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This Perspective covers sustainable oxidation processes using doped cerias, ceria-supported catalysts
and ceria-based mixed oxides. Firstly, we consider the general properties of ceria-based catalysts.
We outline the advantages of the ceria redox cycle, and explain the dynamic behaviour of these
catalysts in the presence of metal additives and dopants. We then review three types of catalytic
oxidation processes: preferential CO oxidation (PROX), oxidative dehydrogenation and the selective
oxidations of hydrocarbons and inorganics. The preferential oxidation of CO from hydrogen-rich
mixtures is interesting for fuel cell applications. Copper-ceria catalysts, where the copper species are
well dispersed and interact strongly with the ceria surface, show good selectivity and activity. The
oxidative dehydrogenation of small alkanes is another important potential application. To avoid
mixing oxygen and hydrocarbons at high temperatures, one can run the dehydrogenation over a
conventional Pt/Sn catalyst while burning the hydrogen formed using the ceria lattice oxygen. This
safer redox process allows separate tuning of the dehydrogenation and hydrogen combustion stages.
A combinatorial screening showed good results for ceria doped with Pb, Cr or Bi, amongst others.
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Finally, we also discuss the catalytic selective oxidation of various hydrocarbons, oxygenates and
inorganic molecules (H,S, H, and NHj;). The goal here is either product valorisation or waste
stream purification. Ceria-based materials show promise in a variety of such selective oxidations.

1. Introduction

Cerium was discovered in 1803 by Jons Jakob Berzelius and
Wilhelm Hisinger in Sweden, and Martin Heinrich Klaproth in
Germany.! It was named after the dwarf planet Ceres, discovered
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in 1801, that was, in turn, named after the Roman goddess
of agriculture (particularly the growth of cereals).> A light
rare-earth element, Ce is the main component of the minerals
Bastnasite (USA, China), Monazite (Australia) and Loparite
(Russia).* Cerium or cerium oxide (“ceria”) is used in various
applications, such as removing free oxygen and sulfur from
the iron casting melts, as a polishing agent for glass and as
a glass decolourant.** Due to their good ionic conduction,
ceria-based materials are also applied as electrolytes in solid
oxide fuel cells.® Since the 1980s, the most successful industrial
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application of ceria has been as an oxygen storage material in
automotive three-way catalytic converters (TWCs).*® In 2003,
TWC sales accounted for one quarter of the global catalyst
market.” The success of ceria in TWCs is due to its temperature
stability and the facile Ce** <= Ce** + ¢ redox cycle.'” In the
catalytic converter, this aids both hydrocarbon combustion in
the fuel-rich mode and NO reduction in the fuel-lean mode.
The application of ceria-based materials in TWCs has been
reviewed by several authors.”'"> An excellent review on the
physical and (electro-) chemical properties of ceria-based oxides
was published by Mogensen et al. in 2001." Trovarelli and co-
workers did a lot of work on the (redox) chemistry and catalysis
of ceria-based materials,'®'*!5 publishing a book on the subject
in 2002.3

Since 2000, much research has been devoted to alternative
power sources and alternative fuels. Interestingly, here, ceria-
based materials have also gained attention. But, contrary
to TWCs, recent papers have focused on selective oxidation
applications rather than full combustion. Many of these deal
with the selective oxidation of CO from hydrogen (preferential
oxidation, PROX), often using copper-ceria to “clean up” the
hydrogen used in fuel cells (this is essential as CO poisons the Pt
catalyst at low temperatures). Ceria-based oxides are also used
in the oxidative dehydrogenation (ODH) of ethane and propane,
as well as for the selective oxidations of other hydrocarbons and
inorganics.

Recent reviews cover the use of ceria in TWCs and in syngas
production.'*'¢'7 We therefore focus on the application of ceria-
based materials in selective oxidation over the period 1998-2008.
This mini-review centres on the catalytic behaviour of ceria-
based materials, rather than characterisation. Note that ceria can
act as a support for “active metals”, but at low concentrations
these metals also dope in the fluorite lattice, forming “solid
solutions”. Importantly, the ceria redox cycle often leads to a
strong metal-support interaction (SMSI), which can affect the
catalysis. We thus start by explaining this interaction and outline
some basic properties relevant to catalysis, before discussing the
role of ceria in selective oxidations.

2. General considerations, properties and pitfalls

There are various routes for synthesising ceria,® but the simplest
is by calcining cerium nitrate, Ce(NO;);."® This salt melts at
about 65 °C, followed by dehydration and, from about 200 °C
onwards, nitrate decomposition.’* A temperature of 400 °C is
sufficient to form the ceria fluorite structure.?® High surface area
cerias can be obtained by using sol-gel- or surfactant-assisted
synthesis, yielding 125-230 m? g™'.**-* The sintering behaviour of
ceria depends on the atmosphere (see Fig. 1), so when used under
reducing conditions, it can still sinter, even below its calcination
temperature.

Ceria can be used as a support for active metals, but metals
can also be doped into the ceria lattice. Doping atoms into
the lattice allows tuning of the oxygen conduction, electronic
conduction, and with them the catalytic properties."** The
distinction between an active metal supported on ceria or
doped into the lattice is often unclear, especially at elevated
temperatures and/or in the presence of reducing gases. The ceria
redox cycle can lead to a strong metal-support interaction.?
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Fig. 1 The BET surface area of plain ceria heated under various
conditions.?* All data pertain to the same batch of ceria.

Phase segregation and/or changes in phase composition can
occur for ceria-based solid solutions and mixed oxides.? Thus,
the actual active site often changes during catalysis. For example,
when nickel supported on ceria is reduced at 750 °C, the nickel
crystallites can spread over the reduced support (see Scheme 1).%
Conversely, at too-high doping levels or temperatures, surface
enrichment or phase segregation can occur.?** Confusingly, the
spreading of nickel crystallites over the ceria surface, in the
case of a ceria support, and surface enrichment, in the case
of nickel-doped ceria, can lead to similar surface structures.
These effects also complicate catalyst characterisation. Lattice
doping can be seen by using XRD, EXAFS or EPR .*#+% This
does not exclude, however, that the surface where catalysis takes
place may be dopant enriched. Surface sensitive techniques
such as LEIS and XPS can detect surface enrichment, and
in case of XPS, oxidation states.® Their signal, however, is
still the average of the entire catalyst surface, which can
complicate the analysis when several types of surface species are
present.

Scheme 1 A cartoon showing the spreading of nickel supported on
ceria upon reduction at 750 °C. Re-drawn from ref. 26.

Another type of SMSI is so-called “decoration” by ceria. This
is seen upon reduction to 600-700 °C. The supported metal
crystals stay intact, but are decorated with a layer of ceria,
shielding the metal surface and thereby affecting the catalysis
(see Fig. 2).7 Note that bulk techniques such as X-ray diffraction
cannot observe decoration effects.
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Fig.2 Metal decoration of 4 wt% Pt/Ceria upon reduction in hydrogen
to 700 °C.”7

3. Preferential CO oxidation (PROX)

Electrochemical energy can be obtained from hydrogen by
polymer electrolyte (or proton exchange) membrane fuel cells
(PEMFC).*® The hydrogen generally comes from the steam
reforming or partial oxidation of light hydrocarbons, followed
by a water gas shift reaction.’® The effluents of these pro-
cesses contain >100 ppm of CO, which poisons the fuel cell
anodes. Because of this, catalytic preferential CO oxidation
from hydrogen-rich gas mixtures has gained a lot of attention.®®
It can be achieved by supported noble metal catalysts, such
as Pt, Pd or Rh on alumina, or Au on iron oxide.*®® Indeed,
commercial systems containing Pt are available, but these
are expensive.® Alternatively, copper supported on ceria**
and copper-ceria mixed oxides or copper doped cerias have
been studied.*=¢ Several groups have compared these catalyst
types.s™

Gamarra et al. found higher activities for both CO and H,
oxidation when using a mixed oxide catalyst instead of copper
on ceria. The higher activity of the mixed oxide, however,
generally meant a lower selectivity.”” This was ascribed to a
higher copper dispersion and easier oxygen vacancy formation
of the mixed oxide, which gives a high activity for both CO
and hydrogen oxidation. Characterisation using DRIFTS and
XANES showed that the H, oxidation occurred after reduction
of the copper to Cu*, indicating that the active sites are partially
reduced dispersed copper species.! This was also proposed by
Tada et al.>* and Snytnikov et al.*® At temperatures >150 °C, the
mixed oxide showed the highest selectivity. Testing 30 catalysts,
Tada et al. show that high selectivities could be obtained by
using both supported and mixed oxide copper-ceria catalysts.>*
The highest activities were found, however, using a mixed oxide
catalyst. Avgouropoulos et al. have also compared the effect
of the synthesis method on the catalytic properties of copper-
ceria catalysts.”® Their CO PROX data, in the presence of
water and CO,, showed that the highest activity, selectivity
and stability were achieved when using mixed oxides. The
superior performance of these catalysts was ascribed to well
dispersed copper species that strongly interacted with the ceria
surface.®®

Studies on different supports showed that the activity of
copper on ceria, and of copper-ceria mixed oxides, was much

higher than of copper on alumina or silica, plain copper oxide, or
plain ceria.>** To increase dispersion, alumina was also added to
copper-ceria catalysts,** but a direct comparison showed that
whilst the activity remained high, the selectivity was lower.®
Replacing either the copper or the ceria by other metal (oxides)
resulted in lower activities.*>¢7

Several authors have studied the effect of adding a third
metal to copper-ceria mixed oxides. Iron, nickel or tin can
increase the activity and selectivity of copper-ceria catalysts,
although the CO oxidation occurs over copper species.*>56:68
Doping copper-ceria with Pt can increase the activity, but no
beneficial effect on the selectivity was observed when doping
with Pt, Ru, Pd, Ni or Co.®*’ Chen et al. found increased
activity upon adding zirconia, but only at low concentration
(10 mol%).%*

Although the above reports show that copper-ceria-based
catalysts can give high CO PROX activities and selectivities,
important parameters for practical application are long term
stability (in feeds containing H,O and CQ,), fast CO conversion
and, of course, a low CO effluent concentration. These data are
often missing. The CO effluent concentration, for example, is sel-
dom reported.” " Indeed, this is zero at full CO conversion, but
at the typically used feed concentration of 1% v/v, a conversion
of 99% yields a CO effluent concentration of 100 ppm, which is
at the top of the acceptable 10-100 ppm range for fuel cell feeds
(and still much too high for Pt anodes). Stability data is given in
some publications, but not always in H,O and CO,-containing
gas feed.*>™ The stability tests with H,O and CO,-containing
gas feed showed little drop in conversion when performed at full
CO conversion (copper-ceria®*™ or copper on tin doped ceria
catalysts®®%®), The selectivity was also not affected. Kim et al.,
however, did find a significant decrease in activity of a copper-
ceria mixed oxide catalyst running at 60% CO conversion.”” The
activity was completely restored, however, by heating for 3 h
in an inert gas, possibly due to the accumulation of carbonate
species.

4. Oxidative dehydrogenation (ODH)

The demand for small alkenes is high. Worldwide propene
demand, for example, is expected to rise to 80 million tonnes
in 2010.77 The main routes to propene are steam cracking,
fluid catalytic cracking and catalytic dehydrogenation. The latter
enables the on-demand production of alkenes but is equilibrium
limited.” Oxidative dehydrogenation (ODH), where oxygen is
added to the gas feed, allows exothermic, on-demand alkene
production.” Furthermore, the added oxygen limits coking. Tt
can, however, result in the over-oxidation of hydrocarbons to
CO and CO,.” This is a big challenge, since the alkene product
is more reactive than the alkane starting material. Thus, specific
ODMH catalysts have been developed, and until now, (supported)
vanadium or molybdenum oxides have held sway.”® Ethane ODH
gives comparable yields to those of steam cracking, but propane
ODH yields are still far from being attractive to industry. In
both cases, little has been reported on catalyst lifetime.” In the
search for better ODH catalysts, various ceria-based materials
have also been investigated. The results are summarised in the
following sections.
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Table 1 Ceria-based materials used for ethane ODH

Catalyst Concentration of Space velocity/ Ethane Selectivity towards
Catalyst  composition added metal Alkane: O,° ml g™ h! T/°C  conversion (%) ethene (%) Ref.c
1 Sr/CeO, 10 mol% 6:1 (molar) 10200 700 18 56° 84
2 800 50 88’
3 SrCl,/CeO, 30 mol% 2:1 6000 660 73 69 13
4 V/CeO, 3 wt% 1:2 90000 510 1 69 86-88
5 3 wt% 590 9 38
6 1 wt% 590 19 20
7 CeO, ref. 550¢ 66 4
Using CO, instead of oxygen:
8 Ce-Ca-O 10 mol% 1:2(CO,) 12000 650 3 98¢ 82
9 750 25 90
10 CeO, ref. 750 41 71
Non-ceria-based reference catalyst:
11 Mo-V-Te-Nb  1:0.2:0.17:0.17 9:6 100 400 87 84 89

4 CO, where applicable. ® Steam was added at a H,O : C,H; = 1 : 1 molar ratio. ¢ The same performance was seen at 510 and 590 °C. ¢ This is the value
obtained after pre-treating the catalyst at 750 °C under the reaction conditions. The fresh catalyst has a selectivity of ~55%. The increase in selectivity
is irreversible. ¢ Some of the data is derived from figures, rather than tables, in these references.

4.1 Oxidative dehydrogenation of ethane

Table 1 gives the catalyst composition and catalytic performance
of ceria-based materials in ethane ODH. Solid solutions or
mixed oxides containing metal M and ceria are denoted as “Ce—
M-0O”. Metal M supported on ceria is denoted as “M/CeQO,”.
The catalysts generally give a high selectivity at low conversion,
and lower selectivities at high conversion. We have incorporated
the data of the highest selectivity, highest activity and highest
overall performance in the table, where available. Fig. 3 shows
an activity vs. selectivity plot.
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Fig. 3 Activity and selectivity in ethane ODH. The labels show the
type of metal added to the ceria and the corresponding catalyst number
in Table 1. An Mo-V-Te-Nb mixed oxide catalyst (11) is shown for
reference.

The data show that the best catalysts, achieving the high-
est selectivity and activity, are calcium-doped 9, supported
strontium 2 and 3, and plain ceria 10. Interestingly, most of
these catalysts were tested under special conditions: steam was
added in the case of 2, and the ODH was performed with
CO, instead of oxygen in the cases of 9 and 10.%#' The ODH
of these catalysts was performed at rather high temperatures
(2750°C), higher than the temperature needed for (endothermic)
catalytic dehydrogenation.** Vanadium-containing catalysts 4-6

ran below 600 °C, but also had lower activities and selectivities.
Supported 3 had a rather high selectivity and activity at
660 °C, running without added steam or CO,.* However, their
performance fell short compared to the best reference catalyst
(11), a V- and Mo-containing mixed oxide that also operates at
a lower temperature (400 °C), and without steam and/or CO,
(see Table 1 and Fig. 3). Note that far less research has been
performed on ceria-based materials. No data is available, for
example, for molybdenum-containing cerias, although the data
on Ce-V-O shows that using components of the benchmark
reference catalyst does not guarantee good performance.

4.2 Ocxidative dehydrogenation of propane

The success of nickel-containing catalysts in propane and
isobutane ODH inspired the testing of nickel-ceria catalysts in
propane ODH (see Fig. 4).°*°! The group of Barbaux showed
that this allows lower reaction temperatures compared to non-
ceria-based nickel catalysts (300 °C).** When comparing ceria-
nickel mixed oxides with nickel on ceria, they found that the
latter gave higher selectivity but lower conversion (compare 12
with 13 and 14 in Table 2). Nickel-containing mixed oxides
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Fig. 4 Activity and selectivity in propane ODH. The labels show the
type of metal added to the ceria and the catalyst number. A supported
vanadia catalyst (22) is shown for reference.
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Table 2 Ceria-based materials used for propane ODH

Space Selectivity

Catalyst Concentration of added Alkane, O, conc. velocity/ Propane towards
Catalyst composition metal Alkane: O, (%v/v) mlg'h?' T/°C conversion (%) propene (%) Ref.
12 Ni-K/CeO, Ni:Ce=1,K:Ni=0.05* 1:2 4,8 545 300 8 72 90
13 Ce-Ni-O Ni:Ce = 0.5 15 58
14 Ce-Ni-O Ni:Ce= 1" 19 60
15 Ce-Ni-O" Ni:Ce = 0.5 1:3 5,15 30000 200 2 50 92
15a“ 300 25 12
15b? 375 62 10
16 V/CeO, 12 wt% 1:3 5,15 5000 300 2 85 91
17 6 wt% 300 14 34
17a° 6 wt% 400 24 20
18 CeO, 1:1 14,13 3600 450 17 5 93
19 Ce0,+TCM 17% v/v TCM 1:1 14,13 23 52
20 Ce0,+TCM 17% v/v TCM 3.5:1 14, 4 17 70¢
21 Cs,0/Ce0,-2CeF; 3 wt% 4:5 — 6000" 500 41 81 94
Non-ceria-based reference catalyst:
22 V/MCF! 4.2 wt% 1:1 10, 10 72000 550 31 84 95

“These are atomic ratios. ® Reference measurements were performed on ceria and nickel oxide. Ceria: 3% conversion, 2% selectivity (300 °C);
10% conversion, 6% selectivity (400 °C, note: quite close to catalyst 21). NiO 10% conversion, 17%, selectivity (350 °C). < Ni outperforms similar
catalysts containing Cr, Co, Cu or Zn. “ These are catalyst 15 tested at higher temperatures. ¢ This is catalyst 17 tested at a higher temperature.
/The concentration is in kPa instead of %v/v. £ At this oxygen pressure, the values for plain ceria are: 7% conversion, 10% selectivity. * This is the

GHSV/h™". “MCF stands for mesocellular silica foams.

Table 3 Ceria-based materials used for ethylbenzene and isobutane ODH

Concentration of Space velocity/ Alkane Selectivity towards

Catalyst Catalyst composition added metal Reactant mlg' h'! T/°C conversion (%) alkene (%) Ref.
23« CeO, Ethylbenzene — 325 45 94 96
24 Cr/Ce0O, 5-40 Cr atoms nm™>  Isobutane® — 270 10 54 97
24ac 300 20 36

25 Ce—Cr-O Cr:Ce=0.2-1.8¢ 270 5 60

25a° Cr:Ce=0.2-1.8¢ 300 10 45

26 CeO, 270 5 20

26a° 300 10 20

27 Cr,0; 270 5 68

27a¢ 300 15 40

“N,O was used instead of O,. No data on reactant concentrations was given. ® The isobutane : O, ratio was 1: 1 at 6.5% v/v. ¢ These are catalysts 24,
25, 26 and 27, respectively, tested at higher temperature. ¢ These are (bulk) atomic ratios.

gave higher yields than those with either Cr, Co, Cu or Zn
(catalysts 15, 15a and 15b).”> As was the case for ethane ODH,
the supported vanadium catalysts performed worse than other
ceria-based mixed oxides (catalysts 16, 17 and 17a; Table 2).*!

Contrary to ethane ODH, propane ODH is performed at tem-
peratures well below that of catalytic propane dehydrogenation
(~600 °C, albeit at a rather low conversion). No data is available
on other oxidants, such as CO,, but the selectivity of plain ceria
increases substantially upon adding trichloromethane (18-20).%
It is worthwhile investigating the effect of halogen addition on
catalyst performance in propane ODH via a more practically
applicable route, such as using supported metal-halogens, as was
done for ethane ODH.* Indeed, high selectivity and activity,
rivalling those of the non ceria-based reference catalyst 22, are
obtained when using catalyst 21, caesium oxide on ceria modified
with CeF;.**

4.3 Oxidative dehydrogenation of other hydrocarbons

Besides ethane and propane, ceria-based materials have been
applied in isobutane and ethylbenzene ODH (see Table 3).

High selectivity and conversion at temperatures lower than
those at which commercial catalysts are used were obtained
for ethylbenzene ODH over plain ceria 23, using N,O as the
oxidant.”® The high activity was attributed to a high concentra-
tion of Ce**~O—Ce** defect sites. Both doped and supported
chromium-ceria catalysts were applied in isobutane ODH (see
Fig. 5).°7® The chromium-containing catalysts showed better
results than plain ceria. The activity of chromium supported on
ceria is higher than that of plain chromium oxide and chromium-
ceria mixed oxide (both at 270 and 300 °C). Conversely,
the selectivity of the chromium on ceria is somewhat lower
compared to the mixed oxide and plain Cr,O;. Note that well
dispersed Cr®*-0,, and not Cr,0;, was proposed as the active
site.”

4.4 Combined dehydrogenation and selective hydrogen
combustion

Another type of ODH has been industrially implemented.
Here, the dehydrogenation is performed over a conventional
dehydrogenation catalyst, and a second catalyst is added to

This journal is © The Royal Society of Chemistry 2010
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Fig. 5 Isobutane ODH over chromium-ceria catalysts at 270 (O) and
300 (@) °C. Plain ceria and Cr,0; are added for reference.

selectively combust part of the hydrogen formed. The process
may therefore be viewed as a “two-step ODH” (Scheme 2).
Selective hydrogen combustion (SHC) generates heat and shifts
the equilibrium to the products side, yielding the same benefits
as “conventional” ODH. The use of two catalysts and/or two
reactors, however, allows separate tuning of the dehydrogenation
and hydrogen oxidation reactions, and the advantage of this over
conventional ODH is proven by the industrial implementation
of the process. For example, the steam active reforming (STAR)
oxydehydrogenation process is implemented in two plants for
the ODH of isobutane to MTBE.* Styrene monomer advanced
reheat technology (SMART) is in operation in five plants for
the ODH of ethylbenzene to styrene.’®!*! These processes use a
co-fed approach, where small amounts of oxygen are added to
the gas feed (Scheme 3, left). The mixing of gaseous oxygen
with hydrogen and hydrocarbons at elevated temperatures
is, however, a safety risk, which is avoided in redox-mode
(Scheme 3, right). Here, no gaseous oxygen is added, but the
lattice oxygen of the selective hydrogen combustion catalyst is
used. High hydrogen combustion selectivities can be obtained
for several supported oxides (e.g. Sb,0,, In,O; and Bi,0;).19%1%
These are, however, unstable under high temperature redox
cycling. Conversely, ceria is stable under redox cycling and
has a good oxygen storage capacity. The selectivity of plain
ceria is low, but doping with metals such as Pb, Cr or Bi
can overcome both the problems of low selectivity and low
stability.!#106-108

Propane  pehydrogenation Propene
catalyst

Energy H,

H,0 + Ce,0, 2 CeO,

Scheme 2 The catalytic cycle for redox mode oxidative dehydrogena-
tion using ceria as a solid oxygen reservoir.

Reduction  Purge Reoxidation Purge
A B [ D

CnH(2n+2)

O Fresh SHC
O Fresh DH
@ Spent SHC
QO Spent DH

2

Redox process

Co-fed process

Scheme3 The co-fed (left) and redox (right) oxidative dehydrogenation
process. After dehydrogenation step A, the bed is flushed with nitrogen
(B) and the catalyst regenerated through reoxidation (C). This burns
coke from the dehydrogenation catalyst and restores the lattice oxygen
of the SHC catalyst. After another nitrogen flush (D), the reactor is
ready for the next redox cycle.

5. Various other selective oxidations

Besides the applications described in the previous sections, ceria-
based materials have been used in various selective oxidations of
hydrocarbons, oxygenates and inorganic molecules. An overview
of this work is presented in Table 4. The common goal of these
selective oxidations is product valorisation. The exceptions are
catalytic wet air oxidation (CWAO, entries 10, 11, 14 and 15),
which is used for waste water treatment, and sulfur oxidation
(entry 12), which is used to recover sulfur from process gas.

Reactions with hydrocarbons involve coupling into larger
molecules (entries 1 and 2, oxidative coupling of methane, OCM)
and aldehyde formation (entry 3 and 4). Using ceria-based
materials for OCM was studied by several groups, with either
0,1 or CO,">!3 (a reference of each is given in Table 4).
Using O,, plain ceria mainly combusted the methane, but the
C, yield increased when adding BaF,.** Similar results were
obtained when supporting BaF, on Pr,O,, or Tb,O, supports.
Comparing Li, Na, K, Mg, Ca, Sr and Ba supported on ceria,
Wang et al. found that Ca/CeQO, was the best catalyst for OCM,
using CO, as the oxidising agent.'"*!15

Reactions with oxygenates include alcohol esterification (en-
try 5), aldehyde formation (entry 6 and 7) and acid formation
from alcohols (entry 8) or aldehydes (entry 9). Gold is often
used (entries 7, 8 and 9). Gold supported on ceria shows better
performance in the selective oxidation of aliphatic and aromatic
aldehydes compared to gold on iron oxide, Au/TiO, or Pt/C/Bi-
based catalysts."'® Catalyst activity was correlated to the gold
and ceria particle size. Starting from alcohols, using a gold-
ceria mixed oxide catalyst primarily yielded the corresponding
aldehydes.”” Gold on a more acidic support, such as iron oxide,
yielded carboxylic acids that esterify the alcohol feed.

Besides gold, other metals, such as rhenium, platinum and
rhodium, can be added to ceria to achieve the selective oxidation
of oxygenates (entries 5 and 6). Oxidising methanol to methyl
formate, for example, can be performed with high selectivity
using rhenium (entry 5). The reaction is most efficient when
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Table 4 Ceria-based materials for various selective oxidations

Feed composition

Entry Catalyst Catalyst composition® Reactants Desired products (Y% v/v)? T/°C Ref.
Hydrocarbons
1 28 BaF,/CeO, Methane Ethane, ethene CH,:0,=3:1° 800 94
2 29-35 (Li, Na, K, Mg, Ca, Sr, or Ba)/CeO, Methane Ethane, ethene CH,:CO, =1:1¢“ 780-900 124
3 36 Mo/CeO, Isobutene Methacrolein i-C4,Hg: O, :N, = 400 125
8:19:72
4 37 Ce-Mo-O Toluene Benzaldehyde C,HO: air 400 126
Benzoic acid
Oxygenates
5 38 Re/CeO, Methanol Methylfornate MeOH: O, :He = 240 127
6:11:84
6 39,40 Pt/CeO,, Rh/CeO, Ethanol Ethanal EtOH/0,/N, EtOH : 200-800 128
0,=2:1
7 41 Ce-Au-O Benzylalcohol Benzylaldehyde Solvent free, 2 bar 100 117
pure O,
Octanol Octanal
Geraniol Citral
8 42 Au/CeO, Propanol Propionate 1.5 M alcohol in water, 60 129
1 bar pure O,
Propylene glycol Lactate
Glycerol Glycerate
9 43 Au/CeO, Various aldehydes® Corresponding acids Aldehyde/acetonitrile/ 50-65 116
air
10 4447  (Ru, Pd, Pt or Ir)/CeO, Stearic acid Acetic acid Aqueous solution, 160-230 119
1-10 bar, O, : stearic
acid = 0.1-16¢
11 48-50  (Ru, Pd or Pt)/CeO, Phenol CO, 5gL" (aq) 160,200 118
Carboxylic acids 20 bar O,
Inorganic molecules
12 51 Ce-V-O H,S S 1% H,S in He 200-300 120
0,/H,S =0-2.7
13 52 Pd/CeO, H, H,0, 0.02 M H,SO,, 2.8% H, 22-27 122,123,130
in O,
14 53-55 (Ru, Pd or Pt)/CeO, NH; N, 50 mmol L™ (aq) 160,200 118
20 bar O,
Various
15 56-58  (Ru, Pd or Pt)/CeO, Aniline CO,, N, 5gL" (aq) 160,200 118
20 bar O,

“Solid solutions or mixed oxides containing metal M and ceria are denoted as “Ce-M-O”. Metal M supported on ceria is denoted as “M/CeO,”.
®In volume percent, unless stated otherwise. The last digit is rounded-off for clarity. ¢ This is the molar ratio.  The feed concentration was also varied.
¢ The aldehydes used were n-heptanal, dihydrocyclocitral, cinnamaldehyde and 4-iso-propyl-benzaldehyde.

a monolayer of rhenium is supported on the ceria. In the
partial oxidation of ethanol (entry 6), the added metal plays
a prominent role in the product distribution. Using platinum
primarily yields acetyl species, which can be oxidised into acetate
species or decomposed into CH,, H,, CO and CO,. Using
rhodium, however, yields a relatively stable cyclic intermediate,
which decomposes into CO, CH, and C, at higher temperatures,
and can then be oxidised into CO,.

Entries 10, 11, 14 and 15 in Table 4 concern the CWAO of car-
boxylic acids, phenol and nitrogen-containing molecules.'®'*
This process is applied in waste water treatment. Ideally,
complete combustion into CO, and H,O, with N, formation,
occurs. Alternatively, more easily biodegradable products can
form, such as small carboxylic acids. Indeed, using Pt/CeO,
favours the full combustion of stearic acid, whilst Ru/CeO, has
a higher affinity for C-C bond splitting, followed by oxidation
into acetic acid.'® Barbier Jr. et al. showed that Ru/CeO, is
unselective in oxidising ammonia into N,, but that adding a
small amount of Pd enhanced both activity and selectivity.!'®
Interestingly, Ru dispersion was higher on low surface area ceria

(see Fig. 6). This is because there was more room on the larger
ceria crystals for supporting and stabilising small Ru crystals
(Fig. 6, right). High surface area ceria consists of smaller ceria
crystals that cannot accommodate the Ru particles (Fig. 6, left).

Due to their high toxicity, the removal of nitrogen-containing
aromatic compounds, such as aniline, is an important step in
waste water purification. A comparison of Ru, Pd and Pt on
ceria showed (entry 15) that Ru/CeQ, is very selective towards
CO,. Besides the metal dispersion, the activity was correlated
to oxygen transfer from the ceria towards the Ru. Concerning
their selectivity and activity towards the formation of molecular
nitrogen, however, both Pd and Pt outperform Ru.

Besides the conversion of organic compounds, the selective
oxidation of H,S, H, and NH; by ceria-based catalysts were
studied (the NH; oxidation was described above). Yasyerli
et al. showed that cerium-vanadium mixed oxides can selectively
convert H,S to elemental sulfur (entry 12), and that both the
selectivity and stability are higher than plain ceria.’”® Recently,
they also studied the application of cerium-manganese mixed
oxides as high temperature H,S sorbents.”?® Choudhary et al.
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CeO, Ru

Fig. 6 A TEM image of Ru supported on high surface area ceria (~7 nm ceria crystallites, 160 m* g', left) and low surface area ceria (~25 nm ceria

crystallites, 40 m? g™', right). Reproduced with permission of the author.

showed that palladium supported on ceria can selectively oxidise
H, into H,0,, given that an oxidising agent such as perchloric
acid is present.’” The activity of ceria supported palladium was
higher compared to thoria or gallia supports, but carbon and
alumina supports were even better. Chloride or bromide anions
can further improve yield and selectivity.'?®
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