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Recent advances in heterogeneous selective
oxidation catalysis for sustainable chemistry

Zhen Guo,a Bin Liu,a Qinghong Zhang,b Weiping Deng,b Ye Wang*b and

Yanhui Yang*ab

Oxidation catalysis not only plays a crucial role in the current chemical industry for the production of key

intermediates such as alcohols, epoxides, aldehydes, ketones and organic acids, but also will contribute to

the establishment of novel green and sustainable chemical processes. This review is devoted to dealing

with selective oxidation reactions, which are important from the viewpoint of green and sustainable

chemistry and still remain challenging. Actually, some well-known highly challenging chemical reactions

involve selective oxidation reactions, such as the selective oxidation of methane by oxygen. On the other

hand some important oxidation reactions, such as the aerobic oxidation of alcohols in the liquid phase and

the preferential oxidation of carbon monoxide in hydrogen, have attracted much attention in recent years

because of their high significance in green or energy chemistry. This article summarizes recent advances in

the development of new catalytic materials or novel catalytic systems for these challenging oxidation

reactions. A deep scientific understanding of the mechanisms, active species and active structures for these

systems are also discussed. Furthermore, connections among these distinct catalytic oxidation systems

are highlighted, to gain insight for the breakthrough in rational design of efficient catalytic systems for

challenging oxidation reactions.

1. Introduction and scope of this
review

Selective oxidation reactions play a pivotal role in the current
chemical industry. Oxidation is the second largest process after
polymerization and contributes B30% of total production in
the chemical industry.1 Many key chemicals and intermediates
such as alcohols, epoxides, aldehydes, ketones and organic
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acids are produced via selective oxidation catalysis. Among the
selective oxidation processes in the current chemical industry,
the selective oxidation of propene to acrolein, the ammoxida-
tion of propene to acrylonitrile, the selective oxidation of
butane to maleic anhydride, the epoxidation of ethylene to
propylene and the selective oxidation of methanol to formalde-
hyde are the best known examples. The success in performing
these reactions has shed light on our scientific understanding
of selective oxidation catalysis. Some concepts have been
proposed based on the phenomenological or intuitive knowl-
edge obtained particularly from the selective oxidation of
olefins, such as the Mars–van Krevelen (M–v K) mechanism
or the lattice oxygen-based redox mechanism, phase coopera-
tion and site isolation.2–7

Selective oxidation catalysis is also the key to establishing
green and sustainable chemical processes. Take selective oxida-
tion of hydrocarbons as an example. On one hand, the selectivity
in the current chemical industry has to be further raised to
decrease the formation of non-selective products, particularly
CO2. This requires further optimization of the catalyst and the

process employed in the current chemical industry. On the
other hand, there is a strong incentive to develop new oxidation
processes that satisfy the principles of green chemistry.8,9 In
particular, it is highly desirable to develop new catalytic oxidation
processes to replace the current energetically inefficient and/or
environmentally unfriendly multi-step reactions.

The catalytic oxidation of alcohols to aldehydes or ketones,
which is widely recognized as one of the most fundamental
transformations in organic chemistry, represents an example of
green oxidation. Oxidizing reagents including permanganate
and dichromate have traditionally been employed for the oxida-
tion of alcohols, but these stoichiometric oxidants are expensive
and/or toxic, and more seriously, produce a large amount of
heavy-metal wastes. The development of heterogeneous catalytic
systems using O2 or air as an oxidant, which is cheap and safe,
and produces water as the sole by-product, would contribute to
establishing green and sustainable chemical processes.10–13

In addition, the utilization of versatile resources, particu-
larly abundant, cheap and renewable resources to replace the
diminishing petroleum is also an attractive research target.
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In this context, methane, which is available not only as a fossil
resource, a major component of natural gas, coal-bed gas and
shale gas, but also from a variety of renewable sources as
biogas,14 could provide an economical and sustainable alter-
native to petroleum. Furthermore, methane is one of the most
destructive greenhouse gas. Thus, the transformation of
methane to liquid fuels or building-block chemicals has received
much renewed interest in recent years.15–18 Currently, the relatively
mature technology for chemical utilization of methane involves
high-temperature steam reforming to produce synthesis gas
and the subsequent synthesis of methanol from synthesis gas
or the Fischer–Tropsch synthesis to provide hydrocarbon fuels
or chemicals. However, the steam reforming of methane is an
energy- and cost-intensive process. The high-capital investment
and the large-scale requirements of the reforming process
hinder the utilization of remote and scattered natural gas or
shell gas resources or small-scale biogas resources. There is a
strong incentive to develop new routes for the transformation of
methane to valuable chemicals. However, the direct transformation
of methane to building-block chemicals such as olefins and oxyge-
nates is a very difficult challenge. Generally, the difficulty arises
from two aspects. First, methane only possesses saturated C–H
bonds with a high bond dissociation energy (434.7 kJ mol�1),
and thus, the conversion of methane usually needs to overcome
a high energy barrier and stringent conditions. Second, more
seriously, the reactivity of the target products (e.g., olefins and
oxygenates) is typically much higher than that of the methane
molecule, and thus, these products may easily undergo consecutive
conversion such as deep oxidation to CO and CO2 under the
reaction conditions. The activation and selective transforma-
tion of alkanes including methane represents a ‘‘Holy Grail’’ in
the chemical community.19

Hydrogen as the cleanest energy source for fuel cells is
primarily produced by reforming of hydrocarbons or methanol
followed by the water–gas shift reaction. A small amount of CO
(0.5–2.0 wt%) contained in so-produced H2 can poison the
Pt-based anode in the polymer electrolyte membrane (PEM) fuel
cell. The preferential oxidation (PROX) of CO in H2-rich stream is
regarded as one of the simplest and most cost-effective routes for
the removal of CO in H2. The most important requirement for a
PROX catalyst is a high CO oxidation activity at mild temperature
while prohibiting undesirable H2 oxidation in a wide temperature
region. Various noble and non-noble catalysts have been reported
as candidates for PROX catalysts. These have resulted in an
interesting direction in ‘‘selective oxidation’’ (preferential oxidation)
catalysis. Here, the control of selectivitymeans howwe can accelerate
the oxidation of CO while avoiding the oxidation of H2. This requires
the design of new oxidation catalyst concepts.

In this review article, we focus our attention on three impor-
tant and challenging reactions in the field of selective oxidation
for a sustainable future: the oxidation of methane to organic
oxygenates or olefins; the aerobic oxidation of alcohols; and the
preferential oxidation of CO. These three catalytic systems are
chosen, not only because of their importance for a sustainable
future, but also due to their diverse reaction natures, namely
the high stability of methane, oxygen transfer from the gas

phase to the liquid phase via the surface of solid catalysts, and
selective oxidation of CO in an H2-rich stream. Comparisons
among these three systems may shed light on the general
features shared by good catalysts. By summarizing the classical
pioneering work and novel catalytic systems developed in the
recent 5–10 years, we try to figure out the connections among
these three important catalytic reactions, in terms of active
sites, active structures and advanced strategies for the rational
design of efficient catalysts or catalytic systems.

2. Selective transformation of
methane

Many potential routes have been reported for the selective
transformation of CH4 into valuable chemicals via synthesis gas.
Fig. 1 shows the typical products that can be formed from CH4

transformation via oxidative or non-oxidative routes. In addition,
the production of HCN from the reaction of CH4 with NH3 in the
presence of O2 (known as the Andrussow process, eqn (1)) or in the
absence of O2 (known as the Degussa or BMA process, eqn (2))
catalyzed by Pt at temperatures up to 1573 K has been commer-
cialized for several decades.20

CH4 + NH3 + 1.5O2 - HCN + 3H2O DH = �483 kJ mol�1

(1)

CH4 + NH3 - HCN + 3H2 DH = 251 kJ mol�1 (2)

2.1 General mechanism for activation of CH4

The selective partial oxidation of methane starts by activation of
C–H bond or the oxidant. In a heterogeneous process, the
cleavage of C–H bond undergoes either a heterolytic dissociation
or a homolytic dissociation, which was proposed as follows:21

Heterolytic dissociation:

[O2�] + CH4 - [O2�
� � �H+] + �CH3 (3)

Homolytic dissociation:

[O] + CH4 - [OH] + �CH3 (4)

where [O] denotes the oxidizing surface center, with a high
affinity to hydrogen atom. Further transformations of carbanion
or methyl radicals, such as the addition of oxygen, combination
with a CO or NH group or coupling with a methyl radical and

Fig. 1 Potential routes for selective transformation of CH4 to valuable

chemicals.
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subsequent dehydrogenation, lead to the formation of oxyge-
nates, nitriles, ethane and ethene, etc.22

Much of the debate centers on the manner of the breaking of
these two C–H bonds. For the oxidation of methane to metha-
nol catalyzed by Pt(II) or Pd(II) complexes in acid medium, the
activation of the C–H bond follows the heterolytic mechanism.
The methyl anion coordinates with the electrophilic noble metal
cation.23 Support for the heterolytic mechanism on heterogeneous
catalysts was presented by Choudhary and Rane who studied the
oxidation of methane on a series of rare earth metal oxides.24

Conversion of methane is related to both the catalyst acidity and
basicity, therefore activation of the C–H bond by a surface acid–
base pair was proposed, which can be shown as follows:

[Mn+
� � �O2�] + CH4 - [Mn+

� � �
�CH3] + [O2�

� � �H+] (5)

where metal cation Mn+ and surface O2� act as the Lewis acid
site and strong base site, respectively. Oxidation of fluoro-
carbon (CH3F) over basic oxides (Sm2O3 and Li/MgO) was
studied under oxidative methane coupling (OMC) conditions.25

The conversion rate of CH3F is an order of magnitude larger
than that of methane, which was explained by a more stabilized
transition state in the form of FH2C

d�
� � �Hd+(vs. H3C

d�
� � �Hd+).

These results support indirectly the heterolytic splitting of C–H on
metal oxides. In the oxidative functionalization of methane with
HCl, it was suggested that the C–H bond can be heterolytically
broken by an OCl� on the surface of an La-based catalyst by
exchanging a proton for Cl+, producing a CH3Cl and a surface
hydroxyl group.26 The heterolytic mechanism was also proposed by
Ito et al. on the basis of ab initio calculations and the chemisorption
behaviour of CH4 towards well-degassed MgO.27

However, there is also evidence supporting the homolytic
dissociation of C–H bond during the oxidation of methane. By
feeding a mixture of CH4 and CD4 in the OMC system, CH3CD3

was produced as the main product.28 This result strongly
supports the hypothesis that ethane is formed by the coupling
of methyl radicals. Using a matrix isolation electron spin reso-
nance (MIESR) system, Lunsford et al. detected surface-generated
gas-phase radicals over various metal oxide based catalysts,
such as Li/MgO, Li/ZnO, Na/CeO2 and La2O3.

29 According to the
suggestion of Lunsford, the abstraction of a hydrogen atom
from CH4 is induced by the oxygen-centered radical species on
the surface of the catalyst.29 For example, methane could react
with the [Li+–O��] on Li/MgO, leading to the formation of surface
hydroxyl and methyl radicals. The presence of [Li+–O��] center
on Li/MgO was substantiated by electron paramagnetic reso-
nance (EPR) studies.30 The formation of methyl radicals has
been further confirmed by synchrotron VUV photoionization
mass spectroscopy.31 The role of oxygen-centered radicals in
the abstraction of hydrogen atom has been evidenced by gas-
phase studies on mass-selected metal oxide ions.15 The homo-
lytic mechanism is also proposed for the partial oxidation of
methane to methanol. For the iron-doped zeolite (Fe-ZSM-5)
catalyzed system, it is suggested that the C–H bond is evenly
cracked by two so-called ‘‘a sites’’ containing active radical
oxygen species (Fe(III)–O��), leading to a hydroxyl group and
a methoxyl group on surface.32 A similar theory has been

developed for the partial oxidation of methane over Cu-ZSM-5,
in which a hydrogen atom from methane is abstracted by the
oxygen of Cu(II)–O��–Cu(II) species.33 In sum, there is little
disagreement about the heterolytic dissociation of the C–H bond
for methane oxidation catalyzed by noble metal complexes, as
well as the homolytic theory for OMC. Therefore, the mechanism
for activation of methane may change from one catalytic system
to another. Certain notions should be elaborated before making
a conclusion.

Kinetic study is a useful tool to probe the catalytic mechanism.
Using a temporal product analysis (TPA) reactor, Baerns et al.

confirmed that methyl radicals are formed over Sm2O3 by the
direct reaction of gaseous methane with surface oxygen species
in an Eley–Rideal (E–R) type of mechanism.34 Kinetic isotope
effect (KIE) studies conducted by Cant et al. indicate that
cleavage of the C–H bond is the rate-limiting step for the OMC
process with O2 as the oxidant.35 However, Lunsford et al.

suggested that there is no unique rate determining step, because
the KIE changed with the CH4/O2 ratio.29 Re-oxidation of the
catalyst reduced by CH4 could be the rate determining step.29,36

In this case, the rate of the steady-state reaction proceeds via the
M–v K mechanism.21

The active oxygen species on the surface of a catalyst can
be divided into two groups: electrophilic and nucleophilic.
Electrophilic oxygen comprises electron deficient adsorbed
species such as O2

�, O2
2� and O� which are generated from

activation of O2, whereas nucleophilic oxygen includes saturated
species such as the terminal oxygen group (MQO) and the bridging
oxygen (M–O–M), both with the oxygen atom in a nominal O2�

state.37 As discussed above, electrophilic oxygen species, generated
from the activation of gas-phase oxidants, are mainly responsible
for the homolytic dissociation of the C–H bond. Therefore, the
reactivity of methane is generally much greater in the presence
of a gas-phase oxidant.29,38 The existence of O2

� on LaOF during
the OMC has been proved by the high-temperature in situ FTIR
studies.39 On the other hand, it has been proposed that nucleo-
philic oxygen contributes to the heterolytic dissociation of C–H
bond.25 The influence of nucleophilic oxygen on the catalytic
oxidation of methane is identified. For the oxidation of methane
to formaldehyde over an Mo based catalyst, a high density of
MoQO groups led to low activity but high selectivity.40,41 Results
obtained from a TPA reactor indicated that even bulk lattice
oxygen may participate in the reaction, but at a slower rate.29

Additionally, it is noteworthy to mention that one cannot rule
out the equilibrium between electrophilic oxygen and nucleo-
philic oxygen.

Besides heterogeneous catalytic systems for the transforma-
tion of CH4, the research on the activation of C–H bonds of CH4

and other alkane molecules is a frontier in organometallic
chemistry. Different reaction paths for the activation of CH4 by
transition metal complexes, which are typically highly reactive and
coordinatively unsaturated, such as electrophilic activation, oxida-
tive addition, s-bond metathesis, 1,2-addition and metalloradical
activation have been known for many years.19,42–45 Recent studies
disclosed some new approaches such as electrophilic carbene
insertion.17,46 Metal–oxo complexes (e.g., Fe(IV)QO) are also
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capable of activating the C–H bond of alkanes including CH4.
47,48

In addition, the activation of CH4 with small metal clusters or
metal–oxo clusters in the gas phase has been studied elegantly,
and the studies in this field have provided useful information on
the mechanism of CH4 activation by these small clusters on a
molecular level without the interference of solid surfaces and
solvent effects.15 This article will not include this content.

2.2 Selective oxidation of methane into organic oxygenates

Here, we do not attempt to give an exhaustive review of hetero-
geneous catalytic conversion of CH4. Instead, we focus on systems
developed in recent years, which are conceptually attractive or
have provided new clues for the rational design of efficient
catalysts for selective transformation of CH4.

2.2.1 Selective oxidation of methane with concentrated

H2SO4. Although most of the studies on organometallic
complexes for CH4 activation could not lead to the catalytic
functionalization of CH4, a few intriguing homogeneous cata-
lytic systems have been developed based on these studies. The
best-known example was reported by Periana and co-workers.49

The oxidation of CH4 with sulphuric acid in the presence of a
Pt(II) bipyrimidine complex could afford a high yield of methyl
bisulphate (B72%), which can subsequently be hydrolyzed
to methanol (eqn (6) and (7)).49 By further combining the
reoxidation of SO2 produced from H2SO4 with O2 (eqn (8)),
the net reaction is the selective oxidation of CH4 to CH3OH
with O2 (eqn (9)).

CH4 + 2H2SO4 - CH3OSO3H + SO2 + 2H2O (6)

CH3OSO3H + 2H2O - CH3OH + H2SO4 (7)

SO2 + 1/2O2 + H2O - H2SO4 (8)

Net: CH4 + 1/2O2 - CH3OH (9)

The oxidation of CH4 by H2SO4 to methyl bisulphate is believed
to proceed via electrophilic C–H activation by the coordinatively
unsaturated (cus) Pt complex followed by oxidation and function-
alization steps (Fig. 2).49 Although many problems (e.g., the
difficulties in the separation of catalyst, the hydrolysis of methyl
bisulphate in concentrated H2SO4, and the accumulation and
re-oxidation of SO2) still remain, hindering the commercialization
of this process, to date this process has the highest single-pass
yield for the selective transformation of CH4. The high perfor-
mance of this system is believed to result from the formation of a
product, i.e., methyl bisulphate, which is stable under reaction
conditions. A recent theoretical study suggests that the bisulphate
group protects the C–H bonds of the product by making them less
nucleophilic, and thus, decreases the interaction with the electro-
philic Pt complexes.50

To overcome the problem of catalyst separation, Palkovits
et al. recently prepared electrophilic Pt centres attached to a
polymer, which was a covalent triazine-based framework (CTF),
for the oxidation of CH4 by concentrated H2SO4 (Fig. 3).51,52

Both the Pt–CTF and (K2[PtCl4])–CTF, which were prepared by the
pre-coordination of Pt in the CTF and the simple combination
of CTF with K2[PtCl4], respectively, led to efficient catalysts for

the oxidation of CH4 in oleum (H2SO4–30% SO3). After 2.5 h of
reaction at 488 K under 40 bar CH4 pressure, the final concen-
trations of CH3OH after hydrolysis of the reaction solution for
these two heterogeneous catalysts were 1.80 and 1.54 mol L�1,
which were comparable to those obtained for the homogeneous
catalyst of Periana et al.51 The turnover numbers (TONs) for the
Pt–CTF and (K2[PtCl4])–CTF catalysts reached 246 and 201,
respectively. These two catalysts were demonstrated to be stable
at least after five reaction cycles.51

2.2.2 Selective oxidation of methane with H2O2. As compared
with concentrated H2SO4, H2O2 is a greener oxidant. Although
H2O2 is currently more expensive than C1 oxygenates derived from
CH4 (e.g., CH3OH), the selective oxidation of CH4 by H2O2 is
of fundamental significance. Some studies have been devoted
to oxidising CH4 with H2O2 in organic solvents such as

Fig. 2 Proposed reaction mechanism for electrophilic activation of CH4

followed by oxidation with concentrated H2SO4 into methyl sulphate

catalyzed by PtII bipyrimidine complex.49 Adapted from ref. 49, with the

permission of AAAS, copyright 2003.

Fig. 3 Pt attached into the CTF polymer framework as a heterogeneous

catalyst for the oxidation of CH4 by concentrated H2SO4.
51 Reprinted from

ref. 51, with the permission of the John Wiley and Sons.
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acetonitrile catalyzed by vanadium or iron complexes.54,55 Yuan
et al. investigated the catalytic behaviour of a series of transi-
tion metal chlorides for the oxidation of CH4 with H2O2 in
water medium and found that OsCl3 exhibited the highest
activity for the selective oxidation of CH4 to methanol, form-
aldehyde and methyl hydroperoxide (Fig. 4).53 The TOF for
the formation of these C1 oxygenates (CH3OH, HCHO and
CH3OOH) was 12 h�1 at 363 K. CO2 was formed as a main
by-product, and the selectivity to C1 oxygenates was 61%. HAuCl4
also showed a better catalytic performance for the selective oxida-
tion of CH4with H2O2 in water. A TOF ofB10 h�1 and a selectivity
of 57% were obtained for the formation of C1 oxygenates
catalysed by AuCl3 at 363 K. However, precipitation was
observed after the reaction, possibly due to the formation of
Au0 powder. This indicates that Au(III) is unstable under the
reaction conditions in Fig. 4. Since the addition of a radical
scavenger, hydroquinone, could quench the reaction, the oxida-
tion of CH4 with H2O2 catalyzed by OsCl3 was proposed
to proceed via a radical mechanism.53 Os(IV) was observed by
UV-vis spectroscopic measurements in the solution of Os(III)–
H2O2. The redox between Os(IV) and Os(III) was proposed to
account for the activation of H2O2, likely forming OH radicals
for CH4 activation.

Inspired by the results achieved in the homogeneous
systems, recently, Hutchings and co-workers paid attention to
the development of heterogeneous catalysts for the selective
oxidation of CH4 by H2O2 in aqueous solution.56–59 They found
that Au–Pd alloy nanoparticles supported on TiO2 could cata-
lyze the selective oxidation of CH4 by H2O2 in aqueous solution,
providing CH3OH and CH3OOH as the main partial oxidation
products.59 Over a 0.5 wt% Au–0.5 wt% Pd/TiO2 catalyst, the
TOF for the formation of all the products was 6.85 h�1, and the
selectivities to CH3OH and C1 oxygenates were 12.1% and
85.4%, respectively, at 323 K and CH4 pressure of 30.5 bar.
The increase in the reaction temperature to 363 K increased the
TOF to 25.7 h�1. The selectivities to CH3OH and C1 oxygenates

changed to 19.8% and 88.4%, respectively, at the same time.
The increase in the loadings of Au and Pd both to 2.5 wt%
increased the selectivity to CH3OH to 49.3% while almost
retaining the selectivity to total C1 oxygenates. CH4 could also
be transformed selectively into CH3OH and CH3OOH by H2O2

in the presence of a 2.5 wt% Au–2.5 wt% Pd/TiO2 catalyst at a low
temperature (275 K). Since Au–Pd/TiO2 is an efficient catalyst for
the direct synthesis of H2O2 from H2 and O2,

60 CH4 can be
selectively oxidized using an H2–O2 gas mixture. This confirms
that Au–Pd/TiO2 is an efficient catalyst for the selective oxidation
of CH4 to C1 oxygenates in an H2–O2 gas mixture. As compared to
the case of using H2O2, the selectivity to CH3OH became higher
by using an H2–O2 gas mixture, and a value of 68% was obtained
at 323 K over the 2.5 wt% Au–2.5 wt% Pd/TiO2 catalyst. Further-
more, the use of reduced NADH (nicotinamide adenine dinucleo-
tide), which is a reductant usually existing in enzyme systems, in
combination with O2 can also replace H2O2 to oxidize CH4

selectively.59 The selectivity of CH3OH when using NADH/O2

could further be increased to 89%. Both OH and CH3 radicals
have been detected by ESR under reaction conditions. Thus, the
reaction is proposed to proceed via a radical mechanism.

Hutchings and co-workers found that Fe-containing ZSM-5
(or silicalite-1) also catalyzed the selective oxidation of CH4 with
H2O2 to C1 oxygenates, including CH3OH, HCOOH and CH3OOH
in aqueous medium.56–58 Although homogeneous Fe3+ could also
work for the oxidation of CH4 with H2O2 possibly via the Fenton-
type radial reactions, the heterogeneous Fe-ZSM-5 or Fe-silicalite-1
exhibited significantly higher selectivities to oxygenates (480%
versus B50% in the case of homogeneous catalysis).57 The
catalyst could be used repeatedly without significant deactiva-
tion at least for 5 cycles, and no leaching of iron species was
detected during repeated use.58 This demonstrated the hetero-
geneous feature of this system.

Only a very small amount of Fe (Fe content, 0.014 wt%)
existing in the zeolites was already efficient for the selective
oxidation of CH4 by H2O2. Through UV-vis and X-ray absorption
near edge structure (XANES) spectroscopic studies, the extra-
framework oligonuclear Fe species (e.g., the binuclear iron species)
worked as the active species.56,58 Fig. 5 displays the proposed
reaction mechanism for this system with binuclear iron as the
active site. The addition of a radical scavenger into the system
catalyzed by Fe-ZSM-5 did not affect significantly the total amount
of oxygenates formed, whereas the radical scavenger remarkably
suppressed the oxygenate formation in the Fenton system with
Fe(NO3)3 as the homogeneous catalyst.57 This suggests that the
Fe-containing zeolite-catalyzed reaction is not based upon the
homolytic decomposition of H2O2 and a subsequent free-radical
chain reaction. Through DFT calculations, the Fe(IV)QO species,
which is a high-valent iron–oxo species and is usually supposed
to be the active species for selective oxidation in enzymatic
systems such as cytochrome P450,61 has been proposed to be
responsible for the activation of CH4, forming a CH3OOH
adsorbed species with the help of the adjacent Fe–OOH site
(Fig. 5).56 The kinetic studies further confirmed that CH3OOH
was the primary product and that CH3OH was formed from
CH3OOH.57 Over the Fe-ZSM-5 or Fe-silicalite-1, HCOOH was the

Fig. 4 Selective oxidation of methane with H2O2 into oxygenates in water

medium catalyzed by various metal chlorides.53 Adapted from ref. 53, with

the permission of the John Wiley and Sons. The relative errors for product

amount and turnover frequency number (TOF) were within �10%. Reac-

tion conditions: metal chlorides, 1.0 mmol dm�3; CH4, 3 MPa; H2O2,

0.5 mol dm�3; H2O 10 mL; temperature, 363 K; reaction time, 1 h.
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main product, which was likely formed from CH3OH due to the
presence of OH radicals.

The presence of Cu species either as a homogeneous
additive (e.g., Cu(NO3)2) or as a heterogeneous component (e.g.,
Cu/silicalite-1) in Fe-containing ZSM-5 or Fe-silicalite-1 can increase
significantly the selectivity of CH3OH while almost retaining CH4

conversion.56,57 In the presence of Fe-silicalite-1 and Cu/silicalite-
1, a CH4 conversion of 10% and a CH3OH selectivity of 93% could
be obtained. On the other hand, a Cu-containing catalyst alone
such as Cu/silicalite-1 was inactive for the oxidation of CH4 by
H2O2. The role of the Cu-containing component was proposed
to decrease the concentration of the OH radicals. Thus, Fe is
the key active species for CH4 oxidation in this system. The TOF
based on Fe was evaluated to be 42200 h�1, demonstrating
that this Cu- and Fe-containing zeolite is an excellent system for
the selective oxidation of CH4 with H2O2.

2.2.3 Selective oxidation of methane with N2O. Fe-containing
heterogeneous catalysts, in particular Fe-ZSM-5, are known to
be unique for selective oxidations using N2O as an oxidant.62

A unique active oxygen species designated as a-oxygen (Oa)
can be formed on the catalyst surface, and this oxygen species
can oxidize benzene to phenol. The FeII site, which could
be formed by high-temperature (870–1270 K) treatment of
Fe-ZSM-5 in steam, vacuum or an inert atmosphere, was believed
to be the active site for N2O activation. Panov and co-workers
also demonstrated that this a-oxygen could oxidize CH4 to
CH3OH at room temperatures.63,64 The CH3OH formed
on catalyst surfaces could be obtained by extraction with a
suitable solvent such as water or a water–acetonitrile mixture,
whereas the desorption of CH3OH by heating only led to the
formation of CO and CO2. This means that this system is not a

catalytic cycle but a stoichiometric reaction between CH4 and
the a-oxygen.

In situ Fourier transform infrared (FTIR) spectroscopic
studies revealed that the exposure of Fe-ZSM-5 to CH4 and
N2O at 4448 K resulted in the formation of methoxy groups.65

The active sites for the oxidation of CH4 to methoxy species
by N2O were demonstrated to be extra-framework Fe sites
associated with framework Al. The methoxy groups decom-
posed to COx when the temperature was raised to 4523 K
but they could be rapidly hydrolyzed to CH3OH when reacted
with H2O at 523 K. The steady-state oxidation of CH4 with N2O
at 523 K produced primarily COx only with a very small amount
of CH3OH (selectivity o2%).65

A recent study using the N2O/Fe-ZSM-5 system with a high
concentration of a-oxygen (100 mmol g�1) revealed that dimethyl
ether (DME) could also be formed on the catalyst surface in
addition to CH3OH, and DME corresponded to 6–7% of the CH4

reacted.66 The use of acetonitrile or tetrahydrofuran in combi-
nation with 10 vol% H2O as a solvent was quite efficient for the
extraction of products formed on the catalyst surface, and the
total amount of the extracted methanol and DME comprises
75% of the CH4 reacted. The missing product remained on the
catalyst surface. Further studies on the simultaneous exposure of
Fe-ZSM-5 to CH4 and N2O at 433 K, at which the a-oxygen could
be generated but the product still remained on catalyst surface
without formation of COx, showed that the stoichiometric ratio
of reacted CH4/N2O was 1 : 1.67 Furthermore, a larger amount of
N2O or CH4 than the amount of the active iron sites, known as
the a-sites, was consumed. The TON could reach about 3.6 after
an adequate longer reaction time. The extracted products con-
tained 76% CH3OH and 23% DME together with a small fraction
of acetaldehyde. The yield of product extracted (fraction of the
extracted products in CH4 converted) was B70%. The TON
higher than 1 was believed to arise from the spillover of the
formed CH3OH from the a-sites, which liberated the a-sites for
further deposition of a-oxygen species and subsequent reaction.
This was regarded as a ‘‘quasi-catalytic’’ oxidation of CH4 by N2O
to CH3OH and DME.67

Only a few studies have so far demonstrated the true catalytic
oxidation of CH4 by N2O to oxygenates.68–71 In particular, FePO4

or supported FePO4 exhibited unique catalytic performances.
CH3OH, HCHO and CH3OCH3 were formed over these catalysts,
and the selectivity to these oxygenates could be higher than 90%
at 673 K.69 For example, over a 40 wt% FePO4/MCM-41 catalyst,
the selectivities to CH3OH, HCHO and CH3OCH3 were 23.7%,
48.2% and 24.7%, respectively, with a CH4 conversion of 0.98%
at 673 K. The increase in the temperature to 723 K increased
the CH4 conversion to 3.0% but decreased the selectivity of
oxygenates from 96.6% to 82.1%.69 Although the single-pass
conversion was not high (o3.0%), the selectivity to oxygenates
was particularly excellent (up to 96.6%). X-Ray photoelectron
spectroscopy (XPS) revealed that a part of Fe(III) on the catalyst
surface could be reduced to Fe(II) by CH4 or the reductive
products (e.g., CH3OH) at Z673 K, since N2O was a weak
oxidant.68 The Fe(II) site with a certain steady-state concen-
tration on catalyst surfaces during the reaction was proposed

Fig. 5 Proposed reaction mechanism for selective oxidation of CH4 with

H2O2 catalyzed by Fe-ZSM-5 or Fe-silicalite-1 in water.56 Reprinted from

ref. 56, with the permission of the John Wiley and Sons.
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cause the activation of N2O, generating an active oxygen species,
likely, Fe(III)–O�, for the activation of CH4 (Fig. 6).

68 The presence of
phosphorus was demonstrated to be essential for obtaining a high
selectivity to organic oxygenates since the FeOx/SBA-15 displayed
only a low oxygenate selectivity (32.0%) and, in particular, no
CH3OH formation.70 Thus, the phosphate groups surrounding
the Fe site contributed significantly to the selective formation
of CH3OH as the primary product.

2.2.4 Selective oxidation of methane with O2. Fe(III) is known
to be the active centre for the soluble methane monooxygenase
(sMMO) in methanotrophic bacteria, which can catalyse the
selective oxidation of CH4 to CH3OH by O2 in the presence of a
biological reductant (eqn (7)).72,73

CH4 + O2 + 2H+ + 2e� - CH3OH + H2O (10)

In this context, some heterogeneous Fe-based systems including
the H2O2/Fe-ferrisilicalite-1,

56–58 the N2O/Fe-ZSM-563–67 and the
N2O/FePO4

68,69 can work for the selective oxidation of CH4 to
oxygenates. However, these Fe-based systems generally could
not work well for the formation of CH3OH when O2 was used as
an oxidant instead of H2O2 or N2O.

Copper is the active centre of the particulate methane
monooxygenase (pMMO), which is known to be the most
efficient catalytic system for the selective oxidation of CH4 to
CH3OH, with a TOF approaching 1 s�1.74–77 The chemistry of
Cu-based selective oxidation of CH4 by O2 has attracted much
attention in recent years. For example, Yoshizawa and Shiota
performed a detailed DFT calculation for the activation of O2

and the conversion of CH4 over the mononuclear and dinuclear
copper sites, which may exist in pMMO.78 Their results suggest
that O2 can be activated by the mononuclear Cu(I) species to give
a Cu(II)–superoxo (Cu(II)–OO�) species in the first step. Then,
the Cu(II)–superoxo species accepts an H-atom transferred from
a tyrosine residue near the mononuclear Cu site to produce
a Cu(II)–hydroperoxo species (Cu(II)–OOH). The Cu(II)–OOH species
is then transformed into a Cu(III)–oxo (Cu(III)QO) species by the
abstraction of an H atom from another tyrosine residue. The
Cu(III)QO is proposed to be responsible for the activation of
CH4. In the case of dinuclear Cu sites, O2 is first incorporated
into the dicopper site to form a (m-Z2:Z2-peroxo)dicopper species,

which is then transformed into a bis(m-oxo)dicopper species.
This species can activate CH4 with an activation energy of
17.6 kcal mol�1, which is similar to that with the Cu(III)QO
species. However, the formation of the bis(m-oxo)dicopper
species from dicopper site is more favorable than the formation
of the Cu(III)QO species from the monocopper species. On the
other hand, Chan and co-workers have strengthened the impor-
tance of the trinuclear copper cluster in pMMO for the activa-
tion of O2 and the activation of C–H bonds.76,79–81 Recently,
Chan and co-workers have further demonstrated that a tri-
nuclear copper complex, [CuICuICuI(7-N-Etppz)]1+ (Etppz = 3,30-
(1,4-diazepane-1,4-diyl)bis[1-(4-ethylpiperazine-1-yl)propan-2-ol]),
can work for the oxidation of CH4 to CH3OH in acetonitrile by
O2.

80 A TON of 0.92 was obtained in 10 min. To be catalytic, this
complex requires regeneration by H2O2. Furthermore, a tricopper
peptide complex was synthesized and was demonstrated to be
capable of working for the selective oxidation of CH4 to CH3OH.80

Schoonheydt and co-workers reported that Cu-loaded zeo-
lites could be exploited for the oxidation of CH4 to CH3OH after
pretreatment by O2.

33,82–85 Cu-ZSM-5 pretreated at 723 K in O2

flow, which was followed by an He purge to remove the gaseous
O2, could convert CH4 into CH3OH at 398–498 K.82 However,
CH3OH remained on the catalyst surface and could only be
obtained by extraction with a solvent. After reaction with CH4 at
448 K, an amount of 8.2 mmol g(cat)�1 CH3OH was extracted
from a Cu-ZSM-5 (Si/Al = 12, Cu/Al = 0.58) using a 1 : 1 water–
acetonitrile solvent.82 The reaction correlated to an absorption
at 22 700 cm�1 in the UV-vis spectrum; the generation of this
absorption was observed after O2 treatment and it disappeared
after the reaction with CH4. Further studies showed that Cu-
ZSM-5 with a Cu/Al ratio larger than 0.2 was required for the
generation of the absorption band at 22 700 cm�1 (B440 nm),
and the intensity of this absorption band increased with the
Cu/Al ratio. Correspondingly, CH3OH could only be obtained
from the Cu-ZSM-5 with a Cu/Al ratio 40.2.33 These observa-
tions clearly demonstrate that the species possessing an
absorption band at 22 700 cm�1 is the active species for the
conversion of CH4 to CH3OH. Detained spectroscopic studies
combined with DFT calculations suggest that the active species
is a bent mono(m-oxo)dicopper(II) species ([Cu2O]

2+) located in
ZSM-5, whose structure is displayed in Fig. 7A. An absorption
band at 29 000 cm�1 (B345 nm) was observed when the pre-
reduced Cu-ZSM-5 (in He at 723 K, Cu/Al = 0.5) was exposed to
O2 at room temperature.84 Interestingly, this band also could
not be observed at lower Cu content (Cu/Alo0.2). The increase
in temperature to ZB448 K led to the appearance of the band
at 22 700 cm�1 and the parallel disappearance of the band at
29 000 cm�1. Further resonance Raman spectroscopic measure-
ments using laser excitation at 363.8 nm led to Raman bands at
269 and 736 cm�1, which could be ascribed to the O–O and the
Cu–Cu stretch of the m-(Z2-Z2)peroxo dicopper(II) ([Cu2(O2)]

2+)
moiety, respectively.84 Thus, the absorption band at 29000 cm�1

could be assigned to be a peroxo p*s into Cu(II) charge transfer
transition. These results all suggest that the active species
(i.e., [Cu2O]

2+) is formed via the [Cu2(O2)]
2+ precursor. Fig. 7B

shows the possible reaction mechanism proposed for the

Fig. 6 Proposed reaction mechanism for selective oxidation of CH4 with

N2O to CH3OH catalysed by FePO4 or supported FePO4.
68–70 Adapted

from ref. 68, with the permission of the Royal Society of Chemistry.
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generation of active species in Cu-ZSM-5 from O2, which can work
for the selective oxidation of CH4 to CH3OH. Concerning the
activation of CH4 by the [Cu2O]

2+ species, DFT calculation suggests
that this species can abstract H from CH4, producing CH3OH via a
CuII–O��–CuI and an attached CH3 radial (eqn (11)).83,85

[CuII–O–CuII]2+ + CH4 - [CuII–�OH–CuI]2+� � ��CH3

- 2CuI + CH3OH (11)

The calculated energy barrier for the H abstraction is
18.5 kcal mol�1, which is close to that obtained from experi-
mental studies (15.7 kcal mol�1). This reaction has a KIE of
3.1 at 448 K,83 indicating that the cleavage of C–H bond is the
rate-determining step for the oxidation of CH4.

In addition to Cu-ZSM-5, Co-ZSM-5 also showed such an
ability to perform the selective oxidation of CH4 after pretreat-
ment in O2.

86–88 Similar to the Cu-ZSM-5 system, the products
had to be extracted from Co-ZSM-5 using a suitable solvent and
the extracted products were also only a few percent of the total
moles of Co. Thus, the reaction is not catalytic but stoichiometric.
The Co-ZSM-5 (Si/Al = 17.5) with a lower Co content (0.9 wt%),
which contained 80% isolated Co(II), provided CH3OH and
HCHO with selectivities of 25% and 75%, respectively, after
exposure to CH4 at 423 K (the products were extracted by
ethanol).86 The increase in Co content in Co-ZSM-5 led to the
generation of more cobalt oxide species at the expense of isolated
Co(II). The selectivity of CH3OH increased to 45% and that of
HCHO decreased to 55% at the same time. A subsequent study
confirmed that the higher fraction of isolated Co(II) in the
Co-ZSM-5 resulted in higher selectivity to HCHO.87 Furthermore,
the formation of formate was observed by a detailed FTIR study.88

The following Cannizzaro reaction (eqn (12)) was proposed to
take place on the surface of Co-ZSM-5.88

2HCHO + H2O - CH3OH + HCOOH (12)

Through comprehensive NMR studies, Deng and co-workers
found that the Zn-modified H-ZSM-5 (Zn loading, 3.8 wt%),
which was prepared by the reaction of metallic Zn vapour with
H-ZSM-5 (Si/Al = 21), could activate CH4 at room temperature.
Besides zinc methyl (Zn–CH3) species, surface methoxy species
attached to zeolite framework were also detected at room
temperature by in situ solid-state NMR spectroscopy.89 The
methoxy species can be readily transformed to CH3OH by
hydrolysis with H2O or be converted into hydrocarbons at
higher temperatures (Z523 K). Three types of Zn species
(including isolated ZnII, isolated ZnI and binuclear ZnI–O–ZnII)
have been identified on the ZnZSM-5, and it is proposed that
the binuclear ZnI–O–ZnII is responsible for the activation of
CH4, forming methoxy species possibly through the following
reactions (eqn (13) and (14)).89

Z–Zn–O–Zn–Z + CH4 - Z–Zn(OH)–Zn–Z + �CH3 (13)

Z–O + �CH3 - Z–OCH3 (14)

where Z denotes the zeolite framework.
Although the results obtained from these zeolite-based systems

are of high fundamental significance, the problem is that the
products have to be extracted by a solvent and the reaction is not
catalytic. Bokhoven and co-workers recently developed a multi-step
route for performing the oxidation of CH4 to CH3OH using
O2-pretreated Cu-mordenite.90 In the first step, the Cu-mordenite
was treated by O2 at 723 K to generate the active species, followed
by cooling down to room temperature in He. The generation of the
[Cu2O]

2+ species was confirmed by the appearance of the absorp-
tion band at 22700 cm�1. Then, the temperature was raised to
473 K and the sample was exposure to CH4. Subsequently, a gas
flow of H2O/He was introduced, and CH3OH was observed in the
outlet of the stream. After the first cycle, the Cu-mordenite was
treated by O2 again to regenerate the active species. In the second
cycle, the amount of CH3OH was found to be close to that in the
first cycle, showing that the Cu-mordenite could be used for the
formation of CH3OH by repeating the reaction cycle.

On the other hand, there are also many studies devoted to the
selective oxidation of CH4 to oxygenates by O2 at relatively higher
temperatures using heterogeneous catalysts, although the advances
in this direction have not been very significant in recent years.
Conventionally, MoO3/SiO2 and V2O5/SiO2 were extensively studied
for the selective oxidation of CH4 by O2. Inmost cases, HCHO could
be obtained with yields ofo5%.93–98 The reaction proceeds via the
Mars–van Krevelen mechanism, which has been proposed for the
selective oxidation of olefins to oxygenates.2–7 The lattice oxygen, in
particular, the terminal oxygen species, e.g., Mo(VI)QO, might work
for the activation of CH4 (eqn (15)), and the reduced site (Mo(IV))
could be recovered by O2 (eqn (16)).

CH4 + 2MoVIQO - HCHO + H2O + 2MoIV (15)

2MoIV + O2 - 2MoVIQO (16)

Fig. 7 (A) Possible structure of active species. (B) Proposed mechanism

for the formation of active oxygen species from O2 over Cu-ZSM-5 for the

selective oxidation of CH4 to CH3OH.83,84 (A) and (B) reprinted from ref. 83

and 84, with the permission of PNAS and the American Chemical Society

(copyright 2010), respectively.
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A DFT calculation revealed that the terminal oxygen species of
Mo(VI)QO in a model Mo3O9 cluster could abstract the hydrogen
atom from CH4.

99 However, recent studies for the MoOx/SiO2

catalyst with isolated MoOx species suggested that the active
oxygen species for CH4 activation was not the lattice oxygen but
might be a peroxide species generated by the activation of O2 on
the isolated reduced Mo(IV) site (Fig. 8).91,92 This mechanism
might also be applicable to the supported VOx catalysts, for
which the isolation of VOx species is required for the selective
oxidation of CH4 to HCHO. The VOx/SBA-15 and VOx/MCM-41
catalysts, which contained a high dispersion of VOx species
(0.08 V atom per nm2), could provide high TOF (0.48) for HCHO
formation.100,101 For example, a TOF of 0.48 s�1 could be
achieved over the VOx/SBA-15 at 898 K.100,101

Various transition metal cations or metal oxide nanoclusters
highly dispersed on SBA-15 have recently been examined for the
selective oxidation of CH4 by O2 at 898 K.102 The content of the
transition metal was controlled at o0.01 wt% to obtain a high
dispersion. On this occasion, the MoOx/SBA-15 and VOx/SBA-15
showed only very low activity. Unexpectedly, the CuOx/SBA-15
exhibited the highest HCHO formation activity, followed by
FeOx/SBA-15 and MnOx/SBA-15.

102 This result is unique because
copper is usually a good component employed in methane
combustion catalyst. However, if one considers that Cu and Fe
are the active centres of the methane monooxygenases (pMMO
and sMMO), this observation is understandable and is certainly
of interest.

Iron-based heterogeneous catalysts with Fe(III) sites highly
dispersed in amorphous silica or mesoporous silica have
already been known to catalyse the selective oxidation of CH4

by O2.
70,95,103–107 However, few studies have been devoted to

the copper-based catalytic oxidation of CH4 by O2, although the
O2-pretreated Cu-containing zeolites could oxidize CH4 to CH3OH
in a non-catalytic manner (Fig. 7).33,82–86 Studies by Wang and
co-workers for the CuOx/SBA-15-catalyzed CH4 selective oxida-
tion clarified that a small amount of copper (0.008 wt%) existing

in SBA-15 could enhance significantly the selective formation
of HCHO.108 ESR characterization indicated that this catalyst
contained primarily isolated Cu(II) ions. The TOF calculated
based on the moles of HCHO formed per mole of CuII sites
per unit time reached 5.6 s�1 at 898 K for this catalyst.108

This value is several orders of magnitude higher than those
reported for other catalysts and is even higher than that for
pMMO (B1 s�1).81 In addition, a 0.6 wt% CuOx/SBA-15 catalyst
prepared by the grafting approach, which contained a higher
fraction of isolated Cu(II) attached on the framework of SBA-15,
was found to be significantly more selective for HCHO formation
than the catalyst with a similar Cu content but prepared by the
impregnation method.109 The latter catalyst possessed a larger
fraction of CumOn clusters. This suggests that the isolated Cu(II)
site is responsible for the selective oxidation, while the CumOn

cluster catalysed the complete oxidation of CH4 to CO2.
Further studies using the pulse reaction technique in combi-

nation with ESR spectroscopic measurements revealed that the
lattice oxygen or the oxygen species associated with Cu sites in
the CuOx/SBA-15 oxidised CH4 to CO and CO2 but not HCHO.
The presence of gaseous O2 was indispensable for the formation
of HCHO. Part of the Cu(II) sites could be reduced to Cu(I) by CH4

molecules under the reaction conditions. The increase in the
concentration of Cu(I) at the initial reaction stage increased both
the CH4 conversion and the HCHO selectivity. Thus, the Cu(I)
site generated under reaction conditions accounts for the activa-
tion of O2 to provide an active oxygen species for the selective
oxidation of CH4 to HCHO (Fig. 9).108,109 This mechanism is
different from the conventional M–v K mechanism proposed for
the supported MoOx and VOx oxide catalysts. The lattice oxygen
in the CuOx clusters instead oxidizes CH4 to COx, and this is
believed to be the main reason why the isolated Cu(II) site is
required for the selective formation of HCHO. Concerning
the nature of the active oxygen species, the DFT calculations
by Yoshizawa and Shiota suggest that the Cu(II)–superoxo
(CuII–OO�) species, which can be easily formed by the activation
of O2 on the mononuclear Cu(I) species, can activate the C–H bond
of CH4 with an activation energy of 155 kJ mol�1.78 The reaction
with such an activation energy is difficult under physiological
temperatures but may be possible at relatively higher temperatures
(Z773 K). In the solid state, the oxygen species generated from
O2 on a single Cu(I) site with organic complexes has also been

Fig. 8 Proposed reaction mechanism for the selective oxidation of CH4

by O2 over MoOx/SiO2.
91,92 Reprinted from ref. 91, with the permission of

the American Chemical Society, copyright 2006.

Fig. 9 Proposed reaction mechanism for the selective oxidation of CH4

by O2 over CuOx/SBA-15 with isolated Cu(II) dispersed on SBA-15.108,109

Reprinted from ref. 108, with the permission of the Elsevier, copyright 2010.
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demonstrated to be capable of breaking the C–H bond.110

Further studies are needed to elucidate the nature of the active
oxygen species in the current isolated Cu(II)-based catalytic
system for the selective oxidation of CH4 to HCHO by O2.

2.2.5 Oxidative conversion of methane into acetic acid or

its derivatives. In addition to C1 oxygenates such as CH3OH and
HCHO, the direct oxidative functionalization of CH4 to acetic
acid has also attracted research attention, particularly in homo-
geneous systems using transition metal salt or metal complex
catalysts.49,111–114 A few early studies also pointed out that CH4

could be carbonylated to acetic acid in the presence of CO and a
superacid such as HF–SbF5 or FSO3H–SbF5.

115,116 The conver-
sion of CH4 in the presence of strong acid might form a methyl
cation, followed by carbonylation with CO to give the acetyl
cation ([CH3CQO]+), which undergoes hydrolysis to acetic acid
(eqn (17)–(19)).115,116

CH4 + HF–SbF5 - CH3
+ + H2 + SbF6

� (17)

CH3
+ + CO - [CH3CQO]+ (18)

[CH3CQO]+ + H2O - CH3COOH + H+ (19)

Based on solid-state 13C magic-angle spinning (MAS) NMR
studies, Stepanov et al. demonstrated that the carbonylation
of isobutane by CO could proceed over a solid superacid,
i.e., sulphated zirconia, at 343 K, providing methyl isopropyl
ketone [(CH3)2CH(CO)CH3] and pivalic acid [(CH3)3CCOOH] as
the main product in the absence and the presence of H2O,
respectively.117 Similarly, propane could be carbonylated with
CO on sulphated zirconia to form isobutyraldehyde and iso-
butyric acid at 373–423 K.118 Isobutyraldehyde was the inter-
mediate product and was almost completely converted into the
acid at 423 K. The sulphate groups of sulphated zirconia were
responsible for the oxidation of aldehyde to acid, and the
sulphate group itself was likely reduced into a dithionate species.
A subsequent study by the same research group using MAS NMR
further showed that CH4 could also be converted into CH3COOH
at 473–523 K in the presence of CO on the surface of sulphated
zirconia.119 The reaction was performed in a sealed glass tube
designed for NMR spectroscopic measurements. The amount of
Brønsted acid sites was about 500 mmol g�1, and the conversions
of CH4 (ca. 300 mmol g�1) with CO (ca. 300 mmol g�1) in the
absence and the presence of O2 (ca. 150 mmol g�1) at 523 K were
18% and 24%, respectively. The products extracted from the
sample after the reaction with diethyl ether confirmed the
formation of CH3COOH. Two possible routes have been
proposed for the formation of CH3COOH. In one route, the
activation of CO by the strong Brønsted acid sites occurs first,
giving formate species, which may be transformed into a formyl
cation [HCQO]+. The interaction of CH4 with the formyl cation
may offer acetaldehyde, and acetaldehyde was further oxidized
into acetic acid by the sulphate group or by O2. In the other
route, the activation of CH4 by the superacid site occurs first,
forming CH3

+ cation. Then the reaction of CH3
+ with CO

produces [CH3CQO]+, which is subsequently transformed into
CH3CHO and finally into CH3COOH.

Recently, the reaction of CH4 with heteropolyacids such as
H4SiW12O40 and H3PW12O40, which are known to possess very
strong acidity,120,121 attached on a partially dehydroxylated SiO2

surface via surface organometallic chemistry method was inves-
tigated by solid-state NMR.122 The formation of adsorbed
CH3COOH at 298–393 K was evidenced by NMR spectra.
Although the detailed mechanism for CH3COOH formation is
still unclear, the following reaction was proposed to occur on
the surface of heteropoly acids (eqn (20)).122

2CH4 + [H2SiW12O40]
2�[RSi–O(H)2]

+
2

- CH3COOH + [H2SiW12O36]
2�[H3O]

+
2[RSi–OH]2

(20)

The activation of propane and isobutane in the presence of
CO and H2O over acidic H-ZSM-5 was also investigated by in situ

solid-state NMR and GC analysis.123 Isobutyric acid was formed
on the surface from propane at 373–473 K, while isobutane was
transformed into pivalic acid [(CH3)3CCOOH] with simultaneous
production of H2. Thus, the protons in H-ZSM-5 can also be
exploited for the activation of CO or lower alkanes. Wu et al.

performed a detailed MAS NMR study on possible C1 surface
species from CH4 activation on Zn/H-ZSM-5, and they identified
zinc methyl species, formate species and methoxy species at
r573 K.124 They further clarified that these C1 species could
undergo different reactions in the presence of different probe
molecules such as water, methanol, hydrochloride, oxygen and
carbon dioxide. Recently, through in situ 13C MAS NMR studies,
Deng and co-workers reported the formation of acetic acid in the
presence of CH4 and CO at 623 K on the surface of a ZnZSM-5,
which was prepared by the reaction of metallic Zn vapor with
H-ZSM-5.125 Zinc methyl species (Zn–CH3) and zinc methoxy
species (Zn–OCH3) were both observed and may function as
reaction intermediates. The presence of a small amount of O2

enhanced the formation of the Zn–CH3 species but disfavored
the formation of Zn–OCH3 species, while the presence of H2

favored the formation of Zn–OCH3. Two parallel pathways have
been proposed for CH3COOH formation.125 One pathway is the
reaction of Zn–CH3 with CO2, and the methyl and carbonyl
groups of acetic acid stem from CH4 and CO, respectively. The
other pathway is the carbonylation of Zn–OCH3 with CO through
the Koch-type mechanism. The presence of O2 favors the former
pathway, while the presence of H2 favors the latter.

Although fundamentally interesting, the reactions in the
above systems are stoichiometric but not catalytic. The formed
acetic acid could only be observed by solid-state MAS NMR or
be extracted by a solvent. Few studies have succeeded in
performing catalytic conversion of methane to acetic acid or
its derivatives using a heterogeneous catalyst. Wang et al. found
that the introduction of CO into the gas mixture of CH4 and
N2O resulted in the direct formation of methyl acetate over a
rhodium-doped iron phosphate catalyst (eqn (21)).126

2CH4 + N2O + CO - CH3COOCH3 + N2 + H2O (21)

Further studies revealed that the preparation of Rh–FePO4

catalyst with Rh(III) incorporated into the lattice of FePO4 to
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form a RhxFe1�xPO4 solid solution led to a significantly higher rate
for CH3COOCH3 formation than the Rh/FePO4 catalyst prepared by
conventional impregnation, which contained RhOx clusters on the
surface of FePO4.

127 The analysis of the structure–performance
relationship suggests that the dual sites containing both Rh(III)
and Fe(III) connected by phosphate groups (–FeIII–O–P–O–RhIII–O–
P–O–) are responsible for CH3COOCH3 formation. Based on this
structural model of active sites, a catalyst containing RhxFe1�xPO4

nanoclusters dispersed in mesoporous channels of MCM-41 was
successfully prepared, and this catalyst possessed a higher concen-
tration of the surface dual site. A methyl acetate formation rate of
ca. 0.7 mmol g(cat)�1 h�1 was achieved at 723 K over a 0.11 wt%
Rh–9.1 wt% FePO4/MCM-41 catalyst. The TOF for CH3COOCH3

formation was ca. 65 h�1 over this catalyst.
Further mechanistic studies using CO temperature-

programmed reduction (CO-TPR), XPS and FTIR of adsorbed
CO for the oxidative carbonylation of CH4 in the presence of CO
and N2O suggest that simultaneous reductions of Rh(III) and
Fe(III) to Rh(I) and Fe(II) occur in CO, and a Rh(I) geminal
dicarbonyl species, RhI(CO)2, has been observed in the CO
adsorbed FTIR spectra.128 The Fe(II) site generated after the
reduction of the dual site by CO could activate N2O, generating
the active oxygen species for CH4 activation (Fig. 10).127,128

The formed CH3 species would migrate to the neighbouring
Rh(I) site coordinated by CO, and the insertion of CO into the
Rh–C bond could result in the formation of an acetyl-rhodium
intermediate. CH3COOCH3 should be formed via the reaction
of the acetyl-rhodium species with the CH3O species on the
surface. Because the activation of CH4 and the carbonylation of
CH3 by CO occur on iron and rhodium, respectively, it is
understandable that the dual site containing Rh(III) and Fe(III)
in close proximity is crucial for the formation of CH3COOCH3.

2.3 Oxidative conversion of methane to higher hydrocarbons

The oxidative conversion of CH4 to C2+ hydrocarbons, in particular
lower olefins (ethylene and propylene), is another challenging
reaction in methane chemistry. Lower olefins are very important
building-block chemicals, and are primarily produced from petro-
leum via steam cracking of naphtha in the current chemical
industry. The conversion of CH4 to higher hydrocarbons requires
the formation of C–C bonds. Conventionally, there are two major
routes for C–C coupling. One is the Fischer–Tropsch synthesis,
which involves the conversion of CO with H2 into higher hydro-
carbons with a wide distribution of products. The other route
includes single-step C–C coupling, such as methanol carbonylation
to acetic acid, olefin metathesis, aldol condensation and alkylation.
Some catalytic systems for the oxidative carbonylation of CH4 have
been developed (Section 2.2.5), but the efficiency is still low. The
oxidative methylation of aromatics with CH4 (eqn (22)) could
proceed over a suitable zeolite catalyst although the performance
was limited.129 Furthermore, CH4 could react with ethylene
to produce propylene (eqn (23)) over (LiCl + NaCl)/MgO or
Ag+-exchanged zeolite catalysts.130,131 This article will not include
these C–C couplings of CH4 with other molecules.

CH4 + C6H6 + 1/2O2 - C6H5CH3 + H2O (22)

CH4 + C2H4 + 1/2O2 - C3H6 + H2O (23)

On the other hand, direct OMC to C2H6 and C2H4 (eqn (24)
and (25)) has been studied for about 30 years.

2CH4 + 1/2O2 - C2H6 + H2O (24)

2CH4 + O2 - C2H4 + 2H2O (25)

A large number of papers have been published in this area.29,132–137

The reaction proceeds via a heterogeneous–homogeneous
mechanism. In brief, the initial step is the activation of CH4

on catalyst surface (heterogeneous), forming methyl radicals.
Then, gas-phase reactions involving methyl radicals in the
presence of CH4 and O2 (homogeneous) will proceed to a large
extent.21,36 With such a mechanism, there may exist inherent
limits of product yield. An upper bound of yield to C2 hydro-
carbons has been estimated to be B28% by kinetic modelling
under conventional, packed-bed and continuous-feed opera-
tion.138 A recent statistical analysis based on the references of
the last 30 years suggests that high-performance catalysts are
primarily based on Mg and La oxides.137 The addition of alkali
or alkaline earth metal ions or salts as dopants can increase the
selectivity of the host oxides, while several transition metal
dopants such as Mn and W have positive effects on activity.
Chlorine anions existing in the catalyst may also play a positive
roles in catalytic performances. The maximum C2 yield reached
26% over optimized catalysts.137

Several recent papers dealt with new strategies to prepare
efficient OMC catalysts. For example, a novel Cl-doped perovskite-
type composite oxide catalyst, Ba0.5Sr0.5Fe0.2Co0.8O3�dCl0.04, was
found to be very effective for the oxidative coupling of CH4 using
N2O as an oxidant.139 The Cl modification significantly enhanced
the selectivity, and a C2 selectivity of B46% could be obtained

Fig. 10 Proposed reaction mechanism for the oxidative carbonylation of

CH4 in the presence of CO and N2O over catalysts containing dual sites

of RhIII and FeIII connected by phosphate groups.127,128 Reprinted

from ref. 128, with the permission of the American Chemical Society,

copyright 2007.
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at a CH4 conversion of B66%, providing a C2 yield of B30% at
1123 K. The ratio of C2H4/C2H6was 2.6 at the same time. Although
the loss of chlorine might occur at such a high temperature for a
long time on-stream, the performance of this catalyst was stable
at least for B6 h. The use of N2O could decrease the gas-phase
radical reactions and increase the contribution of surface reactions.
It remains unclear whether the surface oxygen species derived from
N2O or the lattice oxygen of the chlorinated perovskite is respon-
sible for the activation of CH4.

La2O3-based catalysts showed excellent catalytic perfor-
mance for the oxidative coupling of CH4 at relatively lower
temperatures. Recently, Senkan and co-workers found that the
utilisation of nanofiber-morphology La2O3–CeO2 (La/Ce = 15/1)
prepared by an electrospinning technique could further
decrease the ignition temperature for the oxidative coupling
of methane.141 For the conventional particulate La2O3–CeO2

catalyst prepared by the co-precipitation method, the conver-
sion of CH4 started fromB813 K, giving a C2 yield of 5% and a
C2 selectivity of 60%. On the other hand, the La2O3–CeO2

nanofibers provided a C2 yield of 18% and a C2 selectivity of
65% at 743 K. With increasing the temperature to 793 K, the C2

yield and selectivity increased to 20% and 70%, respectively. It
is proposed that the nanofabricated catalyst may provide better
dispersion of active sites and easier access of reactants to the active
sites. Furthermore, the nanofibers may expose particular facets
different from those of the nanoparticles, favouring the OMC
reaction. Sm2O3 foams fabricated by a direct foaming process have
also been examined as catalysts for the OMC reaction.142 The Sm2O3

catalyst prepared by the foaming technique led to unique bimodal
pore-size distribution with pores of 10–100 mmand 300–400 nm. The
C2 yield and space time yield for the Sm2O3 foams were significantly
higher than those for the Sm2O3 powders. These results imply that
the catalyst with a more favourable mass and heat transfer is
beneficial for the OMC reaction.

For the OMC catalysts developed to date, the formation of
COx (CO and CO2) is unavoidable, particularly at industrially
relevant CH4 conversions. How to increase the C2+ selectivity
and to decrease the COx selectivity is a key issue for the OMC
reaction. Recently, a new strategy has been proposed for improving
product selectivity by combining the OMC reaction with the
selective hydrogenation of COx into hydrocarbons (Fig. 11).140 In
this dual-reactor strategy, the OMC reaction was performed at a
higher temperature in the first reactor containing an OMC catalyst
(e.g., an Mn–Na–W/SiO2 catalyst operated at 1103 K). The outlet
mixture of the reaction products and the unreacted CH4 was mixed
with a flow of pure H2 and was directly introduced into a second
reactor loaded with a COx hydrogenation catalyst operated at
ambient pressure and a lower temperature (e.g., Ru–Mn/TiO2

operated at 473 K). The results showed that the employment of
the second reactor containing the Ru–Mn/TiO2 catalyst operated at
473 K in combination with the Mn–Na–W/SiO2 catalyst in the first
reactor did not significantly alter CH4 conversion. The yield of COx

decreased significantly with increasing the catalyst amount loaded
in the second reactor (Fig. 11B). At the same time, the yield of
C2+ hydrocarbons increased from B22% to B34%. This high
C2+ yield confirms the usefulness of the dual-reactor strategy.

In addition to C2, C3–C5 hydrocarbons were also obtained with
a selectivity of 20–30% depending on the catalyst amount in the
second reactor. CO formed in the OMC reaction in the first reactor
was completely converted to hydrocarbons in the second reactor,
while around 70% of CO2 still remained unconverted at 533 K. To
increase further the efficiency of the whole process, the develop-
ment of OMC catalysts without CO2 formation or hydrogenation
catalysts with higher CO2 hydrogenation abilities is required. To
avoid the hydrogenation of olefins, in particular ethylene, in the
second reactor is also highly desirable. Furthermore, the practical
realization of this dual-reactor strategy will require an inexpensive
H2 source. Solar-driven water splitting can be attractive if efficient
photocatalysts can be developed in the near future.

In addition to O2, other oxidants have also been examined
for the oxidative coupling of CH4 to higher hydrocarbons. The use of
other oxidants may decrease the gas-phase radial reactions, provid-
ing an opportunity to improve the product selectivity by controlling
the reactions on catalyst surfaces. As described above, the use of N2O
as an oxidant for the OMC reaction over a Cl-doped perovskite-type
composite oxide catalyst (Ba0.5Sr0.5Fe0.2Co0.8O3�dCl0.04) led to
high C2 selectivity and yield (B30%).139 CO2 was also employed
as the oxidant for the OMC reaction. The C2 yield is, however,
less than 10% at temperaturesr1173 K, because the oxidation
ability of CO2 is too weak.143–146

Recently, S2 has been exploited as a ‘‘soft’’ oxidant for the
OMC reaction.147 The oxidative coupling of CH4 by S2 to form
C2H4 (eqn (26)) at 1073 K is thermodynamically viable, while that to
form C2H6 (eqn (27)) is a thermodynamically uphill reaction.
Although the deep oxidation to form CS2 is thermodynamically
more favourable (eqn (28)), the driving force for this over-oxidation

Fig. 11 (A) Dual-reactor strategy for the conversion of CH4 to C2+

hydrocarbons. (B) Dependence of catalytic performance on the amount

of catalyst in the second reactor. The OMC reaction was performed with

Mn–Na–W/SiO2 (250 mg) and a CH4/O2/N2 (30/15/55) feed (flow rate:

50 mL min�1). The COx hydrogenation was performed with Ru–Mn/TiO2 at

473 K, and the H2 flow rate was 20 mL min�1.140 Reprinted from ref. 140,

with the permission of the John Wiley and Sons.
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is less as compared that to form CO2 in the presence of O2 (DG =
�792 kJ mol�1 at 1073 K) due to the weaker C–S and H–S bonds
as compared to the C–O and H–O bonds.

2CH4 + S2 - C2H4 + 2H2S DG1073K = �4.9 kJ mol�1

(26)

2CH4 + 1/2S2 - C2H6 + H2S DG1073K = 33.9 kJ mol�1

(27)

CH4 + 2S2 - CS2 + 2H2S DG1073K = �124 kJ mol�1

(28)

A series of transition metal sulphide catalysts have been
investigated for the OMC by S2.

147 The activation of CH4 and the
selectivity of C2H4 can be correlated linearly with the metal–
sulphur bond strength and that the two relationships are inversely
related to each other. In other words: the sites that are more active
for CH4 activation involve more weakly bound surface S atoms,
which promote H abstraction from CH4; whereas those that are
more selective involvemore strongly bound surface S atoms, which
favour C–C coupling. PdS showed the highest C2H4 selectivity
among the transition metal sulphide catalysts examined. The
higher temperature and higher CH4 : S2 ratio led to a significant
increase in C2H4 selectivity and the reduction of PdS to Pd16S7. The
more reduced Pd16S7 state is more selective for C2H4 formation.
Furthermore, the loading of Pd16S7 onto ZrO2 could increase both
CH4 conversion and C2H4 selectivity. DFT computational studies
suggest that the formation of C2H4 proceeds via the coupling of
CH2 species formed on metal sulphide surfaces via the activation
of CH4. However, catalytic performances obtained at the moment
are still quite low; the maximum C2H4 selectivity of B20% was
obtained with a CH4 conversion ofB16% at 1323 K over the ZrO2-
supported Pd16S7 catalyst. Moreover, the Claus process (eqn (29))
for the regeneration of sulphur from the H2S produced has to be
incorporated in the catalytic cycle.

2H2S + O2 - S2 + 2H2O (29)

2.4 Transformation of methane via methyl halides

The chlorination of CH4 by Cl2 is a well-known reaction in organic
chemistry. At higher temperatures, this reaction proceeds via a
radical mechanism, producing a mixture of CH3Cl, CH2Cl2, CHCl3
and CCl4 and lacking selectivity to a particular compound. How-
ever, by controlling the reaction conditions and utilising a suitable
catalyst, a high selectivity to methyl halide (CH3Cl or CH3Br) could
be achieved.149,150 For example, Olah et al. demonstrated that
supported acid (e.g., TaOF3/Al2O3) or supported noble metal
(e.g., Pt/Al2O3) could catalyse the conversion of CH4 by Cl2 or
Br2 at 453–523 K, producing CH3Cl or CH3Br with selectivities
higher than 90% (eqn (30)).150 The hydrolysis of CH3Cl or
CH3Br could produce CH3OH or CH3OCH3 depending on the
catalyst used for hydrolysis (eqn (31) or (32)).

CH4 + Cl2 (Br2) - CH3Cl (CH3Br) + HCl (30)

CH3Cl (CH3Br) + H2O - CH3OH + HCl (HBr) (31)

2CH3Cl (CH3Br) + H2O - CH3OCH3 + 2HCl (HBr) (32)

However, the strongly corrosive nature of Cl2 or Br2 is a problem.
Moreover, the formed HCl or HBr has to be re-oxidised to Cl2 or Br2
by the Deacon process (eqn (33)), and this will further increase
the cost of these procedures.

2HCl (HBr) + 1/2O2 - Cl2 (Br2) + H2O (33)

Based on these early studies, the researchers at UC Santa
Barbara and Gas Reaction Technologies (GRT, Inc.) have developed
a process for the conversion of CH4 to CH3Br by Br2 and the
subsequent conversion of CH3Br to higher hydrocarbons, in
particular liquid fuels (Fig. 12).18,148 In addition to the Deacon
process (eqn (33)), the regeneration may also be carried out by
the electrolysis of HBr to Br2 and H2.

18

An intriguing catalytic system, MoO2Br2/Zn-MCM-48, which
involves the activation of CH4 by Br2 but without adding Br2 in
the gas phase, has been reported for the direct transformation
of CH4 into CH3OH or CH3OCH3 in the presence of O2.

151 The
selectivities to CH3OH and CH3OCH3 reached 55% and 35%,
respectively, with a CH4 conversion ofB12% at 493 K over the
8 wt% MoO2Br2/Zn-MCM-48 with a Si/Zn of 20. As shown in
Fig. 13, it is proposed that the MoO2Br2 in the catalyst can
readily react with O2, releasing Br2 as an intermediate. Then,
Br2 can activate CH4, forming CH3Br and HBr. The formed
MoO3 can scavenge the Br atom from HBr and CH3Br to provide
oxidized products, i.e., CH3OH and CH3OCH3, and to regenerate
the MoO2Br2 at the same time. The catalyst deactivation
occurred due to the loss of Br2 from the catalyst. The presence
of Zn in MCM-48 support could enhance the catalyst stability to

Fig. 12 Conversion of CH4 to CH3Br followed by subsequent coupling of

CH3Br to produce higher hydrocarbons.18,148 Reprinted from ref. 18, with

the permission of AAAS.

Fig. 13 Possible reaction cycle for the oxidation of CH4 to CH3OH and

CH3OCH3 via CH3Br over MoO2Br2/Zn-MCM-48 catalyst, which can

uniquely release Br2 during the reaction.151 Reprinted from ref. 151, with

the permission of the John Wiley and Sons.
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some extent, likely owing to the participation of ZnO/ZnBr2 in
the catalyst cycle.151

Recently, a few groups have shown that the conversion of
CH4 by HCl or HBr in the presence of O2 can also produce CH3Cl or
CH3Br (eqn (34)).152–154 There is no need for the expensive Deacon
process for the regeneration of Cl2 or Br2. For the subsequent
transformation of CH3Cl or CH3Br, besides oxygenates (e.g.,
CH3OH and CH3OCH3) and liquid fuel-based higher hydro-
carbons, lower olefins (CnH2n), in particular C2H4 and C3H6,
which are key building-block chemicals, are also attractive target
products (eqn (35)). The combination of these two reactions will
result in a new two-step process for the oxidative dehydrogena-
tion of CH4 into lower olefins (eqn (36)).

CH4 + HCl (HBr) + 1/2O2 - CH3Cl (CH3Br) + H2O (34)

CH3Cl (CH3Br) - 1/nCnH2n + HCl (HBr) (35)

Net: CH4 + 1/2O2 - 1/nCnH2n + H2O (36)

For the bromination of CH4 by HBr in the presence of O2,
supported noble metal catalysts such as Ru/SiO2 and Rh/SiO2

have been reported to be efficient.152,153 The high cost of the
noble metal catalysts have stimulated recent studies on non-
noble metal catalysts for the oxidative bromination of CH4

to CH3Br. FePO4/SiO2 showed a CH4 conversion ofB50% with
a CH3Br selectivity approaching 50% at 843 K.154 One-pot
hydrothermally synthesized FePO4-SBA-15 also exhibited good
performance for the oxidative bromination of CH4, giving a
CH3Br selectivity of 32% at CH4 conversion of 46% at 863 K.155

The FePO4-SBA-15 catalyst was found to be very stable, keeping
its catalytic performance for 1000 h. The FePO4 phase was trans-
formed into Fe7(PO4)6 and Fe2P2O7 after the reaction. It was
proposed that the redox of FeIII/FeII may participate in the catalytic
process. Although the selectivity to CH3Br was lower than 50%,
these studies suggested the production of a mixture of CH3Br
and CO with a ratio of 1 : 1, and such a product mixture could
be exploited for the production of acetic acid in the subsequent
step (eqn (37)).152,154,155

CH3Br + CO + H2O - CH3COOH + HBr (37)

For the chlorination of CH4 by HCl in the presence of O2,
Lercher and co-workers reported that LaCl3-based catalysts
were efficient, providing a CH3Cl selectivity of B55% at CH4

conversion of 12% at 748 K.26,157,158 LaCl3 was known as a catalyst
promoter for the chlorination of hydrocarbons in Cu-based
catalysts but was never considered as a main catalyst. This is
because a reducible metal is generally believed to be indispen-
sable. Thus, to understand the nature of the active site for the
irreducible LaCl3-catalysed oxidative chlorination of CH4 is of
fundamental significance. The DFT calculations suggest that
the reactions in eqn (38)–(40) may proceed on La-based catalyst
surfaces.26 In brief, O2 activates surface Cl� species on LaCl3
forming OCl�, and the oxidation state of chlorine changes
from �1 to +1. These OCl� are capable of serving as the active
species for the activation of CH4. This catalytic cycle, which
involves the redox between OCl� and Cl� for the activation of

CH4 without any changes in the oxidation state of underlying
metal, is quite unique.

Cl� (surface) + 1/2O2 (g) - OCl� (surface) (38)

OCl� (surface) + CH4 (g) - CH3Cl (g) + OH� (surface)
(39)

OH� (surface) + HCl (g) - H2O (g) + Cl� (surface) (40)

Recently, various metal oxides were further examined as
catalysts for the oxidative chlorination and bromination of CH4

by HCl or HBr in the presence of O2. CeO2 was found to be an
outstanding catalyst for both reactions.156 The morphology of
CeO2 affected the catalytic performances. For both reactions,
CeO2 nanorods exposing (110) and (100) planes showed the
highest rates of CH4 conversion and methyl halide formation,
whereas CeO2 nano-octahedra and nanoparticles, which exposed
(111) planes, were the least active (Fig. 14A).156 CeO2 nanocubes
exposing (100) planes exhibited the highest selectivity to CH3Cl
during the oxidative chlorination of CH4 (Fig. 14B).

In situ Raman spectroscopic studies suggest that a part of
CeO2 can be transformed into CeCl3 in HCl gas flow at 723 K.
No CeOCl was observed likely because of the instability of this
compound at such a temperature. However, in a gas flow of
CH4–HCl–O2 at 723 K, no CeCl3 or CeOCl was observed. This
indicates that CeO2 can be sustained during the reaction without
formation of CeCl3 or CeOCl. The XPS studies for the catalysts
after reaction showed that the Cl/Ce ratio was much lower
(o0.05), supporting the idea that there was no formation of
Cl-containing compounds on the catalyst surfaces.

The surface energy of CeO2 increases in the order of (111)o
(110)o (100).159 The H2-TPR studies suggest that the reducibility
of CeO2 catalysts with different morphologies decreases in the
following sequence: nanorod4 nanocube4 nano-octahedronE
nanoparticle.156 This sequence is similar to the activity order in
Fig. 14. Thus, the reducibility of CeO2 surfaces determines the

Fig. 14 Catalytic performances of CeO2 nanocrystals with different

morphologies for the oxidative chlorination of CH4 to CH3Cl. (A) Rates

of CH4 conversion and CH3Cl formation. (B) CH3Cl selectivity versus CH4

conversion. Reaction conditions: T = 753 K, CH4/HCl/O2/N2/He = 4/2/1/

1.5/1.5, total flow rate = 40 mL min�1.156 Reprinted from ref. 156, with the

permission of the John Wiley and Sons.
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catalytic behaviour for the oxidative chlorination and bromination
of CH4. A plausible reaction mechanism for the oxidative halo-
genation of CH4 over CeO2 is displayed in Fig. 15. In brief, the
adsorbed halide anion is oxidized by Ce4+ on the surface, forming
active Cl or Br species, and the Ce4+ is reduced into Ce3+. The
active Cl or Br activates CH4 to form CH3Cl or CH3Br. The surface
undergoes dehydration and re-oxidation by O2 to complete the
catalytic cycle. The formation of active halogen species is a key
step in this catalytic cycle, and the driving force for this step
involves the electron transfer between Cl� and Ce4+. This is in
agreement with the experimental result that the reducibility of
CeO2 surfaces determines the catalytic behaviour. This also
provides further clues for improving the catalytic performance,
since the modification of CeO2 by doping other transition metal
components can accelerate the redox of Ce4+/Ce3+. Actually, a
FeOx–CeO2 solid-solution nanorod catalyst has been found to be
more efficient for the oxidative chlorination of CH4, providing a
CH3Cl selectivity of 74% with CH4 conversion of 23% at 753 K.
This catalyst was quite stable, and a CH3Cl yield of 415% could
be sustained for at least B100 h.

3. Aerobic oxidation of alcohols

As one of the most fundamental organic transformations,
the catalytic selective oxidation of alcohols to corresponding
aldehydes or ketones has attracted significant attention among
engineers and scientists because aldehydes and ketones are
important intermediates or precursors for making drugs, fine
chemicals, vitamins and fragrances.12,160,161 From the viewpoints
of atom economy and environment, it is highly desirable to
develop heterogeneous catalysts to catalyze the oxidation reaction
and apply molecular oxygen as the oxidant. Over the past few
years, extensive work on catalytic selective oxidation of alcohols
has been carried out, including the metallic Pt catalyzed oxidation
of alcohols in aqueous media,162 the catalytic oxidation of primary
and secondary alcohols over Pd,163 the engineering aspects of

noble metal catalyzed alcohol oxidation,164 and immobilized metal
complexes and particles for oxidation of alcohols.12,13 Very recently,
Davis et al. summarized the selective oxidation of alcohols, such as
polyols and sugars, produced from biomass conversion.165

3.1 Mechanisms of aerobic selective oxidation of alcohols

A number of mechanisms have been proposed for the aerobic
oxidation of alcohols over both noble metal and nonprecious
transition metal (NTM) based catalysts. Developments of these
fundamentals are the driving forces for fabricating novel and
efficient catalytic processes. Therefore, it is necessary to understand
some general details during the catalytic oxidations of alcohols
before the discussion of recent achievements.

3.1.1 Noble metal catalysts. For oxidation of alcohols over
noble metals, there are 3 essential steps (as shown in Fig. 16 with
Pd catalyzed oxidation of a primary alcohol as an example): the
first step is the insertion of a metal atom in between the O–H
bond of an alcohol, which leads to the formation of a metal
alkoxide and a metal hydride (adsorbed on a neighbouringmetal
atom); then, a hydrogen is removed by surface Pd atom via a
b-hydride elimination process, yielding the desired aldehyde as
a product; finally, Pd active site is regenerated via the oxidation
of adsorbed hydrogen by molecular oxygen.

These 3 critical steps have been repeatedly verified in many
reaction systems. Reaction of ligand-stabilized single Pd(0) atom
with methanol led to the formation of Pd hydride in the form of
CH3O–Pd(0)H–Ln (Ln: other ligands).166 Adding O–H bonds to the
surface of a ‘‘giant’’ Pd nanocluster (around 2000 Pd atoms,
stabilized by anion ligands) was also proposed.167 Moreover, by
purging 2-butanol vapour through the Pd(111) crystalline face, the
alkoxide species were directly evidenced by in situ reflection
infrared spectroscopy.168 Further increase in temperature caused
the desorption of 2-butanol and the production of corresponding
ketones. Besides direct insertion of a metal atom into the O–H
group, metal alkoxide may also be produced from ligand exchange
between adsorbed OH groups (OH(ad)) and alcohols, yielding
water as a co-product.169

Fig. 15 Possible reaction mechanism for the oxidative chlorination or

bromination of CH4. X denotes Cl or Br. X* denotes active Cl or Br

species.156 Reprinted from ref. 156, with the permission of the John Wiley

and Sons.

Fig. 16 Oxidation of alcohol to the corresponding aldehyde over a

noble metal.
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The adsorbed alkoxide species undergo b-hydride elimination,
producing aldehydes or ketones (see Fig. 16, step II). The Hammett
methodology was employed to verify this particular step. Formation
of carbocation intermediates due to the hydride subtraction from
a metal alkoxide was substantiated from the oxidation of various
p-substituted benzyl alcohols over Ru catalysts.169,170 The rates for
decomposition of CH3OH and CH3OD (D = deuterium) over Pt and
Ru were almost the same, suggesting that inserting a metal atom
into the O–H bond is not the rate-determining step.171 In contrast,
the remarkable difference between the activation energies for
the decomposition of CH3OH and CD3OH implies that the
dissociation of a C–H bond in the adsorbed CH3O group is
the rate-determining step.171 Similar kinetic isotope effects
were also found in the liquid phase, such as the competitive
oxidation of 2-propanol and 2-propanol-d7 (C3D7OH) over Pt
(kH/kD = 3.2)172 and the competitive oxidation of benzyl alcohol
and benzyl-d7 alcohol (C6D5CD2OH) (kH/kD = 7).173

Finally, the metal hydrides generated from the dissociation
of O–H bond of alcohol and b-hydride elimination are oxidized by
molecular oxygen, leading to the regeneration of the activation
sites (see Fig. 16, step III).174 The existence of metal hydrides was
evidenced by the formation of hydrogenation and hydrogenolysis
products during the oxidation of cinnamyl alcohols.175 During the
oxidation of hydrides, a peroxide intermediate (metal–OOH) was
postulated.169 Dissociation of molecular oxygen over the Pt surface
was proposed for the oxidation of methyl a-D-glucoside.176

In aqueous solution, O2 may interact with H2O leading to the
formation of OH(ad).162 Hydrides can be oxidized by OH(ad)
with H2O as a product. The direct contact between adsorbed
oxygen and hydrogen may not be necessary. Based on an electro-
chemical local cell mechanism, the oxidation of metal hydrides
and reduction of adsorbed oxygen containing species may occur
at separate sites of the metal surface, while the metal itself acts as
a short circuit to transport electrons from hydrogen to oxygen.172

A zero-order dependence on oxygen pressure was found in the
oxidation of benzyl alcohol over Ru,170 implying that re-oxidation
of metal hydride is not the rate-determining step. Keresszegi et al.
suggested that oxygen not only removes adsorbed hydrogen but
also cleans the metal surface by oxidation of CO and other
degradation products during the oxidation of alcohols.175

Besides the stepwise oxidationmechanism discussed above, a
one-step oxidation of alcohols to carbonyl products by adsorbed
hydroxyl groups on the metal surface was also proposed by
Kluytmans et al.164

3.1.2 Nonprecious transition metal (NTM) oxide catalysts.

Up to now, there has been no generally accepted mechanism for
aerobic oxidation of alcohol over NTM oxides, mainly due to the
multi-valency of NTM and the involvement of the lattice oxygen
of NTM oxides. A highly cited theory is the M–v K mechanism.2

As illustrated in Fig. 17 with oxidation of a primary alcohol as an
example, the catalytic path includes 2 successive steps: metal
oxides are reduced by alcohols, leading to the formation of
aldehydes and reduced catalysts. This step includes the transfer
of lattice oxygen atoms and the reduction of the NTM oxides.
Subsequently, the reduced catalysts are re-oxidized by aerobic
oxygen, replenishing oxygen back to the lattice. The M–v K

mechanism is frequently observed in gas-phase oxidation,177,178

which is also applicable for oxidation processes in the liquid
phase.179,180Makwana et al. demonstrated that the kinetic behaviour
of aerobic oxidation of benzyl alcohols over manganese oxide
(MnOx) can be fitted well using the M–v K model.180

Just like oxidation of alcohols on noble metals, formation of
alkoxides as intermediates has also been proposed for NTM
oxide-catalyzed alcohol oxidations.178,181–183 Introducing alcohols
on the surface of NTM oxides gives rise to the formation of alkoxy
groups which were detected by in situ infrared spectroscopy.181–183

Oxygen vacancy sites (VO) on the surface of metal oxides are
employed to interpret the dissociation of alcohols.182 There are
two types of VO: the terminal oxygen vacancy (M–&, M: metal),
missing oxygen of MQO; and the bridged oxygen vacancy
(M–&–M), missing oxygen of M–O–M.182 It is possible for O–H
bond to dissociate on both types of VO, nonetheless, alkoxy
groups on terminal oxygen vacancy sites favour the production
of aldehydes.182 Scission of the O–H bond of an alcohol over
coupled VO and bridging oxygen leads to a pair of alkoxy (M–OR)
and hydroxyl groups (M–OH) which can re-combine together.184

A different mechanism for the formation of alkoxide proposes the
dissociation of an O–H bond by breaking a M–O–M bond, which
also yields a pair of alkoxy and hydroxyl groups.178 Kooli et al.

proposed that alkoxy groups were generated through the condensa-
tion of surface hydroxyl groups with alcohols, as formation of
water was observed in the in situ infrared spectroscopy study of
2-propanol adsorption on a mixed NTM oxide.183

b-Hydride elimination was proposed for the production of
aldehydes from chemically adsorbed alkoxide intermediates.178,182

Different from a similar elimination mechanism for noble metals,
the hydrogen on the b carbon is subtracted by the terminal oxygen
group (MQO) adjacent to the adsorbed alkoxy group. This step is
accompanied by electron transfer from the substrates to the metal
cations, namely the reduction of the NTM oxides.178,180,182 KIE
studies revealed that breaking of the b C–H bond is the slow step
in the catalytic cycle. A kinetic ratio of (kH/kD) 4.06 was found for the
competing oxidation of benzyl alcohol and its deuterium counter-
part (C6H6CD2OH).180 For oxidation of methanol over Mo
oxides, an even larger KIE was observed (kH/kD = 7.3).178

Loss of lattice oxygen during oxidation of alcohols was
observed using the in situ infrared technique. Exposing reduced
catalysts in an aerobic oxygen stream led to the recovery of

Fig. 17 Oxidation of alcohol to the corresponding aldehyde over NTM

oxide based on the M–v K mechanism.
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structural oxygen.182 Long term exposure of catalysts in oxygen-
deficient conditions resulted in the reduction of metal oxides,
which decreased the selectivity to aldehyde.182 The participa-
tion of lattice oxygen of MnOx in alcohol oxidation was ascer-
tained by an oxygen isotope labelling study. When 18O2 was fed
to an MnOx catalyzed benzyl alcohol oxidation system, the
initial rates of H2

16O and H2
18O generation are the same.180

Additionally, the exchange between molecular oxygen and
lattice oxygen cannot take place without the presence of benzyl
alcohol.180 These observations clearly demonstrated oxygen trans-
fer from the lattice to the substrate as well as the replenishment of
lattice oxygen from aerobic oxygen feeding. If manganese and
nickel (Mn–Ni) mixed hydroxides are employed, conversion of
benzyl alcohol increased with O2 partial pressure, while benzal-
dehyde selectivity remained almost unchanged.185 These results

imply that the active oxygen species, generated from the activation
of O2, are responsible for oxidation of benzyl alcohol. The
synergistic interactions between Mn(III) and Ni(II) cations through
oxygen bonding was proposed to explain the enhanced activity of
Mn–Ni mixed hydroxide. As illustrated in Fig. 18, Ni(II) cations are
coordinated withMn(III) through oxygen bonding, in whichMn(III)
cations act as Lewis sites, which activate alcohols to form alkoxide
anions. On the other hand, oxygen is activated on Ni(II) sites, and
the activated oxygen species attack alkoxides, which are bound to
Mn(III), to form carbonyl compounds by dehydrogenation.

3.2 Catalysts design for aerobic selective oxidation of alcohols

Bearing in mind the mechanisms summarized above, the design
of a heterogeneous catalyst with high efficiency resembles the
assembly of a nano-sized machine. Usually the performance of a
heterogeneous catalyst is largely determined by three factors:
active sites; promoters; and supports. In respect to these 3 aspects,
recent advances in the oxidation of alcohols over heterogeneous
catalysts will be discussed sequentially.

3.2.1 Active sites. Two types of metals are frequently used
as active sites for selective oxidation of alcohols: noble metals
including Pd, Pt, Ru and Au; and NTM, such as Mn, V, Mo and
Ti, usually in the form of metal oxides. Some of the recent
published results are summarized in Table 1. TOF, as a good
indicator of activity, is calculated by dividing the moles of the
desired carbonyl compounds produced per hour by the moles
of total active metals. Metallic promoters are not counted in the
TOF calculation, and Au is always regarded as an active metal
due to its high value. For a convenient comparison, only oxida-
tion of benzyl alcohol to benzyl aldehyde, which is frequently

Fig. 18 Proposed mechanism for the aerobic oxidation of benzyl alcohol

over Mn–Ni mixed hydroxide catalyst.185 Reprinted from ref. 185, with the

permission of the Elsevier, copyright 2011.

Table 1 Summary of reaction conditions and results for oxidation of benzyl alcohol with aerobic oxygen as oxidant in liquid phase

Active sites Support Solvent Temperature/K Reaction time/h Conversion (%) Selectivity (%) TOFa Ref.

Pd MnOx-CNT Solvent free 433 1 15.4 100.0 19 467 187
Pd MnCeOx Solvent free 433 1 18.4 98.6 15 112 188
Pd Modified TUD-1 Solvent free 433 1 22.3 95.2 5625 189
Pd Silica–alumina Solvent free 353 24 99.9 99.9 748 190
Pd g-Al2O3 Solvent free 361 8 97.0 96.0 1862 191
Pd NaX zeolite Solvent free 373 4 66.0 97.0 608 192
Pdb MgO Solvent free 298 7 100.0 499.0 10 193
Pd — Acetic acid 333 14 95.0 92.0 2 167
Pd Poly(ethylene glycol) Supercritical CO2 353 13 83.1 99.8 1 194
Ptc Activated carbon Water 333 3 50.0 80.0 66 195
Aud TiO2 Solvent free 433 6 55.0 73.7 4864 196
Au Hydrotalcite Toluene 313 24 85.0 91.7 7 197
Au Polystyrene Diglyme 298 15 — 79.0e — 198
Pd–Au Modified SBA-16 Solvent free 413 1 22.3 94.4 8483 161
Pd–Auc Activated carbon Water 333 3 96.0 94.0 150 195
Ru Al2O3 Trifluorotoluene 356 1 499.0 499.0 39 169
RuO2

b Faujasite zeolite Toluene 353 1.5 100.0 499.0 8 199
Ru3+ Hydroxyapatite Toluene 363 3 100.0 499.0 2 173
MnOx Activated carbon Toluene 373 6 499.0 499.0 2 200
MnO2 g-Al2O3 Toluene 373 3 72.9 499.0 1 201
MnOx g-Al2O3 Toluene 373 4 90.9 499.0 0.8 202
MnOx g-Al2O3 Toluene 373 4 93.0 99.0 0.4 203
V2O5 Activated carbon Toluene 373 3 499.0 499.0 7.5 204
MoxVyOz — Toluene 353 24 22.0 499.0 — 205
MnxNiyOz — Toluene 373 1 89.0 99.0 — 185
TiO2

f — Benzotrifluoride 298 4 91.0 100.0 0.07 206

a Calculated based on total active metal in reaction system except promoters. b Air was used as oxidant. c Pressure of oxygen is 1.5 bar. d Pressure
of oxygen is 10 bar. e Yield. f Photocatalytic process, the catalysts were pretreated with hydrofluoric acid before reaction.
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utilized as a model reaction, is summarized. It can be seen that
the activities of noble metals are generally higher than those of
transition metal oxides. However, the significant lower costs of
NTM make them competitive to noble metals at the economical
point of view.

Among various noble metals, Pd is the most popular metal
for the catalytic oxidation of alcohols. Pd exhibits the highest
catalytic activity among all the metals. A TOF up to 270 000 h�1

was reported by Hutchings and co-workers for the oxidation of
phenyl ethanol over Pd based catalysts modified with Au.186 For
oxidation of benzyl alcohol over the same catalysts, TOF of
86 500 h�1 was obtained. By using monometallic Pd catalysts, a
high TOF (19 000 h�1) for oxidation of benzyl alcohol was
achieved in our group.187 Additionally, Pd based catalysts are
efficient to catalyze a wide range of alcohols, including phenyl
alcohols, allylic alcohols, aliphatic alcohols and alcohols con-
taining heteroatoms (such as S, O and N).161,174,186,187,190,193

It has been shown that the active Pd species are metallic
Pd(0) rather than monomeric Pd(II).174 An induction period was
observed when unreduced Pd(II) catalysts (or catalysts with
large portion of Pd(II)) were directly used in oxidation reac-
tions.174,187,191 During the induction period, Pd(II) are reduced
by alcohols, forming metallic Pd(0) nanoparticles, which act as
the catalytically active species. On the other hand, supported Pd(II)
cations that are strongly coordinated with ligands cannot be
reduced by substrates, and thus no reaction took place bearing
only Pd(II) species.174 It was found that the initial reaction rate of
benzyl alcohol oxidation increased with the Pd(0)/Pd(II) ratio.188

Results were also reported on the high catalytic efficiency for
selective oxidation of phenyl alcohols due to the cooperative effect
of specific ensemble sites consisting of Pd(0), Pd(I) and Pd(II) on Pd
nanoclusters.167 The p-bond between the phenyl group of the
substrate and the Pd(II) species enhanced the interaction of Pd
clusters with alcohols. Pd(I) in the form of Pd2O can transfer oxygen
readily to neighbouring Pd hydrides (Pd–H) that are formed during
the catalytic cycle to produce H2O and regenerate Pd(0).

Catalytic oxidation of alcohols over Pd is ‘‘structure sensi-
tive’’.174,190,192 By assuming the cubooctahedral shape of Pd
nanoparticles, Kaneda et al. calculated the number of Pd atoms
at edges and corners based on the mean diameters of Pd
nanoparticles.174 TOFs of alcohol oxidation normalized to the
low coordination number atoms were found to be independent of
Pd particle size. Therefore, the cus Pd atoms may act as the key
active sites on the surfaces of Pd nanoclusters. However, for
oxidation of benzyl alcohol, a volcano profile was obtained by
plotting TOFs against Pd particle sizes, as shown in Fig. 19.190 The
highest TOF was obtained over Pd particles with a mean size of
ca. 4 nm. It was speculated that benzyl alcohol may adsorb on Pd
nanoparticles via the interaction of the p-bond of the benzene ring
with terrace Pd atoms. Subsequently, the transformation of benzyl
alcohol to benzaldehyde was catalyzed by cus Pd atoms at edges or
corners. If the adsorption step is crucial, a balance between Pd
atoms at edges or corners should be necessary to achieve a high
activity.190 A similar trend was also observed on zeolite-supported
Pd nanoparticles in the oxidation of benzyl alcohol.192 In this case,
the optimal mean size of Pd was 2.8 nm. On the other hand, the

oxidization of geraniol or 2-octanol without a delocalized p-ring
turned out to be structure-insensitive.192 TOFs for oxidation of
these substrates were almost independent of the mean particle
size of Pd nanoparticles.

Pt-based catalysts for aerobic oxidation of alcohols in aqueous
solution was thoroughly reviewed by Mallat and Baiker, in 1994.162

Similar to Pd, alcohol oxidation reactions take place on a metallic
Pt(0) surface. Pre-reduction of air-stored Pt catalyst with H2

promoted initial reaction rates.162 Due to the stronger oxidizing
ability of Pt as compared to Pd(Pt(0)/Pt(II): Eox = +1.12 V versus

Pd(0)/Pd(II): Eox = +0.95 V, Eox: activation energy for oxidation),207

Pt can be over oxidized by oxygen leading to deactivation of
catalysts.208 Oxidation of alcohols, especially primary alcohols,
over Pt is prone to produce carboxylic compounds which can
strongly adsorb on the Pt surface, breaking the catalytic cycle.162 In
many Pt catalyzed oxidation reactions, base (e.g., K2CO3 or NaOH)
must be added to ensure that the reaction can go smoothly.162

Another disadvantage of using Pt as an oxidation catalyst is its
latent tendency of explosion under oxidative conditions in organic
solvents.207 Regardless of these disadvantages of Pt, stabilized Pt
nanoparticles in the matrix of a polymer (PEG: polyethylene glycol)
were applied in oxidation of alcohols in aqueous media under
mild conditions (333 K).207 High yields towards ketones (80–90%)
were obtained when secondary alcohols were used as substrates.
In this catalytic system, Pt exhibited higher activity than Pd for
oxidation of cyclic aliphatic alcohols.207 Nonetheless, oxidation of
primary alcohol on Pt only yielded carboxylic acids as products.
100% selectivity of aldehyde for selective oxidation of cinnamyl
alcohol was obtained over activated carbon (AC) supported Pt
nanoparticles. However, selectivity towards aldehydes was low
for oxidation of benzyl alcohol (80%) and 1-octanol (30%).195 For
1-octanol, a significant amount of octanoic acid was produced
as a by-product. In our group, Fe modified Pt nanoparticles
supported by carbon nanotubes (CNT) were synthesized, which
showed high activity towards the oxidation of benzyl alcohol
(initial TOF up to 2200 h�1).209

Fig. 19 Dependence of intrinsic TOFs on the mean size of Pd particles.

’: Catalysts reduced with hexanol; K: catalysts reduced with H2; TOFs

were estimated by mean size of Pd; J: catalysts reduced with H2, and

TOFs estimated by CO chemisorptions results of Pd.190 Reprinted from

ref. 190, with the permission of the John Wiley and Sons.
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Compared to Pd and Pt, Au is relatively more inert for
oxidation of alcohol. Under mild conditions (333 K), no reaction
occurred when AC-supported Au was used as a catalyst.195 How-
ever, Kobayashi and co-workers demonstrated that polystyrene-
stabilized Au nanoclusters were able to oxidize various alcohols
under room temperature.198 Nonetheless, the mole ratio of sub-
strates/Au in Kobayashi’s system was low (around 100) and base
(K2CO3) has to be added because it facilitated the abstraction of H
from the hydroxyl group of alcohol that Au itself is unable to
perform.12,195 Due to the basic nature of hydrotalcite, oxidation of
alcohols can be smoothly carried out over Au/hydrotalcite under
mild conditions (313 K, in air) in the absence of bases.197 Very high
TOF (8300 h�1) and selectivity (99%) were achieved for oxidation of
phenyl ethanol. It has been shown that Au/hydrotalcite can
catalyze a wide range of alcohols (except 1-octanol), including
cyclohexanol and alcohols containing heteroatoms.

For Au-based catalysts, formation of 1 mole of the oxidation
products consumes 0.5 mole of oxygen, suggesting that oxidation
of hydride on Au yields water as a co-product.198 Compared with
CeO2 supported Pd, Au/CeO2 gives a higher chemo-selectivity for
oxidation of allylic alcohol because Au–H hydride can be more
easily oxidized by O2, preventing the hydrogenation of the CQC
bond.12 Under relatively harsh conditions (433 K, 10 bar of O2),
high activity was obtained over TiO2 supported Au without adding
bases (see Table 1),196 while a significant amount of benzoic acid
(15.1% in selectivity) was generated.

Supported Ru was also studied for the selective oxidation of
alcohols. Different from the above mentioned noble metals,
Ru(III) cation is active for oxidation of various alcohols to the
corresponding carbonyl products.173 On hydroxyapatite supported
Ru catalysts, the monomeric Ru(III) cation coordinated with 4
oxygens and 1 chlorine was the active site.173 It is notable tomention
that oxidation of 1-octanol gave rise to 1-octanal with 94% yield
without the formation of carboxylic acid and ester. Superior to
Ru-based metallic complexes, Ru(III)/hydroxyapatite can catalyze
actively the oxidation of alcohols containing heteroatoms,
including N and S, to the corresponding aldehydes. The proposed
mechanism for oxidation of alcohol over the Ru(III)-based catalysts
is similar to the generally accepted catalytic cycle as depicted in
Fig. 16. The isotope test (competitive oxidation of benzyl alcohol
and benzyl-d7 alcohol) showed that b-elimination was the rate-
limiting step.173 Good catalytic performance was found on the
zeolite supported nano-sized RuO2.

199 The activity of zeolite
confined nano-RuO2 was about 6 times higher than that of bulk
RuO2, which was attributed to the much higher density of active
sites in nano-RuO2. Besides phenyl, allylic and cyclic alcohols,
nano-RuO2 in zeolite was also active for primary aliphatic
alcohols.199 Oxidation of n-heptanol led to the formation of
n-heptaldehyde with 98% yield. The zeolite confined RuO2

species was active even at ambient temperature. 75% conver-
sion was achieved for oxidation of benzyl alcohol in 24 h with
chlorobenzene as a solvent.199 Metallic Ru(0) also showed good
catalytic activity for the oxidation of a wide range of alcohols.169

For oxidation of aliphatic primary alcohols (1-octanol and
1-decanol), high yields towards aldehydes were obtained only
with the presence of hydroquinone as an additive, implying

that the hydroquinone acts as a free radical trap that prevents
efficiently the further oxidation of aldehydes to carboxylic
acids. Again, b-elimination was verified as the rate-limiting
step based on KIE tests.169

Before proceeding to the discussion on bimetallic catalysts, it will
be beneficial to clarify the definition of co-catalysts and promoters.
In this review, two criteria will be followed to differentiate
co-catalysts and promoters: (1) the content of a promoter should
bemuch less than that of active metals; (2) the cost of a promoter
should be much lower than that of active metals. Otherwise, the
metal added will be regarded as a co-catalyst, e.g., Au.

Compared to their monometallic counterparts, enhanced
catalytic performances were achieved by chemically mixing Pd
and Au to form Pd–Au bimetallic catalysts.161,186,195,210 Take
selective oxidation of benzyl alcohol as an example: Pd–Au/TiO2

showed 3 times higher activity than that of Pd/TiO2.
186 By using

modified mesoporous silica (SBA-16) as support, the Pd–Au
catalyst showed enhanced catalytic performance as compared
to an Au or Pd monometallic catalyst.161 The activity of Pd–Au
bimetallic nanoparticles on SBA-15 was about 12.5 and 2 times
larger than that of Au and Pdmonometallic catalysts, respectively.210

Besides, Pd–Au bimetallic catalyst exhibited long-term stability
during the oxidation reaction. At low temperature (333 K), an
improved activity by a factor of 5 was observed for Pd–Au
bimetallic nanoparticles supported on AC as compared to
Pd/AC.195However, under the same conditions, Au/AC is inactive.
The aggregation of Pd and Au may be in the form of either an
alloy195 or a segregated core–shell structure (Pd-rich shell
surrounding an Au-rich core).186,210 In both Pd–Au arrange-
ments, Pd was the active site and Au acted as an electronic
promoter. For Pd–Au bimetallic nanoparticles with core–shell
structure, the superior catalytic performance was attributed to
two factors.210 (1) changes in the interatomic distance of Pd may
have both geometric and electronic effects. Au can disperse or
isolate Pd sites, preventing oxygen poisoning of Pd in liquid-phase
oxidation.195 Au, with higher electronegativity, also withdraws
electrons from Pd atoms, leading to an enhanced interaction of
Pd atoms with the substrate, which therefore improves the activity
and selectivity. It has also been reported that the presence of
nano-contacts triggers electron transfer and charge redistribution
in the contact region, which are highly attractive to charged
organic molecules, resulting in the improvement of organic
transformations.211 (2) segregation of Pd on the Au core exposes
more surface-coordination-unsaturated Pd atoms which facilitates
b-hydride cleavage (the rate-limiting step in the catalytic cycle), thus
leading to better activity. In contrast to Pd–Au bimetallic catalysts,
Pt–Au nanoparticles in the form of alloys showed inferior catalytic
performance, which was ascribed to the difference in surface
interatomic distances (and thus in the electronic structure) as
compared with monometallic Pt or Pd–Au nanoparticles.195

NTM oxides, such as MnOx, VOx, MoOx and TiO2, can serve
as low cost supplements for expensive noble metals for catalytic
oxidation of alcohols. As shown in Table 1, the activities of NTM-
based catalysts are much lower than those of noble metals.
Nonetheless, this issue can be addressed by simply decreasing
the molar ratio of substrate/metal. Fairly good catalytic results
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for oxidation of various substituted phenyl alcohols (conversion:
74–99%; selectivity: 99%) were obtained over potassium-promoted
Mn based catalysts prepared by a facile co-impregnation
method.200,201 The TOF for oxidation of benzyl alcohol was
2 h�1. By using alumina supported highly dispersed MnOOH
species as catalysts, 93% of conversion for oxidation of benzyl
alcohol can be reached within 4 h at 373 K with benzaldehyde
as the main product (99% in selectivity).203 Monometallic
vanadium oxides were also used in the oxidation of alcohols.
It seems that vanadium oxides are more active than manganese
oxides. Under the same reaction conditions, 92.6% of conver-
sion was obtained for oxidation of benzyl alcohol over VOx/AC
(4 wt%), whereas, only ca. 64% of conversion was reached
when MnOx/AC (5 wt%) was used as a catalyst.212 It was found
that highly dispersed vanadium species with a distorted tetra-
hedral coordination were active for oxidation of substituted
phenyl alcohols (TOF up to 22 h�1, based on the molar content
of V2O5).

204 In addition, selectivity to carbonyl compounds was
always more than 99% for all tested phenyl alcohols. Oxidation
of cinnamyl alcohol to cinnamaldehyde can also be performed
over VOx/AC.

204

High activity and selectivity have been achieved on chemically
mixed transition metal oxides. For oxidation of benzyl alcohol,
90.9% of conversion and 99% of selectivity to benzaldehyde were
obtained on a supported MnOx–CuOx microcrystalline structure
under mild condition (373 K, bubbling with O2).

202 Using supported
Mn–Ni mixed hydroxides as catalysts, high specific activity of
8.9 mmol (g h)�1 and high selectivity to aldehyde (99%) was
achieved for the oxidation of benzyl alcohol at 373 K within
1 h.185 Catalytic oxidation of various substituted benzyl alcohols
over Mo–V–O oxides led to formation of corresponding carbonyl
compounds in high selectivity (495%), while conversions of
substrates varied from 10% to 99% depending on the substi-
tuents.205 In contrast to noble metal based catalysts, high
selectivities (490%) were achieved for the oxidation of primary
aliphatic alcohols by using the crystalline Mo–V–O oxide as a
catalyst, and oxidation of secondary alcohols produced olefins
as the main products.205

Among various characterization techniques, X-ray absorption
spectroscopy (XAS) with synchrotron light source has emerged as a
powerful technique to probe the active site in catalysts.203,204,212,213

X-Ray absorption near edge structure (XANES) and extended
X-ray absorption fine structure (EXAFS) provide information
about the local coordination and electronic properties of the
catalytic active centers. For example, based on the Mn K-edge
XANES spectra of manganese oxide standards with different
oxidation states (MnO, Mn3O4, Mn2O3, MnO2 and MnOOH), a
linear relation was found to give a good match to the set of five
experimental edge positions versus oxidation states (as shown
in Fig. 20). The resulting linear fit was used to determine the
average oxidation state of the Mn-containing samples from
their Mn K-edge positions.203 On the other hand, EXAFS spectra
are used frequently to interpret the local coordination structure
of metal oxides, providing information about the average
coordination numbers and bond lengths.200,201 With the help
of XAS, the correlation between the intrinsic chemical nature of

transition metal oxides and their catalytic performances has
been studied intensively in recent years.

Because of the participation of lattice oxygen in the oxidation
process, the bond strength of M–O (M: metal) and the chemical
states of metals can greatly affect the catalytic performance.
Different coordination structures of transition metal oxides lead
to deviations of theM–O bond strength, and subsequent different
mobilities of the lattice oxygen. Based on Raman and XAS, it was
shown that a large distortion of the Mn–O local coordination
structure in supported manganese oxides was induced by incor-
porated potassium ions (K+), which caused an increase on Mn–O
bond length, leading to a dramatic improvement of the oxidation
activity.200 Similarly, introducing Cu into Mn oxide also resulted
in the change of Mn–O bond strength, which was evidenced by
Raman and EXAFS studies.202 The remarkable improvement of
catalytic activity was attributed to the deviation of the Mn–O bond
length. The activity of MnOOH for the oxidation of benzyl alcohol
was much higher than that of Mn3O4, due to a longerMn–O bond
length in MnOOH.203 a-MnO2 was found to be more active than
b-MnO2.

201 Hydrogen temperature-programmed reduction
(H2-TPR) revealed that it was easier for a-MnO2 to be reduced
than b-MnO2, allowing a more facile supply of the oxygen species
needed for the reaction. Study on the nature of VOx on AC
indicated that coordinative unsaturated vanadium species with a
distorted tetrahedral symmetry outperformed the vanadium
species with octahedral coordination, which was also attributed
to the weakening of the V–O bond.204

The mobility of oxygen species was affected by the oxidation
states of transition metals. The XANES spectra of potassium
doped MnOx indicated the coexistence of Mn(II) and Mn(III).213

It was reported that the coupled Mn4+/Mn2+ sites allowed
electron exchange and, hence, oxygen migration throughout
the surface and the bulk.180 The coexistence of Mn2+ and Mn3+

may also facilitate oxygen transfer during the oxidation process,
leading to improved catalytic activity.

In addition to traditional heterogeneous catalytic systems,
photo-catalytic aerobic oxidation of alcohols was also performed

Fig. 20 Mn K-edge position of various Mn-containing catalysts along

with reference compounds as a function of the Mn oxidation state:

(a) 5 wt% Mn/g-Al2O3-p; (b) 10 wt% Mn/g-Al2O3-p; (c) 20 wt% Mn/g-

Al2O3-p; (d) 40 wt% Mn/g-Al2O3-p and (e) 10 wt% Mn/g-Al2O3-imp, where

p and imp represent two preparation method of catalysts: homogeneous

deposition–precipitation and impregnation, respectively.203 Reprinted

from ref. 203, with the permission of the Elsevier, copyright 2011.
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over silica doped TiO2.
206 91% conversion was obtained for

oxidation of benzyl alcohol at room temperature, and benz-
aldehyde was the only product. The reported photocatalysts
were also active for oxidation of other phenyl alcohols as well as
cyclohexanol. However, photo-catalyzed oxidation of cinnamyl
alcohol yielded benzaldehyde as the main products. Prior to each
reaction run, the silica doped TiO2 should be pre-treated with acid to
introduce acid sites on the surface of catalyst, which is completely
different from noble metal catalyzed oxidation processes in which
base is frequently used as an additive.12,162

3.2.2 Promoters. The catalytic performance of a mono-
metallic catalyst can be dramatically improved by introducing
a second inexpensive metal as a promoter. For the oxidation of
diphenylcarbinol, the yield of benzophenone was increased by
a factor of 66, after the deposition of Bi species on Pt/Al2O3.

214

The promoting effect of Bi was ascribed to the suppressed
adsorption of by-products. Recently, our group reported the
remarkably improved catalytic activity of Pt/CNT for oxidation of
benzyl alcohol by decorating iron oxides on Pt nanoparticles.209 Two
types of Fe promoted Pt/CNT catalysts were prepared. For PtFe/CNT,
Fe is alloyed with Pt; while in FeOx/Pt/CNT, FeOx was preferably
deposited on the surface of Pt nanoparticles. High selectivity and
stability were observed when PtFe/CNT was employed as a catalyst.
Compared to Pt/CNT and PtFe/CNT, FeOx/Pt/CNT showed much
higher initial activity because FeOx on Pt surfaces enhanced the
activation of both oxygen and alcohols. A plausible mechanism for
the oxidation of benzyl alcohol over FeOx/Pt/CNT was proposed.
As shown in Fig. 21, FeOx activated the molecular oxygen to
form Fe–OH(ad) which reacted with Pd–H, yielding a H2O and
liberating the Pd active site.

As discussed above, a dramatic enhancement of the oxidation
activity was observed when the supported MnOx was modified by
potassium dopants.200,201 The occupation of K+ into the inter-
stitial sites formed during the stacking of Mn–O led to a deformed
crystal structure of MnOx, and thus weakened the Mn–O bonds
and improved the oxygen mobility.

3.2.3 Support materials. Interactions between supports
and active sites greatly influence the catalytic performance of
a catalyst by modifying the physical and chemical status of

active sites. The effects of the surface nature of supports on
particle size and dispersion of metallic nanoparticles were
reported. Supported Pd nanoparticles were prepared by adsorp-
tion of PdCl4

2� on the surface of mixed silica–alumina, followed
by a thermo-reduction process.190 Due to the stronger adsorption
of PdCl4

2� on alumina as compared to silica, an increase in
alumina content of the mixed oxide led to better distribution of
Pd(II) and smaller Pd nanoparticles. By tuning the silica/alumina
ratio, catalysts with different mean sizes of Pd nanoparticles were
prepared. TUD-1, a kind of mesoporous molecular sieve, was
functionalized with various organosilanes, and subsequent metal
adsorption–reduction process produced Pd nanoparticles on
modified TUD-1 (see Fig. 22).189 The smallest mean particle size
of Pd was observed on TUD-1 modified by monoamine groups
(APS-TUD), which was a result of the electrostatic interaction
between –NH3

+ and the Pd precursor (PdCl2(OH2)
2�). In addition,

these immobilized amino groups may also act as anchoring sites
to stabilize the Pd(0) nanoparticles by binding them through
covalent interactions, resulting in highly dispersed and uniformly
distributed Pd nanoparticles. Likewise, a uniform dispersion of
Pd nanoparticles was also achieved on SBA-16 modified with
amino groups.161 Au colloids supported by TiO2 and AC were
applied for the oxidation of benzyl alcohol.196High selectivity was
obtained on Au/TiO2, while AC supported Au had high activity.
Since Au particle size is similar on both supports, the different
catalytic behaviours were explained by changes in the shapes of
Au particles induced by Au–support interactions.

A strong metal–support interaction (SMSI) benefits the
stability of a catalyst. For Pd nanoparticles supported by an
MnOx/CNT hybrid support, the SMSI between Pd and support
largely prevented the agglomeration of active sites during the
oxidation reaction.187 The SMSI was also found in the Pd nano-
particles on amorphous MnxCeyOz.

188 The enhanced catalytic
stability was attributed to partial embedding of Pd nanoparticles
in the mixed metal oxides. RuO2 (ca. 1.3 nm) confined in the

Fig. 21 Reaction scheme for the selective oxidation of benzyl alcohol to

benzaldehyde over a FeOx/Pt/CNT catalyst.209 Reprinted from ref. 209

with the permission of the Royal Society of Chemistry.

Fig. 22 Preparation procedures and catalytic evaluation of surface-

functionalized TUD-1-supported Pd catalysts.189 Reprinted from ref. 189,

with the permission of the Elsevier, copyright 2010.
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super-cage of faujasite zeolites were prepared by adding Ru
precursors during the synthesis of zeolite.199 EXAFS study
indicated a strong interaction between RuO2 species and the
zeolitic framework in the form of ‘‘Ru–O–Sizeo’’, where Sizeo is a
silicon atom in the zeolitic framework. The anchored RuO2

nanoclusters exhibited excellent stability during the recycling tests.
However, excessive SMSI is problematic, for example, by loading Pd
precursors (PdCl2) on the hydroxyapatites enriched with calcium-
deficient sites, the strong coordination of phosphate species with
Pd(II) hindered the reduction of Pd(II) to catalytic active Pd(0) by
alcohols during the reaction, resulting in an inactive catalyst.174

Usually, supports with basicity favour high selectivity towards
aldehydes and ketones. Compared to various supported materials
including MgO, Al2O3, TiO2, SiO2, superior catalytic performance
was achieved on hydrotalcite supported Au.197 This observation
was attributed to a concerted catalysis between the base sites of
hydrotalcite and Au nanoparticles. High conversion and selectivity
were obtained by using amino-group-functionalized catalysts
(Pd/APS-TUD, see Fig. 22).189 The elevated surface basicity was
suggested to suppress the formation of toluene and facilitate
the reactant adsorption and product desorption. Similarly,
immobilizing amino groups on surface of SBA-16 led to
increase of both activity and selectivity of the supported noble
metals.161 Nonetheless, for Pt-based catalysts, it was found that
basic groups on AC may catalyze the aldol dimerization of
carbonyl products, and the large by-products can adsorb on Pt
surface, resulting in the deactivation of catalysts.162 On the other
hand, inferior selectivity to carbonyl compounds was observed in
the presence of supports with acid sites. Pd supported by TUD-1
functionalized with –SH groups showed very high activity for
oxidation of benzyl alcohol, but a large amount of toluene as
by-product was produced due to the acidic surface of support.189

For Au–Pd catalyzed oxidation of alcohols, the increase in
selectivity to by-products was also attributed to the acidic
nature of Al2O3 and Fe2O3.

186

It is reasonable to expect a good catalytic performance by
depositing highly active noble metals on NTM oxides, which
may serve as an oxygen reservoir. Our recent works validate the
feasibility of this idea.187,188 High activity was achieved by loading
Pd nanoparticles on NTM oxides (see Table 1). Pd nanoparticles
supported by monometallic oxides (MnOx, CeO2) and the mixed
oxide (MnxCeyOz) were synthesized by a facile microwave-assisted
polyol reduction method.188 Under the given reaction conditions,
Pd was the single active site. The catalytic performances of these
catalysts followed a sequence of: Pd on crystalline MnCeOx

(Pd/MnxCeyOz-C, C: crystalline) 4 Pd on amorphous MnCeOx

(Pd/MnxCeyOz-A, A: amorphous)4 Pd/MnOx or CeO24 physically
mixed Pd/MnOx and Pd/CeO2. Pd/CeO2 showed very high activity
(TOF: 17572 h�1) for oxidation of benzyl alcohol, but the
selectivity is low (88.9%), due to the formation of a large amount
of toluene. X-Ray diffraction (XRD) and transmission electron
microscopy (TEM) measurements suggested the formation of a
solid solution of manganese and cerium oxides by incorporation
of Mn cations into CeO2 lattices. The superior catalytic activity
of Pd/MnxCeyOz-C to that of Pd/MnxCeyOz-A was explained by
three essential factors: more accessible Pd active sites, greater

Pd(0)/Pd(II) ratio and better porous structure. However,
Pd/MnxCeyOz-A exhibited enhanced catalytic stability due to mutual
promotion between redox properties and oxygen mobility. Based on
extensive characterizations, the excellent catalytic performance
of Pd on mixed Mn–Ce oxides solid-solution was ascribed to the
synergistic interactions among Pd, MnOx and CeO2. An integrated
alcohol oxidation mechanism over Pd/MnxCeyOz was proposed, as
shown in Fig. 23. As a supplement to the conventional dehydro-
genation mechanism, the route of oxygenmigration was depicted.
The lattice oxygen migrates to the interface between the support
and Pd active sites, where it reacts with Pd-hydride to regenerate
Pd active sites. Meanwhile, lattice oxygen species are replenished
by the adsorption, dissociation and migration of molecular
oxygen. The dehydrogenation–oxidation of benzyl alcohol is
completed via a synergetic redox cycle and electron transfer invol-
ving Pd, Mn and Ce: Pd 2 Mn 2 Ce.

The activity of Pd nanoparticles supported on CNT was
significantly improved by insertion MnOx between Pd and
CNT, affording Pd supported by a hybrid support (Pt/MnOx/
CNT).187 In this case, NTM oxide–MnOx also acted as an oxygen
reservoir. Its strong capability in activating molecular oxygen
was confirmed from the rotating disk electrode (RDE) polariza-
tion voltammetry. Reducible MnOx species at higher oxidation
states can stabilize the Pd(II) cations. Thus, excess Mn loading
resulted in the formation of large amounts of Pd(II) inactive
species, which seriously impaired the activity of catalysts. After
1 h of reaction under either O2 or N2 atmosphere, the spent
catalysts were investigated by XPS, Mn(IV) became the dominant
species, indicating that the electrons transfer from Mn to the Pd
active site making MnOx species maintain a high-valence oxidation
state. The Pd(0)/Pd(II) ratio increased due to the reduction of Pt(II)
by electron transfer from Mn and alcohols. The amount of lattice
oxygen showed a decreasing trend after the catalytic reaction,
suggesting the migration of lattice oxygen from the MnOx oxygen
to Pd active sites participates in the oxidation reaction.

Another successful example of the combination of noble metal
and NTM oxide is nano-crystalline CeO2-supported Au nano-
particles.215 Under mild reaction conditions (353 K), various
alcohols, such as aliphatic, phenyl and allylic alcohols, can be
readily converted to carbonyl products in the absence of bases.

Fig. 23 Overall reaction mechanism for benzyl alcohol oxidation over Pd/

MnCeOx catalysts.
188 Reprinted from ref. 188, with the permission of the

Elsevier, copyright 2011.
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Oxidation of phenyl ethanol in 2.5 h over Au/CeO2 afforded 92%
conversion and 97% selectivity to acetophenone. The good
catalytic performance of Au/CeO2 was attributed to the inter-
action between Au and Ce. Actually, the CeO2 itself contains
sites that are able to perform the oxidation of alcohols in a
stoichiometric manner. But the reduced Ce is stable in the O2

atmosphere; therefore, CeO2 alone cannot finish the catalytic
cycle. XPS spectra of Au/CeO2 indicated the presence of positively
charged Au species. It was suggested that Au nanoparticles
interacted with the nanometric Ce surfaces, which stabilized
the positive oxidation states of Au by creating Ce(III) and oxygen
deficient sites in CeO2. In the proposed oxidation mechanism,
transformation of alcohols to corresponding carbonyl com-
pounds was achieved by the interaction between positively
charged Au, Ce(III) and the oxygen deficient sites.

Supporting materials with certain textures can exert a steric
confinement on the active species, leading to enhanced or
unique catalytic capability. It was demonstrated that RuO2

trapped in a zeolite displayed a substrate-shape-selectivity
imposed by the zeolitic framework.199 Competitive oxidation
of mixture of benzyl alcohol and 9-hydroxyfluorene led to complete
oxidation of benzyl alcohol, and no oxidation products attributed to
9-hydroxyfluorene were detected. By using the same catalyst, the
conversion of 1-heptanol was about 3 times higher than that of
cyclohexanol. Benchmarked with amorphous silica, SBA-16 sup-
ported Pd catalyst showed lower activity but higher selectivity.161

The effective confinement of mesoporous silica affords formation of
metal nanoparticles with a narrow particle size distribution.161,210

Catalytic performances of Pd nanoparticles supported by different
types of modified mesoporous silica (including MCM-41, SBA-15,
SBA-16, TUD-1) were examined over the oxidation of benzyl
alcohol.189 TUD-1 outperformed other porous materials, regard-
less of the type of surface functional groups. The advantage of
TUD-1 was attributed to its unique open 3-D sponge-like meso-
structure, providing strong confinement of Pd nanoparticles and
suppressing the mass diffusion resistance.

The support effect can also be observed on transition metal
oxide based catalysts. MnOx was loaded on various supporting
materials, such as MgO, ZrO2, TiO2, SiO2 and Al2O3.

203 Among the
supports studied, Al2O3 exhibited the highest conversion and
selectivity for oxidation of benzyl alcohol. It was postulated that
oxidation of Mn(II) by oxygen can be enhanced in the presence of
Al2O3, facilitating the formation of MnOOH acting as the highly
active site. For AC supported MnOx species, the MnOx 2 AC
interaction was probed by the broad feature of H2-TPR peaks.213 It
was found that AC was able to reduce Mn containing species
(form Mn(III) to Mn(II)) under high temperature. The reduction of
Mn species may have a negative effect on the activity of catalysts.

When supported VOx was used as a catalyst, AC outperformed
all other supporting materials, such as Al2O3, ZrO2, TiO2 and
SBA-15.204 The superior performance of AC as a support was
explained by its affinity to substrates and a good mediator for
electron transfer. Oxygen-containing groups were formed on the
surface AC by oxidizing AC with different oxidants, such as H2O2,
HNO3 and O2.

212 Improved catalytic activities were obtained on
MnOx and VOx supported on the pre-oxidized AC. By ruling out

the effects of specific surface area, active site dispersion, valence
and local coordination, the elevated activity was attributed to the
existence of oxygen-containing groups on AC surface. These
surface oxygen groups changed the AC surface from hydrophobic
to hydrophilic and from non-polar to polar, which facilitated the
preferential adsorption of benzyl alcohol and the subsequent
desorption of the hydrophobic product (benzaldehyde).

From a greener chemistry perspective, ionic liquids (ILs) were
also utilized to modify the surface of supports. ILs containing
both cations and anions can simultaneously interact with both
supports and active species. Ru3+ was anchored on MgO nano-
crystals via an IL–choline hydroxide mediator.216 High yield to
carbonyl products (85–99%) was achieved over this catalyst with a
wide scope of alcohols as substrates, including phenyl alcohols,
allylic alcohols and aliphatic alcohols. A strong synergistic effect
between Ru3+ and the IL-modified MgO was supported by TPR
and XPS measurements. The catalysts can be recycled and reused
for up to seven cycles. The decrease in activity observed at the 6th
and 7th cycles was attributed to the decrease of the surface area of
MgO nano-crystalline. Pd nanoparticles were loaded on CNT
modified by two kinds of ILs: [emin][NTf2] and [bmin]Br.160

Oxidation of 1-phenyl alcohols showed that introducing a small
amount of [emin][NTf2] could increase the activity sharply, while
addition of another frequently used IL [bmin]Br led to very poor
activity. The promoting effect of [emin][NTf2] was explained from
two aspects. Firstly, good solubility of both alcohols and O2 in
[emin][NTf2] offered a better reactant–catalyst contact. Secondly,
Pd nanoparticles surrounded by electrophilic [NTf2]

� might
have low electron density, which would enhance the hydrogen
abstraction ability of Pd, leading to a high activity. On the other
hand, [bmin]Br with a hydrophilic property can quickly adsorb
and accumulate on catalyst surfaces, resulting in the deactiva-
tion of catalysts.

Polymers, such as PEG and polystyrene, were also employed
as supports. It was reported that dispersing Pd nanoparticles in
PEG matrix can prevent significantly the agglomeration of active
species during the oxidation reaction, which enhanced the stability
of catalysts.194 Pt nanoparticles were also introduced in PEG
matrix.207 The stabilization effect of PEG prevented the deactivation
of Pt by oxygen, and thus, enabled the reuse of Pt based catalysts.
Au nanoparticles were trapped in cross-linked polystyrene
derivatives, due to the interaction between Au and the electrons
from the benzyl ring.198 The stabilized Au nanoparticles
showed a fairly good stability.

3.2.4 Solvents. Effects of polarity of solvent on aerobic
oxidation of alcohol have been studied. For Pd/hydroxyapatite
catalyzed oxidation of alcohols, trifluorotoluene and water were the
effective solvents, due to the high hydrophilic character of hydroxy-
apatite.174 While aprotic polar solvents such as acetonitrile,
dimethylformamide and dimethyl sulfoxide were not effective at
all, due to the poisoning of catalysts by coordinating with Pd. In
contrast, for oxidation of phenyl ethanol over Au/hydrotalcite, the
highest activity was obtained in toluene rather than in high polar
solvents, such as acetonitrile, ethylacetate and water.197

For environmental reasons, the use of water instead of organic
solvents is desired. For both Pd–Au and Pt–Au bimetallic catalysts,
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the enhanced catalytic activity was obtained in water instead of
organic solvents195 because water acts as a weak base to assist
the abstraction of b-hydrogen from alcohol to active sites.195,217

However, water is not applicable for primary alcohols (especially
for Pt based catalysts), due to the reaction between water and
carbonyl products yielding a germinal glycol, as shown below:162

RR0CQO + H2O 2RR0C(OH) (41)

The germinal glycol can be further oxidized to by-products,
e.g., carboxylic compounds.195 Oxidation of substituted benzyl
alcohols over Pt/AC was carried out in a mixture of water and
dioxane.217 Benzaldehyde was the main product in pure dioxane
or low water content (10 vol%). Adding excess amounts of water
dramatically accelerated the reaction. When the content of water
was increased to 50 vol%, carboxylic acids with 99% yield were
produced. Because the germinal glycol is a stronger acid than
alcohols, the pH of the reaction solution can affect greatly the
selectivity and conversion. In high pH medium, the hydration
form of carbonyl products (i.e., germinal glycols) are very active
and trend to polymerize.162 A high pH of reaction solution can
also promote the formation of carboxylic acids which can be
adsorbed on noble metal surface, leading to the deactivation of
catalysts.162,195 On the other hand, in weak alkaline solution, the
competitive adsorption of OH� and CO (a possible by-product
during oxidation of alcohols) prevents the deactivation of
catalysts.162 Furthermore, the adsorbed OH(ad) on the metal
surface may play a role in formation of alkoxides and also act
as an oxidant to eliminate the metal hydride.162,169 As such, for
Pt-based catalysts, a pH between 7 and 9 was recommended.162

Usually Au-catalyzed oxidation of alcohols was carried out in
high pH solutions.12

In addition to traditional solvents, supercritical CO2 (scCO2)
was also used as a reaction medium.163,194 scCO2may provide a safe
environment for oxidizing organic compoundswithO2. The pressure
of scCO2 can affect the catalytic reaction, due to changes in solubility
of alcohols in scCO2.

194 Finally, it has been repeatedly demonstrated
that solvent-free catalytic oxidation of liquid alcohols is also a
feasible way to produce carbonyl products with high yields.191,192

3.2.5 Substrate scopes. Solid metallic catalysts are able to
catalyze the oxidation of a wide range of alcohols, including
phenyl, allylic and aliphatic alcohols. For a given catalyst, different
substrates may lead to distinct reaction results, due to the different
intrinsic nature of each alcohol. Usually, phenyl and allylic alcohols
are more active than aliphatic alcohols, because the p-bond inter-
actions between noble metals and benzyl rings or double bonds of
unsaturated alcohols can facilitate the rupture of O–H bonds
through the neighbouring active sites, affording the formation of
alkoxides.174,218 Interestingly, the distance of Pd–Pd bond (2.76 Å)
is in accordance with the distance between the center of a CQC
bond and an oxygen atom for O–H group of a cinnamyl alcohol
(ca. 2.8 Å), as depicted in Fig. 24.174 100% selectivity to cinnamal-
dehdye was obtained over Pd-based catalysts.174 On Ru-based
catalyst, the order of reactivity for substituted benzyl alcohols
was –CH3O 4 –CH3 4 –H 4 –Cl 4 –NO2,

170 because electron-
donating substituents favour the formation of carbocations as
intermediates during the catalytic cycle. Similar trends were

also observed in other catalytic systems with either noble
metals161,187,189 or NTM.201 Compared to other alcohols, it is
relatively more difficult to get high selectivity to aldehydes from
the oxidation of primary aliphatic alcohols,169,195,207 as aliphatic
aldehydes are more active than aliphatic ketones and phenyl
aldehydes.162 They are prone to be oxidized to carboxylic
acids.195 Supported noble metal nanoparticles showed tolerance
to heteroatom-containing alcohols,173,174 however, activity of
Au/hydrotalcite was hampered by O or S atoms in alcohols.197

4. CO oxidation

Carbon monoxide (CO) is one of the most common and widely
distributed air pollutants.219,220 Catalytic CO oxidation by mole-
cular oxygen is of practical importance for reducing CO in the
atmosphere. In addition, because of the effect of CO poisoning,
PROX of CO in an H2-rich stream is preferred.221 Over the past
decades, tremendous efforts have been devoted for the develop-
ment of highly active and selective catalysts for CO PROX.222–224

Furthermore, CO oxidation is also an ideal probing reaction to
study the fundamental steps of heterogeneous catalysis. The
catalytic CO oxidation on noble metals has been extensively studied
and documented.225,226 Recently, the distinct catalytic behaviors of
Ru under different pressures were reviewed by Over and Muhler.227

Besides noble metals, NTM-oxides-catalyzed CO oxidations were
summarized by Duprez and Royer.220 Wolf and co-workers
reviewed the fundamental understandings of heterogeneous
catalytic processes inspired by catalytic CO oxidation.222

4.1 Mechanisms of catalytic CO oxidation

The mechanisms for CO oxidation on noble metals and NTM
oxides are different, due to the distinct adsorption manners of
CO and O2. Studies on the catalytic details of CO oxidation not
only facilitate the design of efficient catalysts to fulfil the require-
ment of industry but also contribute to the understanding of
heterogeneous catalysis processes.

4.1.1 Noble metal catalyst. Catalytic CO oxidation on noble
metal catalysts seems to be a simple process. However, it is not
possible to describe it using a single mechanism. The details of
a CO catalytic cycle is determined by several aspects of a given

Fig. 24 Scheme for the multiple interaction between Pd–Pd paired site

and cinnamyl alcohol.174 Reprinted from ref. 174, with the permission of

the American Chemical Society, copyright 2004.
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catalytic system, including the physical and chemical status of
noble metals (extended metal surface vs. supported nanoparticles,
pure metal vs. partially oxidized metal);222 properties of supports
and promoters; reaction parameters (temperature, pressure and
CO/O2 ratio), and etc. Therefore, many fundamental details asso-
ciated with catalytic CO oxidation are still missing. Here, we
would like to begin our discussion on catalytic CO oxidation with
a simple but widely accepted Langmuir–Hinshelwood (L–H)
model which was deduced from intensive CO oxidation studies
over well-defined single crystalline surfaces of noble metals under
ultra-high vacuum (UHV) conditions.222

Based on the L–H model, CO oxidation process could be
divided into the following 3 steps:220 (see Fig. 25 also)

CO + * - CO(ad) (42)

O2 + * - 2O(ad) (43)

CO(ad) + O(ad) - CO2 + 2* (44)

where * and (ad) denote the active sites and adsorbed species,
respectively. The bonding of CO to transition-metal atom is
commonly descried by the Blyholer model of M ’ C s dona-
tion and M - C p back-bonding (M: metal). The electron back-
donation from metal to CO activates CO by weakening the CO
bond.222 The configurations of CO(ad) could be in the form of
linear coordination with one noble metal atom (on-top), bridging
between two metal atoms or simultaneously interacting with
multiple metal atoms (capping) (see Fig. 25).222 The coordination
of CO(ad) depends on the types of noble metals. Based on Evans
and Liu’s theoretical calculations, CO(ad) prefers to reside on the
bridging sites of Pd(100) and on the top sites of Rh(100).228 On a
Pt surface, O2 dissociation occurs at temperatures above 170 K.220

After dissociation, oxygen atoms reside on the 4 fold-hollow sites
on the surface of noble metals (see Fig. 25).228 A combination of
CO(ad) and O(ad) releases CO2, which is the rate-determining
step.222 However, if the M–O bond (M: metal) energy is low and
the metal surface oxygen coverage is high, the slow step would be
adsorption or dissociation of O2 on the metal surface.229,230

The actual CO oxidation reaction could be far more complex
than the scenario described by the L–H model, even on the

surface of an extended crystalline noble metal. First, because of
the stronger sticking coefficient of CO than that of O2, the
metallic surfaces could be easily poisoned by the total coverage
of CO, whereas a metallic surface saturated with oxygen is still
available for CO adsorption.220 Second, CO adsorption on a
metallic crystal could make the metal surface reconstruct.231

This metal surface reconstruction could promote the adsorp-
tion of O2, as the sticking coefficient of O2 is structure-
sensitive.232 Third, oxides could be formed during CO oxidation
on noble metal surfaces, especially at a low CO/O2 ratio or
under atmospheric pressure.232,233 The surface oxides are very
active towards CO oxidation which may undergo a M–v K type
oxidation.233 For Ru based catalysts, it has been shown that
surface RuO2 species rather than metallic Ru are the active sites
for CO oxidation.227,234 Due to the different sticking coefficients
of reactants and the dynamic changes of the physical and
chemical status of metallic surfaces during CO oxidation, oscilla-
tion of reaction rates has been observed under both UHV and
ambient conditions.231,233,235 At certain CO/O2 ratios and reaction
temperatures, the reaction rates fluctuated between the low value
on a smooth metallic surface dominated by CO(ad) and the high
value on a rough oxide-rich surface dominated by O(ad) or oxide
species.233 The periodic fluctuation along with switching of
reaction mechanisms (L–H 2 M–v K) can be completed within
a few seconds at atmospheric pressure, whereas the restructuring
of metallic and oxide surfaces are relatively slower, taking up
to 1000 s.233

The catalytic cycle of CO oxidation becomes even more
complicated for a real catalyst, because of the polymorphic
structure of catalyst nanoparticles, the formation of oxide species
on metal nanoparticle surfaces, and effects from supports and
promoters. Nevertheless, improved experimental techniques have
made the detailed understanding of real catalysts possible. The
dynamic morphological fluctuation of a single supported Au
nanoparticles in oxygen-rich conditions under room tempera-
ture was directly observed using an in situ environmental TEM
technique.236 By using the same technique, the reconstruction
of crystalline facets of a supported Au nanoparticle induced
by CO adsorption was also visualized.237 CO oxidation over
supported Pt nanoparticles was monitored by in situ XAS. It was
found that the high reaction rates of CO oxidation were always
accompanied with the formation of amorphous oxides on the
Pt surface.238 High resolution XRD study of Rh nanoparticles
on magnesium oxide (MgO(001)) showed that the O–Rh–O
trilayer surface oxides can be readily formed at very low oxygen
pressure (2 � 10�5 mbar) above 500 K, along with a shape
change of the Rh nanoparticles.239 The surface oxides can be
reduced by CO, leading to the recovery of the metallic surface
and the original particle shape. CO oxidation was also carried
out on Au nanoparticles with different mean sizes supported on
titanium oxide (TiO2(110)) at 300 and 400 K.240 Two types of
TOFs were calculated based on the number of exposed surface
Au atoms (TOF-s) or Au atoms sitting on the periphery of Au
nanoparticles (TOF-p). Interestingly, TOF-p did not change with
the variation of Au nanoparticle sizes at 300 K, while TOF-s was
found dependent on the mean particle sizes. These results

Fig. 25 (a) Oxidation of alcohol to the corresponding aldehyde over

noble metals; (b) adsorption sites for oxygen and CO: 4 fold-hollow site

(red-dashed circle), bridging site (yellow-dashed circle) and on-top site

(green-dashed circle).
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suggest that at low reaction temperatures, CO oxidation mainly
occurs at the interface between Au and TiO2. At high reaction
temperatures (e.g., 400 K), the correlation between two types
of TOFs and the mean particle sizes reversed. TOF-s became
independent of particle size, suggesting that surface Au atoms
were active enough to catalyze the CO oxidation reaction. The
catalytic active sites not only exist at the boundary between metal
nanoparticles and supports but are also present at the perimeter
of promoters on the surface of a metal nanoparticle. Iron oxide
(FeOx) was deposited on the surface of Pt nanoparticles supported
by silica. It was suggested that O2 dissociated mainly at the
interface between the peripheries of FeOx and Pt.223 For CO
oxidation catalyzed by nano-alloys (Pt–Ni–Co, Co: cobalt) catalyst,
the active sites were proposed at the neighboring hetero-atoms,
i.e., M–Pt–M sites (M: Ni or Co), where CO adsorbs on Pt,
concurrently Ni/Co activates O2.

241 Oscillation of CO oxidation
rates on a real catalyst (Pt on alumina (Al2O3)) under practical
conditions was studied using in situ XAS and infrared spectro-
scopy.242 Surface oxides with oxygen defects were speculated as
the active species with the M–v K type reaction.

To understand better the catalytic CO oxidation process, many
new models have been proposed by incorporating more details in
the L–H or M–v K model. Based on the M–v K theory, Galwey and
L’vov developed a thermochemical approach to understand the CO
oxidation over Pt based catalysts.243 In their model, the catalytic
cycle is mediated by the formation of metastable gas phase Pt
atoms. The modified catalytic process can be written as:

PtO2(s) + 2CO(g) 2 Pt(g) + 2CO2(g) (45)

Pt(g) + O2 2 PtO2(g) - PtO2(s) (46)

where (s) and (g) denote solid and gas phase, respectively. This
new model is able to explain several experimental observations,
such as the inhibition of high concentration of CO2 (eqn (42))
and the surface reconstruction during CO oxidation (formation
of volatile Pt).

The formation of surface oxides during CO oxidation on
Pt-group metals was simulated using the first-order phase
transition theory:244

O(ad) 2 O(s-t) 2 O(latt) (47)

O(latt) and O(s-t) represent the lattice oxygen and surface-
termination oxygen (i.e., superficial O(latt)), respectively.
O(ad) and O(s-t) are removed by reacting with CO via the L–H
or E–R mechanisms, where E–R mechanism was described as:

CO(g) + O(s-t) - CO2(g) + VO (48)

The simulation results suggested that small surface-oxide
islands could be formed on the Pt surface at the nanometer
scale. Oscillation of CO oxidation rates was simulated by a
kinetic Monte Carlo scheme based on a mesoscopic skeleton
model and the L–Hmechanism with the consideration of surface
oxides formation.245 The simulation results showed that oscilla-
tion of CO oxidation for a given system is independent of the
activity of oxide species.

The nature of the active oxygen species on Au/TiO2 during
CO oxidation was examined by multipulse measurements per-
formed in a TPA reactor, in which the time-resolved production of
CO2 wasmeasured when CO was admitted through the pre-oxidized
catalyst.246 An Au-assisted M–v K mechanism was proposed by
Behm and Widmann to explain the CO oxidation, in which Au
nanoparticles gather CO(ad) and slightly activate O(s-t) in TiO2 at the
perimeter of Au nanoparticles. Note that these activated oxygen
atoms in TiO2 are very stable even at 673 K.

4.1.2 NTM oxide catalysts. M–v K type catalytic cycle is
frequently employed to describe the CO oxidation over NTM
oxides.220,247–249 The simple version of the M–v K cycle can be
written as follows (see also Fig. 26):

CO + Md+–O–Md+
- OC–Md+–O–Md+ (49)

OC–Md+–O–Md+
- CO2–M

d+–VO–M
d+ (50)

CO2–M
d+–VO–M

d+
- CO2 + Md+–VO–M

d+ (51)

O2 + 2(Md+–VO–M
d+) - 2(Md+–O–Md+) (52)

It is generally accepted that CO is preferably adsorbed on
metal cations,220,247,250,251 whereas on the defected crystalline
surface, CO may simultaneously bond with both a metal cation
and a twofold coordinated oxygen (O2f).220 In Co3O4 catalyst,
Broqvist et al. suggested that CO would be firstly adsorbed on
Co(III) and then glide towards O2f, leading to the formation of
carbonate species (CO2

�2) as intermediates.252 CO and O2 adsorb
on different active sites on the surfaces of NTM oxides, and thus
there is no competing adsorption in this catalytic system, which
is different from noble metal based catalysts.

Adsorbed O2 can transform to lattice oxygen via a series
of steps:253

O2(ad) - O2
�(ad) - O2

2�(ad) - 2O�(ad) - 2O2�(latt)
(53)

Fig. 26 Oxidation of CO over NTM oxide based on the M–v K mechanism.

Chem Soc Rev Review Article

Pu
bl

is
he

d 
on

 2
0 

Fe
br

ua
ry

 2
01

4.
 D

ow
nl

oa
de

d 
by

 A
ge

nc
y 

fo
r 

Sc
ie

nc
e,

 T
ec

hn
ol

og
y 

&
 R

es
ea

rc
h 

(A
*S

T
A

R
) 

 o
n 

19
/0

3/
20

14
 0

7:
17

:5
9.

 
View Article Online

http://dx.doi.org/10.1039/c3cs60282f


Chem. Soc. Rev. This journal is©The Royal Society of Chemistry 2014

where O2
�(ad) and O2

2�(ad) denote the surface superoxide and
peroxide species, respectively. The formation of O2

�(ad) and
O2

2�(ad) on metal oxides was proved by infrared spectro-
scopy.254 All of the oxygen species may participate in the
catalytic oxidation of CO. At low temperatures, adsorbed oxygen
species on surfaces, such as O2

�(ad) and O�(ad), may act as the
main oxidants.253 For example, reaction of O2

�(ad) and CO gives
rise to CO2 and O�(ad); O�(ad) can be further reduced by CO,
leaving a VO site.255 After pre-treating a mixed oxide Nd1�xSrxCoO3

with O2, the order of CO oxidation reaction with respect to O2 was
zero at the initial reaction stage, suggesting the existence of surface
oxygen species that can easily react with CO.256 At the steady state,
the reaction order respect to O2 became 0.5, which implied that
dissociation of O2 on the surface of oxides was the rate-
determining step. The reactivity was largely affected by the density
of VO on the surface of the mixed oxide. At relatively high
temperatures (e.g., 573 K above), the participation of lattice oxygen
was observed and the catalytic activity was dependent on the
oxygen mobility of the metal oxides.258 The involvement of oxygen
from the surface and subsurface of metal oxides was also
confirmed using 18O2 as oxidant.259

The migration of oxygen species inside NTM was evidenced
by the TPA technique.224,257 When a CO stream was passed
through the freshly oxidized Cu–Ce mixed oxide, two CO produc-
tion spikes at the beginning within 50 s were observed, followed
by rapid drop of CO conversion, as shown in Fig. 27.257 The first
spike of CO2 production was assigned to the oxidation of CO by
the superficial oxygen species that were readily accessible; the
second increase in production rate of CO2 was explained by the
migration of bulk lattice oxygen to the surface and reaction with
CO. Once all of the active oxygen species were consumed, the
CO oxidation would stop. To simulate the two-step CO oxida-
tion over a Cu–Ce binary oxide, a more detailed M–v K model
containing 9 elementary steps was proposed and simulated
with a Monte Carlo algorithm.260 In this advanced model, all
possible oxygen transferring processes, such as from gas phase
(O2) to solid phase and from lattice framework to surface of

NTM oxides, were considered. The simulation results matched fairly
well with the corresponding experimental observations, justifying
the validity of these assumptions. It is noteworthy to mention that
TPA measures the amount of CO2 produced from a unit amount of
an oxidized catalyst in the stream or certain amount of CO.224,246

Therefore, the number of all of the active oxygen species (including
chemisorbed or lattice oxygen) that react with CO can be deduced
from the production of CO2. This intrinsic property of a catalyst is
called the ‘‘oxygen storage capacity’’ of a catalyst which can be used
as an indicator for the activity of the catalyst.

However, not all CO oxidations involve the lattice oxygen. Based
on the kinetic study on CO oxidation over LaCoO3, a catalytic cycle
similar to the L–Hmechanism was proposed. In this modified L–H
model, adsorption of CO2 was also included.220

4.1.3 Preferential oxidation of CO in H2-rich stream. For
preferential oxidation of CO (PROX), the selectivity to CO2 is
determined by the competitive oxidation of CO and H2, i.e., the
reaction rates of CO and O2. The L–H mechanism has been
proposed for a noble metal based catalytic system (e.g., noble
metals on inner supports).261 CO, H2 and O2 are all adsorbed on
the surface of a noble metal, and thus the selective oxidation of
CO depends on the surface coverage of CO, which, in turn, is
largely influenced by several experimental factors, including
the partial pressure of CO, the ratio of O2/CO and temperature.
Usually, high selectivity is obtained at a high partial pressure of
CO, low O2/CO ratio and low temperature.261 On the other hand,
studies on the NTM oxide catalyzed PROX process suggest the
M–v K mechanism.262,263 Transient experiments based on a TPA
reactor revealed that lattice oxygen of NTM oxide could be
involved in oxidation of CO even at low reaction tempera-
tures.262 Different from noble metal based catalysts, CO does
not prohibit the adsorption of H2; both of them can be adsorbed
on the surface of NTM oxide in a non-competitive way.262

However, oxidation of H2 can only occur at higher temperatures
than the onset temperature of CO oxidation, namely a higher
activation energy for H2 oxidation.

264 Therefore, for NTM oxide
catalyzed PROX, a high selectivity up to 100% can be achieved
on NTM-oxide-based catalysts at the low temperature regime,
and the selectivity is not sensitive to the partial pressure of CO
or the O2/CO ratio.262 It is interesting to see that noble metals
supported on redox NTM oxide display both L–H and M–v K
kinetics, for example Pt/CeO2.

265 The selective oxidation pathway
changes with CO concentration. At a relatively high CO concen-
tration (41%), due to the high coverage of CO on Pt, CO oxidation
mainly happens at the interface between Pt and CeO2, following the
M–v Kmechanism. At low temperature, the inhibited adsorption of
H2 by CO and low activity for H2 oxidation lead to nearly 100%
selectivity of CO oxidation.265 When the CO concentration is
reduced to the ppm level, CO oxidation mainly occurs on the
surface of Pt, which is governed by the L–H kinetics. The low
coverage of CO on Pt promotes the oxidation of H2, resulting in a
significant drop of selectivity to CO2.

265

4.2 Catalyst design for CO oxidation

4.2.1 Active sites. Similar to the catalytic oxidation of
alcohols, both noble metals (Pt, Pd, Au, Ru, Rh etc.) and NTM

Fig. 27 Temporal CO2 concentrations in the reactor effluent stream as a

function of temperature. The markers represent experimental points. The

solid lines represent the model predictions.257 Reprinted from ref. 257, with

the permission of the Elsevier, copyright 2004.
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oxides (Co2O3, CuO, MnO2, LaCoO3 etc.) have been employed as
heterogeneous catalysts for oxidation of CO. Duprez and Royer
summarized the activities of different noble metals and NTM
oxides for CO oxidation under the same reaction conditions
(573 K, 1% CO in excess O2).

220 The activity sequence was: Pdc

Pt 4 Co2O3 4 CuO 4 LaCoO3 4 Au 4 MnO2 c Fe2O3. It is
important to note that the activity sequence listed above is just
a rough guideline, as the catalytic performance of a given active
catalyst depends greatly on other factors, such as reaction
temperature, CO/O2 ratio, particle size, effect of support etc.

A typical counter example is Au, which exhibits superior activity
for CO oxidation at very low temperature.219 Because of the
complexity of the CO oxidation process as well as the lack of
experimental details (space time, metal loading, mass transport
parameters etc.), it is generally difficult to compare the activity
of different catalysts based on current reported data.

Despite aforementioned experimental obstacles, the activities
of different noble metals in their metallic form could be estimated
by theoretical calculations. The chemisorption energy of CO
(kJ mol�1) on different metals was calculated by DFT theory,220

with Pt (182) 4 Rh (173) 4 Ru (171) 4 Pd (168) c Au (34). The
order of chemisorption energy is consistent with the order
of adsorption heat obtained by calorimetric studies. The calcu-
lated dissociative chemisorption heat of O2 (in kJ mol�1) is: Ru
(446) 4 Rh (389) 4 Pt (209) 4 Pd (116) 4 Ag (63) c Au (�52),
which also agrees with the chemisorption heat of O2 measured
from the adsorption of O2 on metal foils, except for Pd whose
measured value is between that of Rh and Pd. Starting from the
L–Hmechanism, the upper limit of the rate of CO oxidation over
different metals was evaluated by using a Sabatier analysis.230

The Sabatier rate is the rate of reaction if the coverage of all
surface species is optimized for each elementary reaction step. At
high temperatures (600 K) and stoichiometric CO/O2 ratios, the
Sabatier rate of CO oxidation on close-packed surfaces of various
metals follows: Pd 4 Pt 4 Rh 4 Ru 4 Ag 4 Au. Besides the
extended metal surfaces, the activities of metallic nanoclusters
were also estimated using the same analysis by adding one more
elementary reaction:

O2* + CO* 2 CO2 + O* + * (54)

because the adsorption energy of O2 or CO is much higher on
cus sites of nanoclusters than that on extended metal surfaces.
At low temperature (273 K) and O2-rich conditions, the modelling
results showed another sequence of the Sabatier rate: Au4 Pd4

Ag 4 Pt. The substantial shift of adsorption energy of surface
species on cus sites was the dominant reason for nanosized Au
becoming the best catalyst at low temperature. Shift of Au
activity towards higher value was also observed based on the
DFT calculation for CO oxidation on stepped and kinked sites
of Au.266 These results suggested that the activity of Au was
strongly affected by the existence of cus sites.

Both experimental and theoretical calculations indicate that
Pt and Pd are very active metals for CO oxidation at high
temperatures.220,222,230 Usually, under 1 bar, the high activities
of Pt or Pd based catalysts are obtained on partially oxidized
metal surfaces rather than pure metallic surfaces.231,233,238,242

For CO oxidation over extended Pt or Pd surfaces, once a thin
layer of oxide was formed, the reaction rate increased linearly
with CO partial pressure.232 The rate constants for Pt(110) and
Pd(100) are the same, which suggests that the reaction rate was
determined by non-intrinsic properties, such as CO partial
pressure. The temperature dependence of CO oxidation over
supported Pt nanoparticles was examined with in situ XAS.238

It was found that above the ‘‘ignition temperature’’, the cata-
lytic activity increased sharply with the formation of Pt oxides
on the Pt surface. These noble metal oxides are metastable and
active. Under the ignition temperature, a trace amount of CO
was sufficient to reduce the pre-oxidized catalyst. The ignition
temperature increased with the CO/O2 ratio. The surface recon-
struction, lifted by CO adsorption, may facilitate the formation
of metal oxides on the surface of Pt or Pd.231 As bulk Pt oxide is
nearly inactive for CO oxidation, the high activity of partially
oxidized Pt catalysts was related to the cus Pt sites in oxide
species.242 A high reaction rate was observed on rough oxidized
surface of Pd(001) as well.233

Based on the DFT calculations shown above, both CO and O2

adsorption on Au are very weak. The negative value of dissociative
chemisorption of O2 (�52 kJ mol�1) on Au suggests that the
dissociation of O2 on Au is not possible. O2 desorbs from the
crystalline Au surface below 50 K and does not dissociate over
Au(110) even at 500 K and 1.8 bar.229 Indeed, bulk Au is totally
inert, only Au nanoparticles that are smaller than 5 nm are
catalytically active and well-known for their high activity at low
temperature (below 273 K).219,267 The high activity of small Au
nanoparticles has been explained by the following 4 aspects:
quantum size effect, large amount of cus Au atoms, active sites
sitting at the perimeter of supported Au nanoparticles, and the
existence of positively charged Au. The relation between Au
particle size and CO oxidation rate was surveyed by Bond.268 It
was suggested that the activity of Au based catalysts mainly came
from Au nanoparticles whose size was less than 2.5 nm. This
critical size was regarded as the transition point from ametallic to
a non-metallic or ‘‘molecular’’ structure. Small Au nanoparticles
have distinct properties as compared with bulk Au or Au with
large particle sizes, such as very low conductivity and melting
temperature. This transition may lead to the enhanced and
activated chemisorptions of CO.

Adsorption of CO on cus sites of Au nanoparticles was
proposed.269 Two peaks were found in the thermodesorption
spectrum of CO that was adsorbed on Au nanoparticles, which was
related with the adsorption of CO on two different defect sites on
Au (e.g., steps and kinks). The initial adsorption probability of CO
on a surface with zero coverage was used to access the adsorption
capability of Au nanoparticles. It was found that the initial
adsorption probability of CO reached a maximum value when
the Au nanoparticle size was 3 nm.269 Theoretical calculations
showed that the bonding strengths of Au–CO and Au–O are much
stronger on Au clusters that those on Au crystalline surfaces.229

A measurable dissociation of O2 on cus Au atoms was observed
at 400 K.229 Recently, CO adsorption on a single Au nanoparticle
was studied using in situ environmental TEM.237 Reconstruction
of flat micro-facets of the Au nanoparticle were observed and
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explained by the induction effect of adsorbed CO. This assump-
tion was supported by ab initio calculations. These new findings
revealed that besides the cus sites at corners and edges, a
surface with a flat facet (e.g., Au(100)) may undergo rearrange-
ment that could allow CO to adsorb.

For supported Au nanoparticles, the adsorption and dissociation
of O2 mainly occurs at the perimeter of supported Au nano-
particles.240,246 Dynamic fluctuation of facets on a gold nanoparticle
supported by CeO2 was observed at O2-rich conditions, which was
attributed to the dissociation of O2 at the interface between Au and
CeO2.

236 It was reported that the anion cluster of Au andO2 (Au3O2
�)

cannot oxidize CO to produce CO2, implying that dissociation
of O2 to O atoms is necessary for CO oxidation.270 Reaction of
O2

�(ad) and O2
2� (ad) with CO at Au–CeO2 interface was

confirmed by Raman spectroscopy.271

In the Au/MgO catalyzed CO oxidation system, it was found that
the reaction rate was proportional to the ratio of Au(I)/Au(0).272 By
ruling out the size effect of Au particles, the high activity of Au/MgO
was explained by the involvement of Au(I) in the catalytic cycle. In
fact, it was reported that supported Au oxide was much more active
than Au nanoparticles in CO oxidation.273However, the activity of Au
oxide decayed very rapidly due to the formation of metallic Au.

Besides supported Au nanoparticles, porous gold nanostruc-
tures also exhibited high activity for CO oxidation even below
237 K.274,275 The nanoporous bulk Au with a coral-like structure
could be prepared by etching out the less noble constituent
(e.g., Ag or Cu) from a bulk Au alloy. As the size of ligaments
(30–40 nm) in the nanoporous Au is significantly larger than
the commonly agreed upper limit size (5 nm) for an active Au
based catalyst, the activity of nanoporous Au was attributed to
surface defects (such as steps and kinks) or residual second
metal (e.g., Ag or Cu) which was left on the surface during the
catalyst preparation.

Under UHV conditions, metallic Ru is not catalytically active
for CO oxidation, while under strongly oxidizing reaction
media, formation of an epitaxially grown RuO2(110) overlayer
on metallic Ru makes it highly active towards CO oxidation.227

RuO2 is much more stable than Pt and Pd oxides, due to the
high bonding energy of Ru–O.276 On the RuO2 surface, there
exist two types of adsorption sites: (1) the on-top site over a cus
Ru atom (Ru–&); (2) the bridging site in between two Ru atoms
(Ru–&–Ru).234 Based on the DFT calculations, the binding ener-
gies of CO andO on different adsorption sites follow: Obr(2.44 eV)4
CObr(1.64 eV)4COcus(1.31 eV)4Ocus(1.08 eV),

234where cus and br
denote the atop cus sites and bridging sites, respectively. The activity
of RuO2 depends on the amount of one-fold coordinately unsatu-
rated Ru, namely the Ru–& sites.227 A perfect RuO2 crystalline
surface saturated with oxygen atoms is catalytically inactive.276 CO
oxidation over RuO2 follows the M–v K mechanism.227 Like Ru, Rh
is also easily oxidized during CO oxidation, together with the
formation of Rh2O3.

239,277 In a mixture of CO and O2, besides
metallic Rh and Rh2O3, formation of Rh(I)(CO)2 was also detected
by EXAFS. Equilibria among the three different Rh species are
proposed as:

Rh(I)(CO)2 2 Rh(0) 2 Rh2O3 (55)

The equilibrium between Rh(I)(CO)2 and Rh(0) mitigates the
hindering effect of CO on the chemisorptions of O2, resulting in
improved catalytic activity. Under O2-rich conditions, CO oxida-
tion over Rh2O3 on the metallic Rh core follows the M–v K
mechanism. Based on the in situ XPS studies, a particular type
of oxide was formed during Rh-catalyzed CO oxidation, but was
absent in pure O2, suggesting the formation of CO stabilized Rh
oxide as an intermediate during CO oxidation.278

The activity of NTM oxides for CO oxidation has long been
discovered. At the beginning of the 20th century, some oxides
(e.g., hopcalite—a mixed Mn–Cu oxide) were discovered to oxidize
CO at ambient temperature.220 However, metal oxides may not
serve as good candidates for removing CO in automotive exhaust
gases, due to their high susceptibility to poisoning by sulfur and
water. Compared with noble metals, NTM oxides are much
cheaper, in addition, they can be used to remove volatile organic
compounds (VOC) in air.220 As a result, significant attention has
been paid recently towards CO oxidation over these materials.

Cobalt oxides, especially Co3O4, are well-known for their
catalytic activities for CO oxidation. The catalytic activities of
various cobalt oxides were studied by Lin et al., and the
activities was found to be in the order of: CoO E Co3O4 c

CoO(OH)4 CoOx (valence of Co4 + 3).279 Chen and co-workers
reported a much higher activity of Co3O4 than that of CoO.220

The high activity of Co3O4 was attributed to the coexistence of
Co(II) and Co(III) ion pairs. CO oxidation studies over CoOx with
different Co(III)/Co(II) ratios further show that a balance between
Co(III) and Co(II) species is important to achieve a high activity,
because of the Co(II) sites and the specific Co(III)–&–Co(II) sites
for CO and O2 adsorption, respectively.

280 Adsorption of CO on
Co(II) was evidenced by infrared spectroscopy.281 However, DFT
calculations suggested that CO was preferably adsorbed on the
superficial Co(III) cations.252,255 Duprez and Royer suggest that
CO could be preferably adsorbed on Co(III), while Co(III) tends to
be reduced to Co(II) upon the adsorption of CO.220 Co3O4

nanorods with enriched Co(III) on surfaces exhibited steady
catalytic activity for CO oxidation at a temperature as low as
196 K.249 The activation energy of CO oxidation on Co3O4

nanorods was similar to that of Co3O4 nanoparticles, but the
preexponential factor of Co3O4 nanorods was about 14 times
larger than that of Co3O4 nanoparticles, which was attributed to
high density of exposed Co(III). Two types of oxygen atoms exist
on the surface of Co3O4: the two-fold coordinated oxygen (O2f)
and three-fold coordinated oxygen (O3f).220 Theoretical analysis
showed that surface O3f bonded with three Co(III) is slightly
more active than other types of lattice oxygen.251 Based on
characterizations of infrared spectroscopy, O2 would dissociate
on Co3O4 and bond linearly to spinel Co3O4, whereas O2 could
not dissociate over CoOx containing mainly Co(III) or Co(IV),
confirming the imc of Co(III)–&–Co(II) sites.279 Surface oxygen
species including O2

�(ad), O�(ad) and O2�(latt) were detected
by oxygen temperature programmed desorption (O2-TPD).

220

The activity of Co3O4 is very sensitive to SO2. A few ppm of SO2

can completely deactivate the catalyst.220

In addition to Co oxides, Cu, Mn and Zn oxides were also
tested in the catalytic oxidation of CO. Study of CO oxidation
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over a well-defined Cu2O film suggested that there was an
oscillation between Cu(I) and Cu(II) during the reaction.247 The
existence of Cu(I) species is important for CO oxidation over Cu
oxides. Cu(I) serves as the anchoring site of CO, oxidation of CO
follows the M–v K mechanism.220 The activity of different types
of MnO2, in the order of a- E d- 4 g- 4 b-MnO2, is inversely
proportional with the Mn–O bond strength.248 In the M–v K type
catalytic cycle, Mn(IV) was reduced to Mn(III) by the adsorbed CO,
followed by oxidation of Mn(III) to Mn(IV) by molecular oxygen.
The low activities of g- and b-MnO2 were ascribed to the strong
Mn–O bonds which hindered the oscillation between Mn(III) and
Mn(IV). The activity of nano-sized zinc oxide (ZnO, 2.2 nm)
supported on MgO was 18 times larger than the bulk ZnO
on MgO, which was attributed to the quantum confinement
effect.282 It was proposed that CO adsorption on ZnO caused the
formation of carbonate species, followed by either a thermo-
decomposition or an oxidative depletion of the surface carbo-
nates, yielding CO2 as a product.

The catalytic performance of metal oxides can be tuned
finely by chemically mixing two or more types of NTM oxides
together. Recently, Wang and co-workers reported the fairly
good activity and stability of an MnxCo3�xO4 solid solution for
PROX of CO in an H2-rich stream.224 Both conversion and
selectivity of CO remained constant during a 100 h testing
period at 373 K, while pure Co3O4 deactivated rapidly under the
same reaction conditions. The activities of MnxCo3�xO4 and
pure Co3O4 were also studied by using a TPA reactor conjugated
with a pulse reaction technique. After each pulse of CO, the
catalysts were regenerated in a stream of O2 for 30 min. At 313
and 373 K, MnxCo3�xO4 always exhibited higher CO conversion
than Co3O4. Furthermore, MnxCo3�xO4 could be regenerated at
313 K, but Co3O4 could not. The superior catalytic activity of
MnxCo3�xO4 was explained by the improved oxygen mobility and
oxygen storage capacity caused by the incorporation of Mn in the
framework of Co oxide, which was verified by O2-TPD measure-
ments. CuO–CeO2 solid solution was prepared by a sol–gel method
and tested in catalytic CO oxidation.257 A redox equilibrium for
a pair of neighbouring Cu and Ce ions were postulated:

Ce(IV)–Cu(I) 2 Ce(III)–Cu(II) (56)

The synergic effect of Cu and Ce facilitated the oxygen transfer,
leading to an enhanced activity. Mixed metal oxides with
perovskite structure (ABO3, usually A and B being a lanthanide
cation and an NTM cation, respectively) have been extensively
studied as catalysts for CO oxidation.220 The compositions of
perovskite-type mixed oxides are very flexible, both A and B
cations can be partially or totally substituted by other cations.
Therefore, the redox and surface properties of perovskite oxides
can be easily finely tuned. The reactivity was largely affected by
the density of VO on the surface of the perovskite oxide as well
as the oxygen mobility.256,258

Both noble metals and NTM oxide have been used as the
active components for the PROX of CO, as shown in Table 2.
Generally, noble metal based catalysts exhibit higher activity
(high conversion at low temperature) but lower selectivity
compared to NTM oxide based catalysts. The selective oxidation

of CO over Pt based catalysts derives from the preferential
adsorption of CO on Pt surfaces, therefore, the activation and
oxidation of H2 is subdued.261 Under PROX conditions, for-
mation of adsorbed water on Pt based catalysts was found by
in situ DRIFTS.283 It is suggested that water–gas shift (WGS)
reaction may also contribute to the selective oxidation of CO.283

Different from Pt, Pd showed very poor catalytic performance
for the CO PROX process (see Table 2), although Pd is active for
CO oxidation without the presence of H2.

284 This distinct property
of Pd is explained by its high affinity to hydrogen, favouring the
oxidation of H2 rather than CO.284 Under PROX conditions at low
temperature (350–380 K), H2 can dissolve in Pd leading to the
formation of Pd b-hydride, which has been confirmed by in situ

XPS.284 Au is a good candidate for catalytic PROX of CO, probably
due to its high activity for low temperature CO oxidation, as shown
in Table 2. High activation energy for H2 oxidation has been found
on Au/CeO2, compared to that of CO oxidation.285 When Au/MgO/
Al2O3 was used as a catalyst, conversion of H2 at low temperature
(o323 K) decreased from 20% to zero by adding CO into the
reaction system.286 This result implied that adsorbed CO may
hinder the dissociation of H2 over Au at low temperatures, whereas
at temperatures above 323 K the thermal desorption rate of COwas
large enough for H2 oxidation to commence, leading to a decrease
in selectivity of CO oxidation.286

One important advantage of NTM oxide based catalysts is
their high selectivity for CO oxidation (up to 100%).294,296 For
CO PROX over CoOx/CeO2, the activation energy of H2 oxidation
was always higher than that of CO oxidation, regardless of the
loading of Co.264 Moreover, the NTM oxides are less sensitive to
the concentration of CO. Under similar reaction conditions, the
selectivity of CO oxidation over Pt/CeO2 dropped from almost
100% to 20% when the CO concentration decreased from 1% to

Table 2 Summary of CO PROX over variety of catalysts

Catalysts
Temperature/
K

O2/
CO ratio

Conversion
(%)

Selectivitya

(%) Ref.

1 wt% Pt/CeO2 383 0.4 35.0 85.0 287
1 wt% Pt/CeO2 350 0.4 60.0 80.0 283
1 wt% Pd/CeO2 350 0.4 10.0 10.0 284
0.5 wt%
Pt–Co/YZrOx

350 1.0 40.0 75.0 288

1 wt%
Pt–SnO2/Al2O3

383 1.5 100.0 50.0 289

1 wt%
Pt–Sn/Al2O3

393 1.0 78.0 40.0 290

5 wt%
Au/MgO/Al2O3

313 0.5 85.0 490.0 286

1 wt%
Au/Ti-SBA-15

323 4.3 100.0 90.0 291

1.3 wt% Au/TiO2 298 1.0 100.0 80.0 292
2 wt%
Au/MnCeOx

350 1.0 86.0 61.0 293

CuO–ZnO/TiO2 393 1.0 27.0 100.0 294
Co3O4/ZrO2 448 1.0 60.0 90.0 295
CoOx/CeO2 448 1.0 94.0 71.0 264
Au–CuOx/CeO2 333 1.0 57.0 84.0 296
Au/CeO2 333 1.0 88.0 47.0 296
CuOx/CeO2 333 1.0 11.0 100.0 296

a Selectivity to CO oxidation is calculated based on the O2 consumption
for CO oxidation divided by total O2 consumption.
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the ppm level, while CuOx/CeO2 maintained high CO selectivity
(485%) over a wide range of low CO pressures.265 Supported
bimetallic catalysts containing both Au and CuOx were also
used in the PROX of CO.296 As shown in Table 2 (the last three
rows), Au/CeO2 is about 9 times more active than CuO/CeO2 but
it is much less selective, while Au–CuOx/CeO2 shows mixed
behavior with moderate activity and good selectivity.

4.2.2 Promoters. As discussed above, partially oxidized Pt
or Pd based catalysts are more active than their metallic
counterparts, due to the formation of metastable oxides on
the surface of metallic nanoparticles. Deposition of NTM oxide
(FeOx) on Pa t(111) surface could also lead to a significant
increase in the activity for CO oxidation.223Different from surface
oxides of noble metals that are directly reduced by CO, the
improved catalytic performance was interpreted by the prefer-
ential adsorption and activation of O2 at the cus Fe sites located
at the peripheries of FeOx nanoislands. Adsorption of CO on
the cus Fe sites was not preferable, thus preventing the poison-
ing effect of CO. The FeOx promoted mechanism was further
supported by the good catalytic performance of supported
Pt–Fe nanoparticles in PROX of CO. Deposition of a bilayer FeO
thin film on Pt(111) was also reported.222 At O2-rich conditions, an
O–Fe–O trilayer was formed because of the dissociation of O2 on
the FeO bilayer. It was proposed that the O–Fe–O trilayer could be
reduced by CO(ad) on Pt, leaving VO sites, which, in turn, were
refilled by O2. Supported Pt nanoparticles modified by FeOx

exhibited higher activity than standard Au/TiO2 (fromWorld Gold
Council) at low temperatures (223–273 K).297 At 273 K, a relatively
high reaction order (0.9) with respect to O2 was obtained, which
implied that COmay compete with O2 to adsorb at the same active
sites (probably the interface between FeOx and Pt). Enhanced
activity for PROX of CO was obtained by doping Co on Pt based
catalysts.298 The Co oxide nanoislands on Pt nanoparticles
remained as CoO rather than Co3O4 which is thermodynamically
preferable in air. It was suggested that the metastable CoO
structure was stabilized by the strong interaction between Co
oxides and Pt. By using Co as a promoter, both the activity and
selectivity of Pt/ZrO2were greatly improved for PROX CO oxidation
process.288 The promoted activity of Pt–Co/ZrO2 was attributed to
the interaction between Pt–Co bimetallic nanoparticles and the
reducible support containing VO. Compared to monometallic Pt
catalysts, the supported ternary nanoalloy (Pt–Ni–Co) exhibited
enhanced activity and stability for CO oxidation, in which Co
promoted the activity, while Ni was responsible for the improve-
ment in stability.241 The promoting effects of Ni and Co were
ascribed to the formation of Ni–Pt–Co sites which facilitated the
adsorption and activation of CO and O2. Addition of a small
amount of sodium or potassium nitrate to nitrogen free Au/TiO2

led to an increment of conversion from 70% to 90%.299 By ruling
out all other factors (e.g., Au particle size, effect of cations), it was
postulated that the promoting effect should originate from NO3

�.
For CO PROX processes, both activity and selectivity of CO

oxidation can be promoted by decorating noble metal based cata-
lysts with metal oxides. By adding K to Pt/Al2O3, the conversion of
CO increased from 20% to 100% and the selectivity of CO oxidation
elevated from 10% to 50% (temperature range: 360–400 K).300

For the Pt/YSZ (YSZ: yttria-stabilized zirconia) catalyzed CO
PROX system, addition of Co to Pt/YSZ doubled conversion
and selectivity at 423 K.288 The promoting effect of Ge on
Pt/SiO2 for CO PROX was also reported, CO conversion and
selectivity were enhanced by 2 times and 5 times, respec-
tively.301 The improved activities were related to the activation
of O2 by promoters.300,302 As adsorption of O2 on noble metals
is suppressed by adsorbed CO, metal oxides attached on noble
metal surfaces may benefit the adsorption and dissociation of
O2.

302 An alternative theory was proposed by Tanaka et al.303,304

They suggest the existence of promoters, such as FeOx and
CoOx, which change the CO oxidation path. The new CO
oxidation path involves splitting of H2O (from H2 oxidation)
over metal oxides and formation of an adsorbed HCOO�

species as an intermediate. The promoting effect of metal
oxides was attributed to the potentially low activation barrier
of the new CO oxidation path.304 However, they did not calculate
the activation energy of CO oxidation over the modified catalyst
and compare it with that of unmodified catalyst. It seems there
are little mechanistic studies to illustrate the promoting effects
of metal oxides on the selectivity of CO oxidation. A plausible
explanation could be the enhanced adsorption of water on
catalysts due to the addition of metal oxides, which will be
discussed in Section 4.2.4.

4.2.3 Support materials. Like all heterogeneous catalysis,
interactions between supports and active sites play a decisive
role in determining the catalytic performance of the catalysts
used in CO oxidation. By employing a carefully controlled
co-precipitation method, isolated single Pt atoms were anchored
on the surfaces of FeOx nanocrystals.

305 These highly dispersed
Pt atoms were positively charged and very stable in either an
H2 or O2 atmosphere. It was postulated that there were strong
electrostatic and covalent interactions between Pt atoms and the
FeOx support. Compared to supported Pt nanoclusters, a much
higher activity was achieved on Pt/FeOx with atomic dispersion
for both CO oxidation and PROX of CO at 300 K. DFT calcula-
tions showed that the CO adsorption energy on these positively
charged Pt atoms was much lower than that on metallic Pt
clusters, which could minimize the poisoning of CO. Additionally,
the presence of individual Pt atoms improved the reducibility of
FeOx, promoting the formation of VO. The influence of intrinsic
surface properties of silica (MCM-41) on the activity of Pt nano-
particles for PROX of CO was reported by Fukuoka et al.306 Under
the same reaction conditions, 100% conversion of CO was
achieved on Pt nanoparticles supported on MCM-41 containing
a high density of surface silanol groups (Si-OH), whereas, only
10% conversion was obtained when MCM-41 enriched with
superficial siloxane groups (Si–O–Si) was used as a support. Based
on intensive studies using an isotope labelling technique, it was
proposed that silanol groups in vicinity of Pt nanoparticles may
oxidize adsorbed CO on Pt, leaving vacant sites. Subsequently, the
active silanol groups were regenerated by combining with oxygen
and hydrogen atoms dissociated on Pt surfaces.

Because of the inert property of Au, selection of a proper
support for an Au based catalyst is crucial to achieve a high
activity for CO oxidation. It has been repeatedly proven that the
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interface between Au and TiO2 plays a critical role in CO oxidation.
At 300 K, CO oxidation can take place smoothly on Au nano-
particles supported by TiO2(110) or TiO2 decorated Au(111),
whereas, both TiO2(110) and Au(111) were inactive under the same
conditions.240 The oxygen storage capacity of Au/TiO2 was mea-
sured by TAP technique.246 The presence of Au nanoparticles is
indispensable for the adsorption and activation of O2, because pure
TiO2 showed zero oxygen storage capacity even at 673 K. It was
proposed that the dissociation of O2 and storage of active oxygen
atoms may occur at the periphery of Au nanoparticles (as shown in
Fig. 28). This activation of O2 can be expressed as:

O2 - O2(ad) - 2O(s-t) (57)

Au also played a role in activating adjacent surface O(latt), i.e.,
O(s-t) of TiO2 for CO oxidation. Based on the number of O(s-t) at
the perimeter of Au nanoparticles, the coverage of stored
oxygen at the boundary between Au and TiO2 was estimated
to be 0.89 at 353 K and 3.65 at 673 K. The high value (41) of
oxygen coverage at 673 K implied the migration of surface
oxygen, which was driven by elevated temperature (see Fig. 28).
The surface reconstruction of TiO2(110) as a support was observed
by STM during the CO oxidation over Au/TiO2(110).

307 The inter-
action between Au nanoparticles and oxygen from the support
(ceria) was also reported by Corma et al.271 EXAFS spectra revealed
that Au interacted with the surface oxygen of ceria in two ways: a
covalent bonding of Au and oxygen; a weak nonbonding inter-
action. It was found that the activity of Au/CeO2 was proportional to
the amount of surface oxygen that weakly interacts with Au. The
dynamic fluctuation of the Au nanoparticle morphology was
observed directly using in situ environmental TEM in O2-rich
conditions when CeO2 was used as a support,236 while no
morphological change was detected for Au nanoparticles supported
by an inert supporting material—TiC. These observations sug-
gested the CeO2-assisted dissociation of O2.

Au nanoclusters on an MgO(100) surface with high density
of VO showed catalytic activity for CO oxidation, whereas
Au nanoclusters on defect-free MgO(100) were inactive.229

These observations were explained by the partial electron transfer
from VO to Au, resulting in the back-donation of electrons from Au
to CO(ad). The electron transfer from MgO(100) to Au was further
verified by STM techniques.308 Simulation results showed that the
transferred charge was mainly localized at the kinks of Au
nanoclusters. The preferential adsorption of CO at the fringe of
Au clusters was directly observed by STM.

One of the advantages of using NTM oxides as catalysts for
CO oxidation is the non-competitive adsorption between CO
and O2, whereas the poisoning effect of CO is well-known for
noble metals. To reduce the CO poisoning effect, Ir was loaded
on Fe(OH)x, which was also active for CO oxidation.220,309 In situ

diffuse-reflectance infrared absorption spectroscopy (DRIFTS)
measurements revealed that O2 was mainly adsorbed on the
surface of Fe(OH)x, while Ir nanoparticles were covered by CO.
Therefore, it was suggested that CO oxidation on Ir/Fe(OH)x
followed the non-competitive L–H mechanism. It was also
demonstrated that Fe(OH)x was an excellent support for all other
Pt-group metals, such as Pt and Rh. NTM oxides could serve as
oxygen reservoirs by providing lattice oxygen to noble metals.
A perovskite oxide (BaCeO3) was doped with Pd and used for CO
oxidation.310 Under high O2 partial pressure, CO and O2 competed
for the same adsorption sites (most probably Pd(II)), showing the
L–Hmechanism; whereas, with the decrease of O2 partial pressure,
the apparent reaction order with respect to CO was increased from
�1 to 0.41, implying a contribution of oxygen from BaCeO3.

‘‘Hot’’ electrons generated by CO oxidation could cause
sintering of supported Au nanoparticles.307 TiO2 was modified
by various metal oxides (Al2O3, CaO, ZnO, Pr2O3 etc.), which act
as spacers, before the deposition of Au to minimize the growth
of Au nanoparticles during CO oxidation.311,312 Small Au clusters
(ca. 3 nm) trapped inside silicate matrix also showed a high
tolerance for sintering as well as high activity for CO oxidation.313

Although silica is usually considered as an inert support, the
activity of Au nanoparticles confined in silica is comparable to
Au/TiO2 and much higher than that of Au/Fe2O3.

Various types of materials have been utilized to support
active metals for CO PROX, such as SiO2,

301 Al2O3,
261 TiO2

294

and CeO2
283 etc. Among them, CeO2 and doped CeO2 have been

frequently employed as the supports of both noble metals and
NTM oxides for CO PROX.283,294,295,314,315 The distinct redox
properties of CeO2 (Ce4+/Ce3+) allow transient oxygen storage
and promote oxidation under oxygen-poor conditions.283,315

Participation of oxygen from CeO2 has been validated by oxygen-
exchange measurements between C16O and 18O-predosed
Pt/CeO2.

316 On the other hand, both adsorbed CO and H on Pt
can migrate to CeO2 via a ‘‘spillover’’ process, leading to reduction
of Ce4+ to Ce3+, i.e., an oxygen vacancy.283,287Water, produced from
the oxidation of hydrogen, can be stabilized on these oxygen
vacancies, preventing further oxidation of hydrogen, and thus
improving selectivity of CO oxidation.287 The interface between
noble metal and CeO2 plays a very important role in CO PROX
process. The interfacial Pt–O–Ce sites are responsible for the M–v
K type redox pathway when CO coverage on Pt is high.265 This
assumption is supported by the fact that the density of active redox
sites per interfacial length (the periphery of Pt nanoparticles) is

Fig. 28 Description of the pathway for CO oxidation on Au/TiO2 at

temperatures r353 K, involving (a) CO adsorption on Au nanoparticles;

(b) CO reaction with O(s-t) at the perimeter of the Au–TiO2 interface;

(c) replenishment of O(s-t) by dissociative adsorption of O2 at the perimeter

sites; at higher temperatures above 353 K, (d) migration of surface lattice

oxygen and to the perimeter sites of Au nanoparticle.246 Reprinted from

ref. 246, with the permission of the John Wiley and Sons.
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nearly constant for Pt/CeO2 catalysts with different Pt disper-
sions.265 Both linear and bridged adsorptions of CO on the
Pt–Ce interface sites were detected by in situ DRIFTS under
PROX conditions.283 Linearly adsorbed CO contributes to the
selectivity of CO oxidation via the low temperature water gas
shift (LTWGS) reaction, whereas the bridged CO at the interface
may dissociate, leading to the formation of methylidyne or
hydrogenated graphitic species surrounding Pt nanoparticles,
and thus the deactivation of catalysts. The redox properties of
CeO2 can be modified by doping other metals in its structure,
for example Zr.315 For Au/CeO2, introduction of Zr4+ ions
increases the reducibility of Ce and stabilizes Ce3+ species,
resulting in a significant increasing in activity but a decrease in
selectivity.315 A similar improvement in activity was found on
Co3O4/CeZrOx, whereas selectivity was less affected by doping
of Zr in CeO2,

317 probably because of the high activation energy
for H2 oxidation over NTM oxides.264 Coprecipitation of Cu and
Ce led to the formation of CuO supported by CeCuOx in the
form of a solid solution.263 The strong interaction between CuO
and CeO2 facilitates the reducibility of Cu2+ under PROX condi-
tions, promoting the formation of Cu+–CO species evidenced by
in situ DRIFTS. It is found that the specific CO oxidation rate
increases with the intensity of this Cu+–CO band.

4.2.4 Moisture effect. Catalytic CO oxidation is very sensi-
tive to reaction parameters. Here, only the effects of moisture
on catalytic performance are discussed. It has been found that
the activities of Au based catalysts are improved in the presence
of a trace amount of water moisture. By varying the water
content from 0.1 to 6000 ppm, a general increase in activity
of Au based catalysts was observed, regardless of the type of
supports and the mean particle size of Au.318 Acceleration of CO
oxidation over Au/TiO2(110) was observed at 300 K and a low
content of water (o1.3 � 10�4 bar).240 It was proposed that O2

might react with water at the periphery of Au nanoparticles,
forming hydroperoxide species. The hydroperoxides can oxidize
adsorbed CO on Au to produce CO2. Based on theoretical
calculations, dissociation of water on VO of supports promotes
the formation of hydroxyl groups, which can stabilize the
adsorbed O2.

229 The promoting effect of water was also found
on support-free nanoporous Au.275 It was confirmed that water
was not consumed during CO oxidation, implying that water
may act as a co-catalyst. However, high humidity deteriorates the
activity of Au/TiO2, because a significant amount of carbonates
are formed on the surface of TiO2 thenmigrate to the Au surface,
which blocks the adsorption of CO on Au.319

Different from Au, the presence of water reduces the activity
of NTM oxides. The light-off temperature T50 (temperature at
50% conversion) for CO oxidation over Co3O4 was increased
from ca. 219 K to 323 K by introducing 3 ppm of water to an
exclusively dry system.320 At low temperature (303 K), the deactiva-
tion of Co3O4 nanosheets was ascribed to the accumulation of
water on the catalyst.321 The deactivation was mitigated by
increasing the temperature to 373 K. Pretreatment of Co3O4 with
steam led to a drastic increase of the reaction order of CO whereas
the order of O2 remained unchanged. This observation suggests
that water may be preferentially adsorbed on Co(III), blocking

the adsorption of CO.322 The negative effect of water on CO
PROX over NTM oxide based catalysts was also reported.323

The distinct effects of water on noble metals and NTM oxides
catalyzed CO oxidation was investigated using first principles
calculations.324 For water adsorbed on metallic surfaces of noble
metals, an alternative reaction channel rather than the classical
reaction path (CO(ad) + O(ad) - CO2) was proposed:

H2O + * - H2O(ad) (58)

O(ad) + H2O(ad) - 2OH(ad) (59)

CO(ad) + OH(ad) - COOH(ad) + * (60)

COOH(ad) + OH(ad) - CO2 + H2O(ad) + * (61)

The energy barriers for all reaction steps are much lower than
that of combination of CO(ad) and O(ad), therefore the role
played by H2O(ad) is similar to a molecular catalyst on the
surface of a metallic catalyst. In contrast, the adsorption and
dissociation of water on a metal oxide such as Co3O4 leads to
the transformation of lattice O on the surface to hydroxyl
groups. These surface hydroxyl groups are more inert for CO
oxidation compared to the superficial lattice oxygen (Os-t). Also,
water can induce the formation of bicarbonate species (HCO3

�)
from CO2 adsorption. It was expected that adsorption of these
bicarbonates could result in serious deactivation due to their
high stability. The dramatic difference between barriers for the
reaction of CO(ad) and surface OH on metals or metal oxides is
derived from the distinct potential energy surfaces of OH groups.
Namely, OH groups on metallic surfaces are more flexible and
active than those on the surface of metal oxides.

For CO PROX catalyzed by Pt-based catalysts, the presence of
H2 in the reaction mixture leads to an increase in catalytic activity
in comparison to CO oxidation without H2.

283,289,303 One reason
could be the formation of oxygen vacancies on reducible sup-
ports, which are responsible for the activation of oxygen.291

Another possible explanation that has been repeatedly proved
is the formation of water from the oxidation of H2.

283,289,291,303

Indeed, conversion and selectivity of CO increased when water
vapour was directly added to the CO PROX system.289,303 Studies
on the Pt/CeO2 catalyzed CO PROX suggested that water accu-
mulated on the CeO2 via oxidation of hydrogen spilled from
Pt.283 Pozdnyakova and co-workers proposed that the water
adsorbed on CeO2 could have three positive effects on the
selective oxidation of CO.283 Firstly, water molecules gathered
on CeO2 minimize the further oxidation of hydrogen migrating
from Pt, while CO oxidation still occurs, because coverage of CO
on Pt is high and oxygen transfer from CeO2 to Pt may not be
hindered by water; secondly, water locating at the periphery of
Pt could promote the LTWGS reaction, leading to consumption
of CO and producing CO2 and H2; thirdly, CO adsorbed at the
interface between Pt and CeO2 in a bridged manner could
disproportionate, giving rise to formation of hydrogenated
graphitic species and deactivating the catalysts. Adsorption of
water on the unsaturated Ced+ sites could inhibit the formation
of this type of adsorbed CO. The promoting effect of a low
concentration of H2O (o6000 ppm) on Au catalyzed CO oxidation
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has been reported by Daté et al.318 Adsorbed O2 would react
with adsorbed H2O at the periphery of Au, leading to the
formation of hydroxyl groups and active oxygen.318 Enhanced
CO oxidation was found on Au/ZrO2 when hydrogen was
introduced in the stream of CO and O2, which was related to
the formation of water.325 However, addition of a high concen-
tration of water may have little effect on the catalytic performance
of Au based catalysts,293 or even suppress the activity of Au, which
was attributed to the adsorption of an excess amount of water on
the catalytic active site.326

5. New methodology on catalyst
design/optimization for selective
oxidation

Once a catalytic system is established, it is necessary to optimize
influential factors that determine the catalytic performance.
Usually, the critical reaction parameters involve the content of
active metal, the ratio of active metal to promoter, concentration
of substrates, temperature, pressure and flow rate of oxygen etc.

The common ‘‘trial-and-error’’ method is to adjust each factor in
turn while keeping others constant in order to study how the
response varies with respect to that particular factor. However,
this approach ignores interactions between factors and typically
results in a sub-optimal process performance.327 The ‘‘trial-and-
error’’ approach is unable to achieve a comprehensive under-
standing of the synergistic effects between factors. In addition,
extensive data have to be collected as the number of factors
increase, which can make the approach impractical. By using a
proper design of experiments (DoE), a comprehensive under-
standing of the effect of individual factors and their interactions
can be derived with a small number of experiments.

To optimize the production of formaldehyde from partial
oxidation of methane over vanadium based catalysts, a statis-
tical model was built using DoE approach with 32 experimental
runs.327 The application of statistical multivariate analysis,
prediction through a multi-regression model and optimization
of the processing parameters in the complex reaction process
were demonstrated. The statistical modelling in this work showed
good prediction ability in terms of conversion, selectivity and
space time yield. The synergistic effects between reaction para-
meters were revealed. This statistical approach also enabled a
comprehensive understanding of the whole production process
over variation of all reaction parameters, which could facilitate the
generation of new ideas for commercialization process.

Followed by the development of K promoted Mn/AC cata-
lysts, Tang et al. built a statistical model to investigate the
Mn catalyzed oxidation of benzyl alcohol using the Response
Surface Design (RSD).328 RSD is capable of identifying an optimal
response within the factor range and predicting a response with
a given factor setting. Five factors, such as temperature, oxygen
pressure and K :Mn ratio, were assessed for the conversion and
TOF of benzyl alcohol. It was found that, among the examined
factors, temperature has the most significant impact on the
activity of the catalyst (indicated by TOF). The synergistic effects

between these five factors were also revealed, as the responses
were influenced by the interaction variables. Based on 38 experi-
mental results, a regression model, in the form of quadratic
polynomial equations, was constructed. This model can accurately
predict the conversion and TOF of benzyl alcohol oxidation. For
the oxidation of benzyl alcohol over Pd supported by modified
TUD-1, a similar modelling approach was employed to illustrate
the correlation between the properties of a Pd based catalyst and
its catalytic performance.189 The experimental results indicated
that surface basicity and Pd nanoparticle size were two vital factors
controlling both the catalytic activity and selectivity. Furthermore,
the surface basicity could also affect the particle size of Pd,
i.e., there was a clear interaction between these two factors. As
such, it is unreasonable to isolate the effect of an individual
factor, in this case, the statistical modelling provided a more
rigorous interpreting methodology.

In our group, themodel-orientedmethodology was also applied
for the development of efficient catalysts for CO oxidation.329 The
screening of metal-promoter/support combinations was facilitated
by the application of Hammersley sequence sampling, a space-
filling DoE method that has been shown to provide better
coverage of design space than traditional DoE methods. By
testing the statistically designed combinations of 4 noble metals
(Au, Pt, Pd, Ru) as active sites, 4 metal oxides as promoters and
4 metal oxides as supports, it turned out that Au–ZnO/Al2O3

showed the best catalytic performance. To optimize the loadings
of Au and ZnO, a Gaussian process regression model was
developed from experimental data. By using this approach, a
high-performance catalyst was identified as 4.9%Au–5.0%ZnO/
Al2O3. Considering the high cost of Au, loading of Au was
reduced with the aid of a Gaussian process regression model,
which halved the Au content (2.3%), with marginal deterioration
of activity (5% decrease in conversion of CO). Compared to other
model-aided methods, such as quantitative property–activity
relationships and artificial neural networks, one advantage of
our approach was that large amounts of experimental data from
high-throughput experimentation was not necessary, the overall
development process was achieved within 21 experiments.

6. Concluding remarks

Heterogeneous catalytic oxidation processes are paramount
important in the production of commodity chemicals, synthesis
of fine compounds and environmental cleanup. Recent advances
in three catalytic oxidation reactions are summarized and
discussed in this review: selective oxidation of CH4, selective
oxidation of alcohols and oxidation of CO. Tremendous efforts
have been devoted to the development of ‘‘green’’ pathways for
these processes, such as the selective oxidation of CH4 with O2,
aerobic selective oxidation of alcohol in water or under solvent-
free conditions, preferential oxidation of CO in H2-rich stream
for fuel cells. Based on this survey, we would like to summarize
important factors that determining the performance of each
catalytic system, regarding the active site, active structure
and advanced strategies for the design of efficient catalysts.
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Moreover, by re-examining these three catalytic systems, deeper
connections among them are also highlighted here.

The catalytic capability of a catalyst can be related directly to
the nature of its active site. The activation of methane, in
particular under mild conditions, is regarded as one of major
challenges in contemporary catalysis, due to its thermodyna-
mically strong and kinetically stable C–H bond. Nevertheless,
the strong C–H bond of methane can be broken down by
the electrophilic attack of Pt(II) or Pd(II) under super-acidic
solution, giving rise to H+ and methyl anion coordination with
Pt(II).330 Supported Au–Pd alloy was applied in oxidation of
methane to methanol with H2O2 as oxidant.

59 However, the role
of Au–Pd is to generate active oxygen species which is directly
responsible for the cleavage of the C–H bond. The presence of
active oxygen species on the surface of heterogeneous catalysts
could be indispensable for the oxidative activation of methane.
Typical examples are Fe-ZSM-5 or FePO4 with N2O or H2–O2 and
Cu-ZSM-5 with O2, in which hydrogen of CH4 was abstracted by
Fe(III)–O�� and Cu(II)–O��–Cu(II) species, respectively.32,33 Selec-
tive oxidation of alcohols also involves the activation of the C–H
bond, although they contain the OH functional group. Pd is
probably the best candidate for the oxidation of alcohols by O2,
compared to other noble metals, with regard to its high activity
and selectivity.187 Formation of surface noble metal oxides
hampers the activities of noble metals for alcohol oxidation.
Initial reaction rates increased after the pre-reduction of air-
stored Pt based catalysts,162 probably because Pt oxide hinders
the cleavage of O–H bonds of alcohols, which involves insertion
of metallic atoms. NTM oxides, such as MnOx

200 and V2O5,
204

could serve as an economic choice, in respect to their high
selectivity to aldehydes, although their activities are usually
1000 times lower than those of noble metals. Preferential
oxidation of CO has been achieved on Pt based catalysts, due
to the preferential adsorption of CO on the Pt surface, which
largely inhibits the oxidation of H2.

287 Accordingly, poor selec-
tivity is observed when the CO concentration decreases to ppm
level, because the competitive adsorption and oxidation of
H2 becomes dominant.283 Pd is very active for CO oxidation
but it is a poor catalyst for CO PROX, due to its strong affinity
to hydrogen, leading to the formation of Pd–H hydride.284

Interestingly, this phenomenon provides a good proof for the
high activity of Pd for alcohol oxidation, in which abstraction of
H from alcohols and formation of Pd–H hydrides are very
important for the activation of alcohols. Different to alcohol
oxidation, partially oxidized Pt and Pd are much more active
than their metallic form during CO oxidation, as oxygens of the
superficial noble metal oxides can be readily reduced by
adsorbed CO.233 Small Au nanoparticles show excellent low
temperature activity for CO oxidation, and Au-based catalysts
have been applied to CO PROX.286 High selectivity (up to 100%)
can be obtained on NTM oxides, which is explained by the
lower activation barrier of CO oxidation compared to that of H2

oxidation.264 A concentration of CO (ranging from several ppms
to several percentages) barely affects the high selectivity of NTM
oxides.283 However, a relatively high temperature (4400 K) is
required for the NTM oxide-catalyzed CO PROX.

The nature of an active site determines how it interacts with
reactants, which, in turn, plays a critical role in all types of
catalytic systems. For the oxidation of methane, partially
reduced Fe or Cu (Fe(II) or Cu(I)) favors the reductive activation
of O2, forming radical-like oxygen species, which are active
enough to break C–H bond.32,33 The catalytic behavior of noble
metals for both CO and alcohol oxidation supports the principle
of adsorbate–surface interaction proposed by Nørskov et al.331

Based on this theory, the bonding energy of reactants on the
surface of catalysts cannot be too weak or too strong, to achieve a
reasonable catalytic activity. Take the activation of O2 as an
example. If the metal–oxygen (M–O) bond is too weak, O2 can
hardly dissociate on the surface of metallic catalysts, whereas, if
the M–O bond is too strong, surface oxygen species could be not
active enough to oxidize the substrates. As discussed in Section
4.2.1, the heat of O2 dissociative chemisorption on different
noble metals follows an order of: Ru 4 Rh 4 Pt 4 Pd c Au.
Accordingly, Pt and Pd are efficient metal catalysts for both CO
and alcohol oxidations, while Ru and Au exhibit relatively poor
catalytic capabilities. When NTM oxides are used as catalysts,
both alcohols and O2 dissociate over VO sites, implying a
competitive adsorption of reactants.182 In contrast, CO is pre-
ferentially adsorbed on metal cations, while VO sites are
responsible for the adsorption and activation of O2.

251

Besides the intrinsic properties of active sites, the catalytic
performance of a catalyst could also change with the arrange-
ment of active components at atomic level, namely the active
structure of an active site. Isolated NTM oxide sites are impor-
tant for the selective oxidation of methane, because larger oxide
clusters catalyze the complete oxidation of CH4 to CO2.

92,106–109

For the oxidation of alcohols, the best activity was obtained on
noble metal nanoparticles with a balanced number of atoms
locating at terraces, edges or corners,190 whereas, noble metal
nanoparticles containing a high density of cus atoms are
preferred for CO oxidation.230 This difference may originate
from the additional interactions between functional groups of
the alcohol (e.g., phenyl and CQC) and noble metal nano-
particles. For NTM oxide-based catalytic systems, the pivotal
role of coupled bi-valent metal cations has been evidenced in
all these three catalytic oxidation systems. Fe(III)/Fe(II) and
Cu(II)/Cu(I) redox pairs have been found to play key roles during
the activation of oxidant for the selective oxidation of CH4 over
Fe-ZSM-5, FePO4, Cu-ZSM-5 and CuOx/SBA-15.

67,69,85,108 The
high activities of MnOx for alcohol oxidation and CuCeOx for
CO oxidation are attributed to the existence of Mn(II)/Mn(III)213

and Ce(III)/Cu(II),257 respectively. These bi-valent metal cations
can facilitate the oxygen transfer during oxidation reactions.
The importance of oxygen mobility inside NTM oxides is
further confirmed by studying the activity of MnO2 with differ-
ent crystal structures. a-MnO2 always outperforms b-MnO2 for
oxidation of both benzyl alcohol and CO,201,248 which can
be explained by the weaker Mn–O bond of a-MnO2 than that
of b-MnO2. Based on the analysis using a TPA reactor, the bulk
lattice oxygen of NTM oxides could also participate in the
oxidation of CH4,

29 therefore oxygen mobility may also affect
this catalytic reaction.
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Active sites with unique structures are found at the interface
between noble metals and metal oxides. The influences of these
interfacial sites could be decisive. The high activities of Au/CeO2

for both alcohol and CO oxidation have been correlated with the
existence of positively charged Au as a result of the interaction of
Au and the oxygen of CeO2.

215,271 Deposition of FeOx on the
surface of supported Pt nanoparticles promotes the activation
of O2 at the periphery of FeOx nanoislands, leading to high
activities for oxidation of benzyl alcohol209 and CO.223 The PROX
of CO achieved on Pt/CeO2 under high concentration of CO
(41%) has been ascribed to the CO oxidation at the interfacial
Pt–O–Ce sites following the M–v K type reaction.265

Based on mechanistic understanding, interesting strategies
for design of efficient catalytic systems has been developed.
Regarding the distinct features of noble metals and NTM metal
oxides, an intuitively practical approach to develop new cata-
lysts is the combination of noble metals and NTM oxides with
specific functions. Successful cases can be found in all three
catalytic systems. Methyl acetate was directly synthesized from
the gas mixture of CH4, CO and N2O by using Rh doped iron
phosphate as a catalyst.126 In this reaction, Rh(I) favors the
adsorption of CO, while Fe(II) is responsible for the activation of
CH4. Either alcohols or CO compete with O2 to adsorb on the
surfaces of noble metals. This competitive adsorption can be
mitigated by coupling noble metals with redox NTM oxides, in
which substrates adsorb on noble metals, while O2 adsorption and
dissociation take place on the surfaces of NTM oxides. Practical
examples include the alcohol oxidation over Pd/MnxCeyOz

188 and
CO oxidation over Au/TiO2

246 and Ir/Fe(OH)x.
309 As the lattice

oxygen of NTM oxides could participate in the oxidation reactions,
NTM oxides also act as an oxygen reservoir by providing active
oxygen species to react with substrates on noble metals.187,310

In addition to direct modification of catalysts, catalytic
results can also be significantly improved by modification of
other factors of a catalytic system, such as the oxidant. As shown
in Section 2.2.1, in Pt complex-catalyzed oxidation of CH4, H2SO4

is reduced by CH4 to produce SO2, which is oxidized back to
H2SO4 by O2. Here, H2SO4 acts as a redox shuttle. A similar
strategy has been applied to the CH4 oxidation with S2, as shown
in Section 2.3. In this case, the low oxidation property of S2
minimizes the excess oxidation of CH4. Instead of gas phase CO
PROX with O2 as the oxidant, Kim et al. demonstrated liquid
phase PROX CO process by using a polyoxometalate (POM)
compound (e.g., H3PMo12O40) as an oxidant.332 The reduced
POM by CO can be regenerated by passing electrons to a carbon
anode. The special oxidation capability of POM enables 100%
selective oxidation of CO in H2-rich stream. Another effective
method to achieve high activity and selectivity is the addition of
additives or intermediate reactants. Indirect oxidation of CH4

by introducing halogens could serve as a good example. Bases
are frequently used as additives for the Au-catalyzed oxidation
of alcohols, to assist the extraction of H from alcohols.195

Water vapor has been introduced in the CO PROX to promote
both activity and selectivity of CO oxidation. The promoting
effect of water is interpreted by its interaction with active sites
or WGS reaction.284

It has been demonstrated that statistic methodology
can serve as a powerful tool to achieve the rational design of
a given catalytic system with low cost and high time efficiency.
Examples can be found in all three types of oxidation reactions
reviewed in this context. In all cases, optimized parameters can
be obtained with limited number of experiments. Additionally,
statistic modelling allows a comprehensive understanding of
the effect of individual factor and their interactions. These
futures could be valuable for development of catalytic processes
in real industry.

In spite of the significant progress in these three catalytic
oxidation systems, there are still some challenges that need to
be overcome. It is not easy to break the C–H bond of methane,
and it is even more difficult to control the selectivity of
methane oxidation, mainly because of the formation of active
radical species during the reaction. These radicals could be
present in the gas phase and on the surfaces of catalysts. The
surface radicals benefit the selectivity of methane oxidation.
Nevertheless, very decent selectivity to methanol (490%) has
been achieved in super-acid solution with Pt complex as a
catalyst. The high selective can be attributed to the formation
of Pt–CH3 species as intermediates which stabilized the active
methyl anion. Therefore, to stabilize active CH3 species on a solid
surface could be a possible solution to improve the selectivity of
methane oxidation. A straightforward idea is immobilization of an
active Pt complex on a solid support. Alternatively, positively
charged noble metal cations stabilized by intimately contacted
redox NTM oxide may also be suitable for the selective oxidation
of methane. For example, positively charged Au has been found
on Au/CeO2 and applied to oxidation of alcohols and CO.215,271

Compared to the extensive understanding of the catalytic CO
oxidation process, the mechanistic studies on catalytic oxida-
tion of alcohols in three phases remain at the primary stage.
Benchmarked with the details of the CO oxidation process, one
may raise several questions about the catalytic cycle of alcohol
oxidation: (a) Do solvents compete with alcohols, O2 and
hydride to adsorb on the same active sites on either noble
metal or NTM oxide? (b) Does oscillation of reaction rates occur
during the oxidation of alcohols? (c) What is the active surface
oxygen species (e.g., O2

�, O2
2� or O�) for the NTM oxides to

catalyze alcohol oxidation? The mechanistic details become
more complex, when mixed-oxides or metal-oxides supported
noble metals are used as catalysts. Advanced experimental
techniques and extensive kinetic studies may give the answers
to these questions.

Conventionally, addition of bases (e.g., K2CO3) is indispensable
for Au-catalyzed alcohol oxidation, it is believed that the base assists
Au to abstract hydrogen from alcohol. However, under a relatively
high temperature (433 K) and a high pressure of O2 (10 bar), TOF of
4800 h�1 has been reported for the oxidation of benzyl alcohol over
Au/TiO2.

196 Therefore, it could be necessary to revisit themechanism
of Au-catalyzed alcohol oxidation.

Pt has a higher oxidizing ability than Pd. However, just
because of the high oxidizing capability of Pt, it can be easily
over oxidized by O2 and may promote the further oxidation
of aldehydes to carboxylic acids. It would be interesting to
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fine-tune the catalytic property of Pt, using modifiers or additives.
Recent work on the oxidation of benzyl alcohol over Fe modified
Pt/CNT may provide some clues, such as the effect of Pt–Fe alloys
and FeOx nanoislands on the surface of Pt.209

Catalytic oxidation of primary aliphatic alcohols to alde-
hydes remains a big challenge, due to the low stability of
primary aldehydes which can be readily oxidized to carboxylic
acids. Ru based catalysts showed good selectivity towards
aldehydes, but their activities were low.173 A similar problem
was also observed on Pd/MnOx/CNT

187 and the mixed oxides –
MoxVyOz.

205 More extensive studies should be carried out to
address this issue.

The high activity of Au nanoparticles under low tempera-
tures has long since been discovered, nevertheless, the debate
on the active sites of Au-based catalysts continues. Although
it has been generally accepted that the size of active Au
nanoparticles should be less than 5 nm, CO oxidation over
nanoporous Au (ligament size 30–40 nm, doped with Ag) and
‘‘big’’ Au particles (10 nm) enclosed by a TiO2 shell suggest that
active sites may be located on the corner and edges of Au surfaces
or the interface between Au and a foreign component.333 Accord-
ing to a recent review by Bond, the activity of Au based catalysts
may be mainly contributed by small Au nanoclusters (o2.5 nm)
that can hardly be detected and only account for small portion of
all the Au nanoparticles.268 In this case, true active sites may only
site on the surfaces of very small Au nanoparticles. Convention-
ally, it is believed that O2 cannot dissociate on Au, as theoretical
calculation and experimental measurements indicate that dis-
sociation heat of O2 on Au is negative.220 Nevertheless, under 1
bar of O2, the dynamic fluctuation of facets of Au nanoparticles
was directly observed by in situ environmental TEM at room
temperature.236 As such, the interaction between O2 and Au
becomes controversial. Advanced characterizationmethods (such
as in situ TEM, in situ XPS and in situ XAS) coupled with
theoretical calculations could be helpful to solve this puzzle.

In addition to the detailed mechanistic study and sophisti-
cated catalyst design, desired catalytic results can be achieved
by an elaborate reactor design. Chemical looping technology
may serve as a potential candidate for all of these three catalytic
oxidation reactions discussed above. As shown in Fig. 29, the
chemical looping process splits the M–v K type catalytic oxida-
tion into a pair of reactors: oxidizer and reducer. In the reducer,
the oxidized oxygen carriers or catalysts (MO) in form of solid
particles transfer oxygen to the feedstock, giving rise to the
oxidized products and reduced counterparts (M) of oxygen
carriers. Subsequently, MO is regenerated in the oxidizer by
oxidization of M with oxidants. Chemical looping technology
has been applied to combustion and gasification of fossil
fuels334 and recently the direct transformation of methane to
syngas.335 The unique design of the chemical looping process
avoids direct contact of the oxidant and feedstock, which
affords several advantages of this technology. For example,
when air is employed for the combustion of fossil fuel, MO
supplies the stoichiometric oxygen needed for CO2 and water
formation, leading to a N2 free mixture. As a result, the energy
requirement of CO2 separation from N2, a major cost for CO2

capture, is circumvented. In fact, the concept of chemical
looping technology has been successfully applied in methane
oxidation90 and CO PROX,332 although the authors did not
highlight this point. In the first case, O2 and CH4 were purged
sequentially through Cu-mordenite. Prior to the next oxidation
cycle a H2O/He stream was introduced to liberate the adsorbed
methanol (or methoxy species). For the second case, POM was
employed as the oxygen carrier and an electrode served as the
oxidizer. On the basis of these works, the high flexibility of
chemical looping may enable its more extensive application in
catalytic oxidation systems. Some possible points include: (1)
production of methanol with 98% selectivity has been achieved
by passingmethane through preoxidized Cu–zeolite,82 butmethanol
can only be obtained by solvent extraction or hydration.82,90

Application of chemical looping in this ‘‘semi-catalytic’’ system
may open the possibility of operation in a real catalytic cycle.
(2) Stoichiometric oxidation of substrates (methane or alcohols)
with MO may prevent the further oxidation of desired products
(oxygenates to COx, aldehydes to carboxylic compounds); (3) in
a conventional reactor, it is difficult to control the oxidation
status of metal oxides in the presence of other compounds,
such as methane, COx and HCHO. Nonetheless, it is possible to
fine-tune the oxidation status of MO by carefully controlling the
oxidation parameters in the oxidizer, in order to enhance
selectivity. As shown in Fig. 9, the lattice oxygen of CuOx oxidizes
CH4 to COx, while the unique Cu

m+–O* species contributes to the
selective oxidation of methane to HCHO. (4) For aerobic oxida-
tion of alcohols, one drawback of NTM oxides is its significantly
lower activity compared to noble metals. In a chemical looping
process, NTM oxides can be efficiently oxidized in the oxidizer,
which may lead to an increase in catalytic performance. The
adjustable ratio of oxidant/NTM oxides may also help to saving
the consumption of oxidant. (5) In the NTM-oxides-catalyzed CO
PROX systems, low temperatures are required to obtain high
selectivity, due to the accelerated H2 oxidation at high tempera-
tures. However, low temperatures result in a low oxygen transfer
rate from O2 to NTM oxides. This problem can be overcome by

Fig. 29 Scheme of chemical looping process. MO: oxidized catalysts; M:

reduced catalysts; MO is reduced in the reactor denoted as reducer,

leading to formation of M which is oxidized in the oxidizer. Feedstock

could be CH4, alcohols or CO in an H2-rich stream.
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decoupling the different desired temperatures for oxidation
and reduction in a chemical looping reactor, as oxidation of
NTM oxides can be performed in the oxidizer at high tempera-
ture, while oxidation of CO is conducted in the reducer at low
temperature. Moreover, air can be used as the oxidant without
concerning the dilution of the H2-rich stream by N2.
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B. K. Muñoz, W. S. Ojo, G. Asensio, M. Etienne and
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C. Baltes, M. Antonietti, P. Kuhn, J. Weber, A. Thomas and
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