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Abstract: Solid “oxygen reservoirs,” such as doped
ceria, can be successfully applied in a novel process
for the oxidative dehydrogenation of propane. The
ceria lattice oxygen selectively burns hydrogen from
the dehydrogenation mixture at 550 8C. This gives
three key advantages: it shifts the dehydrogenation
equilibrium to the desired product side, generates
heat in situ, which aids the endothermic dehydrogen-
ation, and simplifies product separation. We have ap-
plied a genetic algorithm to screen doped cerias for
their performance in the selective hydrogen oxida-
tion. Three generations of doped ceria catalysts (61
catalysts in total), were synthesised. Dopants were
chosen from a set of 26 elements, and with a maxi-
mum of two dopants per catalyst, at five different
concentrations. The catalyst performance (activity
and selectivity), is expressed by a fitness value. Each
generation shows a higher average fitness value. The
dopant type has a large effect on the catalyst fitness.
We identified six dopant atoms which lead to selec-
tive hydrogen combustion catalysts, namely bismuth
(Bi), chromium (Cr), copper (Cu), potassium (K),
manganese (Mn), lead (Pb) and tin (Sn) (“good”

dopants). Analysis of the effect of electronegativity,
ionic radius and dopant concentration shows that
most elements yielding a high fitness have electrone-
gativities ranging from 1.5–1.9. Generally, the prop-
erties of catalysts containing two dopants can be pre-
dicted from the behaviour of singly doped ones. Syn-
ergy does occur for certain copper-, iron- and plati-
num-containing catalysts. The addition of calcium
(Ca) or magnesium (Mg) to copper-doped catalysts
doubles the activity, and the selectivity of iron doped
catalysts can be improved by adding chromium (Cr),
manganese (Mn) or zirconium (Zr). Importantly, the
doped cerias show a high stability in the redox cy-
cling, much higher than that of supported oxides. A
Cr- and Zr-doped catalyst (Ce0.90Cr0.05Zr0.05O2) was
highly selective and active over 250 redox cycles (a
total of 148 h on stream), with no phase segregation
or change in particle size.

Keywords: cerium dioxide (ceria, CeO2); data
mining; doped ceria; evolutionary algorithm; oxida-
tive dehydrogenation; X-ray diffraction (XRD)

Introduction

Selective oxidation is applied in the production of
many important bulk chemicals and intermediates,
such as acrolein, acrylic acid, MTBE, and maleic an-
hydride.[1] In these processes, the value of the hydro-
carbons is increased by selective addition of oxygen
atoms, and the greatest challenge is preventing over-
oxidation. Selective oxidation can also, however,
remove certain species by combusting them. This is
the case in oxidative dehydrogenation, which can be
used to obtain propene from propane (Scheme 1).[2–9]

Propane dehydrogenation is an endothermic reaction,
but oxidative dehydrogenation can overcome this lim-
itation. Selectively combusting the formed hydrogen
into water generates heat in situ and shifts the equilib-
rium towards the product side.

We recently introduced a new type of oxidative de-
hydrogenation system, employing doped cerias as
solid oxygen reservoirs (SORs).[10,11] The dehydrogen-
ation step is performed over a conventional Pt-Sn-
Al2O3 catalyst, and the hydrogen is combusted using
the oxygen of the ceria lattice (Scheme 1, left).[12]

After the ceria has been reduced, the lattice oxygen
vacancies are re-filled using air, creating a cyclic
redox process (Scheme 1, right) and simultaneously
burning off any coke. This is safer than mixing gas-
eous O2 and H2 at high temperatures (typically 500–
600 8C). Furthermore, the use of two catalysts allows
for separate tuning of the hydrogen combustion and
the dehydrogenation. Supported metal oxides can
also perform this selective hydrogenation, but they
sinter under redox cycling.[13–17] Ceria has high tem-
perature stability and a facile Ce3+QCe4+ +e� reac-
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tion, making it a good SOR.[18] CeO2 itself, however,
is not selective, but we showed that selectivity, activity
and stability can be tuned by doping the ceria lattice
with different cations.[10] In a preliminary screening,
we tested ten catalysts for their selectivity towards hy-
drogen combustion from a mix with ethane and
ethene, with the dopant type as the only variable. A
tungsten-doped catalyst showed excellent selectivity
and stability for this reaction.[10] In this study, we
screen doped ceria catalysts for hydrogen combustion
from a mix with propane and propene. Twenty-six dif-
ferent dopants are used, at five possible concentra-
tions, with a maximum of two dopants per catalyst.
This yields a huge amount of catalyst candidates. Syn-
thesising and testing all of the combinations is not
practical. Instead, we employ a genetic algorithm
(GA), to find the optimal catalyst using an iterative
approach. GAs mimic evolutionary biology in
silico.[19–21] Compared with the almost ubiquitous ap-
plication of GAs in other scientific fields, few re-
searchers have used an evolutionary approach for
screening heterogeneous catalysts. Baerns et al. have
studied the oxidative dehydrogenation of propane,
using gaseous oxygen,[22–24] total propane oxidation,[25]

and the production of hydrocyanic acid.[26] Yamada
et al. have investigated methanol synthesis,[27–29] and
others have performed studies on (selective) oxida-
tion,[30–33] reduction,[34] methane reforming,[35] and iso-
merisation.[36] Most of the catalysts used in these stud-
ies are mixed oxides containing four to five different
metals. Kim et al. have used doped cerias for the re-
forming of methane.[35]

In this paper, we present the results of a genetic al-
gorithm-based catalyst optimisation. A total of 61
doped cerias are evaluated for their performance in

selective hydrogen combustion. The evolution of the
fitness value over three generations is evaluated, and
the performance of the catalysts is correlated to their
composition.

Results and Discussion

Catalyst Preparation and Characterisation

Catalysts were prepared by co-melting a mixture of
the metal nitrate hydrate precursors (chlorides or am-
monium metallates were used when nitrates were not
available).[11,37] After the precursor has liquefied, the
pressure was lowered and a solid mixed-metal nitrate
formed. This was converted into the mixed oxide by
calcining in static air at 700 8C for 5 h. The following
notation is used: Gn–m, where n is the generation
number and m is the catalyst number. The activity, se-
lectivity and fitness value of all 61 catalysts are given
in Table 1, together with the catalyst composition and
characterisation data. The fitness function is defined
as: F= [selectivity+ (0.2Pactivity)/120]P100, and
ranges from 0–100. Note that specific attributes of
some of the catalysts are presented in detail there-
after.
Figure 1 shows pictures of three catalysts after heat-

ing at reduced pressure (top, mixed nitrates), and
after calcination (bottom, mixed oxides). Whereas
pure cerium nitrate is white, and CeO2 is pale yellow,
the mixed oxides show a variety of colours. These
ceria-based mixed oxides have the general catalyst
formula Ce1�x�yM

1
xM

2
yO2. The metals M

1 and M2 are
added at zero, two, five, eight or ten mol%, and
chosen from 26 candidates (vide infra). Each catalyst

Scheme 1. Left: the reactions occurring during the combined propane dehydrogenation and selective hydrogen combustion.
The dehydrogenation consumes energy and yields hydrogen. The hydrogen combustion consumes hydrogen and yields
energy. Right: Cartoon showing a proposed reactor configuration for the redox process, enabling continuous production of
high purity propene. Whilst the propane dehydrogenation and selective hydrogen combustion are performed in the left-hand
reactor, the catalysts in the right-hand reactor are being regenerated (coke combustion and refilling of the lattice oxygen for
the solid oxygen reservoir).
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Table 1. Composition, characterisation data and catalytic performance of doped cerias 1-61.

Catalyst Composition[a] Surface area
[m2g�1]

Crystallite
size [nm][b]

Lattice param-
eter [S][c]

Activity [% H2
converted]

H2 oxidation se-
lectivity [%]

Fitness
value[d]

G1–01 Ce0.87Al0.08Ta0.05O2 58 nd nd 0 0 0
G1–02 Ce0.96Ca0.02Sr0.02O2 42 nd nd 0.4 18 21
G1–03 Ce0.89Cr0.02Fe0.09O2 28 nd nd 9 85 82
G1–04 Ce0.96Pd0.04O2 53 nd nd 0 0 0
G1–05 Ce0.98Sn0.02O2 67 12 5.408 8 77 75
G1–06 Ce0.89Pt0.02Mn0.09O2 57 nd nd 0 0 0
G1–07 Ce0.90Ta0.05Ti0.05O2 46 nd nd 0 0 0
G1–08 Ce0.92Zr0.02Mg0.08O2 26 nd nd 0 0 0
G1–09 Ce0.90Nd0.10O2 61 14 5.430 0 0 0
G1–10 Ce0.90Yb0.08Gd0.02O2 24 nd nd 1 40 39
G1–11 Ce0.90Ru0.05Sm0.05O2 65 nd nd 0 0 0
G1–12 Ce0.90Y0.05Sr0.05O2 27 nd nd 0.4 44 42
G1–13 Ce0.90Bi0.05K0.05O2 17 nd nd 18[e] 91 87
G1–14 Ce0.91La0.09O2 49 nd nd 0 0 0
G1–15 Ce0.90W0.10O2 25 26 5.411 0 0 0
G1–16 Ce0.92Cr0.08O2 24 26 5.414 15 86 83
G1–17 Ce0.90Fe0.10O2 50 14 5.404 0 0 0
G1–18 Ce0.90Cu0.10O2 47 15 5.411 7 89 85
G1–19 Ce0.90Bi0.10O2 33 18 5.416 33[e] 77 81
G1–20 Ce0.91Mn0.09O2 56 11 5.407 5 93 83
G1–21 Ce0.91Ca0.09O2 22 28 5.416 0 0 0
G1–22 Ce0.92Pb0.08O2 56 13 5.411 46[e] 92 93
G1–23 Ce0.90Pd0.10O2 72 13 5.411 0 0 0
G1–24 CeO2 361 251 5.4091 0 0 0
G1–25 Ce0.90Zr0.10O2 71 nd nd 1 36 36
G2–01 Ce0.90Yb0.10O2 nd 18 5.406 0 0 0
G2–02 Ce0.86Ca0.09Cu0.05O2 nd 24 5.411 18 87 84
G2–03 Ce0.90Cr0.05Bi0.05O2 31 28 5.412 38 e 84 87
G2–04 Ce0.87Mg0.05Cu0.08O2 nd 18 5.409 17 87 84
G2–05 Ce0.90Mn0.02Fe0.08O2 nd 16 5.405 4 87 78
G2–06 Ce0.84Zr0.08Cu0.08O2 54 17 5.411 13 92 88
G2–07 Ce0.87Bi0.08Sn0.05O2 55 14 5.411 45 e 84 87
G2–08 Ce0.96Gd0.02Bi0.02O2 nd 19 5.412 7 68 68
G2–09 Ce0.88Cr0.02W0.10O2 nd 21 5.409 1 36 36
G2–10 Ce0.90Zr0.02Fe0.08O2 nd 14 5.402 2 78 71
G2–11 Ce0.90Al0.10O2 nd 13 5.408 0 0 0
G2–12 Ce0.90Al0.02Cu0.05O2 52 14 5.409 11 89 85
G2–13 Ce0.90K0.10O2 nd 93 5.411 3 94 84
G2–14 Ce0.96Pr0.02Gd0.02O2 nd 17 5.413 0 0 0
G2–15 Ce0.94Mn0.04Sr0.02O2 nd 13 5.409 0 0 0
G2–16 Ce0.92Ti0.08O2 nd 16 5.408 0 0 0
G2–17 Ce0.98La0.02O2 nd 17 5.415 0 0 0
G2–18 Ce0.96Pr0.02W0.02O2 nd 17 5.412 0 0 0
G3–01 Ce0.98K0.02O2 nd 53 5.411 2 88 79
G3–02 Ce0.98Zr0.02O2 nd 21 5.414 1 65 60
G3–03 Ce0.98Pr0.02O2 nd 18 5.411 0.3 50 47
G3–04 Ce0.96Mn0.04O2 59 13 5.408 4 85 76
G3–05 Ce0.98Al0.02O2 nd 13 5.407 1 35 35
G3–06 Ce0.93Al0.02Yb0.05O2 nd 12 5.408 1 41 40
G3–07 Ce0.96Zr0.02Cu0.02O2 56 16 5.409 6 95 85
G3–08 Ce0.96La0.02Bi0.02O2 nd 17 5.418 9 87 84
G3–09 Ce0.96Mn0.02Cu0.02O2 nd 13 5.407 5 75 68
G3–10 Ce0.96W0.02Sn0.02O2 nd 17 5.402 6 92 82
G3–11 Ce0.96Gd0.05O2 nd 20 5.414 1 66 61
G3–12 Ce0.98Mn0.02O2 60 14 5.408 3 95 85
G3–13 Ce0.98Ru0.02O2 nd 16 5.408 0 0 0
G3–14 Ce0.90Y0.05Fe0.05O2 nd 14 5.407 0 0 0
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was characterised using powder X-ray diffraction, to
ensure it consists of a uniform phase. That is, only the
diffraction lines of the ceriaTs fluorite structure are
observed, and no separate oxides of the dopants are
present. Importantly, the catalysts were not prepared
by impregnating CeO2 supports. The co-melting of
the cerium nitrate with the nitrates of the appropriate
metals yields a well mixed liquid catalyst precursor.
This allows for incorporation of the dopants into the

ceria fluorite structure after calcination. However,
dopant-enriched surface phases can occur for these
type of catalysts, and cannot be detected by
XRD.[38–40] Indeed, in the case of a copper-ceria mixed
oxide, Bera et al. observed both surface enrichment
and bulk incorporation of the copper.[40]

Table 1. (Continued)

Catalyst Composition[a] Surface area
[m2g�1]

Crystallite
size [nm][b]

Lattice param-
eter [S][c]

Activity [% H2
converted]

H2 oxidation se-
lectivity [%]

Fitness
value[d]

G3–15 Ce0.90Bi0.08Cu0.02O2 28 25 5.415 29[e] 83 86
G3–16 Ce0.98Pt0.02O2 nd 16 5.411 0 0 0
G3–17 Ce0.90Cr0.05Zr0.05O2 29 22 5.405 9 95 90
G3–18 Ce0.96Sn0.02Pd0.02O2 nd 16 5.411 0 0 0

[a] Note that in the GA, concentrations of 2, 5, 8, and 10 mol% are used.
[b] Ceria has an average crystallite size of 25 nm (standard deviation=4, n=4). Doping with potassium yields larger crystalli-
tes (93 nm for G2–13, Ce0.90K0.10O2, and 53 nm for G3–01, Ce0.98K0.02O2). In general, however, doping decreases the crys-
tallite size. The average crystallite size of the rest of the doped catalysts is 17 nm (standard deviation=4, n=45).

[c] Ceria has an average lattice parameter of 5.4094 S (standard deviation=0.0008, n=4). Doping with neodymium yields a
larger lattice parameter (5.4300 S for G1–09, Ce0.90Nd0.10O2). There are no trends, however, upon doping, the average lat-
tice parameter of the rest of the doped catalysts is 5.4099 nm (standard deviation=0.0035, n=46).

[d] The fitness function is defined as: F= [selectivity+ (0.2Pactivity)/120]P100, and ranges from 0–100.
[e] These catalysts convert 100% of the hydrogen feed at the beginning of the reductive cycle. This does not affect the total
activity, however, since all of these catalysts are depleted before the end of the reduction cycle.

Figure 1. Photos of three catalysts (G3–09 Ce0.96Mn0.02Cu0.02O2, G3–10 Ce0.96W0.02Sn0.02O2 and G3–15 Ce0.90Bi0.08Cu0.02O2) after
heating under reduced pressure (top, mixed nitrates) and calcining (bottom, mixed oxides).
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Selectivity towards Hydrogen Oxidation

In a typical reaction, 250 mg of catalyst were placed
on a quartz wool plug in a quartz reactor and heated
to 550 8C in 1% v/v oxygen in argon. The selectivity
and activity were assessed over nine redox cycles,
each consisting of an 18-min oxidation step (1% v/v
O2 in Ar), a 4-min purge in pure Ar, a 10-min reduc-
tion step (4:1:1% v/v C3H8:C3H6:H2 in Ar), and a
second 3-min purge in pure Ar. The reductive gas
feed simulates the effluent from industrial propane
dehydrogenation.[14] The selectivity and activity are
assessed during this step using the data of 15 GC
measurements, spread over the 10 min interval. The
selectivity is determined as the ratio conversionH2

/con-
versiontotalP100, and activity is determined as the per-
centage of hydrogen combusted. Note that the oxygen
source for this combustion is the catalyst lattice
oxygen, which has to be refilled once depleted, hence
the redox cycling. Figure 2 shows a scheme of the pro-
posed redox process, where the reactor contains both
the SOR (black) and dehydrogenation catalyst
(grey).[41] The alkane is fed over the reactor bed and
is dehydrogenated by the dehydrogenation catalyst.
The formed H2 is selectively burned from the gas mix-
ture by the SOR (Figure 2, A). Since the colour of
ceria changes from yellow to black when reduced,
one can actually see the process. This is shown in the
top picture, which is taken in our reaction set-up,
after opening the reactor (catalyst used: Ce0.90Zr0.10O2,
G1–25). Note that in our screening reaction, the reac-
tor only contains the SOR catalyst, over which a mix-
ture of 4/1/1% v/v propane/propene/hydrogen is fed.
The pictures were taken with a two-second time inter-
val during the reduction step (A). The quick colour
change is mainly caused by coking (the initial selectiv-
ity of all catalysts is low, probably due to the presence
of highly reactive adsorbed oxygen). After this initial
quick colour change, the bed gets darker and darker
during the remainder of the reduction cycle, due to
reduction of the ceria. Just before the entire SOR is
spent, the bed is flushed with nitrogen to remove the
reductive gases (Figure 2, B). Then, oxygen is fed to
the reactor, reoxidising the SOR and burning-off coke
from the dehydrogenation catalysts (C). The bottom
pictures, taken at ten-second intervals, show this step
for catalyst G1–25. When the bed is reoxidised, the
oxidative gas mix is flushed out and ready for another
redox cycle (Figure 2, D).

Reproducibility

Table 2 shows characterisation and catalytic data of
three Mn-doped catalysts, with undoped ceria added
as a reference. The crystallite size of the Mn-doped
catalysts is smaller than that of the undoped ceria, re-

sulting in a larger surface area. This decrease in crys-
tallite size occurs for most dopant types. Exceptions
are Ca, W and Cr, which show comparable crystallite
sizes, and K, which markedly increases the crystallite
size of the ceria (the crystallite size of G2–13,
Ce0.90K0.10O2, is 93 nm).
The three Mn-doped catalysts show comparable se-

lectivity, fitness, lattice parameters and surface areas.

Figure 2. Top: pictures showing the colour change of the
SOR catalyst Ce0.90Zr0.10O2, G1–25, during reduction, taken
at two-second time intervals. Middle: scheme of the pro-
posed industrial redox dehydrogenation process. After the
dehydrogenation step A, the bed is flushed with nitrogen
(B), and the catalysts are regenerated through reoxidation
(C). This burns coke from the dehydrogenation catalyst and
restores the lattice oxygen of the SOR catalyst. After anoth-
er nitrogen flush (D) the reactor is ready for the next redox
cycle. Bottom: pictures showing the colour changes of the
SOR G1–25 during reoxidation, taken at ten-second time in-
tervals. The difference in colour between the reduced cata-
lyst in the top and the bottom rows of pictures is due to the
different time scales (the top pictures show only the initial
12 seconds of the reduction).
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The catalyst with the highest level of Mn-doping (G1–
20), does show the highest activity.

Setting Up and Running the Algorithm

The dopants metals (M1 and M2 in Ce1�x�yM
1
xM

2
yO2)

are chosen from 26 candidates, marked green in
Figure 3. These were selected to cover a wide range
of the periodic table. Elements that are non-solids,
toxic, or are only artificially prepared were excluded
(red squares in Figure 3). The white squares denote
elements that are possible dopants, but not included
in this study. Using these 26 dopant candidates in five
concentrations (0, 2, 5, 8 and 10 mol%), and with a
maximum of two dopants per catalyst, already yields
a huge catalyst space – over 17000 combinations. Syn-
thesising and testing all of these is not an option, and
we therefore used a genetic algorithm to explore this
catalyst space. This method is based on operators in-
spired by evolutionary biology, such as mutation, in-
heritance, natural selection and recombination.[21,42]

The catalysts are treated as a group of organisms, the
best of which are allowed to breed (exchange their

“genetic material”, i.e., the dopant type and the
dopant concentration), producing a new generation (a
new set of catalysts). The algorithm follows an itera-
tive process, wherein several generations of catalysts
are synthesised and tested. In each iteration, the fit-
ness value F of each catalyst is calculated from its ac-
tivity and selectivity, and used for selecting the cata-
lysts for the next generation.
The algorithm we use does not support multi-objec-

tive optimisation (optimising several parameters at
once). Therefore, the fitness value must be a single
parameter, representing both the activity and selectiv-
ity of the catalysts. As noted above, the fitness func-
tion is defined as: F= [selectivity+ (0.2Pactivity)/
120]P100, and ranges from 0–100. We decided to give
more weight to the selectivity, since once a selective
catalyst is discovered, its activity may still be im-
proved, for example, by increasing its surface area.
Moreover, the catalyst may be applied in other pro-
cesses where the intrinsic activity is not relevant, such
as co-fed oxidative dehydrogenation, where a small
amount of gaseous oxygen is added to the feed,[13,14]

or by applying the catalysts on an oxygen-permeable
membrane, which continuously restores the lattice
oxygen.[43]

The left-hand side of Scheme 2 shows a classic flow
chart of a GA, the right-hand side shows the algo-
rithm that includes a data analysis step (meta-model-
ling algorithm). The dashed boxes pertain to experi-
mental steps, the rest is performed in silico.
Our first generation consists of 18 randomly gener-

ated catalyst formulations plus seven catalysts from a
kinetic study.[11,37] The formulations are synthesised
and tested, and the fitness value is calculated from
the obtained activity and selectivity values. From
these data, a set of new catalyst formulations (“virtual
catalysts”), is generated, using three steps: selection
(based on the fitness value), cross-over (the exchange
of genes) and mutation (a random alteration of a
small amount of genes). We use the classic GA set-
tings of tournament selection, 50% exchange cross-
over and 10% mutation. In a classic GA, n virtual cat-
alysts are generated, where n is the size of the next
generation of “real catalysts” that will be synthesised
and tested (Scheme 2, left). In the “meta-modelling”
algorithm we apply (Scheme 2, right), nP10 virtual

Table 2. Catalytic and characterisation data for the magnesium-ceria mixed oxides.

Catalyst Composition Surface area
[m2g�1]

Crystallite size
[nm]

Lattice parame-
ter [S]

Activity [% H2
conv.]

H2 oxidation selec-
tivity [%]

Fitness
value

G1–24 CeO2 36[a] 25[a] 5.409[a] 0 0 0
G3–12 Ce0.98Mn0.02O2 60 14 5.408 3 95 85
G3–04 Ce0.96Mn0.04O2 59 13 5.408 4 85 76
G1–20 Ce0.91Mn0.09O2 56 11 5.407 5 93 83

[a] Average of 4 samples.

Figure 3. The periodic table showing the 26 dopant metals
used in this research (green). Elements which are non-
solids, toxic, or are artificially prepared were not considered
as candidate and coloured red. Dopant candidates not used
as yet are coloured white.
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catalysts are generated. The predicted fitness of these
virtual catalysts is calculated, and based on this, eight-
een of the virtual catalysts are selected for synthesis
and testing (real catalysts, G2). This pre-screening can
decrease the time needed for finding the optimal cata-
lyst.
The predicted fitness value is obtained by analysing

the experimental data of the first generation of real
catalysts. A simple regression is performed between
the fitness and certain physical properties (descrip-
tors) of the catalysts which may attribute to the selec-
tivity and activity. We chose the electronegativity,
ionic radius and concentration of the dopant as de-
scriptors (vide infra). The program then calculates the
predicted fitness value for the 250 virtual catalysts,
using the regression data of the real catalysts and the
descriptors of the virtual ones. For example, if there is
a positive correlation between fitness value and the
concentration of dopant, the virtual catalysts with
high dopant concentration will get a high predicted
fitness value. Finally, eighteen virtual catalysts are se-
lected, based on their predicted fitness value, for syn-
thesis and testing (G2). This meta-modelling com-
bines the advantages of a genetic algorithm (efficient
mapping of the catalyst space), and data mining
(rough pre-screening of the catalysts candidates).[44–47]

For G3, the genetic algorithm uses the fitness data of
G1 and G2 (43 real catalysts) to create 430 virtual
catalysts. Again, the predicted fitness value of the vir-
tual catalysts is determined, and 18 virtual catalysts
are selected for synthesis based on this predicted fit-
ness value.

Choosing the Catalyst Descriptors

Since our reaction involves oxidation using lattice
oxygen, we chose as descriptors the dopant electrone-
gativity (influencing the strength and polarity of the
metal-oxygen bond),[1,48,49] their ionic radius (which
can affect the oxygen bond strength and oxygen flux
by influencing the amount of stress in the ceria lat-
tice),[50,51] the dopant concentration, and combinations
of these three. A full list of the descriptors is given in
the Experimental Section. Note that no experimental
catalytic data were available at the start of the algo-
rithm.
The data show little or no correlation between the

fitness value and descriptors containing concentration
or ionic radius. Note that the initial amount of data is
low (25 catalysts after G1, 43 after G2 and G3). Fur-
thermore, most catalysts contain two dopants. A posi-
tive effect on the fitness value of dopant 1 may be
clouded by the presence of an unselective dopant 2.
Because of this, we analysed separately a set of
single-dopant catalysts. This set also does not show a
correlation between fitness value and either ionic (or
atomic) radius, or dopant concentration. Clearly, the
type of dopant has more effect on the fitness value
than its concentration, and the ionic radius and fitness
are unrelated.
There is a correlation between catalyst fitness value

and dopant electronegativity (R2=0.2, after analysis
of the 43 catalysts of G1 and G2). Indeed, a plot of
the fitness value of the singly doped catalysts against
the electronegativity of the dopants shows that most
catalysts with high fitness values contain dopants with
electronegativities ranging from 1.5 to 1.9 (Figure 4).
The correlation is not perfect: there are also bad cata-
lysts in this electronegativity range, and good catalysts
with lower or higher electronegativities.
The algorithm uses the regression data between the

descriptors and the fitness of the real catalysts to cal-
culate the predicted fitness of the virtual catalyst set.

Scheme 2. General flow-chart for performing an optimisa-
tion using a genetic algorithm, with and without a data anal-
ysis step (meta-modelling algorithm). Dashed boxes denote
experimental steps.

Figure 4. Fitness value against PaulingTs electronegativity for
the singly doped cerias. Note that the scale is not linearly in-
creasing, for example, Ca, Sr, and La all have electronega-
tivity of 1. Data for undoped ceria are added.
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Clearly, the reliability of this predicted fitness is
linked to the correlation coefficients of the regression.
Since these are low, there is little correlation between
the predicted and real fitness of the catalyst. Because
of this, it is important to not simply choose the virtual
catalysts with best predicted fitness, but to select cata-
lysts over the entire predicted fitness range. This is
also important for model validation. We therefore
choose two-thirds of the virtual catalysts with high
predicted fitness (75–100), and one third of the cata-
lysts with lower predicted fitness (0–75), as candidates
for the consecutive generation. Furthermore, we limit-
ed the amount of noble metal dopants Pd, Pt and Ru
to a maximum of three per generation. Because of
their high electronegativity, noble metals have a high
predicted fitness value, but they generally result in
very unselective catalysts, with high levels of coking
of the hydrocarbons.

Catalyst Fitness Value Evolution over Three
Generations

Figure 5 shows the average fitness value (black bars)
and the percentage of catalyst with zero fitness value
(hatched bars) of generations G1–G3. The data show
that the average fitness value increases, and that the
amount of bad catalysts decreases per generation.

Figure 6 shows the fitness value of the individual
catalysts of G1–G3, ordered by increasing fitness. In
accordance with the average values shown in
Figure 5, the number of catalysts with F>0 increases
per generation.
The data set, however, contains catalysts with a

very low activity (hydrogen combustion <2%). In-
cluding these catalysts allows for the discovery of a
set of selective catalysts, for which the activity may
still be increased, or which may be used in processes
where the intrinsic activity is not relevant. For the
redox process, however, the intrinsic activity is of im-
portance, and the low activity of these catalysts ren-
ders them unsuitable. These catalysts typically have

an “average” fitness value, ranging from 25 to 60, and
when their fitness value is set to zero (“inactive”), the
catalysts set consist of two distinct groups, one with
fitness zero, the second with the fitness values ranging
from 75 to 95. This clustering of the catalysts is also
seen in Figure 7, where the selectivity is plotted

against activity for all 61 catalysts (the activity and se-
lectivity of the “low active” catalysts are set to zero).
This figure shows that the selectivity of the catalysts
is either “low” or “high,” similar to the fitness values.
There are no catalysts with an “average” selectivity.
This is because the unselective catalysts tend to have
a high activity for hydrocarbon conversion. The
degree of coking, combustion or fragmentation of the
hydrocarbons does vary, but these catalysts all pro-
duce hydrogen through hydrocarbon coking. This lack
of net hydrogen combustion results in zero activity
(which is defined as the percentage of hydrogen con-
verted) and zero selectivity (the ratio of hydrogen
combustion over total combustion). Therefore, these
catalysts all have a fitness value of zero. The selectivi-
ty and activity of the inactive catalysts is zero as well,
and they are grouped together with the unselective
catalysts at the ordinate of Figure 7. The second

Figure 5. The average fitness (black) and the percentage of
catalysts with zero fitness value (hatched) of G1–G3.

Figure 6. The fitness values of generations 1 (grey), 2
(white) and three (black) ordered for increasing fitness
value. Note that there is no substantial improvement in the
top catalysts between generations.

Figure 7. Selectivity versus activity for all 61 catalysts.
Thirty-four of the catalysts have zero values for both selec-
tivity and activity. The ten best catalysts, based on fitness,
shown in Table 3 are marked white. The activity and selec-
tivity of catalysts with very low activity have been set to
zero.
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group of catalysts show selectivities ranging from
about 70% to 95%. Note that this is still a significant
difference, since high selectivities are required in the
presence of the valuable hydrocarbons.
Figure 6 shows that there is a plateau in the fitness

values of the best catalysts of G1, G2 and G3. The
new combinations of “good” elements of G2 and G3
do not lead to catalysts with a fitness value above this
plateau, that is, there is little synergy between the
dopants (vide infra). Secondly, the spread in selectivi-
ty of the “good” catalysts is much smaller than the
spread in activity (Figure 7). Since the weight of the
selectivity in the fitness function is much higher than
that of the activity, this also contributes to the plateau
in fitness.
Table 3 shows the ten best catalysts overall, selected

on fitness value. These catalysts are marked white in
Figure 7. The Pb-doped sample G1–22 shows the best
performance, combining high activity with high selec-
tivity. However, during synthesis a separate PbO
phase is easily formed. This was the case for samples
of Ce0.90Ca0.05Pb0.05O2, Ce0.87Pb0.05Sr0.08O2, and
Ce0.93Pb0.05Zr0.02O2.

[52] Even monodoped Pb-Ce sam-
ples are difficult to prepare without formation of
PbO. Because of this, no lead-containing samples are
present in G2 and G3. It is interesting to note that
the selectivity of the catalysts containing a separate
PbO phase is as high as for the Pb-doped ceria. How-
ever, previous studies with alumina- and silica-sup-
ported lead oxides have shown that these catalysts are
not stable under the high temperature redox cy-
cling.[17]

High selectivities are obtained also with the Cr/Zr-
doped and Zr/Cu-doped catalysts (G3–17 and G2–06,
respectively), albeit at lower activity. The next best

catalysts all contain Bi, and show high activities.
Indeed, analysis of the five most active catalysts
shows that these contain either lead (G1–22) or bis-
muth (G2–07, G2–03, G1–19, and G3–15). All mixed
oxides of the set, with a Bi concentration of 5 mol%
or higher, are amongst the most active catalysts. How-
ever, adding Bi results in some combustion of the pro-
pene feed, giving lower selectivities (<85%).
The most active catalysts are so active that they

combust all of the hydrogen during part of the reduc-
tive cycle (100% conversion). It is known that the
presence of hydrogen can limit hydrocarbon combus-
tion. Indeed, increasing the amount of hydrogen for
G1–19, Ce0.90Bi0.10O2, decreases the amount of pro-
pene combustion, and so increases the selectivity. This
strategy is not practical, however, for the oxidative
dehydrogenation process, since adding hydrogen shifts
the equilibrium away from the desired products. Inter-
estingly, the Pb-doped ceria G1–22 combusts all of
the hydrogen as well, but without burning any of the
hydrocarbons. Apparently, the lead has an intrinsical-
ly lower affinity for converting propene as compared
to bismuth, under these reaction conditions.

Parameters Influencing Activity and Selectivity

Table 3 shows that generally, the ten best catalysts
have a somewhat lower crystallite size as compared to
undoped ceria, their surface area is higher (these two
are correlated), and their lattice parameters are about
the same. This, however, is also the case for most low
fitness value catalysts (see also Table 1). For example,
G1–23, Ce0.90Pd0.10O2, has a small crystallite size
(13 nm), a high surface area (72 m2g�1) and a lattice

Table 3. Catalysts with the highest fitness.

Catalyst Compositiona Surface area
[m2g�1]

Crystallite
size [nm]

Lattice param-
eter [S]

Activity [% H2
conversion]

H2 oxidation se-
lectivity [%]

Fitness
value

G1–22 Ce0.92Pb0.08O2 56 13 5.411 46b 92 93
G3–17 Ce0.90Cr0.05Zr0.05O2 29 22 5.405 9 95 90
G2–06 Ce0.84Zr0.08Cu0.08O2 54 17 5.411 13 92 88
G2–07 Ce0.87Bi0.08Sn0.05O2 55 14 5.411 45b 84 87
G2–03 Ce0.90Cr0.05Bi0.05O2 31 28 5.412 38b 84 87
G3–15 Ce0.90Bi0.08Cu0.02O2 28 25 5.415 29b 83 86
G3–12 Ce0.98Mn0.02O2 60 14 5.408 3 95 85
G3–07 Ce0.96Zr0.02Cu0.02O2 56 16 5.409 6 95 85
G2–12 Ce0.90Al0.02Cu0.05O2 52 14 5.409 11 89 85
G1–18 Ce0.90Cu0.10O2 47 15 5.411 7 89 85
G1–24 CeO2

[c] 36[d] 25[d] 5.409[d] 0 0 0

[a] Note that in the GA, concentrations of 2, 5, 8, and 10 mol% are used.
[b] These catalysts convert 100% of the hydrogen feed at the beginning of the reductive cycle. This does not affect the total
activity, however, since all of these catalysts are depleted before the end of the reduction cycle.

[c] Added for reference.
[d] The values are the average of 4 samples.
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parameter of 5.411. Still, this catalyst shows a high
degree of hydrocarbon combustion and coking. This
shows that the dopant type is more important for se-
lectivity than general properties such as the crystallite
size or lattice parameter. Concerning activity, studies
of undoped ceria showed that a smaller crystallite size
and larger surface area increases the amount of
oxygen released below 600 8C.[53,54] For the activity in
the selective hydrogen combustion, however, the type
of dopant added has a larger effect. For example, the
crystallite size of the Cr/Bi-doped ceria G2–03 is
larger than that of the Zr/Cu-doped ceria G2–06, and
its surface area is smaller. Still, G2–03 is three times
as active as G2–06.
The activity of copper-containing catalysts is in-

creased by the addition of certain dopants. The mono-
doped Cu-Ce catalysts only show average activities:
G1–18, containing 10 mol% Cu, combusts 7% of the
hydrogen feed, samples containing 7 mol% and 3
mol% of Cu show comparable values (see Table 1).
However, addition of calcium (G2–02) or magnesium
(G2–04) increases this activity to 18% and 17%, re-
spectively. The addition of calcium also increases the
time in which the catalyst is active. This prevents the
typical coking of the hydrocarbons, which is normally
seen for Cu-Ce catalysts after their oxygen has been
depleted.

Catalyst Stability

Catalyst G3–17 (Ce0.90Cr0.05Zr0.05O2) was subjected to
a total of 250 redox cycles.[55] Figure 8 shows that
there is some variation in activity, but selectivity is
uncompromised. Furthermore, XRD analysis of the
spent catalyst shows no phase segregation, and no
noteworthy increase in crystallite size (i.e., no sinter-
ing).

The Relationship between Dopant Type and Fitness

Table 3 shows that the best catalysts contain Pb, Cr,
Bi, Zr and Cu. These catalysts, however, often contain
two dopants. Analysis of monodoped catalysts shows
that indeed most of the aforementioned metals yield
catalysts with a high fitness (Figure 4). Generally, the
type of dopant added results in catalysts with three
types of behaviour: “good,” “bad,” and “inactive”
(Figure 9). “Bad” dopants, such as Pd, Ru, and Fe,

result in unselective catalysts, which coke and com-
bust part of the hydrocarbon feed, and therefore have
fitness zero. “Inactive” dopants, such as Ca, Ti or Pr,
yield inactive catalysts which are also given a fitness
of zero. “Good” dopants, such as Pb, Cu, Bi, yield cat-
alysts with a relatively high selectivity and activity,
with fitness ranging from 75–95. For example, the
eight catalysts of the set containing copper, either
mono- or bidoped, have an average fitness of 83, with
a standard deviation of 6. The seven bismuth-contain-
ing catalysts have an average fitness of 83, with a
standard deviation of 7.
The behaviour of catalysts containing two dopants

can be predicted from that of the monodoped ones, as
shown in Table 4. For example, combining a bad
dopant with a “good,” “inactive,” or “bad” one, yields
a “bad” catalyst. This is because the “bad” dopant
still results in coking of the hydrocarbons, yielding a
low selectivity. The combination of a “good” and “in-
active” dopant yields a “good” catalyst, and so does
the combination of two “good” dopants. That is, there
is not much synergy, and because of this, a plateau is
present around fitness 80 (Figure 6). This is also
caused by the high weight of selectivity in the fitness
function (comprising 80% of the fitness value). The

Figure 8. Selectivity (*) and activity (*) for G3–17
(Ce0.90Cr0.05Zr0.05O2) for a total of 250 redox cycles (148 h on
stream). Measurements were performed in two batches of
125 cycles, the catalyst was stored under air at room temper-
ature in between the batches. Note that the activity (% hy-
drogen conversion) is lower than that presented in Table 1
and Table 3, since fewer GC measurements were taken each
cycle.

Figure 9. The dopants classified according to their catalytic
behaviour, based on the performance of single-dopant cata-
lysts. Some distinction can be made for the bad metals: ad-
dition of Fe, Pd, Ru, and Pt results in very high amounts of
coking and combustion of the hydrocarbons, where this is
much lower for the metals W, Yb and La. Also, when La, W
and Al are added at low concentration (2 mol%), the dis-
tinction between “bad” and “inactive” becomes less clear.
The metals Sm, Ta, and Mg have has not been tested as
single dopant. The behaviour of Ta and Mg is derived from
its combination with an inactive metal.
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combination of two “good” (selective) dopants yields
catalysts with comparable selectivity to that of the
separate dopants, resulting in the plateau in fitness
value.
Almost all catalyst with two dopants comply with

the rules given in Table 4. The only exceptions are the
increase in activity of certain copper-containing cata-
lysts (vide supra), and catalysts containing iron. The
fitness of iron-doped ceria itself is low (G1–17,
Ce0.90Fe0.10O2), but the addition of some Cr yields a
highly selective catalyst (G1–03 Ce0.89Cr0.02Fe0.09O2).
Addition of 2 mol% Mn and Zr is beneficial as well,
albeit to a lesser extent, addition of Y has no effect
on catalyst performance (catalysts G2–05, G2–10, and
G3–14, respectively).

Conclusions

We have successfully applied a genetic algorithm for
screening doped ceria catalysts for the selective com-
bustion of hydrogen from a mixture with propane and
propene. Three generations, with a total of 61 doped
ceria catalysts, have been synthesised and tested.
Each generation shows a higher average fitness value
and lower amount of catalysts with a fitness value of
zero. The dopant type has a large effect on both the
activity and selectivity of the catalyst. Three types of
catalytic behaviour are identified, depending on the
dopant added: the catalysts are either selective, inac-
tive or unselective. The best results are obtained
when doping with lead, chromium, copper, manga-
nese and tin (“good” dopants). Interestingly, most of
these metals have electronegativities ranging from
1.5–1.9.
Generally, the properties of catalysts containing

two dopants can be predicted from the behaviour of
singly doped ones. Incorporation of a “bad” dopant
yields an unselective catalysts, regardless of the
second dopant added, and the combination of two
“good” dopants yields a catalyst with a fitness compa-

rable to catalysts doped with a single “good” dopant.
Synergy does occur for certain copper- and iron-con-
taining catalysts. The activity of copper-doped cata-
lysts doubles when adding calcium or magnesium, and
the selectivity of iron-doped catalysts is improved by
adding chromium, manganese or zirconium. The sta-
bility under the high temperature redox cycling is ex-
cellent. A Cr- and Zr-doped catalyst was selective and
active over 250 redox cycles (a total of 148 h on
stream), with no phase segregation or increase in par-
ticle size.

Experimental Section

Materials and Instrumentation

Chemicals were purchased from Sigma–Aldrich, Merck, The
British Drug Houses Ltd. or Koch-Light Laboratories Ltd
and used as received. Gases had a purity of 99.5% or higher
and were purchased from Praxair. The O2, He, Ar and N2
streams were purified further over mol sieves and/or BTS
columns. All gas flows were controlled by Bronkhorst mass
flow controllers. The specific surface areas were measured
by N2 adsorption at 77 K on a Sorptomatic 99 (CE Instru-
ments) and evaluated using the BET equation. Powder X-
ray diffraction measurements were performed using a Phi-
lips PW-series X-ray diffractometer with a Cu tube radiation
source (l=1.54 S), a vertical axis goniometer and a propor-
tional detector. The 2q detection measurement range was
108–938 with a 0.028 step size and a five-second dwell time.
Lattice constants and crystallite sizes were obtained after
Rietveld refinement (structure fit) using PANalyticalTs
X’pert software package. Inductive coupled plasma (ICP)
measurements were performed on a Perkin Optima 3000XL
ICP instrument. ICP samples were prepared using a Perkin–
Elmer Micro Wave Sample Preparation System. The soft-
ware used is OptiCat,[56] allowing for designing and exploit-
ing evolutionary algorithms, and Statistica V6.1 for the data
mining.[57]

Procedure for Catalyst Synthesis

Some adjustments were made to the synthesis procedure de-
scribed previously.[11] The metal nitrate precursors (or chlor-
ides or ammonium metallates, where nitrates were not avail-
able) were weighed into a crucible and placed on a heater.
When liquefied, they were mixed with a spatula. If necessa-
ry, 2–6 drops of water were added to aid the solution of the
precursors. After about 5 min, the crucible was placed in a
140 8C vacuum oven. Pressure was reduced to <10 mbar in
about 10 min. The latter was performed carefully to prevent
vigorous boiling. After 4 h, the crucible was placed in a
muffle oven and calcined for 5 h at 700 8C in static air (ramp
rate: 300 8C/h). The resulting solid was pulverised, ground
and sieved in fractions of 125–212 mm (selectivity assess-
ment) and <125 mm (XRD and BET measurements). The
final metal concentration was calculated from the amount of
precursor weighed in, corrected for the water content as de-
termined on catalysts G1–01 to G1–18 by ICP.[11]

Table 4. Rules for the performance of catalysts containing
combinations of “good,” “bad” and “inactive” metals.

Number Combination of
dopant type

Catalyst per-
formance

Typical fit-
ness value

1 “good” “good” 75–95
2 “good”+“inactive” “good” 75–95
3 “good”+“good” “good” 75–95
4 “inactive” “bad” 0
5 “inactive”+“inactive” “bad” 0
6 “bad”+“inactive” “bad” 0
7 “bad”+“good” “bad” 0
8 “bad”+“bad” “bad” 0
9 “bad” “bad” 0
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Procedure for Selective Hydrogen Combustion
Experiments

Activity and selectivity were determined on a fully automat-
ed system built in-house, which was described in detail pre-
viously.[11] In a typical experiment, about 250 mg of sample
(125–212 mm) were placed on a quartz wool plug in a 4-mm
i.d. quartz reactor. The reactor was placed in a water-cooled
oven and heated to 550 8C at 1200 8C/h, under oxygen flow.
At this temperature, redox cycling was started. The selectivi-
ty was determined by GC during the 10 min reduction in
4:1:1% v/v C3H8:C3H6:H2 in Ar. The 4:1:1 ratio of reductive
gases is chosen since this is the equilibrium mixture of a
conventional dehydrogenation catalyst.[14] After a 4-min
purge step (pure Ar), the sample was reoxidised for 18 min
in 1% v/v O2 in Ar. The redox cycle is completed by another
purge step in pure Ar. The total flow rate was kept at
50 mLmin�1 in each step. The selectivity is determined as
the ratio H2 conversion:total conversion. Activity is deter-
mined as the percentage hydrogen combusted during the re-
duction step. Both selectivity and activity are averaged over
eight redox cycles

Procedure for ICP Analysis

ICP was performed on catalysts G1–01 to G1–18, containing
all dopant types used in this study. The metals were brought
in solution by heating approximately 50 mg samples in 6 mL
aqua regia to 170–200 8C using a microwave oven. These
temperatures were held for 25 min, during which the pres-
sure typically rose to 40–55 bar. After cooling, the volume
was brought to 100 mL with demineralised water. Before
analysis this sample was diluted 100 times. Cerium recovery
from a pure ceria sample using this method was 98.3%
(average of 6 measurements). W, K, and Ta could not be de-
termined using this method, probably due to limited solubil-
ity of the oxides. An alternative method involving gentle
heating in a mixture of 5 mL concentrated HF and 2 mL 2M
H2SO4 for 2 h did not work either. Therefore, the concentra-
tion of these elements was calculated from the amount of
precursors weighed.

GA Programming, Descriptors and Implementation

The GA part uses binary encoding of the variables; the dop-
ants are encoded on 9 bits, while their quantity is coded on
6 bits. The statistical model used for the meta-modelling is a
classic linear regression. The descriptors are the total
dopant concentration (mol%), the ionic radius of dopant 1,
the ionic radius of dopant 2, the electronegativity of dopant
1 (PaulingTs scale), the electronegativity of dopant 2, the
concentrationPionic radius of dopant 1, the concentrationP
ionic radius of dopant 2, the concentrationPelectronegativi-
ty of dopant 1, and the concentrationPelectronegativity of
dopant 2.
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