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Nanocasting of Mesoporous In-TM (TM = Co, Fe,
Mn) Oxides: Towards 3D Diluted-Oxide Magnetic

Semiconductor Architectures

Eva Pellicer,* Moisés Cabo, Emma Rossinyol, Pau Solsona, Santiago Surifiach,

Maria Dolors Bard, and Jordi Sort*

Transition metal (Co, Fe, Mn)-doped In,O;_, mesoporous oxides are synthe-
sized by nanocasting using mesoporous silica as hard templates. 3D ordered
mesoporous replicas are obtained after silica removal in the case of the In-Co
and In-Fe oxide powders. During the conversion of metal nitrates into the
target mixed oxides, Co, Fe, and Mn ions enter the lattice of the In,O; bixbyite
phase via isovalent or heterovalent cation substitution, leading to a reduction
in the cell parameter. In turn, non-negligible amounts of oxygen vacancies are
also present, as evidenced from Rietveld refinements of the X-ray diffraction
patterns. In addition to (In;_,TM,),05_,, minor amounts of Co;0,, a-Fe,03,
and Mn,O, phases are also detected, which originate from the remaining

TM cations not forming part of the bixbyite lattice. The resulting TM-doped
In,O;_, mesoporous materials show a ferromagnetic response at room tem-
perature, superimposed on a paramagnetic background. Conversely, undoped
In,O;_, exhibits a mixed diamagnetic-ferromagnetic behavior with much
smaller magnetization. The influence of the oxygen vacancies and the doping
elements on the magnetic properties of these materials is discussed. Due to
their 3D mesostructural geometrical arrangement and their room-tempera-

1. Introduction

With the advent of nanotechnology, the
search for advanced methods for the
processing of complex metal oxides and
double oxides with precise control at the
nanoscale has elicited enormous interest.
Several synthetic routes have been put
forward to produce nanoparticles, nano-
rods, and nanowires of these materials,
aimed at exploiting the unique proper-
ties derived from their small size.?
Among the synthesis pathways leading
to nanostructured oxide-based materials,
the nanocasting route constitutes a ver-
satile technique to obtain many simple
transition metal (TM) mesoporous oxides
as negative replicas of mesoporous silica
or carbon hard templates. The successful
synthesis of nanocrystalline Co;0,, CeO,,
WO;3, In,03, NiO, Fe,03;, among others,

900 wileyonlinelibrary.com

ture ferromagnetic behavior, mesoporous oxide-diluted magnetic semicon-
ductors may become smart materials for the implementation of advanced

components in spintronic nanodevices.
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with different pore network topologies
(SBA-15, KIT-6, FDU-1, MCM-41, etc.)
has been demonstrated in recent years.!
Metal oxides obtained in this way benefit
from large surface-to-volume ratios pro-
vided by an ordered arrangement of meso-
pores. Recently, the nanocasting pathway has been extended to
prepare oxides containing two different metal (M, M’) cations,
such as spinel-type MM,’O,, and double oxides. With this aim,
the hard template is filled with a mixture of precursors in the
appropriate ratio. Upon calcining, the precursors are converted
to the target materials, which are finally released by selective
etching of the silica host with either NaOH or HF solutions.
Following this approach, several spinels (NiCo,0,, MnCo,Oy,
NiFe,0,, CoFe,0,, CuAl,0,) have been obtained,*? as well
as double oxides (Al-Ti oxides?”! or Cu-Ce oxides),'” or even
more complex systems like NiO-Co;0,-NiCo,0, mesoporous
nanocomposites.!'!]

The interest in mesoporous oxide materials is fostered by
their widespread technological applications in diverse areas
such as heterogeneous catalysis,'? gas sensors,!!3] solid elec-
trolytes for rechargeable batteries,!*! supercapacitors®!
or optoelectronic devices,'”] amongst others. Some of these
mesoporous oxides (e.g., TM-oxides) also show ferromagnetic
or ferrimagnetic behavior at room temperature.!'!l
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Compared with other metal oxides, In,0;
is particularly easy to replicate.’l SBA-15- and
KIT-6-templated In,0; materials displaying
long-range order and relatively large surface-
to-volume ratios can be obtained by using
indium nitrate salt as a precursor.'® By var-
ying the precursor/template molar ratio it is
possible to obtain either nanoparticles, nano-
rods, or perfectly arranged nanowires.'%20]
The multifunctional applications of meso-
porous In,O; have been demonstrated in
several pieces of work. For example, as a gas
sensor, this material allows efficient detection
of small concentrations of CO,, CH,, HCHO,
or H,0.2241 Moreover, photoluminescence
phenomena different from that encoun-
tered in In,0; films and powders have been
reported in In,O; nanoparticles homoge-
neously dispersed within the pores of mesoporous silica.?’!
Furthermore, In,03;-Co30, and In,05-Fe,O; nonporous
composite powders show enhanced sensing performance
towards various gases, as compared with pure In,05.12¢-%7]

Remarkably, semiconductor films composed of In,0; doped
with a TM (Co, Fe, Mn or Cr) belong to the so-called oxide-
diluted magnetic semiconductors (ODMSs), which combine the
interesting electronic properties of semiconductors with room-
temperature ferromagnetism.?®-38 Other examples are TM-
doped ZnO, SnO,, or TiO,. These materials are appealing for
spintronic applications, where both the spin and the charge of
electrons are intended to be used for the storage and processing
of information. Furthermore, In,03 is a transparent semicon-
ductor with potential applications in the field of magneto-optics
(i-e., the Faraday effect). Doping In,0; with a suitable TM has
been proposed as an appealing method of manufacturing ferro-
magnetic transparent conducting oxide structures with a high
Curie temperature.37-38]

Most ODMSs reported so far have been prepared as con-
tinuous thin films, bulk materials or coarse polycrystalline
powders. Although there are a few studies on the growth of
ODMS nanoparticles® and nanowires,*¥ the synthesis of 3D
mesoporous ODMS structures by hard-templating has not been
reported so far. Engineering 3D magnetic semiconductor archi-
tectures with ordered arrangements would be highly desirable,
not only to obtain novel magnetic and optical properties but also
to develop key components in spintronic nanodevices. Indeed,
the control of the size, shape, and orientation of semiconductor
nanocrystallites allows the precise tuning of their physicochem-
ical properties.*!l Porous ODMS frameworks would exhibit a
combination of unique properties including coupled electronic/
magnetic/photocatalytic ~ properties, quantum-confinement
effects, a high internal surface area for absorption purposes,
or the possibility of filling the internal pores with secondary
phases (oxides or metals) to yield hybrid nanocomposites with
synergic functionalities. The ability to precisely align and orient
these materials to form large, ordered 3D arrays with controlled
geometries would therefore represent a significant break-
through in spintronic storage technologies.

The origin of room-temperature ferromagnetism in ODMSs
remains to some extent still controversial, although it has been

arrows.
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Figure 1. a,b) TEM images of SBA-15 (a) and KIT-6 (b) silica filled with Co-doped In,0O5 oxides.
The target products embedded inside the SiO, mesoporous matrices are indicated by the white

claimed to arise both from the dilution of 3d elements in the
crystallographic structure and from the presence of structural
defects (e.g., oxygen vacancies).?83>*2~#] In some cases, oxide
semiconductors can be ferromagnetic even in the undoped
states.”] Conversely, in other studies, only paramagnetic
behavior has been reported in ODMSs, regardless of the dilu-
tion state.[*] Hence, conclusive studies on the detailed correla-
tion between the dilution level, the amount and type of defects,
and the generated ferromagnetic response are still lacking.

In this work, we explore the synthesis of Co-, Fe-, and Mn-
doped In,0; mesoporous oxides by nanocasting using SBA-15 and
KIT-6 silica as hard templates. The obtained mesoporous mate-
rials are compared in terms of their morphology, surface area,
crystallographic structure of the constituent phases, and magnetic
properties. It is shown that both the TM species and the type of
mesoporous structure have a key influence on the obtained ferro-
magnetic/paramagnetic properties, which are controlled by both
the doping state and the amount of oxygen vacancies.

2. Results and Discussion
2.1. Morphological Characterization

Representative transmission electron microscopy (TEM) images
of the SBA-15 and KIT-6 silica templates filled with Co-In oxide,
acquired after precursor impregnation and calcination and prior
to the template removal step, are shown in Figure 1. The darker
regions correspond to the In-Co oxide target products (indi-
cated by the white arrows) confined within the silica channels,
which look brighter when empty. The morphology of the rep-
licas obtained after selective etching of the silica hosts is shown
in Figure 2. Remarkably, no non-mesoporous (i.e., bulk) parti-
cles were observed, either before or after silica removal, sug-
gesting a good impregnation of the silica templates. The size of
the metal oxide replica particles (e.g., between 100 and 200 nm
in the KIT-6 replicas, see Figure 1b) was typically smaller than
the size of the parent silica particles, which reached values in
excess of 0.5 um (see Supporting Information, Figure S1). Such
a difference is ascribed to the volume change occurring during
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conversion of precursors into the target oxide
products. Namely, a reduction in the fraction of
occupied silica voids takes place on calcining,
an effect which can be defined according to the
volume contraction ratio:?!

Volume contraction ratio
_ Volume of the target product

1)

Volume of precursor

where:

Volume of the target product
_ Molecular weight of the target product

2
Density of the target product &

Volume of precursor
n x Molecular weight of precursor

- (3)

Density of precursor

Here, n represents the number of precursor
molecules that transform into one target product
molecule.

The volume contraction ratio for TM nitrate
salts into the corresponding target oxides is typi-
cally between 6% and 11%.5] Hence, assuming
that 100% of mesopores are fully filled with the
precursors after the impregnation step, only
around 6-11% of voids remain filled after their
chemical conversion into the target oxides. The
released SBA-15 templated In-Co and In-Fe
oxides were composed of ordered nanowire
arrays (see Figure 2a and 2c). The diameter of
the nanowires, as estimated from high-resolu-
tion TEM images, was around 7-8 nm, in agree-
ment with the pore size of the parent template
(see Figure 2e and inset in Supporting Infor-
mation, Figure Sla). Their length varied sig-
nificantly as a function of the precursor used.
Longer nanowires were observed in the In-Co
and In-Fe samples, whereas shorter ones were
formed in the In-Mn mixed oxide. To be precise,
the In-Mn oxide replica was actually constructed
from randomly oriented nanorods, thus lacking
long-range order (see Supporting Information,
Figure S2). This phenomenon can be ascribed,
at least in part, to the low diffusion coefficient
of Mn?* onto silica surfaces, which precludes a
good replication of the pore network, ultimately
leading to disordered pore walls. It has been proposed that the
diffusion kinetics of metal cations onto the silica pores deter-
mines the success in the replication to some extent; so that the
higher the diffusion coefficient of the cation, the better is the
replication of the mesostructural features of the silica host.]!

Concerning the KIT-6 replicas, similar trends as for the
SBA-15 templating process were observed. The particles exhib-
ited, however, a roughly spherical morphology (see Figure 2b,d).
Such a spherical shape was already evident in the filled KIT-6
silicas (Figure 1b). Both In-Co and In-Fe replicas featured a
bicontinuous cubic mesostructure (Ia3d symmetry), with two
sets of nanowires helically twisted with respect to each other

© 2013 WILEY-VCH Verlag GmbH & Co. KGaA, Weinheim
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Figure 2. a—d) TEM images of the TM-doped In,O; oxides obtained after SBA-15 silica
removal for TM = Co (a) and TM = Fe (c), and after KIT-6 silica removal for TM = Co (b) and
TM = Fe (d). e,f) High-resolution TEM images of Co-doped In,03 in the SBA-15 mesostruc-
ture (e), showing the detail of a single nanowire, and KIT-6 mesostructure (f), featuring the
hexagonal ring typical of this bicontinuous gyroid structure.

in a periodical manner. A magnified image displaying the char-
acteristic hexagonal pore structure is shown in the inset of
Figure 2b, while a corresponding high-resolution TEM image
is presented in Figure 2f. Field-emission scanning electron
microscopy (FE-SEM) images of the KIT-6 templated In-Co
oxide powders are shown in Figure 3, where the rather spher-
ical shape of the particles is again evidenced. Similar to the
SBA-15 case, the mesoporous structure is less evident in the
In-Mn oxide replica (see Supporting Information, Figure S2).
This indicates that the templating process using the manganese
nitrate precursor involves some difficulties, which makes the
nanocasting synthesis for this particular case less successful.

Adv. Funct. Mater. 2013, 23, 900-911
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Figure 3. a,b) Low-magnification (a) and high-magnification (b) FE-SEM
images of KIT-6 templated Co-doped In,0; oxide replica.

It is worth mentioning that while In,O; and Co;0, are easy
to replicate, the nanocasting synthesis of o-Fe,0; and Mn,O,
has proven to be generally more challenging.*”*¥ Indeed, it
is known that the formation of mesoporous metal oxides with
noncubic crystallographic structures, such as rhombic o-Fe,04
or tetragonal MnO,, involves difficulties in terms of replica-
tion of the 3D mesopore geometry.l’l Therefore, the presence of
indium nitrate precursor, combined with iron nitrate, probably
favors the formation of the ordered In-Fe oxide mesophases by
increasing the mesoscopic regularity.

Figure 4 shows the adsorption-desorption N, curves for
In-Co, In-Fe, and In-Mn oxide powders after silica removal. It
can be seen that the profile curves are different, depending on
both the doping TM element and the parent silica host. The
corresponding Barrett—Joyner—Hallenda (BJH) pore-size distri-
butions in the mesopore domain (up to 50 nm) are plotted in
the Supporting Information, Figure S3. For the Co-In samples,
step adsorption and H1l-type hysteresis at P/P, in the range
of 0.4-0.8 can be observed. This has been associated with the
filling and emptying of mesopores by capillary condensation.!
At P/P, values close to 1, the amount of N, rapidly increases,
indicating the presence of large interparticle voids (i.e., textural
porosity).22 Hence, the obtained materials consist of not only
arranged mesopores (inner porosity), but also disordered inter-
particle voids as a result of partial structural collapse probably
occurring during the annealing process. Unlike the In-Co pow-
ders, the In-Fe samples show a pronounced uptake at 0.8-0.9
P/ P,. The corresponding BJH distribution gives a maximum in

Adv. Funct. Mater. 2013, 23, 900-911
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the pore-size distribution centered at 15 nm, which is larger than
for the In-Co systems (see Supporting Information, Figure S3).
Finally, the In-Mn powders show a type-I isotherm with an
H4 hysteresis loop, which indicates the presence of large
mesopores, as well as a large fraction of interparticle voids.
The corresponding pore-size distributions are indeed shifted
towards higher values compared with those for In-Co and
In-Fe. The Brunauer—-Emmet-Teller (BET) surface areas are in
the range of 50-100 m? g™! (see Table 1). The negative slope at
intermediate values of P/P, in Figure 4e might be due to slight
under-pressurization within this range.

The low-angle X-ray diffraction (XRD) patterns of the nano-
cast oxides synthesized using the SBA-15 and KIT-6 silica
mesostructures as hard templates are shown in Figure 5. The
(100) peak from the p6mm hexagonal symmetry of the SBA-15
structure is visible, particularly for the undoped In,0; and the
In-Co and In-Fe oxides, while a shoulder corresponding to the
(110) reflection is also seen for Mn-doped In,05 (see Figure 5a).
Similarly, the (211) peak of the Ia-3d KIT-6 cubic symmetry
can be clearly identified for the undoped In,0; and the In-Co
and In-Fe oxides. Conversely, no clear peaks can be seen in the
small-angle XRD patterns of the Mn-In oxides. These results
indicate that the long-range order is preserved to some extent
in undoped In,0; and in In-Co and In-Fe oxides. In fact, their
low-angle signatures are very similar to those reported for TM
oxides synthesized by hard templating through a single impreg-
nation step.>!#! On the contrary, the mesoporous order is
essentially lost during replication of the In-Mn oxides, in agree-
ment with the TEM observations.

2.2. Structural (Crystallographic) Characterization

In order to determine the influence of the TM doping ele-
ments on the crystallographic structure of the In,0; phase,
as well as to seek additional phases eventually formed in the
mesoporous oxides, a detailed wide-angle XRD investigation,
including full-pattern Rietveld refinements of the XRD pat-
terns, was performed. The wide-angle XRD patterns of KIT-6
templated In-TM oxides are shown in Figure 6b-d. For com-
parison, the diffractogram corresponding to pure In,0; KIT-6
replica is also displayed (Figure 6a). Similar profiles were
observed for the SBA-15 templated replicas (Supporting Infor-
mation, Figure S4). The detail of the XRD patterns of SBA-15
In-TM oxides in the angular range from 26 = 47.5° to 65° is
shown in Figure 7a.

Several observations can be qualitatively made from the
shape of the XRD patterns. First, no hump was present at
26 = 20°, confirming the successful elimination of the SiO,
template. Actually, the silicon content was below 1 wt%, as
determined from energy dispersive X-ray (EDX) compositional
analyses. The pattern of pure In,O; shows the characteristic
peaks of cubic bixbyite (Ia3 space group, JCPDF No. 71-2194),
which contains two crystallographically unique cation sites, 24d
(In2) and 8b (Inl), according to Wyckoff’s notation. In addition
to the bixbyite-type phase, secondary phases were also detected
in minor amounts, particularly in the KIT-6 mesoporous
structures (see Figure 6 and Figure 7b). These secondary
phases were: cubic Co;0, spinel (JCPDF No. 71-0816) for the
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150 150 previously.*’ Conversely, mixtures of MnO,,

(a) (b) Mn,0;, and Mn;0, oxides have been detected

. 1 in the hard-templating synthesis using man-

SBA-15, Co-doped L KIT-6, Co-doped ganese nitrate as precursor.’! It is worth

100 4 100 4 mentioning that the stoichiometric Coln,O,

u/ J spinel structure was not formed under our

% dﬁ experimental conditions, in spite of using a
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/ v nation step. The existence of unconventional
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I InCo,0, failed. The authors could not obtain

300 KIT-6, Fe-doped pure InCo,0, films because of significant

: phase segregation into Co3;O, and In,0Os;.

/g Moreover, no structural data is available for
/
9
|

/

-
™
s
[
-l
wd
=
™

Quantity Adsorbed (cm3/g)
[
(=)

Quantity Adsorbed (cm3/g)

|

0

| SBA-15, Fe-doped

w

o

o
1

:
Vi

[
200+ d /

i

Feln,04 and MnIn,0,4, whose syntheses have
not been yet reported, probably because their
formation is thermodynamically unfavorable.

J From the relatively large width of the XRD
100 - Sj 100 I peaks, a nanostructured character of the
i .4 1 po powders can be inferred. The XRD patterns
P"W"M‘/ M—“”M of In-TM oxides show broader peaks than
0 — 0 +——F——F—+—F—+—— those in undoped In,03, suggesting smaller
00 02 04 06 08 10 00 02 04 06 08 10 qllite sizes. Interestingly, a shift in the
Relative Prsssune (F/F,) position of the XRD peaks towards higher 26
values is observed in the TM-doped oxides,
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S : indicating a reduction in the cell parameter

“c 200 SBA-15, Mn-doped «)\a 200+ KIT-6, Mn-doped (see Figure 7a). The values of the crystallite

2. a g sizes, cell parameters, atomic occupancies,

§ / 5 * and microstrains of the bixbyite, along with

s 2 8 /z the weight percentages of the secondary

) // @ 70/ oxide phases are listed in Table 2 for the

2 100 Jf < 100+ 93 different SBA-15 and KIT-6 investigated
g o/o / %‘ ‘.'o/f mesoporous oxides.

3 o// g /,//o I.n th.e TM-doped blxbylte.phasejs, the crys-

& o g8 tallite size (or coherently diffracting length)

P T R B200- 20 9-098 rnmeo—osz%:ﬂ-’i” ranges between 10 nm and 16 nm depending

000 ‘ 052 ‘ 054 ’ 0}6 ’ 0{8 : o 0 +—+——+—————— on both the doping element and the pore

’ I;'{elativé Pres.sure (I.?‘/P ) ’ 06 02 . 04 06 08 10 y5h0logy (ie, SBA-15 or KIT-6). These

0 Relative Pressure (P/P;) values are considerably smaller than those in

Figure 4. a—f) N, adsorption-desorption isotherms for TM-doped In,05 oxides obtained after undoped In,0, mesoporous structures. The

SBA-15 silica removal for TM = Co (a), TM = Fe (c), and TM = Mn (e); and after KIT-6 silica crystallit(? sizes in the KIT-6 structures are
removal for TM = Co (b), TM = Fe (d), and TM = Mn (f). systematically smaller than for the SBA-15

oxides. This is in agreement with the high-

resolution TEM observations, as shown in
In-Co oxides, o~Fe,0; phase (JCPDF No. 33-0663) for the In-Fe ~ Figure 2. Namely, while many of the SBA-15 nanowires were
oxides, and a mixture of Mn,O, phases for the In-Mn oxides.  single crystalline or consisted of only a few crystallites, the
It should be noted that the formation of a single Co;0, phase  KIT-6 frameworks were composed of plenty of nanocrystallites
during nanocasting from a cobalt nitrate precursor is well — geometrically disposed in order to form the hexagonal pore
established.”® In turn, the synthesis of an o-Fe,0; single phase  arrangement. The microstrains were in the range of 2-4 x 107
by hard templating using iron nitrate has been also reported  for both the undoped and TM-doped mesoporous oxides.
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Table 1. BET surface area and average pore size for the synthesized
TM-doped In,03 oxides calculated from the respective N, adsorption-
desorption isotherms. “S” and “K” denote SBA-15 and KIT-6 mesostruc-
tures, respectively.

Material BET Surface Area Average Pore Size
m’ g7 [nm]
Co-doped (S) 64.5 7.1
Co-doped (K) 86.2 7.0
Fe-doped (S) 98.8 15.2
Fe-doped (K) 84.9 15.2
Mn-doped (S) 52.3 22.6
Mn-doped (K) 56.2 24.5

Remarkably, while the cell parameter of the bixbyite phase
in the In-Mn oxide hardly varied compared with the undoped
In,0;3, a significant decrease was observed for In-Co and In-Fe
oxides (see Table 2). Assuming that decomposition of the metal
nitrates into the target mixed metal oxides occurs almost simul-
taneously, partial substitution of In*" in the bixbyite lattice by
Co, Fe, and Mn cations can be expected. Taking into account
the ionic radius of Co*" (0.63 A) guest ion and that of the host
In* ion (0.81 A), one could anticipate a reduction in the cell
parameter of the bixbyite phase due to heterovalent substitu-
tion. Furthermore, if we also consider the replacement of In3*
by Co*" ions, isovalent substitution should also bring about a
decrease in the cell parameter given the smaller ionic radius
of Co** (0.525 A) compared with In®>".3 The same reasoning

(a)
:"? SBA-15
= ! (110)
S : |
g : :
= | 1
S $ 1 In,0, undoped
o |
T :
= Co-doped
7} |
< |
i | Fe-doped
£ ?
3 Mn-doped
— r : :
0.5 1.0 1.5 2.0 25 3.0
( b) 20 (deg)
m (211) KIT-6
b~ '
c
= (220)
-] t (420)
i ! In,0, undoped
a9
F>‘ Co-doped
=
g Fe-doped
[}
s
— Mn-doped
—— — t t
0.5 1.0 1.5 2.0 25 3.0

20 (deg)

Figure 5. a,b) Low-angle XRD patterns corresponding to undoped
In,03, Co-doped, Fe-doped, and Mn-doped mesostructures obtained
by nanocasting synthesis using SBA-15 (a) and KIT-6 silica (b) as hard
templates.
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accounts for Fe-In oxide (i.e., the isovalent substitution of In3*
by Fe3* (0.64 A) cations should cause a lattice contraction). Con-
versely, no significant changes in the cell parameters of the
bixbyite phase was observed on comparing pure In,0; and Mn-
doped In,0; mesoporous structures. In fact, In-Mn is a some-
what more complex case, given that a mixture of manganese
oxides in several oxidation states is usually obtained by nano-
casting.”!! Hence, both isovalent and heterovalent substitution
might take place simultaneously (the ionic radii of Mn?*, Mn?*,
and Mn*" are 0.80 A, 0.67 A, and 0.54 A, respectively), which
ultimately makes the cell parameter change only slightly. The
high XRD background for this system also suggests the pres-
ence of amorphous material, which further complicates the
full-pattern fitting procedure.

From the relative intensity of the XRD peaks, Rietveld refine-
ments also provide information on the atomic occupancies, as
well as partial substitution of In*" by the Co, Fe, or Mn cations.
Interestingly, the fitting procedure revealed that, although virtu-
ally no vacancies were present in the cationic positions of the
bixbyite phase, a significant amount of oxygen vacancies were
formed during calcination, particularly in the SBA-15 meso-
porous replicas. The values of the oxygen vacancies in the
investigated materials are of the same order of magnitude as
those reported in Co-doped In,0j; thin films prepared by pulse
laser deposition.* Due to heterovalent cation substitution, the
total oxygen content should decrease if the oxidation state of
the guest ion is larger, in order to maintain charge balance.
However, even in the undoped In,0;, oxygen vacancies were
produced in considerable amounts. In fact, it has been reported
that the number of oxygen vacancies in semiconductor In,0;
can be tailored post-synthesis by thermal annealing treatments,
either in air or under a controlled Ar or O, atmosphere.l31:>>-7]
In our study, although calcinations were always performed in
air, it is likely that access to O, inside the nitratre-filled pores of
the silica templates was, to some extent, hindered, due in part to
the release of NO, and/or NO; gases stemming from the oxida-
tion reactions. As a result, oxygen-deficient (In-TM),0;_, meso-
porous oxides were formed. Due to geometrical constraints,
this effect could be exacerbated in the SBA-15 mesostructures,
where guest gases such as O, can access the inner part of the
silica network only from the open ends of the cylindrical pore
channels.

As shown in Table 2, especially for the Fe- and Co-containing
mesoporous materials, a considerable percentage of the In
atomic positions in the bixbyite phase become occupied by the
TM elements during calcination. Partial substitution of In* by
Co or Fe cations is more pronounced in the SBA-15 than in the
KIT-6 mesostructures, leading to a larger reduction in the cell
parameter as compared with undoped In,0;. The TM cation
occupancies in the In3* positions reach 22% and 25% for the
Co-doped and Fe-doped In,0O; SBA-15 structures, respectively.
These values are close to the solubility limits reported for cobalt
(20%)P7) and iron (20%5%8] or 27.5%)1°% in the bixbyite phase.
The occupancy of Mn cations in SBA-15 or KIT-6 mesostruc-
tures is smaller (<8%), in agreement with the lower solubility
limit reported for Mn in the In,0; phase (i.e., 7.5%).>° The
rather low Mn occupancies are probably the reason for the
higher cell parameters obtained in the (In-Mn),0;_, materials,
in comparison with (In-Co),03_, or (In-Fe),0;_, Taking these
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Figure 6. a—d) Experimental wide-angle XRD patterns (scatter) of pure In,O3 (a), Co-doped (b), Fe-doped (c), and Mn-doped (d) oxides obtained by
nanocasting synthesis using KIT-6 silica as a template. The curves generated from the full-pattern Rietveld fitting (solid line) and the corresponding dif-
ferences between the experimental and the calculated profiles (placed at the bottom) are also shown. The main peaks of the bixbyite phase are indexed
in (a). The inset shows a schematic drawing of the unit cell. Some characteristic reflections of the secondary phases are indexed in (b-d).
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pure In,0;, Co-doped, Fe-doped and Mn-doped oxides obtained by
nanocasting synthesis using SBA-15 silica as template (a); XRD patterns
in the 32.5°-45° 26 region of Co-doped In,O; in the SBA-15 and KIT-6
mesostructures (b).
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occupancy values into consideration, Table 2 also lists the stoi-
chiometries proposed for the different mixed oxides.

When the bixbyite phase becomes saturated and further
cation substitution is no longer possible, the excess Co, Fe, and
Mn ions crystallize into their respective single oxides, resulting
in the aforementioned formation of Co;0,, o-Fe,03, and Mn,O,
phases. As indicated in Table 2, the percentages of these phases
do not exceed 15 wt% and their quantity is systematically larger
in the KIT-6 structures, probably because of the lower doping-
TM occupancies in the bixbyite phase observed in this case.
Note that quantification of secondary phases could not be reli-
ably performed for the (In-Mn) oxides due to the presence of
the amorphous Mn,O, phases. Bearing in mind the initial 2:1
[n:TM molar ratio used in the nitrate precursors, and once the
real stoichiometry of the bixbyite phase has been determined
for each TM-doped In,0;3, it is possible to estimate the max-
imum amounts of secondary phases that form during the cal-
cination processes. Using the atomic weights of the constituent
elements, simple calculations predict 12.1% and 16.5% Co304
in the SBA-15 and KIT-6 structures, respectively, and 7.7% and
14.5% Fe,0; for the SBA-15 and KIT-6 Fe-doped oxides, respec-
tively. These values are close to those determined from the
Rietveld refinements of the XRD data.

2.3. Magnetic Characterization

The hysteresis loops corresponding to the Co-, Fe-, and Mn-
doped In,0; SBA-15 and KIT-6 mesostructures, shown in

GmbH & Co. KGaA, Weinheim Adv. Funct. Mater. 2013, 23, 900-911



'a\
M“‘“\)iié

www.MaterialsViews.com

www.afm-journal.de

Table 2. Structural parameters obtained by Rietveld refinement of the XRD patterns of pure In,O;, and Co-doped, Fe-doped, and Mn-doped indium
oxides obtained by nanocasting from SBA-15 (denoted as “S”) and KIT-6 (denoted as “K”) silica hosts.

Material Cell parameter  Crystallite <e2>1/2 In1+ In2 TM1 +TM2 Oxygen Resulting Content of
(£0.007) size (11) (£0.5x 1073  occupancy (£ 2) occupancy occupancy (+2) stoichiometry secondary
Al [nm] (%] (*2) [%] %] phase (0.5)
[wi%)]
Pure In,0; (S) 10.112 25 3.0x1073 100 0 85 1n,0755 0
Pure In,0; (K) 10.119 19 2.5x1073 100 0 94 1n,0587 0
Co-doped (S) 10.044 13 41x1073 78 22 92 (In0.78C00.22)202.76 11 (Co30y)
Co-doped (K) 10.049 1 3.5%x1073 84 16 98 (In0.84C00.16)202.94 15 (Co30y)
Fe-doped (S) 10.050 16 3.0x 1073 75 25 80 (Ing.75F€0.25)207.4 7.5 (0-Fe,05)
Fe-doped (K) 10.073 12 2.5x1073 85 15 95 (Ino.s5Fe€0.15)207.85 13 (0-Fe,05)
Mn-doped (S) 10.103 12 20x1073 92 8 78 (In0.92Mng 08) 2032 34 -
Mn-doped (K) 10.108 10 1.5%107° 95 5 83 (Ing.05sMng5)20; 49 -

Figure 8a,b, reveal that these materials exhibit a ferromagnetic
behavior at room temperature, superimposed on a paramag-
netic background. The ferromagnetic response is clearly evi-
denced in Figure 9, where the linear paramagnetic signal has
been subtracted for all of the samples. The saturation mag-
netization achieved in the mesoporous TM-doped oxides is of
the same order of magnitude as those reported in Co-doped,
Fe-doped, or Ni-doped In,05 thin films,®% while the overall
behavior (paramagnetic + ferromagnetic response) resembles
very much that of Fe-doped In,0; nanoparticles.??) Remarkably,
both the paramagnetic and ferromagnetic signals are more pro-
nounced in the SBA-15 than for the KIT-6 structures, although
the amounts of the secondary phases are larger in the latter.
Furthermore, for both mesoporous structures, the magneti-
zation in the Mn-doped semiconductors is lower than for the
Co- and Fe-doped ones. These observations suggest that the
incorporation of TMs into the In sites of the bixbyite phase has
an influence on the observed magnetic properties. Since the
solubility of Mn in bixbyite is rather limited, the resulting para-
magnetic/ferromagnetic response is less prominent. However,
it is worth mentioning that the undoped In,0;_, mesostruc-
tures also exhibit a small ferromagnetic behavior, with lower
saturation magnetization than for the TM-doped oxides (see
Figure 8c), but in this case the signal is superimposed to a dia-
magnetic background (i.e., with negative M vs. H slope). These
observations are in agreement with other studies on undoped
ODMS thin films, where the ferromagnetic properties have
been attributed not to the presence of the doping elements, but
to the oxygen vacancies.[*!

The origin of ferromagnetism in ODMSs is, in fact, a
current topic of interest for many research groups, since
contradictory results are often encountered in the literature,
mainly depending on the material investigated (bulk-form,
thin films, nanoparticles, ...) and the synthesis methods
used for sample preparation. Nevertheless, it is now generally
accepted that oxygen vacancies contribute, to a large extent,
to the observed ferromagnetic properties,[*2435 while X-ray
magnetic circular dichroism studies have recently demon-
strated that the TM doping ions mainly give a paramagnetic
signal.*31 Some authors claim that metallic TM atomic clus-
ters embedded in the ODMS could also give a ferromagnetic
response.l®” This could indeed be the case in films prepared
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at room temperature by sputtering or other deposition tech-
niques, but this possibility in our case is rather unlikely due
to the conditions used during the calcination step (i.e., high
temperatures and the presence of oxygen). Moreover, no evi-
dence for metallic clusters was obtained, either by XRD or by
TEM observations. The occurrence of secondary phases could
still cause some of the observed magnetic effects. In particular,
although o-Fe,0; is antiferromagnetic, it cannot be ruled out
that the formation of this phase could give rise to a weak fer-
romagnetic response at room temperature in the Fe-doped
mesoporous structures.[*’:3l However, the amount of o-Fe,05
is significantly larger in the KIT-6 structure (almost by a factor
of 2) than in the SBA-15 replica, whereas the hysteresis loops
show much larger saturation magnetization for the SBA-15
oxide (see Figure 9b), indicating that the observed ferromag-
netism cannot originate solely from the formation of o-Fe,05
clusters. Furthermore, a ferromagnetic response of similar
strength is observed in the Co-doped oxide mesostructures,
although the secondary phase in this case (Co;0,) is paramag-
netic at room temperature (its Néel temperature is around
30 K). The case of the Mn-In mixed oxide is more complex
since a mixture of Mn,O, phases are likely to form during
the calcination process. It has been reported that Mn;0, can
crystallize in Mn-doped In,0; powders if the amount of Mn is
exceedingly large.>”) However, clear XRD peaks corresponding
to this phase were not observed and, moreover, the Curie tem-
perature of this ferrimagnetic phase is around 40 K. Hence,
the eventual presence of Mn;O4 would not account for the
room-temperature ferromagnetic behavior. In turn, most other
Mn oxides (a-Mn,03, -MnO,, MnO, ...) are antiferromagnets
with Néel temperatures between 90 K and 120 K.[]
Nevertheless, it should be noted that a comprehensive inter-
pretation of the magnetic behavior of substitutionally doped
In,0; is not simple when secondary phases are present in
nanostructured form, as it occurs in our case. Indeed, it has
been reported that many antiferromagnetic, diamagnetic and
paramagnetic materials can show ferromagnetic-like behavior
when prepared in the form of nanoparticles or ultrathin films.
Hysteresis loops have been measured, for example, in antifer-
romagnetic NiOl®®7] and CoO nanoparticles,®® in diamagnetic
Au nanoparticles,/® or in paramagnetic Pd nanoparticles,”"
amongst others. The occurrence of ferromagnetism in these

wileyonlinelibrary.com

907

“
G
F
F
>
v
m
~




FULL PAPER

908

—n—Fe-doped
—e— Mn-doped
—o— Co-doped

.0.05 —u—Fe-doped
—@— Mn-doped
—0o0— Co-doped
-0.10
'} '} '} 1
0.3 -0.2 -0.1 0.0 0.1 0.2 0.3
H (Tesla)
0.010
(c)
0.005 | ,
NG
g 9.
PP 's,
— o %;
g’ ME%QEEH ¥
0.000 ‘- e
£ ﬁfﬂﬂﬁﬁﬁ%uﬂaﬁa E{ﬁ el
~— R 9
= ~“’.‘}'o° e
0.005 | e
—e—Undoped SBA-15
—o—Undoped KIT-6
-0.010 2 L
0.4 -0.2 0.0 0.2 0.4
H (Tesla)

Figure 8. a—c) Hysteresis loops, measured at room temperature, cor-
responding to: the Co-doped, Fe-doped and Mn-doped In,O; SBA-15
mesostructures (a); the Co-doped, Fe-doped and Mn-doped In,03 KIT-6
mesostructures (b); and the undoped In,03_, SBA-15 and KIT-6 mesopo-
rous structures (c).

nanoscale objects has been ascribed to a variety of factors: the
existence of uncompensated surface spins in antiferromag-
netic nanoparticles, electric interactions between diamagnetic
or paramagnetic nanoparticles and surfactant molecules, and
the occurrence of twinning and other crystallographic defects,
etc. Because of these size effects, analysis of the physical origin
of the ferromagnetic behavior of the mesoporous In-TM (TM =
Co, Fe, Mn) composite oxides cannot completely rule out that
the secondary phases contribute to some extent in the observed
effects.
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Figure 9. a—c) Normalized hysteresis loops (i.e., subtracting the para-
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A mechanism based on ferromagnetic exchange inter-
actions mediated by shallow donor electrons trapped in oxygen
vacancies, which act as bound magnetic polarons, was proposed
by Coey et al. to account for room-temperature ferromagnetism
in dilute ferromagnetic oxides and nitrides.*”! First-principle
energy-band calculations later showed that the donor impu-
rities mainly consisted of hybridized 3d—4s TM-cation elec-
tronic states.*?] This model has been confirmed by a number
of both theoretical and experimental studies.?$-3643-46 [n this
sense, our observation of larger magnetization in the SBA-15
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TM-doped mesostructures, where the number of oxygen vacan-
cies and doping elements are larger, would also be in line with
this theoretical framework.

In spite of the complexity of the physical origin of the
observed magnetic effects, many applications have been envis-
aged from nanocomposite (i.e., not single phase) mesoporous
oxide materials.’!l Actually, the combination of second-phase
magnetic particles with semiconducting materials (i.e., mag-
netic-semiconductor nanocomposites) has been proposed for a
variety of technological applications, including flash memories,
low-current semiconductor lasers or single-photon emitters.>®
Furthermore, the newly developed mixed oxide mesostructures
may also find applications in other fields, besides spintronics,
such as catalysis or adsorption.

3. Conclusions

Porous Co-doped, Fe-doped, and Mn-doped indium oxides have
been synthesized by nanocasting using SBA-15 and KIT-6 silica
as templates. From the crystallographic viewpoint, the obtained
powders consist of a mixture of bixbyite-type (In;_,TM,),0;_,
oxides (formed as a result of partial cation substitution between
the host In3* and the guest Co, Fe, or Mn cations), together
with minor amounts of secondary Co;0,/c-Fe,03/Mn,O,
phases. The In-Co and In-Fe oxide powders displayed the typ-
ical morphologies of SBA-15 and KIT-6 templated materials
(i.e., the hexagonally arranged nanowires and the bicontinuous
gyroid structure, respectively). Less-ordered mesophases were
observed for the In-Mn oxide, as demonstrated by TEM and
low-angle XRD analyses. The obtained mesoporous materials
exhibit a room-temperature ferromagnetic behavior superim-
posed on a paramagnetic background. This has been attributed
to the synergic effect of oxygen vacancies, together with the
presence of TM doping cations in the bixbyite structure. Since
In,0; is a transparent semiconductor and these mesostructures
are ferromagnetic, appealing magneto-optical and spintronic
applications based on these geometrically ordered 3D engi-
neered materials can be easily envisaged for the near future.

4. Experimental Section

Synthesis Details: Mesoporous silica SBA-15 was synthesized by
dissolving Pluronic P123 copolymer (6.0 g) in diluted HCI. Tetraethyl
orthosilicate (12.5 g), which served as the silicon source, was then
added and the solution was stirred for 24 h at a constant temperature
(37 °C). The hydrothermal treatment was carried out at 90 °C in a sealed
container and the obtained solid was filtered, copiously washed with
water and finally calcined at 550 °C for 5 h to remove the organics.

Mesoporous silica KIT-6 was synthesized under similar conditions,
except for the addition of 1-butanol after dissolving the P123 surfactant.
Stirring of the solution was carried out at 34 °C. Complete details of the
silica syntheses can be found elsewhere.

For the preparation of the In-TM (TM = Co, Fe, Mn) oxide replicas, the
evaporation method was used as the impregnation step. In(NO3)3-xH,0,
Co(NO3),-6H,0, Fe(NO3)3-9H,0 and Mn(NO3),-6H,0 salts (Sigma—
Aldrich, 99.99% purity) were used as precursors. In brief, the mesoporous
silica template (0.150 g) was put in contact with 1 mmol of metal
nitrates (In:TM molar ratio of 2:1) in ethanol. The mixtures were stirred
for 30 min in a crucible and left for ethanol evaporation overnight. The
crucible was then placed in a tubular furnace and the impregnated silica
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was calcined. The furnace temperature was increased to 375 °C at a rate
of 3 °C min~' and held at this temperature for 4 h under atmospheric
conditions. At the end of this process, the furnace was slowly cooled
down to room temperature. The silica host was removed with 30 mL
of 2 M NaOH solution at 70 °C under stirring for 24 h. The resulting
mesoporous replicas were collected after centrifugation and decanted
off the supernatant, copiously rinsed in ethanol, and finally dried.

Characterization: The morphology and chemical composition of
the materials was investigated by transmission electron microscopy
(TEM) using a Jeol-JEM 2011 system operated at 200 kV, and field-
emission scanning electron microscopy (FE-SEM) using a Merlin Zeiss
microscope operated at 2 kV, and equipped with energy dispersive X-ray
(EDX) compositional analysis. Samples for the TEM observations were
prepared by dispersing a small amount of powder in ethanol and then
one or two drops of the suspension were placed dropwise onto a holey
carbon-supported grid. For FE-SEM characterization, the powders were
spread onto a silicon substrate and directly imaged under the electron
beam. Brunauer-Emmet-Teller (BET) surface area analyses were
performed using a Micromeritics ASAP 2020 instrument. N, adsorption/
desorption isotherms were recorded at 77 K after degassing the powders
at 175-200 °C for 10 h. The pore sizes were estimated by applying the
Barrett—Joyner—Halenda (BJH) algorithm to the desorption branches.
Low-angle X-ray diffraction (XRD) patterns were acquired using a
Panalytical X’Pert Pro diffractometer in the 0.5-3° 260 angular range
operating in transmission mode using Cu Ko. radiation. Wide-angle XRD
patterns were collected on a Philips X'Pert diffractometer in the 20-80°
26 range (step size = 0.03°, step time = 10 s) using Cu Ko radiation.
The structural parameters (crystallite size, microstrains, cell parameter,
atomic occupancies, and phase percentages) were evaluated by fitting
the full XRD patterns using the materials analysis using diffraction
(MAUD) Rietveld refinement software.”’74 Hysteresis loops were
recorded at room temperature using an Oxford Instruments vibrating-
sample magnetometer (VSM), with a maximum applied magnetic field
of 0.4 T.

Supporting Information

Supporting Information is available from the Wiley Online library or
from the author.
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