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Introduction

Propene is an important bulk chemical. It is used primarily
for producing (poly)propene for a variety of applications,
from pipes to yoghurt pots and margarine tubs.[1] The
demand for high-purity propene is increasing rapidly.[2] In
2003, it was 56 million metric tons, and estimates for 2010
are as high as 80 million metric tons. The market growth is
5–6% per annum for propene and �7% per annum for
(poly)propene.[3–5] Much of this demand originates in the
Chinese industry sector. The record high crude oil prices
have also sent international (poly)propene resin prices soar-

ing, and producers are operating their plants at �90% ca-
pacity.[6]

Over 95% of the propene produced on an industrial scale
is obtained through naphtha cracking, in which it is co-pro-
duced with ethene. More advantageous “on-purpose” pro-
duction is achieved by metathesis, methanol to olefin, and
catalytic dehydrogenation of propane.[4,7] The last process
usually employs a platinum or chromium oxide catalyst on
alumina, and produces only propene and hydrogen. Un-
fortunately, this dehydrogenation is an equilibrium that
favors the products only at high temperature and low pres-
sure (Scheme 1, top). Moreover, separating propene and hy-
drogen is not trivial.
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Scheme 1. Dehydrogenation equilibrium (top) and dehydrogenation com-
bined with selective hydrogen combustion (bottom).
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One way to solve these problems is by burning the hydro-
gen byproduct (Scheme 1, bottom). This generates energy
and shifts the equilibrium to the desired products. Further-
more, it is easier to separate propene from water than from
hydrogen. The ABB Lummus SMART process successfully
applies this concept for dehydrogenation of ethyl benzene,
albeit at lower temperatures.[8] This combination of dehydro-
genation and selective hydrogen combustion can be carried
out in either “co-fed mode” or “redox” mode
(Scheme 2).[9–21] Most of the research on oxidative dehydro-

genation (ODH) deals with the co-fed process. In this sce-
nario, propane (or ethane) is mixed with a small amount of
dioxygen and the mixture is flowed over the catalyst. This
catalyst performs both the dehydrogenation and the hydro-
gen oxidation. The process runs until coke formation ren-
ders the catalyst ineffective, after which the catalyst is re-
generated. Grasselli and co-workers reported >97% selec-
tivity and good activity and stability for In2O3/ZrO2 cata-
lysts, and similar selectivity for silica-supported Sb2O4, WO3,
and Bi2O3.

[9] Oxides of vanadium and molybdenum are also
frequently used.[14,20,22,23] The main disadvantage of the co-
fed approach is that mixing oxygen, propane, propene, and
hydrogen at 550 8C in the presence of a catalyst is danger-
ous, so most industries avoid it. Alternatively, in the redox
mode, two catalysts are employed: a dehydrogenation cata-
lyst, such as, platinum or chromium oxide on alumina, and a
selective hydrogen combustion (SHC) catalyst. The SHC
catalyst acts as an “oxygen reservoir”, and is recharged with
oxygen in every cycle before the reducing gases are fed
through. This prevents the mixing of dioxygen with the re-
ductive gases, and allows separate tuning of the dehydrogen-
ation and SHC processes.

Grasselli and co-workers,[10, 11] and we[24] showed that sup-
ported oxides of p-block metals can catalyze the selective
oxidation of hydrogen in the presence of C2 and C3 hydro-
carbons in redox mode. These catalysts give good selectivity
(>99.8%), and the active-oxide loading can be as high as
30–50%. However, most of these metals melt below or
around 500–700 8C, and thus, sinter during the reduction
step.[10] Here, we present a new type of SHC catalyst. In a
preliminary communication, working with hydrogen/ethane/
ethene mixtures, we demonstrated the “oxygen reservoir”

by using a series of doped cerium oxides.[25] Ceria is known
for its ability to store, release, and transport oxygen, and
doping can be used to tune the 2CeO2QCe2O3+O redox
cycle.[26,27] Choosing the right dopant can increase the selec-
tivity towards hydrogen oxidation.

In this paper, we apply the same approach for the first
time to the hydrogen/propane/propene system. We describe
the synthesis and characterization of a set of eighteen new
doped cerium oxides, and discuss the results obtained from
testing these in a specialized setup that allowed control over
the redox cycle conditions. Most importantly, we discovered
that Ce0.89Cr0.02Fe0.09O2 is an excellent catalyst for selective
hydrogen oxidation, and showed that the catalystsB perfor-
mance depends strongly on the dopants.

Results and Discussion

Catalyst preparation and characterization : The eighteen
doped cerianites were prepared in parallel by co-melting the
appropriate metal nitrate salts followed by calcination.[25]

This method enabled the preparation of multiple samples on
a 5–10 g scale (Figure 1, left). In a typical synthesis, the
metal nitrates (or chlorides or ammonium metallates when
nitrates were not available) were co-melted under vacuum,
left to boil for four hours, and then calcined at 700 8C,
ground, and sieved (70–120 mesh). Table 1 details the cata-
lystsB composition, surface area, and activity and selectivity
for hydrogen combustion. We used 33 different elements as
dopants, with the general catalyst formula Ce1�x�yM

1
xM

2
yO2.

Each catalyst was characterized by using powder X-ray dif-
fraction, to ensure it consisted of a uniform phase. Figure 1
shows two typical X-ray diffraction patterns obtained for
monophasic (top right) and biphasic (bottom right) materi-
als. In all cases, the X-ray diffraction patterns were com-
pared with that of pure CeO2. No broad peaks at around
158, indicating the presence of amorphous phases, were ob-
served.

The rationale behind choosing the dopant compositions
and quantities was based on two assumptions. First, because
it is possible that oxygen atoms and/or oxygen vacancies in
the fluorite lattice are influenced by one or two neighboring
dopant cations, it is unlikely that three different neighboring
dopant cations will simultaneously influence the same site.
Second, an upper limit of the total cation doping of
20 mol% was chosen because high amounts of dopant in-
crease the chance of separate phases forming.[28,29] As for
the selection of the dopant type, we covered a wide range of
the periodic table, selecting elements from different groups
and periods. Toxic elements and those that do not form uni-
form solid solutions with ceria were excluded.

In addition to catalysts 1–18, we also tried preparing
Ce0.9In0.1O2 (19), Ce0.88Ni0.10Sm0.02O2 (20), Ce0.87Ag0.08Sr0.05O2

(21), Ce0.9Au0.1O2 (22), Ce0.84Mo0.08V0.08O2 (23), Ce0.9Pb0.1O2

(24), and Ce0.9Li0.1O2 (25). However, all of these samples
showed secondary phases that were identified as the dopant
oxides or dopant metals (see, for example, Figure 1, bottom

Scheme 2. General oxidation in co-fed (left) and redox mode (right).
Note that the redox operation is a cyclic process, in which the bed is
flushed with an inert gas between reduction and oxidation steps.
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right). Of the 33 chosen dopants, 25 showed proper mixing
of the dopant, thus yielding a monophasic solid solution.

The biphasic samples were not
tested further at this stage be-
cause we wanted to evaluate
the catalytic properties of
doped ceria. When all tests
had been performed, we syn-
thesized and tested three of
our samples (3, 5, and 15)
again to verify the reproduci-
bility (3b, 5b, and 15b). X-ray
diffraction characterization
measurements on these sam-
ples showed a uniform single
phase.

Oxygen consumption and ex-
change activity : In a typical re-
action, a stream simulating the
effluent from industrial pro-
pane dehydrogenation (7%
C3H8/C3H6/H2 (5:1:1 v/v) in N2

at a total flow rate of
50 mLmin�1) was fed to the re-
actor containing doped cerian-
ite (�250 mg) at 550 8C. Fol-
lowing this ten-minute reduc-
tion step, the reactor was
purged with N2, followed by an
oxidation step (1% v/v O2 in
N2, 18 min) and a second
purge step with N2 to complete
the cycle. The reaction was
monitored by using continuous
mass spectrometry (MS) and
online gas chromatography
(GC).

Our goal was to find a solid
oxygen carrier that oxidizes
hydrogen selectively in the
presence of the propane and
propene. In addition to this re-
action, however, several side
processes may occur. First,
either or both of the hydrocar-
bons can combust to CO/CO2

and water. Coking, leading to
a carbon deposit on the cata-
lyst and formation of gaseous
hydrogen is also possible. In
this process smaller hydrocar-
bon fragments such as meth-
ane, ethane, and ethene may
also form. Finally, propene can
hydrogenate, and propane can
dehydrogenate. All of these

processes were taken into account in the data analysis. We
defined the activity as the total amount of oxygen uptake

Figure 1. Left: Photo of doped-cerianite solid solutions, obtained by co-melting and boiling under vacuum.
Right: X-ray diffraction patterns for catalysts 10, 15, and a catalyst (22) containing 10 mol% Au. Catalyst 15 is
homogeneous. The extra peaks in the spectrum of catalyst 22 pertain to metallic gold.

Table 1. Composition, surface area (s), and catalytic activity of doped cerianites 1–18.

Catalyst Composition[a] Dopant
precursor(s)[b]

s
ACHTUNGTRENNUNG[m2g�1]

Activity[c]

ACHTUNGTRENNUNG[mmol ACHTUNGTRENNUNG(Oatoms)m�2]
H2 oxidation

selectivity[c] [%]

1 Ce0.87Al0.08Ta0.05O2 Al ACHTUNGTRENNUNG(NO3)3·9H2O
TaCl5

58 7 –

2 Ce0.96Ca0.02Sr0.02O2 Ca ACHTUNGTRENNUNG(NO3)2·4H2O
Sr ACHTUNGTRENNUNG(NO3)2

42 6 18

3 Ce0.89Cr0.02Fe0.09O2 Cr ACHTUNGTRENNUNG(NO3)3·9H2O
Fe ACHTUNGTRENNUNG(NO3)3·9H2O

28 24 98

4 Ce0.96Pd0.04O2 Pd ACHTUNGTRENNUNG(NO3)2·2H2O 53 54 –
5 Ce0.98Sn0.02O2 SnCl2·2H2O 67 7 91
6 Ce0.96Zn0.02Cu0.02O2 Zn ACHTUNGTRENNUNG(NO3)2·6H2O

Cu ACHTUNGTRENNUNG(NO3)2·3H2O
44 11 98

7 Ce0.89Pt0.02Mn0.09O2 PtCl4
Mn ACHTUNGTRENNUNG(NO3)2·4H2O

57 40 –

8 Ce0.92Ta0.05Ti0.03O2 TaCl5/TiCl4 46 8 –
9 Ce0.91Zr0.01Mg0.08O2 ZrO ACHTUNGTRENNUNG(NO3)2·xH2O

Mg ACHTUNGTRENNUNG(NO3)2·6H2O
26 10 40

10 CeO2 – 51 6 35
11 Ce0.90Nd0.10O2 Nd ACHTUNGTRENNUNG(NO3)3·6H2O 61 5 –
12 Ce0.90Yb0.08Gd0.02O2 Yb ACHTUNGTRENNUNG(NO3)3·5H2O

Gd ACHTUNGTRENNUNG(NO3)3·6H2O
24 15 40

13 Ce0.93Ru0.02Sm0.05O2 RuCl3 Sm ACHTUNGTRENNUNG(NO3)3·6H2O 65 51 –
14 Ce0.90Y0.05Sr0.05O2 Y ACHTUNGTRENNUNG(NO3)3·5H2O

Sr ACHTUNGTRENNUNG(NO3)2

27 12 44

15 Ce0.94Bi0.05K0.01O2 Bi ACHTUNGTRENNUNG(NO3)3·5H2O
KNO3

17 34 73

16 Ce0.91La0.09O2 La ACHTUNGTRENNUNG(NO3)3·6H2O 49 8 –
17 Ce0.9W0.1O2 ACHTUNGTRENNUNG(NH4)10W12O41·5H2O 25 12 –
18 Ce0.96Cr0.04O2 Cr ACHTUNGTRENNUNG(NO3)3·9H2O 24 22 92

[a] Determined by using ICP. Ta and W could not be quantified by using ICP, and are calculated from the pre-
cursor relative amounts. [b] In all cases, CeACHTUNGTRENNUNG(NO3)3·6H2O was used as the Ce precursor. [c] Activity and selec-
tivity values at 550 8C, averaged over 14 cycles.
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during the reoxidation step (note that CO could not be
quantified on the mass spectrum due to overlap with the N2

signal). For example, pure cerium oxide 10 consumed
6 mmol of oxygen atoms per square meter of catalyst in
every cycle. Activity is expressed per square meter of cata-
lyst surface to account for the different surface areas of the
materials (the typical surface area of these materials is ap-
proximately 40 m2g�1). Duplicate samples were synthesized
to assess the reproducibility of the activity determination.
Values found were 24 and 34 mmolACHTUNGTRENNUNG(Oatoms)m�2 for samples
3 and 3b, 7 and 9 mmol ACHTUNGTRENNUNG(Oatoms)m�2 for 5 and 5b, and 12
and 11 mmol ACHTUNGTRENNUNG(Oatoms)m�2 for 17 and 17b, respectively. The
higher activity of 3b relative to 3 originates from a higher
propene conversion near the end of the reduction cycle. Pos-
sibly, propene conversion is more facile over reduced iron
or chromium.

Figure 2 shows the activity per cycle for catalysts 1–3, 5, 6,
8–12, and 14–18. Catalysts 4, 7, and 13, which were doped
with 4d and 5d metals from groups 8 and 10, are discussed

separately. These three catalysts show extremely high activi-
ty, but this is unfortunately only due to the total oxidation
of all the reactants. The activity data is normalized for the
surface area of each catalyst to allow a fair comparison. No
trend was observed when activity was compared on a “per
dopant atom” basis. This shows that the activity is related to
the type of dopant and not merely to the amount of doping.

Relative to pure cerium oxide, most dopants promote
more oxygen release from the lattice. This is not surprising,
as doping creates lattice defects.[30,31] The most active cata-
lyst, Ce0.94Bi0.05K0.01O2 (15), consumes 34 mmolm�2, followed
by 3, 18, and 12 (24, 22, and 15 mmolm�2, respectively). Sur-
prisingly, catalyst Ce0.90Nd0.10O2 (11) is less active than pure
cerium oxide (5 mmolm�2). These results show the unique
possibilities of tuning the cerianite activity by doping,
through which it can be both increased and decreased.

Selectivity towards hydrogen oxidation : The selectivity to
H2 oxidation was calculated by using Equation (1):

H2 conversion
total conversion

� 100 ð1Þ

The total conversion is the sum of the hydrogen, propane,
and propene conversion. When determining the selectivity,
one must take into account possible side reactions. For ex-
ample, if a catalyst that facilitates C3H8 dehydrogenation
also catalyses C3H6 oxidation, the net conversion of C3H6

would be around zero, with simultaneous H2 formation and
C3H8 conversion. The same outcome, however, could also
result from a catalyst that leaves the C3H6 untouched and
cracks C3H8, forming H2 and coke. Because of this complexi-
ty, one cannot simply compare all of the catalysts in the
same way. Instead, we divided the catalysts into three
groups, based upon the extent of the side reactions de-
scribed above. All the results pertain to the first GC mea-
surement performed in each cycle. Subsequent measure-
ments of most samples showed no more conversion, which
indicated that the lattice oxygen was depleted.

For the first group we could only assign a qualitative level
of selectivity. This group consisted of catalysts 4, 7, and 13,
which contain noble metals (Pd, Pt, and Ru, respectively).
These catalysts showed such a high extent of side reactions
(mainly total oxidation and coking), that no conclusion
about the processes occurring at the catalyst surface could
be drawn. However, due to the high extent of side reactions,
the selectivity of this type of catalyst was low.

The second group consisted of catalysts 1, 8, 11, 16, and
17, which contained the elements Al, Ta, Ti, La, Nd, and W.
The catalysts within this group showed comparable results:
a small amount of hydrogen is formed (5–10%), propane
conversion is zero or low, and 5–20% of the propene is con-
verted. The presence of CO2 and water in the reactor efflu-
ent and the net production of hydrogen indicated that pro-
pene combustion and coking occurred simultaneously. If the
hydrogen had been formed from propane dehydrogenation,
the propane conversion would not have been zero. The re-
sults show that these catalysts are not selective because a se-
lective catalyst would have a much higher rate of hydrogen
combustion compared with hydrocarbon combustion.

The third group of catalysts were selective enough to
enable quantification. They displayed high hydrogen conver-
sion and low or no hydrocarbon conversion. These were cat-
alysts 2, 3, 5, 6, 9, 10, 12, 14, 15, and 18. We used undoped
CeO2 (catalyst 10, 35% selectivity) as a reference point. The
most selective catalysts for H2 oxidation were 3, 5, 6, and 18
(98, 91, 98, and 92% selectivity, respectively). These cata-
lysts contained the elements Cu, Cr, Fe, Sn, and Zn. Catalyst
15 showed a selectivity of 73% and 9, 12, and 14, all con-
taining lanthanides and alkaline-earth metals, showed selec-
tivities of 40–44%, only slightly higher than the undoped
CeO2. Catalyst 2 showed a preference for oxidizing hydro-
carbons, with only 18% selectivity to H2 oxidation. To
assess reproducibility, the duplicate samples 3b, 5b, and 15b

Figure 2. Total oxidation activity, shown as absolute amounts of available
oxygen (mmol of O atoms per m2 of catalyst) for fourteen consecutive
cycles (white: not measured). Catalysts 4, 7, and 13 are omitted for clari-
ty.
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were synthesized with the same precursor composition as 3,
5, and 15. The measured selectivities were 98 and 95% for 3
and 3b, 91 and 77% for 5 and 5b, and 73 and 76% for 15
and 15b, respectively.

The nature of the active site : A selective catalyst will oxi-
dize hydrogen, but not hydrocarbons. The results show that
doping the ceria can both enhance and reduce selectivity to-
wards hydrogen combustion. The amount of hydrogen oxi-
dation, coking of hydrocarbons, and oxidation of hydrocar-
bons varies widely over the set. It is important to realize
that the dopants can influence the catalytic properties of the
crystal in two ways. Firstly, the dopant atoms themselves can
function as active sites. In this case, differences in activity
can be correlated to the different electronic properties of
the dopant. Secondly, the nature of the oxygen, such as its
binding energy in the lattice, may be influenced by the pres-
ence of the dopant. This could be due to the electronic
properties of the dopant or to the difference in size relative
to ceria, creating stress in the lattice that may facilitate
oxygen release. The catalysts in group one (4, 7, and 13)
showed that both processes do indeed occur. CO2 and/or
CO form in the initial part of the reduction step, which indi-
cates interaction of the hydrocarbons with the lattice
oxygen. However, where the other catalysts show zero or
low activity in the remainder of the reduction step, catalysts
4, 7, and 13 continue to convert the hydrocarbons under the
formation of large amounts of hydrogen, and, in the case of
catalyst 13 (Ce0.93Ru0.02Sm0.05O2), in the absence of CO2 and
CO. In a separate experiment, we reduced catalyst 4
(Ce0.96Pd0.04O2) in a H2/N2 (5% v/v) stream for one hour, re-
moving all the available oxygen from the lattice. After this
we fed in the propane/propene mixture. Indeed, this gener-
ated large amounts of H2 and fractions of hydrocarbon frag-
ments (C2H4, C2H6, and CH4), but neither CO2 nor CO was
observed, even at full hydrocarbon conversion. This means
that the (reduced) dopant acts as an active site. In time, the
activity does drop, presumably because of coking on the sur-
face. Note that a catalyst that is selective in its oxidized
state may become less selective when reduced. The Cr/Fe
catalysts (3/3b) display this behavior, in which 2 to 6% of
the propene feed was coked in the latter part of the reduc-
tion cycle.

In theory, a partially reduced dopant could also be a se-
lective active site, if it would promote dissociative hydrogen
adsorption without affecting the propane or propene. This
hydrogen could be more active towards the remainder of
the surface oxygen or diffuse into the lattice and react there.
We have no indication that this occurs because the catalysts
of group three (the most selective ones) showed little or no
activity in the latter part of the reduction step. However,
they did oxidize part of the gas feed in the initial stage. Be-
cause no gaseous oxygen was present, it follows that the dif-
ferences in selectivity for these catalysts are related to the
nature of the lattice oxygen (binding energy and Lewis ba-
sicity[32]). If the dopant were to decrease the binding energy
of this oxygen, we would expect a decrease in selectivity. On

the other hand, if the binding energy were to increase, selec-
tivity can be increased owing to a lower affinity towards the
hydrocarbons.[33] The selectivity results of group three show
that even low dopant amounts (e.g., 2% dopant for 5, or
4% dopant for 6) can result in a highly selective catalyst.
The coordination number of oxygen in the fluorite lattice is
four (at the surface it will be lower). Thus, one needs at
least 25% dopant to ensure that every oxygen atom is adja-
cent to a dopant atom. The fact that catalysts with a much
lower amount of doping can still be selective indicates
either that the dopants have a long-range influence on the
oxygen atoms, or that the surface is enriched with dopant
atoms. Surface enrichment has been observed for these
types of catalysts.[34–36] With this in mind, one wonders
whether the doped fluorite lattice is accountable for the se-
lectivity, or just offers a stable support for the dopant
oxides. However, in the latter case, one would expect the
same trends in selectivity as seen for the supported
oxides,[9,24] which is not the case.[25] Combined with the X-
ray diffraction results, we conclude that these materials
indeed contain unique active sites that facilitate the selective
hydrogen combustion.

With the exception of catalyst 5 (2% Sn), the catalysts
with selectivity higher than 90% (3, 5, 6, 18) contained dop-
ants positioned close together in the periodic table (Cr, Fe,
Cu, Zn). This prompted us to search for a correlation be-
tween selectivity and atomic properties. We used the Pauling
electronegativity scale, as it reflects the electronic properties
of both the dopants and the lattice oxygen.[37] We see that
the electronegativity is roughly correlated with the selectivi-
ty. The catalysts in group one have electronegativities in the
range of 2.2–2.28 (please note that groups one, two, and
three refer to our grouping of the catalysts according to
their selectivity and not to the groups of the periodic table).
In group two, the electronegativity ranges from 1.10–1.54 (in
17, W is an exception with 2.36). The elements of group
three that display a low selectivity have electronegativities
from 0.95 to 1.33, and the highly selective elements have
values between 1.65 and 1.91. However, this is a very simpli-
fied model of a complex system.

Surprisingly, we observed a clear difference in selectivity
between ethane/ethene and propane/propene mixtures. In
our previous work,[25] tungsten-doped ceria gave 97% selec-
tivity for hydrogen combustion from an ethane/ethene mix-
ture (C2H6/C2H4/H2/He (20:20:5:55% v/v), 600 8C). Here,
the selectivity for the same catalyst (17) was only 52%. The
difference is not merely based on the more facile combus-
tion of C3 relative to C2 hydrocarbons because the selectivity
of the W catalyst was lower when using C3 hydrocarbons,
but that of the tin-doped and bismuth-doped catalysts 5 and
15 was not. To exclude any irreproducibility owing to cata-
lyst preparation, we also tested the exact same batch of
Ce0.90W0.10O2 that was used in the previous research with C2

hydrocarbons. This gave results identical to those of the new
batch. The catalyst does not interact with propane, but the
values for propene and hydrogen conversion are equal,
which leads to the drop in selectivity. Zhao and Gorte[38]
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also observed that doping ceria may affect the relative rates
for C1–C4 hydrocarbon oxidation, in their case by using gas-
eous oxygen. For undoped ceria, the rates of propane and n-
butane oxidation increased sharply relative to those of
methane and ethane. However, a samarium-doped catalyst
showed comparable rates for all four hydrocarbons. The dif-
ferences were ascribed to different reaction mechanisms.

Activity versus selectivity : When comparing the catalyst
groups one to three, one sees a trend between the activity
and selectivity. The unselective catalysts of group one show
a much higher activity than the more selective catalysts of
group three. Figure 3 shows the activity versus selectivity for

group three (catalysts 2, 3, 5, 6, 9, 10, 12, 14, 15, and 18).
Points A and B denote data for Ce0.90W0.10O2 in hydrogen
combustion from propane/propene and ethane/ethene mix-
tures, respectively (see above). The figure shows that for
group three, high activity is not linked to low selectivity. The
promising candidates (3 and 18) show both high selectivity
and activity and both catalysts contain chromium. The activ-
ity of the selective catalysts 5 and 6 is lower, which may be
related to the lower amount of doping. Note that there is no
general trend between the activity and the level of doping,
because catalysts 9, 12, 14, and 3, 15, and 18 all contain
about 10 mol% of dopant, but differ significantly in activity.

Catalyst stability : One key advantage of doped cerias over
supported metal oxides is their inherent stability. As the
dopant forms part of the fluorite lattice there is little chance
of sintering.[24,25] Indeed, except for 6, which gave a metallic
residue at the reactor outlet, the catalysts showed no signs
of degradation over 10–15 redox cycles (typically 6–8 h at
550 8C). To further test this stability, we ran a separate ex-
periment by using catalyst 3, the most promising candidate
in terms of activity and selectivity. This catalyst was kept at
550 8C for 66 h (123 redox cycles), while the activity and se-
lectivity were monitored. As Figure 4 shows, the decrease in
activity over 100 cycles was only 9.6%. The selectivity to-
wards H2 oxidation shows large deviations during the first
half of the experiment (80–100%),[39] after which it stabilizes
at �98%. Comparing the BET surface area of a fresh

sample of 3 with that of the same sample after 134 redox
cycles showed a reduction from 20 to 13 m2g�1. This de-
crease in the surface area is attributed to a partial break-
down of the pore structure.

Conclusion

Co-melting of nitrate salts is a simple and easy protocol for
making doped cerianites. Monophasic crystalline materials
form in many cases, provided that the dopant concentration
is not too high. This method is unsuitable, however, for
doping with In, Ni, Ag, Au, V, Mo, Pb, and Li. These dop-
ants form separate phases. The doped cerianites can be used
as selective hydrogen oxidation catalysts, and display a
range of oxidation activity and selectivity that strongly
depend on the type and amount of dopant. Contrary to sup-
ported oxides, these single-phase lattices are stable during
multiple redox cycles. The best catalyst in this set,
Ce0.89Cr0.02Fe0.09O2 (3), showed high activity (24 mmol-
ACHTUNGTRENNUNG(Oatoms)m�2) and high selectivity towards H2 oxidation
(98%) for over 123 redox cycles (66 h at 550 8C). Converse-
ly, doping with 4d and 5d metals from groups 8 and 10 is not
useful in this case, because the resulting catalysts catalyze
cracking and (de)hydrogenation as well as oxidation. Burn-
ing the hydrogen byproduct may seem wasteful, but one
should bear in mind that the energy is supplied exactly
where it is needed. The hydrogen combustion heats the bed
that is cooled by the dehydrogenation reaction. The ease of
separating propene from water and the positive shift in the
dehydrogenation equilibrium are additional advantages. In
general, metal-doped cerianites are good candidates for cat-
alyzing selective hydrogen combustion in the presence of C3

hydrocarbons. The facile synthesis and strong property–com-
position relationship makes these materials ideal for “fine-
tuning” by using combinatorial methods such as genetic al-
gorithms.[40] Such an optimization will be the subject of
future research in our laboratory.

Figure 3. Activity versus selectivity for the catalysts of group three.
Points A and B denote data for the Ce0.90W0.10O2 catalyst with propane/
propene and ethane/ethene mixtures, respectively.

Figure 4. Activity (*) and selectivity (+) of catalyst 3 (Ce0.89Cr0.02Fe0.09O2)
during 66 h on stream at 550 8C (123 redox cycles).
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Experimental Section

Materials and instrumentation : GC analysis was performed by using an
Interscience CompactGC instrument, which separated H2, CO, CH4, O2,
and N2 on a 5 O molecular sieve (Molsieve) column (Ar carrier gas), and
C2 and C3 hydrocarbons, water, and CO2 on a Porabond Q column (He
carrier gas). MS analysis was performed by using a Pfeiffer QMS 200
mass spectrometer (m/z range: 0–200). Ar was used as the tracer in the
oxidative gas feed for marking the start of each cycle. Inductive coupled
plasma (ICP) measurements were performed on a Perkin Opti-
ma 3000XL ICP instrument. Samples were prepared by using a Perkin–
Elmer microwave sample preparation system. Powder X-ray diffraction
was performed by using a Philips PW-series X-ray diffractometer with a
Cu-tube radiation source (l=1.54 O), a vertical axis goniometer, and a
proportional detector. The 2q detection measurement range was 10–908
with a 0.0258 step size and a 5 s dwell time. Catalyst surface areas were
measured by N2 adsorption at 77 K by using a Sorptomatic 99 (CE Instru-
ments) apparatus and calculated by using the BET equation. Chemicals
were purchased from commercial sources. All gases were purchased from
Praxair (>99.5% purity). He, O2, Ar, and N2 streams were further puri-
fied over BTS columns and/or molecular sieves.

Procedure for catalyst synthesis : Doped cerianites were prepared by se-
quential co-melting, drying, and calcining of mixed-metal nitrates (Ce-
ACHTUNGTRENNUNG(NO3)3·6H2O in the case of ceria) as published previously.[25] Where ni-
trate precursors were not available, chlorides or ammonium metallates
were used. This was the case for Ru, Pt, Sn, Ti, and Ta (chloride salts
were used, in the case of Sn the chloride hydrate salt was used) and for
V and W (NH4VO3 and (NH4)10W12O41·5H2O were used). CAUTION!
Although none of our samples gave off the brownish vapor associated
with nitrous gases, all preparations should be carried out in a well-venti-
lated fume hood.

General method using Ce0.92Ta0.05Ti0.03O2 (10) as an example : Ce-
ACHTUNGTRENNUNG(NO3)3·6H2O (3.739 g), TiCl4 (0.091 g), and TaCl5 (0.172 g) were put in
an open porcelain vessel. The vessel was placed in a vacuum oven pre-
heated to 110 8C. After the salts were allowed to melt for 5 min, the pres-
sure was lowered carefully, making sure that no vigorous boiling occur-
red. Samples were left for about 15 min at the pressure at which they
were just starting to boil. After this, the pressure was lowered to
<10 mbar and kept for 4 h, to obtain a brightly colored solid. This solid
was then calcined at 700 8C in static air (ramp rate: 300 8Ch�1, hold time:
5 h), pulverized, ground, and sieved (70–120 mesh, 125–212 mm).

ICP analysis : Prior to the analysis, the metals were brought into solution
by heating the sample (approximately 50 mg) in aqua regia (6 mL) to
170–200 8C by using a microwave oven. These temperatures were held for
25 min, during which the pressure rose to 40–55 bar. After the samples
had been cooled, the volume was brought to 100 mL with demineralized
water. This sample was diluted 100 times before analysis. Cerium recov-
ery from a pure ceria sample by using this method was 98.3% (n=6). W,
K, and Ta could not be determined by using this method. An alternative
method involving gentle heating in a mixture of concentrated HF (5 mL)
and 2m H2SO4 (2 mL) for 2 h did not work either. Therefore the concen-
tration of these elements was calculated from the amount of precursors
weighed.

Selective hydrogen combustion experiments : Activity, selectivity, and sta-
bility were determined by using an automated cyclic redox reactor
system built in-house. The sample was charged to quartz wool in a tubu-
lar quartz reactor (4 mm i.d.), which was placed in a water-cooled oven.
In each experiment, doped cerianite catalyst (�250 mg) was placed in
the reactor and heated to 550 8C with a ramp rate of 1200 8Ch�1. The
redox cycling began with an 18 min oxidation step, by using a feed of 1%
v/v O2 and 1% v/v Ar (tracer) in N2 at 50 mLmin�1. This was followed
by a 3 min purge with pure N2 (50 mLmin�1) and a 10 min reduction step
by using a feed of 5% v/v propane, 1% v/v propene, and 1% v/v H2 in
N2 as the balance gas (total flow rate: 50 mLmin�1). After another 3 min
purging step, the next oxidation cycle began. Conversion and selectivity
were measured by using GC and MS for 14 consecutive cycles. The setup
maintained a constant pressure during the switching between oxidative,
reductive, and purge-gas feeds, preventing over- or underestimation of

the analyte concentration. This was done by adjusting the backpressure
of the vent to the same value as the reactor back pressure, and switching
the gases between the reactor and this pressurized vent. The product se-
lectivity was determined by using GC. Four consecutive GC measure-
ments were performed for each reductive cycle, the first one starting at
t=50 s. This time was a trade off between the time window in which the
catalyst was still active (i.e., the time it took for the available lattice
oxygen to be depleted), and the time needed for flushing out the N2

from the previous purge step. With 250 mg catalyst, the activity window
was smaller than the flush-out time, leading to an overestimation of the
conversion. Therefore, conversion was corrected by using measurements
on a blank reactor, filled with an amount of quartz wool yielding the
same backpressure as a typical sample (1.10–1.24 bar). The catalytic ac-
tivity (measured as oxygen uptake) was determined by continuous mass
spectrometry. When the catalyst was active, no oxygen signals appeared
at the beginning of the cycle to time t. This time t, together with the flow
rate and the concentration of oxygen in the feed was used to calculate
the total oxygen uptake of the catalyst sample.
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