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Different routes of preparation of metal oxide structures on titanium substrates are explored and
characterized with Scanning Electron Microscopy (SEM), Energy Dispersive Elemental Analysis
(EDAX), Atomic Force Microscopy (AFM) and X-ray Diffraction Spectroscopy (XRD). The aim was
to look for alternative material breakthroughs and to promote the conductivity and the compatibility of
the electrode by increasing the surface area of the electrode which will then increase the catalytic
efficiency. The SEM and AFM micrographs showed different micro- and nano-structured
morphologies for the electrodes. The XRD distinctively identified the presence of crystalline structures
of IrO;, SnO; and ZnO modified electrodes.
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1. INTRODUCTION

The advances in microelectronics material technology have been driven by the need to fabricate
increasingly smaller material devices to create integrated circuits with improved performance and
architecture. However, while continuously miniaturizing devices dimension, the existing materials are
approaching their physical limits and inevitably looking for alternative material breakthroughs. These
materials must be nano-scale, physically and chemically stable materials, thus offering new
opportunities to complement the electronic material technology. The down scaling of the material
dimension not only implies a shrinkage of the active device which leads to higher packing density and
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lower power consumption, but also can significantly improve the device performance [1-3]. Metal
oxides constitute the most common, most diverse and fascinating class of materials in terms of
electronic structure and physical, chemical and structural properties. Their properties range from
insulating to semi-conductors, conductors or magnetic behaviors with transitions among those states.
As a group of functional materials, metal oxides have a wide range of applications, including
transparent electronics, (chemical-, gas-, bio) sensors, piezoelectric transducers, light-emitting devices,
fuel cells, solar cells, support for catalysts etc. The diversity of such applications originates from the
more complex crystal and electronic structures compared to other class structures. The main reasons
are related to their variety of oxidation states, coordination number, symmetry, ligand-field
stabilization, density, stoichiometry and acid-base properties [5-6]. As research progressed, it was
found that mixtures of these metal oxides showed even more unique properties. The range of such
compounds is quite large, but is extended even further by considering ternary and yet more complex
compounds, where additional interesting properties are present [7-8]. The catalytic properties of
existing known metal oxide catalysts can be enhanced by tailoring their micro- and nanostructure.
They may come in the form of either new oxides or new composite materials containing polymers and
oxide blends or the new properties associated with nano-structured materials. Recent studies have
shown that the electro-catalytic activity and chemical or mechanical stability of oxide electrodes are
enhanced by incorporating/ doping other metal ions into the oxides [9]. In this study, we report the
studies on metal oxide mixtures (binary, ternary, etc.) in the form of micro-, nano-materials and sol-gel
films developed by different routes and characterized using scanning electron microscopy (SEM),
energy dispersed analysis of x-rays (EDAX), atomic force microscopy (AFM) and x-ray diffractometry
(XRD).

2. EXPERIMENTAL

2.1 Chemicals

TaCI5, RUC|3, SnC|2, RhClg, IrCI3, Na,HPOy,, NaN03, C6H12N4, Zn(N03)2-6H20 and Ti foil
were obtained from Aldrich Chemicals (Germany). Absolute ethanol, methanol, potassium chloride,
potassium ferricyanide and hydrochloric acid obtained from Merck were used in the experiments.
Phosphoric acid (85 % in water) from Sigma-Aldrich and sodium fluoride (99.5%) from Fisher were
also used. All reagents were of analytical grade and were used without further purification.

2.2 Preparation of sol-gel mixed metal oxide structures on titanium substrates

The titanium substrates, for all the different routes, were cut to size (1 cm x 1 cm), sandblasted
and etched in HCI (11.5 M) for 5 minutes, rinsed with copious amounts of ultrahigh quality water and
finally rinsed with absolute ethanol and dried with air.

Route (i): An electrical connection was made through a Cu wire welded to the titanium
substrate using silver epoxy. For the electrical anodization of the Ti metal substrate, a DC power
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supply was used. Constant voltage anodization was carried out using a two electrode configuration
with a working electrode made of Ti metal sheet and a counter electrode made of Pt wire. All
experiments were conducted at room temperature and at an applied voltage of 20 V for 1 hr. The
distance between the anode and cathode was kept at about 3 cm. A mixture of 0.5 M H3PO,4 and 0.14
M NaF solution was used as electrolyte for the electrochemical anodic reaction and the pH was
adjusted to between 1.5 and 5 by adding NaOH or KOH. The electrolyte was stirred continuously at ~
150 rpm using a magnetic stirrer. The anodized samples were washed and sonicated in distilled water
for 5 minutes to remove the remnants on the surface and then blown dry in an air stream. In order to
improve the crystalline properties and remove remnants or barrier oxide layer after the anodic reaction,
the as-anodized samples were annealed at 500 °C for 2 h under air ambient [10].

Route (ii): The metal oxide particles were synthesized based on procedures reported in
literature [11-13]. An aqueous solution (milliQ, 18.2 MQcm) of equimolar Zn (NOgz),-6H,0 and
CeH12N4, NaNO3 and CgH12N4 were put in a glass bottle with a screw cap. The titanium substrates
were placed in the bottle with the aqueous precursors and heated at a constant temperature at 95 — 100
°C for 24 hrs in a regular laboratory oven. Subsequently, the substrates were thoroughly washed with
milliQ water to eliminate residual salts and dried in air at a similar temperature.

Route (iii): A sol-gel synthesis for the metal oxides titanium materials based on procedures
modified from literature was used in the experiments [14-15]. The starting materials were placed in a
round bottomed flask fitted with a thermometer, and the solutions were well stirred and refluxed for
1 h, before being left to age at room temperature for at least 24 h to ensure ageing of the gel. For the
purpose of producing the thin films, the gels were retained in the liquid form. Two to three drops of the
respective gel material were put on the Ti substrate, fixed to a rotating disk surface and rotated at full
speed (~ 1000 rpm) for 10 s to give reproducible thin films after which it were put in an oven at 70 —
80 °C for 20 minutes after each drop respectively. The thin films were then annealed in an oxygen-rich
atmosphere in a quartz tube furnace at a slow heating rate (1 °C/min) up to 700 °C and then allowed to
cool to room temperature, under ambient conditions after which oxidation was performed as in route
().

Route (iv): This is a mixture of procedures of routes (iii) and (i).

2.3 Techniques

2.3.1. Scanning electron microscopy (SEM) and Energy dispersive analysis of x-rays (EDAX)

The surface morphologies of the electrodes were analyzed using SEM. An ABT60 Scanning
Electron Microscope complimented by elemental X-ray analysis (EDAX) was used for the
experiments.

The SEM pictures were taken at a working distance of 7 mm and an accelerating voltage of 7
kV. The samples were placed horizontally on the stubs and they were not coated for viewing. For the
X-ray analysis, the working distance was 12 mm and the accelerating voltage was 25 kV. The samples
were tilted at 30 degrees..
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2.3.2 Atomic Force Spectroscopy (AFM)

Atomic force microscopy (AFM) micrographs were taken at two different positions on each
thin film (solid state) that was prepared using a Nanoscope Illa dimension 3000/100 Veeco
Microscope. The samples were scanned in non-contact mode (i.e. the probe was oscillated in the
attractive regime). A low resonance frequency cantilever was used and the force spring constant was
35-65 N/m.

2.3.3 X-ray Diffraction (XRD)

The electrode surface was characterized by XRD using a D8 Advance powder diffractometer
with a theta-theta goniometer. The X-ray source was a copper tube and a Nal (TI) scintillation detector
that detected the diffracted beam. The film surface was oriented perpendicular to a plane defined by
the X-ray tube, sample holder and detector.

3. RESULTS AND DISCUSSION

3.1 SEM analyses of the different metal oxides on titanium substrates

Figure 1 shows self-ordered nano-pores or holes with large surface area when Ti foil was
anodized in strong acids (0.5 M H3PO,4 + 0.14 M NaF) for 5 hrs at a constant potential of 20 V (Route
(i)). The insert micrograph shows at a particular time when all the smooth Ti areas were not all
oxidized. We therefore clearly see that the pitting of the Ti substrate was not finished. TiO, nano-pores
with a broad range of scales between 20 — 120 nm and an inner diameter wall of 5 — 15 nm inner circle
thickness were observed in the bigger micrograph. The mechanisms for the formation and growth of
the TiO, nano-circle structure have been reported extensively and remain the subject of some debate. It
is believed that the nano-pores formation is driven by the competition between two electric field
assisted processes: (i) oxidation of Ti to form TiO, and (ii) chemical dissolution of TiO, at the
TiOy/electrolyte interface [16-17]:

Ti + 2H,0 — TiO, + 4H" + 4e (1)
TiO, + 6HF — [TiFg]* + 2H,0 + 2H (2)

The oxide microstructure typically evolves through four stages: (i) formation of a dense barrier
oxide layer (eq (1)) [17-19]; chemical dissolution of TiO, to form cylindrical nanopores (by Eqg. (2)
[16-19]; (iii) development of a bilayered structure consisting of a nanotube layer covered by the
nanoporous layer and (iv) dissolution of the nanoporous layer resulting in nanotube structure. The
nanotubes are however not seen in the SEM micrographs since a cross dissection was not performed.
Crawford and Chwala [20] reported that the rate of the nanotube formation is controlled by the
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crystallographic orientation of the Ti surface. The authors conclude that the anodic oxidation is
strongly affected by the orientation of the Ti substrate, that the growth is retarded when the close-
packed plane is parallel to the Ti surface, which is related to the higher atomic density of the plane.

Signal A= SE1 Date :12 Jun 2008

Mag= 100KX  ENT=2000kV WD= 10mm Phota No. = 491 Time :16:18:13

Date :27 Jun 2008
Photo No. = 1090 Time :10:16:00

Mag= 250K X EHT = 20.00 kv WD = 10 mm

. : —

Figure 1. SEM image of oxidation in a strong acid on a Ti substrate [Route (i)].

In Figure 2, when zinc oxide was chemically grown on a titanium substrate [Route (ii)]
various smooth rod shape architectures including star-shape and flower-like structures in the
nanometer diameter scale were seen. The diameter of the rods ranges from 50 -150 nanometers and the
lengths in excess from 1 — 2 um (figure 1 insert). Vayssieres et al [11-13] showed similar structures for
zinc oxide growth on various substrates together with transparent conductive oxide, Si wafers,
sapphire, polypropylene and glass. The authors controlled the shape and orientation of crystallites
which consists of growing thin film materials directly onto substrates, from the molecular scale to the
nano-/mesoscale, from aqueous precursors in solution by monitoring the thermodynamics and kinetics
of nucleation and growth of the materials by controlling experimentally its interfacial tension. Figure 3
shows SEM micrograph using Route (iii) when sol-gel synthesis of IrO,-Ta,0Os was carried out,
followed by adsorption on the Ti substrate, after which oxidation of the Ti/lrO,-Ta,Os took place
(insert figure 3). The micrograph showed heterogeneous cracked morphology consisting of flat,
smooth areas and aggregated particles formed on smooth areas. These aggregated particles were
attributed to IrO, and the flat area to the combination of both tantalum and iridium oxides. The SEM
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results are also consistent with the view point of Roginskaya et al [21], who showed that the
boundaries of IrO; crystallites were modified by Ta,Os in mixed oxides. The finer the crystallites of
IrO,, the more pronounced the contributions of Ta,Os modification to the mixed modified phase. There
is a remarkable effect of Ta component on the crystallization dynamics of IrO, crystallite phase
indicated by SEM results. Previous work [22 - 24] indicated that the crystallite size of the pure IrO,
increased with annealing temperature. This indicates the possibilities of metal oxides rearrangement at
higher temperatures, which includes metal oxide separations into separate crystalline domains.

Zone Mag= 500 X  SignalA=SE1  Date 1 Jul 2009
EHT = 20.00 kV Photo No. = 5916 Time :10:21:33

Figure 2. SEM image of ZnO on a titanium substrate [Route (ii)]

Figure 4 shows the structure of the SnO;, -RhO, —IrO, on the surface of titanium substrates
prepared as described in route (iv). The morphology of the surface layer of the modified Ti/SnO.-
RhO,-1rO; electrode showed that oxide coating were heterogeneous presenting cracked-mud rough
morphology which is flat and porous surface. The surface morphology of the thin film appeared to
have cracked and porous regions. The pores are attributed to Rh, as Rh contents were increased, more
pores were observed which exposed the Ti substrates, hence the formation of TiO, was observed.
These results agree with those obtained by Crouch et al. [14, 15]. In this study ,the SEM cross
sectional surface of Ti/SnO,-RuO,-IrO, thin film showed rough morphology with a network structure
and porous surface with dimension range between 1.5 and 2pm in diameter. The film thickness was
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also estimated to be ~1.6 um which depended on the rate of dip coating and the side view indicated the
formation of a homogeneous film [25].
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Figure 4. SEM image of a SnO,-RhO,-1rO, sol-gel oxidation on a titanium substrate [Route (iv)]
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Similar study was also carried by Talba et al. the authors also found that the SEM micrograph
of the SnO,-IrO, and RuO,-IrO, on Titanium substrates with coating prepared by thermal
decomposition on titanium support. These oxide coatings of Ti/SnO,-1rO, and Ti/RuO,-IrO, presented
a similar cracked-mud structure. These were relatively flat, small and deep cracks with an average
width of 2um which surround the small ‘islands’. The cracks were produced on the surface during the
cooling of the electrode to room temperature [26 -27]. Table 1 below shows the elemental weight % of
the different preparation routes.

Table 1. EDX Weight % of the different preparation routes

Analysis Weight% Weight% Weight% Weight% Weight% Weight% Weight%

Si P Ti Rh Sn Ta Total
Sample 99.75 0.25 100.00
Route iii
Sample 6.04 88.65 451 0.79 100.00
Route iv
Sample  0.29 0.83 64.14 34.74 100.00
Route iii
Sample  1.60 0.50 97.83 0.07 100.00
Route i
Sample  0.25 141 85.21 13.12 100.00
Route iv

Analysis  Weight% Weight% Weight% Weight% Weight% Weight% Weight%

Ti Zn Ru Sn Ta Ir Total
Sample  75.85 0.73 23.43 100.00
Route iii
Sample  60.15 12.91 26.75 0.19 100.00
Route iv
Sample  100.00 100.00
Route i
Sample 99.41 0.49 0.10 100.00
Route iii
Sample  39.32 60.69 100.00
Route ii

3.2 Atomic Force Microscopy (AFM)

Atomic Force Microscopy (AFM) was employed for the characterization of the different mixed
metal oxides on titanium substrates synthesized by routes (iii) and (iv). Atomic force micrographs of
the different mixed metal titanium metal oxide synthesized routes showed different surface roughness.
Samples prepared as described in route (iv) were observed to have greater surface roughness as
compared to those prepared by route (iii). The Atomic Force Microscopy (AFM) was employed to
detect structures, chemical interactions and forces in the nanoscale range. Figure 5 shows the atomic
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force micrograph of the Ti/lrO, —Ta,Os (route iii) electrode measured from the dark spot to the light
spot on the film. The film displayed rough and micro porous surface whose lateral diameter varies
typically between 50 - 200 nm and is in 120-250 nm range.

Figure 5. AFM of IrO,-Ta,0s on a titanium substrate prepared using Route (iii)

The AFM of Sn0O,-RhO,-10; (route iv), (Fig. 6) show a good definition of the surface area
roughness and average depth profile of the pores with nanosizes peaks and pits. The nanosized peaks
estimated between 100 and 400 nm and the depth of nanopits were 500 nm in height. Measurements
were also made from the low point (dark spot) to the (light spot) on the film. Baker et al. in their study
concluded that dip coated samples were observed to have greater surface as compared to the sample

prepared by spin coating [14, 28].

Figure 6. AFM of SnO,-RhO,-10; sol-gel oxidation on a titanium substrate prepared using Route (iv)
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3.3 X-ray Diffraction Microscopy (XRD)

X- Ray Diffractometry (XRD) was employed to confirm the crystalline nature of the structure
of the oxide films coated on the titanium substrates. The XRD patterns of the ZnO nanostructures
showed the diffraction peaks which can be indexed as the hexagonal wurtzite structure. No
characteristic peaks of other peaks such as Zn were observed.
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Figure 7. XRD pattern of Zn(NO3)s.6 H,O at low temperatures on Titanium substrates (route ii)
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Figure 8. XRD pattern of IrO,- Ta,Os oxidation on Titanium substrates (route iii)
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According to the intensity and width of the XRD pattern, this reveals that even if the electrode
was synthesized at low temperature the sample still have a well-defined crystalline structure and
morphology in the presence of surfactant which is capable of increasing the response of the sensing
material (Figure 7) [29-30]. Note that electrode front is the front part of the electrode and electrode dot
Is the back part of the electrode

Figures 8 and 9 shows the X-ray diffractograms of the surface composition of the Ti/ Ta;Os—
IrO; electrodes synthesized by using routes (iii) and (iv). As can be seen from the figures the surface
composition are different with the difference in the preparation routes of the electrodes though they all
show the IrO, peaks being fairly narrow and strong. This suggested good crystallinity of 1rO,. The
segregated crystallites on the coating surface were considered to enrich 1rO, rutile. Diffraction peaks
corresponding to the Ti support were also observed which came from the penetration of the X-ray to
reach the substrates in some thin areas. The Ta,Os peaks were not that obvious because the coating and
the intensity were not strong.

Similar study was also carried out by Bao-song et al[26]. They investigated the IrO, — Ta,Os on
titanium substrates with the variation of IrO, and observed that the number of crystallite phase vary
with the content ratio of Ir to Ta. IrO, contents are up to 55%, the crystallite phase in the mixture
existed entirely as rutile phase and none of the amorphous Ta,Os peaks were detected. They concluded
that the crystallization of Ta,O; is affected by the IrO, components [28].
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Figure 9. XRD pattern of IrO,- Ta,Os sol-gel on titanium substrate (route iv)

The XRD pattern of the Ti/ SnO,- RhO,- IrO, electrode were also recorded (not shown here).
The matching of the observed values confirmed that the deposited film consist of cassiterite SnO, and
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rutile IrO, tetragonal structures. The metallic titanium (Ti) crystalline peaks observed in pattern were
due to the titanium substrates, the X-ray penetration through to the substrates [31-32].

5. CONCLUSIONS

This investigation shows that binary and ternary metal oxide nanostructures can be synthesized
on a titanium substrate using different preparation routes. SEM micrographs showed different
morphologies for the binary and ternary metal oxide structures for the different preparation routes:
TiO, nano-pores with a broad range of scales between 20 — 120 nm and an inner diameter wall of 5 —
15 nm inner circle thickness were observed (route i); the diameter of the ZnO rods ranged from 50 -
150 nm and the lengths in excess from 1 — 2 um (route ii); a heterogeneous cracked morphology
consisting of flat, smooth areas and aggregated particles formed on smooth areas (route iii) and
heterogeneous cracked-mud rough morphology which is flat and porous surface (route iv) . AFM
displayed rough and micro porous surface with lateral diameter varying typically between 50 - 200 nm
and is in 120-250 nm for Ti/lrO, —Ta,0s and the peaks ranged range between 100 and 400 nm and the
depth of nanopits were 500 nm in height for Ti/SnO, - RhO,- IrO,. XRD distinctively identified the
presence of crystalline structures of 1rO,, SnO, and ZnO modified electrodes.
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