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We have prepared and characterized a mesoporous material where the framework, of both
the as-synthesized and calcined materials, is composed of ZrO2-doped 25-Å TiO2 anatase
crystallites. The nanocrystalline framework is structured about a surfactant-templated,
disordered porous network with a uniform pore diameter of 28 Å. Air calcination at 450 °C
removes the surfactant to yield a mesoporous solid with surface area of 330 m2/g. The
mesoporous framework and TiO2 crystallite size are surprisingly robust, and we observed
no substantial structural differences between precalcined and calcined products.

Introduction

In the field of mesoporous materials most of the
published experimental research has focused on silica
as the inorganic framework constituent.1-11 In general,
mesoporous silica has been prepared by the hydrolysis
of tetraethyl orthosilicate in the presence of a structure-
directing agent (surfactant micelles) resulting in the
precipitation of mesoporous silica. The surfactant mi-
celles are removed by thermal oxidation (calcined in air
or oxygen) leaving only a porous network of amorphous
silica. The pore structure is defined by the once present
micelles.

The application of the reaction schemes and mecha-
nistic models for silica have been less successful for the
synthesis and understanding of mesoporous transition
metal oxides. One difficulty faced with synthesizing
mesoporous transition metal oxides is the thermal
instability of the inorganic framework during calcina-
tion. The facile crystallization of most transition metal
oxides and subsequent grain growth has been observed

to result in inorganic framework rearrangements, me-
sopore collapse, and loss of surface area during calcina-
tion of as-synthesized mesoporous transition metal
oxides.12-17

The goal of this work was to develop a novel synthetic
approach that would permit the synthesis of thermally
stable mesoporous TiO2 either by preventing the nucle-
ation of TiO2 crystallites or by stabilizing nanosized
TiO2 crystallites once they formed in the framework.
The synthesis and characterization of quantum-sized
(1-10 nm) particles, including TiO2, have been inten-
sively studied in the past 10 years.18 These studies have
shown that the electronic and magnetic properties of
materials can profoundly change as particle size de-
creases. Unfortunately, quantum-sized particles exhibit
poor thermal stability due to their high surface energy.
As a result, particle agglomeration and growth are
difficult to prevent. Herein, we report our successful
results in stabilizing TiO2 anatase nanocrystallites in
a mesoporous structure.

Experimental Section

The synthesis of the zirconia-doped mesoporous anatase
TiO2 is straightforward. In addition, all reactants are aqueous-
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based, inexpensive, readily available on a large scale, and
environmentally friendly. (NH4)2Ti(OH)2(C3H5O3)2 (Tyzor
LAsfrom DuPont, 2.23M in Ti), (NH4)2Zr(OH)2(CO3)2 (AZCs
from Magnesium Electron Inc., 14.8 wt % Zr), and cetyltri-
methylammonium chloride (CTAC, 29 wt %, from Lonza
Chemical Co., Inc.) are combined in a 3 Ti:1 Zr:2 CTAC molar
ratio. The resulting clear mixture is stirred while slowly
adding water. A white precipitate immediately forms but
readily dissolves upon stirring. Precipitate formation and
dissolution continue until the original mixture is diluted by a
factor of ∼5, at which point irreversible precipitation occurs.
Irreversible precipitation continues until the original mixture
is diluted by a factor of 10. The sticky, white precipitate is
stirred overnight at room temperature (UNAGED PPT) and
aged for 60 h at 100 °C and overnight at 150 °C in a sealed
Teflon reactor (AGED PPT). The AGED PPT is isolated by
washing and centrifuging several times with fresh aliquots of
water and drying at 40 °C for at least 24 h. AGED PPT is
heated in air at 160 °C/h to 450 °C where it is calcined for 2 h.
The resultant solid is a free-flowing, white powder (PNNL-1).
Elemental analysis on PNNL-1 confirmed the 3:1 Ti:Zr ratio.

Two control syntheses were performed in a similar fashion
as for PNNL-1 except in the first case no CTAC was used (no.
1), and in the second case NH4Cl was substituted for CTAC
(no. 2). No precipitation occurred at room temperature in
either case, but after hydrothermal aging a translucent
physical gel was produced in each control.

X-ray powder diffraction (XRPD) data were obtained with
a Philips X′PERT-MPD diffractometer using Cu KR radiation.
Transmission electron microscopy (TEM) data were obtained
on a JEOL JEM-2010-electron microscope. The UNAGED
PPT TEM sample was prepared by placing a drop from the
aqueous reaction mixture directly on a holey carbon coated
Cu grid. AGED PPT and PNNL-1 TEM samples were pre-
pared by first suspending the powders in ethanol and placing
a drop of the solution on a holey carbon coated Cu grid.
Nitrogen adsorption/desorption measurements were collected
with the Quantachrome Autosorb 6-B gas sorption system on
degassed samples at 77 K. Raman spectra were collected with
a Spex Industries model 1877 triple raman spectrometer
(Edison, NJ) with the 488.0 nm line of a Spectra Physics model
164 argon ion laser (Mountain View, CA) for excitation and a
Princeton Instruments LN/CCD detector (Trenton, NJ). Typi-
cally, spectra were obtained on the liquid samples by using a
90° scattering configuration and a single exposure of 100 s.
The slit width was 400 µm. Spectral analysis was performed
by using Galactic Industries Grams/368 software (Salem, NH).
The estimated uncertainty of the peak frequencies was (2
cm-1.

Results and Discussion

The stability and reactivity of a Tyzor LA/AZC/CTAC
mixture is markedly influenced by the addition of
waterson dilution a rapid reaction between the inor-
ganic precursors and CTAC occurs which results in a
precipitate with a surfactant filled porous network. In
contrast, no precipitation occurs in similar reactions if
CTAC is absent (control 1) or if CTAC is replaced by
NH4Cl (control 2). The experimental data that follow
are consistent with CTAC not only influencing the
stability of the inorganic precursors, but also the
structural characteristics of the hydrthermally aged and
calcined precipitate.

TEM images of UNAGED PPT, AGED PPT, and
PNNL-1 are shown in Figure 1a-c. These figures show
a relatively large area and reveal a porous structure
where surfactant-filled pores (Figure 1a,b) appear white
and the TiO2/ZrO2 framework is dark. TEM images of
these samples, taken at low magnification (<200000X),
show very low contrast due to the small particle and

pore sizes (∼25 Å). Unlike mesoporous silica where the
thickness changes abruptly between silica wall edge and
the pore, the thickness of the nanosized TiO2/ZrO2
particles decreases continuously from the center to the
edge. The result is weak diffraction contrast even at
large underfocus conditions. Slight differences in image
contrast are visible for these samples. The additional
dark areas in PNNL-1 are actually due to the overlap-
ping of nanosized particles with pores, not decreased
porosity. Figure 1a-c exhibits a nearly monodispersed
pore size with a mean diameter of ∼30 Å. For com-
parison, TEM images of the gels from controls 1 and 2
revealed an open network of randomly interconnected
particles (>50 Å in diameter) with large, irregularly
shaped pores ranging in size from 75 to 150 Å. This
suggests the regular porous structure of UNAGED PPT
and AGED PPT is caused by CTAC. In addition, the
high-resolution TEM (HRTEM) image of AGED PPT
(Figure 1d) exhibits anatase lattice fringes in many of
the particles, indicating that these crystallites are
formed in the aqueous solution. Similar lattice fringes
were observed in the HRTEM images of UNAGED PPT
and PNNL-1. The pore size and structure are very
similar for all three solids. Therefore, since the pore
structure is filled with CTAC in UNAGED PPT and
AGED PPT, it is logical to conclude the pore structure
in PNNL-1 is a direct result of the CTAC shape and
continuity prior to calcination. However, Figure 1c does
show two structural changes in the PNNL-1 sample as
compared to UNAGED PPT and AGED PPT. First, the
TiO2 lattice quality (or crystallinity) has deteriorated,
which we attribute to a ZrO2 doping induced distortion
of the TiO2 lattice.19,20 Second, the contrast between
individual crystallites has decreased due to the in-
creased connectivity of particles comprising the frame-
work. These results indicate that some intermixing
between TiO2 and ZrO2 occurred during calcination.
This intermixing reduces the discretelike characteristic
of the particles and leads to a more continuous-like
framework. However, it has no apparent effect on the
pore and particle size. This is consistent with the
nitrogen adsorption/desorption data collected on PNNL-1
(vide infra). Figure 2 is an idealized representation of
the TEM images for UNAGED PPT, AGED PPT, and
PNNL-1 to highlight the most important nanoscopic
structural features of these materials.

X-ray energy dispersive spectroscopy (XEDS) data
from UNAGED PPT, using a 25-nm beam size, showed
a large variation in the Ti/Zr ratio from Ti-rich to Zr-
rich. However, XEDS analysis taken from large areas
(0.5 µm diameter) yielded a Ti/Zr ratio close to the
nominal 3:1 ratio, suggesting the average composition
of UNAGED PPT is similar to that of the reactant
stoichiometry. In comparison, XEDS on AGED PPT and
PNNL-1 revealed a 3:1 Ti/Zr ratio throughout the
samples by using either spot or large area analysis,
pointing out that the composition became homogeneous
after aging and remained homogeneous after calcining.
The compositional change from heterogeneous to ho-
mogeneous during aging is in agreement with the
occurrence of structural and compositional reorganiza-
tion during the aging steps. Likewise, no phase separa-
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tion occurred during the high-temperature treatment.
Instead, the formation of a ZrxTi1-xO2 solid solution
produced a highly distorted lattice structure at the
titania/zirconia interface and thus reduced the quality
of PNNL-1 anatase crystallites. In addition, XEDS data
showed AGED PPT to be free of chloride.

We have not observed anatase crystallites signifi-
cantly larger than 30 Å in our TEM experiments.
Furthermore, these experiments have not shown PNNL-1
to contain dense (i.e., nonporous) secondary phases.
These results support the model of CTAC micelles
templating the mesoporous network in PNNL-1.

Figure 3 represents the XRPD data collected on
AGED PPT and PNNL-1. It is clear that anatase TiO2
is present in both materials (peaks marked with a).
PNNL-1 also has a broad peak (marked with b) centered
at ∼30°, which is in agreement with amorphous mate-
rial in the framework. The partial amorphization is
consistent with the TEM observation of lattice distortion
in the TiO2 crystallites (Figure 1c). We are uncertain
of the structural feature in AGED PPT that leads to the
very broad peak observed at ∼20° (marked with c). The
average anatase crystallite size is 30 Å, based upon
Scherrer line broadening.21 Both XRPD patterns in
Figure 3 exhibit single, well-defined low angle peaks
(∼1.8°) centered at d ∼ 50 Å, which is expected for the

pore center-to-pore center dimension of the poorly
ordered mesoporous structure observed in Figures 1b,c
(sum of the wall thickness 25-30 Å from TEM and
XRPD and pore diameter 25-30 Å from TEM and N2
adsorption experiments).22 The intensity of the low
angle peak for AGED PPT is about twice that of PNNL-1
due to slight variations in sample mounting which can
significantly influence the low angle XRPD data. There-
fore, the intensities of all the AGED PPT reflections in
Figure 3 were doubled so the reflections due to anatase
could be relatively compared. The lack of higher order
(hkl) reflections associated with the low angle peaks
again supports a mesoporous structure that lacks
order.9-11,22

Figure 4A depicts the N2 adsorption/desorption iso-
therm for PNNL-1, Figure 4B the Barrett-Joyner-
Halenda (BJH) cumulative adsorption pore volume
(BJH-CAPV), and Figure 4C the BJH pore size distri-
bution for the adsorption data.23 The slope in the
isotherm curve between P/Po of 0.1-0.4 is in accord with
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1951, 73, 373.

Figure 1. (a, b, c) Low magnification transmission electron micrograph of UNAGED PPT, AGED PPT, and PNNL-1; (d) high-
resolution transmission electron micrograph of AGED PPT. All images indicate a narrow pore and particle size distribution, with
an average size of ∼30 Å each.
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enhanced or cooperative N2 adsorption.24 This effect can
be especially pronounced in pores with diameters <30
Å due to the pores being only a few adsorbate molecules
wide (∼6 N2 molecules in this case). The enhanced
adsorption in this relative pressure range is not uncom-
mon for type IV isotherms (for small mesopore materials
with pore diameters in the 20-30 Å range) and is a
consequence of lateral interactions between pore wall
surfaces and nonsurface adsorbate molecules.24 In
addition, this general isotherm shape has been observed
in mesoporous silica, alumina, and zirconia systems and
was attributed to the poorly ordered nature of the meso-

porous network and small mesopores.10,25-27 In the case
of PNNL-1, framework texturing due to the presence
of nanocrystallites may also lead to small variations in
pore diameter. The Brunauer-Emmett-Teller (BET)
specific surface area, calculated from the isotherm data
in the relative pressure range 0.1-0.3, is 330 m2/g.28

For comparison, using the modified BJH method, a
surface area of 300 m2/g was calculated for pores with
diameter of 20-40 Å.29 As previously discussed, based
on both the TEM and XRPD data (Figures 1 and 3), the
average pore diameter is expected to be 25-30 Å. It
has been noted that the Kelvin equation may not be
strictly valid for pore diameters less than ∼35 Å due to
possible instabilities of the adsorbate meniscus.24 This
does introduce some limitations when interpreting BJH
pore size distribution data since it is based in part on
the Kelvin equation. However, recent work illustrates
the utility of the Kelvin equation and the BJH formal-
ism for pore analysis of MCM-41 materials with diam-
eters in the range of 28-66 Å.29 Taking this into
consideration, the BJH-CAPV shown in Figure 4B
distinctly shows the majority of the nitrogen uptake
occurs in the pore diameter range 20-40 Å. The
average BJH pore size from Figure 4C is 28 Å, which is
similar to what has been reported for CTAC templated
pores in mesoporous silica materials. The pore size
distribution at full width, half-maximum is ∼15 Å.
Nitrogen adsorption experiments indicated the calcined
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Figure 2. Idealized schematic representations of UNAGED PPT, AGED PPT, and PNNL-1 showing the perpendicular cross
section of three pores and the inorganic framework structured about those pores. The structural arrangements of UNAGED PPT
and AGED PPT are rather similar except there is an increased degree of framework condensation in AGED PPT due to the
elimination of coordinated lactate (not shown for clarity). The undulating lines in the TiO2 nanocrystals of PNNL-1 represent
amorphization of the lattice due to Zr doping.

Figure 3. X-ray powder diffraction (XRPD) patterns for
AGED PPT and PNNL-1. The low angle peaks (∼1.8°) in both
patterns correspond to the pore center-to-center dimension in
the mesoporous network. The peaks marked (a) are indexed
as anatase TiO2, (b) a broad peak due to amorphous material,
and we are uncertain of the origin of the peak marked (c).
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gels from controls 1 and 2 were microporous with BET
specific surface areas of around 220 m2/g. Moreover,
BJH pore size data showed no indication of narrow pore
size distributions.

We believe the unique chemical and structural char-
acteristics of Tyzor LA, along with the ZrO2 doping, are
the primary reasons we have been successful in prepar-
ing stable 25 Å TiO2 crystallites in the framework of
PNNL-1. Recent studies have indicated the discrete
molecular unit depicted in the Tyzor LA chemical
formula does not represent the equilibrium solution
species.30,31 Instead, NMR and Raman scattering data
suggest the molecular units condense forming anionic

clusters consisting of an anatase-like interior with
lactate coordinating the outside. They estimated the
clusters to contain 12 titanium atoms.31 It is these
lactate-stabilized TiO2 nanoclusters that rapidly con-
dense to assemble the remarkably narrow size range of
anatase nanocrystallites (Figure 1b) during the forma-
tion of AGED PPT.

Considering these structural results on Tyzor LA and
our synthetic results, we propose the inorganic precur-
sor/CTAC reaction mechanism for the formation of
UNAGED PPT and AGED PPT is akin to that proposed
by Monnier and co-workers,32 with the exception that
long-range micellar ordering does not occur. The ad-
dition of water to a Tyzor LA/AZC mixture produces no
precipitate at room temperature. However, the pres-
ence of CTAC, combined with a change in concentration
with addition of water, does significantly alter the
chemical and electrostatic interactions between inor-
ganic polyanions. The first drop of water added to the
Tyzor LA/AZC/CTAC solution results in a precipitate,
but it redissolves on stirring. In the diluted region
where precipitation occurs, the inorganic-surfactant
Coulombic interactions change, permitting inorganic
polyanions to partially condense. We have found the
150 °C hydrothermal aging imperative to fully condense
the framework and give thermal stability during cal-
cination. HRTEM images of dried Tyzor LA (no CTAC
present) do not show the presence of TiO2 nanocrystal-
lites or regular porosity. This strongly indicates the
particle and pore arrangement in the framework of
AGED PPT and PNNL-1 (Figure 1b,c) is not due to
simple random particle packing, but instead the micelle
surfaces provide nucleation sites and structural tem-
plates for Tyzor LA/AZC condensation. Gravimetric
data collected on AGED PPT confirmed the presence of
five surfactant molecules per metal atom.

In support of this condensation mechanism, we col-
lected Raman scattering data on a series of Tyzor LA
solutions diluted with water. These experiments moni-
tored the relative amounts of lactate coordinated to Ti
versus free lactate in solution. The coordinated lactate-
to-free lactate ratio (C/F) is approximately 1 in the stock
Tyzor LA solution. The C/F ratio remains constant until
the stock Tyzor LA solution has been diluted with water
by a factor of about 11. At dilution rates greater than
11, C/F dramatically drops to ∼0.4, signaling a loss of
coordinated lactate. However, no precipitation due to
cluster condensation occurs, because the solution is
quite dilute. Similar Raman scattering behavior was
observed for a Tyzor LA/CTAC dilution series, but the
dramatic C/F drop occurred at a dilution of approxi-
mately seven. This is near the point of dilution where
irreversible precipitation is observed in the synthesis
of UNAGED PPT. These experiments also confirmed
the presence of lactate coordinated to titanium in
UNAGED PPT, but coordinated lactate is absent in
AGED PPT. This indicates that hydrothermal aging of
UNAGED PPT promotes ligand elimination and con-
densation between inorganic units. This framework
condensation is likely a key factor in providing thermal
stability during conversion of AGED PPT to PPNL-1.

(30) Baskaran, S.; Song, L.; Liu, J.; Chen, Y. L.; Graff, G. L. J. Am.
Ceram. Soc., in press.

(31) Graff, G. L.; et al., submitted to J. Theo. Chem.
(32) Monnier, A.; et al. Science 1993, 261, 1299. .

Figure 4. (A) N2 adsorption/desorption isotherm for PNNL-
1; P/P0 is the partial pressure of N2 in equilibrium with the
sample at 77 K. (B) BJH cumulative adsorption pore volume
(BJH-CAPV) for PNNL-1. (C) BJH pore size distribution
calculated from the PNNL-1 adsorption isotherm data.
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The preparation of mesoporous (lamellar) TiO2 has
been reported, but the material contained a significant
level of phosphate as a residue from the surfactant.13

In other words, the inorganic framework of this material
contained Ti, O, and P in an amorphous arrangement.
Apparently, the phosphorus substitution was necessary
to form this material. Phosphorus and sulfur doping
stabilization of mesoporous ZrO2 has also been noted.27

The reaction mechanism for the preparation of the
mesoporous ZrO2 of Hudson and Knowles’ was deter-
mined not to be a cooperative electrostatic and chemi-
cally induced interaction between micelles and inorganic
anions.33 They concluded the surfactant micelles simply
acted as a scaffolding shape about which zirconia
gelation occurred. In comparison, the precipitation of
UNAGED PPT is clearly a result of a cooperative
interaction between surfactant micelles and inorganic
polyanions.

The framework structure of AGED PPT and PNNL-1
is strikingly different than in the aforementioned TiO2
and ZrO2 materials. In those examples the inorganic
framework is amorphous. The feature most unusual
about UNAGED PPT, AGED PPT, and PNNL-1 is the
presence of 25-Å TiO2 anatase crystallites that do not
significantly change in size during hydrothermal and
calcining treatment. We believe these to be the small-
est, thermally stable crystallites of TiO2 ever reported.18

There is good agreement between the HRTEM images
(Figure 1), the XRPD data (Figure 3), and the nitrogen
adsorption/desorption data (Figure 4) concerning the
structural features of these three materials. The data
convincingly point to a structure containing a poorly
ordered porous network with average pore diameter of
28 Å. The framework of UNAGED PPT and AGED PPT
are quite similar and consist of ∼25-Å TiO2 anatase
crystallites with interspersed amorphous zirconia re-
gions. The framework of PNNL-1 differs from UN-
AGED PPT and AGED PPT only in that the TiO2
crystallite quality has decreased due to Zr substitution
on Ti sites in the anatase structure. We believe the Zr
doping is the key factor for the framework stability of
PNNL-1. The Zr substitution causes partial amor-

phization of the anatase lattice (see Figure 1c) through
strain distortion. The substitution-induced strain arises
from the size disparity between Zr4+ (r ) 0.72 Å) and
Ti4+ (r ) 0.61 Å).19 The HRTEM images show zirconia
may also reside between the TiO2 crystallites, effectively
producing a diffusion barrier to TiO2 particle growth.20

The low temperature and short calcination time prevent
the formation of the thermodynamic equilibrium ZrTiO4
phase, which is consistent with the report of Xu and
Anderson.20

In summary, the capacity to synthesize mesoporous
crystalline transition metal materials is of great sig-
nificance because specific crystallographic and electronic
structures of solid state compounds are required in
certain technological applications. For example, ana-
tase appears to be the most photocatalytically and
electrochemically active crystallographic form of TiO2,
as opposed to the rutile and brookite forms.34,35 Fur-
thermore, the stabilization of nanoparticle TiO2 in
PNNL-1 may have far-reaching implications for its use
as a photocatalytic material. The unique structural and
chemical characteristics of Tyzor LA provide a pathway
to prepare surfactant directed mesoporous TiO2 where
the crystalline structure of the inorganic framework is
a direct result of the metal precursor structure. As a
consequence, we are considering similar precursors and
reaction schemes for the synthesis of other crystalline
mesoporous transition metal materials not yet realized
through conventional routes.
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