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Growth of Well-Aligned y-MnQO, Monocrystalline Nanowires through a
Coordination-Polymer-Precursor Route

Yujie Xiong,'*"! Yi Xie,**" Zhengquan Li,’*! and Changzheng Wu'®!

Abstract: A new coordination-polymer-
precursor route has been developed to
synthesize nanowires under hydrother-
mal conditions. In the present work,
well-aligned y-MnO, nanowires, grow-
ing along the [002] axis, have success-
fully been prepared by selecting an
appropriate  coordination  polymer
[(Mn(SO,)(4.4"-bpy)(H,0),},] as precur-
sor. In comparison with the experimen-

mer precursors, it is found that only
[{Mn(SO,)(4.4-bpy)(H,0),},] is appro-
priate for the formation of y-MnO,
crystal lattices during the process of
oxidization. The IR absorption spectra
of as-obtained precipitates at different
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reaction intervals minutely describe the
reaction process, due to the different
coordination abilities of ligands in the
coordination polymer. More evidence
about the mechanism will be further
explored in the future study. Further
observations show the ordered align-
ment of nanowires’ tops and such well-
aligned nanowires provide more possi-
ble applications in lithium batteries.

tal results from other coordination-poly-

Introduction

Controlling the shape of nanostructures at the mesoscopic
level is one of the most challenging issues presently faced by
synthetic inorganic chemists.] Nanowires, which are one-
dimensional objects, have been of special interest in the past
few years, due to their unusual properties and potential
applications.>”) Many methods have been used to prepare
nanowires, such as electrochemistry,? template (mesoporous
silica, carbon nanotubes, etc.),”] emulsion or polymetric
system,™ arc discharge,’] laser-assisted catalysis growth,
solution, vapor transport,®® organometallic and coordination
chemistry methods.[”) The last method, which avoids compli-
cated processes and special instruments, is more convenient to
prepare nanowires. Most remarkably, this method attracts
more attention to the relationship between structures of the
target products and the raw materials, and is more appropriate
for the phase control of products.
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Once-dimensional systems, as the smallest dimension
structures for efficient transport of electrons, can be applied
to detect the theoretical operating limits of lithium batter-
ies.' MnO, is widely used as a catalyst and as electrode
material in Li/MnO, batteries;['!! this indicates the potential
applications of MnO, nanowires. Recently, Li and co-workers
have reported the hydrothermal preparation of a-MnO,
nanowires and -MnO, nanorods by oxidizing MnSO, in
KMnO, and K,S,0y, respectively.l'” Besides a- and S-phases,
MnO, and the related manganese(1v) oxide are known to exist
in a wide variety of structural forms, such as a-, -, y-, 0-type,
ramsdellite, etc.'!" Among these phases, y-MnO, is most
commonly used as a cathode material in dry-cell batteries, and
its electrical potential reduces more slowly than that of other
forms during the process of discharge.[¥] The unique charac-
teristics of y-MnQO, will result in more important applications
of y-MnO, nanowires.

However, to our best knowledge, no report about the
synthesis of y-MnO, nanowires has been published to date,
since the preparation of y-MnO, needs greater amounts of
energy.” In particluar, the most challenging problem of
synthesizing y-MnO, nanowires is how to control both the
morphology and the phase of products. The phase control of
products remains unsolved by the traditional methods for
nanowires,l'” and the same problem also exists in preparing
other metal oxide nanowires. The organometallic and coor-
dination chemistry method should be dominant in the phase
control of products. It is noteworthy that this method still
cannot be extended to fabricate metal oxide nanowires up to
now, although it has been greatly developed. Thus, we have
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tried to improve and apply the technique to the preparation of
metal oxide nanowires. Certainly, selecting an appropriate
precursor is crucial to control the phase and the morphology
of metal oxide nanowires prepared by this method.

Herein, a new coordination-polymer-precursor route has
been developed to synthesize nanowires under hydrothermal
conditions. In the present work, well-aligned y-MnO, nano-
wires, growing along [002] axis, have been successfully
prepared by selecting an appropriate coordination polymer
[{Mn(SO,)(4,4-bpy)(H,0),},] as precursor.

Results and Discussion

Before we discuss our experimental results, we introduce our
new strategy for the synthesis of metal oxide nanowires by a
coordination-polymer-precursor route.

General route for metal oxide nanowires: The traditional
organometallic and coordination chemistry methods can be
simply classified into two sorts. One is to apply simple
complexes or organometallic compounds® as precursors to
produce metal or metal sulfide nanowires in liquid phase. The
morphology control is mainly achieved by the oriented crystal
growth of the desired materials, as a result of some structural
characteristics in those precursors. It is a pity that the phase
control of products is difficult to accomplish in this process,
since no stable ordered and infinite structure exists in these
precursors. The other is that coordination polymers can
decompose to films of the desired materials by a CVD
route, in which the phase of products is more easily
controlled. However, the formation of one-dimensional nano-
structures seems impossible at such high temperatures with-
out vapor transport process.

From the above analyses, a new coordination-polymer-
precursor route under hydrothermal conditions has been
developed for the synthesis of metal oxide nanowires.
Previous researches in coordination chemistry indicate that
many coordination polymers have stable, ordered structures.
In particular, the metal cations in some coordination polymers
bridged by rigid ligands (e.g., 4,4'-bpy) are not only ordered,
but also have different coordination modes. From the
appropriate selection of a coordination polymer as a pre-
cursor, it is possible to make the polymer dissociate and form
new metal —oxygen bonds under alkaline hydrothermal con-
ditions, forming the desired metal oxide. In the process of the
oxidization reaction, the different coordination abilities of the
ligands in the polymer will probably lead to a faster
oxidization along some direction, thus resulting in an oriented
growth of metal oxide nanowires. Hence, we have designed a
hydrothermal route to synthesize metal oxide nanowires
through an alkaline replacement reaction on coordination-
polymer precursors.

Synthesis route: Based on the above strategy, y-MnO,
nanowires were prepared as follows. The coordination
polymer [{Mn(SO,)(4,4’-bpy)(H,0),},] was first prepared in
a mixed solvent of CH;OH and H,O at room temperature.[”]
The as-obtained coordination-polymer crystals were then
transformed into y-MnO, nanowires in air by boiling a soltion

1646 ——

© 2003 WILEY-VCH Verlag GmbH & Co. KGaA, Weinheim

of them in NaOH. The chemical reaction can be given as
Equation (1):

[{Mn(SO,)(44bpy)(H;0),},] + 120, + 2nOH-
— ny-MnO, + 3nH,0 + nSO~ + n44-bpy (1)

The replacement process of ligands by oxygen anions is
shown in Scheme 1.The proportion of nanowires in the
product is above 90 %, and their yield is about 40 % based
on the original reagents.

Scheme 1. The reaction process from [{Mn(SO,)(4,4-bpy)(H,0),},] to the
y-MnO, crystall lattice.

Phase and purity of the obtained product

XRD pattern: The crystal data of coordination-polymer
precursor were investigated by measurements on an Enraf-
Nonius CAD-4 diffractometer; these data agree well with the
reported data for [{[Mn(SO,)(4,4-bpy)(H,0),},,].['*] Therefore,
it is not necessary to provide the detailed crystal data here.
The phase and purity of as-obtained product was determined
by the X-ray diffraction (XRD) pattern, shown in Figure 1.
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Figure 1. XRD pattern of the as-obtained y-MnO, nanowires.

All the reflection peaks can be indexed to pure orthorhombic
y-MnO, (JCPDS card 14-644, a=636 A, b=10.15 A, c=
4.09 A). The intensity of (002) peak was slightly improved
in the obtained XRD pattern. No characteristic peaks were
observed for other impurities such as a-, -MnO,, Mn(OH),,
and Mn(OH),.

XPS spectra: Important information about the surface
molecular and electronic structure of the as-obtained product
was provided by X-ray photoelectron spectra (XPS). The
binding energies obtained in the XPS analysis were corrected
for specimen charging by referencing C 1s to 284.60 eV. The
Mn 2p core level spectrum (Figure 2A) illustrates that the
observed values of the binding energies for Mn 2p;, and
Mn 2p,, (642.1 eV and 653.6 eV, respectively) are in agree-
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Figure 2. A) Mn 2p core level spectrum of y-MnO, nanowires. B) O 1s
core level spectrum of y-MnO, nanowires.

ment with the literature values of bulk for Mn?*.'l The O 1s
binding energy (Figure 2B; 529.2 ¢V) indicates that the
oxygen atoms exist as O? species in the compounds.!') The
weak shoulder at ~532.0eV in the spectra of y-MnO,
nanowires is ascribed to oxygen from absorbed gaseous
molecules. All these results indicate that the sample is MnO,,
and the XPS survey spectra show that no obvious impurities
detected in the samples; this indicates that the level
of impurities present is lower than the resolution limit of
XPS (1 at.%).

Raman spectra: Raman spectroscopy (Figure 3), a powerful
experimental technique for the identification and character-
ization of the local Mn environment, further confirms our
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Figure 3. Raman spectrum of y-MnO, nanowires.

product as y-MnO,. The structural arrangement of y-MnO, is
usually explained by a random intergrowth of pyrolusite
layers in a ramsdellite (R-MnO,) matrix. The Raman data for
manganese dioxides with the y-type structure can be treated
by a local environment model, which allows us to consider the
relationship between the band wavenumber and the pyrolu-
site intergrowth that corresponds to the structural DeWolff
defects. The peaks in the wavenumber range of 500—700 cm™!
are considered as the characteristic features of y-MnO,. A
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close examination of this spectral region shows that for the
three main bands of R-MnO, (denoted as v;, v,, and v;), a
wavenumber shift of the bands v; and v; occurs toward those
of the -MnO, phase (at higher wavenumber), whereas v,
remains at almost the same position. This indicates that the
amount of pyrolusite defects increases in the ramsdellite
network. The pyrolusite-like peak located at 630 cm~! appears
as a shoulder in the y-MnO, phase and the band at 654 cm™!is
located between v, of R-MnO, (630 cm™!) and v, of 5-MnO,
(665 cm™!). All these features confirm that our product is y-
MnQO,.l""

The morphology and growth direction of the obtained
product: The panoramic morphologies of obtained product
were examined by the field emission scanning electron
microscopy (FE-SEM), in which the solid sample was
mounted on a copper mesh without any dispersion treatment.
The results indicate that the product consists of nanowires
with diameters of 20—40 nm on average and lengths ranging
from 3-6 um. The proportion of nanowires in the product is
above 90 % and their yield is about 40 % based on the original
reagents. The FE-SEM image of the center of sample
(Figure 4A) shows the uniform nanowires, while that of the
sample fringe (Figure 4B) shows that the tops of nanowires
almost align along one direction. This ordered alignment of y-
MnO, nanowires may lead to more applications in lithium
batteries.

Figure 4. FE-SEM image of the as-obtained y-MnO, nanowires.

More details about the structure of nanowires were
investigated by the electronic diffraction (ED) patterns and
high-resolution transmission electron microscopy (HRTEM).
The HRTEM images (Figure SA and C) of the nanowires
shows that the obtained wires are structurally uniform and
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Figure 5. A) HRTEM image of the as-obtained y-MnO, nanowires. B) ED
pattern of a y-MnO, nanowire. C) Enlargement of the HRTEM image.

monocrystalline. Meanwhile, the ED pattern (Figure 5B)
further confirms that the obtained product is monocrystalline,
growing along [002] direction.

Possible mechanism of forming y-MnQ, nanowires: The
same reaction process has been carried out with other
coordination polymers (e.g., [{Mn(N;),(4, 4-bpy)},])!"* as
precursors, and no Y-MnO, nanowires could be obtained. If
the two experimental steps were simplified to one (i.e., before
the coordination polymer crystals separated out from the
matrix solution, NaOH was directly added into the solution
and then hydrothermal treatment applied), y-MnO, nano-
wires could not be obtained either. This implies that the
crystal structure of the coordination polymer is crucial to the
formation of y-MnO, nanowires. However, considering the
reaction process, the structure of polymer should be imme-
diately irrelevant to the formation of oxide nanowires, if the
coordination polymer was fully dissociated in the boiling
NaOH before forming new Mn—O bonds of y-MnO,.

To investigate the dissociation process of the Mn-ligand
moieties, the IR absorption spectrum of the precursor was
measured (Figure 6A). In the far-IR region, the absorption
peaks at 292, 348, and 403 cm~! are the Mn—N (in bpy),!¥ the
Mn—O (in H,0),™ and the Mn—O (in SO,") stretching
vibrations,?”! respectively. By comparison, the obtained
precipitates after reaction times of 1.5, 2.5, and 4.5 h were
also determined by IR spectra. It was found that the
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Figure 6. A) IR spectrum of coordination-polmer precursor. B)-D) IR
spectra of the as-obtained precipitates after reaction for 1.5, 2.5, and 4.5 h,
respectively.
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absorption peaks of the Mn—O (in H,0), Mn—O (in SO,*"),
and Mn—N (in bpy) stretching vibration gradually disap-
peared in turn. On the other hand, the absorption peaks at
418-430 cm~!, which were assigned to the Mn—O stretching
vibration of y-MnO,,?*?! appeared and their intensity
increased with increasing reaction times. This means that
the Mn atoms wwere dissociated from the water SO,>~, and
bpy ligands in turn, while the new Mn—O bonds of y-MnO,
formed; this agrees with the fact that coordination polymers
which contain 4,4-bpy ligands are usually stable. These
characterization results reveal that the dissociation of the
coordination polymer and the formation of y-MnO, occurred
at the same time, and the water ligands were dissociated first.
Thus, the structural correlation between the polymer and the
oxide is probably relevant.

In the following paragraphs, we try to investigate the effect
of the coordination polymer on the growth of y-MnO,
nanowires with respect to the structural relationship. In
Figures 7, 8, and 9, by taking the relative positions of the metal
cations into consideration, the structures of coordination
polymer and y-MnO, can be simplified into various frame-
works of metal cations that are supported by the rigid ligands
and oxygen anions, respectively. The thin lines only represent
the distance between the Mn cations.

y-MnOQO, is considered to be a disordered intergrowth of the
B-MnO, and ramsdellite structures, consisting of a random
arrangement of single and double chains of MnOy octahedra
(Figure 7).l From the planform depiction of the y-MnO,

A) —A
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TN

VR VA

Figure 7. A) The structure of y-MnO,. B) The planform perpendicular to
the chains. C) The framework of the Mn cations in the y-MnO, crystal
latticew. The thin lines represent the distance between the Mn cations.
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structure (Figure 7B), it is found that each Mn cation is
connected to three adjacent cations through oxygen anions to
build up distorted Mn hexagonal units in layers, which are
composed of Mn cation frameworks shown in Figure 7C. The
layers (parallel to ab plane) are also connected by sharing
oxygen anions.

It is found that the coordination polymer [{Mn(SO,)(4,4-
bpy)(H,0),},] has an infinite, three-dimensional layer struc-
ture (Figure 8A),["! in which each layer is formed in the ac
plane by Mn centers connected through bridging bpy ligands
to generate parallel -Mn-bpy-Mn-bpy chains; between adja-
cent layers the -Mn-bpy-Mn-bpy chains have an angle of 45°.
The -Mn-bpy-Mn-bpy chains in different layers are connected
by zigzag -Mn-SO,>~-Mn-SO,>~ chains, leading to a three-
dimensional polymer framework. Comparing the distances
Mn(A2)-Mn(Al) and Mn(A2)—Mn(A3) with
Mn(A2)-Mn(B1), Mn(A2)-Mn(B2), and Mn(A2)—Mn(B3)
(Figure 8), one can see that the first two distances are much
larger than the last three. When the precursor of coordination
polymer is gradually dissociated in the boiling NaOH, the
nearest Mn cations have more chance to combine with each
other and form stable manganese(lv) oxide through the
bridging of oxygen anions. Thus, Mn(A2) will most probably
connect with the nearest Mn(B1), Mn(B2), and Mn(B3)
cations through oxygen anion bridges. These nearest neighbor
Mn cations can also be described as distorted hexagonal units
in layers (Figure 8B). It is found that the structural features of
these Mn cations are similar to those in y-MnO, crystal
lattices. Certainly, other possible factors exist that may affect
reaction process; however, the above structural similarity
seems to be the most probable.

More careful studies on the structure of [{Mn(SO,)(4,4'-
bpy)(H,0),},] show that the Mn distorted hexagonal units
arrange in layers. These layers deviate from the ac plane and
each of them is separated by oxygen donors from two water
ligands. This characteristic can be clearly shown in the CDEF
section of the structure of coordination-polymer precursor
(Figure 9A). Comparing this section with the (110) section of
y-MnQO, crystal lattices (Figure 9B), we find that the two
sections are similar in structure and that the coordination
direction of Mn-water bonds in coordination-polymer pre-
cursor seems to correspond to the [001] axis of y-MnO,
crystal lattices. Mn —water bonds perpendicular to the layers
were the first to dissociate in boiling NaOH, probably leading
to the oriented growth of y-MnO, crystal lattices to nanowires
along [002] axis. The ordered alignment of y-MnO, nanowires
might also result from the -Mn-bpy-Mn-bpy- connection, the
last one to be dissociated.

All the above is the possible mechanism proposed on the
base of the present experimental results. More information
about the mechanism will be further explored in a future
study.

Conclusion

In summary, a new coordination-polymer-precursor route has
been developed to synthesize nanowires under hydrothermal

Chem. Eur. J. 2003, 9, No. 7
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Figure 8. A) The structure of the coordination polymer [{Mn(SO,)(4,4'-
bpy)(H,0),},]. B) The nearest neighbor Mn cations that have the best
opportunity to combine with each other to from stable manganese(1v)
oxide, when dissociation in boiling NaOH occurs. The dashed lines
correspond to the two directions of -Mn-bpy-Mn-bpy- cahins. The thin
lines represent the distance between the Mn cations.

conditions. In this work, well-aligned y-MnO, nanowires,
growing along the [002] axis, have been successfully prepared
by selecting an appropriate coordination polymer,
[{Mn(SO,)(4,4-bpy)(H,0),},], as the precursor. In compar-
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Figure 9. A) The CDEF section (indicated in Figure 8) of the structure of the coordination-polymer precursor.
The dashed lines correspond to the two directions of -Mn-bpy-Mn-bpy- cahins. B) The (110) section of the y-
MnO, lattice. The solid lines represent the distance between the Mn cations.

ison with the experimental results from other coordination-
polymer precursors, it is found that only [{Mn(SO,)(4.4'-
bpy)(H,0),},] is appropriate for the formation of y-MnO,
crystal lattices during the process of oxidization. The IR
absorption spectra of the obtained precipitates at different
reaction intervals minutely describe the reaction process and
show the different coordination abilities of ligands in the
coordination polymer. Further observations show the ordered
alignment of nanowires’ tops, and such well-aligned nano-
wires may provide more possible applications in lithium
batteries. The simple process, excellent reproducibility, clean
reactions, high yield, and fine quality of products in this work
make it possible to scale up to industrial production. This
strategy is expected to extend to the synthesis of other metals
or compounds nanowires.

Experimental Section

Preparation of [{Mn(SO,)(4,4-bpy)(H,0),},]: In a typical experiment,
similar to that given in the literature,["! 4,4’-bpy (0.078 g, 0.5 mmol) was
dissolved in CH;0H (3 mL). MnSO,-H,O (0.0845 g, 0.5 mmol) in H,O
(5mL) was added dropwise at room temperature. A clear solution was
obtained, and some colorless crystals were then produced after several
days. The as-obtained crystals were collected for the second reaction
process. The crystal data of coordination-polymer precursor were inves-
tigated on an Enraf-Nonius CAD-4 diffractometer and are in agreement
with the reported data for [{Mn(SO,)(4,4-bpy)(H,0),},] .l"¥

Preparation of y-MnO, nanowires: The above as-obtained [{Mn(SO,)(4,4'-
bpy)(H,0),},] (0.2g) and NaOH (0.04 g, 1 mmol) were loaded into a
100 mL Teflon-lined autoclave, which was then filled with distilled water up
to 80% of the total volume. The autoclave was sealed, warmed up at a
speed of 1°Cmin~!, maintained at 120°C for 12 h, and was then cooled to
room temperature naturally. The precipitate was filtered off, washed with
absolute ethanol and distilled water for several times, and then dried in
vacuum at 60°C for 4 h. The proportion of nanowires in the product was
above 90 % and their yield was about 40 % based on the original reagents.

Characterization: The X-ray diffraction (XRD) patterns were determined
on a Japan Rigaku D/max yA X-ray diffractometer equipped with graphite
monochromatized high-intensity Cug, radiation (1 = 1.54178 A). The X-ray
photoelectron spectra (XPS) were collected on an ESCALab MKII X-ray
photoelectron spectrometer, with non-monochromatized Mgy, X-ray as
the excitation source. The Raman spectra were recorded at room temper-
ature on a LABRAM-HR Confocal Laser MicroRaman spectrometer. IR
absorption spectra were performed with a Nicolet FT-IR-170SX spectrom-
eter in the range of 250450 cm™' at room temperature, with the sample in
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