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LiVyMn; 904 nanofibers were synthesized via a conventional solid-state reaction.
The nanofibers tend to form bunches with flower-like shapes. Since this interesting form
provides a 3D structure, surface analysis of such flowers is of particular interest and was
performed by means of small-angle X-ray scattering (SAXS) via the concept of fractal
geometry. The results obtained from experimental measurements suggested a fractal dimension
close to 3, which is indicative of a 3D structure. This provides an excellent accessibility of the
material for diffusion-based reactions, since diffusion within the material is easy through such
ordered nanofibers.

Keywords: Nanofibers; Nanostructured flowers; Fractal dimension; SAXS; LiMn,Oy; Lithium
battery

1. Introduction

Fabrication of nanostructured materials is an advancing and rapidly growing area
of research due to their important applications. An example is one-dimensional nano-
materials such as nanofibers, nanotubes, nanowires, nanorods, etc. In addition to their
preparation, an important task of nanotechnology is to bunch such one-dimensional
nanomaterials to achieve a suitable form for applied purposes. For instance, template-
based methods are common for the preparation of porous materials [1-3]. This provides
a superior activity for materials involving diffusion-based reactions, since diffusion
through ordered nanostructures is easy [4].

Lithium batteries are an important type of power sources with potential applications
for various purposes. They play an important role in modern technology, particularly
miniaturized technologies. LiMn,Oy, is a promising candidate for future development of
lithium batteries, due to its valuable advantages for commercialization (e.g., non-
toxicity, low-cost, etc). As the most successful route for synthesis of LiMn,QOy, is solid-
state reaction, it is difficult to synthesize it in the form of one-dimensional
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nanomaterials. On the other hand, placing synthesised sample into conventional
alumina template to build nanowires is a difficult and time-consuming process [5, 6].
Here, we report a truly simple method for direct synthesis of LiMn,O,4 nanofibers
(which are significantly smaller than nanowires prepared by template-based methods).
Since this is accompanied by the formation of a novel form of nanofibers bunches, we
pay our attention to surface analysis of it, which reveal new opportunities for future
researches.

2. Experimental

The solid-state synthesis was performed by 8h heating at 500°C following by 40h
heating at 800°C of a mixture of stoichiometric amounts of MnO,, Li,CO3, and V,Os.
The heating process at 500°C is very important, since V,05 will be melted at higher
temperatures. In fact, this is an obstacle for the synthesis of LiV,M,_,O4 when X is
high. The sample was slowly cooled to the room temperature. Scanning eclectron
microscopy (SEM) investigations were carried out using a Cambridge electron
microscope, model Steroscan 360.

Small-angle X-ray scattering (SAXS) investigations were carried out using a Philips
PW-3710 diffractometer employing a rotating X-ray source under appropriate
conditions. Interestingly, SAXS measurements can be simply employed to inspect
nanostructures smaller than 20nm. Whereas, the difficulties for performing SAXS
experiments is related to larger scale where the scattering should be done at very small
angles (which may be accompanied by severe errors depending on the apparatus
sensitivity).

3. Results and discussion

Substitution of Mn by transition metals is a common approach to improve battery
performance of LiMn»,O,4 cathodes [7-13]. Although various elements have been
employed for this purpose, less attention has been paid to vanadium. This failure can be
attributed to the fact that vanadium oxide has a low melting point, and V is a pentavalet
cation which decreases the valance of Mn (i.e. unfavorable). According to the above-
mentioned experimental procedure, small amount of V will be incorporated into the
LiMn,0Oy lattice before V,O5 melting. On the other hand, Chitrakar et al. have shown
that even pentavalent cations do not necessarily decrease the Mn valence [12]. In other
words, incorporating V into LiMn,Oy lattice is a favorable action, and it is a double
advantage to use this approach to fabricate nanostructured material.

The XRD pattern of the LiV, ;Mn, ¢O4 sample (figure 1) clearly confirms successful
synthesis process via the above-mentioned solid-state route. It is similar to the XRD
pattern of conventional LiMn»Oy4, suggesting a conventional spinel with the space
group of Fd3m. No noticeable peak corresponding to impurities is observable. It is
known that incorporation of small amount of transition metals into the LiMn,Oy lattice
does not change the lattice structure (just a slight change in the lattice constant).
The LiVy;Mn; 04 sample also shows a similar electrochemical activity in respect
with the lithium ion insertion/extraction as well as LiMn,Oy4 [14]. However, this is the
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Figure 1. XRD pattern of the LiVy;Mn; ¢O4 sample synthesized by the conventional solid-state reaction.

subject of another detailed study with a different aspect [15]. Here, we concentrate
on the extraordinary morphology of the LiVy;Mn;¢O4 nanofibers synthesized.
In fact, formation of unexpected morphologies is likely in synthesis of this class of
materials [16, 17].

Various features of the nanostructures of LiVy;Mn; 04 sample as revealed by
means of electron microscopy are illustrated in figure 2. It is obvious that insertion of
(even small amount of ) V into the LiMn,0, lattice changes the morphology to form
nanofibers instead of conventional microparticles (figure 2A). Formation of such
nanofibers without any special procedure just via a simple solid-state synthesis is of
particular interest from nanotechnology point of view. These nanofibers are in the
range of 10-50 nm in diameter, though there is a strong tendency for adhering together
to form larger nanofibers. Another interesting feature of this phenomenon is alignment
of such nanofibers in one direction (figure 2B). Thus, huge bunches of nanofibers are
formed. The total sizes of such bunches are from decades to hundreds of micrometers.
This provides an opportunity for easy handling of them.

In spite of the unusual phenomena reported above, a truly extraordinary
phenomenon was also observed for this case leading to the formation of a new form
of nanostructured materials. In addition to alignment of individual nanofibers to form
ordered bunches, they tend to form flower-like structures (figure 2C and D). It is still
very soon to propose an exact mechanism for the occurrence of such extraordinary
phenomenon. However, it is believed that this is due to significant suppleness and
blending capacity of such narrow nanofibers. In solid-state synthesis, material
morphology is usually originated from solid-state diffusion. However, this is not
responsible for the system under investigation, since hydrothermal synthesis also leads
to the formation of LiVy;Mn; ¢O4 nanofibers [15].
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Figure 2. Typical SEM images of different places of the LiVy;Mn;¢O,4 sample. They illustrate various
flower-like bunches formed in the course of just a simple solid-state reaction.

According to the morphology of various parts of the sample (figure 2), it can be
concluded that the aligned nanofibers may keep their straightness to form ordered
bunches (figure 2A and B) or may be opened as an opening bud (figure 2C and D).
In the latter case, a spherical shape is generated due to bended nanofibers.
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Figure 2. Continued.

The controlling factor for the occurrence of these two cases is the topological position
of them in the solid-state medium. It is difficult to dominate this factor due to
randomness of the solid-state medium employed for the synthesis process. This
randomness may lead to the formation of various objects (c.f. figure 2E and F).
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However, formation of such flower-like bunches of nanofibers is indeed an interesting
phenomenon deserving a particular attention to investigate its complicated structure.
It is the task of surface science to reveal surface structure of such spherical bunches
of nanofibers, which have flower-like shapes.

Since this nanostructured material is not a flat surface, it is not possible to investigate
its lateral structure by means of conventional scanning probe microscopy (SPM)
techniques. Transmission-based techniques such as transmission electron microscopy
(TEM) are also inappropriate due to huge size of flower-like bunches. We also
encountered this problem in study of bunches of manganese oxide nanowires [16].
On the other hand, study of a similar system indicated that TEM images are not
representative of nanostructures, and other reliable techniques are necessary to judge in
this context [18]. Here, we wish to gain a powerful technique for a general study of the
peculiar nanostructure obtained by vanadium insertion into LiMn,Oy4 spinel.

In the mean time, according to the typical SEM images (figure 2), different shapes are
formed and a single local surface analysis is not representative of the phenomenon.
Thus, we use an efficient technique to obtain a statistical data owing to all regions of the
surfaces. Small-angle X-ray scattering (SAXS) is one of the most reliable techniques for
surface analysis in the scale of 0.5-200 nm [19]. Of course, preparation of such samples
for SAXS experiments is difficult, but these spherical bunches are sufficiently large for
easy handling. On the other hand, in our experience, such flower-like bunches tends to
stand vertically (as illustrated in figure 2D). However, SAXS measurements provide a
statistical analysis of the whole sample.

It is well known that scattering intensity mainly includes [20]: the diffuse scattering,
and the Porod term. The last term represents the surface roughness. The Porod term
is accompanied by a sharp rise of the intensity in the small-angle region, which is
indicative of density fluctuations on nanoscale. The Porod term correspond to the
material structure on a scale from about 0.5 through 200 nm. In this region, the Porod
power-law suggests: I(q) x g ”, where B depends on the material form (e.g. mass or
surface), and for fractal surfaces is equal to 6 — D [21]. However, this relation is only
valid when the scattering intensity is mainly due to the Porod term. As Ruland [22]
pointed out the validity of Porod’s law should be taken into account for fractal analysis,
and indeed an appropriate scale should be used for collecting the data.

It is a great opportunity to estimate the fractal dimension, since it provides a
geometrical significance for the surface analysis. By this approach, it is possible to
obtain a geometrical measure of the structure’s complexity [23, 24]. To this aim, the
SAXS intensities were plotted against the ¢ factor in a logarithmic scale (figure 3). This
typical SAXS analysis corresponds to the scale of 2-20 nm. This is an excellent scale
range where the Porod’s law is satisfactorily valid and includes the nanostructure under
investigation. A deviation from linear line is observable at larger scale (the left-side of
the curve illustrated in figure 3). This contributes the smallest nanofibers leading to
higher SAXS intensity due to smooth surface of the individual nanofibers. At a larger
scale, the SAXS data are not useful due to local differences and significant height
differences in the sample.

However, fractal analysis at this specified scale range is completely satisfactory, since
it represents nanostructure of smallest individual nanofibers bunched. It is of particular
interest, since diffusion will occur within such tiny nanofibers. From the slope of
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Figure 3. SAXS intensity /(¢) against the ¢ factor plotted in logarithmic scale. The curve slope is equal
to 3.1945.

the curve displayed in figure 3, one can estimate a fractal dimension of 2.81 for the
upper surface of the flower-like bunches of LiVy;Mn;¢O4 nanofibers. This fractal
dimension is very close to the theoretical dimension of a complete space i.e. 3. It is
indeed indicative of a complicated 3D structure for the flower-like bunches of
LiVy1Mn; 9O4 nanofibers. This corresponds to the fractal structure in the scale of few
nanometers, which is of interest for diffusion process, as this is the porosity scale needed
for diffusion of electroactive ions (diffusion in smaller channels is difficult and larger
channels are useless wasting the space).

Although our emphasis was on the structural shape of this novel form of
nanostructured materials, it can be easily concluded that this 3D structure is associated
with a better diffusion process assisting to achieve the theoretical capacity of the
electroactive materials [4]. It has been discussed that diffusion through tiny pores within
the cathode materials is an efficient processes to improve the battery performance [25].
On the other hand, strong interaction of nanomaterials with lithium ions occurring
at the surface rather than bulk causes an improvement in the high rate discharge
capacity [26]. According to the recent advancement of statistical (non-equilibrium)
thermodynamic aspect of electroactive materials involving diffusion processes [27, 28],
it is possible to inspect this issue. This preliminary report with general form flattens
the path for such future researches. In other words, it proposes a new case for surface
studies.

4. Conclusion

Surface analysis of flower-like bunches of LiV, ;Mn; ¢O4 nanofibers revealed that they
have complicated surface structure. According to fractal analysis performed by means
of SAXS, a complicated 3D structure can be detected for them. In general, the results
reported here introduce a new structure of nanostructured materials, which deserves
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further attention from surface science point of view. Since the total size of such bunches
are sufficiently large, study of their surfaces is an important task which should be
performed via appropriate techniques of surface studies. Future research devoted to
surface analysis of this novel nanostructured form (as started by this preliminary paper)
will reveal very interesting features, which can be correlated with simultaneous
results obtained from studies associated with materials properties (e.g. battery
performance for this typical case).
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