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

CH,4 dry reforming in realistic feeds, catalytic activity is mainly determined by the surface/bulk oxygen
mobility responsible for coking suppression.

© 2010 Elsevier B.V. All rights reserved.

1. Introduction

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

2. Experimental

Dispersed samples of ceria-zirconia based solid solutions
(CegsZrps)1-xLnkO3_s (Ln=Pr, La or Gd, x=0.05-0.3) were pre-
pared by polymerized complex precursor route and calcined at
700°C [2,5]. Pt (1.4wt.%) was supported from H,PtClg solution by
incipient wetness impregnation followed by drying and calcina-
tion at 500 °C for 2 h. Results of detailed characterization of the real
structure and surface properties of samples by using combination
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of diffraction (TEM, XRD, neutronography), spectroscopic (EXAFS,
SIMS, XPS, FTIRS of adsorbed CO molecules) and magnetic methods
are given elsewhere [5,7,19-23]. Specific surface area of samples
varies in the range of 50-150 m2/g increasing with the dopant con-
tent and decreasing after Pt supporting [4-7]. All kinetic parameters
reported in the paper if required were related per the surface unit
of samples.

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

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

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

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

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

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

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

3. Theory

The redistribution of the isotope molecules during heteroex-
change 180,160, ; (i=0, 1, 2) characterized by their molar
fractions x; (xg +x1 +x=1) is described by isotope-kinetic equa-
tions [11-14]:
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gEZ—R(a—as) (1)
%% =K1[2a(1 — ) = 1] + Ko[ (1 — o) + ats(1 — ) — %1 ]

+K3[205(1 — o) — X1] (2)

Here N is the number of O, molecules, S is the surface area of oxide,
tis the time, o =0.5x1 +x,-isotope fraction, R=0.5K; + K3 is the rate
of heteroexchange, k1, k; and k3 are the rates of exchange of the
1st, 2nd and 3rd type (with participation of 0, 1 and 2 surface oxy-
gen atoms, respectively [11-14]), their sum giving the total rate of
exchange R.

For a complete description of the isotope redistribution, differ-
ential equations reflecting the isotope transfer in the solid phase
should be added to this system:
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where «, is the fraction of 180 in the oxide bulk, N5 and N, are the
number of oxygen atoms in the surface layer of oxide and the num-
ber of exchangeable atoms in the bulk of the oxide, respectively;
n is the reduced depth (z) of the oxide layer n=z/h, where h is the
characteristic size of oxide particles; rp = D/h? is the effective dif-
fusion coefficient (diffusion relaxation constant), D is the oxygen
self-diffusion coefficient.

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

n[52] = -on (3).

Here v=2z/s%, s=a— o5, Z=X3 —?Xy, X, is the fraction of 180,
molecules, and parameters a and b are determined by the type of
mechanism [11]:
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The depth of isotope penetration from the gas phase into the oxide
in the course of TPIE can be characterized by the value Ny deter-
mined from the relation:

2Na® + Nxard = a(2N + Nx) (6)

The value Ny is related to the average depth of isotope incor-
poration into the solid phase (ly) by relation Nx=ng*S*ly (here
no is the number of oxygen atoms in the unit volume of oxide).
This quantity termed as “dynamic degree of isotope exchange”
[4,5] is expressed in relative units Xs = Nx/Ns and Xy = Nx/Ny,
corresponding, respectively, to the number of exchanged oxy-
gen monolayers X; (1 monolayer=1.4 x 10'? atoms/m?) and the
exchanged fraction of the bulk oxygen, X.

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

5 da/dT}
-yl
Here, —do/dT is taken at the inflection point where it achieves a

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

E= —[RT (7)

4. Results and discussion
4.1. Oxygen isotope exchange

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

Estimation of the dynamic degree of exchange [5-7] revealed
that at temperatures below 600 °C, the oxygen exchange is limited
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Fig. 1. Dependence of dynamic degree of exchange Xs on the dopant content for samples of Lny(Ceo5Zro5)1-xO2-y (a) and Pt/Lny(Ceg5Zro5)1-x02-y (b). PO 2.5 Torr.

to the surface layers (Xs below 1 monolayer) due to much faster
surface reaction and diffusion as compared to the bulk diffusion
[16-18,33]. At higher temperatures incorporation of isotope into
the bulk of oxide particles occurs rather fast, so, for some sam-
ples, i.e. for Pt/Ceg5Zrg50,_x sample, Xs achieves 4-5 monolayers
at 700-750°C [5,7]. To characterize mainly the surface/near sur-
face oxygen mobility, 650°C was selected as the temperature of
comparison [4-7]. Indeed, at this temperature for majority of sam-
ples considered here Xs is below a monolayer (Fig. 1), thus mainly
reflecting the oxygen migration within the surface/near-surface
layers. As integral parameter, Xs depends upon all factors control-
ling dynamics of the surface reaction and diffusion in solid, namely,
the sample pretreatment, gas phase oxygen concentration, temper-
ature ramp, etc. For the same sample in strictly fixed experimental
conditions, reproducibility of X; values is ca. 10 rel.%. Comparison of
Xs for different samples is the most informative when their specific
surface area (particle sizes) and composition do not differ substan-
tially [4-7], as is the case of the present studies.

For the undoped (parent) samples Cegs5Zrgs0,_x and
Pt/Ceq5Zrg50,_x, Xs values at 650°C and 2.5Torr O, are equal
to 0.5 and 1.7, respectively, i.e. being in general higher than for
doped samples. This feature was explained by well-known micro-
heterogeneity of the structure of nanocrystalline ceria-zirconia
solid solutions consisting of domain enriched by Zr and Ce cations,
respectively [34]. This microheterogeneity generates Frenkel-type
defects (pairs anion vacancy-oxygen interstitial) revealed in these
oxides by detailed neutronographic studies of Mamontov et al.
[34]. Such defects decrease the activation barriers for the oxygen
diffusion and provide surface sites with a low oxygen bonding
strength more active in the oxygen exchange [5,35]. Extended
defects present at domain boundaries in Cegs5Zrg50,_5x sample
and detected also as microstrains by neutron diffraction data
analysis [21,23] can also provide paths for facile oxygen migration
due to strongly distorted coordination polyhedra in their vicinity.
Doping by smaller Pr and Gd cations provides more uniform
distribution of Ce and Zr cations [4,6], thus decreasing density of
Frenkel-type defects and microstrains and, as the result, decreasing
oxygen mobility [5,21]. On the other hand, for largest La cations,
Xs increases from 0.5 for undoped sample to 0.8 for moderate
(xLa=0.1) doping level (Fig. 1). In this case, the increase of the
lattice parameter accompanied by the decrease of the surface Ce-O
bond strength as revealed by SIMS [7,20] appears to be responsible
for the increase of X for this moderately doped sample.

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

sphere contracts, which suggests strengthening of Ce-O bond and
disappearance of “free” anion vacancies near Ce cations caused by
a complex rearrangement of coordination polyhedra. Usually, for
ceria-zirconia solid solutions distortion of Zr-O and Ce-O spheres
and lattice expansion leading to appearance of longer (and, hence,
weaker) metal-oxygen bonds are considered as the most impor-
tant factors controlling oxygen mobility [1,6,7,19-21,23]. Hence,
clear expressed trend in declining of 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 Pr** share which favors mixed
ionic-electronic conductivity via chains of Pr3*-Pr#* cations, and,
hence, enhanced oxygen mobility, perhaps, along domain bound-
aries enriched by Pr cations [19-22].

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

Estimation of E, of heteroexchange by Eq. (7) (vide supra) helps
to elucidate the effect of doping cations on the reactivity of surface
sites. In typical experiments inflection point is situated at temper-
atures ~600-700°C, thus being close to the temperature range of
Xs estimation. Hence, estimated in such a way activation energy
can be mainly considered as characteristic of the surface reaction
steps. For samples without Pt, E; of isotope exchange is higher for
doped samples reflecting variation of the real structure (disappear-
ance of extended defects at domain boundaries, more symmetric
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Fig. 2. Effect of dopant content in Lny(CeosZros)i—xO2-y (a) and
Pt/Lny(Ceos5Zros)1-x02-y (b) samples on E, estimated by approach of Hall et
al.

and dense coordination sphere of Ce cations in the surface layer)
increasing the Ce-0 bond strength and decreasing the density of
oxygen vacancies in the surface layer. Decrease of E, with increas-
ing the size of doping cation Gd < Pr<La (and, hence, increasing the
lattice parameter [4,6,7,21]) agrees with this suggestion, since a
longer (and, hence, weaker) Ce-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.

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

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

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

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

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

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

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

To elucidate constants corresponding to the surface process and
bulk diffusion, respectively, fitting of IIE data by solving the sys-
tem of differential rate equations (1)-(4) following earlier verified
approach [33] was made. Typical results of fitting are shown in
Fig. 5. The rates of heteroexchange estimated from the integral
equation and by fitting were found to be quite close. The share
of the 3rd type of exchange varies from 0.85 to 0.93, i.e. close to
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that estimated by isotope-mechanistic equation (vide supra). E; of
heteroexchange (~70k]/mole) was close to that estimated from IIE
data by using an integral equation (~60 kJ/mole).

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

4.2. Catalytic activity

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

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

For the reaction of CH4 dry reforming in concentrated feeds,
correlation of activity with the surface oxygen mobility (Xs) and Pt
dispersion (La>Pr>Gd [5]) is observed in the intermediate (up to
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Fig. 8. Temperature dependence of CH, conversion in CHs DR for 1.4%
Pt/Lng3-Ce-Zr-0 catalysts supported on walls of corundum channel. Feed com-
position 7% CH,4 + 7% CO, in He, contact time 15 ms.



60 V. Sadykov et al. / Catalysis Today 157 (2010) 55-60

650°C) temperature range (Fig. 8). However, at higher (~800°C)
temperatures the order of activity is changed, and the highest per-
formance is demonstrated by Pr-doped sample. This apparently
correlates with the highest bulk oxygen mobility for this sample
(vide supra). Since for dry reforming reaction in real feeds the main
problem is coking leading to catalysts deactivation [24,25], this
result implies that the bulk mobility in complex fluorite-like oxide
supports is also an important factor favoring coke precursors gasi-
fication by supplying oxygen-containing species to the Pt-support
interface.

5. Conclusions

For nanocrystalline Pt-supported ceria-zirconia samples doped
with rare-earth (Gd, Pr, La) cations systematic comparison of
parameters characterizing their oxygen mobility and reactiv-
ity estimated from the results of oxygen isotope exchange
experiments in static installation in both isothermal (IE) and
temperature-programmed modes (TPIE) using different analysis
approaches has been made. Parameters characterizing exchange
mechanism (type of exchange) and surface/near-surface oxygen
mobility (dynamic degree of exchange Xs, E;) can be estimated with
a reasonable precision from results of high-throughput TPIE using
simplified analysis procedures. However, estimation of the specific
rates of exchange (especially with a due regard for steps occur-
ring on supported Pt or Pt-support oxygen spillover stage) and bulk
oxygen self-diffusion coefficient requires more detailed analysis of
isothermal exchange experiments data solving the system of dif-
ferential rate equations [33] or applying Monte Carlo simulation
[36]. For partial oxidation and dry reforming of methane in diluted
feeds, catalytic activity correlates both with Pt dispersion and oxy-
gen mobility. Performance in acetone ATR and CH4 DR in realistic
feeds is mainly determined by the oxygen near surface and/or bulk
mobility responsible for coking suppression.
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