This article was downloaded by:

On: 15 January 2011

Access details: Access Details: Free Access

Publisher Taylor & Francis

Informa Ltd Registered in England and Wales Registered Number: 1072954 Registered office: Mortimer House, 37-
41 Mortimer Street, London W1T 3JH, UK

Comments on Inorganic Chemistry
Publication details, including instructions for authors and subscription information:
C{}]]}fﬂ({'ﬂfﬁ http://www.informaworld.com/smpp/title~content=t713455155

SURFACE MODIFICATION BY DEPOSITION AND THERMAL
DECOMPOSITION OF TRANSITION METAL CLUSTER HALIDES

Ester Sala Bosch? Martin Kéckerling?
* Department of Inorganic Chemistry, University of Rostock, Rostock, Germany

To cite this Article Bosch, Ester Sala and Kockerling, Martin(2009) 'SURFACE MODIFICATION BY DEPOSITION AND
THERMAL DECOMPOSITION OF TRANSITION METAL CLUSTER HALIDES', Comments on Inorganic Chemistry, 30:
3,119 — 129

To link to this Article: DOI: 10.1080/02603590903344858
URL: http://dx.doi.org/10.1080/02603590903344858

PLEASE SCROLL DOWN FOR ARTICLE

Full terns and conditions of use: http://wwinformaworld.coniterns-and-conditions-of-access. pdf

This article nay be used for research, teaching and private study purposes. Any substantial or
systematic reproduction, re-distribution, re-selling, |loan or sub-licensing, systematic supply or
distribution in any formto anyone is expressly forbidden.

The publisher does not give any warranty express or inplied or nake any representation that the contents
wi |l be conplete or accurate or up to date. The accuracy of any instructions, fornulae and drug doses
shoul d be independently verified with primary sources. The publisher shall not be liable for any |oss,
actions, clains, proceedings, demand or costs or damages whatsoever or howsoever caused arising directly
or indirectly in connection with or arising out of the use of this material.



http://www.informaworld.com/smpp/title~content=t713455155
http://dx.doi.org/10.1080/02603590903344858
http://www.informaworld.com/terms-and-conditions-of-access.pdf

11: 59 15 January 2011

Downl oaded At:

Taylor & Francis
Taylor & Francis Group

Comments on Inorganic Chemistry, 30: 119-129, 2009
Copyright © Taylor & Francis Group, LLC e
ISSN: 0260-3594 print

DOI: 10.1080/02603590903344858

SURFACE MODIFICATION BY DEPOSITION
AND THERMAL DECOMPOSITION
OF TRANSITION METAL CLUSTER HALIDES

ESTER SALA BOSCH and MARTIN KOCKERLING

Department of Inorganic Chemistry, University
of Rostock, Rostock, Germany

The surface modification of various materials with small particles of
sizes down to the nano scale is technologically very important. In this
article we report about the use of metal-rich niobium halide cluster
compounds to modify surfaces. In a deposition and subsequent
decomposition procedure, small metallic particles of the refractory
high-melting metal niobium are produced. These particles offer
several potential areas of applications, like in heterogeneous cataly-
sis or as hard-surface coating materials. Overall, a new, easy-to-use
method for surface modifications is described.

Keywords: cluster, halide, niobium, surface improvement

1. INTRODUCTION

As long as humans have inhabited the earth various methods for surface
modification have been of extreme importance, like hardening, corrosion
protection or wear protection, not to forget painting and coloring.!'! In
recent years, significant amount of research effort in materials science
and in other related fields has been focused on nano scaled materials,
principally due to their difference in behavior compared to the bulk
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materials. As expected, nano scaled materials have also found their
application in the field of surface improvement and surface modification.
As examples, the well-known Lotus Effect’™®! or several sorts of
commercialized hardening car paintings'*! should be mentioned.

In this context, group 5 transition metals are an especially interesting
group of materials. These metals, called refractory metals due to their
high melting points and high tensile strengths and also some of their
compounds, show interesting material properties, used, for example, in
catalysis!>® or as wear and thermal coatings.[”*!

From a chemical point of view, an interesting property of most
of the refractory metals (among other early transition elements) is
their ability to form cluster compounds. In terms of atoms and
molecules we will refer to cluster compounds as aggregates of at
least two metal atoms with strong metal-metal bonds, which have
their coordination spheres saturated by non-metal ligand atoms.!!
The metal atoms in clusters are usually ordered in geometrical
motives. A very common motive is an octahedron with 6 metal
atoms.!"""?! Choices for ligands are quite often halogenido of chal-
cogenido moieties. Two possible arrangements exist for the ligand
atoms (X) around an octahedron of the metal atoms (M). On the
one hand, the metals of the group 4 and 5 of the periodic chart tend
to form clusters with ligands bridging two M atoms over the octahe-
dral edges ([MsX12] type). On the other hand, the clusters coming
from the elements in group 6 and 7 tend to have ligands bridging
three M atoms over the faces ([MgXg] type). These bridging ligands
are called inner ligands, X133 In addition to the inner ligands,
every octahedral Mg cluster has further ligands bonded exo to the
M atoms. These are called outer ligand atoms X* [MeXi,X3] or
[MsXiX2], respectively, according to the notation of Schifer
et al.?*! Compounds with these cluster structures have found some
very interesting applications; for example, in catalysis!?>*®! or in the
design of magnetic or luminescent materials.!*”!

We report here a novel use of niobium cluster halides as pre-
cursors to obtain metallic niobium particles on metallic and
non-metallic surfaces. Thanks to its refractory metal character, this
niobium coating is intended to modify the properties of the
bulk material used as substrate, especially their mechanical proper-
ties (hardening coatings) and thermal properties (thermo barrier
coatings).
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2. PROCEDURE TO MODIFY SURFACES BY CLUSTER
DEPOSITION AND THERMAL DECOMPOSITION

The modification of selected metallic surfaces or glass takes place in
three steps. The first step is the preparation of the coating precursor.
This is a metal-rich niobium halide cluster compound soluble in polar
solvents. In the second step, the substrate surface is treated with a
solution of the niobium cluster precursor in order to achieve deposition
of solid cluster material on the surface. Finally, in the third step, the clus-
ters are decomposed in order to obtain elemental metal particles on the
surface. The cluster decomposition is achieved by heating the cluster
coated substrate. After the second and third step, EDX (Energy
Dispersive X-ray spectroscopy) and SEM (Scanning Electron Micro-
scopy) analyses are performed to monitor the homogeneity, distribution,
and size of the formed particles.

2.1. Preparation of the Coating Precursor

Niobium halide cluster compounds of the type A} [NbsCl,s] (4'=Na, K,
or Rb) are used for the experiments, which are prepared in the form of
dark green powders. Starting materials are elemental niobium powder,
NbCls and carefully dried 4’Cl. The chemical reaction is carried out
following a high-temperature solid-state chemistry procedure similar to
the one described by Fleming et al.""*! summarized in the already known
reaction shown in (1).

20 A’Cl + 14 NbCls + 16 Nb -5 A}[NbsCl;s] (4’ = Na, K, Rb)
(1)

In order to be able to evenly distribute the cluster materials on the
substrate surfaces, the solid powder of the cluster compound is dissolved
in methanol. Consequently, the cluster powder and methanol are sealed in
glass ampoules, which are heated in a sand bath at 110°C. After 24 hours
a dark green solution is obtained. Undissolved material is filtered off.

2.2. Deposition of the Coating Precursor

For our investigations the chosen substrates include the metals aluminum
and copper, as well as glass. In order to have clean as well as grease-free
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substrate surfaces and to achieve a homogeneous distribution of the
cluster solution, the surfaces are cleaned with acetone. For the purpose
of obtaining uniformly distributed cluster material on the substrate
surfaces, two different techniques were tested, the cluster solution
spreading and substrate submerging technique. In the cluster solution
spreading technique the cluster solution is evenly distributed on the
cleaned surface and the solvent is slowly evaporated at room tempera-
ture. In the substrate submerging technique the previously cleaned
substrate is placed in the cluster solution and left there up to 15 days
without evaporation of the solvent. The parameters that have been
varied are the cluster concentration in the solution, the temperature
of the solution and of the substrate, the time of exposure (or submer-
ging), and the type of counter cation present in the precursor material.
Our experiments have shown that direct spreading of the cluster solu-
tion on the surfaces produces better results regarding the homogeneity
on the distribution of cluster particles. This is in accordance with the
results of Prokopuk and Shriver in their work on niobium clusters on
gold substrates./*®! The graphs on the left side of Figure 1 show results
of the direct spreading of a solution of K4[NbgCl;g] in methanol on a
copper substrate. Graph Al is a SEM picture (100 x 100 um) of the
particles of K4[NbgCl;g], formed during evaporation of the methanol
solvent. Graphs A2 to A5 in Figure 1 show EDX scans along the line
in Graph Al. These EDX data prove that the cluster composition does
not change during the treatment with the solvent. The counting rates in
the range of the background in A5 indicate the absence of oxygen. It is
necessary to check the deposited cluster material for oxygen because
the halogenido ligands of the cluster in solution can be easily sub-
stituted against oxygen-containing ligands, like methanol,*”! water, or
hydroxide ions, if exposed to moist air.

Different growth behaviors can be observed on the samples, depend-
ing mainly on the deposition time and the substrate. The observed
growth behavior of the cluster particles is consistent with that described
in the literature®®*"! for the growth of metallic particles from ligand-free
clusters. The observations on the SEM pictures suggest that the for-
mation of ligand-based cluster particles follows the same steps as the for-
mation of ligand-free cluster assemblies. A sketch of the different steps of
the particle growth process is shown in Figure 2. Starting from the initial
surface, the stages include formation, early stage growth, and late stage
growth.
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Figure 1. Al to AS: SEM micrograph and EDX line scan graphs for K4;[Nb¢Cl;g] on a cop-
per substrate, deposited using the spreading technique; B1 to BS: SEM micrographs and
EDX line scan graphs of the niobium particles obtained after cluster decomposition (1 hr
at 900°C).

As soon as the precursor cluster compound is in contact with the
initial surface the formation phase begins, with random nucleation and
spinodal decomposition as the two dominating processes. In both cases
the particles reach diameters up to 1 um. Following this phase, the sys-
tem evolves to the early stage growth, where coalescence, diffusive growth,
and the break-up of the spinodal structures are the distinguishable
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Figure 2. Overview of the particle formation stages of 4} [NbsCl;g] (4'=Na, K, Rb) on
different surfaces, adapted from the work of Zinke-Allmang et al.*®! SEM images of the
different growth stages. The used substrates were aluminum (spinodal), copper (initial and
diffusive growth), glass (coalescence, break-up and Ostwald ripening), and zirconium (nucleation).

processes (see Figure 2). In this phase the particles reach diameters up
to 4 pum. Finally, in the late stage growth direct ripening is the leading pro-
cess, but coalescence can also take place in this part of the process. In this
step the particle sizes enlarge up to 5pum in diameter. However, the
particle size can widely vary depending on the substrate and Nb cluster
precursor. Nevertheless, the diameter of the cluster particles is found in
the range from 100 nm to 5pum for the deposition using the spreading
technique and from 200 nm to 3.2 um for the submersion technique.
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Figure 3. Growth modes of the cluster particles on surfaces. (a) Formation of cylindrical
particles of K4[NbgCl;g] on a chromium substrate obtained by the solution spreading tech-
nique. (b) Spherical particles of Nay[NbsCl,;g] on a copper substrate, obtained by the
substrate submerging technique.

Interestingly, the shape of the cluster particles that are deposited on
the substrate surfaces differs for the cluster solution spreading and the
substrate submerging technique. The direct deposition of the cluster
solution on the substrate surface has been found to lead mainly to the
formation of cylindrical particles, as shown in Figure 3a. The submer-
sion of the substrates in the cluster solution has been found to lead
mainly to the formation of spherical particles (Fig. 3b). In this last case,
the size of the particles is also dependant on the deposition time.

2.3. Cluster Decomposition — Metallic Nb Particles

The third step of the process to produce metallic niobium particles
on substrate surfaces is to decompose the niobium cluster material. By
heating niobium cluster compounds to high temperature, the chemical

reaction represented in (2) takes place, according to Simon et al.*?!

A'[NbsClyg] ) 8 A'Cliy + 7 NbCly) + 5 Nby) 2)

For this purpose, the samples are placed in a silica tube and heated in a
furnace for a few minutes at a temperature above 600°C. In order to
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eliminate the volatile NbCl, and the A’Cl, the tube is put under high
vacuum. After the heating, no traces of chlorine or the respective counter
ions A’ are found by EDX and EDX mapping. One example is given by
the graphs on the right side of Figure 1. The SEM picture (graph B1)
shows that the metallic niobium particles are of almost uniform size.
The presence of niobium and the absence of chlorine and potassium
are proven by the EDX line scans shown in graphs B2 to B4.
The presence of small amounts of oxygen is indicated by the EDX scan
shown in graph B5. The size of the niobium particles has also been found
to be substrate and precursor dependent, with particles up to 5um in
diameter being obtained using the spreading technique and up to 1 pm
for those being obtained through the submersion method.

As stated above, further investigations were conducted to study the
influence of temperature, heating time, and heating rate on the particle
formation. Concerning the cluster decomposition temperature, it has
been observed that the optimal temperature depends on the substrate
being, for example, 900°C in the case of copper substrates or 600°C in
the case of aluminum substrates. It has also been observed that, when
increasing this temperature up to 1000°C, the niobium starts to crystallize
in the form of needles. Concerning the heating time, short time periods of
5 minutes have been found to be sufficient to decompose the cluster
material. When longer heating times are used the metallic particles grow
larger, presumably through a sintering process. Finally, in terms of the
heating rate from room temperature to the desired temperature, the ideal
value is of 5°C/min, since it has been found that with a faster raise of
temperature the particles become smaller, but less defined.

3. CONCLUSIONS

Our investigations have shown that small particles of metal-rich niobium
halide clusters can be deposited on the surfaces of metallic substrates as
well as on glass. The cluster compounds can be thermally decomposed to
small metallic niobium particles, which cover the substrate surfaces.
Several process parameters were systematically varied in order to inves-
tigate their influence on the particle size and morphology. Current
evidence indicates that the size of the particles before and after the clus-
ter decomposition depends on the type of substrate and the cation in the
cluster compound used as precursor (4'=Na, Rb, or K). It has been
observed that smaller particles are formed when using the submersion
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technique as precursor deposition method. The shape of the particles
has also been found to be dependent on the precursor deposition
method. Predominantly cylindrically shaped particles are obtained when
using direct spreading of the precursor solution and predominantly
spherically shaped particles when using the submersion of the substrate
in the precursor solution.

4. OUTLOOK

The ability to deposit metal-rich niobium cluster compounds as small
particles on substrates as well as to produce layers of small metallic
particles offers various opportunities for applications. Substrates
covered with particles of metals or metal-rich compounds certainly can
serve as catalysts for a multitude of chemical reactions. For example,
Kamiguchi et al. have shown that crushed crystals of niobium halide
cluster compounds are useful as heterogeneous catalysts.!**4!

The small particles spread on solid substrates, which are produced
by our method, should have large surface arcas and could be even better
heterogeneous catalysts. This subject is currently being pursued. Further
work is directed towards the use of laser light as an alternative energy
source to decompose the cluster compounds. Laser light would have
the advantage of not significantly increasing the temperature of the sub-
strate, so that substrates with low melting point, for example polymers,
could be used. First promising results are that rather low beam intensi-
ties are sufficient for the decomposition of the clusters and that
wave lengths around 800 nm produce acceptable cluster decomposition
rates.
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