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ABSTRACT: The methane to olefins, aromatics, and hydrogen
(MTOAH) process via Pt/CeO, catalysts poses an attractive route
to improve yield and stability for the direct catalytic conversion of
methane. In this study, two sets of samples, one composed of PtO,
single sites on ceria and the other with additional Pt agglomerates,
were prepared. Both sets of samples showed enhanced catalytic
activity for the direct conversion of methane exceeding the
performance of pure ceria. Pulsed reaction studies unraveled three
reaction stages: reduction of the ceria support during activation, an
induction phase with increasing product formation, and finally,
stable running of the catalytic reactions. The reduction of ceria was
confirmed by X-ray absorption spectroscopy (XAS) after
conducting the MTOAH reaction. Operando X-ray absorption
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spectroscopy at challenging reaction temperatures of up to 975 °C in combination with theoretical simulations further evidenced an
increased Pt—Ce interaction upon reaction with CH,. Analysis of the extended X-ray absorption fine structure (EXAFS) spectra
proved decoration and encapsulation of the Pt particles by the CeO,/Ce,O; support or a partial Ce—Pt alloy formation due to the
strong metal—support interaction that developed under reaction conditions. Moreover, methyl radicals were detected as reaction
intermediates indicating a reaction pathway through the gas-phase coupling of methyl radicals. The results indicate that apart from
single-atom Pt sites reported in the literature, the observed Pt—Ce interface may have eased the activation of CH, by forming methyl
radicals and suppressed coke formation, significantly improving the catalytic performance of the ceria-based catalysts in general.
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1. INTRODUCTION

With declining crude oil resources, natural gas is attracting
increasing attention as a substitute in the energy sector and for
chemical feedstocks. Recently discovered unconventional gas
reserves, such as shale gas or coalbed methane, are mostly
located in scarcely populated areas. As long-distance trans-
portation of methane is often economically unviable, on-site
conversion of methane to liquid value-added chemicals is a
promising approach. In contrast to traditional multistep
processes via synthesis gas and subsequent methanol or
Fischer—Tropsch synthesis, the direct conversion of methane
(DCM) route potentially allows h1§her efficiency in energy-
saving and carbon-atom utilization.”” DCM can be realized by
oxidative coupling of methane (OCM)’ or nonoxidative
methane dehydrogenation (MDA)* to olefins and aromatics.
Since Keller and Bhasin introduced OCM, a variety of catalysts
have been tested. However, the industrial application is still
limited by low C, hydrocarbons yields (<25%) for most of the
catalysts due to overoxidation leading to CO and CO,
byproducts." Zeolite-based molybdenum catalysts are very
attractive for MDA but showed some severe deactivation due
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to coke build-up.” The current research focused on new
approaches and concepts to overcome these low yield and
stability issues." Guo et al.’ have recently reported an iron single-
site catalyst with outstanding performance for the direct
conversion of methane under nonoxidative conditions at
reaction temperatures above 950 °C. At such high reaction
temperatures, the formation of methyl radicals followed by
coupling to thermostable products such as ethylene, benzene,
and hydrogen was reported.” A long-term stable methane to
olefins, aromatics, and hydrogen (MTOAH) reaction was
observed, probably because the coke formation on the surface of
the catalyst was suppressed by the absence of large metal iron
nanoparticles.”* Likewise, Xie et al.” found platinum single sites
embedded on CeO, nanoslabs (fluorite phase) to convert
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methane into mainly C, hydrocarbons at 900 °C. However,
platinum nanoparticles of 3—4 nm size on ceria showed
significantly lower catalytic performance with much higher
coke selectivity.” Wen et al.'’ performed theoretical calculations
for DCM on Pt-atom-substituted Ce on a CeO,(111) surface
and concluded that single Pt atoms were more resistant against
carbon deposition and favored higher ethylene selectivity than
Pt clusters of 3 and 10 atoms. Bajec et al."' showed that a 0.1%
Pt/CeO, single-atom catalyst started converting CH, at 780 °C.
The proposed microkinetic model suggests the conversion of
CH, on Pt single sites with CH, adsorption, the abstraction of
the first *H radical from its neutral CH, molecule, and the
desorption of H, as the most important reaction steps. Pt single
atoms and ensembles on CeO, were also found to be highly
active for other catalytic reactions, such as CO oxidation,
selective CO, reduction, and the three-way catalytic reaction in
which CO and C;Hy are oxidized and NO is simultaneously
reduced.'” However, operando studies have shown that Pt
clusters may form and thus serve as the active species. Maurer et
al."” showed, e.g, that Pt reversibly disperses on the ceria surface
above 600 °C and thereby even restructures the support. The Pt
single sites are typically bonded to square-planar hollow
positions of the ceria support. Kottwitz et al.'* further refined
that Pt** single sites bind to the hollow sites of perturbed (100)
CeO, surface planes and thereby induce substantial strain within
the support lattice in the vicinity to the Pt atom. Stadnichenko et
al."® reported a reduction of PtO, nanoparticles (<1 nm) on
CeO, in vacuum starting at 250 °C occurring stepwise from Pt**
over Pt** to Pt’. Generally, Pt single sites were shown to be
stable in an oxidative atmosphere (air) at up to 800 °C,'
whereas sintering occurred in the reductive atmosphere (H,) at
150 °C."”

Since doping of Pt over CeO, has been shown to lower the
CH, activation barrier,'® synergetic effects of Pt and CeO, may
also play a role in the activation of CH,’ Tauster et al."”’
proposed that noble metals supported on TiO, experience a
strong metal—supzport interaction (SMSI) when reduced in H,.
Meriaudeau et al.”’ suggested that for the H,/CO reaction over
Pt/CeO,, an enhanced methanol formation might be explained
by a Ce—Pt alloy formation. Bernal et al.”' showed for 4% Pt/
CeO, that two-thirds of the Pt crystallites are encapsulated by
ceria after H, reduction at 700 °C and CePt; particles form at
900 °C, whereas the deactivation of the catalyst is concluded to
be caused by an increased support reduction and not by
encapsulation or alloying. To design efficient, highly active, and
stable catalysts for the direct conversion of methane, an analysis
of the local Pt environment on CeO, during the reaction is
needed.

In the present study, we aim at understanding the evolution of
the Pt/CeO, active sites and product formation pathways during
nonoxidative methane conversion using operando studies. Two
sets of samples were prepared and thoroughly characterized
starting from atomically dispersed Pt on nanocrystalline ceria by
flame spray pyrolysis and a combination of Pt aggregates with
single sites by incipient wetness impregnation on a commercial
ceria support for comparison. Pulsed reaction studies and
operando X-ray absorption spectroscopy (XAS) measurements
atup to 975 °C were conducted to shed light on the activation of
the catalyst through increased Pt—Ce interaction of differently
derived and thus differently structured Pt/CeO, samples.
Finally, the gas-phase reaction intermediates and products
were analyzed by synchrotron-based vacuum ultraviolet photo-
ionization mass spectrometry (SVUV-PIMS).

3898

2. EXPERIMENTAL SECTION

2.1. Sample Preparation. Ceria catalysts doped with 0.5
and 1.0 wt % Pt were prepared by flame spray pyrolysis (FSP,
similar to ref 22) and incipient wetness impregnation (WI,
similar to ref 23) and were calcined at 1000 °C in air to
potentially generate single sites in both cases."* The samples are
denoted 0.5 Pt (FSP), 1.0 Pt (FSP), 0.5 Pt (WI), and 1.0 Pt
(WI), respectively. In the case of FSP, precursor solutions were
prepared by dissolving specified amounts of platinum(II)
acetylacetonate (98%, abcr) and cerium(IIl) 2-ethylhexanoate
49% in 2-ethylhexanoic acid (12% Ce, Alfa Aesar) in xylene
(VWR Chemicals). The concentration of the total metal
precursor was 0.5 mol/L. The precursor solutions were fed
through a capillary into a methane/oxygen flame (750 mL/min
CH,, 1600 mL/min O,) at 5 mL/min using a syringe pump
(World Precision Instruments) and were dispersed with oxygen
(5 L/min). A cylindrical steel vessel with a glass fiber filter (24
cm diameter, Whatman GF6) was placed above the flame. The
produced particles were collected on this filter with the aid of a
vacuum pump with an established setup at the Institute for
Chemical Technology and Polymer Chemistry (ITCP) at KIT
analogously to the apparatus described in the literature.”*

The WI procedure was performed by a robot-controlled
preparation unit (Accelerator SLT106 Parallel Synthesizer—
SLT CATIMPREG, ChemSpeed Technologies).”® Herein,
commercial CeO, (Sigma Aldrich, 99.95%, Brunauer—
Emmett—Teller (BET) surface area: 40 m*/g) was impregnated
with an aqueous solution of tetraammineplatinum(II) nitrate
(VWR, >99.9%) and then dried at 70 °C under reduced
pressure.

2.2. Characterization. N, physisorption measurements
according to the Brunauer—Emmet—Teller (BET) method were
performed at —196 °C using a BELSOPRP Mini II analyzer
(MicrotracBEL) to estimate the surface area and pore volume.
The samples were degassed for 2 h at 300 °C prior to the
measurement.

The samples before and after catalytic testing were examined
in an FEI Titan 80-300 aberration-corrected electron micro-
scope (TEM) operated at 300 kV at the Karlsruhe Nano Micro
Facility (KNMF, KIT). The samples were prepared by
depositing a small amount of sample in ethanol on a holey
carbon-coated gold grid. The particle size distribution was
estimated with the software package Imagej26 assuming an
elliptical size of the Pt particles. High-angle annular dark-field
scanning transmission electron microscopy (HAADF-STEM)
measurements were carried out on a JEM ARM300F micro-
scope operated at 200 kV.

Diftusive reflectance infrared Fourier transform spectroscopy
(DRIFTS) was performed on a Bruker Vertex 70 instrument
with a Hg-Cd-Te (MCT) detector using a Praying Mantis high-
temperature reaction chamber with KBr windows. The cell
temperature was controlled by two heating cartridges and a
water cooling system inside the cell. The outlet gases were
monitored using a Pfeiffer Vacuum OmniStar GSD 320 mass
spectrometer (MS). About 150 mg of the sample was diluted to
5 wt % with CaF, (100—200 ym) and filled into the sample
holder. Using a gas stream of 10 mL/min, the catalyst was heated
under 20% O,/Ar flow (gas composition is always given in vol
%) to 350 °C for 30 min, and after cooling to 40 °C a
background spectrum (30 scans, 4 cm™' resolution) was
recorded. Subsequently, the gas composition was switched to
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5% CO/He for 40 min, and after purging with He for 30 min the
spectra were recorded.

2.3. Catalytic Activity. The catalytic activity tests were
conducted in a fixed-bed quartz tubular reactor with an internal
diameter of 11 mm. A total of 300 mg powdered catalyst with a
sieve fraction of 400—840 um was packed resulting in a catalyst
bed of 3 mm length. The Mears criterion for external mass
transfer and the Weisz—Prater criterion for internal mass
transfer were estimated, and the data showed that both external
and internal mass transfer effects can be neglected (for further
details, ¢f Supporting Information). The catalyst bed was
located in the middle of the constant temperature zone of about
100 mm, the temperature was regulated with a controller (Al-
708P, Xiamen Yudian Automation Technology Co.), and the
thermocouple was placed outside the reactor close to the middle
of the catalyst bed. The sample was heated from room
temperature to the operating temperature with a ramp rate of
7 °C/min in a pure Ar flow (100 mL/min). The preheater was
kept at 750 °C. After flushing with an Ar flow for 10 min, the
reaction started by switching on the feed gas. In our study, the
feed gas composition of 90% CH,/N, (N, as an internal
standard) and the reactant gas flow (11.7—14.1 L/(g'h) space
velocity; 8.6—10.2 1/h weight hourly space velocity (WHSV))
was chosen as industrially more relevant conditions compared to
previously reported studies (0.9—2.6 1/h WHSYV for pure CH,
gas flow;'' 6 L/(g'h) space velocity of 1% CH,/He’). The
effluents were analyzed with an online 7890B Agilent GC
equipped with TCD (HayeSep Q column) and FID (HP-1
capillary column) detectors. Methane conversion, hydrocarbon
product selectivity, and coke deposition selectivity were
calculated according to the carbon balance.””

To follow the catalyst activation period, pulsed reaction
studies were conducted at conditions similar to the fixed-bed
catalytic activity tests. A six-way valve equipped with a sample
loop was used to pulse S mL of 90% CH,/He every 6 min to the
sample and 30 mL/min Ar was fed as a carrier gas. A sieve
fraction of 400—840 ym of 300 mg of powdered catalyst was
fixed in a quartz tubular reactor of 4 mm inner diameter resulting
in a catalyst bed of 15 mm length. The sample was heated from
room temperature to 975 °C with a ramp rate of 7 °C/min in a
pure Ar flow (30 mL/min). The preheater was kept at 750 °C.
The effluents were monitored using an online mass
spectrometer (Pfeiffer Vacuum, Omnistar GSD 320), and the
following products with corresponding mass-to-charge-ratios
(m/z) were recorded: H, (2), He (4), CH, (16), H,O (18),
C,H,/C,H, (27), CO (28), CO, (44), and C,H, (78).

2.4. Synchrotron-Based Vacuum Ultraviolet Photo-
ionization Mass Spectrometry. Gaseous reaction compo-
nents were detected by synchrotron-based vacuum ultraviolet
photoionization mass spectrometry (SVUV-PIMS) at the
combustion station of the National Synchrotron Radiation
Laboratory (NSRL, Hefei, China).”® Synchrotron radiation
from an undulator beamline (BLO3U) was monochromatized
with a 200 lines/mm laminar grating covering the photon energy
from 7.5 to 22 eV with an energy resolving power of 3000 (E/AE
@ 10 eV).” Typically, 200 mg of the catalyst was loaded in a
horizontal quartz reactor (O.D.: 10 mm, LD.: 7 mm, L.: 480
mm). The pressure within the catalytic reactor was maintained
at 45 mbar by a closed-loop control connected to a pressure
sensor, a butterfly valve, and a vacuum pump.30 Each sample was
first heated to 1000 °C in an Ar flow and after reaching the
reaction temperature, the feed gas was switched to CH, at 12 L/
(g'h). A small fraction of the product gas from the catalyst bed is
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sampled through a quartz nozzle (ID.: 450 um) into the
ionization chamber. Therein, the molecular beam is crossed by
the synchrotron VUV light. The thereby ionized molecules are
then mass-analyzed with a time-of-flight mass spectrometer
(Agilent 6224). The relative mole fraction of the products is
calculated according to ref 31 (for further details, ¢f. Supporting
Information).

2.5. X-ray Absorption Spectroscopy. X-ray absorption
spectra (XAS) in terms of the X-ray absorption near-edge
structure (XANES) and extended X-ray absorption fine
structure (EXAFS) at the Pt Ly and Ce L, absorption edges
were recorded at the P65 beamline of the PETRA III
synchrotron radiation source (DESY, Hamburg) in a
fluorescence mode using a 7 pixel HPGe detector (Canberra).
X-rays were produced by means of an 11-period undulator, and
higher harmonics were rejected by a pair of Rh-coated plane
mirrors installed in front of the monochromator. The energy of
X-ray photons was further selected by a Si(111) double-crystal
monochromator and the beam size was set with slits to 1 X 0.2
mm>** CePt; (MaTecK Material-Technologie & Kuristalle
GmbH) and PtO, (Sigma Aldrich) powder references were
pressed into pellets with cellulose and measured ex situ. For
operando investigations, typically about 20 mg of 100—200 ym
catalyst sieve fraction was fixed in a quartz capillary microreactor
(O.D.: 1.5 mm and wall thickness: 0.02 mm) between two
quartz wool plugs to give a catalyst bed of 6 mm length and
heated in a home-built high-temperature cell.”> The reaction
gases were dosed with MFCs (Bronkhorst) at a space velocity of
13 L/(g'h) similar to the catalytic tests. Exhaust gas lines were
heated to 150 °C, and product gases were analyzed by mass
spectrometry (Pfeiffer Vacuum, OmniStar GSD 320). The
samples were first heated in He to 975 °C, cooled to 40 °C to
measure EXAFS followed by a 1 h reaction at 975 °C in 90%
CH,/He. The whole operando XAS measurement procedure is
shown in Figure SI1S5. The spectra were normalized and
background-subtracted using the ATHENA program from the
IFFEFIT software package.”* The k%, and k*-weighted EXAFS
functions were Fourier-transformed in the k range of 2.5—10 A™!
and multiplied by a Hanning window with a sill size of 1 A™". The
structure refinement was performed in R-space using ARTEMIS
software (IFFEFIT)** with theoretical backscattering ampli-
tudes and phase functions calculated by FEFF 6.0.25.”° The
theoretical data were fitted to the experimental spectra by a least-
squares method in an R-space between 1 and 4 A™'. The
amplitude reduction factor (S, = 0.80) was derived using the
reference spectrum of the Pt foil and the number of identical
paths (CN), change in the half path length (AR), the energy
discrepancy from theoretical values (AE,), and the Debye—
Waller factor (6?) were fitted for the Pt foil and CePt; reference
spectra and refined with Pt,*® PtO,,>” and Ce;Pt,** crystal
structures from the literature.

XANES spectra at the Pt L; absorption edge of clusters
generated from Pt,*® CePt,*’ Ce3Pt4,3’8 CePt5,40 Ce7Pt3,,41
CePt2,4O and CePt342 experimental crystal structures were
simulated using the computer code FEFF9 and were aligned to
the measured Pt reference.”’ The polarization dependence,
core—hole effects, and local field corrections were based on self-
consistent, spherical muffin-tin scattering potentials. The
Hedin—Lundqvist potential was chosen, and SCF (self-
consistent field) and FMS (full multiple scattering) cutoff radii
of 5 and 9 A, respectively, were employed (for further details, cf.
Supporting Information).
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Figure 1. (a) HAADF-STEM image of the as-prepared 0.5 Pt (FSP)_ap with Pt single sites marked in circles. (b) STEM image of 0.5 Pt (FSP)_spent
after catalytic testing; Pt particles are marked with orange arrows including a zoom on the orange box showing EDX maps of a Pt particle.

3. RESULTS AND DISCUSSION

3.1. Basic Sample Characterization. Two sets of catalysts
with nominal 0.5 and 1 wt % Pt loadings on CeO, were prepared
by the versatile flame spray pyrolysis (FSP) method to obtain
Pt/CeO, in a one-step approach and by the robot-controlled
reference process of incipient wetness impregnation (WI). The
measured Pt loadings, which are close to the targeted loading,
and BET surface areas are listed in Table S1. XRD measure-
ments confirmed that all catalysts are composed of fluorite phase
ceria. The samples exhibited surface areas in the range of about
20—40 m*/g and thereby allowed evaluating the effect of Pt
dispersion and oxidation state on the catalytic activity. Only
fresh 1 Pt (FSP) showed minor Pt reflections in the XRD
indicating reduced Pt nanoparticles (Figure S1). The samples
loaded with 0.5 wt % Pt were investigated in further detail.

The 0.5 wt % Pt fresh catalyst prepared by the FSP method
(denoted 0.5 Pt (FSP)_ap) showed slabs of nanoceria in a range
from 12 to 45 nm (TEM, Figure S3a) and revealed highly
dispersed Pt single sites (HAADF-STEM, Figure 1a) with no
apparent Pt nanoparticles. The as-prepared WI samples contain
ceria particles with aggregated platinum in different sizes,
probably due to the lower surface area that is half of that of the
FSP sample (EDX maps on STEM images, Figure S3b). After
catalytic testing, sintering to Pt nanoparticles was observed for
0.5 Pt (FSP) in Figure 1b and 0.5 Pt (WI) with mean diameters
of 9 and S nm, respectively (denoted 0.5 Pt (FSP)_spent and 0.5
Pt (WI)_spent; for further STEM and HAADF-STEM images
as well as particle size distributions, see Figures S4—S6 in the
Supporting Information). However, metallic Pt reflections were
not observed in the XRD measurements for the spent catalysts,
likely due to rather low Pt loading.

In situ CO-DRIFTS studies were performed on fresh and
spent catalysts. Both fresh samples with 0.5 wt % Pt loading
revealed a distinct peak at about 2090 cm™ assigned to CO
adsorbed on Pt single sites (Figure 2)."”** The as-prepared 0.5
Pt (WI) sample showed a slightly lower intensity of the CO-
adsorption band, compared to the FSP catalyst, probably due to
the a§§regated Pt resulting in a lower number of single-atom Pt
sites.” Interestingly, CO-DRIFTS measurements of both spent
samples exhibited no distinct adsorption peak for Pt single sites
and no adsorption band from 2000 to 2200 cm™". This is most
likely due to inaccessible Pt sites, hinting at encapsulation of the
formed Pt nanoparticles by the ceria support or a Ce—Pt alloy
formation (for further details, cf. the section on Discussion of the
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Figure 2. In situ CO-DRIFTS spectra for the fresh (_ap) and
catalytically tested (_spent) 0.5 Pt (FSP) and 0.5 Pt (WI) samples in
5% CO/He at 40 °C (after flushing in He, CO-bands for the spent
catalysts in the presence of CO are observed, see the supporting
information, Figure S7).

XAS Studies). Dynamic evolution of the CO-DRIFT spectra
during CO desorption for the spent catalysts is shown in Figure
S7 (for further details, see the discussion in the Supporting
Information). Raman spectroscopic results for the as-prepared
samples suggest that Pt is anchored on the surface oxygen of
ceria forming Pt—O—Ce bonds and that after reaction these
cationic Pt species were reduced (Figure S8). H,-TPR
measurements showed distinct reduction peaks below 200 °C
assigned to lattice oxygen in the vicinity of cationic Pt single sites
(Pt—O—Ce bond) only for the as-prepared and not for the spent
samples (Figure S9). For further details on Raman spectroscopy
and H,-TPR measurements, see the discussion in the
Supporting Information. It can therefore be concluded that
the single-atom Pt sites anchored on surface ceria through Pt—
O—Ce bonds of the as-prepared catalysts sinter during methane
conversion to form reduced Pt nanoparticles. However, the co-
existence of very small amounts of Pt single sites cannot be ruled
out.

3.2. Catalytic Performance. The catalytic activities of 0.5
and 1.0 wt % Pt on CeO, prepared via WI and FSP are shown in
Figure 3. Note that a blank reactor was shown in a previous
publication to exhibit a rather low methane conversion of about
1.5% under almost identical conditions.” Pure ceria catalytically
converts methane above 950 °C, and the initially poor product
selectivities can be enhanced by tuning the methane gas flow
(Figure S10). However, the CeO, catalyst rapidly deactivates
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Figure 3. Product selectivities and CH, conversion for the nonoxidative
CH, conversion over 0.5 and 1.0 wt % Pt/CeQ, prepared via FSP and
WIin 90% CH,/N, as a function of reaction temperatures at 11.5 L/ (g-
h) (975 °C) and 13.5 L/(g-h) (1000 °C); black squares: CH,
conversion and bar diagram: product selectivities (C,—C,, hydro-
carbon fractions correspond to the sum of selectivity for toluene, xylene,

and naphthalene).

due to coke formation. Strikingly, the coke selectivity can be
reduced to less than 5% by doping ceria with platinum and
simultaneously tuning the gas flow (Figure S11). Both Pt/CeO,
catalysts exhibited high selectivity toward aromatics, typicall
higher than that reported in the literature.”®>'"*~*
Furthermore, both tested systems showed high selectivity
toward C, hydrocarbons and a stable performance within a 7
h time one stream (TOS) test (Figure S12). Methane
conversion increased from about 3 to 7% upon increasing the
reaction temperature from 975 to 1000 °C (Figure 3). The
ethylene selectivity was nearly constant at about 45% for the two
investigated reaction temperatures, whereas C;—C, selectivity
decreased and more aromatics were formed for 1000 °C in
comparison to 975 °C. Interestingly, there was not much
difference in the product distribution between the two samples.
In comparison to the pure ceria catalyst (Figure S10), doping of
Pt allowed lowering the reaction temperature to 975 °C while
maintaining low coke formation rates. Moreover, the catalytic
tests exhibited good reproducibility under the same conditions
(for further details, ¢f. Figure S13 in the Supporting
Information). Furthermore, no visible coke deposition was
observed on the reactor walls after catalytic testing.

Neither the varied platinum loading nor the different
preparation methods had a significant influence on the catalytic
performance, even 1 Pt (FSP)_ap consisting of Pt nanoparticles
(confirmed by XRD, Figure S1) showed similar catalytic activity.

By dosing pulses of methane over catalysts at the reaction
temperature, the activation phase of direct methane conversion
reactions can be studied in depth.”*™> Figure 4 shows a pulsed
reaction study at 975 °C over the 0.5 Pt (FSP) catalyst. The
initially decreasing C,H,/C,H; signal increased from the Sth
until the 18th pulse. At the same time, the initial high CO and H,
formation continuously decreased. Moreover, significant
amounts of CO, and H,0O only formed during the first two
pulses. Thus, it seems that complete oxidation (CH, + [O] —
CO, + H,0) and partial oxidation of methane (CH, + [O] —
CO + H,) by ceria are competing reaction pathways during
these first methane pulses.> The amount of C4Hy increased
after the 7th and the signal maximum is reached at the 22nd
pulse. Comparing the signal evolution of C¢Hy to C,H,/C,H,
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Figure 4. Pulsed reaction study of 0.5 Pt (FSP) at a reaction
temperature of 975 °C and pulses of 5 mL 90% CH,/He at a rate of 30
mL/min Ar carrier gas every 6 min.

C¢Hj exhibits a postponed signal increase and maximum, most
likely due to the formation of surface intermediates.
Subsequently, both C,H,/C,H4 and CsHy signals decreased
and then stabilized around the 50th pulse. For both tested
samples, increased amounts of C,H, and C4Hg are only
measured after CO and CO, formations decrease. This leads
to the conclusion that first the ceria, which is in close contact
with Pt, has to be reduced to form a Ce—Pt active phase enabling
increased product formation. The nature of this active phase will
be investigated in the following section with the help of operando
XAS measurements. Based on the observations, the reaction of
0.5 Pt (FSP) can be divided into three phases. During the
activation stage, the major part of the ceria reduction takes place,
and the high CH, conversion of more than 80% decreases with
every pulse (Figure S14a). This is followed by an induction
period, where the formation of C,-hydrocarbons and CgHy
initially increase with every pulse and subsequently decrease
until a constant product yield is achieved, the stable running
phase. Likewise, the CH, conversion rate also stabilizes (Figure
S14a), which is well in line with the fixed-bed catalytic activity
results. The duration of these stages correlates with the Pt
loading and decreases for a higher amount of Pt (Figures S14b
and 4). Kosinov et al.> reported similar phases during the MDA
reaction over Mo/ZSM-$ catalysts. In line with our observa-
tions, Lykhach et al."® reported that reduction of ceria upon
methane activation is facilitated by hydrogen spillover from Pt
particles to the ceria support. Similarly, Géanzler et al.>* ascribed
different activation temperatures during TPR of CO, H,, and
C;H, for a Pt/CeO,—ALO; catalyst to the critical role of the
Pt—CeO, interface with varying Pt nanoparticle sizes.

3.3. Synchrotron-Based Vacuum Ultraviolet Photo-
ionization Mass Spectrometry. Intermediate products of the
direct nonoxidative conversion of methane over 0.5 Pt (FSP) at
1000 °C were identified by synchrotron-based vacuum ultra-
violet photoionization mass spectrometry (SVUV-PIMS).
Ionization at a photon energy of 10.6 eV, which is lower than
the CH, ionization energy (12.6 eV), allows detection of
intermediate radicals, e.g,, methyl radicals, and products.ss_58
The following gas-phase species were thereby identified by
SVUV-PIMS (mass-to-charge-ratio (m/z)): methyl radicals
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Figure S. Gas-phase species in the reactor effluent over 0.5 Pt (FSP) detected by SVUV-PIMS (a) at 10 and 100 min TOS normalized to the 15 m/z
peak and (b) relative integrated product peak intensities. Reaction conditions: 1000 °C, 45 mbar, and 12 L/(g'h) CH,; measured products (m/z):
methyl radical (15), C,H, (28), C;H, (40), C;H, (42), C,H, (52), C,H (54), and C¢H, (78).
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Figure 7. XANES spectra recorded at the Pt Ly-edge of (a) 0.5 Pt (FSP), (b) 0.5 FSP (WI), and (c) at the Ce L;-edge of 0.5 Pt (FSP); measured at 40
°C after the following treatment: as-prepared (_ap), He treatment (_He), and after 1h operando reaction (_CH,) according to Figure S1S (cf. Figure

S$16 for corresponding MS signals).

(15), CH, (28), C5H, (40), CyHq (42), C,H, (52), CyH, (54),
Cg¢H, (78) (Figure Sa). Similar products were observed for Fe
single sites on SiO, by activating CH, in the absence of
oxidants.” A reaction pathway was proposed including the
generation of methyl radicals that desorb and form ethylene as
the main product, benzene, and naphthalene through gas-phase
reactions, which can also be assumed for the Pt/CeOQ, catalysts
studied in this work.

The activation period revealed by the pulsed reaction study in
Figure 4 can also be seen in the SVUV-PIMS experiment as the
increase of benzene and ethylene formation with increasing
TOS (Figure Sb). Furthermore, both ethylene and benzene
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formations showed a similar increase until 50 min TOS,
whereas, at the end of the experiment (100 min TOS), the
relative increase of ethylene is about twofold and thereby lower
than that of benzene (about threefold).

3.4. X-ray Absorption Spectroscopy. To shed more light
on the chemical state of the catalytically active platinum species
and cerium, operando XAS was conducted at the Pt L;-edge and
Ce L;-edge on 0.5 Pt (FSP) and at the Pt L;-edge on 0.5 Pt (WI)
at the high-temperature reaction conditions. The operando
measurement procedure is shown in Figure S15. The XANES
spectrum of the as-prepared 0.5 Pt (FSP) catalyst is similar to
that of PtO, (Figure 6a, spectrum marked with “_ap” in Figure
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Figure 8. EXAFS spectra of 0.5 Pt (FSP) and 0.5 Pt (WI) [solid lines] as well as corresponding EXAFS fitting [ dashed lines] in the k-space (a, resp. c)
and R-space (b, resp. d) recorded at the Pt L;-edge and 40 °C after the following treatment: as prepared (_ap), He treatment (_He), and after 1h
operando reaction (_CH,) according to Figure S15. Note that the R-space is not corrected for phase shift.

Table 1. EXAFS Fitting Results for 0.5 Pt (FSP) and 0.5 FSP (WI) Catalysts

sample name path R (A)

0.5 Pt (FSP) ap Pt—0 2.00 + 0.01

0.5 Pt (FSP)_He Pt—Dt, 2.74 + 0.01
Pt—Ce 2.98 + 0.05
Pt—Pt, 3.90 + 0.05"

0.5 Pt (FSP)_CH, Pt—Dt, 2.73 + 0.02
Pt—Ce 2.94 + 0.04
Pt—Pt, 3.84 +0.03"

0.5 Pt (WI)_ap Pt—0 1.98 + 0.02
Pt—Pt, 2.79 + 0.03

0.5 Pt (WI)_He Pt—0 1.94 + 0.02
Pt—Pt, 2.73 £ 0.02
Pt—Ce 3.13 +0.03"

0.5 (WI)_CH, Pt—Pt, 2.66 + 0.01
Pt—Ce 3.09 + 0.04"
Pt—Pt, 3.82 + 0.02"

CN o (A%) E, (eV) R-factor
5.8+07 0.0017 =+ 0.0006 9.9 +2.0 0.0040
9.9+ 0.8 0.004" 64+ 1.6 0.0035
0.9 +0.7 0.004°
3.0 +24° 0.006"
9.0+ 1.0 0.004° 6.8 +2.1 0.0085
2.0 +0.8 0.004°
53+28" 0.006"
3.8+07 0.002° 7.7 £2.9 0.0237
3.0+ 09 0.004"

23404 0.002° 42421 0.0202
48+ 1.0 0.004°
1.8 +08" 0.004"
77 £07 0.004° 49+ 16 0.0054
12407 0.004"
sS4+ 18" 0.006°

“Treatment conditions: as prepared (_ap), after He treatment (_He), and after 1h reaction (_CH,) according to Figure S15. Values were fixed.
Values were fitted with restraints based on structural information (for further details, f. the Supporting Information).

7a), hinting at an almost completely oxidized state of Pt at this
stage. During heating to a reaction temperature in a He
atmosphere, the XANES spectra in Figure 6a converted stepwise
in two temperature regimes to a state very similar to metallic Pt,
indicating the autoreduction of the Pt single sites. As observed
by a decrease of white line intensity, the platinum was fully
reduced already at 530 °C. This might be due to the Pt single
sites being located at unfavorable facets and being bound only
weakly, thereby not able to resist sintering to metallic
nanoparticles.”” Linear combination fitting of the XANES data
(Figure S17 and Table S2) and thermogravimetric analysis
(TGA, Figure S18) evidenced two reduction regimes from
about 50 to 250 °C and 400 to 530 °C, most likely
corresponding to the reduction of atomically dispersed Pt"O,
to Pt"O and subsequent reduction to Pt” nanoparticles,
respectively.®” This could be the reason for a small amount of
coke formation (Figure 3), as reported by Xie et al.” The
operando XANES spectra of 0.5 Pt (FSP) in Figure 6b during the
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reaction with CH, at 975 °C revealed near-edge features similar
to a Ce—Pt alloy (compared to CePt; reference, ¢f. the later
section), hinting toward an increased Pt—Ce interaction.
Hydrogen, ethylene, ethane, and benzene were detected as
reaction products (MS, Figure S16). These changes in the
XANES spectra are still present after cooling to room
temperature in Figure 7a (denoted 0.5 Pt (FSP) CH,) and
will be interpreted hereafter with EXAFS fitting and modeling of
XANES spectra.

The XANES spectrum at the Ce L;-edge of the 0.5 Pt (FSP)
catalyst shows that the oxidation state of bulk ceria is maintained
throughout the He pretreatment; a surface reduction probably
occurs as outlined earlier.”""°> However, after reaction with CH,,
the spectrum resembles those of the Ce®" species, e.g,
cerium(IID)nitrate,”* and shows a shift of the absorption edge
energy from 5724.5 to 5721.7 eV, indicating a reduction of bulk
CeO, to Ce*" (Figure 7c). It was shown previously that doping
of platinum increases the formation of catalytically active Ce®*
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sites at the interface with ceria for oxidation of carbon
monoxide.®®> Also, Ganzler et al.>* showed that by adding Pt,
the reducibility of CeO, surface sites, which are in close contact
with Pt, improves. However, no Ce,O3; XRD reflections of the
spent catalysts studied were visible, most probably because Pt/
Ce,0; easily reoxidizes in air (Figure S1).

Incipient wetness impregnation leads to Pt aggregates
including atomically dispersed Pt and the Pt L; XANES
spectrum of the as-prepared catalyst (0.5 Pt (WI)_ap) indicated
only an approximately 56% oxidized state according to the linear
combination fitting (LCF, using Pt metal and PtO, as
references) of the XANES spectra (Figure 7b, Table S3 and
Figure S19). In contrast to the FSP prepared sample, heating in
He only partly reduced the WI prepared catalyst to a remaining
30% Pt** state (spectrum marked with “_He”). The activation of
the Pt nanoparticles with CH, at 975 °Cled to a full reduction of
Pt. Moreover, the fine structure of the XANES spectrum became
similar to the one of the FSP sample, also indicating increased
Pt—Ce interaction.

The Pt Ly EXAFS analysis based on the comparison of the
experimental data with Pt and PtO, reference data was
performed for both catalysts at three different conditions. The
backscattering contributions in Fourier-transformed EXAFS
dataatabout 1.7 Aand at2.3/3.5 A (not corrected for the phase
shift) can be attributed to Pt**—~O and Pt’-Pt,/Pt"—Pt,
backscattering, respectively (Figure S20). Both as-prepared
catalysts showed a significant Pt*'—O backscattering peak in
Figure 8b,d. The Pt single sites of the as-prepared 0.5 Pt (FSP)
catalyst appeared highly dispersed, as indicated by the absence of
Pt—Pt scattering in the EXAFS data (Figure 8a,b and Table ).
After the He treatment (curves marked with “_He” in Figure 8),
backscattering peaks at Pt’—Pt;, and Pt’—Pt, appeared and
Pt*"—0 scattering decreased for both samples, the latter one less
pronounced in the WI catalyst. Subsequent reaction with
methane resulted in a slightly less-pronounced backscattering at
2.9 A for the FSP sample (graph marked with “_CH,”), which
will be investigated in detail with EXAFS fitting. The W1 sample
showed a significant decrease of the Pt*"—O backscattering after
the reaction. These findings are well in line with the
interpretation of the operando XANES measurements.

To determine the Pt environment of the activated catalysts
and follow the possible Ce—Pt alloy formation, backscattering
paths from different Pt and Ce phases were fitted to the EXAFS
data (Figure S21 and Table S4). After heating in He, the
structure of 0.5 Pt (FSP) is very close to metallic Pt and the
addition of Pt—Ce scattering is not mandatory to achieve a good
fit (0.5 Pt (FSP)_He-C and _He-D, Figure S21 and Table $4).
In contrast, including the Pt—Ce scattering significantly
improves the fit for 0.5 Pt (FSP) CH, (Table 1; CH,-A, -B,
and -C in Figure S21 and Table S4). This indicates a strong
metal—support interaction (SMSI) in the FSP catalyst after
reaction with CH,, which was reported to be accompanied by
decoration and/or encapsulation of the Pt particles by the
Ce0,/Ce,0; support or the formation of a Ce—Pt alloy.”"*"**
Chen et al.>” reported similar results by reducing Pt single-site
catalysts at 975 °C in H, and thereby observed the sintering to
nanoparticles of about 15 nm size covered by a CeO,, overlayer.
After reaction with methane (0.5 Pt (FSP) CH,), the Pt—Ce
coordination number increased by approximately 1 and the Pt—
Ce bond length decreased by about 0.04 A, indicating an
increased Pt—Ce interaction.

The EXAFS fitting of the data recorded for the WI prepared
catalyst after the He treatment (0.5 Pt (WI) He) and reaction
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(0.5 Pt (WI)_CH,) revealed a similar but less-defined structure
of Pt species compared to FSP prepared samples. This is likely
the reason for the similar catalytic performance observed for FSP
and WI samples. Generally, the coordination numbers appear
lower comparing the WI prepared with the FSP prepared
catalyst. After the reaction with CH,, Pt—Pt; and Pt—Ce
coordination numbers decrease and the calculated Pt—Pt; and
Pt—Ce bond lengths of the WI prepared sample become more
similar to the ones for the CePts configuration.”” Comparing the
WI prepared sample to the FSP prepared catalyst, hints toward
smaller Pt nanoparticles, a weakened Pt—Ce interaction, and less
decoration or encapsulation of Pt by ceria (0.5 Pt (WI) CH,;
Table 1). The average spherical particle sizes estimated from
EXAFS fitting of the first-shell Pt—Pt coordination number®® are
1.5—2.7 nm for 0.5 Pt (FSP) CH, and 1.2—1.6 nm for the 0.5 Pt
(WI)_CH, sample. These values are significantly smaller than
those seen in TEM (Figure S4). The possible reason for this
difference in the estimated particle size is the formation of TEM-
invisible species and/or flat species, as shown by the TEM
images, due to the wetting of Pt nanoparticles on ceria under
SMSI in contrast to spherical particles assumed in EXAFS
analysis.”” The ex situ XAS results and EXAFS fitting of post
mortem 0.5 Pt (FSP) (Figures S22, S23, and Table SS)
confirmed that Pt is not easily reoxidized in air and the
established SMSI is preserved after the reaction with CH,.

Starting from two differently composed Pt/CeO, catalysts in
terms of Pt oxidation and dispersion state, activation in He leads
to different states of Pt reduction. After reaction with CH,,
cationic Pt single sites (FSP sample) as well as Pt aggregates
including single sites (WI sample) sinter to Pt nanoparticles
decorated by ceria or form a Ce—Pt alloy phase, which is
accompanied by a reduction of Ce* bulk ceria to Ce’*.
According to EXAFS results, the FSP sample shows larger Pt
nanoparticles than the WI sample. In summary, we observe that
in addition to earlier reports,9 outlining single-atom Pt sites as
active species, also Pt nanoparticles strongly interacting with Ce
can contribute to the direct conversion of CH,. The Pt/CeO,
single-site catalysts were found to strongly change under
reaction conditions either forming encapsulated Pt nano-
particles or Ce—Pt alloy due to strong Pt—Ce interaction. The
SVUV-PIMS results and the pulsed-reaction studies show that
ceria first has to be reduced to enable an additional pathway to
increased product formation rates. As a first step, the formed
Pt—Ce interface allows the activation of CH, by forming methyl
radicals, which then react further in the gas phase. In addition,
this reduces the coke formation, similar to the iron single-site
catalyst Fe©SiO,.° Ding et al.*® reported catalytic carbon
monoxide oxidation and water—gas shift reaction over Pt
nanoparticles on SiO,, whereas Pt sin%le sites behaved as
spectators. Furthermore, Maurer et al.'> showed that the
catalytic activity of Pt** single sites for CO, C;Hy, and CH,
oxidation increases after generating Pt,** clusters. These clusters
can be reoxidized and redispersed, proving the highly dynamic
nature of these Pt sites.

For all tested catalysts, pronounced changes in shape and
position of the XANES features at the Pt L;-edge were observed.
In Figure 9, the XANES spectra of 0.5 Pt (WI) and 0.5 Pt (FSP)
after reaction with CH, are displayed together with the XANES
spectrum of the Pt foil and CePtg reference material.
Unfortunately, LCF with the CePts reference is not feasible
since the XRD of CePt; showed impurities of metallic Pt (Figure
S2). The post-edge features B and C of the samples after reaction
and CePt; are shifted to higher energies and are less pronounced
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Normalized absorbance / a.u.
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11580
Energy / eV
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Figure 9. XANES spectra recorded at the Pt L;-edge of Pt references,
0.5 Pt (FSP)_CH, and 0.5 Pt (WI) CH, after 1h reaction according to
Figure S15 with distinct features of the Pt foil marked with dashed lines
and labeled A—C.

in comparison to the Pt foil, whereas feature A is fairly similar to
the Pt foil for both catalysts.

Similar changes were seen by modeling of Pt XANES for small
platinum clusters (about 10 atoms cluster size) supported on
CeO, and were attributed to X-ray absorption contributed from
Pt sites next to Pt in contrast to Pt sites next to Pt and Ce.®®

To clarify this behavior, XANES simulations using the FEFF9
code™ of several Ce—Pt alloys were performed. The near-edge
absorption features of Ce—Pt alloys resemble the experimental
data best for compounds with only Pt in the first shell (Figure
10a,b).*”* The consistency with the measured spectra, especially
for the energy shift of the B and C feature in Figure 9, reduces
with decreasing Pt—Pt; and increasing Pt—Ce, first shell
coordination number (Figure 10c—f). This is well in line with

the EXAFS fitting results. Since the near-edge XANES features
are reflected differently well between CePt;, CePt,, and Ce;Pt,,
the observed Pt—Ce interaction and alloy formation might be a
mixture of these phases.

4. CONCLUSIONS

In this study, two sets of 0.5—1% Pt-doped CeO, catalysts were
prepared with different Pt dispersion and oxidation state. Both
the FSP prepared Pt single-site catalysts and the WI prepared
catalysts with aggregated Pt clusters and Pt single sites showed
similar catalytic activity and selectivity for the direct non-
oxidative conversion of methane, exceeding the catalytic activity
of pure ceria. The catalyst structure fate of the Pt single sites was
studied by a set of complementary characterization techniques.
Detailed structural evolution under reaction conditions was
carefully investigated with operando XAS up to the high
temperature regime using a new in-house built setup. Heating
in an inert gas atmosphere leads to autoreduction of the oxidized
Pt single sites in the FSP sample and sintering of the Pt sites to
form some Pt nanoparticles/clusters. Comparing the resulting
XANES spectra to modeled ones confirms an increased Pt—Ce
interaction and possibly alloy formation upon CH, conversion
at the reaction temperature. Furthermore, EXAFS fitting
unraveled a significant Pt—Ce contribution, indicating deco-
ration and encapsulation of the Pt particles by CeO,, or a partial
Ce—Pt alloy formation.

Investigation of the catalyst and the reaction during CH,
pulses at the reaction temperature unraveled three reaction
stages: reduction of the ceria support during activation,
induction phase with increased product formation, and, finally,
stable running. Hence, the reduction of bulk ceria is correlated

(a) (b)

(c)

FEFF Calculations:
~~~~~~~~~ Pt foil / Fm3m
CePt; / P6/mmm

FEFF Calculations :
--------- Pt foil / Fm3m
—— Ce,Pt, / R3

FEFF Calculations:

CePt,/ Fd3m

normalized absorbance / a.u.
normalized absorbance / a.u.

normalized absorbance / a.u.
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Pt 2.68 6 Element| Distance / A| Coordination / |Element|Distance / A| Coordination
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11560 11580 11600 11560 11580 11600 11560 11580 11600
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Figure 10. (a—f) FEFF9-simulated XANES spectra of the Pt foil, CePt;, CePt,, Ce;Pt,, CePt, Ce,Pt;, and CePt; with a table of neighbors to the central
Pt atom and an inset of models showing the first 2 shells (Pt: gray, Ce: yellow) to the central Pt atom (blue).
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with increased product formation. Moreover, methyl radicals
were detected as reaction intermediates indicating the presence
of areaction pathway through the gas-phase coupling of radicals.

Starting from two differently composed sets of catalysts, with
respect to Pt oxidation and dispersion state, a similar structural
configuration after reaction with CH, was observed. We propose
that apart from single-atom Pt sites, the Pt—Ce interface with Pt
nanoparticles either alloyed with Ce, encapsulated, or directly
connected to the partially reduced ceria support on the CeO,
overlayers contribute to enhanced catalytic activity in the direct
nonoxidative conversion of methane. The results reveal detailed
structural evolution of the Pt/CeO, active sites under those
demanding reaction conditions. These findings may help in the
future to systematically optimize industrially relevant parame-
ters such as the reaction temperature and catalyst loading.
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