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This is the first review of titanium dioxide-zirconium dioxide (TiO2-ZrO2) mixed oxides,
which are frequently employed as catalysts and catalyst supports. In this review many
details pertaining to the synthesis of these mixed oxides by various conventional and
nonconventional methods and their characterization by several techniques, as
reported in the literature, are assessed. These mixed oxides have been synthesized by
different preparative analogies and were extensively characterized by employing
various spectroscopic and nonspectroscopic techniques. The TiO2-ZrO2 mixed oxides
are also extensively used as supports with metals, nonmetals, and metal oxides for
various catalytic applications. These supported catalysts have also been thoroughly
investigated by different techniques. The influence of TiO2-ZrO2 on the dispersion and
surface structure of the supported active components as examined by various tech-
niques in the literature has been contemplated. A variety of reactions catalyzed by
TiO2-ZrO2 and supported titania-zirconia mixed oxides, namely; dehydrogenation,
decomposition of chlorofluoro carbons (CFCs), alcohols from epoxides, synthesis of
1-caprolactam, partial oxidation, deep oxidation, hydrogenation, hydroprocessing,
organic transformations, NOx abatement, and photo catalytic VOC oxidations that
have been pursued in the literature are presented with relevant references.
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1. INTRODUCTION AND SCOPE OF THIS REVIEW

Metal oxides represent one of the most important and widely employed cate-
gories of solid catalysts, either as active phases or supports. Metal oxides are
utilized both for their acid-base and redox properties and constitute the
largest family of catalysts in heterogeneous catalysis (1–4). Among various
metal oxide catalysts, the combination of titania-zirconia has attracted
much attention in recent years. These mixed oxides have been extensively
used as catalysts and catalyst supports for a wide variety of reactions as
summarized in Table 1 (5–66). In addition to catalytic applications, these
mixed oxides have also been employed for various other purposes such as
photoconductive thin films, gas sensors, and in fuel cell and ceramic technol-
ogies. Interestingly, both titanium dioxide (TiO2) and zirconium dioxide
(ZrO2) single oxides exhibit excellent catalytic properties for various reac-
tions and both have been used as supports to disperse various noble and
transition metals for distinct catalytic applications. The TiO2 is unique for
its photocatalytic and strong metal support interaction (SMSI) properties
(67, 68) and the ZrO2 is a well-known solid acid catalyst (69) and both of
them are n-type semiconductors.

It is established in the literature that mixing two dissimilar oxides adds
another parameter since they are liable to form new stable compounds,
which can lead to totally different physicochemical properties and catalytic
behavior. Such advanced titania-zirconia mixed oxides not only take advan-
tage of both TiO2 (active catalyst and support) and ZrO2 (acid-base proper-
ties), but also extend their application through the generation of new
catalytic sites due to a strong interaction between them. In fact, the facile
formation of zirconium titanate (ZrTiO4) compound between ZrO2 and TiO2

exhibits excellent catalytic properties for various reactions as listed in
Table 1.

The TiO2-ZrO2 composite oxides exhibit high surface area, profound
surface acid-base properties, a high thermal stability, and strong mechanical
strength (8–10). It is an established fact in the literature that active com-
ponents dispersed on mixed metal oxides often produce superior catalysts to
the one supported on single oxides for a number of reactions (70). It is known
from modern catalytic surface science studies that the nature and quality of
a carrier material is a key part of the catalyst. Defined properties and consis-
tent quality of the support material are a prerequisite for a successful catalyst.
Although TiO2-ZrO2 binary oxides have been extensively employed for various
purposes in different domains, there is no review in the literature on their syn-
thesis, physicochemical properties, and catalytic applications. To the best of
our knowledge, this will be the first review covering the existing literature
and emphasizing the significance of these mixed oxides and their utility in
the area of catalysis.
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Table 1: Summary of various reactions catalyzed by titania-zirconia mixed oxides as catalysts and catalyst supports.

Catalysts Preparation method Reactions Refs.

TiO2-ZrO2 Coprecipitation Isomerization of 1-methyl cyclohexene oxide (5)
TiO2-ZrO2 Coprecipitation Isomerization of cyclohexene oxide (6)
TiO2-ZrO2 Coprecipitation Isomerization of 2-carene and allylalcohol (7)
TiO2-ZrO2 Coprecipitation Nonoxidative dehydrogenation of ethylbenzene (8,9)
TiO2-ZrO2 Coprecipitation Nonoxidative dehydrogenation of ethylcyclohexane (10)
V2O5-TiO2-ZrO2 Coprecipitation Dehydrogenation of cyclohexane (11)
TiO2-ZrO2 Coprecipitation Dehydrogenation of ethylbenzene (12)
TiO2-ZrO2 Coprecipitation Dehydrocyclization of C6-C8 n-paraffins (13)
B2O3/TiO2-ZrO2 Coprecipitation/impregnation Beckman rearrangement of cyclohexanone (14,15)
V2O5/TiO2-ZrO2 Coprecipitation/impregnation Methanol partial oxidation (16,17)
V2O5/TiO2-ZrO2 Sol-gel/Impregnation Ethanol partial oxidation (18)
TiO2-ZrO2 Coprecipitation Dehydration of methanol to dimethylether (19)
TiO2-ZrO2 Sol-gel Selective dehydration of isopropanol to propene (20)
V2O5/TiO2-ZrO2 Coprecipitation/Impregnation Isobutraldehyde from ethanol and methanol (21,22)
V2O5/TiO2-ZrO2 Coprecipitation/Impregnation Anisaldehyde from 4-methylanisole (23)
TiO2-ZrO2 Sol-gel neutral amine route Epoxidation of cyclo-octene (24)
Pt/TiO2-ZrO2 Coprecipitation/Incipient wetness Soot oxidation (25)
Pd/TiO2-ZrO2 Coprecipitation/Impregnation Low temperature methane combustion (26)
Pt/TiO2-ZrO2 Coprecipitation/Impregnation Naphthalene hydrogenation (27)
Pt/TiO2-ZrO2 Sol-gel/Impregnation Furfural hydrogenation (28)
TiO2-ZrO2 Coprecipitation Hydrogenation of carboxylic acids to alcohols (29)
Y2O3-TiO2-ZrO2 Coprecipitation Hydrosulfurization of methanol (30)
MoS2/TiO2-ZrO2 Sol-gel/Solvo-thermal treatment Hydrodesulfurization of dibenzothiophene (31)
Ni-Mo/TiO2-ZrO2 Sol-gel/SCF extraction Hydroprocessing (32)
MoO3/TiO2-ZrO2 Coprecipitation/Incipient wetness Hydroprocessing (33)
MoO3/TiO2-ZrO2 Sol-gel/Impregnation Hydroprocessing (34)
TiO2-ZrO2 Coprecipitation Preparation of p-mentha-1,8-dien-4-ol (35)
TiO2-ZrO2 Coprecipitation Synthesis of chlorobenzene (36)

SO4
22/TiO2-ZrO2 Coprecipitation/Impregnation Regioselective synthesis of mononitrochlorobenzene (37)

(continued )
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Table 1: Continued.

Catalysts Preparation method Reactions Refs.

MoO3/TiO2-ZrO2 Coprecipitation/Impregnation Synthesis of diacetates (38,39)
WO3/TiO2-ZrO2 Coprecipitation/Impregnation Cumene dealkylation (40)
NiSO4/TiO2-ZrO2 Coprecipitation/Impregnation Cumene dealkylation (41)

Fe,Mn-SO4
22/TiO2-ZrO2 Coprecipitation/Impregnation Benzene isopropylation (42)

Pt/TiO2-ZrO2 Coprecipitation/Impregnation Low temperature SCR of NOx (43)
Ag/TiO2-ZrO2 Coprecipitation/Impregnation SCR of NO with propene (44)
Ag/TiO2-ZrO2 Coprecipitation/Impregnation SCR of NO with propene, propanol, and acetone (45)
Pt/TiO2-ZrO2 Sol-gel/Impregnation NO reduction with CH4 (46)
Ag, In/TiO2-ZrO2 Sol-gel/Impregnation SCR of NO with propene (47)
Pd-In/TiO2-ZrO2 Coprecipitation/Impregnation SCR of NO in water vapor (48)
Pt/TiO2-ZrO2 Coprecipitation/Impregnation SCR of NO in oxygen (49)
CuO/TiO2-ZrO2 Coprecipitation/Impregnation COþNO reaction (50)
Pt/TiO2-ZrO2 Wet precipitation Dual-bed lean deNOx process (51)
Au/SO4

22/TiO2-ZrO2 Sol-gel Catalytic hydrolysis of HCFC-22 (52)
TiO2-ZrO2 Sol-gel Decomposition of CFC-113 (53)
WOx/TiO2-ZrO2 Sol-gel Decomposition of CFC-113 (54)
SO4

22/TiO2-ZrO2 Sol-gel Catalytic hydrolysis of CFC-12 (55)
TiO2/ZrO2 thin films Sol-gel Photocatalytic oxidation (PCO) of ethylene (56)
TiO2/ZrO2 thin films Sol-gel PCO of acetone vapor (57)
Ti1-xZrxO2 Citric acid PCO of acetone vapor in air (58)
TiO2/ZrxTi1-xO2 Sol-gel Photocatalytic decolorization of methyl orange (59)
ZrTiO4 Sol-gel PCO of isopropanol (60)
ZrTiO4 Sol-gel PCO of 1,4 pentanediol (61)
ZrO2-TiO2 Sol-gel Photocatalytic decomposition-salicylic acid,Cr(VI) (62)
ZrTiO4 Sol-gel PCO by laser flash photolysis (63)
TiO2/ZrO2 Polymer gel templating Photo decomposition of salicylic acid, 2ClPhOH (64)
TiO2/ZrO2 thin films Sol-gel processing Catalytic and photo oxidation of ethylene (65)
ZrTiO4 thin films Dip-coating method Hydrocarbon gas sensors (66)
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2. PREPARATION OF TiO2-ZrO2 MIXED OXIDES

There are two types of combinations between TiO2 and ZrO2: physically mixed
(with interaction forces being nothing more than weak Van der Waals forces)
and chemically bonded (i.e., the formation of Ti–O–Zr linkages). When
strong interaction results in chemical bonding, the physicochemical and reac-
tivity properties of titania-zirconia mixed oxides will be very different from
those of simple combinations of individual oxides (mechanical mixtures). The
degree of interaction, or in other words, homogeneity or dispersion, largely
depends on the preparation method and the synthesis conditions. Many
different preparation methodologies have been employed to synthesize these
composite oxides.

The most widely employed methods to prepare TiO2-ZrO2 mixed oxides are
coprecipitation (5–17, 19, 21–23, 25–27, 29, 30, 33, 35–45, 48–50) and sol-gel
(18, 20, 28, 31, 32, 34, 46, 47, 52–57, 59–63, 71). Other less frequently applied
procedures include super critical fluid (SCF) extraction (32), non-hydrolytic
modified sol-gel (72), citric acid complex (58), neutral amine (24, 73), and micro-
wave assisted combustion synthesis (74). The supported oxides of TiO2 deposited
on ZrO2 substrate, denoted as TiO2/ZrO2 supported oxides, have also been
investigated and were prepared by impregnation, chemical vapor deposition
(CVD), atomic layer deposition (ALD), and deposition precipitationmethods (75).

An adequate synthetic methodology is a fundamental starting point for
developing any viable catalytic material. Among various preparative pro-
cedures available as mentioned earlier, coprecipitation has been most widely
used, which is also termed wet precipitation in some reports. This particular
preparative analogy is well documented in the literature. The precursors
(mostly chlorides, oxychlorides, and nitrates) are usually dissolved in
aqueous or in anhydrous medium and titrated with a precipitating reagent
(urea or aqueous NH3) to obtain the hydroxide gels, which on subsequent cal-
cination yield mixed oxides. Sol-gel hydrolysis is also widely employed due to
its capability in controlling the textural and surface properties of the resulting
oxides. In sol-gel processes, domain formation due to the difference in the
hydrolysis and condensation rates of Ti- and Zr-alkoxides has been identified
as a major problem in the preparation of atomically dispersed mixed oxides.
The preparation of zirconium titanate powder by a sol-gel route was reported
by Navio et al. (71) in which a hydroxoperoxo compound of Zr and Ti
(HXPZT)was observed to be the reactive precursor, and this particular prepara-
tive strategy also received wide acceptability. Weissman et al. (32) adopted a
SCF extraction analogy to obtain TiO2-ZrO2 mixed oxide aerogels. In the SCF
method solvents were extracted from the gel without collapsing its structure,
as would occur in conventional drying. The result was an aerogel having a
high specific surface area. The use of SCF to prepare aerogels for catalytic appli-
cations has been elaborated in a recent review (76). Super critical drying
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eliminates the liquid-vapor interface, which would exist during conventional
drying, thus preventing capillary forces from collapsing the porous material.
Through amodified sol-gel process, the so-called neutral amine route, spherical
particles of hexagonal 1 : 1 zirconia-titania mixed oxides (1 : 1 mole ratio) were
synthesized by De Farias et al. (24, 73). The zirconium(IV) and titanium(IV)
butoxides along with 1,12-diaminododecane were employed as precursors in
this method. The SEM image of the elegantly synthesized spherical particles
of zirconia-titania lamellar oxide by this method is shown in Figure 1. A
great advantage of this method is that the reaction takes place in an open
system without any special experimental conditions. A sequence of reactions
starting with hydrolysis of mixture of alkoxides and ending with the conden-
sation step, to furnish a network structure consisting of both the oxides, was
proposed as shown in the form of Eqs. (1) and (2) (73):

TiðORÞ4 � ZrðORÞ4 þ 8 H2O ¼ TiðOHÞ4 � ZrðOHÞ4 þ 8 ROH ð1Þ

nTiðOHÞ4 � ZrðOHÞ4 þ nTiðOHÞ4 � ZrðOHÞ4 ¼ ðTi–O–Zr–O–Ti–O–ZrÞn þ nH2O

ð2Þ

In sol-gel processes, which are based on cohydrolysis of molecular precur-
sors such as metal alkoxides, the main problem lies in the control of reaction

Figure 1: The SEM image of 1:1 titania-zirconia spheres calcined at 773K for 2 h. (FromRef. 73.)
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rates, which are highly dependent on the nature of metals. To achieve homo-
geneous oxides with predetermined compositions, the difference in the reactiv-
ity has to be minimized by controlled prehydrolysis of the less reactive
precursors or by chemical modification of the precursors. In this context, a
chemical route that does not involve hydrolysis was developed. This process
is based on the thermal condensation reaction between metal chlorides and
metal alkoxides or, alternatively, on the etherolysis of metal chlorides
(alkoxide functions being formed in-situ). When metal chlorides and metal
alkoxides are mixed, fast-ligand exchange reaction occurs giving rise to a
mixture of metal chloroalkoxides (Eq. 3) so that homo- as well as hetero-
condensation could occur. The zirconium titanate gels were thus synthesized
below 973K without the formation of intermediate TiO2 and ZrO2 phases by
a nonhydrolytic sol-gel route (72).

MCln þM1
ðORÞn !MCln�xðORÞx þM1ClxðORÞn�x ð3Þ

Bartlett et al. (77, 78) reported the preparation of TiO2/ZrO2 colloids by (i)
hydrolysis of a mixture of titanium and zirconium alkoxides and peptization of
the resulting hydrolyzate with nitric acid (homogeneous), and (ii) hydrolysis of
a titanium alkoxide and peptization of the resulting hydrolyzate with aqueous
zirconium (IV) nitrate solution (heterogeneous). It was found that, in the
homogeneous colloids, the zirconia is segregated within the matrix of the
titania crystallites (on �1nm scale), whereas, in the heterogeneous colloids,
the zirconia is segregated on the surface of the titania crystallites (on
�10nm scale) (77). Anderson and coworkers employed yet another approach
called the sol-gel processing approach in which the titania and zirconia sols
were prepared separately prior to combining (57). The individual sols were
stirred continuously for 3 days until peptization was complete, after which
the two sols were combined and dialyzed further to obtain TiO2/ZrO2

thin films. The citric acid complexing route was employed by Yu et al.
(58) wherein the precursor (TiCl4þ ZrCl4þ citric acidþHCl) mixture was
sonicated to produce the Ti12xZrxO2 solid solution.

The ALD techniques are closely related to the CVD method. In ALD, a
binary CVD reaction is divided into two separate self-limiting half-reactions.
The ALD is achieved by repeating these two self-limiting reactions in an
ABAB . . . sequence. The ALD method was utilized to obtain the atomic layer
controlled growth of conformal TiO2/ZrO2 thin films (75). As shown in Fig. 2,
the transmission electron microscopy (TEM) image of the ZrO2 particles
coated by TiO2 ALD reveal ultra thin and conformal TiO2 coatings on the
ZrO2 particles. The ultra thin TiO2 coatings will be useful in altering the
surface of the ZrO2 particles, while allowing the particles to maintain their
bulk ZrO2 properties (75). A high-energy mechanical milling procedure was
also employed to prepare a TiO2-ZrO2 (1 : 10mol%) mixed oxide (79). As far
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as the solid-state synthesis and high-energy milling are concerned, these type
of synthesis procedures normally lead to the preparation of ceramics, which, by
the way is a field where stabilized zirconia are largely employed (79). Ceramic
materials feature a high degree of densification and, therefore, sintering, which
is exactly the opposite of what the desirable property is for catalytic appli-
cations. Hence, materials obtained by these synthetic routes are not
recommended for catalytic applications.

Very recently a ZrTiO4 compound was prepared directly by adopting a
microwave-assisted combustion synthesis route, wherein the principles of
propellant chemistry were utilized (80), with the requisite quantities of in situ
generated titanyl nitrate and zirconyl nitrate as the precursors (74). Mesoporous
large-pore ZrTiO4 with semicrystalline framework was synthesized using
amphiphilic poly(alkylene oxide) block copolymers as structure-directing
agents in nonaqueous solutions by Yang et al. (81). A family of various binary
oxide compositions including titania-zirconia with a hierarchically bimodal
mesoporous-macroporous structure, which exhibit high surface areas and
large pore volumes, were reported by Yuan et al. (82) recently. A polymer gel
templating technique was employed to make porous metal oxide networks of

Figure 2: The TEM image of ZrO2 particles coated by TiO2 ALD after 40AB cycles at 600K. The
ZrO2 particles are crystalline and the TiO2 ALD coating is fairly amorphous. (From Ref. 75.)
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TiO2/ZrO2 (64). The photocatalytic efficiency of these oxides for photodecomposi-
tion of salicylic acid and 2-chlorophenol was found to be high (64). The wide-pore
ZrO2-TiO2 mixed oxides were also synthesized by a low temperature sol-gel
method followed by solvo-thermal treatment, and these materials were found
to be highly promising for hydrotreating applications (31).

Due to lack of generally recognized criterion for the detection of homo-
geneity of mixed oxides, a comparison of different synthesis routes is not
easy. In fact the low calcination temperatures often employed to obtain a
high surface area sample, do not allow unambiguous detection of a single-
phase product. Generally speaking, the sol-gel synthesis by controlled
hydrolysis of alkoxides or similar precursors are considered to be a suitable
method leading to a high degree of homogeneity. The underlying idea is that
the preparation of gel or gel-like precursor should lead to a homogeneous
dispersion at molecular level of Ti and Zr species, which upon calcination
will lead to intimately formed mixed oxides.

3. STRUCTURAL CHARACTERISTICS

3.1 TiO2-ZrO2 Mixed Oxides
A wide range of techniques [X-ray diffraction (XRD), diffuse reflectance

infared Fourier transform spectroscopy (DRIFTS), differential thermal
analysis/thermo gravimetric analysis (DTA/TGA), temperature programmed
desorption/reduction (TPD/TPR), Fourier transform infared (FTIR), Raman
spectroscopy (RS), electron spin resonance (ESR), solid-state nuclear
magnetic resonance (NMR), X-ray photoelectron spectroscopy (XPS), scanning
electron microscopy (SEM), transmission electron microscopy (TEM), etc.]
were described in the literature to characterize TiO2-ZrO2 and metal or metal--
oxide impregnated TiO2-ZrO2 mixed oxides (8–10, 16, 17, 24, 32, 34, 44, 70–75,
83–96). As described earlier, the titania-zirconia mixed oxides are most
commonly obtained by calcining the Ti(OH)4-Zr(OH)4 hydroxide gels derived
through the precipitation of the corresponding precursor salt solutions. As
shown in Fig. 3, the X-ray powder diffraction pattern of a low-temperature
calcined sample reveal that it is in an X-ray amorphous state. Upon high
temperature treatment, prominent diffraction lines due to the zirconium
titanate (ZrTiO4) phase are mainly manifested (8–10, 13). Wang and coworkers
(8–10), from the X-ray diffraction study of TiO2-ZrO2 samples having different
compositions and calcined at 623K, reported that the TiO2-ZrO2 mixed oxide
becomes amorphous if neither the content of TiO2 nor ZrO2 are less than 25%.
The TiO2-ZrO2 was amorphous when it was calcined at a temperature below
623K and the crystalline ZrTiO4 was noted beyond 723K. The crystallinity of
the ZrTiO4 increased with increasing calcination temperature up to 1173K.
However, some TiO2-rutile phase was separated out from ZrTiO4 when the
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calcination temperature exceeded 1123K. Noguchi and Mizuno (97) reported
that monoclinic and tetragonal ZrO2 could be formed by the decomposition of
ZrTiO4 when it was quenched from 2673K to 2373K. Navio et al. (71), who
employed a modified sol-gel procedure, reported the formation of ZrTiO4

phase at 923K. Tajima et al. (53) also investigated the XRD patterns of
various TiO2-ZrO2 binary oxides having different compositions. An amorphous
phase was observed for TZ-55/45 composition and the crystalline ZrTiO4 for
TZ-58/42. The TZ-70/30, TZ-82/18, and TZ-90/10 compositions were
mixtures of ZrTiO4 and the anatase-type TiO2 crystals (53).

The ZrTiO4 compound formation was discovered long back while studying
phase equilibria in the ZrO2 and TiO2 systems (98–101). The ZrTiO4 was
obtained by solid state reaction between equimolar mixtures of these oxides
at high temperatures. It is a stable compound in the phase diagram of TiO2

and ZrO2. The ZrTiO4 compound belongs to the space group Pbcn and has an
orthorhombic structure (a-PbO2) with complete disorder of the Zr4þ and Ti4þ

ions on the metal sites (101, 102). The crystal structure consists of an
edge shared metal-oxygen octahedra [MO6], which is quite distorted. The
ZrTiO4 also fulfils the necessary conditions for determination of the homo-
geneity of the gel precursors from its crystallization behavior. When a high
homogeneity level is not achieved, crystallization of the TiO2 is observed
before the crystallization into the ZrTiO4 below 973K (8–10).

In comparison to single oxides (TiO2, S.A ¼ 20–200m2 g21; ZrO2, S.A ¼

30–160m2 g21), the composite oxides (TiO2-ZrO2, S.A ¼ 85–430m2 g21)

Figure 3: X-ray powder diffraction patterns of TiO2-ZrO2 calcined at various temperatures: (4)
lines due to ZrTiO4. (From Ref. 70.)
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exhibit high surface area, strong surface acidity, and high thermal and mecha-
nical strength. Since titanium and zirconium belong to the same group (IVB),
they are expected to have similar physicochemical properties. When their
oxides are precipitated together, the mutual interaction between them is
expected to be profound, which inhibits their individual crystallization. The
observed significant changes in the specific surface area, acidity, basicity, and
catalytic activity could be due to this strong mutual interaction. With the
addition of zirconia to titania, the surface area of the mixed oxide increases
sharply and reaches a maximum value for the mixed oxide having a Ti and
Zrmolar ratio of 1 : 1. The addition is also known to influence the crystallization
pattern of both the oxides. In fact, they crystallize at higher temperatures
when compared to that of single oxides (8–10, 16, 17, 88, 89).

Figure 4: The AFM images of pure and composite TiO2 films. (From Ref. 59.)
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The surface morphology and average surface roughness of TiO2/ZrO2 films
were characterized by atomic force microscopy (AFM) (59). The AFM images
presented in Fig. 4 revealed that the surface morphology of the composite
film is very different from that of pure TiO2 film. The crystallite size of the
composite film is much smaller than that of pure TiO2 film, which indicates
that the introduction of intermediate layers suppresses the crystallite
growth of TiO2. As a result, nanometer films with smaller crystallite size are
easily obtained. In addition, the average surface roughness of pure TiO2 film
is 1.487 nm, while that of composite film is 3.313nm. The greater roughness
is due to the discrepancy of the crystal lattices between ZrxTi12xO2 and
TiO2 (59).

3.2 Acid-Base Properties
The acid-base properties of oxide catalysts are very important for the

development of scientific criteria in catalytic applications. The conversion
and selectivity of a reaction not only depends on the nature of active sites,
but also on their strength and number. Tanabe and co-workers investigated
the acid-base properties of several binary metal oxides (103–106). Their
study sought to develop a theoretical basis for the generation of acidity in
various binary oxides, which is nonexistent in the constituent single oxides.
A fairly good correlation was demonstrated between the observed highest
acid strengths and the average electronegativities of metal ions of the binary
oxides (103–106). In the literature various models also have been attempted
to predict the formation of new acid sites in various mixed oxides. However,
in view of their wider acceptability, Tanabe’s and Kung’s models have
received much more attention in the literature (1, 103–107).

Tanabe’s model applies to dilute mixed oxides where a small amount of a
second oxide is incorporated into the first oxide by cation substitution. This
model assumes that the generation of new acid sites is caused by an excess
of negative or positive charge in a model structure of the binary oxide. The
model structure constructed is as follows: (i) the coordination number of a
cation of the component oxide is maintained in the binary oxide, and (ii) the
coordination number of the oxygen ion in the binary oxide is the same as in
the major component oxide. This model has been applied to many binary
oxides including TiO2-ZrO2. The TiO2-ZrO2 binary oxide has shown affirmative
results. The high success rate makes this model highly useful, although it is
limited by the assumptions used. One limitation is the need to have a unique
coordination number, which may be difficult to decide in systems of low
symmetry. Another limitation is the use of formal oxidation states, which
may be quite different from the real charge. Since electron deficiency at a
site refers to real charge at the site, the use of formal oxidation states may
not be accurate. Finally, the model cannot predict acid strength. However,
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there appears to be a rough correlation between electronegativity of the cations
and the strength of acid sites in many mixed oxides (103, 106).

Another model proposed by Kung takes a rather different approach
(1, 107). In Tanabe’s model, charge compensation at the substituting ion site
by neighboring oxygen ions is important. In Kung’s model, a change in electro-
static potential experienced by the substituting cation due to all the ions in the
matrix oxide is important. Thus, Tanabe’s model is a localized one, and Kung’s
model is a delocalized one. In Kung’s model (1, 107), the difference DV between
the electrostatic potentials experienced by a cation A in a matrix BOz and in
AOy is given by:

DV ¼ Siðqi=riÞBO � Siðqi=riÞAO ð4Þ

where qi is the charge of the ion at a distance, ri, from the cation A. The sub-
scripts BO and AO denote the matrices BOz and AOy, respectively. When DV
is negative, cation A in the matrix BOz experiences a more negative potential
than in AOy. It will be electrostatically more stable. Therefore, the electron
energy levels of cation A are lower in energy in the matrix BOz and the cation
can accept electrons more readily. It will act as a new Lewis acid site. When
DV is positive, A is less readily accepting electrons in matrix BOz than it is in
matrix AOy. No new Lewis acid site is generated at the substituting A cation.

The interaction between the two oxides results in a significantly greater
surface acidity than that of the single component oxides. As shown in Fig. 5,
the single oxides TiO2 and ZrO2 exhibit less surface acidity, as measured by

Figure 5: Surface area and acidity of TiO2-ZrO2 at various compositions; (W), surface area;
(5), acid strength H0 � þ 4.8; (A), acid strength H0 � 2 3.0. (From Ref. 8.)
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Hammett indicators, while the mixed oxides possess various degrees of
increased surface acidity, with the maximum occurring at about 50wt.% TiO2

(TiO2/ZrO2 ¼ 1/1) (8). These findings are consistent with the model of Tanabe
(104) where new acid sites are associated with Ti–O–Zr linkages. It is also
quite possible that as the transition metal oxide particle size decreases, the
number of surface oxygen anion vacancies increases, hence new and stronger
acid sites are created, with the particles of smallest diameter having the stron-
gest acidity (8). The TiO2-ZrO2 mixed oxides can be thought of as a mixture of
relatively small particles contributing acidity from anion vacancies, in
addition to the surface acidity arising from interactions postulated by Tanabe.

The acid-base characteristics of TiO2-ZrO2 and the corresponding variously
promoted samples were extensively investigated using different test reactions
(8–10, 103, 108), such as TPD (14, 109), in-situ FTIR (44, 45, 47), and other
techniques (41, 45). Nearly two decades ago, Tanabe and co-workers (103)
investigated the acidic properties of several binary oxides by n-butylamine
titration with various acid-base indicators. A fairly good correlation was
demonstrated between the observed highest acid strengths and the average
electronegativities of metal ions in the binary oxides. The surface acid-base
properties of TiO2-ZrO2 were measured by a calorimetric titration method
using n-butylamine and trichloroacetic acid as titrating base and acid, respecti-
vely (110). The acid amount and acid strength of TiO2-ZrO2 (1 : 1 molar ratio)
were observed to be the largest and highest. Microcalorimetry is another excel-
lent technique employed to obtain information on the acid-base properties of
various catalysts by measuring differential molar enthalpy of adsorption
using different adsorbents such as ammonia, pyridine, n-butylamine, CO2,
and SO2 (111). The surface acidic properties of B2O3/TiO2, B2O3/ZrO2, and
B2O3/TiO2-ZrO2 catalysts were examined by NH3-TPD (14). The temperature
programmed desorption profiles revealed that the acid strength of the catalysts
increases with an increase in zirconia content in the mixed oxide, as was indi-
cated by a continuous shift of the desorption peak of the maximum height to
higher desorption temperatures. The TiO2-ZrO2 mixed oxide has much
higher acidity and basicity than do the parent oxides, TiO2 and ZrO2

(14, 109). As can be noted from Table 2, the number of acid sites as determined

Table 2: Ammonia adsorption on TiO2, ZrO2 and
TiO2-ZrO2 mixed oxides (20).

Catalysts mmole NH3/g

TiO2 173
TiO2-ZrO2 (90–10) 1326
TiO2-ZrO2 (50–50) 1456
TiO2-ZrO2 (10–90) 1226
ZrO2 138
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by NH3-TPD increased dramatically in the case of TiO2-ZrO2 mixed oxides (20).
To demonstrate the catalytic function of acidic and basic sites on TiO2-ZrO2,
K2O and H3BO3 were introduced by the wet impregnation method by Fung
and Wang (108). It was concluded from their systematic studies that both
K2O and B2O3 poisons the active sites of the TiO2-ZrO2 catalysts. The thermo-
gravimetric analysis (TGA) studies suggested that doping with K2O decreases
the acid amount while B2O3 decreases the base amount at the solid surfaces.
Fung and Wang further proposed that the number of acid and base sites on
TiO2-ZrO2 could be adjusted by doping with small amounts of K2O and B2O3

(109). Quantification of the changes in acid-base amounts and their respective
strengths were investigated by ammonia and acetic acid TPD measurements
(109). Doping with 0.5–2.0wt.% B2O3 did not change the base strength, but
it decreased the base amount. Doping with 0.5–2.0wt.% K2O lead to a
decrease of both acid amount and its strength (109).

3.3 Metals Supported on TiO2-ZrO2

Various metals (Pt, Ag, In, etc) deposited over TiO2-ZrO2 were employed for
different catalytic applications such as hydrogenation, soot oxidation, and
deNOx process (Table 1). Supported metals generally exhibit strong tendency
for chemisorption of H2, O2, CO, and light hydrocarbons. Therefore, these cata-
lysts are often employed for hydrogenation-dehydrogenation reactions and
several other reactions involving hydrocarbons or CO. It is an established
fact in the literature that the dispersion of a metal over a support is generally
determined by the amount of H2 or CO chemisorbed (112). The degree/extent of
metal dispersion is defined as the ratio of surface metal atoms to the total metal
atoms in the catalyst. The higher the dispersion, the higher the efficiency. The
uptake of hydrogen could be significantly affected by altering the prereduction
temperature. At higher reduction temperatures the dispersed metal particles
agglomerate, thus suppressing the uptake of hydrogen. Although restoring
the uptake of hydrogen through the irreversible sintering process is difficult,
different behaviors are observed for reducible (TiO2) and nonreducible oxides
(Al2O3 and SiO2) (112–114). The uptake of hydrogen on Pt/TiO2 could be
restored by reoxidation followed by low-temperature reduction. This pheno-
menon, including geometric and electronic effects, has been extensively
investigated. Nevertheless, most of the time no clear distinction between the
electronic effects and the geometric effects is accomplished and they are
together labeled as strong metal support interaction (SMSI) (67, 68). The
SMSI effect suppresses the hydrogen chemisorption capacity and reduces
the catalytic activity of the metal in reactions such as the hydrogenation
of hydrocarbons. Lu et al. (28) investigated the electronic effect of Pt on
TiO2-ZrO2 binary oxide with various Ti/Zr ratios, without disturbing geo-
metric effect. Significant interaction between the dispersed Pt metal and
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the TiO2-ZrO2 support was observed. Addition of ZrO2 to TiO2 prevents the
migration of TiO2 onto the metal surface, thereby maximally reducing the
geometric effect. For Pt/TiO2-ZrO2 (1 : 1), the relative hydrogen uptake did
not fall significantly after high temperature reduction since ZrO2 is very
stable and prevents the migration of TiOx fragments. In this situation it was
assumed that there is no loss in the number of metallic active sites (AM) as
well as metal-oxide interfacial sites (AS). However, the drop in the relative
reaction rate was obviously greater than the fall in the relative hydrogen
uptake, implying that the electronic interaction between the support and the
metal is strong, which pulls the electrons from metal to the oxide. It would
retard the rate of spillover of hydrogen atoms. The diffusion of hydrogen
atoms from the platinum particles to the surrounding support surface during
the formation of protons and reduced titanium ions is related to the so-called
spillover phenomenon. Some studies have concluded that the concentration
of oxygen atoms (or hydroxyl groups) on the support surface affect the rate of
hydrogen spillover. The higher concentration of oxygen atoms implies a
higher rate of hydrogen spillover. The change in the surface structure of
TiO2-ZrO2 during reduction treatment by H2, proposed by Wu and coworkers
(8, 9) is as follows:

According to them, some oxygen atoms are removed by deep reduction.
However, acidity and basicity of TiO2-ZrO2 (1 : 1) did not change significantly
after reduction. Therefore, the adsorptivity of the aromatic reactant should
not decrease and, thereby, lead to a decline in reactivity. Consequently, the
loss of reactivity of high-temperature reduced Pt/TiO2-ZrO2 (1 : 1) was reason-
ably explained by the slowdown of hydrogen spillover, originating from the
removal of oxygen atoms on the surface of the oxide support. The concentration
of oxygen atoms decreases as the concentration of ZrO2 increases because the
structure of TiO2-ZrO2 is such that each oxygen atom is accompanied by a Ti
atom.

The Pt/TiO2-ZrO2 combination catalysts were also reported to be effective
in promoting the low temperature NOx-H2 reaction in the presence of excess O2

(43). The high NO-H2 selectivity was primarily a result of oxidative adsorption
of NO as nitrate, which completely covers the Pt surface to interfere with H2-O2

combustion at lower temperatures. The NO conversion to N2/N2O was also
found to be very sensitive to the pretreatment, i.e., a reduced catalyst exhibited
much higher activity than did an oxidized catalyst. The effect of pretreatment
is consistent with the reactivity of nitrate formed on the Pt surface toward H2.
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When silver was incorporated into the TiO2-ZrO2, the NO reduction
activity by propene enhanced drastically (44, 45). The silver additive effect
was explained by the assumption that silver promotes the reaction of NO2

with propene, which is the initial rate-determining step, to form a partially
oxidized hydrocarbon. The presence of water vapor suppressed the catalytic
activity of Ag/TiO2-ZrO2 for NO reduction by propane due to the formation
of oxygenated intermediates (45). On the other hand, when propene was
replaced by other oxygenated compounds like 2-propanol and acetone, the
Ag/TiO2-ZrO2 showed an excellent catalytic performance for NO reduction
(45). In contrast, the presence of water vapor promoted NO reduction
activity. It was presumed that water vapor accelerates the selective reduction
of NO by suppressing the undesirable oxidation of the reductants by O2. The
reaction mechanism of NO reduction by propene in the presence of oxygen
over Ag/TiO2-ZrO2 was studied by means of in-situ Fourier transform
infrared, combined with catalytic activity studies (44). According to the mech-
anism, the organic nitro- and nitrite compounds formed initially on the
TiO2-ZrO2 support are converted on Ag sites to isocyanate, which is then
reduced to N2 by reaction with NO2. In a systematic study, Haneda and
coworkers investigated a 5wt.% Ag/TiO2-ZrO2 sample by TEM technique to
estimate the particle size of silver (45). They found that silver is well dispersed
on the TiO2-ZrO2 surface with a particle size range of ca. 50–100nm.

3.4 Metal Oxides Supported on TiO2-ZrO2

The influence of dispersed vanadium oxide on thermal stability, physico-
chemical, and catalytic properties of titania-zirconia binary oxides was
extensively investigated using different techniques by Reddy et al.
(16, 17, 70, 85–89) and others (18). Vanadium oxide is known to accelerate
the phase transformation of TiO2-anatase (A) into rutile (R) in V2O5/TiO2 cata-
lysts and also results in the formation of VxTi12xO2 solid solutions at 623K and
above treatment temperatures (115, 116). However, in the case of TiO2-based
mixed oxides (TiO2-SiO2 and TiO2-ZrO2) the crystallization and phase trans-
formation of anatase to rutile ceased to a certain extent due to the formation
of Td and Oh Ti-sites (117, 118). Also a selective formation of ZrV2O7

compound was observed in the case of V2O5/TiO2-ZrO2 samples when
calcined at higher temperatures due to a strong interaction between the dis-
persed vanadium oxide and the ZrO2 portion of the mixed oxide. The ZrV2O7

formation was accompanied by a TiO2-rutile phase that is released from the
binary oxide (88, 89). In particular, the solid state 51V and 1H MAS NMR
studies provided strong evidence about the formation of dispersed and crystal-
line vanadium oxide phases over the TiO2-ZrO2 support as a function of V2O5

loading (1–16wt.%) and also the interaction of the dispersed vanadium oxide
with support though the support surface hydroxyl groups (16, 89). The solid
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state 51V NMR spectra of the samples as presented in Figs. 6 and 7 revealed the
existence of two types of dispersed surface vanadium oxide complexes in a
tetrahedral oxygen environment at lower vanadium loadings and a three-
dimensional crystalline V2O5 in a distorted octahedral environment at higher
vanadium contents and their distribution was highly sensitive to the evacua-
tion treatment (adsorbed water). The proton 1H MAS NMR results provided
evidence for the existence of metal-oxide support-oxide interaction through
the support surface hydroxyl groups (89). Park et al. (90) also reported the
solid state 51V NMR spectra of the vanadium oxide supported on TiO2-ZrO2.
Their investigations revealed that the impregnated vanadium oxide was in a
highly dispersed state for the samples containing below 25wt.% V2O5.
However, for the samples containing more than 25wt.%, the vanadium oxide
was in a well-crystallized form due to an excess loading of more thanmonolayer
coverage of the TiO2-ZrO2 support. The formation ZrV2O7 compound was noted
at 773–973K and V3Ti6O7 at 973–1073K due to the reaction of dispersed

Figure 6: Solid-state 51V NMR spectra of V2O5/TiO2-ZrO2 catalysts. Spectra were obtained
without evacuation of the samples. Reproduced from Ref. 89 with permission from ACS.

B. M. Reddy and A. Khan274



vanadium oxide with ZrO2 and TiO2, respectively. The formed V3Ti6O7

compound was decomposed into V2O5 and TiO2 at 1173K as confirmed from
FTIR and 51V NMR measurements. The IR spectroscopic studies of ammonia
adsorption on V2O5/TiO2-ZrO2 catalysts revealed the presence of both Lewis
and Brönsted acid sites (90). Therefore, the V2O5/TiO2-ZrO2 catalysts were
employed for both Lewis and Brönsted acid-catalyzed reactions. The TEM-
energy-dispersive spectrometer (EDX) techniques were utilized to understand
the nanostructural evolution of TiO2-ZrO2 and V2O5/TiO2-ZrO2 samples
calcined at various temperatures (85). The TiO2-ZrO2 binary oxide, when
calcined at 773K, was in a poorly crystalline state and its crystallinity
increased with increasing calcination temperature. A layer structure with a
lattice spacing of 2.87 Å due to the (111) plane of the ZrTiO4 compound was
clearly noted, indicating its formation at higher temperatures. The V2O5/

TiO2-ZrO2 sample calcined at 773K showed heterogeneity in the distribution
of vanadium oxide particles on the surface. Two regions, one with a highly

Figure 7: Solid-state 51V NMR spectra of V2O5/TiO2-ZrO2 catalysts obtained after evacuation
of the samples at 523K for 2 h. Reproduced from Ref. 89 with permission from ACS.

Recent Advances on TiO2-ZrO2 Mixed Oxides 275



dispersed vanadium oxide and the other one with an isolated V2O5, were ident-
ified. The same catalyst, when treated at 873K and above, showed more
surface heterogeneity. Three regions were observed for the V2O5/TiO2-ZrO2

sample calcined at 1073K as shown in Fig. 8. The corresponding EDX
analysis presented in Fig. 9 revealed that the compositions of these regions
are different. In one region Ti and Zr predominate with equal distribution
and in another region the titanium was abundant. The third region was domi-
nated by zirconium oxide along with vanadium oxide. These observations
clearly indicated that the formation of ZrTiO4 and ZrV2O7 compounds along
with TiO2 as established from X-ray diffraction (XRD) and other techniques
(83, 88, 89). Chang and Wang reported that the incorporation of V2O5 into
TiO2-ZrO2 not only induces the formation of crystalline ZrTiO4 at lower temp-
eratures, but also enhances its crystallinity (11). Moreover, the higher acidity of
ternary oxides with a V2O5 molar ratio above 0.25 was proposed to be due to a
phase separation between V2O5 and ZrTiO4.

The DRIFT spectra of out gassed V2O5/TiO2-ZrO2 catalysts in the skeletal
region 1400–400 cm21 were investigated by Lakshmi et al. (18). The observed
bands at 1020 and 860 cm21 were attributed to the stretching vibrations of
V55O and V–O–V bonds, respectively. At lower vanadia loadings, due to the
overlap with the broad IR bands, vibrations corresponding to the surface
vanadia species were not observed. The information pertaining to the
presence of monolayers and multilayers of vanadia on the support surface
were achieved from IR overtone absorptions. In the case of V2O5/TiO2-ZrO2

catalysts the over tones observed at 2010 and 1972 cm21 correspond to the
V2O5 agglomerates. The DRIFT studies were in perfect agreement with 51V
NMR studies suggesting the presence of V2O5 clusters for high vanadium
containing samples (18).

Figure 8: The TEM micrographs of V2O5/TiO2-ZrO2 catalyst calcined at 1073K at different
regions. Reproduced from Ref. 85 with permission from ACS.
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Raman spectroscopy technique is more sensitive to short-range order than
is X-ray diffraction, and it can provide information on the intermediate
crystallization of anatase or rutile as well as monoclinic zirconia before that
of TiZrO4. Knözinger and coworkers (34) have thoroughly investigated
using Raman spectroscopy the structural characteristics of MoO3/TiO2,
MoO3/ZrO2, and MoO3/TiO2-ZrO2 catalysts obtained by both conventional
wet impregnation and nonconventional solid-solid wetting methods. The
Raman spectrum of the TiO2-ZrO2 sample calcined at 823K, as shown in
Fig. 10, contained broad bands at 144, 365, 585, and 764 cm21 presumably
due to the characteristic bands of an amorphous material. The Raman
measurements revealed, for all samples after treatment with moist oxygen,
that the surface structures of MoO3 are very similar to the structures of
the catalysts prepared by incipient wetness impregnation method indicating
a monolayer dispersion of molybdenum oxide on these supports. The structure
of the dispersed species was identified as a polymeric surface molybdate
species comparable to the hepta- or octa-molybdate anions. The nature of
the surface molybdate species was independent of the preparation method.
Dispersion starts during intense mixing, but thermal treatment is necessary
to facilitate and finish the process. Raman spectra of TiO2-ZrO2 and SO4

22/

TiO2-ZrO2 were investigated by Lai et al. (55). In the case of TiO2-ZrO2

sample, characteristic bands were observed at 170, 306, 338, 420, 519, 634,
and 800 cm21, which are fairly in agreement with the Raman spectra of
TiZrO4 sample as reported by Andrianainarivelo et al. (72). The Raman
spectra of the sulfated TiO2-ZrO2 samples were similar to those of non-
sulfated samples, however, with increasing sulfuric acid strength significant
changes in the spectra were observed with additional peaks pertaining to
TiOSO4 (55).

Figure 9: The EDX patterns of V2O5/TiO2-ZrO2 catalyst calcined at 1073K corresponding
to the TEM micrographs in Fig. 6. Reproduced from Ref. 85 with permission from ACS.
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The influence of MoO3, WOx, and SO4
22 on the physicochemical and

catalytic properties of TiO2-ZrO2 were investigated by Reddy et al.
(38, 39, 83, 84, 86, 119) and others (34, 37, 41, 42, 52, 54, 55). The XRD
results revealed that up to monolayer coverage (�12wt.%), the impregnated
molybdenum oxide was in a highly dispersed form when calcined at 773K
(no characteristic peaks due to MoO3). Only broad diffraction patterns due to
amorphous ZrTiO4 were observed (86). Oxygen chemisorption measurements
performed under static conditions at low (195K) and high (640K) temperatures
also revealed that the deposited MoO3 was in a highly dispersed state (17).
However, at higher calcination temperatures, beyond 873K, the XRD peaks
pertaining to ZrMo2O8 whose crystallinity also increased with increasing calci-
nation temperature were observed. The XRD investigations revealed interest-
ing information about the reactivity of dispersed vanadia and molybdena
towards the ZrTiO4 compound. It was found that the dispersed molybdena
reacts preferably with the ZrO2 portion of the ZrTiO4 compound and forms
a crystalline ZrMo2O8 phase. The corresponding TiO2 from the TiO2-ZrO2

mixed oxide appears as crystalline anatase or rutile phase as shown in
Eq. (5) (34, 83, 86):

ZrTiO4 þ 2MoO3 �! ZrMo2O8 þ TiO2ðA=RÞ ð5Þ

Figure 10: Laser Raman spectra of TiO2-ZrO2 calcined at 823K. (From Ref. 34.)
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However, the analogous reaction between dispersed vanadia and ZrTiO4

resulted in the formation of ZrV2O7 and TiO2-rutile phase as presented in
Eq. (6.)

ZrTiO4 þ V2O5 �! ZrV2O7 þ TiO2ðRÞ ð6Þ

In the case of sulfate-ion impregnated TiO2-ZrO2 samples, in addition to
TiZrO4 a few extra lines due to the formation of Ti2(SO4)3 and Zr(SO4)2 com-
pounds were observed (38, 119). The formation of Zr(WO4)2 compound in
addition to ZrTiO4 was noted in the case of tungsten oxide–promoted catalysts
(38, 119). Treatment of TiO2-ZrO2-mixed oxides with both sulfuric acid and
aqueous ammonium sulfate led to a decrease in the specific surface areas.
When acid of high concentration was employed, it penetrated into the bulk of
the mixed oxides, thereby forming TiOSO4. Thus a dissolution and recrystalli-
zation of different solid phases during the pretreatment were observed. This
process was thought to be responsible for the diminution in the surface area
of the treated samples. However, the addition of sulfate ions enhanced the
acidity and catalytic activity of the TiO2-ZrO2 mixed oxides. Hence, a change
in surface area simply cannot explain the change in activity of the mixed
oxides. The sulfated TiO2-ZrO2 mixed oxide was found to be very active and
selective towards the decomposition of dichlorodifluoromethane into carbon
dioxide as elaborated in the next section of this paper.

The relative influence of MoOx, WOx, and SO4
22 on the surface properties of

TiO2-ZrO2 was investigated by XPS technique (119). The XPS binding energies
of Zr 2p3/2 and Ti 2p3/2 peaks were shifted towards higher energies for the
sulfated samples. Apparently, the inductive effect of impregnated SO4

22 ions
enhances acidity at the metal sites causing them to exhibit superacidity. This
superacidity is of the Lewis type. However, in the presence of water, the
catalyst surface gets hydroxylated and exhibits Brönsted acidity. The
enhanced positive charge on the metal center also induces high acid strength
to the nearby Brönsted acid sites (38, 119). The mixed oxides with M–O–M1

bonds were found to be acidic in nature due to the charge imbalance of the
metal ions. The relative dispersion and nature of the dispersed molybdenum
oxide on various mixed oxides, namely TiO2-SiO2, TiO2-Al2O3, TiO2-ZrO2,
and SiO2-TiO2-ZrO2 were systematically investigated by X-ray photoelectron
spectrometry and other techniques by Reddy et al. (83). These studies
revealed that at low loadings molybdena reacts strongly by forming bi-
dentate species as shown in Fig. 11 with a pair of adjacent surface hydroxyl
groups of the support. However, at higher loadings (above monolayer
coverage) multilayer and three-dimensional growth of molybdate crystals
were postulated in line with the literature reports (120, 121). Thus various
characterization results revealed that the TiO2-ZrO2 mixed oxide is highly
promising for the dispersion of various transition metal oxides and sulfate
ions for exploiting them for different catalytic applications.
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4. CATALYTIC APPLICATIONS

4.1 Dehydrogenation
The catalytic dehydrogenation of ethylbenzene is of industrial importance

in the manufacture of styrene. The feasibility of carrying out this reaction over
TiO2-ZrO2 was first reported in 1963 (122). Wang and coworkers have exten-
sively studied various dehydrogenation reactions over TiO2-ZrO2 mixed
oxides (8–10). In their work, a series of TiO2-ZrO2 catalysts with different
molar ratios were evaluated for the oxidative dehydrogenation of ethylbenzene
and ethylcyclohexane. A good correlation was observed between the activity
and the surface acid–base properties of the catalysts. A high catalytic
activity was noted when the two components, TiO2 and ZrO2, were present
at a compatible amount (equimolar ratio). The selectivity of styrene increased
monotonously with increase in TiO2 content. The activity was poisoned not only
by K2O but also by B2O3 indicating that the active sites involved are both acidic
and basic. The activity results strongly suggested that the TiO2-ZrO2 is an acid-
base bifunctional catalyst. Thus a concerted two-center mechanism was
proposed, wherein zirconium ion acts as a Lewis acid site and titanium ion
as a base site (8). This study was further extended by subjecting the TiO2-
ZrO2 (1 : 1) mixed oxides to high thermal treatments and the observed high
activity was attributed to the formation of ZrTiO4 phase (9). It was concluded
from their investigations that the formation of ZrTiO4 compound and an
increase in the amounts of acid-base sites are the major factors affecting the
catalytic activity towards styrene production. The TiO2 and ZrO2 alone are
impractical as catalysts for dehydrogenation of ethylbenzene. It was also

Figure 11: Schematic representation of dispersed molybdena bi-dentate species over
TiO2-ZrO2 support. (From Ref. 83.)
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further postulated that ethylbenzene and ethylcyclohexane are initially acti-
vated by the acid sites of the binary oxides and then undergo the dehydrogena-
tion reaction over the basic sites. The activities of both ethylbenzene and
ethylcyclohexane dehydrogenations were compared. The relatively stronger
acid sites, instead of the moderate ones, which are suitable for ethylbenzene
dehydrogenation, are required for ethylcyclohexane dehydrogenation too
(8–10).

Chang and Wang investigated the isomerization and dehydrogenation of
cyclohexane over TiO2-ZrO2-V2O5 ternary oxides prepared by the coprecipi-
tation method (11). The TiO2/ZrO2 (1 : 1) binary oxide alone was found to be
impractical for dehydrogenation of cyclohexane. However, the TiO2-ZrO2-
V2O5 ternary oxide was observed to be more effective and a maximum
activity was noted at a V2O5 molar ratio of 0.1. A speculative stepwise two-
center mechanism was proposed. The abstraction of a hydride ion by an acid
site to form cyclohexyl carbenium ion intermediate appears to be the slow
rate-determining step, whereas the removal of proton by basic sites is the
fast step. A relationship between the skeletal isomerization of hydrocarbons
and concentration of stronger acid sites of catalysts is a generally accepted
fact. To elucidate the role of acidic and basic sites in the dehydrogenation of
cyclohexane, K2O, and B2O3 were also incorporated into the TiO2-ZrO2-V2O5

catalysts by wet impregnation method. Based on these results, it was con-
cluded that the acidic sites of TiO2-ZrO2-V2O5 play an important role in the
dehydrogenation of cyclohexane (11).

Synthesis of isobutyraldehyde over V2O5/TiO2-ZrO2 mixed oxides from a
mixture of methanol and ethanol (mole ratio 2 : 1 without or with 50 % v/v
water) in one step was reported by Reddy et al. (21, 22). Isobutyraldehyde
and its derivatives (e.g., isobutanol, isobutyric acid, and neopentyl glycol) are
very useful chemical feedstocks in the plastic industry. Normally isobutyralde-
hyde is produced as a by-product in the OXO process (hydroformylation of
propene with CO and H2). However, this is an energy consuming process.
The single-step reaction between methanol and ethanol is an interesting
reaction from the point of view of ethanol utilization and is also a useful
alternative to the conventional hydroformylation process.

4.2 Decomposition of Chlorofluoro Carbons (CFCs)
Tajima et al. (53, 54) investigated the decomposition of chlorofluorocarbons

(CFC 113) in the presence of water over a variety of solid acid catalysts. The
TiO2-ZrO2 was found to exhibit its highest activity and longest life among
various catalysts examined. The catalytic activity of TiO2-ZrO2 also increased
with an increase in the content of TiO2. The mixed oxide containing 58 mole %
TiO2 exhibited highest activity. Interestingly, crystallinity of the TiZrO4 phase
was also maximum for the 58mole % TiO2-containing sample. Therefore, it was
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proposed that the crystallinity of TiZrO4 influences the catalytic activity of
decomposition of CFC 113 (1,1,2-Trichloro-1,2,2-trifluoroethane). However,
the catalyst was deactivated gradually due to the removal of Ti atoms from
the TiO2-ZrO2 binary oxide (confirmed with XPS). A good relationship was
observed between the activity and bond energy of C-Cl in the compounds of
chlorofluorocarbons and hydrochlorocarbons, suggesting that the rate-
controlling step is the cleavage of the C-Cl bond. To overcome the deactivation
crisis the same authors investigated the role of metal oxides on the TiO2-ZrO2

support. The tungsten oxide loaded TiO2-ZrO2 (W/TZ) was found to exhibit the
highest activity and longest life among various catalyst combinations
examined (V, Cr, Mn, Fe, Co, Ni, Mo, and Pd). The activity of W/TiO2-ZrO2

catalyst was also related to the amount of W loading. However, the decompo-
sition of CFC-113 over W/TiO2-ZrO2 produced an undesirable side
product, CO, in an amount equal to CO2. It was proved from other experiments
that a Pd/TiO2-ZrO2 catalyst selectively oxidizes CO to CO2. Therefore, a
combination catalyst obtained by mechanical mixing of Pd/TiO2-ZrO2 and
W/TiO2-ZrO2 was employed to decompose the CFC-113 to produce CO2

selectivity.
Catalytic hydrolysis of dichlorodifluoromethane (CFC-12) on unpromoted

and sulfate ion promoted TiO2-ZrO2 mixed oxide catalysts was investigated
by Lai et al. (52, 55). Sulfated catalysts exhibited enhanced activity and the
catalytic activity also increased with an increase in the acid strength of
impregnated sulfuric acid. The sulfated catalyst obtained by treatment with
96% sulfuric acid exhibited maximum activity, capable of complete conversion
of CFC-12 with 100% selectivity to CO2 at 553K. These authors further (52)
investigated the influence of gold nanoparticles on the sulfated TiO2-ZrO2

catalyst for CO oxidation during catalytic decomposition of chlorodifluoro-
methane (HCFC-22). The gold-promoted sulfated TiO2-ZrO2 catalyst was
found to be active for the oxidation of carbon monoxide at room temperature
in the presence of water vapor. However, the selectivity of the catalyst to
CO2 during the decomposition of HCFC-22 in the presence of water vapor
increased marginally. Apparently, the HF and HCl formed during the hydroly-
sis of HCFC-22 deactivate the gold nanoparticles. Therefore, it was concluded
that the addition of gold enhances the selectivity towards CO2 by a smaller
extent.

4.3a Epoxides to Alcohols
The isomerization of 1-methylcyclohexene oxide and cyclohexene oxide at

381K over TiO2-ZrO2 of various compositions predominantly provided allyl
alcohol with endo double bond 2-methyl-2-cyclohexene-1-ol and 2-cyclohexen-
1-ol, respectively (5, 6). The catalytic activity was correlated well with both
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the acidity and basicity of the catalysts. It is a known fact that acid sites are
active for the selective formation of ketone and basic sites are almost
inactive for the isomerization of 1-methylcyclohexene oxide or cyclohexene
oxide. Therefore, the formation of allyl alcohol over TiO2-ZrO2 indicates the
involvement of both acidic and basic sites. Hence, an acid-base bifunctional
mechanism was utilized to explain the previous phenomenon. Subsequently,
it was concluded that the epoxide is adsorbed on both acidic and basic sites
and allyl alcohol is formed when opening of both the epoxide ring and
hydrogen abstraction took place simultaneously, while ketone is formed
when the former precedes the latter. Tanabe et al. (7) also investigated the
rearrangement of 2-carene oxide over TiO2-ZrO2 (1 : 1) catalyst that resulted
in an allyl alcohol [cis-2, 8 (9)-p-menthadiene-1-ol].

4.3b Synthesis of 1-Caprolactam
The production of 1-caprolactam through Beckmann rearrangement of

cyclohexanone oxime is commercially viable, as it is the precursor to nylon-6.
Mao et al. (14, 15) investigated the previous reaction over various boria-
impregnated binary oxides. The performance of these catalysts was found to
be sensitive to the dispersion of boria and nature of the support. Supports
which exhibit both acidic and basic characteristics exhibited better catalytic
properties for this reaction. Among various catalysts investigated, the B2O3/

TiO2-ZrO2 exhibited better activity and selectivity for the rearrangement of
1-caprolactam. Among various TiO2-ZrO2 mixed oxides investigated, the one
having equimolar composition of TiO2 and ZrO2 exhibited highest activity.
Interestingly, the 1-caprolactam yield increased with increasing boria loading
up to 12 wt.%. Both pore size distribution and acid strength of B2O3/TiO2-
ZrO2 catalysts were thought to play an important role in the selective for-
mation of the lactam. Conversion of oxime also increased with increase in
the reaction temperature, however, up to 573K. The acid sites of medium
strength on the surface of the B2O3/TiO2-ZrO2 catalyst play an important
role in the selective formation of the lactam. As discussed earlier, the TiO2-
ZrO2 mixed oxide possesses both acidic and basic sites. Supporting boria
over TiO2-ZrO2 reduces the basic sites in the system and, thereby, brings the
conversion of oxime into lactam (14, 15).

4.4a Partial Oxidation
Partial oxidation of methanol and ethanol over TiO2-ZrO2 and V2O5/TiO2-

ZrO2 catalysts was investigated by Reddy et al. (16, 17) and Lakshmi et al. (18),
respectively. Lakshmi et al. (18) evaluated the catalytic properties of various
mixed oxide–supported vanadium oxide catalysts for the model reaction–
ethanol partial oxidation. It was observed that the ethanol partial oxidation
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rates of various catalysts increased with increase in reaction temperature.
Further, the partial oxidation rates of V/TiO2-SiO2, V/TiO2-Al2O3, and
V/TiO2-ZrO2 catalysts were not much different from one another indicating
that a similar kind of reactivity exists in all three series of catalysts. The
overlap of reaction rates in each series of catalysts was attributed to the
structure-insensitive nature of ethanol partial oxidation. With in the V/TiO2-
ZrO2 series of catalysts, the reaction rates were in the order of V/TiO2 .

V/ZrO2 ¼ V/TiO2-ZrO2. A total selectivity to acetaldehyde was observed only
at low reaction temperatures. This study indicated that certain optimum
vanadia loading is required for the best catalytic activity (18). Partial oxidation
of methanol to formaldehyde was selected as a probe reaction by Reddy et al.
(16, 17) for evaluating the relative reactivities of various V2O5/TiO2-ZrO2 cat-
alysts. These studies were carried out at low temperatures (�448K) in order to
minimize the formation of high-order products such as dimethoxy methane,
methyl formate, etc. The conversion of methanol increased with vanadia
loading up to 12wt.% V2O5. This study further established a direct relationship
between oxygen uptake capacity (a measure of vanadia dispersion) and total
conversion of methanol at all vanadia loadings (16). Feil et al. (123) and
Chung et al. (124) envisaged a reaction mechanism for the oxidation of
methanol, which involves the dissociative adsorption of CH3OH
(CH3O

2
þH2) to form surface methoxide ions. The next step in the catalytic

cycle, which is also widely accepted (125), is the abstraction of a methyl
hydrogen by the surface oxygen, followed by a rapid intramolecular rearrange-
ment and desorption of formaldehyde and other products. Oxygen uptake and
methanol oxidation activity trends observed on various samples indicated that
coordinatively unsaturated V-oxide sites are the plausible locations for the
initial dissociative adsorption of methanol, where oxygen too adsorbs selec-
tively on these sites. This study indicates that oxygen vacancies are the
active sites and the methoxy species are the reaction intermediates. Generally,
the active sites (oxygen vacancies) are greatly influenced by geometric and elec-
tronic factors and are responsible for the formation of different resultant com-
pounds. Formaldehyde and CO were thought to be produced mainly from
methoxy species adsorbed on terminal oxygen vacancy (M55O) sites and the
bridged oxygen vacancy sites are responsible for the formation of high order
products (126). During the reaction, the terminal oxygen vacancies are more
abundant than are the bridged oxygen vacancies, because the bridged
oxygen vacancy site is reoxidized more easily than is the terminal oxygen
vacancy site (126). These comprehensive investigations revealed that the
V2O5/TiO2-ZrO2 catalysts exhibit more activity and selectivity than do the
corresponding single oxide–supported catalysts. Another important obser-
vation made from these investigations was that the monolayer catalysts are
more active than the multilayer, microcrystalline, or bulk vanadium oxide
catalysts.
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4.4b Deep Oxidation
Among various metal catalysts that have been reported for soot oxidation,

Pt exhibits a high level of catalytic activity (127–129). In order to meet the
stringent environmental regulations, design of Pt catalysts over various
mixed oxides was undertaken and their efficiency was also evaluated under
synthetic gas and practical diesel exhaust conditions. With respect to the
reaction mechanism, Pt promotes soot oxidation indirectly; that is, by cata-
lyzing oxidation of the NO present in the exhaust gas to NO2, which
subsequently oxidizes soot to CO2. Furthermore, it was found that the
H2SO4, produced by the oxidation of SO2 on the Pt surface, catalyzes the
oxidation reaction of carbon by NO2. In this reaction system, the catalytic
activity for carbon oxidation was drastically increased when the SO2 content
in the reactant gas reached 8ppm. These authors were successful in devising
new catalytic systems, which could even operate with a 2ppm level of sulfur.
However, the Pt/TiO2-ZrO2 catalysts were found to be somewhat less effective
than was Pt/TiO2-SiO2 (25).

Lin et al. recently reported Pd/TiO2-ZrO2 as a novel catalyst for
methane combustion at low temperatures (26). The Pd/TiO2-ZrO2 catalyst
exhibited much higher activity than did Pd/TiO2 and Pd/ZrO2. The TPR
and 18O-isotope exchange measurements demonstrated that the excellent
activity of Pd/TiO2-ZrO2 is due to its high oxygen mobility and moderate
reducibility.

4.5a Hydrogenation
Vapor-phase hydrogenation of naphthalene over various supported Pt

catalysts was investigated by Lu et al. (27). The experimental results indicated
that the catalytic activity strongly depends on the nature of support and the
prereduction temperature. Among various supported Pt catalysts examined
the one supported on TiO2-ZrO2 (1 : 1) exhibited the highest activity. This
work was mainly aimed at understanding the electronic effect of Pt on TiO2-
ZrO2 with various Ti/Zr ratios and other mixed oxides. Significant interaction
between the metal and the support was noted in the case of Pt/TiO2-ZrO2

catalysts. Vannice and co-authors (130–132) conclude from their systematic
studies on the hydrogenation of benzene that the use of acidic supports
enhances the rate of hydrogenation. As reported by Wu and coworkers (8, 9),
the acidity of TiO2-ZrO2 reaches its maximum at 50 mole % ZrO2. The hydro-
genation activity results indicated that an increase in the acidity of the
support enhances the hydrogenation activity, thereby allowing more
aromatic reactant to be adsorbed. Therefore, the Pt/TiO2-ZrO2 (1 : 1 ratio)
catalyst exhibited maximum hydrogenation ability.
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4.5b Hydrotreating
Titania-zirconia mixed oxide aerogels of varying stoichiometries obtained by

supercritical fluid extraction analogy (SCF) were employed as supports for Ni-Mo
catalysts for hydroprocessing [hydrodesulfurization (HDS), hydrodenitrogen-
ation (HDN), hydrodeoxygenation (HDO), hydrodemetallation (HDM), etc.] of
gas oil in a pilot plant scale reactor (32). The high ZrO2-containing materials
were found to be unstable under reaction conditions and were nearly
inactive. In contrast, the high TiO2-containing mixed oxides were more
active when compared to the corresponding single oxide and conventional
A12O3 supported catalysts. This particular improvement was attributed to
the properties inherent to the SCF-prepared samples, thus emphasizing the
significance of surface acidity to hydrotreating activity. The SCF-obtained
TiO2-ZrO2 supports exhibited high specific surface area and high surface
acidity. After super critical extraction and calcination at 773K, the mixed
oxide aerogels possessed higher surface acidity than did the pure components,
as measured by Hammett indicators, and were poorly crystalline, both indica-
tive of a strong interaction between the two component oxides. This interaction
helps to stabilize the mixed oxides and provides an underlying reason for the
observed high specific high surface area and high surface acidity. However,
the supports obtained by the SCF method were not highly stable under the
reaction conditions, suffered significant loss in the surface area, and an
increase in the crystallinity after exposure to hydrotreating conditions. High
ZrO2 content supports were exceptionally prone to collapse, forming low
surface area materials having almost no catalytic activity. The high TiO2

content SCF materials exhibited enhanced HDN activities and selectivities,
and suffered a partial collapse (32). Maity et al. also reported a better hydro-
treating functionality over a 12wt.% Mo/TiO2-ZrO2 catalyst having 65 : 35
mole ratio of titania and zirconia (33). Recently, a wide pore TiO2-ZrO2

obtained by a low temperature sol-gel technique followed by solvo-treatment
was employed for hydrodesulfurization of dibenzothiophene after impregnat-
ing it with MoS2 (31). This catalyst was found to exhibit excellent catalytic
activity and seems to be a promising support for new generation hydrotreating
catalysts.

4.6 Organic Transformations
Avariety of aromatic and aliphatic aldehydes were converted into their 1,1-

diacetates over molybdate-promoted TiO2-ZrO2 solid acid catalysts under
solvent-free conditions (38, 39). Diacetates are potential aldehyde protecting
groups and important precursors in the synthesis of dienes for Diels-Alder
reactions (133). The main advantage in diacetalization of aldehydes is that
the diacetates formed are quite stable in neutral, acidic, and basic media
(133). The sulfated ZrO2 and TiO2-ZrO2 catalysts exhibited better activity
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and product selectivity for various organic synthesis and transformation reac-
tions in the liquid phase under very mild reaction conditions (38, 39, 134–136).
However, the sulfated catalysts were deactivated rapidly and tended to leach
H2S and SOx during preparation (in the presence of H2 and air treatment)
and catalytic runs. Recent investigations revealed that tungstate- or molyb-
date-doped catalysts are the best alternatives in reactions requiring stronger
acid sites (137–139). The promoted TiO2-ZrO2 solid acid catalysts are
expected to find numerous applications in synthetic organic chemistry (38).
The relationship between acidic properties of NiSO4/TiO2-ZrO2 and their cata-
lytic activity for acid-catalyzed reactions was investigated by Sohn et al. (41)
by using cumene dealkylation as a test reaction. The existence of both
Brönsted and Lewis acid sites on NiSO4/TiO2-ZrO2 catalysts was established
by in-situ ammonia adsorption by IR spectroscopy.

4.7 NOx Abatement
Air pollution by nitrogen oxides (NOx) emitted from mobile and stationary

sources is a serious environmental problem still attracting considerable atten-
tion both in academia and on the industrial front. The selective catalytic
reduction of NOx with hydrocarbons or oxygenated hydrocarbons (HC-SCR)
in the presence of oxygen has gained much focus recently. The catalytic per-
formance of metal (Ag/In/Pt) impregnated TiO2-ZrO2 for the selective
reduction of NO with propene, 2-propanol, acetone, and methane was investi-
gated by Haneda et al. (44, 45, 47, 48), Machida et al. (43, 49), and Mariscal
et al. (46). The addition of silver to TiO2-ZrO2 caused a dramatic enhancement
of NO reduction activity with propene (45). The influence of silver additive
was explained by the assumption that silver promotes the reaction of NO2

with propene to form a partially oxidized hydrocarbon, which is the rate-
determining step. Oxygen-containing compounds such as 2-propanol and
acetone were also found to be good reductants for NO reduction over
Ag/TiO2-ZrO2 catalysts. Further, the presence of water vapor significantly
enhanced the NO reduction activity of the Ag/TiO2-ZrO2 catalysts with these
reductants. Apparently, the water vapor accelerates the reduction of NO by
suppressing the undesirable oxidation of the reductants by O2 (45). Very
similar results were obtained for the catalytic reduction of NO with propene
over In/TiO2-ZrO2 catalysts (47). From FT-IR measurements under static con-
ditions, organic nitro- (R-NO2), nitrite- (R-ONO), inorganic NO3

2, carbonate,
formate, and acetate species were detected when TiO2-ZrO2 or Ag/TiO2-ZrO2

was exposed to a gas mixture of NOþC3H6þO2 at room temperature. In
the case of Ag/TiO2-ZrO2, an intense IR band assigned to isocyanate (-NCO)
species was observed after being exposed to NOþC3H6þO2 and evacuated
at temperatures above 573K. However, under dynamic conditions the isocya-
nate band was detected on TiO2-ZrO2 but not on Ag/TiO2-ZrO2. A reaction
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mechanism for the selective reduction of NO with propene over Ag/TiO2-ZrO2

has been proposed as shown in Fig. 12. According to this scheme, propene
initially reacts with NO2 and/or NO3

2, which are formed from NO and O2 on
the acid sites of Ag/TiO2-ZrO2, resulting in the formation of organic nitro-
and nitrite- compounds. These compounds are then converted into isocyanate
and cyanide species on Ag sites. Finally, the isocyanate species is reduced to
N2 by the reaction with NO2. Low temperature catalytic NOx-H2-O2 reaction
over Pt/TiO2-ZrO2 was investigated by Machida et al. (43). The reaction was
performed in a stream of NO (0.08 vol.%)-H2 (0.08–0.56 vol.%)-O2 (10 vol.%)
at low temperatures (,273K). The NO conversion to N2/N2O occurred at
.0.08 vol.% H2, and the selectivity to N2 increased with increasing H2 con-
centration. In-situ DRIFTS measurements suggested that the high selectivity
in this temperature range is closely related to a stoichiometric reaction
between H2 and NO oxidatively adsorbed as nitrate (NO3

2) species. This
study also thrown light on the role of catalyst pretreatment on the NO
reduction activity, i.e., a reduced catalyst exhibited much higher activity
than did an oxidized catalyst. The effect of pretreatment was consistent with
the reactivity of nitrate adsorbates formed on Pt surface towards H2. Sub-
sequently, Machida et al. (49) reported a dual-bed lean deNOx catalyst
system for NO-H2-O2 reaction and subsequent N2O decomposition. The serial
dual-bed catalytic system consisted of Pt/TiO2-ZrO2 in the first bed and
Pd/Al2O3 in the second one. In the first bed at �273K, ca. 80%–90% of NO
was converted into N2/N2O by selective reduction with H2. Further, almost
all the N2O thus formed in the first bed was successfully decomposed into
N2/O2 in the second bed at 673K. The NO reduction with CH4 over Pt/TiO2-
ZrO2 was investigated by Marsical et al. (46). The TiO2-ZrO2 support was
particularly chosen as it displays unusual acidic properties and very high

Figure 12: Schematic representation of proposed reaction mechanism for the selective
reduction of NO with propene over Ag/TiO2-ZrO2. (From Ref. 44.)
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thermal resistance. These properties are of paramount importance because the
activation of the C-H bond of CH4 occurs at rather high temperatures. The
DRIFT spectra of CO adsorbed on the Pt/TiO2-ZrO2 catalysts revealed that
an SMSI state develops in the Ti-rich oxide-supported platinum catalysts.
However, no shift in the binding energy of Pt 4f7/2 level was observed from
XPS. The DRIFT spectra of the catalysts under the NOþO2 co-adsorption
revealed the appearance of bands due to nitrite/nitrate species on the
surface of the catalysts, whose intensity being reached maximum in the case
of Pt/TiO2-ZrO2 (1 : 1 ratio). In the absence of oxygen in the feed stream, the
NOþCH4 reactions showed isocyano species in the DRIFT spectra, formed
at the Pt-support interface.

4.8 Photo Catalytic Applications
The TiO2 is a well-known photo catalyst (140–142). To enhance the

quantum efficiency of TiO2, modifications are normally introduced into the
crystalline matrix by selective doping of foreign metal ions. Binary metal
oxides of titania could enhance the photo catalytic degradation rates of some
organic compounds in the environment, such as salicylic acid in water and
ethylene in air. Navio et al. (61) investigated the photo catalytic oxidation of
1,4-pentanediol in oxygen atmosphere over UV-illuminated ZrTiO4 particles
in acetonitrile suspensions. The temporal course of the photo-oxidation of
this diol was monitored by gas chromatography-mass spectrometry (GC-MS).
A practically total regiochemical preference for oxidation of the primary
hydroxyl group in 1,4-pentanediol was observed, with 4-hydroxypentanoic
acid and its g-lactone derivative as the sole products. Colon et al. (62) syn-
thesized two different ZrO2-TiO2 photo catalysts by precipitating from
ZrOCl2 . 8H2O precursor along with preformed TiO2 (Degussa P25 and
Hombikat UV-100) and investigated photo oxidation of salicylic acid and
photo reduction of Cr(VI). It was observed from this study that the ZrO2-
TiO2 is a good alternative to commercial TiO2 (Degussa P25 and Hombikat
UV-100) for the previously mentioned reactions. Yu et al. (58) and Zorn et al.
(57) investigated the photo catalytic oxidation/degradation (PCO/PCD) of
acetone over Ti1–xZrxO2 solid solutions and TiO2/ZrO2 thin films, respectively.
The increased activity for the oxidation of acetone in air exhibited by
Ti12xZrxO2 solid solutions other than pure TiO2 was attributed to changes in
the lattice parameters caused by zirconium substitution. It was proposed
that the lattice O22 and O2 species ionosorbed on the surface are responsible
for the increased photo activity. Anderson and coworkers (56) also performed
the photo oxidation of ethylene in water over TiO2/ZrO2 mixed oxide thin films
in the presence of microwave irradiation. The typical microwave photo cataly-
tic reactor assembly employed for the photo catalytic reaction consisted of a
fluorescent lamp located in the microwave field, the bulb emitted UV light

Recent Advances on TiO2-ZrO2 Mixed Oxides 289



without electric power, i.e., on irradiation with microwaves. This process is
called microwave plasma lighting. The photo catalytic activities of TiO2-ZrO2

mixed oxides, TiO2/ZrO2 thin films, and ZrTiO4 (zirconium titanates) were
found to depend on the type of photochemical reaction being carried out.
Navio et al. (60) performed the photoconductivity measurements to correlate
the photo electronic properties of ZrTiO4 with its photo catalytic activity. It
was observed that ZrTiO4 becomes a photoconductor on exposure to near-UV
illumination due to electron-hole pair formation. The ZrTiO4 was found to be
photoactive for isopropanol oxidation. Navio et al. (63) further employed the
laser flash photolysis technique to estimate the inherent photocatalytic
activity of ZrTiO4 and its parent oxides, ZrO2 and TiO2. The reduction of
methyl viologen (MV2þ) by conduction-band electrons of ZrTiO4, ZrO2, and
TiO2 was investigated and observed some correlations.

Novel TiO2/ZrxTi12xO2 composite photocatalytic films, for the first time,
were reported by Lu and co-workers by employing sol-gel technique (59). The
structural characteristics of these composite films were investigated by
employing AFM technique as described in the previous section. The photocata-
lytic activity and stability of these films were found to be greater than that of
pure TiO2 films. This was attributed to the higher separation efficiency of the
photo-generated carriers and larger surface area by the introduction of
intermediate layers of ZrxTi12xO2 in the composite films. According to
these authors, introduction of ZrxTi12xO2 intermediate layers causes major
changes. First, the composite films have smaller crystallite size, which can
suppress the electron-hole recombination and improve the separation efficiency
because the time needed to transfer the carriers from interior to surface is
shorter. Secondly, the larger surface roughness of the composite film helps to
improve the photo activity because it can increase the effective surface area
of the photocatalytic reaction. Further, the introduction of an intermediate
layer could optimize the interface structure because of the discrepancy of the
crystal lattices between ZrxTi12xO2 and TiO2. That is to say, the discrepancy
can induce deformation of the interface structure, which can reduce the
recombination rate and improve the separation efficiency of the carriers.

4.9 Other Applications
The ZrTiO4 thin films were fabricated from metal oxide precursor solution

by dip-coating method and tested as hydrocarbon gas sensors (66). These thin
films were found to exhibit good response and sensitivity for propane and
methane gases. The TiO2-ZrO2 catalysts in combination with Y2O3 were
prepared in varying proportions ranging from 0 to 100mol % of oxide com-
ponents and were investigated for their catalytic performance for methanol
hydrosulfurization (30). A high yttria content favored selectivity to methane-
thiol, while dimethyl-sulfide formation was noted at low loadings. A green
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process of ozone-mediated nitration of chloro-benzene with NO2 over SO4
22/

TiO2-ZrO2 catalysts was reported by Cheng et al. (37). These catalysts exhib-
ited excellent para-selectivity at 273K. p-Mentha-1,8-dien-4-ol, useful as an
intermediate for perfumes, was prepared in good yields by isomerization of
spirooxirane over TiO2-ZrO2 catalysts in the liquid phase using toluene as
the solvent at 373K (35). Also preparation of chlorobenzene from polychloro
compounds and benzene over titania-zirconia catalysts at 673K was claimed
recently (36).

5. CONCLUDING REMARKS

One of the aims of this review was to illustrate the significance of titania-
zirconia mixed oxides as catalysts and catalyst supports as employed for a
wide variety of catalytic applications both in the liquid and gaseous phases.
In particular, we were interested in bringing together the entire literature per-
taining to these mixed oxides with catalysis perspective. As discussed, these
mixed oxides represent an interesting class of catalysts and catalyst
supports, which have been widely employed in oxidation catalysis, acid-base
catalysis, and photo catalysis. The intimate interaction between TiO2 and
ZrO2 has been shown to result in new structural characteristics and reactivity
properties. The degree of interaction largely depends on the preparation
method and synthesis conditions. These materials are going to find
numerous applications in the coming years both as catalysts and catalyst
carriers.
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