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Abstract

The isotopic exchange reaction on ZrO2 and yttrium-stabilized ZrO2 (YSZ) during catalytic partial oxidation of methane to synthesis
(CPOM) was studied with transient pulse experiments. The results reveal, surprisingly, that CPOM over both oxides proceeds vi
van Krevelen mechanism. Despite the presence of adsorbed oxygen species, as confirmed by isotopic exchange experiments un
conditions, methane is selectively oxidized by lattice oxygen ions on the surfaces of YSZ and ZrO2. At 900◦C, about 8 and 14% of lattic
oxygen in the outermost surface layer of ZrO2 and YSZ, respectively, can be extracted by methane. Extraction of lattice oxygen results
formation of surface oxygen vacancies. However, the routes for replenishing oxygen differ for the two oxides. For ZrO2, the extracted lattice
oxygen ions are replenished by direct activation of molecular oxygen at the site of the surface vacancy. The presence of a high co
of surface oxygen vacancies on YSZ, generated by doping of ZrO2 with Y2O3, permits fast activation of oxygen molecules and fast lat
diffusion of oxygen. The two effects together lead to a rapid replenishment of the surface lattice oxygen extracted by methane. The
mechanism explains both the comparatively high activity of YSZ in CPOM and the observation that, in contrast to ZrO2, lattice oxygen is
found exclusively in oxidation products of methane over YSZ during pulse experiments.
 2005 Elsevier Inc. All rights reserved.
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1. Introduction

The use of natural gas as a raw material is a future
of strategic importance, because of the impending declin
fossil-oil resources and, contemporarily, the large amo
of natural gas found worldwide. The processes for the
rect production of olefins and oxygenates, such as meth
and formaldehyde, are not attractive because of the
yields obtained. Therefore, considerable academic and
dustrial research has been focused on indirect proce
proceeding via synthesis gas. Compared with steam ref
* Corresponding author. Fax: +31-53-4894683.
E-mail address: l.lefferts@tnw.utwente.nl(L. Lefferts).
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s

ing of methane, the conventional process for synthesis
production, partial oxidation of methane to synthesis
(POM), is attractive because of its mild exothermic h
of reaction and the suitable H2/CO ratio for downstream
processes, such as methanol and Fischer–Tropsch sy
ses. Unlike noncatalytic partial oxidation, which need
high temperature (>1200◦C) to ensure complete conve
sion of CH4 and to reduce soot formation, catalytic part
oxidation (CPOM) would significantly decrease the re
tion temperature with the use of active catalysts. This ma
CPOM an interesting proposition for synthesis gas prod
tion.
Normally, CPOM is carried out at a still relatively high
temperature (above 900◦C). The volatility of support ma-

http://www.elsevier.com/locate/jcat
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terials or of the active catalytic components is usually
considered a problem. However, in the case of cata
oxidation at these high temperatures, volatilization of
active phase must be considered an important factor
deactivation of the catalyst. As we discussed in our p
vious work [1–3], metallic catalysts undergo deactivati
due to sintering and metal loss via evaporation in the fo
of volatile metal oxides[4]. The stability of metal cata
lysts is still a concern, despite the fact that CPOM o
metallic catalysts has been intensively studied for ab
two decades[5–7]. Some hardly reducible oxides, posse
ing very good thermal stability, have been investigated
partial oxidation of methane to synthesis gas[1–3,8–10].
Yttrium-stabilized zirconia (YSZ) appeared to be a prom
ing catalyst for CPOM, despite its insufficient reforming a
tivity, which needs to be compensated for with a reform
catalyst in a dual-bed system, as proposed in our prev
work [1].

In general, it is known that defects, such as oxygen
cancies, are important in the surface chemistry and c
ysis of metal oxides[11]. The number of oxygen vacan
cies in ZrO2 can be increased significantly by doping w
lower valence metal ions, such as Y3+ and Ca2+. Com-
pared with ZrO2, the improved catalytic performance
YSZ in oxidation catalysis has been attributed to a h
concentration of oxygen vacancies[3,12]. Lattice oxy-
gen ions are often involved in reactions over oxide ca
lysts. Most of the partial oxidation reactions proceed
a Mars–van Krevelen mechanism, in which lattice o
gen ions are incorporated into the products[13]. The cy-
cle for catalytic partial oxidation is closed via reple
ishment of the extracted lattice oxygen ions through
dissociative adsorption of molecular oxygen at the s
face[14].

In our previous work[2], formaldehyde and format
were both shown to be reaction intermediates for CP
over YSZ. Based on the results of in situ FTIR and b
steady-state and transient experiments, a reaction sc
was proposed. We also investigated the effect of the sur
composition of YSZ catalysts on the catalytic performa
in CPOM. It was postulated that oxygen vacancies are m
likely involved in CPOM[3]. However, the mechanistic de
tails, particularly the role of oxygen vacancies and tha
lattice oxygen ions in the partial oxidation of methane,
still not clear. Moreover, the nature of the oxygen spec
such as surface lattice oxygen ions or adsorbed oxyge
the activation of methane is still a matter of controversy[15,
16].

In this work we identify the active sites for the a
tivation of both oxygen and methane on the surfaces
YSZ and ZrO2. CPOM is studied over ZrO2-based cata
lysts in transient experiments. Isotopic oxygen18O2 ex-

change with the catalysts is investigated in both the absence
and presence of methane and under reaction conditions fo
CPOM.
ysis 233 (2005) 434–441 435
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2. Experimental

2.1. Catalysts

We prepared catalyst samples of ZrO2 and YSZ by cal-
cining powders of pure zirconia and stabilized zirconia w
14 wt% Y2O3, respectively, at 900◦C. The YSZ sample
used in this study is identical to the catalyst YSZ14A
scribed in our previous work[3]. After calcination for 15 h
in air, the BET surface areas were 13.7 and 15.4 m2/g for
YSZ and ZrO2, respectively. TiO2 and HfO2 were found to
be two major contaminations in the bulk, whereas no in
ganic contamination was detected on the outermost laye
low-energy ion scattering (LEIS). More details about c
alyst preparation and characterization are presented in
previous work[3].

2.2. Transient experiments

Pulse experiments using CH4 and/or O2 were performed
in an alumina reactor with an inner diameter of 4 mm. H
lium (40 ml/min) with a purity of 99.99% was used as
carrier gas. The effluent from the reactor was analyzed b
on-line quadrupole mass spectrometry (Balzers QMS 20
Significant contributions of gas-phase reactions and/oα-
Al2O3 (diluent of the catalyst bed) were not observed
blank experiments with an empty reactor and/orα-Al2O3 in-
stead of the catalyst. The pulse experimental data were
primarily to determine the amount of oxygen that was
moved from or reintroduced into the catalyst during e
reduction and oxidation cycle. We calibrated the mass s
trometer by pulsing different amounts of reactants or pr
ucts of CPOM through theα-Al2O3 bed. The amount o
each compound was estimated based on the area of the
sponding peak (m/e intensity with time). Before pulsing, th
catalyst (0.3 g diluted with 0.3 gα-Al2O3) was pre-oxidized
in a mixture of O2 (40 ml/min) and He (40 ml/min) at
800◦C for 1 h. Subsequently, the reaction system was co
or heated to the reaction temperature and flushed with
lium (40 ml/min) for 1 h to remove any residual oxygen
the system. Then a sequence of pulses of methane (5
per pulse) was passed through the catalyst bed with a
terval time of 5 min. After oxygen was exhausted from
catalyst by reaction with subsequent pulses of methane
system was flushed with helium for 0.5 h to remove poss
residual CH4. We studied the re-oxidation of the catalyst
pulsing with pure O2 (99.99%) with the same sample loo
of 500 µl.

2.3. Isotopic 18O2 exchange

Isotopic oxygen exchange between18O2 and the cata
lysts was investigated in the temperature range from 3

◦ 18
r
900 C. The purity of the stable isotopicO2 was not lower
than 95 at% (Chemotrade, Germany). Quartz wool plugs
were used to support and secure the 0.3-g catalyst sample
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in the middle of the alumina reactor. The outlet gas was
alyzed by on-line mass spectrometry (Balzers QMS 20
The oxygen balance in the experiments was 98± 2%. Be-
fore pulsing with18O2, the sample was pre-oxidized wi
80 ml/min of O2/He (1/1) at 800◦C for 1 h to remove
adsorbed contaminations, such as H2O and CO2. Subse-
quently, the system was cooled or heated to the temper
for the oxygen exchange experiment and flushed with
(80 ml/min) at the same temperature for 1 h. After this p
treatment, a pulse of18O2 was passed through the cataly
bed with 40 ml helium/min as carrier gas. Before the e
change experiment was carried out at another tempera
the catalyst was re-oxidized with O2/He and flushed with
helium again as described above. The pulse size was eq
lent to 2.7×1019 oxygen atoms (500-µl loop) or 1.35×1018

oxygen atoms (25-µl loop). We studied the influence
methane on the oxygen exchange reaction by simultaneo
pulsing CH4 (50 µl) and18O2 (25 µl) into the carrier gas vi
two six-port valves, resulting in one18O2–CH4 pulse.

3. Results

3.1. Isotopic oxygen exchange

3.1.1. 18O2 exchange in the absence of methane
18O2 exchange experiments were conducted at tem

atures between 30 and 900◦C over ZrO2 and YSZ. These
two catalysts had almost identical surface areas (14.5 ±
1.0 m2/g). All possible oxygen molecules (18O2, 16O18O,
and16O2) were monitored at the reactor outlet. Blank exp
iments showed that the18O2 conversion was less than 5
in the empty alumina reactor, even at 900◦C. The product
distribution for the18O2 exchange with YSZ and ZrO2 as
a function of reaction temperature is shown inFig. 1. Note
that each data point represents a single isothermal ex
ment and that the pulse amount is about equivalent to
amount of oxygen in one monolayer. Very small amou
of 16O18O and16O2 were detected at temperatures bel
300◦C, which originate from impurities in the18O2 gas.
Oxygen exchange occurs at temperatures above 300◦C for
both ZrO2 and YSZ. Both16O2 and16O18O were observed
as isotopic exchange products when18O2 was pulsed ove
the catalysts. Unlike for16O2, showing a steadily increasin
concentration with reaction temperature, a maximum in
amount of16O18O was observed at 625◦C for ZrO2 and at
575◦C for YSZ. 16O18O was the major isotopic product
temperatures below 575◦C for YSZ, whereas the presen
of 16O2 increased significantly at the expense of16O18O at
temperatures above 575◦C. Only16O2 was detected at tem
peratures above 800◦C for both ZrO2 and YSZ. Even afte
ten 18O2 pulses with a loop of 500 µl,16O2 was detected
exclusively.

18
The temperature dependence of the conversion ofO2
during the exchange with ZrO2 and YSZ is shown inFig. 2.
At temperatures below 700◦C, the oxygen exchange reac-
sis 233 (2005) 434–441

,

-

-

(a)

(b)

Fig. 1. Dependence of isotopic product distribution on reaction tempera-
ture when pulsing18O2 (1.34× 1019 molecules/pulse) over (a) 0.3 YSZ
(Sg = 13.7 m2/g), and (b) 0.3 g ZrO2 (Sg = 15.4 m2/g).
Fig. 2. Temperature dependence of the conversion of gas-phase18O2
(2.68 × 1019 atoms/pulse) in the isotopic exchange reaction with ZrO2
and YSZ.
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tion was found to be significantly slower for ZrO2, compared
with that of YSZ. Complete exchange is observed for b
ZrO2 and YSZ at temperatures above 800◦C.

3.1.2. 18O2 exchange in the presence of methane
We investigated the influence of methane on the o

gen exchange reaction by pulsing CH4 (50 µl/pulse) and
18O2 (25 µl/pulse) simultaneously over 0.3 g YSZ or ZrO2.
All possible products (H2, H2

16O, H2
18O, C16O, C18O,

C16O2, C16O18O, C18 O2) were monitored by mass spe
trometry at the outlet of the reactor. The product respon
of the 18O2–CH4 pulse over YSZ and ZrO2 at 600◦C are
shown inFigs. 3a and b. Surprisingly, the products detec
for YSZ (Fig. 3a) were limited to C16O, C16O2, H2

16O,
and H2, whereas no products containing18O could be de-
tected. Similar results were obtained at 800◦C. Obviously,
these products were formed via oxidation of methane w
16O originating from YSZ. Compared with pulsing of CH4
exclusively, as described in Section3, all product response
increased significantly when CH4 was pulsed together wit
18O2. Unlike for YSZ, a significant amount of C16O18O was
Fig. 3. Product response of18O2–CH4 pulse (25 µl18O2 plus 50 µl CH4)
over (a) 0.3 g YSZ and (b) 0.3 g ZrO2 at 600◦C.
ysis 233 (2005) 434–441 437

detected when for pulsing of18O2–CH4 over ZrO2, although
16O-containing products were again found to be domin
(Fig. 3b). Fig. 4 compares the oxygen responses for18O2
and18O2–CH4 pulses over YSZ at 600◦C. The presence o
methane induces a strong decrease in the amounts of16O2
and16O18O detected, whereas the amount of18O2 decreases
only slightly.

3.2. Methane activation

3.2.1. CH4-pulse experiments
CH4 pulse experiments over both ZrO2 and YSZ were

carried out in the absence of oxygen at 900◦C and 1 bar.
Possible traces of oxygen in the carrier gas (helium) w
not significant, because variation of the time interval
tween CH4 pulses did not influence the experimental resu
The product responses of a CH4 pulse over pre-oxidized
YSZ are shown inFig. 5. A mixture of CO, H2, CO2, and

Fig. 4. Oxygen response during18O2 pulse and18O2–CH4 pulse over 0.3 g
YSZ at 600◦C.
Fig. 5. Response of a methane pulse over 0.3 g YSZ at 900◦C. The catalyst
was pre-oxidized for 1 h, followed by flush with helium for 1 h, both at
800◦C.
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Fig. 6. Effluent gases from methane pulsing experiment at 900◦C over 0.3 g
YSZ (Sg = 13.7 m2/g), which was pre-oxidized at 900◦C for 1 h and sub-
sequently flushed with hellium for 1 h.

H2O was produced during the pulse experiments, whic
in agreement with the product mixture in steady-state
periments[2]. Unlike other products, a delayed signal
observed for H2O, suggesting a strong adsorption of H2O
on YSZ catalysts. The formation of CO, CO2, and H2O
may result from CH4 reacting with active oxygen specie
on/in YSZ. The product distribution versus pulse numbe
shown inFig. 6. CO2 and H2O were formed only during
the first four pulses, whereas CO and H2 were formed dur-
ing all methane pulses. The concentration of active oxy
species on/in YSZ was apparently too low to deeply oxid
CH4 after four pulses. After about 10–13 pulses, very sm
but constant signals form/e of 28 were observed. These c
be attributed to a trace of N2 (about 20 ppm) in the CH4
gas, which has the same mass-to-charge ratio (m/e = 28) as
CO. Upon further pulsing, dissociation of CH4 resulted in
a higher H2 signal, and carbon deposition occurred on
YSZ surface after oxygen was exhausted from the cata
Similar results were obtained for ZrO2.

After we subtracted the contribution of the trace of
trogen in CH4 gas, we estimated that about 6.3± 0.5× 1017

and 5.5±0.5×1017 oxygen atoms per square meter (O/m2)
were extracted by CH4 pulses from pre-oxidized ZrO2 and
YSZ, respectively. These values were estimated from
amounts of CO, CO2, and H2O formed.

Identical pulse experiments were carried out over p
reduced YSZ and ZrO2, which were treated with 5% H2 in
argon at 900◦C for 1 h before pulsing with CH4. H2 was
formed by decomposition of CH4, and no oxygen-containin
products were detected.

3.2.2. O2-pulse experiments
O2 pulses were conducted over the catalyst at 900◦C

and 1 bar, after oxygen was exhausted by 22 CH4 pulses

as described above. Before pulsing with O2, the catalyst
was flushed with pure helium at 900◦C for 30 min. The
responses of oxidation products and oxygen during oxygen
sis 233 (2005) 434–441

Fig. 7. Effluent gases from O2 (50 µl/pulse) pulsing experiment at 900◦C
over 0.3 g YSZ (Sg = 13.7 m2/g) after 22 methane pulses.

Fig. 8. Amounts of oxygen atom contained in the effluent gases of
oxygen pulse over 0.3 g YSZ after 22 methane pulses.

pulses over YSZ are shown inFig. 7. CO and CO2 were the
two oxidation products observed during pulsing with ox
gen; that is, H2 and H2O were not detected. During the fir
12 pulses, only CO was formed. An increasing CO2 signal
was observed starting from the 13th pulse at the exp
of CO. Oxygen was first detected at the 17th pulse, wh
very small amounts of CO and CO2 were produced. Con
stant oxygen signals were observed after 18 pulses, an
products were detected.

The amount of oxygen atoms in the effluent gas a
each pulse is shown inFig. 8. In this figure, the dotted line
displays the amount that was contained in each single
gen pulse. Obviously, the total amount of oxygen atom
O2, CO, and CO2 detected in the effluent was less than
oxygen pulsed for the first 21 pulses. The missing oxy
was apparently stored in the oxide catalyst via re-oxida

of the catalyst. The integral amounts of oxygen stored in
YSZ and ZrO2 were about 6.1 ± 0.5 × 1017 O/m2 and
10.3± 1.0× 1017 O/m2, respectively.
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4. Discussion

4.1. Oxygen activation

Fig. 1 clearly shows18O2 isotopic exchange with ZrO2
and YSZ at temperatures above 300◦C. Each pulse con
tained 2.7× 1019 18O atoms, which is approximately equi
alent to the number of oxygen ions in one monolayer
0.3 g ZrO2 or YSZ, each of which had a total surface ar
of 4.5 m2. At temperatures above 800◦C, 18O2 was com-
pletely exchanged with16O originating from ZrO2 or YSZ,
even after ten pulses.

It has been recognized that anionic defects, such as
gen vacancies and F centers (an oxygen vacancy capt
one or two electrons), favor the oxygen exchange reac
[17–21]. This would explain the observation inFig. 2 that
oxygen exchange is much slower on ZrO2 than on YSZ. The
latter has a much higher concentration of oxygen vacan
generated by doping of Y2O3 in ZrO2.

Isotopic oxygen exchange has been studied on many
ides, including YSZ[22–24], and several strongly simila
mechanisms have been proposed. According to the ge
ally adopted kinetic scheme[25,26],

O2 + e′ ⇐⇒ O−
2 , O2

− + e′ ⇐⇒ O2
2−,

O2
2− ⇐⇒ 2O− dissociation;

O− + V··
o,s + e′ ⇐⇒ O×

o,s incorporation;
O×

o,s + V··
o,b ⇐⇒ O×

o,b + V..
o,s diffusion;

several species can occur as intermediates for the redu
of molecular oxygen, such as O2

−, O2
2−, and O−. In this

work we do not attempt to distinguish between these th
surface oxygen species, and therefore they are denot
O* hereafter. The Kröger-Vink notation is used for latti
defects: V··o denotes an oxygen vacancy, O×

o a regular lattice
oxygen ion, and e′ an electron. The footnotes s and b
fer to “surface” and “bulk,” respectively. Thereby we ma
a distinction between lattice oxygen ions fully coordina
in the bulk versus lattice oxygen ions in the surface, wh
are necessarily not coordinatively saturated. This distinc
is necessary because only the surface lattice oxygen w
accessible for the catalytic reaction. The same argument
holds for oxygen vacancies. In principle, each of the in
cated reaction steps may be rate determining.

The distribution of isotopic exchange products depe
on the relative rates of the dissociation, incorporation,
diffusion steps. Note that the randomization of isotopic co
ponents can occur only after dissociation of the oxy
molecule at the surface. Hence, if the incorporation reac
and subsequent diffusion are faster,16O2 will be the dom-
inating product. In contrast, faster dissociation of oxyg
compared with oxygen incorporation will lead to formati

16 18 16 18
of O O. Fig. 1 shows that more O O is formed than
16O2 at temperatures below 575◦C for YSZ and 625◦C for
ZrO2. This shows that the dissociation of oxygen is relatively
ysis 233 (2005) 434–441 439

-

s

fast at these temperatures. This observation is in good a
ment with results obtained by Manning et al.[23,24], who
reported that incorporation of oxygen species with YSZ
rate determining below 700◦C, whereas dissociation is ra
determining above this temperature.

4.2. Methane activation

Surprisingly,Fig. 3a shows exclusive formation of16O-
containing products during CH4–18O2 pulsing experiments
This is, first of all, strong evidence for the participation
oxygen originating from YSZ in the catalytic oxidation
methane. Furthermore, the fact that no18O-containing prod-
ucts are detected excludes the possibility of methane
dation in the gas phase at temperatures up to 800◦C. The
formation of16O2 and16O18O in Fig. 4 confirms the exis-
tence of both16O* and18O* on the surface of YSZ durin
the CH4–18O2 pulse. In essence, this is consistent with
data from oxygen exchange experiments shown inFig. 1.
The formed amounts of16O2 and 16O18O in Fig. 4 are
about similar, indicating comparable surface concentrat
of 16O* and 18O* at 600◦C. The combined observation
made inFigs. 3a and 4thus lead to the conclusion that th
type of oxygen that reacts with methane is lattice oxygen
(O×

O, s) in the outermost surface layer of YSZ, as oppose

adsorbed surface oxygen (O* ) that is also present. The da
also imply that no accumulation of18O×

O, s occurs in the out-

ermost surface layer during the CH4–18O2 pulse, which in
turn suggests that incorporation of oxygen and subseq
diffusion into the bulk and vice versa are comparatively f
as compared with methane activation. A similar conclus
was drawn from data from isotopic exchange experime
carried out by Ishihara et al.[21].

Finally, Fig. 4shows that the oxidation of CH4 competes
in a way with isotopic oxygen exchange. In spite of a sligh
enhanced18O2 conversion in the presence of CH4 (cf. 18O2
signals inFigs. 4a and b), the consumption of lattice ox
gen ions (16O×

O, s) by methane suppresses the formation
16O* at the surface, which is why the formation rates of16O2
and 16O18O decrease significantly. The enhanced con
sion of 18O2 in the presence of CH4 suggests that CH4 and
O2 molecules at the surface arenot competing for the sam
adsorption sites, in agreement with a redox mechanism.

Figs. 5 and 6demonstrate that methane was prefer
tially oxidized by lattice oxygen when YSZ or ZrO2 was
pre-oxidized. No oxidation products were observed w
CH4 was pulsed over pre-reduced YSZ or ZrO2 at 900◦C
(not shown). It should be noted that the amount of rem
able oxygen in both ZrO2 and YSZ was found to be belo
the detection limit of conventional TPR. Partial reducti
of ZrO2 has been reported by other researchers[27,28],
although ZrO2 and YSZ are normally considered to be
reducible oxides. Re-oxidation of oxygen-exhausted Y

and ZrO2 confirms that CPOM over both YSZ and ZrO2
proceeds via a Mars–van Krevelen mechanism[29]. Corre-
sponding data are shown inFigs. 6 and 8. Compared with
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the amount of oxygen replenished (6.1 ± 0.5 × 1017 O/m2

and 10.3 ± 1.0 × 1017 O/m2 for YSZ and ZrO2, respec-
tively) (Fig. 8), the amount of oxygen extracted by puls
of CH4 (Fig. 6) was lower (5.5 ± 0.5 × 1017 O/m2 and
6.3 ± 0.5 × 1017 O/m2 for YSZ and ZrO2, respectively).
First of all, these numbers are of the same order of m
nitude, although the difference for ZrO2 is significant. The
reason for this is the fact that quantitative analysis of
ter with MS is unreliable in general because of adsorp
of water on the equipment and the unavoidable presenc
water in the background of the vacuum. Moreover, it w
not possible to calibrate the MS for water in the correct lo
concentration range. The experiments with ZrO2 were more
affected than those with YSZ because the amount of w
produced on ZrO2 was significantly larger. Nevertheless,
the O2 pulse experiments no water was formed, theref
providing the most reliable numbers for the amount of o
gen that could be removed: 6.1×1017 O/m2 and 10.3×1017

O/m2 for YSZ and ZrO2, respectively. If it is assumed th
solely the (100) faces of monoclinic ZrO2 and cubic YSZ
are exposed to the CH4 gas, the integral amounts of e
tracted lattice oxygen correspond to only 13.6 and 8.
respectively, of a single monolayer. Analysis with LEIS a
XRF excludes significant contributions from reducible me
oxide contaminations. The amount of oxygen that can be
leased from ZrO2 and YSZ bulk because of the change
oxygen activity that occurs with CH4 pulsing was estimate
based on data from the literature[30,31]. It is at least two
orders of magnitude smaller than the amount extracte
CH4 pulses. Thus, the partial reduction must be confine
the surface of the catalysts.

Fig. 6 shows the formation of CO2, CO, H2, and H2O
during pulsing of CH4 over the pre-oxidized catalyst. The
are all primary products of CPOM[2]. Deep oxidation of
methane to CO2 and H2O occurs during the first four pulse
whereas partial oxidation to CO and H2 is found to dominate
during the subsequent pulses. This shows that the amou
extractable lattice oxygen of the catalyst has a signific
influence on the relative rates of reactions, which is in ac
dance with a kinetic model presented elsewhere[2]. A low
concentration of extractable lattice oxygen favors selec
oxidation of methane to CO and H2, produced mainly via
decomposition of adsorbed formaldehyde. In contrast, a
concentration of extractable lattice oxygen promotes fur
oxidation of surface formaldehyde to CO2 and H2O via sur-
face formate and carbonate intermediates.

4.3. Reaction model

The role of lattice oxygen in heterogeneous catalytic
actions has been the subject of many studies[13,32–35]. It
has been shown that conventional redox catalysts can
as the source of active oxygen and sustain oxidation f

certain period of time in the absence of oxygen in the gas
phase[33–35]. Our results show that this also holds for ZrO2
and YSZ.
sis 233 (2005) 434–441

f

f

t

In pure ZrO2, the intrinsic concentration of oxygen v
cancies is low[36,37]. Doping with Y2O3 leads to formation
of extrinsic oxygen vacancies. On the other hand, oxy
vacancies on the surfaces of ZrO2 and YSZ are created b
extraction of lattice oxygen ions, as revealed by charac
ization of adsorbed CO by in situ FTIR[38] or directly
illustrated by EPR spectroscopy[12,39]. This is possible if
the valence state of the catalyst rapidly adjusts itself to
external conditions. In a localized description, this lead
the formation of two Zr3+ surface cations associated w
a single vacancy. In Kröger-Vink notation, the formed as
ciate can be presented as Zr′

Zr– V··
O,s–Zr′Zr. These vacancie

can be re-filled with oxygen, either by direct activation
oxygen from the gas phase or by lattice oxygen diffus
The reversed view is that surface lattice oxygen coordin
by Zr4+ cations is active in the methane oxidation reactio

Although doping ZrO2 with Y2O3 increases the concen
tration of extrinsic oxygen vacancies, it also decreases
concentration of surface lattice oxygen (O×

O,s) because the
Y2O3 concentration in the surface is significant[3]. This
explains why significantly more oxygen could be remov
by subsequent methane pulses from pre-oxidized ZrO2 than
from pre-oxidized YSZ (see Section4.2). The extent of re-
duction is about 13.6 and 8.5% of the total number of oxy
atoms in a single monolayer for ZrO2 and YSZ, respectively

Surface lattice oxygen ions are extracted during reac
with methane. In the case of ZrO2, re-oxidation of the vacan
sites by O2 is the main route for replenishing the surface l
tice oxygen.Fig. 3b shows formation of C16O18O during a
18O2–CH4 pulse over ZrO2, which is taken as evidence th
the extracted oxygen on the surface of ZrO2 is regenerated
by direct activation of molecular oxygen at the surface o
gen vacancy site. In the case of YSZ, fast oxygen excha
and fast lattice oxygen diffusion provide an alternative pa
way for replenishment of the surface lattice oxygen. T
presence of extrinsic oxygen vacancies promotes the su
exchange reaction, but also facilitates rapid diffusion of o
gen in the lattice. This explains the higher conversion
of methane over YSZ (8.4 × 1018 molm−2 s−1 at 600◦C)
compared with ZrO2 (4.3 × 1018 mol m−2 s−1) at the same
temperature[3]. It also explains why16O-containing prod-
ucts are exclusively produced during18O2–CH4 pulses over
YSZ (seeFig. 3a).

The emerging picture, as depicted inFig. 9, is that CPOM
over both YSZ and ZrO2 proceeds via the Mars–van Kre
elen reduction-oxidation mechanism. For ZrO2, the rate of
methane oxidation is balanced by the rate of re-oxida
of the vacant sites by O2. In the case of YSZ, fast diffu
sion of oxygen in conjunction with rapid oxygen activati
at extrinsic oxygen vacancies at the surface provides an a
native pathway for replenishment of the oxygen consum
by methane. The significant difference in the catalytic p
formance of ZrO2 and YSZ, as also reported in our ea

work [3], is due to the difference in the defect chemistry of
these two catalysts, which is related to the generation of the
extrinsic oxygen vacancies Y′Zr– V··

O, s–Y′
Zr. The present re-
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Fig. 9. The reaction models proposed for CPOM over YSZ and ZrO2 cata-
lysts.

sults make it apparent that it is the activation of meth
on the YSZ surface, rather than the activation of molec
oxygen, that is the rate-determining step during CPOM (
Fig. 4b).

5. Conclusions

The results of this study clearly demonstrate that CP
over ZrO2 and YSZ proceeds via a Mars–van Kreve
mechanism. Methane is selectively oxidized by surface
tice oxygen. At 900◦C, about 8 and 14% of lattice oxygen
the outermost surface layer of ZrO2 and YSZ, respectively
can be extracted by methane. Extraction of lattice oxy
by methane results in the formation of surface oxygen
cancies. After this oxidation step, the route for replenish
surface oxygen differs for the two oxides. For ZrO2, the re-
plenishment occurs by direct activation of molecular oxyg
at the surface oxygen vacancy site. Extrinsic oxygen va
cies in YSZ, generated by doping ZrO2 with Y2O3, facilitate
fast activation of molecular oxygen and fast lattice diffus
of oxygen. The two effects together lead to a rapid replen
ment of the surface lattice oxygen extracted by methane.
proposed mechanism explains both the comparatively
activity of YSZ in CPOM and the observation that, in co
trast to ZrO2, lattice oxygen is found exclusively in oxidatio
products of methane over YSZ during the pulse experime
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