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A B S T R A C T   

The impact of surface reconstruction of a model perovskite, SrTiO3 (STO), on CH4 activation for combustion and 
oxidative coupling was previously revealed that the reaction rate was proportional to the creation of Sr- 
terminated step sites. Doped perovskites (SrTi1− xMxO3, M=metal dopant) present yet another form of recon
struction throughout the surface and the bulk, where the metal dopant can migrate in and out of the perovskite 
lattice, also known as “intelligent behavior”. In this work, understanding the interplay between perovskite 
surface reconstruction (surface termination) and the “intelligent behavior” is tackled for the first time, and the 
catalytic consequences are probed with CH4 combustion as a model reaction. A set of experimental techniques, 
including XRD, Raman spectroscopy, X-ray adsorption spectroscopy, kinetic measurements, as well as DFT 
calculations were used to understand the catalytic behavior of the reconstructed surfaces of Ni and Cu-doped STO 
for methane combustion. We found that during methane oxidation, the diffusion of Ni and Cu into the lattice due 
to the “intelligent behavior” is accompanied by Sr enrichment on the surface of the perovskite. This Sr- 
enrichment process is reversible when Cu or Ni species exsolute as clusters/nanoparticles upon H2 treatment. 
Such a surface reconstruction is found to greatly impact the catalytic activity of doped perovskites towards 
methane combustion.   

1. Introduction 

Catalytic combustion of methane has received renewed attention in 
the past decades for various applications in pollution abatement and 
thermal energy production, due to the increase in production of shale 
gas [1,2]. Catalytic combustion of methane is viewed as a more efficient, 
environmentally benign alternative to the conventional flaring for en
ergy production, as it reduces operation temperatures and emissions of 
noxious and greenhouse gases. In particular, unburned methane 

released during incomplete thermal combustion poses a serious envi
ronmental problem, as methane is a gas with a greenhouse effect 
20-times stronger than that of CO2 [3,4]. 

The most well-known methane combustion catalyst is Pd, but the 
cost and catalyst stability have fueled interest in alternative, inexpensive 
catalysts such as perovskite oxides. Perovskite oxides have a general 
formula of ABO3, where A is an alkali, alkaline or rare-earth cation, and 
B is a transition metal cation. Perovskites have been extensively studied 
in thermal catalysis, electrocatalysis and photocatalysis because of their 
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tunability in composition and structure. The surface termination of pe
rovskites can greatly differ from the stoichiometric composition, and 
different surface terminations can lead to different catalytic perfor
mance [5]. Recently, Polo-Garzon et al. reported that rates for methane 
combustion over SrTiO3 (STO) catalysts can vary up to 1 order of 
magnitude, depending on the surface reconstruction, and it was found 
that Sr-terminated step-sites favored CH4 activation [6]. 

Although perovskite catalysts have a high thermal stability, their 
activities in methane combustion are still low compared to precious 
metal-based catalysts. Therefore, modification of perovskites with 
doped and supported metals has been generally adopted to improve the 
catalytic activity [7–9]. A precious-metal doped perovskite can function 
as an “intelligent” catalyst that generates metallic nanoparticles and 
release oxygen from the perovskite oxide under reducing conditions and 
reabsorb the precious metal and oxygen into the perovskite oxide in 
oxidative environment at elevated temperatures [10,11]. Although such 
an “intelligent behavior” has been demonstrated extensively for 
perovskite-supported noble metals, it has been rarely shown that tran
sition metals, such as Cu and Ni that are active for methane activation, 
can also provide such a behavior [12,13]. Furthermore, we expect the 
“intelligent behavior” to coexist with changes in the surface termi
nation/reconstruction of the host perovskite. However, the interplay 
between the surface reconstruction of perovskites and the “intelligent 
behavior” remains largely unexplored since the impact of surface 
reconstruction of perovskites for heterogeneous catalysis was only 
recently recognized [5,14]. This fundamental knowledge is crucial to 
design catalytic surfaces with optimal structures for the activation of 
reactants. In this work, CH4 combustion over Ni and Cu-doped STO has 
been chosen as the model systems to unveil the impact of catalyst 
reconstruction and “intelligent behavior” of doped perovskites on 
methane activation and conversion. Relatively high doping levels, 3–10 
mol% mostly reported in literature, were widely adopted to impact the 
performance of pristine perovskites [15,16]. Here, 10 mol% of Ti in 
SrTiO3 was intended to be substituted by Ni and Cu for an enhanced 
catalytic performance in methane activation. 

2. Experimental methods 

2.1. Catalyst synthesis 

Metal doped STO nanocubes (Ni-STO, Cu-STO) were prepared by 
modified hydrothermal synthesis [14]. In detail, an ice bath using a 
500-mL glass trough was firstly set up on a magnetic stirring stage. 14.5 
mL DI water was added into a 150-mL beaker located in the ice bath. 
227 µL titanium chloride (TiCl4, 99.9%, Sigma-Aldrich) were added 
dropwise into the beaker under a stirring of 400 rpm for 5 min, then 
0.066 mg Ni(NO3)2⋅6H2O (99%, Sigma-Aldrich) or 0.055 mg Cu 
(NO3)2⋅3H2O (99%, Sigma-Aldrich) were added. Thereafter 28.5 mL 3 M 
LiOH⋅H2O (>98% SigmaAldrich) were added followed by a stirring for 
30 min. Next, 9.5 mL 0.24 M SrCl2⋅6H2O (>99%, Alfa Aesar) were 
added, followed by stirring for another 30 min. The resultant mixtures 
were transferred into 45 mL-Teflon autoclaves (Parr 5000 Multi Reactor 
Stirrer System), heated to 180 ◦C and held for 48 h at a stirring rate of 
800 rpm. After cooling to room temperature, the samples were centri
fuged at 10000 rpm for 10 min. The collected samples were washed five 
times in deionized water and three times in ethanol. After drying the 
samples in a vacuum oven at 70 ◦C for 12 h, they were calcined in air at 
550 ◦C for 4 h, which are denoted as Ni-STO (SrTi0.9Ni0.1O3) and Cu-STO 
(SrTi0.9Cu0.1O3) respectively. The pristine SrTiO3 was prepared using a 
similar procedure without adding neither Ni nor Cu precursors. In 
addition, catalysts of nickel and copper supported STO (NiO/STO, 
CuO/STO) were prepared by incipient wetness impregnation method 
with 10 mol% metal loading. 

2.2. Catalyst evaluation 

The catalytic activities for methane combustion over metal doped 
STO were evaluated on AMI-200. Each catalyst (0.100 g, 60 − 80 mesh) 
was loaded inside a quartz U-tube and held in place by placing quartz 
wool at both ends of the bed. The pretreated sample was performed 
under 30 mL/min of 5% O2/Ar at 800 ◦C for 5 h (O2 treatment) or under 
30 mL/min of 4% H2/Ar at 800 ◦C for 2 h (H2 treatment) and then cooled 
to 50 ◦C. Subsequently, a feed gas of 6 mL/min 5% O2/Ar and 5 mL/min 
1% CH4/Ar was introduced into the reactor. Reaction temperature was 
ramped up to 800 ◦C at 2 ◦C/min. Products were analyzed using a Buck 
Scientific Model 910 gas chromatograph (GC) equipped with a flame 
ionization detector and a ShinCarbon ST column. 

2.3. Characterizations 

Powder X-ray diffraction (XRD) patterns were obtained using a 
PANalytical X′Pert Pro MPD diffractometer with Cu Κα radiation (λ =
1.5418 Å) at the conditions of 44 kV, 40 mA, and 2θ = 10 − 90◦. The step 
size for each measurement was 0.0167◦. Rietveld refinement of the 
crystal structures obtained from XRD was performed using the program 
GSAS-II [17]. The zero point of the scale, three reflection widths 
(Caglioti formula, U, V, and W), the lattice parameter, the atomic site 
parameter and the isotropic thermal displacement parameters were 
allowed to vary during refinements. 

Raman spectroscopy was performed on a multiwavelength Raman 
system [18] at room temperature. Raman spectral was collected with 
325 nm laser excitation. Raman scattering was collected via a custom
ized ellipsoidal mirror and directed by a fiber optics bundle to the 
spectrograph stage of a triple Raman spectrometer (Princeton In
struments Acton Trivista 555). Edge filters (Semrock) were used in front 
of the UV–vis fiber optic bundle (Princeton Instruments) to block the 
laser irradiation. The 325 nm (10 mW at sample) excitation laser is 
generated from a HeCd laser (Melles Griot). A UV-enhanced liquid 
N2-cooled CCD detector (Princeton Instrument) was employed for signal 
detection. 

X-ray absorption spectroscopy (XAS) were conducted in the 7-BM 
beamline (QAS) at National Synchrotron Light Source-II (NSLS-II) at 
Brookhaven National Laboratory to verify the success doping of metals 
into STO. The X-ray source was generated by the ring energy of 10 keV 
and the current of 400 mA, and was mono-chromatized by a Si (111) 
double crystal monochromator before it reaching the samples with a 
spot size of ~300 µm. Cu-K, Ni-K, Sr-K X-ray absorption near edge 
spectroscopy (XANES) data for samples with various treatments (as- 
synthesized, O2 treatment, H2 treatment and 2nd O2 treatment) were 
collected in transmission mode along with standards for further cali
brating the edge energy (E0) of the sample under measurement. 

X-ray photoelectron spectroscopy (XPS) spectra were collected for 
each powder sample on a Thermo K-Alpha XPS system (Al Kα X-ray 
source, 1486.6 eV) with a spot size of 400 µm and a resolution of 0.1 eV. 
Samples were etched with Ar+ sputtering at a rate of 0.1 nm/sec to 
perform depth profiling. All spectra were processed using Thermo 
Avantage, which is a software package provided through 
ThermoScientific. 

Temperature programed oxygen isotopic exchange (TPOIE) was 
performed on an Altamira Instruments system (AMI-200). 30 mg cata
lyst was loaded and pretreated in regular oxygen at 550 ◦C for 1 h, later, 
the temperature was decreased to 40 ◦C. A gas flow of 30 mL/min 1% 
18O2/He was introduced in the system for 10 min, and then the tem
perature was ramped up (10 ◦C/min) to 850 ◦C and kept for 40 min. 
During this increase in temperature, 18O2 in gas phase will exchange 
with the oxygen in the catalyst lattice. MS signals were recorded at m/z 
of 32, 34 and 36, representing 16O2, 16O18O and 18O2, respectively. 
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2.4. DFT calculations 

Density functional theory calculations (DFT) were performed with 
the Vienna Ab Initio Simulation Package (VASP) [19,20]. The 
Perdew-Burke-Ernzerhof (PBE)[21] functional within the 
generalized-gradient approximation (GGA) was used for electron ex
change and correlation energies. Dispersion corrections were added 
using the D3 method by Grimme [22]. The projector-augmented wave 
method was used to describe the electron-core interaction [19,23]. A 
kinetic energy cutoff of 450 eV was used. All calculations were per
formed with spin polarization. The Brillouin zone was sampled using a 
Monkhorst-Pack scheme with a 2×2x1 grid [24]. A vacuum layer of 15 Å 
was used for the surface slabs along the z-direction and the atoms in the 
bottom two layers were fixed during the calculations. Surfaces were 
modelled with a 2 × 2 supercell of the (100) facet slab. Transition states 
(TS) were found with the nudged elastic band (NEB) [25] method with a 
force convergence criterion of 0.05 eV/Å. 

3. Results and discussion 

3.1. Structural properties of the catalysts 

Pristine STO synthesized by the hydrothermal method is of a cubic 
shape with exposed surfaces composed primarily of the (100) facet [14]. 
Ni and Cu-doped STO nanocubes (SrTi0.9Ni0.1O3 and SrTi0.9Cu0.1O3, 
respectively) were prepared via the similar method to incorporate Ni 
and Cu ions into the lattice of STO. SEM images show that Ni-STO and 
Cu-STO with nanocube morphology were successfully synthesized 
(Fig. S1). X-ray diffraction patterns of the as-synthesized Cu and 
Ni-doped STO samples showed similar diffraction pattern to that of the 
undoped STO (Fig. S2A). The highest intensity diffraction peak of STO, 
related to the (110) plane (~32.4◦), shifts to lower angles when STO is 
doped (Fig. S2B). Lower diffraction angles result in smaller lattice pa
rameters based on the Bragg’s law, indicating the creation of oxygen 
vacancies to compensate charge deficiency when the M2+ substitutes 
Ti4+ [26]. This suggests, along with the absence of any peaks corre
sponding to metallic or oxidized Cu or Ni, that Ni and Cu were suc
cessfully doped into the STO lattice. 

To elucidate whether Ni and Cu were doped either in the A or in the B 
position of the perovskite (ABO3), we performed Rietveld refinement of 
the XRD patterns (Fig. S2A). The corresponding refinements of pristine 
STO and metal doped STO catalysts exhibited a good fit between the 
models and experimental observations. The models for the metal doped 
samples are based on the substitution of the Ti-cation rather than the Sr- 
cation. Therefore, we concluded that Ni and Cu most likely reside in the 
B-position of the perovskite. The pristine STO matches well with Pm3m 
space group, while the metal doped samples belong to the I4/mcm 
group. This is consistent with previous reports, where a SrTiyZr1− yO3 
system has a cubic Pm3m structure when 0.95 <y ≤ 1, a tetragonal I4/ 
mcm structure when 0.4 <y ≤ 0.95, and an orthorhombic Pbnm struc
ture when 0 ≤y ≤ 0.4 [27]. The parameters of the structure refinements 
are listed in Table S1. For the samples with further O2 or H2 treatment 
(Fig. S2B), no diffraction peaks were ascribed to the oxides of Cu and Ni 
or metallic Cu and Ni. Even though, XRD measurements did not reveal 
crystal phases other than the perovskite, small clusters of Cu or Ni may 
be undetectable by XRD. 

Raman spectroscopy was attempted to identify secondary crystallo
graphic phases on the Ni-STO and Cu-STO samples after treatment at 
550 ◦C in H2 or O2 (Fig. S3). Treatment at 550 ◦C in O2 has been reported 
to reconstruct the surface for pure SrTiO3, SrZrO3, BaTiO3, and BaZrO3 
perovskites [14,28,29]. Therefore, we have chosen these treatment 
conditions to evaluate the reconstruction of our catalysts. The Raman 
spectroscopy results show the same peak positions in all metal doped 
samples as those of the pristine STO, but the peak intensities of the metal 
doped samples were lower (Fig. S3). Table S2 summaries the relative 
intensity (normalization of the integrated peak area) of the 

high-frequency scattering feature at 1600 cm− 1 for all samples, as well 
as the peak assignments for all peaks. The absence of a vibrational mode 
at 600 cm− 1 suggests there is no CuO phase in the Cu-STO sample [30, 
31]. The absence of peaks at 1100 cm− 1 and 1500 cm− 1 indicates the 
absence of a bulk NiO phase in the Ni-STO sample [32]. In addition, the 
absence of vibrational modes near 1075 cm− 1 indicate SrCO3 is not 
present in any of the samples studied [33]. 

Ex situ XAS characterization at the Ni, Cu K-edge was carried out for 
the Ni, Cu-doped STO samples with different treatments to understand 
oxidation state and coordination number of the dopants, Ni and Cu, in 
the lattice. The XANES data for as-synthesized, O2 treated, H2 treated 
and 2nd O2 treated samples, together with the reference data for Ni, Cu 
foils, NiO and CuO, are presented in Fig. 1. Evaluation of as-synthesized 
and O2 treated samples clearly demonstrates a nonmetallic state of Ni 
and Cu. In contrast to as-synthesized and O2 treated sample data, results 
for samples subjected to H2 treatment indicate that all reduced samples 
contained a fraction of metallic Ni or Cu. The molar fractions of each 
phase were obtained using a linear combination fitting analysis, 
revealing that about 75.5% of the Ni atoms were in the metallic Ni phase 
(likely in nanoparticle form) for H2 treated Ni-STO, and about 77.2% the 
Cu atoms were in the metallic Cu phase (likely in nanoparticle form) for 
H2 treated Cu-STO. The EXAFS analysis was applied to determine the 
local structure of Ni and Cu atoms in each phase. The experimental 
EXAFS data and results from fitting the data with theoretical models (B 
site partially substituted by Ni or Cu) for as synthesized samples are 
shown in Fig. S4, and the estimated local structure parameters are given 
in Table S3. The good agreement between this model and the experi
mental results suggests that Cu and Ni are incorporated into the lattice of 
STO. In contrast, Ni is not expected to be incorporated into the A sites of 
strontium titanate. The low stability of Ni at the A site of SrTiO3 may be 
related to the large difference in the ionic radii of Ni2+ and Sr2+. The 12- 
fold coordination is not typical for nickel; for the coordination number 
of 6, the ionic radius of Ni2+ (0.69 Å) is much less than that of Sr2+ (1.18 
Å) [34]. Copper was reported to occupy the Ti octahedral sites in either 
Sr or Ti over stoichiometric STO ceramics with nominal compositions of 
SrTi1− xO3:xCuO (0.002 ≤ x ≤ 0.1) or Sr1− xTiO3:xCuO (0.01 ≤ x ≤ 0.2) 
[26]. 

3.2. Surface composition of the doped STOs 

Bulk phase results from XRD, Rietveld refinement, Raman mea
surements and EXAFS analysis suggest that the Cu and Ni have been 
doped into the lattice of STO and under O2-treatment condition. To 
characterize the surface of the samples, X-ray photoelectron spectros
copy (XPS) with depth profiling (Fig. S5) was employed to reveal the 
surface composition. It is worth to point out that the XPS probing depth 
is a few nm, while the sputtering depth is 0.3 nm each step, which means 
the XPS data always represent the average surface composition of top a 
few nm along with the surface sputtering. The elemental surface 
composition of Ni-STO and Cu-STO at zero sputtering depth are shown 
in Fig. 2. 

The as-synthesized samples have a slight Ni or Cu enrichment at the 
surface compared with the bulk (Ni/(Ni+Ti+Sr)= 0.05), a slight Ti 
deficiency compared with the bulk, and a stable Sr distribution along 
with the probing depth (Fig. S5), indicating that more Ti cations were 
substituted by Ni or Cu at the surface compared to the bulk. This is 
reasonable because the as-synthesized pristine STO is Ti-enriched at the 
surface [6,14,29] and thus allows substitution by Ni or Cu. Even though 
the as-synthesized samples are surface-enriched with the dopant, the 
dopant is not expected to be in the metallic state, according to XAS re
sults (Fig. 1); therefore, we can conclude the surface of the 
as-synthesized samples is enriched with Ni or Cu cations. 

After O2 treatment, the concentration of Ni or Cu significantly 
reduced on the surface (2–4%) compared to that of the as-synthesized 
samples (~10%), meanwhile, Ti concentration remained approxi
mately the same, and the concentration of Sr increased. Thus, upon O2 
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treatment, Ni and Cu diffused into the bulk of the STO lattice, whereas 
the STO surface became enriched with Sr. 

Upon H2 treatment after the O2 treatment, Ni and Cu segregated at 
the STO surface (Fig. 2), while Sr appeared to diffuse back into the 
lattice. This segregation is in the form of clusters/nanoparticles per 
XANES results (Fig. 1). These results show the “intelligent behavior” of 
Ni-STO and Cu-STO, where Ni and Cu diffuse into the lattice upon O2 
treatment, and exsolute upon H2 treatment. Further, we show for the 
first time that this dynamic behavior of the dopant correlates with 
changes in the surface termination of the host perovskite, where diffu
sion of the dopant into the lattice B sites occurs in tandem with segre
gation of A-site Sr at the surface. This segregation of Sr is reversible 
when Cu or Ni exsolute as clusters/nanoparticles upon H2 treatment. 

The used samples, after catalytic methane oxidation test over the as 
synthesized samples, showed a similar surface composition trend with 
that of the O2 treated samples, as might be expected because the cata
lytic combustion of methane was operated under highly oxidizing con
ditions (O2/CH4 =6). 

When the sputtering depth was increased to 4 nm, the concentration 
of Ni for the as-synthesized, O2 treated, H2 treated, and used Ni-STO 
samples were 8.3%, 7.6%, 5.9% and 4.6%, respectively, and the con
centration of Cu for the as-synthesized, O2 treated, H2 treated, and used 
Cu-STO samples were 7.1%, 8.0%, 3.3% and 3.2%, sequentially, which 
approximated the stoichiometric value, 5% (Fig. S5). 

3.3. Methane combustion reactivity 

The implications of the segregation of Sr at the surface of STO and 
the “intelligent behavior” of the dopants for catalysis were evaluated. 

Ni-STO, Cu-STO and STO were tested for catalytic combustion of 
methane in a temperature-programmed surface reaction (TPSR) exper
iment, going from room temperature to 800 ◦C with a ramping rate of 
2 ◦C/min (Fig. 3A-B). For both Ni and Cu doped STO, the as-synthesized 
samples (Cu and Ni enriched at the surface as cations, not as metallic 
clusters/nanoparticles according to XAS results in Fig. 1) showed ac
tivity at moderate temperature (starting at ~ 400 ◦C and ~450 ◦C for 
Ni-STO and Cu-STO, respectively). For Ni-STO (Fig. 3A), the activity 
decayed after the reaction temperature reaches 600 ◦C, presumably 
because Ni diffuses into the lattice under the oxidizing environment of 
the reaction. Cu-STO was less active than Ni-STO at moderate temper
atures (~600 ◦C). The reaction rate over the as-synthesized Cu-STO 
increased monotonically with reaction temperature. To corroborate that 
the activity decrease of the as-synthesized Ni-STO at reaction tempera
tures above 600 ◦C is due to diffusion of Ni into the lattice under the 
oxidizing environment of the reaction, the sample was treated in O2 at 
800 ◦C before the TPSR procedure. Indeed, the activity below moderate 
temperature (~600 ◦C) was negligible because Ni was not exposed at 
the surface. For the case of Cu-STO (Fig. 3B), the O2 treatment at 800 ◦C 
also resulted in slightly lower reaction rates in methane oxidation 
compared with the as-synthesized sample. 

H2 treatment of Ni-STO and Cu-STO resulted in low-temperature 
activity (starting at ~400 ◦C) for methane oxidation, due to the for
mation of metallic clusters on the surface. For Ni-STO, the as- 
synthesized and H2-treated samples have similar concentration of Ni, 
Sr and Ti at the surface, thus the difference in catalytic activity stems 
from the fact that Ni or NiOx nanoparticles (metallic Ni NPs start to 
oxidize at ~300 ◦C [35]) are more active than the lattice cationic Ni 
species. For the Cu-STO sample, H2-treatment induced high Ti content at 

Fig. 1. Fourier transform magnitudes of k2-weighted XANES spectra of (A) Ni and (B) Cu doped STO perovskite. As-synthesized: stored at ambient for an extended 
period (weeks) with no further treatment after the sample synthesis with air treatment at 550 ◦C for 5 h; O2 treatment and 2nd O2 treatment: annealed in 5% O2/Ar at 
800 ◦C for 5 h before the XAS measurement; H2 treatment: heated in 4% H2/Ar at 800 ◦C for 2 h before the XAS measurement. 

Fig. 2. The elements composition of the top 
probing layer in XPS depth profile on Ni and Cu 
doped STO samples after different treatments. 
The dashed lines represent the theoretical bulk 
compositions of dopants (5%, M/(M+Ti+Sr)=
0.05). As-synthesized: no further treatment 
after the sample synthesis with air treatment at 
550 ◦C for 5 h; O2 treatment: annealed in 5% 
O2/Ar at 800 ◦C for 5 h before the XPS mea
surement; H2 treatment: heated in 4% H2/Ar at 
800 ◦C for 2 h before the XPS measurement. 
Used samples came from the as synthesized 
samples after catalytic combustion of methane 
from RT to 800 ◦C at 2 ◦C/min.   
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the surface, compared with the as-synthesized sample. For both Ni-STO 
and Cu-STO catalysts, the low temperature activity of the samples after 
H2-treatment decayed (when reaction temperature exceeds ~475 ◦C) 
due to the incorporation of Ni and Cu into the lattice. Incorporation of Ni 
and Cu into the lattice occurs at ~500 ◦C due to the oxidizing envi
ronment of the reaction (feed gas O2/CH4 =6). Such an inclusion is 
permanent under methane oxidation condition (data labelled “Rerun 
after H2” in Fig. 3) unless another H2-treatment to exsolute Ni and Cu is 
performed again (data labelled “2nd H2 treatment” in Fig. 3). 

From our previous work [14,28], O2 treatment at elevated temper
atures causes a change in surface termination of STO from 
Ti-termination to Sr-termination. In Ni-STO and Cu-STO, some 
Ti-cations are substituted by Ni or Cu ions, and thus, upon O2 treatment, 
Ni and Cu (just like Ti) are dragged into the subsurface. Since Ni and Cu 
occupy B-site positions inside the lattice, we synthesized the host 
perovskite STO with precursors in a stoichiometric composition Sr:Ti:O 
1:1:3, and then the proper amount of Ni and Cu was impregnated on the 
surface of STO to form Ni/STO and Cu/STO. By impregnating Ni and Cu 
on a stoichiometric STO, we aim to frustrate Ni and Cu from diffusing 
into the STO lattice (there are no or very limited “vacant” B-sites) upon 
oxidative treatment at high temperatures, thus preventing the catalyst 
from deactivating in the intermediate temperature regime as the reac
tion temperature increases. As shown in Fig. 3C, for Ni/STO, the sample 
treated in H2 showed slightly higher conversion up to ~500 ◦C in 
comparison to the O2-treated sample. Two possible reasons can be 
proposed: the oxidation of metallic Ni into NiOx at higher temperatures 
(> 500 ◦C) [35,36] and partial diffusion of Ni into the bulk of STO which 
may still have slight concentration of B-site vacancies. From Fig. 3D, the 
differently pretreated Cu/STO samples showed very similar catalytic 
performance in methane oxidation as a function of reaction tempera
ture. It is known that metallic Cu (after H2 treatment) can be easily 
oxidized to CuOx at relatively low temperatures [37,38], which explains 
the similar activity for O2- and H2-pretreated Cu/STO samples for 

methane oxidation. One can also suspect that negligible Cu diffusion 
into the STO bulk occurs in Cu/STO as no activity dip at intermediate 
temperatures. However, compared to the doped STO samples (Ni-STO 
and Cu-STO), Ni/STO and Cu/STO do not present a maximum in 
methane oxidation rate at moderate temperatures (~ 500 ◦C), suggest
ing that the diffusion of Ni and Cu into the lattice is largely frustrated for 
Ni/STO and Cu/STO. The maximum in conversion rate at ~525 ◦C for 
the as-synthesized Ni/STO is possibly due to surface stabilization during 
the TPSR experiment. 

3.4. Methane activation 

Catalytic combustion of methane requires both methane activation 
and oxygen activation. The Mars–van Krevelen (MvK) mechanism is 
widely accepted for oxidation reactions over metal oxide catalysts at 
high temperature, especially over perovskites [1,39]. In this mechanism, 
bulk oxygen (β-oxygen, desorbed at high temperatures) migrates to the 
surface, becoming available for the oxidation of the adsorbed substrate 
and it is quickly replaced by oxygen coming from the gaseous phase 
[40]. Therefore, the reduction-oxidation (redox) properties of the cat
alysts are expected to be important. We evaluated the oxygen-exchange 
capabilities of STO, Ni-STO and Cu-STO via temperature programmed 
oxygen isotopic exchange (TPOIE) (Fig. 4). The samples were pretreated 
in O2 at 550 ◦C to diffuse the Cu and Ni ions into the lattice. 

The results of TPOIE characterization are shown in Fig. 4. The partial 
pressure of 18O2 started to decrease (or the partial pressure of 16O2 and 
16O18O started to increase) at 650 ◦C for Ni-STO and at 530 ◦C for Cu- 
STO. The exchange of 18O2 reached a maximum at the upper limit of 
temperature studied, 850 ◦C. By integrating the 18O2 consumption 
curves, the normalized oxygen capacity for Ni-STO is only 35% of Cu- 
STO. One could hypothesize that the higher methane conversion rates 
of the Cu-STO samples at high temperature (~800 ◦C), compared to the 
Ni-STO samples (Fig. 3A-B), are due to the enhanced O2-exchange 

Fig. 3. Methane combustion over (A) Ni-doped SrTiO3: Ni-STO, (B) Cu-doped SrTiO3: Cu-STO, (C) Ni supported on SrTiO3: Ni/STO, and (D) Cu supported on SrTiO3: 
Cu/STO. Reaction condition: Catalyst loading 100 mg, O2/CH4 ratio = 6/1, 5% O2/Ar 6 mL/min, 1% CH4/Ar 5 mL/min; As synthesized: no further treatment before 
conducting catalytic combustion of methane; O2 treatment: at 800 ◦C for 5 h, and H2 treatment: at 800 ◦C for 2 h. 
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capabilities of Cu-STO; however, bare STO had even lower reaction rates 
compared to Ni-STO and Cu-STO, yet it had the best O2-exchange ca
pabilities (lower panel in Fig. 4). This experimental evidence suggests 
that O2-activation is not the rate-determining step for methane oxidation 
under the reaction conditions studied. 

Thus, we carried out some brief DFT computations to evaluate the 
ability of the catalysts in activating methane. The computational system 
chosen was a (100) terminated STO slab, which is the most abundant 
termination of perovskite nanocubes. The slab was terminated with Sr 
(according to XPS results in Fig. 2) and the metal dopant was placed in 
the subsurface representing the diffusion of Ni and Cu into the bulk. Ni 
and Cu were substituted in a B-site position (Fig. 5). We assume that the 
first C-H bond activation is the rate determining step [41] and thus only 
focused on calculating the barriers for this step. The transition state for 
CH4 activation over doped STO is shown in Fig. 5. The C-H activation 
energies were calculated to be 2.60, 1.07 and 0.55 eV for pure STO, 
Ni-STO and Cu-STO, respectively. This trend in activation energies 
qualitatively explains the trend in catalyst activity Cu-STO > Ni-STO 
> STO (Fig. S6) when Ni and Cu diffuse into the lattice. This confirms 
that first C-H bond cleavage in methane is very likely the key step in 
methane oxidation over the doped STO catalysts. 

4. Conclusions 

In summary, we synthesized Ni and Cu-doped STO catalysts 
(SrTi0.9Ni0.1O3, SrTi0.9Cu0.1O3) and showed that the “intelligent 
behavior” (diffusion of Ni or Cu into the lattice as cations upon O2 
treatment, and exsolution as nanoparticles upon H2 treatment) also in
volves segregation of Sr at the surface. Rates for methane combustion 
are higher when Ni or Cu are ex-soluted as nanoparticles. Increasing the 
reaction temperature can be detrimental for reaction rates, as under the 
oxidizing environment of the reaction (O2:CH4 = 6:1), Ni and Cu diffuse 
into the lattice. This reduction in reaction rates is (at least partially) 
suppressed in impregnated Ni(Cu)/STO samples where minimal “intel
ligent behavior” is present. Isotopic oxygen exchange experiments and 
DFT calculations suggest that CH4 activation is the rate-limiting step in 
the reaction mechanism of methane oxidation over the doped STO. DFT 
calculations show that sublayer Ni and Cu dopants favor CH4 activation 
on a Sr-terminated STO surface over un-doped STO, implying an indirect 
promotional effect of dopant on the catalytic performance of perov
skites. The model system presented in this work correlates two forms of 
catalyst reconstruction, “intelligent behavior” and surface termination 

of perovskites, with catalytic performance for methane combustion for 
the first time. Such an interplay may be further exploited to facilitate 
certain reactions over perovskite-based catalysts. 
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Fig. 4. Evolution of the oxygen isotopomers MS intensity (partial pressure) 
during a temperature-programmed 18O2 exchange on STO related catalysts. 
Samples pre-treat at 550 ◦C in O2. 

Fig. 5. The transition state of CH4 activation on Ni or Cu doped STO catalysts. 
Green: Sr, Red: O, Light grey: Ti, Dark grey: C, Blue: dopant (Cu or Ni). 
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Supplementary data associated with this article can be found in the 
online version at doi:10.1016/j.cattod.2022.03.012. 
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