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on Co-clusters. So, by increasing the growth temperature
membrane formation is no more observed. The growth of
TiO, at 550 °C on agglomerate cobalt clusters yields long-

leaf structures at the grain boundaries, as depicted in Fig. 2.

In both cases (pine-shaped, short and long leaves), cobalt
plays an important role in TiO, nanostructure formation.
Without cobalt clusters, TiO, growth has the shape of
nanorods, as depicted in Fig. 3(a) and (b). Note that on
both SEM micrographs there are surface starting wires and
grown wires under simultaneous injection of ferrocene and
Ti(OC,H;),. The growth of TiO, without ferrocene gives
rise to planar structures, as described elsewhere (22, 23).
Thus, the TiO, structures grown are different by using:
only Ti(OC;H,),; or Ti(OC;H,), plus ferrocene; or

Ti(OC,H,), plus ferrocene and Cobalt.

SEM images of both TiO, shapes on cobalt clusters are
presented in Figs. 4 and 5, respectively. In Fig. 4 is shown
the pine-tree shaped at low (a) and high (b) magnification;

and in Fig. 5 the long-leaf shaped, at low (a) and high (b)
magnification. Leaf thickness is below 10 nm.

EDX analysis of the TiO, long-leaf type shows that Ti
and O are the most detected elements. It is noteworthy to
stress that EDX detection is always taking the silicon sub-
strate and Co particles background information (Si and Co)
due to the membrane thickness. By increasing the distance
from the cobalt clusters of the analyzed area, the Co EDX
detected peak goes to zero (less than 1 at%), as shown in
Table 1. Fe is not detected for membranes even if we have
membrane growth in presence of ferrocene. Fe (1-2 at%)
is detected when we grow TiO, nanowire in presence of
ferrocene. These 3D structures, displayed in SEM micro-
graphs in Figs. 4 and 5, are based on TiO, layers grown on
an Si substrate surface. Grazing angle X-ray analysis (not
shown) of this TiO, planar layer/substrate and on cobalt
clusters shows that the TiO, layer is composed of rutile and
anatase crystallographic phases.

Figure 3 SEM micrographs of TiO,
wire-like structure grown on Si sub-
strates by using only ferrocene as
catalyst. Note, magnification is dif-
ferent in each micrograph.
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Figure 4 SEM micrograph of TiO,
pine-tree like (a) and its leaf-like
nanostructures (b) grown on cobalt
solitary clusters at 550 °C, 20 min.
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Figure 5 SEM micrographs of long
leaf-like TiO, growth on cobalt clus-
ter grain boundaries (a), and its
leaves (long palm-tree-like leaves)
(b). Growth temperature 550 °C, dur-
ing 20 min.
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Table 1 EDX analysis content of TiO, long-leaf nanostructure
with thickness under 10 nm, presented in Fig. 5b, showing Ti and
O as the most important constituents. Growth temperature and
time: 550 °C, 20 min.

total
100.00

element analysis O Si Ti Co
elemental % 2382 7292 3.26

4 Discussion and conclusions The pyrolysis of
Ti(OC,H,), catalyzed by ferrocene and cobalt clusters
gives rise to TiO, nanometric columnar structures (or tree
leaves). To our knowledge, this is the first time that three-
dimensional TiO, nanometric leaves are artificially pro-
duced. These TiO, nanostructures are up to a few mi-
crometers long and less than 10 nm thick. The growth of
TiO, wires or rods catalyzed by cobalt alloys by using the
MOCVD technique has been published [24]. The produc-
tion of TiO, structures deposited as planar thin films has
also been published [7, 8]. Nevertheless, 3D structures as
tree leaves can be much more advantageous for TiO, cata-
lytic applications due to their increased surface coverage
[7, 8]. The growth mechanism for these leaf-like nano-
structures is not yet understood, i.e., nanomaterial growth
methods currently used in the literature [11-19] (VLS,
SLS, or oxide-assisted) can not be applied to the present
case. Studies are currently being undertaken to understand
the cobalt grain boundary effect on the long leaf growth.
Cobalt nanoclusters have the tendency to agglomerate as
explained by Shao et al. [20]. Since the TiO, growth takes
place within a MOCVD system using a radio frequency
heating furnace, the cobalt clusters or (Co, Fe) alloy acti-
vate boundary grain, and the leaf-like growth could be un-
der its influence. Issues like cobalt oxide assisted at the
grain boundary can be raised on the present growth
mechanism [10—13]. The magnetic properties of nanopar-
ticles containing Fe, Co, and their alloys can be at the
origin of the leaf-like growth, according to Shao et al. [20].
In our case, it is the first time that cluster magnetic pro-
perties are associated with CVD material growth. The
effect of ferrocene as a catalyst is also debated for alloy
formation as for the present leaf-like formation [10]. We
are not as of yet certain of the specific role of iron in TiO,
leave formation; this merits further systematic research.
What we do know is that ferrocene helps to grow the
3D structures as mentioned in reference [10]. Perhaps
ferrocene reacts with the oxide on the (Si) substrate surface
or with the Ti oxide source, thus forming 3D structures.
The growth mechanism for the present results is not under-
stood, nor is the VLS growth mechanism for the results
presented. It is not yet clear why the leave-like formation
occurs in the presence of Co nanoparticles. As explained in
reference 10, maybe iron oxides are responsible for the
3D structure growth. We did not try to grow on other metal
clusters. We did try on other metal substrates (stainless
steel, Pt, Au, Ni, without ferrocene) and no 3D structures
were obtained. We tried to grow TiO, nanostructures on
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Co wires by using ferrocene, but 3D structures were not
observed.

In summary, we have grown 3D-TiO, nanostructures
from the Ti(OC;H,), decomposition on a MOCVD reactor
in the presence of both Ti(OC;H,), plus ferocene and Co-
balt. TiO, growth at 550 °C, 20 min duration, gives rise to
pine-shaped trees composed of 10 nm thick-TiO, short-leaf
structures on solitary cobalt clusters, and agglomerate co-
balt clusters yields 10 nm thick-long-leaf structures at the
grain boundaries. Without cobalt clusters, TiO, growth has
the shape of nanorods, whereas growth of TiO, without
ferrocene gives rise to planar structures.
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