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ABSTRACT: Supported platinum species in the forms of single atoms, ultrafine clusters, and metallic particles have been widely
investigated because of their unique catalytic properties in diverse redox reactions. In this work, we used thermally stable ceria−
zirconia−lanthana (Ce0.5Zr0.42La0.08Ox) as an active oxide support to deposit platinum with different loading amounts from 0.5 to
2 at. % via an incipient wetness impregnation. The as-obtained samples were measured under the methane oxidation reaction
conditions with high space velocities up to 100,000 mL·g−1·h−1. Here, 1 at. % Pt sample showed the best catalytic performance
with a total reaction rate of 1.93 μmolCH4·gcat

−1·s−1 and exclusive platinum rate of 24.4 mmolCH4·molPt
−1·s−1 at 450 °C. Multiple

characterization means, especially aberration-corrected high-angle annular dark-field scanning transmission electron microscopy
(HAADF-STEM) and X-ray absorption fine structure (XAFS) with the related profile fittings, were carried out to determine the
electronic and local coordination structures of platinum. On the basis of these experimental evidence, we have distinguished
the effects of different components and found that platinum oxide clusters (PtxOy) with averaged sizes from subnanometer to
2−3 nm play an essential role for the oxidation of methane. Metallic Pt particles are probably active species, but their large-size
characteristics impair the reactivity. However, ionic platinum single atoms may not be appropriate for this catalytic process.

1. INTRODUCTION

Natural gas, which consists primarily of methane, had been
receiving much attention because of its nonpollution status,
abundant reserves, and environmentally friendliness.1,2 Catalytic
oxidation of methane is an efficient technology that could be used
for removal of hydrocarbons from automobile gas exhaust or as
heat sources in boilers or stoves.3 The active component for
oxidation of methane has been focused on noble metals (Pt,4,11,20

Pd,5,12 Rh,6 and Au2,7) and transition metal oxides (Ni,8 Co,9 and
Cu10). Although the transition metal oxide catalysts are less
expensive, they generally show lower catalytic activity and higher
light-off temperature than the noble metal ones.11 Among noble
metals, palladium is the most commonly used and studied catalyst,
exhibiting extremely high activity (e.g., complete conversion of
methane below 400 °C).12 However, the platinum catalysts

seemed to be inactive for the total oxidation of methane at low
temperatures less than 400 °C,13,20 probably due to the extremely
limited studies on the active Pt species as well as the structure−
activity relationship.14,15

Since the 1970s, investigations of the size effect of metal,15 the
support effect of the oxide matrix,16 the nature of the active
species,14 and the metal−support interactions17 have been
carried out on the metal oxide-supported platinum catalysts for
the oxidation of methane. For example, Persson et al. deposited
bimetallic Pd−Pt on the various support materials that showed
the distinct activity at different temperature ranges.16 Tang et al.
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prepared the Pt/CeO2 catalyst by three methods, photoassisted
deposition-precipitation, sol−gel, and flame combustion and
found that the activity improved as the fraction of ionic Pt
increased.14 However, until now, there are still debates about the
origin of the reactivity of platinum-based catalysts, and multiple
active sites (single atoms,18 ultrafine clusters,19 and nano-
particles20) or different oxidation states of Pt (metallic21 and
ionic14) have been proposed previously. The difficulty is mainly
due to the complexity of supported Pt structures, which requires
the development of effective structural characterization methods
for the comprehensive detection of these platinum species at the
atomic level.
Taking the high temperature of oxidation of methane into

consideration, not only the platinum active phase but also the
metal oxide support should have high thermal stability (e.g., up to
600−700 °C). Ceria (CeO2) is one of the most important func-
tional rare-earth oxides and has received remarkably increasing
research interest due to its excellent oxygen storage capacity and
ability to disperse precious metal species.22−25 However, when
the catalytic reaction happens at elevated temperature above
500−600 °C, CeO2 will undergo sintering and become huge
particles, which results in the serious deactivation on the supported
metals. Therefore, many research groups have devoted themselves
to synthesizing divalent doped-ceria (e.g., CeO2−ZrO2)

26 or
trivalent doped-ceria (e.g., CeO2−ZrO2−RE2O3, RE = La, Pr,
Nd, Y)27 with high chemical and structural homogeneity.
However, due to the complexity in structure of small-size

metal/metal oxide species such as single atoms, ultrafine clusters,
and large particles, advanced characterization techniques are
required to precisely detect the electronic and local coordination
structures around the active metal center. Among them,
aberration-corrected high-angle annular dark-field scanning
transmission electron microscopy (HAADF-STEM)28,29 and
X-ray absorption fine structure (XAFS)30,31 play crucial roles for
determining these species at the atomic scale, either giving
microscopic direct observations or providing macroscopic
averaged structural information. Li et al. quantitatively described
the complex structural dynamics of supported Pt catalysts during
ethylene hydrogenation by the help of synchrotron X-ray
absorption spectroscopy and scanning transmission electron
microscopy in operando conditions.30

Previously, trivalent ceria−zirconia−lanthana solid solutions
prepared by urea-based hydrolysis with the help of hydrothermal
treatment have been demonstrated to have good thermal stability,
keeping a single-phase structure even after calcined in air at
1000 °C for 100 h.27Herein, we report the preparation of platinum-
doped ceria−zirconia−lanthana (Pt−Ce0.5Zr0.42La0.08O2−x) cata-
lysts via the sequential incipient wetness impregnation to the
as-calcined oxide support, as well as their catalytic performance
for the oxidation of methane in the range of 300−650 °C. By the
aids of HAADF-STEM and XAFS techniques, we found that
multiple platinum species, such as ultrafine clusters and nano-
particles, formed during synthesis and were stabilized under the
reaction conditions. On the basis of the obtained structural
information, we also determined the specific contribution of
multiple platinum species, including ionic platinum single atoms,
ultrafine platinum oxide clusters, and metallic Pt large particles
for the methane oxidation reaction.

2. EXPERIMENTAL SECTION
2.1. Catalyst Preparation. All of the chemicals applied to

our experiments are of analytical grade and were used without
further purification or modification. Ammonium cerium(IV)

nitrate ((NH4)2Ce(NO3)6, ≥99.0%)), lanthanum(III) nitrate
hydrate (La(NO3)3·H2O, AR), and urea (CON2H4, ≥99.0%))
were purchased from Sinopharm Chemical Reagent Co., Ltd.
Zirconium(IV) oxynitrate hydrate (ZrO(NO3)2·H2O, 99.5%)
was obtained from Aladdin Industrial Corporation. Tetra-
ammineplatinum(II) nitrate (Pt(NH3)4(NO3)2, 99.99%) was
purchased from Alfa Aesar Chemical Reagent Co., Ltd.
Ce0.5Zr0.42La0.08O2 (CZL) supports were prepared by the

method that has been reported previously.27 In the initial step,
(NH4)2Ce(NO3)6, ZrO(NO3)2·H2O, La(NO3)3·H2O, and urea
in the molar ratio of 0.5:0.42:0.08:6 were dissolved in 70 mL of
deionized water with the total metal concentration of 0.1 mol L−1

and stirred for 1 h at room temperature. Then, the stock solution
was transferred into a Teflon bottle (inner volume: 100 mL),
which was kept in a stainless-steel autoclave. After the autoclave
was sealed tightly, it was placed in a temperature-controlled electric
oven. The vessel was heated to 80 °C within 0.5 h and then kept
for another 6 h. The temperature of the vessel was sequentially
raised to 180 °Cwithin 1 h andwas kept for another 24 h. After the
hydrothermal process finished and the vessel was cooled down to
room temperature, the as-obtained precipitates were separated
by centrifugation and washed with deionized water and ethanol
several times until neutral (pH = 7). The as-washed products
were dried at 80 °C in still air for 12 h, thoroughly grounded, and
then calcined at 800 °C for 4 h (ramping rate: 2 °C/min).
Deposition of platinum onto the as-calcined CZL support

was carried out by an incipient wetness impregnation (IMP).
The atomic percentage of Pt was designed to be 0.5, 1.0, and
2.0 at. %, which was denoted as 0.5Pt-CZL, 1Pt-CZL, and
2Pt-CZL, respectively. Aqueous solution of Pt(NH3)4(NO3)2
(12.8−51 mg in 0.4 mL respective) was added dropwise onto
CZL powders (1 g) under manual stirring. The powders were
standing in ambient conditions for 2 h and then dried in still air at
80 °C for 12 h, followed by air-calcination at 700 °C for 4 h
(ramping rate: 2 °C/min).

2.2. Characterization. The X-ray photoelectron spectros-
copy (XPS) analysis was performed on an Axis Ultra XPS
spectrometer (Kratos, U.K.) with 225 W of Al Kα radiation.
The C 1s line at 284.8 eV was used to calibrate the binding
energies. The surface concentration of platinum was determined
by integrating the areas of Pt 4f, Ce 3d, Zr 3d, and La 3d peaks in
the CasaXPS software.
Vis-Raman spectra were acquired by excitation of the sample at

532 nm, using a Raman microscope system (HORIBA JOBIN
YVON) in a spectral window from 100 to 800 cm−1 with a
resolution of 2 cm−1.
The powder X-ray diffraction (XRD) patterns were recorded

on a Bruker D8 Advance diffractometer (40 kV, 40 mA) with a
scanning rate of 4°min−1, using Cu Kα1 radiation (λ = 1.5406 Å).
The diffraction patterns were collected from 20 to 80°with a step
of 0.02°. The 2θ angles were calibrated with a micrometer-scale
Alumina disc. The powder sample after grinding was placed
inside a quartz sample holder for each test. With the software
“LAPOD” of least-squares refinement of cell dimensions of cubic
CZL from powder data by Cohen’s method.32,33

The nitrogen adsorption/desorption measurements were
performed on an ASAP2020-HD88 analyzer (Micromeritics
Co. Ltd.) at 77 K. The measured powders were degassed at
250 °C under vacuum (<100 μmHg) for over 4 h. The BET
specific surface areas (SBET) were calculated from data in the
relative pressure range between 0.05 and 0.20. The pore diameter
(Dp) distribution was calculated from the adsorption branch of
the isotherms, based on the BJH method.34
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The TEM and high-resolution TEM (HRTEM) experiments
were carried out on a FEI Tecnai G2 F20microscope operating at
200 kV with energy dispersive spectroscopy (EDS) to determine
the platinum loadings. All the tested samples were suspended in
ethanol, and then a drop of this dispersed suspension was placed
on an ultrathin (3−5 nm in thickness) carbon film-coated Cu
grid. The as-formed sample grid was dried naturally under
ambient conditions before loaded into the TEM sample holder.
The aberration-corrected HAADF-STEM images were carried

out on a JEOL ARM200F microscope equipped with probe-
forming spherical-aberration corrector. Owing to the relatively
high atomic number of cations in the CZL support, the contrast
of Pt in HAADF images is not clear, particularly for the thick
region. Here, to enhance the contrast difference between the Pt
and Ce, we set the inner and outer angles of the HAADF detector
to be 90 and 370 mrad, respectively, and the convergence angle
to be ca. 30 mrad.
The XAFS spectra at Pt L3-edge (E0 = 11564.0 eV) was

performed at BL14W1 beamline35 of Shanghai Synchrotron
Radiation Facility (SSRF) operated at 3.5 GeV under “top-up”
mode with a constant current of 260 mA. The XAFS data were
recorded under fluorescence mode with a seven-element Ge
solid state detector. The energy was calibrated accordingly to
the absorption edge of pure Pt foil. Athena and Artemis codes
were used to extract the data and fit the profiles. For the X-ray
absorption near edge structure (XANES) part, the experimental
absorption coefficients as a function of energies μ(E) were
processed by background subtraction and normalization
procedures, and reported as “normalized absorption” with E0 =
11564.0 eV for all Pt-CZL samples and Pt foil/PtO2 standard.
Based on the normalized XANES profiles, the molar fraction of
Pt4+/Pt0 can be determined by the linear combination fit36 with
the help of various references (Pt foil for Pt0 and PtO2 for Pt

4+).
For the extended X-ray absorption fine structure (EXAFS) part,
the Fourier transformed (FT) data in R space were analyzed by
applying PtO2 and metallic Pt model for Pt−O and Pt−Pt
contributions. The passive electron factors, S0

2, were determined
by fitting the experimental data on Pt foils and fixing the
coordination number (CN) of Pt−Pt to be 12, and then fixed for
further analysis of the measured samples. The parameters
describing the electronic properties (e.g., correction to the
photoelectron energy origin, E0) and local structure environment
including CN, bond distance (R), and Debye−Waller factor
around the absorbing atoms were allowed to vary during the fit
process. The fitted ranges for k and R spaces were selected to be
k = 3−10 Å−1 (0.5Pt-CZL), 3−11 Å−1 (1Pt-CZL), or 3−12 Å−1

(2Pt-CZL) with R = 1.1−4.0 Å (k3 weighted). To distinguish the
effect of the Debye−Waller factor from coordination number, we
set σ2 to be 0.0030 and 0.0045 Å2 for all the analyzed Pt−O and
Pt−Pt shells, according to the fitted results of Pt foil and PtO2
standards. We also set σ2 to be 0.0045 Å2 for all the analyzed
Pt−Ce paths, considering that the z number of Ce (58) is close to
that of Pt (78), as well as the absence of an appropriate standard
for the Pt−Ce shell. To distinguish the effect of correction to the
photoelectron energy origin from distance, we set ΔE0 to be
14.1/13.7, 13.7/13.7, and 11.6/11.3 eV for fresh/used 0.5Pt-CZL,
1Pt-CZL, and 2Pt-CZL, respectively, which were obtained from
the linear combination fits on XANES profiles and the fitting
results of Pt foil (ΔE0 = 8.3 ± 1.2 eV) and bulk PtO2 (ΔE0 =
15.0 ± 0.9 eV) standards.
2.3. Catalytic Tests. The temperature-programmed reduc-

tion by hydrogen (H2-TPR) was performed in a Builder
PCSA-1000 instrument (Beijing, China) equipped with a thermal

conductivity detector (TCD). The fresh catalysts (40−60 mesh,
30 mg) were pretreated in pure O2 at 300 °C for 30 min and
cooled to room temperature in the same atmosphere.
The reduction process was carried out in a mixture of 5% H2/Ar
(30 mL/min) from room-temperature to 750 °C (5 °C min−1).
CO pulse chemisorption measurements were performed on

AutoChemII 2920 instrument at low temperature. The sample
was heated to 400 °C in a 5%H2/He flow (30 mL/min) holding
for 30 min and cooled to the room temperature in the same gas
composition. Then, the sample was placed into the isopropanol−
liquid nitrogen mixture holding the temperature between
195−198 K in a helium flow. CO pulses were injected at that
temperature until the adsorption reached saturation. The con-
centration of the CO pulse was determined by a thermal conduc-
tivity detector (TCD).
The CH4 combustion activities for the Pt-CZL samples

were evaluated in a plug flow reactor using 50 mg of sieved
(40−60 mesh) powders in a gas mixture of 1 vol % CH4, 5 vol %
O2, and 94 vol % N2 (from Jinan Deyang Corporation, 99.997%
purity) at a flow rate of 41.6 mL/min giving a gas hourly space
velocity (GHSV) of ∼50,000 mL·gcat

−1·h−1. The catalysts were
pretreated in pure O2 at 500 °C for 30 min before reaction.
After the catalysts cooled down to room temperature under a
flow of pure N2 gas, reactant gases was passed through the
reactor. The concentrations of outlet gases were analyzed by an
online GC (Ouhua GC 9160), which is equipped with a thermal
conductivity detector (TCD) and Porapark Q column.
The related stability tests were done in the same conditions at
the constant reaction temperature of 600 °C for 10 h with a
GHSV of ∼100,000 mL·gcat−1·h−1. CH4 conversion was defined
as (CH4,inlet − CH4,outlet)/CH4,inlet × 100%, where CH4,inlet and
CH4,outlet are the inlet and outlet concentrations of methane,
respectively. Rate measurements were made in the separate
catalytic tests rather than the “light-off” mode, i.e., the same gas
composition, but at specific space velocities to ensure operation
in the kinetic regime (<20% conversion of CH4).
To minimize the possible structural changes of used catalysts

for the related characterizations (XRD, Raman, XPS, XAFS,
TEM/HRTEM, and HAADF-STEM), the platinum-doped
ceria−zirconia−lanthana samples after the methane oxidation
reaction were quickly transferred to vials filled with N2 gas, and
the vials were opened just before the further measurements.

3. RESULTS
3.1. Catalytic Reactivity and Reducibility of Pt-CZL

Catalysts. Methane oxidation reaction (CH4 + 2O2 = CO2 +
2H2O) was used to evaluate the catalytic performance of
platinum-doped ceria−zirconia−lanthana catalysts. The “light-
off” profiles were obtained under a GHSV of 50,000 mL·g−1·h−1,
and Figure 1a shows that all the Pt-CZL samples exhibited
significantly higher methane conversions than the pure CZL
support in the temperature range of 300−650 °C, indicating the
importance of doped platinum to activate the oxidation of
methane. Figure 1b displays the results for stability tests obtained
under a higher GHSV of 100,000 mL·g−1·h−1. The methane
conversions after 10 h reaction at 600 °C keep this sequence:
2Pt-CZL (76%) > 1Pt-CZL (70%) > 0.5Pt-CZL (55%) > CZL
(38%), well consistent with the loading amount of platinum.
Recently, Stakheev et al. reported about 60% methane oxidation
at 550 °C under 60,000 mL·g−1·h−1 over 0.8 wt % Pt/Al2O3,

37

and Arandiyan et al. observed 90%methane conversion at 600 °C
under ∼30,000 mL·g−1·h−1 over 1.1 wt % Pt/Ce0.6Zr0.3Y0.1O2.

20

Therefore, the reactivity of currentPt-CZL samples is comparative
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to these reported supported platinum catalysts, if considering the
effect of space velocity in the different catalytic tests. Furthermore,
on the basis of stability tests (Figure 1b), no obvious deactivation
was detected for Pt-CZL, revealing the high catalytic stability of
platinum-doped ceria−zirconia−lanthana during the methane
oxidation reaction (1 vol % CH4 + 5 vol % O2 + 94 vol % N2,
∼100,000 mL·g−1·h−1, 600 °C).
According to the kinetics data of the platinum-doped ceria−

zirconia−lanthana samples, we calculated the total reaction rates
normalized by catalyst weight (rw). Figure 2a and Table 1 show
that the pure CZL support itself did activate the oxidation of
methane, but the efficiency (rw = 0.18−0.56 μmolCH4·gcat

−1·s−1 at
425−475 °C) was relatively lower than the Pt-CZL catalysts.
When a small amount of platinum was introduced, 0.5Pt-CZL
shows nearly triple numbers of rw (0.52−1.47 μmolCH4·gcat

−1·s−1

at 425−475 °C) compared to CZL, due to the significant
promotion effect of active Pt species. As the concentration of Pt
increases, the rw values of 1Pt-CZL (1.24−2.87 μmolCH4·gcat

−1·s−1

at 425−475 °C) and 2Pt-CZL (1.19−2.65 μmolCH4·gcat−1·s−1 at
425−475 °C) are almost identical (Figure 2a and Table 1), giving
a hint that the efficiency normalized by catalyst weight reaches
the maximum at 1 at. % Pt. The apparent activation energy (Ea)
numbers were also calculated from the Arrhenius plots at the low
methane conversion range (<20%), corresponding to the above
temperature range (425−475 °C) (see Table S1 for details).
Table 1 shows that the Ea of pure oxide support is as high as
100 kJ mol−1, revealing that CZL may need high temperature to
activate (Figure 1a). Recently, Lee et al. determined that the Ea of
pure ceria is 115.6 kJ mol−1 for the oxidation of methane,38 which
is very close to ours. Similar to the trend of reaction rates, the
introduction of a small platinum sample (0.5Pt-CZL) gives a
lower Ea (90 kJ mol−1) than CZL, and 1Pt-CZL and 2Pt-CZL
have nearly constant activation energies as low as ∼70 kJ mol−1
(see Table 1). Again, Lee et al. reported the Pt@CeO2 catalysts
with different Pt sizes show the Ea of 65−82 kJ mol−1,38 well
consistent with our experimental results.

Figure 2. Arrhenius plots for the oxidation of methane over Pt-CZL samples: (a) total rates and (b) exclusive rates from Pt contribution.

Table 1. H2-TPR Peak Areas (H2), Total Rates Normalized by Catalyst Weight (rw), Exclusive Rates from Pt Contribution
Normalized by Platinum Amount (rPt), Apparent Activation Energies (Ea), and Exclusive Activation Energies from Pt
Contribution (EPt) for the Methane Oxidation Reaction over Pt-CZL/CZL Samples

rw (μmolCH4·gcat
−1·s−1) rPt (mmolCH4·molPt

−1·s−1)

sample H2 (a.u.) 425 °C 450 °C 475 °C 425 °C 450 °C 475 °C Ea (kJ/mol) EPt (kJ/mol)

CZL 1230 0.18 0.32 0.56 100 ± 1
0.5Pt-CZL 1430 0.52 0.87 1.47 10.3 16.7 27.4 90 ± 2 79 ± 2
1Pt-CZL 1200 1.24 1.93 2.87 16.1 24.4 35.0 73 ± 1 67 ± 2
2Pt-CZL 1120 1.19 1.73 2.65 7.6 10.6 17.3 69 ± 4 63 ± 4

Figure 1. Methane conversion over Pt-CZL samples for (a) “light-off” experiments from 300 to 650 °C and (b) stability tests at 600 °C for 10 h.
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To distinguish the platinum fraction from the total reaction
rates or apparent activation energies, we subtracted the contri-
bution of CZL support and normalized the residual rates by Pt
amount to obtain the exclusive rates from Pt contribution (rPt).
It can be seen from Figure 2b and Table 1 that the catalytic
reactivity on methane oxidation follows this order: 1Pt-CZL >
0.5Pt-CZL > 2Pt-CZL. Obviously, 1 at. % Pt shows the highest
platinum efficiency with the rPt values of 16.1−35.0 mmolCH4·
molPt

−1·s−1 at 425−475 °C. Recently, Arandiyan et al. reported
1.1 wt % Pt/Ce0.6Zr0.3Y0.1O2 catalysts showing a reaction rate
of ∼7 mmolCH4·molPt

−1·s−1 at 400 °C.20 Thus, our present
platinum-doped ceria−zirconia−lanthana catalysts have almost
equal or even higher reactivity on the oxidation of methane than
those in the literature (see Table 2 for details). Besides, the
exclusive activation energies from Pt contribution (EPt), which
were calculated according to the rPt values, have been included
(Figure 2b, Table 1). The calculated EPt numbers are within the
range of 70 ± 10 kJ mol−1 for all the Pt-CZL samples and lower
than the related Ea values, indicating the low-temperature activity
is more dependent upon the efficiency of platinum.
Hydrogen temperature-programmed reduction (H2-TPR)

was applied to investigate the reducibility of platinum-doped
ceria−zirconia−lanthana catalysts. Figure S1a displays that for
the pure CZL support, the main peak is located at 590 °C,
due to the reduction of Ce4+→ Ce3+ in nanosized ceria.39

The introduction of platinum led to a significant decrease of this
reduction temperature to around 200 °C, indicating a

pronounced Pt−O−Ce interaction.40 The reduction peak of
2Pt-CZL (186 °C) is obviously at lower temperature than those
of 0.5Pt-CZL (240 °C) and 1Pt-CZL (236 °C), giving a hint
of the presence of a weaker metal−support interaction in the
high-concentration platinum sample.41 Figure S1b shows that
the peak areas of H2-TPR profiles, which are proportional to the
hydrogen consumption values or the surface oxygen numbers,
are very close between the pure CZL support and the Pt-CZL
catalysts. So, the introduction of a small amount (0.5−2 at. %) of
platinum can fully activate the surface oxygen species, which are
related to the ceria−zirconia−lanthana support, at low temper-
ature, below 300 °C.

3.2. Structural and Textural Properties on Pt-CZL
Catalysts. The bulk concentrations of platinum (Ptbulk) were
determined by EDS. Table 3 shows that the Ptbulk values are 0.5,
1.0, and 1.7 at. % for 0.5Pt-CZL, 1Pt-CZL, and 2Pt-CZL,
respectively, close to these designed numbers. It gives a hint of
the successful impregnation process in our synthesis. The surface
concentrations of platinum (Ptsurf.) were decided by X-ray
photoelectron spectroscopy (XPS). Table 3 shows that the Ptsurf.
values are 1.1, 1.8, and 2.8 at. % for 0.5Pt-CZL, 1Pt-CZL,
and 2Pt-CZL, respectively, distinctly higher than those of Ptbulk.
This can be explained because the escape depth of photoemitted
electrons is short (normally a few nanometers) and the inlet
X-ray cannot fully penetrate the CZL matrix in experiments.
Furthermore, Table 3 also displays that the Ptsurf. numbers after
the oxidation of methane are 1.1, 1.8, and 2.7 at. % for

Table 2. Comparison of the Activities over the Representative Platinum Catalysts for the Methane Oxidation Reaction

temp
(°C) gas feed composition

reaction rate by catalyst
weight (μmolCH4·gcat

−1·s−1)
reaction rate by Pt amount
(mmolCH4·molPt

−1·s−1)
apparent activation
energy (kJ/mol) ref

Inert supports

1.9 wt % Pt/Al2O3 380 2%CH4/5%O2/He 0.034 0.35 90 13

4.1 wt % Pt/Al2O3 300 1%CH4/16%O2/Ar 0.083 0.40 54

Reducible oxide supports

1.1 wt % Pt/CZY 300 2%CH4/20%O2/N2 0.11 1.86 66 20

350 0.21 3.68

400 0.39 6.98

Our results

1 at. % Pt/CZL 425 1%CH4/5%O2/N2 1.24 16.1 73

450 1.93 24.4

475 2.87 35.0

300 0.08a 1.2a

350 0.27a 4.1a

400 0.77a 11.7a

aCalculated values on the basis of extended points in Arrhenius plots.

Table 3. Bulk and Surface Pt Concentration (Ptbulk and Ptsurf.), BET Specific Surface Areas (SBET), BJH Pore Volume (Vp), Position
for F2g Peak in Raman, Lattice Constants (a) of Pt-CZL/CZL Samples, Averaged Grain Sizes (DXRD) and Particle Sizes (DTEM) of
CZL Support, and Average Pt Cluster Sizes (DPt) for Pt-CZL Samples

sample Ptbulk (at. %)
a Ptsurf. (at. %)

b SBET (m
2/g)c Vp (cm

3/g)c F2g (cm
−1)d a (Å)e DXRD (nm)f DTEM (nm)g Dpt (nm)i

CZL 56 0.112 476 5.3536(1) 6.6 7.1 ± 1.5
465f 5.3599(1)h 6.4h 6.9 ± 1.0h

0.5Pt-CZL 0.5 1.1 57 0.115 473 5.3532(2) 6.7 7.4 ± 1.2 2.4 ± 0.6
1.1h 461f 5.3540(1)h 6.2h 7.1 ± 1.0h

1Pt-CZL 1.0 1.8 53 0.113 471 5.3525(1) 6.5 7.2 ± 1.2 1.8 ± 0.4
1.8h 458f 5.3535(1)h 6.8h 6.9 ± 1.2h

2Pt-CZL 1.7 2.8 55 0.110 466 5.3548(3) 6.6 7.4 ± 1.3 <1
2.7h 452f 5.3565(1)h 6.3h 7.1 ± 1.1h

aCalculated by EDS. bCalculated by XPS. cFrom N2 adsorption/desorption experiments. dDetermined by Raman spectra. eCalculated from the XRD
patterns by least-squares estimation. fCalculated from the XRD patterns by Scherrer equation. gStatistic data on the basis of TEM images. hFor used
samples after methane oxidation reaction. iStatistic data on the basis of aberration-corrected HAADF-STEM images.

The Journal of Physical Chemistry C Article

DOI: 10.1021/acs.jpcc.7b07599
J. Phys. Chem. C 2017, 121, 25805−25817

25809

http://pubs.acs.org/doi/suppl/10.1021/acs.jpcc.7b07599/suppl_file/jp7b07599_si_001.pdf
http://pubs.acs.org/doi/suppl/10.1021/acs.jpcc.7b07599/suppl_file/jp7b07599_si_001.pdf
http://dx.doi.org/10.1021/acs.jpcc.7b07599


0.5Pt-CZL, 1Pt-CZL, and 2Pt-CZL, respectively, indicating
good stability of platinum dispersion during reaction (600 °C,
10 h, 1 vol % CH4 + 5 vol % O2 + 94 vo % N2, 600 °C).
The nitrogen adsorption/desorption experiments were carried

out to investigate the textural properties of platinum-doped
ceria−zirconia−lanthana catalysts. Representative nitrogen
adsorption/desorption isotherms are shown in Figure S2a.
All the curves, whether for Pt-CZL catalysts or pureCZL support,
can be attributed to type IV, characteristic of capillary conden-
sation taking place in mesopores.42 The hysteresis loops in the
P/P0 range of 0.6−0.9 associated with this isotherm are classified
to type H1, quite typical of porous materials consisting of
agglomerates, or compacts of approximately uniform spheres in a
fairly regular array.42 Table 3 shows that the BET specific surface
areas and BJH pore volumes of as-calcined samples are almost
identical between Pt-CZL (53−57 m2/g, 0.110−0.115 cm3/g)
and CZL (56 m2/g, 0.112 cm3/g). Here, we noticed that the
typical pore volume determined by nitrogen adsorption/
desorption experiments (∼0.1 cm3/g) is much smaller than the
amount of water we used during impregnation (0.4 mL/g) since
theCZL support has extra interaction to the polar solvent (H2O)
than to the nonpolar gas molecule (N2). Figure S2b shows that
all the Pt-CZL samples have narrower distributions on pore size
than CZL, giving a hint of the interaction between platinum
metal and oxide support. It indicates that the deposition of
platinum actually did not affect the major textural properties of
ceria−zirconia−lanthana in our synthesis.
The XRD tests were performed to determine the crystal

structure of platinum-doped ceria−zirconia−lanthana catalysts.
The XRD patterns in Figure 3a identify that all the freshPt-CZL/
CZL samples are of a fluorite face-centered-cubic ( fcc) CeO2
phase (JCPDS card no.: 34−394) with lattice constant a of
5.3525−5.3548 Å (see Table 3) after the impregnation step and
the sequential air calcination at 700 °C. The average grain sizes
estimated by Scherrer equation for Pt-CZL/CZL (6.5−6.7 nm)
are in good agreement with the averaged pore sizes obtained
by nitrogen adsorption/desorption and almost identical (see
Table 3) since these supports were initially sintered at the higher
temperature of 800 °C. Figure 3a also confirms that no Pt/PtO2
phases were detected for 0.5Pt-CZL, revealing that the deposited
platinum species are of small size (less than ca. 2 nm) over the
CZL support. For 1Pt-CZL, a very tiny band of Pt ( fcc, JCPDS
card no.: 4−802) around 40° was found in XRD, indicating the
possible presence of small-size platinum metals. However, for
2Pt-CZL, narrow diffraction peaks at 39.7, 46.2, 67.4, and 81.2°
were clearly observed, which can be assigned to metallic Pt phase
(a = 3.9230(1) Å).

All the above experimental data demonstrate a monotonous
trend for the decrease on dispersion of platinum species, or the
increase on the formation of metallic Pt crystals, with the
Pt concentration. Previously, Lee et al. synthesized 0.75 wt %
Pt−Ce/C samples with NaBH4 reduction, which shows the fcc
Pt phase after calcination at 150 °C for 2 h.43 Later on, Kamiuchi
et al. found that after calcinations at 800 °C for 3 h, 1.0 wt %
Pt/CeZrOx showed obvious diffraction peaks of Pt metal.44

Therefore, the current impregnation method utilized in this work
was powerful to maintain the small-size platinum species up to
ca. 1 at. % Pt, which is due to the high thermal stability of single-
phase CZL support.27 Furthermore, Figure 3b displays that the
Pt-CZL samples after methane oxidation reaction (the stability
tests at 600 °C for 10 h) maintained exactly the same crystal
structure. It demonstrates the high reaction stability of Pt-CZL
samples during the methane oxidation reaction.
Visible Raman excited by 532 nm laser was applied to finely

determine the structure of platinum-doped ceria−zirconia−
lanthana samples. Figure 4a distinctly exhibits a strong
absorption centered at 466−476 cm−1, corresponding to the
triply degenerate F2g mode of fluorite CeO2.

45 Table 3 shows that
the position of the F2g Raman peak for Pt-CZL is inversely
proportional to the Pt loading amount, from 476 (CZL) to
466 cm−1 (2Pt-CZL). It can be explained by the formation of
more oxygen vacancies with the addition of more platinum
species.46 Previously, Lee et al. has confirmed that the F2g Raman
peak shifts in CeO2−δ and Au/CeO2−δ nanoparticles decrease
during the oxidation of CO because of the increase of oxygen
vacancies.47 Figure 4b shows that after the oxidation of methane,
the F2g peak position of CZL or Pt-CZL shifted to lower
wavenumber (465−452 cm−1), compared to the related fresh
counterpart (476−466 cm−1).
The TEM and HRTEM characterizations were used to

determine the morphology, size, and shape of platinum-doped
ceria−zirconia−lanthana catalysts under a microdomain view.
The TEM images in Figure 5a,c,e display that the fresh Pt-CZL
catalysts were composed by polyhedron-like nanocrystals.
Table 3 shows that the averaged particle size estimated from
the statistical data is 7.1−7.4 nm for all the measured samples, in
good agreement with XRD results (6.5−6.7 nm). The HRTEM
images in Figure 5b,d,f exhibit that the interplanar distance for
lattice fringes of nanocrystals in fresh Pt-CZL is 0.31−0.32 nm,
attributed to the (111) planes for doped ceria. Pt is invisible in
both TEM and HRTEM images of Pt-CZL samples, except for
2Pt-CZL, showing some very large (50−100 nm) Pt particles,
which is well consistent with the presence of sharp peaks in XRD.

Figure 3. XRD patterns of Pt-CZL samples: (a) fresh and (b) used.
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Figure S3 shows the TEM and HRTEM images of the used
Pt-CZL catalysts after oxidation of methane at 600 °C for 10 h.
The polyhedron shape (Figures S3a,c,e) and small size (6.7−7.1 nm,
see Table 3) of nanocrystals were maintained, as well as the
identification of doped ceria from the interplanar distance (0.32 nm,
see Figures S3b,d,f). Again, only 2Pt-CZL contains large-size Pt
particles in TEM (Figure S3e). Thus, the structure of Pt-CZL
nanocrystals displays very high stability against the methane
oxidation process. Recently, Vita et al. reported that after
undergoing methane oxysteam, reforming between 500−800 °C
for 60 h, the average size of Pt nanoparticles determined by TEM
was very stable at 5.8−5.9 nm.48

3.3. Electronic and Local Coordination Structure of
Platinum in Pt-CZL Catalysts. To observe the size and
dispersion of platinum species, we employed the aberration-
corrected HAADF-STEM to characterize the platinum-doped
ceria−zirconia−lanthana catalysts. Typically, Figure 6 exhibits
the HAADF-STEM images of fresh Pt-CZL samples under
different magnifications. Figure 6a depicts the ultrafine clusters
with size of 2.4± 0.6 nm and narrow size-distribution (Figure S4a)
over the oxide matrix for 0.5Pt-CZL, which are actually non-
crystalline and composed by platinum atoms according to the

contrast picture in Figure 6b. Recently, Ke et al. synthesized
subnanometric PtOx clusters supported on the CeO2 nanowires
and found that the size of platinum clusters was ca. 0.5 nm by
HAADF-STEM.40 As the Pt amount increases, 1Pt-CZL shows
the existence of ultrafine clusters (Figure 6c) with an average size
of 1.8 ± 0.4 nm (Figure S4b). Besides, ca. 4 nm Pt metallic
crystals with clear lattice fringe also exist in the fresh 1Pt-CZL
samples (Figure S5).
However, for 2Pt-CZL, the HAADF-STEM results confirmed

the presence of extremely fine platinum clusters less than 1 nm
(Figure 6e and black arrows in Figure 6f). Therefore, by the aid of
aberration-correctedHAADF-STEM technique, we can verify that
the sizes of ultrafine clusters show the sequence 0.5Pt-CZL >
1Pt-CZL ≫ 2Pt-CZL. Here, we cannot attribute these ultra-
fine clusters to either metallic Pt or ionic platinum oxide phase
since lattice oxygen is unable to be distinguished from the sur-
rounding circumstances in HAADF-STEM. Besides, the white
circles in Figure 6b,d,f clearly display the individual platinum
atoms for 0.5Pt-CZL, 1Pt-CZL, and 2Pt-CZL, respectively.
Here, the creation of Pt single atoms in all the fresh samples
after air calcination as high as 700 °C has been rarely reported.49

Also, for 2Pt-CZL, the presence of both large-size Pt particles

Figure 5. TEM (a,c,e) and HRTEM (b,d,f) images of fresh Pt-CZL samples: (a,b) 0.5Pt-CZL; (c,d) 1Pt-CZL; (e,f) 2Pt-CZL.

Figure 4. Raman spectra of Pt-CZL samples: (a) fresh and (b) used.
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(Figure 5e) and ultrafine platinum clusters as well as single atoms
(Figures 6e,f) reveal that the particle size distribution of platinum
in this sample is strictly bimodal.
The EXAFS part with the profile fitting in R space was carried

out to determine the short-range local coordination structure
including distances (R) and coordination number (CN) around
the studied platinum atoms. The fitted ranges for k spaces were
selected to be k = 3−10 Å−1 (0.5Pt-CZL), 3−11 Å−1 (1Pt-CZL),
and 3−12 Å−1 (2Pt-CZL), based on experimental data
(Figure S6). On the basis of EXAFS fitting results (Figure 7c,d
and Table 4), we found nearly the same results between fresh and
used catalysts and obtained the following conclusions.
(1) A strong peak at ca. 2 Å with CN of 2.8−5.5 was identified

for the first Pt−O shell, which is attributed by the scattering
between platinum center and the surrounding oxygen atoms in
multiple possibilities of ionic single atoms (Ptδ+−O), ultrafine
clusters (PtxOy), and/or crystallized particle (PtO2) forms.
The fitted R values are very close to those of ceria-supported
platinum oxide clusters (2.02 Å).49 Besides, Figure 8a shows
that as the concentration of Pt increases, the CN of the first
Pt−O shell monotonously decreases, especially for 2Pt-CZL
(CN = 2.8−3.0). This can be explained by the formation of a high
fraction of metallic Pt particles, which has been confirmed by
XRD.
(2) Weak Pt−Pt shell at R = 3.21−3.23 Å (CN = 1.3−3.6) can

be verified, which originates from the Pt−O−Pt structure in
PtxOy species.

50 Meanwhile, Figure 8b shows that the CN values
of this Pt−Pt shell keep the sequence 1Pt-CZL (2.8−3.6) >
0.5Pt-CZL (2.3−2.4) > 2Pt-CZL (1.3−1.6), corresponding to
the order for molar fraction of PtxOy clusters in each sample.
Here, this trend deduced by EXAFS is different from that
on cluster size determined by HAADF-STEM (0.5Pt-CZL >
1Pt-CZL ≫ 2Pt-CZL). It is reasonable since XAFS gives the
average signals of all the platinum components and more so
focuses on the molar fraction of different species; while HAADF-
STEM dominantly provides the direction observations on the
size of an individual PtxOy cluster.

(3) Much weaker Pt−Ce shell at R = 3.37−3.45 Å (CN =
1.0−1.9) can be determined by the EXAFS fitting. The origin of
this shell should be caused by the metal−support interaction,51
i.e., CZL support is bound to ionic platinum single atoms,
ultrafine PtxOy clusters, or metallic Pt particles to form Pt−O−
Ce interfaces. Figure 8c shows that slightly stronger Pt−O−Ce
interaction can be identified for the low-concentration platinum
catalysts compared to that for the high-concentration platinum
sample (0.5Pt-CZL ≈ 1Pt-CZL > 2Pt-CZL). This is also
consistent with the results ofCN of the first Pt−Oshell (Figure 8a).
(4) Pt−Pt metallic bond (first shell, R = 2.78−2.83; second

shell, R = 3.94) was determined for 1Pt-CZL and 2Pt-CZL with
CN values of the first shell equal to 1.5−1.6 and 5.6−5.7,
respectively, indicating a greater fraction of the metallic Pt
component with an increased platinum amount, from 1 to 2 at. %
(Figure 8d). However, no Pt−Pt contribution can be identified
for 0.5Pt-CZL, confirming the absence of crystallized Pt particles
for the low-concentration platinum. However, the small CN
values of Pt−Pt correspond to the minor fraction of metallic Pt
component in 1Pt-CZL, and thus, the absence of Pt−Pt phase in
0.5Pt-CZL does not behave as the largerCN values of Pt−Ce. All
the above results are in good agreement with the XRD (Figure 3)
and TEM (Figure 5 and S3) data.
Therefore, with the help of EXAFS data analysis, we can

reliably obtain the local structures of different platinum species
including ionic Ptδ+−O single atoms, ultrafine PtxOy clusters, and
metallic Pt particles (see Figure 8e for model scheme).

4. DISCUSSION

Small-size platinum species (single atoms, ultrafine clusters, and
nanoparticles) supported on reducible metal oxides have been
widely investigated because of their unique catalytic properties in
diverse reactions.20,28,38,40 In this work, we used thermally stable
ceria−zirconia−lanthana (Ce0.5Zr0.42La0.08Ox) as an active oxide
support to deposit platinum with different loading amounts from
0.5 to 2 at. % via incipient wetness impregnation. The as-obtained

Figure 6. Aberration-corrected HAADF-STEM images of fresh Pt-CZL samples: (a,b) 0.5Pt-CZL; (c,d) 1Pt-CZL; (e,f) 2Pt-CZL. White circles and
black arrows present single atoms and clusters, respectively.
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samples showed excellent catalytic performance on the methane
oxidation reaction with a high total rate of 1.93 μmolCH4·gcat

−1·s−1

and a high Pt-exclusive rate of 24.4mmolCH4·molPt
−1·s−1 at 450 °C.

Besides, there is amaximal Pt efficiency at ca. 1 at. % Pt (1Pt-CZL >
0.5Pt-CZL > 2Pt-CZL, see Table 1) based on the exclusive
reaction rates by Pt contribution and normalized by Pt amount.
Therefore, our platinum-doped ceria−zirconia−lanthana sam-
ples are appropriate to be investigated for the structure−activity
relationship of the oxidation of methane.
Due to the existence of not only the metallic (Pt0) and ionic

(Ptδ+) components, but also the atoms, clusters, and particles,
to distinguish the effects of these components is the highest
priority for us to investigate the structure−activity relationship of
platinum-doped ceria−zirconia−lanthana catalysts. The aberra-
tion-corrected HAADF-STEM technique is important to
confirm the presence of the above platinum species from the
direct observation (see Figure 6). However, the XAFS meas-
urements, especially the profile fittings on EXAFS spectra, are
also indispensable to provide the quantitative results on the

molar fraction of each component (ionic Ptδ+−O single atoms,
ultrafine PtxOy clusters, and metallic Pt particles) within one
investigated sample.
To obtain the molar fraction of different platinum species, first

of all, the coordination numbers of the fitted shells (Pt−O,
Pt−Pt, and Pt−O−Pt in Table 4) are averaged by the two EXAFS
spectra for fresh and used catalysts to improve the fit accuracy
(see Table 5). Here, CN of metallic Pt−Pt shell around 2.8 Å
is solely determined by the fraction of particles; while CN of
Pt−O−Pt at ca. 3.2 Å is independently decided by the fraction of
clusters. However, CN of Pt−O at about 2.0 Å includes both
contributions from atoms and clusters, and this value subtracting
CN of Pt−O−Pt is related to atoms only. We should be careful
that these adjusted CN values for atoms/clusters/particles
should be normalized by dividing the perfect structural model
(ionic atoms and clusters: 8 in PtO2) or practical structural model
(metallic particles:52 10 for ca. 4 nm Pt particles in 1Pt-CZL or
12 for 50−100 nm Pt particles in 2Pt-CZL) before comparison.
Here, we obtained the size of themetallic platinum component in

Table 4. Oxidation State of Platinum (δ) and Pt L3-Edge EXAFS Fitting Results (R, Distance; CN, Coordination Number; σ2,
Debye−Waller Factora; ΔE0, Inner Potential Correction

b) of Pt-CZL Samples

Pt−O Pt−Pt (metallic) Pt−Pt (Pt−O−Pt) Pt−Ce (Pt−O−Ce)

sample δ R (Å) CN R (Å) CN R (Å) CN R (Å) CN

0.5Pt-CZL (fresh) 3.5 2.00 ± 0.01 5.5 ± 0.3 3.23 ± 0.02 2.4 ± 0.9 3.45 ± 0.03 1.7 ± 0.7
0.5Pt-CZL (used) 3.2 1.99 ± 0.01 5.2 ± 0.3 3.23 ± 0.02 2.3 ± 0.8 3.45 ± 0.03 1.4 ± 0.6
1Pt-CZL (fresh) 3.2 1.99 ± 0.01 4.8 ± 0.3 2.82 ± 0.03 1.5 ± 0.6 3.21 ± 0.01 2.8 ± 0.9 3.44 ± 0.02 1.6 ± 0.5
1Pt-CZL (used) 3.2 2.00 ± 0.01 4.8 ± 0.2 2.83 ± 0.02 1.6 ± 0.4 3.21 ± 0.01 3.6 ± 0.6 3.44 ± 0.02 1.9 ± 0.4
2Pt-CZL (fresh) 2.0 1.98 ± 0.01 3.0 ± 0.3 2.78 ± 0.01 5.7 ± 0.5 3.21 ± 0.02 1.3 ± 1.1 3.37 ± 0.04 1.0 ± 0.7

3.94 ± 0.01 3.4 ± 0.5
2Pt-CZL (used) 1.8 1.99 ± 0.01 2.8 ± 0.2 2.79 ± 0.01 5.6 ± 0.6 3.21 ± 0.02 1.6 ± 1.1 3.37 ± 0.04 1.1 ± 0.7

3.94 ± 0.01 2.8 ± 0.6
aσ2 = 0.0030, 0.0045, and 0.0045 Å2 for all the analyzed Pt−O, Pt−Ce, and Pt−Pt shells, respectively; bΔE0 = 14.1/13.7, 13.7/13.7, and 11.6/11.3
eV for fresh/used 0.5Pt-CZL, 1Pt-CZL, and 2Pt-CZL, respectively, which were obtained from the linear combination fits on XANES profiles and
the fitting results of Pt foil (ΔE0 = 8.3 ± 1.2 eV) and PtO2 (ΔE0 = 15.0 ± 0.9 eV) standards.

Figure 7. Pt L3-edge XANES profiles (a,b) and EXAFS fitting results in R space (c,d) of Pt-CZL samples: (a,c) fresh and (b, d) used.
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1Pt-CZL (ca. 4 nm) and 2Pt-CZL (50−100 nm) directly from
the corresponding experimental data by aberration-corrected
HAADF-STEM (Figure S5) and TEM (Figures 5e and S3e),
respectively. Therefore, the molar fraction of each platinum
species can be finally obtained (0.5Pt-CZL: equal atoms and
clusters, no particles; 1Pt-CZL, major clusters plus atoms and
particles; 2Pt-CZL, major particles plus atoms and clusters; see
Table 5).
The ceria-based support contains rich oxygen vacancies, which

severely affect the chemisorption measurements for the titration
of exposed Pt species. So, we estimated the dispersion of
platinum by considering both sizes and molar fractions of all the
platinum species in each catalyst. For an individual species, atom

reaches 100% of surface Pt; cluster and particle roughly lead to
1/D × 100% (D: averaged size of each platinum species) of
exposed sites. Therefore, we have obtained the dispersion of
platinum as 74%, 55%, and 44% for 0.5Pt-CZL, 1Pt-CZL, and
2Pt-CZL, respectively (see Table 5). Obviously, more surface
platinum is created with the increasing Pt doping amount. Pt
dispersion was also determined by CO pulse chemisorption
measurements at low temperature53 (Table S2). The determined
Pt dispersions (36%, 39%, and 23% for 0.5Pt-CZL, 1Pt-CZL,
and 2Pt-CZL, respectively) are much lower than those calculated
from the EXAFS fitting results. To run CO pulse chemisorption,
the transformation from ionic Ptδ+ to metallic Pt0 component is
required and completed by the pre-reduction step. Accompanied

Table 5. Averaged CN of Pt−O/Pt-Pt/Pt−O−Pt, Molar Fraction of Atom/Cluster/Particle, Calculated Pt Dispersions (d), and
Turnover Frequency (TOF) Values for Pt-CZL Samples

CN TOF (s−1)

sample Pt−O Pt−Pt Pt−O−Pt atom (%) cluster (%) particle (%) d (%) 425 °C 450 °C 475 °C

0.5Pt-CZL 5.4 ± 0.3 2.4 ± 0.9 56 ± 8 44 ± 15 0 74 ± 9 0.014 0.023 0.037
1Pt-CZL 4.8 ± 0.3 1.6 ± 0.7 3.2 ± 0.9 26 ± 6 53 ± 13 21 ± 6 55 ± 9 0.029 0.044 0.064
2Pt-CZL 2.9 ± 0.2 5.7 ± 0.6 1.5 ± 0.7 22 ± 5 22 ± 7 57 ± 6 44 ± 12 0.017 0.024 0.039

Figure 8.Coordination numbers by EXAFS fitting as a function of platinum concentrations for Pt-CZL samples: (a) Pt−O; (b) Pt−O−Pt; (c) Pt−O−
Ce; and (d) metallic Pt−Pt. (e) Schematic demonstration on ionic platinum single atoms, ultrafine platinum oxide clusters, and metallic Pt particles.
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by such H2-reduction, the presence of these single atoms or
ultrafine clusters could be converted to metallic Pt particles (see
the XRD patterns in Figure S7 for details). Therefore, in this
work, we only calculated the Pt dispersion on the basis of the
EXAFS fittings.
Turnover frequency (TOF) is crucial to evaluate the efficiency

of active metal and bypass the inside spectators in catalysis.
We have obtained the exclusive rates from Pt contribution
normalized by platinum amount (unit: mmolCH4·molPt

−1·s−1) in
Table 1. Distinctly, 1Pt-CZL behaves with the highest TOF at
various reaction temperatures from 425 to 475 °C; while 0.5Pt-
CZL and 2Pt-CZL show almost identical turnover frequency,
very close to half of TOF for 1Pt-CZL.
However, we can distinguish the effects of different platinum

species by simple calculation (see Table S3), and the decided
efficiencies for atoms, clusters, and particles are −0.029, +0.090,
and +0.019 s−1 at 450 °C, respectively. It means that platinum
oxide clusters (PtxOy), with average size from subnanometer to
2−3 nm, play an essential role for the oxidation of methane;
metallic Pt particles are probably active species, but their large-
size characteristics impair the platinum efficiency; while ionic
platinum single atoms show negative effect for the catalytic
reaction in this work. Therefore, the Pt concentration has been
optimized at 1 at. % with a summit on the percentage of ultrafine
platinum oxide clusters.

5. CONCLUSIONS
In this work, low-concentration (0.5−2 at. %) platinum-doped
ceria−zirconia−lanthana catalysts with high thermal and reaction
stability were prepared by a simple impregnation method.
The as-calcined samples showed good catalytic performance for
the oxidation of methane up to 650 °C, and the highest reaction
rate and the efficiency of platinum were observed for 1 at. % Pt
loading. The aberration-corrected HAADF-STEM and XANES/
EXAFS results identified that (1) ultrafine platinum oxide clusters
play an essential for the oxidation of methane; (2) metallic Pt
particles are also active species, while the large-sized ones lower
the efficiency of platinum; and (3) ionic platinum single atoms
do not help the methane oxidation reaction much.
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