJ/mol)

catalyst dehydration dehydrogenation

SrTiO3 141 163
BaTiO3 164 203
SrZrO3 136 69
BaZrO3 150 161

aReaction conditions: 286−320 °C and 50 mL/min Ar. WHSV: 0.8
h−1.

Figure 5. Selectivity toward acetone for the conversion of 2-propanol
over perovskite catalysts. Reaction conditions: 286−320 °C and 50
mL/min Ar. WHSV: 0.8 h−1.
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change is that the peak at 1113 cm−1 (νC−O) vanished. In
addition, the relative intensity of the peak at 1164 cm−1 to that
of 1132 cm−1 for SrTiO3 and BaTiO3 increased, suggesting that
the peak due to νC−O vibration shifted to higher wavenumbers
and possibly overlapped with the peak at 1164 cm−1. For
SrZrO3 and BaZrO3, the peak at 1164 cm−1 blue-shifted to
around 1172 cm−1, suggesting that the peak due to νC−O
shifted even further. This indicates that the oxygen atom of 2-
propanol is interacting with the surface of the zirconate
perovskites to a different extent, which is also supported by the
red shift of the peak due to δOH vibration. The largest shift was
observed for SrZrO3.
After the adsorption of 2-propanol at 25 °C, the temperature

was increased under flowing He to observe its reaction on the
surface. Only the FTIR spectra for the temperature-
programmed reaction of 2-propanol on BaTiO3 is shown in
Figure 7, as the results are similar for the rest of the perovskites
(Figure S5). At room temperature, a negative peak is observed
at 1640 cm−1, which could be attributed to the displacement of
water molecules.57 As the temperature increased from 25 to
100 °C, the relative intensity of the peak at 1310 cm−1 (δOH)
decreased slightly, suggesting the dissociation of the alcohol
group. By 200 °C, the intensity of the peaks due to adsorbed 2-
propanol decreased, while two new peaks are observed at 1693
and 1578 cm−1. These two peaks are due to the νCO and
νCC vibrations of acetone and propene, respectively,57

indicating the occurrence of surface conversion of adsorbed 2-
propanol. At 300 °C, the peak due to acetone has vanished,
probably due to the desorption of the adsorbed acetone species.
3.4. Adsorption Microcalorimetry of 2-Propanol and

Acetone. Figure 8 shows the differential heats of 2-propanol

adsorption on the perovskite catalysts at 30 °C. SrZrO3
displayed the highest initial heat of adsorption of 120 kJ/mol,
while BaTiO3 showed the lowest initial heat of adsorption of 85
kJ/mol. SrTiO3 and BaZrO3 have similar intermediate values.
Differential heat of adsorption generally decreased as a function
of surface coverage. In the case of SrTiO3, the heat of
adsorption decreased to 95 kJ/mol and remained constant up
to a surface coverage of 4 μmol/m2, followed by a decrease
again.
The heat of adsorption of acetone on the perovskite catalysts

was also measured as acetone is a major product in the
conversion of 2-propanol. The initial heat of adsorption of
acetone ranges between 90 and 120 kJ/mol (Figure S6) over
the four perovskites. As surface coverage increased, the
differential heat of acetone adsorption on the perovskites
decreased gradually.

3.5. Density Functional Theory Calculations of
Adsorption Geometry and Energetics. To provide atom-
istic insights into the adsorption and surface chemistry of 2-
propanol on the perovskite catalysts, we examined both A- and
B-terminated surfaces with the low-Miller-index (001) facet.
Experimentally, the (001) facet is predominantly exposed,58−61

consistent with theoretical studies of surface energy showing
the (001) facet to be the most stable for this class of
perovskites.62,63 Figure 9 shows the final adsorption config-
uration of 2-propanol on BaTiO3 from DFT calculations, which
is representative of the other perovskites. On the A-cation-
terminated surface, the hydrogen atom from the alcohol group

Figure 6. FTIR spectra of 2-propanol adsorption on perovskite
catalysts at 25 °C.

Table 5. Peak Assignment of 2-Propanol Adsorption and
Temperature-Programmed Reaction on Perovskite Catalysts

frequency (cm−1) assignment group

1693 νCO acetone
1578 νCC propene
1470 δasymCH3 2-propanol
1389−1362 δsymCH3

1342−1330 δCH
1329−1283 δOH
1173−1164 νC−C and νC−O
1132 ρCH3

Figure 7. FTIR spectra of temperature-programmed reaction of 2-
propanol on BaTiO3.

Figure 8. Heat of adsorption of 2-propanol on perovskite catalysts
measured at 30 °C.

ACS Catalysis Research Article

DOI: 10.1021/acscatal.7b00783
ACS Catal. 2017, 7, 4423−4434

4428

http://pubs.acs.org/doi/suppl/10.1021/acscatal.7b00783/suppl_file/cs7b00783_si_001.pdf
http://pubs.acs.org/doi/suppl/10.1021/acscatal.7b00783/suppl_file/cs7b00783_si_001.pdf
http://dx.doi.org/10.1021/acscatal.7b00783


of 2-propanol dissociated spontaneously and formed a hydroxyl
group with a surface oxygen atom (O*), while the oxygen atom
of 2-propoxide interacts with the hydroxyl group (Figure 9A).
The distance between the dissociated O and H atom is
calculated to be around 1.47 Å, while the length of the O*−H
bond is approximately 1.04 Å (Table S4). For the B-cation-
terminated surface, the oxygen atom from the alcohol group of
2-propanol interacts with the surface B cation (B*), resulting in
a Lewis acid−base interaction. The length of the alcohol O−H
bond is approximately 0.98 Å, while the length of the O−B*
bond is around 2.2 Å. As listed in Table S4, the calculated
adsorption energy of 2-propanol on the A-cation-terminated
surface is consistently higher than on the B-terminated surface
for the perovskites, except for BaTiO3. Figure S7 shows a
positive correlation between the experimental and average DFT
adsorption energies of 2-propanol on the perovskite catalysts.
The average DFT adsorption energy was calculated using the
surface density of acid and base sites obtained in Table 2,
assuming that the A- and B-terminated surfaces are responsible
for the base and acid sites, respectively. The trend shows that
SrZrO3 displayed the highest adsorption energy for 2-propanol,
followed by BaZrO3, SrTiO3, and BaTiO3.
Figure 10A shows the adsorption energy of 2-propanol on

the A-cation-terminated perovskites obtained using DFT
calculation compared to values obtained using the micro-
calorimeter. For theoretical calculations, the adsorption energy
of 2-propanol was shown for both fixed (i.e., ideally truncated
and unrelaxed; see result in Table S4) and relaxed surfaces. For
a fixed surface, the adsorption energy decreases with increasing
tolerance factor. However, when the A-cation-terminated
surface is allowed to relax, the resulting adsorption energy
increases linearly with the tolerance factor, which is similar to
the trend observed for experimental values. This indicates that
the more cubic the perovskite (tolerance factor closer to 1), the
lower is the surface relaxation after 2-propanol adsorption and
the lower is the adsorption strength. After the surface is allowed
to relax, the surface oxygen atom is displaced to a certain extent
as it interacts with the hydrogen atom of the alcohol group. We

call this relaxation of the surface oxygen atom the active site
displacement. Figure 10B shows a negative correlation between
the active site displacement and the tolerance factor of the
perovskite catalysts. BaTiO3 displayed the highest tolerance
factor and the least active site displacement, while SrZrO3
exhibited the highest displacement of the surface oxygen atom.
SrTiO3 and BaZrO3 have similar values. The displacement of
active site on the B-cation-terminated surface is negligible.

3.6. Correlation between Acetone Synthesis Rate and
Surface Heat of Reaction. Scheme 1 shows a simplified

potential energy diagram on the dehydrogenation of 2-propanol
to acetone. Briefly, gaseous 2-propanol chemisorbs to the
surface, forms a transition state, undergoes dehydrogenation to
form adsorbed acetone and hydrogen, and the products desorb
as gas phase species. It is assumed that molecular hydrogen
physisorbs to the surface of the perovskite catalysts under
steady state reaction condition since the enthalpy of adsorption
(ΔHads,hydrogen) from our DFT calculation is shown to be small
for the perovskite catalysts (Table S5). Another assumption is

Figure 9. Adsorption configuration of 2-propanol on BaTiO3 (001)
for (A) Ba2+ or the A-cation-terminated surface and (B) Ti4+ or the B-
cation-terminated surface from DFT geometry optimization. Red,
oxygen; green, Ba; light gray, Ti; dark gray, C; white, H.

Figure 10. (A) Correlation of the adsorption energy of 2-propanol
with the tolerance factor of the bulk perovskites for experimental
adsorption energy, DFT-computed adsorption energy on a relaxed A
surface, and DFT-computed adsorption energy on an unrelaxed (or
fixed) A surface. (B) Correlation of active site displacement on the A-
terminated surface (that is, oxygen atom relaxation from DFT
geometry optimization) with the tolerance factor.

Scheme 1. Potential Energy Diagram on the
Dehydrogenation of 2-Propanol to Acetone
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that the activation energy for the dissociation of the hydrogen
atom on the alcohol group of 2-propanol is negligible (vide
infra). Hence, the removal of hydrogen atoms from adsorbed 2-
propanol to form acetone can be considered as a single
elementary step. On the basis of Scheme 1, the surface heat of
reaction (ΔĤrxn,surface) can be approximated using the following
equation (see the detailed derivation in Supporting Informa-
tion).

Δ ̂ ≈ −Δ + Δ ‐H H Hrxn,surface ads, acetone ads,2 propanol

where ΔHads,acetone and ΔHads,2‑propanol are the adsorption energy
of acetone and 2-propanol, respectively.
The adsorption energy of 2-propanol and acetone is obtained

using the initial heat of adsorption measured from micro-
calorimetry (Figures 8 and S6). Although there is a distribution
of adsorption sites as evidenced by adsorption microcalorimetry
at lower temperatures, only the initial adsorption energies of 2-
propanol and acetone are used to estimate ΔĤrxn,surface (vide
infra).
Figure 11 shows that there is a negative correlation between

acetone synthesis rate and ΔĤrxn,surface for SrTiO3, BaTiO3, and

BaZrO3 between 290 to 310 °C. SrZrO3 is not shown as the
rate of acetone synthesis does not fit the trends due to its
orthorhombic crystal structure, as discussed below. At all
temperatures, BaTiO3 displayed the highest acetone synthesis
rate and lowest ΔĤrxn,surface, followed by BaZrO3 and SrTiO3.

4. DISCUSSION
4.1. Dependence of Acid−Base Sites on the Surface

Composition of Perovskites. Acid−base properties are key
parameters in oxide catalysts to determine the selectivity and
activity of catalytic reactions. Furthermore, the surface structure
of metal oxides is a major factor that dictates the nature of
surface acid and base sites where acid−base reactions essentially
take place. Thus, it is important to elucidate the composition of
the top surface and correlate it to its surface properties,
especially for binary oxides such as perovskites. In this way, the
acid−base properties of metal oxides can be tuned by
modulating its surface composition. However, there are very
limited reports in the literature related to the dependence of
acid−base sites on surface termination of perovskites. Tesquet
et al. synthesized various LaFeO3 perovskites with increasing La
content and evaluated their acid−base properties from the
reactivity of 2-propanol.64 Excess lanthanum in the perovskite
resulted in surface enrichment of La2O3, and the selectivity to

acetone increased with higher La content. However, the surface
composition of LaFeO3 without excess La was not reported.
Sahu et al. measured the formation enthalpy and surface
energetics of various niobate and tantalate perovskites.65 The
authors correlated the stability of perovskites with their acid−
base chemistry without further characterization.
In this study, on the basis of LEIS analysis, it is shown that

SrTiO3 and BaZrO3 have a higher ratio of A to B cation on the
surface, while this ratio is close to 1 for BaTiO3 (Figure 2). In
comparison to its surface properties, the ratio of base to acid
sites on SrTiO3 and BaZrO3 is around two times that on
BaTiO3 (Table 2). This suggests that the higher ratio of A
cations on the surface of perovskites resulted in a higher surface
density of base sites, which are basic surface oxygen atoms
(Table S3). Since the ratio of base to acid sites on SrZrO3 is
relatively high, it is conceivable that this perovskite also has a
higher ratio of Sr to Zr on the surface, although LEIS analysis
cannot differentiate between Sr and Zr. Furthermore, most of
the Lewis acid sites on the perovskite catalysts are weak, while
there are intermediate and strong basic surface oxygen atoms
(Figure S4).
Figure 3 shows that the Lewis acid sites of titanates are

stronger than those of zirconates, while the basic surface oxygen
atoms of zirconates are stronger than those of titanates. The
decreasing trend of the heat of adsorption of NH3 on BaTiO3,
SrZrO3, and BaZrO3 reflects the heterogeneity of the surface
acid sites, whereas the constant heat of adsorption with
coverage on SrTiO3 suggests that the distribution of acid sites is
more homogeneous. For the adsorption of CO2, the difference
in the distribution of base sites on the perovskites is likely due
to the different ratios of A to B cations on the surface as
evidenced by LEIS analysis (Figure 2), as perovskites enriched
with A cations have a higher surface density of base sites. It has
been shown in the literature that TiO2 has stronger Lewis acid
sites compared to those of ZrO2,

51 indicating that the Lewis
acid sites on the perovskite catalysts are due to the unsaturated
surface B cations. However, although BaO has stronger base
sites compared to those of SrO,66 the surface basicity is similar
for the two titanates or zirconates, with the two zirconates
being more basic. Thus, although the acid−base properties of
perovskites are a result of the interplay between the A and B
cations exposed on the surface, it appears that the strength of
both the acid and the base sites is more affected by the type of
B cation on the surface.
The higher ratio of A cations and the strong basicity on the

surface of the perovskites suggest that the crystal structure is
largely terminated by SrO or BaO, which are basic in nature.66

In contrast, surface studies on similar perovskites in the
literature reported that the surface is mainly terminated by BOx.
Erdman et al. used high resolution electron microscopy and
density functional theory to study the surface termination of
single crystal SrTiO3 (001) surfaces.60,67 It was reported that
the crystal is terminated by TiOx polyhedrons and that the
structure formation rule can be extended to other perovskites.
Computational studies on the surface structure of BaTiO3 and
SrZrO3 concluded that the BOx-terminated surface appears to
be more stable,68,69 while the surface energies of BaO and ZrO2
are similar for BaZrO3.

70 However, the effect of high
temperature pretreatment in the presence of oxygen was not
taken into account in the literature, which could explain the
difference in surface termination observed in this study.
Recently, Dagdeviren et al. reported that high temperature
treatment under oxygen atmosphere or ultrahigh vacuum

Figure 11. Correlation between acetone synthesis rate and surface
heat of reaction over three perovskites.
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(UHV) alters the surface structure of the SrTiO3 (100) single
crystal and the ratio of A to B cations.71 Hence, the results
reported here suggest that the surface of these perovskites is
largely terminated by SrO or BaO under reaction conditions. It
remains an interesting area to investigate the surface
composition of perovskites under different treatments and
even reaction conditions.
4.2. Adsorption of 2-Propanol and Its Dependence on

Tolerance Factor. The adsorption of 2-propanol has been
extensively studied over various oxide catalysts. These catalysts
include MgO,54 NiO,72 layered double hydroxide containing
Mg and Al,53 and common metal oxides such as Al2O3, TiO2,
SiO2, and Nb2O5.

23,56 In most of these studies, on the basis of
the disappearance of the δOH vibrational peak, it was reported
that 2-propanol adsorbs dissociatively on metal oxides. To our
knowledge, there have been no reports on the adsorption of 2-
propanol on perovskites. Understanding the adsorption and
conversion of 2-propanol on perovskite catalysts will help to
elucidate the role of acid and base sites in the reaction
mechanism.
In this study, the existence of the δOH IR peak (Figure 6)

indicates the presence of undissociated 2-propanol adsorbed on
the four perovskite catalysts at 25 °C. However, the presence of
dissociated 2-propanol can also be inferred on the perovskites
enriched with A cations, as DFT calculations have shown that
2-propanol adsorbs dissociatively on an A-cation-terminated
surface (Figure 9A). Furthermore, the decrease in relative
intensity of the δOH vibrational peak at 100 °C indicates the
dissociation of the alcohol group, while both the frequency and
intensity of the νC−O vibrational mode remain unchanged
(Figure 7). This suggests that the νC−O vibrational mode of
dissociated 2-propanol on the surface is very similar in
frequency to that of the undissociated species, such that the
additional dissociation at 100 °C does not result in intensity
change of the νC−O mode. Therefore, both undissociated and
dissociated 2-propanol are present on the perovskite surfaces
upon room temperature adsorption, and only dissociated 2-
propanol is present at higher temperatures.
The frequency of the νC−O vibration blue-shifted further for

zirconates compared to that for titanates, indicating that the
oxygen atom of the alcohol group is involved in surface
interaction to a larger extent. In addition, the experimental
results are in good agreement with DFT calculations, which
shows that the adsorption energy on an A-cation-terminated
surface for AZrO3 is higher in magnitude compared to that of
ATiO3 (Table S4).
Copeland et al. studied the adsorption of glycerol on various

metal oxides such as Al2O3, CeO2, MgO, TiO2, and ZrO2 and
reported a positive linear correlation between the frequency of
νC−O vibration and the electronegativity of the metal atom.51

It was suggested that the increasing electronegativity of the
metal cation can draw electron density from the oxygen atom.
Subsequently, the oxygen atom draws electron density from the
carbon atom to a smaller extent, resulting in increased dipole
between the alkoxy carbon and oxygen atom. As such, surface
interaction with the alcohol group would shift the νC−O
vibrational frequency to higher wavenumbers, which was
observed for the adsorption of 2-propanol (Figure 6). In the
case of the perovskites studied here, the frequency for the νC−
O vibration is higher for zirconates compared to that for
titanates. However, the electronegativity for a Zr cation is lower
compared to that of a Ti cation.48 We believe this positive
linear correlation cannot be applied to mixed oxides such as

perovskites because the surface of the four perovskites is
terminated with a mixture of BO with a larger proportion of
AO (vide supra). Thus, the measured Lewis acidity of the
perovskites could be influenced by the presence of the A
cations exposed on the surface in addition to the B cations.
Comparison between the relaxed vs unrelaxed surfaces

(Figure 10A) suggests that the DFT-computed adsorption
energy of the reactant (2-propanol) is not only related to the
chemical identity of the surface cations but that it is largely
presided over by the tolerance factor (a bulk property) of the
perovskites, which describes the relative size of the cations in
the structure. Perovskites with a tolerance factor deviating from
unity tend to displace its active site proportionally to stabilize
the adsorbate, leading to stronger adsorption. Although SrZrO3
has a different crystal structure and surface geometry, the
adsorption enthalpy of 2-propanol is still linearly correlated
with the tolerance factor. This suggests that ΔHads,2‑propanol
encompasses the change in surface geometry related to the
bulk structure, and the synergy between acid and base site, as
the adsorption and dissociation of 2-propanol occurs on both
types of surface sites as discussed below.

4.3. Reaction Mechanism of 2-Propanol on Perovskite
Catalysts. The reaction mechanism of 2-propanol conversion
over the four perovskites can be deduced from the results of the
surface chemistry of 2-propanol and the properties of the acid
and base site. Several reaction mechanisms have been proposed
in the literature for the formation of acetone and propene from
2-propanol over oxide surfaces. In general, the dehydration of
alcohols can occur via three different mechanisms, E1, E2, and
E1cB.

22,52,73−75 The E1 mechanism is a two-step pathway
catalyzed only by strong acid sites, where a carbenium ion is
formed from the release of an OH− group, followed by the loss
of a Hβ proton. This mechanism can be excluded for the
perovskites as most of the Lewis acid sites on the perovskites
are weakly acidic as indicated by the IR-pyridine adsorption
study. The second pathway is the E2 elimination mechanism,
which occurs in a single step on an acid−base pair of
intermediate strength. In this pathway, the OH group and the
Hβ proton are removed in a concerted mechanism. Similarly,
this is not likely for the perovskites due to the weak acidity of
the surface sites. The E1cB pathway, which is accompanied by
the dehydrogenation reaction, is a two-step pathway involving
weak Lewis acid and strong base sites (Scheme 2), similar to
the surfaces of the perovskites studied here. As such, the E1cB
mechanism is the most likely pathway for 2-propanol
conversion over our perovskite catalysts. The alcohol group
of 2-propanol is initially deprotonated by a basic surface oxygen
atom, forming a surface OH group, while the alkoxide is
adsorbed on an adjacent Lewis acid site. Results from FTIR
spectroscopy support the presence of 2-propoxide as the
reaction intermediate (Figures 6 and 7). Subsequently, the
abstraction of Hα or Hβ would lead to the formation of acetone
or propene, respectively. It has been suggested that the
selectivity to acetone or propene would depend on the relative
acidity of Hα or Hβ and the basic properties of the acid−base
sites.75 Since both acid and base sites are required for
dehydration and dehydrogenation, it is proposed that a balance
or synergism between the acid and base sites on the perovskite
surface determines the product selectivity or the rate of acetone
and propene production in the conversion of 2-propanol. This
kind of synergism between acid and base sites for alcohol
conversion was also observed over other metal oxides.76−79

ACS Catalysis Research Article

DOI: 10.1021/acscatal.7b00783
ACS Catal. 2017, 7, 4423−4434

4431

http://pubs.acs.org/doi/suppl/10.1021/acscatal.7b00783/suppl_file/cs7b00783_si_001.pdf
http://dx.doi.org/10.1021/acscatal.7b00783


The E1cB mechanism over the perovskite surfaces is further
supported by our DFT results. DFT calculations show that 2-
propanol has a different adsorption configuration on different
surface terminations (Figure 9) of the perovskites. On an A-
cation-terminated surface, the hydrogen atom of the alcohol
group is dissociated and forms a hydroxyl group with a basic
surface oxygen atom. On a B-cation-terminated surface, the
oxygen atom of the alcohol group forms a Lewis acid−base
interaction with a coordinatively unsaturated metal cation.
These results suggest that the basic surface oxygen atom on an
A-cation-terminated surface is involved in dehydrogenation,
while the Lewis acid site on a B-cation-terminated surface is
involved in dehydration. Although the surface of the perov-
skites has a larger proportion of SrO or BaO than TiO or ZrO,
the presence of both Lewis acid and basic surface oxygen atom
in close proximity can be expected. The positive trend between
the experimental and average DFT adsorption energy of 2-
propanol further supports the presence of a heterogeneous
surface (Figure S7). On the basis of DFT calculations, the
dehydration of 2-propanol over perovskite catalysts is likely to
occur via the E2 and E1cB mechanism, although the former
pathway is expected to occur to a small extent as most of the
Lewis acid sites are weakly acidic (Figure S4). The
dehydrogenation of 2-propanol can only occur through the
E1cB pathway.
4.4. Trends in Acid−Base Catalysis Using Perovskites.

As shown in Scheme 2, acid−base catalysis of 2-propanol over
perovskite catalysts involves the adsorption of the reactant on
an active site, the dissociation of the proton from the alcohol
group to form a surface intermediate, and the formation of the
adsorbed products, followed by desorption. Reactions involving
solely acidic sites, such as the dehydration of methanol and
glycerol, can be described by the strength of the acid sites and
the ratio of Lewis to Brønsted acid sites, respectively.80−82

However, in the presence of a base site, these reactivity
descriptors are incomplete since the rate of reaction depends
on the interaction of the acid and base sites with surface
intermediates. To date, descriptors that account for acid−base
catalysis over perovskite catalysts remain unavailable in the
literature.

Reaction rates obtained experimentally reflect the free energy
differences between the transition states and the respective
precursor states.83,84 As such, reactivity descriptors should
reflect the free energy differences associated with the
composition and structure of the catalysts. The Brønsted−
Evans−Polanyi (BEP) relationship85,86 states that the surface
activation energy (ΔEact,surface) of an elementary reaction step is
directly proportional to ΔHrxn,surface and that it allows the
estimation of activation barriers from surface heat of reactions
for catalysts with similar surface geometries.87−92 Therefore, we
propose that ΔĤrxn,surface may be used as a potential descriptor
to compare reactivity trends among different perovskite
catalysts at various temperatures. The plots in Figure 11
show that ΔĤrxn,surface, obtained from the measured heat of
adsorption of 2-propanol and acetone at room temperature,
correlates with the synthesis rate of acetone over the three
perovskites (SrZrO3 does not fit the trends due to its
orthorhombic crystal structure). The correlations show that
the rate of dehydrogenation increases with lower ΔEact,surface,
which is due to the fact that the energy barrier to reach the
transition state is lowered for perovskites with lower ΔEact,surface.
However, there are limitations in using ΔĤrxn,surface as a

reactivity descriptor. First, only the initial adsorption energy of
2-propanol and acetone measured at room temperature is used
in our calculation of ΔĤrxn,surface. However, under reaction
conditions, the surface sites of the catalysts are not vacant. As
such, the relevant differential heats of adsorption at actual
coverage under reaction conditions should be considered.
Second, a distribution of active sites is expected to contribute to
the observed reaction rate, resulting in a range of ΔĤrxn,surface.
These two factors must be considered in order to develop a
robust reactivity descriptor. As such, further work is required to
verify that the surface heat of reaction can be used as a definite
reactivity descriptor for acid−base catalysis by perovskites.

5. CONCLUSION
For the first time, we provided in this work a detailed
investigation and understanding on the surface acid−base
properties and reactivity of a series of selected perovskite
catalysts and laid the groundwork for further exploration of
perovskite catalysts in acid−base reactions. Characterization of
the four perovskites, SrTiO3, BaTiO3, SrZrO3, and BaZrO3,
revealed that these catalysts have a high ratio of intermediate
and strong basic surface oxygen atoms to weak Lewis acid sites,
after pretreatment at 550 °C in the presence of oxygen. This
acid−base property is related to the fact that the surface of
these perovskites is largely dominated by the AO layer (SrO or
BaO) as measured by LEIS analysis. Using the conversion of 2-
propanol as a probe reaction under steady state condition, these
perovskites exhibit a high selectivity to acetone (>70%)
compared to that of propene. On the basis of FTIR
spectroscopy supported by DFT calculations, it is suggested
that both dehydration and dehydrogenation reactions occur
mainly through the E1cB pathway, which involves the
deprotonation of the alcohol group to form a common alkoxy
intermediate. The displacement of the adsorption site on the A-
cation-terminated surface and the adsorption energy of 2-
propanol (ΔHads,2‑propanol) correlate linearly with the tolerance
factor of the perovskites. This implies that the adsorption
property of perovskites encompasses not only the synergy
between surface acid and base sites but also the change in
surface geometry imposed by the bulk structure. The work here
manifests the importance of understanding not only the bulk

Scheme 2. Proposed E1cB Mechanism for the Dehydration
and Dehydrogenation of 2-Propanol over Perovskite
Catalysts
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structure but also the surface structure and composition for
catalysis over complex oxides such as perovskites.
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