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Perovskite- (ABQ) and spinel-type oxides (A, A
being the cation of a larger size, e.g./ACa, La, Mg...; B
= Mn, Fe, Al, Cr...) are materials of interest for a wide range
of applications. Thus, they have been extensively proposed
as catalysts for many reactions, including CO and hydro-
carbon oxidatior, pollution control (NQ and SQ reduc-
tion),'® hydrogenation and dehydrogenation reactién,
electrocatalysi8,and water-gas shift reactioA?¢ Addition-

The magnetic properties of some spinels make them suitable
for a number of applications, for example, as magnetic
storage media or for magnetic resonance imaédinthere

are several techniques available for producing high surface
area metal oxides, as recently reported by Lariddout in
most of the cases, the high-temperature treatments needed
to fabricate the spinels and perovskites lead to the sintering
of the resulting particles, with the concomitant reduction in
active surface area, typically in the range of a few square
meters €10) per gram. Thermal treatments can be avoided
by the use of “chimie douce’-based nanotechnological
approaches, such as microemulsion technidtibsi these

are expensive procedures which, moreover, must integrate
a number of different stages for the separation of organic
solvents and surfactants. Therefore, innovative and low-cost
methods for preparing nanosized oxidic catalysts are of great

ally, noncatalytic applications have also been considered. Forinterest. Template methods with hard templates have been
instance, perovskites have been proposed as electrogéévealed as an interesting alternative for preparing high

materials in solid oxide fuel cell®r as gas sensdrdwhereas

spinels have been used as electrodes in lithium-ion batferies.
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and favoring the formation of nanostructures. Several metal Table 1. Preparation Conditions and Textural Characterization of
oxides have been prepared by means of template methods%pinels and Perovskites Prepared by Citrate and Template Methods
using active carbdf and porous silica materiat8.Active
carbon is a cheap and readily available material for use as a

citrate method template method

particle size, nm particle size, nm

i T, SeeT, SeeT,
template. However, the reactivity of carbonaceous materials formulation °C ~ XRD ~ BET m?g XRD  BET mig
in the presence of transition metal oxides (i.e., oxidation and LaMnOs 850 18 33 40 14 32 41

: ; P b LaFeQ) 700 18 129 7 11 8 110
reduqtlon reactions) may limit its appllcablllty_. Indeed, at CuChOS 800 24 3% 14 12 6 %
the high temperatures needed for the formation of ternary cumn0¢ 550 17 29 38 16 11 100
oxides, the oxidation of carbon (in an air atmosphere) or €004 400 18 33 30 9 9 112

NiMn,O, 800 43 244 65 14 18 87

the reduction of oxides (in an inert atmosphere) prevents the
formation of these kinds of compounds. For these reasons,  °Soaking time template methes 12 h.® Soaking time citrate method

. - . = 20 min. ¢ Soaking time template methed 6 h. ¢ Soaking time template
a more inert hard template such as porous silica might be method= 10 h.
more appropriate. Recently, we proved that by using an
inexpensive mesoporous silica xerogel as template, it is The porosity of the silica xerogel employed as template
possible to prepare high surface-area single metal oXfes. is made up of mesopores in the-25 nm range. The values
In this work, we have extented this synthetic approach to obtained from the nitrogen adsorption isothethfsr the
the preparation of spinels and perovskites with a large surfaceBET surface area and pore volume are 51%gnand 0.8
area. The advantages of this method will be evidenced by cm?/g, respectively. Further characterization by TEM (not
comparing the products obtained with those synthesized byincluded) shows the existence of a disordered pore netifiork.

using the well-established citrate method.

The synthesis of the silica xerogel was performed in a
two-step process as described elsewh&T®. synthesize the
mixed oxide, a solution of hydrated metal nitrates mixed in
the appropriate proportion was prepared in ethanol-0.4
0.6 M). The silica xerogel was stirred with this solution at a
moderate temperature (8C) until complete removal of the
solvent. The impregnated sample was dried at °8
overnight and calcined in air at 8C/min up to the

In addition, the FTIR spectrum (not shown) evidences that
silica xerogel contains an abundance of silanol groups that
are essential for a good degree of impregnation.

The identification of the product obtained by the template
technique was performed by X-ray diffraction (XRD)
analysis in the wide-angle rangef(2 10—90°).2° The XRD
patterns for selected spinels and perovskites are shown in
Figure 1. It can be observed that the main XRD peaks are
broader for the materials prepared via the template method

temperature required for the formation of the perovskite/ than for those prepared by the citrate method, due to the
spinel and then left o4 h (unless otherwise stated). The smaller crystallite or particle size of the former. The particle
calcination conditions (temperature and soaking time) of eachsize values of these nanoparticles, estimated by using the

formulation are listed in Table 1. The mixed oxides were
obtained after dissolution of the silica framework in a NaOH
solution (2 M) and final washing with distilled water to
remove impurities.

Additionally, a single-step citrate method recently devel-
oped in our lab’ was employed to prepare the same
formulations for purposes of comparison. This procedure
involved mixing a nitrate solution (1 M) with a citric acid
solution (1.2 M) and keeping the mixture at 7Q until

Scherrer equatioff, are on the order of-915 nm, as might

be expected considering the pore size distribution of the
original silica framework. The particle size values estimated
by the Scherrer equation are summarized in Table 1 (particle
size, XRD). It can be observed from these values that, in
every case, the particle size estimated by the Scherrer formula
is smaller for the materials prepared by the template method
than for the materials prepared by the citrate method, even
though in some cases longer periods of time at the final

dryness. The mixed oxide particles were then obtained aftercalcination temperatures are required to obtain the active
further calcination at the same conditions as those employedphase via the template method. As might be expected, the

in the pore-confinement method. differences between the particle sizes assessed by these two
methods are more significant for the higher calcination

(14) (a) Schwickardi, M.; Johann, T.; Schmidt, W.; Sthir. Chem. Mater.
2002 14, 3913. (b) Wakayama, H.; ltahara, H.; Tatsuda, N.; Inagaki,
S.; Fukushima, YChem. Mater2001, 13, 2392. (c) Li, W. C.; Lu,
A. H.; Weidenthaler, C.; Schuth, Ehem. Mater2004 16, 5676. (d)
Roggenbuck, J.; Tiemann, M. Am. Chem. So2005 127, 1096. (e)
Kang, M.; Kim, D.; Yi, S. H.; Han, J. U.; Yie, J. E.; Kim, J. MCatal.
Today2004 93—95, 695.

(15) (a) Tian, B.; Liu, X.; Yang, H.; Xie, S.; Yu, C.; Tu, B.; Zhao, Bdw.
Mater. 2003 15, 1370. (b) Dong, A.; Ren, N.; Tang, Y.; Wang, Y.
Hua, W.; Gao, ZJ. Am. Chem. So2003 125 4976. (c) Laha, S. C,;
Ryoo, R.Chem. Commur2003 2138. (d) Tian, B. Z.; Liu, X. Y.;
Solovyov, L. A;; Liu, Z.; Yang, H. F.; Zhang, Z. D.; Xie, S. H.; Zhang,
F.Q.; Tu, B.; Yu, C. Z,; Terasaki, O.; Zhao, D. ¥.Am. Chem. Soc.
2004 126, 865. (e) Fuertes, A. BJ. Phys. Chem. Solid®005 66,
741. (f) Zhu, K. K.; Yue, B.; Zhou, W. Z.; He, H. YChem. Commun.
2003 98. (g) Yang, H. F.; Shi, Q. H.; Tian, B. Z.; Lu, Q. Y.; Gao, F;
Xie, S. H.; Fan, J.; Yu, C. Z,; Tu, B.; Zhao, D. ¥. Am. Chem. Soc.
2003 125, 4724. (h) Lee, K.; Kim, Y. H.; Han, S. B.; Kang, H. K,;
Park, S.; Seo, W. S.; Park, J. T.; Kim, B.; Chang, SJBAm. Chem.
Soc.2003 125 6844. (i) Wang, Y.; Yang, C. M.; Schmidt, W.;
Spliethoff, B.; Bill, E.; Schith, F. Adv. Mater. 2005 17, 53.

(16) Fuertes, A. BChem. Mater2004 16, 449. The procedure used to
prepare the xerogel is schematically included here. The silica source
(sodium silicate, Aldrich) was added under stirring to an aqueous
solution of HCI. The molar composition of the synthesis mixture was
sodium silicate/HCI/HO = 1/6/194. The solution was stirred in a
closed Teflon vessel for 20 h at ambient temperature and subsequently
heated to 100C for 2 days. The gel was then filtered and washed
several times with water and acetone and finally dried at room
temperature.

(17) Marba, G.; Fuertes, A. BAppl. Catal., B2005 57 (1), 43-53;

DOI: 10.1016/j.apcath.2004.10.011.

(18) Nitrogen adsorption isotherms were performed at 77 K on a Mi-
cromeritics ASAP 2010 volumetric adsorption system. The BET
surface area was deduced from the isotherm analysis in the relative
pressure range 0.04 to 0.20.

(19) X-ray diffraction (XRD) patterns for the mixed oxide particles were
obtained on a Siemens D5000 instrument operating at 40 kV and 20
mA and using Cu I& radiation ¢ = 0.15406 nm).

(20) ,Cullity, B. D.; Stock, S. RElements of X-ray DiffractionPrentice
Hall: Englewood Cliffs, NJ, 2001; p 170.



Communications Chem. Mater., Vol. 17, No. 8, 200921

(121)
(311) i
) LaFeO, Citrates NiMn,O,
Citrates
(222
(440)
- (240) (220)| [ 400) (511)
E (202) 111) j
©
g (242) 204) » (533)
= | I I )\ o A
1]
c
i)
£
Template H Template
10 20 30 40 50 60 70 80 90 10 20 30 40 50 60 70 80 90
26 (%) 26 (%)
(311) 211)
Citrates Co,0, Citrates N 202) 400)  cuCr,0,
(440) 103 411)
G11) (09 G2 |24
= (112) (422
S (413)
2 _.LA___JL
‘@
C
o
£
Template Template

10 20 30 40 50 60 70 80 9010 20 30 40 50 60 70 80 90
26 (°) 26 (°)
Figure 1. XRD patterns of various mixed oxides (perovskites and spinels) prepared by a citrate method and a template route.

. F L images show that NiMi®©, (Figure 2a), LaFegXFigure 2b),
20 nm oy 0 o $EF and CuMnO;, (Figure 2c) prepared by the template method

1" ' NG are formed by porous agglomerates of well-defined nano-
particles below 15 nm in size. The oxides produced by this
method are quite uniform in particle size.

Nitrogen isotherms for the spinels and perovskites prepared
by the template method are plotted in Figure 3. Using these
isotherms, it is possible to calculate the values of the BET
surface areaSer) that are included in Table 1. From Figure
3 it can be observed that the materials of a lower particle
size exhibit a capillary condensation step, which is especially
marked in the case of LaFg(/po ~ 0.65-0.95) and CgO,
(p/po ~ 0.55-0.85). TEM inspection (Figure 2) indicates
that this step should be attributed to the aggregation of small
nanoparticles, which favors the capillary condensation, and
not to the existence of structural porosity (confined porosity
in the framework of the oxide).

On the basis of these observations, we are able to estimate
from geometrical relationshipsl{ = 6/(Sser x p), p being
: the density of the oxide] the particle size of the materials
Figure 2. TEM images of selected spinels and perovskites: (a) Nd4n ; ; ;
(template); (b) LaFe@(template); (c) CuMsOs (template); (d) CUMEO fr_om thFSBET valueg, also included in Table_ 1. The_partlcle
(citrates). size values determined by means of the nitrogen isotherms
S do not differ essentially from those obtained by XRD peak
temperatures. This finding is supported by the FENhages  rgadening in the case of materials prepared by the template
in Figure 2. Thus, the particle size of Cub®y prepared by (qyte The differences, however, are conspicuous when
the template method (Figure 2d, ~ 12 nm) is ap-  yegjing with material prepared by the citrate route and are

proximately 3 times smaller than that of Cubi prepared  qqrined to the higher degree of agglomeration and sintering
via the citrate method (Figure 2d, ~ 35 nm). The TEM produced during the calcination step.

(21) Transmission electron microscopy was performed in a JEOL Mod. As mentloned abov?’ th_&ET values of the per(?VSk'teS
2000 EX Il microscope (200 kV). and spinels prepared in this work are presented in Table 1.
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Figure 3. Nitrogen adsorption isotherms of spinels and perovskites prepared
by using a silica template. Isotherms for Nib@y, CuCrOs, CuMmnOy,
C0304, and LaFe@are vertically shifted 50, 100, 150, 200, and 25Gm
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respectively for clarity.

Except in the case of LaMn@he Sser values of the materials
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difference is especially remarkable in the case of LafFeO
perovskite. This perovskite exhibits a surface area of 110
m?/g when prepared by means of the silica xerogel template
method, which is more than 15 times higher than the area
of the perovskite achieved using the citrate method. LaFeO
perovskite has also been prepared by Schwickardi and co-
workerg? following an active carbon template route, result-
ing in a material with a surface area of 48/;n(700°C, 20
min). In this work, we have managed to double this value,
thereby confirming the better performance of the silica route
over the carbon route in this case.

In summary, we have successfully demonstrated that
nanosized and high surface area perovskites and spinels can
be obtained by using porous silica as template. Porous silica
is an inert, low-cost, and widely available material, whose
pores can be used as nanoreactors for the preparation of an
extensive variety of nanosized materials without any restric-
tion of temperature or atmosphere during the synthesis. The
ternary oxides of this work, prepared with a low-cost
mesoporous silica xerogel template, are made up of ag-
gregates of nanoparticles below 15 nm as deduced by
different techniques (XRD, Nadsorption, and TEM). The
specific surface areas obtained by the template method are,
in general, considerably larger than those attained by other
conventional methods (e.g., the citrate method).
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