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Multicomponent metal oxides have attracted attention for their potential use in electronic, (photo)-
catalytic, photovoltaic, and energy storage applications. The ability to simultaneously control the nanoscale
structure and composition of such materials using simple and inexpensive routes is important for that
potential to be realized. Here we introduce a simple and widely applicable methodology for the synthesis
of multicomponent mesostructured metal oxides (MMMOSs) from the combination of inexpensive and
commercially available polymers with metal alkoxides solubilized in a-gel solution consisting of
acetic acid, hydrochloric acid, and ethanol (AcHE). MMMOs obtained utilizing the AcHE system have
tunable pore structures, a high degree homogeneity, and in certain cases thermal stability ab6@e 1000
The ability to easily process these diverse MMMOs in the form of thin films, free-standing membranes,
and monoliths provides distinct advantages over previously reported MMO synthesis procedpessally
when large quantities of material are required, for instance, in heterogeneous catalyst development. Most
importantly, we demonstrate that the controlled binding of reactive metal ions with acetic acid in the
AcHE solution yields nanometer-sized particles for a diverse collection of inorganic materials with
homogeneous condensation kinetics. This allows for the simple synthesis of complicated and novel MMMO
compositions (e.g., rare earth and mixed transition metal oxides) via cooperative assembly with amphiphilic
block copolymers. The development of such simple and widely applicable methodologies are extremely
important for the practical implementation of porous metal oxides.

Introduction where the simple and effective control over silicate conden-

Metal oxides (MOs) have emerged as a promising class sation kinetics has allowed for the creation of an enormous
g P 9 variety of mesostructurés:'* The ability to tune the

of new materials whose compositional and structural diversity condensation kinetics of a wide variety of MO Components
leads to an array of unique chemical and physical propéfrties. . | o the “bench yk,, i P h '
Indeed, many MOs with advanced properties such as N a way analogous to the “benchmark silica case where

selective oxidation, electron or ionic percolation, and energy the kII’IE;[ICS of inorganic growtr;] a;dlzlporgaTorganlg co-
transfer are multicomponent systems having two or more assembly processes are matched (Figure 1), is an important

types of metal cation&? Furthermore, the ability to fabricate ~90@l- Although several routes for the synthesis of mesos-
porous mesostructured films, powders, and monoliths from tructured metal oxides (MMOs) have been developéd:-1®
these materials is extremely important for applications in & Simple and broadly applicable synthetic methodology
which high interfacial surface area is important, for example, 'émains a challenge due to the dissimilar condensation
in heterogeneous catalysts, energy storage, photocatalysis‘f'”et'cs and chemistry of the MO precursors, which often
or nanostructured photovoltaitst One promising route to  leads to undesirable macro-scale phase separation that
rationally control the mesoscale structure of such oxides is disrupts the co-assembly procéss:

through the use of structure-directing amphiphilic block
copolymers. ! This cooperative assembly route was orig-  (9) Grosso, D.; Boissiere, C.; Smarsly, B.; Brezesinski, T.; Pinna, N.;

inally developed for the synthesis of mesostructured silica éc')%‘z“é’ ‘;é/;-_?gge”"sc“’ H.; Antonietti, M.; Sanchez, Kiat. Mater.
(10) Goltne}, C. G.; Antonietti, MAdv. Mater. 1997, 9, 431 ff.
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Figure 1. Evolution of particle sizes of isolated metal alkoxides at ambient condition$G2BH ~ 50%) in (a) EtOH (100%) and (b) HOAEHCI—-EtOH

solution. The concentration of the metal source is fixed at 0.5 M. The relative concentrations of HOAc and HCI are varied with respect to the type of meta
source. M/HOAC/HCI is 1:4, wherex = 1.2 when M is Al, Si, Ti, Nbx = 2.4 when M is Zrx = 1.8 when M is Ta (Al, aluminum ethoxides; Si, tetraethyl
silicates; Ti, titanium butoxides; Zr, zirconium butoxides; Nb, niobium ethoxides; Ta, tantalum ethoxides). (c) The size evolution of mixguboiesaLs,

lithium chloride; Ni, nickel (Il) nitrate; Ho, holmium chloride; P, triethyl phosphate).

Here we introduce an alternative broadly applicable-sol into a 65°C oven and aged for an additional 24 h. As-synthesized
gel system for the preparation of homogeneous, ordered,mesostructured hybrids were calcined at 360n air for 5 h (ramp
thermally stable, multicomponent mesoporous metal oxides "ate 2°C/min) to obtain mesoporous membranes.

(MMMOs). The growth kinetics of various metal alkoxides For the synthesis of multicomponent MOs, ethanol-soluble metal

are controlled by the judicious addition of complexing ligands Sa/ts (nitcriates, ta;]cetates, or chlor'i:des) togetrlwer Y"i”;hmeta' allhkox_idesf
such that the particle size and condensation kinetics of quite@© US€C as In€ precursors. -or example, in he synthesis o
different precErsors are matched: this allows for comglex mesoporous Ni©2Si0,~2Zr0,, 5 mmol of Ni(NGy),-6H;0, 10

L. . . . mmol of tetraethylorthosilicate, 10 mmol of Zr(OBu¥0 mmol
MO stoichiometries. The selgel solution consists of three of HOAC, 24 mmol of HCI (or HNQ), and 4.6 g of F127 were

components. (1) Acetic acid acts as a complexing agent t0gigsolved in 30 mL of ethanol. The synthesis was completed
modify the condensation kinetics of metal alkoxid&%(2) identically to that outlined for Zr@

The controlled addition of a strong aqueous acid such as oy the synthesis of metal phosphates, OP4@ was used as
HCI or HNG; partially hydrolyzes and charges the modified a phosphorus source. For example, in the synthesis of mesoporous
inorganic precursor to enhance the affinity for the hydrophilic 4zr0,—P,0s, 5 mmol of OP(OGHs)s, 10 mmol of Zr(OBu), 40
block of the block copolymer. Furthermore, these strong mmol of HOAc, 24 mmol of HCI (or HNG), and 2.4 g of F127
acids may act as charge intermediates between surfactantwere dissolved in 30 mL of ethanol. The synthesis was completed
and inorganic species and inhibit condensation of certain identically to that outlined for Zr@

metal ions. (3) An amphoteric solvent such as ethanol or The syntheses of PbQ BaO-, or SrO-TiO, composites are
acetic acid ensures sufficient solubility of all species involved different from that of the previously described system. Because of
in the assembly process. For simplification, this system is the low solubility of these metal nitrate and chlorides in ethanol,

denoted as AcHE, where Ac, H, and E represent acetic acid neither HCI nor HNQ could be used to adjust system pH. Instead,
HCl. and EtOH }espectivelyy When a selection of metal 'metal acetates were used as precursors, and HOAc was used as the

. o ) . . . solvent instead of ethanol. For example, in the synthesis of
species stabilized in the AcHE solution is combined with a mesoporous PbeTiO,, 10 mmol of lead acetate, 10 mmol of Ti-
suitable  structure-directing  block-copolymer  template, (oBu), and 1.8 g of F127 were dissolved in 30 mL of HOAc. The
MMMOs with a range of compositions and structures can rest of the steps to make mesoporous materials are the same as

be easily and reproducibly obtained. those in the synthesis of mesoporous ZrO
Characterization. The sizes of the inorganic species in the-sol
Experimental Section gel solution were measured by a Malvern ZetaSizer (Nano ZS).

Two-dimensional small-angle X-ray diffraction (SAXRD) patterns
recorded with a custom-built diffractometer (CuiKadiation) were
used to determine structural quality and symmetry. They were
reduced to one-dimensional patterns by radial integration. Wide-
angle XRD (WAXRD) patterns were recorded on a Bruker D8
diffractometer with Cu K radiation with a platinum heating stage.
Transmission electron microscopy (TEM) images were taken using
a FEI T20 electron microscope operating at 200 keV. Scanning
electron microscopy (SEM) images were taken using a Philips XL30
. . ) 8 electron microscope. Nitrogen sorption measurements were carried
humidity ranging from 10% to 80% did not substantially affect the out at 77 K using a Micromeritics Tristar 3000 analyzer. IR spectra

mesostructure, in contrast to other reported meth&dsjiter were collected on a Nicolet Magna 850 IR/Raman spectrometer.
12 h, a transparent membrane was formed, and it was transferreqR samples were prepared via mixing with KBr and pressed into

Methods. The synthesis is similar to the procedure for the
preparation of mesoporous siligaexcept for the introduction of
acetic acid and MO precursors. In a typical synthesis of a
mesostructured membrane (e.g., 2x0 mmol of Zr(OBu), 40
mmol of HOAc, 24 mmol of HCI (or HN@), and 1.6 g of F127
(EOgePO70EOgs, MW = 12 000 g/mol) were dissolved in 30 mL
of ethanol. The mixture was stirred vigorouslyrfd h and
transferred into a Petri dish (diameter 125 mm). The ethanol was
evaporated at 40C with a relative humidity~40% (relative

ellets.
(19) Doeuff, S.; Henry, M.; Sanchez, C.; Livage, JNan-Cryst. Solids P
1987, 89, 206-216. ) )
(20) Schubert, U. Mater. Chem2005 15, 3701-3715. Results and Discussion
(21) Brinker, C. J.; Lu, Y. F.; Sellinger, A.; Fan, H. YAdv. Mater. 1999
11, 579 ff. In order to quantify the growth kinetics of the oxide

(22) G roéﬁj%e?grgﬁggflAF.'égj’r‘gg:'s'a'Agga%r;%i%'z'ﬁlj‘h;cfmggs‘:h' precursors in various environments, we use time-resolved

2004 14, 309-322. dynamic laser light scattering (DLS, for the basic theory see
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Table 1. Sizes and Growth Rates of Metal Species

size of the inorganic growth raté
specie&(nm) (nm/min) = <
inorganic speciés  EtOH AcHE EtOH AcHE g g 201
Al >108 <1.6 15x 17  4.7x 107 < § 10
Si ~1.5 ~1.7 1.0x10°% 1.0x 103 c z |
Ti >108 35 - 1.3x 103 $ § o
Zr >10° 2.4 - 2.8x 1074
Nb >10° 5.0 >46x 1 4.1x103
Ta ~10° 8.0 41 1.2x 102
Li+Ti 7.1 1.1x 102
Ho + Ti 51 2.7x 1073
2AI+Si 1.6 8.4x 104 o = 8
Ti+P 4.6 2.7x 1073 220 =
Si+zr 3.7 3.2x 10°3 £ o 6]
Ni + 2Si+ 2zr 2.6 6.7x 107 § 10 @ [
Ta+2zr 5.0 9.7x 1073 z 34
=
a Al, aluminum butoxide; Si, tetraethyl silicates; Ti, titanium butoxide; g 0 & o i
0 100 200

Zr, zirconium butoxide; Nb, niobium ethoxide; Ta, tantalum ethoxide; Li, 1 .10 100
lithium chloride; Ni, nickel(ll) nitrate; Ho, holmium chloridé.Size recorded Particle size (nm) Time (min)
at 200 min.c The growth rates of the metal species were determined from

linear fits to the particle size plots (prior to precipitation in pure EtOH). Figure 2. Size distribution and evolution of individual metal alkoxides

(Ta and Zr) and their mixture in AcHE solution at room condition {25
. . . . . RH ~ 50%) as a function of time. In the mixture solution, M/HOAc/HCI
Supporting Information). Silicon alkoxides, for instance, are = 1:4.0:2.1, where M= Ta+ Zr (Ta/Zr = 1.0). The concentration of total

quite stable in ethanol exposed to atmospheric moisture with metal alkoxides is 0.5 M.
the particle diameter growing at a rate of 0103 nm/ Ordered mesoporous MOs (e.g., Al, Ti, Zr, Nb, and Ta)
min. However, many metal alkoxides (i.e.,=MAI, Nb, or or mixed MOs (e.g., AlSi, ZrP) have been prepared via the
Ta) are highly reactive toward water due to coordination ACHE sol-gel system using alkoxides as inorganic precur-
expansion and rapid condensation. Exposure of ethanolicsors (Table 2). For example, SAXRD patterns of mesos-
solutions of these alkoxides to ambient conditions causestructured TiQ synthesized from titanium butoxide as the
rapid particle growth-5 orders of magnitude faster than that inorganic precursor and the triblock copolymer gf@0;c-
of the silicon alkoxide system. Ethanolic solutions of titanium EOss (F127) as the template show well-resolved diffraction
and zirconium alkoxides show an additional class of con- peaks (Figure 3a), which, when combined with TEM (Figure
densation kineticsthese MO particles are stable in the 4), can be unambiguously indexed as the (10) and (20)
nanosize region for-42 h under ambient conditions (Figure reflections of a two-dimensional hexagonal phase. The
1a) but then rapidly grow into macro-scale precipitates. absence of the (11) reflection in the .transr.nission—mode
In stark contrast to the diverse condensation and particle SAXRD pattern suggests that the one—dlmen.smnal channels
growth behavior observed for the metal alkoxides in ethanolic € Parallel to the membrane surface. The unit cell parameter
solutions, all metal alkoxides in the AcHE solution show calculated from SAXRD analysis are 17.4 and 12.1 nm for
similar condensation and particle growth behavior. In each S-Synthesized and calcined samples, respectively. Calcina-
case, nanosized metabxo-acetate particles form rapidly in 1N Of the samples at 35T gives rise to a relatively large
the AcHE solution. These nanoparticles are quite stable andC€!l shrinkage (as much as 30%) and broadening of the
grow slowly due to the slow introduction of water from the diffraction peak. _ _ _
ambient environment and the esterification of acetic &id. | "€ igh degree of order achievable in these multicom-
Importantly, all metal species form metal oxo-acetate par- PON€Nt systems is apparent from the post-calcination TEM

ticles with similar sizes and growth rates (Figure 1b,c, Table images (Figure 4). Additiqnally, threg—dimensional cubic_
1), structures can be synthesized by tuning the volume ratio

between inorganic species and the organic template. Gener-
ally, reducing the fraction of the polymer with respect to
the inorganic precursors leads to cubic caged mesostruc-
tures?® The SAXRD patterns for the 4Z¢3P,0Os sample
synthesized from zirconium butoxide and triethyl phosphate
exhibits four resolved peaks witth spacing ratios of/2:
V4:4/6:4/14 (Figure 3b) which are indexed as the (110),
(200), (211), and (321) reflections of the cublim8m) space
group. The cell constant of the calcined sample ist12

nm, consistent with the 1% 1 nm measured from TEM.
Nitrogen sorption data confirm that all MOs have charac-
teristics that are typical for mesoporous materials: uniform
size distribution, high surface area, and high porosity (Table

DLS experiments on mixtures of MO precursors show
single, well-defined nanoscale particle sizes in the AcHE
solution (Figure 2). For example, isolated Ta and Zr species
in the AcHE solution exhibit distinct particle sizes of 8.0
and 2.4 nm, respectively, but the AcHE solution containing
the same total concentration of a mixture of Ta and Zr gives
a single intermediate size (5.0 nm after 200 min) and growth
rate (9.7x 1072 nm/min). Such behavior is consistent with
the formation of a new mixed-composition nanoparticle
precursor in which the Zr and Ta are interconnected via oxo/
acetate bridges. We have observed similar behavior for all
the mixed metal precursor systems studied (Figure 1 and
Table 1), suggesting that the AcHE solution is a general route 2).
for stabilizing multicomponent oxide nanoparticle precursors,
and it will be useful fqr the fabrication of multicomponent (23) Crepaldi, E. L.: Soler-lliia, G.; Grosso, D.; Cagnol, F.: Ribot, F.
nanostructured materials. Sanchez, CJ. Am. Chem. So@003 125, 9770-9786.




6394 Chem. Mater., Vol. 18, No. 26, 2006 Fan et al.

Table 2. Physicochemical Properties of Mesoporous Samples

organic calcination mesostructure d10o0” pore size, surface area,

sample template temperaturé,”C symmetry nm nm m2gt porosity
Al,03 F127 500 p6m 8.1 4.4 152 0.42
TiO2 F127 350 pém 10.5 5.0 191 0.48
ZrO, F127 350 pém 8.7 4.0 78 0.36
Nb2Os F127 500 pém 104 4.0 78 0.36
TaOs F127 350 pém 9.8 4.5 98 0.45
47rO,—P,0s F127 500 Im3m 8.5 3.9 86 0.36
2TiO,—P20s F127 350 disordered 11.0 31 305 0.48
SiO,—Al03 F127 350 p6m 10.7 7.5 265 0.51
MgO—TiO F127 350 pém 10.6 4.0 118 0.36
CaO-TiO; F127 350 pém 8.6 4.5 81 0.38
NiO—TiO; F127 350 pém 104 4.0 186 0.46
YbO—-2TiO, F127 350 p6m 12.3 12.0 179 0.66
CuO-TiO, Brij76 350 disordered 45 3.0 265 0.36
PbO-TiO, F127 350 disordered 13.0 6.5 87 0.49
BaO-TiO; P123 350 disordered 11.0 7.1 73 0.50
NiO—2Si0,—27rO, F127 350 pém 10.0 4.2 157 0.40
NiO—2Si0,—2ZrO;, F127 1000 pém 9.7 4.2 102 0.36

aThe wall structures of the samples are amorphous at the specified calcination temperature except for mesoporhssE®@alls consist of 7.5 nm
anatase crystals, and mesoporous NESiO,—2ZrO; calcined at 1000C, which contains~5 nm tetragonal Zr@nanocrystals in the wall$.The d value
of the (100) reflection for samples before calcinatidrvélue of the first reflection for samples with a disordered mesostructure amt\véidee of (110) for
cubic phases).

o (a) approach by using glacial acetic acid as the solvent and
as-synthesized ¥ calined elevating the solution temperature. A strong but relatively
e dom) e dgom broad X-ray diffraction peak is observed for PbDIiO,,

@0) 75 (20) 55 BaO-TiO,, and SrG-TiO, samples (Supporting Informa-
\a\ tion). TEM analysis indicates a disordered worm-like struc-
\X ture. The absence of mesoscopic ordering confirms that a
stronger charge interaction between inorganic and organic

05 1.0 1.5 20 05 10 1.5 20 species is required for cooperative assembly.

q (nm") q (nni')
~(b) A homogeneous distribution of each component is an
o  as-synthesized =] calcined . . . . . i
Sk dem) S dem) important issue for MMMOs, as the dispersion of individual
00 w20 (i a5 elements can greatly influence performance in catalytic,
o (20 40 @ a8 optical, and electronic applications. The uniform unimodal

'3

size distribution in the nanorange-<10 nm) of mixed metal
species in the AcHE selgel system suggests that a high
homogeneity at the nanoscale in the final product can be
g (o) ¢ (nr?) obtained. A detailed energy dispersive X-ray (EDX) element
Figure 3. SAXRD patterns of mesostructured (a) Tiembrane with ma_ppmg measurement Qf tem_ary m_eSOpor(_)us_Mo 6NIO
two-dimensional hexagonal symmetrgé(n) and (b) 4ZrQ—P.0s with 2Si0,—27r0,) shows uniform intensity of Ni, Si, and Zr
three-dimensional cubic symmetryr@m). The wave vector, is defined signals throughout the particles (Supporting Information),
as (41/1) sin(@), where 2 is the scattering angle. The diffracted intensity revealing the homogeneous distribution of multiple compo-

is collected in transmission geometry with respect to the planar surface of 2 . } .
the membrane. nents within the inorganic framework. The molar ratio of

A variety of highly ordered mesoporous mixed MOs can Ni:Si:Zr determined frqm EDX was 1.19:1.96:2£OI05e
be prepared by introduction of multiple transition metal and to the actual composition of the precursor solution (1:2:2).
rare earth cations (e.g., Li, Mg, Ca, Cr, Co, Ni, Cu, Yb, Ho). = We have studied the wall phase segregation and crystal-
All as-made materials show an intense low-angle diffraction lization behavior of the mesoporous NiQSi0,—2ZrO,
peak with ad spacing of 14 to 18 nm, indicating mesoscopic system in detail. Temperature-dependent WAXRD data
ordering for all samples (Supporting Information). Removal reveal the componential segregation and crystallization
of the surfactants by combustion at 38D generally causes  behavior of this ternary composite (Figure 5). Between room
cell shrinkage of~30%. TEM reveals ordered mesopore temperature and 80 the sample remains amorphous. After
arrays throughout the specimen domain of the calcined heating at 900C, the zirconia component in the mesophase
sample. WAXRD confirms that most oxide frameworks are crystallizes into a tetragonal phase, as indicated by the
amorphous at the atomic scale when calcined at an inter-presence of the (101) peak a®t) 2= 29.8; the other
mediate temperature (35C; Table 2). components, however, remain amorphous. The crystal size

The incorporation of Pb, Sr, and Ba ions is more difficult of tetragonal zirconia is calculated to b&.3 nm based on
than that for other transition metal cations because of the WAXRD peak broadening by the Scherer formula. A further
low solubility of the chloride and nitrate salts in ethanol increase in the temperature to 100G does not cause
solution. Additionally, neither HCI nor HN@is suitable as  additional crystal growth. SAXRD and TEM investigation
a strong acid due to the low solubility of the metal nitrates confirm the preservation of mesoscopic ordering even after
or chlorides of these ions. This problem is resolved in our heating at 1000C. High-resolution TEM reveals crystallized

S

&

05 10 1520 05 10 15 20
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220, P.0,

YbO-2TiO, | @8 Li,0-2Z10,

Figure 4. TEM images of calcined mesoporous materials. Mesoporous MOs are calcined 4€ 35@ir for 5 h toremove organic polymer templates
(Al,03, Nb,Os, and 4ZrQ—P,0s samples are calcined at 50Q). Selected-area electron diffraction confirms that mesoporous da@tains crystalline
(anatase) pore walls after calcination. The scale bar in each case is 50 nm.

components by limiting mass diffusiéhBoth NiO and ZrQ

5 o are particularly interesting for catalytic use in chemical and
b s %;:: E”g‘ petrochemical processes because of their acidic, basic, and
— L%%D redox propertie$>?6 This mesoporous multicomponent NiO
—‘j: o E fgg 2Si0,—2Zr0O; is expected to be a promising catalytic system
S 25 (°C) because of the homogeneous dispersion of each component,
20 40 60 existence of tetragonal ZgOnanocrystals, and silica-

2 theta (d .
R stabilized mesoporous frameworks.

In the AcHE sot-gel system, acetic acid plays a key role
in adjusting the growth of inorganic species and formation
of stable nanoparticles. For instance, carboxylic acids have
previously been used as complexing ligands to modify titania
sol-gel processing® Thermogravimetric analysis reveals that
a substantial number of acetate groups are retained in each
£ o o single or multicomponent mesostructured hybrid before aging
e : : at 65 °C (0.40 to 1.86 acetate groups per metal atom;
PN % s .ﬁ e et Supporting Information). IR spectroscopy suggests that these
Figure 5. WAXRD patterns of a ternary mesoporous Ni@SiQ,—27rO, acetate groups act as bidentate ligands, which are directly
sample at different heating temperatures and TEM images of the specimenpgnded to the metal ions through chelating or bridging modes
heated at 1000C. The presence of5 nm zirconia nanocrystals in the . . N
wall structure is evident from the selected area diffraction pattern, the high- (Supporting Information). As a result of carboxylate binding
resolution TEM image, and the WAXRD patterns. The sharp peaks marked the reactivity toward water of modified metal species is
with B correspond to diffraction from the platinum heating stage. greatly decreased, which leads to controlled precursor

zirconia nanoparticles with a size of5 nm that are particles sizes and condensation kinetft¥.Most impor-
uniformly embedded in one-dimensional channel walls tantly, the diverse cpnd_ensatiqn_kinetics of a variety of metal
(Figure 5). This material has a pore size- 4.2 nmand a  SPecies are normahzallzeq within a narrow range an_d, thu.s,
surface area 102 hy ! (Table 2 and Supporting Informa- make possmle the s_ynt_heS|s c_)f mesostructured mat_erllals vynh
tion). complicated MO stoichiometries. These facts also distinguish
Single component mesoporous zirconia shows a clearthe approach from previous metal chloride precursor routes

amorphous-to-tetragonal phase transition at 460 with ~ for the synthesis of mesoporous MOE.In the metal
large (14 nm) zirconia nanocrystals forming alongside the chloride precursor solution, inorganic species remain as
collapse of the ordered mesostructure by 30qSupporting monomers or small oligomers, less than 0.6 nm as indicated
Information). This behavior is in sharp contrast to the
multicomponent NiG-2Si0,—2ZrO, hybrid (Ni:Si:zr = ggg HAE-C')--?FZBOS}H-C;Séic)g‘hoé‘nq‘l?ggga&'\g%e_réﬁo4 3, 65-72.

1:2:2 molar ratio). These differences in wall structural (26 post&a’, W, -S.;gF-eng’ Z. T.; Philip, C. V.; Akgerman, A.; Anthony,

stability are associated with the interfaces between different @ % G.J. CDatag 1|994}”_145Glzg—g31. £ Sanchez. G Alb 5
. : N . . rosso, D.; >Soler-lllia, .; Babonneau, .; Sanchez, C.; ouy, P.
components in mesoporous NiQSi0,—2Zr0;; these in A.; Brunet-Bruneau, A.; Balkenende, A. Rdv. Mater.2001, 13, 1085

terfaces suppress the crystallization and growth of individual ff.
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by our DLS experiments, during the assembly process. Thisare formed in solution, weaker-binding non-fluorinated
explains why the metalchloride-based method often re- acetate ligands allow the growth of larger nanometer-sized
quires long gelation times (up to 2 weeks) to obtain stable inorganic particles. Because acetate ligands are both smaller
mesostructures in macroscopic samples. For thin films on and weaker binding, they are also readily removed during
the order of several hundred nanometers thick, the evapora-heat treatment to yield desirabieesoporouxides.

tion of HCI drives the condensation reactions more rap-

idly.23280ur method is also distinct from previously reported Conclusions

nanoparticle based routes to mesostructured materials, where | summary,

separately synt-hesized precrystallized nanoparticles are aSapplicable methodology for the synthesis of multicomponent
sembled |nt<_) high-surface-area and thermally stable meso-asostructured hybrids and porous materials from the
structures; in our case, the nanoparticle precursors arecompination of inexpensive and commercially available
generated in situ by controlling the sajel proces$>*This  olymers with metal alkoxides solubilized in the AcHE
has the advantage of mal_<|ng the syntheS|s_extremely_s!r_nplesmution. MMMOs obtained by the AcHE system have
and general, but the possible disadvantage is that the initiallytnable pore structures, multiple components, a high degree
formed materials are amorphous at the atomic level. How- of homogeneity, and, in certain cases, thermal stability above
ever, for catalytic applications, the ability to introduce 1000°C. The ability to easily process these diverse MMMOs
multiple catalytic MO components into accessible wall jn the form of thin films, free-standing membranes, and
structures may be much more important than framework monoliths (Supporting Information) presents substantial
crystallization. advantages over previously reported methods for commercial
The modification of metal alkoxides by acetic acid applications in heterogeneous catalysts, energy storage,
influences the structural properties of the final material. The photocatalysis, or nanostructured photovoltaics, where large
degree of cross-linking of the metal gel networks is decreasedquantities of material will be requireet’ Most importantly,
because of the replacement of hydrolyzable alkoxy groups We have demonstrated that, using this method, the diverse
by acetate groups. Additionally, the density of the gel condensation kinetics of a variety of MO materials can be
networks is lower than that of the pure oxide frameworks homogenized to yield stable multicomponent MO nanopar-
due to the substantial proportion of bridging or chelating ticle precursors. The development of such simple and widely
acetate groups. These less-condensed gel networks canngtPplicable methodologies for the fabrication of novel MMMOs
sustain their mesoscopic order after removal of organic (€-9-, rare earth and transition MOs) with diverse composi-
templates by calcination. An additional aging step is therefore tOnS iS important for the practical implementation of these
required to condense the frameworks. For example, it wasanostructured materials.
found that the number of acetate groups per titanium o
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