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Abstract
For catalysts comprised of Pt supported onto dispersed complex fluorite-like oxides (ceria doped by Pr, Gd, Sm, or CeO2–ZrO2 doped by La, Gd

or Pr), the effects of the oxygen mobility in supports and Pt dispersion on the performance in methane selective oxidation into syngas at short

contact times were elucidated using combination of kinetic and spectroscopic methods. While in general any simple universal relation between the

oxygen mobility, Pt dispersion and the rate of methane transformation into syngas was not found, for some series, a good correlation was observed

agreeing with the bifunctional scheme of the methane selective oxidation into syngas.
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1. Introduction

Catalysts comprised of doped ceria, zirconia or ceria–zirconia

oxides with supported Pt were recently shown to be very efficient

and stable in the fuel-rich hydrocarbons combustion ensuring a

high yield of syngas at short contact times [1,2]. This makes them

promising for replacing expensive Rh/corundum foam catalysts

first suggested for this application [3].

The role of Pt as the active component is mainly considered

to be activation of the hydrocarbon molecule by the homolytic

cleavage of the C–H bond thus generating hydrogen atoms and

hydrocarbon fragments adsorbed on the metal particles [3,4].

The carbon build-up leading to coking and loss of activity is

prevented due to rapid interaction of those fragments with the
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oxygen atoms supplied to the metal particle-oxide support

perimeter via the surface diffusion thus generating CO and

hydrogen [5]. Complex ceria-containing fluorite-like oxides

(possessing required surface lattice oxygen mobility and

reactivity along with the phase stability in strongly reducing

conditions) appear to be the most promising oxide supports

[1,2,6]. Incorporation of low-valence cations into the lattice of

ceria or ceria–zirconia solutions is expected to create anion

vacancies, thus improving the lattice oxygen mobility [7].

However, up to date, systematic studies of the effect of a dopant

type and its content on the lattice oxygen mobility and surface

properties of dispersed fluorite-like solid solutions are missing.

Furthermore, no straightforward correlations have been

obtained relating oxide properties with the performance of

supported platinum group metals in the transformation of

methane into syngas. Recent results of Wei and Iglesia [8–10]

even suggest the absence of any bifunctional CH4 reforming

pathways for Pt group metals and Ni on such supports as ZrO2,
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g-Al2O3, CeO2–ZrO2 (Zr/Ce = 4), MgO. This is explained by a

kinetic scheme in which only C–H bond activation has kinetic

relevance, while other steps occur much faster.

Some arguments in favor of the bifunctional scheme of

methane fuel-rich combustion/partial oxidation (POM) can be

obtained by comparing the specific rate of POM for catalysts

with a close Pt dispersion but broadly varying surface/bulk

oxygen mobility. This mobility can be estimated by dynamic

methods either for standard oxidized state of samples (oxygen

isotope exchange, temperature-programmed oxygen deso-

rption) or for their partially reduced state (H2 or CH4 TPR).

However, for proving the bi-functional scheme, estimation of

the rate of the oxygen-containing species transfer between the

Pt particles and the support in the course of catalytic reaction

would be of crucial importance. This can be made by using

kinetic transients, where relaxation curves fitting allows to

estimate the rate constants of corresponding steps [11,12].

In the frame of this bi-functional scheme, another important

factor is the Pt dispersion. This parameter determines both Pt

efficiency in the C–H bond cleavage in methane molecule [8] as

well as resulting flux of oxygen-containing species to the

boundary between Pt clusters and support. IR spectroscopy of

adsorbed CO test molecule sensitive not only to the number of

accessible Pt sites, but to their clustering degree and charge

state as well [13,14] can be applied for this purpose.

This work summarizes results of systematic studies of the

role of the oxygen mobility in support, Pt dispersion and Pt-

support interaction for ceria and ceria–zirconia systems doped

with La, Sm, Pr or Gd and promoted with Pt as catalysts of

POM. Detailed characterization of the samples real structure

and surface properties has already been presented in a number

of publications [14–25] and will be considered here only in the

extent required to clarify the factors determining mobility/

reactivity of the oxygen and catalytic activity in the reaction of

methane selective oxidation into syngas.

2. Experimental

Samples of complex oxides including ceria doped with Gd,

Sm, or Pr (Ce1�xMexO2�y, Me content x = 0–0.5) and Ce0.5�x/

2Zr0.5�x/2 MexO2�y (Me = La, Gd or Pr, x = 0–0.3) were

prepared via the polymerized precursor (Pechini) route [1] with

modifications of procedures described earlier [14,15,23,24] and

calcined at 500–700 8C. All samples were nanocrystalline

fluorite-like solid solutions, excluding La-doped ceria–zirconia

system at xLa � 0.2 comprised of two fluorite-like phases [15].

Pt (1.4 wt.%) was supported by the incipient wetness

impregnation with H2PtCl6 solution followed by drying and

calcination at 500 8C.

The surface features of samples (support sites and state of

supported Pt) were characterized by Fourier transform infra-red

spectroscopy (FTIRS) of CO or O2
� test species adsorbed at

77 K using a Shimadzu 8300 spectrometer and earlier described

procedures [14,24].

BET specific surface area of samples (varied in the range of

35–150 m2/g) was determined from the Ar thermal desorption

data.
A dynamic 18O-isotope exchange experiments in the

temperature-programmed mode were carried out in the static

installation with on-line-coupled quadruple mass spectrometer

QMG421 I (Pfeiffer Vacuum GmbH) [26,27]. To characterize

the oxygen mobility by using data obtained in the temperature-

programmed mode, a dynamic degree of exchange normalized

to the surface area of a sample was used [18,21,26]:

Xs = ls{(a0/a) � 1}, where ls = N/Ns (monolayers), N is the

number of O atoms in the gas phase; Ns is the number of

exchangeable oxygen atoms in the monolayer of an oxide, a0, a

are initial and current fraction of 18O in the gas phase.

Experiments in the temperature-programmed mode for O2

TPD, H2 TPR, and partial oxidation of CH4 were carried out in

a flow quartz reactor using a kinetic installation equipped with

GC, an on-line IR absorbance gas analyzer PEM-2M, TCD, an

electrochemical sensor for O2 and a polarographic sensor for H2

monitoring with the data acquisition and processing through a

PC as described in details elsewhere [16–24].

For the sample of Ce–Zr–La–O series containing 20% La,

both with Pt and without it, steady-state isotopic transient

kinetic analysis (SSITKA) experiments were carried out as well

in the temperature range 650–850 8C. When the steady state

was achieved under 2% 16O2 in Ar flow, it was replaced

stepwise by the same one containing 18O2, the transient changes

in the gas isotopic composition being continuously monitored

by a VG-Gas Lab mass-spectrometer.

In relaxation experiments, 0.05 g of a catalyst was loaded

into a tubular quartz reactor (L = 300 mm, i.d. = 3 mm) and

heated up to 650 8C under flowing He. Prior to every

experiment, a sample was oxidized in 2.2% O2 + He flow

(flow rate 5 ml/s) for 30 min. Reduction of a sample was carried

out by contacting sample with a pure H2 flow for 0.5 h at the

same temperature. Before reaction mixture feeding, O2 or H2

were flushed by He purging for 2 min. Switches from He to

reaction mixture and vice versa (flow rates were 5 ml/s for both

mixtures) were performed with continuous monitoring of the

gas phase composition by a QMS-200 (SRC) mass spectro-

meter and on-line chromatographic analysis. Reaction mixtures

of 4.6% CH4 (+2.2% O2) in He were used in these switches.

3. Results and discussion

3.1. Catalytic activity in POM

Fig. 1 compares the specific rates of CH4 consumption, H2

and CO2 generation for all studied series of samples estimated

using the efficient first-order rate equation for the plug-flow

reactor satisfactorily describing the experimental data

[19,20,22]. A broad (by more than one order of magnitude)

variation of these rates at the same Pt content and its

comparable dispersion (vide infra) is quite clear, suggesting a

structural sensitivity of this reaction. For all systems, catalysts

performance both in model and realistic [20] feeds was stable,

and no coking of catalysts was observed. Obviously, the support

effect on the catalytic activity of Pt in POM is prominent, and

support oxygen mobility could be among decisive factors.

Hence, subsequent analysis is directed to elucidation of
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Fig. 1. Specific rates of methane conversion (a) and products formation ((b) H2, (c) CO2) in methane selective oxidation vs. dopant content in Pt-supported doped

ceria or ceria–zirconia systems. 1% CH4 + 0.5% O2 in He, 770 8C, 5 ms contact time, temperature-programmed mode, samples pretreated in 10% O2 in He at 500 8C
before reaction.
relations (if any) between properties of supports and catalytic

activity of Pt-supported samples in POM with a due regard for

the Pt-support interaction and Pt dispersion.

3.2. Oxygen mobility and state of supported Pt in oxidized

samples

3.2.1. Dynamic isotope exchange

For all studied systems, only the third type of exchange with

participation of two oxygen atoms of support was observed

[14,18,21].

Fig. 2 compares the dynamic degree of exchange for series

of Gd or Pr-doped ceria samples. For Gd-doped ceria, the lattice

oxygen mobility goes through the maximum at xGd = 0.2,

apparently being determined by the density of free anion

vacancies [7,16,20]. At a higher doping level, clustering of

vacancies and dopant cations decreases the lattice oxygen

mobility [16,17]. Moreover, segregation of doping cations to

the ceria surface rearranges its structure decreasing the density

of surface anion vacancies and associated coordinatively
unsaturated Ce4+ sites involved into activation of molecular

oxygen species [23,24]. Similarly, for Sm-doped ceria the

dynamic degree of exchange reaches a maximum at xSm = 0.2,

while being practically identical at x = 0.1 and 0.4 [14].

For Pr-doped ceria, the dynamic degree of exchange

increases with the doping level reflecting the increase in the

concentration of Pr3+/4+ in the lattice [17]. As the result, at the

highest dopant content, the dynamic degree of exchange for Pr-

doped ceria is even higher than that for Gd-doped ceria

apparently reflecting a higher density of free anion vacancies.

At a moderate (20 at.%) doping level, the lattice oxygen

mobility is higher for Gd-doped ceria as compared with other two

systems [16]. This is explained by the highest density of free

anion vacancies for this system generated due to substitution of

Ce4+ by Me3+ cations. Since the Pr cation is present in the ceria

lattice simultaneously in Pr3+ and Pr4+ states [17], at the same

dopant content, the density of anion vacancies is apparently

lower for Pr-doped ceria. Since Sm3+ cation has a bigger radius

than Gd3+ cation, this causes a stronger deformation of ceria

lattice leading to a higher degree of clustering between anion
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Fig. 2. The dynamic degree of the oxygen exchange (Xs) at 700 8C (1,3) and

normalized intensity (I) of Pt2+–CO band (2,4) for Gd (1,2) or Pr (3,4) doped

ceria vs. dopant content (x) in Ce1�xMexO2�y, (1,3) and Pt/Ce1�xMexO2�y (2,4)

samples [18,21].
vacancies and a dopant decreasing the density of free anion

vacancies controlling lattice oxygen mobility [16].

For ceria–zirconia system doped with Gd, La, or Pr cations,

in general, the oxygen mobility (Fig. 3) is lower than that for

doped ceria samples (Fig. 2), as confirmed by the isothermal

isotope exchange experiments [14,20]. Since the amount of

easily exchanged oxygen is below a monolayer, this oxygen

appears to be mainly located in the surface layer or in the

vicinity of disordered domain boundaries of these nanocrystal-

line systems. For nanocrystalline ceria–zirconia-based complex

oxides, the lattice oxygen mobility is at present considered to be

controlled not by the density of free anion vacancies (as for

doped ceria systems) but by more complex Frenkel-type defects

comprised of oxygen vacancy associated with oxygen in the

interstitial position [28–30]. Similar defects control oxygen

mobility in complex pyrochlore-type oxides [31]. A metastable

k-Ce2Zr2O8 phase produced by soft reoxidation of reduced

Ce2Zr2O7 phase with the pyrochlore-type structure was indeed

shown to possess the highest lattice oxygen mobility [32]. Since

ceria–zirconia samples produced by Pechini route were

obtained by decomposition of polyester resin in rather reducing

conditions favorable for stabilization of Ce3+ cations [15], they
Fig. 3. The dynamic degree of the oxygen exchange (Xs) at 650 8C vs. the

dopant content (mole fraction, x) for ceria–zirconia (1:1) oxide systems doped

with Gd (1), Pr(2) or La(3). A 4-Pt/Ce–Zr–La–O system.
could retain in their structure pyrochlore—like fragments

similar to those in the k-Ce2Zr2O8 phase.

The most mobile near-surface oxygen is revealed for Ce–Zr–

La–O system (Fig. 3), which correlates with the biggest size of

La cation, and, hence, the biggest lattice parameter of these

fluorite-like oxides [15,25]. For such complex ceria–zirconia

based oxides as well as pyrochlore-like solid oxide electrolytes,

the increase of the lattice parameter is known to increase the

size of channels for the oxygen migration, thus increasing the

lattice oxygen mobility [32–34].

For ceria–zirconia systems doped with Gd3+ or La3+ cations,

the increase of mobility at a low doping level is followed by its

decline (Fig. 3). This suggests a complex rearrangement of the

coordination polyhedra in ceria–zirconia solid solution due to

doping, which could not be described by a simple model of

anion vacancies generation [25]. Indeed, the increase of these

dopants content is accompanied by decline of absorption in the

visible range [20], which can be explained by the decrease of

the content of Ce3+ cations and anion vacancies/oxygen

interstitials in their coordination sphere responsible for the

lattice oxygen mobility.

For Pr-doped ceria–zirconia, the lattice mobility first

decreases (up to xPr = 0.1) then increases with the doping

(Fig. 3). This phenomenon can be tentatively ascribed to the

effect of redox Pr3+/Pr4+ couple ensuring a mixed ionic–

electronic conductivity in the complex oxide when a high

doping level is achieved. Segregation of Pr cations at the

surface or within domain boundaries [18,23] could be

important in this respect.

3.2.2. Pt dispersion and effect of Pt supporting on the

oxygen mobility in oxidized samples

In oxidized Pt/Ce–Zr–La samples, only small (0.5–1 nm) Pt

clusters were revealed by TEM and XRD [14,20]. For Pt-

supported doped ceria samples with a high (>20 at.%) dopant

content, metallic Pt is not observed at all either by XRD [14,20]

or XPS [23,24]. Hence, oxidic forms of Pt dominate for

oxidized samples.

IR Spectroscopy of CO adsorbed at 77 K as test molecule

revealed bands at 2158–2168 cm�1 (Ce4+–CO complexes),

2110–2114 cm�1 (Me3+–CO complexes), 2173–2176 cm�1

(Pt2+–CO complexes), 2125–2132 cm�1 (Pt+–CO complexes)

and 2041–2046 cm�1 (Pt0–CO complexes) [18,20,21,23–25].

For samples based upon doped ceria–zirconia supports, bands

corresponding to Zr4+–CO complexes at 2175–2180 cm�1 are

observed as well [14,15,20]. Due to a different bonding strength

and, hence, thermal stability of these complexes, and dependence

of their bands intensity on CO coverage, bands corresponding

to various complexes can be separated and their intensity

estimated [18,20,21,23,24].

For Pt supported onto Gd-doped ceria samples, the intensity

of bands corresponding to different Pt species, especially Pt2+,

goes through the maximum at a dopant content 20 at.%, where

the highest lattice oxygen mobility is achieved (Fig. 2). A

similar correlation between Pt dispersion and oxygen mobility

in the bare support is observed for Pt on Pr-doped ceria (Fig. 2).

This trend is explained by anchoring of Pt on the coordinatively
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Fig. 4. Effect of Sm content (mole fraction, x) in ceria–samaria system on the

maximum rates of oxygen desorption in O2 TPD peaks at �670 8C for the

supports (1) and Pt-loaded (2) samples.

Fig. 5. The dynamic degree of the oxygen exchange (Xs) at 700 8C (1); amount

of O2 desorbed up to 900 8C (2) and normalized intensity (I) of Pt2+–O2
� (3) and

Pt2+–CO (4) bands for Pt/Ce–Zr–La–O system vs. La content (mole fraction, x).
unsaturated surface sites associated with the oxygen vacancies.

However, at the highest Me3+ content, dopant dissolution in

acidic H2PtCl6 solution results in decoration of Pt clusters by

MeOx oxidic species [7] and/or Pt cations incorporation into

domain boundaries [20], decreasing the intensity of all Pt

carbonyl bands [14]. However, this decline in Pt2+–CO band

intensity at the highest content of Gd or Pr is accompanied by

an increase and not decrease of the oxygen mobility (Fig. 2).

This effect is especially pronounced for Sm-doped ceria

[14,20]. While for pure supports the maximum rate of O2

desorption in a peak situated at�640–670 8C decreases with Sm

content (Fig. 4) reflecting rearrangement of the structure leading

to disappearance of free anion vacancies, for Pt-supported

samples the highest rate of the oxygen desorption in the middle-

temperature peak (700–780 8C) was revealed for the heavily

doped samplewith the lowest intensity of Pt-carbonyl bands [14].

Moreover, for this sample, the maximum rate of oxygen

desorption greatly exceeds that for support (Fig. 4), while for

samples with a lower dopant content, the rate of desorption

decreases due to Pt supporting. A similar promoting effect of

incorporated Pt for heavily doped sample was also revealed for

the oxygen desorption in the isothermal part of the TPD run at

900 8C, which is apparently controlled by the oxygen diffusion

from the bulk of particles to their surface along domain

boundaries [14,21]. Hence, a positive effect of a strong

interaction between Pt and support on the oxygen mobility is

indeed observed for samples with a high content of a dopant.

In a similar way, for La-doped ceria–zirconia, the lattice

oxygen mobility changes due to Pt supporting (Fig. 3). In this

case, a strong positive effect is also observed for samples with a

high content of La (biphasic samples), while the negative effect

is revealed for the sample with a low dopant content. Hence,

Pt2+ cations appear to be located at coordinatively unsaturated

surface sites situated at outlets of domain/interphase bound-

aries. The additional feature revealed for this system is that Pt

supporting onto undoped ceria–zirconia sample strongly

increases the oxygen mobility as well. For this Ce–Zr–La–O

system (Fig. 5), the amount of oxygen desorbed up to 900 8C,

the dynamic degree of exchange and the intensity of Pt2+–CO

band correlate rather good. Pt supporting increases the amount
of desorbed oxygen from 0.2 to 1 monolayer to values

exceeding a monolayer (Fig. 5), which can be explained by Pt

incorporation into the surface layer/domain boundaries

[14,23,24]. Extensive parallels between the dynamic degree

of the oxygen exchange and the band intensity corresponding to

Pt2+ superoxide complexes (Pt2+–O2
�) observed for this system

agree with the suggestion of a primary activation of molecular

oxygen on these sites, at least at moderate temperatures of

exchange [35]. A high intensity of such a band for Pt-supported

ceria–zirconia sample without La implies that a plenty of sites

exist on the surface of this support able to fix Pt as

coordinatively unsaturated Pt2+ cations as well as small Pt0

clusters [14]. This can be explained by nanocrystallinity of this

ceria–zirconia sample [20] and a high concentration of defects

including anion vacancies/oxygen interstitials, especially in

vicinity of disordered domain boundaries [29]. The decrease in

the intensity of Pt2+–O2
� and Pt2+–CO bands with addition of

10% La to ceria–zirconia system (Fig. 5) apparently correlates

with the decrease of the concentration of anion vacancies in

coordination sphere of Ce cations revealed by UV–vis spectra

[20] (vide supra).

Among all studied supports, the highest concentration of

cationic Pt species was found for Gd-doped ceria supports

followed by Pr-doped ceria [18,21]. For these systems, at a

dopant content exceeding 20 at.%, Pt0 species were not

revealed at all both by FTIRS of adsorbed CO and XPS

[18,21,23,24]. This agrees well with the known ability of ceria

and other rare-earth oxides to stabilize oxidic forms of Pt

[36,37]. For doped ceria–zirconia supports, this ability is

apparently weaker since Pt0 species were observed at any

content of a dopant [20,25]. The highest concentration of Pt2+

species was revealed for La-doped samples, while in average it

is approximately twice as low for Pt on Gd- or Pr-doped ceria–

zirconia supports. For the case of these two systems, the

intensity of Pt2+–CO band is very close reaching a minimum at

10 at.% dopant content [25], which agrees with the same trend

for Pt/Ce–Zr–La system (Fig. 5). At a dopant content >10 at.%,

the intensity of Pt2+–CO band increases for Gd- or Pr-doped

samples up to same value as for La-doped system at 30 at.%

doping level.
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3.3. Surface/bulk oxygen reactivity and mobility under

reducing conditions

In the H2 TPR runs up to 800 8C, up to two monolayers of

oxygen are removed from the Pt-supported samples exceeding

by far the amount required to reduce all present cationic Pt

species. Hence, these peaks with Tmax situated in the range of

220–290 8C as dependent upon the support type, certainly

correspond to the bulk (or, at least, near-surface) reduction of

the complex oxide, their intensity (maximum or ‘‘peak’’ rate)

being determined by the lattice oxygen mobility [14,18,20,21].

On the other hand, the amount of oxygen removed in these

peaks is still much lower than that corresponding to complete

reduction of doped ceria sample, hence, the oxide stoichio-

metry is expected to be rather close to that under POM reaction

conditions.

Higher values of ‘‘peak’’ reduction rates for Pt-promoted

Ce–Zr–La–O system as compared with ceria–zirconia systems

doped by Gd or Pr (Fig. 6) agree with a higher lattice oxygen

mobility for the former system estimated by the isotope

exchange (vide supra). For Pt/Ce–Zr–La–O samples, H2 TPR

peaks are situated at lower (�220–240 8C) temperatures as

compared with those for Pt/Gd(Pr)-doped ceria (�250 8C)

[18,20,21,23,24]. This suggests a higher efficiency of H2

dissociation on Pt clusters fixed at Ce–Zr (La) complex oxides

and, hence, a higher flux of H atoms to the support sustaining

the high rate of oxides reduction by hydrogen [7]. This

correlates with a more oxidized state of Pt on doped ceria

supports (vide supra) decreasing its ability for the homolytic

rupture of H–H as well as C–H bonds [38].

For Pt/Gd(Pr)-doped ceria–zirconia samples, H2 TPR

‘‘peak’’ rates vary with a doping level in a different manner

reflecting mainly mobility of the lattice oxygen. For Pr-doped

ceria–zirconia system, the downward shift of the Tmax from

�285 to �265 8C and increase of the ‘‘peak’’ rate with the Pr

content (Fig. 6) were observed. These features could be

tentatively assigned to the increase of mixed ionic–electronic

conductivity of this system with Pr content (effect of

conducting Pr3+/4+ chains in the lattice or within domain

boundaries) facilitating the oxygen mobility, though variation
Fig. 6. Effect of the type and content of dopant (mole fraction, x) on the

maximum rates of H2 TPR in Pt/ceria–zirconia-based samples doped with La

(1), Pr (2) and Gd (3).
of the Pt dispersion could be important as well. For Gd-doped

ceria–zirconia, the trend in the maximum rate variation with the

dopant content is similar to that of La-doped ceria–zirconia

(Fig. 6). Hence, similar factors could control these rates

including variation of the Pt dispersion, incorporation of Pt into

domain boundaries, variation of samples defect structure and

segregation of a dopant on the surface [20].

3.4. Catalytic activity versus Pt dispersion and oxygen

mobility

A comparison of the catalytic activity of studied systems in

the reaction of methane selective oxidation into syngas (Fig. 1)

with the Pt dispersion estimated by the intensity of Pt2+

carbonyl bands (Figs. 2 and 5) and the oxygen mobility and

reactivity (Figs. 2–6) revealed absence of any universal

correlations between these characteristics valid for all systems.

This can be explained by variation of the ability of supported Pt

to activate methane as well as the reactive oxygen bonding

strength determining syngas selectivity.

For a given system, such as Pt/Ce–Zr–La–O, the specific

rates of methane transformation and syngas (H2) formation at

short contact times (Fig. 1) correlate with the lattice oxygen

mobility and Pt dispersion estimated by the intensity of Pt2+–

CO band (Fig. 5). In contrary, no correlations were found

between activity and intensity of Pt0–CO or Pt+–CO bands

(2050–2130 cm�1 range) [20]. This suggests that small Pt

clusters formed from Pt2+ cations under the influence of the

reaction mixture are the most reactive sites for CH4

dissociation, while the efficient oxygen transfer from the

support to these clusters prevents their coking by transforming

CHx fragments into CO and H2. The non-linear trend in the

variation of Pt2+ cations concentration and near-surface/lattice

oxygen mobility with the La content is explained by the

interplay of several factors including a decline of the density of

point defects—anion vacancies due to the lattice rearrange-

ment, increase in the density of domain/interphase boundaries

at xLa = 0.2 due to decomposition of homogeneous fluorite-like

oxide solid solution into two phases and segregation of La on

the surface/domain boundaries favoring Pt incorporation into

the subsurface layer/domain boundaries and decoration of Pt

clusters by LaOx fragments [20]. For this system, the rate of

deep oxidation products (CO2) formation is much lower than

that of H2 (Fig. 1c) and achieves a maximum for sample

containing 20% La. Since this sample is comprised of two

fluorite-like phases [15], this suggests that the oxygen transfer

along disordered domain/interphase boundaries is also respon-

sible for oxidation of activated CHx fragments into deep

oxidation products.

For the same matrix (Ce–Zr–O) and the same dopant content,

variation of the specific rates of methane transformation into

syngas with the nature of a dopant (La > Pr > Gd) follows the

order of the sizes of respective Ln3+ cations: rLa3+(1.17 Å) >
Pr3+ (1.14 Å) > rGd3+ (1.053 Å) [39]. Apparently, in high-

temperature reducing conditions of syngas generation, pre-

dominant part of Pr is in 3+ state, which justifies such a

consideration. Since the size of doping cations affects the lattice
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Fig. 7. Isotopic fractions of 18O in O2 compared to the Ne response vs. time

upon switching from 16O2 to 18O2 in 2 vol.% O2 in Ar flow for Ce–Zr–La–O

based (20 at.% La) samples. Contact time 0.01 s.
oxygen mobility in doped ceria–zirconia solid solution (vide

supra), this suggests that the oxygen mobility in the lattice and,

hence, in the surface layer of these supports determines a scale of

the specific catalytic activity of supported Pt in POM. The same

order was in general observed in specific rates of methane

oxidation into combustion products (CO2) for all three ceria–

zirconia-based catalytic systems (Fig. 1c). For Pt on single-phase

Ce–Zr–Gd (Pr) supports, monotonous decline of CO2 formation

rate with the dopant content agrees with the decrease of the lattice

oxygen mobility caused by the local coordination polyhedra

rearrangement eliminating anion vacancies. Nevertheless, both

the rate of methane transformation and H2 formation increase

with the dopant content at x > 10 at.% reflecting mainly trend in

variation of the Pt dispersion (vide supra).

For Pt supported onto doped ceria, the lowest activity was

observed for Pr-doped samples, despite a rather high lattice

oxygen mobility and Pt dispersion. This can be explained by the

most oxidized state of supported Pt revealed by XPS [23,24], and,

hence, a low ability to activate methane molecules. Apparently,

this partially oxidized state of Pt is retained even in reducing

reaction conditions due to a strong interaction with support.

For Pt on Gd-doped ceria, the rate of methane transformation

is much higher correlating both with Pt dispersion and the

lattice oxygen mobility (vide supra). However, in this case,

methane is mainly transformed into deep oxidation products

(Fig. 1c), so the specific rate of hydrogen generation is quite

moderate (Fig. 1b). Hence, too high oxygen mobility and/or

reactivity determined by the metal–oxygen bonding strength

result in the combustion of activated CHx fragments and CO/H2

products.

For Pt/Sm-doped ceria, variation of the specific rates of

methane transformation, H2 and CO2 formation with Sm

content (Fig. 1) exactly follows the trend for the oxygen

mobility (Fig. 4). The highest rates were achieved for a sample

with a high (40%) Sm content (Fig. 1). For this sample,

decoration of Pt clusters by SmOx species ensures developed

Pt–MeOx boundary required for conjugation of the steps of CH4

and oxidants activation. While oxygen mobility is apparently

comparable for Gd-and Sm-doped ceria, a higher selectivity of

methane transformation into syngas for the latter system seems

to correlate with a higher basicity of a bigger Sm cation [39],

which helps to increase the bonding strength of reactive oxygen

species decreasing their combustion ability.

Comparison of the effect of the same doping cation (i.e. Pr)

on the lattice oxygen mobility of different oxide matrix such as

ceria or ceria–zirconia and state of supported Pt clearly reveals

a great specificity apparently determined by the variation of the

defect structure of nanocrystalline complex oxide systems as

well as their surface properties affected by the dopant

segregation and its dominating oxidation state [23,24].

3.5. Details of the reaction mechanism

Details of the reaction mechanism of methane selective

oxidation into syngas at short contact times were elucidated for

Pt/Ce–Zr–La sample (20% La) possessing the highest activity

and selectivity among studied systems.
To estimate the rate constant of the oxygen transfer between

the metal and support, SSITKA experiments with 18O2 have

been carried out. The typical results are shown in Fig. 7. In the

absence of Pt the rate of isotope exchange is determined by

interaction of gas phase oxygen with the active sites of support.

After Pt addition, a faster pathway of the label transport appears

through the spillover from Pt to the support followed by the

surface diffusion. Promoting effect of platinum on the

dynamics of the oxygen exchange, however, decreases as

temperature rises up to the values typical for CH4 selective

oxidation to syngas: transient curves becomes closer thus

suggesting important role of support properties in both high-

temperature activity and syngas selectivity.

Modeling of the dynamics of isotope exchange gives

estimations of the rate constants and activation energies for the

steps of oxygen interaction with active sites of the support and

Pt; coefficients and activation energies of oxygen surface and

bulk diffusion were determined as well. The details of this

modeling are beyond the scope of this paper and will be

presented elsewhere [40]. Estimated constants of exchange,

namely, ksupport = 0.13 s�1 at 650 8C and 0.75 at 850 8C; kPt =

15 s�1 at 650 8C and 24 s�1 at 850 8C, Kspill-over = 15–20 s�1,

Dbulk > 4 � 10�13 cm2/s (presumably, bulk diffusion occurs

along domain boundaries), are rather close to those determined

earlier by Dong et al. [41]. The value of the spill-over rate

constant is comparable with that characterizing the oxygen
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Fig. 8. Transient responses of CO, CO2 and H2 after switching from He to the

reaction mixture 4.3% CH4 in He over pre-oxidized or pre-reduced 1.4% Pt/

CeO2–ZrO2–La2O3 sample at 650 8C.
Fig. 9. Transient responses of CO, CO2, oxygen (as O2) incorporated into COx

(balance O) as compared with oxygen at the reactor inlet (inlet O2) after

switching from He to the reaction mixture 4.3% CH4 + 2.2% O2 in He over pre-

oxidized sample of 1.4% Pt/CeO2–ZrO2–La2O3. T = 650 8C.
exchange over Pt sites, thus implying that at least this stage is

fast enough to be important for the overall reaction scheme.

Modeling the transients for Pt/Ce–Zr–La samples with

CH4 + O2 and CO + H2O feeds with a due regard for existence

of surface oxygen forms differing by reactivity allowed to

ascertain the kinetic scheme of the reaction and estimate the

rate constants of separate POM stages as well. Since the scope

of this research including fitting transients to derive constants of

the surface reactions certainly could not be reflected properly

within a limited volume of this paper, all details and discussion

will be given in a separate publication [42]. Here, only the most

important features are illustrated and commented.

Thus, for oxidized Pt-containing sample, simultaneous

appearance of both CO and CO2 at stepwise switch from He to

CH4 suggests that CO is a primary product (Fig. 8), which

agrees with the direct scheme of syngas generation from

methane. For sample pre-reduced in hydrogen, efficient

formation of syngas under sample contact with the feed

containing methane without oxygen proves a rapid transfer of

oxygen atoms from the bulk of oxide to the surface Pt clusters

(Fig. 8). Similarly, in the presence of O2 in the feed, the quantity

of oxygen incorporated into the reaction products (CO and

CO2) in the first moment after the switch from He to CH4 + O2

mixture exceeds substantially that at the reactor inlet (Fig. 9).

Complete absence of CO at the very beginning of the transient

in the presence of oxygen in the feed over the oxidized catalyst

is due to fast CO oxidation with numerous oxidized sites

rapidly refilled by the gas-phase oxygen. In the absence of

oxygen, these sites are fast depleted. As a consequence, CO2

formation stops fast, while a delayed evolution of CO was

observed.

Fitting transients with a due regard for occurrence of the

water-gas shift reaction studied in separate experiments [42]

allowed to estimate the rate constant of the oxygen spill-over

from support to Pt found to be �50 s�1. This value is rather

close to the rate constants of stages leading to syngas generation

such as (i) CH4 + Pt! PtCHx + H2 (>100 s�1) and (ii) PtO +

PtCHx! CO + Pt + H2 (H2O) (�300 s�1). Hence, the surface
oxygen mobility is sufficiently high to avoid excessive

accumulation of hydrocarbon radicals generated on Pt leading

to coking. However, its rate constant is lower than the rate

constant of stage (i), so some amount of hydrocarbon species

will be accumulated on the Pt surface blocking sites for faster

step of O2 dissociation and thus preventing undesired excessive

oxidation of Pt. This stage is also slower than the step of the

radicals oxidation by the oxygen atoms supplied to Pt clusters

boundary, so it could be indeed rate-determining in some

conditions. Some depletion of the reactive oxygen species

around Pt clusters might help to avoid excessive oxidation/

combustion of CHx radical species. At high operating

temperatures (900–1000 8C), the surface hydroxylation and

carboxylation is expected to be quite low, so the real transfer of

oxygen atoms is apparently responsible for the methane

selective oxidation. At moderate (600–700 8C) operating

temperatures, hydroxyls or (hydroxo)carbonate species could

participate in the CHx fragments oxidation, so their transfer

should be taken into account as well.

4. Conclusions

Systematic studies of the lattice oxygen mobility and

reactivity in nanocrystalline fluorite-like supports based upon

doped ceria or ceria–zirconia with supported Pt or without it in

oxidized or reduced states revealed that variation of the type

and content of a dopant as well as the oxide host matrix allows

to broadly vary these parameters controlled at the microscopic

level by the real/defect structure and Pt-support interaction. As

the result, in majority of cases, a strong parallelism is observed

between parameters characterizing the lattice oxygen mobility

both for oxidized or partially reduced samples determined by

using such techniques as oxygen isotope exchange or O2 TPD,

from one side, and H2 TPR on the other side. Ability of Pt to

activate methane correlates in general with its dispersion,

though being negatively affected in some cases by too strong
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Pt-support interaction leading to stabilization of oxidized Pt

forms even in reaction conditions. Reasonable correlations

were also observed between the oxygen mobility in supports

and the specific rate of methane transformation in POM. At the

same average lattice oxygen mobility, selectivity of methane

transformation into syngas appears to be determined by the

bonding strength of oxygen (or other oxygen-containing

species such as hydroxyls, carbonates etc) as well, which

reaches approximately the optimum value for such doping

cations as La incorporated into the ceria–zirconia matrix or Sm

incorporated into ceria lattice. This allows to ensure a high

efficiency of methane transformation into syngas along with

stability of these catalysts against coking. Direct estimation of

the rate constants of the oxygen spill-over from the Pt to support

and vice versa using kinetic transient and SSITKA techniques

proved that indeed they are sufficiently high to prevent carbon

accumulation on Pt. The results obtained within this study

support the bifunctional scheme of methane transformation into

syngas with the reaction occurring on the interface between the

metal particle and support.
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