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Titanium dioxide is one of the most intensely studied oxides due to its interesting electrochemical and
photocatalytic properties and it is widely applied, for example in photocatalysis, electrochemical energy
storage, in white pigments, as support in catalysis, etc. Common synthesis methods of titanium dioxide
typically require a high temperature step to crystallize the amorphous material into one of the
polymorphs of titania, e.g. anatase, brookite and rutile, thus resulting in larger particles and mostly
non-porous materials. Only recently, low temperature solution-based protocols gave access to crystalline
titania with higher degree of control over the formed polymorph and its intra- or interparticle porosity.
The present work critically reviews the formation of crystalline nanoscale titania particles via
solution-based approaches without thermal treatment, with special focus on the resulting polymorphs,
crystal morphology, surface area, and particle dimensions. Special emphasis is given to sol–gel processes
via glycolated precursor molecules as well as the miniemulsion technique. The functional properties of
these materials and the diﬀerences to chemically identical, non-porous materials are illustrated using
heterogeneous catalysis and electrochemical energy storage (battery materials) as example.
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1. Introduction
Metal oxides are of high importance and the most commonly
used catalysts or catalyst supports in heterogeneous catalysis
because of their interesting acid–base and redox properties.1
Among the diﬀerent metal oxides, titanium dioxide plays
one of the most prominent roles due to its promising electrochemical properties, high photocatalytic activity, high chemical
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stability and being commercially available and non-toxic.2,3
It has been extensively used in a variety of applications, such
as white pigment in paints, cosmetics or toothpastes,4 in photo
catalysis,2,5 as catalytic support,6,7 photovoltaics8 and more
recently as electrode material in lithium ion batteries,9–11 to
name only a few.
In various technologically relevant applications, such as catalysis,
solar cells, etc., nanosized materials have shown beneﬁcial properties related not only to their chemical composition, but also to the
small dimensions, i.e. the large surface to volume ratio, special
reactivity and so on. Nanoscale titania is one of the materials
that has been extensively studied in the past decades and it
has been shown that the performance in certain applications
is largely inﬂuenced by the size of the building blocks.12,13
Many new synthesis protocols have been established not only
focusing on the accessibility of nanosized particles, but also on
how to control the size distribution of e.g. nanoparticles,
the formation of a certain polymorph, the surface properties,
or even the morphological anisotropy, e.g. in nanorods, -wires
or -tubes. In addition, parameters such as the assembly of the

nanoscale particles into larger aggregates, the degree of crystallinity, the yields and applicability of the synthesis protocols
have been considered. In addition, several research groups
concentrated their eﬀorts on the synthesis of porous titania
materials with high speciﬁc surface areas, such as inverse opal
structures, mesoporous titania or titania aerogels, very often
displaying pore walls in the nanometre regime.14–17
It would be beyond the scope of the present review to
summarise all the achievements made in the last few decades
in the synthesis of nanoscale titania. A more comprehensive
overview has recently been by Chen and Mao.13 Here we will
instead focus on novel solution-based synthesis routes or precursor
systems towards crystalline titania particles exhibiting still
rather high speciﬁc surface areas. The main topic will be
novel approaches via glycolated precursors and miniemulsion
processes. The application of titania in photocatalytic applications has been recently reviewed18 and we instead focus on
applications in energy storage, e.g. as electrodes in Li-ion
batteries, and as support material in catalysis. Here, the
materials prepared via the glycolated precursor approach are
compared to other nanoscale materials.
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Titanium dioxide is industrially produced from its minerals, such
as illmenite or rutile by the sulphate or the chloride process.19 In
view of the importance of titanium dioxide it is not surprising
that numerous processes have been developed and reported for
the synthesis of the diﬀerent titanium oxide polymorphs rutile
and anatase as well as amorphous phases. In addition, three
metastable modiﬁcations of TiO2 can be synthesized: monoclinic
phase TiO2 (B), a hollandite type tetragonal phase TiO2 (H) and
a ramsdellite type orthorhombic phase.20–22 TiO2 (B) has also
been found in submicroscopic quantities in natural minerals.23
The synthesis processes to amorphous and typical titania
polymorphs (anatase/rutile/brookite) include amongst others
the hydrolysis of TiCl4, ﬂame pyrolysis of TiCl4, electrodeposition, solvo- or hydrothermal methods, microwave treatments,
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Table 1

Selected synthesis methods towards titanium dioxide nanomaterials
Phases formed

Synthesis method

Ama Ab Rc A+Rd Be BET speciﬁc surface areaf

Ref.

Room temperature hydrolysis and precipitation of TiCl4
Oxidation of Ti(III)-precursors (precipitation)
Room temperature sol–gel synthesis (typically alkoxides and chlorides)
Emulsions (mini/micro)
Flame pyrolysis of TiCl4 (combustion)
Solvothermal/hydrothermal precipitation at elevated temperatures
Microwave-induced synthesis
Sonochemical synthesis
Chemical vapour deposition/gas phase deposition (Ti(OR)4)
Physical vapour deposition

X
X
X
X

29, 30
31
10, 32–37
38
39, 40
41–48
49, 50
51–54
55–57
58, 59

a

Am = amorphous.

b

A = anatase. c R = rutile.

d

c

X
X

X
X
X
X
X
X
X
X

X
X
X
X
X
X
X

X
X
X

200 m2 g–1
B110–150 m2 g–1
B100–300 m2 g–1
1–80 m2 g–1
B215 m2 g–1/B40–110 m2 g–1
B250 m2 g–1
230–400 m2 g–1
3–300 m2 g–1

A+R = anatase and rutile. e B = brookite. f For crystalline materials only.

sonochemical approaches, chemical- or physical vapour deposition, (micro/mini)emulsion techniques and sol–gel processes.13
Table 1 gives an overview of selected synthesis routes and the
titania polymorphs that are typically accessible via this approach.
The deliberate synthesis of brookite remains a challenging task
and only very few reports can be found.24–27 In addition, one has
to keep in mind that many of the protocols listed below require a
calcination step at higher temperatures to obtain the crystalline
polymorphs. Crystalline rutile is thermodynamically more stable
than crystalline anatase or brookite, but it is not necessarily
the resulting product from the synthesis. This depends largely
on the pH-value, the precursor concentration and temperature of
the system. If a material consists of several crystalline phases
kinetic eﬀects can play a decisive role. Thus, it is not unlikely that
a metastable phase develops at ﬁrst that can then eventually
transform, e.g. by aging or heating, into the thermodynamically
favoured phase.28
In addition to the polymorph of titania, the crystallite size
and the speciﬁc surface area are crucial parameters for high
performance applications. High surface area materials provide
a large interface for any type of reaction, e.g. (photo)catalysis, and
guarantee good accessibility and contact with the electrolyte in
lithium ion batteries. Small primary crystals oﬀer short diﬀusion
paths for lithium and are beneﬁcial for short charging–discharging
times in batteries. Therefore, it is essential to develop synthetic
approaches that allow for a systematic selection of the crystalline
phase, particle size, particle size distribution, and porosity. If this
deliberate tailoring of chemical and physical properties, such as the
polymorph, speciﬁc surface area or particle size, is accomplished, a
better control of chemical reactivity and/or stability for a given
application can be achieved.60
Table 1 gives the speciﬁc surface area of the crystalline
polymorphs for some arbitrarily chosen examples from the
literature regardless of the phase and in most cases taken from
gas sorption measurements and evaluation with the Brunauer,
Emmett and Teller model (BET). Unfortunately many authors do
not give any information on the speciﬁc surface area or porosity. As
a principle trend, amorphous titania typically shows BET surface
areas higher than the crystalline counterparts with values obtained
from N2-sorption measurements higher than 250 m2 g–1.
The synthetic approaches described in Table 1 not only result in
the diﬀerent polymorphs, but also in various morphologies, such
as (nano)particles, ﬁlms, nanotubes, nanowires, nanoribbons,61,62
or even monolithic systems.63,64 As mentioned above, for
This journal is
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many applications the accessible interface plays an important
role, and synthetic approaches resulting in high surface area
or porous, but crystalline materials become increasingly
more relevant. In recent years diﬀerent protocols have been
developed resulting in nanoscale or porous materials exhibiting
speciﬁc surface areas up to 200 m2 g–1 for a crystalline anatase
material.65 Amorphous mesoporous titania with a periodic
ordering of the pores was ﬁrst reported in 1995 via a modiﬁed
sol–gel process applying an alkyl phosphate surfactant.66
Since then, there have been many reports on the synthesis
of mesoporous titania by controlling the high reactivity
of Ti(IV) with the addition of stabilizing and/or structuredirecting agents, such as phosphates, amines, ionic and nonionic surfactants and block copolymers.13,67–71 Only in the
last decade, protocols were developed to yield meso/macroporous, crystalline titania with a periodic ordering of the
mesopores.17,72–74
However, only very few publications focus on a systematic
comparison of the properties of titania structures from diﬀerent
synthetic strategies, which is nevertheless necessary to ﬁnding
the ‘‘optimal’’ synthetic protocol for a certain application. The
vital importance of this, especially in view of the later application, was demonstrated only recently by Hartmann et al.75
They explored potential correlations between preparation,
microstructure, and photo-electrochemical water splitting
eﬃciency of TiO2 based nanostructures in coatings and
emphasized the critical importance of electronic conductivity
across the oxidic matrix. Another study, in which gas-phase and
solution-based protocols were compared, was recently published by
Baumann et al. focusing on solid–solid interface formation in
titania nanoparticle arrangements and the paramagnetic properties
of the network.65
In this review, we restrict ourselves to low temperature,
solution-based processes towards crystalline titania nanostructures. For processes, such as hydrothermal, microwave or
sonochemical approaches – even being very relevant in the
synthesis of titania nanomaterials – selected relevant publications from the last few years are given. Sol–gel processing
(aqueous and non-aqueous) plays a very important role in
the synthesis of titania nanostructures with high speciﬁc
surface areas, however in most cases amorphous materials
are obtained. Here, novel sol–gel approaches towards crystalline titania are presented in more detail in the following
chapters.
Chem. Soc. Rev., 2012, 41, 5313–5360
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2.1 Hydrothermal, sonochemical and microwave processing
towards nanosized titania polymorphs
Hydro- or solvothermal processing are interesting approaches
to directly prepare micro- and nanometre-sized crystalline
powders with high level of control of the shape.43,76–78
In recent years, large research eﬀorts were devoted to the
synthesis of micrometer-sized single crystal TiO2 materials,
e.g. anatase, with deliberately chosen exposed facets of the
crystal, since it is assumed that the chemical reactivity of the
material can be tailored in this manner. Typical synthesis
pathways are hydrothermal approaches, e.g. in the presence
of TiF4 or ﬂuoride ions.79–81 In hydrothermal processes, the
synthesis is typically carried out at rather high temperatures,
resulting in agglomerated nanocrystals. Many diﬀerent reaction
conditions, precursors, catalysts, and even structure-directing
agents have been successfully employed to improve the properties of the ﬁnal product. In some cases additives, such as
stabilizing agents, have been used to prevent agglomeration.
A detailed description would be beyond the scope of this review
article. To name only one more recent example, Cozzoli et al.
demonstrated the controlled growth of anatase nanocrystals
and high aspect ratio TiO2 anatase nanorods by hydrolysis of
titanium alkoxides in the presence of a surfactant (oleic acid)
and amines as crystallization promoters in very mild hydrothermal conditions with temperatures of 80–100 1C.82,83
Microwave-assisted hydrothermal or even sol–gel approaches
become increasingly popular in recent years due to several
advantages, such as shorter reaction times, in many cases
smaller particles sizes, and that high purity materials can be
obtained.84 In the presence of a structure-directing agent, such
as a triblock copolymer, even anatase nanorods with mesopores
and rather high speciﬁc surface areas of larger than 250 m2 g–1
have been synthesized.85 However, an amorphous material was
obtained from the synthesis, which resulted in anatase nanorods
only after calcination at 400 1C. Direct crystallization of anatase
TiO2 nanocrystals with exposed {001} facets was successfully
demonstrated by Zheng et al. at 200 1C for 30 min in a
microwave digestion system in HF solutions.49
Ding et al. demonstrated a facile synthesis towards sizecontrolled cube-like anatase nanocrystals in ionic liquids with
only 40 minutes of microwave treatment.86 A similar approach
by using ionic liquids as structure-directing agents resulted in
porous single-crystal like anatase TiO2 structures with excellent
lithium storage properties.87
Combinations of diﬀerent processes, such as sol–gel processing
combined with microwave treatment of the resulting powders,
allow for the conversion of a nanoparticulate sol–gel product
with particle sizes of around 9 nm and speciﬁc surface areas of
larger than 550 m2 g–1 to nanocrystalline anatase TiO2 tubes with
a diameter of about 5 nm.88
Sonochemical approaches require the application of powerful
ultrasound radiation (20 kHz10 MHz) in the synthesis protocol.
Nanophased, crystalline titania has been synthesized via this
approach already some years ago and research in this area is
still ongoing.51 It was stated that a better dispersion of the
nanoparticles, a marginally higher surface area, a better thermal
stability and phase purity can be obtained by the sonication.54,89
Recently, highly crystalline, spherical titania nanoparticles were
5316
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synthesized by Gedanken et al. by reacting transition metal
chloride with benzyl alcohol using ultrasonic irradiation under
an argon atmosphere in a non-aqueous solvent. The sonochemical
process was conducted at a relatively low temperature of 363 K
and no further calcination step was required.90
2.2 Sol–gel processing
As described above, many methods have been established for
generating titania particles.13,91 Among all techniques, the sol–gel
approach based on the controlled hydrolysis and condensation of
appropriate precursors, mostly titanium alkoxides or chlorides, is
of particular interest, because it gives a very good compositional
and morphological control over the product properties, such as
speciﬁc surface area, nanoparticle size, degree of aggregation, etc.92
In sol–gel processes, the ﬁnal product morphology is strongly
inﬂuenced by the reactivity of the precursor, but also by the
reaction conditions, such as the pH of the reaction medium, the
water to precursor ratio and the reaction temperature.65
2.2.1 Sol–gel processing of titanium alkoxides. Titanium
alkoxides react vigorously with water and ill-deﬁned titaniumoxo/hydroxo species are formed. The presence of chemical
additives, which coordinate to the titanium centre, such as
bidentate ligands, lowers the rate of hydrolysis and allows for
the preparation of transparent sols, particles and gels.93,94 The
precipitates or gels that are obtained by sol–gel processing are
typically amorphous, exhibiting a rather high speciﬁc surface
area and are in some cases even (meso)porous (see above). A
transition from the amorphous to the crystalline phase is
generally induced by an annealing step with temperatures
higher than 300 1C, leading in most cases to a collapse of the
pore system and an increase of the particle size concomitant with
a decrease of the speciﬁc surface area. Only very low pH-values
can give crystalline titania polymorphs via sol–gel processing.95
So far, very few groups reported a low temperature synthesis
approach towards crystalline titania (anatase) with high speciﬁc
surface areas or porosity based on aqueous sol–gel processes.96,97
The direct synthesis of rutile is even more diﬃcult and rather
harsh reaction conditions, such as very low pH-values below
zero, are typically applied.77 Palmqvist et al. synthesized
nanoparticulate anatase and rutile at low temperatures in
microemulsion systems in the presence of a template Pluronic
F127.98 Han et al. published the synthesis of highly crystalline
anatase and rutile titania nanocrystals from titanium alkoxide
solutions in the presence of P123.99 And only recently, Kröger
et al. reported the ability of recombinant silaﬃn to induce the
formation of rutile from a titania(IV) complex in buﬀered aqueous
solution under ambient conditions and higher pH-values.100 Often
non-aqueous solution-based synthesis routes are applied, if titania
nanoparticles with higher crystallinity are required.101 In this case,
metal halides, e.g. titanium tetrachloride, can be reacted with
benzylalcohol, but also with titanium alkoxides.102,103
2.2.2 Sol–gel processing of titanium glycolates. In the
synthesis of well-deﬁned nanostructured materials, glycols
and polyols are becoming increasingly important in recent
years for several reasons. On the one hand, they can be used as
coordinating ligands to control hydrolysis rates of transition
metal alkoxides,10,38,104,105 on the other hand they are versatile
This journal is
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Fig. 1 View on the one-dimensional chains of Ti(OCH2CH2O)2 along the c-axis (left), and view with the unit cell outlined showing the pack along
the c-axis (right); (taken with permission from Wang et al.110).

solvents in the synthesis of nanostructured materials, especially
metals, a process which is also termed the ‘‘polyol’’ process.106–108
For titanium-based materials, ethylene glycol and titanium
alkoxides react suﬃciently well to give the glycoxides in good
yields, e.g. Ti(OCH2CH2O)2 can be prepared by reaction of a
titanium alkoxide with ethylene glycol.109 Performing the
reaction in an autoclave and the presence of an amine allowed
to obtain single crystals.110 The structure was solved in the
C-centred monoclinic space group C2/c and consists of an
inﬁnite one-dimensional chain structure with edge-sharing
TiO6 tetrahedra in the c-direction (Fig. 1).
This reaction is not only limited to ethylene glycol, but also
other diol/polyols can be used. 2-Ethylhexane-1,3-diol, butane2,3-diol, and 2-methylpentane-2,4-diol have been reported
already in the 1950s and many more have been used in recent
years, such as octane-1,8-diol, pentane-1,5-diol, naphthalene2,3-diol or even poly(methylene glycol).109,111–114 One major
advantage of these glycolated precursors is their outstanding
stability not only in alcohol but also in water and in a humid
atmosphere. Because of this high stability, only very few
groups report the synthesis of titania from these precursors
by hydrolysis and condensation reactions, but rather focus on
the thermolysis at higher temperatures.108,113–115 One interesting
example was published by Xia et al.108 For the reaction of
titanium alkoxides with ethylene glycol at elevated temperatures
of 170 1C, the formation of titanium glycolate nanowires was
reported with an average diameter of 50  8 nm (Fig. 2).108
Thermal treatment in air at 350 1C, 500 1C or 850 1C resulted in
amorphous, anatase and rutile phases, respectively, but allowed
for the preservation of the 1D nanostructure.
Besides the thermolysis to TiO2 (anatase and rutile), also
composite materials, such as TiO2–C, can be obtained by
keeping the one-dimensional rod-like structure.115,116
As already mentioned above, only very few reports comment
on the sol–gel processing of these titanium glycolates.10,38,104,105
This journal is
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However, with an increasing interest in water-soluble precursors
and the aim of developing non-toxic, environmentally benign
systems, the glycolated titanium centres are very promising in the
solution-based synthesis of titania. In one of the ﬁrst reports of
the application of these molecules as water-soluble precursors,
three diﬀerent diolates of titanium ([Ti(OCHRCH2O)2] with
R = –H, –CH3, –CH2CH3) were converted to anatase by
microwave heating in boiling water.117 Pal et al. converted
titanium glycolates via controlled hydrolysis to amorphous
nanoparticles, which could be calcined to anatase and rutile.118
The inﬂuence of the presence of surfactants and the pH-value
on the formation of titania nanostructures was also reported
recently.10,105,119 Bis(2-hydroxyethyl)titanate was employed in a
low temperature sol–gel synthesis in the presence of a nonionic
surfactant (Brij56) to obtain mesoporous anatase particles aggregates with a crystallite size of 9 nm and a speciﬁc surface area of
110 m2 g–1. In the TEM images (Fig. 3) interparticulate pores
(indicated by white arrows) formed between the aggregated
particles are observed. No heat treatment is required to obtain
anatase.
A glycerol-modiﬁed titanium precursor was used to synthesize rutile TiO2 in the presence of an anionic surfactant at low
temperature via a hydrolytic sol–gel route by Kubiak et al.119
The phase purity of the obtained material was determined by
XRD and nitrogen sorption measurements gave a high speciﬁc
surface area of 181 m2 g–1 with an observed interparticle
porosity. HRTEM and SEM measurements revealed growth
anisotropy with whiskers showing a high aspect ratio. Radial
organized aggregates of these needles with a diameter of
approximately 4–5 nm and a length of 50 nm forming cauliﬂower-like nanowhisker arrangements (Fig. 4) are observed.
From these examples it can be seen that in recent years new
low temperature synthetic protocols towards nanoscale, crystalline,
porous and high surface area titania have been developed. More
exciting results can be expected in the next years.
Chem. Soc. Rev., 2012, 41, 5313–5360
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Fig. 2 (left) SEM images of spherical colloids of titania glycolates that were prepared with diﬀerent molar concentrations of titanium butoxide in
acetone; (right) SEM and TEM images of titanium glycolates after heating the precursor mixture to 170 1C. (reprinted and adapted with
permission from Jiang et al.108,395).

Fig. 3 TEM images of anatase TiO2 aggregates. Inset: electron diﬀraction
pattern (reprinted with permission from Kubiak et al.10).

Fig. 4 SEM image (left) and TEM micrograph (right) of nanosized
rutile TiO2 (reprinted with permission from Kubiak et al.119).

2.3

Synthesis in miniemulsion

In addition to conventional sol–gel processing, the inverse
miniemulsion process is a very suitable technique for the
preparation of monodisperse TiO2 nanoparticles. In this
system, uniformly sized droplets of an aqueous sol–gel
precursor solution are reacted to metal oxide nanoparticles.
A miniemulsion aiming at the synthesis of inorganic oxide
materials is typically generated by the dispersion of an
aqueous precursor solution, e.g. by ultrasonication, in an inert
hydrocarbon.10,38,120–122 Droplet collision and coalescence are
prevented by a surfactant added to the system. Additionally,
an osmotic pressure agent is present in the droplets. As this
5318
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agent is only soluble in the dispersed phase and extremely
insoluble in the continuous phase an osmotic pressure is
established, which counteracts particle degradation by diﬀusion
processes (Ostwald ripening). Unlike in a microemulsion, in
which diﬀusion processes take place, leading to an exchange of
reactants among the droplets, in a miniemulsion, each droplet
acts as an individual nanoreactor. Exclusively localized there,
hydrolysis and condensation of the precursor take place. During
the process the droplet size, droplet number and the concentrations in each droplet are preserved. Thus, the ﬁnal particle size
can be easily tuned by the droplet size. Moreover, the composition of the particles is determined by the composition of the
dispersed phase before homogenization.123,124
Pure titania nanoparticles were prepared in miniemulsion
using the water soluble precursor titanium glycolate (EGMT).38
The inﬂuence of several preparation parameters (composition of
dispersed phase, reaction temperature, surfactant concentration)
on the crystal phase, crystallite size, morphology, and speciﬁc
surface area of the titania nanoparticles was investigated.
As presented in Fig. 5, the sol–gel reaction was induced by
acid catalyzed hydrolysis of EGMT at increased temperature.
Thus, diﬀerent ratios of HCl : EGMT were used for the preparation. The ratio of HCl : EGMT determined the polymorph of the
products. According to the relative amounts, pure anatase or a
mixture of rutile/anatase was isolated. Only with large amounts
of HCl, exclusively anatase was generated. Irrespective of the
phase compositions the products were of particulate structure
with a diameter of 150–300 nm (Fig. 5). Transmission electron
micrographs showed that these nanoparticles are aggregates of
individual titania crystallites with sizes around 10 nm. The
variation of the reaction temperature is another possibility
to adjust the phase composition of the titania nanoparticles.
While only an amorphous material was obtained, using a ratio
HCl : EGMT of 5.4 : 1 and a temperature of 20 1C, an increasing
reaction temperature gave a mixture of anatase and rutile.
Single phase anatase is generated at reaction temperatures of
more than 100 1C. The crystallite size was estimated as 5 nm
This journal is
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Fig. 5 (a) A typical inverse miniemulsion process is schematically shown. A two phase mixture from an aqueous solution of a sol–gel precursor
(purple) and an organic surfactant solution is homogenized to form a stable miniemulsion of droplets with uniform size and composition. By
increasing the temperature, the sol–gel reaction is induced to generate aggregates of oxide nanoparticles (light grey). (b–d) Nanoscaled aggregates
of titania crystallites, synthesized at diﬀerent ratios HCl : EGMT. (b) EGMT : HCl = 1 : 5.4, as synthesized, (c) EGMT : HCl = 1 : 3.2, after
calcination at 400 1C, and (d) EGMT : HCl = 1 : 4.3 after calcination at 400 1C. (b)–(d) (adapted with permission from Rossmanith et al.38
Copyright (2008) American Chemical Society).

using the Scherrer equation. Typically, the phase composition
was retained after calcination at 400 1C, although the amount of
rutile in the samples slightly increased. This was accompanied by
an increased crystallite size with estimated values of 9 nm. The
transformation of anatase to rutile starts with calcination temperatures of 500 1C. Here, the crystallite size further increases due to
sintering eﬀects. This is consistent with the above-mentioned
thermodynamic stability of nanoscale titania.19
A typical feature of a miniemulsion is the ability to tune the
droplet size by the amount of surfactant in the system. More
surfactant leads to smaller droplets as more interfacial area
can be stabilized. In the investigated system, the variation of
the surfactant had several eﬀects. First, the diameter of the
droplets in the miniemulsion signiﬁcantly decreases from
nearly 1 mm when using the smallest amount of surfactant,
which is still able to stabilize the droplets (0.7 wt%) down to
340 nm with 5 wt% of surfactant. Moreover, the size of the
titania particles after completed reaction and evaporation of
the water decreases from 220 nm to 70 nm. Interestingly, the
size of the individual anatase crystallites also decreases from
This journal is
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8 to 5 nm with increasing surfactant concentration. This means
that the surfactant is participating in the crystallite formation.
Most important, regarding potential applications, however, the
speciﬁc surface area is increased from 140 m2 g–1 to more than
300 m2 g–1 after calcination. This is an extraordinarily high
value for anatase.
Other heterophase systems are also reported for the generation of nanoparticulate titania, most notably direct and inverse microemulsions. Typically, water-in-oil (inverse)
microemulsions are used. Here, an aqueous precursor solution
is dispersed in an inert hydrocarbon, as e.g. cyclohexane or
hexane. The precursor, its mode of addition, the presence of a
co-surfactant, the type and amount of surfactant are varied as
well as the reaction temperature and time. There are few
reports on the use of oil-in-water microemulsions125 and
the use of supercritical CO2 as continuous phase.126,127
The most frequently used precursors are TiCl3,128 TiCl4,129–132
and pre-hydrolyzed titanium alkoxides, as titanium isopropoxide126,127,133,134 or titanium butoxide.48,98,133,135,136 Nonionic
(Triton X-100,48,128,135–137 PEO-alkylethers,129 Pluronic98), anionic
Chem. Soc. Rev., 2012, 41, 5313–5360
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(AOT131,133,134) as well as cationic (CTAB130,132) surfactants were
reported.
Despite all of the diﬀerences, there are some general features
to be stated. The initial hydrolysis and condensation of the
precursor lead to small amorphous or crystalline entities,
which are restricted to the water pools and are of roughly
their size. This means that by increasing the water–surfactant
ratio, the structures become larger. The observed range is
3–6 nm.133,136 The titania phase is controlled by several
parameters as the concentration of the precursor,129,131,134 the
type and concentration of catalyst (acid, base),135 the presence
and concentration of ions (sulfate)48 or other additives as
urea,128 as well as reaction temperature and time.129,135,136 If
the reaction temperature is such that amorphous titania is
generated, an annealing or calcination step has to be performed
after initial reaction to transform the material into a crystalline
phase. Again, the modiﬁcation is dependent on various process
parameters. The as prepared nanoparticles (o5 nm) typically
have a high to very high speciﬁc surface area of up to 300 m2 g–1,
which is reduced to values of 150 m2 g–1 and below after
calcination or annealing, accompanied by a growth of the
crystallite size to 15–20 nm.48,125–127,136
Depending on the reaction conditions, these primary building
blocks can assemble to larger micro- or nanoparticlulate structures of various morphologies. In systems where predominantly
rutile is generated, elongated, needlelike structures are created.136
These assemble to micron-sized polycrystalline structures with
shapes of cauliﬂowers, dumbbells or bricks.128,130 Aggregates of
anatase are typically spherical. These aggregates do not form
within the micelles, as their size is in the lower nanometer range.
Adding gelatin to the droplet in a microemulsion,
the hydrolysis rate of the precursor TiCl4 is reduced and the
reaction is restricted to the interface of the droplet and the
continuous phase. Thus, capsules of about 25–30 nm in
diameter with a shell of amorphous titania (5 nm thickness)
were generated. However, after calcination at 400 1C resulting
in the generation of anatase crystallites of 8–10 nm the
capsules lose their integrity.132
The microemulsion technique was also used for the creation of
polymer–titania hybrid nanoparticles by employing precursors
which were functionalized to be an ATRP initiator and subsequent
controlled polymerization from the titania particles.137

3. Electrochemical behaviour of anatase and rutile
TiO2 polymorphs
Anode materials based on titanium oxides are promising
candidates as alternative materials to carbonaceous anodes
due to advantages in terms of cost, safety and toxicity.11,138
Among the several polymorphs of TiO2, TiO2 (B), anatase and
rutile are promising anode materials for lithium-ion batteries.138–141
Typically the Li+ insertion–extraction reaction for TiO2 polymorphs occurs in the potential range of 1.4–1.8 V vs. Li–Li+,
according to the following reaction:
xLi+ + TiO2 + xe = LixTiO2
The maximum theoretical capacity is 335 mAh g–1 which
corresponds to x = 1, and to the complete reduction of
Ti4+ to Ti3+. This makes TiO2 a highly competitive alternative
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to graphite anodes having a theoretical capacity of 372 mAh g–1.
The relatively high operating potential (about 1.5 V vs. Li+–Li)
improves safety and long term stability of the lithium ion cell. In
contrast to graphite with a working potential below 0.2 V vs.
Li–Li+ no metallic lithium dendrite formation occurs during fast
charge and overcharge conditions and SEI formation is reduced.
The concrete working potential of the cell depends on the
TiO2 polymorph used.
Among the TiO2 polymorphs, anatase and TiO2 (B) are
considered as the most promising candidates for the use as
anode material for Li-ion batteries due to their fast Li+
insertion–extraction reactions and high insertion capacity.
From the practical viewpoint, reversible insertion into anatase
TiO2 is about 0.6 Li (i.e. 200 mAh g–1) at 1.78 V vs.
Li+–Li.9,142,143 On the other hand, the rutile TiO2 polymorph
has been considered a poor Li-insertion material for a long
time. It is only recently that excellent capacities at high rates
have been reported for TiO2 rutile with nanosized dimensions
and higher speciﬁc surface areas.119,144,145 TiO2 (B) has an
insertion potential of about 1.6 V vs. Li+ associated with the
Li+ insertion into the structure. A composition of Li0.91TiO2
corresponding to 305 mAh g–1 has been reported for the ﬁrst
cycle with a reversible intercalation of approximately 0.7 mol
Li+ per mol TiO2.146–149
TiO2 (B), which is a monoclinic metastable phase of titanium
dioxide, is another promising high voltage anode material for
lithium ion batteries. TiO2 (B) has an insertion potential of about
1.6 V vs. Li+ associated with the Li+ insertion into the structure.
A composition of Li0.91TiO2 corresponding to 305 mAh g–1 has
been reported for the ﬁrst cycle with reversible capacities of
200–300 mAh g–1 with good cyclability.146–149
TiO2 (B) has a more open structure than anatase and rutile
with accessible channels for Li+-transport perpendicular to
the (010) face, which leads to fast lithium ion transport within
the structure. The electrochemical performance of TiO2 (B)
highly depends on the crystallite size, crystallographic orientation and particle size of the materials. Especially one dimensional nanostructured materials like nanorods and nanotubes
demonstrate excellent lithium insertion–extraction when compared
to bulk material or nanoparticles of TiO2 (B). Theoretical calculations as well as recent experimental results demonstrate that the
lithium insertion–extraction process can be accelerated by reducing
the extension of the unit cell of the crystals along the b- and
c-axis. Therefore, the control of particle size and crystallographic orientation of nanotubes and nanorods is extremely
important to get high rate performance and high reversible
capacity.150–162 Nanotubes and nanowires of TiO2 (B) are
usually prepared via hydrothermal synthesis routes. Inaba
et al. have reported the synthesis of nanosized needle shaped
TiO2 (B) via a precursor route starting with K2Ti4O9.
The TiO2 (B) was obtained by ion exchange and following
dehydration of the intermediate product. The discharge capacity
and high rate capability (106 mAh g–1 at 10 C) was comparable
with data reported for hydrothermal prepared materials in
the literature.150
Very few reports of electrochemical lithium insertion into
TiO2 brookite polymorph have been published.163,164 Reddy
et al. have reported a reversible capacity of 160–170 mAh g–1
at 1.7 V vs. Li–Li+ for nanosized brookite samples.164
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In this review, we summarize the latest developments obtained
for the anatase and rutile polymorphs. We report the mechanism
of lithium insertion–extraction into both structures and especially
focus on the electrochemical performance obtained of both
materials in terms of capacity, rate capabilities and stability. It
can clearly be demonstrated that the optimization of TiO2
morphology with higher speciﬁc surface areas and to the nanometre regime is a key point to obtain an excellent electrochemical
lithium insertion–extraction performance.
3.1

TiO2 anatase

3.1.1 Li insertion–extraction mechanism. The reaction of
lithium insertion into/from anatase TiO2 has been extensively
studied both theoretically and experimentally.9,165–171 During
the Li insertion the tetragonal TiO2 anatase phase (space
group I41/amd) is transformed into an orthorhombic one,
Li0.5TiO2 (space group Imma). A spontaneous phase separation
into lithium-poor Li0.01TiO2 and lithium-rich Li0.5TiO2 occurs and
this process is characterized by a constant voltage. Wagemaker
et al. showed that the two phases were in equilibrium with a
continuous Li ﬂux operating between them.168,170,171 The voltammogram shown in Fig. 6 presents a pair of peaks at about 1.75 V
(cathodic) and 2.0 V (anodic) corresponding to the faradaic insertion and extraction of lithium into anatase TiO2. The maximum
insertion capacity x of 0.5 mol of Li per 1 mol of anatase is given by
the number of vacant 4b sites for Li ions, corresponding to one-half
of interstitial sites in the anatase structure.9,165–171
Besides the main process of the two-phase Li insertion into the
tetragonal phase, an additional insertion process takes place at
insertion depths exceeding that of anatase. The other types of
surface storage mechanisms, connected with pseudo-capacities,
have been studied and appear to be strictly related to the
dimensions, the porosity, and the surface area of the material.172
A complete picture of the lithium insertion–extraction into/from
anatase TiO2 is given by the galvanostatic curve in Fig. 7.
The voltage proﬁle of ﬁrst discharge of the three investigated materials presents three distinct regions:
 The ﬁrst region (I) before a constant voltage plateau
(41.78 V) is characterized by a potential drop attributed to the
formation of the conductive LixTiO2 in solid-solution domain.173

Fig. 6 Cyclic voltammetry of anatase TiO2 between 0.8 and 3 V in
1 M LIPF6 EC/DMC (1–1 wt); scan rate 0.1 mV s1 (reprinted from
Kubiak et al.105 with permission from Elsevier).
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Fig. 7 First galvanostatic Li insertion–extraction curves of TiO2
anatase obtained at C rate between 1 and 3 V.

The extent of this domain is directly proportional to the
speciﬁc surface area of the materials.10
 The second region (II) shows a plateau at 1.78 V which is
attributed to a well-known two-phase mechanism
described above.
 The third region (III) at potentials below 1.5 V exhibits a
sloped curve. This process involves surface lithium storage.
The extent of this domain depends on the surface area of the
material.10
Finally, the amount of lithium that can be inserted in
anatase TiO2 is strictly connected to the morphology of the
material. It has been demonstrated that the fully lithiated
phase with a composition of Li1TiO2 can be been obtained from
nanosized anatase TiO2 with particle size lower than 7 nm.146
3.1.2 Electrochemical performance of anatase TiO2.
Among the TiO2 polymorphs, anatase is considered as
the most promising candidate for the use as anode material
for Li-ion batteries due to its fast Li+ insertion–extraction
reactions and high insertion capacity.171,173–175 However, the
reversible capacity reported for bulk anatase is x = 0.5 Li
(168 mAh g–1).139,165,167,176 To improve the performance and
increase the capacity, considerable research eﬀort has been
devoted to nanosized, high surface area materials. It is well
known that nanosized materials exhibit a superior electrochemical performance compared to bulk ones.177–179 For
nanosized materials small crystallite sizes lead to faster lithium
insertion–extraction together with a large speciﬁc surface area
that provides a better accessible electrode–electrolyte interface. This strategy has been successfully applied for anatase
TiO2, and an excellent electrochemical performance has been
reported by several groups. For example, Jiang et al. studied
three diﬀerent commercially available anatase nanopowders
with crystallite sizes of 6, 15 and 30 nm, respectively.174 They
reported a ﬁrst discharge capacity of more than 350 mAh g–1
and 209 mAh g–1 for the ﬁrst charge with the 6 nm material.
Moreover, they obtained very good capacities at ultra fast
regime (0.41 Li per TiO2 at 40 A g–1; B239 C). The use of
nanosized materials is not without complications, however.
Chem. Soc. Rev., 2012, 41, 5313–5360
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Reports of a decrease of the volumetric energy density due to a
possible loss of connectivity between particles by parasitic
reactions with the electrolyte are well known.180 Therefore, controlling the morphology appears to be crucial
in determining the electrochemical performance of TiO2
materials in Li-ion batteries. In this context, mesoporous
materials have received particular attention since they exhibit
an optimal morphology for increasing electrode stability and
Li insertion capacity, especially at high charge/discharge
rates.105,181–184 As described above, Kubiak et al. synthesized
mesoporous anatase TiO2 via a sol–gel method from an
ethylene glycol-based titanium precursor in the presence of a
non-ionic surfactant at pH 2. They reported excellent rate
capability (184 mAh g–1 at C/5, 158 mAh g–1 at 2 C, 127 mAh g–1
at 6 C, and 95 mAh g–1 at 30 C) and a very good cycling
stability.183 Saravanan et al. prepared mesoporous anatase
TiO2 with narrow pore size distribution and high surface area
via a sol–gel method using various cationic surfactants. They
reported excellent electrochemical behaviour in terms of rate
capabilities (107 mAh g–1 at 30 C) and cycling stability.184 The
good performance is attributed to the small crystallite size and
to the nanopores, which favour the complete wetting of the
TiO2 by the liquid electrolyte so that rapid Li+ insertion–
extraction can be achieved. The superior electrochemical
performance of mesoporous titania has been conﬁrmed
by Kubiak et al.10 The authors compared the respective
performance of a mesoporous material (TiO2-a) obtained by
a sol–gel method with a glycolated precursor, bulk TiO2
(TiO2-b) prepared by a sol–gel method with octadecylamine
and a nanosized one (TiO2-c) prepared by a miniemulsion
process (Fig. 8). They found that the electrochemical behaviour
is strongly inﬂuenced by the morphology of the materials as
well as by the cycling conditions, i.e. charging rate and working
potential window. The nanosized material exhibited higher
irreversible capacity loss and lower cycling stability than the
mesoporous one. This eﬀect is emphasized by broadening the
potential window (Fig. 8). Using a broad potential window
permits to obtain large capacities but it is detrimental to the
cycling stability. Nanosized TiO2 showed better rate capabilities
especially at very high rates. This can be explained by its higher
speciﬁc surface area which involves a better contact between the
electrode material and the electrolyte. The comparison of the
electrochemical behaviour of these materials is given in Fig. 8.
Finally, the electrochemical performance of anatase TiO2
anodes is strongly linked to the optimization of the active
material’s morphology. A mesoporous arrangement is a key
morphology to optimize surface kinetics while retaining
electrode stability, as demonstrated by the rate capabilities
and capacity retention of electrodes with this morphology.
Besides the control of morphology, diﬀerent strategies have
been studied to improve the electrochemical performance of
mesoporous anatase (see below).
3.1.3 Carbon coating. The carbon coating method has been
proven to be very eﬃcient to improve the electrochemical
performance of LiFePO4 or Li4Ti5O12, for example. In the
case of anatase, the eﬃciency of the process is limited by the
anatase to rutile transformation. Pfanzelt et al. prepared
carbon-coated titania via a simple impregnation method and
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observed a positive eﬀect. A better cycling stability and high
rate capacity could be achieved with the coated materials, and
in addition, the TiO2 crystallite growth is strongly reduced due
to the presence of the carbon shell. However, the preparation
of a pure anatase sample with an eﬃcient carbon coating could
not be implemented satisfactorily.185
Another approach has been studied by Ishii et al.186 by
introducing a triblock copolymer (Pluronic F127 (PEO106PPO70PEO106)) during the precipitation step and using it as a carbon
source. In this case no rutile formation has been observed and the
composite maintained a high reversible capacity of 109 mAh g–1
even at high current densities of 1000 mA g–1.
A similar approach has been presented by Park et al. to obtain
carbon-coated TiO2 nanotubes by hydrothermal reaction followed
by post-calcination.187 The complete crystallization of anatase
was observed at 600 1C. The carbon coating suppressed
the agglomeration of TiO2 nanotubes and allowed better
contact with the electrolyte leading to a better electrochemical
performance.
Moriguchi et al.188 also utilized carbon materials to enhance the
performance of anatase TiO2 materials. A c-SWNT-containing
mesoporous TiO2 sample was synthesized by a bicontinuous
microemulsion-aided process. An aqueous HCl dispersion of
c-CNTs as the water phase of the microemulsion and titanium
tetrabutoxide as the Ti source was applied. The obtained composite exhibited a very high capacity at high rate. The authors were
working in a narrow potential range (1.5–3 V) which made it
diﬃcult to compare their results with literature data.
Wang et al. combined TiO2 anatase with functionalised
graphene sheets in a self-assembly approach. The high rate
capabilities were much higher with the composite electrode
(96 mAh g–1 at 30 C) in comparison to anatase electrodes
(25 mAh g–1) with Super P as a conductive agent.189
3.1.4 Conductive networks. He et al. prepared TiO2 nanotubes by using a hydrothermal process and coated the material
with silver nanoparticles as the anode materials for lithium ion
batteries by the traditional silver mirror reaction.190 The
results showed that the Ag additive decreased the polarization
of the anode, and improved the high rate discharge capacity
and cycling stability of TiO2 nanotubes.
Guo et al. reported superior electrochemical performance of
nanostructured mesoporous anatase TiO2 incorporating
an eﬃcient hierarchical mixed conducting network.191 The
composite material was prepared with RuO2, providing highly
conducting paths for electrons in a three-dimensional network.
This nanosized network resulted in negligible diﬀusion times,
enhanced local conductivities, faster phase transformation
reactions, and hence appeared to be the key to the good power
performance for the material. After 20 cycles at C/5 charging rate,
a speciﬁc charge capacity of 214 mAh g–1 has been observed. The
speciﬁc charge capacity was still 91 mAh g–1 at the very high rate
of 30 C, which was nine times larger than that of mesoporous
anatase spheres without inferior electronic wiring.
3.1.5 Glassy-like phase. Zhou et al. introduced a new
concept in the design of an electrode material consisting of a
self-organized, crystalline-glass mesoporous nanocomposite
(CGMN).192 The 5 nm frameworks of the CGMN were
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Fig. 8 Top: Capacity of lithium insertion–extraction vs. charging-rate for mesoporous TiO2 (left), TiO2-c (right) using 1.5–3 V; 1.2–3 V and 1–3 V
potential windows. Bottom: Rate capabilities of mesoporous (TiO2-a), bulk (TiO2-b) and nanosized (TiO2-c) anatase TiO2 materials using 1.2–3 V
potential range (reprinted with permission from Kubiak et al.10).

assembled in a compact arrangement from electrode-active
nanocrystals with a small quantity of glass phase. The 4 nm
uniform mesochannels of the CGMN were ﬁlled with electrolyte
solution to provide electrolyte and lithium-ion transport pathways
throughout the material. The nanocomposites demonstrated a
signiﬁcant improvement in speciﬁc energy capacities at high
current densities.
Erjavec et al. used two additives in order to improve the
electrochemical performance of anatase TiO2.193 The previously
mentioned RuO2 nanowiring as electron conductive material
and silica as a suppressant of particle growth during heat
treatment. The authors showed that both approaches improved
the performance of anatase at high rates. The combination
of both methods leads to an improvement of more than
70 mAhg1 at 60 C. The RuO2 acted as an electron conductor
and the silica played the role of a spacer between the titania
nanoparticles allowing for better contact between the active
material and the electrolyte.
3.1.6 Metal coating. Mancini et al. proposed an optimization of the electrochemical properties of mesoporous anatase
electrodes in lithium-ion batteries by coating the electrodes
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with a thin metallic Cu or Sn layer via physical vapour deposition (PVD).194,195 The new metal–anatase composite electrodes
show improved kinetics for the Li insertion–extraction reactions
and excellent electrochemical performances in terms of
capacity, stability and fast-cycling abilities. The surface
modiﬁcation leads to a signiﬁcant enhancement in the electrochemical behaviour regarding higher reversible capacities, less
polarization, lower irreversible capacity during the ﬁrst cycle,
and higher high rate performances. Experimental evidences
show that the main eﬀect of the surface layer is related to an
enhanced lithium insertion–extraction on the plateau, i.e., the
diﬀusion-controlled two-phase mechanism (Fig. 9, right). At
the faster charge–discharge rate (30 C, 5 A g–1) the delivered
capacities were 94, 132 and 143 mAh g–1 for the uncoated, the
Cu- and the Sn-coated anatase electrodes, respectively.
The authors focus also on the long-term stability. The
capacities after 200 cycles at 4 C (1.34 A g–1) were 123, 147
and 142 mAh g–1 for the uncoated, the Cu- and the Sn-coated
anatase electrode, respectively, with capacity retention of
about 80% for all electrodes. The better electrochemical
performances are probably related to favourable surface interactions and faster lithium dissolution rate that improves the
Chem. Soc. Rev., 2012, 41, 5313–5360
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Fig. 9 Variation of reversible capacity of uncoated (a), Cu (b) and Sn (c) coated TiO2 electrode as a function of charge/discharge rate. Potential
range 1.2–3 V (left). Comparison of galvanostatic Li insertion–extraction of uncoated (a), Cu (b) and Sn (c) coated mesoporous TiO2 electrodes at
30 C (right) (reprinted with permission from Mancini et al.195).

lithium transfer at the interface. Moreover, PVD is an easy
modiﬁcation procedure, which appears to be a very promising
optimization method for the development of high rates
performance materials for lithium-ion batteries.
As discussed, anatase appears to be a very promising anode
material for Li-ion batteries with a strong connection of the
performance to its morphological properties. In this context
mesoporous materials have been paid particular attention
since they are eﬀective in increasing the electrode stability
and the Li insertion capacity especially at high charge–
discharge rates. In addition diﬀerent approaches have been
developed in order to improve the electrochemical performance.
Recently, diﬀerent groups have investigated TiO2 anatase as
anode material in combination with LiFePO4 as cathode
material.196,197 The full cell operated at an average potential
of 1.6 V and demonstrated negligible fade after more than 700
cycles at measured 1 C rate.196 Although the Li-ion batteries
based on LiFePO4–TiO2 combination exhibit lower energy
density compared to traditional Li-ion batteries, they oﬀer long
life times and high safety, which are critical for stationary
applications.
3.2

TiO2 rutile

3.2.1 Experimental and theoretical studies of the lithium
insertion mechanism of rutile. The lithium insertion–extraction
into/from rutile is highly anisotropic. Along the c-axis the
lithium diﬀusion is fast while it proceeds very slow in the
ab plane.198 The theoretically calculated diﬀusion coeﬃcients
of lithium along the c-axis and in the ab-plane are 106 cm2 s1
(Dc) and 1014–1015 cm2 s–1 (Dab), respectively.199–201 In
micron-sized rutile the very slow diﬀusion in the ab-plane
impedes the lithium ions to access the thermodynamically
favourable octahedral sites. Additionally Li+ pairs can block
the c-channels and hinder further lithiation because of the
poor diﬀusion in the ab-plane.200,202 This kinetic restriction is
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reported to be the reason why micron-sized rutile can only
insert little amounts of lithium at room temperature and it was
additionally suggested that this kinetic limitation is linked with
mechanical strains reduced with decreasing particle size.138,203
Experimental results of the lithium diﬀusion coeﬃcient by
Bach et al.204 using impedance spectroscopy were in between
7  108 and 109 cm2 s–1 for low lithium contents (LixTiO2,
x r 0.4) and 5  1010 cm2 s–1 at higher ones (0.4 o x o 0.8).
At higher temperatures (B120 1C) the lithium diﬀusion in the
ab-plane is enhanced (Dab = 1012 cm2 s–1) leading to a
reversible insertion of B0.5 lithium per TiO2.140,200,205,206
Three distinct regions can be observed during the ﬁrst
discharge (Fig. 10). The ﬁrst step of lithium insertion is an
initial potential drop from open circuit voltage to about 1.4 V.
After the ﬁrst initial potential drop a plateau can be observed at
1.4 V. The third part corresponds to a second plateau at
1.1 V.119 Structural changes have been observed at 1 V by
diﬀerent groups, which are still under controversial discussion
in diﬀerent theory- and experiment-based publications. During
charge the galvanostatic curve evidences a slope like behaviour
which remains upon further charge–discharge cycles.
The main reason for the uncertainty in the lithium insertion
mechanism is the lack of proper analytical in situ or ex situ
analysis techniques that can detect the changes in the material,
e.g. regarding the phases formed during electrochemical
lithium insertion. Especially the fact that nanosized rutile
looses crystallinity during the lithium insertion makes it
diﬃcult to get reliable data from XRD. Therefore many
groups applied chemical lithiation techniques to characterize
the lithiated LixTiO2 formed.5,8,207,208 However, it has to be
considered that the chemical lithiation may lead to diﬀerent
structures compared to the electrochemical lithium insertion
process in the lithium ion cell. In Section 4 investigations
regarding the mechanism of the lithium insertion–extraction
are described in more detail.
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Fig. 10 (Top) Galvanostatic curves of TiO2 rutile C/5 between 1 and
3 V vs. Li+–Li. 1st cycle. (Bottom) Cyclic voltammetry for rutile TiO2
in 1 M LiPF6 EC/DMC (1–1, w/w), scan rate 0.05 mV s1 (reprinted
from Kubiak et al.119 with permission from Elsevier).

3.2.2 Performance and properties of TiO2 rutile as anode
material for lithium ion batteries. The earliest investigations of
lithium insertion into TiO2 rutile were reported by Ohzuku
et al. in 1979.209 They used rutile as cathode material
in lithium primary batteries in simple discharge tests but
abandoned the material in favour of anatase, which exhibited
a higher cell voltage and capacity. Bonino et al.210 only
performed preliminary experiments with TiO2 rutile and
anatase in secondary lithium ion cells and decided to discard
rutile for the same reasons, although a considerable amount of
lithium ions (B0.38 mol lithium per mol TiO2) could be
inserted in the potential window of 1–3 V. These two publications in addition to the ﬁndings of Macklin and Neat205 and
Zachau-Christiansen et al.,140 who reported a negligible
capacity of rutile electrodes at room temperature while rutile
worked quite well at elevated temperatures (120 1C), led to the
assumption that rutile is not suitable or less attractive for
lithium ion batteries than anatase. Therefore a lot more
research was devoted to anatase, while only few publications
investigated the properties of rutile. Till 2005 only few experimental data were published. Kavan et al. reported a lithium
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insertion into mesoscopic rutile of 0.35 mol lithium per TiO2
(1.2–3 V), while Wagemaker et al. reported of a Ti+3.6
oxidation state detected by XANES, which indicates the
formation of a Li0.4TiO2 phase.
In 2006, Hu et al. showed that the amount of inserted
lithium into rutile could be signiﬁcantly increased by
using nanomaterials.144 They reported a lithium insertion of
0.8 mol lithium into nanosized needle-like rutile crystals
(10 nm diameter, 40 nm length) at room temperature in the
ﬁrst cycle in contrast to 0.1–0.25 mol lithium for micron-sized
materials. The reversible lithium insertion–extraction in the
following cycles was about 0.5 mol, which is comparable to
TiO2 anatase. After 50 cycles at C/20 the capacity slightly
decreased from 160 to 150 mAh g–1. The ﬁnding that the
lithium insertion capability of rutile is strongly dependent on
the crystallite size aroused a lot of interest followed by many
publications in the following years.
The excellent lithium storage properties of nanosized rutile
were conﬁrmed by Reddy et al.145 who evidenced a lithium
insertion of 1 mol lithium per TiO2 in the ﬁrst cycle discharge
and 0.55 mol in the following charge using sol–gel synthesized
nanosized rutile. Additionally, the results were compared with
commercial bulk rutile which evidenced a poor electrochemical
behaviour and inserted only 0.06 mol lithium.
Jiang et al.211 reported an excellent reversible insertion–
extraction of 0.6–0.7 mol lithium cycling with 0.05 A g–1
(about C/6) using commercial rutile nanopowders with a
particle size of 15 nm, while bigger particles with 30 and 300 nm
only insert about 0.4 and 0.15 mol lithium, respectively.
Additionally, the nanopowder exhibits 132 and 118 mAh g–1
after 100 cycles at 5 and 10 A g–1 (about 16 and 32 C).
Baudrin et al.203 investigated the diﬀerent lithium insertion–
extraction behaviour of nanosized and bulk rutile materials as
well as the mechanism by in situ XRD. While the bulk material
inserted only small amounts of lithium (0.03 mol per TiO2) the
nanosized TiO2 (50 nm) could reach the composition of Li0.23TiO2
in the ﬁrst discharge down to 1 V and 0.11 mol lithium could be
extracted during charge. Decreasing the crystallite size to 10 nm by
using nanorods (10 nm diameter, 200 nm length) increased the
amount of inserted lithium up to 0.85 mol in the ﬁrst discharge
and a reversible lithium insertion–extraction of 0.5 mol.
A study of lithium insertion into high surface mesoporous
rutile with residual amounts of anatase was done by Liu
et al.212 The investigated material can reversibly accommodate
0.55 mol lithium (185 mAh g–1) at C/5 and shows a capacity
loss of only 10% after 100 cycles.
Qiao et al. published two performance studies213,214 on
hierarchical porous rutile TiO2 nanorod microspheres and
ﬂowerlike rutile TiO2 nanorods. The microspheres inserted
up to 0.73 mol lithium (Li0.73TiO2, 246 mAh g1) during the
ﬁrst charge at a C/10 and retained 192 mAh g–1 after 30 cycles.
In comparison to the microspheres the nanorods can insert less
lithium and evidence a charge capacity of 227 mAh g–1 in the
ﬁrst cycle (C/10) and 183 mAh g–1 after 30 cycles.
Performance analysis of sol–gel synthesized TiO2 rutile
nanowhiskers using a glycerol-modiﬁed titanium precursor and
an anionic surfactant were done by Kubiak et al.119 The material
is characterized by a high BET surface area of 181 m2 g–1 and
shows a reversible capacity of 190 mAh g–1 (C/5, 0.067 A g–1)
Chem. Soc. Rev., 2012, 41, 5313–5360
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combined with an excellent high rate capability of 100 mAh g–1
at 30 C (B10 A g–1).
An interesting material was prepared by Wang et al.189 They
combined TiO2 rutile with functionalised graphene sheets in a
self-assembly approach improving especially the high rate
capacity (87 mAh g–1 at 5 A g–1) in comparison to rutile
electrodes with Super P (35 mAh g–1) as a conductive agent.
The electrodes with 0.5 wt% of functionalised graphene sheets
exhibit slightly better capacities at low rate and a strong
improvement at high rates compared to the electrodes with
10% Super P. Therefore, the overall energy density and power
density can be signiﬁcantly increased by replacing Super P with
functionalised graphene sheets.
Cycling rutile nanowhiskers in the larger potential window
of 0.1–3 V in comparison to the standard 1–3 V one leads
to an increase of the reversible capacity up to 315 mAh g–1 at
C/5 (67 mA g–1), which is close to the theoretical value of
335 mAh g–1 (Li1TiO2).215 Additionally, the high rate capacity
is signiﬁcantly increased to 196 mAh g–1 at 5 C (1.68 A g–1).
Although the discharge down to 0.1 V leads to electrolyte
decomposition (EC/DMC) causing a SEI formation at potentials
of B0.8 V32,215 and a lower relative cycling and rate stability, the
absolute capacity and energy gain overcompensate the disadvantages. Thermal analysis of the lithiated and delithiated rutile
nanowhiskers revealed the safe character of rutile electrodes in
combination with the electrolyte.32 The samples exhibited no
oxygen evolution and a low exothermic behaviour up to 350 1C,
while the compared graphite samples showed strong exothermic
reactions known from several other studies (Fig. 11).216–219
Investigations of the low temperature behaviour of this
nanowhisker showed excellent values and 138 and 77 mAh g–1
could be reached at 20 and 40 1C, respectively (0.1–3 V, C/5).220
These capacity values of the unmodiﬁed rutile electrode outnumber
graphite electrodes, which maintain only 26 (30 1C)221 and
45 mAh g–1 (20 1C)222 (Fig. 12).
The electrochemical properties of ultra-ﬁne rutile nanoparticles synthesized via a wet chemical method in acidic
media were investigated by Chen et al.223 The small crystals
of 2–5.8 nm can reach a reversible capacity of 198 mAh g–1
after 20 cycles at a charge–discharge current of 0.17 A g–1
and 77 mAh g–1 at 5.1 A g–1. After an initial capacity loss
the ultra-ﬁne rutile nanoparticles have a coulombic eﬃciency
close to 100%.
Rutile nanoneedles have been synthesized by Khomane et al.
using a reverse microemulsion-mediated sol–gel method.224 The
mild synthesis results in high surface area mesoporous rutile with
a reversible capacity of 128 mAh g–1 at C/10 after 305 mAh g–1 in
the ﬁrst cycle.

4. Structural properties of rutile nanorods for
lithium-ion batteries
4.1 TEM investigations on delithiated very small rutile
nanorods
Kubiak et al.119 demonstrated that rutile nanoparticles, sol–gel
synthesized with a glycol modiﬁed titania precursor and an
anionic surfactant, can be cycled reversibly between 1.2–3 V.
As the material showed high charging/discharging capabilities,
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Fig. 11 DSC/TG curves of the (a) lithiated graphite (top) and rutile
(bottom) electrodes and the (b) delithiated graphite (top) and rutile
(bottom). Positive peaks are exothermic and negative ones endothermic
(reprinted from Pfanzelt et al.32 with permission from Elsevier).

Fig. 12 Speciﬁc capacities obtained at diﬀerent temperatures (C/5 rate)
in two (0.1–3 V and 1–3 V) investigated potential windows (reprinted
from Marinaro et al.220 with permission from Elsevier).

the structural properties of this material and the response to Li
insertion–extraction will be discussed in more detail in the
following sections.
Hörmann et al.225 carried out ex situ TEM studies on as
synthesized and cycled rutile nanorods, fabricated from a
This journal is
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Fig. 13 The bright-ﬁeld TEM image shows the rutile nanorods
agglomerated in small bunches and in spherical ﬂowerlike structures.

glycolated precursor. After the electrochemical cycling experiments between 1–3 V, the powder was regained from the
dismantled electrode. In order to correlate structural changes
with the observed redox reactions and the number of cycles,
the study contained as synthesized samples, and samples after
the ﬁrst cycle from 1 to 3 V, from 1.2 to 3 V, and after two and
ﬁve cycles from 1 to 3 V.
In the following we show bright-ﬁeld TEM and aberrationcorrected high-resolution TEM images obtained from a TITAN
80–300 operated at 300 kV of as-synthesized and cycled samples.
The bright-ﬁeld TEM image in Fig. 13 shows the agglomerated
rutile nanorods as obtained in the as-synthesized form and
from the cycled samples. The nanorods agglomerate to small
bunches and to ﬂower-like spherical structures. The microstructure, i.e. the nanorod morphology, was preserved during
electrochemical cycling.
The average nanorod diameter determined from the TEM
images was 5–10 nm. In all samples three diﬀerent types of
nanorods were observed, namely nanorods with good crystallinity,
nanorods with numerous lattice defects and bent nanorods.
The nanomorphology was identical for the as-synthesized and
all the cycled samples.
In the as-synthesized and in all of the cycled samples
nanorods with good crystallinity were observed. These nanorods
revealed a corrugated surface with hillocks of 1–2 nm baseline
length as shown in Fig. 14 and 15 or terrace steps as shown in
Fig. 16 and 17. Hillocks and terraces facilitate the diﬀusion of
Li into the rod because they oﬀer openings to the h001i
channels, the principle diﬀusion direction of Li. According
to the studies on surface lattice expansion it can be expected
that the initial pure TiO2 lattice spacings are larger than in
bulk crystals. Larger lattice spacings increase the size of the
diﬀusion channels and in this way they reduce the strain
imposed on the lattice by Li insertion. The hillocks increase
the surface area and are expected to enhance Li diﬀusion and
This journal is
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Fig. 14 The aberration-corrected high-resolution TEM image shows an
as-synthesized rutile nanorod with surface corrugations. The arrows in
the enlargement point to the facets which oﬀer openings to the c channels.

Li incorporation. The stress arising from Li insertion can
easily be elastically relaxed via the surface as the hillocks can
expand the crystal lattice laterally and outwards. According to
these considerations, the hillocks and terraces are expected to
facilitate the reversible Li incorporation.
In the as-synthesized and in all the cycled samples nanorods
with a modular nanostructure were observed. These nanorods

Fig. 15 (a) The aberration-corrected high-resolution TEM image
micrograph shows a rutile nanorod after the ﬁrst cycle 1–3 V. The
white arrows point to hillocks with a base line of ca. 2 nm. The black
arrows point to troughs. The arrow in the enlarged inset points to the
facets which oﬀer openings to the c channels. (b) The HRTEM
micrograph shows a rutile nanorod with severe surface corrugations
and lattice bending. The black arrows point to the hillocks.

Chem. Soc. Rev., 2012, 41, 5313–5360
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Fig. 16 The aberration-corrected high-resolution TEM image shows two
rutile nanorods after the ﬁrst cycle 1.2–3 V. The arrows point to the small
angle grain boundary which connects the two nanorods. The arrows in the
inset point to the terrace steps which oﬀer openings to the c channels.

Fig. 17 The aberration-corrected high-resolution TEM image shows
a rutile nanorod after the ﬁve cycles 1–3 V. The arrows point to the
terrace steps which oﬀer openings to the c channels.

revealed lattice defects such as grain boundaries as shown in
Fig. 18. The enlargement in Fig. 18 shows a nanorod built-up
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Fig. 18 The aberration-corrected high-resolution TEM image shows
an as-synthesized rutile nanorod of modular structure. The black
arrows point to voids in the nanorod. The arrows in the lower
enlargement show that the nanocrystallites are tilted by small angles.
The arrows in the upper enlargement point to surface corrugations
caused by the nanocrystalline building blocks.

of modularly arranged nanocrystallites enclosing pores. These
crystallites increase signiﬁcantly the total surface area of the
nanorod and have the same ability for enhanced Li storage as
discussed above for the hillocks. Crystallographic defects are
known as locations for impurity segregation, i.e. sites which
support the increased Li storage capability.
In the as-synthesized and in all of the cycled samples bent
nanorods were observed. Prior to the TEM investigation the
samples were embedded in a resin (EPON 812) of medium
hardness which is used to prepare artifact free delicate biological
samples. The bending is therefore considered as a property of
the particle. Applying Hooke’s law to the bent particles shown
in Fig. 19 and 20 would result to a force of 17.9 N and 3.5 N,
respectively which is needed to bend the particles. As already
pointed out, a rigid body approach with bulk values of
the elastic properties does not lead to physically reliable
results. The observed bending clearly indicates the softening.
A dislocation may have caused stress-induced bending of the
particle shown in Fig. 21 in analogy to the Eshelby twist.226,227
The torque of a whole nanowire or chiral branched nanowire
caused by screw dislocation is called Eshelby twist. Although
no direct evidence for a dislocation was found, the assumption
is supported by (i) the contrast changes at the kink in Fig. 19
and (ii) the shape of the bent nanorod shown in Fig. 15b,
which corresponds to the growth model for twisted nanorods
proposed by Amelinckx.228
Fig. 21 shows the electron diﬀraction patterns of the
as-synthesized and ﬁve times 1–3 V cycled powders. The rings
in both diﬀraction patterns could be indexed as rutile, thus
proving the reversible Li insertion–extraction in the nanorods.
The TEM and Cs-corrected HRTEM investigations clearly
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Fig. 19 The aberration-corrected high-resolution TEM image shows
a bent as-synthesized rutile nanorod which demonstrates the enhanced
elasticity. The bending might be caused by the stress ﬁeld of a
dislocation.

Fig. 20 The aberration-corrected high-resolution TEM image shows
a very thin bended rutile nanorod after ﬁve cycles 1–3 V which
demonstrates the enhanced elasticity. The enlargement in the inset
shows the bent lattice planes.

showed that the pure rutile nanorods remain crystalline
even after multiple charging–discharging cycles. These results
demonstrate that the reaction towards LixTiO2 and the
associated redox reactions were fully reversible.
4.2 Phase transformations upon lithiation: pathways and
boundary conditions
These experimental ﬁndings contradict the observations so far
published in the literature. Studies on the Li insertion into rutile
nanoparticles of a size larger than 10 nm discuss two diﬀerent
pathways for a phase transformation, each of them presenting an
intermediate phase as a result of a solid solution type transition.
The ﬁrst transition pathway was described by Borghols
et al.229 in an X-ray and neutron study. This mechanism is
based on the ﬁrst proposals by Macklin and Neat205 and
matches with earlier experimental work.144,145 Theoretical
work that predicted the transformation to a layered structure
was started by Benco et al.230 and extensively performed by
Koudriachova et al.231 According to this mechanism the
tetragonal rutile transforms at x = 0.5 into an intermediate
monoclinic Li0.5TiO2. This transition is based on the ordered
incorporation of Li into the rutile lattice and leaves the
connectivity of the Ti–O network unaﬀected, i.e. no Ti–O
bond breaking was necessary. As a result the unit cell volume
is increased by 6.3%.
With a further increasing amount of Li ions to x = 0.85,
this lattice becomes unstable, such that Ti–O bonds break up
and the lattice rearranges into a layered monoclinic LiTiO2
structure with alternating TiO2 octahedra and Li monolayers.
Borghols et al. expect this structure to be stable up to x = 1.
The intermediate phase was observed for nanosized rutile
only. Micron-sized particles directly transformed into the
layered structure at a composition of x = 0.43.
This journal is
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Fig. 21 The bright-ﬁeld TEM images show (a) the as-synthesized and
(b) the ﬁve times 1–3 V cycled nanorods with the corresponding
electron diﬀraction patterns. Both diﬀraction patterns could be indexed as rutile. The amorphous background in the ring pattern of the
cycled sample is from the residual binder.

Reddy et al.145 studied the phase transformation dependent
on the particle size. By annealing 5 nm rutile nanorods they
obtained particles with 6, 7.5, 11.4 and 14.7 nm diameter. They
performed ex situ XRD measurements of the fully discharged
electrode, which shows two peaks corresponding to a hexagonal
LixTiO2. This structure is retained upon charging, i.e. delithiation, indicating an irreversible phase transformation.
Chem. Soc. Rev., 2012, 41, 5313–5360
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A crystallite size dependent eﬀect at fast voltammetry
experiments was observed by Milne et al. The eﬀect vanished
at reduced charging rates, indicating the charge rate, i.e. kinetic
limitations as a second parameter for structural stability. In
this study, lithium was inserted into diﬀerent rutile samples with
4–50 nm in diameter. They observed increasing unit cell volumes
at decreasing crystallite size as published by Luca et al.232
Milne et al. proposed that quantum size eﬀects, i.e. quantum
conﬁnement, might inﬂuence the particle behaviour during
charging–discharging.233 The intercalation potential increases
with decreasing crystallite size, which contradicts quantum
size eﬀect considerations and is possibly related to a facilitated
lattice distortion. What is more, the particle size of Milne et al.
is much larger than the Bohr radius of rutile.
Quantum conﬁnement in titania nanoparticles was disputed,
e.g. by Monticone et al.,234 who pointed out that for a strong
exciton conﬁnement particle radius R must be smaller than the
Bohr radius. Hörmann et al.235 determined the Bohr radius of
sol–gel synthesized anatase nanoparticles of 8.8 nm and 11.1 nm
diameter to 2.35 nm. The particles showed pure bulk behaviour.
Monticone, in the above-mentioned study, could not detect
band gap energy shifts for particles with 1.5 nm diameter. The
Bohr radius for rutile is considered to be signiﬁcantly smaller
than for anatase, even in the presence of electron donors.236
Kormann et al.237 calculated the Bohr radius of rutile for
diﬀerent literature values of the eﬀective electron mass and
obtained values between 0.75 and 1.9 nm. Hasiguti238 determined
the rutile Bohr radius to 0.76 nm from the eﬀective electron mass
and the dielectric constant. Bacsa et al.239 calculated the Bohr
radius of rutile from spectroscopic data to 0.26 nm. In view of
these data, any quantum conﬁnement eﬀects can be ruled out to
inﬂuence the phase transformations during Li insertion.
Kavan et al.206 investigated the lithium storage capability of
a commercial rutile powder (PK 5565, Bayer, average particle
size 10–50 nm) at 120 1C. The rutile structure was retained up
to the formation of a LixTiO2 with x = 0.25. At x = 0.5 they
observed an unknown intermediate structure that transformed
to the hexagonal Li0.5TiO2. Macklin and Neat205 observed the
identical transition path in a commercial rutile powder. The
hexagonal phase has shown reversibility in the composition
range 0.5 o x o 1.
The second transition pathway ﬁrst described by Baudrin
et al.203 involved a solid solution type transformation of the
tetragonal rutile to an intermediate phase leading to a unit cell
volume increase of 9.7% in 10 nm thick Li0.6TiO2 nanorods.
At further lithiation the material is irreversibly transformed to
cubic rock salt LiTiO2. The irreversible phase transitions were in
particular observed for particles larger than 10 or 20 nm diameter.
C. M. Wang et al.240 used mechanical milling in order to
lithiate nanosized rutile. This treatment transformed the
nanorods into agglomerates of apparently equiaxed/isotropic
crystallites. As a result they observed a cubic LiTiO2 in rocksalt structure. The structural transformation from the rutile to
the rock-salt lattice requires the break-up of chemical bonds
for the rearrangement of atoms. The mechanically induced
transition from the rutile to the rock-salt structure was thus
considered to be irreversible.
D. Wang et al.212 lithiated nanosized rutile, containing 5%
anatase in an electrochemical cell. The material was cycled
5330

Chem. Soc. Rev., 2012, 41, 5313–5360

from 3 to 1 V. After 100 cycles they indexed the electron
diﬀraction pattern as cubic LiTiO2. TEM images showed that
the nanorod morphology was retained after cycling. Hence, in
this study the transition to the cubic rock-salt structure is
independent of the particle size. The cyclic voltammogram
shows a successive ﬂattening of the peak which correlates with
the ﬁrst redox reaction. The peak indicating the second redox
reaction remains stable during all cycles.
Vijayakumar et al.241 performed a hydrothermal reaction at
180 1C in order to chemically lithiate a rutile sample. Upon
lithium insertion of 0.12 mol Li0.12TiO2, the rutile structure is
preserved without signiﬁcant changes. At a composition of
Li0.44TiO2 a spinel type phase is present, while further lithiation up
to Li0.88TiO2 leads to the formation of a rocksalt type phase.
Koudriachova et al.202 studied the behaviour of nanoscale
rutile with a spaghetti-like shape in comparison to the bulk
rutile using ab initio simulations. On the nanoscale the boundary
of the single phase reaction, displayed at low Li-concentrations in
the bulk, shifts to higher Li-concentrations enabling an alternative
structural evolution upon intercalation. While lithium insertion
into bulk rutile leads to the formation of monoclinically distorted
rutile the nanoscale material transforms into a spinel phase.
The mechanistic studies of the lithium insertion into TiO2
rutile are inconsistent and the proposed phase transformations
or deformations are controversially discussed in diﬀerent
theoretical and experimental publications. The main reason
is the lack of proper analytical in situ or ex situ techniques
which can detect the phases formed by electrochemical lithium
insertion in a lithium ion cell. Recently developed TEM
holders designed in order to study the Li insertion on an
electrically contacted sample with a liquid electrolyte will be
able to track the phase transformation and to compare the
results from chemical and electrochemical lithiation.242–244
4.3 Size-dependent materials properties
The Li storage capability is generally considered to increase
with decreasing particle diameter. Further materials properties,
which govern the Li incorporation process, are ﬁrst volume
properties, such as Li diﬀusion through the rutile lattice, lattice
spacings, and elasticity and second surface properties, such as
surface diﬀusion and segregation, surface relaxation and surface
corrugations.
4.3.1 Size-dependent lattice constants. Experimental evidence
for lattice expansion of rutile nanocrystals is given in the study
of Li et al.245 By X-ray diﬀraction and X-ray photoemission
they evaluated peak broadening and peak shift. The lattice
volume linearly increased with decreasing particle diameter.
For particles with 5.2 nm diameter the lattice volume increased
by 6.3%. They attributed the lattice expansion to the negative
interface pressure.246
Size-dependent lattice parameter changes are frequently
observed in metallic and oxidic nanoparticles. As discussed
below, lattice expansion in nanoparticles has been reported for
oxides, while in metals the lattice volumes shrink due to
compressive surface stress.
Huang et al.247 investigated the inﬂuence of surface tension
and particle shape on the size-dependent lattice contraction of
metallic nanoparticles. Their calculations are based on elasticity
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theory, which uses a continuum model and has proven to be a
suitable approach to treat nanoparticles larger than 1 nm.
In contrary, molecular dynamics essentially depends on the
selection of the molecular potentials. In this study the bulk
modulus was assumed to be constant throughout. The results
of Huang indicate an increasing lattice contraction for metallic
particles with decreasing diameter below a threshold diameter
of 5 nm. They show that the eﬀect of the surface tension on the
lattice parameter can be neglected. The shape can in general
account for up to 10% of the lattice contraction if the metallic
nanoparticle deviates from the sphere.
A diﬀerent view is taken from Huxter et al.248 in the
investigation of CdSe nanoparticles. They measured the
acoustic phonon modes of CdSe nanoparticles and performed
calculations based on elasticity theory. Huxter et al. not only
included the surface stress into their calculation, but also
investigated the bulk modulus as a function of the particle
size. They suggest a thermodynamically governed interplay
between the surface energy and compensating elastic material
properties. In this study, CdSe nanoparticles larger than 4 nm
showed bulk behaviour. Very small CdSe nanoparticles of
1.4 nm were found to be four times more compressible
than bulk CdSe. The authors investigated how deeply the
surface reconstruction propagates into the particle volume
by counting the atoms which are aﬀected by the two surface
monolayers. The size dependency ceased when less than half
of the particle atoms are within the two lattice spacings of
the surface.
Experimental studies on oxygen deﬁcient CeO2x particles
have also shown increased lattice parameters. Tsunekawa
et al.249 performed X-ray photoelectron measurements on
oxygen deﬁcient CeO2x particles. They found an increase in
oxygen deﬁciency, i.e. an increased molar fraction in reduced
Ce3+ ions with decreasing lattice parameter. They attribute
the observed lattice parameter increase to the reduced electrostatic forces of Ce3+ atoms at the surface.
4.3.2 Li-diﬀusion and incorporation into small rutile particles. Because diﬀusion lengths in small particles are shorter
than in bulk crystals, lithiation of the whole particle is
expected. Diﬀusion properties and incorporation mechanisms
thus apply to the whole particle, whereas in bulk crystals, this
is considered as near surface region phenomenon.166
It is generally accepted that Li predominantly diﬀuses along
the c channels into the rutile lattice. The Li diﬀusion coeﬃcients
in rutile were experimentally determined by Johnson198 to 2.7 
103 cm2 s–1 along c and 1012 cm2 s–1 perpendicular to c. This
strong anisotropy was later conﬁrmed in the theoretical studies
discussed below. The published models for the pathway of the
Li ions through the rutile lattice are all based on diﬀusion in the
c channels.
The diﬀusion coeﬃcient is considered to depend on (i) the
temperature, (ii) the current–voltage conditions and (iii) the Li
concentration.
An experimental investigation of the concentration-dependent
diﬀusion coeﬃcient of nanosized TiO2 rutile by Bach et al.204 via
AC impedance spectroscopy evidences a lower impedance and a
signiﬁcantly better charge transfer and lithium transport kinetics
in comparison to a micron-sized sample. The lithium diﬀusion
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values DLi decrease linearly with higher lithium content. The
isotropic DLi is between 7  108 and 109 cm2 s–1 for low
lithium contents (LixTiO2, x r 0.4) and 5  1010 cm2 s–1 at
higher ones (0.4 o x o 0.8). This result can be explained by
the calculated energy barrier in the lithium diﬀusion process,
which is 0.35 eV for nanosized material and thus signiﬁcantly
smaller than for micron-sized rutile with 0.85 eV.199
Koudriachova et al.250 found from density-functional simulations the octahedral sites energetically preferred for Li incorporation. In addition they considered diﬀusion of Li in the (a,b) plane
possible but energetically unfavourable as a result of their calculations. In a relaxed lattice the energy barrier between minima in the
c direction is 0.04 eV and 0.8 eV in the (a,b) plane.
Gligor and Deleeuw201 investigated the trajectories of the Li
ion by means of molecular dynamic simulations. They found
that the Li ions proceed through jumps between octahedral sites.
According to their results from probability density function
calculations, the movements of a Li ion within the (a,b) plane
are restricted within the occupied c channel. This means changing
the channel by diﬀusion in the (a,b) plane is negligible from
probabilistic considerations.
In electrochemical cycling, Kerisit et al.251 propose a strong
interaction of the Li ion with the parallel migrating electron.
They predict the electrons to form electron polarons with the
phonons of the rutile lattice. These polarons are expected to
form correlated pairs with the Li ions where the polarons drag
the Li ions through the rutile lattice.
The dielectric constant in rutile is highly anisotropic. According
to the inelastic neutron scattering experiments of Traylor et al.252
the static dielectric constant in the c-direction is 170 and thus
approximately twice as large as along the a-direction where it
is 86. Koudriachova et al.250 combine the dielectric behaviour
with the large deformation of the Li environment in the rutile
lattice and conclude to a temperature dependent anisotropic
screening of the electrical ﬁeld of the Li ion. As a consequence
they observe ordering of Li in the (a,b) plane for low Li
concentrations.
Hence, the structural transformations occurring with
increasing amount of diﬀusing Li are governed by an interplay
of structural and electronic properties. The anisotropic diﬀusion
properties of rutile and the preferred octahedral sites occupied
by Li ions at room temperature cause the ordered incorporation
of the Li in the rutile lattice.205 This ordering reduces the
tetrahedral symmetry and leads to the formation of the
intermediate phases.
4.3.3 Size-dependent elastic properties. The lattice parameter increase aﬀects the strength of the Ti–O bonds and thus
the elastic properties of nanosized titania particles. Gerward
and Olsen253 determined the bulk modulus for rutile Standard
Reference Material (from National Institute of Standards and
Technology (NIST), USA) by synchrotron X-ray diﬀraction
under high and ambient pressure. They calculated the bulk
modulus of rutile volume crystals to 230 GPa at ambient
pressure. Arlt et al.254 determined the bulk modulus of anatase
volume crystals by X-ray diﬀraction and ab initio calculations
using a perturbed ion model to 179 GPa.
Mo and Ching255 calculated the bulk modulus for bulk
titania crystals by applying the self-consistent orthogonalized
Chem. Soc. Rev., 2012, 41, 5313–5360
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LCAO method in the local-density approximation. They calculated
the bulk modulus of rutile and anatase to 209.34 GPa and
272.11 GPa, respectively. According to their results, the bulk
modulus of rutile for a bulk crystal is 30% lower than that of
anatase. These values, however, are not in agreement with
experimental data.
Chen et al.256 investigated the size-dependent bulk modulus
of free standing anatase nanoparticles by high-pressure
synchrotron X-ray diﬀractometry. In accordance with the
Hall–Petch eﬀect for nanostructured polycrystalline materials,
the bulk modulus of the particles increased from the bulk
value 179 GPa to 239 and 245 GPa (from two independent
measurements) for 15 nm particles. With decreasing particle
size the bulk modulus decreased to 199 GPa for 6.5 nm
particles and 185 GPa for 4.0 nm particles. For particles with
3.6 nm diameter they calculated the bulk modulus to 143 GPa,
what is below the bulk value. This softening corresponds to an
inverse Hall–Petch eﬀect for free standing particles below a
certain threshold diameter. In particular they consider open,
less rigid surface layers with a smaller bulk and shear modulus
than found in the interior of the particle to be responsible for
the softening eﬀect. The authors estimated the surface layer to
ca. 0.2 nm and the bulk modulus of the surface to 139 GPa in
order to calculate the inﬂuence on surface softening on the
whole particle. They subtracted the surface from the particle
and calculated the bulk modulus of a core particle without
soft shell. From the published plot of the experimental and
calculated curve, the maximum diﬀerence, i.e. the maximum
softening inﬂuence of the surface can be extracted to be
ca. 20 GPa, obtained for particles of ca. 3–6 nm.
Mayo et al.257 conducted a nanoindenter study on compacted
and sintered rutile nanoparticles. Sintering at 400, 700 and
900 1C was used in order to set the particle size to 14.3, 32.4,
and 243.3 nm. The grain size of as-compacted particles was
12.2 nm. The estimated densities were 90–96% after sintering at
900 1C and 75% in the as-compacted sample. The variation
between two measurements on the same sample varied up to
30%, which was attributed to sample inhomogeneities. However, the measured hardness of the as-compacted particles
reaches a minimum value of ca. 10% of the single crystal value
on the (001) plane for the as-compacted sample and ca. 40% for
the sample sintered at 400 1C. The rutile nanoparticles were
softer than the bulk crystal and thus easier to deform plastically.
The authors obtained the same trend for the Young’s modulus.
The Young’s modulus for the as-compacted sample is about
12 GPa, i.e. 2.4% of the single crystal value of 489 GPa. The
samples were more compliant than the bulk crystal and thus
easier to deform elastically.

The charge transfer gives the deviation of the charge of a
surface atom compared to the bulk value. In the case of the
(110) surface, positive relaxation, i.e. towards the outside
resulted for all atoms, except of one ﬁvefold coordinated Ti.
Charge transfer calculations showed similar charges for the ﬁvefold coordinated Ti with a lost bond and a sixfold coordinated Ti.
This ﬁnding is in agreement with earlier examples listed in the
review article of Diebold,259 in which it was also shown that at
zero temperature only ﬁvefold coordinated atoms are drawn
inwards, while sixfold coordinated Ti are relaxing outwards.
Stashans et al.166 conducted quantum-chemical Hartree–Fock
calculations on Li incorporation into the rutile (110) surface.
After the ﬁve-fold coordinated Ti obtained an electron from the
diﬀusing Li in an octahedral site, it relaxes outwards, while the
oxygen ions are moving towards the Li.
The impact of externally applied strain on rutile surface
reconstructions was simulated in ﬁrst-principle calculations by
Shu et al.260 They found that a relaxed rutile (110) surface with
ideal stoichiometry is softer than the bulk volume.

4.3.4 Surface relaxation. Surface properties are generally
size-independent properties. With decreasing particle size and
increasing total surface area however, the role of the surface
properties in the particle increases. Moreover, below a certain
threshold particle diameter the surface properties interact with
the full particle volume and govern the material properties of
the entire particle.
In an ab initio study Hallil et al.258 have calculated the
relaxation of (110), (100) and (001) pure rutile surfaces, taking
into account surface formation energies and charge transfer.

4.3.6 Enhanced diﬀusion and solubility in the surface near
area. Tersoﬀ267 presented model calculations that impurities
show a strong elastic interaction with the surface of the host
lattice. The lattice sites at the surface are no longer equivalent
to the sites in the volume as a consequence of the broken
bonds at the surface. He could show for solid solution systems
that the solubility of C down to the fourth monolayer of a
Si (001) surface can be 104 times higher than in the bulk.
These enhanced concentrations of impurities do not segregate
into the volume but are stored in the surface near area.
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4.3.5 Elastic strain relaxation via surface corrugations. The
incorporation of Li into the crystal lattice causes large
mechanical stresses to which the lattice responds by straining
the unit cell. The system can relax the strain either elastically
via the surface or plastically via dislocation formation.261
Strain relaxation via the surface is in particular possible in
the presence of surface corrugations, i.e. alternating nanometre-sized hillocks262 and troughs.263 Enhanced elastic strain
relaxation via corrugated surfaces implicitly causes a strain
gradient towards the less eﬃcient strain relaxing volume.264 At
the surface near area of a hillock facet the crystal lattice can
expand outwards in case the lattice is compressively strained,
which can lead to signiﬁcant segregation eﬀects in solid solution
systems.265 Albrecht et al. have shown in a TEM and AFM
study on the growth of heteroepitaxial layers that elastic strain
relaxation (formation of hillocks, lattice deformations) and
plastic strain relaxation (dislocation formation) are related to
diﬀerent stress regimes.266 In the presence of hillocks, plastic
strain relaxation occurs at higher strains than elastic strain
relaxation.
The elastic strain relaxation of the rutile lattice as a response
to Li incorporation was calculated by Koudriachova et al.250
In a total energy calculation ionic positions, size and shape of
the computational unit were relaxed until the total energy was
minimized. According to these results the lattice parameters in
the (a,b) planes were increased and slightly decreased along c.
However, this calculation does not take into account eﬀects of
the crystallite size and shape.
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Tersoﬀ attributes the increased solubility to two factors. Firstly,
mechanical stress resulting from the incorporated impurity can
be relieved via the surface. Secondly, the impurity energy on
certain sites is signiﬁcantly lowered by interaction between the
impurities with the surface stress caused by the atomic surface
reconstructions. Tersoﬀ calculated an energy reduction by
approximately 0.7 eV for a C atom at the second and third
subsurface layer of Si (001).
For rutile, Wagemaker et al.268 investigated in a quasi-in situ
XANES and XPS study the Li incorporation in the subsurface
and surface layers. By probing the surface and subsurface
layer of electrochemically lithiated rutile electrodes, they could
localise Li in a less than 3 nm thick surface layer. The Li was
potentiostatically inserted from 1.5 V to 2.1 V. In this
regime full incorporation must be assumed to be less than in
the potential between 1 V to 3 V, what was used in the present
study. However, it is suﬃcient to proof that Li incorporation
occurs predominately close to the surface. Koudriachova269
however, expected homogeneous mixing in the volume of
nanosized particles.
4.4

Reversible Li insertion in rutile nanorods

The structural reversibility of the Li incorporation into
5–10 nm rutile nanorods is interpreted as a result of the
interaction between the above-discussed properties of the
rutile nanorods as (i) enhanced Li diﬀusion and enhanced Li
incorporation in the surface near area, (ii) elastic strain
relaxation via the corrugated surface, (iii) enlarged lattice
parameters in the particle volume and outwards directed surface
relaxation and (iv) the enhanced elasticity and thus compliance
towards the stress imposed on the lattice by Li incorporation.
From general physical considerations, enhanced Li diﬀusion
in the surface near area and enhanced Li incorporation into
the surface layers can be expected. Outwards relaxation of the
sixfold coordinated Ti atoms and of the lithiated ﬁvefold
coordinated Ti atoms support the Li storage in the (110) surface.
The surface corrugations oﬀer additional openings to the
c-channels, thus facilitating the Li indiﬀusion. Moreover,
mechanical strain due to the Li incorporation can be relaxed
elastically by lattice expansion at the facets of the hillocks.
When Li is incorporated into a rutile lattice with larger than
bulk d-spacings, the resulting lattice distortions and thus the
mechanical stress is lower than in the bulk. This eﬀect is
increased by the enhanced compliance of very small particles
due to size dependent bulk modulus for very small particles.

5. TiO2 as catalyst support
TiO2 and related oxide materials are applied or of potential
interest for numerous applications in heterogeneous catalysis,
ranging from photocatalysis270 via synthesis of ﬁne chemicals
to various hydrogenation and selective oxidation reactions,
where the latter reactions involve either mixed oxide catalysts
or TiO2 supported metal catalysts. As a reducible oxide, it
interacts strongly with metal nanoparticles (‘strong metal–support
interactions’), leading to the SMSI eﬀect.271
Due to space limitations, we will demonstrate the advantages,
but also possible drawbacks of mesoporous TiO2 and related
materials in catalysis using a catalyst system and a class of
This journal is

c

The Royal Society of Chemistry 2012

reaction as example, where suﬃcient data are available for a
systematic discussion of the speciﬁc eﬀects brought about by
the use of these mesoporous materials. In the present paper,
we will focus on mesoporous TiO2 supported Au catalysts and
their performance in two model reactions, the oxidation of CO
and the preferential oxidation of CO in a H2-rich atmosphere,
as example. These catalysts, consisting of Au nanoparticles of
a few nanometres in diameter, deposited on disperse metal
oxides have been found to be highly active in a number of
oxidation and reduction reactions, with CO oxidation being
the most prominent one.6,272
Elemental Au was generally considered to be catalytically
inactive, until in 1972 Bond reported that supported
gold nanoparticles (NPs) are active in the hydrogenation of
oleﬁns.273 But only more than a decade later, Hutchings and
Joﬀe showed that Au NPs dispersed on carbon or silica
are very eﬃcient catalysts for acetylene hydrochlorination to
vinyl chloride.274 And again two years later, Au catalysts
(Au–a-Fe2O3, Au–NiO, Au–Co3O4) prepared by co-precipitation showed an impressive CO oxidation activity already at
low temperatures.275 In the meantime, ﬁnely dispersed Au NPs
supported on metal oxides have been demonstrated to be
very active in various important oxidation and reduction
reactions such as CO oxidation,275 preferential CO oxidation
in H2-rich mixtures,276 water gas shift reaction,277,278 epoxidation of propene,279 or NO reduction.280
Despite the fact that in many cases the activity and selectivity
of dispersed Au NP catalysts exceeds those of the commonly
used supported platinum metal catalysts based, e.g., on Pt, Rh,
and Pd NPs, the technical applications of supported Au
catalysts are very limited so far, respirators for the protection
from CO poisoning being one example (Au–Fe2O3 or Au–TiO2).281
Another attractive application could be the removal of
CO from H2-rich feed streams for low temperature fuel cells
via the preferential oxidation of CO (PROX reaction).282 The
signiﬁcant amounts of CO (1–10%), which are present in these
gas mixtures if H2 is produced from fossil fuels, e.g., by steam
reforming and/or partial oxidation, have to be reduced to
o10 ppm to avoid poisoning of the fuel cell anode
catalyst.283–287 Au catalysts would be attractive for the ﬁnal
clean up (below 1% CO), via the PROX reaction, if for
technical reasons this shall be performed at 80 to 100 1C,
which may be attractive since it is close to the operating
temperature of polymer electrolyte fuel cells (PEFCs).
So far, catalytic applications are mainly limited by the
pronounced deactivation of oxide supported Au catalysts,
including Au–TiO2 catalysts, with time on stream.288–290
Accordingly, lowering the tendency for deactivation is a prime
objective in todays Au catalysis research. This is also a major,
if not dominant motivation for exploring the potential of high
surface area oxide supports in Au catalysis.
In the following, we will elucidate the potential of high
surface area Au–TiO2 catalysts and related oxide supported
Au catalysts, focusing on the role of the supporting oxide for
the catalytic performance in the CO oxidation reaction and in
the PROX reaction. Before starting with the discussion of the
catalytic behavior of these catalysts, we will summarize basic
aspects of the Au catalyzed CO oxidation and PROX reaction,
followed by a brief discussion of the diﬀerent characteristic
Chem. Soc. Rev., 2012, 41, 5313–5360
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procedures for catalyst preparation, speciﬁcally for Au loading
of the oxides and subsequent catalyst activation. We will then
discuss in detail the performance of these catalysts in the CO
oxidation reaction, followed by a similar discussion of the
PROX reaction. In the ﬁnal section, we will summarize and
discuss ﬁndings on the deactivation behavior of the catalysts in
the two reactions.
5.1

Basic aspects of Au catalyzed CO oxidation

There is general agreement that the activity of Au catalysts
depends sensitively on a number of factors, including in
particular the size and shape of the Au NPs, but also the
nature of the support (e.g., its reducibility, speciﬁc surface
area, density of defects and crystal phase, morphology), the
chemical state of the support surface (e.g., the presence of
surface hydroxyl groups), and the interaction between Au NPs
and supporting oxide. This is illustrated schematically in Fig. 22.
For instance, the activity decreases rapidly as the Au NPs
grow beyond 5 nm.291 These factors are of course also
intimately interrelated; the interaction between oxide support
and Au nanoparticle will, e.g., strongly aﬀect the Au particle
size and shape. Accordingly, also other factors such as the
method and conditions for the preparation of the supported
Au NP catalysts or of the activation pre-treatment of the Au
catalysts will be important, as they aﬀect both, the Au particle
size and shape as well as the chemical state of the support
surface. Furthermore, it has been suggested that point defects
and step edges on the oxide support are important for the
stabilization of the Au NPs and therefore play an important
role in determining the catalytic activity of the Au catalysts.
Finally, the supporting oxide does not only act as a carrier
for the Au NPs (indirect role), but may also play a direct role
in the CO oxidation reaction, which was ﬁrst suggested
by Haruta already in 1987.6 In 2001, Schubert et al. deﬁned
two categories of supports: (i) active supports which are
more or less easily reducible (able to release oxygen upon
formation of oxygen vacancies) such as TiO2, Fe2O3, or
CeO2 and (ii) ‘inert’, non-reducible supports such as Al2O3
or SiO2.292
Focusing on the CO oxidation reaction, a number of
diﬀerent mechanistic models have been proposed to explain
their high activity already at low temperatures. A possible

Fig. 22 Schematic illustration of the diﬀerent TiO2 support phases and
Au species potentially present on a Au–TiO2 catalyst surface during CO
oxidation reaction (reprinted with permission from Christmann et al.396).
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Fig. 23 Schematic illustration of the CO oxidation mechanism, the
reactant and product as well as the reaction intermediates and side
products/spectator species on a Au–TiO2 catalyst surface during CO
oxidation reaction (reprinted with permission from Haruta385).

mechanism is illustrated in Fig. 23. The main points under
discussion are (i) the active site(s) and, closely related, the
nature of the active Au species (see Fig. 22), (ii) the mechanism
for O2 activation, and (iii) the role of the support.
Over the years, the discussion on these points was controversial. Less controversial is the adsorption site of the second
reactant, COad. In numerous IR spectroscopic studies
the authors agreed that under reaction conditions carbon
monoxide is mainly or even exclusively adsorbed on Au
NPs.293–295 Since this is important also for the understanding
of the major question discussed in this section, the potential of
high surface area TiO2 and related materials in Au catalysis,
we will brieﬂy summarize the main ideas and concepts:
 Most studies exploring this aspect, including the early
study by Haruta et al.,6 claim that metallic Au NPs of 2–5 nm
diameter represent the active Au species, while others
suggested that charged or ionic Au species,296–299 either
cationic297–299 or negatively charged296 ones, may act as highly
active centers. Most likely, this depends also on the nature of
the support, and for Au–TiO2 there seems to be general
agreement on metallic Au NPs as active species.
 The pronounced Au particle size eﬀects were rationalized
by quantum size eﬀects,300 or, alternatively, by the increasing
presence (on a relative scale) of highly active undercoordinated
Au atoms on small Au NPs.301,302 As a third possibility, the
increasing length of the perimeter of the interface between
support and Au NPs with decreasing Au particle size
was proposed to explain these size eﬀects.303 While the ﬁrst
possibility was discarded later, the latter two are still discussed
and may in fact both contribute.
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 The mechanism for O2 activation found less attention in
earlier studies. Some authors suggested that the support can
supply and activate oxygen species,6,292,304 others believed that
oxygen dissociates at undercoordinated sites of the Au NPs,302
while the majority suggested that it is adsorbed as O2 species
on gold atoms along the perimeter sites. Recent theoretical
studies agreed that oxygen activation proceeds via adsorption
of an O2 species either at the interface perimeter or at
undercoordinated Au sites and subsequently reacts with COad,
to leave an atomic oxygen species on the surface which can
react with another COad.305–309 Recent temporal analysis of
products (TAP) reactor studies, however, provided convincing
experimental evidence that on Au–TiO2 and most likely also
on other reducible oxide supported catalysts oxygen activation
proceeds via reaction of CO with surface lattice oxygen at the
perimeter of the Au–TiO2 interface and subsequent reﬁlling of
the resulting vacancies by reaction with O2, in a Au-assisted
Mars-van Krevelen mechanism.310
 Accordingly, ionic Au species,297,298 undercoordinated
Au atoms (edges and corners at the Au NPs),301,302,311 bilayer
Au particles,312 or the perimeter sites at the interface between
oxide support and Au NPs were proposed as active
sites.6,303,310,313–315 For Au–TiO2 the latter opinion is more
or less generally accepted nowadays.
 Using preformed Au NPs of similar size, which allows us to
exclude particle size eﬀects, it could be clearly demonstrated that
the nature of the support plays a decisive role for the CO
oxidation activity of diﬀerent oxide supported Au catalysts.316,317
 Another unresolved point is the role of water in the
reaction. It is known that small amounts of water vapor in
the reactant gas can greatly inﬂuence the reaction.318 This was
tentatively explained by an improved activation of oxygen by
(small amounts) of adsorbed water/hydroxyl species.295
Furthermore, water was proposed to enhance decomposition
of surface carbonate species.288,319 On the other hand, Gao
et al. concluded later that water promotes the formation of
carbonate species.320
The physical origin for the pronounced deactivation of
oxide supported Au catalysts in oxidation reaction was also
discussed controversially. Most commonly, this is attributed
to growth of the active nanoparticles. In another mechanism,
the catalysts surface and the active sites for reaction are
increasingly covered (‘poisoned’) by stable adsorbates formed
as side products during the reaction. Since agglomeration of
Au NPs can be essentially excluded for reaction under the
typical low temperature conditions (80–100 1C),288,321,322 the
latter explanations seem to be more realistic and have been favored
in numerous studies.288,289,322,323 For CO oxidation, possible side
products are surface formates, surface (bi-)carbonates and surface
carboxylates, for the PROX reaction also adsorbed water has
to be considered. In that case the tendency for deactivation of
a given catalyst could be reduced by increasing the surface
area, by lowering the rate for stable adsorbate formation, or
by enhancing the rate for continuous adsorbate removal,
e.g., by thermally induced decomposition. Assuming that the
reaction takes place either on the Au NP or at the perimeter of
the interface, a higher surface area would improve the stability
by enhancing the uptake capacity for surface species on the
support surface, leaving more available sites on the active
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surface areas. Considering Au NP growth, strengthening the
interaction between support and Au NP or increasing
the surface area would be possible routes for improving the
long-term stability of the catalyst.324,325 In this case, the larger
surface area would increase the separation between the Au
NPs, and thus lower the potential for agglomeration. Furthermore, Au NPs located in the pores of mesoporous support
materials might be further stabilized by multiple contacts
between support and Au NPs. In conclusion, high surface
area, mesoporous oxide supports have a clear potential
to improve the long-term stability for both deactivation
mechanisms. Another way to possibly increase the stability
on-stream involves a modiﬁcation of the surface chemistry
of the oxide supports to inﬂuence the rate of formation/
decomposition/desorption of deactivating surface species.
Considering surface carbonates or formates, this could be
achieved by increasing the acidity of the support surface. This
can be reached, e.g., by doping the support with another element,5
or by more complex approaches for surface modiﬁcation, e.g., by
deposition of a thin TiO2 cover ﬁlm of one or more layers
thickness on a SiO2 support material.326,327
5.2 Au catalyst preparation
Several preparation techniques have been developed and applied
for the preparation of oxide supported Au catalysts,328–333 and
Au catalyst preparation is well documented also in a recent
review by Corma and Garcia.334 Focusing on Au–TiO2 catalysts,
however, deposition–precipitation (DP) procedures still remain
the most simple and most used method; the quality of the
resulting catalysts, however, in particular the size of the Au
NPs, depends sensitively on details of the Au loading procedure
and on the conditions used.275,335,336 In contrast, impregnation
with HAuCl4275,337 or co-precipitation lead to low activity Au
catalysts. Only upon addition of magnesium citrate into the
precipitation solution it was possible to obtain smaller Au
NPs. The role of the citrate anions in the co-precipitation
process, however, is not clear.328
In the DP procedures, the gold NPs are mostly formed from
single Au atom gold precursors (i.e., HAuCl43H2O) in an
aqueous solution and in the presence of a suspension of the
support. Raising the pH causes precipitation of Au(OH)3. The
surface properties of the support play the key role and strongly
aﬀect the formation and ﬁnal dispersion of Au NPs.338,339 To
stabilize small Au NPs, the support must provide a suitable
surface which allows for suﬃciently strong interactions
between Au and the support, or a high surface area, which
keeps the small Au NPs suﬃciently far apart that agglomeration is hindered, especially during the calcination step.
The optimal experimental conditions reported in the literature
for the preparation of highly active Au catalysts by the
DP method depend on (i) the type of the Au precursor,
(ii) the pH range and the adjusting agent used, (iii) the
isoelectronic point (IEP) of the support, and (iv) the pretreatment (activation) of the as-prepared catalyst, prior to the
catalytic reaction. Another condition, which needs to be
fulﬁlled in order to obtain active, small Au NPs, is the absence
of impurities, in particular chlorine, sodium/potassium and
sulphur. For example, already trace amounts of residual chlorine
Chem. Soc. Rev., 2012, 41, 5313–5360
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Scheme 1 Relation between supporting MOx, pH and isoelectronic
point (IEP).

(o0.015 wt%) have a negative impact on the overall CO
oxidation activity. They aﬀect (i) the mobility of Au on the
support, by the formation of Au–Cl–Au bridges, which
leads to agglomeration and growth of the Au NPs upon
heat treatment, and (ii) poison active sites.297,323 Employing
Haruta’s original DP method, which uses HAuCl43H2O as a
gold precursor and Na2CO3 or NaOH to maintain the pH,
requires extensive washing to reduce impurity levels below
tolerance limits. In addition to the Au precursor, also the pH
plays an important role, as the support has the role of a
nucleation centre (positively charged) for the negatively
charged Au complex (dependent on pH, Au(OH)xCl4x is
attached to the positively charged protonated OH groups of
the support, if the pH is below the IEP of the support).
Hydrolysis of AuCl4 releases also Cl which is also adsorbed
on the support surface. Therefore, the degree of chloride
poisoning depends on the IEP (Scheme 1) of the support.340
Chang et al. modiﬁed the DP method by the addition of
magnesium citrate into the preparation solution in order to
overcome the problem of chloride poisoning, by replacing it
by the citrate anions, which produced thus highly active
catalysts.341 Another possible modiﬁcation of the DP procedure involves the use of urea as a pH adjusting agent, which
was developed by Zanella et al.342 The authors explained the
beneﬁts of urea as adjusting agent by a number of eﬀects,
including (i) surface complex formation, (ii) a decrease of the
positive charge after the IEP of TiO2 is reached, leading to
neutral surface hydroxyl groups which provide more sites for
the formation of Au complexes, and (iii) the fact that all
gold present in the solution precipitates on the TiO2 surface
probably via the formation of gold colloids.
Denkwitz et al. prepared Au supported catalyst based on
various mesoporous supports (mesoporous TiO2 with rutile
and anatase morphology),343 using a slightly modiﬁed DP
method.344 They found that the type of TiO2 polymorph
strongly aﬀects the amount of Au deposited on the support
and the mean diameter of the resulting Au NPs. The mean Au
NPs size was found to decrease in the order rutile 4 mixture
of rutile and anatase 4 anatase.343 The authors tentatively
related the larger Au particle size on rutile supported catalysts
to a better stabilization of the Au NPs on the anatase support.
Schwartz et al. also reported distinct diﬀerences in the amount
of Au loaded upon DP of Au on three TiO2 polymorphs.345
Using the same DP procedure, they obtained 13.7, 12.6, and
3.3 wt% Au on mesoporous rutile, anatase, and brookite,
respectively. (In all cases a Au loading of 13 wt% would have
been obtained if all Au would have adsorbed). Yan et al. also
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prepared Au catalysts by a DP procedure on mesoporous
anatase, rutile and brookite, getting 13, 14, and 3.3 wt% of Au
on anatase, rutile and brookite, respectively (theoretical value:
13 wt% of Au).346 After oxidative pre-treatment (8% O2 in
He, 573 K, 10 min), Au/rutile showed the highest deactivation,
while the stability of Au/brookite seemed to be least aﬀected
by thermal treatment. Au/rutile was found to have the lowest
CO oxidation activity, which was explained by large Au NPs,
although proper TEM analysis is missing.346
The physical origin of the diﬀerences in the Au deposition
behavior on the diﬀerent polymorphs is not yet clear, most
likely it is related to diﬀerences in the surface chemistry, e.g., in
the degree of surface hydroxylation, and in the (bulk) defect
density.347,348 It is important to note that these diﬀerences in
the Au deposition behavior do not aﬀect the stability of the Au
NPs under reaction conditions.343,349
Going to more complex support materials with modiﬁed
properties for the CO oxidation reaction, these often involve
diﬀerent types of surface sites and/or crystalline phases with
diﬀerent acid–base properties. It is likely than in many cases
the Au NPs will be formed preferentially on one site/phase and
grow subsequently, depending on the synthesis conditions
used and the diﬀerent acid–base properties of such surface
sites/phases. Geserick et al. prepared highly active mesoporous
mixed oxide Au–SixTi1xO2 catalysts with diﬀerent of Si–Ti
ratios and morphologies (rutile, anatase).5 Similarly to the
observation for mesoporous rutile and anatase TiO2 supports,
the mean Au particle diameter was in the range of 2.0–2.7 nm
for all anatase mixed oxide supported Au catalysts, while
for the rutile polymorph mixed oxide supported catalyst the
mean Au particle size was larger, around 3.2 nm for similar
deposition conditions. (For pure rutile TiO2 supported Au
catalysts it was 6.1  1.5 nm.) Similarly, the highest Au
loading was obtained on the rutile mixed oxide sample.
Another important factor was the Si–Ti ratio. For the sample
with the highest Si concentration, the lowest amount of Au
was deposited. This can be rationalized by the mechanism of
the DP method. Since the IEP of SiO2 is B2 and we used a
pH 5–6 for Au loading, with increasing amount of SiO2 in the
mixed oxide support, the Au concentration will decrease due
to the fact that Au(OH)xCl4x cannot be attached to the
negatively charged surface of the support, if the pH is above
the IEP of the support.5 A similar DP procedure was used
recently to prepare a Au catalyst supported on a SBA-15
support surface modiﬁed by 1–4 TiO2 monolayers.350 In that
case, the Au loading increased with increasing number of TiO2
cover layers, from about 2.2 to 3.2 wt%, with the mean size of
the Au NPs between 3.5 and 4.9 nm.
To improve the hindered deposition of Au on silica surfaces,
which was attributed to a weak interaction between the Au
precursor (AuHCl43H2O) and the silica surface (low IEP of
B2), a modiﬁed DP process using a cationic precursor
[Au(en)2]3+ was developed.351,352 Zhu et al. reported on a
highly active mesoporous Au/SBA-15 catalysts with Au
NPs of 4.9 nm (pre-treatment: calcination in 8% O2–He at
400 1C).351 This is in a good agreement with recent ﬁndings of
Sundararajan et al., who determined a Au NPs size of 6.1 nm
on pure SBA-15 material (DP method, [Au(en)2]3+ as an Au
precursor, pH 9) after annealing in a stream of 10% O2–N2
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at 400 1C (30 min).353 Another possibility for controlled Au
deposition involves the use of chemical vapor deposition of
MeAu(acac), which yielded a highly active Au–SiO2 catalyst
Au (NP + 6.6 nm), more active than the standard Au/P25
catalyst under similar reaction conditions.291
Recently, Tai et al. prepared highly stable mesoporous Au
catalysts supported on titania coated silica by deposition of
preformed, thiol-capped Au NPs.332 The CO oxidation activity
was aﬀected by the presence of sulphur and increased by a
factor of 3–5 after oxidative removal of sulphates at 400 1C
or 600 1C, resulting in TOF values of B0.015 for reaction
at 63 1C. Long et al. prepared Au–TiO2 catalysts by deposition of thiol monolayer-protected Au clusters (MPCs).354 The
thiol MPCs were prepared using dendrimer templates, the thiol
stabilizer was removed reductively, by heating in a H2–N2 (1 : 1)
mixture at 290 1C for 16 h. Based on TEM analysis, the mean
diameter of the Au HPs increased from 2.8 to 3.4 nm during
the reductive treatment. Similarly, Gaur et al. prepared microporous Au–TiO2 catalysts by impregnation with thiol capped
Au38(SC12H25)24 particles.333 Upon subsequent reductive pretreatment in 5%H2–He (60 min, 400 1C), the Au NPs grew from
1.7 to 3.9 nm. Both groups, Long et al. and Gaur et al. found
that without a pre-treatment the catalysts are essentially
inactive. After the reductive pre-treatment, the catalysts showed
a moderate activity, which is, however, lower than that of
conventionally prepared catalysts. The low activity of the
non-pre-treated catalyst was attributed to the surface blocking
of the Au NPs due to the adsorbed thiol species.
Akolekar and Bhargava prepared Au catalysts consisting of
Au NPs conﬁned in microporous and mesoporous materials
by direct synthesis (Au loading 0.166–2.2 mol%); after a subsequent
treatment at 1275 K in He, the size of the Au NPs was 8–11 nm for
MCM-41 and 6 nm for ZSM-5, respectively.331
Another deposition method, denoted as the Au colloidal
deposition method, was introduced by Comotti et al.317,355 In
this case, the Au NPs are prepared ﬁrst by addition of a stabilizer,
e.g., polyvinyl alcohol (PVA) or glucose to an aqueous solution of
HAuCl4 at room temperature. Afterwards, an aqueous solution of
NaBH4 is added to initiate gold reduction (formation of metallic
Au NPs). Subsequently, the support material is added under
stirring to this Au colloidal solution, until all Au particles are
deposited on the support. The size of the Au NPs on various
supports is around 3 nm (controlled by the stabilizing agent),
the Au loading was 1 wt%.316,317 The size of the Au NPs
is largely preserved upon deposition on the support and
subsequent pre-treatment (10% O2 in N2, 250 1C). The Au
loading is determined by the deposition time and the amount
of support material added. Also this method, however, is
limited by the ‘‘ability’’ of the support to adsorb all Au NPs,
which is particularly critical, e.g., for SiO2. The colloidal
deposition method allows preparing Au catalysts with diﬀerent
support materials, but (almost) identical Au particle size and
Au loading, which is attractive for comparative studies.316,317
In summary, there is a large variety of diﬀerent methods and
procedures for preparing highly active Au catalysts based on
diﬀerent support materials, and only a limited selection of
them could be discussed in this review. The Au colloidal
deposition method seems to be a good candidate for the
preparation of catalysts with well-deﬁned Au particle sizes,
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independent of the support material and Au loading, which is
particularly attractive for comparative studies. On the other
hand, the DP method seems to be the best compromise in
order to prepare to highly active Au catalysts, although it does
not always lead to comparable results.
5.3 CO oxidation reaction
In the following, we will review the catalytic performance of
diﬀerent high surface area TiO2 supported and related Au
catalyst in the CO oxidation reaction. The main information is
brieﬂy summarized in a table at the end of each section. Since
in many cases direct kinetic information in terms of (Au mass
normalized) reaction rates or turn-over frequencies is missing,
we use as much as possible the comparison with the activity of
standard, nonporous P25 (Degussa) type TiO2 (BET surface
area 56 m2 g–1) supported Au–TiO2 catalysts (Au/P25) as
reference for the activity of the respective catalysts.
5.3.1 Mesoporous Au–TiO2 catalysts. In the section we
focus on the catalytic performance of high surface area TiO2
supported Au catalysts, with special emphasis on the inﬂuence
of crystal morphology (for details see Table 2).
A signiﬁcantly higher catalytic activity of a mesoporous
Au–TiO2 catalyst compared to a Au/P25 catalyst was reported
by Wang et al.325 Mesoporous crystalline TiO2 rutile (5%
anatase, BET surface area 245–300 m2 g–1) was prepared by
oxidative hydrolysis and condensation in the presence of
anionic surfactants. Au was loaded via a DP method. A
mesoporous Au–TiO2 catalyst (MCT-Ti) showed a high activity
with 50% conversion at 44 1C (Au loading 7 wt%) and at
13 1C for CO oxidation on freshly prepared samples and after
pre-treatment at 500 1C in 8% O2–He, respectively. For
comparison, for reaction at a Au/P25 catalyst (5.6 wt% Au
loading) under similar reaction conditions, the respective values
are 39 and 126 1C. The authors explained the diﬀerence in
activities by a higher stabilization of the Au NPs in the
mesoporous matrix compared to nonporous P25. Based on
TEM images, the Au NPs tended to agglomerate on P25,
yielding particles/agglomerates of 5–30 nm in size, while they
remained intact and separated in the mesoporous MCT-Ti
support. It should be mentioned that the agglomeration may
be a consequence of the high pre-treatment temperature,
which seems to aﬀect the Au/P25 catalyst much more than
the mesoporous Au–TiO2 catalyst. Comparable or somewhat
higher activities for mesoporous Au–TiO2 than for Au/P25
were also observed in our laboratory.343,349 In this case, Au
catalysts based on mesoporous anatase and rutile nanoparticles
were synthesized via a water-based sol–gel process with titanium
glycolates.356
Yan et al. studied the inﬂuence of the crystallographic
structure on the activity and stability of mesoporous Au–TiO2
catalysts.346 Anatase and rutile were prepared by sonication,
brookite by hydrothermal synthesis. All three samples showed
inter-particle mesoporosity with speciﬁc surface areas of
225, 77 and 106 m2 g–1 for anatase, rutile and brookite,
respectively. Au catalysts were prepared by the DP method.
Comparing the activity without any pre-treatment, all three
catalysts exhibited a rather high activity with 50% of the CO
converted at T50 = 38, 31, 19 1C for anatase, rutile and
Chem. Soc. Rev., 2012, 41, 5313–5360
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Table 2 (continued )

brookite (Au loadings 13, 14 and 3.3 wt%), respectively,
compared to Au/P25 (5.7 wt%) with T50 = B48 1C under
similar reaction conditions. After several pre-treatment steps
(reductive and oxidative pre-treatment at 150 1C, followed by
another oxidative step at 300 1C), the temperature dependent
conversions (‘light-oﬀ curves’) shifted signiﬁcantly to higher
temperatures for all catalysts except the brookite supported
catalyst (T50 = 7 1C (anatase), 48 1C (rutile), 10 1C (brookite),
and 21 1C (P25)). The authors ascribed the loss in activity to
changes in the TiO2 morphology and in the size and shape of
the Au NPs, to a growth of the initial Au rafts of small sizes
(o2 nm) into 3D particles with large sizes (410 nm) during
oxidative treatment at 300 1C. The Au NPs agglomerated most
strongly on the rutile phase, while the brookite based catalysts
seemed to be least aﬀected by the pre-treatment procedure.
(Au NP growth on P25 was not quantiﬁed.) Rather similar
observations were reported by Comotti et al., who found that
the activities of fresh Au catalysts, prepared by colloidal
deposition on P25, rutile and anatase TiO2, were little diﬀerent
(T50 = 5, 5, 12 1C), respectively.357 The situation changed
drastically, however, after calcination at diﬀerent temperatures.
For instance, after calcination at 550 1C, the T50 temperature
for P25, anatase and rutile supported catalysts increased to 38,
100 and 100 1C, respectively. This led the authors to the
conclusion that the catalytic activity depends little on the
TiO2 modiﬁcation. The strong deactivation after calcination
at 550 1C was attributed to the changes of the support and
agglomeration of the Au NPs.357 Overbury et al. also obtained
a rather high activity for mesoporous Au–TiO2 catalysts
(SSA = 250 m2 g–1, DP–Au Ø 3.5 nm, 9–14 wt% Au) after
pre-treatment at 150 1C in H2–He, with T50 = 10 1C as
compared to T50 = 37 1C for Au/P25.324
We recently studied the inﬂuence of the TiO2 structure
(rutile, anatase, and a mixture of anatase and rutile) and of
the speciﬁc surface area in mesoporous Au–TiO2 catalysts on
the CO oxidation activity of these catalysts. Oxide supports
were synthesized via a water-based sol–gel process.356 Au
loading was performed via a DP procedure, ﬁnally the fresh
catalysts were activated by oxidative pre-treatment (350 1C
for 30 min in 10% O2–N2). We found that a mesoporous
(106 m2 g–1) anatase support led to a signiﬁcantly higher CO
oxidation activity at 80 1C, both in terms of the Au mass
normalized rates and in TOF numbers, than the use of a nonporous P25 support (56 m2 g–1). However, when going to
supports with higher speciﬁc surface areas (176 m2 g–1 anatase,
240 m2 g–1 anatase/rutile) or to a rutile support (160 m2 g–1),
the activity was comparable with that of Au/P25 catalysts. All
catalysts deactivated strongly with time on stream (B60–70%
over 1000 min). Since TEM measurements did not reveal any
changes in Au NP size or in the structural texture of the
support, growth/agglomeration of Au NPs can be excluded as
origin for the deactivation.
Investigating a number of Au catalysts supported on high
surface-area anatase with various surface areas (commercial
source, 10, 37, 45, 90, 240, 305 m2 g–1), Moreau et al. found a
distinct correlation between the Au mass speciﬁc CO oxidation
rate and the speciﬁc surface area (conversion measurements
between 90 and 20 1C, long-term measurements at 80 1C).358,359
All catalysts were prepared by the DP method at pH 9.
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Reaction measurements were performed with no extra pretreatment, running the reaction at 20 1C until it was stable,
and the temperature was then lowered to 80 1C. Long term
activity tests were conducted at 80 1C. The lowest rate was
observed with the lowest speciﬁc surface area (SSA) of
10 m2 g–1. The maximum rate was observed for the support
with the next lowest speciﬁc surface area (37 m2 g–1), and then
it declined again as the surface area of the catalysts increased
from 37 to 305 m2 g–1. The authors had no obvious explanation for this progressive decrease in activity with increasing
SSA. A high surface area Au/rutile catalyst (100 m2 g–1)
showed also a high activity, slightly higher than that of the
anatase supported catalyst with about the same SSA. In long
term measurements, the authors observed that for catalysts
with high SSA the activity increased dramatically, from B5 to
90% conversion during the ﬁrst few hours, which did not
happen with low SSA supports. They believed that this is due
to ongoing decomposition of the Au precursor (HAuCl4),
which takes longer time on high SSA supports. Au/P25 as
well as the anatase supported Au catalyst with 10 m2 g–1
exhibited a slow decrease in activity (from 80 to 50% conversion over 100 h). The authors believed that the diﬀerent
tendencies for deactivation are mainly caused by two factors:
(i) a much slower growth of the Au NPs on the high surface
area supports due to their larger separation and/or by (ii) a
more facile migration of reaction inhibiting carbonate
species from the perimeter of the Au NPs to the support, plus
a higher uptake capacity of the support surface. It should be
noted, however, that a proper TEM analysis of the Au particle
sizes is missing.
Zhu et al. investigated the activity of Au catalysts supported
on anatase whiskers in conversion measurements.360 The
anatase whiskers were prepared from potassium dititanate
whiskers, which were acid-washed to obtain protonic titanate,
and then calcined at 300 and 600 1C for 2 hours to get
two diﬀerent TiO2 whisker samples. The Au catalysts were
prepared by a urea based DP method (for both catalysts
1 wt% Au), yielding rather large Au particle sizes of
8.5–13.5 nm and 6.5–11.5 nm for an anatase nanowhisker-600
catalyst (calcined at 600 1C, 55 m2 g–1) and a Au/anatase
nanowhisker-300 catalyst (calcined at 300 1C, 141 m2 g–1),
respectively. The Au particle size of the Au/P25 reference
catalyst was not given. In contrast to the above trends, they
found a slightly decreasing activity with increasing surface area.
The activity followed the order Au/anatase nanowhisker catalyst
(55 m2 g–1), Au/P25 (1 wt%, 56 m2 g–1), and a Au/anatase
nanowhisker catalyst (141 m2 g–1) with T50 values of 50, 40 and
30 1C, respectively (reaction temperature 20–160 1C; 1% CO,
1.98% O2, rest He). The authors associated the slightly higher
activity of the highly crystalline TiO2 nanowhisker-600 supported
catalyst with the morphology of particles, with a higher ratio of
low-coordinated surface sites suitable for strong attachment of
Au NPs. The diﬀerences, however, are very small.
Beck et al. also investigated the inﬂuence of the support
structure on the CO oxidation activity using diﬀerent TiO2
modiﬁcations and compared them with Au/P25.361 They prepared
two TiO2 samples, pure brookite and a brookite–anatase mixture,
by a precipitation method. The Au catalysts were prepared by two
diﬀerent methods, (i) a sol method (SAu15, SAu6 and SAu5),
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where Au sols were prepared and deposited on the TiO2
supports upon addition of stabilizer poly(diallyldimethylammonium)chloride (PDDA), and (ii) a DP method using
urea. The samples prepared by the sol method exhibited rather
large Au NPs, using the sol SAu15 the Au mean particle size
for all three supports was around 15 nm in the as-prepared
form and between 15 and 17 nm after calcination. Catalysts
using SAu6 and SAu5 sol showed mean Au sizes between 4 and
6 nm for as prepared catalysts and between 6 and 10 nm after
calcination. The smallest Au particle size was reached using
the DP-urea method, with mean Au particle sizes between 3
and 5 nm after calcination (not mentioned before calcination).
For the Au catalysts prepared by the DP-urea method and
prior to any subsequent pre-treatment, the activity followed
the order: Au/P25 (denoted as Au/A-R) B Au/B-A 4 Au/B.
After activation at 400 1C in 10% O2 in Ar, the activities
changed and now followed the order: Au/B-A 4 Au/P25 c
Au/B. The authors tentatively explained the lower activity of
the brookite supported catalyst by a higher intrinsic activity of
the perimeter sites of the Au–TiO2 interface, where anatase has
a signiﬁcantly higher activity compared to rutile and brookite.
The drop in activities after oxidative pre-treatment was attributed
to an increasing size of the Au NPs.
Bokhimi et al. investigated the activity of rutile supported
Au–TiO2 catalysts (speciﬁc surface area unknown) in conversion measurements and compared it with those of Ir–TiO2 and
of Au–Ir–TiO2 (rutile) supported Au catalysts.362 Rutile TiO2
was prepared by hydrothermal synthesis at 80 1C, deposition
of Au, Ir and IrAu was performed by DP methods (metal
loading 4 wt% Au for Au–TiO2, 4 wt% Ir for Ir–TiO2, 4 wt%
Ir and 4 wt% Au for Au–Ir–TiO2), particle sizes: Au B 2–3 nm,
Ir–Au B 1 nm, Ir: B 1 nm). After activation in H2, they
observed high CO oxidation activities already below room
temperature for the Au–Ir–TiO2 and Au–TiO2 catalysts, while
for the Ir–TiO2 catalyst reaction started only at 50 1C. The
activity followed the order Au–Ir–TiO2 4 Au–TiO2 4 Ir–TiO2.
For the Au–TiO2 catalyst, also the inﬂuence of the activation
temperature was investigated, the T50 temperature was found
to increase slightly from 5 1C via 10 1C to 15 1C after reductive
pre-treatment at 300, 400 and 500 1C, respectively. The higher
activity for Au–Ir samples was tentatively explained by a not
further speciﬁed synergetic eﬀect of Ir and Au in the small,
mixed metal NPs (1 nm and respectively). Long-term aging
(7 months) was found to deactivate the Ir–Au–TiO2 catalyst.
The original activity could, however, be almost quantitatively
regained upon reductive treatment at 300 1C. Based on these
ﬁndings and on additional evidence from IR measurements, the
deactivation was related to the accumulation of carbonates
during ageing.
It is evident from the above data that quantitative answers
to the main questions in this section, on the inﬂuence of the
speciﬁc surface area and the structure/modiﬁcation as well as
the morphology of the TiO2 substrate on the CO oxidation
activity of the Au–TiO2 catalysts are hardly possible. This
is mainly due to experimental reasons. In most cases, the
variation in one of these properties was accompanied also by
changes in other critical parameters such as Au loading or Au
particle sizes. Second, it is almost impossible to compare the
results of the diﬀerent activity measurements, since (i) there is
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no general protocol for the catalytic measurements (reaction
conditions including composition of the reaction gas mixture,
kinetic measurements vs. conversion measurements, etc.) and
since (ii) essential parameters such as amount of examined
catalysts (in conversion experiments), Au loading/particle size,
etc. are not given or not known. Furthermore, diﬀerent
procedures for the activation procedure may further aﬀect
the activities by varying the surface chemistry of the supports.
At best, it is possible to map out trends, which are summarized
in the following:
 The use of high surface area supports seems to lead to
small but clear improvements in the activity and deactivation
behavior, compared to the standard non-porous Au/P25 catalyst
for similar reaction conditions and similar Au loading/particle size.
 There is an optimum value for the speciﬁc surface area,
for higher surface areas the activity decreases again.
 The inﬂuence of the crystalline phase (anatase, rutile,
brookite or their mixtures) on the reaction and activity is
not straightforward.
A better understanding, however, would require more systematic
measurements performed under better experimental control.
The use of preformed Au NPs as done in colloidal deposition
procedures may be helpful.
5.3.2 Binary mixed oxide Au catalysts. In this section, we
will discuss the catalytic performance of Au catalysts supported
on various mesoporous binary Si–Ti mixed oxides (see Table 3).
This also includes well established mesoporous silica structures
such as MCM-41, MCM-48 or SBA-15, which were modiﬁed
with metals oxides, mainly TiO2, using diﬀerent experimental
approaches.
MCM-48. Bandyopadhyay et al. studied the catalytic
properties of Au catalysts supported on Ti modiﬁed MCM-48
(Ti-MCM-48).363 The support material was prepared by a postsynthesis wet impregnation method of MCM-48 (dry MCM-48
material was reacted with tetrabutylorthotitanate, the
impregnation was performed 3 times, yielding about 15% Ti),
which deposits TiO2 on the inner surface of the MCM-48
material. Au loading was performed by a DP method (3 wt%
Au). The Au NPs are deposited inside the porous channel system,
the size is between 1.9 and 2.7 nm (pore size B 2.8–2.9 nm).
Conversion measurements performed on the fresh catalysts
(no extra pre-treatment) showed that these catalysts were
highly active for CO oxidation, showing a T50 of 20 1C even
after the 3rd cycle of temperature screening. In order to test its
thermal stability, the catalyst was heated to 200 1C, retaining
the same CO oxidation activity. Overall, the TiO2 surface
coverage leads to a signiﬁcant improvement of the CO oxidation
activity of the Au/MCM-48 catalysts.
Closely related catalysts were investigated by Narkhede
et al.327 The catalysts were prepared by post-synthetic wet
impregnation using titanylacetylacetonate, which lead to
Au–TiO2 clusters in the channel system of the MCM-48
framework. The pore system was, however, signiﬁcantly perturbed
after Au introduction via a conventional DP method. In
conversion measurements, these catalysts were found to be
rather active, with reproducible light-oﬀ temperatures (onset
of the light-oﬀ curve) between 23 and 33 1C in the ﬁrst
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Table 3 Binary mixed oxide Au catalysts

screening cycle. In a later report from the same group,364 they
determined extremely small Au particle sizes of o1 nm diameter
from EXAFS measurements. For the ‘as-prepared’ catalyst, they
determined light-oﬀ temperatures between 23 and 7 1C upon
activation in the feed stream. Signiﬁcant poisoning of the
catalysts could be removed by an inert gas treatment at
400 1C, which lowered the light-oﬀ temperature to 48 1C.
Under similar reaction conditions, a 1.5 wt% Au–TiO2 catalyst
available from the World Gold Council365 yielded a light-oﬀ
temperature of 12 1C in the ﬁrst run (no pre-treatment).
SBA-15. Peza-Ledesma investigated the CO oxidation activity
of Au catalysts based on mesoporous silica (SBA-15) material,
which after synthesis was modiﬁed with diﬀerent amounts of
titania (0, 8.1, 12.8, 25.1, 41.3, 65.1 wt%), using titanium
isopropoxide in 2-propanol.366 For a reference catalyst, TiO2
was synthesized by a sol–gel method using titanium isopropoxide
in 2-propanol. Deposition of Au NPs was performed by a DP
method using HAuCl43H2O at pH 11 and NaOH as an adjusting
agent. Prior to the reaction, the catalysts were calcined in air
(200 1C, 240 min). The mean size of the Au NPs, determined by
TEM analysis after drying the catalysts in air at 110 1C for 18 h,
increased in the order Au–TiO2 (3.0  1.2 nm) o Au/SBA-15/
8.1% TiO2 (4.0  1.5 nm) o Au/SBA-15/12.8% TiO2 (4.3 
1.5 nm) o Au/SBA-15/25.1% TiO2 (7.2  3.2 nm) o Au/S15–41.3% TiO2 (15  5 nm). CO conversion measurements
revealed that the Ti doped Au–Ti–SBA-15 catalyst with the
lowest Ti content (8.1 wt% Ti) showed the highest activity
(T50 = 30 1C). One should note, however, that the activity is
rather low compared with that of the standard Au/P25 catalyst,
which is at least partly related to the bigger size of the Au NPs.
No measurable activity was found for a pure SiO2 supported Au/
SBA-15 catalyst. The diﬀerence in activity between Au/SBA-15
and TiO2 modiﬁed Au–Ti–SBA-15 catalysts was qualitatively
attributed to the higher dispersion of the Au NPs on the latter
catalysts compared to the Au–SiO2 one.
Beck et al. compared the CO oxidation performance for
Au–Ti–SBA-15 catalysts prepared by three diﬀerent methods:
(i) by DP, (ii) by deposition of Au colloids stabilized with
PVA, and (iii) by deposition of Au colloids stabilized with
PDDA.367 The Ti–SBA-15 samples (5 wt% Ti) were prepared
post-synthetically by surface hydroxyl hydrolysis using Ti-isopropoxide in anhydrous ethanol suspension of SBA-15. The Au
concentration was 0.62, 1.47 and 2.47 wt% for Au–Ti–SBA-15DP 4 Au–Ti–SBA-15-PVA 4 Au–Ti–SBA-15-PDDA . In the
freshly prepared catalysts, the size of the Au NPs decreased in the
order Au–Ti–SBA-15-PDDA (5.7  2.1 nm) 4 Au–Ti–SBA-15DP (5.1  2.9 nm) 4 Au–Ti–SBA-15-PVA (2.7 nm). The same
order was observed after the reaction (6.7  3.6 nm, 4.8  1.8 nm,
2.9  1.0 nm). The CO oxidation activity was determined in CO
conversion measurements, using diﬀerent amounts of the respective catalysts with the same amount of Au. Prior to the reaction,
all catalysts were calcined in situ at 400 1C (20% O2–He, 60 min).
Comparing the light-oﬀ temperatures, the authors determined the
following order of activity: Au–Ti–SBA-15-DP 4 Au–Ti–SBA15-PVA 4 Au–Ti–SBA-15-PDDA. None of the tested catalysts,
however, reached the activity of the standard Au/P25 catalyst.
In contrast, Yan et al. reported highly active Au catalysts
supported based on SBA-15 which was uniformly covered by a
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monolayer of TiO2 in a surface sol–gel process.368 Au loading
was performed via a DP process (Au amount not mentioned).
The Au NPs were deposited inside the channel system (0.8–1.0 nm).
The as-synthesized catalyst showed a high activity in conversion
measurements, yielding a T50 value of 33 1C, which is comparable
with the activity of Au/P25 (T50 = 40 1C). Upon calcination in
8% O2–He (300 1C, 30 min), the activity of the Au/P25 catalyst
decreased markedly, as shown by the shift of the light-oﬀ curve by
B50 1C to higher temperature, while the activity of the monolayer
TiO2 modiﬁed Au/SBA-15 catalyst did not change signiﬁcantly.
This deactivation was primarily attributed to the aggregation of
gold nanoparticles on the Au/P25 catalyst, while on the TiO2
modiﬁed Au/SBA-15 catalyst the very small Au NPs seem to be
stabilized against growth.
Recently, we investigated the potential of Au catalysts
supported on SBA-15, which was surface modiﬁed by uniform
TiO2 ﬁlms of 1–3 monolayers thickness.353 These modiﬁed
supports were prepared in a surface sol–gel approach, by postsynthetic treatment of silica SBA-15 with a solution of
Ti(OiPr).350 Subsequently, the catalysts were prepared by a DP
method and subsequent activation by oxidative pre-treatment
(10% O2–N2, 400 1C, 30 min). Kinetic measurements showed
a clear trend in the CO oxidation behavior. While the pure
Au/SBA-15 (1 wt% Au, mean Au NP diameter 6.1 nm) shows
nearly no activity in the CO oxidation reaction (1% CO, 1%
O2, rest N2), the activity increases with increasing number of
TiO2 layers (Au loading 2.7, 2.2 and 4.2 for 1, 2 and 3 TiO2
layers, respectively, and mean Au particle sizes of 3.5 nm and
4.9 nm for 1 and 2 TiO2 monolayers), reaching the activity of
a standard Au/P25 catalyst at a TiO2 ﬁlm thickness of 3
monolayers of TiO2. The deactivation was comparable to that
of the standard Au/P25 catalyst, with about 70% deactivation
after 1000 min on stream.
Other mixed oxides (see Table 4). Zhu et al. investigated the
CO oxidation behavior of Au/P25 catalysts surface modiﬁed
by SiO2 decoration.369 The calcined Au/P25 catalysts with
3.3 wt% Au loading were decorated with SiO2 by chemical
grafting, using three diﬀerent Si precursors. For comparison,
they prepared an Au–SiO2–TiO2 catalyst, where the mixed
oxide SiO2–TiO2 material was produced ﬁrst by addition of
tetramethylorthosilicate to the TiO2 re-dispersed in ethanol,
followed by Au loading on the mixed oxide support by a DP
procedure. The catalytic activity was characterized by
conversion measurements (light-oﬀ curves), both for the
fresh catalysts and after calcination at 500 or 700 1C in 8%
O2 in He for 1–5 h. For the non-modiﬁed Au/P25 catalyst, the
T50 temperature was 37 1C after calcination at 300 1C, and it
steadily shifted to higher temperature upon calcination at
500 1C for 1, 2 and 3 h (T50 = 30, 84 and 127 1C, respectively)
and at 700 1C (T50 = 196 1C), in agreement with the increasing
size of Au NPs, as determined by XRD. For the SiO2 modiﬁed
catalysts, a T50 value between 140–240 1C was obtained on the
fresh, non-calcined catalyst. Upon calcination at 500 1C for 1 h,
this decreased strongly to 15–30 1C. This activation was
attributed to the removal of residual organic fragments. Upon
longer calcination at 500 1C or calcination at 700 1C, the T50
temperature increased again to 60–110 1C. Comparing the
activities after calcination at 500 1C for 1 h, the SiO2 decorated
Chem. Soc. Rev., 2012, 41, 5313–5360
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Table 4 Other mixed oxide Au catalysts
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mixed oxide supported Au–SiO2–TiO2 catalyst showed an
activity comparable to that of a non-modiﬁed Au/P25 catalyst;
after calcination at 700 1C they were even somewhat more active,
which can be rationalized by a higher thermal stability of the Au
NPs on the mixed oxide supported catalysts (6.5–12 nm
compared to 16 nm on Au/P25). Nevertheless, all activities of
the SiO2 decorated Au/P25 catalysts are lower than that of the
300 1C calcined Au/P25 catalyst. For the Au–SiO2–TiO2 catalyst
(Si : Ti = 0.11 : 1), only very low Au loadings were reached, in the
range of 0.1 wt%, compared to between 2.2 and 3.3 wt% Au for
the other catalysts. Accordingly, the poor CO oxidation activity
(T50 = 160 and 4520 1C after calcination at 300 and 700 1C) is
mainly due to the negligible Au loading. Overall, the SiO2 surface
modiﬁcation of the Au/P25 catalyst does not lead to an
improvement of the CO oxidation performance, at least not
under ‘normal’ reaction conditions.
Ma et al. investigated SiO2–Au–TiO2 catalysts prepared by
atomic layer deposition of SiO2 on calcined Au–TiO2 catalysts
(via tetramethylorthosilicate (TMOS) evaporation).370 Three
samples were characterized by CO oxidation: Au/P25,
SiO2–Au–TiO2 (Si–Ti = 0.06) and SiO2–Au–TiO2 (Si–Ti =
0.11). For the as-synthesized catalysts, the authors obtained
T50 values of 41, 112 and 220 1C, respectively. After calcination at 300, 500 and 700 1C, the activities for SiO2–Au–TiO2
with Si–Ti = 0.06 were similar, with T50 values between 90 and
140 1C. The similar activity even after high temperature treatment indicates a rather good thermal stability of the Au NPs.
TEM measurements revealed Au NP sizes of B4.7, 4.8, 6.1 and
8.5 nm for the SiO2–Au–TiO2 (Si–Ti = 0.06) after synthesis and
after calcination at 300, 500 and 700 1C, respectively. The
sample with the higher SiO2 content showed an average Au
NP size of 5.8 nm after pre-treatment at 700 1C, pointing to a
higher stability of the AuNPs on the latter support, while the
unmodiﬁed Au–TiO2 catalyst showed average Au NP sizes of
4.7, 9.4, 17.0 nm after calcination at 300, 500 and 700 1C,
respectively. The distinctly lower general CO oxidation activity
of the SiO2 modiﬁed Au–TiO2 catalysts was convincingly
explained by blocking of the active Au–TiO2 interface perimeter
sites by inactive SiO2.
Yan et al. modiﬁed fumed silica by a sol–gel process, by
growth of TiO2 or Al2O3 monolayers or double layers or a
combination of both oxides (Al2O3–TiO2, TiO2–Al2O3) on the
silica material.326 Au NPs were loaded via a DP method,
followed by oxidative (8% O2–He) or reductive (50%
H2–Ar) pre-treatment. The Au loadings and the mean particle
sizes, as determined by XRD (from the Au(111) peak), were as
follows: Au–Al2O3–SiO2 (7.9 wt%, 24.5 nm), Au–Al2O3–
Al2O3–SiO2 (10.3 wt%, 8 nm), Au–TiO2–Al2O3–SiO2
(11.7 wt%, 21.3 nm), Au–TiO2–SiO2 (5.1 wt%, 2.7 nm),
Au–TiO2–TiO2–SiO2 (6.8 wt%, 3.8 nm), Au–Al2O3–
TiO2–SiO2 (10.3 wt%, 7.7 nm). The catalytic activity, determined in conversion measurements from light-oﬀ curves, was
diﬀerent for oxidative or reductive pre-treatment. The activity
of the fresh catalysts and of catalysts calcined at 150 1C in O2
followed the same order (T50 value for the fresh/calcined
catalyst): Au–TiO2–TiO2–SiO2 (45, 55 1C) E Au–TiO2–SiO2
(44, 54 1C) 4 Au–Al2O3–TiO2–SiO2 (31, 32 1C) 4
Au–TiO2–Al2O3–SiO2 (22, 18 1C) 4 Au–Al2O3–
Al2O3–SiO2 (7.8, 43 1C). After reductive pre-treatment,
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the activity decreased in the order: Au–Al2O3–TiO2–SiO2
(498 1C) 4 Au–TiO2–TiO2–SiO2 (95 1C) 4
Au–TiO2–SiO2 (32 1C) 4 Au–TiO2–Al2O3–SiO2 (11 1C)
4 Au–Al2O3–Al2O3–SiO2 (12 1C). The activity strongly
depends on the structure of the support and on the pretreatment. The highest activity was reached after the reductive
pre-treatment for the Au–Al2O3–TiO2–SiO2 composite material.
The surface modiﬁcation (functionalization) of silica material is
an important tool for tailoring the properties of catalytically
active materials, and the authors showed that structuring the
support with monolayer precision can lead to highly active CO
oxidation catalysts.
Tai et al. investigated Au catalysts prepared by loading
thiol-capped Au NPs on alumina coated silica.332 The Au NPs
were stable against sintering up to 500 1C (2 nm) and started to
agglomerate only after calcination at 600 1C (3.2 nm) and
700 1C (4.7 nm). The catalytic activity increased after calcination above 500 1C, most probably due to the presence of sulfur
species (from the thiol capping agent), but the resulting TOF
values of B0.015 for reaction at 63 1C are not overly high.
Recently, we systematically studied the catalytic behavior of
Si–Ti mixed oxide supported Au catalysts, aiming particularly
at lowering the tendency for deactivation by tuning the surface
activity.5 The oxides were prepared using a sol–gel based
synthesis with glycolated precursors (similarly to that used
for mesoporous TiO2 synthesis356), Au loading was performed
by DP. After subsequent calcination (400 1C, 30 min, 10% O2
in N2), Au NP sizes were between 2.6 and 3.2 nm. Au loading
was 1.3–3.2 wt%, with a very low loading for the material with
the highest Si content (Si : Ti = 4, mean Au particle size
2.6 nm). The CO oxidation activities (1% CO, 1% O2, rest
N2, 80 1C), determined as Au mass speciﬁc rates in kinetic
measurements under diﬀerential reaction conditions, were
found to strongly depend on the Si–Ti ratio and on the TiO2
morphology. Some of the mixed oxide supported Au catalysts
exhibited activities signiﬁcantly higher than that of the nonporous Au/P25 catalysts and slightly higher than those of
mesoporous anatase supported Au–TiO2 catalysts (see
ref. 343, 349 and above). The initial–ﬁnal Au mass normalized
rates increased in the order: Au–SixTi1xO2(4 : 1) o Au–
SixTi1xO2(1 : 34)-pH = 0(rutile) B Au–TiO2,m(rutile polymorph) B Au–TiO2,m(anatase polymorph) o Au–
SixTi1xO2(1 : 10) o Au–SixTi1-xO2(1 : 34) o Au–SixTi1-xO2(1 : 19) o Au–SixTi1xO2(1 : 19)-pH = 10.
Similarly to our observation for mesoporous TiO2 catalysts,
the anatase supported catalysts (Au–SixTi1xO2(1 : 19),
Au–SixTi1xO2(1 : 19)-pH = 10) exhibit rather similar reaction
characteristics, while the rutile supported (Au–SixTi1xO2(1 : 34)-pH = 0) catalyst is much less active. We mainly attribute
the diﬀerence to the smaller speciﬁc surface area (70 m2 g1) and
larger size of the Au NPs (B3.2 nm) in the latter sample
compared to a speciﬁc surface area of B150 m2 g1 and Au
NP size of B2.1 nm for the anatase supported catalysts. For all
three mixed oxide catalysts, the activity decreased in the same
exponential way during time on stream, reaching a nearly steadystate value of about 30% of the initial activity after about
500 min on stream. Overall, despite of some improvements in
the activity of supported Au catalysts, this study revealed
little progress in the main problem, in the long-term stability.
Chem. Soc. Rev., 2012, 41, 5313–5360
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The mixed oxide phases seem to be better in stabilizing Au
NPs at higher temperatures, allowing higher reaction temperatures compared to Au/P25. At ‘normal’ reaction temperatures,
however, where deactivation is not related to Au NP growth/
agglomeration, the concept of reducing the tendency for
deactivation by modifying the surface acidity was not overly
successful so far.
The above conclusion is characteristic also for the complete
body of studies discussed in this section. Apparently, so
far modiﬁcations in the surface chemistry of TiO2 that are
suﬃcient to signiﬁcantly modify the deactivation behavior also
lowered the activity to an extent that the catalyst is not
attractive any more.
5.3.3 Other ‘‘novel’’ supports (Table 5). The previous
sections have demonstrated that at least for the class of
catalysts considered, Au catalysts supported by mesoporous
TiO2 and related materials, and for the reactions discussed,
that high activity and tendency for deactivation seem to be
correlated. In that case, one might think of other high surface
area materials rather than modifying the support material.
This may pave the way to improving the surface chemistry
responsible for the catalyst deactivation while keeping the
advantages introduced by the use of the mesoporous oxide
substrates. Potential candidates would be classes of microporous
and mesoporous materials, which found increasing use in
commercial catalysts or as adsorbents due to their unique
properties, e.g., high speciﬁc surface area, regular well-deﬁned
pore systems, thermal stability, tunable acidity, etc. These
materials are also ideal host material for metal NPs or for
tuning their properties by inclusion of other elements. Despite
their potential, there is up to now only little known on their use
as support in Au catalysis. It should be noted that also this
approach should be considered as an example for other reactions
and mesoporous oxide supported catalysts.
Prime candidates are zeolites, which could equally well as
mesoporous materials stabilize small Au NPs, providing it is
possible to locate them in the pores of the zeolite matrix.
Pestryakov et al. tested the potential of zeolites for the
stabilization of Au and other metal NPs and for the formation
of highly active metal NPs in the CO oxidation reaction
(1% CO, 1% O2, no pre-treatment, pretreatment at 500 1C
with He or O2).371 Au catalysts were prepared by ionic
exchange of H-mordenite (Si–Ti ratio = 15) with aqueous
solution of [Au(NH3)4](NO3)3. The catalytic activity of a fresh
Au/mordenite catalyst was negligible up to temperatures
around 270 1C. After treating the Au/mordenite catalyst for
1 h in O2 at 520 1C, the T50 value reached 334–344 1C (up- and
down-scan measurement). A similar activity was reached
after pre-treatment at 520 1C in He (T50 = 340 1C). Since
the as-prepared catalyst obtained a high fraction of Au3+
species, the authors believe that the increasing activity for CO
oxidation pre-treatment is related to an increased fraction of
metallic Au species. Though details on Au loading and Au
particle sizes are missing, the activity seems to be extremely
low on an absolute scale.
Jafari et al. used a DP method for loading Au NPs on Na/Y
and H/Y zeolite supports (Au loadings of 3.89 wt% and
5.77 wt% for Au/Na–Y and Au/H–Y, respectively).372
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Employing CO conversion measurements, they achieved 100%
and 5% CO conversion at 20 1C on fresh untreated Au/Na–Y
and Au/H–Y catalysts, respectively. After a thermal treatment at
400 1C (24 h), the conversion of CO at 20 1C changed to 65%
and 15% for the Au/Na–Y and Au/H–Y catalysts, respectively.
The authors explained the higher CO oxidation activity of the
Au/H–Y catalyst by formation of more Au NPs conﬁned
inside the channel system. The increase with temperature
may be related to the removal of chlorides, which remained
on the external surface of the support during the DP process,
upon the thermal treatment.
Recently, Huang et al. reported rather active Au catalysts for
CO oxidation supported on hydroxylapatite (Ca10(PO4)6(OH)2),
which was Au loaded by a DP(urea) procedure.373 All samples
contained 2.9 wt% Au, the size of the Au NPs was controlled by
the calcination atmosphere, with mean Au NP sizes of 2.2, 2.9
and 3.7 nm for samples calcined in He, O2 or H2 at 300 1C for
30 min, respectively. Two types of catalytic measurements were
performed, CO conversion measurements and kinetic measurements under diﬀerential reaction conditions. In CO conversion
measurements (1% CO, 20% O2, He), the highest initial activity
(T50 = 10 1C) was obtained for the sample calcined in He. On
the other hand, this also showed the highest deactivation on
stream (90% after 90 min at 25 1C). Calcination in O2 led to a
lower activity (T50(initial) = 14 1C), but to the highest stability
(30% deactivation) of the catalyst sample. The deactivation
was attributed to the accumulation of surface carbonate
species, the diﬀerence in the degree of deactivation was related
to the diﬀerent surface basicities of the support surfaces after
calcination in various atmospheres, with the catalysts calcined
in the O2 atmosphere showing the lowest basicity.
Another type of material evaluated towards its potential as
support for highly active Au are spinels (MgFe2O4). Jia et al.
explored the catalytic behavior of Au–MgFe2O4 catalysts,
which were prepared by deposition of small Au NPs on spinel
by colloidal deposition, using PVA as a stabilizing agent.374
The catalyst (0.8 wt% Au, mean Au NPs size 1–5 nm) was
activated in the reaction gas mixture (1% CO, 20% O2, N2) by
ramping the temperature from 40 to 300 1C. CO conversion
measurements (light-oﬀ curves) indicated a high initial activity
(T50 = 40 1C). The catalyst, however, rapidly deactivated,
e.g., by 76% after 100 min at 40 1C. The light-oﬀ measurement was repeated with a deactivated Au catalyst, after a full
ramp from 40 to 300 1C, yielding a T50 value of 18 1C. The
eﬀect of pre-treatment (O2 (300 1C, 30 min), N2 (300 1C,
30 min) and H2 (200 1C, 30 min)) was investigated in additional
measurements, always starting with a fresh catalysts, which was
ﬁrst activated in the reaction gas by ramping the temperature
from 40–300 1C. The diﬀerent pre-treatments resulted in
the following order of activity (T50): Au–MgFe2O4 oxidative
pre-treatment (O2 (25 1C)) 4 Au–MgFe2O4 reductive pretreatment (H2 (9 1C)) 4 Au–MgFe2O4 inert gas pre-treatment
(N2) (8 1C). Keeping the temperature at 40 1C, the best longterm stability was reached over the catalysts pre-treated in oxygen.
Deactivation was not caused by agglomeration of Au NPs which
have the same size prior and after the catalytic test (2.2 and 2.6 nm,
respectively). The highest activity/stability of the catalyst pretreated in O2 was explained by its capability to activate CO and
supply active oxygen as based on CO titration experiments.
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2

DP
DP

Commercial n.m.

Commercial n.m.

Commercial n.m.

Precipitation 79

Precipitation 81

Precipitation 83

Au/Mordenite

Au–NaY

Au–HY

Hydroxylapatite
(HAP)
Au/HAP–H2

Au/HAP–O2

Sol–gel
Sol–gel
Sol–gel

Au/MgFe2O4–O2
Au/MgFe2O4–H2
Au/MgFe2O4–N2

—

See ref.

Au@TiO2

n.m.

1.3
2.3
0.9

5.5
8.5

0.8
0.8
0.8

0.8
0.8

2.9
2.9

2.9

2.9

2.9

5.8

5.8

n.m.

2–5
5–30
3–15

2–20
6–15

1.5–5
1.5–5
1.5–5

1.5–5
1.5–5

2.3
n.m.

3

3.9

n.m.

n.m.

n.m.

n.m.

Core 10–15 n.m.
nm

2–5
2–8
3–8

1–3
2–6

1.5–5
1.5–5
1.5–5

1.5–5
1.5–5

2.2
2.3

2.9

3.7

n.m.

n.m.

n.m.

n.m.

Au NP Ø
after
reaction
(nm)

10% CO/air

All below: 1%
CO/air

All below: 1%
CO/air

All below:
1% CO,
20% O2,
He/25 1C

All below:
0.5% CO,
dried air/20 1C

1% CO, 1% O2

Atmosphere/
T 1C

Deactivation
(%)

30

60

300 1C, 4 h

All below: 200 1C,
8% O2/He (PT1),
500 1C, 8% O2/He
(PT2)

All below: after
ramping
from 40–300 1C: 300
1C,
O2 200 1C,
H2 300 1C, N2

n.m.

At Troom: 25
increased
activity (70%)
60
n.m.
0

53 (at 40 1C
after 100 min)
10
50
20

90
70

30

288

n.m.

All below:

T50 (PT2)
(1C)
RR Ref.

n.m.

n.m.
n.m.
n.m.

244
68
16
140
49
n.m.

18
36
n.m.
220

n.m.
n.m.
n.m.

n.m.
n.m.

n.m.
n.m.

n.m.

n.m.

n.m.

n.m.

n.m.

31
28

n.m.
n.m.
n.m.

25
9
8
n.m.
n.m.

n.m.
n.m.

n.m.
n.m.

10

270
40

n.m.

n.m.

n.m.

Below
20
80

14

90

n.m.

All below:
at 20 1C no
deactivaiton

All below: PT1:
400 1C, 24 h

300 1C, 5%
H2/Ar, 1 h
300 1C, 5%
O/Ar, 1 h
300 1C, He, 1 h

T50
(PT1)
(1C)

All below:
[373]

n.m. [376]

n.m.
n.m.
n.m.

n.m. All below:
n.m. [375]

n.m.
n.m.
n.m.

n.m. All below:
n.m. [374]

0.08
0.15

0.25

0.14

—

n.m. All below:
[372]
n.m.

Negligible 67–100 0.75(10) n.m. [371]

T50
(fresh)
(1C)

Catalytic activity/stability

PT1: 500–520 1C, He; n.m.
PT2: 520 1C, O2

PT

Catalytic reaction conditions

A, anatase; R, rutile; B, brookite; HT, hydrothermal; SSA, speciﬁc surface area; IE, ionic exchange; DP, deposition–precipitation method; CD, colloidal deposition method; n.m., not mentioned; PT,
pre-treatment; RR, reaction rate (molCO gAu1 s1  104) either initial or initial/ﬁnal after 1000 min on stream.

n.m.

DP
DP
DP

Commercial 21
Commercial 50
Commercial 57

Au/Ca–P–O
Au/P25
Au/Pr–P–O

DP
DP

Commercial 28
Commercial 61

Au/Fe–P–O
Au/Eu–P–O

110
110
110

CD
CD
CD

CD
CD

Sol–gel
Sol–gel

Spinel Au/MgFe2O4
Au/MgFe2O4

110
110

DP
DP

Au/HAP–He
Precipitation 84
Au/
Precipitation n.m.
HAP–He–regenerated

DP

DP

DP

IE

Synthesis

Catalyst

Au NP Ø
(nm)

Au preparation/characteristics

Au
SSA (m /
g)
Method (wt%)

Support preparation

Table 5 Other ‘‘novel’’ supports

Ma et al. tried to develop a new catalyst system using commercial metal phosphates as support for Au NPs.375 Au loading was
performed by a DP method (0.9–8.5 wt% Au). After oxidative
pre-treatment at 200 1C (8% O2–He), the activity as determined in
CO conversion (light-oﬀ) measurements was highest for Au/P25
(T50 = 36 1C, 2.3 wt% Au, Au + 2–8 nm) 4 Au–Fe–P–O
(T50 = 31 1C, 5.5 wt% Au, Au + 2–8 nm) 4 Au–Eu–P–O
(T50 = 28 1C, 8.5 wt% Au, Au + 2–8 nm) 4 Au–Ca–P–O
(T50 = 18 1C, 1.3 wt% Au, Au + 2–8 nm) 4 Au–Pr–P–O
(T50 = 11 1C, 0.9 wt% Au, Au + 3–8 nm). After oxidative pretreatment at 500 1C, the order in activity changed signiﬁcantly.
The highest activity was obtained over Au–Pr–P–O (T50 =
49 1C, Au + 3–15 nm), followed by Au–Ca–P–O (T50 =
16 1C, Au + 2–5 nm) 4 Au–Eu–P–O (T50 = 68 1C, Au +
6–15 nm) 4 Au/P25 (T50 = 140 1C, Au + 2 5–30 nm) 4
Au–Fe–P–O (T50 = 244 1C, Au + 2–20 nm). The main message is
that compared to P25 these phosphate materials are better in
stabilizing the Au NPs against particle growth at high temperatures,
while under ‘normal’ reaction conditions the resulting catalysts are
signiﬁcantly lower in activity than standard Au/P25 catalysts.
Chen et al. investigated the CO oxidation performance of
core–shell Au@TiO2 particles.376 These were prepared by
depositing TiO2 onto the surface of Au nanoparticles, by
addition of tetrabutyl titanate solution diluted in absolute
ethanol (with the volume ratio 1 : 100) to Au core nanoparticles
(prepared by HAuCl4 solution, sodium citrate solution and
polyvinylpyrrolidone). Based on TEM analysis, the core–shell
structure of Au@TiO2 nanoparticles is comprised of a core with
a size of 10–15 nm (Au) and a shell of a thickness of 1–3 nm
(TiO2). The catalytic testing of the calcined catalyst (300 1C,
4 h) showed a T50 = 220 1C. The catalytic activity of the large
Au particles was explained by three eﬀects: (i) the formation of
cracks in the core–shell particles during the heating process,
which would enable contact of CO molecules with Au core,
(ii) cracking induced irregularities in the Au surface which may
oﬀer more active sites and hence facilitate the catalytic process,
and (iii) a high number of metal–support contacts.
The examples discussed above clearly demonstrate the potential
of ‘non-traditional’ supports for the preparation of highly active Au
catalysts. They also underline, however, that at present none of
these materials has reached or even outperformed traditional oxide
supports such as TiO2 or Fe2O3, etc. as support material for highly
active Au catalysts in the CO oxidation reaction. Considering the
enormous amount of possible materials, there is a clear need for a
knowledge based materials selection. The way for improvement,
however, is open and promising. Furthermore, similar to the data in
the preceding sections also these examples demonstrate the urgent
need for generally accepted reaction conditions and for Au catalysts
with comparable Au loading and NP sizes. Without more controlled experimental conditions, there is little hope for an overall
understanding of the reaction mechanism and in particular of the
role of the support. Finally, considering the main weakness of
supported Au catalysts, their pronounced tendency for deactivation, we would like to stress the need for longer term measurements.
5.4

Preferential CO oxidation

PROX reaction studies performed on mesoporous TiO2
and/or TiO2–SiO2 mixed oxide supported Au catalysts are rare
5348

Chem. Soc. Rev., 2012, 41, 5313–5360

(for an overview see Table 6). For a better understanding of
the ongoing discussion in this area, we also included a few
studies on more traditional oxide supports in this section,
which we found relevant.
In recent years we studied the eﬀect of the structure and
mesoporosity (pore size, BET surface area) of TiO2 supports
on the activity and selectivity of Au–TiO2 catalysts in the
selective CO oxidation reaction (the behavior of these catalysts
in the CO oxidation reaction was already described in
Section 6.1).343,349 Similarly, we also investigated the eﬀect
of the presence of Si in the mesoporous mixed oxide Au–
SixTi1xO2 catalysts on the selectivity and activity in H2-rich
atmospheres.377 The results were compared to ﬁndings in our
previous studies on Au/P25.288,378
Comparing the activities in the selective CO oxidation, we
did not ﬁnd a signiﬁcant increase during the 1000 min on
stream compared to the standard, nonporous Au/P25 catalyst,
which could be induced by the diﬀerent physical properties
(mesoporosity) of the TiO2 support or the changed surface
acidity in the mixed oxide phase. The activities were more or
less comparable to that of a Au/P25 catalyst, except the higher
activity of the mixed oxide supported catalyst with a Si–Ti
ratio of 1 : 13. Also the selectivity seems to be little aﬀected by
the higher surface area of the mesoporous catalysts or
the acidity of the mixed oxide support, being between
B45% (Au/P25) and 50–55% (Au/TiO2 and Au/mixed oxides).
Regarding the deactivation, the best stability was found for the
mesoporous pure TiO2 supported catalyst (support prepared
with SDS as template, 106 m2 g–1), where after 1000 min on
stream the activity was still 97% of the initial value. For all
other catalysts, the deactivation over 1000 min was around
20%. It should be noted that the deactivation under PROX
reaction conditions is generally much lower than for CO
oxidation in the absence of H2, which was explained by
more facile decomposition of surface carbonates under these
conditions, e.g., via reaction to less stable bicarbonates.288
Ruszel et al. used Au–Ti–SBA-15 material with diﬀerent Ti
contents, prepared by impregnation of SBA-15 material with
titanium isopropoxide in isopropanol, which was subsequently
Au loaded via a DP procedure.379 The distribution of Au NP
sizes based on TEM analysis revealed that with increasing Ti
content, the amount of the smallest Au NPs (1–2 nm)
decreased, together with a simultaneous increase in the
amount of bigger particles (5–8 nm). The authors found that
for not too high Ti contents (up to 1.32 wt%) at 50 1C and a
rather low H2 content (CO : O2 : H2 = 2.3% : 2.3% : 10%),
both the conversion and the selectivity were very high, with
almost 100% selectivity and conversion, while for the highest
Ti content (2.5 wt%) the activity decreased strongly. The
performance of the best Au–Ti–SBA-15 catalysts in the PROX
reaction was better than that of the Au–TiO2 reference
catalyst, distributed by the World Gold Council,365 where at
slightly diﬀerent reaction conditions the selectivity at 50 1C
amounted to 85% at a CO conversion of 55%.
Chang et al. tried to combine the advantages of Au supported
on TiO2, and of MnO2 supported Au NPs.380 Au–TiO2 is
generally known to be a very active catalyst for CO oxidation,328
but also active for oxidation of hydrogen,272,381 which results
in a low selectivity for CO oxidation in a H2-rich gas stream.
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Impregnation
Impregnation
Impregnation
Impregnation
Impregnation
Impregnation

Au/TiO2
Au/Mn2Ti98
Au/Mn2Ti98
Au/Mn2Ti98
Au/Mn4Ti96
Au/Mn13Ti87

Au/1FeOx99TiO2 Impregnation
Au/5FeOx95TiO2 Impregnation
Au/10FeOx90TiO2 Impregnation
n.m.
n.m.
n.m.

2 diﬀerent methods for n.m.
details see publication n.m.
n.m.
n.m.
n.m.

Au/2.5TiSi_M1
Au/5TiSi_M1
Au/4TiSi_M2
Au/4TiSi_M4
Au/Ti

685
758
596
807

One pot synthesis
Neutral S0I0 templating
Neutral S0I0 templating
Neutral S0I0 templating

Au/HMS
Au/HMS–Ti
Au/HMS–Ce
Au/HMS–Fe

Part 2

1

500  75 DP

Impregnation

Au/Ti(2.6)–SBA-15

2.24
3.02
3.44
2.84

DP
DP
DP

0.8
0.75
0.71

Hydrosol Au
n.m.
(6.5 nm Au NPs, 2.4
tannin/citrate) 1.9
1.8
2.3

DP
DP
DP
DP

0.55
0.57
0.58
0.58
0.64
0.69

1

500  75 DP

Au/Ti(1.32)–SBA-15 Impregnation

DP
DP
DP
DP
DP
DP

1

500  75 DP

Au/Ti(0.53)–SBA-15 Impregnation

53
51
50
51
50
46

1

500  75 DP

Au/Ti(0.26)–SBA-15 Impregnation

2.9

2.7

2.6

2.6

2.6

n.m.
n.m.
n.m.

All below:
1.33% CO,
1.33% O2, 65.33%

All below: 180 1C,
air, 4 h

All below:
400–450 1C

All below: 1% CO,
1% O2, 67% H2,
He/T25/selectivity
at 80 1C

All below:
180 1C, air, 4 h

7.9  2.0
8.5  2.8
6.6  2.0
6.9  1.5
13.0  5.6

All below:
1.33% CO,
1.33% O2, 65.33%
H2, He/80 1C

All below:
350 1C, air, 4 h

n.m.
n.m.
n.m.

n.m.
n.m.
n.m.
n.m.
n.m.

All below: TGA
analysis for coke
formation: all
catalysts stable

n.m.
n.m.
n.m.
n.m.
n.m.
n.m.

n.m.

n.m.

n.m.

n.m.

n.m.

20

23

3

40–50
40–50
40–50

60
52
Below 40
40
4

T25 (1C)
97
89
56
83
89
90
95
95

35
54
48
75

40
56.1
51.3
48.5
62
62

85

98

99

95

98

51

46

44

41

50

T50 (1C)
316
116
103
81

80
27
98,4
96,5
52
80

12

100

100

99

98

n.m.

n.m.

n.m.

n.m.

n.m.

All below:
[383]

n.m. All below:
n.m. [387]
n.m.

n.m. All below:
n.m. [384]
n.m.
n.m.
n.m.

1.4
2.4
2.5
9.3

n.m. All below:
n.m. [380]
n.m.
n.m.
n.m.
n.m.

n.m.

n.m.

n.m.

n.m. All below:
[379]
n.m.

3.96/ All below:
3.2 [288]
3.9/
2.9
2.8/
2.7
4.6/
3.6
7.8/
6.3

Selectivity
Deactivation (%) Conversion (%)
RR Ref.

Catalytic activity/stability

All below: 400 1C, 19
10% O2/N2, 30 min
25

PT

All below: 0.5% CO, All below:
1% O2, 50% H2,
300 1C, H2, 2 h
48.5% N2/T50/selectivity
at 375 1C

60%
45
40%
45

All below: 2.3 CO,
10% O2, 10% H2,
74.7% He/50 1C

All below: 1% CO,
1% O2, 75% H2,
N2/80 1C

Atmosphere/
T 1C

Catalytic reaction conditions

6.3
5.2
7.4
4.6

2.45
3.01
2.37
2.45
2.35
2.63

38% 1–2;
62% 3–4
36% 1–2;
64% 3–4
19% 1–2;
81% 3–4
10% 1–2;
3–4, 30%
40% 3–4,
3–4, 20%

3.5

2.8

3.0

3.1

3.7

Au
Au NP Ø
(wt%) (nm)

1

DP

DP

DP

DP

DP

Method

500  75 DP

158

192

160

106

56

SSA
(m2/g)

Au preparation/characteristics

Au/Ti(0.13)–SBA-15 Impregnation

B56

B56

SDS

B56

Commercial

Synthesis

Sol–gel,
template:
Sol–gel,
Au/TiO2 (A)
template:
Au/SixTi1xO2 (1:8) Sol–gel,
(A)
template:
Sol–gel,
Au/SixTi1xO2
(1 : 13) (A)
template:

Au/TiO2 (A)

Part 1
Au/P25

Catalyst

Support preparation
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2.1

All below: 1% CO,
1% O2, 70% H2,
He/80 1C
2.5 
2.9 
2.9 
n.m.
3.5 
127
48
52
39
160
Commercial
Co-precipitation (1 : 1)
Commercial
Commercial
Commercial
Au/TiO2
Au/Co3O4–CeO2
Au/CeO2
Au/Co3O4
Au/g-Al2O3

DP
DP
DP
DP
DP

1.4
1.4
1.4
1.3
1.1

1.0
1.0
1.2

H2,
He/80 1C
n.m.
n.m.
n.m.
0.76
0.73
0.74
DP
DP
DP
n.m.
n.m.
n.m.
Au/20FeOx80TiO2 Impregnation
Impregnation
Au/FeOx
Impregnation
Au/TiO2
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A, anatase; R, rutile; B, brookite; HT, hydrothermal; SSA, speciﬁc surface area; IE, ionic exchange; DP, deposition–precipitation method; CD, colloidal deposition method; n.m., not mentioned; PT,
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n.m. All below:
n.m. [388]
n.m.
n.m.
n.m.
20
70
70
60
25
30
78
72
35
40
All below:
150 1C, 5%
H2/Ar, 30 min

n.m.
n.m.
n.m.
n.m.
n.m.

n.m.
n.m.
n.m.
40–50
40–50
40–50
88
88
88
n.m.
n.m.
n.m.

Selectivity
Deactivation (%) Conversion (%)
RR Ref.
PT
Atmosphere/
T 1C
Au
Au NP Ø
(wt%) (nm)
Catalyst

Synthesis

SSA
(m2/g)

Method

Catalytic activity/stability
Catalytic reaction conditions
Au preparation/characteristics
Support preparation
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On the other hand, MnO2 supported Au catalyst were found
to exhibit a high selectivity for CO oxidation in H2-rich gas
streams, but at a rather poor activity.7,382 Therefore they
prepared MnO2–TiO2 materials with various compositions
by incipient wetness impregnation, followed by Au deposition
via a DP method (speciﬁc surface area B50 m2 g–1, mean Au
NP size 2.2–4 nm, gold loading 0.55–0.69 wt%). They studied
the eﬀect of the pH during Au loading and of the Mn : Ti ratio
of the catalyst support, ﬁnding the most eﬃcient catalyst to be
the Au–Mn2Ti98 catalysts prepared at pH 6 and 9, respectively,
with CO conversions above 96% and selectivities above 48%
(1.33% CO, 1.33% O2, 65.33% H2, balance He). Apparently,
the addition of MnO2 on a Au–TiO2 catalyst indeed improved
the selectivity for CO oxidation, without sacriﬁcing too much
on the CO conversion under these conditions. This was tentatively
explained by an ‘optimum combination of metallic and electrondeﬁcient gold on the catalyst surface’, a deeper understanding,
however, is still missing.
Recently, Zepeda et al. explored the performance of Au
catalysts supported on hexagonal mesoporous silica (HMS)
modiﬁed with Fe2+, Ce4+ and Ti4+ in the PROX reaction.383
Au loading was performed via a DP procedure (2.0–3.4 wt%
Au loading, mean Au NP size 4.6–7.4 nm). The catalytic
performance was determined in conversion measurements in
a H2-rich feed stream (50% H2, 1% O2, 0.5% CO, N2,
temperature 20–400 1C) after in situ pre-treatment with H2
at 300 1C for 2 h. The activity (T50 1C) and selectivity for CO
oxidation determined at 375 1C followed the trend:
Au–HMS–Fe (81 1C, 63%) 4 Au–HMS–Ti (116 1C, 54%)
E Au–HMS–Ce (103 1C, 48%) 4 Au–HMS (316 1C, 35%).
The activities are clearly well below those of other catalysts,
while the selectivities seem to be in the normal range. Here it
has to be considered, however, that they were determined at
an extremely high temperature, well above the operation
temperature of ‘normal’ Au catalysts, which normally leads
to a loss of selectivity.282,378 Finally, the long term stability in
the CO oxidation reaction was tested at 160 1C for 800 min,
yielding values of between 5% and 30% for the deactivation.
Considering that this was determined in the absence of H2,
and on the other hand the high temperature, the values are
somewhat lower than reported recently for a Au/P25 catalyst
at 180 1C (28% deactivation over 1000 min).378
Beck et al. investigated the catalytic behavior of Au catalysts
consisting of Au NPs and titania or of Au oxides deposited on
either amorphous silica or mesoporous SBA-15 in the PROX
reaction.384 Au colloids (around 2 wt%) and titania in various
amounts (2.5–20 wt%) were deposited on the silica substrates
by three diﬀerent methods (denoted by M1–M3) to obtain the
Au–xTiSi catalysts, where x denotes the TiO2 content in wt%.
(For details of the deposition process, see ref. 384.) Since the
sizes of the Au NPs lie in the same range of about 6.6–7.9 nm
and above 5 nm, the inﬂuence of the Au NPs size on the activity
will be small.385,386 For comparison, a Au/P25 catalyst was
included as well (2.3 wt% Au, 5.3 mean particle size). The
PROX activity was evaluated in conversion measurements after
calcination of the catalysts at 400–450 1C. It followed the order:
Au/P25 (50 1C) 4 Au–4TiSi_M2 (56 1C) 4 Au–4TiSi_M3
(83 1C) B Au–Ti = Au–5TiSi_M1 (89 1C) 4 Au–2.5TiSi
(97 1C), while the selectivity in the range of 50 and 80 1C
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decreased in order: Au–2.5TiSi (above 60%) 4 Au–5TiSi_M1
(B52%) 4 Au–4TiSi_M3 (B40%) 4 Au/P25 (B40%) 4
Au–4TiSi_M2 (below 40%). Samples having a higher amount
of titania than 5 wt% were not active for the PROX.
Obviously, the activity of Au/P25 sample is not comparable
with the usual activity of nonporous Au/P25, which may be
due to the relatively large Au NP size in that catalyst.384 This
hinders also a quantitative comparison for the other catalysts,
at least for the CO oxidation activity. The selectivities, on the
other hand, look rather similar to those generally reported
for Au/P25 for comparable reaction conditions. As for the
mechanistic understanding of these ﬁnding, the authors underlined the importance of the length of active perimeter of the
Au–TiO2 interface and of the interface between Au and the
inert oxide (SiO2). The latter was proposed to be important for
the H2 oxidation reaction.
A comparable series of measurements was performed by
Yang et al., who studied the eﬀect of Fe2O3 modiﬁcation of the
TiO2 support on the PROX reaction characteristics of the
resulting Au–FeOx–TiO2 catalysts.387 For these measurements, they prepared a series of Au catalysts (Au loading
around 0.8 wt%) based on FeOx–TiO2 supports, which were
prepared via incipient wetness impregnation. Gold deposition
was performed via DP. In addition, a Au/P25 catalyst was
evaluated as well. Based on conversion measurements in a
PROX reaction mixture (1% CO, 1% O2, 49% H2, 49% He),
the highest activity was reached for the Au catalyst supported
on FeOx–TiO2 with a ratio 1 : 99, at least at lower temperatures (r50 1C). The selectivity was found to decrease with
increasing T for all catalysts, the highest selectivity of B90%
was reached over the Au–FeOx–TiO2 catalyst with a ratio of
10 : 90 at 20 1C, though the diﬀerences between the diﬀerent
catalysts are small. For reaction at 80 1C, the selectivities were
comparable for all samples. The authors proposed that the
addition of amorphous Fe2O3 enhances the CO conversion
and suppresses the oxidation of H2 via an enhanced electronic
interaction and better stabilization of the Au NPs. Except for
the low temperature (r50 1C) CO conversion, the eﬀects, however,
are rather small, in particular with respect to the selectivity.
Liotta et al. compared the performance of several Au
catalysts with diﬀerent reducible support materials (TiO2,
Co3O4–CeO2, CeO2, Co3O4) and for comparison Au supported
on non-reducible Al2O3 in the selective CO oxidation.388 The
catalysts were prepared by a DP procedure and a reductive pretreatment in 5% H2 in Ar (150 1C, 30 min) prior to the reaction
(mean Au particle sizes 2.5–3.5 nm, Au loading 1.1–1.4 wt%).
Comparing the activity and selectivity at 80 1C, these decreased
in the order: Au–Co3O4–CeO2 E Au–CeO2 4 Au–Co3O4 E
Au/Al2O3 E Au–TiO2 and Au–Co3O4–CeO2 E Au–CeO2 E
Au–Co3O4 4 Au/Al2O3 E Au–TiO2, respectively. While
Au–TiO2 is the most active catalyst in CO oxidation, its high
activity for the competing H2 oxidation in the PROX aﬀects
the CO oxidation by an increasing lack of oxygen (1% CO,
70% H2, 1% O2, balance He). The authors attributed the high
activity of the Au–TiO2 catalyst for H2 oxidation to a large
population of highly dispersed and low coordinated Au atoms,
which can activate O2 to subsequently react with either CO or
H2 at lower temperature and predominantly with H2 at higher
temperatures. The high activity and selectivity of Co3O4–CeO2,
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CeO2, Co3O4 supported catalyst in the PROX reaction, on the
other hand, they explained by a high formation of oxygen
vacancies (high reducibility of the support), which they
claim would activate the oxidation of CO. In the absence of
hard experimental support for these concepts, however, the
mechanistic understanding of these reactions is not yet solved.
In total, the ﬁndings for the PROX reaction very much
resemble those reviewed in Section 3 for the CO oxidation
reaction, although the data base is smaller than for CO
oxidation. So far, the move to high surface area TiO2 supports
and related materials gave some promising results, but
the overall improvement compared to standard non-porous
Au/P25 catalysts is still small. It should be noted that the
situation is diﬀerent in the PROX reaction in that under
PROX reaction conditions the main problem is not the long-term
stability, but the selectivity, in particular at lower CO contents.
Based on the above data, improvements in the selectivity seem to
be more within reach than for the long-term stability in the CO
oxidation in a H2-free atmosphere.
5.5 Deactivation
As mentioned before, deactivation is a major if not the
dominant problem of supported Au catalysts, at least in many
reactions. In general, catalyst deactivation can be caused by
three main reasons, and this is true also for the deactivation of
high surface area TiO2 supported Au catalysts and related Au
catalysts with time on stream. These are (i) growth of the
active phase nanoparticles, e.g., by Ostwald ripening or
agglomeration, (ii) poisoning of the catalytically active sites
by adsorption of catalyst poisons from the reaction gas
mixture or by segregation from the catalyst bulk, and
(iii) poisoning by accumulation of adsorbed side products or
reaction intermediates. Examples typical for deactivation of
supported Au catalysts would be (i) Au particle growth,
(ii) catalyst poisoning by mobile residues from the support
or catalyst preparation such as Cl or S, or (iii) accumulation
of reaction side products such as surface carbonates or
carboxylates on the catalyst surface, which may cause e.g.,
blocking of active sites at the perimeter of the interface between
support and Au NP. Furthermore, modiﬁcations of the surface
chemistry by adsorption or desorption of surface groups may
play a role as well. Typical example in Au catalysis would be the
formation/depletion of surface hydroxyl groups and/or water
formation or the reduction (O vacancy formation)/oxidation
(replenishment of O vacancies) on the support surface.272
Deactivation of Au NPs by aggregation or a combination of
aggregation and Ostwald ripening would lead to an increase of
the Au NP size, and, in consequence, to a decrease of the
active surface area (or of the length of the interface perimeter
per g of catalyst), which in turn would lead to loss of activity.
Both processes, however, require relatively high temperatures,
estimated 0.4  melting point (Tm(Au) = 1068 1C), which
would mean B430 1C for Au. This is on the scale of typical
pre-treatment procedures, e.g., calcination at 400 1C, which
indeed often lead to Au NP growth and result in mean particle
sizes of 2.5–3 nm. Since most of described reactions did not
exceed reaction temperatures of 300 1C, and mostly they were
below 100 1C, Au particle growth can essentially be excluded
Chem. Soc. Rev., 2012, 41, 5313–5360
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as a major contribution to the deactivation of Au catalysts.
This was conﬁrmed in numerous TEM measurements, which
found no signiﬁcant Au NP growth during the reaction,
e.g., for CO oxidation or PROX reaction on Au/P25 catalysts
at 80 or 180 1C.378
Poisoning of Au catalysts by adsorption of reaction inhibiting
species from the gas phase, by segregation of such species from
the catalyst bulk or by decomposition of surface species was
experienced, e.g., in cases where S containing species were used
during catalyst preparation. A typical example is the use of thiols
as a capping agent for the preparation of Au NPs.333,354 The
authors reported that the catalysts had to be activated, by
oxidation of thiols to SOx, to be active for CO oxidation. The
eﬀect of SO2 on the activity of Au–TiO2 was studied also by
Ruth et al., who found that the presence of SO2 rapidly poisoned
the Au–TiO2 catalyst.389 Comparable eﬀects can be caused
by the presence of Cl, which may be present as trace impurity
from the catalyst preparation process, due to insuﬃcient washing.
Predominant reason for the deactivation of Au catalysts,
including high surface area TiO2 supported Au catalysts, is to
our belief the accumulation of stable, adsorbed reaction side
products on the catalyst surface, which among others will
block catalytically active surface sites. The unanimous identiﬁcation of adsorbed species as site blocking catalyst poison,
however, is complex. In the absence of direct evidence, which
is mostly the case, it requires a quantitative correlation
between increasing coverage of these species, possibly on
speciﬁc sites, and decline in activity. Only if this can be proven
during dynamic variation of the surface composition,
the respective surface species are safely identiﬁed as surface
poison. In other cases, they may act as spectator species, which
are present on the surface, but have little eﬀect on the activity.
In situ spectroscopy measurements, e.g., in situ IR spectroscopy, can clearly characterize the state of the catalyst surface
before and during the CO oxidation reaction. It has been
demonstrated that surface carbonates and related species such
as monodentate carbonates, bidentate carbonates, bicarbonates,
formates, carboxyls, etc. can be formed during the CO oxidation
reaction, and it has been suspected that these species poison the
perimeter sites, where activation of O2 takes place.288,289,390
Although this appears very plausible, unanimous evidence therefore, however, is still rare or missing.
Ntho et al. monitored the region of carbonate vibrations
during CO oxidation on mesoporous titania nanotube supported
Au catalysts by in situ diﬀuse reﬂection IR Fourier transform
spectroscopy (DRIFTS) measurements.391 They observed the
formation of a band at 1290 cm–1, which was considered to be
typical for adsorbed bicarbonate species. Based on a qualitative
correlation with the decreasing activity they proposed that the
formation of this stable species is responsible for the pronounced
catalyst deactivation (95% after 22 h on stream). The stability of
this species was determined by temperature programmed
desorption (TPD) measurements, which implied that decomposition of this species occurs at B150 1C, resulting in a CO2
desorption peak. They also tried to investigate the inﬂuence of
water on the deactivation, by addition of B1 ml water during the
reaction. The presence of water inhibited the formation of this
bicarbonate species, as evident from both DRIFTS and TPD.
Most probably, the presence of water has two eﬀects: it promotes
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the CO oxidation reaction and reduces the deactivation, a phenomenon which is commonly observed for the PROX reaction.288
Wang et al. obtained a very low deactivation for CO
reaction over mesoporous Au–MCT–Ti catalysts at 24 1C of
only about 10% during 24 h on stream.325 Considering the
stability of supported Au NPs described above, this low
deactivation must be due to a very low tendency for adsorbed
carbon containing side products such as surface carbonates,
etc. On the other hand, they found that the Au NPs on these
extremely stable. Even after per-treatment at 500 1C, the size
of the Au NPs is still very small, contrary to the observations
over Au/P25, where the particles grew to 5–30 nm. This
indicates a support speciﬁc stabilization of Au NPs.
In our reaction studies on mesoporous TiO2 or mixed oxide
supported Au catalysts,5,343,349 we found the same characteristic features in in situ DRIFTS measurements as in similar
measurements on nonporous Au/P25 catalysts, and also the
evolution of the intensities with time on stream was comparable in nature.288 This lead us to the conclusion that similar to
the proposal for Au/P25,288 the deactivation is likely to be
caused by stable adsorbed reaction side products such as
surface carbonates and/or carboxylates, which accumulate
on the catalyst surface during the CO oxidation reaction.
Diﬀerences existed, however, in the relative intensities of these
species. Comparing non-porous and mesoporous Au catalysts,
the accumulation of carbonate species on mesoporous
Au–TiO2 or mixed oxide supported catalysts are much lower
in intensity, indicative of lower coverages. The data base,
however, is not suﬃcient to unambiguously identify speciﬁc
adspecies as dominant catalyst poison, i.e., as being mainly
responsible for the observed catalyst deactivation. Monodentate
surface carbonates, which had been proposed by Schumacher
et al. as the main cause for the deactivation of Au/P25 catalysts
during CO oxidation under similar reaction conditions,288 are
possible candidates also for the present catalysts, but contributions from other adsorbed carbonate and carboxylate species
cannot be excluded either.
Reversible deactivation was reported also by Zhu et al., who
found that after regenerating their used SiO2 decorated
Au–TiO2 catalysts by calcination in O2–He at 400 1C for
1 h, the catalysts showed the same reactivity as the fresh
catalysts.369 This means that the deactivation was not irreversible, as would be expected for Au NP growth, and most likely
caused by accumulation of stable adsorbed reaction side
products or intermediate species.
Moreau et al. tested the long term stability of Au catalysts
supported on mesoporous CeO2 modiﬁed with La or Fe or on
mesoporous CeZrO4.392 While the Au–CeO2 deactivated
slowly, but steadily over 50 h, the Au–La–CeO2 or Au–Fe–CeO2
catalysts showed a constant activity. For Au–CeZrO4, the
activity passed through an initial maximum, and then remained
almost constant. DRIFTS measurements showed that on all
catalysts surface carbonate species were formed, as indicated by
bands in the range 1000–1600 cm–1. The intensity decreased
in the order Au–CeO2 4 Au–La–CeO2 E Au–CeZrO4 4
Au–Fe–CeO2, which reﬂects approximately, but not exactly the
deactivation behavior. Furthermore, it was found that using
catalysts dried in He at room temperature, the amount
of carbonate formation decreased with longer drying periods.
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The authors concluded that stable activity is associated with
retention of surface OH groups and lesser formation of
carbonate/bicarbonate species during reaction. The improved
stability upon modiﬁcation of the support with Fe and La
was tentatively attributed a greater acidity of the hydroxyl
groups on these catalysts, which would reduce the tendency for
surface carbonate formation.
The situation is diﬀerent in H2-rich reaction atmospheres, as
encountered, e.g., in the PROX reaction. Under these conditions, the deactivation of the catalysts is signiﬁcantly lower.
First of all, based on numerous TEM analyses before and after
reaction, we can exclude also under these reaction conditions
growth of Au NPs as a major reason for deactivation.349,378
Based on in situ DRIFT spectra recorded during PROX
reaction on mesoporous TiO2 and mesoporous mixed oxide
supported Au catalysts, the situation is rather similar to that
during reaction in a H2-free atmosphere, if focusing on the
nature of the diﬀerent adsorbed carbon containing species
being formed during reaction. Diﬀerences exist, however, in
the peak intensities in the carbonate region and in the very
intense water peak at B1620 cm1. As it was proposed by
Schumacher et al.,288 the presence of H2 largely inhibits the
formation of carbonate species that develop in much higher
quantities in H2-free reaction mixtures, and were held responsible for catalyst deactivation.7,288,289,318,393
These ideas were conﬁrmed later by operando DRIFTS
measurements on a Au–TiO2 catalyst (World Gold Council365)
by Piccolo et al.394 From elegant switch experiments, removing
or adding individual components from the reaction gas mixture
(CO, H2, O2), they concluded that in the presence of higher
amounts of H2, the formation of surface carbonate species,
which is dominant in the absence of H2, is inhibited, together
with pronounced accumulation of adsorbed water and formation of hydroxyl groups.
Zepeda et al. tested the stability of Au catalysts supported
on hexagonal mesoporous silica (HMS) modiﬁed by Fe3+,
Ce4+ or Ti4+.383 The catalyst stability was evaluated in longterm (800 min) CO oxidation runs at 160 1C. The amount of
surface carbonates and related species formed during the
reaction was determined by measuring the amount of CO2
formation and the weight loss upon decomposition of these
species by temperature programmed oxidation (TPO) and
thermogravimetric analysis (TGA). The activity measurements
and the TPO/TGA measurements at the end of the reaction
indicated that the modiﬁcation of the Au/HMS catalyst
reduced both the deactivation and the tendency for the
formation of surface carbonates and related species. Also this
result points to a dominant role of these surface species for
catalyst deactivation.
5.6

Concluding remarks on the catalysis with TiO2

The preceding discussion has shown that high surface
area TiO2 and related materials are promising candidates as
support material for highly active, and, even more important,
long-term stable Au catalysts. Using Au/P25 as a reference
catalyst, signiﬁcantly improved stabilization of Au NPs
against thermally induced particle growth, either by Ostwald
ripening or by agglomeration of NPs, has been demonstrated
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in a number of cases. Activities reaching or even slightly
exceeding that of the reference catalyst have also been
achieved. Also selectivities for CO oxidation in the PROX
reaction, which are comparable or even in excess of that of the
reference catalyst, have been reported. Most critical for applications is the long-term stability, which for oxide supported
Au catalysts and for the present reactions, seems to be mainly
limited by the adsorption of stable, adsorbed reaction side
products rather than by Au NP growth, at least under normal
reaction conditions. Catalyst deactivation, which is the weak
point for technical applications of Au catalysis, is also limiting
for the present class of high surface area catalysts discussed in
this section. On the one hand, support materials which lead to
high long-term stabilities should not lose the high activity of
the reference catalyst. This latter demand has not yet met by
any of the ‘new’ support materials discussed here. On the other
hand, there is signiﬁcant progress in speciﬁc catalyst properties, which leaves the further search for improved support
materials for Au catalysts promising and open.
From a scientiﬁc point of view, aiming at a detailed understanding of the reaction, and the mechanisms being responsible for the high activity and for the deactivation, the main
problem seems to be on the experimental side. In general,
understanding and interpretation suﬀer from the fact that in
almost all systematic studies several parameters are changed
simultaneously. In addition to the support material, also Au
loading and Au particle sizes are changed. This of course
reﬂects the problems encountered in materials synthesis and
catalyst preparation. Nevertheless, there are ways to separate
these aspects, e.g., by colloidal deposition. In this context also
the reproducibility in materials synthesis and catalyst preparation
has to be addressed, which also has potential for improvement.
Finally, the reaction conditions in the catalytic measurements
vary tremendously between diﬀerent studies, and it is hardly
possible to compare results on a quantitative scale. This
also includes diﬀerences in the activation pre-treatment of the
catalysts. Overall, a detailed mechanistic understanding of the
reactions, as it would be desirable for a systematic search strategy
on the materials side, requires signiﬁcant improvements in these
areas. This will be the main task of the coming years.

6. Conclusion and outlook
In this critical review, novel aspects and recent developments
in the synthesis of crystalline titania nanostructures as well as
their application have been reviewed. From the many possible
applications, the focus in this article was given to titania in
energy storage systems, such as lithium ion batteries, or as
catalyst support in the Au-catalyzed CO oxidation reaction.
For both processes, the Li diﬀusion into the titania network as
well as the deposition and catalytic performance of the Au
nanoparticles on the titanium oxide surface, the clear demand
for crystalline nanoscale structures with well-accessible surfaces/
interfaces is given. Therefore, there is still a large need for novel,
simple and cheap preparative methods towards crystalline titania
polymorphs with well-deﬁned nanostructures, porosity, interface
and surface areas.
Many approaches towards nanoscale materials are based on
processes in solution, with the sol–gel or related procedures as
Chem. Soc. Rev., 2012, 41, 5313–5360
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the most prominent ones to discuss. The formation of titania
via these processes has been described in numerous publications over the last hundred years. However, titania is a metal
oxide with a rather high temperature of crystallization, thus
crystallinity of the material directly from the synthesis process
is often poor and it is very diﬃcult to deliberately control
the formation of the diﬀerent relevant polymorphs (rutile/
anatase). In addition, postsynthetic heat treatment to increase
crystallinity of the material may adversely aﬀect the nanoscale
properties, often resulting in sintering and particle growth and
thus, in reduced surface and interface areas. Novel synthesis
procedures – based on advanced techniques, such as hydrothermal processing, microwave heating, sonochemistry, mini/
microemulsion processing, or novel precursor systems – gave
access to crystalline titania nanostructures with higher surface
areas, deliberately tailored morphology and the desired polymorph. In addition, some of these protocols are based on
purely aqueous solutions, therefore not leaving environmental
aspects out of sight. Despite all the research eﬀort, it is
for many of the synthesis procedures still very diﬃcult to
predict the ﬁnal product properties based on the knowledge
present today. Nevertheless, the wealth of reaction parameters, precursors and techniques that have been applied
and that still can be investigated is almost endless and despite
the many studies that have attempted to correlated chemical
structure and formation process, it is still ambiguous and
leaves much room for more research.
We have shown that titanium dioxide (anatase) is an
attractive candidate as electrode (anode) material in lithium
ion batteries, due to its fast lithium ion insertion–extraction
reactions, the high insertion capacity in combination with
high abundance and stability, non-toxicity and low cost. In
addition, only recently it was found that nanoscale rutile as
well shows a high potential as anode material. With respect to
the electrochemical performance, a deliberate control of
the morphological and compositional properties of titania
(anatase, rutile, TiO2 (B)) is indispensable. Decreasing the
particle size to the nanoscale dimensions, incorporating
mesopores and thus, increasing the surface area, shows a
dramatic positive eﬀect on the electrochemical behavior for
anatase, but also rutile. Future generations of rechargeable
lithium ion batteries with the demand for higher energy and
higher power will more and more depend on the application of
nanomaterials as electrodes, as well as electrolytes, thus
increasing the amount of interfaces for an eﬃcient lithium
ion and electron transport signiﬁcantly. The authors are
convinced that the development of novel methods in synthesis
and electrochemistry will be of major impact in this area in the
future. The same is true for the characterization of the
materials. Many studies have been performed on model
systems, nevertheless, the data are too some extent contradictory and there is major need for more sophisticated in situ
and ex situ characterization techniques.
Equally attractive are nanostructured, high surface area
titanium dioxide and related materials for catalytic applications,
in particular as support material in heterogeneous catalysis,
photocatalysis and electrocatalysis. This was elucidated using
the CO oxidation reaction catalyzed by Au NPs on TiO2 as
example. Also here, the existing data clearly demonstrate the
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complexity of both the reaction and the research. Structure,
physical and chemical properties of the supporting material
will play a role in the formation of Au NPs, their morphology
and especially the type of contact between the support and the
Au nanoparticle. Since one of the possible explanations for
activity is the number of low coordinated sites, also the shape
of the resulting Au NPs may be important. Furthermore, these
may directly inﬂuence also the catalytic reaction. The contact
Au–support and the nature of the accessible perimeter sites
along the interface are expected to be essential for the transfer
of oxygen species. A main problem to be solved for technical
applications is to lower the deactivation of the Au catalysts
while maintaining their high activity. Also here, novel synthesis
methods, allowing for controlled modiﬁcation of speciﬁc
catalyst properties, while maintaining their other properties,
will be a key for the systematic improvement of these catalysts,
based on a microscopic understanding of their function.
Titania nanostructures with high surface area are attractive
materials and ideal candidates for manifold applications. The
versatility and feasibility of these materials have been demonstrated in this review article and there is still more to come.
Nevertheless, it is the opinion of the authors that much more
research eﬀort has to be devoted to systematic studies of
synthesis–structure–properties relationships that are relevant
for the speciﬁc applications.
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