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Mesoporous materials[1,2] have attracted worldwide interest
because of their outstanding structural characteristics, such as
high surface area, narrow pore size distribution, and well-
ordered arrangement of mesopores, which are suitable for a
wide variety of applications.[3] Significant advances in syn-
thetic approaches have made it possible to synthesize
mesoporous materials with various components, such as

non-siliceous metal oxides,[4] organosilicas,[5] carbon meteri-
als,[6] and even polymers.[7]

The synthesis of mesoporous materials with magnetic
properties has been subject to extensive research.[8] In the
presence of an external magnetic field, magnetic mesoporous
materials are attracted to the magnet. This magnetic motor
effect is indeed attractive for the development of separation
technology. Traditionally, magnetic nanoparticles were loaded
after the synthesis of mesoporous materials.[9] However,
blocking of the mesopores was observed, which prevented
effective incorporation of guest species into the mesopores.
Several strategies have been reported to overcome this
problem. A simple block-copolymer-based “one-pot” self-
assembly approach was developed to incorporate magnetic g-
iron oxide nanoparticles in the mesopore walls.[10] However,
the amount of the embedded nanoparticles in the framework
is limited, which is a serious problem for higher magnet-
izations. Microspheres consisting of a magnetic nanoparticle
core and mesoporous silica shell have attracted particular
attention.[11] These characteristics endow them with signifi-
cant application potential in various fields, such as bio-
separation, enzyme immobilization, and diagnostic analysis.
Another route is hard-templating, which involves the depo-
sition of metal oxides within original templates, such as
mesoporous silica or carbon, and the subsequent removal of
the templates.[12–19] This nanocasting approach is widely
applicable to the preparation of metal oxides that are difficult
to synthesize by conventional pathways. So far, various kinds
of magnetic metal oxides, such as CoO,[12] Co3O4,

[13] Mn3O4,
[14]

NiO,[15] a-Fe2O3, g-Fe2O3, Fe3O4,
[16] and Gd2O3,

[17] have been
prepared. Although these mesoporous metal oxides have
magnetic properties, the saturation magnetization has a lower
value than that of pure ferromagnetic metals, such as Fe, Co,
and Ni. The saturation magnetization of mesoporous materi-
als depends on the compositions and amounts of magnetic
phases. Higher magnetization and greater control are much in
demand for current separation technology. Furthermore, if we
can proportionally change the saturation magnetization just
by changing the framework compositions, we can selectively
collect particular ferromagnetic mesoporous materials by
changing the external magnetic field.

Fe group elements (Ni, Co, and Fe) and Gd are the only
ferromagnetic metallic elements at ambient conditions. From
a Slater–Pauling curve, Fe has the highest magnetic moment
(fcc Ni: 0.6 mB/atom, fcc Co: 1.7 mB/atom, bcc Fe: 2.2 mB/
atom).[18] With such multicomponent alloying, more precise
control of the magnetization over a wide range and higher
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magnetization are anticipated.[18] Herein, we demonstrate the
synthesis of highly ordered multicomponent mesostructured
alloys with controllable compositions. By changing the metal
compositional ratios, the saturation magnetization could be
controlled. This approach is more convenient than hard-
templating because the surfactants can be removed by simple
extraction using general organic solvents, such as ethanol.[19]

Furthermore, by tuning the extraction process, we can leave a
small amount of surfactants covering the metal surfaces to
avoid oxidation, and those materials can be denoted as
mesostructured metals and alloys. Therefore, this method is
applicable for a wide range of metals, including base metals,
such as Ni, Co, and Fe. Mesostructured NiCo alloys have been
prepared and demonstrated to have ferromagnetic proper-
ties.[20, 21] However, the ordering of mesostructures decreased
with the increase of Co content, which is directly correlated
with the increase of the magnetizations.[20] Therefore, high-
magnetization ordered mesostructured alloys are very val-
uable. Our electroless deposition of Ni, Co, and Fe species
from lyotropic liquid crystals (LLCs) of a non-ionic surfactant
can lead to highly ordered mesostructured alloys, even though
it is generally more difficult to deposit multicomponent alloys
homogeneously because of the potential existence of compli-
cated phases.

The relationship between the LLC compositions and the
compositions of the final products is shown in Figure 1. The
final products tended to have relatively richer Co content
than the starting compositions of the LLCs (Figure 1a),
showing the preferential deposition of Co in the LLCs. It is
well known that, in the conventional NiCo electroless
deposition system, Co is preferentially deposited owing to
anomalous co-deposition, even though Co has a lower
standard electrode potential than Ni.[22] This phenomenon is
explained by the kinetic effect: that is, the Co ion decreases
the deposition rate of Ni, but the deposition rate of the Co is
unchanged.[23] The deposition of Fe in the LLC is in
accordance with the normal deposition behavior considering
the standard electrode potentials of Ni (E0 =�0.25 V) and Fe
(E0 =�0.44 V).[22a] There were no significant changes in the
boron component for any of the products (Figure 1 b).
Consequently, the compositions of the products can be
tuned by changing the metal compositions in LLCs of
highly concentrated surfactants.

From the low-angle XRD patterns of the products after
extraction at low diffraction angles, all of the products exhibit
a broad peak at around 1.78 (d� 7 nm), indicating the
formation of ordered mesostructures despite the difference
of the starting LLC compositions (Figure S1 in the Supporting
Information). There is no significant loss in intensity by
alloying, suggesting that all the products have similar ordered
mesostructures to those of mesoporous Ni.

Spherical particles with a relatively uniform size of about
200 nm were observed for all the products (Figure 2a,b; all
SEM images are shown in Figure S2 in the Supporting
Information). The mesostructures were directly observed by
transmission electron microscopy (TEM), as is displayed in
Figure 2c (all TEM images are shown in Figure S3 in the
Supporting Information). Stripes with a repeated distance of
around 8 nm and honeycomb arrangements of mesopores

Figure 1. a) Relationship between the compositions of the final prod-
ucts and the LLC compositions before metal deposition. The product
compositions were analyzed by ICP analysis. *: LLC compositions, *:
product compositions. b) Variation of product compositions (Ni, Co,
Fe, and B) prepared from the LLC compositions (Ni2+/Co2+/
Fe2+ = 80:20–x :x). The product compositions were analyzed by ICP
analysis.

Figure 2. a) SEM images of mesostructured alloys prepared from
different LLC compositions. a) Ni77Co9Fe8B6 alloy prepared from the
LLC composition Ni2+/Co2+/Fe2+ = 80:5:15. b) Ni78Fe16B6 alloy prepared
from the LLC composition Ni2+/Fe2+ = 80:20. c) TEM image and the
corresponding ED patterns (inset) of Ni62Co30Fe2B6 alloy prepared from
LLC composition Ni2+/Co2+/Fe2+ = 80:15:5. d) EDS mappings of
Ni71Co17Fe6B6 alloy prepared from the LLC composition Ni2+/Co2+/
Fe2+ = 80:10:10.
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were clearly observed over the entire area. The distance
between the mesopores, calculated from the tentatively
assigned (10) peak (d = 7.0 nm), is 8.1 nm (7:0� 2=

ffiffiffi

3
p

),
which is in agreement with the value obtained from these
TEM images. The BET specific surface areas calculated from
N2 adsorption–desorption isotherms were around 80–
90 m2 g�1 (a representative isotherm is shown in Figure S4 in
the Supporting Information). The pore size distributions, as
determined by BJH (Barrett–Joyner–Halenda) analysis of the
adsorption curves, were in the range 2–4 nm.

Figure 2d shows the energy dispersive X-ray spectroscopy
(EDS) mappings of the product (Ni71Co17Fe6B6) prepared
from the starting LLC of Ni2+/Co2+/Fe2+ = 80:10:10. Each
metal is distributed homogeneously over the entire spherical
particle without separation of the nanoscale phases (the high-
resolution nanoscale EDS mapping is shown in Figure S5 in
the Supporting Information). The product composition cal-
culated from the EDS was in good agreement with the ICP
(inductively coupled plasma) results (Figure 1). A notable
signal assigned to oxygen did not appear. Although the
sensitivity of light elements (oxygen) in EDS analysis is low, it
is strongly suggested that metals are in general not oxidized.
The selected-area electron diffraction (ED) pattern (Fig-
ure 2c) also indicates no formation of Ni, Co, and Fe oxide
compounds.

To investigate the crystallinity of the pore walls, a high-
angle XRD measurement was performed (Figure S1 in the
Supporting Information). Broad diffraction peaks for all the
samples were observed at 35–558, which corresponded to the
(111) plane of the fcc structure. Generally, metal deposition
processes using boron-containing reducing agents result in the
incorporation of the B component into the alloys. As the B
content is increased (typically higher than 3 wt %), the
deposits tend to have a poorly crystalline state that results
in a broad diffraction peak in the high-angle range.[24] The
peak intensities of ternary alloys composed of Ni, Co, and Fe
were lower than those of binary alloys (Figure S1) as a result
of a decrease of the crystalline size in the pore wall owing to
the formation of more complicated phases such as Ni-based
fcc phases with relatively richer Co or Fe components as well
as metal boride amorphous phases.[25] The grain sizes of the
products were roughly estimated by a Scherrer equation to be
smaller than 2 nm, indicating that the pore walls are
composed of minute crystalline sizes or that they are in an
amorphous-like state.[26]

It is noteworthy that, for the product (Ni78Fe16B6) from the
starting LLC composition of Ni2+/Co2+/Fe2+ = 80:0:20, the as-
deposited product shows other noticeable peaks at 2q = 118,
228, 338, and 608, which are assignable to be green rust I, Fe-
based layered double hydroxide. The Fe ions in the solution
are in equilibrium between Fe2+ and Fe3+. In addition, the
heating process needed for production of the homogenous
LLCs could be responsible for the formation of Fe3+. When
the reducing agent dimethylamine borane (DMAB) was
added to the LLC, the pH rose above 7. Under those
conditions, the Fe species tend to form green rust I (FeII

xFeIII
y-

(O,OH,Cl)z). Although the green rust I is unstable in ambient
air owing to further oxidation to FeIIIOOH,[27] the presence of
Ni ions leads to the formation of Ni-substituted green rust I

(NiII
xFeIII

y(O,OH,Cl)z), which is more stable in ambient air.[28]

Thus, when the Fe species are highly concentrated, the
formation of green rust I is inevitable. However, green rust I
can be easily collected by utilizing the magnetic properties of
the product, because the mesostructured alloys are magnetic,
whereas green rust I is not. The separated product shows no
peaks assignable to green rust I, meaning that the separation
technique using a magnet is highly useful to obtain only pure
mesoporous magnetic alloys (Figure S6 in the Supporting
Information). The local crystalline structures were deter-
mined from the selected ED patterns in Figure S7. The ED
patterns of the ordered mesostructured particle showed ring
patterns. In the high-resolution TEM image, the lattice fringes
assigned to a fcc structure were randomly oriented in the
mesostructured alloy (Figure S8). The walls are composed of
very minute crystalline sizes, as also supported by high-angle
XRD patterns (Figure S1). Although the crystallinity of the
particles can be improved by annealing under an inert
atmosphere, the ordered mesostructures collapse. The
ordered mesostructure is stable up to 150 8C under N2

atmosphere. In contrast, the ED patterns of the needle-like
parts (of the by-products, green rust I) showed rings with
hexagonal spots. These d spacings in these patterns coincided
well with those of the high-angle XRD patterns of green rust I
(Figure S1).

Magnetic NiCoFeB alloys with highly ordered mesostruc-
tures should be useful for future magnet-based science and
technology. Figure 3a shows the change in the saturation
magnetization (Ms) of the mesoporous alloys prepared under
various LLC compositions (Ni2+/Co2+/Fe2+ = 80:20–x :x). In
the present system, the pore walls in the products are
composed of very minute crystalline sizes or an amorphous-
like state, as observed in the wide-angle XRD patterns and
selected area ED patterns. It is generally known that very
small ferromagnetic grains show superparamagnetic behav-
ior; that is, each grain does not show a ferromagnetic state
because of the thermal fluctuation of the magnetic moment at
room temperature. No hysteresis was observed in the magnet-
ization curve (Figure 3; the coercive forces (Hc) and residual
magnetization (Mr) were almost zero), which is typical of
superparamagnetic behavior.

In general, Ms values gradually increase with an increase
in the grain size. The grain size of ternary alloys (consisting of
Ni, Co, and Fe) was smaller than that of binary alloys
(Figure S1). However, in this study, the Ms value increased
proportionally with the Fe content independently of the grain
size. In the present case, therefore, the metal composition has
a greater effect than the grain size. This relationship between
the metal compositions and Ms value is similar to that of
annealed NiCoFe bulk alloys.[18c] In addition, the Slater–
Pauling curve shows an increase in the magnetic moment
proportionally with the number of electrons; that is, the
magnetic moment of Fe is higher than that of Co and Ni.
Consequently, the Ms values in the mesoporous alloys
(Figure 3a) changed.

Highly ordered mesostructured alloys showed magnet-
ization up to 56 emug�1, whereas mesostructured Ni94B6

showed very small magnetization (0.11 emug�1). This value
is the highest Ms value of all magnetic mesostructured
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materials to date.[9–10,12–17] It is also sufficient for magnetic
attraction by a commercial magnet. The dispersed mesostruc-
tured alloys moved very quickly toward the applied neo-
dymium magnet (around 1000 Oe), showing excellent mag-
netic responsivity (Figure 3b). The saturation magnetization
of mesostructured alloys can also be controlled by changing
the framework compositions. For example, two types of
magnetic alloys with different magnetization were mixed in
the solutions. By changing the applied magnetic force, we
could selectively collect higher magnetization alloy particles,
which is an advantage for their future applications (Fig-
ure 3c).

To achieve higher saturation magnetization, it is more
effective to lower the content of Ni and increase the amount
of Co and Fe.[18] Therefore, in preliminary work, further
experiments were carried out with an increase in the
compositions of Co and Fe in the starting LLC. The products
obtained after deposition of the mesoporous alloys were
separated with a magnet.

In the LLC system of Ni2+/Co2+/Fe2+ = 60:40–x :x, the
composition of the products was controlled by changing the
metal compositions in the LLC (Figure S9 in the Supporting
Information). From the XRD pattern (Figure S10), we found
that the mesostructural ordering of the products greatly
decreased upon further alloying, although there was no

significant difference in the crystal structures suggested from
the higher-angle XRD patterns. The products were identified
by TEM (Figure S11) to have less ordered and disordered
mesostructures with irregular morphologies. These results are
mainly due to the difference in the catalytic activity of the
reducing agent dimethylamine borane (DMAB).[29] The
catalytic activity of DMAB for the reduction of Ni is higher
than that of Co and Fe. Therefore, with a higher composition
of Ni in LLC, an autocatalytic reaction predominantly
proceeds to form spherical particulate alloys with the
retention of ordered mesophases of the LLC by the isotropic
reduction of metal species.[21] However, as the composition of
Ni in LLC decreases, the rate of the autocatalytic reaction of
Ni is relatively decelerated, and the self-decomposition
reaction of DMAB occurs to some extent. As a consequence,
the mesostructures of the LLC could not be retained, and
disordered mesostructures with irregular morphologies were
observed as a result of more random reduction.[21] The
presence of Co ions during the Ni deposition leads to the
lowering of the Ni reduction rate; consequently, the compo-
sitions of the products deposited from LLC including
relatively lower Ni and higher Co ions had a very small Ni
content relative to the starting LLC compositions (Figure S9).

To conclude, we synthesized mesostructured multicom-
ponent (Ni, Co, and Fe) magnetic alloy particles using a non-
ionic surfactant as a soft template. By simply changing the
starting LLC compositions, uniform-size alloy particles with
tunable compositions could be obtained. This understanding
of the synthesis of multicomponent mesostructured alloys
should greatly contribute to the future fabrication of meso-
porous metals with desired functions. Although many meso-
porous metals, such as Pt, Sn, Cu, and Ni, have been
synthesized from LLCs,[30–40] their major applications have
been limited to electrodes and catalysts. New functions that
are not found in a single metal system can be realized by
alloying. The synthesis of mesoporous alloys with desired
elements and compositional ratios should give rise to a new
class of mesoporous metals. This study should open the door
to new magnetic applications.

Experimental Section
Materials: A non-ionic surfactant (C16EO10, Brij 56, Aldrich) was
used to form lyotropic liquid crystals. Nickel(II) chloride (NiCl2

> 98%, Aldrich), cobalt(II) chloride (CoCl2 > 95 %, Kanto Kagaku
Co.), and iron(II) chloride tetrahydrate (FeCl2·4H2O > 98%, Kanto
Kagaku Co.) were used as metal sources. Sodium borohydride
(NaBH4 > 98 %, Kanto Kagaku Co.) and dimethylamine borane
(DMAB) ((CH3)2HNBH3 > 97%, Fluka Co.) were used as reducing
agents. Ethanol (H2O content < 0.005%, Junsei Chemical Co.) was
used to remove excess reducing agent, undeposited metal ions, and
surfactants.

Synthesis of mesostructured alloys: First, a precursor was
prepared by dissolving metal species of various compositions
(0.01 mol) in deionized water (3.3 g) and adding non-ionic surfactant
Brij56 (4.0 g) in a closed container. The water content in the LLC is
very important for the formation of the ordered mesophases.[41] To
avoid evaporation of the water, we used a closed container. The
mixtures were heated to 60 8C, which is above the melting point of
Brij56, until the mixture became homogeneous. Cooling the mixtures
formed a homogeneous LLC phase with a 2D hexagonal structure,

Figure 3. a) Magnetic hysteresis loops of mesostructured alloys pre-
pared from different LLC compositions. The LLC compositions are
shown in parentheses. b,c) Investigation of the magnetic response.
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which was characterized by polarization optical microscopic obser-
vation and low-angle XRD measurements. In this LLC mesophase,
dissolved metal ions are coordinated by water molecules to form
metal aqua complexes. Hydrogen bonds between ethylene oxide
groups of surfactants and coordinated water molecules are formed,
thus stabilizing the metal aqua complexes in the LLC.[41] The metal
species in the presence of LLC was reduced by the addition of
combined reducing agents (0.4 g of DMAB and 0.001 g of NaBH4).
At the initial stages of metal deposition, electrons spontaneously are
generated by self-decomposition of NaBH4. Very small amounts of
metal nuclei were deposited over the entire area of the LLC. Then,
the DMAB molecules are adsorbed onto Ni atoms (not Co and Fe
atoms) of the deposited nuclei and subsequently provide electrons,
because the catalytic activity of DMAB on Ni surface is higher than
those of DMAB on Co and Fe surface. Thus, the metal deposition
(i.e., autocatalytic reaction) from the nuclei proceeds to coat the
rodlike self-assemblies in the LLC.[21] The deposits were rinsed with
ethanol three times to remove excess undeposited metal species and
reducing agents. After the metal ions were reduced, the deposited
alloys do not strongly interact with surfactant chains or physically
contact the surfactant chains. Therefore, the surfactant can be
removed by washing with ethanol. After rinsing in dehydrated
ethanol, almost all surfactants were removed, and only 2–3 wt % of C
remained in the final products.

Characterization: Powder XRD patterns at low diffraction angles
were measured using a Mac Science M03XHF22 diffractometer with
Mn-filtered FeKa radiation (40 kV, 20 mA) at a scanning rate of
0.58min�1. High diffraction angle XRD patterns were measured using
a Mac Science MXP3 diffractometer with CuKa radiation (40 kV,
30 mA) equipped with monochromator at a scanning rate of 18min�1.
FE-SEM images were obtained by a JEOL JSM-6500F scanning
electron microscope operated at an accelerating voltage of 15 kV.
EDS mapping analysis was conducted with a JEM-2100F scanning
transmission electron microscope operated at an accelerating voltage
of 200 kV. TEM images were obtained by a JEOL JEM-2010
transmission electron microscope operated at an accelerating voltage
of 200 kV. The samples for electron microscopy were prepared by
dispersing the powder products in ethanol and mounting them onto a
Si substrate for FE-SEM and on a microgrid for TEM. The remaining
surfactant was analyzed by CHN analysis using a Perkin–Elmer
PE2400II. The compositions of the products were determined by ICP
using the Japan Jarrell-Ash IRIS-AP.
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