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We applied a method of plasma arc synthesis to study effects fomodi cation of the
uorite phase of ceria by tin ions. By sputtering active compnents (Pt, Ce, Sn) together
with carbon from a graphite electrode in a helium ambient we @gpared samples of
complex highly defective composite PtCeC and PtCeSnC oxidgarticles stabilized in
a matrix of carbon. Subsequent high-temperature annealing@f the samples in oxygen
removes the carbon matrix and causes the formation of activecatalysts Pt/CeCQy
and Pt/CeSnC for CO oxidation. In the presence of Sn, X-Ray Diffraction RD) and
High-Resolution Transmission Electron Microscopy (HRTEMhow formation of a mixed
phase CeSnQ, and stabilization of more dispersed species with a uoritetype structure.
These factors are essential for the observed high activitynal thermic stability of the
catalyst modi ed by Sn. X-Ray Photoelectron Spectroscopy XPS) reveals the presence
of both Pt2C and Pt*C ions in the catalyst Pt/CeQ, whereas only the state PfC of
platinum could be detected in the Sn-modi ed catalyst Pt/Ce&SnOy. Insertion of Sn ions
into the Pt/CeOy lattice destabilizes/reduces PC cations in the Pt/CeSnQ, catalyst and
induces formation of strikingly high concentration (up to 8% at.) of lattice CE&C ions. Our
DFT calculations corroborate destabilization of B ions by incorporation of cationic Sn
in Pt/CeC. The presented results show that modi cation of the uoritelattice of ceria by
tin induces substantial amount of mobile reactive oxygen pdly due to affecting geometric
parameters of ceria by tin ions.

Keywords: platinum, ceria, tin, CO oxidation, plasma arc synt hesis, DFT calculations, Pt/CeO , catalyst

INTRODUCTION

Pollution of biosphere with toxic emissions is becoming eesingly urgent due to the rapid
increase in electric and thermal power production, the prodetgrowth in metallurgical and

chemical industries as well as growing number of vehiclesorg the most e ective methods
of solving this problem is e cient catalytic oxidation of COnd hydrocarbons farrauto and

Bartholomew, 1997; Muraki and Zhang, 200Dhe increasing restrictions of the standards for the
automotive emissions require either improvement of exigtiatalysts or creation of fundamentally
new onesTrovarelli, 1996; Montini et al., 2016; Trovarelli and Llor2@173.
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Broadening temperature ranges of catalysts action an@eQ joint phase PgCe xO2 4 (Primaveraetal., 1998; Priolkar
maintaining their activity are important challenges themed. et al., 2002; Scanlon et al., 2011; Gulyaev et al., 2014agNeli
In this regard, the use of conventional three-componentet al., 201 Assuming that stable Bt and PfC (Bruix et al.,
formulations based on PGM-CeciMOy (where PGM are 2019 species are formed in the PAS synthesis, it was important
platinum group metals and MQare modifying metal oxides) is to determine concentration of these in the prepared samples and
still promising for catalytic oxidation of CO and hydrocan®  their in uence on the catalytic activity
Palladium is the most commonly used PGM. It is characterized In order to increase the thermal stability and redox ability
as a PGM very strongly interacting with CeQAccording to  of the catalysts, Sn was used as a modifying element of the
Fornasiero et al.{argnello et al., 2012; Monai et al., 2D1BdO  catalysts. St is assumed to substitute 4t and C&C in the
nanoparticles decorated with cerium oxide (core-shellaitres  uorite structure (Matolin et al., 2008; Zeng et al., 2012; Ayastuy
Pd@Ceg) are promising materials for the e cient oxidation of et al., 201} The formation of the joint Ce xSnOy phase
methane and other hydrocarbons. Such Pd@£&€ctures are was expected to promote the generation of defects and oxygen
capable of oxidizing methane at 200—-260However, Farrauto vacancies in the prepared samples of catalysts, thus increasing
(Farrauto, 201p pointed out that due to the phase transition their oxygen storage capacity (OSC) and the catalytic agfivi
PdO-Pd at 800C the creation of thermally stable (% LTO CO (Tolla et al., 1999; Nguyen et al., 2003; Gupta et al.,
800 C) catalysts on the basis of this Pd form is di cult. Such 2010. Our previous studied of the Pd/CecsnQ, « catalysts
a conclusion emphasizes the importance of the strong metashowed that introduction of Sn into PdCeC formulations dugi
support interaction (SMSI) e ect for palladium, platinum and the PAS synthesis formed nano-heterogeneous compositas aft
other PGMs for creation of thermally stable catalys$tg(eroba calcination of the PdCeSnC composite. The obtained catalysts
etal., 2016, 2017; Lykhach et al., 2017a were stable against sintering and crystallization to largéges

The realization of the SMSI e ect in PGM-CeGsystems (Kardash et al., 20).7As a result, LTO CO activity was preserved
depends crucially on the synthesis procedure. Di erent sytithe even after calcination at 1,000. One of the objectives of
approaches are used to obtain PGM-CGefatalysts with desired this study was to determine the thermal stability of compesit
improved characteristicsBoronin et al., 2009; Gulyaev et al., Pt/CeQ-SnO;, catalysts and to compare their catalytic properties
2012, 2014b; Slavinskaya et al., 2015, 2016, 2018; Vlakdchewith those of the unmodi ed by Sn Pt/Cefcatalysts prepared
et al., 2016; Derevyannikova et al., 2017; Kardash et dl7; 20under the same PAS conditions.

Kibis et al., 201) Novel physical preparation methods that Also in this paper we present density functional (DFT)
utilize the action of thermal and electrical elds, such ascalculations of platinum species stabilized either by puréacer
laser ablation, magnetron sputtering, “solution-combaostiand  nanoparticles or ceria nanoparticles modi ed by tin ions. The
plasma methods attracted attention of many research groupsalculations of these models allowed establishing the ntaistes
(Bera et al., 2003; Baidya et al., 2009; Hegde et al., 2009 Gustructures and the e ect of tin substitution on the propertiek o
and Hegde, 2010; Hinokuma et al., 2014; Slavinskaya e0&6, 2 Pt/CeQ nanoparticles. Our DFT calculations corroborate the
2018; Vasilchenko et al., 2016; Stadnichenko et al., 2018).2 e ect of embedded tin on the state of platinum ions in the
These methods allow obtaining of highly dispersed PGM form€eQ, lattice.

(ions and clusters) on the surface and inside ceria, whictuess Obtained experimental and theoretical data showed that the
the maximal SMSI e ect and appearance of new highly activ®AS method allows obtaining highly defective ceria pasieled
surface species. ionic platinum species. Modi cation with tin leads to increase

Recently we have developed and applied a plasma-arc methtitermal stability of platinum catalysts, higher amount of riae
(PAS) for synthesis of Pd/Ceatalysts Gulyaev et al., 2014b; oxygen in the catalysts and enhanced catalytic activityefdtter
Kardash et al., 20).7The PAS method is based on the sputteringin the low-temperature regime of CO oxidation.
of a speci c anode material in a vacuum chamber lled with
an inert gas under action of a plasma arc discharge. The ano‘iI_fXPERIMENTAL
material consists of a graphite rod, in the center of which a
mixture of dispersed carbon and PGM metal powders, ceriunCatalysts Synthesis
and/or other components is placed. Sputtering of the anod®AS method was applied to obtain PtCeC and PtCeSnC
leads to the appearance of atomic components of carbon armbmposite materials. We refer to the detailed description of
atomically dispersed metals in the arc. Di usion and convecti the procedure in our previous work@rdash et al., 20).7To
of the components in a bu er gas leads to their heterogeneousbtain oxide catalysts, the synthesized PtCe(Sn)C congsosit
condensation. The condensation products are deposited on theere calcined in air at 600, 800, and 9G0Table 1presents the
cooled screen. The synthesized material consists of natidpar chemical composition and characteristics of the obtaine@et
embedded in a carbon matrix. Subsequent high-temperaturand Pt/CeSn catalysts.
annealing in oxygen converts the synthesized carbon-based
composite into an active oxide catalyst for low-temperatuf@ C Methods
oxidation (LTO CO). The Speci ¢ Surface

The aim of this work was to establish, weather the PAS methotihe speci ¢ surface (SBET) of the samples was determined by
also allows obtaining joint phase of Pt and Ce@here Ptisina BET method Lowell etal., 2006using argon thermal desorption
highly dispersed ionic state similar to that of Pd in the Pdpdd  with a Sorbtometr-M adsorption analyzer.
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TABLE 1 | Chemical compositions and BET speci ¢ surface area of the prpared samples.

Sample Chemical composition, % wt* SgeT, m2/g

Pt CeO, SnO, 600 C 700 C 800 C 900 C
Pt/Ce 4.6 88 - 110 71 48 10
Pt/CeSn 2.4 12 79 60 39 27 16

“The rest is carbon and water.

Analysis of the Chemical Composition measured during the reaction. Before each TPR-CO experiment
Analysis of the chemical composition was performed by X-rayhe catalysts were pretreated by 2094@ gas mixture at 45
uorescence (XRF) method on an ARL PERFORM analyzeduring 2 h with subsequent cooling in this gas mixture. Aftee t
with a Rh anode of an X-ray tube. Chemical compositionsooling the catalysts were purged in helium.

of tin and cerium oxides were determined using calibrations

the determination of Pt was carried out using the externalnvestigation of Catalytic Properties

standard method. Investigation of catalytic properties of the synthesized @gam
was performed in an automated setup with a ow reactor
X-Ray Diffraction (XRD) and mass-spectrometric analysis of the gas mixture using the

X-ray diraction (XRD) patterns were recorded on a Bruker temperature-programmed reaction (TPR-CQ)O A sample

D8 Advance instrument using CuKradiation and the Bragg- with the particle sizes of 0.25—-0.5 mm was mounted in a stsénle
Brentano focusing geometry. The aperture of the Soller stits steel reactor. The reaction mixture containing 0.2 vol.%,CO
the primary and re ected beams was 2.3 ynxEye (Bruker) 1.0 vol.% @, 0.5 vol.% Ne in owing He was fed at a rate of
multi strip detector was employed for intensity measurensent 1,000 cm/min to the initial catalyst cooled to 10 C. For the
Data acquisition was performed in theé' 2ange of 15-10Q Pt/Ce catalysts calcined at 600, 700, 800, and®Q@eight of

at a 0.05 step and counting time of 2s. Phase analysis wasamples employed for catalytic testing was 0.3, 0.36, 0.4, and
carried out using the ICDD PDF 2 database (Powder Di raction0.62 g, respectively; for the Pt/CeSn catalysts calcined at 600
File PDF-2. International Center for Diraction Data. USA. 700, 800, and 90C 0.3, 0.34, 0.35, and 0.34g. The catalyst
2009). Structural data were taken from the structural datsb was heated in the reaction mixture from10 to 450C at a
ICSD (Hellenbrandt, 2000 Rietveld re nement for quantitative rate of 10C/min with subsequent cooling and repeated heating
analysis was carried out with the help of the software packade the reaction mixture. The concentrations of CO,Cand
Topas V.4.3 Coelho, 200k The instrumental broadening was CO, were monitored in the course of reaction at a frequency of
described with metallic silicon as a reference materiale Th0.34 Hz.

diraction line pro les were analyzed using the fundamental

parameter approach. The lengths of coherent scattering domadi-Ray Photoelectron Spectroscopy (XPS)

were calculated from LVol-IB values (i.e., volume weigitedin ~ X-ray photoelectron spectroscopy (XPS) measurements used

column lengths based on integral breadth). an ES-300 (KRATOS Analytical) photoelectron spectrometer
equipped with a Mglé (hn D 1253.6 eV) radiation source. The
Electron Microscopy spectrometer was calibrated using the Augf(84.0eV) and

Electron microscopy investigation was performed using JEMCu2ps= (932.7 eV) lines of pure metallic surfaces of Au and Cu,
2010 (JEOL Ltd., Japan) and JEM-2200FS (JEOL Ltd., Japaegpectively. The ¥&omponent of the Ce3d spectral liney(E
electron microscopes operated at 200 kV for obtaining HiglD 916.7 eV) served as a standard for calibration of XPS spectra.
Resolution Transmission Electron Microscopy (HRTEM)The program of processing spectral data created by us, XPS-Calc,
images. High-Angle Annular Dark-Field mode in a Scanningwas used for the mathematical treatment of the XPS spectra.
Transmission Electron Microscope (STEM HAADF) wasThis software has previously been applied for di erent systems,
employed together with Energy Dispersive X-ray (EDX)including Pt/CeQ and Pt/AbO3 catalystsIffanova et al., 2010;
spectroscopy. Samples for the TEM study were prepared on ti®intsitskiy et al., 2015; Stadnichenko et al., 2017,)2t#
perforated carbon Im mounted on a copper grid. Shirley model and the Gauss—Lorentz functions were used for
background subtraction and curve tting, respectively.
Temperature Programmed Reaction With CO
(TPR-CO) DFT Calculations
The reaction mixture containing 1.0 vol.% CO, 0.5 vol.% NeDFT calculations were carried out employing PW91 exchange-
in owing He was fed at a rate of 100 citmin to the catalyst correlation functional Perdew et al., 1994n the plane-wave
sample (0.2g) preliminary cooled in the reactor td0 C. As VASP code resse and Hafner, 1993or periodic boundary
the steady-state concentrations of CO and G&&re established, conditions. Plane-wave basis sets with a cut-o energy &feM
the sample was heated from10 to 450C at 10 C/min heating were used. Core-valence electron interactions were destri
rate. The concentrations of CO, GOOy, Hp, and H,O were by projector-augmented wave methodrésse and Joubert,
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1999. In order to properly localize Ce4f electrons in partially Characterization of the Calcined Pt/Ce and
reduced C& ions, an on-site Coulombic correction QJD  Pt/CeSn Samples

4.0eV) @nisimov et al.,, 1997; Dudarev et al., 1998; Losche@yr earlier studies of catalysts prepared by P&Sr(lash et al.,
et al., 200y was applied to 4f electrons in all Ce atoms. Ourp017 showed that calcination at temperatures above 600
Pt- and Sn-containing models (se&upplementary Materia)  causes burning of carbon in PtCeC and PtCeSnC composites and
were based on a model stoichiometric ceria nanoparticlgansforms them into oxide materials. The chemical composit
Ceo0go0 ca. 1.5nm largeligani et al., 2010 Our previous  analysis was performed for the calcined samples Tabte 1).
calculations of this type of models resulted in several pteatis  One can see that after calcination at 600-&Dthe Pt/Ce sample
subsequently conrmed experimentallyB(uix and Neyman, exhibits a higher speci ¢ surface area than the Pt/CeSn sample
2016, 201p Each model nanoparticle was positioned in ajowever, after calcination at 900 the specic surface area
rectangular periodically repeated cell of 2.21.9  1.9nm.  of the Pt/CeSn sample becomes higher than that of the Pt/Ce
Spin-polarizedO -point calculations of all model nanoparticles sample, which indicates a stabilizing e ect of Sn preventing
under scrutiny were performed with the single-point total particle sintering.
energy convergence tolerance of 210 ° eV. Optimization Figure 3 presents XRD patterns of the calcined Pt/Ce and
of positions of all atoms constituting a given model waspt/ceSn samplesTable 2 shows the results of a quantitative
continued until the maximum forces acting on each atom Werghase analysis obtained by the Rietveld re nement of the
<0.02 eV/A. XRD data.
Ce® phase with a uorite-type structure is a major

component in the Pt/Ce sample. The lattice parameter of the

RESULTS uorite phase and mean particle size estimated from the XRD

TEM Study of the As-Prepared by Sn0 (caseiorte, 100D PDF-2 600-034-034) ad GUDOD.
. nQ (cassiterite, - -034- an
Plasma-Arc Synth§5|s PtCeC and PDF #00-029-1484) are the major phases. Note, that the,CeO
PtCeSnC Composites uorite phase exhibits smaller particles in the Pt/CeSn sample
The composite material PtCeC obtained by PAS consists ofhighcompared to the Pt/Ce sample for all calcination temperatures.
dispersed nanoparticles embedded within a matrix of amorphousis observation implies that addition of Sa@ the composite
carbon. Figure 1 shows typical TEM images of this material ajjows stabilizing the Cefparticle size against sintering.
with 1 to 10 nm large nanoparticles. The analysis of interatomi  Additional peaks were detected in the Pt/CeSn sample,
distances features that nanoparticle structure correspdds corresponding to the unstable orthorhombic SpQphase
Ce03 (ICDD PDF-2 #00-023-1048). The re ections on the |cDD PDF-2 #04-015-3275). According to the literature
Fourier image displayed irFigure 1B reveal the interplanar gata, this form of Sn@ can be built at high pressures
distances of 0.32 and 0.3316 nm corresponding to the (002) anghd temperatures Gracia et al., 2007 The fraction of the
(100) re ections of a Cg03 trigonal structure. We detected a orthorhombic SnQ phase is decreased upon sample calcination.
similar microstructure for a PdCeC composite prepared by PA§ye assume that this unstable phase can result from a
(Gulyaev etal., 2013b rapid oxidation of the PtSnCeC composites, when they are

Morphology of the as-prepared PtCeSnC composite igxposed to the atmosphere upon taking out of the synthesis
characterized by the presence of two types of nanoparticles:ciamber. This phase could be stabilized by the carbon matrix
highly dispersed fraction with sizes 1-10nm and a fraction ofyithin core-shell-shell nanoparticles. However, the sansat
larger particles with sizes from 10 to 40 nffigure 2A shows  cajcination of the composite transforms it into a stable
typical images of the PtCeSnC composite. cassiterite phase.

Larger particles (se€igure 2B) exhibit a core-shell-shell  petallic Pt phase was not detected in the samples calcined
structure. The outer shell has lower density than the com ian at 600C. Peaks Corresponding to metallic Pt appear on the
built of amorphous carbon. The core of the particles containst xrp patterns only after calcination of the Pt/CeSn sample at
The analysis of the crystalline structure of the inner paetitore 700 C and of the Pt/Ce sample at 9GD. However, the Rietveld
shows the distance 0.3 nm, which could be assigned to di ererfe nement shows that the content of metallic Pt is lower tHae
phases: SngXPbcn) [0.30 nm (113)], SnO (P4/nmm) [0.299 nm gnalytical amount of Pt in the sample. This indicates the presen
(101)], Sn (14/amd) [0.29 nm (200)], se€igure 2C. The next of Pt in highly dispersed states in the samples calcined at&00
crystalline shell of the particles shows the distances df &8l  and even higher temperatures.

0.33 nm, which are unambiguously related to the (113) an@)11  Total amount of Sn@ in the Pt/CeSn sample is less than
re ections of SnQ (Pbcn). The observation of higher density of detected by the XRF analysis. It implies that a part of Sn is
the particle core suggests that the core structure is rel@t&h. embedded in the Ceflattice. This assumption is supported
Hence, a large fraction of the core-shell-shell particles ag® by decreasing of the uorite lattice parameter from 5.411 A fo
feature a composition Sn-Sn€L, where C is amorphous carbon. CeQ, in the Pt/Ce sample to 5.401 A in the Pt/CeSn sample.

Structural analysis of the dispersed particles of the as-pegpar Relying on the di erence in the radii of the ¢&/Ce3C cations
PtCeSnC composite showed the distances of 0.3 nm and 0.29 nand SHC cations, it is possible to estimate the composition
which could be related to (002) and (101) re ections of theGg  of the Ca xSrOy joint uorite phase. For the Pt/CeSn-600
correspondently, sdegure 2D. sample, the estimated composition of the uorite phase is
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0.34nm
-

w-0.32nm

FIGURE 2 | TEM image of the PtCeSnC compositgA), TEM image of large core-shell-shell particleéB). HRTEM image and Fourier image of the lattice of
core-shell-shell particles Sn@Sn&@@C(C). HRTEM image and Fourier image of the crystal lattice of sniale, O3 particles within amorphous carbon matrixD).

Ce.9385Mm. 07102 ¢ However, the so determined tin content inthe  In line with these considerations, the nearest 8 Sn-O and
uorite structure is underestimated, since the calculatidid not 8 Sn-Ce distances calculated by DFT for the model tin-
take into account that the uorite lattice parameter can inese doped nanoparticles Snegg®sgo and Pt/SnCgyOgp with Srfc
with decreasing particle size to 1-3 nifs(inekawa et al., 2004; dopant located in an inner C& position are shorter than
Baranchikov et al., 20).0 the corresponding Ce-O and Ce-Ce distances in the pristine
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A B « SnO, Pben
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7 |
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7 (111) (200) (220) (311)(222) ] (111) (200) (220) (311) (222)
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FIGURE 3 | XRD patterns of the Pt/Ce(A) and Pt/CeSn (B) samples calcined at different temperatures. The graph at thbottom shows the positions of CeQ, uorite
phase re ections and corresponding Miller indexes. SymboP indicates an unstable orthorhombic form of Sng, the symbol (v) indicates re ections of a
cassiterite SnG, phase.

TABLE 2 | Phase composition of the Pt/Ce and Pt/CeSn samples calcined adlifferent temperatures Eqc, lattice parameter (a) and particle mean size (D) of the udei
phase.

Sample Tecae, C Phase composition, % wt Parameters of the uorite phase
CeO5 Fm3m SnO, P4,-mnm SnO 5, Pbecn Pt a, A D, nm
Pt/Ce 600 5.415 (1) 6.6 (1)
700 100 - - - 5.415 (4) 8.6 (1)
800 98 (1) - - 2 (1) 5.413 (3) 12.7 (1)
Pt/CeSn 600 24 (7) 64 (6) 12 (3) - 5.404 (1) 3.5(5)
700 20 (5) 70 (5) 9(3) 0.4 (1) 5.401 (2) 3.0(1)
800 21 (4) 79 (4) - 0.7 (1) 5.406 (2) 4.2 (1)

The standard deviations of the calculated values are given in parenthes.

Cey0Ogo particle (seeFigure 4 and Supplementary Materia). Figures 5 6 show TEM images of the Pt/CeSn and Pt/Ce
Namely, the average distances Ce-O and Ce-Ce iigQigg are  samples calcined at 600. The TEM data corroborate that
2.326 A and 3.741 A, respectively, whereas the correspondioglcination of the composites causes removal of the amorphous
average distances Sn-O and Sn-Ce are 2.229 A and 3.707c#&bon matrix and crystallization of the formed oxide stiures.

in the SnCegOgp particle and 2.222 A and 3.706 A in the Two particle types are observed in the Pt/CeSn-600 samplerlarg
Pt/SnCegOgp particle. Our calculations of the latter with the ones with the sizes of 20—50 nm and smaller ones with the sizes
doping Sn occupying various cationic positions of the GeO of 5-15nm Figure 5A). A detailed analysis of the structure of
lattice showed (seBupplementary Figure )that the location of the material showed that the larger particles belong to SnO
the SHC dopant inside the nanoparticle is moderately stabilized(P4/mnm) (Figure 5B). The crystal structure analysis of the
by 14-36 kJ/mol, compared to its surface location on thesmaller particles revealed that they correspond to a cubicitae
(111) terrace of the nanoparticle. Interestingly, a notablgre  type structure Figure 5C). These ndings agree with the XRD
stable location was calculated for a surface corner positioanalysis data showing that uorite-type particles are smahan

of the dopant, where it substitutes a partially reduced®Ce those of tin oxides type.

cation and acquires a quite unusual 38nstate. We note The cerium and tin distribution in the Pt/CeSn-600 sample
in passing that such special corner sites; ®xposed by was investigated by means of EDXgure 6 displays HAADF-
nanostructured ceria are able to bind very strongly atoms oSTEM images and the corresponding EDX maps for cerium
various metals in the form of cationsiguerobaetal., 2016, 2017; and tin. As can be seen from the TEM images, cerium and tin
Neitzel et al., 2006 are distributed over the entire volume of the sample, and no
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FIGURE 4 | Geometric structures of CeQ-based nanoparticles calculated to analyze effects of dopig Sn ions on the nearest distances from the latter to O and Ce
ions. Color coding for atoms: Ce—beige, O—red, Sn—dark grayPt—Iight gray. The nearest distances to the C#C ion marked by C in the CeygOgg model:
Ce-0-2.292, 2.292, 2.293, 2.295, 2.358, 2.358, 2.361, 2.361 (average 2.326); Ce-Ce-3.732, 3.734, 3.737, 3.738, 3.744 3.746, 3.747, 3.752 (average 3.741). The
nearest distances to the SHC ion in the SnCey9Ogg model: Sn-0-2.181, 2.184, 2.187, 2.189, 2.264, 2.269, 2.276, 2.280 (average 2.229); Sn-Ce-3.687, 3.687,
3.688, 3.693, 3.717, 3.724, 3.726, 3.730 (average 3.707). Tie nearest distances to the SAC ion in the Pt/SnCe390gg model: Sn-0-2.175, 2.176, 2.205, 2.210,
2.238, 2.246, 2.260, 2.266 (average 2.222); Sn-Ce-3.682, 3691, 3.691, 3.700, 3.714, 3.717, 3.725, 3.726 (average 3.706). All the distances are in A. Atomic
coordinates and total energies of the displayed structuresre given in theSupplementary Material

FIGURE 5 | TEM images of the Pt/CeSn-600 sample/A). A HRTEM and Fourier image of the crystal lattice of the SnfOcassiterite phase(B), HRTEM and Fourier
image of the CeQ, uorite phase (C).
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FIGURE 6 | HAADF-STEM image(a) and corresponding EDX-mapping(b,c) patterns (CeL signal is shown in yellow, SnL signal is shown green) of the
Pt/CeSn-600 sample, (d) EDX analysis of the sample composition.

individual CeQ particles were detected there. This is consistenagreement with XRD data. After calcination at 900the surface
with the XRD data for the Pt/CeSn-600 sample showing thé&t concentration decreases, which could be attributed ttesimg
formation of composites built from SnPDand Ca xSnO,  of Pt particles.
nanoparticles. The EDX data on the sample composition agree Figure 9shows Ce3d spectra for the Pt/Ce-600 and Pt/CeSn-
with the chemical analysis data. 600 samples, and Sn3d for the Pt/CeSn-600 sample. The Sn3d
Figure 7 displays TEM images for the Pt/Ce-600 samplespectra show only one main doublet with(Sn3d=) D 486.9 eV
Nanocrystalline blocks with sizes 5-10nm are observed. Thatributable to SAC (Moulder et al., 1992 Ce3d spectra were
detected distances correspond to the cubic uorite-typeaceri  decomposed into individual components of €especies (V,
XPS spectra of the Pt/Ce and Pt/CeSn samples calcined at 6080 V0%%nd U, P9 U%% and CeC species (¥, V0 and P,
and 900C are shown irFigures § 9. The quantitative analysis U9 in accordance with literature dataA@andan and Bera,
data and the Pt4f binding energy values determined from th€013; Zhu et al., 20)4The analysis shows that the quantity
XPS spectra for the Pt/Ce-600 and Pt/CeSn-600 samples areCeC species is increased signi cantly in the Pt/CeSn-600
presented inTable 3 According to these spectroscopic data allsample. In the Pt/Ce-600 sample, only 6 at.% of“Cés
samples contain signi cant amounts of carbon, concentnatio detected, whereas 49% of cerium is in the*Cstate in the
of which varies from 27 to 35 at. %. From the analysis of thét/CeSn-600 sample.
C1s spectra (not shown) it follows that the detected carbon Such a high amount of Gt species in the Pt/CeSn-
is represented mainly by amorphous carbon or hydrocarbor600 sample could be explained by the XRD and TEM data,
groups. The share of oxygen-containing carbon groups, inopd which show the formation of the Sn-doped uorite phase
carbonates, is at most 5-10%able 3. Such notable content Ce ySnO» 4. When SAC substitutes cerium in the uorite
of carbon in the samples obtained by sputtering in anphase, the C¥ in the position of C&® could be generated
electric arc discharge is not surprising, since the sputteoh  together with an oxygen vacancy according the electromdityr
atomically dispersed metals and species from graphite cadmbn r requirement: Ce@ Srce C V5 C 2Cege, Where V. —is

occurs simultaneously. an oxygen vacancy with 2 charge, Cesis a Cé&C in the
Analysis of the charge states of platinum in a series of sampl&C position.
was carried out using the spectra curves tting. Fitted Ppéctra Sn atoms were shown in a combined experimental and DFT

are presented ifrigure 8 Upon decomposition into individual study to easily reduce ceria nanoparticles, both bare anddiope
components, metallic platinum ¢ED 71.1eV) could not be by Pt atoms acquiring the oxidation sta@2 (Lykhach et al.,
detected in samples calcined at 680In the Pt/Ce-600 sample 20171). First, only C&C cations were partially reduced upon
platinum is present in two states characterized {Ff4f,-) D interactions of atomic Sn with Pt/ceria nanoparticles, butady
72.7 and 74.5eV. Formally, these states can be referredPtéas a moderate increase of Sn content resulted in the reduction o
and Pf. In the remaining samples in the presence of tin, onlycationic P& species to essentially neutral atomic ones prone
the state PL with E,(Pt4f=) D 72.8eV was detected, but not to form Pt clusters. Using the same computational approach
the state P°. and similar model Pt/ceria nanoparticles we computationally
After calcination at 900C, the P¥ species are preserved. investigated in the present work stability of Pt dopants in aomu
However, a new state withyBPt4f;-) D 70.9 eV appears. This more labileC4 state in ceria nanostructures in the presence of
state is referred to as ®tand its appearance is in a good minimal amounts of SnFigure 10 shows that the interaction
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FIGURE 7 | (A) TEM image of the Pt/Ce-600 sample, andB) HRTEM and Fourier image of the Ce@ crystal lattice.

FIGURE 8 | Curve tted Pt4f XPS spectra for Pt/Ce-600(A), Pt/Ce-900 (B), Pt/CeSn-600 (C) and Pt/CeSn-900 (D) samples, before (curves 1) and after COO,
reaction (curves 2). Ticks range on the Y-axis is 50 counts.

with a model particle P£/Pt*C Ce3gOgy of just one Sn atom can Table 4 shows temperatures for the 10%;:6) and 50% (o)
already slightly favor partial reduction of %t remote from Sn  CO conversion.
by 8 A. In the presence of two doping Sn atoms (Bigire 1Q The Pt/Ce and Pt/CeSn catalysts, calcined at 600
bottom panels) we also succeed to optimize a local-minimunfFigure 11A), are characterized by unusual behavior of
structure SaPC/Pt*C Ce3g0go With the inner Pt atom in the CO conversion at varying temperature. Up to 10C the
highest oxidation stat€4. This structure is over 40 kJ/mol less observed CO conversion either quite weakly depends on
stable than the corresponding structure,8f°/Pt?CCe3g0go, temperature (Pt/CeSn) or even decreases with temperature
where P{€ is reduced to PE. These calculated data substantiatencrease (Pt/Ce). The conversion of CO afl0 C is 63 and
and explain our experimental observations on the absence @6% for Pt/Ce and Pt/CeSn, respectively. The temperature
the PfC XPS signals, when Sn component is added to thef the 10% CO conversion is signicantly below room
Pt-ceria samples. temperature Table 4.
The presence of several regions in the CO conversion

curve with dierent temperature dependencies, i.e., with
Catalytic Properties and TPR-CO Data di erent observed activation energies, indicates the presen
Figure 11 presents temperature dependencies of the C@f active centers of dierent nature triggering dierent CO
conversion over the prepared Pt/Ce and Pt/CeSn catalysts amidation mechanisms.
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FIGURE 9 | Curve tted Ce3d (A,B,D,E) and Sn3d (C,F) XPS spectra for Pt/Ce-600(A,D), Pt/CeSn-600 (B,C,E,F) before (A,B,C) and after COCO, reaction (D,E,F)
respectively. Ticks range on the Y-axis is 500 counts.

TABLE 3 | Quantitative composition of the catalyst surface and the X® binding Furthermore, after calcination at 800 and 9@0the Pt/CeSn
energy values F of individual states of the elements in the Pt/Ce-600 and samples show higher TOF values than the Pt/Ce samples. These
PI/CeSn-600 catalysts. results indicate that the promotion by tin leads to an increas
Sample Pt/Ce Pt/CeSn in both thermal stability and catalyst activity in the medium
temperature range.

B (V) Conc;n;rtation, B (&) CO“C;”;T"“O”’ Table 5also provides activation energy values calculated for
o o CO oxidation reactions on Pt/Ce and Pt/CeSn catalysts ogdcin

Ptaf 0.65 0.26 at 700, 800, and 90Q. The nding that the activation energy
pi2C 727 0.58 72.7 0.26 values are quite close to each other indicates that theifimit
piC 74.6 0.07 _ _ stages of the CO oxidation catalytic process on di erent sasiple
Cls 34.83 2756 under scrutiny are the same and, therefore, the oxidatiorcpss
c 284.8 30.42 285.5 2588 is carried out at essentially the same active centers. Tke da
c 288.6 241 289.0 168 given inTable 5was obtained at the temperature range of 100—
sn3d _ 0 486.9 18.62 200 C. It was not possible to get such quantitative data for
Cead 916.7 24.85 9165 730 the low-temperature range of 0—10D. Nevertheless, it can be
O1s 520.4 30.67 530.9 46.25 assumed that the reaction mechanism is similar in the low-
CelSn 100:0 2872 temperature range and is triggered by active centers of the
Cce3C/ce (%) 6 49 uorite phase.

The catalysts after COO reaction were analyzed by XPS.
Figure 8 (curves 2) shows Pt4f lines for the Pt/Ce-600, Pt/Ce-
The calcination of catalysts at temperatures aboveG@ads 900, Pt/CeSn-600, and Pt/CeSn-900 catalysts after reatimon

to the disappearance of the |Ow_temperature activity_ Th@ T the most active Cata'yStS, calcined at BDOXPS shows that the
values increase by more than 180 The 50% conversion of fraction of P?C ionic SpeCies in both Pt/Ce-600 and Pt/CeSn-600
CO (Tsg) increases by 215 and 11D for Pt/Ce and Pt/CeSn, catalysts does not decrease signi cantly during the ctitatigsts.
respectively after calcination of the catalysts at 8@atalysts However, we observe some reduction of Pt after the tesfS: Pt
calcination at 90CC results in the increase ofsg by 10C for ~ Species are reduced to®Ptin the Pt/Ce-600 catalysts; a small
Pt/Ce and by 20C for Pt/CeSn catalysts. fraction of Pt metal is observed in the Pt/CeSn-600 catalyhis.
The TOF values at 15C are 0.005 and 0.020 for the iS a@n indication that some Pt cations are reduced in @Qy
Pt/Ce-700 and Pt/CeSn-700 samples, respectivelyTagle 5.  Mixture. Yet, most of PE is preserved after the catalytic tests.
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FIGURE 10 | DFT optimized structures and relative energies of model Pt{e39Ogg nanoparticles interacting with one and two Sn atoms illuséting interplay of ptC
and Pt2C oxidation states. Color coding for atoms: C&C -beige, Ce3C—light blue, O—red, Sn—dark gray, Pt—light gray. Atomic colinates and total energies of the
structures are given in theSupplementary Material .

Furthermore, no changes in the Pt states were detected in thieactivity of oxygen present in the catalysts to carbon modexi
samples calcined at 800 and 9G0Figures 9D—Fshows that Ce Spectra of both CO absorption and G@mission during TPR-
and Sn oxidation states of the catalysts are not changedtis. CO are presented for the Pt/Ce, Pt/CeSn and pristine £e0O
observation was expected, since the catalytic reactioB Gfs samples calcined at 60D.
carried out not in a stoichiometric mixture, but in an excexs For the pristine Ce@, CO consumption and C@ release
oxygen (Q: COratioD 5: 1). begin above 20@. Addition of Pt leads to a strong activation of
Figure 12 presents results for the catalysts obtained by th@xygen present in ceria revealed by lowering initial tempeedt
method of temperature-programmed reaction with CO (TPR-of the CO consumption and the CPOrelease to just 20 and
CO). The study of our catalysts by the TPR-CO method in thel5 C, respectively. The promotion by tin causes a further
absence of the gas-phase oxygen allowed us to charactegize decrease of the reactions begin temperature byC20i.e.,
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FIGURE 11 | Temperature dependencies of CO conversion (TPR-COO,) for the Pt/Ce and Pt/CeSn catalysts calcined at different teperatures: (A) 600 C, (B)
700 C, (C)800 C, and (D) 900 C.

TABLE 4 | Catalytic characteristics in CO oxidation of the samples dained at TABLE 5 | TOF and activation energy & values for CO oxidation over the Pt/Ce
different temperatures Eyc. and Pt/CeSn samples calcined at 700, 800, and 900C and featuring speci ¢
surface area SgT.
T10, T59, C Teale, C Pt/Ce Pt/CeSn
Sample Pt%  Spger.m2/g  Ea kcallmol  *TOF  103,s 1
Ti0. C 600 <-20 <-20
700 126 122 Pt/Ce-700 4.58 71 8.3 5.4
800 159 146 Pt/CeSn-700 2.37 39 9.2 19.8
900 182 182 Pt/Ce-800 4.58 48 10.8 15
Tsy, C 600 <-10 118 Pt/CeSn-800 2.37 27 11.3 12.8
700 191 175 Pt/Ce-900 4.58 10 17 0.7
Pt/CeSn-900 2.37 16 12.7 7.5
800 204 205
900 215 228 “TOF(s 1) D W/Cpt, where W—reaction rate (molecules/crd s), Cpi—Pt concentration

calculated from Pt content in the catalyst (XPS).

to 0 and 25C, respectively. These data suggest that thdue to a reaction of CO with surface hydroxo-groups of the

addition of tin to the catalysts leads to weaker binding ofcatalyst: CO(adsC 20H (support)! COx(gas)C Ha(gas)

the lattice oxygen in them. TPR-CO spectra of the catalystS O? (support).

under study reveal three peaks at the temperatures of 20— Addition of Sn to the catalysts leads to a decrease in the

200 C (peak 1), 200-35C (peak 2) and above 350 (peak area of the peak 1 due to a decrease in the £eGntent.

3). The rst two peaks appear to result from CO interactionsThe areas of the peaks 2 and 3 are increased due to increased

with reactive oxygen activated during formation of the Pte-C amount of reactive oxygen speci€Rble 6 shows that the

catalyst due to appearance of ionic platinum in the (PtCe)Oamount of consumed CO and released £for the Pt/CeSn-

mixed phase. 600 catalyst is almost 3 times higher than that for the Pt/Ce-
At temperature above 350Q the pro les of CO consumption 600 catalyst. This corroborates that the modi cation of our

and CQ release match. According tGiordano et al. (200Q) Pt/Ce catalyst by tin noticeably increases the amount ofjery

di usion of oxygen from the support volume to the surface reactive at low temperatures in the Pt/CeSn catalyst. Nof#indy

and interaction with gas-phase CO begins at these tempetureatalysts calcined at temperatures above 60@se their high

Ho release is observed in our experiments during such Bw-temperature oxidative activity. However, the obseiorat

process. It was suggestedh( et al., 200¢tthat H, and CQ,  of higher TOF values for Pt/CeSn catalysts compared to the

release could be observed during the TPR-CO experimentorresponding Pt/Ce catalysts prepared by calcination at the
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FIGURE 12 | Temperature dependence of the CO consumption(A) and CO, evolution (B) during the TPR-CO for the catalysts Pt/Ce-600, Pt/CeSn-600 ad pristine
Ce0,-600.

TABLE 6 | CO consumption and CO, evolution during the TPR-CO. structures CgO3@C in the PtCeC composite and of core-
ool o ¥ o ’ ot 'O ot shell-shell structures Sh@SnO@C in the PtCeSnC composite
ampie » Moy 2, oYy 2 takes place.

PUCE-600 1121 975 48 42 Subsequent calcination of the nanpcompqsﬂes in an oxygen
PHCESN-600 2.753 3,003 23.8 26.7 atmosphere at T> 600 C results in burning out of the

amorphous carbon matrix and conversion of the components
“CO/Pt and "CO,/Pt are molar ratios of the CO consumed and CQ evolved during the into oxidized forms. Our TEM and XRD data show that
TPR-CO to the Pt content in the catalyst, respectively. phases with a uorite structure (Cepand Sn-doped CeQ
and cassiterite (Srg) are formed, with uorite particles being
same temperatures indicates increased thermal stabilith@f much smaller (3—4 nm) than Snparticles (9—12 nm). We note

Sn-containing catalysts. that so small Ce@particles were not obtained in our previous
studies of samples prepared by co-precipitation and solution-
DISCUSSION combustion methodsSlavinskaya et al., 2015; Vasilchenko et al.,

2016. Our XRD data reveal formation of a mixed £&SnO2 4

To achieve e ective low-temperature oxidation of CO overaeri phase. Furthermore, XPS data show that the state of Pt in the
based catalysts particle size in them should not exceed 10 nR¥/CeSn-600 catalysts is characterized only B§ Rins, which
(Boronin et al., 2009; Kurnatowska et al., 2D1a such cases signi cantly di ers from the state of platinum in the Pt/Ce-&0

a SMSI e ect between dispersed ceria and ionic forms of theatalyst (P¥/Pt*) and also indicates the in uence of tin ions
active component is possible, which can result in the fornmatio on the surface state of the uorite phase in Sn-modi ed castdy
of a large number of oxygen vacancies and mobile oxygen specf@sr DFT calculations showed that the presence df°Sions in

with increased di usion and reactivity. ceria nanoparticles facilitates¥treduction to P£C. In addition,

In this work we used plasma arc synthesis to obtain highlyery stable square planar structures Pt@ere formed Bruix
dispersed ceria particles and mixed phases with tin dioxideat al., 2014; Figueroba et al., 2pivhen platinum interacted
TEM data show that the as-prepared condense PtCeC arwiith nanostructured Ce@surface. It can be speculated that the
PtCeSnC substances are nanocomposites, in which the Ce apigsence of embedded tin ions boosts formation of such stable
Sn components are in the form of semi-oxidized particlesstructures. Along with the e ect of tin on the state of platinym
with Ce03z, SnO, and Sn@ crystalline structures coated the Ce3d spectra show a signi cant increase in the concentrat
with amorphous carbon. However, according to the reducingpf CEC ions. Namely, the concentration of &eions in the
conditions of the synthesis, the initial particles should ihe Pt/CeSn catalysts reaches 50 % at., while in the Pt/Ce catalyst
metallic state. We assume that the semi-oxidized nanopestic the CE concentration is 15-20% at. These data indicate that
Ce03 and SnO are formed, when samples are exposed tfie number of oxygen vacancies in the Sn-modi ed catalysts is
the atmosphere after opening the chamber, in which plasmaigni cantly higher.
arc synthesis was performed. Considering high reactivity of Key factor for the implementation of e cient CO oxidation
cerium and tin metal particles their partial surface oxidatio in PGM-ceria systems is the formation of mobile highly
occurs even despite the di usion di culties of oxygen moleesl reactive oxygen species. TPR-CO experiments allowed us to
into the carbon matrix. As a result, formation of core-shellestablish the e ect of mobile oxygen formation in the catadyst
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synthesized by PAS. For these catalysts, the starting tetoper related to the modi cation of the Ce® uorite phase by
of the interaction with CO is 20-5@. At temperatures up Srf ions.

to 200C a signi cant amount of oxygen is released due to Our DFT modeling allows estimating e ects of $ndoping
interaction with CO. This low-temperature mobile oxygen isions in near-surface C¥& positions of ceria nanoparticles on the
generated in both Pt/Ce and Pt/CeSn catalysts, but there reducibility of the latter (seEigure 13. In line with experimental
a dierence. In fact, a signi cant part of mobile oxygen is observations \ide supry the substitution of a C¥& cation
released from the Pt/Ce-600 catalyst with a peak withwI in the lattice of ceria by Sft greatly facilitates formation of
D 100 C, while from the Pt/CeSn-600 catalysts mobile oxygemxygen vacancies,dn the immediate vicinity of the dopant.
is released in the whole temperature range from 20 to €50 Indeed, the lowest vacancy formation energyy, Ecalculated
and its amount is more than 2.5 times higher than in thewith respect to % @) for removal of the rst O atom located
case of Pt/Ce-600 catalyst. Obviously, this e ect is diyectinear SAC is almost 80 kJ/mol smaller than when the vacancy

FIGURE 13 | Optimized structures of nanoparticles Pt/CgyOgg n and Pt/SnCe3gOgp n, corresponding to formation of the rst and second oxygen vacacies (Ov)
with the lowest energy B, in the vicinity of SHC and CeC ions located in the same near-surface cationic position laled by C. Color coding for atoms: C&*C —beige,
CeSC—Iight blue, O—red, Sn—dark gray, Pt—light gray. Atomic coalinates and total energies of the structures are given in thSupplementary Material .
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is created near C& cation occupying the same site. CalculatedSn XRD analysis shows formation of a mixed phase CeSnOx
Eov value for creating the second,Ground the SAC cation and stabilization of more dispersed species with a uorite-
decreases even somewhat more with respect to tH€ Gite. type structure, the factors signi cantly contributing toethigh
Notably, both the rst and the secondds values for the SIf  activity and thermal stability of the catalyst modi ed by Sn.
dopant case are very low, 103 and 133 kJ/mol, respectively. XPS analysis indicates the presence of boffr Rind PfC
These by values are close to those calculated using the sanmationic states in the catalyst Pt/CgQvhereas only the state
DFT scheme for Pt-ceria nanocomposites, where predicted hight?® could be detected in the catalyst Pt/CeSn@nsertion
oxygen mobility was con rmed experimentally/gyssilov et al., of Sn ions in the uorite lattice of Pt/Ce@does not stabilize
2017). Thus, the present lowd values corroborate very high Pt*C state in the Pt/CeSnQcatalyst, but induces formation of
oxygen mobility in nanostructured ceria induced by dopingremarkably high concentration (50%) of lattice¥éons. Results
with Sn. Our calculations indicate that at least two mobileof our DFT calculations corroborate destabilization of®tons
reactive O atoms can be easily generated by the presencebgf incorporation of Sn cations into the uorite structures of
one SAC cation in ceria lattice, with concomitant creation of Pt/CeQ, nanoparticles.
four reduced C& ions, in full agreement with our experimental ~ Our TPR-CO experiments show the presence of loosely bound
observations. The enhanced mobility of oxygen is related tactive oxygen in the Pt/Cgand Pt/CeSnQcatalysts in contrast
strongly distorted oxygen coordination of %$n compared to  with the similarly prepared pristine Ce@atalyst. C@evolution
Ce*C most favorably surrounded by cubes of eight Canions. in the gas phase upon interaction of the Pt/Geghd Pt/CeSnQ
The calculated eight nearest Ce-O and Sn-O distances (in Apatalysts with CO takes place in the temperature range 0200
are: for CEC in Pt%/Cey0g0 2.28 2, 2.31 2, 2.33, 2.34, while no reaction of the CeQxatalyst with CO could be detected
2.35, 2.36 and for 3R in Pt?°/SnCegOgy 2.11, 2.12, 2.14, at these temperatures. The TPR-CO results that the ignition
2.15, 2.22, 2.27, 2.35, 2.54 (see sketches of these modelsemperature of CO oxidation over the Pt/CeSp@atalyst is
the upper panels ofigure 13 and atomic coordinates in the lowerthan that over the Sn-free Pt/Cg@atalyst strongly suggest
Supplementary Materia). the presence of more reactive oxygen species in the Sn-modi ed

Although the amount of mobile oxygen is generally highercatalyst. Moreover, incorporation of Sn causes increasediatao
for the Pt/CeSn-600 catalyst, this is probably not the onlyf the loosely bound highly reactive oxygen (enhanced oxygen
important factor for low-temperature oxidation reactivitur  storage capacity). According to our DFT calculations, doping
CO conversion data show that the catalytic activity in thega Sn cations are somewhat more energetically stable insid@ ce
of 0—100C is slightly lower for the Pt/CeSn-600 catalysts than fonanoparticles than on their surface. The calculations alsoigeov
the Pt/Ce-600 ones. Most likely, the amount of mobile oxygemn atomic-level explanation for the observed low-tempermatur
a ects the catalytic activity above 1AD, when the TOF values generation of surprisingly abundant reactive oxygen andiced
are higher for the Pt/CeSn-800 and Pt/CeSn-900 catalysts. TCeC species in the presence of Sn in ceria, which is related to
six-fold di erence in TOF values for the Pt/Ce and Pt/CeSnstrongly distorted Sn-O coordination sphere compared to that
catalysts calcined at 900 reinforces notably higher activity of Ce-O.
of the latter at temperatures above 100 According to the Along with the e ect of Sn incorporation in the uorite lattice
experimental data, Bt and PfC ions are present in catalytically of CeQ we also document interactions of tin and cerium oxides
active centers of the Pt/Ce-600 samples. In the Pt/CeSn-6@d the nanoscale, which stabilize highly dispersed ceriurdeoxi
samples, doping Sn species can replate Bhs and also induce species crucial for the observed enhanced stability of thei e
additional reduction of C& ions. by tin Pt/CeSnQ catalysts.

Application of plasma arc synthesis makes it possible to mix
catalysts components at the cluster and nanoscale level. D
to the mixing of components takes place in the carbon matrix,EfATA AVAILABILITY

which suppresses sintering at the sputtering stage, formation The data that support the ndings of this study are included

highly d|spe_rsed o>_<|de structures during anneall_ng N OXYIE i this published article and theSupplementary Material.
atmosphere is possible. In the processes of annealing andigurni
of carbon, nanoparticles of CeQCand SnQ interact in the

contact area.

Extra data are available from the corresponding authors upon
reasonable request.
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