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The current report describes the systematic synthesis of polycrystalline, multiferroic MnWO, nanowires
and nanowire arrays with controllable chemical composition and morphology, using a modified
template-directed methodology under ambient room-temperature conditions. We were able to
synthesize nanowires measuring 55+10, 100+20, and 260+40nm in diameter, respectively, with
lengths ranging in the microns. Extensive characterization of as-prepared samples has been performed
using X-ray diffraction, scanning electron microscopy, transmission electron microscopy (TEM), high-
resolution TEM, and energy-dispersive X-ray spectroscopy. Magnetic behavior in these systems was also

© 2008 Elsevier Inc. All rights reserved.

1. Introduction

Multiferroic materials [1,2], which show simultaneous ferro-
magnetic ordering (or any other kind of magnetic) and ferro-
electric ordering, have attracted a lot of attention because of the
coupling between the magnetic and dielectric properties in these
systems as well as their control by application of magnetic and/or
electric fields. A number of multiferroic transition metal oxide
materials exist including BiFeOs [3], BiMnOs [4], TbMnOs [2], and
DyMnOs [5]. A characteristic property of many of these materials
is the simultaneous occurrence of a ferroelectric phase transition
as well as a magnetic one, suggesting a strong interplay between
the magnetic and ferroelectric order in these systems and
implying that these materials hold particular promise in applica-
tions as diverse as information storage, spintronics, and sensors.

MnWOy,, otherwise known as hiibnerite, is a relatively lesser-
known member of this class of materials and possesses sponta-
neous electric polarization manifested in a spiral magnetically
ordered state [6-10]. MnWO, belongs to the monoclinic P2/c
space group, characterized by alternating layers of transition-
metal and tungsten atoms parallel to the (100) plane, as shown in
Fig. S1 [10,11]. Specifically, each Mn and W atom is in an approxi-
mately octahedral coordination surrounded by six nearest-
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neighbor oxygen atom sites [11]. In addition to its relatively low
melting point as well as desirable magnetic and multiferroic
properties, the electrical conductivity of MnWOy, is also sensitive
to changes in humidity, thereby making it useful as a humidity
sensor with potential applications ranging from medicine,
meteorology, to agriculture [12].

Conventional preparatory methods for bulk MnWO, produc-
tion are diverse, ranging from chemical reaction in molten salt
media [13], mechanical grinding in a vibrating mill [14], to high-
temperature decomposition of complex precursors [15]. Conver-
sely, MnWO,4 nanocrystals have been synthesized by a solvother-
mal route, using an autoclave, in which hydrated MnCl, and
Na,WO, were annealed at 180°C in a pH range of 5-11 in the
presence of homologous surfactants (such as ethylene glycol (EG),
polyethylene glycol (PEG)-400, and PEG 10000) [16]. Similarly,
single-crystalline MnWO,4 nanoplates have been made by hydro-
thermally annealing hydrated MnSO,4 and Na,WO, in the presence
of DMF at 160 °C for 10 days in an autoclave [17]. In addition, the
sol-gel method has previously been used to generate MnWO,
films [12].

Nonetheless, the motivation to generate one-dimensional (1D)
nanostructures of these materials is high. Indeed, 1D nanostruc-
tures are fundamentally interesting because they are the lowest-
dimensional anisotropic structures that can be used for the
efficient transport of electrons and optical excitations [18,19].
Nanofibers and nanowires of MnWO, have primarily been
fabricated by complexation-precipitation methods, associated
with hydrothermal treatments of Na,WO,4 and MnCl, (or MnSQ,)
precursors either in the presence [11,16] or absence of [20]
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surfactant (such as cetyltrimethylammonium bromide, ethylene
glycol, and polyethylene glycol) at temperatures ranging from 100
to 180°C for periods of 4-24h. All of these methods, however,
necessitate a relatively high temperature of reaction (>100°C) as
well as precise pH control in order to achieve the desired
morphology.

In this manuscript, we have generalized a convenient, room
temperature method, previously developed in the group for the
synthesis of nanowires of BaWO,4, BaCrOg4, CaF,, BaF,, SrF,, KMnFs,
and NH4MnF; [21-24], in order to synthesize polycrystalline
MnWO,4 nanowires and nanowire arrays through the mediation of
a polycarbonate (PC) template. With this protocol, which operates
under ambient conditions in aqueous solution with reliable
control over shape, dimensionality, and crystallinity, we were
able to make MnWO, nanowires and nanowire arrays under
ambient conditions without the use of either surfactant or any
high-temperature annealing treatment. Others have referred to
this process as a precipitation metathesis reaction [25]. We also
analyzed our MnWO, nanoscale samples using microscopy,
spectroscopy, and magnetic measurements

2. Experimental
2.1. Synthesis

Commercially available PC membranes (Millipore Co. USA)
used in this study possessed an average diameter of 50, 100 and
200 nm, respectively. These filter membranes contained track-
etched channels with pores randomly distributed across their
surface.

In a typical synthesis of MnWO, nanowires, a PC membrane
was mounted between the two halves of a U-tube cell. The half-
cells were then filled with 0.1 M solutions of Na,WO, and MnCl,
in water, respectively. After 12 h, the PC template was detached,
thoroughly washed with distilled water, and ultimately removed
by immersion in methylene chloride for 10 m. Isolated MnWO,
nanowires were then obtained by initial centrifugation, followed
by washing with ethanol and distilled water, and finally oven
drying at 80 °C for 24 h. Bulk MnWO, samples were prepared in a
similar way without the use of a template membrane. Specifically,
0.1M aqueous solutions of Na,WO, and MnCl, were mixed
directly. The precipitates ultimately isolated were washed with
distilled water and finally dried at 80 °C for 24 h.

2.2. Characterization

2.2.1. X-ray diffraction (XRD)

Crystallographic information on as-prepared samples was
obtained using powder XRD through the mediation of a Scintag
diffractometer, operating in the Bragg configuration using Cu Ko
radiation (/= 1.54A). Tungstate samples for analyses were
prepared by grinding powders thoroughly in ethanol using a
mortar and pestle, followed by loading onto glass slides and
subsequent drying in air. Diffraction patterns were collected from
15° to 65° at a scanning rate of 0.3° per minute with a step size of
0.02°. Parameters used for slit widths and accelerating voltages
were identical for all samples.

2.2.2. Electron microscopy

The diameters and lengths of as-prepared tungstate nanowires
were initially characterized using a field emission scanning
electron microscopy instrument (FE-SEM Leo 1550), operating at
an accelerating voltage of 15kV and equipped with energy-
dispersive X-ray spectroscopy (EDS) capabilities. Samples were

deposited onto double-sided conductive carbon tape, which was
then ultimately attached onto the surfaces of SEM brass stubs.
These samples were then conductively coated with gold by
sputtering for 20s, so as to minimize charging effects under
SEM imaging conditions. For analysis of nanowire arrays,
membranes were initially attached to a piece of conductive
double-sided carbon tape. The resulting aligned samples were
created by immersion in methylene chloride solution for 5 min in
order to dissolve and remove the template. After washing with
distilled water followed by air-drying, samples were subsequently
mounted onto SEM brass stubs for imaging.

Specimens for transmission electron microscopy (TEM) and
high-resolution TEM (HRTEM) were obtained by drying droplets
of as-prepared samples from an ethanolic dispersion, which had
been sonicated for 1 min, onto a 300 mesh Cu grid, coated with a
lacey carbon film. TEM images were then taken at an accelerating
voltage of 120kV on a Philips CM12 instrument. HRTEM images
were obtained using a JEOL 2010F HRTEM at an accelerating
voltage of 200kV.

2.2.3. Ultraviolet-visible spectra (UV-visible)

UV-visible spectra were obtained on a Thermospectronics UV1
spectrometer using quartz cells with a 10-mm path length. For
these absorption spectral data, distilled water was used as a blank.

2.24. Infrared (IR) spectroscopy

Mid-IR spectra were recorded by using a Nicolet Nexus™ 470
FTIR spectrometer with a resolution of 4 cm™". Solid samples were
prepared for analysis using a potassium bromide (KBr) pellet.

2.2.5. Squid

The field and temperature dependences of a bulk powder of
MnWO, as well as a powder of MnWO, nanowires with an
average diameter of 200nm were measured. The experiments
were carried out using a Quantum Designs Magnetic Phenomena
Measurement System (MPMS) for temperatures ranging from 1.8
to 300K, and in fields as large as 5T. The nanoparticles were
suspended in paraffin prior to measurement, and we have
normalized their magnetization to that of the bulk powder at
room temperature throughout. The bulk powder was compressed
into a hard compact specimen weighing 0.009 g.

3. Results and discussion

The purity and crystallinity of as-prepared MnWO, samples
were examined by powder XRD measurements (Fig. 1). All peaks
can be readily indexed to a pure monoclinic phase (space
group: P2/c) of MnWO, with calculated lattice constants of
a=0.4813nm, b = 0. 5783 nm, and ¢ = 0.5008 nm, which are in
good agreement with database literature values (a = 0.4829 nm,
b=0. 5759nm, and c = 0.4998 nm, JCPDS no. 13-0434, lower
curve of Fig. 1).

The morphology of as-synthesized one-dimensional samples,
derived from a 200 nm PC template, was studied using FE-SEM
and TEM. Fig. 2 shows SEM images of as-prepared MnWO,
nanowires, isolated from a PC template, possessing 200 nm pore
sizes. Diameters of MnWO,; nanowires were noted to be
~260+40nm, whereas their associated lengths measured
~5.441.2 um. Fig. 2B (top view) and 2C (tilt view) show images
of as-generated MnWOQ, arrays upon removal of the PC template.
The EDS spectrum (Fig. 2D) confirms the existence of Mn, W, and
0, as expected. Sample morphology of the samples was also
characterized using low-magnification TEM as shown in Fig. 3A.
These images further confirm the dimensional range of as-
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prepared nanowires, calculated from SEM data. It should also be
mentioned that as-obtained nanowires were noted to be relatively
uniform in terms of shape and morphology. A HRTEM image
(Fig. 3B) and associated FFT image (inset to Fig. 3B) taken on an
individual MnWO4 nanowire show the polycrystalline nature of
the sample. The lattice spacing measured in the image can be
indexed to the (—111) plane. Additional SEM images of MnWO,
nanowires, prepared using templates with pore diameters
measuring 50 and 100 nm, respectively, are presented in Fig. 4.
The diameters of these particular MnWO4 nanowires are 55+10
and 100+20nm, respectively, consistent with the pore size
dimensions of the originating templates themselves with asso-
ciated lengths of 2.0+0.5 and 3.0+1.1pum, respectively. The
morphology of bulk samples was also investigated using FE-SEM
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Fig. 1. XRD patterns of as-prepared samples (upper half) and of the corresponding
database standard (JCPDS #13-0434, lower half).

as shown in Fig. 5. The bulk samples essentially consisted of
uniform particulate structures with diameters in the range of
1.54+0.1 um. EDS patterns showed the presence of peaks asso-
ciated with Mn, W and O, respectively.

Optical properties of as-prepared 200 nm nanowire samples
were also investigated from the UV to IR range. The IR spectrum
(Fig. 6A) of MnWO, nanowires shows a number of absorption
bands (located at 579, 669, 757, 810, 875, and 912cm™!) in the
range of 500-1000cm~"! which are similar to that of the bulk IR
pattern previously reported for MnWO4-H,0, wherein the
inorganic modes lie at the low-wavenumber end of the spectra
[26]. Many of these infrared bands can be assigned to internal
stretching modes, i.e. v3(Ay) and v3(E,) transitions [27]. The
UV-visible (Fig. 6B) spectrum showed a similarity in the
absorption profile between that of the 200 nm nanowires and of
the bulk.

The magnetic behavior of our as-prepared 200nm MnWO,
nanowires was investigated using SQUID analysis. MnWO, has
been considered as a moderately frustrated antiferromagnetic
spin system [8]. Bulk MnWO, has been found to undergo
successive magnetic phase transitions at ~13.5K (Ty), ~12.7K
(T), and ~7.6K (T;), corresponding to three long-wavelength
magnetic ordering states: AF3, AF2, and AF1 [6,28]. The ground
state, AF1 (T<T,), is a commensurate collinear antiferromagnetic
phase; the magnetic moments are aligned collinearly along the
‘easy’ axis of magnetization, which is within the ac plane at an
angle of 35-37° from the a-axis. By contrast, AF2 (T;<T<T>)
consists of an incommensurate elliptically modulated spiral spin
structure. Finally, the AF3 (T, <T<Ty) phase denotes an incom-
mensurate, sinusoidal collinear AFM structure with magnetic
moments lying along the x-axis [6,8]. Prior investigations of the
magnetic properties of MnWO,4 were mainly performed on bulk
samples so it was important to note the comparable behavior of
MnWO, nanowires.

Mn
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Fig. 2. SEM images of (A) isolated MnWO, nanowires, (B) MnWO, arrays (top view), (C) MnWO, arrays (side view) and (D) Representative EDS pattern of as-prepared

MnWO,4 nanowires and nanowire arrays.
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Fig. 5. SEM images as well as an EDS pattern (inset to B) of bulk MnWO,.
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Fig. 6. IR spectrum (A) and UV-visible spectrum (B) of MnWO, ((a) bulk and (b) nanowires).
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The temperature dependence of the magnetic susceptibility,
measured in a field of 0.1T, has been compared for the two
samples in Fig. 7A and B, measured after cooling in zero field (ZFC)
and in a field of 5T (FC). In all cases, the susceptibility increases
with decreasing temperature, reaching a single broad maximum
near 7 K. Fig. 8 shows that the susceptibility is well described by
the Curie-Weiss law for temperatures from 10 to 300K, indicating
that it arises from a conventional paramagnetic state involving
independent fluctuations of independent Mn moments. The Weiss
temperature, § = —25K, implies a net antiferromagnetic interac-
tion among the Mn moments, with a magnitude in reasonable
agreement with the value of 6 = —15K found for bulk powdered
MnWOy,.

The maximum in the susceptibility signals the onset of
magnetic order at ~7.5K, presumably antiferromagnetic order,
although the breadth of the maximum and also the separation of
the FC and ZFC data below this ordering temperature suggests an
appreciable level of magnetic frustration and perhaps short range
order. In principle, this might result in the nanoparticle samples
experiencing a superparamagnetic effect caused by uncompen-
sated surface moments. However, the results found for the bulk
powder are very similar and we conclude that disorder is a more
likely explanation. That is, while the presence of chemical
impurity might normally account for the slight anomaly observed,
we did not detect any such magnetic impurity in our samples.
Hence, these observations can potentially be assigned to structur-
al disorder in the sample, such as the presence of small-crystalline
particulate regions, an assertion supported by the polycrystalline
nature of our metal tungstate nanowires, as evidenced by the
TEM/HRTEM images in Fig. 3A and B. Indeed, the susceptibility
peak in both of our samples is much broader and occurs at a lower
temperature than that previously reported for a MnWO,4 powder
[10] and a single crystal [6]. What is more, no features are found in
the temperature derivative of the susceptibility, which might
correspond to the three thermodynamic transitions found in heat
capacity measurements [10].

The field dependences of the magnetization for both the bulk
and nanoparticle samples are presented in Fig. 9A and B. The
magnetization is always linear in field, showing that the magnetic
response is dominated by that of the individual moments, both
above and below the antiferromagnetic ordering temperature. The
rapid reduction in the slope of the magnetization curves with
increased temperature is wholly congruent with the overall
Curie-Weiss susceptibility. Accordingly, we have plotted the ZFC
susceptibility data, y = M/H, measured for both samples as a
function of H/T in Fig. 10, to confirm that the magnetization
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sweeps taken at temperatures from 3 to 80K all collapse onto
universal curves, presumed to be approximated by Brillouin
functions. This collapse shows that the magnetization is domi-
nated by fluctuations of individual Mn moments, and not by
critical fluctuations or other collective effects.

Taken together, these magnetic measurements reveal a system
in which antiferromagnetic short-range order is established,
although the development of these correlations is sluggish and
coexists with a predominantly paramagnetic response both above
and below the transition. No evidence for finite size effects due to
particle size was found in these nanowire samples, which show
almost the same properties as that of the bulk powder of MnWOj,.

3.1. Plausible formation mechanism

As described previously in other papers [21-24], in the current
experiment, we use the pores of PC membranes as the physical
environment in which to control the growth of well-defined
morphologies of crystals of our manganese tungstate structures.
The membranes used are thin, and are mounted in a double-
diffusion setup, which enables the continuous flow of ions into the
membrane pores but prevents their overly rapid mixing. Thus, in
the experimental setup used in these experiments, the contents
of each solution in either half of the U-tube are allowed to
diffuse towards each other across a wetted template membrane
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Fig. 8. Temperature dependence of the inverse susceptibility ' for bulk (solid
line) and 200 nm nanowire (dashed line) samples. Inset compares linear fits (solid
line (bulk), dashed line (nanowires)), indicating that the Curie-Weiss law is valid
for temperatures from ~15 to 300K.
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Fig. 7. (A) Magnetic susceptibility y of powder of 200 nm nanowires, measured in a field of 0.1 T. The inset shows a modest hysteresis between data taken under zero field
cooled (ZFC) and data taken after cooling in a 5T field (FC). (B) Same, but for a bulk powder sample of MnWOj,.
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Fig. 9. Field dependences of the magnetization M, at different fixed temperatures for the bulk MnWO,4 powder (A) and 200 nm nanowires (B).

4 T T
Bulk
paad et TN 990000804 sescommn
5 s
o Nanowires
o
3
2 J
@
~
=
; 4
04 T T
0 2 4 6

HIT (102 T/K)

Fig. 10. Field-temperature scaling behavior of the susceptibility y = M/H is
measured for both the bulk powder and the 200 nm nanowire samples.

physically separating the two halves. Manganese cations and
tungstate anions meet at the interface, react in a precipitation/
metathesis process, and nucleate the formation of the correspond-
ing metal tungstates. These insoluble tungstates will begin to
precipitate from solution, once the supersaturation value for their
production has been exceeded.

If the interactions between reagent molecules are stronger
than those between the reagent molecules and the pore walls, the
nucleation process and accompanying product formation will tend
to happen within the voluminous confines of the pores them-
selves in a homogeneous-type process. That is, crystals of
nanoscale metal tungstates therefore derive from isolated,
disparate nucleation sites, which then grow by extension
throughout the porous network. Continued growth then occurs
at the particle surface at a rate limited by ion availability, until the
crystal impinges upon the relatively inert template surface itself,
which ultimately limits further particle growth. Within the
cylindrical confines of the template pores, as-formed particles in
this scenario essentially self-assemble with each other into either
wire-like or rod-like motifs.

Conversely, if the interactions between the reagent molecules
are weaker than those between the reagent molecules and the
pore walls, the nucleation and accompanying growth processes
may tend to be localized at the surfaces of the pore walls in a
heterogeneous-type process. Such a process may occur, for
instance, if the pore wall is positively charged while the reagent
particles are negatively charged. This preferential confinement of
growth to the inherent geometry of the pore walls can therefore

lead to the generation of primarily tube-like motifs upon the
elongation and assembly of the as-formed particles. With
continued reaction, nanowire formation can be viewed as a lateral
thickening of the tubular structure, which, as further supply of
precursors to the inside is blocked by the ever-growing tube
thickness coupled with an ever-decreasing inner tube diameter,
eventually constricts the entire porous interior of the template,
filling it completely. In other words, continued growth of the
nanotubes is limited only by reagent ion availability and
diffusivity as well as by intrinsic geometrical constraints imposed
by the template channels. Hence, nanowires can be considered as
the ultimate limit of nanotube growth, at least in terms of its
width.

4. Conclusions

MnWO, nanowires and nanowire arrays have been synthe-
sized by a simple, room-temperature method with the aid of a PC
template. These reactions have been run under simplistic,
ambient conditions in aqueous solutions with reproducibility in
terms of morphology and chemical composition. We have also
used this protocol not only to generate isolated structures but also
to produce arrays of these ternary metal oxides. As-synthesized
nanowires measured 260+40nm in diameter and 5.4+1.2 um in
length, isolated from a 200 nm PC template. Those generated from
templates with pore diameters of 50 and 100nm measured
55+10 and 100 +20 nm, respectively, with accompanying lengths
in the microns. Optical and magnetic properties of MnWO,
nanowires have been investigated, suggestive of subtle differences
in behavior between bulk and nanoscale manifestations of an
identical material. The fact that the nanowires were polycrystal-
line did not obviously appear to adversely affect the performance
metrics of these materials. However, it is obvious that for many
systems, the ability to generate pure, single-crystalline motifs is
crucial to relevant structure-property correlations. Hence, in
terms of future work, we will likely explore other methods of
nanoscale MnWQO, preparation, including using catanionic reverse
micelles [29-32].
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