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In this paper, successful preparations of hierarchically porous cobalt oxid®{Ctn oxide (SnQ),
and manganese oxide (Mp©r Mn,Os) monoliths by the nanocasting route are described. The starting
SiO, monoliths used as molds were prepared through a straightforwarggsbprocess and contain
macropores with adjustable size in the range ofF-@8um as well as mesopores which can be altered
between 3 and 30 nm. In the nanocasting process, the silica monoliths are impregnated with a metal salt
solution, which is subsequently decomposed to a metal oxide by heat treatments to foraiMeSIO
composite. Finally, the silica part can be removed by leaching in either NaOH or hydrofluoric acid. The
composite and replica structures have been characterized by thermogravimetric analysis, X-ray diffraction,
scanning electron microscopy, nitrogen physisorption, and transmission electron microscopy. The nanocast
monoliths are positive replicas of the silica structure on the micrometer scale, meaning that the replicas
have the same macroscopic morphology and macropore structure as the starting silica monoliths. In contrast,
on the nanometer scale the replicated structure becomes an inverse (or a negative replica) of the silica
mesopore structure. Furthermore, all prepared metal oxide monoliths are fully crystalline. When the
hierarchical structure of the monoliths is combined with the unique chemical or physical properties of
the used metal oxides, these novel materials have great potential in application areas such as catalysis,
HPLC, and sensor materials.

1. Introduction the monoliths large transport channels accompanied by a high
active surface area.

A great number of hierarchically structured silica materials
have already been described, including monoliths and spray

High surface area metal oxides are of great importance in
many applications, including catalysis, electronics, and sensor

technology:~® These materials could, for instance, have . o
. ) oy . ; . dried powders:*' Recently, Nakanishi and co-workers have
interesting electric, magnetic, or thermal properties or could

developed a selgel method to prepare macroporous/

be chemically resistant in harsh environments. Most of the o . . ) .
mesoporous silica monolitsThe idea is to induce phase

mesoporous non-siliceous oxide materials produced to date . . :
bo! . P separation that takes place at the-sgl transition, which
are available in the form of powders or films. However,

monolithic silica, especially monoliths exhibiting a multi- can be done by adFilng a hydrogen bonding polymer_(SL_Jch
modal porosity, has gained a lot of recent intefest The as poly(ethylene oxide)) to the sol. After removing the liquid

advantage of these types of hierarchical materials is that thephaSe a macroporous body is obtained. Additionally, textural

. . . “mesopores from voids between particles are also present. The
large macropores combined with the mesopore structure give . P P P

size of these pores can be controlled separately by post-
solvent exchange treatments in ammadgid&urthermore,
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TeI.:A+358-2-215 2355. E-mail: mlinden@abo.fi. surfactants such as cetylammonium salts or block copolymers
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method” to other metal oxides with a few exceptions (%iO casting of mesoporous silica, resulting in a negative replica
TiO, and SiQ/ZrO, mixture$ or TiO,'%), because many on the nanometer scale. The limitation of this method is that
metal oxide precursors are not available as alkoxides andthe desired metal oxide has to be resistant toward leaching
the rates of hydrolysis and condensation are often very high.in NaOH and/or HF to make it possible to remove the silica

Several ways to avoid these problems have been describegart selectively.
in the literature. Stein et al. and later a number of other Recently, we succeeded in replicating the macroporous/
groups have been using closely packed latex spheres as harthesoporous silica monoliths described above into cobalt
templates for producing three-dimensionally ordered macro- oxide monoliths with a similar macroporous structéftén
porous material& while the group of Seshadri has produced this paper we will report more extensive work on the cobalt
macroporous materials from crystalline single-source precur-oxide replicas and demonstrate that it is possible to expand
sors through decomposition followed by selective leaching the method to other metal oxides as well, such as manganese
of one of the phaséd. The major drawbacks of these oxide and tin oxide. The final structure is much dependent
materials are the small window sizes between the cagelikeon the metal salt used and the processing parameters.
macropores combined with high production costs due to Furthermore, we have also studied which effect the structure
expensive templates in the first system and the limited of the parent silica monoliths has on the replica structure.
mesoporosity in the latter. Furthermore, by using anion- The unique combination of the chemical, physical, and
exchange resins as macrotemplates a wide variety ofmorphological properties of the metal oxide monoliths makes
inorganic spheres have been prepared, including differentthem suitable for a large number of application areas such
zeolite structure&1® Here, the morphology is restricted to  as separation, catalysis, semiconductors, and many others.
macroscopic beads.

Silica has proven to be an excellent starting (scaffold) 2. Experimental Section
material in nanocasting procedures. For instance, it has been _ i o
shown that mesoporous silica powders can be used as molds 2.1. Materials. For the preparation of macroporous silica

. e ) monoliths poly(ethylene glycol) (PEGVl, = 35000 g mot?,
O.r.hard templatemr ma!qng mesoporous _Carb ornon Merck), nitric acid (30%), tetraethyl orthosilicate (TEOS, 98%,
siliceous oxidé& 25 replicas. In nanocasting of carbon, the

g o | . g ~ Aldrich) and cetyltrimethylammonium bromide (CTAB, Aldrich)
starting silica materials are impregnated with an organic \ere used. In the nanocasting procedure Cafpt6H,O (98%,
monomer, which is polymerized and subsequently carbon- Fluka), SnC}-2H,0 (98%, Fluka), and Mn(N§,-4H,0 (97%,
ized, and the result is a silica/carbon composite. A negative Fluka) were used as metal oxide precursors.

carbon replica can be obtained by leaching out the silica 2.2. SynthesisBimodal macroporous/mesoporous silica mono-
phase with hydrofluoric acid (HF). The method has also liths were prepared according to previously described procedfires.
successfully been expanded to replicate macroporous/mesoFirst, PEG was dissolved in 8 and HNQ (30%). TEOS was
porous silica monolithd2° A similar technique has been then added, and the solution was stirred until a clear and

used in the preparation of metal oxide replicas of mesoporoushomogeneous  solution was obtained. TheORINO/TEOS/
silica powderg? 2 Here, the silica material is impregnated PECG(35 000) molar ratio in the final sol was 14.7:0.25:157.80™*,
with a metal salt solution. The metal salt is decomposed to To investigate the replication mechanism in more detail an

. . o iti ithic sili dasth Id
an oxide by heat treatments, upon which the silica part can gddltlonal type of monolithic silica structure was used as the mo

. . . in the nanocasting of Sn@nonoliths. These silica monoliths have
be leached out with either NaOH or HF. Many different metal _ . 2 q4itional pore size region of about 3 nm induced by supra-

oxides (Cp05°%?° 105232 CeQp**?° NIO,* MnO,* molecular templating of CTAB.The starting HO/HNOy/TEOS/
C0304,2° Fe047°) have successfully been prepared by nano- peG(35 000)/CTAB molar ratio of these monoliths was 14.7:0.25:
1:4.3 x 10740.14. (Samples prepared from this type are denoted
(14) ller, R. K. The Chemistry of SilicaWiley-Interscience: New York, CTAB-). The solutions were portioned into micro-titer plates and
1979. o were allowed to gel and age for 72 h at %D. Solvent exchange
(15) gg’“%g}é'_’ Konishi, J.; Nakanishi, K.; Hirao, Kppl. Phys. Let2004 in a 1 M NH,OH solution for 24 h at 90C was performed to
(16) Blanford, C. F.; Yan, H.; Schroden, R. C.; Al-Daous, M.; Stein, A. increase the stability of the monoliths and to adjust the textural
Adv. Mater. 2001, 13, 401. mesopore size. The monoliths were subsequently dried &C40

an gﬁ{;anr?gt&i),lMi;ngizlnérgaiah, S.; Morgan, P. E. D.; Seshadd, Riater. for 72 h and finally calcined at 55@ for 5 h with a heating ramp

(18) Tosheva, L.; Valtchev, V.; Sterte,Microporous Mesoporous Mater.  Of 1 K/min. The resulting Si@monoliths have an approximate size

200Q 35—36, 621. _ of @ 5 x 7 mm after the calcination step.
(19) yggg%%o‘gzvl'; Tosheva, L.; SterteMicroporous Mesoporous Mater. The nanocasting procedures are schematically described in Figure
(20) Ryoo, R.; J0o, S. H.; Jun, 8. Phys. Chem. B999 103 7743. 1. Aqueous solutions of metal salts were prepared according to
(21) Jun, S.; Joo, S. H.; Ryoo, R.; Kruk, M.; Jaroniec, M.; Liu, Z.; Ohsuna, Table 1. Outgassed silica monoliths were impregnated by incipient
T.; Terasaki, OJ. Am. Chem. So€000Q 122, 10712. wetness. The wet, fully transparent monoliths were placed

22) Zhu, K.; Yue, B.; Zhou, W.; He, HChem. Commur2003 1, 98. . .
gzgg Yang, H.; Shi, Q.; Tian, B.; Lu, Q.; Gao, F.; Xie, S.; Far?, J:Yu,Ch.; ©On crucibles and heated directly at 180 for 10 h (Co(NQ),

Tu, B.; Zhao, D.J. Am. Chem. So@003 125, 4724. 6H,0 and Mn(NQ),-4H,0) or 150°C for 4 h and then 250C for
(24) Laha, S. C.; Ryoo, RChem. Comrr]urQOO?;]}7, 2138. A 4 4 h (SnC}-2H,0). The impregnation and heating steps were
(25) ,\TA':tr;’rBz'bldéu’l)S("lg%g’ H.; Xie, S.; Yu, Ch.; Tu, B.; Zhao, Bdv. repeated two to four times depending on which salt was used.
(26) Taguchi, A.; Smatt, J.-H.; Liride M. Adv. Mater. 2003 15, 1209. Subsequently, the composites were calcined in air at°&Qor
(27) shi, 2. G.; Feng, Y. Q.; Xu, L.; Da, S. L.; Zhang, /@arbon2003 300°C for MnGQ) for 6 h with a heating ramp of 1 K/min. Finally,

41, 2677.
(28) Lu, A.-H.; Smétt, J.-H.; Backlund, S.; Lifdg M. Microporous

Mesoporous Mater2004 72, 59. (30) Smatt, J.-H.; Spliethoff, B.; Rosenholm, J. B.; Lindev. Chem.

(29) Lu, A.-H.; Smatt, J.-H.; Lindg, M. Adv. Funct. Mater.2005 15, 865. Commun2004 19, 2188.
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Figure 1. Synthesis scheme of the preparation of different metal oxides. The starting silica monoliths have both macro- and mesopores, which initially will

be filled with the metal salt solution.

Table 1. Starting Metal Salt Concentrations in the Nanocasting Procedure Together with the Number of Impregnation Steps and the Total Mass
Increase in the Composité

concentration no. % mas& BET surface area mesopore volume mesopore diameter

metal oxide precursor [wt%] [M] impregnations increase [m?/g] [cmi/g] [nm]
Sio, 243.9 1.268 23.6
CTAB-SIO, 938.0 1.293 2.9/22.3
Si0,/C0304 Co(NG;)2-6H20 78.6 5.34 3 293.5 44.8 0.137 15.1
SiO/SNG SnCh-2H,0 66.7 6.72 3 516.0 12.2 0.044 20.9
SiO,/MnO;, Mn(NOs)2:4H,0 50.0 3.10 5 323.7 55.2 0.142 135
Si0)/Mn203 Mn(NOs)2:4H,0 50.0 3.10 5 296.3 55.8 0.173 14.8
CTAB—SIO,/SNG;  SnCh-2H,0 66.7 6.72 3 625.1 10.6 0.012 2.7114.0

aNitrogen physisorption data of the starting silica as well as the composites are repdited% mass increase of the composites was calculated using
the formula: [(Momposite— Msilica)/ Msilica] x 100. ¢ Estimated from the BJH desorption plot.

the silica part was removed by dissolution in eitdeM NaOH (at
90 °C, 2 x 24 h) or 10% HF (at room temperature, 24 h).
2.3. Characterization. Thermogravimetric analysis (TGA) and

be taken as an approximation, because the pore sizes are too large
to be properly measured by nitrogen sorption. The pore size
distribution was calculated using the BJH method based on the

differential temperature analysis (DTA) on a Netzsch STA 449 C desorption branch.
thermobalance were applied to determine the combustion temper-

atures of the different metal salts. The measurements were done
on dried metal salt/silica composites in air with a heating ramp of

3. Results and Discussion
3.1. Nanocasting Procedure.The synthesis and the

10 K/min. Furthermore, X-ray diffraction (XRD) patterns were structure of the parent Si@nonoliths have been described
measured to determine the crystalline phases of the metal oxideg|sewherd.®

replicas. The samples were measured on a PANalytical X'Pert Pro

Bragg—Brentano system (used wavelength Guy K), equipped with

a secondary monochromator and a X'Celerator detector (PDS length
2.12 26). The data were collected in the range between 10 and

90° 26 with a step width of 0.0226. The data collection of the
MnO, sample was performed with a Stoe Braggrentano dif-
fractometer (used wavelength Culk,). The samples were ground

As described in Experimental Section and in Figure 1, the
nanocasting procedure is a straightforward method to prepare
macroporous metal oxide monoliths. Typically metal nitrates
were used as metal oxide precursors because of their high
solubility in water and their low decomposition temperatures.
In the case of tin oxide, SnE€PH,O was used because no

in a mortar prior to the preparation in the sample holder. The particle commercial tin nitrate was available. The concentrations of
size was also estimated from the XRD measurements by using thethe metal salt precursor solutions were typically saturated
Scherrer equatioff. Fracture surfaces of the monoliths were or close to saturated. The concentration of the precursor
examined by a scanning electron microscope (LEO type Stereoscansplution plays an important role for the evolution of the

360, U.K.) equipped with a Link Inca 300 (Oxford Instruments,

structure, as will be discussed later. More importantly, it was

U.K.) EDS unit, which was used for the elemental analysis. The {5,nd out that the “removal of solvent/decomposition to

samples were coated by platinum prior to analysis. The mesopores
were studied with a transmission electron microscope (Hitachi
HF2000, equipped with a cold field emission gun) as well as
nitrogen physisorption (ASAP 2010, Micromeritics). The BET

surface area was determined from the relative pressure RiRge

oxide” step (number 3 in Figure 1) was the most crucial step
for determining the final structure and for the mechanical
stability of the replicas. A direct heat treatment at T&D

was used for all three metal oxide precursors to remove the

= 005—020’ and the total mesopore volume was determined from SO|Vent from the il’lterior Of the monoliths. If too h|gh or too

the adsorption branch &P, ~ 0.98. The pore volume is only to

(31) Langford, J. I.; Wilson, A. J. Cl. Appl. Crystallogr.1978 11, 102.

low temperatures are used, different sorts of problems may
arise. If the monoliths are dried at temperatures too low, large
crystals of the metal salt will form inside the pores, which
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Figure 2. TGA and DTA of dried impregnated monoliths: Co(N@ Figure 3. Nitrogen physisorption isotherms of the parent Sionolith
6H,0 (dashed lines), SngPH,O (dotted lines), and Mn(N§)-4H,0 (solid (m; offset, 750 crig), as well as the Si€C030,4 composite ©; offset,

lines). As a result of the different metal oxide loading amounts the weight 500 cn#/g), the SiQ/SnQ, composite &; offset, 425 crig), and finally

contribution from the silica part has been removed, using the % mass the SiQ/MnO, composite ¥). Note: the composite isotherms have been

increase values given in Table 1. corrected for the weight increase upon impregnation, using the % mass
increase values given in Table 1.

will eventually lead to macroscopic cracks in the monolithic

body. On the other hand, if the drying temperature is too 4500_
high, problems with diffusion of salt molecules from the 40004
center of the monoliths are often encountered, which result ]
in hollow replicas. Depending on the type of metal salt used 3500 4
in the process, the temperature may need to be adjusted to ]
successfully decompose the salts to oxides. As seen in the 3000
TGA/DTA plot in Figure 2, the nitrate salts of cobalt and - 1
manganese decompose at relatively low temperatures (com- S 2500+
plete decomposition between 200 and 3W), while a ;>' l
pronounced mass loss is not observed before’87for the g 20007
SnCL sample. It should be noted that if longer treatments = ]
; 1500
are used, lower temperatures are needed for the nucleation |
and growth of the oxide phase. Furthermore, it was found 10004
out that the salts do not have to be fully decomposed between ]
the impregnation steps. This explains the choice of AG0 5004
to decompose the nitrates while the slightly higher temper-
ature of 250°C was used to decompose the tin chloride. 0
The drying and thedecompositiorsteps are closely inter- 20
linked, and they take place simultaneously. This implies it 26()

is not a trivial task to generalize this step for the preparation Figure 4. XRD indicates that the final metal oxide phases arg@oSnQ;,
of monoliths of other metal oxides. The results will also MnO;, and MrzOs. ¥ indicates reflections associated with the sample holder.
strongly depend on the atmosphere inside the oven. By
repeating the impregnation steps two to four times, the sorption isotherms of the composites have been plotted
integrity of the replica structures could be enhanced. As atogether with the parent silica isotherm. Note that the
rule of thumb, more than 50% of the mesopores should beisotherms for the composites have been normalized for
filled to provide a rigid structure. clarity, taking into account the total weight increase. The
After the final impregnation step the composites were values for the respective mass increases given in Table 1
calcined at 550C (except MnQwhich was calcined at 300  were used as the basis for normalization. What is common
°C) to make the decomposition go to completion. Interest- for all three composites is that the nitrogen uptake in the
ingly, a small mass loss of about 10 wt % can be observed relative pressure range between 0.8 and 1.0 decreases, which
in the TGA plot at~580 °C, which we ascribe the mass indicates that the textural mesopores in the silica monoliths
loss associated with the phase transition from MA@ are gradually being filled, isotherms are normalized against
Mn,Os. After the calcination step the degree of loading of the increase in specific weight upon impregnation. From the
the mesopores in the composites was studied with nitrogenisotherms, the specific surface area, pore volume, and pore
sorption measurements. The parent silica monoliths havesize distribution could be determined as well (Table 1). Both
textural mesopores which originate from voids between the the SiGQ/Co;0, and the Si@MnO, composites show a
primary silica particles. Like it has been described in previous broadened hysteresis loop indicating that the mesopores are
reports, it is possible to tune the size of these pores by post-partially blocked.
treatments in ammonia solutions of different concentrations  After the SiQ part had been removed, the phase composi-
or temperature¥.In our case, the post-treatment was chosen tion of the samples was determined by XRD measurements.
to create mesopores of about 20 nm. In Figure 3, the nitrogenThe diffractograms are presented in Figure 4. It was
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Table 2. Nitrogen Physisorption Data of the Starting Silica Monoliths Together with the Metal Oxide Replicas and Estimations of the Particle
Sizes of the Different Metal Oxides

particle size diameter

BET surface area mesopore volume mesopore diameter TEM N2 XRD
sample [m2/g] [cm3/g] [nm] [nm] [nm] [nm]
SiO, 243.9 1.268 23.6 520 11.2
CTAB—-SIO; 938.0 1.293 2.9/22.3 2.9
C0z04 40.4 0.119 123 10-20 24.4 206-30
SnG 36.0 0.111 7.8 7-15 24.0 15-20
MnO, 35.9 0.098 530 not measured 33.2 not measured
Mn,Os 29.8 0.075 1635 15-30 44.8 30-35
CTAB—SnQ 70.4 0.108 2100 3-7/15-35 12.3 mean- 16

aEstimated from the BJH desorption pl8iThe particle size diameter determined from the BET areas was calculated using the following fodnsula:

6/(AseT0). ¢ The pore sizes of the silica templated mesopores.

e

Figure 5. Photograph of the parent Si@nonolith together with CgDa,
SnG,, and MnO;3 replicas (scale bar in millimeters).

discovered that calcining monoliths impregnated with
Co(NG;s)2:6H,0 in air resulted in the formation of GO,
while SnQ was obtained when Sng£2H,0 was calcined.

Depending on the calcination temperature, relatively pure

phases of both Mng(300 °C) and MnOs (550 °C) could
be obtained from Mn(Ng).:4H,0. There are some additional

monoliths were obtained upon the removal of the silica
portion. Typical examples of a parent silica monolith and
three different metal oxide replicas are represented in Figure
5. An interesting feature is that virtually no shrinkage can
be observed for any of the replicas. This means that by
changing the morphology of the parent silica monoliths it is
possible to control the morphology of the monolithic replicas
as well. The final CgD, monoliths are black, while the ShO
and MnO; replicas are yellow-beige and dark gray, respec-
tively. The colors are homogeneously distributed throughout
the interior of the monoliths as well, which indicates a high
degree of chemical homogeneity, as also confirmed by EDX
analysis.

When looking closer at the interior of the monoliths with
scanning electron microscopy (SEM), it is evident that the
silica monoliths as well as the replicas are macroporous

reflections in the manganese oxide patterns, which we have(Figure 6). As shown in previous reports, it is fairly simple
not been able to assign. The Scherrer equation was used tdo control the pore size in macroporous silica monoliths.
estimate the crystallite size of the replicas (see Table 2), andThe macropores are formed by phase separation, induced
the results will be discussed in more detail later. Furthermore, by a hydrogen bonding polymer (PEG) at the same instant
energy-dispersive X-ray (EDX) analysis was used to quantify as the sot-gel transition. Thus, by changing the PEG amount
the residual silica in the metal oxide replicas, which was the pore size can be adjusted in the range of-B%um. In
determined to be less than 1 wt %. our case, the PEG concentration was chosen to give
3.2. Structure of the Metal Oxide Replicas.By using macropores of roughly-36 um in diameter (estimated from
the methods described above mechanically stable metal oxidehe SEM image in Figure 6a). Interestingly, the nanocasted

Figure 6. SEM images of (a) the parent Si@onolith, (b) the CgO,4 replica, (c) the Sn@replica, and (d) the MiDs replica (slightly larger macropores
in the starting silica monolith).
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Figure 7. SEM images of the (a) GO, (b) SnQ, and (c) MnO;s replicas, which show the porous macropore walls. (d) A:®§replica with too high
of a starting Mn(NQ), concentration. Point A indicates a former macropore half-filled with large®4mwerystals, while point B represents the former silica
wall which has been dissolved in NaOH.

180

monoliths have virtually the same pore size (Figure 6). 7
Hence, it is evident that the macropores are only initially . 1160
filled with salt solution, and when the solvent evaporates % {140 <
from the pores the metal oxide precursors will preferentially @ 120 »
diffuse into the mesopores. This means that the metal oxide  § 1400 &
monoliths are positive replicas on the micrometer scale. It § 80 g
also indicates that, by changing the macropore structure of s g
the silica monolith, the pore size of the replicas can be ﬁ 0 &
altered. S 140 %
Even if the macropore size is practically the same for all ] = 20
replicas, the structures of the macropore walls somewhat o T r ' Y 1o
differs from each other. The parent silica has got relatively 6002 04 06 08 10
smooth walls, which is also the case of the tin oxide replica. Relative Pressure (P/Po)
On the other hand, the cobalt and the manganese oxides have 900 120
a rougher wall structure, which can be seen in the SEM 8001
images in Figure 7. The GO, replica consists of large £ 700 100
“spherical” aggregates of particles-150 nm) (Figure 7a 5 ] i s
and transmission electron microscopy (TEM) image in Figure 2 6007 1% z
9a), while the MpO; replica has slightly smaller aggregates s 5001 60 %
(Figure 7c). The voids between the aggregates in th€©¢o 2 400 b
and MnO; replicas can also be observed in the mercury g 300 40 %
porosimetry measurements (results not shown). The inter- < 00l T o @
aggregate voids in GO, and MnOs are~250 nm and~150 S 100 Lo o 20 3
nm, respectively. The size of the inter-aggregate voids is o] .

bound to be controlled by several factors, including the 0o o2 o4  os  os 10
respective relative nucleation and growth kinetics, the number
of |mpregn_atlon/decomposmon _CyCIeS’ and the drying/ Figure 8. a) Nitrogen physisorption isotherms of the parentSi@nolith
decomposition temperature. In Figure 7c,d the structures of (m, left scale bar; offset, 1600 G&g), as well as the G®; replica O,

two Mn,O;3 replicas with low and high Mn(Ng), starting right scale bar; offset, 55 cig), the Sn@replica (@, right scale bar; offset,
concentrations are shown. If the concentration is too high, sgysci’:z?gt'ioingoiﬂgm'\fsng trﬁg':f;eﬁ'cr}g’:éigﬂin%ﬁ% :”)Ie'f\'t'tsrggl‘;”
large crystals are formed on the outside of the macropore par) together with the CTABSNG; replica O, right scale bar).

walls and the manganese nitrate cannot enter the mesopores.

When the silica part is leached the material has no replicatedto reach a rigid structure. The structure on this level can
mesopores and a low surface area. On the other hand, ifstill be said to be a positive replica of the silica structure.
concentrations that are too low are used the drawbacks are By zooming in closer on the macropore walls one can
the greater diffusion of the metal salt from the center of the observe yet another pore size region, the textural mesopores.
monoliths and the larger number of impregnations neededIn Figure 8a the nitrogen sorption isotherms of the parent

Relative Pressure (P/Po)
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b)

50 nm

Figure 9. TEM images: (a) particle aggregates of thesGpreplica; (b) both the particle size and the atomic order of the,Seflica; and (c) the SnO
replica of monomodal Si@and (d) of bimodal Si@ (inset, zoomed-in view of part d).

SiO, together with the different replicas are plotted (note 2. The specific surface areas and the total pore volumes of
the two different scales on the ordinate). Here, one can seethe replicas are remarkably lower than those of the parent
that the nitrogen uptake between 0.9 and 1.0, which could silica monolith, but one should still keep in mind that the
be observed in the respective composites, is still present fordensities of the metal oxides are more than two to three times
all replicas. However, for Snlanother uptake between 0.8 higher than those of amorphous silica.
and 0.9 can clearly be observed. The same effect may also The mesopore structure of the replicas was also closer
be seen for both the @0, and the MnQreplicas. However,  studied by TEM. Figure 9a represents one of theQGo
in the case of the manganese oxide only a broad uptake caraggregates earlier seen in the SEM image in Figure 7a. Each
be observed instead of two distinctive steps as can be seemf these grains consists of loosely packed particles in the
for the other oxides. A comparable phenomenon was size range of 1620 nm. From the TEM image in Figure 9b
observed when carbon replicas were made of the same typene can see that the Sp@plica consists of much smaller
of silica monoliths?® These pores are formed by the particles (715 nm). The MaO; monoliths (not shown) have
templating of the silica structure, and the formed structure the largest particles (£330 nm). As already mentioned,
is a negative replica of the silica structure. SnG replicas prepared from silica monoliths with different
To verify the theory a second type of silica monolith mesopore structures were studied as well. In Figure 9¢c a
(CTAB—SIO;) containing a trimodal pore structure was used replica prepared from a silica monolith with a monomodal
as the mold in the nanocasting of tin oxide monoliths mesopore size is represented, while in Figure 9d a replica
(CTAB—SnQ,). These silica monoliths have apart from from a bimodal silica monolith can be seen. The first is a
macropores two mesopore regions3(nm and~20 nm) conglomerate of crystalline particles with sizes in the range
instead of just one as in the ones previously discu$sad. of 5—25 nm, with an average size 6f15 nm. The second
comparing the nitrogen sorption isotherms of the starting sample is a mixture of particles with bimodal size distribu-
silica and the Snexeplica we can see very large differences tion, 3—7 nm (average- 5 nm) and 15-35 nm (average-
between the two (Figure 8b). The silica monolith has two 25 nm).
very distinct steps aP/Py = 0.3—0.4 andP/P; = 0.9-1.0 There are several direct and indirect methods to estimate
in the isotherm indicating the bimodal mesopore structure, the particle size. It can be approximated directly by taking
while the replica only has one very broad uptake covering an average from TEM images or indirectly from the BET
almost the entire relative pressure range. This can besurface area (if assuming unconnected spherical particles)
explained by the broad wall size distribution of the surfactant and XRD peak broadening (by using the Scherrer equation).
templated mesopores in the silica structure (no orderedHowever, it has to clearly be stated that from XRD the size
mesopores), which will become the pores in the metal oxide of crystallites is determined whereas from TEM and BET
replica. This does not mean that the replication has failed, the size of particles is obtained, which sometimes consist of
but on the contrary, a structure with a bimogalticle size many crystallites and, therefore, represents more or less
distribution has formed, which is confirmed by the TEM aggregates. The results are summarized in Table 2. Itis clear
images in Figure 9c,d. Similar structures could also be from all methods that the SnQeplica has the smallest
observed in carbon replicas of the same type of silica particle size, while the MiD; has the largest when compar-
monoliths?® The extracted specific surface areas, pore ing replicas from the same starting silica monolith. However,
volumes, and pore size distributions are presented in Tablewhen different silica monoliths are used as molds different
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replica structures are obtained. Depending on if a monomodalstructures can be observed on the nanometer scai€,Co
or bimodalmesoporesize distribution of the silica is used a and SnQwill both pack closely to the Sigsurface and thus
monomodal or bimodaglarticle size distribution is obtained  make a true replica of the silica mesopores. On the other
in the SnQ replicas. Furthermore, the respective particle hand, the manganese oxides do not interact with silica to a
sizes correlate very well with the mesopore size of the similar high degree and larger particles of the oxides will
starting materials. Hence, it is clearly a negative replica of eventually block some of the mesopores or even deposit in
the mesostructure. the macropores. It is also clear that the final structures are
Furthermore, in Figure 9b one can clearly see the lattice dependent on the drying/decomposition temperature, the type
fringes indicating atomic order in the Sp@articles. This of metal salt, the concentration, the air flow through the oven,
can also be observed for the other oxides, which confirms and so forth, which must be optimized for each system.
that the replicas are fully crystalline (this could also be Finally, the metal oxide replicas are all fully crystalline and
observed by XRD). built up of nanocrystallites with a crystallite size which
depends on the mesopore size of the silica monolith. This
4. Conclusions indicates that these novel metal oxide monoliths have a
We have described a fairly general method for the hierarchical structure and that it is possible to alter the sizes

preparation of macroporous/mesoporous monoliths of dif- on several length scales independently.

ferent metal oxides through nanocasting. On the macroscopic Our present work is to expand the method to other metal
level the replicas are very similar to the parent SiO oxides as well as to surface functionalize the monoliths.
monoliths, which can be seen on the macroscopic morphol-Reduction of the metal oxide monoliths to prepare porous
ogy of the monoliths and the macropore structure. One canmetal monoliths is also a possibility to prepare other
say that they are positive replicas of the silica structure on interesting properties.

this length scale. Therefore, it is easy to control the sizes of
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