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Abstract

The surface and bulk oxygen mobility and reactivity of ceria-based solid solutions as related to the process of methane conversion into
syngas can be tuned in a broad limits by bulk and surface promoters. Variation of the surface/bulk real structure of those complex oxides and
their strong interaction with the surface promoters (Pt, Ni) appear to be responsible for those effects.
© 2004 Elsevier B.V. All rights reserved.
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1. Introduction or Pt+ Ni) on the features of their reduction by COpH
and methane. Polymerized complex method (PCM) has been

The lattice oxygen of ceria-based systems was recently chosen for the preparation of those samples materials, since

shown to selectively convert methane into syngas or hydro- it allows to obtain highly dispersed single phase of Ce—Zr-O

gen as dependent upon the chemical composition of the sur-solid solutions with zirconia content up to 50 mo[%g.

face and lattice oxygen mobilifit,2]. Ce—Zr based systems

have attracted much attention of researchers, since, due to

their high oxygen mobility and storage capacity, they are 2. Experimental

used in state-of-the-art three-way catalysis for auto-exhaust

treatmen(3]. However, a lot still remains to be done to elu-  Dispersed samples of ceria-based solid solutions were pre-

cidate the effect of the real structure and chemical composi- Pared by PCM and annealed at 7@[4]. Samples are de-

tion of those systems on the mobility and reactivity of their noted as CeZr-GgZros, CeZrLa—Ceys—x/2Zr05-x/2Lax,

surface and lattice oxygen by using different reductants. In X = 0.1-0.3, CeZrCa-GgsZro2Ca.2 and CeZrCaF-Ggs-

the previous work, to elucidate the reactivity of the surface Zf0.2Ca.2Fo.2. Pt (1.4wt.%) or Pt Ni (0.7 + 0.7 wt.%)

and bulk oxygen of Ce—~Zr-based oxide samjiswe have were supported by the incipient wetness impregnation from

applied a method based upon isothermal reduction of oxi- the water solutions of pPtCls and nickel nitrate and an-

dized samples by CO in pulse and flow regimes. The resultsnealed at 700C.

obtained by this method agreed well with those obtained by ~ The X-ray phase analysis of samples was carried out us-

using another approaches. This work aims at widening theing @ HZG-4C diffractometer (Cu & radiation and a flat

range of chemical compositions of ceria-based fluorite-like Monochromator) in the range o 2ingles equal to 1-70

complex oxides as related to their reactivity, namely, to study The unit cell parameter of ceria and modified composites

the effect of the content and charge of substituting cations Was determined from the position of 311 diffraction peak.
(zr*+, La3+, C&t), anions (F) and surface promoters (Pt The chemical composition of samples was analyzed by the

atomic absorption spectroscopy (a Karl Zeiss Jena AAS1IN

spectrometer).
* Corresponding author. EPR and FMR spectra were recorded at a Bruker-200 X
E-mail address: tgkuzn@catalysis.nsk.su (T.G. Kuznetsova). spectrometer at room temperature. Samples were reduced by
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H> at 300°C and kept in sealed ampoules. After FMR spec-
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presented elsewhere. The most important task of the pre-

tra recording, ampoules were opened, and spectra evolutiorsented work is to prepare solid solutions with a homoge-

under step-wise heating on air was monitored.

For samples pretreated inoGt 500°C, isothermal re-
duction by CO (1% CO in He, pulse and flow modes); and
methane (0.1% CHin He, flow mode) and temperature-
programmed reduction (TPR) by,H10% H, in Ar, temper-
ature ramp 1@min up to 900C) and CH (1% CH, in He,
ramp 5/min up to 900°C) were carried out using microcat-
alytic installations and procedures described eaj#prThe

neous distribution of Ce and Zr to ensure reproducibility of
results and to avoid effects of intergrain/interphase bound-
aries and such extended defects as microprecipitates on the
lattice oxygen diffusion. The lattice parameter of CeZr is
equal to 5.280 A, which is somewhat higher than the value
of 5.25 A expected for the ideal solid solution of cubic ce-
ria and zirconia. However, it is close to that of the ordered
solid solution with the same 1:1 composition prepared by a

sample reduction degree was expressed in monolayers (ondiigh temperature reducing treatmgé}. Though two solid

monolayer= 10 atoms/m).

3. Results and discussion
3.1. Bulk structure

Samples with a wide range of Ce substitution (up to
50 mol% Zr, 20 mol% Ca or 30 mol% La) and F addition (up
to 20 mol%) show the same set of diffraction peaks as for
ceria which are widened (even the first ones up to 1’52
and shifted due to the formation of solid solutions. The lat-
tice parameters of samples are givenTable 1 Only for
CeZrLay, and CeZrLas samples two mixed solid solu-
tions of fluorite structure are formed. Since La solubility
in ceria exceeds 30 molY®], this means that distortions
of ceria lattice caused by incorporation of Zr cations de-
creases its stability to aliovalent cation substitution. How-
ever, for Ca cations with the ionic radius close to that of
La, only single phase is formed in CeZrCaO system with

solutions of a fluorite structure are formed in samples with a
large La content, the relative contribution of extended defects
with typical sizes exceeding 80A (as estimated by SAXS
data and ascribed earli¢4] to intergrain boundaries) is
small.

3.2. Oxygen mobility

3.2.1. Temperature-programmed reduction
Temperature-programmed reduction by hydrogen- (H
TPR) is often used to characterize the reducibility of Ce—Zr
sampleq3]. For pure dispersed ceria samples prepared by
PCM, the main peak of hydrogen consumption appears at
880°C. Zr addition leads to the shift of ceria bulk reduction
to lower (550°C) temperatures. For CeZrCa sample, the
start of the lattice oxygen reduction shifts to higher temper-

atures (a double peak at 590 and 88Y. In the presence of
La additional peak appears at lower (3%) temperatures.
Pt and Pt Ni supporting shifts the beginning of reduction
to the range of 200-300 and 200—4@) respectively. The

Celzr = 3. This suggests that oxygen vacancies generated@mount of oxygen removed by HTPR in the series of
due to Ca cations incorporation helps to release stresses-€-based samples including those promoted by Pt is shown

caused by the cation sizes mismatch. Detailed analysis ofin Table 1

the structural features of Ce—Zr system modified by differ-
ent dopants is beyond the scope of this work and will be

Table 1

Lattice parameters, specific surface area, amount of oxygen (in mono-
layers) removed by Hand CH, in TPR experimentsN) and integral
selectivity of methane transformation into syngas in TPR runs

Sample (lattice Surface Ho-TPR,N CHs-TPR
parameter, A) area (m/g) S0 %) N
CeO (5.411) 19 3.4 - -
CeZr (5.280) 65 1.4 74 2.3
CeZrLay; (5.331) 66 1.2 80 2.4
CeZrLayz (5.309, 5.440) 66 1.0 76 1.7
CeZrLayz (5.344, 5.479) 68 0.9 84 2.5
CeZrCa (5.358) 44 2.4 72 3.9
CeZrCaF (5.358) 58 15 - -
Pt/CeZr 33 3.4 92 9.2
Pt/CeZrLa 1 43 2.1 91 6.9
Pt/CeZrLa 29 2.7 91 9.3
Pt/CeZrLa 3 41 1.8 91 6.9
Pt/CeZrCa 27 4.4 90 11.7
Pt/CeZrCaF 57 3.7 - -

For all Ce—Zr—0 based systems including those promoted
by Pt, both CO (partial oxidation product) and £Q@leep
oxidation product) were detected in GHPR. While CQ
evolution is observed in the wide temperature range up to
800°C, the main peak of CO evolution (with concomitant
formation of H in 1:2 syngas rati¢2]) appears at 880C.
Samples differ by the amount of removed oxygen which
reaches a maximum for the CeZrCa systérable 1. Se-
lectivity of methane conversion to CO (syngas) increases
with La addition and decreases for Ca-doped samples. For
Pt-supported samples reducibility considerably increases
reaching a maximum value for the same CeZrCa system.
Pt supporting on promoted complex oxides also increases
the selectivity to CO up te~90%. The main peak of CO
formation appears at 49& for CeZr sample and further
moves to 470C for sample with a maximum La content.
On the contrary, for Pt/CeZrCa sample evolution of CO
starts at 630C. Comparison of samples reducibility by
H, and CH, (Table ) shows that it is higher for methane
as reductant. A rather good agreement between trends in
the series of promoted samples is revealed for both re-
ductants. Thus, in both series of TPR experiments over
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Pt supported samples, La addition to support decreases - 2
the initial temperature of reduction, while Ca increases ‘ /\
the amount of oxygen removed in a given temperature 084 / Ny " 4 A /"
range. 1 g \‘«
= 064 4 v"r 3 '.J'

3.2.2. Isothermal reduction by CO =

In the previous work, reduction of Ce—Zr-containing sam- _g 0.4 1
ples by CO in the pulse and flow regimes has been used to S 02
elucidate the reactivity of the surface and bulk oxyd2h ]
In the series of CO pulses fed to the oxidized surface, the 0.0 ‘

rate of CO oxidation to C@®declines with the amount of G4 Gz 04 D& 08 40 12 44 38
removed oxygen, until it reaches a plateau when the amount Monolayer

of oxygen removed by a pulse is compensated by the oxy- Fig. 1. The carbon balance vs. the amount of oxygen removed from the
gen migration from subsurface layer during the period of catalysts with Pt+ Ni mixed active component supported on: CeZr (1),
relaxation between pulses (540s). The analysis of the re-CeZrLay; (2), CeZrLaz (3), and CeZrLas (4) in the course of their
duction curves by using approaches developg@jimllows reduction at 500C by 0.1% CH in He.

to elucidate the specific surface reduction rafé, the

amount of the reactive surface oxygen easily removed by | the case of CO as reductant, La helps to increase the
CO pulsesilo) and the effective rate constant of the 0Xygen |atiice oxygen mobility, which is indeed expected for this
diffusion exchange between the surface and the first SUb'dopant known to enhance the oxygen mobility in ceria-based
surface layer\p). Under sample contact with the stream  g|actrolytes[5]. The nature of the active component sup-
of reducing mixture (flow regime), the oxygen is removed ,,teq onto the surface was found to affect the estimated
from _deeper layers. Here, the rate of reduction a_lso declinesp oxygen mobility stronger than the chemical composi-
until it reaches a nearly constant value determined by the o, of the support. This suggests that in fact the rate-limiting
oxygen supply from the bulk of particles. Since the latter stage is the surface reaction and not the bulk oxygen mo-

process is characterized by the bulk oxygen diffusion coeffi- i, which should thus to considerably exceed the values
cient D), the latter parameter can be estimated provided the ggtimated here.

reduction process is not controlled by the surface reaction.
Some characteristics of the oxygen mobility and reactivity 353 g5thermal reduction by CHa
for samples considered here are presentd@dbie 2 La ad- CH, oxidation by the oxygen of the catalyst with sup-
dition causes decline diVsp and Vp, whereas the amount ported mixed Pt+ Ni active component produces GO
of the surface reactive oxygen remains constant, and the COCO, and H as main products. As judged by the carbon bal-
efficient of the bulk diffusion increases. More complex de- 4nce and WCO ratio variation in the course of the sample
pendence is revealed for samples with supportee-Rti  raqyction by CH, carbon is formed as well. First GOs
mixed active component. At least, the amount of reactive ormed with participation of the reactive surface oxygen, its
surface oxygem, andD increase due to supporting of ac-  cqntent rapidly decreasing with time. G@urther appears
tive component, though the bulk mobility is leveled underLa i small amounts as a result of the deposited carbon oxi-
addition. dation. Selectivities to CO and carbon change in the way
opposite to that of C&@ Changes in the carbon balance in
the series of samples with different La content are shown in
Table 2 Fig. L These data reveal the non-monotonous dependence
Some characteristic of the oxygen mobility and reactivity of Ce-Zr-based of carbon balances on the amount of oxygen removed by

systems at 500C estimated from the experiments of isothermal reduction : : - .
by CO (1%) CHjy. Here, doping of binary oxides by La favors more rapid

Sample Wep (s No  Vp(sh) D (x10Ptm2s7t)
Table 3
Cezr 0.88 0.2 18 0.3 Initial specific surface area of samples, coefficient of bulk diffusion and
CeZrlay, 0.28 02 19 0.6 amount of oxygen consumed for methane combustion and the surface
CeZrLay2 0.08 04 07 12 carbon oxidation.
CeZrLays 0.14 025 1.2 1.1
Pt 4 NilCezr 0.42 12 1.2 5.2 Sample (surface D (x10?, m®s1) O from R1 O from R2
Pt+ Ni/CeZrLay; 1.6 05 15 3.0 area, /g)
Pt + Ni/CeZrLay, 0.15 0.6 1.3 3.6 Pt + Ni/CeZr (38) 0.6 0.14 0.03
Pt + Ni/CeZrLay3 0.36 0.5 1.6 4.2 Pt + Ni/CeZrLay; (50) 0.4 0.81 0.03
Wsp, specific surface reduction rate [8]; No, amount of surface reactive :z: i m:jgggt:i Egég ég 822 881

oxygen easily removed by CO pulségy, effective rate constant of the
oxygen diffusion exchange between the surface and the first subsurfaceO from R1 (CH, +[0] = CO, + Hy0) or R2 (C +[0] =
layer [2]; D, coefficient of bulk diffusion. CO,)—amount of oxygen removed by reaction 1 or 2, monolayers.
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Fig. 2. FMR spectra of Pt Ni supported over CeZr (1), CeZrba (2), CeZrLa2 (3), and CeZrLas (4) catalysts reduced inHat 300°C/2h (a) and
reoxidized at 150C by air (b).

carbon accumulation due to decreasing the surface oxygem. Conclusions
reactivity (Tables 2, 3. On the other hand, a higher lattice
oxygen mobility for La-doped samples (as judged Dy The surface and bulk oxygen reactivity and mobility
values estimated from the experiments on samples isother-of ceria-based solid solutions as related to the process of
mal reduction by CH, Table 3 helps to recover the carbon methane conversion into syngas can be tuned in a broad
balance after main part of reduced nickel apparently respon-limits by bulk and surface promoters. Variation of the sur-
sible for the carbon build-up is blocked by deposited coke. face/bulk real structure of those complex oxides and their
Kinetic features of methane oxidation by the lattice strong interaction with the surface promoters (Pt, Ni) ap-
oxygen of ceria-based systems (specific rates, productpear to be responsible for those effects. Results of TPR
selectivities, amount of the reactive oxygen supplied by experiments with different reductants reasonably agree as
the lattice diffusion) are strongly affected by change of far as the effect of ceria-based solid solutions doping on
the surface/bulk real structure and composition causedthe reactivity of the surface/bulk oxygen and its amount is
by promoters. La addition to Ce—Zr—-O samples decreasesconcerned. Isothermal experiments allow to estimate param-
reactivity of the surface oxygen, thus, improving syngas eters characterizing the oxygen mobility and reactivity and
selectivity. Promotion by P+ Ni increases the initial rates  elucidate some mechanistic features of the surface reactions.
of reaction and the amount of reactive oxygen, while lev-
eling the effect of the bulk promoters. Lower valuesibf
determined from the CiHreduction in comparison with  Acknowledgements
CO also suggest that the rate-limiting stage of,Gkans-
formation is the surface reaction and not the bulk oxygen This work is in part supported by INTAS 01-2162 and
mobility. ISTC 2529 Projects.
La addition partly prevents sintering of catalysts after sup-
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