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ABSTRACT: Methane conversion has received renewed interest due to
the rapid growth in production of shale gas. Methane combustion for
power generation and transportation is one of the alternatives for methane
utilization. However, complete conversion of methane is critical to
minimize negative environmental effects from unburned methane, whose
noxious effect is 25 times greater than that of CO2. Although perovskite
catalysts have high thermal stability, their low activities for methane
combustion prevent them from being utilized on a commercial basis.
In this work, we show the impact from reconstruction of surface and
subsurface monolayers of perovskite catalysts on methane combustion,
using SrTiO3 (STO) as a model perovskite. Several STO samples obtained
through different synthetic methods and subjected to different post-
synthetic treatments were tested for methane combustion. Through top
surface characterization, kinetic experiments (including isotope labeling experiments) and density functional theory calculations,
it is shown that both surface segregation of Sr and creation of step surfaces of STO can impact the rate of methane combustion
over an order of magnitude. This work highlights the role of surface reconstruction in tuning perovskite catalysts for methane
activation.
KEYWORDS: surface reconstruction, perovskite catalysts, methane activation, methane combustion, step-sites

■ INTRODUCTION
The production of natural gas, composed mostly of methane,
has increased significantly in recent years and its growth is
projected to be steady over the coming decades.1 Methane is
widely used in power generation, transportation, and heating
applications.2−4 Flame combustion of methane, however,
produces harmful NOx compounds at the high temperatures
involved in this process.2,4 Therefore, catalytic combustion of
methane at lower temperatures is an environmentally advanta-
geous process. Nonetheless, the reduction of reaction temper-
atures when employing a suitable catalyst may lead to unburned
methane, which has a noxious effect 25 times greater than that of
CO2.

2,5 Thus, research efforts seek catalysts with outstanding
performance (full methane conversion at low temperatures)
and long-term thermal stability.
Although expensive noble metal catalysts have shown the

highest rates for methane combustion, their poor thermal
stability has turned researchers’ attention toward inexpensive
and thermally stable alternatives, such as perovskites.2−4,6−8

Perovskites are mixed metal oxides of general formula ABO3,
where A represents a lanthanide, alkali or alkaline component
and B represents a transition metal. Perovskites have shown
excellent thermal stability (up to 1000 °C), resistance to
sintering of substituted metals, and high oxygen mobility,
which is beneficial for typical reduction−oxidation (redox)
processes such as CH4 combustion.8,9 The effects of surface
reconstruction of perovskites on catalysis have been explored
only in the past decade,10−17 revealing the underexplored
catalytic potential of these materials. In this paper, we address
in detail the effect that surface reconstruction of perovskites
has on CH4 activation. The model perovskite catalyst under
study is SrTiO3 (STO), and we explore its catalytic activity for
CH4 combustion, aiming to unveil critical findings toward the
activation of CH4. Since surface reconstruction is common for
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perovskites, as shown in our previous work16,17 as well as by
others,10−15,18−21 we believe the present work has the potential
to impact the field of methane conversion over perovskite
catalysts in general.
Although STO is not among the most active perovskite

catalysts for methane combustion due to its limited redox prop-
erties, its excellent thermal stability and the recent knowledge
obtained on its reconstruction properties10,16,17,21−29 make this
catalyst a well-suited model system for fundamental studies of
surface tunability toward enhanced CH4 activation. Redox prop-
erties including oxygen vacancies and lattice oxygen mobility of
perovskite catalysts, critical for methane combustion, are often
tuned by varying the composition of B site or doping both A and
B sites. For example, lanthanum manganite and cobaltite have
shown superior activity for methane combustion among the
perovskite family.7 These strategies often lead to the change of
crystal structure and surface composition, making it difficult
to establish the structure−catalysis relationship. The present
study on the effect of surface reconstruction on the rate of
methane combustion was conducted on a set of STO samples
with the same crystal structure and elemental composition,
allowing the study of other factors relevant for catalysis while
holding the redox contributions constant. It is shown that
tuning the relative composition of Sr at the STO surface can
increase the reaction rate of methane combustion over an order
of magnitude. Although STO remains a low-activity catalyst, the
fundamental insights gained herein open a new possibility for
improving the reactivity of other perovskites via controlling the
surface reconstruction, which can be a general approach for
perovskites.
In this work, we use a combination of experimental and

computational approaches to relate the subsurface layer com-
position with top-surface composition, as well as top surface
reconstruction with the performance of undoped STO cata-
lysts. Step sites of the Sr-terminated surface are identified as
the active sites for CH4 homolytic activation. Interestingly,
others have arrived at a similar conclusion, reporting that CH4
activates over steps and corners of MgO on a Li-doped MgO
catalyst.30 This work shows evidence for the role of step sites
on CH4 activation over perovskite catalysts and relates the
reconstruction of the catalyst surface (and subsurface) to rates
of CH4 combustion over a broad set of samples synthesized in
various ways.

■ EXPERIMENTAL DETAILS

Materials. Strontium titanate (STO) and strontium oxide
(SrO) were commercially obtained from Sigma−Aldrich.
Titanium oxide in the rutile phase was purchase from Alfa
Aesar. Argon, helium, 10% CH4/Ar (or 10% CH4/He), 5%
16O2/He, 2% CO2/Ar, and 10% CD4/He were purchased form
Airgas. 2% CO/Ar/He was purchased from Air Liquide. 2%
18O2/He was purchased from Sigma−Aldrich.
Chemical Etching. Sr from top surface layers was etched

off STO samples by use of a 0.2 M aqueous solution of HNO3
(20 mL of solution/g of catalyst) as previously performed by
Peng et al.14 and also implemented in our previous publica-
tions.16,17 Briefly, the catalyst sample was submerged in the
acid solution, and the mixture was vigorously stirred for a few
seconds and left still for 1 day at room temperature. The
catalyst was then washed with deionized water and centrifuged
at least four times at 12 000 rpm for 10 min. The separated
solid was dried at 60 °C overnight in a vacuum oven.

Incipient Wetness Impregnation. Sr was deposited on
the sample surface by means of incipient wetness impregnation
(IWI), following a procedure reported previously.31,32 Briefly,
Sr(NO3)2 was dissolved in water and the resulting solution was
impregnated onto the catalyst. Impregnation was performed in
a glass dish such that the solid was homogeneously wetted with
the solution. The mixture was placed in the drying oven at 110 °C
for approximately 16 h at 110 °C. Before samples were used for
catalytic tests, they were calcined at 750 °C for at least 5 h.

Hydrothermal Synthesis. A set of STO catalysts was
synthesized by the hydrothermal (HT) method.33−35 The
three samples synthesized via this method had cubic, truncated
cubic, and dodecahedral shapes after calcination at 550 °C for
4 h in air. For this work, however, the samples are further
calcined at 750 °C for 5 h in air to achieve the thermodynami-
cally stable shape of the sample under reaction conditions.
After calcination at 750 °C, the samples appear as cubic with
irregular truncations. The synthetic procedure has been
thoroughly described previously.17 Briefly, 20 g of ethanol,
12 g of 1,2-propanediol, or 1.2 g of pentaerythritol were added
to 25 mL of deionized water, for the synthesis of cubes,
truncated cubes, or dodecahedral STO nanocrystals, respec-
tively. Subsequently, 0.26 mL of titanium(IV) chloride was
added dropwise into the solution, followed by 30 mL of LiOH
aqueous solution containing 3.78 g of LiOH·H2O and by
10 mL of SrCl2 aqueous solution containing 0.63 g of SrCl2·
6H2O. The mixture was stirred after each addition. The
resultant mixture was placed in a Teflon-lined stainless-steel
autoclave (Parr 5000 multireactor stirrer system). The auto-
clave was heated at 180 °C for 48 h. After cooling to room
temperature, the sample was washed and centrifuged several
times. The sample was then dried at 100 °C for 12 h. Finally,
the sample was calcined in air at 550 °C for 4 h and then at
750 °C for 5 h.

Brunauer−Emmett−Teller Surface Area. A Micro-
meritics Gemini 2375 surface area and pore size analyzer was
used to perform nitrogen physisorption at −196 °C. Before any
measurements, the samples were calcined at 750 °C in air for
5 h to measure surface areas under reaction conditions. The
catalysts were degassed for 1 h prior to measurement. Surface
areas were calculated by the BET method.36

X-ray Diffraction. X-ray diffraction (XRD) was used to iden-
tify the crystal structure of the samples studied. The PANalytical
Empyrean system was employed for the measurements, using Cu
Kα radiation. Incident angles (2θ) were between 5° and 90°.

Low-Energy Ion Scattering Analysis. Low-energy ion
scattering (LEIS) measurements were performed at Lehigh
University in an ION-TOF Qtac100 spectrometer (ION-TOF
GmbH, Münster, Germany). The sample was outgassed within
the spectrometer preparation chamber in vacuum at 100 °C for
a few minutes. In some cases, O2 was then introduced into the
preparation chamber, and the temperature was ramped to
500−600 °C and held for 30−60 min for in situ thermal
pretreatment. After cooling and chamber evacuation, the
sample was then analyzed by LEIS. Charge neutralization was
invoked during spectra acquisition and sputtering. Spectra
were collected by use of 3 keV of He+ at 3 × 1014 ions·cm−2 or
5 keV of Ne+ at 1 × 1014 ions·cm−2 per profile cycle. Sputtering
of the samples, to obtain the depth profile, was done with
0.5 keV of Ar+ at 5 × 1014 ions·cm−2 per profile cycle.
Sr composition [Sr/(Sr + Ti)] reported in this work is

calculated by assuming that the Sr composition is 50% at 5 nm
depth for a commercial STO sample without any pretreatment.
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Inductively Coupled Plasma Measurements. Induc-
tively coupled plasma (ICP) measurements were performed by
Galbraith Laboratories Inc. Two representative samples were
sent for ICP analysis: a STO sample synthesized via the HT
method (catalyst 12 in Table S1) for which traces of Li were
tested, and a control sample (Sr/TiO2, catalyst 16 in Table S1),
to obtain the exact amount of Sr deposited on the surface.
X-ray Photoelectron Spectroscopy. STO samples were

calcined ex situ in O2 at 750 °C for 5 h before X-ray
photoelectron spectroscopic (XPS) measurements. XPS
spectra were collected for each powder sample on a Thermo
K-Alpha XPS system with a spot size of 400 μm and a resolu-
tion of 0.1 eV. All spectra were processed by use of Thermo
Avantage, which is a software package provided through
Thermo Scientific.
Kinetic Measurements. CH4 combustion was performed

in a fixed-bed reactor by use of an AMI-200 Altamira
instrument. Before kinetic measurements were performed,
each sample was pretreated in situ under 50 mL/min 5% O2/
He at 750 °C for 5 h. For all results presented in the main text,
30 mg of catalyst (except for 11 mg for sample 14 in Table S1)
were diluted in quartz beads (diluent/catalyst = 13 by mass),
both sieved to particle size 177−250 μm, were loaded into a
U-tube reactor to perform the kinetic measurements. CO and
CO2 were the predominant products observed. Products were
analyzed by use of a Buck Scientific Model 910 gas chro-
matograph (GC) equipped with a flame ionization detector
and a HayeSep-D column. The GC response factor was
calibrated for all compounds.
Temperature-programmed reaction (TPR) experiments

were performed at a slow heating rate (1.5 °C/min) that
allowed reproduction of conversions and selectivities at steady
state (Figure S1) and browsing of a wide range of temperatures
for the various samples tested in this study (Figure S2). For fair
comparison of rates among a set of catalysts operating under
differential conditions at different temperature ranges, rates
were extrapolated after fitting the data at conversions no greater
than 17% to a simple rate expression:8 rate = k(PCH4

)n(PO2
)m.

Tests regarding mass transfer limitations and the effect of space
velocity are reported in Figures S4−S6.
Fourier Transform Infrared Spectroscopy. Fourier

transform infrared (FTIR) spectroscopic measurements were
performed in a Thermo Nicolet Nexus 670 FTIR spectrometer
with a mercury cadmium telluride (MCT) detector. The
catalyst samples were calcined ex-situ at 750 °C and then
loaded into a crucible placed in a diffuse reflectance infrared
Fourier transform spectroscopy (DRIFTS) cell (Pike Technol-
ogies). The catalysts were activated in situ under 30 mL/min
argon at 450 °C for 1 h. After pretreatment, the temperature of
the cell was lowered to −146 (±4) °C and a background
spectrum was collected. Following the background collection,
7% CH4/Ar at 30 mL/min flowed through the cell for 10 min;
then the gas flow was switched to 30 mL/min argon. Spectra
were recorded with 32 scans at a resolution of 4 cm−1 during
the adsorption/desorption processes.
Electron Microscopy. High-angle annular dark-field

scanning transmission electron microscopy (HAADF-STEM)
was carried out on an aberration-corrected FEI Titan S 80−
300 TEM/STEM operated at 300 kV. Imaging was performed
with a probe convergence angle of 30 mrad and a large inner
collection angle of 65 mrad. All images were taken after
calcination of the samples at 750 °C for 5 h.

Density Functional Theory. Periodic density functional
theory (DFT) calculations were performed with the Vienna ab
initio Simulation Package (VASP).37,38 The PBE-GGA func-
tional39 was used for electron exchange and correlation.
The electron−core interaction was described by use of the
projector-augmented wave method (PAW).40,41 An energy
cutoff of 450 eV and a 3 × 3 × 1 Monkhorst−Pack scheme42

were used for the calculations. A 3 × 3 supercell of the slabs
was created from the unit cell, and van der Waals correction
were implemented. Transition states were found by use of the
climbing-image nudged elastic band (CI-NEB) method43 with
a force convergence of 0.05 eV/Å.

■ RESULTS AND DISCUSSION
Surface and Subsurface Composition. Two sets of STO

catalysts were studied. The first set was generated by treating
commercially obtained STO (STOcom) with a 0.2 M solution
of HNO3 and/or impregnating it with Sr via IWI. The
chemical etching (HNO3 treatment) exposed Ti cations at the
surface,16 whereas impregnating the sample with Sr increased
the surface composition of Sr. The second set of STO catalysts
(STOHT) was synthesized in-house by the HT synthetic
method. The solvent used in the HT method led to different
surface reconstruction of the catalysts, as shown later in this
paper. The compositions of the top surface layer from LEIS
analysis and BET surface areas of all the studied samples are
provided in Table S1. All STO samples presented the per-
ovskite crystal structure without detectable additional phases
via XRD (see Figure S7).
As lithium was used for the synthesis of STOHT samples, the

Li content in one of the STOHT samples (catalyst 12 in Table S1)
was analyzed via ICP. It was found that lithium was present at
0.11 wt %. Other impurities were also detected at the top
surface of the catalysts via LEIS (Figure S8). Unfortunately,
lithium is not directly detectable by LEIS with 3 keV of He+ as
a probe, which was used in the present work. To analyze the
concentration of impurities near the surface of the catalysts,
XPS measurements were performed on select STO samples
(Figure S9 and Table S3). Traces of F, Na, Cl, and C were
detected at the near-surface region; however, Li was not.
No direct correlation can be drawn between the presence of
impurities and the trends in catalytic activity (see discussion in
Supporting Information). Rather, the concentration of Sr at the
surface and the density of step sites are the most relevant
reactivity descriptors, as explained below.
The reconstruction of perovskites at the surface is not only

influenced by postsynthetic methods and synthetic conditions
described above, but it is also known that thermal treatment of
the samples induces enrichment of Sr at the surface.16 After
impregnation of commercial STO (and chemically etched
commercial STO) with Sr, it was observed that even mild heat
treatment in air (110 °C for 16 h) promoted enrichment of the
top surface and subsurface monolayers with Sr, and increased
treatment temperature (750 °C) promoted even further seg-
regation of Sr at the surface (Figure 1a,b). Nonetheless, as seen
in Figure 1a, the impregnated commercial STO sample (Sr/
STO) treated at 110 °C showed only a slight increase in Sr
concentration toward the surface when compared with the
untreated STO sample, whereas the heat treatment at 750 °C
notoriously increased the concentration of Sr at the surface and
subsurface.
The composition of the top surface correlates with the

composition of sublayers independent of the various synthetic
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and posttreatment methods (impregnation, chemical etching,
and heat treatment) employed. These methods were used to
obtain STO samples with a wide range of surface compositions
(Figure 1c). See representative LEIS spectra and full depth
profiling in Figures S8 and S10. This is clear evidence of the
role that STO bulk plays in stabilizing certain surface com-
positions of the catalyst. In addition, catalysts with the perov-
skite crystal structure showed activity for CH4 combustion,
whereas a Sr-impregnated TiO2 sample did not show catalytic

activity, suggesting that the bulk plays a role in this catalytic
process (presented in the next section). As will be shown, the
composition of the top surface is a surface reactivity descriptor
for a subset of perovskites, and therefore, one can draw a
correlation between the composition of catalyst subsurface and
catalyst performance.

Catalyst Performance. The various STO catalysts were
tested for CH4 combustion under rich (O2/CH4 = 4) and lean
(O2/CH4 = 1.6) conditions. Variation of CH4 consumption
rate and CO2 selectivity with respect to the composition of
the top surface at O2/CH4 = 4 is presented in Figure 2.

The samples showed vastly different rates for CH4 combustion
under both rich and lean O2 concentrations (Figure 2 and
Figure S11, respectively), with rates per surface area differing
by more than an order of magnitude for different surface
compositions. Selectivity toward complete combustion (CO2)
was weakly dependent upon temperature. As a control, TiO2
and Sr/TiO2 (1.6 mg of Sr·m2 of TiO2) were tested for CH4
combustion and showed no activity, different from the catalytic
activity showed by the impregnated STO samples (0.1−1 mg
of Sr·m2 of STO). This highlights that the relative composition
of cations at the surface and subsurface, as well as their
arrangement (related to the crystal structure), are critical for
methane combustion.

Kinetic Isotopic Effect. As seen in Figure 2, enrichment of
the surface with Sr promotes the rates of CH4 combustion over
a wide range. To unveil the underlying catalytic phenomena
leading to this trend, kinetic isotopic experiments were per-
formed, initially to identify the part of the mechanism where
the rate-determining step (RDS) is located, and posteriorly to
compare the energetic barriers associated with overcoming the

Figure 1. Surface Sr/(Sr + Ti) cation intensity ratio as a function of
probing depth using LEIS analysis for (a) commercial STO,
commercial STO impregnated with Sr and dried at 110 °C overnight
(Sr/STO), and Sr/STO calcined at 750 °C and (b) chemically etched
STO (STO(HNO3)), STO(HNO3) impregnated with Sr and dried at 110 °C
overnight (Sr/STO(HNO3)), and Sr/STO(HNO3) calcined at 750 °C. (c)
Correlation between the concentration of Sr at the top surface of the
catalyst and the concentration of the subsurface at different probing
depths for all STO catalysts studied in this work. Refer to Supporting
Information for detailed information about these samples.

Figure 2. (a, c) Rate of methane conversion versus composition of
top catalyst layer at different temperatures for (a) STO catalyst
synthesized via the HT method (STOHT) and (c) STO catalyst after
chemical etching or IWI of commercial STO (STOcom). (b, d) CO2
selectivity versus composition of top catalyst layer at different
temperatures for (b) STOHT and (d) STOcom. Reaction conditions:
30 mg of catalyst (11 mg for STOHT with 24% surface Sr), 1.4 atm,
feed consists of 51 mL/min 1.1% CH4, 4.5% O2, balance Ar + He.
Values greater than unity for the ratio of rate of CO2 consumption to
rate of CH4 consumption arise from extrapolation of reactivity data, as
explained under Experimental Details.
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RDS for the samples under study. The kinetic isotopic effect
(KIE) was measured as the ratio between the rate of reaction
with an unlabeled reactant mixture (CH4 +

16O2), and the rate
of reaction with an isotopic reactant mixture. The two isotopic
mixtures used were CD4 +

16O2 (CD4 KIE) and CH4 +
18O2

(18O2 KIE). The KIE was measured under the same reaction
conditions (for at least 1 h time-on-stream) for select samples
covering most of the range of surface compositions studied
herein. In this initial stage, reaction conditions were chosen
such that fractional conversions were obtained for both regular
and labeled reactants, while the temperature, pressure, space
velocity, and catalyst mass were held constant. Due to the
different reaction rates and surface areas of the catalyst
samples, differential conditions (conversion below ∼15−17%)
were not achieved while all reaction conditions were held
constant. However, in this initial comparison (Table 1), the
objective is to compare CD4 KIE to 18O2 KIE for each sample,
not to draw comparisons among samples. As shown in Table 1,
the RDS was found in the part of the reaction mechanism
corresponding to the dehydrogenation of CH4, not the
dissociation of O2, as CD4 KIE (1.32−1.50) is larger than
18O2 KIE (1.09−1.16) in all cases. The theoretical KIE is
greater for the CH4/CD4 switch (1.79) than for the 18O2/

16O2
switch (see Supporting Information for details), and one can
expect intrinsically higher CD4 KIE than 18O2 KIE; however,
on a normalized basis (column 100 × KIE/KIEtheor in Table 1),
the kinetic isotopic effect is still generally greater for CD4 than
for 18O2. This shows that O2 dissociation is not the major
kinetically relevant step for CH4 combustion over perovskites.
To rule out the effect of reaction conversion on the

measured KIE, in a second stage, we have conducted TPR
experiments over a wide range of temperatures, and the rates
were extrapolated after fitting the data at conversions no
greater than 17% to a simple rate expression (see Experimental
Details and Supporting Information). The values for CD4 KIE
(measured under differential conditions) as a function of the
composition of the top catalyst surface are shown in Figure 3.
All the measured CD4 KIE for STO samples in this study were
very similar, suggesting similar energetics for the transition
state involved in methane activation for the samples studied.
The differences in the rate of methane combustion (Figure 2)
can then be attributed to different surface density of active
sites, and therefore, one can hypothesize that the density
of active sites increases as the surface becomes richer in Sr.
However, this hypothesis is true when studying the two sets of
STO catalysts separately (STOcom and STOHT).
Although each set of STO samples (STOcom and STOHT)

shows a correlation between the rate of methane consumption
and the concentration of Sr at the surface, it is clear that
STOHT samples exhibit considerably higher rates when

compared with STOcom samples (Figure 2a,c) at similar sur-
face Sr concentrations. This difference is due to the increased
density of the most active sites (step sites) in the STOHT
samples when compared to the STOcom samples, as explained
in the following sections.

Electron Microscopy. Although LEIS is a powerful
technique to characterize the composition of the surface with
monolayer precision, this technique does not provide infor-
mation about the arrangement of atoms at the surface. For that
purpose, high-angle annular dark-field scanning transmission
electron microscopy (HAADF-STEM) was employed to image
the surface termination of select STO samples (see Figure 4
and Figures S12 and S13). Three samples were carefully
chosen for imaging: the sample with the highest rate of
CH4 consumption (Figure 4a) and two samples with similar
surface composition but significantly different reaction rates
(Figure 4b,c). In general, for all the particles imaged, the lattice
ends with Sr atoms enriched at the (100) and (010) facets,
while both Sr and Ti are exposed when the lattice terminates
with the (110), (130), (140), (4−10), and (450) facets. The
higher index terminations [(130), (140), (4−10), and (450)]
are stepped surfaces, which are found to be most abundant on
the most active STOHT sample with 94% surface Sr (Figure 4a),
followed by a STOHT sample with 57% surface Sr (Figure 4b)
and a STOcom sample with 66% surface Sr (Figure 4c).
Interestingly, the rate of CH4 consumption is qualitatively
related to the observed fraction of stepped terminations, as

Table 1. Kinetic Isotopic Effects for Select STO Samplesa

CD4 KIE
b 18O2 KIE

c

conversion (%) conversion (%)

sample
Sr/(Sr + Ti) at

surface T (°C)
CH4 +
16O2

CD4 +
16O2 KIE

100 ×
(KIE/KIEtheor)

d
CH4 +
16O2

CH4 +
18O2 KIE

100 ×
(KIE/KIEtheor)

e

STOHT 0.39f 674 15.6 10.4 1.50 84 16.7 14.5 1.15 75
STOcom 0.72 674 33.9 25.6 1.32 74 35.3 32.5 1.09 71
STOHT 0.96f 674 15.7 11.0 1.42 79 16.9 14.6 1.16 76

aSamples were either obtained commercially (STOcom) or synthesized in-house by the HT method (STOHT).
bReaction conditions: 30 mg of

catalyst, 1.4 atm, feed consists of 55 mL/min 1.0% CH4, 1.7% O2, balance Ar + He. cReaction conditions: 30 mg of catalyst, 1.4 atm, feed consists
of 51 mL/min 1.1% CH4, 1.8% O2, balance Ar + He. dCD4 KIEtheor = 1.79. e18O2 KIEtheor = 1.53. fTaken from ref 17.

Figure 3. CD4 KIE at different temperatures, measured under
differential conditions, for CH4 consumption rate over STO catalysts
under study. Reaction conditions: 30 mg of catalyst, 1.4 atm, feed
consists of 55 mL/min of 1.0% CH4, 1.7% O2, balance Ar + He.
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displayed in Figure 4d. Furthermore, it is seen from samples b
and c in Figure 4d that the concentration of Sr at the surface
does not necessarily correlate with the density of step sites,
since these two samples present very similar surface com-
position (57% and 66%, respectively) and yet a different concen-
tration of step sites. It is worth mentioning that only after 750 °C
treatment in O2 (as performed before kinetic measurements in
this study) does the surface of the catalyst STO, synthesized via
the HT method with 94% surface Sr composition (sample a in
Figure 4), develop step terminations. Treatment at 550 °C in O2
results in a cubic structure terminated predominantly with (100)
facets.17 The exact reason behind the different reconstruction
behaviors of commercial and STOHT samples is not within the
scope of this study.
Density Functional Theory Calculations. To test if the

abundance of surface step sites is responsible for enhanced
rates from a reaction-mechanism perspective, periodic DFT
calculations were performed to find the homolytic and

heterolytic C−H activation energies for methane dissociation
on representative surface terminations of STO (see Table 2
and Figure 5). Initially, low-index pristine terminations including
(111), (110), and (100) were tested for C−H bond cleavage,
and they showed similar activation energies for the most
favorable heterolytic cleavage. In homolytic cleavage, a hydro-
gen atom from CH4 binds a surface oxygen, creating a free
methyl radical. In heterolytic cleavage, a carbanion is created
and attached to a surface metal atom. For a pristine (100)
facet, the surface can be fully terminated on either Sr or Ti, and
it can also have a mixed Sr−Ti termination when step sites are
introduced. The pristine facets (110) and (111) can be
terminated only with a mixed Sr−Ti layer.
Due to its versatility, the low-index (100) facet was used to

model defect (or nonpristine) surfaces, as shown by HAADF-
STEM (Figure 4). Since the catalysts studied showed surface
Sr compositions between 20% and 96%, the activity of mixed
Sr−Ti sites was tested (Ti-doped). As shown in Table 2, for

Figure 4. HAADF-STEM images of STO particles (after calcination at 750 °C for 5 h) recorded along [001] zone axis. The labels a, b, and c can be
correlated with the results of reactivity displayed on the bottom-right corner (graph d). Samples a and b are STO synthesized via the HT method
with 94% and 57% Sr at the surface, respectively. Sample c is a STO sample obtained commercially. Reactivity data have been presented in Figure 2
but are recollected to ease the discussion of the results. Panels ii,iii and iv,v are close examinations of the boxed regions in panel i. Facets are
interpreted in the images. The intensity, I, in the HAADF-STEM image is in direct proportion to the atomic number, and thus brighter contrast
indicates Sr while weaker contrast indicates Ti. However, O contrast is too weak to be observed. Schematic models are shown in panels iii and v.
Close examinations of particles b and c are reported in Supporting Information.
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the low-index terminations [(111), (110), and (100)], the
STO(100) facet with the Sr step has the lowest activation
energy for methane C−H cleavage, 0.32 eV. Substitution of a
Ti atom on the Sr-terminated (100) surface (Figure 5b) gave
an activation energy for the cleavage of the C−H bond of

0.60 eV, which is lower than the activation energies obtained
with any pristine surface (0.98−2.43 eV). As shown in the
previous section, one can qualitatively relate the abundance of
step sites to increased rates of reaction (Figure 4). Indeed,
homolytic dehydrogenation on the Sr-terminated stepped
surface (rather than the Ti-terminated stepped surface as
shown in Figure 5c) presented the lowest activation barrier
(0.32 eV; Figure 5d), and it is therefore suggested that this
surface structure provides the most active site for the cleavage
of the C−H bond. The Ti-terminated stepped surface showed
a less favorable activation energy (0.55 eV). This agrees with
reactivity tests and microscopy results, which show that enrich-
ment of Sr at the surface (and subsurface) and creation of step
sites enhance rates for CH4 combustion.
To corroborate our conclusion, homolytic cleavage on the

higher-index (4−10) termination, observed via microscopy
(Figure 4a,iii), was tested. The initial, transition-state, and final
structures of CH4 activation were very similar on the Sr-stepped
(100) and (4−10) terminations (Figure 5d,e, respectively), and
the stepped Sr termination remains the one with the lowest
activation energy among the terminations tested.
The Rideal−Eley (RD) and Mars−Van Krevelen (MVK)

mechanisms have been reported for CH4 catalytic combustion
over perovskites.7,8 Independent from the mechanism, we have
identified the RDS in the dehydrogenation of methane, and the
homolytic C−H cleavage has been identified as the most
favorable pathway. Creation of the methyl radical can lead to
subsequent gas-phase reactions,44 and thus, this step dictates
the rate of reaction.

Infrared Spectroscopy. As observed in Table 2, the
adsorption energy of physisorbed CH4 on the Sr pristine and
Sr step surface is the weakest (0.10 eV); therefore, one could
expect weaker adsorption of methane as the concentration of
Sr at the surface increases. Subambient DRIFTS experiments
were performed to corroborate computational insights about
the interaction of CH4 with different STO surfaces; namely,
the enrichment of Sr at the surface weakens the adsorption of
methane. After adsorption of CH4 on the catalyst surface for
10 min at −146 °C, desorption of surface species was
monitored via infrared spectroscopy (Figure 6). Adsorption of
methane on surface-Ti-rich STO was stronger than on surface-
Sr-rich STO, as the relative intensity of the vibrational modes
around ∼2870 cm−1 (Figure 6a,b) and ∼2885 cm−1 (Figure 6c,d),
attributed to the activated C−H bond in adsorbed methane,45−47

decreased as the fraction of Sr at the surface increased. These
experimental results corroborate predictions made by DFT
regarding weaker CH4 adsorption on Sr-richer STO surfaces
(Table 2); and thus, they support the reliability of the com-
putational results regarding energetic barriers for CH4 activa-
tion. In fact, STOHT samples (the set with the highest CH4
conversion rates) showed negligible adsorption of CH4
(Figure 6e−g). It is noteworthy that CH4 presented stronger
adsorption on surface-Ti-rich STO than on the single metal
oxide TiO2 (Figure S14). Enrichment of Ti at the surface of
STO might be of interest for processes where strong CH4
adsorption is desirable; however, such exploration lies beyond
the scope of this work, and it must be kept in mind that DFT-
based adsorption energies can only be related to experimental
catalytic performances through careful microkinetic modeling.

■ CONCLUSIONS
In conclusion, the surface composition of SrTiO3 (STO)
was successfully tuned in a broad range via different synthetic

Table 2. DFT-Calculated Adsorption Energies for CH4 and
Activation Energies for Homo- and Heterolytic C−H Bond
Cleavage Pathways over STO Surfaces

facet termination pathway Eads (eV) Eact (eV) ΔH (eV)

(111) Sr and Ti hetero −0.13 1.13 0.19
(110) Sr and Ti hetero −0.21 1.03 0.90
(100) Sr pristine homo −0.10 2.43 1.46
(100) Ti pristine hetero −0.34 0.98 0.71
(100) Sr (Ti-doped) hetero −0.21 0.60 −0.38
(100) Ti step hetero −0.19 0.55 0.21
(100) Sr step homo −0.10 0.32 −3.68
(4−10) Sr step homo −0.14 0.14 −3.72

Figure 5. DFT structures of CH4 dissociation for select terminations
of (100) STO surface. Color code: Sr, green; Ti, light gray; O, red; C,
dark gray; H, white.
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conditions and postsynthetic chemical and thermal treatments.
This work shows that the composition of the catalyst subsur-
face dictates the composition of the top surface. This presents
a direct connection between the composition of subsurface
layers of a perovskite catalyst and the performance of the
catalyst for CH4 activation, since the concentration of Sr at the
surface is shown to be a descriptor for catalytic activity for a
subset of STO catalysts, and the density of stepped sites is put
forth as qualitative descriptor for the whole set of STO cata-
lysts under study. More specifically, the concentration of Sr at
the top layers is proportional to the rate of methane combus-
tion when two sets of STO catalysts are analyzed independently.
Measurement of kinetic isotopic effects (KIE) showed CH4
activation as the rate-determining step (instead of O2 activation)
and showed that the energetic barrier for CH4 activation on all
samples studied is similar. This suggested that enhanced rates for
STOHT samples are due to more abundant active sites for CH4
activation, not necessarily sites with different activation energies.
Electron microscopy (HAADF-STEM) showed that the STOHT
samples have more abundant step sites at the surface, putting
forward the hypothesis that step sites are more favorable for CH4
activation. Indeed, DFT simulations showed that Sr step surfaces
provide the lowest activation barrier for methane dissociation.
Since the value of CD4 KIE is approximately the same for all
samples studied, we conclude that the step sites are present on all
samples, but the abundance of these sites is what derives in
different rates per surface area. Thus, the higher rates for STOHT
catalysts compared to STOcom catalysts are a consequence of
higher density of active sites (Sr step site) as a result of surface
and subsurface reconstruction. Subambient DRIFTS experiments
provide further support to DFT predictions on the adsorption
strength of CH4 on STO surfaces, which reinforces the reliability
of the DFT-predicted activation barriers.

With growing research efforts in methane catalysis, we have
shown through atomic-level experimental and computational
catalyst characterization, and kinetic isotopic experiments, that
surface reconstruction of perovskites may be well capitalized
for advanced catalyst design toward efficient methane
activation.
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