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TITRE DE LA THESE:

Reformage du méthane par le dioxyde de carbone sur métaux supportés sur oxydes mixtes
nanocristallins: approche mécanistique et cinétiques transitoires pour relier structures et
performances catalytiques.

RESUME :
L'énergie de liaison, la mobilit¢ et la réactivit¢ de l'oxygene dans des matériaux

nanocristallins de type cérine-zircone dopée aux terres rares (La, Gd, Pr, Sm) supportant des métaux
(Pt, Ni, Ru) ont été étudiées par échange isotopique en réacteurs statiques et traversés (‘°O, and
C1802), DTP d'O,, RTP d'H, et CHa4, microcalorimétrie pulsée et réacteur TAP. La mobilité
d'oxygene de coeur apparait comme contrdlée par le réarrangement des spheres de coordination des
cations Ce et Zr et par des chemins préférentiels le long de chaines Pr’"/Pr*". En surface et sub-
surface, ce controle se ferait par des interactions fortes métal/support avec l'incorporation de cations
métalliques. Cette mobilit¢ de l'oxygene limiterait le vieillissement et le frittage en conditions
réalistes de reformage par le gaz carbonique.

Des études cinétiques non stationnaires et par marquage isotopique ont permis de proposer
un mécanisme bi-fonctionnel fondé sur des étapes rédox indépendantes pour l'activation du méthane
et du dioxyde de carbone. L'étape limitante serait l'activation du méthane tandis que l'activation du
gaz carbonique s'opérerait plus rapidement sur des sites réduits du support, générant de 'oxygene
diffusant aisément vers l'interface métal/support (enthalpie de désorption ~600-650 kJ/mol) pour
oxyder les fragments du méthane en CO et H,. Dans les meilleures formulations catalytiques, des
agrégats Ni-Ru faciliteraient l'activation du CO, dans son état de transition, en marge de carbonates
stables qui restent "spectateurs" de la réaction. Pour le Pt/PrCeZrO, il existerait une autre voie
d'activation de carbonates faiblement adsorbés sur des ions Pt>" stabilisés par des cations Pr*". Cette
spécificité confere a cette formulation des perspectives trés intéressantes en reformage a sec,
notamment sur des supports structurés de type alumine corindon, bien adaptés a des réacteurs

compacts a temps courts pour des ressources en gaz dispersées et de capacité limitée.

TITRE en anglais
Methane reforming by carbon dioxide over metal supported on nanocrystalline mixed

oxides: mechanism and transient Kinetics for relating catalysts structure and performance.

RESUME en anglais

Oxygen bonding strength, mobility and reactivity in nanocrystalline Ln-doped ceria-zirconia
(Ln=La, Gd, Pr, Sm) with supported Pt, Ni, Ru were studied by state-of-the-art techniques such as
isotopic exchange in static and flow reactors with 80, and C"*0,, 0, TPD, H, and CH,4 TPR, pulse
microcalorimetry and TAP reactor. Bulk oxygen mobility is found controlled by a rearrangement of

4



Ce and Zr cations coordination sphere with doping as well as by fast oxygen migration along
Pr’*/Pr*" cationic chains. Surface and near-surface oxygen mobility appears controlled by a strong
metal-support interaction with incorporation of metallic ions into surface layers and domain
boundaries. In realistic feeds, the catalytic activity in dry reforming of methane correlates with
oxygen mobility, required to prevent coking and metal sintering.

Transient kinetic studies (non steady-state and SSITKA) allowed us to propose a bi-functional
reaction mechanism corresponding to independent redox steps of CH4 and CO, activation. The rate-
limiting step is shown to be the irreversible activation of CH, on metal sites, while CO, dissociation
on reduced sites of oxide supports proceeds much faster (being reversible for the steady-state
surface) followed by a fast oxygen transfer along the surface/domain boundaries to metal sites
where CH4 molecules are transformed to CO and H,. The CH,4 selective conversion into syngas
would involve strongly bound bridging oxygen species with heat of desorption ~600-650 kJ/mol O».
For optimized formulations, Ni+Ru clusters could be involved in CO, activation via facilitating
C-O bond breaking in the transition state, thus increasing the rate constant of the surface reoxidation
by CO,, while strongly bound carbonates behave as spectators. For Pt/PrCeZrO, an additional fast
route to syngas would occur on Pt ions with participation of weakly bound carbonates stabilized by
neighboring Pr*" ions. Such specificity makes this system highly promising for methane oxi-dry
reforming, especially on structured corundum supports for short contact time compact reactors, well
adapted to stranded and limited gas resources.

DISCIPLINE
Chimie-Catalyse

MOTS-CLES
Reformage du méthane par le dioxyde de carbone, mécanisme, cinétiques non stationnaires,
réacteurs structurés, oxydes mixtes nanocristallins

Key-words
Methane reforming by carbon dioxide, mechanism, transient Kkinetics, structured reactors,
nanocristalline oxides
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Chapter one

Objectives and state-of-the-art analysis



1 Objectives of the thesis

Generation of synthesis gas via routes alternative to traditional processes such as steam
reforming of methane has recently attracted considerable attention due to both environmental and
commercial reasons. Transformation of natural gas using carbon dioxide is among the most
promising processes for the following reasons: Dry reforming transforms cheap undesirable
greenhouse gases and is particularly important in the case of biogas or gas fields containing a
significant amount of methane and carbon dioxide. The synthesis gas produced in this reaction
having the H,/CO ratio close to unity is a favorable feedstock for further chemical processes such as
the Fischer—Tropsch synthesis and production of oxygenates followed by the liquid fuel
synthesis' .

The active catalysts for methane dry reforming are usually based on supported Ni or noble
metalg'>+2:0-7-8:9.10.11.12.13.14.15.16 “Pho major problem of this process hindering its industrial
application is the coking of catalysts and, as a result, their deactivation especially in the case of Ni
catalysts on traditional supports'>>+%1012I3II316 " A ono different approaches to minimize the
coke deposition on catalysts, the most attractive option is to use complex oxides supports
(perovskites, fluorites) with a high lattice oxygen mobility and reactivity''>!>!*131¢1718 "1ndeed,
catalysts based on doped ceria-zirconia oxides with supported precious metals and/or Ni-based
alloys demonstrate a high activity and coking stability in carbon dioxide reforming of

11,12,13,14,15,16
methane ~ = 7"

. However, up to date, the factors controlling the performance of these catalysts
have not been studied in details due to rather limited screening in the composition of support and
supported metals. In addition, their implementation in micro-structured reactors was proposed as a
unique opportunity to combine such an endothermic process with an exothermic one like the
oxidative coupling, as targeted by the European project OCMOL which granted part of the research
carried out in this PhD. In this manuscript, the study will be restricted to the composition and the
structural effects of the dry reforming catalysts on their performances with an in-depth study of the
reaction mechanism.

To that end, it was required to establish relevant relationships between the kinetic parameters of

the reaction, characteristics of the oxygen bonding strength, mobility (bulk and surface diffusion) and
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reactivity in these systems and the structural parameters of the catalysts like their nano dispersion and
composition, the oxygen stoichiometry and the state of the metal phase/supports interface.

This work was carried out under the agreement for a shared PhD thesis between the BORESKOV
INSTITUTE OF CATALYSIS and IRCELYON-CNRS-UCBL laboratories.

2 Strategy to reach these objectives

The strategy to reach these objectives is illustrated in Figure 1, showing also the way that the
work was shared between the two laboratories.

As basic oxide system with a high lattice oxygen mobility and phase stability in strongly
reducing conditions of methane dry reforming, ceria-zirconia solid solution (Ce:Zr =1) doped with
rate-earth cations (La, Pr, Gd) was selected, and Pt (Pt+Ni, Ru+Ni) were used as components for
activating methane. The catalytic performance of these selected systems in methane (oxy)dry reforming
was estimated both for fractions of active components as well as thin layers supported on corundum

channels, selected as a suitable material for designing short contact time microstructured reactors.

Atm pressure kinetic study
in structured reactor:

parameter estimation and validation
(BIC and IRCE)

TAP and isotopic
experimentation
for building a microkinetic model
(IRCE)

Figure 1. Structure of research and dispatching of the main tasks between the two guest laboratories.

A detailed characterization of the kinetic parameters related to oxygen mobility in these
systems being dependent upon their composition (including oxygen stoichiometry) was carried out
using a unique combination of experimental techniques (oxygen exchange in both static and flow
reactors with '*0, and C'®0,, including experimental procedures and approaches to the analysis
developed within this work). These data were combined with detailed characteristics of the oxygen
bonding strength and reactivity (by O, TPD, H, and CH4 TPR, pulse microcalorimetry, TAP) as
well as with information on the real structure and surface properties of these systems obtained by

combination of methods such as XRD, neutron diffraction, high resolution TEM, FTIRS of
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adsorbed CO to elucidate atomic-scale factors controlling catalytic activity/reactivity of these
catalysts. Transient studies of the reaction mechanism (including pulse studies, chemical and
isotope transients) allowed us to formulate a scheme of the reaction mechanism and estimate basic

constants of the main reaction steps

3 State-of-the-art analysis.

3.1 Materials

While a lot of research in methane dry reforming has been carried out for catalysts on
traditional supports such as alumina, lanthana, silica, zirconia, ceria etc or even ceria-zirconia
solid solutions or perovskite-like precursor' > 078 10ILIZILILISICITIS "6 coria_zirconia solid
solutions doped by rare-earth cations (La, Gd, Pr) with supported Pt, only methane partial oxidation
and steam reforming were studied’’?'. The demonstrated advantage of these doped systems is a
higher specific surface area as compared with ceria, much higher oxygen mobility and reactivity as
compared with zirconia, and a higher phase stability in real operation conditions since doping
suppresses segregation of ceria-zirconia solid solution into two phases enriched by Ce and Zr,
respectively leading to performance degradation””**. However, the key parameters characterizing
oxygen bonding strength, mobility and reactivity for these catalysts based upon doped ceria-
zirconia solid solutions required to select the best systems for further development on new
generation of short contact time reactors. These studies which are the basis of this thesis have never

been reported in the literature to our knowledge.

3.2 Main mechanistic features of the methane dry reforming reaction

The main factors controlling catalytic activity in MDR reaction are usually related to the
activation of the reactants. The dissociative adsorption and activation of both CHs and CO; is
sensitive to the composition and structure of nanocatalysts based on fluorite-like/perovskite-like
oxides precursors, as far as it depends on both electronic and geometric factors®*%.

It is generally accepted that methane is dissociatively adsorbed on the metal species to form
H, and CHy fragment on the catalyst surface, whereas CO, activation pathway can be different,

depending on the type of support™.
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Figure 2. Scheme of the MDR reaction by Tomishige et al*®.
Thus, at the activation of CO, adsorbed on support surface at interface between metal particle and
support (path I), rapid oxidation of CHy on metal surface occurred. The other path is activation of
CO; on the metal surface (path II). It was suggested that path I is more effective for the inhibition of
carbon formation than path II.

Similarly, the following steps are proposed by Slagtern et al.?’ for the MDR on Ni/La,Os,
where the carbonate lanthana phase in tight contact with Ni particles acts as the oxidizing phase for

the surface Ni carbide species.

CHs+Ni  —  NiC+2H, (1)
La;0,CO3 +Ni— O+ NiO + La,O; )
NiC+Ni0 —  CO+2Ni 3)
CO, +La,0; —  La,0,CO; (4)

For nanocatalysts, oxygen vacancies formed at the oxide surface in reducing reaction
conditions can act as active sites for dissociative adsorption of CO, with subsequent migration of
mobile surface oxygen species to the metal-support interface. Apparently, the catalyst stability to
coking is determined by the balance between the rate of methane dissociation on metal particle
producing CHy species (CO and coke precursors) and rate of CO, dissociation and surface oxygen
diffusion. For the irreducible oxides supports, CO, dissociation is supposed to be promoted by the
H (ads) originating from the CHy4 dissociation, which can be assisted by oxygen atoms on the
support. Also, the reactive intermediates are mostly support-related

- 028,29,30,31,32,33.34,35,36,37,38,39,40,41
species” T

. Thus, Bradford and Vannice [29] have suggested for nickel
supported catalysts, that CO, participates in the reaction mechanism through the reverse water-gas
shift to produce surface OH groups. The surface OH groups react with adsorbed CHy intermediates
being formed through CH4 decomposition, yielding a formate-type intermediate, CHyO.

Decomposition of CH,O leads to the principal products of reforming - H, and CO. Decomposition
13



of both CH4 and CHO are the slow kinetic steps. According to the observations of O’Connor et al.”
over both Pt/Al,O3 and Pt/ZrO, catalysts, methane decomposition takes place over clean platinum.
The main difference between the two catalysts concerns the carbon dioxide dissociation: for
zirconia support it occurs on oxygen vacancies at Pt/zirconia interface. On the other hand, Bychkov
et al.** demonstrated by using microcalorimetric measurements that for Pt/Al,O3, CO; is activated
via direct interaction with surface carbon atoms on Pt which is deemed to be determining for MDR.
For Ni/SiO; catalyst, transient studies reported by Schuurman and Mirodatos* revealed that CO, is
activated by direct dissociation on Ni particles, while the rate-limiting step is related to the surface
reaction between C and O adspecies on Ni. For Ni/lanthana catalyst, a “bi-functional” mechanism
was proposed by Slagtern et al.?’ to account for the observed kinetic behaviour: methane is
activated on the Ni particles, and carbon dioxide interacts with the basic sites of La,O; to form
carbonates which will decompose at the Ni—La,0; interface into CO and surface oxygen able to
react with the CHy intermediates formed from methane cracking.

Hence, depending upon the support and the metal, different routes of reactants activation and
rate-determining steps seem to control the catalysts performance, unless the thermodynamic
equilibrium is achieved, which preclude determining the effective mechanism that operates.
However, it should be mentioned that according to Wei and Iglesia®, for all traditional supports
without noticeable oxygen mobility and reactivity and supported metals, only CH4 activation by
C-H bond rupture is of any kinetic significance, all other stages proceeding much faster. Since this
conclusion was based only on steady-state kinetic experiments (isotopic effects), apparently for
nanocomposite/nanocrystalline systems studied in this thesis, a tight check of the main features of
the MDR reaction mechanism is required by applying advanced combination of transient techniques.
It cannot be excluded that key features of CH4 dry reforming mechanism depend not only on
support and supported metal, but on operation conditions (concentration of reactants and
temperature) and oxygen mobility in support as well. This requires carrying out transient kinetic
experiments under realistic conditions, characteristic of a real MDR catalysis. Similarly, the oxygen
mobility in complex oxide supports has to be characterized not only in the standard oxidized state
but after achieving the steady state in realistic feeds as well when relatively weakly bound and,
hence, mobile oxygen species are to be absent. In this respect, oxygen isotope heteroexchange
between catalyst and C'®0, is very useful to characterize the oxygen mobility in the catalysts

reduced by reaction feed.
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Chapter two

Techniques and methodologies
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4 Main implemented techniques

4.1 Samples preparation

Complex fluorite-like Lny (Ceg 5Zr05)1xO2 (Ln = Pr, Sm, Pr+Sm; x = 0.3) oxides were
prepared by polymerized complex precursor (Pechini) route followed by drying and calcination in
air at 700-900°C for 2 h*%?!, Nanocomposite 80%Smy 3Ce 35Z193502+10% Yo.08Z10.9202 (YSZ)
+10%NiO was prepared by one-pot Pechini route?'. Pt (~1 wt.%), Ru (~1 wt.%), Ni (5-7 wt.%),
LaNiO; (7 wt.%) and their combinations were supported from solutions of respective salts (H,PtCls,
RuCls, Ni and La nitrates) or their mixtures by incipient wetness impregnation followed by drying
and calcination at 700-800°C.

Structured catalytic elements were prepared by using substrates of separate triangular
channels cut from an a-Al,O3; monolith. The wall thickness was 0.2 mm, the side width of the inside
triangle amounted to 2.33 mm and the channel length was cut to 10 mm. After annealing at 1300°C
the specific surface area of the corundum support was estimated to be 3 m?/ g. Layers of Lng3-Ce-
Zr-O complex mixed oxides were supported on these substrates by washcoating with water based
suspensions®. Pt (1.6 wt.%) was supported by the wet impregnation followed by drying and
calcination under air at 900°C.

The specific surface area of samples was determined from Ar thermal desorption data by
using BET method. XRD patterns were obtained with an ARL XTRA diffractometer using Cu Ka
monochromatic radiation (A=1.5418 A); the 20-scanning region was 20-85°. The TEM micrographs
were obtained with a JEM-2010 instrument (lattice resolution 1.4 A, acceleration voltage 200 kV).

Local elemental analysis was performed with EDX method (a Phoenix Spectrometer)®?'2%23242%,

4.2 Isotope exchange experiments.

The theoretical bases of isotope heteroexchange analysis are given in the next section.
The first set of oxygen isotope heteroexchange (IE) experiments were carried out in a static
installation with on-line control of the gas phase isotope composition by mass-spectrometer in two

modes:
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1. Temperature-programmed isotope exchange (TPIE) with the temperature linear increase
(5K/min) from 100 to 750°C.
2. Isothermal isotope exchange (IIE) at 360-650°C.

Before experiments, samples were pretreated for 2 h under air at 650°C followed by
pretreatment in vacuum (p ~ 10° — 107 Torr) at 400°C for 90 min.

Oxygen pressure in closed reaction volume (680 cm’) was equal to 1.5-4.5 Torr, weight of
powdered sample — 0.1-0.3 g (for catalysts supported on the walls of corundum channels ~ 0.01 g).
The initial '*O content in the gas phase was ~ 100%. Details of experimental procedure are
described in *°.

The second set of oxygen isotope heteroexchange experiments were carried out in a flow
reactor (SSITKA mode) following earlier described procedures*’,*. After achieving dynamic
oxygen adsorption-desorption equilibrium at 500-700°C, a flow of 1% '°O, in He was switched to
the same flow of 1% '®0, in He, and concentrations of '°O,, '°0'*0 and '*0, were monitored by the
mass-spectrometer UGA 200 (Stanford Research Systems, USA). In a similar mode oxygen isotope
heteroexchange was carried out using a flow of 1% C'®0, in He ('*O fraction 75%) for samples
after different pretreatments (either in O, or after achieving the steady state in CH4 DR).

Both steady state and transient experiments in CHy dry reforming were carried out at
atmospheric pressure using quartz reactors and flow installation equipped with GC and on-line IR
absorbance, electrochemical and polarographic gas sensors for different components as described
elsewhere® > °'. To compare specific catalytic activities of samples, effective first-order rate
constants satisfactorily describing methane conversion data in plug-flow reactors were calculated.
Transient kinetic experiments were carried out by switching the stream of reaction mixture to that
containing CO,, CHy, *CH,4+CO, or CH4+"°CO; in He. Analysis of °C SSITKA experiments was
carried out by solving the system of differential equations for the plug-flow reactor*2,

TAP experiments were performed in quartz microreactor placed in vacuum (10™ — 10™ Pa).
The weight of the catalyst sample was 20 mg. A narrow pulse of gas molecules (~10"* molecules)
was injected into the reactor by means of two high speed pulse valves. The products and remaining
reactants were monitored at the exit of the reactor by a UTI 100C quadrupole mass spectrometer at
fixed atomic mass units (AMU): 40 for Ar, 44 for CO,, 16 for CHy, 2 for H,, 28 for CO, 18 for H,O,
and 32 for 0252.

Pulse microcalorimetric studies were carried out using a Setaram Sensys DSC TG calorimeter
and a pulse kinetic installation. The reactants and products concentrations were determined by a gas

chromatograph “Chromos GH -1000”. Samples were pretreated in a flow of 5% O, in He at 700°C

for 0.5 h and then in He for 0.5 h at the same temperature with subsequent cooling down in the He
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flow (flow rate 40 mL/min) to the temperature of experiments. Steady-state of catalysts in CHy dry
reforming was usually achieved by flowing reaction feed 7% CH4 + 7% CO, in He at 700°C for 2 h.
Pulses of different compositions (7% CHy4 in He, 7% CHa + 7% CO, in He, 7% CO; in He, 5% O,
in He) with volume 1-5 mL and time interval between pulses 15 min were fed in different
sequences onto the stream of He flowing through the reactor (vide infra). Due to rather small
weights of catalysts (~ 30 mg + 60 mg quartz fraction) and rather big reactor volume (=5 cm’),

these pulse experiments were carried out in the batch-flow mode™.

4.3 Theory of oxygen heteroexchange

The redistribution of the isotope molecules during heteroexchange '*0;'°0.; (i = 0, 1, 2)

characterized by their molar fractions x; (xp + x; + x> = 1) is described by isotope-kinetic

. 54,55,56,57,58
equations™ T

Nda

S =—R(a-a,) (%)

Ndx, N _ ) —
<o =K2a0-a) 5]+ Kla(-a)+a(-a)-x]+ ©

+K,[2a,(1-a,)—x,]

Here N is the number of O, molecules, S — the surface area of oxide, t — time, a = 0.5 x; + x>-
isotope fraction, R =0.5K, + K, — the rate of heteroexchange, K;, K, and K; — the rates of

exchange of the 1%, 2™ and 3™ type (with participation of 0, 1 and 2 surface oxygen atoms,

>433:3657.38) their sum giving the total rate of exchange R.

respectively
For a complete description of the isotope redistribution, differential equations reflecting the

isotope transfer in the solid phase must be added to this system

N, 9a, =R(a-a,)-r, N, oa, 7

S o CPs on| D
i

oo, _ o’a, @)

o U on?

with the initial and boundary conditions:

t=0: a=a’, a,=a,=a’;
)

n=0:a =a,
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where @, is the fraction of '*O in the oxide bulk, N, and N, are the number of oxygen atoms in

the surface layer of oxide and the number of exchangeable atoms in the bulk of the oxide,

respectively; 7 is the reduced depth (z) of the oxide layer n=z/h, where h is the characteristic size
of oxide particles; r, = %is the effective diffusion coefficient (diffusion relaxation constant), D is

the oxygen self-diffusion coefficient.

By transformation of isotope equations (5) and (6), so called isotope-mechanistic equation
(10) without time was derived
v+b s

—aln— (10)

In
V2 +b s°

Here v = z/sz, S=0—0s Z=Xy— o* x,, x» —fraction of '*0, molecules, and parameters a and b
are determined by the type of mechanism:
k & +2x,—1
a=2—=—"—t— (11)
r 0.5k, +x,
ko K
2r—k K, +2x,-1

b (12)
The depth of isotope penetration from the gas phase into the oxide in the course of TPIE can

be characterized by the value Nx determined from the relation

2Na’ +N,al=a(2N+N,) (13)

The value Ny is related to the average depth of isotope incorporation into the solid phase (1)
by relation Nx = ng*S-ly, (here ng is the number of oxygen atoms in the unit volume of oxide). This
quantity termed as “dynamic degree of isotope exchange” is expressed in relative units
X, = Ny and X, = % , corresponding, respectively, to the number of exchanged oxygen

S 14
monolayers X, (1 monolayer = 1.4-10" atoms/m?) and the exchanged fraction of the bulk oxygen,
Xy.
Cheselske, Hall et al.”” ® derived equation to estimate apparent activation energy of

heteroexchange in experiments with a linear temperature ramp and uniform by reactivity species:
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RTZdﬁ
E__|__dr

(14)
a-y

1

Here, -da/dT is taken at the inflection point where it achieves a maximum value, oo —

respective isotope fraction at this point, y — equilibrium isotope fraction.

SSITKA data analysis

Fitting of experimental responses «(f) and x;t) was carried out in frames of diffusion model

with a due regard for three types of the surface exchange (K;, K, and K; as well as diffusion of

isotope atoms into the bulk of oxide particles™:

oa 10a
| G5 sk

CO2 (%+l%j =bK,2a(l-a)—-x)+

ot 10&

+bK,(a(l-a)+a (1-a)-x)+bK,2a (1-a,)—x,) (15)
0%, _ (05K, + K, )~ a,) ~ e D 0%

t ‘ Nsg h™ on |
0 _ D O’y

ot W on’

Initial and boundary conditions:

t=0: =0, x=0,a =0, ¢, =0
£=0 @, =™, = 10

n=0:a,,=a

Here o and a,,, - fractions of '*O on the surface and in the bulk of oxide, respectively; 7 -

contact time (s); b — number of the surface centers (mole) related to the number of gas phase moles;

K, K, and K;— rates of respective exchange types (s™); D - coefficient of '*O diffusion in the bulk

of oxide (m’s™); % - typical size of particles (m), N ¢ and N, , - number of oxygen atoms on the

surface and in the bulk of particles; & - normalized reactor length; 77- normalized depth of oxide

particle layer.
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Chapter three

Main results and discussion
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5 Results and discussion

5.1 Characteristics of the studied catalysts

The compositions of the studied catalysts with various active components supported on

doped ceria-zirconia oxides are presented in Table 1.

Composition Abbreviation Specific surface
area, m’/g

1.4%Pt/Lag 3Ceg 352103507 Pt/LCZ -
1.4%Pt/Gd 3Ce 35710 350; Pt/GCZ 12
1.4%Pt/Gd 3Ce 35710350, / AlLO3 channel Pt/GCZ 15
1.4%Pt/Pry 3Ce 352103502 Pt/PCZ 29
1.4%Pt/Pr3Ceq 3571035072 / Al,O3 channel Pt/PCZ 21
6%LaNiOs/Smy 15Pro 15Ce 357210 3502 LaNi/SPCZ 28
1.4%Ru/Smy 15Pro 15Ce 352103502 Ru/SPCZ 20
1%Ru/80%Smy 3Cep 35Z103502+10%NiO+10%YSZ | Ru/SCZ+NiO+YSZ 24
(0.57%Ru+6.6%Ni10)/ Smy 15Pr 15Cep 352103502 Ru,Ni/SPCZ 21

Table 1: Composition, abbreviations and surface area of the main prepared catalysts.

Structural, microstructural and surface characteristics of samples elucidated by X-ray
diffraction, neutron diffraction, EXAFS, transmission electron microscopy with elemental analysis
are given in #59647:51.52:53.61.62

Doped ceria-zirconia fluorite-like oxides prepared by Pechini route are single-phase materials
with a specific surface area increasing with the dopant content up to 100- 150 m*/g. (calcined at
700°C) or 30-40 mz/g (calcined at 900°C). In as-prepared samples, metals (Pt, Ru, Ru+Ni)
supported on fluorite-like oxides or nanocomposites are mainly in the form of oxidic species
strongly interacting with oxide particles and partially incorporated into their surface layers. For
nanocomposites prepared via one-pot Pechini route, NiO particles decorated by fluorite-like oxidic
fragments are present as well. In reduced steady-state of CH4 DR catalysts, metal or metal alloy
nanoparticles/clusters (including Ni (Ru, Pt) alloy clusters segregated from supported

LaNi(Pt,Ru)Os), are epitaxially bound with supports and partially decorated by support oxidic

species.
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5.2 Oxygen mobility for nanocomposite catalysts characterized by oxygen

heteroexchange
5.2.1 Temperature-programmed isotope exchange (TPIE) in a static reactor

For all samples of Ln (Ce .Zr, ), O fluorite-like oxides including those promoted by Pt,

linearization of results in coordinates of isotope-mechanistic Equation 5 revealed that the 31 type of
mechanism (a share in the range of 0.7-0.9) was dominant, without any impact of the 1* type of
exchange.

Estimation of the dynamic degree of exchange revealed that at temperatures below 600°C, the
oxygen exchange is limited to the surface layers (Xs below 1 monolayer) due to much faster surface
reaction and surface diffusion as compared to the bulk diffusion. At higher temperatures
incorporation of isotope into the bulk of oxide particles occurs rather fast, so, for some samples, i.e.,
for Pt/Ceq sZro 5O, sample, Xg achieves 4-5 monolayers at 700-750 °C.

To characterize mainly the surface/near surface oxygen mobility, 650°C was selected as the
temperature of comparison. Indeed, at this temperature for majority of samples considered here Xg
is below a monolayer (Figure 3), thus mainly reflecting the oxygen migration within the

surface/near-surface layers.

1.0 a 1.0 b

0.9+ 0.9
SN =
% O.6~ % 0.6— /\
S 0.5< & 0.57
IS IS
o - 041 Pr g 04 Pr
R¢”0.34 R 0.3
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Ln content, mole fraction Ln content, mole fraction

Figure 3. Dependence of dynamic degree of exchange Xgs on the dopant content for samples of
Ln (Ce, Zr, ), Oas(a) and Pt/ Ln (Ce . Zr, ), Oa5(b). PO, =2.5 Torr.

As integral parameter, X; depends upon all factors controlling dynamics of the surface
reaction and diffusion in solid, namely, the sample pretreatment, gas phase oxygen concentration,
temperature ramp, etc.

For the undoped samples Ceg sZry 5O, and Pt/Ceg 5Zrys0,«, Xs values at 650°C and 2.5 Torr
O, are equal to 0.5 and 1.7, respectively, i. e. being in general higher than for doped samples. This
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feature is explained by the well-documented structural microheterogeneity of nanocrystalline ceria-
zirconia solid solutions, consisting of domains enriched by Zr and Ce cations, respectively” %%,
This microheterogeneity generates Frenkel-type defects (pairs anion vacancy-oxygen interstitial).
Such defects decrease the activation barriers for the oxygen diffusion and provide surface sites with
a low oxygen bonding strength more active in the oxygen exchange. Extended defects present at
domain boundaries in Ce(sZrys0,.x sample and detected also as microstrains by neutron diffraction

. 51,61,62
data analysis® ™"

can also provide pathways for facile oxygen migration due to strongly distorted
coordination polyhedra in their vicinity.

As seen in Figure 3a, doping by smaller Pr and Gd cations provides more uniform distribution
of Ce and Zr cations, thus decreasing the density of Frenkel-type defects and microstrains and, as
the result, decreasing the oxygen mobility. On the other hand, for largest La cations, Xg increases
from 0.5 for undoped sample to 0.8 for moderate (xLa = 0.1) doping level. In this case, the increase
of the lattice parameter accompanied by the decrease of the surface Ce-O bond strength as revealed
by SIMS**°! appears to be responsible for the increase of X for this moderately doped sample.

According to EXAFS data SIMS?°" for samples doped by Gd or La, symmetry and
average coordination numbers (CN) for Zr-O and Ce-O spheres increase with the dopant content,
while Ce-O sphere contracts, which suggests strengthening of Ce-O bond and disappearance of
“free” anion vacancies near Ce cations caused by a complex rearrangement of coordination
polyhedra. Usually, for ceria-zirconia solid solutions distortion of Zr-O and Ce-O spheres and
lattice expansion leading to the appearance of longer (and, hence, weaker) metal-oxygen bonds are
considered as the most important factors controlling oxygen mobility. Hence, clear trends in
declining of Xg with the doping level for Gd- or La-containing samples can be explained by such
complex rearrangement of coordination spheres and disappearance of “free” oxygen vacancies.

For Pr-doped samples some increase of XS at a high Pr content can be explained by
increasing the Pr*" share which favors mixed ionic-electronic conductivity via chains of Pr’*-Pr*"
cations, and, hence, enhanced oxygen mobility, perhaps, along domain boundaries enriched by Pr
cations™ 2,

As can be seen in Figure 3b, adding Pt to these doped oxides will change Xgs values,
depending upon the type and content of doping cation. This suggests a specific interaction of Pt
with the surface sites/dopants, including, possibly a rearrangement of the surface layer caused by
leaching of basic-type Ln’" cations during incipient wetness impregnation by acid H,PtCls solutions
and incorporation of Pt"" cations into the surface vacant sites.

0C20,61 ,62

For undoped sample, high values of Xs (~ 1.7 at 650 ) was explained by a high

density of microstrains and Frenkel-type defects taking parts in stabilization of ionic Pt forms. For
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doped samples, a minor (if any) effect of Pt supporting for Gd-doped samples appears to correlate
with mainly subsurface location of small Gd cations, while the strongest effect is observed for
samples doped with the biggest La cations segregated in the surface layer. The most positive effect

of Pt on Xg, especially at low doping content, is observed for Pr-doped samples. This seems to

3+/4+ 20,45,61,62

correlate with the highest ability of Pr cations to stabilize Pt as 2+/4+ cations
Incorporation of these Pt cations into the subsurface/near surface positions as well as into domain
boundaries is expected to generate oxygen vacancies as well as to enhance mixed ionic-electronic
conductivity along Pr’*/Pr*" chains thus facilitating oxygen diffusion.

Estimation of E, of heteroexchange by Eq. (14) (vide supra) helps to elucidate the effect of

doping cations on the reactivity of surface sites.
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Figure 4. Effect of dopant content in Ln (Ce .Zr,,), Osy (a) and Pt/Ln (Ce,Zr ), Ozy (b)
samples on E,, estimated from Hall et al [¢1]

In typical experiments inflection point is situated at temperatures ~ 600-700°C, thus being
close to the temperature range of Xg estimation. Hence, the activation energy estimated in such a
way can be considered as characteristic of the surface reaction steps. For samples without Pt, E, of
isotope exchange is higher for doped samples reflecting variation of the real structure
(disappearance of extended defects at domain boundaries, more symmetric and dense coordination
sphere of Ce cations in the surface layer) increasing the Ce-O bond strength and decreasing the
density of oxygen vacancies in the surface layer. Decrease of E, with increasing the size of doping
cation Gd<Pr<La (and, hence, increasing the lattice parameter”™®' agrees with this suggestion, since
a longer (and, hence, weaker) Ce-O bond strength suggests a lower activation barrier for its rupture
as well as a higher density of anion vacancies at chemical equilibrium with the gas phase oxygen.

As seen in Figure 4b, the effect of adding Pt on E, clearly depends upon the type and content

of doping cation. Pt added to undoped Ce-Zr-O sample increases apparent activation energy. Since
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Pt sites are known to be much more active in oxygen isotope exchange than ceria-zirconia surface
centers™, this suggests that the estimated E, is mainly determined by steps like oxygen spillover
from the Pt to support and/or surface /near surface diffusion. The estimation by fitting SSITKA data
for Pt/La-Ce-Zr-O sample revealed that at 650°C specific rates of exchange on Pt and Pt-support
spillover are 1-2 orders of magnitude higher than the rates of surface diffusion and exchange on
support, the latter being comparable®. Hence, the temperature dependence of the exchange rate on
Pt-supported samples should be determined mainly by the isotope surface diffusion from Pt clusters
to surrounding oxide regions.

For the largest (and, hence, the most basic) La cation, E, only decreases with the doping level
(Figure 4b). Since the fraction of oxidic Pt forms (oxidic clusters, isolated Pt*" species, including
those incorporated into the surface/subsurface layers and domain boundaries) increases with La

conten‘[2 1.61

, this implies that the barriers for O, dissociation and surface/near-surface diffusion are
decreased due to such action of Pt oxidic forms. This can be explained by the generation of oxygen
vacancies due to Pt*" incorporation into the surface layer.

For Gd-doped samples, the addition of Pt decreases E, for all doping levels (Figure 4b). This
can be explained by the same mechanism of oxygen vacancies generation due to Pt*" incorporation
into the surface layer. The decrease of activation energy does not increase Xg (Figure 3). Hence, the
concentration factor — the density of “free” oxygen vacancies is more important than the energetic
one.

For Pr-doped sample the effect of Pt supporting on E, is the most complex, since increasing it
for some compositions and decreasing for others. At the highest doping level, E, is identical for
samples with all dopants, agreeing with the suggestion about changing the rate-limiting stage
determined by the oxygen surface diffusion. A non-uniform distribution of Pt and Pr cations in/on
the surface layer and domain boundaries might also affect pathways of fast surface diffusion.

Activation energies of exchange were also estimated from the initial low-temperature parts of
temperature-programmed exchange curves where the degree of exchange is small. In general, there
is a reasonable correlation between the values of activation energy estimated by these two

procedures as shown for Pr-doped samples in Figure 5.
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The values of E, estimated from the initial parts of exchange curves tend to be lower than
those obtained by the Hall approach. This may be due to both a higher impact of steps occurring on
Pt sites as well as the participation of defect sites with a lower oxygen bonding strength at lower

temperatures.

5.2.2 Isothermal isotope exchange in a static reactor.

For all samples, the a(t) was close to vary exponentially, which might indicate an identical
reactivity of exchangeable oxygen forms™**>*°"% This allowed us to estimate specific rates of
exchange R by using a simple integral form of Eq. (5). As follows from Figure 6, the dependence of
these rates on the dopant content is similar to that of Xs. This agrees with the fact that for Pt-

supported samples, dynamics of the oxygen heteroexchange is controlled by the surface diffusion

step.

Figure 6. The rate of oxygen heteroexchange
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The values of the activation energies, estimated from the temperature dependence of specific
rates of heteroexchange obtained in isothermal experiments, were found to correlate in general with
values derived from results of TPIE experiments (Figure 5).

To figure out the constants corresponding to the surface process and bulk diffusion,
respectively, the IIE data were fit by solving the system of differential rate equations (5), (6), (7),
(8). Typical results of fitting are shown in Figure 7.

Figure 7. . Results of a(?) (a) x;(?) (b) fitting in
isothermal isotope exchange at 1) 550 °C; 2)
600 OC; 3)650 OC for Pt/Pry 3Ceq 35210 35 sample
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The rates of heteroexchange estimated from the integral equations and by fitting were found
to be quite close. The share of the 3rd type of exchange varies from 0.85 to 0.93, i.e. close to the
values estimated by isotope-mechanistic equation (vide supra). The value of the activation energy
related to heteroexchange (~ 70 kJ/mole) was found close to the value estimated from IIE data by
using an integral equation (~ 60 kJ/mole).

The values of oxygen self-diffusion coefficients D (107'°-10™"® m%/s in studied temperature
range) found by fitting are by 1-2 order of magnitude higher than the maximum values of D
estimated for the near-surface layer for Pt/supported La-Ce-Zr-O sample (~ 10™'7 m?/s) from results
of SSITKA experiments™. As expected, the activation energy of bulk diffusion (~ 150 kJ/mol) is
higher than that of the surface processes (vide supra).

TPIE experiments for layers of catalysts supported on walls of corundum channels (Fig. 8)
agree in general with results obtained for powders. Pt supporting clearly increases oxygen mobility
in the middle-temperature range (500-600°C). After testing in reducing reaction feed (partial
oxidation/dry reforming of methane) the oxygen mobility is somewhat decreased due to the removal

of part of weakly bound oxygen located within domain boundaries (vide infra).
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Figure 8. Temperature dependence of the
dynamic degree of exchange Xy for layers of
Pro3Ceo35Zro350x (1), Pt/Pro3Ceo35Zr0350x«
(2, 3) supported on the walls of corundum
channels. 1, 2 —fresh samples, 3- after testing
in methane reforming. PO, 1.7-1.8 Torr

300 400 500 600 700 800
Temperature, °C

5.2.3 Oxygen isotope heteroexchange in a flow reactor (SSITKA)

Isotope transients carried out by isothermal oxygen isotope exchange with 0,
Typical dynamics of these SSITKA experiments are shown in Figure 9, and results of such

curves fitting are presented in Table 2.

Figure 9. Effect of supported active component
s (Pt , Ni) on dynamics of isotope response:

points —experimental data, lines —calculated
i - time dependence of the atomic fraction of '*O
'y ez (a'®) and '°0"0 (f*) in the gas phase. 600 °C,
/ o PuReen flow rate 300 ml/min, weight 0.05 g.

Isotope fraction

time, min

As expected, the rate of exchange is higher for Pt than for Ni, much exceeding the rate of
exchange for the oxide sites. Note also a high rate of Pt-oxide spillover which supports the
conclusions made on the basis of experiments in a static reactor. Similarly, the value of the
coefficient of oxygen diffusion along domain boundaries (Table 2) is very close to the values

obtained by fitting isothermal exchange curves in a static reactor (Figure 7).
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Table 2. Parameters of oxygen exchange for CeZrPr with supported Ni or Pt.

Temperature, [°C] 600 700 800
Rate of exchange on the oxide sites [s"']* 0.02 0.1 0.3
Rate of exchange on Ni sites [s']** 0.4 0.9
Rate of exchange on Pt sites [s']** 15 30
Rate of Ni — oxide spillover [s']** >1 >)
Rate of Pt — oxide spillover [s']** >4x10" >1x10°
Coefficient of oxygen diffusion along domain -15

. 2 -1 3x10
boundaries [m’s™ |
Coefficient of oxygen diffusion in oxide domains -18
[mzs.1] 4x10

*rate of exchange per one center of oxide, ** - rate of exchange per one atom of metal (Ni or Pt).

Oxygen diffusion characteristics of catalysts in the steady state of CH, dry reforming by
"co, SSITKA.

These experiments allow us to estimate the effect of catalyst reduction by the reaction feed on
the oxygen mobility in fluorite-like oxide support. As follows from Figure 10, for
LaNiPt/PrSmCeZr catalyst isotope transients are practically identical for the case of pretreatment in
oxygen and after achieving the steady-state in the reaction feed.

Figure 10. Effect of pretreatment on isotope

0.7 . . .
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Similar to the case of oxygen heteroexchange with '*0,, all oxygen atoms of the catalyst were
equilibrated with the oxygen in the gas phase. The estimation of oxygen diffusion coefficients in the
bulk of oxide domains (Dyyk) and along domain boundaries (Dinteraces) (Table 3) revealed that they
are somewhat decreased as compared with values found for completely oxidized states but
remained at a high level. According to O, TPD data (vide infra), this decrease is explained by a

removal of weakly bound mobile oxygen atoms located within or along the domain boundaries.
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Table 3. Coefficients of oxygen diffusion in Pt/PrCeZr and LaNiPt/PrSmCeZr catalysts by '*0, and
C'*0, SSITKA

Sample *Deff, s-l Dbulk, 10-18 Dinterfaces ’ 10-16
m’/s m’/s
Pt/PrCeZr
"0, 0.04 4 >33
C°0, 0.003 - >2
LaNiPt/PrSmCeZr
0, >0.03 3 >25
c"o, 0.008 - >5

According to the analysis of dynamics of CH4 dry reforming on Pt/PrCeZr*’, the values of
oxygen diffusion coefficients along the interfaces (surface and domain boundaries) ~ 10210
cm’/s are sufficient to provide an effective supply of oxygen species to the metal/oxide interface

required for maintaining a high catalytic activity

5.3 Temperature-programmed O, desorption

Typical O, TPD spectra for samples pretreated in oxygen at 500 C are shown in Figure 11.
The total amount of oxygen desorbed in TPD run varies from 14% monolayer (Pr) to 5-6%
monolayer (Gd, La), thus corresponding only to a very small part of the total oxygen content in the
samples. Oxygen desorption from doped ceria-zirconia oxides without supported Pt starts in the
same temperature range™, hence, easily desorbed surface oxygen forms are bound not only with Pt
cations but with some surface defects on the surface of oxide particles as well. Moreover, oxygen
desorption is accompanied by oxygen diffusion along domain boundaries to the surface. With a due
regard for SSITKA data (vide supra), nearly all oxygen desorbed in TPD run can originate from
domain boundaries. Indeed, a higher rate of oxygen desorption at ~ 400°C from Pt/PrCeZr sample
as compared with that for Pt/LaCeZr (Figure 11) correlates with a higher coefficient of oxygen

diffusion along domain boundaries for the former catalyst.

5.4 Temperature-programmed reduction by CHy

In these experiments, all reducible Me*" cations (Ce*", Pr*") are reduced to Me®" state after
keeping under contact with CH4 stream at 880°C*, which corresponds to the removal of ca. 10

monolayers of oxygen. Hence, the reduction process is clearly associated with a rapid oxygen
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diffusion from the bulk of oxide support particles to their surface where it is consumed by
interaction with CHy species generated by the dissociation of CH4 molecules on Pt sites. Such a
dissociation continues at high temperatures even after nearly complete samples reduction when COy
release is practically no more observed (Figure 12).

The parallel release of CO, CO, and H, at ~ 400°C (Figure 12) for all oxidized samples
demonstrates the ability of these systems to selectively transform CH, into syngas. The intensity of
these low-temperature peaks clearly correlates with the surface/near-surface oxygen mobility
characterized by Xg (La>Pr>Gd) (vide supra).

For Pr-doped sample the second peak of syngas release is situated at the lowest temperature
(~550°C) among the studied samples, indicating it is apparently controlled by the lattice oxygen
diffusion and reactivity of strongly bound surface oxygen forms. This would correlate with the
highest catalytic activity of Pt/PrCeZrO in the high-temperature region in concentrated feeds
(Figure 1).

Figure 11. O, TPD spectra for Pt/Lng3;Ce-Zr-O
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Figure 12. CH4 TPR spectra for Pt-supported ceria-zirconia oxides doped by 30 at.% of Pr (a),
Gd (b) or La (c).
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5.5 Comparison of oxygen mobility and reactivity with catalytic activity in dry

reforming on catalysts supported on structured corundum channels.

The search for relationship between oxygen mobility and catalytic performances was achieved
on corundum structured channels at short contact time to avoid any heat and mass-transfer effect’*".
Results obtained with supported layers of Pt-promoted ceria-zirconia oxides doped by 30 at.% of Pr,

Gd or La, are reported in Figure 13.
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Figure 13. Temperature dependence of the reactants conversion (a, XCH4—filled symbols,
X CO,—open symbols), molar H,/CO ratio (b) and syngas content (c) in DR. Feed composition:
7 %CH 4, + 7% CO, in N,, contact time 15 ms

As can be seen, at ~ 600°C the highest activity is obtained with the La-doped sample which
possesses the highest surface oxygen mobility in the oxidized state in this temperature range. This
feature was assigned to a stabilization effect of Pt cationic forms (vide supra). However, at higher
temperatures, this catalyst is deactivating due to a progressive reduction of these Pt ions leading to
Pt sintering and segregation from the La hydroxocarbonates covering the surface of ceria-zirconia
oxide. Such a catalyst restructuring is deemed to prevent CO, molecules activation on redox sites.
Thus, the deactivation process would be caused by the loss of interface sites responsible for both
reactants activation : i) methane due to Pt sintering and ii) CO; due to less efficient activation via La
hydroxocarbonates.

For catalysts doped with less basic cations — Gd, Pr - the catalytic performance was found to
remain stable even at high temperature. Again, the Pr-doped catalyst displaying the highest oxygen
mobility was found to present the highest activity. Also worthy to note is that the H,/CO ratio was
also higher for this Pr —doped sample. It might be speculated that the reverse water gas shift
reaction is hindered for catalysts characterized by a high oxygen mobility, which would keep Pt in a
more oxidized state, probably less active for this reaction (vide infra).

For catalysts based upon Pr-doped ceria-zirconia tested as particles of 0.25-0.5 mm size

mixed with quartz sand in a fixed-bed layer, comparison of specific first-order rate constants
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revealed that supported Ru+Ni systems provide even better steady-state performance as compared

with supported Pt, though the range of activity remains narrow (Table 4).

Table 4. Chemical composition, abbreviation, specific surface area and specific catalytic activity of
Me-supported fluorite-like catalysts
Chemical composition Abbreviation SBET, mz/g K, s'm” at 700°C

8%LaNiO;/ LaNi/ PrSmCeZr 21 1.7

Pro.15Smyg 15Ce0 35210 350,

8%LaNiO; +1%Pt/ LaNiPt/ PrSmCeZr 21 1.7

Pro.15Smyg 15Ceq 35210 350,

1.4%Pt/ Pt/ PrSmCeZr 30 0.7

Pro.15Smy 15Ceq 35210 350,

1.4%Pt/Pry3Ceg 357219350, Pt/ PrCeZr 16 1.5
1%Ru+10%Ni0O/ Ru+Ni/PrSmCeZr/YSZ | 30 4
Pro.15Smy 15Ce0 352103502/ YSZ

1.4%Ru/ Ru/PrSmCeZr 20 2.4

Pry.15Smyg 15Ceq 35210 350;

1.4%Ru+6.6%Ni/ Ru+Ni/PrSmCeZr 18 7.5

Pry.15Smg 15Ce0 35210 350

Since in this case a stable performance is likely to come from a high oxygen mobility in
doped ceria-zirconia support, not suppressed after Ni or Ru addition, the level of activity will

depend essentially from the reactants activation, which was studied by transient techniques.

5.6 Main features of the mechanism of methane dry reforming by transient

studies

5.6.1 Chemical non steady-state transients

Figure 14 and Figure 15 present the transient behaviour of catalytic systems obtained by
switching the stream at the reactor inlet from one reacting or pre-treatment mixture to another one.
In Figure 14, a He stream was switched at 700°C to a similar stream containing 0.5% CHy in He.
CO appears at the reactor outlet simultaneously with CHy4, which might correspond to the kinetic
behaviour of a non adsorbing primary product, while CO, curve is delayed, which might correspond
to the kinetic behaviour of a secondary product, or of a strongly adsorbing primary product.

Hydrogen is delayed even more suggesting that it produced from methane cracking, but
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immediately oxidized by the reactive oxygen species available from the support. A primary route of
CHy activation on oxidized Pt sites producing CO and hydroxyls (or water) cannot be excluded. In
any case, a high activity of oxidized Pt cationic species in CHy4 activation is apparent, which is

unique feature of Pt among all studied metals®’.

Figure 14. Transient responses to a switch
0.31 CH, H He to 0.5% CH, in He at 700°C over
co 7 Pt/Pro3CeZrOx supported on a corundum
52021 channel after a pretreatment in O,. Contact
- time 5 ms
0.1 Co, o
HZO
0.0 —_—
T T T T T T T /L'_I_
0 10 20 30 40 50 60 70 9390
Time, sec

Figure 15 presents typical kinetic transients obtained for a RuNi/SmPrCeZrO sample after
switching the reacting feed CH4+CO; to feeds containing only one component - CO;, or CHy4 - and
back. As can be seen from these experiments, in the initial period after the switch, the exit
concentrations of products (and, hence, the initial rates of their formation) — H; in the case of a
switch to CH4 and CO in the case of a switch to CO,- coincide with those for the steady-state
catalytic reaction. This tends to indicate that (i) the catalytic reaction proceeds through independent
stages of CH4 and CO; transformation, apparently on different active sites, and (ii) the oxygen
diffusion in the surface/near-surface layers is really fast to provide rather slow variation of the
products concentrations with time-on-stream after switch. Hence, it is to be even higher in the
reaction conditions, thus providing required conjugation between stages of CHy and CO;

transformation occurring on different active sites.
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Figure 15. Typical transient responses for RuNi/SmPr catalysts to the feed switches
CH4+CO,—CO,—»CH4+ CO; (a) and CH4+CO,—CH;—CH4+CO; (b) at 650°C. Feed composition
3.8% CH4 + 3.8%CO, in He, contact time 15 ms.

Hence, along with metal-support interaction, the oxygen mobility in the catalysts is deemed to

be required for ensuring a high activity and a resistance to coke deposition for metal-supported

catalysts on fluorite-like oxide supports.

5.6.2 SSITKA experiments

Figure 16 illustrates typical SSITKA responses corresponding to the feed switches with '*C
normal isotope composition to that containing labelled '>CH,. As can be seen, the transients are fast,
so the steady-state surface coverage by carbon-containing species is quite low not exceeding 10% of
a monolayer (calculated on the basis of the metallic surface). After switching the feed stream from
12CH4+12C02+H6 to IZCH4+13C02+He+1%Ar for Ru+Ni/PrSmCeZr catalyst at 650°C, the fractions
of °C in CO and CO, in the exit stream increased without any delay relative to the Ar tracer
concentration, and at each moment the total number of BC atoms in CO and CO, was equal to that
in the inlet 13COz, so there was no carbon isotope accumulation, in addition to the amount of carbon
adsorbed on the catalyst surface under steady-state conditions. This demonstrates that the
concentration of C-containing intermediates (carbonates, carbides etc) on the steady-state surface
remains small but stable. That statement also suggests that the fraction of °C in CO should be equal

to a half a sum of '*C fractions in CO; and CHg:

_ Oco, + Oy,

: a7

Uco
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In the present experiments, the °C fractions in the reactants were equal to Ao, = 0.7, agy, =0,

respectively. In this case, the estimated *C fraction in CO should be equal to 0.35, while the
experimental value was found equal to 0.4. At the same time, the °C fraction of CO; in the exit
stream is much lower than that in the inlet feed being equal to 0.46. This means that in the course of
reaction the exchange of carbon atoms between CO and CO; proceeds, while there is no transfer of
C into CH,. This proves that stages of catalyst interaction with CH4 and CO, are independent, the

first one being irreversible, and the second one reversible.
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Figure 16. a) Steady State Isotopic Transients after the feed switches CH4+CO, +He —
BCH,+CO,+He — CH,4+CO, +He for Pt/PrCeZr sample at 830°C, 15 ms contact time and
inlet concentration of CH4 and CO, 4%

b) Time dependence of "*C isotope fraction in CO (1) and CO, (2) after switching CH4+CO,
+He — 13CH4+COz+He for Pt/PrCeZr sample at 830°C, 15 ms contact time and inlet
concentration of CH4 and CO; 4%.

The simplest mechanism corresponding to this statement can be presented as follows:

I. [ZO] +CH4 —> [Z] + CO + 2H, (18)
IL. [Z] + CO, <> [ZO] + CO (19)

Here methane irreversibly interacts with oxidized centers of the catalyst with CO and H»
formation (most likely being metallic centers), which is followed by a reversible reoxidation of
reduced centers by carbon dioxide..

The total rate of CO formation in frames of this scheme is equal to:

Wi =W W, — W, (20)

In the case of labeled CHs, the redistribution of >C among all C-containing feed compounds

is observed. The kinetic parameters characterizing the rate of exchange and specific rates of CHy
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and CO; consumption are shown in Table 5. The rate constants of CO, transformation estimated by
SSITKA data analysis exceed those of CH4 consumption by ca. an order of magnitude. As already
mentioned, these results are in line with the resistance to coking of the studied catalysts.

Hence, under steady-state conditions, the rate of methane dry reforming is limited by the step
of methane interaction with catalyst. Note that both w, (rate of CH,4 transformation) and w, (rate of
catalyst reoxidation by CO;) at a lower (550°C) temperature are apparently higher for catalysts
containing Ru+Ni as compared with those for Pt/PrCeZr at a higher (735°C) temperature. Since
specific activity of Pt/PrSmCeZr catalyst is even lower than that of Pt/PrCeZr catalyst (Table 5),
this difference could not be explained by the effect of support composition. Hence this result
suggests that Ru+Ni alloy nanoparticles are not only involved in CHy activation but help to activate
carbon dioxide as well. This confirms the key role of interface sites for this bi-functional reaction

mechanism.

Table 5. Estimation of the rates of basic stages of CHy dry reforming by SSITKA

0 w1 w2 w-2

T, C| %o | oo | walmn mkmol/g*min | mkmol/g*min | mkmol/g*min
Pt/PrCeZr
735 | 0.12 | 0.14 42 0.6 25 24
785 |1 0.21 | 0.23 34 1.0 34 33
830 | 0.32 | 0.34 30 1.6 48 46
Ru+Ni/PrSmCeZr
550 | 0.52 | 0.46 7.7 4.2 32 28
600 | 0.49 | 0.42 6.0 6.2 36 30
650 | 0.46 | 0.39 5.5 7.6 42 34
Ru+Ni/PrSmCeZr/YSZ

550 {049 | 0.46 | 11.5 1.5 17 15
600 | 0.44 | 0.42 24 2.0 47 45
650 | 0.40 | 0.39 43 2.5 106 103

5.6.3 TAP experiments

Typical results of TAP studies are shown in Figure 17, Figure 18, Figure 19 for the case of
Ni+Ru-supported catalysts. In oxidized state, these catalysts possess rather low activity providing
only complete oxidation (combustion) of methane, which is a well-known feature of Ni/Ru
containing catalysts (not shown for brevity). After reduction by hydrogen, successive pulses of CO,
and CHy are efficiently transformed into CO and CO+ H,, respectively (Figure 17). As follows from
this figure, the amounts of CO produced after a pulse of CO; and after a subsequent pulse of CHy
are very close, which agrees with our previous conclusion about independent activation of reactants

based on SSITKA results. The comparison of CO responses for mixed CHs +CO, pulses and
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separate pulses of the reactants (Fig. 18) shows that the amount of CO produced in the mixed pulse
corresponds to the sum of CO produced in separate pulses. This demonstrates again that activation
and transformation of CO, and CH4 indeed proceed independently.

The results of *CO, and '*CH, pump-probe experiments (sequential pulsing) confirm this
conclusion (Figure 19). Indeed, pulse of *CO, produces only *CO while a subsequent pulse of
2CH, gives only '2CO. This clearly excludes any exchange of carbon atoms between reactants, and,

hence, the existence of any common intermediate.
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Figure 17. CO,, CO, CH4, and H, responses
corresponding to CO, and CH4 pump-probe
experiment over reduced Ru+Ni/PrSmCeZr at
754°C. Injection times were 0 s for CO, and
1.0 s for CHy4
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Figure 18. CO responses obtained over reduced
Ru+Ni /PrSmCeZr catalyst at 754°C in: 1) CO,
and CH4 pump-probe experiment (time delay
between CO, and CHy4 pulses was 0.01 s); 2)
CO; single-pulse experiment; 3) CHy single-
pulse experiment

Figure 19. °CO, 'CO, "CO, and CH,
responses corresponding to °CO, and '*CHy
pump-probe  experiment over reduced
Ru+Ni/PrSmCeZr at 750°C. Injection times
were 0 s for *CO, and 0.8 s for CHy.
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5.6.4 Pulse experiments at realistic CH; concentrations followed by

microcalorimetry

In general, the changes in CH,4 conversion and CO/CO; selectivity with the CH4 pulse number
(degree of sample reduction) (Figure 20) reasonably agrees with the trends observed for unsteady
state chemical transients and TAP data (vide supra). The CO formation even for the first pulse of
CH,4 admitted onto the oxidized sample surface supports the hypothesis about a primary route of
syngas formation via a CH4 pyrolysis-partial oxidation route. The observation of rather high degrees
of CH4 conversion after removal from the sample of about one monolayer of oxygen again
underlines a high rate of oxygen diffusion from the bulk of oxide particle to the surface, in order to
compensate the used surface oxygen during the preceding pulses. The average heat of oxygen
adsorption on partially reduced surface (~ 600 kJ/mol O,, Fig. 21) is close to values corresponding
to bonding strength of bridging (M,0) oxygen forms located at Ce cations™.

The enthalpy of CH,4 interaction with the catalyst (Figure 21, endothermic process) increases
with the reduction degree corresponding to the enthalpy of its transformation into deep and partial
oxidation products with a due regard for syngas selectivity and variation of the average oxygen
bonding strength. Some decline of the heat of reduction at a reduction degree exceeding 1.5
monolayer can be explained by the increasing contribution of CHy4 cracking in agreement with
results of CH4 TPR data (vide supra). Nearly linear (i.e., rather weak) dependence of CHj
conversion on the reduction degree agrees with this weak variation of the heat of CHy
transformation.. Since the rate of the surface diffusion (reverse oxygen spillover from the support to
Pt) is high, this provides some coverage of Pt by adsorbed oxygen thus favoring the activation of
CH4 molecules.

Figure 20. Dependence of CH4 conversion, CO
and CO, selectivity on the degree of

3100- [ Pt/PrCeZrO sample reduction (n) by pulses of
g gl © — CO 7% CH, in He at 600°C.
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Figure 21. Enthalpy of oxygen adsorption (Q) Figure 22. Enthalpy of CH4 interaction with
versus reduction degree (n) estimated from the 1.4%  Pt/Pro3Cep35Zr9350, sample as a
heats of 1.4% Pt/Pry3Ce 35219350, sample function of reduction degree (n) at 600 °C.
reduction by CO pulses at 600°C.

For all the studied catalysts in the steady-state of methane dry reforming, conversions of
reactants in mixed pulses and in pulses containing only separate components were practically
identical (Figure 23, Figure 24). Moreover, the products selectivity was the same —methane
producing CO+H, , CO,-CO in several pulses until ~ 30% of oxygen is not removed/replenished. In
agreement with the isotope transient studies and TAP, this underlines the independent activation of

the two reactants on different active sites with rapid oxygen migration between them.
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Figure 23. Variation of CH4 conversion (a, x on the ordinate axes marks CH4 conversion in the
mixed CH4 +CO; pulse) and products selectivity (b, 1-CO/ACH4; 2- Ho/ACH4 ) in the course of
steady-state Ru+Ni/PrSmCeZr catalyst reduction by pulses of 7% CH, in He at 700°C.
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1.0- Figure 24. Variation of CO, conversion in the
X - course of steady-state Ru+Ni/PrSmCeZr
4 catalyst oxidation by pulses of 7% CO, in He
\ at 700°C; x on the ordinate axes marks CO,
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The measured heat values correspond to removal/replenishing of the interface surface oxygen
forms with a desorption heat ~600-650 kJ/mol O, (Table 7).

Note that CO, conversion rapidly declines with the pulse number as the catalyst is reoxidized
(Figure 24). In agreement with calorimetric data demonstrating that the heat of surface reoxidation
by CO; is constant, such kinetics reasonably fitted by the first-order equation for the batch-flow
reactor suggests that the surface sites are occupied following a uniform adsorption energy. The rate
constants of CO, consumption are very close for Pt or LaNiOs-supported samples (~10%s™) while
being an order of magnitude higher for Ni+Ru-supported sample (~10° s™). In agreement with
SSITKA results (vide supra), this suggests that Ni-Ru alloy nanoparticles participate in CO,
activation, perhaps, by favouring the C-O bond rupture in CO, molecules adsorbed at metal-support

interface.

Table 6. Characteristics of bonding strength of reactive bridging oxygen forms for catalysts in the
steady-state by reduction of CHy4 or CO pulses and reoxidation by CO, or O, pulses at 700°C.

Heat of oxygen desorption, kJ/mol O,
Catalyst composition . . . .

CO; CHy4 CO 0,
Pt/PrCeZr 640 650 640 640
LaNi/PrSmCeZr 660 630 650 560
Ru + Ni/PrSmCeZr 630 670 635 550
Ru+Ni/PrSmCeZr/YSZ 640 740 645 550

* estimated by using pulses of respective component

42



5.7  Basic kinetic models for methane dry reforming

The analysis of kinetic transients obtained by contacting various reaction feeds with active
oxidized Pt/PrCeZrO catalyst supported on walls of corundum channel (Figure 25) allowed to
formulate kinetic scheme which takes into account the specificity of cationic Pt species™.

A kinetic scheme consisting of 6 catalytic stages has been considered. The scheme reflects the
methane transformation on the active cationic Pt-centers, the stabilization of Pt centers by the lattice
oxygen, the interaction of carbon dioxide with oxidized Pt centers and surface oxygen vacancies of

the catalyst layer, and a step accounting for RWGS:

CO,+[PtO] «  [PtCOs] 1)
CH, + [PtCOs]—> 2 CO +2 H, + [PtO] (22)
CHs+[PtO] —  CO+2H,+[Pt] (23)
[P{] +[0] <«  [PtO]+[V{] (24)
CO,+[V] —  CO +[Oy] (25)
H,+[PtO] —  H,0+[Pt] (26)

Here [PtO] and [Pt] denote the oxidized and vacant Pt-centers, [PtCOs] is a weakly bound
carbonate complex, [Os] and [V;] are the oxidized and vacant sites inside the lattice layer. From the
surface science point of view, stabilization of carbonate complexes in coordination sphere of Pt
cations is possible only due to participation of neighbouring Pr'" cations. Pr*"-O oxygen bond
involved in stabilization of this carbonate complex appears to be of an optimum strength providing
by one hand a substantial concentration of these complexes at reaction temperatures, while on the
other hand not making them too strongly bound to suppress their reactivity. Indeed, as was directly
demonstrated by FTIRS in situ studies™, strongly bound carbonates located apparently at Ce®”**
cations with a higher Ce-O bond strength are of a much lower reactivity not being able to provide

any substantial increment in the total rate of reagents transformation along the dry reforming route.

All the above elementary steps lead to the following overal stoichiometric equations:

[.CH; +CO; & 2CO+H, (27)

II. CO,+H, © CO + H,O (28)
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Figure 25. Fast (A,B) and slow (C,D) parts of transients for the corundum channel coated with the
oxidized 1.6 wt.% Pt/ Pro3Ce3Z10350,« catalyst at contact with feed 7% CH4 +7% CO, in He at
750 °C. Contact time 4.72 ms (A,C) and 8ms (B,D).

According to the mass conservation law the rates of catalytic steps can be written as follows:

r =k Ccoz 6 (29)
ri=ki 6 (30)
7y = ky Cera 65 31)
r3 = ks Ceny O (32)
ra=ks(1-0,-86,) 6, (33)
ra=ksO (1-6) (34)
rs=ks Ccoz (1- &) (35)
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re = k6 CHZ 91 (36)

where r; is the rate of the ith catalytic stage (i = 1, 2, .., 6); Ccus, Ccoz and cp; are the
concentrations of Hy, CO; and H; in the gas mixture correspondingly; &, 6, and & are the relative
surface concentrations of oxidized Pt-centers [PtO], carbonate complexes [PtCO;], and oxidized
lattice layer sites [Os] respectively; k; is the rate constant of the ith catalytic stage (i = 1, 2, .., 6).

It is assumed that the total number of active Pt-centers is equal to

[ZO] + [ZCOs] +[Z] = a Ny (37)

and the number of active lattice layer sites available for spillover is equal to

[ZO™] +[Z']= B Nog (38)

where Ny is the total number of active centers on the catalyst surface, « is the relative surface
concentration of Pt-centers, S s the ratio of the number of active lattice layer sites under the surface
to the total number of active surface centers.

Data processing has allowed us to evaluate the kinetic parameters and characteristics of the
catalyst structure. Some examples of modeling and experimental results comparison are given in
Figure 26 for the following values of parameters: 7=4.7 s, k=200 s'l, k1=0.6 s'l, k= 600 s'l,
ks=60s", ky=300s", ky=5s", ks=55s", ks=1100s", @=0.04, #=0.2, S, =20-10"cm™, D
=2.510" cm’/s, H=5-10" cm.

The satisfactory fit observed in Figure 26 (except for H, concentration) suggests that the
tested kinetic scheme reflects rather well the main peculiarities of the catalyst behavior. The
experimental values of gas concentrations and the modeling data are in a good agreement. This does

not exclude indeed that other kinetic models might reasonably fit the experimental data as well.
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Figure 26. Comparison of the experimental (points) and computed (lines) time dependences of

concentrations in transient experiments. 750°C, gas feed rate 18 I/h, feed 7%CH4+ 7%CO, in He,
contact time 4.7 ms.

Hence, under unsteady-state conditions of dry-reforming or mixed oxi-dry reforming for Pt

supported on Pr-doped ceria-zirconia, weakly bound carbonates could assist the activation of

methane molecule.
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Chapter four

Conclusion and perspectives
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6 Conclusion and perspectives

The main features demonstrated during this study can be summarized as follows:
A. New methods and data treatment of oxygen isotope heteroexchange for characterizing
oxygen mobility were developed and successfully applied for catalysts based on doped ceria-

zirconia oxides promoted by Pt and Ru+Ni.

B. For catalysts based on doped ceria-zirconia oxides with a high oxygen mobility and
reactivity with supported Pt, Ru, Ni and their combinations, the occurrence of a bi-functional red-ox
type mechanism of methane dry reforming under steady-state conditions was proposed. The rate
determining step would be related to the dissociation of methane C-H bond on metal sites, while
CO; activation would proceed more easily on basic sites of the ceria doped surface, possibly

involving highly dispersed metal ions, near the metal support boundaries.

C. Under methane oxi-dry reforming conditions, the most promising system was found to
be Pt supported on Pr-doped ceria-zirconia due to stabilization of cationic Pt species by this doped
support, acting as a permanent and efficient active oxygen provider. These Pt cations would be
highly active for methane C-H bonds activation and the further selective oxidation the CHx
fragments into syngas. In this permanently oxidized state of the catalyst, weakly bound carbonate
species stabilized by neighboring Pr cations would be directly involved in this transformation of
activated CHx species into syngas.

In the dry reforming reaction, Ni+Ru alloy nanoparticles are actively involved in CO,
activation which helps to provide a high rate of active oxygen species regeneration thus preventing

coking.

D. For practical application in dry reforming of methane and other fuels in real
concentrated feeds and using short contact time reactors able to handle large flows of reacting
feedstocks, promising systems based on Pr(Sm)-doped ceria-zirconia with supported Pt or Ru+Ni
are proposed, to be coated on structured supports stable at high temperature and avoiding significant

mass transfer limitations and pressure drops.

E. In line with the previous objective, kinetic and mechanistic studies were carried out on

corundum channels with supported active components. They demonstrated the absence of any heat-
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and mass-transfer effects as well as any possible negative effects which would be caused by

interaction of the active components with corundum substrate.

F. As perspectives for industrial application of natural gas dry/oxy-dry reforming at short
contact times, promising engineering designs could be based on microchannel stainless steel plates
used for their high thermal conductivity, but protected against catalyst corrosion and fast ageing by
a thin and dense corundum layer as substrates for these nanocrystalline active type components.
Such plates could be efficiently used for combining in the same reactor exo and endothermic
reactions. Such engineering solutions have been partly tested within the frame of the OCMOL EU
project where the endothermic dry reforming of methane is compensated by the exothermic

methane coupling to ethylene, aiming at a self sufficient autothermal system .

G. Another perspective linked to the compulsory diversification of methane sources in a
near future will be to use the knowledge acquired in the present study for reforming biogas (which
contains large concentrations of methane and carbon dioxide) into bio-syngas for sustainable
processes. Designing efficient catalysts able to accommodate the pollutants of biogas in small units
adapted to stranded sources of biogas via structured micro-reactors is certainly a new challenge for

continuing the present work.

49



References

T. Inui, Reforming of CH4 by CO,, O, and/or H,O, Catalysis, V.16, The Royal Society of
Chemistry, 2002, pp. 133-154

Y.H. Hu and E. Ruckenstein, Catalytic conversion of methane to synthesis gas by partial
oxidation and CO, reforming, Adv. Catal. 48 (2004) 297

Y.H. Hu and E. Ruckenstein, Binary MgO-based solid solution catalysts for methane conversion
to syngas, Catal. Rev. 44 (2002) 423

X.E. Verykios, Catalytic dry reforming of natural gas for the production of chemicals and
hydrogen, Int. J. Hydrogen Energy 28 (2003) 1045

M.C.J. Bradford, M.A. Vannice, CO, reforming of CH4 over supported Pt catalysts, J. Catal. 173
(1998) 157

J.M. Wei, B.Q. Xu, J.L. Li, Z.X. Cheng and Q.M. Zhu, Highly active and stable Ni/ZrO, catalyst
for syngas production by CO; reforming of methane, Appl. Catal., A: Gen.196 (2000) 167

M. O’Connor, Y. Schuurman, J.R.H. Ross, C. Mirodatos, Transient studies of carbon dioxide
reforming of methane over Pt/ZrO; and Pt/Al,Os, Catal. Today 115 (2006) 191

H. Li, J. Wang, Study on CO; reforming of methane to syngas over Al,O3-ZrO, supported Ni
catalysts prepared via a direct sol-gel process. Chem. Eng. Sci. 59 (2004) 4861

Zh. Zhang, X. Verykios, Performance of Ni/La,Os3 catalyst in carbon dioxide reforming of
methane to synthesis gas, Stud. Surf. Sci. Catal. 107 (1997) 511

H.M. Swaan, V.C. H. Kroll, G.A. Martin, C. Mirodatos, Deactivation of supported nickel
catalysts during the reforming of methane by carbon dioxide, Catal. Today 21 (1994) 571

S. Damyanova, B. Pawelec, K. Arishtirova, M.V. Martinez Huerta, J.L.G. Fierro, The effect of
CeO, on the surface and catalytic properties of Pt/CeO,—ZrO, catalysts for methane dry
reforming, Appl. Catal. B: Envir. 89 (2009) 149

F.B. Noronha, E.C. Fendley, R.R. Soares, W.E. Alvarez, D.E. Resasco, Correlation between
catalytic activity and support reducibility in the CO, reforming of methane over Pt/Ce,Zr,-,O;
catalysts, Chem. Eng. J. 82 (2001) 21

S.M. Stagg-Williams, F.B. Noronha, G. Fendley, and D.E. Resasco, CO, Reforming of CH,4 over
Pt/ZrO, Catalysts Promoted with La and Ce Oxides, J. Catal. 194 (2000) 240

J.A. Montoya, E. Romero-Pascual, C. Gimon, P. Del Angel, A. Monzon, Methane reforming
with CO, over Ni/ZrO,—CeO; catalysts prepared by sol—gel, Catal. Today 63 (2000) 71

H.-S. Roh, H.S. Potdar, K.-W. Jun, J.-W. Kim, Y.-S. Oh, Carbon dioxide reforming of methane
over Ni incorporated into Ce—ZrO, catalysts, Appl. Catal. A: General 276 (2004) 231

B. Koubaissy, A. Pietraszek, A.C. Roger, A. Kiennemann, CO; reforming of methane over Ce—
Zr— Ni—Me mixed catalysts, Catal. Today 157 (2010) 436

A. Horvath, G. Stefler, O. Geszti, A. Kienneman, A. Pietraszek, L. Guczi, Methane dry
reforming with CO, on CeZr-oxide supported Ni, NiRh and NiCo catalysts prepared by sol—gel
technique: Relationship between activity and coke formation, Catal. Today 169 (2011) 102

50



G.C. Gallego, F. Mondragon, J. Barrault, J.-M. Tatibouét, C. Batiot-Dupeyrat, CO; reforming of
CH, over La-Ni based perovskite precursors, Appl. Catal. A: Gen. A 311 (2006) 164

G.S. Gallego, F. Mondragon, J.-M. Tatibouét, J. Barrault, C. Batiot-Dupeyrat, Carbon dioxide
reforming of methane over La,NiO4 as catalyst precursor — Characterization of carbon
deposition, Catal. Today 133-135 (2008) 200

0 VA, Sadykov, N.V. Mezentseva, G.M. Alikina, A.I. Lukashevich, Yu.V. Borchert, T.G.
Kuznetsova, V.P. Ivanov, S.N. Trukhan, E.A. Paukshtis, V.S. Muzykantov, V.L. Kuznetsov,
V.A. Rogov, J. Ross, E. Kemnitz, C. Mirodatos, Pt-supported nanocrystalline ceria-zirconia
doped with La, Pr or Gd: factors controlling syngas generation in partial oxidation/autothermal
reforming of methane or oxygenates, Solid State Phenom. 128 (2007) 239

2y, Sadykov, N. Mezentseva, G. Alikina, R. Bunina, V. Pelipenko, A. Lukashevich , S.Tikhov, V.
Usoltsev, Z. Vostrikov, O. Bobrenok, A. Smirnova, J. Ross, O. Smorygo, B. Rietveld,

Nanocomposite catalysts for internal steam reforming of methane and biofuels in solid oxide fuel
cells: design and performance, Catal. Today 146 (2009) 132

2y, Sadykov, N. Mezentseva, G. Alikina, R. Bunina, V. Pelipenko, A. Lukashevich, Z. Vostrikov,
V. Rogov, T. Krieger, A. Ishchenko, V. Zaikovsky, L. Bobrova, J. Ross, O. Smorygo, A.
Smirnova, B. Rietveld, F. van Berkel, Nanocomposite catalysts for steam reforming of methane
and biofuels: design and performance, in: Nanocomposite Materials, Theory and Applications,

INTECH, Austria, Vienna, 2011, pp. 909-946

B VA. Sadykov, T.G. Kuznetsova, G.M. Alikina, Yu.V. Frolova, A.l. Lukashevich, V.S.
Muzykantov, V.A. Rogov, L.G. Ivanov, S. Pinaeva, E. Neophytides, K. Kemnitz, C. Scheurel, C.
Mirodatos, in: D.K. McReynolds (Ed.), Book: New Topics in Catalysis Research, Ch. 5, Nova
Science Publishers, NY, USA, 2007, pp. 97-196

#* M.C.J. Bradford, M.A. Vannice, CO, Reforming of CHy. Catal. Rev.-Sci. Eng. 41 (1999) 1

> J. Wei and E. Iglesia, Structural requirements and reaction pathways in methane activation and

chemical conversion catalyzed by rhodium, J. Catal. 225 (2004) 116

%K. Tomishige, O. Yamazaki, Y. Chen, K. Yokoyama, X. Li, and K. Fujimoto, Development of

ultra-stable Ni catalysts for CO, reforming of methane, Catal. Today 45 (1998) 35

27 A. Slagtern, Y. Schuurman, C. Leclercq, X. Verykios, C. Mirodatos, Specific Features

Concerning the Mechanism of Methane Reforming by Carbon Dioxide over Ni/La,Os Catalyst, J.

Catal. 172 (1997) 118.

By, Schuurman, V.C.H. Kroll, P. Ferreira-Aparicio, C. Mirodatos, Use of transient kinetics
techniques for studying the methane reforming by carbon dioxide, Catal. Today 38 (1997) 129

R.W. Stevens, S.S.C. Chuang, In situ IR study of transient CO, reforming of CH4 over Rh/Al,Os3,
J. Phys. Chem. B 108 (2004) 696

M.C.J. Bradford, M.A. Vannice, Catalytic reforming of methane with carbon dioxide over nickel
catalysts II. Reaction kinetics, Appl. Catal. A: Gen.142 (1996) 97

29

30

31y, Schuurman, C. Marquez-Alvarez, V.C.H. Kroll, C. Mirodatos, Unraveling mechanistic

features for the methane reforming by carbon dioxide over different metals and supports by TAP
experiments, Catal. Today 46 (1998) 185

32 p, Ferreira-Aparicio, Y. Schuurman, C. Mirodatos, et al A transiet kinetic study of the carbon

dioxide reforming of methane over supported Ru catalysts, J. Catal. 184 (1999) 202

3 V.C.H. Kroll, H.M. Swaan, S. Lacombe, C. Mirodatos, Methane reforming reaction with carbon

dioxide over Ni/SiO; catalyst. II. A mechanistic study, J. Catal. 164 (1997) 387
51



34

35

36

37

38

39

40

41

42

43

44

45

T. Osaki, T. Mori, Kinetic studies of CO; dissociation on supported Ni catalysts, React. Kinet.
Catal. Lett., 87 (2006) 149

A.M. Efstathiou, A. Kladi, V.A. Tsipouriari, X.E. Verykios, Reforming of methane with carbon
dioxide to synthesis gas over supported rhodium catalysts. II. A steady-state tracing analysis:

mechanistic aspects of the carbon and oxygen reaction pathways to form CO, J. Catal. 158
(1996) 64

Y. Hang Hu and E. Ruckenstein, Transient Response Analysis via a Broadened Pulse Combined
with a Step Change or an Isotopic Pulse. Application to CO, Reforming of Methane over
NiO/Si0y, J. Phys. Chem. B 101 (1997) 7563

X.E. Verykios, Mechanistic aspects of the reaction of CO, reforming of methane over Rh/Al,O3
catalyst, Applied Catalysis A: General 255 (2003) 101

J.H. Bitter, K. Seshan, J.A. Lercher, Mono and bifunctional pathways of CO,/CHy4 reforming
over Pt and Rh based catalysts, J. Catal. 176 (1998) 93

A.M. O’ Connor, F.C. Meunier, and J.R.H. Ross, An in-situ DRIFT study of the mechanism of
the CO, reforming of CHy4 over a Pt/ZrO, catalyst, Stud. Surf. Sci. Catal. 119 (1998) 819

V.A. Tsipouriari, X.E. Verykios, Kinetic study of the catalytic reforming of methane with carbon
dioxide to synthesis gas over Ni/La,0; catalyst, Catal. Today 64 (2001) 83

J.F. Munera, S. Irusta, L.M. Cornaglia, E.A. Lombardo; D.V. Cesar; M. Schmal, Kinetics and
reaction pathway of the CO, reforming of methane on Rh supported on lanthanum-based solid, J.
Catal. 245 (2007) 25

V. Bychkov, Yu. Tyulenin, O. Krylov and V. Korchak, Methane reforming with carbon dioxide
on the Co/a-Al,O; catalyst: The formation, state, and transformations of surface carbon, Kinetika
i Kataliz 43 (2002) 775

V. Bychkov, Yu. Tyulenin, O. Krylov and V. Korchak, The mechanism of carbon dioxide
reforming of methane: Comparison of supported Pt and Ni (Co) catalysts, Kinetika i Kataliz 44
(2003) 384

Y. Schuurman and C. Mirodatos, Uses of transient kinetics for methane activation studies, Appl.
Catal. A: Gen. 151 (1997) 305

V.A. Sadykov, E.L. Gubanova, N.N. Sazonova, S.A. Pokrovskaya, N.A. Chumakova, N.V.
Mezentseva, A.S. Bobin, R.V. Gulyaev, A. V. Ishchenko, T. A. Krieger, C. Mirodatos, Dry
reforming of methane over Pt/PrCeZrO catalyst: kinetic and mechanistic features by transient
studies and their modelling, Catal. Today 171 (2011) 140

YA Sadykov, V. Muzykantov, A. Bobin, N. Mezentseva, G. Alikina, N. Sazonova, E. Sadovskaya,

47

48

L. Gubanova, A. Lukashevich, C. Mirodatos, Oxygen mobility of Pt-promoted doped CeO,—
ZrO; solid solutions: Characterization and effect on catalytic performance in syngas generation
by fuels oxidation/reforming, Catal. Today 157 (2010) 55

V.A. Sadykov, N.N. Sazonova, A.S. Bobin, V. S. Muzykantov, E.L. Gubanova, G.M. Alikina,
A.l. Lukashevich, V.A. Rogov, E.N. Ermakova, E.M. Sadovskaya, N.V. Mezentseva, E.G.
Zevak, S. A. Veniaminov, M. Muhler, C. Mirodatos, Y. Schuurman, A. C. van Veen, Partial
oxidation of methane on Pt-supported lanthanide doped ceria-zirconia oxides: effect of the
surface/lattice oxygen mobility on catalytic performance, Catal. Today 169 (2011) 125

E.M. Sadovskaya, Y.A. Ivanova, L.G. Pinaeva, G. Grasso, T.G. Kuznetsova, A. van Veen, V.A.
Sadykov and C. Mirodatos, Kinetics of Oxygen Exchange over CeO,-ZrO, Fluorite-Based
Catalysts, J. Phys. Chem. A 111 (2007) 4498

52



49

50

51

52

53

54

55

56

57

58

59

60

61

62

N.N. Sazonova, V.A. Sadykov, A.S. Bobin S.A. Pokrovskaya, E.L. Gubanova, C. Mirodatos,
Partial oxidation of methane into syngas on Pt-supported mixed oxides: effect of surface/lattice

oxygen mobility in complex oxides on the kinetic features of the reaction and performance
stability, React. Kinet. Catal. Lett. 98 (2009) 27

N.N. Sazonova, V.A. Sadykov, A.S. Bobin, S.A. Pokrovskaya, E.L. Gubanova, C. Mirodatos,
Dry reforming of methane over fluorite-like mixed oxides promoted by Pt, React Kinet Catal
Lett 98 (2009) 35

V. Sadykov, N. Mezentseva, V. Muzykantov, D. Efremov, E. Gubanova, N. Sazonova, A. Bobin,
E. Paukshtis, A. Ishchenko, V. Voronin, J. Ross, C. Mirodatos, A. van Veen, Real Structure —
Oxygen Mobility Relationship in Nanocrystalline Doped Ceria-Zirconia Fluorite-Like Solid
Solutions Promoted by Pt, Mater. Res. Soc. Symp. Proc. 1122 (2009) 1122-005-03

A.S. Bobin, V.A. Sadykov, V.A. Rogov , N.V. Mezentseva, G.M. Alikina, E.M. Sadovskaya,
T.S. Glazneva, N.N. Sazonova, M.Yu Smirnova, S.A. Veniaminov, C. Mirodatos, V. Galvita,
G.B. Marin, Mechanism of CH4 Dry Reforming on Nanocrystalline Doped Ceria-Zirconia with
Supported Pt, Ru, Ni, and Ni—Ru, Topics in Catalysis 56 (2013) 958

V. Sadykov, V. Rogov, E. Ermakova, D. Arendarsky, N. Mezentseva, G. Alikina, N. Sazonova,
A. Bobin, S. Pavlova, Y. Schuurman and C. Mirodatos, Mechanism of CH4 Dry Reforming by
Pulse Microcalorimetry: metal nanoparticles on perovskite/fluorite supports with high oxygen
mobility, Thermochimica Acta 567 (2013) 27

G.K. Boreskov, V.S. Muzykantov, Investigation of oxide type oxidation catalysts by reactions of
oxygen isotopic exchange Ann. N. Y. Acad. Sci. 213 (1973) 137

V.S. Muzykantov, Isotopic studies of dioxygen activation: problems, results and perspectives
React. Kinet. Catal. Lett. 35 (1987) 437

V.S. Muzykantov, A.A. Shestov, Kinetic equation for the redistribution of isotopic molecules
due to reversible dissociation. Homoexchange of methane, React. Kinet. Catal. Lett. 32, No 2
(1986) 307

V.S. Muzykantov, A.A. Shestov, Redistribution kinetics of isotopic molecules due to reversible
bimolecular reaction with several atomic channels, React. Kinet. Catal. Lett., 33, No 1 (1987)
197

V.S. Muzykantov, E. Kemnitz, V.V. Lunin, V.A. Sadykov, Analysis of isotope data “without
time”: non-isothermal exchange of dioxygen with oxides, Kinetics and Catal. 46 (2003) 319

F.J. Cheselske, W.E. Wallage, W.K. Hall, The exchange of deuterium Gas with the hydrogen
associates with solid catalysts. I. The model tantalum-hydrogen system J. Phys. Chem. 63 (1959)
505

W.K. Hall, H.P. Leftin, F.J. Cheselske, D.E. O’Reilly, Studies of the hydrogen held by solids IV.
Deuterium exchange and NMR investigations of silica, alumina, and silica-alumina catalysts, J.
Catal. 2 (1963) 506

V.A. Sadykov, V.V. Kriventsov, EMM. Moroz, Yu.V. Borchert, D.A. Zyuzin, V.P. Kol’ko, T.G.
Kuznetsova, V.P. Ivanov, A.l. Boronin, N.V. Mezentseva, E.B. Burgina, J. Ross, Ceria-zirconia

nanoparticles doped with La or Gd: effect of the doping cation on the real structure, Solid State Phenom.
128 (2007) 81.

V. Sadykov, N. Mezentseva, G. Alikina, A. Lukashevich, V. Muzykantov, R. Bunina, A. Boronin, E.
Pazhetnov, E. Paukshtis, V. Kriventsov, A. Smirnova, O. Vasylyev, J. Irvine, O. Bobrenok, V. Voronin,
and 1. Berger, Doped Nanocrystalline Pt-Promoted Ceria-Zirconia as Anode Catalysts for IT
SOFC:Synthesis and Properties, Mater. Res. Soc. Symp. Proc. 1023 (2007) 1J02-07.1-6

53



5 http://www.ocmol.eu/index.php

54



List of Attached Publications

1 Dry Reforming Of Methane Over Fluorite-Like Mixed Oxides Promoted By Pt N. N.
Sazonova, V. A. Sadykov, A. S. Bobin, S. A. Pokrovskaya, E. L. Gubanova, C. Mirodatos React.
Kinet. Catal. Lett. 98 (2009) 35

2 Real Structure — Oxygen Mobility Relationship In Nanocrystalline Doped Ceria-Zirconia
Fluorite-Like Solid Solutions Promoted By Pt V. Sadykov, N. Mezentseva, V. Muzykantov, E.
Gubanova, N. Sazonova, A. Bobin, V. Voronin, J. Ross, C. Mirodatos Mater. Res. Soc. Symp.
Proc. 1122 (2009) 005-03

3 Oxygen Mobility Of Pt-Promoted Doped CeO:-ZrO: Solid Solutions: Characterization And
Effect On Catalytic Performance In Syngas Generation By Fuels Oxidation/Reforming V.
Sadykov, V. Muzykantov, A. Bobin, N. Mezentseva, G. Alikina, N. Sazonova, E. Sadovskaya, L.
Gubanova, A. Lukashevich, C. Mirodatos Catalysis Today, 157(2010) 55-60

4 Dry Reforming Of Methane Over Pt/PrCeZrO Catalyst: Kinetic And Mechanistic Features
By Transient Studies And Their Modeling V. A. Sadykov, E. L. Gubanova, N. N. Sazonova, S.
A. Pokrovskaya, N. A. Chumakova, N. V. Mezentseva, A. S. Bobin, R. V. Gulyaev, A.V.
Ishchenko, T. A. Krieger, C. Mirodatos Catalysis Today, 171 (2011) 140-149

5 Partial Oxidation Of Methane On Pt-Supported Lanthanide Doped Ceria-Zirconia Oxides:
Effect Of The Surface/Lattice Oxygen Mobility On Catalytic Performance V. A. Sadykov,
N. N. Sazonova, A. S. Bobin, V. S. Muzykantov, E. L. Gubanova, G. M. Alikina, A. L
Lukashevich, V. A. Rogov, E. N. Ermakova, E. M. Sadovskaya, N. V. Mezentseva, E. G. Zevak,
S. A. Veniaminov, M. Muhler, C. Mirodatos, Yv. Schuurman, A. C. van Veen Catalysis Today 169
(2011) 125-137

6 Mechanism of CHs4 Dry Reforming on Nanocrystalline Doped Ceria-Zirconia with
Supported Pt, Ru, Ni, and Ni-Ru A. S. Bobin, V. A. Sadykov, V. A. Rogov, N. V. Mezentseva,
G. M. Alikina, E. M. Sadovskaya, T. S. Glazneva, N. N. Sazonova, M. Yu Smirnova, S. A.
Veniaminov, C. Mirodatos, V. Galvita, G. B. Marin Topics in Catalysis 56 (2013) 958-968

7 Mechanism Of CH4 Dry Reforming By Pulse Microcalorimetry: Metal Nanoparticles On
Perovskite/Fluorite Supports With High Oxygen Mobility V. Sadykov, V. Rogov, E.
Ermakova, D. Arendarsky, N. Mezentseva, G. Alikina, N. Sazonova, A. Bobin, S. Pavlova, Yv.
Schuurman, C. Mirodatos Thermochimica Acta 567 (2013) 27-34



React Kinet Catal Lett (2009) 98:35-41
DOI 10.1007/s11144-009-0064-7

Dry reforming of methane over fluorite-like mixed
oxides promoted by Pt

Natalya N. Sazonova - Vladislav A. Sadykov -
Aleksey S. Bobin - Svetlana A. Pokrovskaya -
Elena L. Gubanova * Claude Mirodatos

Received: 18 December 2008/ Accepted: 20 July 2009/ Published online: 11 September 2009
© Akadémiai Kiadd, Budapest, Hungary 2009

Abstract Dry reforming of methane into syngas was studied over complex Pt-
promoted fluorite-like oxides (PrCeZrO, GdCeZrO and LaCeZrO) supported on a
corundum substrate. Activity and syngas selectivity of these catalysts were found to
depend strongly on their composition, pretreatment and reaction conditions. At low
temperatures and short contact times, the H,/CO ratio in the syngas is below 1 due
to a fast reverse water—gas shift reaction. The catalyst performance was found to
correlate with the bulk oxygen mobility in complex fluorite-like oxides, which
prevents the surface coking.

Keywords Methane dry reforming - Syngas - Short contact time -
Flow system

Introduction

Catalysts for the dry reforming of methane that possess high stability to coking are
of great interest from both the industrial and environmental points of view [1]. Pt
supported on ZrO, was shown to be very active and stable to coking due to
participation of the support in CO, dissociation, as well as in delivering oxygen
species to oxidize carbon atoms produced by CH, decomposition on Pt [2—4].
Hence, the oxygen mobility in the support and the Pt—support interaction appear to
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be important factors that provide the efficient and stable performance of Pt-based
catalysts in this reaction. Previously, we investigated the activity and selectivity of
Pt-supported PrCeZrO, GdCeZrO and LaCeZrO catalysts in the partial oxidation of
CH, at millisecond contact times [5, 6]. Their catalytic performance was shown to
depend strongly on the Pt—support interaction and surface/bulk oxygen mobility
controlled by the chemical composition of oxides, catalysts pretreatment and
process parameters. Secondary reactions of steam (SR) and dry (DR) reforming
make a considerable contribution to the partial oxidation of methane (POM)
mechanism at higher temperatures and longer contact times [5, 6]. Therefore, these
catalysts could be attractive as model systems to verify the effect of oxygen
mobility in the complex oxide support on the activity and stability of supported Pt in
the dry reforming of methane. The practical application of the best compositions
could not be excluded as well.

In this work, the activity and selectivity of separate catalytic channels with Pt-
supported active components based on PrCeZrO, GdCeZrO or LaCeZrO were
studied in the dry reforming of methane at short contact times.

Experimental

In this study of DR, the same structured catalysts as in the POM were used to
elucidate the main features of the reaction. The basic characteristics of active
components, procedures of their supporting on separate corundum channels and
experimental features were described in detail earlier [5—7]. The catalytic activity in
DR was measured at atmospheric pressure in the temperature range from 600 to
850 °C, and at contact times in the range from 4.7 to 15.0 ms. The gas feed
comprised CH4 and CO, in N, with the methane concentration from 7 to 20% (CH,/
CO, = 1). The feed rate was varied from 5 to 18 L/h. The concentrations of
components in the gas flow before and after the reactor were determined with a
Test-201 (Bonair, Russia) gas analyzer equipped with IR absorbance, conducto-
metric and polarographic sensors. Before the experiments, the catalysts were kept
on stream for 1 h at 750 °C for achieving the steady state in the DR. After that, the
catalyst was pretreated in the oxygen flow at 700 °C for 1 h.

Results and discussion

Figs. 1 and 2 present the reagent conversions, CO + H, sum and H,/CO ratio as
functions of temperature and contact time. The Pr-doped catalyst demonstrates the
highest activity in DR, though the conversions (maximum 55% at 780 °C) are about
twice as low as those for the partial oxidation of methane [6]. The activity of the Pt/
GdCeZrO catalyst is considerably lower, whereas the Pt/LaCeZrO catalyst is almost
completely deactivated at 800 °C in the stoichiometric feed with 7% of CHy. For the
catalysts doped with Pr or Gd, the experimental data obtained during the heating of
samples to 800 °C coincide with those obtained during the decrease in temperature.
For the La-doped sample, CH, conversion declines below the sensitivity limit. This

@ Springer
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row of high-temperature activity correlates with the lattice oxygen mobility in these
systems controlled by their real structure and strength of the Ce—O bond [7].

Note also that the most active Pr-doped sample provided the highest H,/CO ratio,
which approaches the equilibrium value 1 with the increase in temperature (Fig. 1)
and contact time (Fig. 2). Since the conversion of CO, was always higher than the
CH, conversion, this deviation of the H,/CO ratio from the equilibrium at lower
temperatures and shorter contact times can be explained by fast consumption of a
part of nascent hydrogen for CO, reduction yielding CO and H,O [8]. As was
revealed by transient studies of DR of CH, on the Pr-doped catalyst (to be presented
elsewhere [9]), oxidized Pt centers that strongly interact with the fluorite-like
support are more efficient in the CH, activation but less active in the reverse water
gas shift reaction (RWGSR). Hence, a high lattice mobility of oxygen helps to
stabilize these highly active Pt centers and prevents the surface blocking by
carbonaceous deposits [2—4].

Since water formed in the RWGSR can be consumed in the steam reforming of
CH, yielding more hydrogen, which apparently does not occur at low temperatures,
the latter process is certainly hampered. This implies that at these temperatures
either the surface hydroxyls are rather strongly bound and, hence, not reactive, or
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Fig. 2 Effect of the contact time on the reagent conversion (a, xXCH,—filled symbols, xCO,—open
symbols), molar H,/CO ratio (b) and syngas content (¢). Feed composition: 7% CHy + 7% CO, in N,,
750 °C

water readsorption on the surface sites is prevented by surface carbonates and/or
carbonaceous species, whose coverage is higher for samples with a lower oxygen
mobility in the complex oxide support.

While the catalytic activity of the La-doped catalyst in realistic feeds was
practically independent of temperature in POM [6], the methane conversion and
syngas formation significantly decline with temperature in dry reforming (Figs. 1,
2) clearly revealing a progressive catalyst deactivation. Moreover, in both POM and
DR in realistic feeds, this catalyst demonstrates much lower activity and hydrogen
selectivity than earlier estimated values obtained for powdered active component in
diluted feeds [7, 10]. All these features can be explained by a stronger deactivation
of this catalyst in more reducing feeds [6]. However, the La-doped sample
demonstrates the highest performance at 620 °C. At this temperature, the activity
order La > Pr > Gd correlates with the surface/near-surface mobility of oxygen in
doped ceria-zirconia oxides [7, 10]. Hence, at lower temperatures, when the catalyst
surface is more oxidized, the surface oxygen mobility appears to be the main factor
controlling performance of Pt-supported catalysts.

A typical dependence of the CH, conversion and syngas content on the feed
concentration is presented in Fig. 3 for the Gd-containing catalyst. Although the
variation of parameters is rather small in general, the minima observed in both CH,
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conversion and H,/CO ratio are worth commenting on. A similar minimum in the
rate of DR was observed by Kroll et al. [11] for a Ni/SiO, catalyst in the close
concentration range. They explained this minimum by a Langmuir-Hinshelwood
type kinetics including interaction of C and O atoms adsorbed on Ni. However, in
the case of Pt supported on a fluorite-like oxide, the sequence of the surface steps is
apparently different and includes dissociation of CO, on the oxygen vacancy at Pt—
support interface [4]. Since at a fixed CH4/CO, ratio, the increase in CHy
concentration means a respective increase in the concentration of CO,, namely CO,
adsorption might be responsible for the observed effect. Indeed, the adsorption of
CO, on the surface of complex oxides can generate carbonates that block oxygen
vacancies and hence hamper the CO, dissociation and oxygen diffusion. Besides, in
the operation temperature range, chemisorption of CH4 on the oxide support is
negligible, and coverage of Pt by CH, species for the active Pt-supported sample is
small [4]. Consequently, increasing the concentration of CH, in the feed only helps
to remove surface carbonates by their hydrogenation onto CO with hydrogen
produced by the CH, dissociation on Pt. Perhaps, at 750 °C and 12% CO, in the
feed, the coverage of oxide surface sites by carbonates achieves a maximum. Hence,
at the further increase in the feed concentration, the increase in the rate of CH,
activation on Pt sites provides a higher rate of removal of carbonates from the
surface. It increases the concentration of oxygen vacancies and the surface oxygen
mobility and, as a result, increases the rate of transformation of adsorbed CH,
species into CO and H, at the Pt—support interface.

As for the same catalysts in POM, the apparent first-order rate constants of the
methane transformation in DR were estimated for all three catalysts using the model
of a plug-flow reactor [5, 6]. Comparison of these values revealed that the constants
of DR are several times lower than those of POM (Table 1). This implies that at
realistic concentrations of the components, dry reforming could not contribute
significantly into the process of methane partial oxidation at short contact times at
least for the samples doped by Gd or La. Since the effective first-order rate constants
of POM, steam and dry reforming were found to be practically identical in the
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Table 1 Effective first-order rate constants in DR for Pr, Gd, or La-containing catalysts

Toutterr °C k (s™')in DR k (s™') in POM

Pr Gd La Pr Gd La
650 10.5 1.7 9.3 51.0 253 35.7
680 14.8 2.4 6.8 56.0 36.8 34.6
700 23.1 4.9 4.5 65.6 48.1 33.4
740 33.4 8.2 3.9 79.0 56.9 32.6
770 494 14.5 4.1 105.4 69.6 34.0

Feed composition 7% CH, + 7% CO, in N, contact time: 15 ms

diluted feeds [10], this suggests that in realistic feeds a higher reduction degree of
the surface layer in DR favors accumulation of stronger bound carbonates as well as
carbonaceous species decreasing the catalysts performance. This is most clearly
expressed in this work for the La-doped system. However, in conditions of POM
even in realistic feeds providing in general more oxidized state of the surface, which
is less prone to the accumulation of carbonates and carbonaceous deposits, a
considerable contribution of DR to the methane conversion in the part of the
channel where the gas-phase oxygen is absent could not be excluded as well at
higher temperatures and longer contact times.

Conclusions

The catalytic performance of Pt-promoted fluorite-like doped ceria-zirconia oxides
in the dry reforming of CH, at short contact times in realistic feeds correlates with
the lattice oxygen mobility required to prevent blocking of surface sites by strongly
bound carbonates or carbonaceous species. The reverse water gas shift reaction was
found to be rather fast affecting the H,/CO ratio in the produced syngas. The rate
constants of DR over these catalysts are several times lower than are those of POM,
which indicates the direct route of methane transformation into syngas in the
presence of oxygen.
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ABSTRACT

This work considers effect of type and content of dopant on the real structure, state of surface
Pt species and oxygen mobility of nanocrystalline Lny(Ceg sZros);xO25 (Ln=La’", Gd*",
Pr*"*") solid solutions prepared by Pechini route. For the reactions of methane selective
oxidation and dry reforming into syngas, catalytic activity correlates rather well with either
surface (in diluted feeds) or bulk (in realistic feeds) oxygen mobility as well as Pt dispersion
controlled by the type and content of a dopant .

INTRODUCTION

Ceria-zirconia oxide solid solutions with supported precious metals are promising for such
applications as automotive catalysis [1], transformation of hydrocarbons or oxygenates into
syngas by partial oxidation or autothermal reforming [2,3], anode materials for solid oxide fuel
cells [3] etc. The oxygen mobility and state of supported Pt are important factors for their high
and stable performance. This work considers effect of type and content of dopant on the real
structure, state of surface Pt species and oxygen mobility of nanocrystalline Lny(Ce 5Zr0.5)1-xO2-
s (Ln=La’", Gd*, Pr3+/4+) solid solutions prepared by Pechini route as related to catalysis of
methane transformation into syngas.

EXPERIMENT

Dispersed Lny(CegsZrp5)1xO2 samples with La, Pr, or Gd content in the range of 5-30 at.%
were prepared by a polymerized complex precursor route and calcined at 500-700 °C for 4 h [4-
6]. Pt (1.4 wt.%) was supported from H,PtCls solution by incipient wetness impregnation
followed by drying and calcination at 500 °C for 2 h.

Structural features of samples were characterized by X-ray Diffraction (XRD) using an
URD-6 diffractometer (Germany) with Cu K, monochromatic radiation (A=1.5418 A). For Ce-
Zr-Pr(La)-O series the neutron diffraction studies were performed at room temperature using a
D7a neutron diffractometer (IVV-2M reactor, Zarechny, Russia) [5]

The EXAFS spectra were obtained at the EXAFS Station of the Siberian Synchrotron
Radiation Center using for data analysis the curve fitting procedure with EXCURV92 code [6].



Transmission Electron Microscopy (TEM) micrographs were obtained with a JEM-2010
instrument (lattice resolution 1.4 A) and acceleration voltage 200 kV. Local elemental analysis
has been carried out using an X-ray dispersion Phoenix spectrometer.

Surface centers were characterized by the Fourier Transform Infra-red Spectroscopy (FTIRS)
of adsorbed CO (Shimadzu 8300 spectrometer) [5].

BET specific surface area (Ss,) was determined from the Ar thermal desorption data.

Dynamic isotope oxygen exchange was carried out in the temperature-programmed mode in a
static installation with MS control of the gas phase as described elsewhere [2, 5]. Activation
energy of isotope exchange was estimated following approach suggested by Hall et al [7].

Catalytic activity of samples in the reactions of selective oxidation and dry reforming of CHy
at short contact times (0.5-25 ms) was studied both in the temperature-programmed and
stationary modes at temperatures up to 900 °C in a flow installation by using a flow quartz
reactor and CH4+ O, (CO,) in He feeds (CH4 concentration 1+ 20%, CH4/O, =2, CH4/CO, =1)
following earlier described procedures [2, 5, 8]. In diluted feeds, 0.25-0.5 mm catalysts fractions
were tested, while in concentrated feeds, active components were supported on thin (thickness
0.25 mm) walls of separate triangular channel (side 2.5 mm) cut from the corundum
honeycomb substrate [2, 8]. The same channels were used in high-vacuum TAP (Temporal
Analysis of Products) pulse studies to elucidate atomic -scale effects of oxygen mobility in a
complex oxide on primary routes of CHy transformation into syngas [8]. In these experiments, a
TAP-2 high temperature reactor and a UTI quadruple mass-spectrometer were used.

RESULTS AND DISCUSSION

Structural features

For samples doped by Gd, Pr and La, diffraction patterns correspond to homogeneous fluorite-
like solid solution with the lattice parameter increasing with the dopant content [9]. While X-ray
reflections in the first approximation can be indexed in the Fm3m space group [9], neutron
diffraction patterns for Pr or La-doped samples are better described by the tetragonal P42/nmc
space group [10]. Since c/a ratio is rather close to 1 (1.39-1.42), this structure corresponds to t -
phase with distorted oxygen sublattice [1]. The lattice parameters increase with the doping level
reflecting bigger sizes of doping cations. Domain sizes of all studied samples are in the nano-
range being comparable and declining with the dopant content (see, i.e. Fig. 1 and 2). This is
accompanied by decreasing microstrains density Ad/d as shown in Fig. 2 for Pr-doped system.
With a due regard for neutronographic studies by Mamontov et al [11] on the nanoscale
heterogeneity of Ceg sZrysO, sample comprised of zirconia-enriched domains in ceria-enriched
matrix, this trend can be explained by relieving the lattice strains due to replacing small Zr*
cations by large Ln" cations. However, the isotropic temperature parameter for the oxygen
atoms Bp was found to increase with Pr content (Fig. 2). This suggests a complex
rearrangement of the oxygen sublattice with doping. Indeed, EXAFS data agree with this
suggestion. First of all, in agreement with neutron diffraction data, EXAFS revealed pronounced
tetragonal distortion of coordination spheres of all cations in ceria-zirconia samples [9, 10, 12].
Moreover, doping provides a specific rearrangement of coordination polyhedra of different
cations. Thus, for Gd-doped series, the increase of Gd content (x) from 0 to 0.3 is accompanied
by the increase of Zr-O integral coordination numbers (CN) from 6.7 to 8.0, while distances
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Figure 1. High resolution TEM image of Pt-supported particles of Lng 3(Ceg sZr 5)0.7 O samples:
Ln =Pr(a) and Gd (b)

increase from 2.10-2.26 A to 2.15-2.32 A. On contrary, despite the unit cell expansion, Ce-O
distances contract with doping (from 2.20 -2.40 A to 2.18-2.35 A), while CN decrease from
2.8+4.7 to 2.6+3.0, respectively. A similar trend — decrease of coordination numbers and
distances with the doping level was revealed for Gd-O sphere making it more dense and
symmetric. Since magnetic susceptibility data revealed clustering of Gd*" cations at a high
doping level [12], this suggests that some ordering of Gd distribution in the lattice occurs
causing such a local structure rearrangement. This rearrangement removes Ce’*cations (as well
as associated “free” anion vacancies) present in ceria-zirconia samples only at a low doping level
[12]. Similarly, magnetic susceptibility measurements revealed appearance of Pr*" cations at a
high Pr content, their mole fraction reaching up to 30 rel.% at xPr =0.3 [12]. Hence, clustering
of doping cations at a high doping level can be a general trend and a driving force for the
structure rearrangement.

As follows from the high resolution TEM images of Pt-supported samples (Fig. 1), separate
Pt particles are not observed despite rather high (1.4 wt.%) loading. This suggests that supported
Pt is mainly present as oxidic species due to strong interaction with support [ 1] which agrees
with the FTIRS data of adsorbed CO (vide infra).
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Surface features

According to XPS and SIMS data [4], the surface is enriched by bigger Pr, Ce and La
cations and is depleted by smaller Zr, Gd and cations. This suggests that domain boundaries are
as well enriched by bigger cations.

As revealed by FTIRS of adsorbed CO, on the surface of oxides coordinatively unsaturated
isolated Ce*"/Zr*" cations (carbonyl bands at 2160-2180 cm™) and clustered Me ** cations (bands
at 2110-2125 cm ') are present [4]. As a typical example, Fig. 3 shows dependence of the
intensity of Me*" -CO and Me** -CO bands on the Pr content. The decrease of the intensity of
Me*"-CO band with Pr content correlates with decreasing the density of microstrains, while
subsequent increase can be explained by the increase of the density of domain boundaries (vide
supra). Hence, Lewis acid sites -coordinatively unsaturated Me*" cations appear to be located at
outlets of extended defects.

For Pt-supported samples, FTIRS of adsorbed CO revealed several Pt species (Pt°, Pt", Pt*")
[4]. The intensity of high-frequency carbonyl bands corresponding to CO complexes with
isolated Pt** cations (Fig. 4) is strongly affected by the type and content of doping cation. For Pr-
doped samples the intensity of Pt*"-CO band correlates with that of Me*-CO band, thus
suggesting that extended defects (domain boundaries) play some role in stabilization of Pt**
species on the surface. The highest intensity of Pt**-CO band for La-doped samples is explained
by the positive role of the largest (and the most basic) La cations in stabilization of Pt cationic
species. The decrease of this band intensity at the highest La content can be explained by Pt
incorporation into domain boundaries or subsurface layers.

The oxygen mobility and catalytic activity

As follows from Figure 5, the oxygen mobility characterized by a dynamic degree of
exchange Xs (amount of oxygen exchanged up to a given temperature) [4] tends to decrease with
the dopant content. At 650 °C, X is below a monolayer, so this parameter mainly characterizes
the surface/near surface oxygen diffusion [13]. Decrease of the lattice oxygen mobility with Gd
or La content certainly correlates with increasing the symmetry and average CN for Zr-O
sphere, contraction of Ce-O sphere (hence, strengthening of Ce-O bond) and disappearance of
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free anion vacancies caused by a complex rearrangement of coordination polyhedra (vide supra).
These results agree with known models explaining enhanced oxygen mobility in ceria-zirconia-
based solid solutions by the presence of free anion vacancies and/or Frenkel-type defects,
distortion of Zr-O sphere and weakening of Ce-O bond [1, 4, 9, 11-13]. Thus, for La-Ce-Zr-O
samples, a higher surface/near surface oxygen mobility can be explained by a weaker surface
Ce-O bond as revealed by SIMS studies [4, 9]. Some increase of Xg at a high Pr content can be
explained by increasing the Pr** share (vide supra), which favors mixed ionic-electronic
conductivity via chains of Pr’*-Pr** cations, and, hence, oxygen mobility, perhaps, along
domain boundaries enriched by Pr cations [4]. In general, E, of oxygen exchange for samples
without Pt (Fig. 6) decreases with increasing the size of doping cation being controlled by the
energy barrier for the oxygen migration.

Pt supporting affects surface/near surface oxygen mobility both via incorporation of Pt**
cations into the surface layer/domain boundaries and by facilitating O, molecules dissociation
[13]. This is reflected in decreasing E, (Fig. 7) which becomes close for different systems at a
high doping level. Detailed analysis of oxygen exchange kinetics by Monte Carlo modeling
following earlier described approach [14] revealed that for Pt-supported systems the surface and
near-surface constants of oxygen diffusion are indeed comparable, while the highest bulk oxygen
mobility is found for Pr-doped system, and the lowest (by 6-9 times)—for La-doped system,
which correlates with the higher strength of bulk Ce-O bond for the latter by SIMS [4].

Catalytic activity in methane selective oxidation/dry reforming in diluted feeds was shown
to correlate with concentration of Pt*" species (and, hence, its dispersion) as well as the surface
oxygen mobility [4], activity of samples series decreasing in the order La>Pr>Gd. This is
explained by a high efficiency of CH4 molecules activation on dispersed oxidized Pt sites
yielding H; as primary product even in the presence of adsorbed oxygen species. In the TAP
experiments (Fig. 8), instantaneous H, formation is demonstrated by a sharp H, response with a
steep profile. The decrease of a time lag between O, and CH,4 pulses does not strongly affect H,
formation since fast bulk oxygen diffusion removes too reactive oxygen species [8].

In concentrated feeds at low temperatures, this order of activity is retained as well (Fig. 9).
However, at higher temperatures the highest activity is demonstrated by Pr-doped system, while
activity of La-doped system decreases due to coking. The same trend was observed for partial
oxidation of methane. Hence, in realistic feeds with a high CHy4 content, a high bulk oxygen
mobility is required to prevent coking leading to deactivation
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CONCLUSIONS

The real structure of nanocrystalline doped ceria-zirconia samples is characterized by a complex
rearrangement of coordination polyhedra with doping. This results in strong variation of the
oxygen mobility and state of supported Pt controlling their catalytic properties.
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For nanocrystalline ceria-zirconia samples doped with rare-earth (Gd, Pr, La) cations prepared via mod-
ified Pechini route and promoted by Pt supported by wet impregnation, parameters characterizing their
oxygen mobility and reactivity were estimated from results of oxygen isotope exchange experiments in
both isothermal and temperature-programmed modes using different procedures. Observed trends in
variation of oxygen exchange parameters with the type and content of a dopant were explained with a
due regard for the real structure and surface properties of samples earlier characterized in detail. For the
reaction of partial oxidation and dry reforming of methane in diluted feeds, catalytic activity correlates
both with Pt dispersion and oxygen mobility. For the reactions of acetone autothermal reforming and

CH4 dry reforming in realistic feeds, catalytic activity is mainly determined by the surface/bulk oxygen
mobility responsible for coking suppression.

© 2010 Elsevier B.V. All rights reserved.

1. Introduction

Ceria-zirconia oxide solid solutions with supported precious
metals are promising as catalysts for automotive control, trans-
formation of hydrocarbons or oxygenates into syngas, solid oxide
fuel cell anodes etc. [1-4]. The lattice oxygen mobility is an impor-
tant factor ensuring a high efficiency and stable performance of
these systems. The incorporation of rare-earth cations into Ce-Zr-0O
oxides stabilizes their structure and tunes the oxygen mobil-
ity [1,5-7]. Isotope oxygen heteroexchange is one of the most
straightforward methods to characterize the oxygen mobility and
reactivity [8-18]. However, papers devoted to systematic estima-
tion and analysis of the oxygen exchange parameters for series of
Pt-supported doped ceria-zirconia samples are still rare [5,7]. Stud-
ies of the real structure and surface properties of ceria-zirconia
solid solutions doped by La, Gd or Pr cations carried out last
years by authors [7,19-23] provide required basis for such an
analysis. This paper is devoted to estimation of parameters char-
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acterizing the oxygen mobility in Pt-promoted nanocrystalline
ceria-zirconia solid solutions doped by La, Gd, or Pr by using
results of isotope exchange experiments in both isothermal and
temperature-programmed modes. Factors controlling mobility and
reactivity of oxygen were analyzed with a due regard for these
samples structure and surface properties. The impact of oxygen
mobility on these catalysts performance in partial oxidation of
methane (POM), its dry reforming (DR) and autothermal reforming
(ATR) of acetone into syngas at short contact times was consid-
ered. These three reactions were selected here for comparison
because they are known to differ substantially by the coking abil-
ity (ATR > DR >POM) [24-27], thus presenting a good possibility for
elucidating the relevance of the oxygen mobility for the same series
of samples with a due regard for the reaction specificity.

2. Experimental

Dispersed samples of ceria-zirconia based solid solutions
(Cep5Zros5)1-xLnxO3_5 (Ln=Pr, La or Gd, x=0.05-0.3) were pre-
pared by polymerized complex precursor route and calcined at
700°C [2,5]. Pt (1.4 wt.%) was supported from H,PtClg solution by
incipient wetness impregnation followed by drying and calcina-
tion at 500 °C for 2 h. Results of detailed characterization of the real
structure and surface properties of samples by using combination
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of diffraction (TEM, XRD, neutronography), spectroscopic (EXAFS,
SIMS, XPS, FTIRS of adsorbed CO molecules) and magnetic methods
are given elsewhere [5,7,19-23]. Specific surface area of samples
varies in the range of 50-150 m?2/g increasing with the dopant con-
tent and decreasing after Pt supporting [4-7]. All kinetic parameters
reported in the paper if required were related per the surface unit
of samples.

Oxygen isotope exchange experiments with powdered samples
were carried out in a static installation (V=680 cm?3) with on-line
control of the gas phase isotope composition by QMS-200 (Stanford
Research Systems, USA) mass-spectrometer in two modes:

1. Isothermal isotope exchange (IIE) at pO, 1.5-4.5Torr at
360-650°C.

2. Temperature-programmed isotope exchange (TPIE) with the
temperature ramp 5 K/min from 100 to 750°C.

The initial 80 content in the gas phase was equal to 96%. Before
experiments, samples were pretreated for 2 h under air at 650°C.

Activation energy of exchange was estimated using IIE data as
well as data of TPIE following approach suggested by Cheselske et
al. [28].

Catalytic activity of powdered samples (fractions 0.25-0.5 mm)
in the reactions of autothermal reforming of acetone (ATR, feed
0.7% C3HgO+0.5% H,0+0.5% O, in He), partial oxidation (POM,
1% CH4+0.5% O, in He) of CH4 and its dry reforming (DR, 1%
CH4 + 1% CO5 in He) at short contact times (0.5-25 ms) was studied
at temperatures up to 900 °C in a flow installation following earlier
described procedures [5-7]. For POM, efficient first-order reaction
rate constants were calculated using the integral equation for the
plug-flow reactor which was shown to satisfactory describe the
experimental data [5] in agreement with results of Wei and Igle-
sia [29]. Thus, specific rates of methane transformation, related to
its inlet content in the feed, were obtained, and their multiplying
by the hydrogen selectivity yields the rates of hydrogen genera-
tion used for comparison of the samples activity [5]. For the ATR
of acetone, due to difficulties in closing the carbon balance, only
integral rates of hydrogen generation at 880 °C related to the spe-
cific surface area of catalysts were estimated using the steady-state
hydrogen concentration in the products and feed rate [20].

To estimate performance in DR in realistic feeds (CH4 content
7-20%) without impact of heat and mass transfer effects, catalytic
activity was tested using thin (~10 pm) catalytic layers supported
on the walls of single-channel triangular corundum substrate as
described earlier [30,31].

3. Theory

The redistribution of the isotope molecules during heteroex-
change 180,160, ; (i=0, 1, 2) characterized by their molar
fractions x; (xg+xq +x2=1) is described by isotope-kinetic equa-
tions [11-14]:

N do
gE:*R(a*as) (1)
g% =K1[20(1 — o) — x1 ] + Ko[ (1 — o) + ots(1 — o) — %1 ]

+K3[205(1 — as) — x1] (2)

Here N is the number of O, molecules, S is the surface area of oxide,
tis the time, o =0.5x1 +x,-isotope fraction, R=0.5K; + K3 is the rate
of heteroexchange, ki, k, and k3 are the rates of exchange of the
1st, 2nd and 3rd type (with participation of 0, 1 and 2 surface oxy-
gen atoms, respectively [11-14]), their sum giving the total rate of
exchange R.

For a complete description of the isotope redistribution, differ-
ential equations reflecting the isotope transfer in the solid phase
should be added to this system:

Ns 0o _ Ne 0oty

?W—R(a*as)*m?fn (3)
n=0

oy oy

P on? “)

With the initial and boundary conditions:

t=0: a=0a as=ay=a"; n=0: a,=o0;s

where «; is the fraction of 180 in the oxide bulk, Ny and N, are the
number of oxygen atoms in the surface layer of oxide and the num-
ber of exchangeable atoms in the bulk of the oxide, respectively;
n is the reduced depth (z) of the oxide layer n=z/h, where h is the
characteristic size of oxide particles; rp = D/h? is the effective dif-
fusion coefficient (diffusion relaxation constant), D is the oxygen
self-diffusion coefficient.

By transformation of isotope Eqs. (1) and (2), so called isotope-
mechanistic equation (5) without time was derived:

n[55] - -om (3).

Here v=z/s%, s=o — o, z=Xy —a?Xy, X, is the fraction of 180,
molecules, and parameters a and b are determined by the type of
mechanism [11]:

k _
a2k _Ket2s -1
r 0.5k7 + k3
ks K3

b:2r—k:/<2+2/<371

The depth of isotope penetration from the gas phase into the oxide
in the course of TPIE can be characterized by the value Ny deter-
mined from the relation:

2Na® + Nxa? = (2N + Ny) (6)

The value Ny is related to the average depth of isotope incor-
poration into the solid phase (lo) by relation Nx=np*S*l, (here
np is the number of oxygen atoms in the unit volume of oxide).
This quantity termed as “dynamic degree of isotope exchange”
[4,5] is expressed in relative units Xs = Nx/Ns and Xy = Nx/Ny,
corresponding, respectively, to the number of exchanged oxy-
gen monolayers Xs (1 monolayer=1.4 x 10'? atoms/m?) and the
exchanged fraction of the bulk oxygen, X;,.

Cheselske et al. [28,32] derived equation to estimate apparent
activation energy of heteroexchange in experiments with a linear
temperature ramp and uniform by reactivity species:

da/dT}
o=yl
Here, —da/dT is taken at the inflection point where it achieves a

maximum value, « is the respective isotope fraction at this point,
y is the equilibrium isotope fraction.

E=- [er (7)

4. Results and discussion
4.1. Oxygen isotope exchange

Temperature-programmed isotope exchange (TPIE): For all sam-
ples of fluorite-like oxides including those promoted by P,
linearization of results in coordinates of isotope-mechanistic Eq.(5)
revealed domination of the 3rd type of mechanism (a share in the
range of 0.7-0.9), without any impact of the 1st type of exchange.

Estimation of the dynamic degree of exchange [5-7] revealed
that at temperatures below 600 °C, the oxygen exchange is limited
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Fig. 1. Dependence of dynamic degree of exchange Xs on the dopant content for samples of Lny(Ceo5Zro5)1-x02-y (a) and Pt/Lny(Ceg5Zro;5)1-x02-y (b). PO, 2.5 Torr.

to the surface layers (Xs below 1 monolayer) due to much faster
surface reaction and diffusion as compared to the bulk diffusion
[16-18,33]. At higher temperatures incorporation of isotope into
the bulk of oxide particles occurs rather fast, so, for some sam-
ples, i.e. for Pt/Cey5Zrg50,_ sample, X5 achieves 4-5 monolayers
at 700-750°C [5,7]. To characterize mainly the surface/near sur-
face oxygen mobility, 650°C was selected as the temperature of
comparison [4-7]. Indeed, at this temperature for majority of sam-
ples considered here Xs is below a monolayer (Fig. 1), thus mainly
reflecting the oxygen migration within the surface/near-surface
layers. As integral parameter, Xs depends upon all factors control-
ling dynamics of the surface reaction and diffusion in solid, namely,
the sample pretreatment, gas phase oxygen concentration, temper-
ature ramp, etc. For the same sample in strictly fixed experimental
conditions, reproducibility of X; values is ca. 10 rel.%. Comparison of
X for different samples is the most informative when their specific
surface area (particle sizes) and composition do not differ substan-
tially [4-7], as is the case of the present studies.

For the undoped (parent) samples Cegs5Zrgs0,_x and
Pt/Ceg5Zrp50,_, Xs values at 650°C and 2.5Torr O, are equal
to 0.5 and 1.7, respectively, i.e. being in general higher than for
doped samples. This feature was explained by well-known micro-
heterogeneity of the structure of nanocrystalline ceria-zirconia
solid solutions consisting of domain enriched by Zr and Ce cations,
respectively [34]. This microheterogeneity generates Frenkel-type
defects (pairs anion vacancy-oxygen interstitial) revealed in these
oxides by detailed neutronographic studies of Mamontov et al.
[34]. Such defects decrease the activation barriers for the oxygen
diffusion and provide surface sites with a low oxygen bonding
strength more active in the oxygen exchange [5,35]. Extended
defects present at domain boundaries in Cey5Zrp50,_x sample
and detected also as microstrains by neutron diffraction data
analysis [21,23] can also provide paths for facile oxygen migration
due to strongly distorted coordination polyhedra in their vicinity.
Doping by smaller Pr and Gd cations provides more uniform
distribution of Ce and Zr cations [4,6], thus decreasing density of
Frenkel-type defects and microstrains and, as the result, decreasing
oxygen mobility [5,21]. On the other hand, for largest La cations,
Xs increases from 0.5 for undoped sample to 0.8 for moderate
(xLa=0.1) doping level (Fig. 1). In this case, the increase of the
lattice parameter accompanied by the decrease of the surface Ce-O
bond strength as revealed by SIMS [7,20] appears to be responsible
for the increase of X for this moderately doped sample.

According to EXAFS data [19-21,23], for samples doped by Gd
or La, symmetry and average coordination numbers (CN) for Zr-O
and Ce-O spheres increase with the dopant content, while Ce-O

sphere contracts, which suggests strengthening of Ce-O bond and
disappearance of “free” anion vacancies near Ce cations caused by
a complex rearrangement of coordination polyhedra. Usually, for
ceria-zirconia solid solutions distortion of Zr-O and Ce-0O spheres
and lattice expansion leading to appearance of longer (and, hence,
weaker) metal-oxygen bonds are considered as the most impor-
tant factors controlling oxygen mobility [1,6,7,19-21,23]. Hence,
clear expressed trend in declining of X5 with the doping level for
Gd- or La-containing samples can be explained by such complex
rearrangement of coordination spheres and disappearance of “free”
oxygen vacancies.

For Pr-doped samples some increase of Xs at a high Pr content
can be explained by increasing the Pr** share which favors mixed
ionic-electronic conductivity via chains of Pr3*-Pr#* cations, and,
hence, enhanced oxygen mobility, perhaps, along domain bound-
aries enriched by Pr cations [19-22].

Effect of Pt supporting on Xs (Fig. 1b) depends upon the type
and content of doping cation. This suggests specific interaction of
Pt with the surface sites/dopants, including, perhaps, even rear-
rangement of the surface layer caused by leaching of basic-type
Ln3* cations during incipient wetness impregnation by acid H, PtClg
solutions and incorporation of Pt** cations into the surface vacant
sites. For undoped sample, high values of Xs (~1.7 at 650°C [5])
was explained by a high density of microstrains and Frenkel-type
defects taking parts in stabilization of ionic Pt forms [5,7,20]. For
doped samples, a minor (if any) effect of Pt supporting for Gd-doped
samples appears to correlate with mainly subsurface location of
small Gd cations, while the strongest effect is observed for sam-
ples doped with the biggest La cations segregated in the surface
layer [20]. The most positive effect of Pt supporting on Xs, espe-
cially at a low dopant content, is observed for Pr-doped samples.
This seems to correlate with the highest ability of Pr3*/4* cations to
stabilize Pt as 2+/4+ cations [20]. Incorporation of these Pt cations
into the subsurface/near surface positions as well as into domain
boundaries is expected to generate oxygen vacancies as well as to
enhance mixed ionic-electronic conductivity along Pr3*/Pr%* chains
thus facilitating oxygen diffusion [20].

Estimation of E, of heteroexchange by Eq. (7) (vide supra) helps
to elucidate the effect of doping cations on the reactivity of surface
sites. In typical experiments inflection point is situated at temper-
atures ~600-700°C, thus being close to the temperature range of
Xs estimation. Hence, estimated in such a way activation energy
can be mainly considered as characteristic of the surface reaction
steps. For samples without Pt, E; of isotope exchange is higher for
doped samples reflecting variation of the real structure (disappear-
ance of extended defects at domain boundaries, more symmetric
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Pt/Lny(Ceo5Zro5)1-x02-y (b) samples on E, estimated by approach of Hall et
al.

and dense coordination sphere of Ce cations in the surface layer)
increasing the Ce-0O bond strength and decreasing the density of
oxygen vacancies in the surface layer. Decrease of E; with increas-
ing the size of doping cation Gd < Pr <La (and, hence, increasing the
lattice parameter [4,6,7,21]) agrees with this suggestion, since a
longer (and, hence, weaker) Ce-0 bond strength suggests a lower
activation barrier for its rupture as well as a higher density of anion
vacancies at chemical equilibrium with the gas phase oxygen.

Pt supporting effect on E; clearly depends upon the type and
content of doping cation (Fig. 2b). Pt supporting on undoped
Ce-Zr-0 sample increases apparent activation energy (Fig. 2b).
Since Pt sites are known to be much more active in oxygen iso-
tope exchange than ceria-zirconia surface centers [16-18,33], this
suggests that thus estimated E, is mainly determined by such steps
as oxygen spillover from the Pt to support and/or surface/near sur-
face diffusion. Estimation by fitting SSITKA data for Pt/La-Ce-Zr-0O
sample revealed that at 650°C specific rates of exchange on Pt
and Pt-support spillover are 1-2 order of magnitude higher than
the rates of surface diffusion and exchange on support, the lat-
ter being comparable [33]. Hence, the temperature dependence
of the exchange rate on Pt-supported samples should be deter-
mined mainly by the isotope surface diffusion from the Pt clusters
to surrounding oxide regions.

For the largest (and, hence, the most basic) La cation, E; only
decreases with the doping level (Fig. 2b). Since fraction of oxidic Pt
forms (oxidic clusters, isolated Pt2* species, including those incor-
porated into the surface/subsurface layers and domain boundaries)
increases with La content [6,7,20], this implies that barriers for the
0, dissociation and surface/near-surface diffusion are decreased
due to such action of Pt oxidic forms. This can be explained by
generation of oxygen vacancies due to Pt?* incorporation into the
surface layer [6,7,19,21,33,36].
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Fig. 3. Comparison of E, estimated by different procedures for Pt/Pr-Ce-Zr-0 sam-
ples.

For Gd-doped samples Pt supporting decreases E, for all doping
levels (Fig. 2b). This can be also explained by the same mechanism
of oxygen vacancies generation due to Pt2* incorporation into the
surface layer. The decrease of activation energy does not increase
Xs (Fig. 1). Hence, the concentration factor-the density of “free”
oxygen vacancies is more important than the energetic one.

For Pr-doped sample the effect of Pt supporting on E, is the
most complex, increasing it for some compositions and decreasing
for others. At the highest doping level E; is identical for samples
with all dopants, agreeing with suggestion about changing the
rate-limiting stage determined by the oxygen surface diffusion.
A non-uniform distribution of Pt and Pr cations injon the surface
layer and domain boundaries might also affect paths of fast surface
diffusion.

Activation energies of exchange were also estimated from
the initial low-temperature parts of temperature-programmed
exchange curves where the degree of exchange is small. In general,
there is a reasonable correlation between the values of activation
energy estimated by these two procedures as shown for Pr-doped
samples in Fig. 3. The values of E; estimated from the initial parts of
exchange curves tend to be lower than those obtained by the Hall
approach. This may be due to both a higher impact of steps occur-
ring on Pt sites [16-18] as well as participation of defect sites with
a lower oxygen bonding strength at lower temperatures.

Isothermal isotope exchange: For all samples, dependence of «(t)
was close to the exponential one considered as indication on the
identical reactivity of exchangeable oxygen forms [11-14]. This
allowed to estimate specific rates of exchange R by using a simple
integral form of Eq. (1). As follows from Fig. 4, dependence of these
rates on the dopant content is similar to that of Xs. This agrees with
conclusion that for Pt-supported samples dynamics of the oxygen
heteroexchange is controlled by the surface diffusion step.

Activation energies estimated from the temperature depen-
dence of specific rates of heteroexchange obtained in isothermal
experiments in general correlate with values derived from results
of TPIE experiments (Fig. 3).

To elucidate constants corresponding to the surface process and
bulk diffusion, respectively, fitting of IIE data by solving the sys-
tem of differential rate equations (1)-(4) following earlier verified
approach [33] was made. Typical results of fitting are shown in
Fig. 5. The rates of heteroexchange estimated from the integral
equation and by fitting were found to be quite close. The share
of the 3rd type of exchange varies from 0.85 to 0.93, i.e. close to
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Fig. 4. The rate of oxygen heteroexchange and dynamic degree of exchange for Pr
or Gd-doped Pt-supported Ce-Zr-0 systems at 650°C and 2.5 Torr O,.

that estimated by isotope-mechanistic equation (vide supra). E; of
heteroexchange (~70 kJ/mole) was close to that estimated from IIE
data by using an integral equation (~60 k]/mole).

The values of oxygen self-diffusion coefficients D (10-1°> to
1016 m?/s in studied temperature range) found by fitting are by
1-2 order of magnitude higher than the maximum values of D
estimated for the near-surface layer for Pt/supported La-Ce-Zr-0O
sample (~10-17 m2/s) from results of SSITKA experiments [33,36].
As expected, activation energy of bulk diffusion (~150k]/mol) is
higher than that of the surface processes (vide supra).

4.2. Catalytic activity

Within each series with the same doping cation, catalytic activ-
ity in methane selective oxidation (Fig. 6) in diluted feeds correlates
with concentration of Pt2* species (and, hence, Pt dispersion)
[5,7,20]. This is explained by a high efficiency of CH4 molecules
activation on dispersed oxidized Pt sites yielding H, and CO as pri-
mary products [5,31]. The difference in activity between the series
of samples (Pr>Gd) in POM as well as in DR in diluted feed (Fig. 7)
apparently correlates with the surface oxygen mobility character-
ized by Xs (vide supra). Hence, for the reactions characterized by
moderate reducing/coking ability (POM, DR in diluted feed) disper-
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sion of supported Pt seems to be more important factor than the
oxygen mobility.

In ATR of acetone characterized by more reducing reaction feed,
catalytic performance correlates mainly with the oxygen mobility.
This is explained by well-known excessive coking in this reaction
counteracted by the oxygen mobility [26].

For the reaction of CH4 dry reforming in concentrated feeds,
correlation of activity with the surface oxygen mobility (Xs) and Pt
dispersion (La>Pr>Gd [5]) is observed in the intermediate (up to
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Fig. 8. Temperature dependence of CHs conversion in CHs DR for 1.4%
Pt/Lng3-Ce-Zr-0 catalysts supported on walls of corundum channel. Feed com-
position 7% CH4 +7% CO, in He, contact time 15 ms.
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650°C) temperature range (Fig. 8). However, at higher (~800°C)
temperatures the order of activity is changed, and the highest per-
formance is demonstrated by Pr-doped sample. This apparently
correlates with the highest bulk oxygen mobility for this sample
(vide supra). Since for dry reforming reaction in real feeds the main
problem is coking leading to catalysts deactivation [24,25], this
result implies that the bulk mobility in complex fluorite-like oxide
supports is also an important factor favoring coke precursors gasi-
fication by supplying oxygen-containing species to the Pt-support
interface.

5. Conclusions

For nanocrystalline Pt-supported ceria-zirconia samples doped
with rare-earth (Gd, Pr, La) cations systematic comparison of
parameters characterizing their oxygen mobility and reactiv-
ity estimated from the results of oxygen isotope exchange
experiments in static installation in both isothermal (IE) and
temperature-programmed modes (TPIE) using different analysis
approaches has been made. Parameters characterizing exchange
mechanism (type of exchange) and surface/near-surface oxygen
mobility (dynamic degree of exchange Xs, E;) can be estimated with
a reasonable precision from results of high-throughput TPIE using
simplified analysis procedures. However, estimation of the specific
rates of exchange (especially with a due regard for steps occur-
ring on supported Pt or Pt-support oxygen spillover stage) and bulk
oxygen self-diffusion coefficient requires more detailed analysis of
isothermal exchange experiments data solving the system of dif-
ferential rate equations [33] or applying Monte Carlo simulation
[36]. For partial oxidation and dry reforming of methane in diluted
feeds, catalytic activity correlates both with Pt dispersion and oxy-
gen mobility. Performance in acetone ATR and CH4 DR in realistic
feeds is mainly determined by the oxygen near surface and/or bulk
mobility responsible for coking suppression.
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The effect of pretreatment and Pt content on the catalytic properties as well as mechanistic features of DR
were investigated for structured catalysts comprised of Pt supported on CeO,-ZrO, oxide doped by Pr.
Progressive reduction of cationic Pt species by the reaction feed lowers the activity in CH4 dry reforming
while accelerating the reverse water gas shift reaction catalyzed only by Pt°, which then decreases pro-
gressively the H,/CO ratio in the effluent. This process is counteracted by the mobility of surface oxygen
supplying oxygen atoms to reduced Pt centers thus ensuring their reoxidation and generating in parallel
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complex catalytic reactions. The processing of experimental data was fulfilled taking into account the
importance of cationic forms of Pt, reactivity of carbonate complexes coordinated to these cations and
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Kinetics oxygen surface/bulk diffusion. A quantitative evaluation of the density of catalyst’s active sites and their
Mechanism coverage by reactive species was accomplished and the rates both of the lattice oxygen diffusion and
Modeling main stages of the catalytic reaction were estimated.
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1. Introduction

Reforming of CH4 with CO, is an attractive reaction due to the
production of syngas with a low H,/CO ratio, suitable for oxo-
and Fischer-Tropsch synthesis processes [1,2]. Moreover, methane
dry reforming (DR) offers the additional advantage of consuming
two greenhouse gases, transforming them into products with high
added value. The reaction is also suitable for chemical energy trans-
mission systems [3]. However, the commercial application of dry
reforming reaction is limited due to the lack of effective catalysts
resistant to carbon formation.

Most group VIII metals, especially Ni based and noble metals
have been studied as catalysts for steam reforming, dry reform-
ing, partial oxidation and mixed reforming of methane [4-8]. The
deactivation is the main problem to tackle for design of a cata-
lyst suitable for an industrial application. The two most prominent
causes for the deactivation in DR are coke deposition and sin-
tering of the active metal phase. Most of the researchers agree

* Corresponding author at: Boreskov Institute of Catalysis SB RAS, prosp. Akad.
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that coke formation is the main cause of deactivation. Carbon
deposition results from two reactions, methane decomposition
(CH4 — C+2H;) and/or Boudouard reaction (2CO — C+CO,). The
type and the nature of the formed coke depend on the active metal
and in many cases on the support used. In the recent literature
reports ceria and zirconia materials have attracted attention as
carrier or catalysts for important industrial or environmentally
friendly reactions. In addition, the use of ceria-based oxides is
known to prevent an accumulation of carbon on the surface of
the catalysts thus helping to maintain the activity [9-12]. Litera-
ture data demonstrate that CeO,-based oxides remarkably modify
the activity of supported metals [13,14]. Pt/CexZr{_4O, catalysts
with a Ce/Zr ratio of 1, which have the highest redox capacity,
were shown to be very active and stable in methane to synthesis
gas transformation reactions [15]. However, in high-temperature
(especially, hydrothermal) conditions mixed ceria-zirconia oxides
are decomposed into phases enriched by ceria and zirconia, respec-
tively, which is accompanied by sintering of both oxide substrate
and supported Pt [16]. To increase thermal stability of these cata-
lysts, ceria-zirconia is doped by rare-earth cations, Al, etc. [16,17].
Among lanthanides, Pr as dopant was shown to provide the best
activity of Pt-supported ceria-zirconia catalysts in CH4 dry reform-
ing in concentrated feeds, which was explained by a high surface
and lattice oxygen mobility required to suppress coking [18,19].
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Furthermore, it is also important to analyze the mechanistic
pathways of the reforming reaction for developing an efficient cat-
alyst. Different steps in the mechanism have been established for
the formation of CO and H; from CHy4. Bradford and Vannice [20]
studied the kinetics of CO, dry reforming over supported Pt cat-
alysts suggesting that CHy is reversibly activated on Pt producing
CHy species and Hy. They also proposed that CO, participates in
the reaction via the reverse water-gas shift (RWGS) reaction yield-
ing OH groups which then react with adsorbed CHy intermediates
to form formate-type species (CHxO). Those intermediates decom-
pose then irreversibly into CO and Hs. In contrast, Wei and Iglesia
argued that CH,4 dissociation is the rate-limiting step, and C atoms
are the most abundant reaction intermediate on the surface, while
other steps are equilibrated [21]. Another reaction scheme for the
dry reforming over Pt/Al;03 catalyst was proposed by O’Connor
et al. [2]: the CHy4 activation proceeds on free Pt sites, and CO,
activation is assumed to be the slowest step assisted by hydro-
gen to form adsorbed CO and OH. The hydroxyl groups of the
alumina support are supposed to participate in the reaction mech-
anism. For Pt/ZrO, participation in the reaction mechanism of
hydroxocarbonates and formates stabilized on support was sug-
gested [2]. Maestri et al. performed a microkinetic analysis of the
dry and steam reforming [22] reporting that CH4 consumption
proceeds via pyrolysis, and oxidation of formed carbon involves
superficial OH groups, while CO, is activated via interaction with
adsorbed H.

The aim of the current investigations was to elucidate the fac-
tors controlling performance of Pt-supported Prg 3Ceq 352193502 _x
catalysts in CH4 DR at short contact times. Detailed experimental
studies and modeling of the behavior of structured Pt-supported
catalysts in this reaction are reported. The steady state and tran-
sient operation were studied in a tubular reactor with one-channel
catalytic fragment corresponding completely to a real honeycomb
monolith catalyst, which allows in turn defining the intrinsic cat-
alytic properties at contact times of 4-5ms. The application of
this kind of structure fragment allows, due to the small amount of
applied catalyst, to minimize and control the temperature gradients
along the channel [19,23]. The computational analysis of transient
experiments on the basis of original software was aimed at deter-
mining the rates of main stages of reaction mechanism and lattice
oxygen diffusion.

2. Experimental
2.1. Catalysts preparation and characterization

Complex fluorite-like Pro3Ceq35Zrp 350, 5 oxide was prepared
by a polymerized complex precursor route (Pechini) followed
by drying and calcinations in air at 900°C for 2h as described
elsewhere [17,24]. Pt (0.5, 1.6 and 4.9 wt.%) was supported from
H,PtClg solution by incipient wetness impregnation followed by
drying and calcination at 900°C. The specific surface area of
samples was determined from the Ar thermal desorption data
by using the BET method. XRD patterns were obtained with
an ARL XTRA diffractometer using Cu Ko monochromatic radia-
tion (A=1.5418 A); the 20-scanning region was 20-85°. The TEM
micrographs were obtained with a JEM-2010 instrument (lattice
resolution 1.4 A) and acceleration voltage 200 kV. Local elemental
analysis was performed with EDX method (a Phoenix Spectrom-
eter) XPS spectra were acquired using an ES-300 spectrometer
(Kratos Analytical, UK) equipped with two anodes (AlKa, 1486.6 eV
and MgKa, 1253.6eV) operated at 65W to prevent reduction of
Ce** in the surface layer. Samples were fixed on a holder by double-
side scotch tape. Calibration of XP spectra were made relatively
Eg(Ce3d)=916.7 eV.

To prepare structured catalysts, triangular channels of a-Al,03
monolith (wall thickness 0.2 mm, triangle side 2.33 mm, channel
length 10 mm) was washcoated with slurry of oxides with addition
of peptizers and surfactants and calcined at 900°C. Pt (1.6 wt.%)
was supported by the wet impregnation followed by drying and
calcination under air at 900°C.

2.2. Steady state and transient experiments

Both steady state and transient experiments were carried out at
atmospheric pressure using quartz reactors and flow installation
equipped with GC and on-line IR absorbance, electrochemical and
polarographic gas sensors for different components as described
elsewhere [23,25]. In this reactor, a single channel structural cat-
alytic element was placed [19,23]. The active component was either
placed into the triangular corundum channel as 250-500 micron
fraction loosely packed within it or supported as thin (~10 microns)
layers on its walls. This helps to provide the plug-flow regime of this
microreactor operation and minimize the temperature gradients
along the channel.

CH,4 concentration in the feed was varied in the range of 3.5-7%
with CH4/CO5 ratio =1, the temperature range was 650-800 °C and
contact time 4.7-15 ms. Before reaction, the samples were pre-
treated in O, stream at 700 °C. Effect of pretreatment in different
streams (O,, dry He at 900°C; 1%CO in N, or 1%CH4 in N, or
pure Hy at 500°C for 0.5 h; pure H, at 800°C for 0.5h) has been
studied as well. In the transient experiments after precondition-
ing a pretreatment flow was purged by He, and then He stream
was switched to required reaction mixture. The composition of the
mixture was continuously analyzed. Control experiments with a
single channel fragment of the corundum showed that, at gas flow
rates of about 301h~!, the purge time of the system is no longer
than 2-4s.

3. Results and discussion
3.1. Catalysts characterization

For dispersed Prg3Ceq35Zrg350,_x Oxide, specific surface area
is 29m?2/g. For promoted by Pt samples it varies in the range
of 14.6-13.5m?/g decreasing with Pt content. This suggests that
a part of supported Pt is encapsulated within support particles
sintered due to their surface activation by acidic H,PtClg solu-
tion followed by high-temperature calcination [26]. XRD patterns
correspond to fluorite-like solid solution [24,27]. In addition, for
Pt-promoted samples with Pt loading 1.6 and 4.9 wt.%, reflections
at 260 ~39, 47, 68, 83° corresponding to metal Pt particles with
typical sizes ~40-60 nm were observed, their intensity increas-
ing with Pt content. As revealed by analysis of integral intensity
of these reflections using Pt/corundum sample as a standard,
only a small (<10%) part of Pt is present as metallic particles
detected by XRD, which is a typical feature of Pt-supported doped
ceria-(ceria-zirconia) oxides [24,26]. This conclusion is supported
by TEM data (Figs. 1-3). For as-prepared samples (Fig. 1) only
small (typical sizes up to several nanometers) Pt clusters strongly
interacting with support and possibly covered by support oxidic
fragments are revealed. For samples with the highest Pt content,
big Pt particles are very seldom observed at the edges of sup-
port platelets. After sample contact with the reaction feed 7%
CH,4 +7% for 5h at 800°C, the number of Pt clusters per the sup-
port surface unit and their size appear to be somewhat increased,
without any pronounced sintering (Fig. 2). Big Pt particles are much
more frequently observed after strong reduction by H, at 800°C,
though small clusters were observed as well being apparently
better crystallized than those on the surface of oxidized samples
(Fig. 3).
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Fig. 1. Typical morphology of Pt particles in oxidized Pt/PrCeZrO samples. (a) Dis-
ordered Pt cluster on the surface of 1.6%Pt/PrCeZrO sample, (b) big Pt particle at the
edge of support platelet in 4.9%Pt/PrCeZrO sample.
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In general, XPS results (Fig. 4) agree with XRD and TEM data.
For oxidized samples, three different states of Pt (BE 71-72, 73
and 75 eV) corresponding to species in 0, 2+ and 4+ states [28,29]
have been observed (Fig. 4). For sample with the lowest Pt load-
ing, Pt9 state was not detected. The ratio of surface concentrations
of Pt/Pr+Ce+Zr increases from ~0.2% to ~0.45% and ~1% with
increasing Pt loading from 0.5 to 1.6 and 4.9 wt.%, respectively.
Such a low surface concentration of Pt suggests incorporation of
Pt cations into the surface/subsurface layers of fluorite-like oxides
and its strong interaction with support (decoration of Pt clusters
by support oxidic species) [26]. This agrees with data of infra-
red spectroscopy of CO test molecules adsorbed on the surface of
such samples at liquid N, temperature revealing domination of Pt2*
and Pt* cationic species [17,24,25]. Pt4* cations even if present on
the oxidized surface could not be detected by this method due to
reduction by CO even at 77 K. Pretreatment of sample with 1.6%
Pt in the reaction feed at high temperature results in reduction of
Pt2* to metallic Pt (Fig. 4) while Pt/Pr+Ce+Zr ratio only slightly
decreases from ~0. 45% to ~0.4% in agreement with TEM data.
High-temperature reduction of this sample by H, decreases further
Pt/Pr+ Ce +Zr ratio to ~0.2%.

3.2. Catalytic activity

3.2.1. Steady-state characteristics

Typical transients observed after contact of oxidized catalyst
fraction filling the corundum channel are shown in Fig. 5 for sample
with the highest Pt content. For the steady-state regime achieved
at times on-stream >3000s, the effective first-order rate constants
were estimated by using the equation for the plug-flow reac-
tor following earlier described approaches [19]. These constants
varying in the range of 1-4m~2s~! are roughly proportional to
the surface Pt concentration estimated by XPS (vide supra). At all
temperatures, H,/CO ratio is <1 (Fig. 5), which is the usual fea-
ture of CH4 dry reforming explained by the parallel occurrence
of reverse water gas shift (RWGS) reaction consuming hydrogen

Fig. 2. Typical morphology of Pt clusters on the surface of 1.6%Pt/PrCeZrO sample treated in the reaction at high temperatures and respective EDX spectra.



V.A. Sadykov et al. / Catalysis Today 171 (2011) 140-149 143

p_____________ T TIW
000 1.00 200 300 4.00 500 600 7.00 800 900 10
kel

PIL

B0 100 200 300 200 500 600 700 B0 910 1
kel

c v
369

8 cuL
4 Io K

i d §
000 1.00 200 300 400 500 600 700 800 9.00 10
keV

100 nm

3.10A

| 10 nm

Fig. 3. Typical morphology of Pt particles on the surface of 1.6%Pt/PrCeZrO sample after reduction by H, at 800°C and respective EDX spectra. (a) Small ordered Pt platelet,

(b) big Pt particle, (c) high resolution image of the edge of big Pt particle.

and producing H,0 and CO [31]. Comparison of the WGS reaction
product ([Hy]*[CO5])/([COJ*[H20]) with respective equilibrium
constant calculated following known approaches [32] (Fig. 6) shows
that for sample with a low Pt content this reaction is far from equi-
librium. For samples with higher Pt loadings, within uncertainty of
analysis, WGSR is rather close to equilibrium, though some devia-
tion due to faster WGSR appears to take place. Hence, at a low Pt
loading, RWGS reaction is hampered due to domination of oxidic Pt

species not able to activate hydrogen molecules. For samples with
higher Pt loadings, some deviation from the WGS reaction equilib-
rium can be explained either by a slow rate of direct step due to
a weak bonding of CO with Pt clusters [31] or conjugation of the
reverse WGS reaction with methane dry reforming as suggested
by Bradford and Vannice [20]. Since slow transients observed for
pretreated in O, Pt-supported catalysts (Fig. 5) can be caused by
samples reduction in the reaction feed [19,23], special experiments
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Fig. 4. XPS spectra for 1.6%Pt/PrCeZrO sample after oxidizing pretreatment (a) and
after high-temperature treatment in the reaction feed 7% CH4 +7% CO, in He.

were carried out to clarify the effect of pretreatment on catalysts
performance.

3.2.2. Effect of pretreatment

Pretreatment in H, at 800 °C for 0.5 h leading to complete reduc-
tion of fluorite-like oxide strongly deactivates catalysts decreasing
CH4 and CO, conversion from ~40-50% to ~10% at 700°C and
15 ms. According to TEM data (Fig. 3), reduction in H, at 800°C
generates big Pt particles located on support, and, as judged by
XPS, dispersion of Pt decreases in average as well. EDX spectrum
from the edge of such a particle demonstrates that it is essentially
free from any trances of Pr, Sm or Zr cations. Hence, deactivation of
catalysts due to high-temperature reduction could not be assigned
to any effects of strong metal —-support interactions such as forma-
tion of surface PtCe alloys or ceria overlayers [26]. Rather, it can be
explained not only by decreasing Pt surface area but also by order-
ing the structure of Pt clusters and decreasing their surface coverage
by oxidic fragments. While ordering apparently decreases coordi-
native unsaturation of Pt, and, hence, its reactivity with respect
to C-H bond activation in methane molecule [21], decreasing the
surface coverage of Pt clusters by oxidic/carbonate species derived
from support decreases the Pt-support interface and clearly ham-
pers support-Pt reverse oxygen spillover. All these factors appear
to be reflected in the catalyst deactivation caused by severe reduc-
tion. On the other hand, such factor as support excessive reduction
could not be too important, since in the presence of CO, in the

81a
7
6 co
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R 4
3 CO,
2
1
0 : : : : ‘
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reaction feed support can be rapidly reoxidized by carbon diox-
ide to the steady-state level of stoichiometry. Reduction by H; at
500°C for 0.5 h (removes up to 5 oxygen monolayers [17]) does not
change the steady-state activity though transients varied signifi-
cantly (not shown for brevity). Since features of transients could
be affected by the radial and axial mixing occurring even within a
narrow channel filled with the catalyst fraction or byproducts (CO5,
H,0) diffusion within porous catalysts particles with typical sizes
up to 0.5mm, detailed studies of these transients as dependent
upon the type of pretreatment have been carried out for thin (~10
microns) layers of 1.6 wt.% Pt/PrCeZrO catalyst supported on walls
of separate corundum channel. Selection of this composition as a
basic for these studies was determined by compromise between its
reasonably good activity and Pt content acceptable for any practical
application.

Transient curves of reagents and products responses after
switching the stream of He to the reaction feed for this structured
catalytic element pretreated in different conditions are presented
in Fig. 7. Oxidized catalyst has the highest activity, probably due to
a better activation of methane on cationic Pt species stabilized due
to interaction with support [20]. For oxidized catalyst, the maxi-
mum value of H,/CO ratio achieved up to 20-30s of transient after
switch from He to CH4 + CO, stream is close to 1. This suggests that
CHy4 DR on cationic Pt sites could include interaction of activated
CHy species and (hydroxo)carbonate located in the coordination
sphere of the same Pt cation. The lower is the degree of oxidation
varied due to pretreatment (pretreatment in He removes up to 0.5
monolayer of oxygen, pretreatment in CO or Hy removes up to 3
monolayers), the lower is the maximum H;/CO ratio (Fig. 7e). This
shows that the reverse water-gas-shift reaction is indeed favored
by the catalystreduction. Progressive reduction of oxidized catalyst
by reaction feed decreases activity in CH4 reforming with time-on-
stream while accelerating reverse water gas shift reaction catalyzed
only by Pt0, thus progressively decreasing H,/CO ratio in prod-
ucts. Note that pretreatment in He leading to rather mild reduction
of catalyst affects fast CO transients even stronger than reduction
by CO or CH4 (Fig. 7). Since high-temperature pretreatment in He
not only removes oxygen from support and reduces Pt** cations
to Pt2*/1* state, but also causes a pronounced dehydroxylation of
the oxide as well, this suggests that, in agreement with hypothe-
sis of Bradford and Vannice [20], hydroxyls could be involved in the
reaction sequence of CH,4 dry reforming reacting with activated CHy
species at least in unsteady-state conditions. Though reduction by
CH4 not only removes the oxygen from fluorite-like oxide but also
generates some coke precursors due to methane pyrolysis on Pt?
sites [17], in studied experimental conditions transients after pre-
treatment by CO and CH4 were identical. Hence, the coke precursors
even if formed in these mild pretreatment conditions apparently do

T T T T 1
0 700 1400 2100 2800 3500
Time, s

Fig. 5. Typical transients at contact of oxidized 4.9Pt/Prg3Ceq35Zr03504 catalyst with reaction feed at 700°C (a) and respective variation of H,/CO ratio in effluent with

time-on-stream at different temperatures (b). 7% CH4, CH4/CO; =1, contact time 15 ms.
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not affect the surface steps. Note also that pretreatment by CO or
CH,4 not only decreases initial conversions of reagents and concen-
tration of products but also provides a faster deactivation of the
catalyst. Hence, transfer of surface or bulk oxygen species from the
oxide support to Pt/support interface apparently helps to stabilize
highly active Pt cationic species. Hence, these experiments revealed
that the most active and selective state of Pt/PrCeZrO catalyst is
achieved after oxidizing pretreatment. So, to clarify the mechanis-
tic aspects of CH,4 dry reforming on this catalyst, detailed transient
studies have been carried out after oxidizing pretreatment of this
sample with a broad variation of contact times and temperatures
of experiments.

3.3. Effect of temperature and contact time on transients

Fig. 8 presents the transient data obtained at shorter contact
times (higher feed rates) when the dead time effect of the system
purging is minimized. These results in general agree with those
obtained at lower temperatures and longer contact times (Fig. 7).
Conversion of reagents, concentration of products and H/CO ratio

4.5

O'OA T T T T T T T 1
0 20 40 60 80 100 120 140 160

Time, s

4.5

0 20 40 60 80 100 120 140 160
Time, s

Fig. 7. Effect of pretreatment type (numbered 1-4 on curves) on reaction component transients observed for structured 1.6 wt.% Pt/Pry3Ceq3Zr350,_« catalyst. Feed com-
position: 3.5% of methane at CH4/CO; =1, contact time 15 ms, T=650°C. Pretreatment conditions: 1 - pretreatment in O, 2 - pretreatment in He, 3 - pretreatment in 12CO
in He, 4 - pretreatment in 1% CH, in He; pretreatment time 60 min; temperature of pretreatment 900 °C (1, 2) or 500°C (3, 4).
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Fig. 8. Fast (A,B) and slow (C,D) parts of for oxidized structured 1.6 wt.% Pt/Prq3Ce3Zr350, x catalyst after contact with feed 7% CH4 +7% CO, in He at 750 °C. Contact time

4,72 ms (A,C) and 8 ms (B,D).

increase with the contact time (Fig. 8). These transients were ana-

lyzed in details by applying mathematical modeling.

3.4. Modeling

The mathematical model and software were developed

numerical studying the transients of a complex catalytic reaction
in the plug-flow reactor where a fragment with a single channel

The kinetic scheme consisting of 6 catalytic stages has been con-
sidered. The catalytic stages have been selected on the basis of the
analysis of experiments presented above as well as the literature
data [2]. The scheme reflects the methane transformation on the
active cationic Pt-centers, stabilization of Pt centers by the lattice
oxygen, the interaction of carbon dioxide with oxidized Pt centers
and surface oxygen vacancies of the catalyst layer, and the step
providing RWGS reaction pathway:

for

of the catalytic monolith is placed. The process model describes

both the conversion of oxygen-containing species on the catalyst
surface by reaction steps and the surface/near surface mobility of

oxygen.

3.4.1. Kinetic scheme

The reaction scheme of methane dry reforming has been consid-

CO, + [PtO] <> [PtCOs]

CHy + [PtCO5] — 2CO + 2H; + [PtO]
CHg4 + [PtO] — CO + 2H, + [Pt]
4)[Pt] +[Os] < [PtO] + [Vs]

5)CO5 + [Vs] — CO +[Os]

6)H, + [PtO] — H,0 + [Pt]

1
2)
3) (1)

ered that includes the syngas formation by interaction of methane

and CO, as well as the water-gas shift reaction. The rates of
Boudouard reaction and CH4 decomposition are assumed to be neg-

ligible, so coke formation in the time range considered here is
taken into account.

The analysis of experimental data given above shows that reac-

Here [PtO] and [Pt] denote the oxidized and vacant Pt-centers,
[PtCO3] is the carbonate complex, [Os] and [Vs] are the oxidized
and vacant sites inside the lattice layer.

The following stoichiometric pathways correspond to this set of
catalytic stages:

not

tion steps on the catalyst surface could occur on the Pt centers

as well as on the available active sites of CeO,-ZrO, mixed oxide

schematically presented in Fig. 9.

U
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Fig. 9. Scheme of the near-surface layer of Pt/PrCeZrO catalyst.
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According to the mass action law the rates of catalytic steps look
as follows:

1 = k1Cco,01, r1=k 6,
12 = kaCeny, 02

r3 = k3Ccy, 01

r4 = ka(1 -6 —60,)03,
15 = ksCco, (1 —03)

16 = keCh, 01

r_g =k_461(1-063)

where 1; is the rate of the ith catalytic stage (i=1,2,..., 6); Ccp,,
Cco, and Cy, are the concentrations of Hg4, CO; and Hj in the gas
mixture correspondingly; 64, 65, and 03 are the relative surface
concentrations of oxidized Pt-centers [PtO], carbonate complexes
[PtCO3], and oxidized lattice layer sites [Og] respectively; k; is the
rate constant of the ith catalytic stage (i=1,2,.. ., 6).

It is assumed that the total number of active Pt-centers is
equal to

[ZO] + [ZCO3] + [Z] =Ny, (4)

and the number of active lattice layer sites available for spillover is
equal to

[20*] + [Z*] = BNy (5)

where Ny is the total number of active centers on the catalyst sur-
face, « is the relative surface concentration of Pt-centers, § is the
ratio of the number of active lattice layer sites under the surface to
the total number of active surface centers.

Since Pt** cations are easily transformed into Pt?* even after
catalyst purging by He at high temperatures after pretreatment in
0,, and reoxidation of Pt2* cations to Pt** state by oxygen atoms
migrating from support is apparently impossible under reaction
conditions, Pt4* cationic species revealed by XPS were not consid-
ered separately in suggested reaction scheme.

3.4.2. Mathematical model and numerical algorithm

The preliminary estimates of the intraparticle pore-diffusion
resistance inside the catalyst fragment, the rates of axial diffusion
and mass transfer between the catalyst channel wall and reacting
gas mixture flow [33] showed that these processes do not influ-
ence significantly the rates of catalytic transformations. Therefore,
the mathematical description includes the following equations:

the first-order partial differential equations of the mass balance
of the reagents and products in the gas phase (CO,, CHy, CO, and
H,) which reflect both the convective term due to the gas flow
along the catalyst fragment length and the term related to the
chemical transformations of the reactive mixture components on
the catalyst surface at every cross-section of the channel,

the second order parabolic type equation at each axial position
describing the unsteady oxygen transport from the near surface
layers of the catalyst lattice towards the active Pt-centers on the
catalyst surface where the catalytic reaction proceeds (the diffu-
sion mechanism is assumed),

two ordinary differential equations describing the time behavior
of the concentrations of oxidized Pt centers and carbonate com-
plexes on the catalyst surface at each axial cross-section point;
the dynamics depends on the local rates of catalytic transforma-
tions at the surface and of oxygen diffusion through the catalyst
lattice.

Thus, the developed mathematical model is the initial-boundary
value problem for a system of differential equations of different
type.

The algorithm proposed bases on the second order finite-
difference approximation with respect to two spatial coordinates

(the length of the catalyst fragment, the distance between a point
inside the catalyst lattice and the catalyst surface) and time. At each
time step, the method of alternating directions is used to construct
the numerical solution of the discrete approximation equations.

3.4.3. Modeling results

Using the software developed, a number of computational tran-
sient runs have been performed with the process parameters
corresponded to the experimental response curves after reaction
mixture feed on the catalyst pretreated in O, stream: gas feed rate
u=10.6 and 181h~', temperature T= 750°C, inlet concentrations
both of CH4 and CO, are 7%, contact time t=4.7 and 8 ms.

It has been assumed that

(a) The total number of active centers on the cata-
lyst surface is equal to maximal monolayer coverage
Ng=1.28 x 10'? at O/cm?.

(b) Before reaction mixture feeding, at time t=0, all active centers
are oxidized, i.e., 61 =6, =1.

At first, the verification of the hypothesis about the kinetic
scheme given above was carried out. For this purpose, the compu-
tational runs of transient regimes have been performed on the base
of mathematical model with the simple redox kinetic scheme that
includes only three steps: 3-5 of the kinetic scheme (1), the rates
of the formation and conversion of carbonate intermediates and
the step of RWGS reaction are assumed to be equal to zero. Model-
ing has revealed that this scheme does not describe the transients
since in this case concentrations of CH4 and CO, change contrari-
wise, while in the experiment they vary in parallel (Fig. 8). Hence,
a route should exist providing an efficient CO, transformation on
the oxidized surface.

Thus, modeling has been continued with overall kinetic scheme
(1). The constants of catalytic stage rates and the parameters defin-
ing the rate of oxygen supply from the lattice to the surface have
been varied during the computational runs:

- rate constants of catalytic steps kq, k_1, k2, k3, ka, k_4, ks, and kg;

- the coefficient D of bulk diffusion of oxygen;

- the depth H of the subsurface layer of the catalyst lattice available
for oxygen mobility;

- the fraction « of the surface covered by Pt-centers;

- the fraction B of the surface with active lattice layer sites.

The initial approximation for all parameters of the model for
processing has been estimated from the steady state experimen-
tal data and the data of XPS, FTIRS of adsorbed CO and oxygen
isotope exchange [17,25,27,30]. Results of computations revealed
that in studied conditions, the time of relaxation determined by
achievement of catalyst steady state coverage by reactive species
involved in catalytic cycle could not exceed few seconds, which
agrees with analytic simple estimations following approach sug-
gested by Temkin [34].

Analyzing the transient curves up to 300s, it has been demon-
strated convincingly that

e the character and shape of response curves is mainly defined by
the rates of carbonates formation and consumption, the rates of
“spillover,” and the subsequent interaction of CO, with vacant
centers of the catalyst oxide;

the transient time period is determined by parameters character-
izing the catalyst structure and the lattice oxygen mobility, such
as the catalyst specific surface S;, the quantity of active centers
on the catalyst surface Ny, the fractions of the surface Pt centers
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Fig.10. Comparison of the experimental (points) and computed (lines) time depen-
dences of concentrations in transient experiments 750 °C, gas feed rate 181 h~1, feed
7%CH4 +7%CO> in He, contact time 4.7 ms.

« and the lattice layer sites §, the rate and characteristic length
of the oxygen bulk diffusion.

Data processing has allowed to evaluate the kinetic parameters
and characteristics of the catalyst structure. Some examples of
comparing modeling and experimental results are given in Fig. 10
for the following values of parameters: t=4.7s, k;=200s"1,
k_1=06s" k,=600s"", k3;=60s"', kq=300s"', k_4=5s71,
ks=55s"1, ke=1100s"!, «=0.04, B=02, S,=20x10%cm !,
D=2.5x10"13 cm?/s, H=5 x 10~ cm.

Fig. 10 demonstrates that the suggested kinetic scheme reflects
the main peculiarities of the catalyst behavior rather well. The
experimental values of gas concentrations and the modeling data
are in a good agreement. Note that the key characteristics of the
catalyst (the number of oxide surface active sites, Pt surface concen-
tration, characteristic oxygen diffusion length) determined on the
base of computational results agree with the values independently
estimated by XPS, FTIRS of adsorbed CO methods, and oxygen iso-
tope exchange data [17,18,25,27,30].

Fig. 11 shows the calculated values of relative surface concentra-
tions of Pt centers occupied by oxygen and carbonates. After feeding
the reaction mixture with CH4 and CO, to the system the number
of oxidized Pt sites decreases quickly because of high rates of CHy
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Fig. 11. Time dependence of the surface coverage fraction with intermediates [PtO]
and [PtCOs3]. The operation conditions correspond to ones in Fig. 10.
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Fig. 12. Time dependence of the bulk oxygen fraction. The operation conditions
correspond to ones in Fig. 10.

and CO, adsorption, so the surface coverage by carbonates has a
sharp peak during a few seconds. Then, slow decline of these con-
centrations towards the steady values occurs due to stabilization of
Pt centers by the oxygen of near-surface layers (Fig. 11). Similarly,
concentration of bulk oxygen varies as well reaching the steady-
state level within ~300s (Fig. 12). Hence, it could be concluded
that the transients caused by the catalyst reduction by reaction
feed occur within ~300s, stoichiometry of the bulk of oxide par-
ticles being affected. Longer (up to 3000 s) transients observed in
our experimental conditions (Fig. 8) can be caused only by slower
processes such as Pt aggregation (in general, decreasing Pt-support
interface/interaction and ordering Pt clusters) and coke deposition.
Since temperature-programmed oxidation by oxygen after reaction
of this sample as well as TEM studies revealed no carbon deposition,
Pt aggregation appears to be the main cause of slow transients. In
fact, even syngas generation via route comprised of combination of
steps(1)and (2)depends upon the metal-support interaction, since
PtO in the absence of gas-phase oxygen can be regenerated only by
oxygen migrating from the support (step 4), direct reoxidation of Pt
sites by CO, being impossible. Apart from pure kinetic aspect, it is
possible that carbonates can be stabilized only by Pt cations having
as neighbors reducible cations of support such as Ce or Pr cations.
Such Pt cations can be either incorporated into the surface position
of support or situated at perimeter of Pt clusters. Decoration of the
surface of Pt clusters by Pr or Ce oxidic species could also stabilize
such carbonates coordinated to Pt cations as well.

Routes of dry reforming and RWGS corresponding to steps
(3)-(6) involve also PtO sites which at present could not be reli-
ably differentiated from those stabilizing carbonates due to lack of
experimental data. So they are including in the balance of active Pt
sites [ZO] +[ZCOs3] +[Z] =aNy, in Eq. (4).

Analysis of rates of CH4 consumption by different mechanisms
revealed that contribution of mechanism 1 (via carbonates) is con-
siderably higher for the oxidized catalyst at the first seconds of
contact with the reaction mixture, the ratio of step 2 and 3 rates
being ~3. The decrease of the surface oxidation level results in low-
ering the fraction of Pt centers occupied by carbonates, and, as the
result, the ratio of step rates 2 and 3 decreases to 1.6.

4. Conclusion

The combination of the steady state and transient experiments
for CH4 DR on structured Pt/PrCeZrO catalyst at millisecond con-
tact times along with their modeling allowed to elucidate main
factors responsible for the catalyst activity and performance sta-
bility. Both Pt-support interaction and lattice oxygen mobility in
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the complex oxide support are responsible for the efficient per-
formance of catalyst pretreated in O,. Kinetic parameters of the
reaction steps occurring on these catalysts were determined by
processing the kinetic transients with a due regard for the oxygen
species diffusion, participation of carbonate complexes stabilized
in the coordination sphere of Pt cationic forms in CH, oxidative
transformation and occurrence of reverse water gas shift reaction
catalyzed by metallic Pt. Long (>3000 s) transients can be explained
only by slow Pt aggregation and ordering of Pt clusters caused by
complex oxide support reduction thus decreasing metal-support
interaction.
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Partial oxidation of methane into syngas at short contact times (5-15 ms) was studied in both steady-state
and transient modes at temperatures up to 850 °C in realistic feeds (CH4 content up to 20%, CH4/0; =2)
with a minimum impact of mass and heat transfer for structured catalysts carrying Pt/Lng 3Ceo35Zro3502_y
(Ln=La, Pr, Gd) as thin layers on walls of corundum channel substrates. Oxygen mobility and reactivity
of the active phase were characterized by oxygen isotope heteroexchange, temperature-programmed
0O, desorption and CH4 reduction, isothermal pulse reduction by methane with wide variation of CHy4

Is(:{evggzis;xidation of CH concentrations and TAP pulse studies. Experimental data point towards a selective oxidation of methane
Syngas 4 into syngas via a direct route with oxygen-assisted methane activation. This mechanistic feature is related

Pt to the strong Pt-support interaction stabilizing highly dispersed oxidic Pt species less active in CH4 and
syngas combustion than metallic Pt clusters. Support activates O, molecules and supplies active oxygen
species to Pt sites. A high rate of oxygen diffusion on the surface and in the bulk of the support and Pt-
support oxygen spillover stabilizes Pt in a well dispersed partially oxidized state while preventing coking

Fluorite-like oxides
Oxygen mobility and reactivity
Oxygen isotope exchange

Transient studies
Mechanism

at high concentrations of CHy in the feed.

© 2010 Elsevier B.V. All rights reserved.

1. Introduction

Detailed studies on the mechanism of catalytic oxidations over
oxide catalysts by Prof. Haber combined successfully the point of
view of organic and solid state chemists (see, i.e. [1]). He stressed
the importance of a reliable estimation of parameters related to
the activation and transfer of oxygen on the surface and in the
bulk of oxides and their interrelation with the real/defect structure
of catalysts changing under the effect of the reaction media. On
the other hand, activation and routes of transformation of organic
molecules into deep or partial oxidation products strongly depend
upon the state of the oxide catalysts surface controlling mobility
and reactivity of oxygen species.

* Corresponding author at: Boreskov Institute of Catalysis SB RAS, Pr. Lavrentieva
5, Novosibirsk 630090, Russia. Tel.: +7 383 3308763.
E-mail addresses: sadykov@catalysis.ru, vasadykov@mail.ru (V.A. Sadykov).

0920-5861/$ - see front matter © 2010 Elsevier B.V. All rights reserved.
doi:10.1016/j.cattod.2010.10.098

Catalytic partial oxidation of methane (CPOM) into syngas at
short contact times using monolithic catalysts is now considered
as promising alternative to the traditional steam reforming [2].
CPOM presents an interesting (though difficult to study) exam-
ple of the above mentioned strong interrelation between the
catalysts performance characteristics (activity and selectivity of
CH4 transformation into syngas) and surface oxygen mobility and
reactivity. Recent research suggests that catalysts comprised of
platinum supported on complex fluorite-like oxides Ce-Zr-Ln-0
(Ln=Pr, Gd or La) favor the so called direct route of methane
oxidation into syngas [3,4]. The direct pathway postulates the
formation of H, and CO as primary products further oxidized
into CO, and H,0 depending on process conditions (contact time,
O/C ratios, etc.). The main evidence supporting the occurrence of
the direct route is the observation of syngas at extremely short
contact times in the presence of unreacted oxygen [3]. The ques-
tion if the reaction mechanism depends on such factors as the
mobility/reactivity of the surface/lattice oxygen is still a matter
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of debates [4]. At least, for Rh supported on a-alumina, which is
an example of the oxide with very low (if any) oxygen mobility
and reactivity, detailed CPOM studies at realistic feed composi-
tion by the group of Forzatti proved that syngas is formed via
the indirect combustion-steam reforming route [5]. The latter
is due to a faster oxidation of CO and H, than that of CH4 on
Rh in the inlet part of reactor where the gas phase oxygen is
present. When however small Pt clusters are supported on an
oxide with a high lattice oxygen mobility and moderate bond-
ing strength, CHy is activated on Pt producing CHy species while
oxygen molecules are activated on the oxide sites. Interaction of
CHy fragments with oxygen species supplied to the Pt-support
interface by the surface diffusion (reverse spillover) provides an
efficient bifunctional route for the CH,4 transformation into syngas
[6,7].

Some arguments in favor of the bifunctional scheme of methane
partial oxidation can be obtained by comparing the specific rate of
CPOM for catalysts with a comparable Pt dispersion but broadly
varying surface/bulk oxygen mobility. This mobility can be esti-
mated by dynamic methods either for the standard oxidized state
of samples (oxygen isotope exchange, temperature-programmed
oxygen desorption) or for their partially reduced state (H, or CHy
TPR). However, for strengthening the bi-functional scheme, an
estimation of the transfer rate of the oxygen-containing species
between the Pt particles and the support in the course of cat-
alytic reaction would be of crucial importance. This can be
achieved using kinetic transients, where relaxation curves fit-
ting allows to estimate the rate constants of corresponding steps
[7-9].

However, papers devoted to the systematic estimation and anal-
ysis of the oxygen exchange parameters for a series of Pt-supported
doped ceria-zirconia samples are still scarce [10,11].

One of the reasons for the limited knowledge on the active
component structure - dispersion of supported Pt-oxygen mobil-
ity on and in the support — catalyst activity interrelationship is
that short-contact-time and high-temperature reaction mecha-
nisms are difficult to study. The method of studying the dynamics of
product formation upon pulse feeding of the reagents at low pres-
sure (Temporal Analysis of Products, TAP) seems to provide one of
the most promising approaches for elucidation of mechanism [4,6].
This method allows assessing the effect of the oxidation level of a
catalyst on its activity in the direct methane oxidation, which is
a challenging problem in the case of fast reactions at atmospheric
pressure. The TAP technique makes it possible to fix a certain oxida-
tion level of a catalyst and then to test the reactivity of the latter by
its exposure to small methane pulses which scarcely affect the sur-
face. Since the quantities of reactants in a pulse are very small, the
TAP technique allows evaluating the effect of the oxidation level of
the surface without complicating thermal effects. Certainly, to ver-
ify the significance of mechanistic features of CPOM derived from
TAP experiments for real-pressure processes, that data should be
compared to steady-state characteristics of the catalyst activity and
kinetic transients at ambient pressure [4]. To minimize the heatand
mass transfer effects, supporting thin layers of active components
either on the ceramic tube (annular reactor of Forzatti et al. [5])
or on walls of triangular channels cut from the corundum honey-
comb substrates [12,13] was shown to be quite efficient approach
for studies of POM reaction kinetic and mechanistic features in
real feeds. Pulse studies at real concentrations of reagents, though
strongly changing the surface oxygen coverage, could also be useful
for estimating the rate of oxygen redistribution between the sur-
face and subsurface layers [14,15], especially when combined with
estimation of the heats of oxygen adsorption/methane oxidation or
decomposition in a flow calorimeter [16,17].

This paper summarizes results of research aimed at elucidating
effect of the surface/lattice oxygen mobility and reactivity for Pt-

supported Lng3Ceq35Zr9350;5_, (Ln=La, Pr, Gd) catalysts on their
performance in POM at short contact times applying a complex of
sophisticated kinetic methods. These catalysts containing 30 at.%
of doping cation in ceria-zirconia solid solution were selected
here due to close values of Pt dispersion combined with broadly
varying surface oxygen mobility, which correlates with catalytic
activity in POM in diluted feeds changing in the order La>Pr>Gd
[11-13,18-24]. In this work the main attention is paid to elucida-
tion and critical analysis of kinetic (especially, transient) features
which might support or reject bifunctional scheme of POM mech-
anism with a due regard for the Pt-support interaction, oxygen
transfer between Pt and surface sites/bulk of complex oxide sup-
ports and effect of realistic reaction feeds on the state of catalyst
and its activity/syngas selectivity.

2. Experimental
2.1. Catalysts preparation

2.1.1. Powder catalysts

Samples were prepared according to the method yielding dis-
persed Lnx(Ceg 5Zrg 5)1_x0, materials with Ln = La, Pr, or Gd content
in the range of 5-30 at.% via a polymerized complex precursor route
and successive calcinations at 500-900 °C for 4 h [4-6]. Pt (1.4 wt.%)
was deposited from H; PtClg solutions by incipient wetness impreg-
nation followed by drying and calcination at 700 °C for 2 h. Detailed
characteristics of their structural and surface properties are given
elsewhere [11,18-24].

2.1.2. Catalytic channels

A piece of a hollow thin-walled triangular prismatic corun-
dum substrate (wall thickness 0.2 mm, inner triangle side 2.33 mm,
length 10 mm) used in this work was cut from an «-Al, 03 honey-
comb monolith annealed at 1300 °C (specific surface area 3 m2/g).
A layer of a Lng3Ceg35Zrg350;,_, complex oxide was supported
on this substrate by washcoating with the suspension made by
ultrasonically dispersing the oxide powder in isopropanol with the
addition of polyvinyl butyral. Several consecutive impregnations
(typically 4) were required to attain the active component con-
tent of 7-10 wt.% (the porous layer thickness ca. 10 p.m). After each
impregnation, the samples were dried and calcined at 900 °C in air.
Pt (1.4wt.%) was supported by the incipient wetness impregna-
tion with an H,PtCg solution followed by drying and calcination at
900°C in air.

2.2. Catalyst testing

CPOM tests were carried out in a plug-flow quartz reactor with
the inner diameter of 6 mm. The space between the reactor walls
and the catalyst channel was sealed up with a-Al,03 fibers to
provide the gas flow only through the channel. The catalyst was
pretreated for 1 h in the flow of either O, at 700°C (oxidizing pre-
treatment) or 30% H, in He at 900 °C (reducing pretreatment). The
experiments were carried out at atmospheric pressure. The reac-
tion mixture (7-20vol.% CHy4, CH4:0, =2, N, balance) was fed in
a flow rate range of 5.6-18.0L/h corresponding to contact times
of 4.7-15.0 ms as estimated from the flow rate and the volume of
channel walls. The inlet and outlet temperatures of the catalyst
channel were monitored during testing. Blank experiments with
both the empty reactor and the reactor loaded with bare corundum
substrate carrying no active component verified that homogeneous
reactions did not occur under the studied conditions. The reagents
and reaction products were analyzed with a quantitative analyzing
gas chromatograph (Tsvet-500) as well as with calibrated on-line
IR absorbance, electrochemical and polarographic gas sensors for
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different components. In all the experiments, the carbon balance
was close to 100 & 5%.

Relaxation experiments at atmospheric pressure were per-
formed in the same device in small quartz reactors. After
preconditioning oxygen was flushed out with helium (control by
the zero point of the oxygen sensor) and then helium was dis-
placed with a required reaction mixture. The composition of the
mixture was continuously analyzed by in-line gas sensors [4]. Con-
trol experiments with a single-channel fragment of the corundum
carrier showed that, at gas flow rates of about 30 L/h, the purge time
of the system during the concentration step up is no longer than
2-4s.

2.3. Oxygen isotope heteroexchange

For powdered samples, experiments were carried out in the flow
reactor using a SSITKA mode following earlier described procedures
[10]. After achieving dynamic oxygen adsorption-desorption equi-
librium at 500-700°C, a flow of 1% 160, in N, was switched for that
of 1% 180, in Ny, and concentrations of 1605, 10180 and 80, were
monitored by the mass-spectrometer UGA 200 (Stanford Research
Systems, USA).

For corundum channels with supported thin layer of Pr-
doped active components, oxygen isotope exchange experiments
were carried out in a closed reactor using a static installa-
tion (V=680cm?3) with on-line control of the gas phase isotope
composition by QMS-200 (Stanford Research Systems, USA)
mass-spectrometer both in the isothermal and the temperature-
programmed mode (TPIE) (temperature ramp 5K/min) in the
temperature range 100-750 °C at p(0,) 1.5-4.5 Torr. The initial 180
content in the gas phase was equal to 96%. Before experiments,
samples were pretreated for 2 h under air at 650 °C for achieving a
saturation of the solid phase with 160.

Parameters characterizing the rate of exchange, its mechanism
and surface/bulk oxygen mobility were estimated from the data
obtained in static or flow kinetic installations by using isotope-
kinetic equations and analysis procedures described earlier in
details [10,11,25,26].

2.4. Pulse studies

2.4.1. TAP experiments

The capability of the fully oxidized catalyst to react with
methane was evaluated using the TAP system (TAP-1 reac-
tor upgraded with a Stanford Research Systems, SRS RGA300
quadrupole mass spectrometer). The reactor was loaded with
20 mg of the powdered sample, evacuated and fed with a constant
flow of 10% O, in Ne for reaching almost atmospheric pressure with
closed high pressure assembly. Full oxidation of the catalyst and
removal of hydrocarbonresiduals was achieved by heating at 800 °C
for 30 min in the flowing O, /Ne mixture and successive cooling to
250°C where the reactor was evacuated. Pulse experiments were
conducted by stepwise increasing of the sample temperature and
admission of a 25% CH,4 in Ar mixture with a pulse size of 2 x 101>
molecules per pulse. Pulse responses were recorded at characteris-
tic masses ofamu 2 (H,), 15 (CHy4), 18 (H,0), 28 (CO), 40 (Ar) and 44
(CO,). Preliminary experiments revealed that the oxidized state of
the catalyst could be preserved until a temperature of 525 °C before
the thermal desorption of oxygen leads to a significant change of
the catalyst. For quantitative analysis, the mass spectrometer was
calibrated by reference experiments using the same experimental
procedure over an inert quartz bed.

The TAP experiments were simulated with a one dimen-
sional pseudo homogeneous model accounting for 3 zones
(inert/active/inert) and temperature gradients in the inert sec-
tions. Calculations were performed by simultaneously solving the

partial differential equations, denoting for the time (t) and space
(z) dependency of concentration (¢) and coverage (8), with a
FORTRAN program based on the method of lines. Assuming a non-
reversible molecular Langmuir adsorption, the processes in the
active zone are described by the partial differential equations for
the gas phase oxygen (Eq. (1)) and adsorbed (Eq. (2)) species,
respectively:

% = Defr- 25 — ps ko -exp (— ) -c-(1-0) (1)
%:ko-exp(f%) -c-(1-0) (2)

The kinetic parameters, site density ps, frequency factor kg and
activation energy E,, were determined by their variation until the
best possible fit between model prediction and experimental result
had been achieved.

2.4.2. Ambient pressure pulse experiments

Pulse experiments were carried out using a Setaram Sensys DSC
TG calorimeter and a pulse kinetic installation. The reagents and
products concentrations were determined by a gas chromatograph
“Chromos GH-1000". Sample 1.4% Pt/Prg3Cep35Zr9350> (93 mg)
was pretreated in the flow of 5% O, in He at 700°C for 0.5h and
then in He for 0.5 h at the same temperature with subsequent cool-
ing downin the He flow (flow rate 40 mL/min) to the temperature of
experiments. Sample was reduced by pulses of 2% CO/He or 7% CHy
in He (pulse volume 1-5 mL, time interval between pulses 15 min)
removing several monolayers of oxygen.

2.5. Oxygen mobility/reactivity by temperature-programmed
experiments

Experiments for temperature-programmed oxygen desorption
in the flow of He (TPD O, ) and reduction of samples by CH4 (1% CH4
in He feed) were carried out in a flow installations equipped with
quartz reactors, GC and PEM-2M gas analyzers under the temper-
ature ramp of 5°/min up to 880 °C with the isothermal plateau at
880°C for 70 min [21,22].

3. Results and discussion
3.1. Steady-state catalytic activity in POM

Fig. 1 presents main characteristics of catalytic activity of
corundum channels with supported active components. In all
experiments, oxygen was completely consumed within the chan-
nel. For studied catalysts, CH4 conversions at different contact times
were satisfactorily fitted by the apparent first-order rate equa-
tion for the plug-flow reactor [13]. This implies that in studied
experimental conditions variation of the gas-phase oxygen con-
centration profile with the superficial velocity has a weak impact
on the rate constant of CH4 transformation. Hence, in the first
approximation, complete conversion of oxygen within channels
does not obscure the difference between the intrinsic character-
istics of catalytic activity of various active components supported
on walls of corundum channels. This conclusion is also supported
by the values of CH4 conversion at short contact times being much
lower than the equilibrium values (>90% at T>700°C) [12] as
well as by a low (<30°C) temperature gradient along the channel
even for feed containing 20% CHy4. Reasonably high (~50 kJ/mol)
activation energy of CH4 consumption for Pr-containing catalysts
possessing the highest activity at enhanced temperatures agrees
with conclusion about negligible effect of heat and mass trans-
fer on the catalyst performance in studied experimental conditions
[12,13].

As follows from Fig. 1, at the lowest temperature range stud-
ied here the most active and selective is sample doped by La. This
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Fig. 1. Temperature dependence of CH4 conversion (a), SH, (b) and SCO (c) for
channels with Pt-supported supported ceria-zirconia oxides doped by Pr, Gd or
La. Contact time 4.72 ms, feed 7% CH4 +3.5% O, in He.

agrees with results of experiments with diluted feeds carried out
for powdered samples of Pt-supported doped ceria-zirconia solid
solutions, where POM activity was shown to correlate with Pt dis-
persion and the surface oxygen mobility [24]. For La-doped sample,
analysis of results of SSITKA experiments allowed to explain a high
surface oxygen mobility by defects generated due to incorporation
of Pt cations into the surface layer [10].

At highest temperatures, the most active and selective sample
contains Pr as doping cation (Fig. 1). Analysis of oxygen isotope het-
eroexchange data for Pr-doped sample in a closed reactor revealed
that indeed for this sample the oxygen bulk diffusion coefficient
greatly exceeds that for La-doped sample [11]. Hence, at high tem-
peratures, catalytic activity of Pt-supported doped ceria-zirconia
catalysts appears to correlate with the lattice oxygen mobility. To
verify this conclusion, the oxygen mobility in Pr-doped catalysts
was studied in more details.

3.2. Oxygen isotope exchange

3.2.1. SSITKA

Fig. 2 presents data on the isotope fractions ag(t) and f34(t)
vs. time on stream as measured in SSITKA experiments over both
PTO_3CEO_35ZI‘0.3502 (Flg Za) and Pt/Pl‘O_3 CEO_352T0_35 02 (Flg 2b) Ssam-
ples at 600 °C. Similar results were obtained at 500 and 700°C.

The quantity of exchangeable oxygen in both sam-
ples as estimated from the difference in concentrations
of labeled oxygen atoms at the reactor inlet and outlet
(No = (2Co, U/oz'g“p”t)f;‘z“d(ot'gr“mt —ag)dt) remains practically
unchanged as the temperature rises and lies around 7 x 102! at/g.
This value is close to the stoichiometric content of oxygen in
sample. Hence, in the course of isotope exchange, practically all
160 in the sample was replaced by '30. As follows from this figure,
Pt supporting increases the rate of oxygen exchange.

Numerical analysis of the dynamics of isotope transients carried
out in frames of model [10] revealed that:

e The distribution of oxygen isotopes observed in these exper-
iments corresponds to the mechanism of exchange with
participation of two surface oxygen atoms denoted as K3 [11,25]
(cf. fitting by K> and K3 mechanisms shown in Fig. 2).

e At temperatures below 600°C, for both samples the rate of the
lattice oxygen exchange is limited by the rate of the surface
exchange. Rather fast oxygen diffusion provides a uniform dis-
tribution of labeled oxygen atoms in the bulk of oxide particles.
Starting from 700 °C, the isotope exchange of oxygen in the bulk
of oxide is controlled by the diffusion, which is the most clearly
manifested for Pt-supported sample.

By fitting experimental curves, parameters of exchange model
[10] were estimated (Table 1). Modeling results demonstrated that,
similar to the majority of oxides, the mechanism of exchange
involves interaction of O, molecule with two surface oxygen atoms,
thus including the stage of O, dissociation [11,24,25]. The increase
of the rate of exchange for Pt-supported sample is apparently
caused by a fast O, dissociation on Pt followed by spillover of oxy-
gen atoms to the oxide surface. Assuming that activity of oxide
centers in the oxygen exchange is not changed due to Pt support-

ing (Roxide pt/CezrPro = Roxide cezrpro = K3 cezrPro ) the rate of exchange
on Pt sites can be estimated:

(K3 - Roxide )SL

Rpt =
Pt Npe

Here Np; is the number of surface Pt atoms estimated to be
~10% of the total number of Pt atoms in sample [10,20-24]. Esti-
mated values of Rp; (Table 1) exceed those for oxide centers by two
orders of magnitude despite good description of transients by the
model of exchange on the uniform surface. This means that due
to fast spillover and surface diffusion, labeled oxygen atoms are
uniformly distributed on the surface of Pt/CeZrPrOy. Apparently,
to provide this result, the rate of spillover Rsp should substantially
exceed the rate of exchange on Pt Rp;. According to our estimation
RspiiL > 2.5Rpt (Table 1 )

3.2.1.1. The mechanism of bulk oxygen diffusion. By taking the aver-
age particle radius r=3V/S=6x 10-8m (V - volume, S - specific
surface area) as characteristic diffusion length, the bulk diffusion
coefficient D is estimated to be ~10~1¢ m?/s. This value exceeds
by several orders of magnitude known values for diffusion coeffi-
cients for ceria-zirconia oxides [26]. Such a phenomenon can be
explained by specific structural features of studied nanocrystalline
sample, namely, developed domain boundaries providing fast oxy-
gen transfer from the surface of particle to the surface of domains
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Fig. 2. Atomic fraction of 180 in the gas phase () and fraction of '°0'80 molecules (x;) versus time of exchange for Prg3Ceg35Zro350, (a) and 1.4% Pt/Prg3Cep 352193502
samples (b). 600 °C, feed rate 300 mL/min, weight 0.05 g. Points — experiment, lines - fitting (dashed line by K, mechanism, solid line by K3 mechanism).

[10,18-22]. Hence, dynamics of the isotope transfer into the bulk
of oxide is controlled by the combination of two processes:

(a) by the surface diffusion of oxygen atoms along domains bound-
aries;

(b) by diffusion of oxygen atoms within the bulk of domains, their
size determining diffusion length in this case.

According to structural data [20-24], the typical thickness of
platelet-like domains in these samples is ca. 20 nm, so characteris-
ticlength h~ 10 x 10~2 m. This allows to estimate the coefficients of
oxygen diffusion in oxide domains Dy;ge and along domain bound-
aries Dyopile from the effective coefficient of oxygen diffusion Degr
(Table 1):

2
Doxide = Deft x h

N
Doxide > Defr x r? (7())
Nomobil

where Ngmopii 1S the number of oxygen atoms located within
domain boundaries estimated to be ~5% of the total number of
oxygen atoms in sample Ng. Estimated values of Dyy;qe and Dyyopile
for Pt/PrCeZrO sample are given in Table 1 along with param-
eters of oxygen exchange for Pt/LaCeZrO sample possessing the
highest oxygen mobility for all series of La-doped samples [10].
While the constants of surface steps are close for both samples,
the diffusion characteristics differ strongly. The rate of diffu-

sion for La-doped sample was found to sharply decline with the
particle depth due to specific structure and composition of the
surface layers affected both by La and Ce surface segregation and
Pt cations incorporation [20-24]. For Pr-doped sample, this phe-
nomenon was not observed. Coefficients of oxygen diffusion within
domains and along domain boundaries for this sample are higher
than those for La-doped sample for 1 and 2 orders of magnitude,
respectively.

Hence, results of SSITKA experiments confirm that Pr-doped
sample indeed possesses much higher bulk oxygen mobility than
La-doped sample, which agrees with its higher catalytic activity in
the high-temperature range.

Since these results were obtained for powdered samples, oxygen
isotope exchange in closed reactor has been carried out to verify
that supporting active component on walls of corundum channel
has not affected oxygen mobility.

3.2.2. Oxygen isotope exchange for corundum channel with
supported Pt/PrCeZrOy active component

Fig. 3 shows typical results of oxygen isotope heteroexchange in
closed reactor in the temperature-programmed (dynamic) mode.
The depth of isotope penetration from the gas phase into the oxide
in the course of TPIE can be characterized by the value Nx deter-
mined from the relation 2Na® + Nxot(s’ = (2N + Nx). Here N is the
number of O, molecules, Nx — number of oxygen atoms in solid, o®
and ag - initial isotope fraction in the gas phase and solid, respec-
tively.

Table 1
Parameters of oxygen exchange from SSITKA experiments.
T(°C) Surface Volume
K3 (s) Desr (s71) Doxide (M? s71) x 108 Dinobile (M?s71) x 1016
Pro3Ceo35Zr0:3502
600 0.17 >0.02 >2 >14
700 0.25 >0.02 >2 >14
1.4% Pt/Pro3Ceq 352103502
K3 (s7") Roxide (571) Rpe (s71) Rsp (sh)
400 0.02 >0.001 >0.1 >0.1
500 0.22 >0.01 >1 >8
600 0.5 0.17 11 >30 >0.025 >2.5 >20
700 1 0.25 25 >60 0.04 4 >33
1.4% Pt{Lap2Cep4Zro 40,
650 0.6 0.3 10 >100 Bulk 0.004 0.4 0.45
Sub. surf 0.04 0.7

Values of Rp; and Rs;, as calculated per Pt atom.
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Fig. 3. Temperature dependence of the dynamic degree of exchange Xy for layers
of Pro3Cep35Zr0350yx (1), Pt/Pro3Cep35Zro350x (2 and 3) supported on the walls of
corundum channels. (1 and 2) Fresh samples, and (3) after testing in POM. PO,
1.7-1.8 Torr.

The value Ny is related to the average depth of isotope incor-
poration into the solid phase (lo) by relation Nx=ng xS x Iy
(here ng is the number of oxygen atoms in the unit vol-
ume of oxide). This quantity termed as “dynamic extent of
isotope exchange” [18,24] is expressed here in relative units
Xv =(Nx/Ny), corresponding to the exchanged fraction of the bulk
oxygen.

In agreement with SSITKA data for powdered samples, for Pr-
doped ceria-zirconia oxide supported as a thin layer on corundum
channel walls, all lattice oxygen is rather fast equilibrated with the
gas-phase O,. Pt supporting accelerates oxygen exchange at lower
temperatures which is explained by a higher rate of exchange on
Pt sites (vide supra). However, a slower increase of Xy at higher
temperatures for Pt-promoted sample is not expected and could be
explained by some variation of complex oxide properties caused by
impregnation with acid H, PtClg solution, perhaps, caused by some
leaching of aluminum cations from the corundum substrate. Even
stronger and clearly negative effect is caused by catalyst testing in
POM at high temperatures: both surface reaction and bulk oxygen
diffusion are hampered. This is apparently caused by reduction of
cationic forms of Pt incorporated into the surface layer of oxide
followed by Pt aggregation. Subsequent reoxidation before oxygen
exchange experiments apparently does not provide complete Pt
redispersion.

Similar features as related to Pt supporting and reaction feed
effect were observed in the isothermal exchange experiments
(Table 2).

Hence, oxygen isotope heteroexchange experiments with cat-
alytic channel demonstrated pronounced and irreversible reaction
media effect on the oxygen mobility in Pt-supported catalysts.
This effect might be much more pronounced for La-doped sam-
ple, which, along with a low bulk oxygen mobility, could explain
its lowest activity at high temperatures.

Pt/PrCeZr

| Pt/GdCeZr
Pt/LaCeZr

T T T
400 800 880. 880
° |<—isotherm —=|
Temperature, C

Fig. 4. O, TPD spectra for Pt/Ln-Ce-Zr-0 samples calcined at 900 °C. Pretreatment
in Oy at 700°C for 1 h.

3.3. Temperature-programmed O, desorption

Typical O, TPD spectra for samples pretreated in oxygen at
500°C are shown in Fig. 4. The total amount of oxygen desorbed
in TPD run varies from 14% monolayer (Pr) to 5-6% monolayer (Gd,
La), thus corresponding only to a very small part of the total oxygen
content in samples. Oxygen desorption from doped ceria-zirconia
oxides without supported Pt starts in the same temperature range
[22], hence, easily desorbed surface oxygen forms are bound not
only with Pt cations but also with some surface defects on the
surface of oxide particles as well. Moreover, oxygen desorption
is accompanied by the oxygen diffusion along domain boundaries
to the surface. With a due regard for the 180 SSITKA data (vide
supra), nearly all oxygen desorbed in TPD run can originate from
domain boundaries. Indeed, a higher rate of oxygen desorption at
~400 °C from Pt/PrCeZr sample as compared with that for Pt/LaCeZr
(Fig.4) correlates with a higher coefficient of oxygen diffusion along
domain boundaries for the former catalyst (Table 1).

3.4. Temperature-programmed reduction by CHy

In these experiments, all reducible Me** cations (Ce**, Pr**) are
reduced to Me3* state after keeping under contact with CH4 stream
at 880°C [22], which corresponds to removal ~10 monolayers of
oxygen. Hence, reduction process is clearly associated with rapid
oxygen diffusion from the bulk of oxide support particles to their
surface where it is consumed by interaction with CHy species gener-
ated by dissociation of CH4 molecules on Pt sites. Such a dissociation
continues at high temperatures even after nearly complete reduc-
tion of samples when COyx evolution is practically not observed
(Fig. 5).

The parallel evolution of CO, CO, and H, at ~400°C (Fig. 5)
for all oxidized samples demonstrates ability of these systems
selectively transform CHy4 into syngas. The intensity of these low-
temperature peaks clearly correlates with the surface/near-surface

Table 2
Oxygen isothermal exchange in a closed reactor for channels.
Sample T(°C) IgR, 022 M2 E, of heteroexchange (kJ/mol) Xy
650 17.0 0.54
PrCeZrOyx 550 163 110 0.52
500 15.8 0.56
650 17.2 0.42
Pt/PrCeZr0, 550 16:6 90 039
650 17.0 0.20
Pt/PrCeZrOy discharged from POM reactor 600 16.6 130 0.22
550 16.1 0.21
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Fig. 5. CH4 TPR spectra for Pt-supported ceria-zirconia oxides doped by Pr (a), Gd
(b) or La(c).

oxygen mobility characterized by Xs (La>Pr>Gd) [11,18,24] and
activity in both diluted feed [11] and concentrated feed (Fig. 1) at
~700°C.

For Pr-doped sample the second peak of syngas evolution appar-
ently controlled by the lattice oxygen diffusion and reactivity of
strongly bound surface oxygen forms is situated at the lowest
temperature (~550°C) among studied samples. This apparently
correlates with the highest catalytic activity of Pt/PrCeZrO in the
high-temperature region in concentrated feeds (Fig. 1).

3.5. TAP

Quantitative exploitation of the recorded pulse responses indi-
cated that for Pt/PrCeZrO sample a methane uptake occurs at
temperatures higher than 360 °C, which agrees well with results
of CH4 TPR (Fig. 5). It is important to note that there is no pulse
broadening at lower temperatures, which would be expected when
methane could adsorb. Hence, it can be concluded that methane
reacts as soon as it adsorbs. Furthermore, the oxidized state of the

catalystis crucial to activate methane as highlighted by the fact that
catalyst pretreated at 800°C in vacuum or reduced by hydrogen
does not significantly activate methane in the temperature range
between 360 and 525 °C. Most likely the methane activation over
the fully oxidized catalyst proceeds according to an oxygen-assisted
mechanism.

The result of the parameter estimation according to the sim-
ple model of irreversible molecular Langmuir adsorption for
Pt/PrCeZrO sample can be summarized as follows:

site density ps = 3.4 mol/m3,;

frequency factor k=68.6s1 at 923 K;
activation energy E, =65.9 k] mol~1.

The activation energy of POM for this sample in real feeds (ca.
50 k]J/mol[13])israther close for that of CHy irreversible adsorption.
This suggests that the stage of activated CH4 adsorption is rate-
limiting.

It should be noted that the match of the simulated and the exper-
imental responses decreases at temperatures higher than 686 K. In
parallel, first responses for CO, were recorded above this tempera-
ture. Obviously, a model accounting for the conversion of adsorbed
methane could lead to a more suitable description of the methane
responses. On the other hand, CO, responses were broad and had
alow peak intensity thus requiring additional experimental efforts
in order to reach a signal quality sufficient for further parameter
estimation.

The performance of the fully oxidized Pt/PrCeZrOy catalyst at
670°C was established by pulse experiments supplying a 25% CHy
in Ar mixture. However, at this temperature oxygen desorbs from
the catalyst(see Fig.4) and is only partially resupplied from the bulk
of PrCeZrOy particles. Hence, the availability of the most reactive
oxygen species on the surface decreases with time. This decline in
the oxygen surface concentration is clearly reflected by the increas-
ing intensity of CH4 pulse responses with time, i.e. a lowering of the
CH4 conversions reflected in the responses from the back to the
foreground. Obviously, the CHy4 activation is oxygen assisted given
the higher conversions are achieved at a higher degree of oxida-
tion. Focusing on the responses for the products CO, and CO, with
the latter being obtained from the responses at amu 28 and sub-
traction of the contribution of CO, on this amu, it comes clear that
CO is a primary product with very sharp responses, while CO, as
secondary product shows much broader pulse responses. Further-
more, CO, has a maximum yield at a high degree of oxidation, while
the maximum yield of CO is only achieved after some oxygen was
removed from the catalyst surface by desorption. These findings
are indeed perfectly in line with the above mentioned assignment
of CO being the primary product of the CH,4 partial oxidation and
CO, being then formed from CO by over-oxidation.

3.6. Pulse reduction experiments at realistic CHy concentrations

In general, variation of CH4 conversion and CO/CO, selectivity
with the pulse number (degree of sample reduction) observed in
these experiments (Fig. 7) reasonably agrees with that for TAP data
(Fig. 6). The CO formation even for the first pulse of CH4 supplied to
the oxidized sample surface supports hypothesis about a primary
route of syngas formation via a CH4 pyrolysis-partial oxidation
route. Rather high degrees of CH4 conversion after removal from
the sample ~ monolayer of oxygen clearly demonstrate a high rate
of oxygen diffusion from the bulk of oxide particle to the surface.
The average heat of oxygen adsorption on partially reduced surface
(~600Kk]/mol O, Fig. 8) is close to values corresponding to bond-
ing strength of bridging (M,0) oxygen forms located at Ce cations
[27]. Its weak variation with the reduction degree can be explained
by dynamic equilibrium between on-top (terminal) M-O oxygen
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Fig. 7. Dependence of CH4 conversion, CO and CO, selectivity on the degree of
Pt/PrCeZrO sample reduction (n) by pulses of 7% CH,4 in He at 600°C.

forms (average heats of adsorption for ceria-zirconia solid solu-
tions ~300-500 kJ/mol O, [27]) supplied to the surface by diffusion
from the bulk of particles and bridging M,0 oxygen forms as con-
sidered within the frames of so called partially flexible model of the
surface [28]. The main point of this model is that reduction of oxide
sample via removal of bridging oxygen forms could increase the
density of surface sites for stabilization of less strongly bound ter-
minal oxygen forms via rearrangement of the real/defect structure.
For ceria-zirconia solid solutions this possibility appears due to for-
mation of fragments with pyrochlore-type structure in the course
of reduction where coordination of Zr cations changes from 8-fold
to octahedral one. A partial reoxidation of the surface layer by oxy-
gen migrating from the bulk of oxide particle could thus generate
oxygen interstitials in the subsurface layer with associated surface
0.08 site for oxygen stabilization in the moderately bound on-top form
g [27].
0.08 The enthalpy of CH,4 interaction with the catalyst (Fig. 9,
3 : endothermic process) increases with the reduction degree corre-
0.04 sponding to the enthalpy of its transformation into deep and partial
oxidation products with a due regard for syngas selectivity and
0.02 variation of the average oxygen bonding strength. Some decline
- of the heat of reduction at reduction degree exceeding 1.5 mono-
r L 0.00 layer can be explained by increasing contribution of CH4 pyrolysis
P15 in agreement with results of CH4 TPR data (Fig. 5). Nearly linear
P35 (i.e., rather weak) dependence of CH4 conversion on the reduction
P55 degree agrees with this weak variation of the heat of CHy4 transfor-
P75 mation. Hence, the rate of CH, transformation in studied range of
sample reduction degree is mainly determined by the surface cov-
erage with reactive terminal oxygen forms replenished between
pulses via diffusion from the bulk of oxide particles to the surface.
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tion of reduction degree (n) at 600 °C.

Since the rate of the surface diffusion (reverse oxygen spillover from
the support to Pt) is high, this provides some coverage of Pt by
adsorbed oxygen thus helping in the activation of CH4 molecules.

3.7. Kinetic transients for separate structured catalytic elements
(channels)

3.7.1. Interaction with CHy

Kinetic analysis of results of catalysts reduction by pulses of
CHy at realistic concentrations in the flow reactors is known to
be complicated by inevitable time lag between pulses required for
the products analysis, indefinite regime of gas flow through the
layer of a powdered catalyst (radial and back flow mixing, etc.),
impact of the mass and heat transfer, etc. [14-17]. These prob-
lems were mainly avoided while using a continuous flow through
the reactor equipped with a separate structural catalytic element
- corundum channel with the active component supported on its
walls [12,17,29,30]. Hence, a series of experiments for elucidating
the effect of mild reducing pretreatment on kinetic features of CHy
interaction under real-pressure conditions with the Pt/PrCeZrO cat-
alyst supported on the corundum channel walls have been carried
out. The main aim of these experiments was to verify conclusion of
TAP studies about importance of oxidation state of Pt and oxygen
transfer from support to Pt sites for the primary transformation of
CHy into syngas.

Figs. 10 and 11 present results of transient studies when the
stream of He was switched at 700 °C for that containing 0.5% CH,
in He. For the catalyst pretreated in O, results apparently support
conclusion of high-vacuum TAP studies. CO appears at the reactor

0.3 CH,
HE
CcO
320.21
0.14 co, o
H,O
0.0 =
T T T = T T = T m T l‘/_'_'_
0 10 20 30 40 50 60 70 9390

Time, sec

Fig. 10. Transients in the course of Pt/Prg3CeZrOy channel reduction by 0.5% CH,4 in
He at 700°C after pretreatment in O,. Contact time 5 ms.
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Fig. 11. Transients in the course of Pt/Prg3CeZrOy channel reduction by 0.5% CHy in
He at 700 °C after pretreatment in He. Contact time 5 ms.

outlet simultaneously with CH4 corresponding to behavior of the
primary product, while CO, curve is delayed as should be for the
secondary product. Hydrogen is delayed even more suggesting its
fast oxidation by reactive oxygen species. Primary route of CH4 acti-
vation on oxidized Pt sites producing CO and hydroxyls (or water)
could not be excluded as well.

Catalyst pretreatment in He removing rather small amount of
oxygen located at the surface sites and within domain boundaries
(vide supra) strongly deactivates it which also agrees with results of
TAP studies. CHy is more strongly adsorbed on the surface of mildly
reduced catalyst, and its subsequent transformation is accompa-
nied by appearance of first CO, then CO and hydrogen when the
surface is more reduced. Hence, presence of the mobile surface/near
surface oxygen and oxidized Pt species not only helps to activate
methane but also affects the mode of its primary transformation
into products of partial or deep oxidation.

3.7.2. Interaction with CH4 + O, stream

Addition of 0.5% O, to the feed 1% CH4 in He strongly affects
transients (Figs. 12 and 13). Apparently gas-phase or weakly bound
oxygen species provide fast combustion of the products of CH, acti-
vation on oxidized Pt sites, so CO, and H, O appear first. Subsequent
appearance of hydrogen and later CO accompanied by the increase
of CH4 consumption is associated with the sample reduction along
with carbonization and hydroxylation of the surface layer. Hence, at
low CH4 concentrations in the feed, gas-phase oxygen increases the
rate of oxidation of activated CHy species, apparently via increase

1.8
i CH, CO, =
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® co
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T T T T T T 7T
0 10 20 30 40 50 60 70 8700
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Fig. 12. Transients in the course of Pt/Pro3;CeZrO, channel contact with the feed 1%
CH,4 +0.5% O3 at 700 °C after pretreatment in O,. Contact time 5 ms.
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Fig. 13. Transients in the course of Pt/Prg3CeZrOy channel contact with the feed 1%
CH4 +0.5% O, at 700°C after pretreatment in He. Contact time 5 ms.

of the rate of reverse oxygen spill-over from the oxide sites to Pt.
Similar results were obtained in TAP experiments when decreasing
the time lag between the oxygen and methane pulses resulted in a
lower syngas selectivity [4].

Pretreatment in He strongly deactivates sample with respect to
interaction with diluted CH4 + O, feed (Fig. 13), which agrees with
results presented in Section 3.7.1. Hence, the main factor is appar-
ently a low reactivity of more reduced and/or more aggregated
supported Pt species. It is noteworthy that even prolonged contact
of sample pretreated in He with diluted reaction feed does not allow
to achieve syngas yield equal to that for sample pretreated in O,.
This suggests that Pt aggregation caused by the high-temperature
pretreatment in He is accompanied by catalyst deactivation, either
due to decrease of Pt-support interface or by rearrangement of the
structure of oxide surface or that of domain boundaries hampering
oxygen diffusion.

For the same active component, transients in realistic concen-
trated CHy + O, feed (Fig. 14) revealed substantial difference with
those observed for diluted feed (Fig. 12). In concentrated feed
simultaneous appearance of CH4 and products of its partial and
deep oxidation clearly suggests realization of the primary route
of CH,4 transformation into syngas followed by subsequent oxida-
tion of CO and H, in the inlet part of the channel where the gas
phase oxygen is present. A slow decline of exit CO, concentration
with time accompanied by the increase of syngas yield (Fig. 14) is
apparently caused by the partial reduction of catalyst by reaction
feed similar to the case of oxygen-pretreated catalyst in diluted
feed (Fig. 12). Hence, the key difference with diluted feed is that for
the oxidized surface syngas selectivity in concentrated feed is much
higher. In general case, it can be explained by interplay of several
factors including pure kinetic ones (different kinetic orders of CH,4
and oxygen adsorption), mass transfer limitations for O, consump-
tion [3] and variation of the catalytic properties of supported Pt,
surface sites of complex oxide and Pt-support interaction as depen-
dent upon the feed composition due to fast accumulation of some
intermediates (CHxO species), hydroxyls and carbonates. At least
suggestion about different kinetic orders of CH4 and O, adsorption
(1 and 0, respectively) agrees well with a weak adsorption of CHy
by TAP data (vide supra) as well as the POM order in CH4 ~1 in real-
istic feeds demonstrated in experiments with channel-supported
catalysts [12,13].

At longer contact times (Fig. 15) for the same feed composition
transient characteristics are rather similar with the exception of
some delay in CO appearance. By analogy with results for diluted
feed (Fig. 12), this feature can be explained by faster oxidation of CO
as compared with hydrogen in the inlet part of the channel. Since
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Fig. 14. Typical kinetic transients for channel with Pt/PrCeZrOy active component
after oxidizing pretreatment. (a) Initial period and (b) slow transients. 750°C, con-
tact time 3.54 ms, feed 7% CH4 +3.5% O, in He.

at longer contact times oxygen is expected to be consumed within
a narrower inlet part of the channel, subsequent CH4 steam and
dry reforming reactions as well as water gas shift reaction can also
affect both dynamics of CO evolution as well as its steady-state con-
centration. However, sample pretreatment in hydrogen (Fig. 15c)
revealed that reduced surface is much less reactive with respect
to CH4 than the oxidized one, so steam and dry reforming reac-
tion occurring under the initial moments of reaction feed contact
with oxidized catalyst surface are certainly to be much slower than
the partial oxidation providing only a moderate increment to the
methane conversion in the steady-state conditions at high temper-
atures [12,13]. This conclusion agrees with direct estimations of the
rate constants of CH, steam and dry reforming on these catalysts
which were shown to be several times lower than those of POM in
feeds with realistic CH4 content [29,30].

Dynamics of transients for reduced sample (Fig. 15c) clearly
demonstrates that the gas phase or physically adsorbed oxygen
species do not play any noticeably role in deep or partial oxi-
dation of methane - all products appear after delay required for
sample oxidation. Moreover, Pt aggregation caused by sample
pretreatment with hydrogen (and, hence, weakened Pt-support
interaction) only deteriorates syngas selectivity.

For Gd-doped catalyst kinetic transients in real feeds are rather
similar to those for Pr-doped one (Fig. 16). During initial period
(Fig. 16a) CO and CO, appear simultaneously with methane which
agrees with primary route of methane transformation into syngas.
The most pronounced difference with Pr-doped sample consists
in a slow decline of syngas concentration with time-on-stream. At
lower temperatures (650 °C), for Pt/GdCeZr catalyst decline of exit
concentration of CO and H, with time-on-stream from the maxi-
mum to a steady-state level was much stronger (by three times)
than for Pt/PrCeZr sample (<25 rel.%) [4]. For La-doped sample a
similar slow decline of CO and H, concentrations with time-on-
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Fig. 15. Typical kinetic transients for channel with Pt/PrCeZrOy active component
after oxidizing (a and b) or reducing (c) pretreatment. (a and c) Initial period and (b)
slow transients. 750°C, contact time 15 ms, feed 7% CH4 +3.5% O, in He.

stream was observed (Fig. 17), being also much stronger at 650 °C.
Since the most clear difference between Pr- and Gd- or La-doped
samples consists in the much higher bulk oxygen mobility for the
former sample, this result supports conclusion about importance of
lattice oxygen mobility to provide a high and stable performance
of Pt-supported doped ceria-zirconia oxides in POM.

3.8. Basic steps of reaction mechanism

While detailed analysis of kinetic transients for POM in con-
centrated feeds on channels is still in progress (to be presented
elsewhere), basic features of these transients are qualitatively sim-
ilar to those studied earlier for powdered Pt/CeZrO and Pt/LaCeZrO
catalysts in more diluted feed (4.6% CH4 +2.2% O, in He) [7,22,24].
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Fig. 16. Typical kinetic transients for channel with Pt/GdCeZrO, active component
after oxidizing pretreatment. (a) Initial period and (b) slow transients. 750°C, con-
tact time 15 ms, feed 10% CH4 +5% O in He.

Moreover, constants obtained by such an analysis combined with
published data on the elementary steps of POM mechanism were
successfully applied for description of steady-state and transient
regimes of POM on monolithic catalysts with this type of active
component [31]. Hence, it seems to be reasonable and useful to
present here constants of some lump steps of the microkinetic POM
scheme estimated for studied types of catalysts [7,32,33] (Table 3)
as a basis for more detailed discussion of the effect of the oxygen
mobility and metal-support interaction on the activity and stability
in POM.

The most important point here is that the rate constant of step 5
(selective oxidation of CH, into syngas by PtO) is comparable with

Table 3

Basic microkinetic steps of the mechanism of CHy4 partial oxidation on Pt/LnCeZrOy
catalysts [7,31].

No. Step Kat650°C(s™1)
1 0, +2Pt < 2PtO 10*
2 H,0+z < H, +z0 1.5
3 z0+Pt«< PtO+Z >50
spillover
4 Opuik +z <> 20+ Vo >10 along domain

(ol BN e IS, |

(bulk) diffusion

CH4 +PtO — CO+2H, +Pt

CHy4 +4PtO — CO, +2H,0 +4Pt
CO+PtO— CO, +Pt

H; +PtO— H,0+Pt
Pt+CO+H;0« CO, +Hy +Pt

boundaries

10*

10?

3.5 x10?

<1x10?

>10* WGS reaction
by associated
mechanism
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Fig. 17. Typical kinetic transients for channel with Pt/LaCeZrOy active component
after oxidizing pretreatment. (a) 750°C and (b) 650 °C. Contact time 4.72 ms, feed
7% CH4 +3.5% O, in He.

that for the oxygen adsorption (step 1) and exceeds much those for
CH4 combustion (step 6) and CO and H; oxidation (steps 7 and 8).
This feature clearly explains syngas generation on these types of Pt-
supported catalysts even in the presence of gas-phase oxygen. For
Rh and Pt catalysts, either bulk or supported on irreducible oxides
(alumina, MgO, etc.) [5,34] the situation is reversed, and indirect
route of syngas formation is realized due to much faster combus-
tion and CO/H, oxidation in the presence of gas-phase oxygen.
Hence, strong Pt-support interaction, which results in domination
of cationic forms of Pt for studied systems [18-22], provides radi-
cal variation of the chemical reactivity of supported Pt enhancing
its reactivity in methane transformation along selective route of
syngas generation while suppressing its combustion activity. This
would be rather expected since combustion requires at least several
available surface oxygen atoms adsorbed on a cluster comprised of
several Pt atoms. Moreover, sticking coefficients and reactivity of
CO and H; are well-known to be much lower for the oxygen covered
Pt surface [35].

From the point of view of this scheme, a high rate of surface/bulk
oxygen diffusion helps to stabilize Pt in the oxidized state thus
preventing its aggregation leading to increase of combustion activ-
ity. In turn, a high Pt dispersion provides developed Pt-support
interface required for the efficient reverse oxygen spill-over from
support to Pt. Though rate constants of the surface diffusion and
spill-over are smaller that those of oxygen adsorption and con-
sumption (stages 5-8), nevertheless, when the latter rates are
comparable, and, hence, their difference is small, stages of sur-
face/bulk diffusion could noticeably affect the oxygen coverage of
Pt sites, and, hence, activity and syngas selectivity. In the part of

the channel where oxygen is absent, fast water gas shift reaction
(Table 3) apparently occurs even at short contact affecting products
distribution.

Another point is that for partially reduced support containing
Ce and Pr cations, adsorption and dissociation of O, on the oxide
vacancies as well as their reoxidation by water (stage 2) provide
required replenishment of surface species to provide continuous
oxygen flux to Pt-support interface. Certainly, the role of support is
more complex including stabilization of some intermediates such
as formates [36], or spectators such as carbonates affecting the sur-
face oxygen mobility/reactivity, especially at lower temperatures,
which requires further studies.

Certainly, conclusion of this work about important role played
by highly dispersed Pt oxidic species stabilized due to Pt-support
interaction requires further detailed studies aimed at their detec-
tion and characterization under real operation conditions applying
in situ spectroscopic techniques with a due regard for the oxy-
gen concentration gradient along the catalytic bed/channel length
and its variation with the temperature and feed rate. Raman spec-
troscopy [22,37] and XANES/EXAFS [38-40] were shown to be
among the methods the most sensitive to the oxidation state of
Pt group metals and compatible with design of catalytic microre-
actors. Thus, X-ray absorption spectroscopy revealed that even for
Rh (Rh +Pt)/Al, 053 catalysts with a rather moderate metal-support
interaction, after ignition of CH4 partial oxidation into syngas the
Rh and Pt are mainly in the oxidized state in the narrow entrance
zone of the catalytic bed and in the metallic state towards the end
of the bed [38-40]. Some modification of the Pt-supported struc-
tured catalyst design (i.e., supporting catalytic layer on the wall of a
quartz capillary for Raman studies, etc.) would be required as well
for such future studies to provide required spatial resolution.

4. Conclusions

The combination of information on structural properties
revealed by detailed characterization and kinetic information
obtained at relevant conditions by various transient techniques
allowed to rationalize the unique reactivity of Pt deposited on opti-
mized supports with OSC. The selective oxidation of methane into
syngas at short contact times on Pt-supported lanthanide doped
ceria-zirconia catalysts was shown to proceed through direct route
with oxygen-assisted methane activation on Pt. This is contrary to
conventional catalysts having Pt deposited on support materials
without significant oxygen mobility. Hence, catalysts with OSC sup-
ports and high oxygen surface mobility present relevant feature to
allow conducting the CPOM reaction according to a bifunctional
mechanism. The specific catalytic performance seems provided by
strong Pt-support interaction stabilizing highly dispersed oxidic Pt
species less active in CH4 and syngas combustion than bulk Pt. It
seems reasonable assuming that a limited coverage of electrophilic
oxygen on the Pt surface and the dominant course of the reaction
at the interface between Pt and the support interface manifests
macroscopically in the primary formation of synthesis gas. Addi-
tionally, a high rate of surface/bulk oxygen diffusion and Pt-support
oxygen spillover stabilizes these species while preventing coking.
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Abstract Specificity of CH, dry reforming mechanism
for Me-supported doped ceria-zirconia catalysts with high
oxygen mobility was elucidated using a combination of
transient kinetic methods (TAP, SSITKA) with pulse
microcalorimetry and in situ FTIRS. Steady-state reaction
of CH4 dry reforming is described by a simple redox
scheme with independent stages of CH, and CO, activa-
tion. This is provided by easy CO, dissociation on reduced
sites of oxide supports followed by a fast oxygen transfer
along the surface/domain boundaries to metal sites where
CH,4 molecules are transformed to CO and H,. The rate-
limiting stage is irreversible transformation of CH4 on
metal sites, while CO, transformation proceeds much faster
being reversible for steady-state surface. The oxygen forms
responsible for CH, selective transformation into syngas
correspond to strongly bound bridging oxygen species with
heats of desorption ~600-650 kJ/mol O,, most probably
bound with pairs of Pr and/or Ce cations able to change
their oxidation state. Ni + Ru clusters could be involved in
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CO, activation via facilitating C—O bond breaking in the
transition state, thus increasing the rate constant of the
surface reoxidation by CO,. Strongly bound carbonates are
spectators.

Keywords Methane - Dry reforming - Me-supported
doped ceria-zirconia - Oxygen bonding strength and
reactivity - Mechanism - Transient kinetic studies

1 Introduction

Catalysts comprising doped ceria-zirconia oxides with
supported precious metals and/or Ni demonstrate a high
activity and coking stability in carbon dioxide reforming of
methane, which is explained by a high lattice oxygen
mobility of these oxides and strong metal—support inter-
action [1-12]. However, factors controlling main features
of reaction mechanism on these catalysts, first of all, acti-
vation of reagents, remain unspecified though they are
known to be important for providing stable performance in
CH,4 dry reforming [12-15]. Thus, Bradford and Vannice
[14] proposed that CO, participates in the CH4 DR reaction
via the reverse water—gas shift (RWGS) reaction yielding
OH groups, which then react with adsorbed CH interme-
diates to form formate-type species (CH;O). For Pt/Al,0;
catalyst, O’Connor et al. [15] suggested that CH, activation
proceeds on free Pt sites, and CO, activation is assumed to
be the slowest step assisted by hydrogen to form adsorbed
CO and OH. For Pt/ZrO,, participation in the reaction
mechanism of hydroxocarbonates and formates stabilized
on support was suggested [15]. On the other hand, Bychkov
et al. [16, 17] demonstrated by using microcalorimetric
measurements that for Pt/Al,O3 CO, is activated via direct
interaction with the surface carbon atoms, which is the
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slowest step of DR. For Ni/SiO, catalyst, transient studies
of Schuurman and Mirodatos revealed that CO, is activated
by direct dissociation on Ni atoms, while the rate-limiting
step is interaction between C and O species adsorbed on Ni
[18]. For Ni/lanthana catalyst, a “bi-functional” mecha-
nism was proposed by Slagtern et al. [19] to account for the
observed kinetic behavior: methane is activated on the Ni
particles, and carbon dioxide interacts with La,O5 to form
carbonates which scavenge carbon from nickel at the
Ni-La,0j interface. Hence, as dependent upon the support,
even for the same metal, different routes of reagents acti-
vation and rate-determining stages seem to control cata-
lysts performance. However, it should be mentioned that
according to Wei and Iglesia [20], for all traditional sup-
ports without noticeable oxygen mobility and reactivity
and supported metals, only CH, activation by C—H bond
rupture is of any kinetic significance, all other stages pro-
ceeding much faster. It could not be excluded that features
of CH, dry reforming mechanism depend not only on
support and supported metal, but on operation conditions
(concentration of reagents and temperature) and oxygen
mobility in support as well. This requires to carry out
transient kinetic experiments in realistic conditions to be
sure that mechanistic features thus clarified have any sig-
nificance for the real catalysis of CH, DR. Similarly, the
oxygen mobility in complex oxide supports is to be char-
acterized not only in the standard oxidized state, but also
after achieving the steady state in realistic feeds as well
when relatively weakly bound and, hence, mobile oxygen
species are to be absent [21-24]. In this respect, oxygen
isotope heteroexchange between catalyst and C'*0, is very
useful to characterize the oxygen mobility in the catalysts
reduced by reaction feed.

This work presents results on elucidating specificity of
the mechanism of CH,4 dry reforming for ceria-zirconia-
based catalysts with supported Pt, Ru, Ni, and Ni + Ru
using transient kinetic methods (including pulse and
SSITKA studies) combined with pulse microcalorimetry
and in situ FTIRS in realistic feeds at temperatures up to
750 °C.

2 Experimental
2.1 Catalysts Preparation and Characterization

Complex fluorite-like Ln, (CegsZrps);xO, (Ln = Pr, Sm,
Pr 4+ Sm; x = 0.3) oxides were prepared by polymerized
complex precursor (Pechini) route followed by drying and
calcinations in air at 900 °C for 2 h as described elsewhere
[8, 21, 22] Nanocomposite 80 %Sm0.3Ceo.35Zr0.3502 + 10 %
Y0.08Z19.920, (YSZ) 410 %NiO was prepared by one-pot
Pechini route [23-25]. Pt (~1 wt%), Ru (~1 wt%), Ni

(5-7 wt%), LaNiO3 (7 wt%) and their combinations were
supported from solutions of respective salts (H,PtCl, RuCls,
Ni, and La nitrates) or their mixtures by incipient wetness
impregnation followed by drying and calcination at 800 °C.

The specific surface area of samples was determined
from the Ar thermal desorption data by using BET method.
XRD patterns were obtained with an ARL XTRA diffrac-
tometer using Cu Ko monochromatic radiation (A =
1.5418 A); the 260 scanning region was 20-85°. The TEM
micrographs were obtained with a JEM-2010 instrument
(lattice resolution 1.4 A, acceleration voltage 200 kV).
Local elemental analysis was performed with EDX method
(a Phoenix Spectrometer) [8, 21-25].

2.2 Kinetic and Mechanistic Studies

Oxygen isotope heteroexchange experiments were carried
out in a flow reactor (SSITKA mode) following earlier
described procedures [26]. After achieving dynamic oxy-
gen adsorption—desorption equilibrium at 500-700 °C, a
flow of 1 % '°0, in He was switched for that of 1 % %0,
in He, and concentrations of 1602, 150180, and 1802 were
monitored by a mass-spectrometer UGA 200 (Stanford
Research Systems, USA). In a similar mode oxygen isotope
heteroexchange was carried out using a flow of 1 % C'®0,
in He (*®O fraction 75 %) for samples after different pre-
treatments (either in O, or after achieving the steady state
in CH4 DR).

Both steady state and transient experiments in CH, dry
reforming were carried out at atmospheric pressure using
quartz reactors and flow installation equipped with GC and
on-line IR absorbance, electrochemical and polarographic
gas sensors for different components as described else-
where [10, 21-25]. To compare specific catalytic activities
of samples, effective first-order rate constants satisfactorily
describing methane conversion data in plug-flow reactors
[5, 10, 23] were calculated. Transient kinetic experiments
were carried out by switching the stream of reaction mix-
ture to that containing CO,, CHy, 13CH, + CO, or
CH, + "CO, in He following earlier described approa-
ches [18]. Analysis of 13C SSITKA experiments was car-
ried out by solving the system of differential equations for
the plug-flow reactor [27].

The Temporal Analysis of Products reactor set-up used
in this work (TAP-1) was described by Gleaves et al. [28].
TAP experiments were performed in quartz microreactor
placed in vacuum (10 *-10"> Pa). The weight of the cat-
alyst sample was 20 mg. A narrow pulse of gas molecules
(~10"* molecules) was injected into the reactor by means
of two high speed pulse valves. The products and unreacted
reactants were monitored at the exit of the reactor by a UTI
100C quadrupole mass spectrometer at fixed atomic mass
units (AMU): 40 for Ar, 44 for CO,, 16 for CHy, 2 for Hj,
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28 for CO, 18 for H,0, and 32 for O,. The catalysts were
pretreated by injecting a number of high intensity hydrogen
pulses (~ 10" molecules/pulse) until the outlet hydrogen
responses were stable. In single-pulse experiment, a small
amount of molecules (~10" molecules/pulse) was
admitted to the reactor using one pulse valve. In pump-
probe experiment, the reactants were subsequently injected
from the two pulse valves with a variable time interval
between two pulses. The species created during the first
pulse (pump pulse) were probed with a suitable reactant
during the second pulse (probe pulse). In each experiment,
25 responses of each AMU were collected and averaged.
All reaction mixtures were prepared with Ar as one of the
components, so that the admitted amount of components
can be determined from the Ar response. A temperature
range of 773-1,023 K was covered.

Pulse microcalorimetric studies were carried out using a
Setaram Sensys DSC TG calorimeter and a pulse kinetic
installation. The reagents and products concentrations were
determined by a gas chromatograph Chromos GH-1000.
Samples were pretreated in the flow of 5 % O, in He at
700 °C for 0.5 h and then in He for 0.5 h at the same tem-
perature with subsequent cooling down in the He flow (flow
rate 40 mL/min) to the temperature of experiments. Steady
state of catalysts in CH, dry reforming was usually achieved
by flowing reaction feed 7 % CH4; + 7 % CO, in He at
700 °C for2 h. Pulses of different compositions (7 % CHy4 in
He,7 % CH4 + 7 % CO, inHe, 7 % CO, in He, 5 % O, in
He) with volume 1-5 mL and time interval between pulses
15 min were fed in different sequences onto the stream of He
flowing through the reactor (vide infra). Due to rather small
weights of catalysts (~30 4 60 mg quartz fraction) and
rather big reactor volume (&5 cm?), these pulse experi-
ments were carried out in the batch-flow mode.

For in situ FTIRS studies of the reactivity of surface
carbonates, thin pellets (2.8-3.6 cm? in area and 60-90 mg
in weight) were prepared from the catalysts powders
without a binder and evacuated at 500 °C for 1 h in IR cell
earlier described in details [29]. Further, the temperature in
IR cell was adjusted to experimental temperature (600,
650 °C). IR spectra were registered using a FTIR-8300

Shimadzu spectrometer in the region of 400-6,000 cm™"

with 4 cm™' resolution and accumulation of 100 scans.
CO, was injected into IR cell (50 torr) from a separate
vessel connected with the cell through a valve, and the
spectra were registered until the stationary state of the
surface was obtained. After that, carbon dioxide was
removed from the gas phase by freezing CO, vessel with
liquid nitrogen, and IR spectrum was registered. Then, CH,4
was injected (50 torr), and the IR spectra were registered
until the stationary state of the surface was obtained.

3 Results and Discussion
3.1 Phase Composition and Microstructure

Specific surface area of studied catalysts varies in the range
of 15-30 m2/g (Table 1). Detailed characteristics of cata-
lysts phase composition, microstructure and oxygen
mobility/reactivity are given in previous publications [5, 6,
8-12, 20-26, 30]. Doped ceria-zirconia fluorite-like oxides
are single-phase samples. In as-prepared samples, metals
(Pt, Ru, Ru + Ni) supported on fluorite-like oxides or
nanocomposites are mainly in the form of oxidic species
strongly interacting with oxide particles and partially
incorporated into their surface layers. For nanocomposites
prepared via one-pot Pechini route, NiO particles decorated
by fluorite-like oxidic fragments are present as well [23—
25]. In reduced steady state of CH, DR catalysts, metal or
metal alloy nanoparticles/clusters (including Ni (Ru, Pt)
alloy clusters segregated from supported LaNi(Pt, Ru)Os)
are epitaxially bound with supports and partially decorated
by support oxidic species [23-25].

3.2 Catalytic Activity

At 700 °C and contact time 15 ms, the first-order specific
rate constants (s*1 mfz) for studied samples (Table 1) var-
ied in the row Pt/PrSmCeZr < Pt/PrCeZr ~ LaNi/PrSm
CeZr = LaNiPt/PrSmCeZr < Ru/PrSmCeZr < Ru + Ni/
PrSmCeZr/YSZ < Ru + Ni/PrSmCeZr. For the same type

Table 1 Chemical
composition, abbreviation,
specific surface area and

specific catalytic activity of
Me-supported fluorite-like
catalysts

Chemical composition Abbreviation SBET K !'m™?
(m%*/g)  at 700 °C

8 %L.aNiO5/Prg 15Smq 15Ceq 357103502 LaNi/PrSmCeZr 21 1.7

8 %LaNiO3z +1 %Pt/Pry 15Smg 15Cep 352103502 LaNiPt/PrSmCeZr 21 1.7

1.4 %Pt/Pry sSmy 15Ceq 357103505 Pt/PrSmCeZr 30 0.7

1.4 %Pt/Pry;Ce( 357103505 Pt/PrCeZr 16 1.5

1 %Ru + 10 %NiO/Pry 15Smg 15Ce 357219 3502/YSZ  Ru + Ni/PrSmCeZr/YSZ 30 4

1.4 %Ru/Prg 15Smg 15Ceq 35710350, Ru/PrSmCeZr 20 24

1.4 %Ru + 6.6 %Ni/Pry 15Smg 15Ceq 3572103502 Ru + Ni/PrSmCeZr 18 7.5
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of supported active component, specific catalytic activity
correlates with the oxygen mobility in complex oxide sup-
port[4, 10,21,31,32]. For the same support, specific activity
is apparently higher for Ru + Ni-supported active compo-
nent due to formation of mixed Ni—Ru alloy nanoparticles
[23-25]. Addition of Pt does not improve performance of
supported LaNiOs;, perhaps, due to excessive decoration of
alloy nanoparticles by La hydroxocarbonates.

3.3 Isotope Transients

Figure 1 demonstrates typical transients in the case of
switches of the feed with normal isotope composition to
that containing labeled CH,. As follows from these results,
the transients are fast, so the steady-state surface coverage
by carbon-containing species is quite low, not exceeding
10 % of monolayer. In the case of labelled CH,, redistri-
bution of '*C among all C-containing components of feed
is observed. Kinetic parameters characterizing the rate of
exchange and specific rates of CH4 and CO, consumption
are shown in Table 2. The rate constants of CO, transfor-
mation estimated by SSITKA data analysis exceed those of
CH, consumption by an order of magnitude. These results
explain a high coking stability of studied catalysts.

Figure 2 shows variation of the '*C isotope fraction in CO
and CO, after switching the stream of 12CH4 + 12COz + He
to that of "’CH, + *CO, + He + 1 %Ar for Ru + Ni/
PrSmCeZr catalyst at 650 °C. Fractions of '*C in CO and
CO, in the exit stream increase without any delay relative to
Ar concentration, and at each moment the total number of
13C atoms in CO and CO, is equal to that in the inlet 13C0,,
so there is no carbon isotope accumulation on the catalyst
surface. Hence, this experiment also demonstrates that

a 50 -

CcO '
4.5-.....-.-..—.../| . P
4.0 : :
X35 He . :
5 3.0 ‘."\” ..........
=
g 2 5 ] CH,‘ 130H CH«{
g 20 PSR B B T e P
o 13
1.5 CO-f —mtrstrinny
s {co, / co,
3 g SRS B
0.5 ’c{g ﬁcoz\
0.0 CH, cae
-0. 5 T ¥ T J T v T ¥ 1
0 50 100 150 200 250
Time, sec
Fig. 1 a Isotope transients after switches CHy + CO, +
He — “CH4 + CO, 4+ He - CH, 4+ CO, + He for PyPrCeZr

sample at 830 °C, 15 ms contact time and inlet concentration of
CH, and CO, 4 %; b Time dependence of '*C isotope fraction in CO

concentration of C-containing intermediates (carbonates,
etc.) on the steady-state surface is negligible.
According to the reaction stoichiometry

CH; + CO, = 2CO + 2H,

and provided the absence of carbon exchange between
carbon-containing molecules, the fraction of B¢ in CO
should be equal to a half sum of '*C fractions in CO, and
CH4:

%co, + OcH, (1

Odco =
2

3C fractions in reagents were equal to
oco, = 0.7, acy, = 0. In this case, estimated 13C fraction
in CO should be equal to 0.35, while experimental value is
0.4. At the same time, 13C fraction of CO, in the exit
stream is much lower than that in the inlet feed being equal
to 0.46. This means that in the course of reaction the
exchange of carbon atoms between CO and CO, proceeds,
while there is no transfer of '*C into CH,4 (Fig. 2). This
proves that stages of catalyst interaction with CH4 and CO,
are independent, the first one being irreversible, and the
second one—reversible. The simplest mechanism
conforming to this conclusion can be presented as follows:

In our case,

(1) [20] 4+ CH4 — [Z] + CO + 2H,,
(2) [Z] + CO, <« [ZO] + CO

Here, methane irreversibly interacts with oxidized cen-
ters of catalyst with CO and H, formation, which is fol-
lowed by reoxidation of reduced centers by carbon dioxide.
Though a more detailed description should take into
account the occurrence of reverse water gas shift reaction,
which decreases H,/CO ratio in products, for studied cat-
alysts its effect is not so strong (CH4 and CO, conversions

b
0.4 - 1
A ; JP"C:?' o han, \,"‘ oy
§ 0s] e RARG w«w\
b5t 2
1]
=
o
9
o
@
5‘_9 0.1 -
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(1) and CO, (2) after switching CH, + CO, + He — '*CH, +

CO, + He for Pt/PrCeZr sample at 830 °C, 15 ms contact time and
inlet concentration of CH4 and CO, 4 %
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Table 2 Estimation of the rates

of basic stages of CHy dry TCO %co, %co walw (Wl . 2 . W .
reforming by SSITKA mcmol/g - min) (mcmol/g - min) (mecmol/g - min)
Pt/PrCeZr
735 0.12 0.14 42 0.6 25 24
785 0.21 0.23 34 1.0 34 33
830 0.32 0.34 30 1.6 48 46
Ru + Ni/PrSmCeZr
550 0.52 0.46 7.7 4.2 32 28
600 0.49 0.42 6.0 6.2 36 30
650 0.46 0.39 5.5 7.6 42 34
Ru + Ni/PrSmCeZr/YSZ
550 0.49 0.46 11.5 1.5 17 15
600 0.44 0.42 24 2.0 47 45
650 0.40 0.39 43 2.5 106 103
1) [ZO] +CH, — [Z] + CO + 2H,, Wisco = Wi X tep, + W2 X 0co, — W2 X 0o (3)
2) [Z] + €O, &> [20] + CO Then the fraction of '°C in CO will be determined by the
relation:
10 TR\
g iy o — w1 X OcH, + W2 X tco, — W-2 X dco (4)
é 0.8 4 Wy +wy —w_o
q::‘; 06 | i Taking into account that in steady-state conditions of
g ' | poonmoooomocooomonsonons co, catalytic reaction
_% 04+ Cco W_p =Wy — Wi (5)
20 0.2 and ocy,= 0, Eq. 4 can be rewritten as:
1Y, J OISR S——" - } aCO:WZXO‘COz—(Wz—Wl)XOCCO (6)
40 20 0 20 40 60 80 100 120 2wy

time, s

Fig. 2 Time dependence of '>C isotope fraction in CO, CO,, and
CH, after switch CH, + CO, — CH, + °CO, + He + Ar for the
Ru 4 Ni/PrSmCeZr sample at 650 °C and 15 ms contact time. Feed
composition: 3.8 % CHy + 3.8 % CO, (+1 % Ar) in He

differ by less than 10 rel. %), so it will not affect a con-
clusion about the nature of rate-limiting stage. Though
different active sites are to be considered for steps 1 and 2
occurring on metal and oxide sites, respectively, in the case
of very fast redistribution of oxygen species between these
sites due to surface diffusion (vide infra), in the first
approximation this simplified scheme would allow one at
least to estimate a relation between the specific rates of
CH4 and CO, activation.

3.4 Rate-Limiting Stage

The total rate of CO formation in frames of this scheme is
equal to:

Wico = Wi +wa — Ww_o. (2)

The rate of '*CO formation is equal to:

@ Springer

which can be simply transformed into:

w o

r2_ 70 (7)
Wi dco, = Oco

Thus calculated w,/w, ratios are given in Table 2. As
follows from this Table, the rate of the catalyst reoxidation
by CO, greatly exceeds that of its reduction by methane.
Hence, in steady-state conditions, the rate of methane dry
reforming is limited by the stage of methane interaction
with catalyst. Note that both w; (rate of CHy
transformation) and w, (rate of catalyst reoxidation by
CO,) at a lower (550 °C) temperature are apparently higher
for catalysts containing Ru + Ni as compared with those
for Pt/PrCeZr at a higher (735 °C) temperature. Since
specific activity of Pt/PrSmCeZr catalyst is even lower than
that of Pt/PrCeZr catalyst (Table 1), this difference could
not be explained by the effect of support composition.
Hence, in agreement with Shuurman and Mirodatos data on
direct dissociation of CO, on metallic Ni sites [18], this
result suggests that Ru 4+ Ni alloy nanoparticles are not
only involved in CH,4 activation, but help to activate carbon
dioxide as well.
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3.5 Tap

Typical results of TAP studies are shown in Figs. 3,4, 5, 6,
7 for the case of Ni + Ru-supported catalysts. In oxidized
state, these catalysts possess rather low activity providing
only complete oxidation (combustion) of methane, which is
a well-known feature of Ni/Ru containing catalysts [23-25]
(not shown for brevity). For catalysts reduced by hydrogen,
successive pulses of CO, and CH, are efficiently trans-
formed into CO and CO + H,, respectively (Fig. 3). As
follows from this figure, amounts of CO produced in the
pulse of CO, and subsequent pulse of CHy are very close,
which agrees with the conclusion about independent acti-
vation of reagents based on SSITKA results. Variation of
time delays between CO, and CH, pulses only slightly
affects the amount of CO produced in CH4 pulse (Fig. 4).
Since SSITKA results suggest participation of Ni + Ru
alloy particles in activation of CO, molecules (vide supra),
redistribution of reactive oxygen species between adsorp-
tion sites located on metal and oxide surface could occur.
For the Ni 4+ Ru/PrSmCeZr/YSZ nanocomposite with a
bigger amount of Ni and larger sizes of Ni particles [23—
25], a decline of the amount of CO produced in CH4 pulse
with delay time is more pronounced (Fig. 4b), which
suggests also some incorporation of oxygen atoms into the
bulk of Ni particles. Since the number of molecules in each
pulse is very small (<0.1 % of monolayer), it is clear that
the spatial distribution of oxygen atoms on the surface of
catalysts after one pulse of CO, can be strongly non-uni-
form, thus favoring the occurrence of oxygen diffusion
processes. Indeed, pump-probe experiments with oxygen-
labelled C'0, confirmed rapid oxygen redistribution
between different centres of catalysts with high oxygen
mobility (Fig. 5). Here, pulse of C'®0, produces only
C'°0, which can be possible only in the case of fast
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Fig. 4 a CO responses corresponding to CO, and CH, pump-probe
experiments with various time delays between CO, (1) and CH, (2-6)
pulses over reduced Ru + Ni/PrSmCeZr at 754 °C; b CO responses
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Fig. 3 CO,, CO, CHy, and H, responses corresponding to CO, and
CH, pump-probe experiment over reduced Ru + Ni/PrSmCeZr at
754 °C. Injection times were 0 s for CO, and 1.0 s for CHy

equilibration between '®O surface oxygen atoms produced
by C'®0, dissociation, '®O surface/subsurface oxygen
atoms of the catalyst and even '®O atoms of formed CO
molecules. Since subsequent pulse of CH, apparently
activated on metal sites produces only C'®0, this suggests
that CO, dissociates on the oxide support sites and not on
the metal sites. Hence, the surface oxygen diffusion is
really very fast to supply oxygen atoms with equilibrium
isotope composition to the metal/support interface during a
0.6 s time lag between CO, and CH, pulses.

A comparison of CO responses for mixed CH; + CO,
pulse and separate pulses of components (Fig. 6) shows
that the amount of CO produced in the mixed pulse cor-
responds to the sum of CO produced in separate pulses.
This demonstrates that activation and transformation of
CO, and CHy indeed proceed independently.

Results of '*CO, and '>CH, pump-probe experiments
confirm this conclusion (Fig. 7). Indeed, pulse of 13COZ

b 0025 1
0.0020-

S 00015

=
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& 0.0010- 6

=
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0.0000 S
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corresponding to CO, and CH, pump-probe experiments with various
time delays between CO, (1) and CH4 (2-6) pulses over reduced
Ru + Ni/PrSmCeZr/YSZ at 700 °C

@ Springer



964

Top Catal (2013) 56:958-968

0.007 4
0.006 - CH, injection
0.005 - i =
S ! c’o,
; 0.004 - :fl 0160
b~ 1 18
2 0,003 C"0, injection i -
Q II|I S CH
c i n 4
= 0,002/ i
11\ : \'l_
0.001 ﬂ y . ] '\\
1& B v
0.000 f~*senei o RSIEECEeF

T T T T T T T
0.0 0.2 0.4 0.6 0.8 1.0
Time (s)
Fig. 5 Cc'®0,, C'®0, C'®0, and CH, responses corresponding to
C'0, and CH, pump-probe experiment over reduced Ru + Ni/

PrSmCeZr at 750 °C. Injection times were 0 s for C'*0, and 0.6 s for
CH,4
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Fig. 6 CO responses obtained over reduced Ru + Ni/PrSmCeZr
catalyst at 754 °C in: 1 CO, and CH,4 pump-probe experiment (time
delay between CO, and CHy pulses was 0.01 s); 2 CO, single-pulse
experiment; 3 CHy single-pulse experiment
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Fig. 7 '>CO,, '*CO, '3CO, and CH, responses corresponding to
'3C0O, and "*CH, pump-probe experiment over reduced Ru + Ni/
PrSmCeZr at 750 °C. Injection times were 0 s for '*CO, and 0.8 s for
CH,
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produces only '*CO, while subsequent pulse of '*CH,4
gives only 'CO. This clearly excludes any exchange of
carbon atoms between reagents, and hence the existence of
any common intermediate.

3.6 Heat Effects and Dynamics of Steady-State
Catalysts Reduction by CH4 Pulses
and Reoxidation by CO, and O, Pulses

For all catalysts in the steady state (ss), the heat effects
generated by reduction with CH, pulses were very close to
each other, varying rather weakly with reduction degree up
to 0.3-0.5 monolayer. As a typical example, Fig. 8a shows
this dependence for Ru + Ni/PrSmCeZr sample. As
products of CH, transformation, only CO and H, are
observed (Fig. 9), degree of CH,4 conversion in the 1st
pulse being equal to that in the reaction feed pulse,
decreasing only slightly with the catalyst reduction degree.
This result clearly agrees with conclusion on the indepen-
dent activation of CH4 and CO, based on the results of
SSITKA and TAP studies (vide supra). Since the amount of
oxygen removed by each pulse is in the range of 5-10 % of
monolayer, exceeding the amount of oxygen adsorbed on
the metal sites, it is clear that only fast oxygen migration
from the surface/subsurface sites to metal clusters could
provide a high rate of CH,4 conversion in this series of
pulses. The strength of reactive oxygen species bonding
with the ss surface estimated from respective heat effects
with a due regard for stoichiometry of CH, transformation
at this stage of reduction (Fig. 9b) corresponds to bridging
M,O form (heat of O, desorption =650 kJ/mol [33])
(Table 3). Note that for all studied samples heats of oxygen
desorption estimated from experiments with CH,4 pulses are
also close to each other. This proves that oxygen is
removed from the oxide support and not from the sup-
ported active component. At a deeper reduction degree,
reaction heats decline (Fig. 8) due to onset of CH, pyro-
lysis with carbon deposition on the catalyst surface, as
follows from the carbon imbalance (Fig. 9b). As the result,
the heat effect approaches the level corresponding to the
enthalpy of CH, dissociation into C (graphite) and H,
(~75 kJ/mol).

Reoxidation (up to 20-50 % of monolayer oxygen
coverage) of ss surface by CO, pulses proceeds with nearly
constant heats of reaction (from —60 to —40 kJ/mol CO,)
(Fig. 8b), also weakly depending upon the type of sup-
ported active component. CO, consumption in each pulse
is accompanied by formation of the equivalent amount of
CO with small (if any at all) retention of CO, as surface
carbonates. With a due regard for the standard enthalpy of
reaction CO, = CO +1/20, (283 kJ/mol), these heat val-
ues correspond to replenishing the bridging surface oxygen
forms with the desorption heat =600-650 kJ/mol O,
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Table 3 Characteristics of bonding strength of reactive bridging
oxygen forms for catalysts in the steady state by reduction of CH, or
CO pulses and reoxidation by CO, or O, pulses at 700 °C

Catalyst composition Heat of oxygen desorption (kJ/mol O,)

CO,* CH,* CO* 0,*
Pt/PrCeZr 640 650 640 640
LaNi/PrSmCeZr 660 630 650 560
Ru + Ni/PrSmCeZr 630 670 635 550
Ru + Ni/PrSmCeZr/YSZ 640 740 645 550

* Estimated by using pulses of respective component

(Table 3). The same values were obtained by using results
of experiments on reduction of steady-state catalysts by CO
pulses (not shown for brevity) (Table 3).

These reactive bridging oxygen species are apparently
bound with pairs of Ce4+(Pr4+) cations in different coor-
dination environment able to easily change their charge
state due to reduction/reoxidation [31]. Hence, in agree-
ment with CHy pulse studies (vide supra), the reactive

oxygen forms responsible for CH, transformation into
syngas are efficiently produced by CO, dissociation on the
surface vacancies of fluorite-like support. The degree of
CO, conversion in the first pulse supplied to the steady-
state surface is equal to that in the pulse of reaction feed
(Fig. 10). In agreement with SSITKA and TAP studies
(vide supra), these results demonstrate that, contrary to
catalysts on irreducible oxide supports [15—19], for metal-
supported fluorite-like oxides CO, activation proceeds
independently of CH,4. Note that CO, conversion rapidly
declines with the pulse number as catalyst is reoxidized
(Fig. 10). In agreement with calorimetric data demon-
strating the constant heat of the surface reoxidation by CO,
(Fig. 8b), such kinetics reasonably fitted by the first-order
equation for the batch-flow reactor corresponds to filling
the surface sites uniform by the adsorption energy. The rate
constants of CO, consumption are very close for Pt or
LaNiO;-supported samples (~ 107 s~'), while being an
order of magnitude higher for Ni 4+ Ru-supported sample
(~10°s™). In agreement with SSITKA results (vide
supra), this suggests that Ni—Ru alloy nanoparticles

@ Springer
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Fig. 10 Variation of CO, conversion in the course of steady-state
Ru + Ni/PrSmCeZr catalyst oxidation by pulses of 7 % CO, in He at
700 °C; x on the ordinate axes marks CO, conversion in the mixed
CH, + CO, pulse

participate in CO, activation, perhaps, via facilitation of
C-0 bond rupture in CO, molecules adsorbed at the metal-
support interface. For Pt-supported sample, CO, is
activated only on the sites of support—oxygen vacancies in
the coordination sphere of Ce/Pr cations. For the steady-
state of all studied catalysts, no evidence for CO, inter-
action with adsorbed CHy species or CH, activation by
carbonates was found. This is explained by the fast rate of
CO, dissociation on support sites and a high surface oxy-
gen mobility providing fast oxygen transfer from support
sites to metal sites where CH,4 molecules are activated.

Initial heats of reoxidation of the steady-state catalysts
by pulses of O, (Fig. 8c; Table 3) are rather close to those
estimated from experiments with CH, and CO, pulses,
though being somewhat smaller in magnitude (oxygen
bonding strength). The heats of oxygen adsorption decline
with samples reoxidation, reflecting apparent non-unifor-
mity of the oxygen bonding strength on the surface due to
existence of several types of adsorption sites including also
Ni and Ru atoms. Since several monolayers of oxygen are
adsorbed before the oxygen conversion in a pulse declines
from 100 % in the 1st pulse to 5—-10 % in the 15-20th pulse
(Fig. 8c¢), a fast diffusion of oxygen atoms from the surface
into the bulk of oxide particles is apparent.

3.7 Oxygen Diffusion Characteristics in the Steady
State by 'CO, SSITKA

Since pulse microcatalytic studies revealed that reoxidation
by CO, is limited only to the fraction of the surface sites,
SSITKA of '8CO, allows one to estimate the effect of the
catalyst reduction by the reaction feed on the oxygen
mobility in fluorite-like oxide support. As follows from
Fig. 11, for the LaNiPt/PrSmCeZr -catalyst, isotope
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Fig. 11 Effect of pretreatment on isotope transients in the course of
C'"®0, exchange with the LaNiPt/PrSmCeZr sample at 700 °C;
a=0.5 X; + X,, where o—fraction of 80 in the gas phase,
X, = fraction of C]802, X1 = fraction of C'°00; z = Xz—cxz—
deviation from the binomial distribution for C'80, molecules with
fraction X,

transients are practically identical for the case of pretreat-
ment in oxygen and after achieving the steady-state in the
reaction feed. Similar to the case of oxygen heteroex-
change with '®0, [26, 31], all oxygen atoms contained in
the catalyst were equilibrated with the oxygen in the gas
phase. Estimation of the oxygen diffusion coefficients in
the bulk of oxide domains (Dy,) and along domain
boundaries (Djyerfaces) fOllowing procedures described in
detail previously [26, 31] (Table 4) revealed that they were
somewhat decreased as compared with values found for
completely oxidized states, but remained at a high level.
According to analysis of the dynamics of CH, dry
reforming on Pt/PrCeZr [30], the values of oxygen diffu-
sion coefficients along interfaces (surface and domain
boundaries) ~ 1072 to 1073 cm%s are sufficient to

Table 4 Coefficients of oxygen diffusion in the Pt/PrCeZr and
LaNiPt/PrSmCeZr catalysts by '*0, and C'*0, SSITKA

Sample Desr Dyuix Dinterfaces
(s~ H* (10718 m?%/s)*s (10710 m?/g)s

Pt/PrCeZr

80, [31] 0.04 4 >33

c'®0, 0.003 - >2
LaNiPt/PrSmCeZr

80, [31] >0.03 3 >25

c®o, 0.008 - >5

* Do effective average oxygen diffusion coefficient for catalyst
estimated by solving the system of differential equation describing
SSITKA data [26, 31]

** Dy oxygen diffusion coefficient within oxide domains estimated
by using D, and domain size [26, 31]

FEE Dinterfaces 0Xygen diffusion coefficient along domain boundaries
estimated with regard for the relative amount of oxygen located
within domain boundaries [26, 31]
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provide effective supply of oxygen species to the metal/
oxide interface required for maintaining high catalytic
activity.

<« Fig. 12 FTIR spectra of LaNi/PrSmCeZrO, sample in the range of

surface carbonates (a) and CO and CO, gas phase molecules
(b) vibrations under contact with CO, followed by admission of
CH,4 at 600 °C; variation of the intensity of carbonate bands with time
under contact with CH, in coordinates of the first-order rate equation
(©): 11385 cm %, 21,460 cm™!

Table 5 Rate constants of interaction of surface carbonates with gas-
phase CH4

1

Sample Temperature (°C) Constant (s~ )
Ru/PrSmCeZr 600 0.003
LaNi/PrSmCeZr 600 0.007
LaNi/PrSmCeZr 650 0.009

3.8 Reactivity of Surface Carbonates

To elucidate whether reductive transformation of CO, in
reaction conditions could proceed via carbonates as inter-
mediates, the reactivity of surface carbonates was studied
for catalysts with La-containing active components. Fig-
ure 12 and Table 5 present typical results for the LaNi/
SmPrCeZr catalyst, for which carbonates bound with La
cations are expected to be more abundant than for other
catalysts. As follows from Fig. 12, at operation tempera-
tures of CH, dry reforming bridging carbonates (bands at
1,385 and 1,460 cmfl) [19] are formed on the surface of
reduced catalyst under contact with CO,. Though their
intensity strongly declines after removing gas-phase CO,,
they are still retained on the surface. Moreover, they
apparently react with CHy, since respective bands disap-
pear (Fig. 12a) and gas-phase CO is formed (Fig. 12b)
when CH, was admitted into the cell.

Linearization of the intensity variation in coordinates of
the first-order equation revealed their identical slopes for
both bands, which confirms their assignment to the same
bridging carbonate (Fig. 12c). The values of respective
first-order rate constants (~ 107> s™!) (Table 5) are much
smaller than the rate constants of the rate-determining stage
of CH, dissociation (~ 1 to 10 s_l), not speaking about the
rate constants of CO, dissociation (>102 s_l) estimated
from CO, pulse reoxidation experiments (vide supra).
Hence, in agreement with transient experiments, strongly
bound carbonates can be only spectators.

4 Conclusions
For catalysts comprising metals (Pt, Ru, Ni 4+ Ru) sup-
ported on nanocrystalline complex fluorite-like doped ce-

ria-zirconia oxides, the mechanism of CH, dry reforming
under steady-state conditions in realistic feeds includes
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independent stages of CH, and CO, activation on metal
and support sites, respectively. Conjugation between these
stages is provided by high oxygen mobility along the sur-
face and domain boundaries of fluorite-like oxides. The
oxygen forms responsible for CHy selective transformation
into syngas are strongly bound bridging oxygen species
with heats of desorption ~600-650 kJ/mol O,, most
probably bound with pairs of Pr and/or Ce cations able to
change their oxidation state. This conclusion is supported
by moderate (20—40 % of monolayer) surface coverage by
these forms in steady-state conditions as revealed by CO,
pulse reoxidation studies. While supported metals do not
stabilize these oxygen forms, Ni + Ru clusters could be
involved in the transition state of CO, activation, thus
increasing the rate constant of the surface reoxidation by
CO,. Strongly bound carbonates are only spectators.
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The mechanism of CH,4 dry reforming on Pt, Ru, Ni, Ni+ Ru-supported perovskite (PrFeOy, LaPrMnCrOy)
or fluorite (LnCeZrOy) oxides was studied using a Setaram Sensys DSC TG calorimeter and a pulse kinetic
installation. For catalysts in the steady-state, CH4 and CO, transformation in separate pulses proceeds
with the rate and products selectivity equal to that in mixed CO, + CH4 pulses. Heat effects of separate
stages correspond to CH4 oxidation into syngas by strongly bound bridging oxygen forms of support
(heat of adsorption up to 650 kj mol~! O, for fluorites and ~500 k] mol~' O, for perovskites) and their
replenishment by CO, dissociation, respectively. These features demonstrate a step-wise red-ox (Mars-
van-Crevelen) mechanism of CH4 dry reforming. Fast oxygen transfer from the sites of oxide support to
the metal/oxide interface provides required conjugation of stages.

© 2013 Elsevier B.V. All rights reserved.

1. Introduction

Catalysts comprised of metal clusters (Pt, Ru, Ni, Ni+Ru) sup-
ported on the surface of fluorite-like (Ln-Ce-Zr-0)/perovskite-like
(LnFeOy, LaPrMnCrOy) oxides with a high surface/lattice oxygen
mobility and reactivity demonstrate a high activity and coking sta-
bility in dry [1-9] and steam [10-12] reforming of methane. It
is explained by the bifunctional scheme of reaction mechanism
including CH,4 activation of metal sites, CO, (H,0) — on oxide sites
followed by fast transfer of oxygen species to the metal-support
interface where they interact with activated CHy species producing
syngas [13]. However, up to now, direct evidence of such mecha-
nism is still lacking, and question remains what is the nature of the
rate-determining stage and whether for these systems activation of
both reagents is really independent or conjugated. Indeed, for tra-
ditional catalysts such as alumina-supported Pt, Ni and Co, pulse
microcalorimetric studies of Bychkov et al. [14,15] reliably demon-
strated that CO, is activated via direct interaction with the carbon

* Corresponding author at: Boreskov Institute of Catalysis, Prospect Akad. Lavren-
tieva, 5, Novosibirsk 630090, Russia. Tel.: +7 383 330 8763; fax: +7 383 330 8056.
E-mail addresses: sadykovy@academ.org, sadykov@catalysis.ru (V. Sadykov).

0040-6031/$ - see front matter © 2013 Elsevier B.V. All rights reserved.
http://dx.doi.org/10.1016/j.tca.2013.01.034

atoms on the Me surface, which is the slowest step of DR. For Ni/SiO,
catalyst, transient studies of Schuurman and Mirodatos revealed
that CO, is activated by direct dissociation on Ni atoms, while the
rate-limiting step is interaction between C and O adsorbed on Ni
[16]. For Ni/lanthana catalyst, Slagtern et al. [17] proposed that
methane is activated on the Ni particles, and carbon dioxide inter-
acts with La,03 to form carbonates which scavenge carbon from
nickel at the Ni-La;03 interface. Hence, as dependent upon the
support, even for the same metal, different routes of CO, activation
could operate. Estimation of reagents conversion in mixed and sep-
arate pulses fed to the steady-state catalyst is the usual approach
to elucidate the reaction mechanism of catalytic red-ox reactions
[14-19]. However, it has not yet been applied to studies of CH,4 dry
reforming on metal-supported catalysts with a high mobility and
reactivity of oxygen in complex oxide supports.

In this work, pulse microcalorimetric studies have been car-
ried out to clarify basic features of CH4 DR reaction mechanism
for catalysts with a high oxygen mobility and reactivity following
approaches used in work of Bychkov et al. [14,15]. To elucidate
effect of the oxide support and supported active component on the
nature of basic stages, the catalysts composition was broadly varied.
For comparison, some experiments were carried out for traditional
supported Ni/alumina catalyst.
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Table 1

Specific surface area and catalytic activity of samples.
Catalyst composition (wt.%) Abbreviation Sep.d, m? g1 k,°s'm2
1.4%Pt/Pro3Ceo35Zr03502 Pt/PrCeZr 29 1.5
6%LaNiO3/Smgl5Pl'[)‘15CE()3521'035 02 LaNi/PrSmCle 28 1.7
1.4%Ru/Smyg 15Pro.15Ce0 3521035022 Ru/SmPrCeZr 20 2.4
1%Ru/80%Smg3Ceq 352193502 +10%Ni0 + 10%YSZ RuNi/SmCeZr/YSZ 24 4
(0457%RU+G.G%Nio)/sm0_15PF0,15C60352F03502 RuNi/SmPrCle 21 7.5
PrFeqsRug.1Nig303 PrFeNiRu 4 5
1.4%Ru/80% Lag gPro2Mng2Crog03 + 10%5NiO +10% YSZ RuNi/LaPrMnCr/YSZ 6 8

2 Specific surface area by BET.

b Specific first-order rate constant estimated at 700 °C and contact time 15 ms related to the total specific surface unit [4,8,9].

2. Experimental
2.1. Catalysts preparation

Complex fluorite-like Lny(Ceg5Zrg5)1-x02 (Ln=Pr, Sm, Pr+Sm;
x=0.3) and perovskite-like PrFeggRug1Nig303 oxides were pre-
pared by polymerized complex precursor [20] route followed
by drying and calcination in air at 900°C for 2h as described
elsewhere [8-12]. Nanocomposites 80%LaggPrg>Mng,CrggO3 +
1O%Zr0.92Y0.0802,5 (YSZ)+10%NIO and 80%Smg 3Ceq35Zr9350, +
10%YSZ +10%NiO were prepared by one-pot Pechini route [10-12].
Pt (1 wt.%), Ru (0.6-1.0 wt.%), Ni (7 wt.%), LaNiO3 (7 wt.%) and their
combinations were supported on fluorites or nanocomposites from
solutions of respective salts (H,PtClg, RuCls, Ni and La nitrates) by
incipient wetness impregnation followed by drying and calcina-
tion at 800°C. Commercial sample of y-Al,03 (Sger=150m?g~1)
manufactured by OJSC “Catalyzator” (Novosibirsk) was used for
preparation of Ni (7 wt.%)-supported sample by incipient wetness
impregnation.

2.2. Catalysts characterization

The specific surface area of samples was determined from
the Ar thermal desorption data by using BET method. Structural
and microstructural characteristics of samples elucidated by X-ray
diffraction and transmission electron microscopy with elemental
analysis are given elsewhere [4,5,8-12].

2.3. Kinetic and calorimetric set-ups

Performance of catalysts in CH4 dry reforming was estimated
at atmospheric pressure for feed comprised of 10% CH4 +10% CO,
in He using quartz reactors and flow installation equipped with
GC and on-line IR absorbance, electrochemical and polarographic
gas sensors for different components as described elsewhere
[4,5,8-12]. To compare specific catalytic activities of samples, effec-
tive first-order rate constants satisfactorily describing methane
conversion data in plug-flow reactors [4,5] were calculated.

Pulse experiments were carried out using a Setaram Sensys DSC
TG calorimeter and a pulse kinetic installation. The reagents and
products concentrations were determined by a gas chromatograph
“Chromos GH-1000". The sample (30-90mg) was loaded into a
tubular quartz reactor with a diameter of 6 mm, which was located
in a measuring channel of the calorimetric unit. In the comparison
channel an empty reactor was placed. Samples were pretreated in
the flow of 5% O, in He at 700°C for 0.5h and then in He (flow
rate 40 mLmin~1) for 0.5 h at the same temperature. Steady-state
of catalysts in CH4 dry reforming was usually achieved by flowing
reaction feed 7% CH4 +7% CO, in He at 700 °C for 2 h. Pulses of dif-
ferent compositions (7% CHy in He, 7% CH4 +7% CO, in He, 7% CO-,
in He, 5% O, in He) with volume 1-5 mL and time interval between
pulses 15 min were fed in different sequences onto the stream of He
flowing through the reactor. Due to rather small weights of catalysts

and rather big (~5 mL) reactor volume (equal to or exceeding the
pulse volume), the gas flow through the reactor in pulse titration
experiments can be decribed by the batch-flow model, which sug-
gests the absence of gas phase concentration gradient within the
reactor due to intermixing. The amount of oxygen removed from a
catalyst by CHy4 pulse or inserted by CO,/0, pulse was expressed
either as a fraction of the total amount of oxygen in oxidized sam-
ple or a number of the oxygen monolayers (1 monolayer is equal
to 10'? atoms m~2).

3. Results and discussion
3.1. Phase composition and microstructure

Specific surface area of studied catalysts varies in the range
of 10-50m?g~! (Table 1). Detailed characteristics of catalysts
phase composition, microstructure and oxygen mobility/reactivity
are given in previous publications [5,8-12,21-25]. Doped ceria-
zirconia fluorite-like oxides and complex perovskite-like precursor
are single-phase samples. In as-prepared samples, metals (Pt, Ru,
Ru+Ni) supported on fluorite-like oxides or nanocomposites are
mainly in the form of oxidic species partially incorporated into
the surface layers of supports [12,20-22]. Supported LaNiOs3 is
present as thin perovskite layers on the surface of doped ceria-
zirconia particles [12]. XRD pattern of oxidized Ni/y-Al, 0 catalyst
does not contain any reflections of NiO phase, which is explained
by incorporation of Ni cations into the surface layers of alumina
forming the surface spinel phase [5]. In the steady-state of CHy
DR, metal or metal alloy nanoparticles/clusters (including Ni-(Ru,
Fe) alloy clusters with typical sizes <5nm) are segregated from
reduced oxides-supported LaNiO3 or mixed Pr ferrite-nickelate
perovskites. These nanoparticles are epitaxially bounded with
supports (disordered PrFeOy + PrOx nanocomposite in the case of
PrFeg sRug 1 Nig 303 precursor [8,9]), and their surface is decorated
by support oxidic species [4,8-10].

3.2. Catalytic activity

At 700°C and contact time of 15 ms, for studied catalysts the
first-order specific rate constants (Table 1) vary within an order
of magnitude. As follows from Table 1, specific catalytic activity of
Ru supported on fluorite-like complex oxides is higher than that of
supported Pt. Since, according to Wei and Iglesia [26], specific cat-
alytic activity related per the surface atom (turn-over frequency,
TOF) of Ru supported on alumina is much lower than that of Pt, this
suggests that namely strong interaction of Ru with doped ceria-
zirconia provides its high steady-state specific activity in CH, dry
reforming. Specific activity of LaNi/PrSmCeZr sample is compara-
ble with that of supported Pt and Ru, though TOF for Ni supported
on alumina is substantially lower than that of Ru or Pt [26]. It can
be explained by a high dispersion of Ni (small sizes of Ni clusters)
segregated from LaNiOs in reducing reaction conditions and sta-
bilized by lanthana patches on the surface of doped ceria-zirconia
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Fig. 1. Dependence of heat effects of steady-state catalysts reduction by CH4 pulses
at 700 °C on the amount of removed oxygen. (a) 1, Pt/PrCeZr; 2, LaNi/SmPrCeZr; 3,
NiRu/SmPrCeZr; and 4, RuNi/SmCeZr/YSZ and (b) PrFeRuNi.

[5,12]. Combination of Ni and Ru provides non-additive increase
of specific activity due to formation of mixed disordered Ni-Ru
alloy nanoparticles [4,9]. Indeed, disordering of metal nanoparti-
cles due to the size effect [26] or alloys formation/strong metal
support interaction [1-4] helps to facilitate C—H bond ruptute in
CH,4 molecule known to be the rate-determining stage of reform-
ing reaction [4,13-15,26]. For the same type of supported active
component, specific catalytic activity correlates with the oxygen
mobility in complex oxide support [4,8]. Stability of these cata-
lysts to coking in dry [9] as well as steam [10-12] reforming of real
natural gas was demonstrated.

3.3. Heat effects and dynamics of steady-state catalysts reduction
by CH4 pulses

For all catalysts based on fluorite-like oxide supports, in the
steady-state (ss) of CH4 dry reforming, the heat effects measured in
the course of their reduction with CHy4 pulses are very close to each
other in the initial part of the reduction curve (Fig. 1a). They only
weakly depend on the reduction degree up to ~2% of the overall
oxygen contentin samples (up to ~1 oxygen monolayer in average).
This means that at this stage of reduction, heat effects are con-
trolled by CH4 interaction with oxygen species rapidly migrating
to the metal/support interface from the surface sites of fluorite-
like oxides. For catalysts based on perovskite-like oxide supports,
the reaction heat in CH4 pulses is less endothermal (Fig. 1b), and
a larger amount of oxygen (up to 4 monolayers) can be removed
at this initial stage of the steady-state catalyst reduction. This sug-
gests a lower bonding strength and a higher mobility of reactive
oxygen forms rapidly migrating not only from the surface sites of
perovskites but from their subsurface layers as well.

As follows from Fig. 2, in the initial stage of the steady-state
catalysts reduction, CHy is transformed into H, and CO. An admix-
ture of CO, is present as well due to interaction of CO with the
surface hydroxyls (water gas shift reaction) [13]. Selectivity of H,
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Fig. 2. Variation of CH4 conversion and products selectivity in the course of steady-
state catalysts reduction (a, Pt/PrCeZr and b, LaNi/SmPrCeZr) by pulses of 7% CHy4 in
He at 700°C. (a) 1, SCO; 2, xCHg4; and 3, SCO; and (b) 1, SHy; 2, SCO; and 3, xCHj.

formation (S Hy ) by the reaction CH4 +Os =CO +2H, is close to 1. A
somewhat higher S H; can be explained by the water gas shift reac-
tion (Fig. 2b). Thus determined selectivity of CH4 transformation
into products allowed to estimate the bonding strength of reactive
oxygen species of oxide supports usually expressed as enthalpy
of O, adsorption process generating these species O, +2*=2 0¥,
where (*) is an adsorption site. These values (~ —650k] mol~! O,
for fluorite-like oxides and ~ —500-550 k] mol~"! for perovskite-like
oxides) correspond to strongly bound bridging M, 0O form of surface
oxygen species [27,28]. A lower bonding strength of reactive oxy-
gen species for perovskite-like oxides is clearly explained by alower
Me—O0 bond strength for transition metals (Fe, Mn, Cr) as compared
with Zr, Ce and Pr [27,28]. The amount of oxygen removed by each
pulse is in the range of 5-10% of monolayer exceeding the amount
of oxygen which could be retained on the metal sites of catalysts
in the steady-state [22]. Hence, only fast oxygen migration from
the surface/subsurface sites of the oxide support to metal clusters
could provide a high rate of CH4 consumption in these series of
pulses. Rather moderate variation of CH4 conversion in this initial
range of reduction (Fig. 2) agrees with this conclusion.

At a deeper reduction degree, when the oxygen storage capac-
ity of subsurface layers is depleted, the reaction heat declines
approaching values corresponding to the enthalpy of CH, dis-
sociation into C (graphite) and Hp (~75kJmol~-1) (Fig. 1). For
LaNiO3 or Ni+Ru-supported fluorites pyrolysis starts earlier than
for Pt-supported catalyst (Fig. 1) due to a higher concentration of
supported metal as well as a higher ability of Ni for the carbon
nucleation [15]. This onset of CHy4 cracking with carbon deposition
on the surface is also reflected in the decrease of CO selectivity
(Fig. 2a) and increase of H; selectivity (Fig. 2b). For Pt-supported
sample fast decrease of CH4 conversion with the pulse number
is explained by formation of graphitic carbon blocking metal sites
[15].

When CH4 +CO, pulses are supplied after a long series of CHy
pulses (and, hence, to partially coked catalyst), the surface carbon
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Fig. 3. Conversion of CO, (1) and CHy4 (2) in pulses of 7%CH4 + 7%CO; in He (series I
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catalyst at 700 °C. Pretreatment in O at 700 °C followed by the flow of reaction feed
and pulses of CHy.

is oxidized by CO,. It is reflected in CO, conversion exceeding that
of CHy4 (Fig. 3), decreased heat effect in first pulses (~200 k] mol~!
CH4) and increased (up to ~2.5) ratio of produced CO molecules
to converted CH4 molecules (CO/ACH4 ratio). Somewhat higher
CO, conversion as compared with that of CH4 remains even in the
steady-state (Fig. 3) due to occurrence of the reverse water gas shift
reaction CO, +H; =CO+H,O0 [4,8,9]. At the same time, the ratio of
produced H, molecules to converted CH4 molecules (Hy/ACHy)
is slightly increased (up to 2.2) only in the first pulse of reaction
feed supplied onto the coked catalyst. This means that the surface
coke contains only a small amount of hydrogen atoms which agrees
with the results for Ni catalysts on other supports [15-17]. When
pulses of methane are supplied to the catalysts after series of reac-
tion feed pulses, CH4 conversion is identical in the mixed CH4 + CO,
pulse and in the first CH4 pulse, which is shown as a typical exam-
ple for Ni+Ru/LaPrMnCr/YSZ catalyst (Fig. 3). This demonstrates
that activation and transformation of CH4 on catalysts with a high
mobility and reactivity of oxygen species of oxide supports does
not depend on the presence of another reagent —CO,. Apparently,
CH4 molecules dissociate on metal sites yielding H, and surface C
atoms or CHy fragments, which are rapidly transfomed into CO (or
CO +H;)byreaction with oxygen species at the metal/oxide support
interface. Since the rate, energetics and selectivity of CH4 transfor-
mation into products in separate CH4 pulse are identical to those
in mixed pulse, this suggests that CH4 dissociation on metal sites is
the rate-determining stage, and all other stages proceed faster as
agrees with Wei and Inlesia conclusions [24].

This conclusion agrees with a weak effect of the nature of sup-
ported active component on the heat effects in CH4 pulses before
methane cracking starts (Fig. 1a). Indeed, if the rates of oxygen
species transfer from support to the metal sites and their inter-
action with activated CHy fragments are much higher than the rate
of CH,4 dissociation, the heat effect will depend only on the ener-
getics of initial and final states of reagents (i.e. bonding strength
of reactive oxygen species of the oxide support) and products.
On the other hand, the nature of supported active component
determines the rate -limiting stage of methane molecule activa-
tion [26]. Hence, specific rate of catalytic reaction characterized by
the specific rate constant (Table 1) reflects dependence of the rate
of methane activation on the nature of active component. More
detailed analysis requires estimation of the accessible surface area
of supported metal by CO or Hy chemisorption which is outside
the scope of this paper and will be given elsewhere. Specificity of
support-perovskite or fluorite oxide nature strongly affects both
the surface/lattice oxygen bonding strength and mobility: a lower
bonding strength of oxygen in perovskites provides a higher oxygen
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Fig. 4. Conversion of CO; (a) and CHy4 (b) in mixed (series 1) and separate (CH4 -
series 2, CO, - series 3) pulses supplied on the Nifalumina catalyst at 700°C after
reduction by CH,4 pulses at the same temperature.

mobility, thus supressing coking even in the case of dry reforming
of real natural gas containing admixtures of C,-C4 alkanes [9].

3.4. Heat effects and dynamics of steady-state catalysts oxidation
by CO, pulses

For the steady-state of catalysts based on both perovskite-like
and fluorite-like supports, CO, conversion was found to be identical
in the mixed CH,4 + CO, pulse and in the first pulse of CO, supplied
after mixed pulse (see i.e. Fig. 3 for RuNi/LaPrMnCr/YSZ catalyst).
Consumption of CO, molecules is accompanied by formation of
stoichiometric amount of CO molecules with small (if any) reten-
tion of CO, as surface carbonates (not shown for brevity). Hence,
under the action of CH4 + CO, pulses, all carbon is rapidly removed
by reverse Boudouard reaction CO, +C=2 CO from the surface of
this catalyst partially coked by CH4 pulses (vide supra 3.3). This
suggests that for this type of catalysts with a high oxygen mobility
and reactivity, in reaction conditions direct Boudouard reaction 2
CO=CO0, *+C is suppressed due to easy oxidation of carbon atoms
by oxygen species produced by CO, dissociation. Therefore, for
catalysts with a high oxygen mobility, CO, is also activated inde-
pendently of CHy as required by the step-wise (Mars-van Crevelen)
reaction mechanism. On contrary, for Ni/Al, 05 as a typical example
of catalyst based on non-reducible support, conversion of CH4 and
CO,, in separate pulses is much lower than in mixed pulses (Fig. 4).
This is explained by activation of CO, in dry reforming reaction
with participation of adsorbed C(Hy) species [29] or metal carbides
[14-16].

For all steady-state catalysts with a high oxygen mobility, reox-
idation by CO, pulses is mildly exothermal process as is shown
in Fig. 5 for the case of catalysts on fluorite-like supports. The
thermal effect weakly depends upon the type of supported active
component and number of CO, pulses (Fig. 5). This again confirms
that for steady-state catalysts on fluorite-like and perovskite-like
supports studied here, the surface carbon is absent, and CO, is con-
sumed by dissociation into CO and oxygen species filling oxide
supports vacancies. By using the standard enthalpy of reaction
C0O,=C0+1/20, (283 k] mol~1), enthalpies of O, adsorption yield-
ing these oxygen species were estimated (Table 2). As judged
by their values (~ —600k]J mol~1 O, perfectly agreeing with esti-
mation by CHy pulse studies, vide supra), these oxygen species
are strongly bound bridging M,0 forms of oxide support. Hence,
reactive oxygen forms responsible for CH,4 transformation into syn-
gas are efficiently regenerated by CO, dissociation on the surface
vacancies of fluorite or perovskite supports. Somewhat lower heats
of adsorption were again obtained for perovskite oxide supports.
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In all cases, CO, conversion was found to rapidly decline with
the pulse number as catalysts are reoxidized (Fig. 3). In agreement
with calorimetric data, such kinetics reasonably fitted by the first-
order equation for the batch-flow reactor corresponds to filling the
surface sites of support with the same adsorption energy. The rate
constants of CO, consumption proportional to the slope of depend-
encies in Fig. 6 is the highest for Ni+Ru-supported sample. This
suggests that Ni-Ru alloy nanoparticles participate in CO, activa-
tion, probably via facilitation of C—0 bond rupture in CO, molecules
adsorbed at the metal-support interface. Since dissociation of CO,
molecules on Pt is not possible [14], for Pt-supported sample CO,
can be activated only on the support sites—oxygen vacancies in the
coordination sphere of Ce/Pr cations. Somewhat higher rate con-
stant of CO, consumption for LaNiO3-supported sample implies
that Ni atoms at Ni-support interface can accelerate CO, dissoci-
ation as well. Hence, these experiments demonstrate that the rate
of CO, dissociation depends on the nature of supported active com-
ponent even though the final state of thus produced oxygen species
located at support sites is the same.

Table 2
Bonding strength of O forms regenerated by CO,.
Catalyst —AH of oxygen
adsorption
(kJmol 10,)
Pt/PrCeZr 630
LaNi/PrSmCeZr 660
RuNi/SmPrCeZr 630
RuNi/SmCeZr/YSZ 640
PrFeNiRu 600
RuNi/LaPrMnCr/YSZ 590
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Fig. 7. Heat effects on Nifalumina in consecutive pulses of reaction feed (1), CH4 (2)
and CO, (3) at 700°C.

For Ni/Al,03 catalyst in the steady-state, the heat effects mea-
sured in CO, pulses are endothermic (Fig. 7) being determined by
rather fast interaction of CO, with C atoms adsorbed on Ni parti-
cles (heat effect ~100 k] mol~1) followed by a slower process of CO,
dissociation into COgas and adsorbed Ni—O species [14,15]. Some
variation of heat effects as well as reagents conversion degrees for
different sequence of pulses for Ni/Al, 03 catalyst (Figs. 4-7) could
be due to migration of carbon atoms from Ni particles to support
affecting reactivity of both coke and metal sites [14,15].

For catalysts on supports with a high oxygen mobil-
ity, complete reversibility of conversions and heat effects
(Fig. 8) was observed for consecutive pulses of reaction
mixture alternating with pulses of CH4; or CO,. Apparently,
such a reversibility is provided by fast oxygen migration
between the surface sites of oxide supports and metal
nanoparticles as well as by absence of the surface coke
deposits.

3.5. Heat effects and dynamics of steady-state catalysts oxidation
by O, pulses

For all steady-state catalysts based on supports with a high lat-
tice oxygen mobility, CO, pulses provide reoxidation of only the
surface sites increasing oxygen coverage not more than by ~0.5
monolayer. Hence, bridging surface oxygen species regenerated
by CO, pulses do not migrate into the subsurface layers/bulk of
oxide support particles. On contrary, by CH,4 pulses a higher (up to
several monolayers) amount of oxygen can be removed from the
steady-state catalysts by CHy pulses (vide supra). A similar feature
was earlier observed for supported MnO/alumina oxide catalysts
and explained by formation of surface carbonates blocking sites for
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Fig. 8. Heat effects measured in two consecutive pulses of reaction feed CH4 +CO,

separated by one pulse of CHy4 (a) or CO, (b) supplied onto Pt/PrCeZr catalyst at
700°C.
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Fig. 9. Dependence of degree of O, consumption in pulses of 5% O, in He supplied
at 700°C to Pt/PrCeZr (1) and RuNi/LaPrMnCr/YSZ (2) catalysts after achieving the
steady state of CH4 dry reforming.

CO, activation [30]. Since reversible CO, adsorption can also affect
the oxygen mobility, the catalysts in the steady-state of CH4 dry
reforming were also oxidized by pulses of O, in He to check the
effect of oxidant nature on the energetics and reactivity of reduced
surface sites.

For all catalysts, kinetics of oxygen consumption was found to
be identical and quite different from that of samples reoxidation
by CO;: oxygen is completely consumed in first 10-20 pulses fol-
lowed by rather fast decline of conversion to zero in subsequent
pulses (Fig. 9). Neither CO nor CO, evolution was observed under
oxygen pulses, so coke was absent on the surface of catalysts in
the steady state. The amount of oxygen consumed in each pulse
is around 20% of the monolayer, so a part of oxygen is apparently
transferred into the bulk of particles in the time interval between
pulses (15 min). For catalysts based on perovskite-like oxides, such
a diffusion is apparently faster, which is reflected in less steep
decline of O, conversion with the pulse number (Fig. 9) as well as
in a bigger amount of oxygen absorbed by catalysts in the process
of reoxidation: up to 2 monolayers for fluorites, up to 4 monolayers
for RuNi/PrFeOx and up to 18 monolayers for RuNi/LaPrMnCr/YSZ.
Hence, oxygen pulses indeed provide faster and deeper reoxida-
tion of catalysts in the steady state as compared with CO, pulses,
which certainly correlates with much higher exothermicity of oxy-
gen adsorption. In general, the initial heat of oxygen adsorption
on the steady-state surface of catalysts (Fig. 10) is close to that
estimated from experiments with CO, pulses, being only slightly
smaller (cf. Table 2). However, in contrary to experiments with CO,
pulses, the heat of O, adsorption clearly varies with the amount
of adsorbed oxygen though remaining in the range corresponding
to oxygen adsorption in the bridging M,0 form (heat of desorp-
tion >350Kk] mol~1). This means that on the surface of catalysts
in the steady state, along with sites able to provide dissociation
of CO, molecule (apparently mainly pairs of Pr and Ce cations),
coexist sites with a smaller heat of oxygen adsorption including
also transition metal cations/atoms. It is possible that they are in
part blocked by carbonates or CO, molecules in near-equilibrium
conditions of CO, pulse adsorption, which prevents their partici-
pation in CO, dissociation or oxygen diffusion in agreement with
results of Krylov et al. [30]. However, in dynamic conditions of
CH4 dry reforming or reduction by CHy4 pulses, these coordinatively
unsaturated centers could provide paths for fast surface oxygen dif-
fusion to the metal/support interface. Indeed, due to rather small
difference of oxygen bonding strength between centers able to
dissociate CO, and O, molecules (~100 k] mol~!), the energetic bar-
riers for oxygen atoms jumps between neighboring bridging sites
differing by structure and/or chemical nature are expected to be
rather low. In conditions of the steady-state catalysts oxidation
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Fig. 10. Variation of heat effect in pulses of O, in He at 700 °C versus pulse number
(a) or amount of adsorbed oxygen (b). (a) 1, Pt/PrCeZr and 2, RuNi/LaPrMnCr/YSZ
and (b) 1, PrFeNiRu and 2, RuNi/SmCeZr/YSZ.

by CO, pulses producing CO as product, coverage of centers with
a lower bonding strength by oxygen is expected to be quite low
since such oxygen forms are easily removed by reaction with CO
as checked in special experiments (not shown for brevity). Hence,
another factor determining a limited degree of the steady-state
catalysts surface reoxidation by CO, pulses is reversibility of this
reaction.

In general, our results of studies of the mechanism of CH4 dry
reforming on catalysts with a high oxygen mobility in oxide sup-
ports and high dispersion of supported active components — metal
or metal alloy nanoparticles agree with bi-functional pathway of
methane dry reforming [13] realized due to fast diffusion of sur-
face oxygen species of oxide support to developed metal-support
interface. Decreasing supported metals dispersion will decrease
the metal-support interface and, hence, effect of oxygen mobility
in support. As the result, mechanistic features for catalysts with a
low dispersion of supported metals/poor metal-support interaction
will be similar to those on non-reducible supports (silica, alumina,
lanthana, etc. [13-17,29-31]. Indeed, for Pt/PrCeZr catalyst, pre-
treatment in hydrogen increasing the sizes of Pt particles resulted
in the decrease of catalytic activity in CH4 dry reformimg up to an
order of magnitude [4]. In this work, such a difference of the mech-
anism of CHy dry reforming for the same active component - Ni
on reducible (perovskite, fluorite) and irreducible (alumina) sup-
port was reliably demonstrated as well. Even for Ni supported on
irreducible oxides (y-Al,03, MgAl;04), a fast deactivation due to
coke accumulation was observed for Ni/y-Al,03 with big Ni par-
ticles, while performance of Ni nanopartiles stabilized by strong
interaction with MgAl,0,4 spinel support was stable due to devel-
oped Ni-support interface at which efficient interaction of CHy
species with CO; occurs [31].
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4. Conclusions

For catalysts comprised of metal (Pt, Ni, Ni+Ru) clusters sup-
ported on nanocrystalline complex fluorite-like and perovskite-like
oxides with a high oxygen mobility, after achieving the steady state
in methane dry reforming at temperatures ~700°C and realistic
(7%) concentrations of CH4 and CO, in the feed, transformation of
CH,4 and CO, in their separate pulses proceeds with the rate and
products selectivity equal to that in mixed CO, + CH4 pulses. Heat
effects measured in pulses of reagents correspond to methane oxi-
dation into CO+2H, by strongly bound bridging oxygen species
of support (rate-limiting stage) and reoxidation of these reduced
oxide sites by CO, yielding CO. These features prove the step-wise
bifunctional mechanism of CH, dry reforming with independent
stages of CH4 and CO, transformation on metal and oxide sites,
respectively. Conjugation between these stages is provided by fast
diffusion of oxygen species from the oxide support sites to the
developed metal-support interface. The bonding strength of these
oxygen forms with the steady-state surface of catalysts (character-
ized by the heat of desorption into the gas phase and calculated
from the heats measured in pulses of CH4, CO, or O;) does not
depend upon the nature of supported active component. It is lower
for perovskite like oxide supports (AH desorption ~500 k] mol~!
0,) as compared with that for doped ceria-zirconia oxides (up to
650k] mol~! 0,). This difference is explained by a lower Me—0O
bonding strength for transition metal cations (Mn, Cr, Fe) versus
that for rare—earth cations (Ce, Zr, Pr). Kinetics of the steady-state
surface reoxidation by CO, is satisfactorily described by the model
of uniform by energetics and reactivity surface sites of supports.
Ni and Ni+Ru clusters could be involved in the transition state
of CO, activation thus increasing the rate constant of the surface
reoxidation by CO,.

Acknowledgements

Support by OCMOL FP7 Project, RFBR-CNRS 09-03-93112
Project and Russian Federal Innovation Agency via the program
“Scientific and Educational cadres” is gratefully acknowledged. The
Embassy of France in Moscow is gratefully acknowledged for the
joint PhD studentship grant of A. Bobin.

References

[1] B. Koubaissy, A. Pietraszek, A.C. Roger, A. Kiennemann, CO; reforming
of methane over Ce-Zr-Ni-Me mixed catalysts, Catal. Today 157 (2010)
436-439.

[2] A. Kambolis, H. Matralis, A. Trovarelli, Ch Papadopoulou, Ni/CeO,-ZrO,
catalysts for the dry reforming of methane, Appl. Catal. A 377 (2010)
16-26.

[3] S.Damyanova, B. Pawelec, K. Arishtirova, M.V.M. Huerta, J.L.G. Fierro, The effect
of CeO, on the surface and catalytic properties of Pt/CeO,-ZrO, catalysts for
methane dry reforming, Appl. Catal. B 89 (2009) 149-159.

[4] V.A.Sadykov, E.L. Gubanova, N.N. Sazonova, S.A. Pokrovskaya, N.A. Chumakova,
N.V. Mezentseva, A.S. Bobin, R.V. Gulyaev, A.V. Ishchenko, T.A. Krieger, C.
Mirodatos, Dry reforming of methane over Pt/PrCeZrO catalyst: kinetic and
mechanistic features by transient studies and their modeling, Catal. Today 171
(2011) 140-149.

[5] S.N. Pavlova, N.N. Sazonova, V.A. Sadykov, G.M. Alikina, A.l. Lukashevich, E.L.
Gubanova, R.V. Bunina, Study of synthesis gas production over structured cat-
alysts based on LaNi(Pt)Ox- and Pt(LaPt)-CeO,-ZrO,, Stud. Surf. Sci. Catal. 167
(2007) 343-348.

[6] G. Valderrama, M.R. Goldwasser, C.U. Navarro, J.M. Tatibouet, ]. Barrault, C.
Batiot-Dupeyrat, F. Martinez, Dry reforming of methane over Ni perovskite type
oxides, Catal. Today 107-108 (2005) 785-791.

[7] G.S.Gallego, ].G. Marin, C. Batiot-Dupeyrat, ]. Barrault, F. Mondragon, Influence
of Pr and Ce in dry methane reforming catalysts produced from La;_yAxNiO5 s
perovskites, Appl. Catal. A 369 (2009) 97-103.

[8] L.Kapokova, S. Pavlova, R. Bunina, G. Alikina, T. Krieger, A. Ishchenko, V. Rogov,
V. Sadykov, Dry reforming of methane over LnFe(7Nig303_s perovskites: influ-
ence of Ln nature, Catal. Today 164 (2011) 227-233.

[9] S. Pavlova, L. Kapokova, R. Bunina, G. Alikina, N. Sazonova, T. Krieger, A.
Ishchenko, V. Rogov, R. Gulyaev, V. Sadykov, C. Mirodatos, Syngas production

by CO, reforming of methane using LnFeNi(Ru)Os perovskites as precursors of
robust catalysts, Catal. Sci. Technol. 2 (2012) 2099-2108.

[10] V.Sadykov,N.Mezentseva, G. Alikina, R. Bunina, V. Pelipenko, A. Lukashevich, S.
Tikhov, V. Usoltsev, Z. Vostrikov, O. Bobrenok, A. Smirnova, J. Ross, O. Smorygo,
B. Rietveld, Nanocomposite catalysts for internal steam reforming of methane
and biofuels in solid oxide fuel cells: design and performance, Catal. Today 146
(2009) 132-140.

[11] V. Sadykov, V. Sobyanin, N. Mezentseva, G. Alikina, Z. Vostrikov, Yu. Fedorova,
V. Pelipenko, V. Usoltsev, S. Tikhov, A. Salanov, L. Bobrova, S. Beloshap-
kin, J.RH. Ross, O. Smorygo, V. Ulyanitskii, V. Rudnev, Transformation of
CH4 and liquid fuels into syngas on monolithic catalysts, Fuel 89 (2010)
1230-1240.

[12] V. Sadykov, N. Mezentseva, G. Alikina, R. Bunina, V. Pelipenko, A. Lukashevich,
Z.Vostrikov, V. Rogov, T. Krieger, A. Ishchenko, V. Zaikovsky, L. Bobrova, ]. Ross,
0. Smorygo, A. Smirnova, B. Rietveld, F. van Berkel, Nanocomposite catalysts
for steam reforming of methane and biofuels: design and performance, in:
Nanocomposite Materials, Theory and Applications, INTECH, Austria, Vienna,
2011, pp. 909-946.

[13] J.H. Bitter, K. Seshan, J.A. Lercher, Mono and bifunctional pathways of
CO,/CH4 reforming over Pt and Rh based catalysts, J. Catal. 176 (1998)
93-101.

[14] V.Bychkov, YuTyulenin, O. Krylov, V. Korchak, Methane reforming with carbon
dioxide on the Co/a-Al,05 catalyst: the formation, state, and transformations
of surface carbon, Kinet. Catal. 43 (2002) 724-730.

[15] V. Bychkov, Yu. Tyulenin, O. Krylov, V. Korchak, The mechanism of methane
reforming with carbon dioxide: comparison of supported Pt and Ni (Co) cata-
lysts, Kinet. Catal. 44 (2003) 353-359.

[16] Y. Schuurman, C. Mirodatos, Uses of transient kinetics for methane activation
studies, Appl. Catal. A: Gen. 151 (1997) 305-331.

[17] A. Slagtern, Y. Schuurman, C. Leclercq, X. Verykios, C. Mirodatos, Specific fea-
tures concerning the mechanism of methane reforming by carbon dioxide over
Nij/La; O3 catalyst, J. Catal. 172 (1997) 118-126.

[18] S.N.Pavlova, V.A. Sadykov, N.N. Bulgakov, M.N. Bredikhin, The influence of sup-
port on the low-temperature activity of Pd in the reaction of CO oxidation: 3.
Kinetics and mechanism of the reaction, J. Catal. 161 (1996) 517-523.

[19] V.A.Sadykov, S.F. Tikhov, N.N. Bulgakov, A.P. Gerasev, Catalytic oxidation of CO
on CuOy revisited: impact of the surface state on the apparent kinetic param-
eters, Catal. Today 144 (2009) 324-333.

[20] M.P. Pechini (1967). Method of preparing lead and alkaline earth titanates and
niobates and coating method using the same to form a capacitor. U.S. Patent 3
330697.

[21] V.A. Sadykov, N.V. Mezentseva, G.M. Alikina, A.I. Lukashevich, Yu.V. Borchert,
T.G. Kuznetsova, V.P. Ivanov, S.N. Trukhan, E.A. Paukshtis, V.S. Muzykantov,
V.L. Kuznetsov, V.A. Rogov, ]. Ross, E. Kemnitz, C. Mirodatos, Pt-supported
nanocrystalline ceria-zirconia doped with La, Pr or Gd: factors controlling
syngas generation in partial oxidation/autothermal reforming of methane or
oxygenates, Solid State Phenom. 128 (2007) 239-248.

[22] V.A. Sadykov, T.G. Kuznetsova, G.M. Alikina, Yu.V. Frolova, A.l. Lukashevich,
V.S. Muzykantov, V.A. Rogov, L.Ch. Batuev, V.V. Kriventsov, D.I. Kochubei, E.M.
Moroz, D.A. Zyuzin, E.A. Paukshtis, E.B. Burgina, S.N. Trukhan, V.P. Ivanov, L.G.
Pinaeva, Yu.A.Ivanova, V.G. Kostrovskii, S. Neophytides, E. Kemnitz, K. Scheurel,
C. Mirodatos, Ceria-based fluorite-like oxide solid solutions promoted by pre-
cious metals as catalysts of methane transformation into syngas, in: New
Topics in Catalysis Research, Nova Science Publishers, Inc., New York, 2007,
pp.- 97-196.

[23] V. Sadykov, T. Kuznetsova, Yu. Frolova-Borchert, G. Alikina, A. Lukashevich, V.
Rogov, V. Muzykantov, L. Pinaeva, E. Sadovskaya, Yu Ivanova, E. Paukshtis, N.
Mezentseva, L. Batuev, V. Parmon, S. Neophytides, E. Kemnitz, K. Scheurell, C.
Mirodatos, A.van Veen, Fuel-rich methane combustion: role of the Pt dispersion
and oxygen mobility in a fluorite-like complex oxide support, Catal. Today 117
(2006) 475-483.

[24] E.M. Sadovskaya, Y.A. Ivanova, L.G. Pinaeva, G. Grasso, T.G. Kuznetsova,
A. van Veen, V.A. Sadykov, C. Mirodatos, Kinetics of oxygen exchange
over CeO,-ZrO, fluorite-based catalysts, J. Phys. Chem. A 111 (2007)
4498-4505.

[25] V.A. Sadykov, N.N. Sazonova, A.S. Bobin, V.S. Muzykantov, E.L. Gubanova,
G.M. Alikina, Al Lukashevich, V.A. Rogov, E.N. Ermakova, E.M. Sadovskaya,
N.V. Mezentseva, E.G. Zevak, S.A. Veniaminov, M. Muhler, C. Mirodatos,
Y. Schuurman, A.C. van Veen, Partial oxidation of methane on Pt-
supported lanthanide doped ceria-zirconia oxides: effect of the surface/lattice
oxygen mobility on catalytic performance, Catal. Today 169 (2011)
125-137.

[26] ]. Wei, E. Iglesia, Mechanism and site requirements for activation and chemical
conversion of methane on supported Pt clusters and turnover rate comparisons
among noble metals, J. Phys. Chem. B 108 (2004) 4094-4103.

[27] N.N. Bulgakov, V.A. Sadykov, V.V. Lunin, E. Kemnitz, Lattice defects and oxy-
gen absorption/migration in ceria/ceria-zirconia solid solutions: analysis by
semiempirical interacting bonds method, React. Kinet. Catal. Lett. 76 (2002)
111-116.

[28] V.A.Sadykov, S.N. Pavlova, T.S. Kharlamova, V.S. Muzykantov, N.F. Uvarov, Yu.S.
Okhlupin, A.V. Ishchenko, A.S. Bobin, N.V. Mezentseva, G.M. Alikina, A.I. Luka-
shevich, T.A. Krieger, T.V. Larina, N.N. Bulgakov, V.M. Tapilin, V.D. Belyaev,
E.M. Sadovskaya, A.l. Boronin, V.A. Sobyanin, O.F. Bobrenok, A.L. Smirnova, O.L.
Smorygo, J.A. Kilner, Perovskites and their nanocomposites with fluorite-like
oxides as materials for solid oxide fuel cells cathodes and oxygen-conducting
membranes: mobility and reactivity of the surface/bulk oxygen as a key



34 V. Sadykov et al. / Thermochimica Acta 567 (2013) 27-34

factor of their performance, in: Perovskites: Structure, Properties and Uses, [30] O.V. Krylov, A.K. Mamedov, S.R. Mirzabekova, Interaction of carbon dioxide
Nova Science Publishers, Inc., New York, 2010, pp. 67-178. with methane on oxide catalysts, Catal. Today 42 (1998) 211-215.

[29] A.M. Becerra, ML.E. Iriarte, A.E. Castro-Luna, Catalytic activity of nickel on alu- [31] J. Guo, H. Lou, L. Mo, X. Zheng, The reactivity of surface active carbonaceous
mina catalyst in the CO, reforming of methane, React. Kinet. Catal. Lett. 79 species with CO, and its role on hydrocarbon conversion reactions, J. Mol. Catal.

(2003) 119-125. A: Chem. 316 (2010) 1-7.




<<
  /ASCII85EncodePages false
  /AllowTransparency false
  /AutoPositionEPSFiles true
  /AutoRotatePages /None
  /Binding /Left
  /CalGrayProfile (Dot Gain 20%)
  /CalRGBProfile (sRGB IEC61966-2.1)
  /CalCMYKProfile (U.S. Web Coated \050SWOP\051 v2)
  /sRGBProfile (sRGB IEC61966-2.1)
  /CannotEmbedFontPolicy /Error
  /CompatibilityLevel 1.4
  /CompressObjects /Tags
  /CompressPages true
  /ConvertImagesToIndexed true
  /PassThroughJPEGImages true
  /CreateJobTicket false
  /DefaultRenderingIntent /Default
  /DetectBlends true
  /DetectCurves 0.0000
  /ColorConversionStrategy /CMYK
  /DoThumbnails false
  /EmbedAllFonts true
  /EmbedOpenType false
  /ParseICCProfilesInComments true
  /EmbedJobOptions true
  /DSCReportingLevel 0
  /EmitDSCWarnings false
  /EndPage -1
  /ImageMemory 1048576
  /LockDistillerParams false
  /MaxSubsetPct 100
  /Optimize true
  /OPM 1
  /ParseDSCComments true
  /ParseDSCCommentsForDocInfo true
  /PreserveCopyPage true
  /PreserveDICMYKValues true
  /PreserveEPSInfo true
  /PreserveFlatness true
  /PreserveHalftoneInfo false
  /PreserveOPIComments true
  /PreserveOverprintSettings true
  /StartPage 1
  /SubsetFonts true
  /TransferFunctionInfo /Apply
  /UCRandBGInfo /Preserve
  /UsePrologue false
  /ColorSettingsFile ()
  /AlwaysEmbed [ true
  ]
  /NeverEmbed [ true
  ]
  /AntiAliasColorImages false
  /CropColorImages true
  /ColorImageMinResolution 300
  /ColorImageMinResolutionPolicy /OK
  /DownsampleColorImages true
  /ColorImageDownsampleType /Bicubic
  /ColorImageResolution 300
  /ColorImageDepth -1
  /ColorImageMinDownsampleDepth 1
  /ColorImageDownsampleThreshold 1.50000
  /EncodeColorImages true
  /ColorImageFilter /DCTEncode
  /AutoFilterColorImages true
  /ColorImageAutoFilterStrategy /JPEG
  /ColorACSImageDict <<
    /QFactor 0.15
    /HSamples [1 1 1 1] /VSamples [1 1 1 1]
  >>
  /ColorImageDict <<
    /QFactor 0.15
    /HSamples [1 1 1 1] /VSamples [1 1 1 1]
  >>
  /JPEG2000ColorACSImageDict <<
    /TileWidth 256
    /TileHeight 256
    /Quality 30
  >>
  /JPEG2000ColorImageDict <<
    /TileWidth 256
    /TileHeight 256
    /Quality 30
  >>
  /AntiAliasGrayImages false
  /CropGrayImages true
  /GrayImageMinResolution 300
  /GrayImageMinResolutionPolicy /OK
  /DownsampleGrayImages true
  /GrayImageDownsampleType /Bicubic
  /GrayImageResolution 300
  /GrayImageDepth -1
  /GrayImageMinDownsampleDepth 2
  /GrayImageDownsampleThreshold 1.50000
  /EncodeGrayImages true
  /GrayImageFilter /DCTEncode
  /AutoFilterGrayImages true
  /GrayImageAutoFilterStrategy /JPEG
  /GrayACSImageDict <<
    /QFactor 0.15
    /HSamples [1 1 1 1] /VSamples [1 1 1 1]
  >>
  /GrayImageDict <<
    /QFactor 0.15
    /HSamples [1 1 1 1] /VSamples [1 1 1 1]
  >>
  /JPEG2000GrayACSImageDict <<
    /TileWidth 256
    /TileHeight 256
    /Quality 30
  >>
  /JPEG2000GrayImageDict <<
    /TileWidth 256
    /TileHeight 256
    /Quality 30
  >>
  /AntiAliasMonoImages false
  /CropMonoImages true
  /MonoImageMinResolution 1200
  /MonoImageMinResolutionPolicy /OK
  /DownsampleMonoImages true
  /MonoImageDownsampleType /Bicubic
  /MonoImageResolution 1200
  /MonoImageDepth -1
  /MonoImageDownsampleThreshold 1.50000
  /EncodeMonoImages true
  /MonoImageFilter /CCITTFaxEncode
  /MonoImageDict <<
    /K -1
  >>
  /AllowPSXObjects false
  /CheckCompliance [
    /None
  ]
  /PDFX1aCheck false
  /PDFX3Check false
  /PDFXCompliantPDFOnly false
  /PDFXNoTrimBoxError true
  /PDFXTrimBoxToMediaBoxOffset [
    0.00000
    0.00000
    0.00000
    0.00000
  ]
  /PDFXSetBleedBoxToMediaBox true
  /PDFXBleedBoxToTrimBoxOffset [
    0.00000
    0.00000
    0.00000
    0.00000
  ]
  /PDFXOutputIntentProfile ()
  /PDFXOutputConditionIdentifier ()
  /PDFXOutputCondition ()
  /PDFXRegistryName ()
  /PDFXTrapped /False

  /CreateJDFFile false
  /Description <<

    /BGR <>
    /CHS <FEFF4f7f75288fd94e9b8bbe5b9a521b5efa7684002000410064006f006200650020005000440046002065876863900275284e8e9ad88d2891cf76845370524d53705237300260a853ef4ee54f7f75280020004100630072006f0062006100740020548c002000410064006f00620065002000520065006100640065007200200035002e003000204ee553ca66f49ad87248672c676562535f00521b5efa768400200050004400460020658768633002>
    /CHT <FEFF4f7f752890194e9b8a2d7f6e5efa7acb7684002000410064006f006200650020005000440046002065874ef69069752865bc9ad854c18cea76845370524d5370523786557406300260a853ef4ee54f7f75280020004100630072006f0062006100740020548c002000410064006f00620065002000520065006100640065007200200035002e003000204ee553ca66f49ad87248672c4f86958b555f5df25efa7acb76840020005000440046002065874ef63002>
    /CZE <>
    /DAN <>
    /DEU <>
    /ESP <>
    /ETI <>
    /FRA <>
    /GRE <>

    /HRV (Za stvaranje Adobe PDF dokumenata najpogodnijih za visokokvalitetni ispis prije tiskanja koristite ove postavke.  Stvoreni PDF dokumenti mogu se otvoriti Acrobat i Adobe Reader 5.0 i kasnijim verzijama.)
    /HUN <>
    /ITA <>
    /JPN <FEFF9ad854c18cea306a30d730ea30d730ec30b951fa529b7528002000410064006f0062006500200050004400460020658766f8306e4f5c6210306b4f7f75283057307e305930023053306e8a2d5b9a30674f5c62103055308c305f0020005000440046002030d530a130a430eb306f3001004100630072006f0062006100740020304a30883073002000410064006f00620065002000520065006100640065007200200035002e003000204ee5964d3067958b304f30533068304c3067304d307e305930023053306e8a2d5b9a306b306f30d530a930f330c8306e57cb30818fbc307f304c5fc59808306730593002>
    /KOR <FEFFc7740020c124c815c7440020c0acc6a9d558c5ec0020ace0d488c9c80020c2dcd5d80020c778c1c4c5d00020ac00c7a50020c801d569d55c002000410064006f0062006500200050004400460020bb38c11cb97c0020c791c131d569b2c8b2e4002e0020c774b807ac8c0020c791c131b41c00200050004400460020bb38c11cb2940020004100630072006f0062006100740020bc0f002000410064006f00620065002000520065006100640065007200200035002e00300020c774c0c1c5d0c11c0020c5f40020c2180020c788c2b5b2c8b2e4002e>
    /LTH <>
    /LVI <>
    /NLD (Gebruik deze instellingen om Adobe PDF-documenten te maken die zijn geoptimaliseerd voor prepress-afdrukken van hoge kwaliteit. De gemaakte PDF-documenten kunnen worden geopend met Acrobat en Adobe Reader 5.0 en hoger.)
    /NOR <>
    /POL <>
    /PTB <>
    /RUM <>
    /RUS <>
    /SKY <>
    /SLV <>
    /SUO <>
    /SVE <>
    /TUR <>
    /UKR <>
    /ENU (Use these settings to create Adobe PDF documents best suited for high-quality prepress printing.  Created PDF documents can be opened with Acrobat and Adobe Reader 5.0 and later.)
  >>
  /Namespace [
    (Adobe)
    (Common)
    (1.0)
  ]
  /OtherNamespaces [
    <<
      /AsReaderSpreads false
      /CropImagesToFrames true
      /ErrorControl /WarnAndContinue
      /FlattenerIgnoreSpreadOverrides false
      /IncludeGuidesGrids false
      /IncludeNonPrinting false
      /IncludeSlug false
      /Namespace [
        (Adobe)
        (InDesign)
        (4.0)
      ]
      /OmitPlacedBitmaps false
      /OmitPlacedEPS false
      /OmitPlacedPDF false
      /SimulateOverprint /Legacy
    >>
    <<
      /AddBleedMarks false
      /AddColorBars false
      /AddCropMarks false
      /AddPageInfo false
      /AddRegMarks false
      /ConvertColors /ConvertToCMYK
      /DestinationProfileName ()
      /DestinationProfileSelector /DocumentCMYK
      /Downsample16BitImages true
      /FlattenerPreset <<
        /PresetSelector /MediumResolution
      >>
      /FormElements false
      /GenerateStructure false
      /IncludeBookmarks false
      /IncludeHyperlinks false
      /IncludeInteractive false
      /IncludeLayers false
      /IncludeProfiles false
      /MultimediaHandling /UseObjectSettings
      /Namespace [
        (Adobe)
        (CreativeSuite)
        (2.0)
      ]
      /PDFXOutputIntentProfileSelector /DocumentCMYK
      /PreserveEditing true
      /UntaggedCMYKHandling /LeaveUntagged
      /UntaggedRGBHandling /UseDocumentProfile
      /UseDocumentBleed false
    >>
  ]
>> setdistillerparams
<<
  /HWResolution [2400 2400]
  /PageSize [612.000 792.000]
>> setpagedevice


