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ABSTRACT: The high thermal stability of perovskites has drawn attention towards their applications for catalytic
CHy, activation and conversion, typically occurring at high temperatures. The reaction rates of perovskite catalysts
for CH, combustion, however, trail behind those of noble metal catalysts. Ways to optimize the performance of
perovskite catalysts are destined to trial-and-error approaches unless their complex reconstructed surfaces are
correlated with fundamental kinetic parameters. Discerning the intrinsic activity of surface catalytic sites, and the
density of those sites is crucial to rationally envision complex metal oxides with enhanced catalytic performance.
The present work presents a detailed kinetic analysis of catalytic CH, combustion over a set of 7 perovskites
(SrTi0s, SrZrO;, SrFeOs, LaFeOs, LalnOs;, LaCoOs;, LaMnOs) with various surface terminations. Steady-state
isotopic transient kinetic analysis (SSTIKA) was employed to measure turnover frequency (TOF) and density of
surface intermediates () under operando conditions. Top surface characterization elucidated performance-
structure relationships between near-monolayer surface composition and intrinsic reactivity of the catalysts. By
using a chemical etching procedure to expose Fe-sites at the top surface of LaFeO; (LaFeOs ynos), its TOF was
increased 4-fold, compared with the unmodified sample, although N on the surface of LaFeO; o3 decreased. DFT
simulations corroborated that surface Fe-termination and La-Fe termination offer lower energetic barriers for CH,
activation, when compared with La-termination. In general, surface reconstruction is shown as a tool to tune TOF
and N to improve reaction rates. This work fills a gap in current kinetic studies of perovskites through a careful
assessment and discussion of the density and intrinsic reactivity of active sites for methane combustion over well-
characterized reconstructed perovskite surfaces.

KEYWORDS: Perovskites, CH, activation, CH, combustion, isotopic kinetic analysis, surface reconstruction,
surface termination

INTRODUCTION

Recent growth and projected increase in the production of
shale gas have motivated renewed interest in the utilization of
methane.! From an academic standpoint, methane combustion
is a simpler reaction network for CH, conversion, compared
with reforming, coupling, aromatization and others.>* Thus,
methane combustion is a suitable reactive system to test
reactivity descriptors for catalytic methane activation. From a
practical standpoint, elucidating catalysts that completely
combust methane at low operating temperatures is crucial for
the abatement of pollution, since high temperatures required for
flame combustion of methane in air (non-catalytic) lead to
production of noxious NO, gases.** In addition, unreacted
methane is a stronger greenhouse gas than CO,.?

Perovskite catalysts are mixed metal oxides of general
formula ABO;, where A represents a lanthanide, alkaline, or
alkaline-earth cation and B represents a transition metal.®
Perovskites have high thermal stability, required for catalytic
CH, combustion. However, they are less active than noble
metal catalysts. Ample literature has been reported on CH,
combustion over perovskite catalysts, and it has been reviewed
in detail.> 7 Reports have unveiled catalytic properties that
explain differences in the reactivity of a set of perovskites.
Catalytic activity for methane oxidation has been associated to

the stability of specific metal oxidation states,!%!3 existence of
oxygen vacancies,'’> 1“5 oxygen mobility,'> 158 Lewis acid
sites,'* segregation of the A-cation at the surface and the
creation of step sites.!”

Despite the progress made in understanding reactivity
trends for sets of perovskites; to-date, the activity of perovskites
catalysts for CH, activation over an ample range of elemental
compositions has not been addressed from a fundamental
kinetic standpoint and essential queries remain: What is the
intrinsic reactivity (turnover frequency) of the active sites?
What is the density of active surface species? And how do they
relate to the composition and reconstruction of perovskite
catalysts? Answering these questions will enable us to envision
superior complex oxide catalysts with high density of highly
active catalytic sites. Addressing these fundamental questions
demands decoupling the intrinsic reactivity of the active sites
(TOF), the density of active sites, and the density of surface
intermediates (). The measurement of these kinetic parameters
may be skewed if it is not performed under operando
conditions, and on the operando reconstructed surface. In the
present work, we perform a detailed kinetic study of the
intrinsic reactivity of perovskite surfaces, and relate it to the
reconstructed catalyst surface. This study reveals fundamental
explanations behind macroscopic conversions and reaction



rates observed for a set of 7 perovskites of various elemental
compositions and surface reconstructions (SrTiO;, SrZrO;,
SrFeOs, LaFeOs, LalnOs;, LaCoO3, LaMnOs). These catalysts
are chosen as they include two different A-cations (Sr, La) and
six different B-cations (Ti, Zr, Fe, In, Co, Mn). Further, this
series of perovskites provides a direct comparison of the
influence of the A-cation while holding the B-cation constant
(SrFeO; vs. LaFeO;). In addition, this set of perovskites is
expected to present a broad range of reaction rates for CH,
combustion,> as will be confirmed later in this manuscript,
facilitating the evaluation of reactivity descriptors.

We show that when the perovskite surface is A-
terminated (in an ‘ABO;’ perovskite), and the B-cation is held
constant (Fe), La provides higher TOF than Sr. Upon study of
the La-perovskites, we found that exposing Fe at the surface of
LaFeO; led to a 4-fold increase in TOF. This work shows how
detailed correlations between operating surface structures and
kinetic parameters can be leveraged to design routes for
enhancing the intrinsic reactivity.

EXPERIMENTAL DETAILS

Catalysts and materials. SrTiO; and SrZrO; were
commercially obtained from Sigma Aldrich and Alfa Aesar,
respectively. StFeO; was synthesized via a sol-gel procedure.?
LaFe03,2! LaCo0;?2% and LaMnQO;** were synthesized using
the citrate method. LalnO; was synthesized by a modified
evaporation-induced self-assembly (EISA) approach.?3-20

For the synthesis of SrFeOs;, an ethanol solution of
strontium nitrate (with a few drops of water to help dissolve the
strontium nitrate) was mixed with an ethanol solution of ferric
nitrate with the appropriate mol ratio, and an ethanol solution
of oxalic acid at 40 °C for 4 h. The mixture was dried at 150 °C
for 24 h. The resulting material was grounded and heated to 500
°C at 6 °C/min, and held for 1 h, then heated to 800 °C at 10
°C/min and held 10 h in a flow of air.

For the synthesis of LaFeO;, LaCoO; and LaMnQO;, a
concentrated solution of metal nitrates at proper mol ratio (ca.
0.01 M each) was mixed with an aqueous solution (30-40 mL
water) of citric acid (0.02 M) at 40 °C for 30 min. The molar
ratio of citric acid to total metal cations was fixed at unity.
Water was evaporated from the mixed solution at 80 °C, to
obtain a viscous gel. The gel was heated for 12 h at 110 °C (for
LaFeO;) or 150 °C (for LaCoO; and LaMnOs;). The resulting
glassy material was grounded and heated to 150 °C for 1 h.
Next, the material was calcined. For synthesis of LaFeO;, the
material was calcined in a flow of air to 800 °C at 5 °C/min and
held for 5 h. For LaCoOs, the material was calcined in a flow
ofair to 500 °C at 6 °C/min and held for 30 min, then up to 700
°C at 10 °C/min and held for 5 h. For LaMnQ;, the material
was calcined in a flow of air to 500 °C at 6 °C/min and held for
60 min, then up to 750 °C at 10 °C/min and held for 6 h.

LalnO; was synthesized by a modified evaporation-
induced self-assembly (EISA) approach.?>2¢ All chemicals
were purchased from Sigma-Aldrich and used as received.
1.0825 g La(NO;);-6H,0, 1.0221 g In(NO;);-6H,0, 4 g
Pluronic P-123 (Mn ~ 5800, EO»PO;EOy), 6 g Urea were
added in alcohol (100g)-water(10g) solution. The mixed
homogeneous solution was stirred at 300 RPM and dried at
room temperature for 48 h. The resulted precursor was calcined
in air by slowly increasing the temperature (1 °C/min) from
room temperature to 800 °C and holding at 800 °C for 2 h.

Fe,0; and La,0; were commericially obtained from
Sigma Aldrich and Alfa Aesar, respectively.

Gases were purchased from Airgas, except for 2%

180,/He, which was purchased from Sigma-Aldrich.
Chemical etching. LaFeO;no; Was synthesized by treating
LaFeOj; in a 0.2 M aqueous solution of HNOj; as implemented
in our previous publications.?’-? Briefly, 0.3 g of LaFeO; were
dissolved in 6 mL of 0.2 M HNOj in a vial. The mixture was
stirred at room temperature for 1 h at 520 RPM. Next, the
sample was washed with deionized water and centrifuged at
least three times at 10000 RPM for 5 min. The separated solid
was dried in a vacuum oven at 60 °C overnight. Finally, the
sample was calcined at 750 °C for 5 h.

LaFeO; giyic, LaMnOjgyie and LaCoOsgyie Were
synthesized by treating LaFeO;, LaMnO; or LaCoOs in an
aqueous solution of citric acid.'? 0.3 g of LaFeO; (or LaMnOj)
were dissolved in 6 mL of 1 M citric acid in a vial. The mixture
was stirred at room temperature for 1 h at 520 RPM. Next, the
sample was washed with deionized water and centrifuged at
least three times at 10000 RPM for 5 min. The separated solid
was dried in a vacuum oven at 60 °C overnight. Finally, the
sample was calcined at 750 °C for 5 h. LaCoO; .y Was
prepared by treating 0.45 g of LaCoO; in 9 mL of 1 M citric
acid and following the same procedure.

BET surface area. A Micromeritics Gemini VII Surface Area
and Porosity Analyzer was used to measure the surface area of
the samples via nitrogen physisorption at -196 °C using the
BET method.?” Before any measurements, the samples were
calcined ex situ at 750 °C in air for 5 h.

X-ray diffraction (XRD). A PANalytical Empyrean system
was employed for the measurements, using Cu Ka radiation.
Incident angles (20) were between 5 and 90°. Samples were
calcined ex situ at 750 °C for 5 h before performing
measurements.

Steady-steady isotopic transient Kinetic analysis (SSITKA).

SSITKA experiments were performed in a commercial
Altamira Instruments system (AMI-300). 30 mg of each
catalyst were diluted in 360 mg of quartz sand. Both catalyst
and quartz sand were sieved to 177-250 microns. The
catalystt+quartz mixture was loaded to a U-tube reactor and held
in place using quartz wool. The catalysts were treated in situ at
750 °C for 5 h under 53 ml/min of 4.2% O,/He before
conducting the reaction at each temperature.

CH, combustion was conducted with a “regular feed” of
0.38 % CH,, 0.38 % Ar, 1.54 % O,, balance He, and with a
“labelled feed” of 0.38 % '*CH,, 1.54 % O,, balance He. The
reaction was conducted for 2 h with a “regular feed” (Ar was
the tracer accounting for the gas-phase hold-up). After this
stabilization period, the inlet of the reactor was switched to
“labelled feed”. While holding the total flow, temperature, and
pressure constant. The transient concentration of reactants and
products was monitored using a mass spectrometer (MS)
(Pfeiffer Vacuum). The concentration of product in the reactor
effluent was quantified using a gas chromatograph (GC) (Buck
Scientific). The pressure in the reactor varied with temperature
and total feed flow between 1.5 and 2.2 atm. During the isotopic
switch, the pressure variation inside the reactor was minimized
using back pressure regulators. Conversion was maintained
between 7 and 32 % to attain a compromise between differential
conditions and good resolution of the MS signals during the
SSITKA switch. Reaction rate was found to be dependent on
the total flow rate of the feed, therefore, rate per surface area,
conversions and N are reported for a total inlet flow rate of 91
mL/min.

TOF and N were calculated exclusively for CO, as it is
the main product (CO was the secondary product). The surface
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residence time (1) of species involved in CO, production was
measured using the normalized transient of CO, (m/z=44)
during the isotopic switch. To obtain the real surface residence
time (1), T was measured at different total flows (65-117
mL/min), and the value was extrapolated to infinite flow.
Assuming pseudo-first-order irreversible reaction with a single-
intermediate pool, TOF is calculated as 1/zp. The density of
surface intermediates, N, is calculated as N = [rate CO,
production] x 1,.33! The observed kinetic isotopic effect of
13CH, was not significant. The error of TOF measured at a
certain temperature is obtained from the error of the intercept in
linear regression t vs. 1/Flow rate. The error of TOF calculated
through interpolation or extrapolation at different temperatures
is obtained from reference 2.

Low-energy ion scattering (LEIS). LEIS measurements were
performed at Lehigh University in an ION-TOF Qtac100
spectrometer. Before LEIS analysis, the samples were calcined
ex situ at 750 °C for 5 h, and then pressed into a crucible at a
pressure of 2000 psi. The samples were then loaded into the
LEIS chamber, where they were heated in 10 mbar of O, at 500
°C for 1 h. Samples were sputtered to a depth of approximately
2 nm using an Ar beam and spectra were acquired at each 0.2
nm increment. Charge neutralization was invoked during
spectra acquisition and sputtering using a beam of low energy
electrons. Spectra were collected using 5 keV Ne* at 2 x 104
ions/cm? per profile cycle. Sputter of the samples, to obtain the
depth profile, was done using 0.5 keV Ar* at 8 x 10'* ions/cm?
per profile cycle. Quantification of La and Sr in the samples was
done using the relative sensitivity factor (RSF) of neighboring
elements (Hf and Zr, respectively). LEIS compositions are
reported in atomic percentage and oxygen-free basis. An ion
beam of 3 keV He* 2 x 10'* ions/cm? was used to scan samples
for nitrogen (possibly remaining after chemical etching).
Inductively coupled plasma (ICP) measurements. ICP
measurements were performed by Galbraith Laboratories, Inc.
X-ray photoelectron spectroscopy (XPS). Before XPS
analysis, the samples were calcined ex situ at 750 °C for 5 h.
XPS was performed using a Thermo Scientific (Waltham, MA,
USA) Model K-Alpha XPS instrument. The instrument utilizes
monochromated, micro-focused, Al K, X-rays (1486.6 eV)
with a variable spot size (i.e., 30-400 um). Analysis of the
sample was performed with the 400 pm X-ray spot size for
maximum signal and to obtain an average surface composition
over the largest possible area. The instrument has a
hemispherical electron energy analyzer equipped with a 128-
channel detector system. Base pressure in the analysis chamber
is typically 2 x 10~ mbar or lower.

Adsorption microcalorimetry. Adsorption microcalorimetry
of CO, was performed using a Micromeritics 3Flex
Characterization Analyzer coupled with a Setaram Sensys Evo
DSC microcalorimeter. Each sample was evacuated at 30 °C for
approximately 1 h, next, the chamber was filled with 500
mmHg of O, and the temperature was raised to 750 °C at 10
°C/min. Once at 750 °C, the sample was maintained under O,
for ~ 2.5 h, evacuated for 30 min, exposed to 500 mmHg of O,
again for approximately ~ 2 h, and evacuated for ~3 h. The
sample temperature was then lowered to 30 °C while
evacuating. Next, CO, was dosed to perform the measurements.
After the final target pressure was reached, the sample was
evacuated for 1 h at the same temperature (30 °C) and CO, was
dosed again. The concentration of the adsorption sites was
determined by the amount of irreversibly adsorbed CO,.
Temperature-programmed  reduction (TPR). TPR
experiments were performed in an AMI-300 unit. 20 mg of each

catalyst were loaded in a U-tube and held in place by quartz
wool. The samples were pretreated in situ at 750 °C for 5 h
under 53 ml/min of 4.2 % O,/He. The gas flowing through the
sample was switched to He and the temperature was lowered to
50 °C. Next, 40 mL/min of 4% H,/Ar were flowed through the
sample and the temperature was ramped from 50 °C to 900 °C
at a rate of 10 °C/min. The consumption of H, was monitored
via MS.

Temperature-programmed '80,-exchange (TPOX). TPOX
experiments were performed in a commercial Altamira
Instruments system (AMI-200). 30 mg of each sample diluted
in quartz sand (1:12 dilution ratio) were loaded into a U-tube
reactor. The catalyst sample was pretreated in situ for 5 h at 750
°C under 50 mL/min of 4.5% O,/He. The sample was cooled
down to ~50 °C, the gas atmosphere was switched to 50 mL/min
of 1.8 % '®0,/He, and the temperature was ramped to ~750 °C
at 11 °C/min. The exchange of %0, and '°O, was monitored via
MS.

Diffuse  reflectance infrared Fourier transform
spectroscopy (DRIFTS). Before DRIFTS measurements, the
perovskite samples were calcined ex situ at 750 °C for 5 h, and
the reference samples (La,0s, Fe,0;) were calcined ex situ at
300 °C for 2 h. DRIFTS was performed with a Nicolet Nexus
670 FTIR spectrometer. Each sample was loaded into the
DRIFTS cell (Pike technologies) and pretreated in situ at 300
°C under 30 mL/min of Ar flow for 45 min. Next, the
temperature was lowered to 25 °C and a background spectrum
was collected. The sample was then exposed to methanol at 25
°C for 10 min (30 mL/min of Ar flowing through a bubbler
containing methanol at room temperature). Next, the sample
was flushed with 30 mL/min Ar for 18 min to desorb methanol.
Spectra were collected during the adsorption/desorption
process.

Density functional theory (DFT) calculations. Calculations
were performed using the Vienna Ab Initio Simulation Package
(VASP).3334 The projector-augmented wave method was used
to describe the electron-core interaction.?* 35 A kinetic energy
cutoff of 450 eV was used. The Perdew-Burke-Ernzerhof
(PBE)*® functional form of generalized-gradient approximation
(GGA) was used for electron exchange and correlation
energies. Dispersion corrections were added using the method
by Grimme.’” A 2x2x1 sampling of Brillouin zone using a
Monkhorst-Pack scheme was used for the k-points.’® A vacuum
layer of 15 A was used for the surface slabs. Transition states
(TS) were found with the nudged elastic band (NEB)* with a
force convergence criterion of 0.05 eV/A.



TOF, was 58 kJ/mol for SrTiO;, whereas it laid between 27 and
43 kJ/mol for the other catalysts. This suggests that CH,
combustion over SrTiO; may proceed via a different reaction
mechanism. In addition, SrTiO; was the catalyst with the lowest
intrinsic activity (TOF, Fig. 2, Fig. S10). A correlation between
TOF, N and rates was not observed amongst the seven

perovskites, showing the importance of fundamentally
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Fig. 1 CH4 combustion over perovskites. a) conversion, b) rate, ¢) CO, selectivity, d) TOF, e) N.

RESULTS AND DISCUSSION

Seven perovskite catalysts of various elemental
compositions (SrTiO;, SrZrO;, SrFeO;, LaFeO;, LalnO;,
LaCo0;, LaMnO;) and crystal structures (Fig. S1) were tested
for CH, combustion. According to XRD characterization, the
chemical formula of some samples deviates slightly from
“ABO;” (Fig. S1). However, in the manuscript we refer to all
samples with the ideal ABO; composition for simplificity. BET
surface areas were between 1 and 19 m?/g (Table S1). Samples
were pretreated in O, at 750 °C for 5 h before kinetic
measurements and characterization, as this pre-treatment time
and temperature are expected to achieve stably reconstructed
catalysts,**  thus  preventing  reconstruction  during
experimentation. Fig. 1a,b,c show the obtained conversion, rate
per surface area and selectivity to CO,. Ranking catalysts from
“most active” to “least active” depends on how “activity” is
defined: conversion, rate per surface area, rate per mass, etc.
Here, we will deep-dive into the most fundamental definition of
activity: the activity per active site (TOF). SSITKA
experiments were performed to find TOF and N at various
temperatures (Fig. 1d,e, Fig. S2-S8). Since the catalysts under
study provide low conversions at different temperature regimes,
we used simple extrapolation using the Arrhenius equation to
compare TOF, N and rates at 550 °C and 625 °C (Fig. 2, Fig.
S9-S10). Activation energies estimated from the regression
log(TOF) vs. 1/T differed from those estimated from the
regression log(Rate) vs. 1/T (Fig. S9). This difference could be
rooted in the change of surface intermediate density with
temperature (Fig. 1e). The activation energy, estimated from

differentiating intrinsic activity and density of active
sites/intermediates.
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Fig. 2 a) TOF, N (density of surface intermediates) and rate for
CH, combustion over perovskites at 625 °C. b) Top surface
composition of perovskites measured via LEIS (Some La was
present in SrTiO; due to sample contamination during LEIS.
See Fig. S11 and associated text presenting ICP and XPS
results).
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Our previous work on CH, activation over reconstructed SrTiO;
catalysts suggested that basic SrO-sites are the active sites for
CH, activation.!> ! Titration of basic sites can be done using
the main product of CH4 combustion, CO,, which is presumed
to provide a reasonable estimate of available surface sites.
Adsorption microcalorimetry was used to quantify the density
of adsorption sites for CO, and the strength of adsorption (Fig.
3, Table 1, Fig. S12)

Table 1 Adsorption microcalorimetry results

CO; adsorption CO, adsorption

Catalyst Energy (kJ/mol) sites (umol/m?)
SrTiO; 131 £ 13 6.7 +0.2%
SrZrO; 140 4.9

SrFeOs 139 + 107 143+£2.1%
LaFeO, 128 5.8

LalnO; 136 + 97 3.6 +0.0
LaCoO; 123 4.8

LaMnO; 116 3.0

T Average of two replicas

Table 1 presents an average of the adsorption energy for
surface coverage during adsorption microcalorimetry (0aym)
between 5% and 60%, and it is intended to provide an estimate
of the adsorption strength for the majority of adsorption sites
(see Fig. 3a,b, Fig. S12). Based on the uncertainty obtained
when replicas of the measurements were performed (SrTiO;,
SrFeO; and LalnO; inTable 1), we conclude that the adsorption
strength of CO, on the catalysts is not significantly different.
Therefore, the strength of basic sites is not concluded as a
descriptor for TOF. The density of adsorption sites for
chemisorption of CO, can be measured by repeating the
adsorption microcalorimetry experiment, after vacuuming the
chamber at room temperature to desorb physisorbed species
(Fig. 3¢). The density of adsorption sites for CO, correlates with
the density of surface intermediates () (Fig. 4a). The coverage
of surface intermediates (6N) on available adsorption sites can
be estimated as: ON=N/[CO, adsorption sites] (Fig. 4b). N, and
thus 0N, increase with temperature for all catalysts except for
SrTiO; and SrFeOs. The increase of N with temperature has
been observed before, and it has been attributed to the fact that
at higher temperatures more sites become active sites.*>*3 Most

importantly, the adsorption sites on SrFeO; are ~100 %
occupied by surface intermediates. This explains the superior
rate per surface area of SrFeO; (Fig. 1b). Namely, SrFeO; has
the highest density of available surface active sites (Table 1),
and nearly all surface sites host active surface intermediates
(Fig. 4b). Active surface intermediates on other perovskites
occupy less than 40 % of available sites. Although LaMnO; has
a very low occupancy of surface sites (Fig. 4b), it presented the
second highest rate per surface area (Fig. 1b) due to the superior
TOF (Fig. 2, Fig. S10).

a) b)

®625°C
0.0 A550 °C

N (umol/m2)

0.1

2.0 20.0
CO, adsorption sites (umol/m?)

’ SITiO, SrZr0, SFeO, LaFeO, LalnO, LaCoO, LaMnO,
Fig. 4 a) N versus CO, adsorption sites, b) surface coverage by
active intermediates (6N).

Now, we take a closer look at TOFs presented in Fig. 2a.
In the x-axis of Fig. 2a, catalysts are ordered from low TOF to
high TOF from left to right. An initial comparison can be drawn
between SrFeO; and LaFeO;, which share the same B-cation
and are predominantly A-terminated at the surface as
characterized via LEIS with near-monolayer sensitivity (81 %
Sr for SrFeO; and 97 % La for LaFeOs, Fig. 2b, Fig. S11). TOF
of LaFeO; is more than twice that of SrFeO; (0.68 versus 0.30
s1); however, the density of surface species of SrFeOs is 6-fold
that of LaFeO; (14.6 versus 2.4 pmol/m?). When the surface
termination of LaFeOs is adjusted to 86 % (sample LaFeO; ynos
later discussed in the text) to compare with the 81 % Sr-
terminated SrFeO;, TOF of the lanthanum sample is even
higher.

In general, TOF of the La-catalysts (LaFeO;, LalnO;,
LaCoO;, LaMnOs) is superior to the TOF of the Sr-catalysts
(StTiOs, SrZrOs, SrFe0s). LaMnO; presented the highest TOF,
nearly 3-fold that of LaCoOj; (second highest TOF) at 625 °C,
and the lowest N (Fig. 2a). Similar trends were observed at 550
°C (Fig. S10). For the Sr-containing samples, Sr and Zr signals
were undistinguishable using LEIS. SrFeO; had more B-cations
at the surface (19%) than SrTiO; (0%), but both samples were
predominantly A-terminated. The surface termination of the
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catalyst with the highest TOF, LaMnO;, was 57 % La and 43 %
Mn, which was the closest to the stoichiometric bulk
concentration (50 %/50 %). We hypothesize that the highest
TOF is attained on B or synergistic A-B sites present on the
surface of LaMnOs.

Before testing our hypothesis, we evaluated other
reactivity descriptors reported in the literature: reducibility of
the catalyst and oxygen mobility. TPR experiments were
conducted to assess the reducibility of the surface (reduction
temperature) and the extent of reduction (H, moles consumed).
No correlation to TOF or N was found (Fig. S13). For instance,
LaFeO; presented negligible reduction during TPR, yet its TOF
and N were not the lowest (Fig. 2a, Fig. S10). Next, the oxygen
mobility of select catalysts with low and high TOF (SrTiO;,
SrZrQ;, LaCoOs;, LaMnO;) was evaluated via '*0,-exchange
experiments (TPOX, Fig. S14). The ease of exchange, related
to the onset temperature, and the extent of exchange (*0 moles
exchanged per 10 mol in the lattice) did not correlate with TOF
or N. For instance, LaMnO; and SrTiO; have the highest and
the lowest TOF respectively (Fig. 2a, Fig. S10); however, the
temperature for the onset of oxygen mobility is much higher for
LaMnOj; than for SrTiO;. N is very similar for SrZrO; and
LaCoO; (Fig. 2a, Fig. S10); however, the amount of oxygen
exchanged up to ~755 °C for LaCoQ;j is 5 times that of SrZrO;
(Fig. S14). N for SrZrO; is equal or higher than for LaMnOs;
however, SrZrO; presents the lowest oxygen mobility in terms
of onset temperature and moles exchanged (Fig. S14). The fact
that reducibility and oxygen mobility do not correlate with TOF
and N, does not mean these catalyst properties are irrelevant for
the catalytic cycle. Instead, it means that for the set of
perovskites studied, within the reaction conditions evaluated,
the reaction rate is described by other catalyst properties, which
would ultimately be a reactivity descriptor. Other work has also
suggested no simple correlation between redox properties of the
catalyst and the rates for CH, oxidation**
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Indeed, LaFeOs,un03 showed higher TOF than LaFeOj; (4-fold)
but LaFeOs; yno; also showed a reduction in N. TOF and N
reported here are “global” values accounting for the
contribution from A and B sites. The fact that TOF grows with
the exposure of B sites (Fig. 5) suggests an increased
contribution from the more active B-sites to “global” TOF.
However, the density of surface intermediates (N) decreases as
more B-sites are exposed. This evidences a trade-off between
TOF and N. Modulating these two kinetic parameters allows to
maximize reaction rates. Breaking this trade-off to attain high
TOF and high N demands further studies that lie beyond the
scope of this work.

For the comparison presented in Fig. Sa, we re-measured
TOF, N and rate for the base LaFeO; catalyst, as our
experimental setup underwent changes in-between collection of
data presented in Fig. 1 and Fig. 5. Small variations did not
affect the conclusions presented (Fig. S16). To manipulate the
extent of etching of the surface, LaFeO; was treated with citric
acid (sample LaFeOs gyic). LEIS analysis with an He* ion beam
did not detect any residual nitrogen on the surface after acid
treatment (HNO; or citric acid). Na and S contamination was
detected both in the base and the acid-treated samples.
Interestingly, treatment with citric acid increased the
concentration of La at the very top surface (100 % La) but
etched La away in the sublayers (Fig. Sb,c). LaFeO; uic
showed the lowest TOF and the highest N, when comparing
LaFeO; samples with different surface compositions (Fig. 5a),
which further supports that the composition of the fop-
monolayer is a descriptor for the intrinsic reactivity of the
surface. La top-surface composition of LaFeO; samples (Fig.
5), measured via LEIS, varied in a narrow range (86-100%).
Therefore, we used DRIFTS of methanol (probe molecule)
adsorption to corroborate the trends obtained via LEIS. Detailed
DRIFTS results can be found in Fig. S17 and associated text.
DRIFTS results support LEIS characterization.
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10F & .
2N
Ve
0.9 \‘ e
O O
® \Q o
TTe—
© < \ M
L 0.8 O i
+ R4 Oo—0.
= SO
5 g O—0—o0—
— - DN &, |
0.7 & LSO .
®p
L ¢
LaFeoS,citric
0.6 | —&— LaFeO, i
4 LaFeO; nos
05 1 n 1 n 1 n 1 n 1 n 1 n 1 n 1 n 1 n
00 02 04 06 08 10 12 14 16 18
Depth (nm)

Fig. 5 a) TOF, N and rate for CH, combustion over LaFeOs jyno3, LaFeO; and LaFeOs i at 520 °C. b) Top surface composition

measured via LEIS. ¢) Depth profile measured via LEIS.

Now that reducibility and oxygen mobility of the catalysts
have been ruled out as descriptors for TOF and N, we proceed
to test our hypothesis that B sites or synergistic A-B sites have
enhanced TOF. The surface of LaFeO; (97% La) was
chemically etched with HNO; to expose Fe cations at the
surface, as confirmed via LEIS (Fig. 5), while conserving the
crystal structure (Fig. S15). This sample is named LaFeO3,un03-

To discern whether a Fe- or La/Fe-terminated sites
provide the highest intrinsic activity, we performed DFT
simulations for C-H bond dissociation in methane over three
different crystallographic terminations (Table 2, Fig. 6). We
assume C-H dissociation is the rate-determining step, as we
found no correlation between TOF and oxygen
mobility/reducibility (Fig. 2a, Fig. S13-S14). (100) and (210)
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facets offer La or Fe terminations, whereas the (110) facet
offers a combined La-Fe termination. The lowest activation
energies occur on Fe-terminated (100) and (210) facets (0.73
and 0.75 eV, respectively), suggesting that the Fe-termination
is more active for CH, activation. However, the Fe-La-O
termination had a moderate activation energy of 1.29 eV, lower
than the activation barrier on La-termination. Therefore, we
conclude that Fe-sites are responsible for enhanced TOF, with
a possible minor contribution from Fe-La sites.

Table 2 C-H activation barriers and reaction energies.
Pathway E,t AH

Facet Termination

100 La Homolytic 322 322
Fe Homolytic 212 2.06
La Heterolytic 161 1.6l
Fe Heterolytic 0.73  0.43

110 Fe-La-O Homolytic 272 272

(0] Homolytic 1.55 1.55
Fe-La-O Heterolytic 1.29 0.45

210 La step Homolytic 212 192
Fe step Heterolytic  0.75

0.33

100 Fe, heterolytic

E,x=0.73 eV

act

AH =0.43 eV

110 Fe-La-O, heterolytic

E,q=1296V AH =045V
o
o s
&
&P
Y. L3

210 Fe step, heterolytic
E,x=0.75eV

act

Fig. 6 Initial, transition state and final configurations (left-to-
right) for CH, activation. Structures with lowest activation
energies (see Table 2). Color code: C-gray, H-white, O-red, Fe-
purple, La-blue.

Treating LaFeO; and LaMnO; in citric acid resulted in
increased concentration of La at the top surface; however,
treatment of LaCoQ; in citric acid resulted in depletion of La at
the top surface (Fig. S18). Tuning the surface composition of
LaMnO; and LaCoQOj; also affected their TOF, with a minor

influence on N (Fig. S21a,b). It is evident that fundamentally
understanding the interaction of etching agents with different
perovskite surfaces to predict reconstruction behaviors grants a
thorough study on its own. Further, although we observed
proportionality between TOF and the concentration of the B-
cation at the top surface of LaFeO; (Fig. 5), this was not the
case for LaMnO; (Fig. S21). Compilation of TOF versus
surface termination of 8 La-perovskites studied here suggests a
nonmonotic dependence of TOF with surface termination (Fig.
S21) but further studies to understand this dependence are
necessary.

CONCLUSIONS

The present work presents a detailed kinetic analysis of CH,4
combustion over a set of perovskite catalysts with various
crystal structures, elemental compositions, and surface
reconstructions. Turnover frequencies (TOF) and density of
surface intermediates (N) were measured under operando
conditions via SSITKA. Comparison of SrFeO; and LaFeO;
with predominantly A-termination shows that La promotes
higher TOF than Sr. Adsorption microcalorimetry
measurements allowed to correlate N with the adsorption sites
for CO,; however, the strength of adsorption (related to the
strength of surface basicity) was not correlated with TOF.
Increasing the concentration of Fe at the surface (86 % La, 14
% Fe) of LaFeO; increased TOF 4-fold, compared with the base
La-terminated (97 % La, 3 % Fe) LaFeO; catalyst. Increase in
TOF was accompanied by a reduction of N, showing that for the
same perovskite structure (i.e., LaFeOs), tuning the top-
monolayer surface composition affects both the intrinsic
reactivity of the surface and the density of surface
intermediates. In conclusion, overall reaction rates are a
compromise between TOF and N, which can be adjusted via
surface reconstruction. Revolutionary ideas to break this
compromise are needed to push the boundaries of methane
catalysis over perovskites.
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