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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 mobilité et la réactivité de l'oxygène 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 (18O2 and 

C18O2), DTP d'O2, RTP d'H2 et CH4, microcalorimétrie pulsée et réacteur TAP. La mobilité 

d'oxygène de cœur apparait comme contrôlée par le réarrangement des sphères de coordination des 

cations Ce et Zr et par des chemins préférentiels le long de chaines Pr3+/Pr4+. En surface et sub-

surface, ce contrôle se ferait par des interactions fortes métal/support avec l'incorporation de cations 

métalliques. Cette mobilité de l'oxygène 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 l'oxygène 

diffusant aisément vers l'interface métal/support (enthalpie de désorption 600-650 kJ/mol) pour 

oxyder les fragments du méthane en CO et H2. Dans les meilleures formulations catalytiques, des 

agrégats Ni-Ru faciliteraient l'activation du CO2 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 Pr4+. Cette 

spécificité confère à cette formulation des perspectives très intéressantes en reformage à sec, 

notamment sur des supports structurés de type alumine corindon, bien adaptés à des réacteurs 

compacts à 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 18O2 and C18O2, O2 TPD, H2 and CH4 TPR, pulse 
microcalorimetry and TAP reactor. Bulk oxygen mobility is found controlled by a rearrangement of 
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Ce and Zr cations coordination sphere with doping as well as by fast oxygen migration along 
Pr3+/Pr4+ 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 CO2 activation. The rate-
limiting step is shown to be the irreversible activation of CH4 on metal sites, while CO2 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 H2. The CH4 selective conversion into syngas 
would involve strongly bound bridging oxygen species with heat of desorption 600-650 kJ/mol O2. 
For optimized formulations, Ni+Ru clusters could be involved in CO2 activation via facilitating 
C-O bond breaking in the transition state, thus increasing the rate constant of the surface reoxidation 
by CO2, 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 Pr4+ 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 kinetics, structured reactors, 
nanocristalline oxides 
___________________________________________________________________________ 
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Institut de Recherches sur la Catalyse et l’Environnement de Lyon, Université Lyon 1, 

CNRS. 2, Av. Albert Einstein F-69626 Villeurbanne 
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Chapter one

Objectives and state of the art analysis
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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 H2/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 

synthesis1,2,3,4. 

The active catalysts for methane dry reforming are usually based on supported Ni or noble 

metals1,2,3,4,5 ,6 ,7 ,8 ,9 ,10 ,11 ,12 ,13 ,14 ,15 ,16. The 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 supports1,2,3,4,9,10,11,12,13,14,15,16. Among 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 reactivity11,12,13,14,15,16,17,18. Indeed, 

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 

methane11,12,13,14,15,16. 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.  

 
 

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 18O2 and C18O2, 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 O2 TPD, H2 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 precursor1,2,3,4,5,6,7,8,9,10,11,12,13,14,15,16,17,18,19, for ceria-zirconia solid 

solutions doped by rare-earth cations (La, Gd, Pr) with supported Pt, only methane partial oxidation 

and steam reforming were studied20,21. 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 degradation22,23. 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 CH4 and CO2 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 factors24,25.  

It is generally accepted that methane is dissociatively adsorbed on the metal species to form 

H2 and CHx fragment on the catalyst surface, whereas CO2 activation pathway can be different, 

depending on the type of support26. 
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Figure 2. Scheme of the MDR reaction by Tomishige et al26. 

 

Thus, at the activation of CO2 adsorbed on support surface at interface between metal particle and 

support (path I), rapid oxidation of CHx on metal surface occurred. The other path is activation of 

CO2 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.27 for the MDR on Ni/La2O3, 

where the carbonate lanthana phase in tight contact with Ni particles acts as the oxidizing phase for 

the surface Ni carbide species. 

 
CH4 + Ni  NiC + 2H2 (1) 

 
La2O2CO3 + Ni  O + NiO + La2O3 (2) 

 
NiC + NiO  CO + 2Ni (3) 

 
CO2 + La2O3   La2O2CO3 (4) 

 
For nanocatalysts, oxygen vacancies formed at the oxide surface in reducing reaction 

conditions can act as active sites for dissociative adsorption of CO2 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 CHx species (CO and coke precursors) and rate of CO2 dissociation and surface oxygen 

diffusion. For the irreducible oxides supports, CO2 dissociation is supposed to be promoted by the 

H (ads) originating from the CH4 dissociation, which can be assisted by oxygen atoms on the 

support. Also, the reactive intermediates are mostly support-related 

species28,29,30,31,32,33.34,35,36,37,38,39,40,41. Thus, Bradford and Vannice [29] have suggested for nickel 

supported catalysts, that CO2 participates in the reaction mechanism through the reverse water-gas 

shift to produce surface OH groups. The surface OH groups react with adsorbed CHx intermediates 

being formed through CH4 decomposition, yielding a formate-type intermediate, CHxO. 

Decomposition of CHxO leads to the principal products of reforming - H2 and CO. Decomposition 
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of both CH4 and CHxO are the slow kinetic steps. According to the observations of O’Connor et al.7 

over both Pt/Al2O3 and Pt/ZrO2 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.42,43 demonstrated by using microcalorimetric measurements that for Pt/Al2O3, CO2 is activated 

via direct interaction with surface carbon atoms on Pt which is deemed to be determining for MDR. 

For Ni/SiO2 catalyst, transient studies reported by Schuurman and Mirodatos44 revealed that CO2 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.27 to account for the observed kinetic behaviour: methane is 

activated on the Ni particles, and carbon dioxide interacts with the basic sites of La2O3 to form 

carbonates which will decompose at the Ni–La2O3 interface into CO and surface oxygen able to 

react with the CHX 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 Iglesia25, 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 C18O2 is very useful to characterize the oxygen mobility in the catalysts 

reduced by reaction feed. 
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Chapter two

Techniques andmethodologies
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4 Main implemented techniques  

4.1 Samples preparation 

Complex fluorite-like Lnx (Ce0.5Zr0.5)1-xO2 (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 h20,21. Nanocomposite 80%Sm0.3Ce0.35Zr0.35O2+10% Y0.08Zr0.92O2 (YSZ) 

+10%NiO was prepared by one-pot Pechini route21. Pt (~1 wt.%), Ru (~1 wt.%), Ni (5-7 wt.%), 

LaNiO3 (7 wt.%) and their combinations were supported from solutions of respective salts (H2PtCl6, 

RuCl3, 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 -Al2O3 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 m2/g. Layers of Ln0.3-Ce-

Zr-O complex mixed oxides were supported on these substrates by washcoating with water based 

suspensions45 . 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 K  

monochromatic radiation ( =1.5418 Å); the 2 -scanning region was 20-85°. The TEM micrographs 

were obtained with a JEM-2010 instrument (lattice resolution 1.4 Å, acceleration voltage 200 kV). 

Local elemental analysis was performed with EDX method (a Phoenix Spectrometer)8,21,22,23,24,25. 

 

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 ~ 10-6 – 10-7 Torr) at  400°C for 90 min.  

Oxygen pressure in closed reaction volume (680 cm3) 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 18O content in the gas phase was ~ 100%. Details of experimental procedure are 

described in 46.  

The second set of oxygen  isotope heteroexchange experiments were carried out in a flow 

reactor (SSITKA mode) following earlier described procedures47 , 48 . After achieving dynamic 

oxygen adsorption-desorption equilibrium at 500-700oC, a flow of 1% 16
2 in He was switched to 

the same flow of 1% 18O2 in He, and concentrations of 16O2, 16O18O and 18O2 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% C18O2 in He (18O fraction 75%) for samples 

after different pretreatments (either in O2 or after achieving the steady state in CH4 DR). 

Both steady state and transient experiments in CH4 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 

elsewhere49,50 ,51 . 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 CO2, CH4, 13CH4+CO2 or CH4+13CO2  in He. Analysis of 13C SSITKA experiments was 

carried out by solving the system of differential equations for the plug-flow reactor48,52. 

TAP experiments were performed in quartz microreactor placed in vacuum (10-4 – 10-5 Pa). 

The weight of the catalyst sample was 20 mg. A narrow pulse of gas molecules (~1014 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 CO2, 16 for CH4, 2 for H2, 28 for CO, 18 for H2O, 

and 32 for O2
52. 

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% O2 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 CH4 dry 

reforming was usually achieved by flowing reaction feed 7% CH4 + 7% CO2 in He at 700oC for 2 h. 

Pulses of different compositions (7% CH4 in He, 7% CH4 + 7% CO2 in He, 7% CO2 in He, 5% O2 

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 cm3), 

these pulse experiments were carried out in the batch-flow mode53.  

 

4.3 Theory of oxygen heteroexchange  

The redistribution of the isotope molecules during heteroexchange 18Oi
16O2-i (i = 0, 1, 2) 

characterized by their molar fractions xi (x0 + x1 + x2 = 1) is described by isotope-kinetic 

equations54,55,56,57,58 

 

( )s
dN R

S dt
 (5) 

 
1

1 1 2 1

3 1

[2 (1 ) ] [ (1 ) (1 ) ]

[2 (1 ) ]

s s

s s

dxN K x K x
S dt
K x

 (6) 

 
Here N is the number of 2 molecules, S – the surface area of oxide, t – time,  = 0.5 x1 + x2-

isotope fraction, 325.0 KKR  – the rate of heteroexchange, K1, K2 and K3 – the rates of 

exchange of the 1st, 2nd and 3rd type (with participation of 0, 1 and 2 surface oxygen atoms, 

respectively54,55,56,57,58), their sum giving the total rate of exchange R. 

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

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

 

0
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N NR r
S t S

 (7) 

 
2
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with the initial and boundary conditions:  

 
t=0: 0 , 0

s v s ; 
0 : v s  

(9) 
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where v is  the fraction of 18O in the oxide bulk, SN  and eN 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;  is the reduced depth (z) of the oxide layer =z/h, where h is the characteristic size 

of oxide particles; 2D
Dr
h

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 

 

0 0ln lnv b sa
v b s

  (10) 

 
Here v = z/s2, s =  – s , z = x2 – 2 x2, x2 –fraction of 18O2 molecules, and parameters a and b 

are determined by the type of mechanism: 

 
2 3

2 3

2 12
0.5

ka
r

 (11) 
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2 32 2 1
kb

r k
 (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 

 
0 02 (2 )X S XN N N N  (13) 

 
The value NX is related to the average depth of isotope incorporation into the solid phase (l ) 

by relation NX = nO·S·l , (here nO 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
S

S

NX
N

and X
V

V

NX
N

, corresponding, respectively, to the number of exchanged oxygen 

monolayers Xs, (1 monolayer = 1.4·1019 atoms/m2) and the exchanged fraction of the bulk oxygen, 

Xv. 

Cheselske, Hall et al. 59 , 60  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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2

I

dRT
dTE  (14) 

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

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

 

4.4 SSITKA data analysis  

Fitting of experimental responses ( )t  and 1 )x t  was carried out in frames of diffusion model 

with a due regard for three types of the surface exchange (K1, K2 and K3 as well as diffusion of 

isotope atoms into the bulk of oxide particles48: 
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2 3

1 1
1 1

2 1 3 1

3 3 2
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O s

O
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s

S
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C b K K
t

x xC bK x
t

bK x bK x

N DK K
t N h

D
t h

 (15) 

 
Initial and boundary conditions: 

 
t=0: 0 , 1 0x , 0s , 0bulk  

0 :  input
g g , 1 1

inputx x  

0 : bulk s  

(16) 

 
Here S  and bulk - fractions of 18O on the surface and in the bulk of oxide, respectively; - 

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

K1, K2 and K3 – rates of respective exchange types  (s-1); D - coefficient of  18O diffusion in the bulk 

of oxide (m2s-1); h  - typical size of particles  (m) , SN  and bulkN  - number of oxygen atoms on the 

surface and in the bulk of particles; - normalized reactor length; - 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, m2/g 

1.4%Pt/La0.3Ce0.35Zr0.35O2 Pt/LCZ - 

1.4%Pt/Gd.3Ce0.35Zr0.35O2 Pt/GCZ 12 

1.4%Pt/Gd.3Ce0.35Zr0.35O2 / Al2O3 channel Pt/GCZ 15 

1.4%Pt/Pr0.3Ce0.35Zr0.35O2 Pt/PCZ 29 

1.4%Pt/Pr0.3Ce0.35Zr0.35O2 / Al2O3 channel Pt/PCZ 21 

6%LaNiO3/Sm0.15Pr0.15Ce0.35Zr0.35O2 LaNi/SPCZ 28 

1.4%Ru/Sm0.15Pr0.15Ce0.35Zr0.35O2 Ru/SPCZ 20 

1%Ru/80%Sm0.3Ce0.35Zr0.35O2+10%NiO+10%YSZ Ru/SCZ+NiO+YSZ 24 

(0.57%Ru+6.6%NiO)/ Sm0.15Pr0.15Ce0.35Zr0.35O2 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 45,46,47,51,52,53,61,62.  

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 m2/g. (calcined at 

700oC) or 30-40 m2/g (calcined at 900oC). 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)O3), 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 Lnx(Ce0.5Zr0.5)1-xO2-  fluorite-like oxides including those promoted by Pt, 

linearization of results in coordinates of isotope-mechanistic Equation 5 revealed that the 3rd type of 

mechanism (a share in the range of 0.7-0.9) was dominant, without any impact of the 1st type of 

exchange. 

Estimation of the dynamic degree of exchange revealed that at temperatures below 600oC, 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/Ce0.5Zr0.5O2-x sample, XS achieves 4-5 monolayers at 700-750 oC.  

To characterize mainly the surface/near surface oxygen mobility, 650oC was selected as the 

temperature of comparison. Indeed, at this temperature for majority of samples considered here XS 

is below a monolayer (Figure 3), thus mainly reflecting the oxygen migration within the 

surface/near-surface layers.  
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Figure 3. Dependence of dynamic degree of exchange XS on the dopant content for samples of 
Lnx(Ce0.5Zr0.5)1-xO2-  (a) and Pt/ Lnx(Ce0.5Zr0.5)1-xO2-  (b). PO2 = 2.5 Torr. 

 

As integral parameter, Xs 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 Ce0.5Zr0.5O2-x and Pt/Ce0.5Zr0.5O2-x, XS values at 650oC and 2.5 Torr 

O2 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, respectively51,61,62. 

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 Ce0.5Zr0.5O2-x sample and detected also as microstrains by neutron diffraction 

data analysis51,61,62 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, XS 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 SIMS20,61 appears to be responsible for the increase of XS for this moderately doped sample. 

According to EXAFS data SIMS20,61,62, 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 XS 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 Pr4+ share which favors mixed ionic-electronic conductivity via chains of Pr3+-Pr4+ 

cations, and, hence, enhanced oxygen mobility, perhaps, along domain boundaries enriched by Pr 

cations20,61,62. 

As can be seen in Figure 3b, adding Pt to these doped oxides will change XS 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 Ln3+ cations during incipient wetness impregnation by acid H2PtCl6 solutions 

and incorporation of Ptn+ cations into the surface vacant sites.  

For undoped sample, high values of XS (~ 1.7 at 650 oC20,61,62) 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 XS, especially at low doping 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+ cations20,45,61,62. 

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+/Pr4+ chains thus facilitating oxygen diffusion. 

Estimation of Ea 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 Lnx(Ce0.5Zr0.5)1-xO2-y (a) and Pt/Lnx(Ce0.5Zr0.5)1-xO2-y (b) 
samples on Ea, estimated from Hall et al [61] 

 

In typical experiments inflection point is situated at temperatures ~ 600-700oC, thus being 

close to the temperature range of XS estimation. Hence, the activation energy estimated in such a 

way can be considered as characteristic of the surface reaction steps. For samples without Pt, Ea 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 Ea with increasing the size of doping 

cation Gd<Pr<La (and, hence, increasing the lattice parameter20,61 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 Ea 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 

centers48, this suggests that the estimated Ea 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 650oC 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 comparable48. 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, Ea only decreases with the doping level 

(Figure 4b). Since the fraction of oxidic Pt forms (oxidic clusters, isolated Pt2+ species, including 

those incorporated into the surface/subsurface layers and domain boundaries) increases with La 

content21,61, this implies that the barriers for O2 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 Pt2+ incorporation into the surface layer. 

For Gd-doped samples, the addition of Pt decreases Ea for all doping levels (Figure 4b). This 

can be 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 (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 Ea is the most complex, since increasing it 

for some compositions and decreasing for others. At the highest doping level, Ea 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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Figure 5. Comparison of Ea estimated by 
different procedures for Pt/Pr-Ce-Zr-O samples 

 

The values of Ea 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 (t) was close to vary exponentially, which might indicate an identical 

reactivity of exchangeable oxygen forms54,55,56,57,58. 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. 
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Figure 6. The rate of oxygen heteroexchange 
and dynamic degree of exchange for Pr or Gd –
doped Pt-supported Ce-Zr-O systems at 650 oC 
and 2.5 Torr O2 
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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. 
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Figure 7. . Results of (t) (a) x1(t) (b) fitting in 
isothermal isotope exchange at 1) 550 0C; 2) 
600 0C; 3)650 0C for Pt/Pr0.3Ce0.35Zr0.35 sample 

 

 

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 (10-15-10-16 m2/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 (~ 10-17 m2/s) from results 

of SSITKA experiments48. 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 (500-600oC). 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 XV for layers of 
Pr0.3Ce0.35Zr0.35Ox  (1),  Pt/Pr0.3Ce0.35Zr0.35Ox  
(2, 3) supported on the walls of corundum 
channels.  1, 2 –fresh samples, 3- after testing 
in methane reforming. PO2  1.7-1.8 Torr 

 

 

5.2.3 Oxygen isotope heteroexchange in a flow reactor (SSITKA)  

Isotope transients carried out by isothermal oxygen isotope exchange with 18O2   

Typical dynamics of these SSITKA experiments are shown in Figure 9, and results of such 

curves fitting are presented in Table 2.   

 

 PrCeZr 
 Ni/PrCeZr
 Pt/PrCeZr

 

Figure 9. Effect of supported active component 
(Pt , Ni) on dynamics of isotope response: 
points –experimental data, lines –calculated 
time dependence of the atomic fraction of 18O 
( 18) and 16 18  (f34) in the gas phase. 600 o C, 
flow rate 300 ml/min, weight  0.05 g.  

 

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).  



30 

 

 

Table 2. Parameters of oxygen exchange for CeZrPr with supported Ni or  Pt.  
Temperature,  [oC] 600 700 800 
Rate of exchange on the oxide sites   [s-1]* 0.02 0.1 0.3 
Rate of exchange on  Ni sites  [s-1]** 0.4  0.9 
Rate of exchange on  Pt sites  [s-1]** 15 30  
Rate of Ni – oxide spillover     [s-1]** >1  >2 
Rate of Pt  – oxide spillover   [s-1]** >4 101 >1 102  
Coefficient of oxygen diffusion along domain 
boundaries [m2s-1]  3 10-15  

Coefficient of oxygen diffusion in oxide domains 
[m2s-1]  4 10-18  

*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 CH4 dry reforming by 
18CO2  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 
transients in the course of C18O2 exchange with 
LaNiPt/PrSmCeZr sample at 700 oC;  = 0.5 
X1+X2, where  - fraction of 18O in the gas 
phase, X2 – fraction of C18O2, X1 = fraction of 
C16O18O; z = X2 - 2  - deviation from the 
binomial distribution for C18O2 molecules with  
fraction X2. 

 

 

Similar to the case of oxygen heteroexchange with 18O2, 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 (Dbulk) and along domain boundaries (Dinterfaces) (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 O2 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 18O2  and 
C18O2 SSITKA 

Sample *Deff , s-1 Dbulk , 10-18

m2/s 

Dinterfaces , 10-16

m2/s 

Pt/PrCeZr 
18O2  0.04 4 >33 

C18O2 0.003 - >2 

LaNiPt/PrSmCeZr 
18O2   >0.03 3 >25 

C18O2 0.008 - >5 

 

According to the analysis of dynamics of CH4 dry reforming on Pt/PrCeZr45, the values of 

oxygen diffusion coefficients along the interfaces (surface and domain boundaries) ~ 10-12-10-13 

cm2/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 O2 desorption  

Typical O2 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 range23, 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 ~ 400oC 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 CH4
.  

In these experiments, all reducible Me4+ cations (Ce4+, Pr4+) are reduced to Me3+  state after 

keeping under contact with CH4 stream at 880oC23, which corresponds to the removal of ca. 10 

monolayers of oxygen. Hence, the reduction process is clearly associated with a rapid oxygen 



32 

 

diffusion from the bulk of oxide support particles to their surface where it is consumed by 

interaction with CHx 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 COx 

release is practically no more observed (Figure 12).  

The parallel release of CO, CO2 and H2 at ~ 400°C (Figure 12) for all oxidized samples 

demonstrates the ability of these systems to selectively transform CH4 into syngas. The intensity of 

these low-temperature peaks clearly correlates with the surface/near-surface oxygen mobility 

characterized by XS (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).  
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 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 effect49,50. 

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.  

 

 
Figure 13. Temperature  dependence of the reactants conversion  (a, CH4—filled symbols, 

CO2—open symbols), molar H2/CO ratio (b) and syngas content (c) in DR. Feed composition: 
7 %CH 4  + 7% CO2 in N2, contact time 15 ms 
 

As can be seen, at ~ 600oC 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 CO2 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) CO2 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 H2/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, m2/g K, s-1m-2 at 700oC 

8%LaNi 3 / 

Pr0.15Sm0.15Ce0.35Zr0.35O2 

LaNi/ PrSmCeZr 21 1.7 

8%LaNi 3 +1%Pt/ 

Pr0.15Sm0.15Ce0.35Zr0.35O2 

LaNiPt/ PrSmCeZr 21 1.7 

1.4%Pt/ 

Pr0.15Sm0.15Ce0.35Zr0.35O2 

Pt/ PrSmCeZr 30 0.7 

1.4%Pt/Pr0.3Ce0.35Zr0.35O2 Pt/ PrCeZr 16 1.5 

1%Ru+10%NiO/ 

Pr0.15Sm0.15Ce0.35Zr0.35O2/YSZ 

Ru+Ni/PrSmCeZr/YSZ 30 4 

1.4%Ru/ 

Pr0.15Sm0.15Ce0.35Zr0.35O2 

Ru/PrSmCeZr 20 2.4 

1.4%Ru+6.6%Ni/ 

Pr0.15Sm0.15Ce0.35Zr0.35O2 

Ru+Ni/PrSmCeZr 18 7.5 

 
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 700oC to a similar stream containing 0.5% CH4 in He. 

CO appears at the reactor outlet simultaneously with CH4, which might correspond to the kinetic 

behaviour of a non adsorbing primary product, while CO2 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 

CH4 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 CH4 activation is apparent, which is 

unique feature of Pt among all studied metals47.    
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Figure 14. Transient responses to a switch 
He to 0.5% CH4 in He at 700°C over 
Pt/Pr0.3CeZrOx supported on a corundum 
channel after a pretreatment in O2. Contact 
time 5 ms 

 

Figure 15 presents typical kinetic transients obtained for a RuNi/SmPrCeZrO sample after 

switching the reacting feed CH4+CO2 to feeds containing only one component - CO2 or CH4 - 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) – H2 in the case of a 

switch to CH4 and CO in the case of a switch to CO2- 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 CO2 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 CH4 and CO2 

transformation occurring on different active sites. 
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a b 

Figure 15. Typical transient responses for RuNi/SmPr catalysts to the feed switches 
CH4+CO2 CO2 CH4+ CO2 (a)  and CH4+CO2 CH4 CH4+CO2 (b) at 650oC. Feed composition 
3.8% CH4 + 3.8%CO2 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 12C 

normal isotope composition to that containing labelled 13CH4. 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+12CO2+He to 12CH4+13CO2+He+1%Ar for Ru+Ni/PrSmCeZr catalyst at 650o , the fractions 

of 13C in O and O2 in the exit stream increased without any delay relative to the Ar tracer 

concentration, and at each moment the total number of 13C atoms in CO and O2 was equal to that 

in the inlet 13 O2, 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 13  in CO should be equal 

to a half a sum of 13  fractions in CO2  and CH4: 

 
2 4CO CH

CO 2
 (17) 
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In the present experiments, the 13  fractions in the reactants were equal to 
2CO = 0.7, 

4CH = 0, 

respectively. In this case, the estimated 13  fraction in CO should be equal to 0.35, while the 

experimental value was found equal to 0.4. At the same time, the 13  fraction of CO2 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 O2 proceeds, while there is no transfer of 
13  into CH4. This proves that stages of catalyst interaction with CH4 and CO2 are independent, the 

first one being irreversible, and the second one reversible. 

 

a  b 

Figure 16. a) Steady State Isotopic Transients after the feed switches CH4+CO2 +He   
13CH4+CO2+He  CH4+CO2 +He for Pt/PrCeZr sample at 830oC, 15 ms contact time and 
inlet concentration of CH4 and CO2 4% 
b) Time dependence of 13C isotope fraction in CO (1) and O2 (2) after switching CH4+CO2 
+He  13CH4+CO2+He  for Pt/PrCeZr sample at 830oC, 15 ms contact time and inlet 
concentration of CH4 and CO2 4%. 

 

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

 
I. [ZO] +CH4  [Z] + CO + 2H2 (18) 

 
II. [Z] + CO2  [ZO] + CO (19) 

 
Here methane irreversibly interacts with oxidized centers of the catalyst with CO and H2

 

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: 

 
1 2 2CO

.w w w w  (20) 
 
In the case of labeled CH4, the redistribution of 13C among all C-containing feed compounds 

is observed. The kinetic parameters characterizing the rate of exchange and specific rates of CH4 
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and CO2 consumption are shown in Table 5. The rate constants of CO2 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 w1 (rate of CH4 transformation) and w2 (rate of 

catalyst reoxidation by CO2) at a lower (550oC) temperature are apparently higher for catalysts 

containing Ru+Ni as compared with those for Pt/PrCeZr at a higher (735oC) 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 CH4 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 CH4 dry reforming  by SSITKA 

T,oC 2CO  CO  w2/w1 
w1 

mkmol/g*min
w2 

mkmol/g*min
w-2 

mkmol/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 

 

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 CO2 

and CH4 are efficiently transformed into CO and CO+ H2, respectively (Figure 17). As follows from 

this figure, the amounts of CO produced after a pulse of CO2 and after a subsequent pulse of CH4 

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 CH4 +CO2 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 CO2 and CH4 indeed proceed independently. 

The results of 13CO2 and 12CH4 pump-probe experiments (sequential pulsing) confirm this 

conclusion (Figure 19). Indeed, pulse of 13CO2 produces only 13CO while a subsequent pulse of 
12CH4 gives only 12CO. This clearly excludes any exchange of carbon atoms between reactants, and, 

hence, the existence of any common intermediate. 

 

 

.

 

 

Figure 17. CO2, CO, CH4, and H2 responses 
corresponding to CO2 and CH4 pump-probe 
experiment over reduced Ru+Ni/PrSmCeZr at 
754oC. Injection times were 0 s for CO2 and 
1.0 s for CH4 

Figure 18. CO responses obtained over reduced 
Ru+Ni /PrSmCeZr catalyst at 754oC in: 1) CO2 
and CH4 pump-probe experiment (time delay 
between CO2 and CH4 pulses was 0.01 s); 2) 
CO2 single-pulse experiment; 3) CH4 single-
pulse experiment 

 

 

 

Figure 19. 13CO2, 12CO, 13CO, and CH4 
responses corresponding to 13CO2 and 12CH4 
pump-probe experiment over reduced 
Ru+Ni/PrSmCeZr at 750oC. Injection times 
were 0 s for 13CO2 and 0.8 s for CH4. 
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5.6.4 Pulse experiments at realistic CH4 concentrations followed by 

microcalorimetry 

In general, the changes in CH4 conversion and CO/CO2 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 

CH4 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 O2, Fig. 21) is close to values corresponding 

to bonding strength of bridging (M2O) oxygen forms located at Ce cations53.  

The enthalpy of CH4 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 CH4 cracking in agreement with 

results of CH4 TPR data (vide supra). Nearly linear (i.e., rather weak) dependence of CH4 

conversion on the reduction degree agrees with this weak variation of the heat of CH4 

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.  
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Figure 20. Dependence of CH4 conversion, CO 
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Pt/PrCeZrO sample reduction (n) by pulses of 
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reduction by CO pulses at  600°C. 

Figure 22. Enthalpy of CH4 interaction with 
1.4% Pt/Pr0.3Ce0.35Zr0.35 2 sample as a 
function of reduction degree (n) 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+H2 , CO2-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.  
 

 
a 

 
b 

Figure 23. Variation of CH4 conversion (a, x on the ordinate axes marks CH4 conversion in the 
mixed CH4 +CO2 pulse) and products selectivity (b, 1-CO/ CH4;  2- H2/ CH4 ) in the course of 
steady-state Ru+Ni/PrSmCeZr catalyst  reduction by pulses of 7% CH4 in He at 700oC. 
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Figure 24. Variation of CO2 conversion in the 
course of steady-state Ru+Ni/PrSmCeZr 
catalyst oxidation by pulses of 7% CO2 in He 
at 700oC; x on the ordinate axes marks CO2 
conversion in the mixed CH4 +CO2 pulse 

 

The measured heat values correspond to removal/replenishing of the interface surface oxygen 

forms with a desorption heat 600-650 kJ/mol O2  (Table 7).  

Note that CO2 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 CO2 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 CO2 consumption are very close for Pt or LaNiO3-supported samples (~102 s-1) while 

being an order of magnitude higher for Ni+Ru-supported sample (~103 s-1). In agreement with 

SSITKA results (vide supra), this suggests that Ni-Ru alloy nanoparticles participate in CO2 

activation, perhaps, by favouring the C-O bond rupture in CO2 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 CH4 or CO pulses and reoxidation by CO2 or O2  pulses at 700oC. 

Catalyst composition 
Heat of oxygen desorption, kJ/mol O2 

CO2
* CH4

* CO* O2
* 

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 
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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 species45.  

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:  

 
CO2 + [PtO]  [PtCO3] (21) 

 
CH4 + [PtCO3]  2 CO + 2 H2 + [PtO] (22) 

 
CH4 + [PtO]  CO + 2 H2 + [Pt] (23) 

 
[Pt]  + [Os]  [PtO ] + [Vs] (24) 

 
CO2 + [Vs]  CO  + [Os] (25) 

 
H2 + [PtO]  H2O + [Pt] (26) 

 
Here [PtO] and [Pt] denote the oxidized and vacant Pt-centers, [PtCO3] is a weakly bound 

carbonate complex, [Os] and [Vs] 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 Pr4+ cations. Pr4+-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 studies52, strongly bound carbonates located apparently at Ce3+/4+ 

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: 

 
I. CH4 + CO2  2 CO + H2 (27) 

 
II. O2 + H2  CO + H2O  (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/ Pr0.3Ce0.3Zr0.35O2-x catalyst at contact with feed 7% CH4 +7% CO2 in He at 
750 oC. 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: 

 
r1 = k1 CCO2 1 (29) 

 
r-1 = k-1 2 (30) 

 
r2 = k2 CCH4 2 (31) 

 
r3 = k3 CCH4 1 (32) 

 
r4 = k4 (1 -  1 -  2) 3,   (33) 

 
r-4 = k-4 1  (1 - 3 ) (34) 

 
r5 = k5 CCO2 (1 - 3 ) (35) 
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r6 = k6 CH2 1 (36) 

 
where ri is the rate of the ith catalytic stage (i = 1, 2, .., 6); cCH4,  cCO2, and cH2 are the  

concentrations of H4, 2 and 2 in the gas mixture correspondingly; 1, 2, and 3 are the relative 

surface concentrations of oxidized Pt-centers [PtO], carbonate complexes [PtCO3], and oxidized 

lattice layer sites [Os] respectively; ki 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]  =  N (37) 

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

 
[ZO*]  + [Z*] =  N  (38) 

 
where N   is the total number of active centers on the catalyst surface,  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. 

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:  = 4.7 s,  k1 = 200 s-1,  k-1 = 0.6 s-1,  k2 = 600 s-1,  

k3 = 60 s-1,  k4 = 300 s-1,  k-4 = 5 s-1, k5 = 55 s-1,  k6 = 1100 s-1,  = 0.04,  = 0.2, Sb = 20 104 cm-1,  D 

= 2.5 10-13 cm2/s, H = 5 10-6 cm.  

The satisfactory fit observed in Figure 26 (except for H2 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 , gas feed rate 18 l/h, feed 7% 4 + 7% 2 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 

CO2 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 CO2 

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 63.  

 

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. 
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