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ABSTRACT
The structure and the properties of the oxide nano-composition coatings formed on titanium in the diphosphate based electrolytes by means of plasma electrolytic oxidation in the spark-discharge regime at application of interelectrode voltage 100 to 130 V have been studied. The possibility to obtain the oxide layers containing the alloying elements by the modification of the composition of electrolytes has been stated. The chemical and phase composition as well as the topography, the microstructure and the grain size of the formed layers depend on the electrolyte composition, applied current density and interelectrode voltage. The effect of chemical composition formed mixed oxide nano-composition coatings on the corrosion resistance and catalytic activity has been discussed. The oxide layers containing the alloying elements might be formed on Ti by means of the anodic polarization in the spark-discharge regime (interelectrode voltage 100 to 130 V). The chemical and phase composition as well as the topography, the microstructure and the grain size of the formed layers can be varied by the altering the applied voltage and by the modification of the electrolytes. The high corrosion resistance of mixed oxide systems in alkaline and in Ringer solutions has been estimated.  The possibility to obtain the layers of exhibiting the structure and properties promising for the bio-application has been stated.  Mixed oxide coatings are characterized by the developed surface and high catalytic activity in the carbon (II) oxide conversion reaction.
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INTRODUCTION
Titanium is the most common oxide in heterogeneous catalysis and photo-catalysis for the purification gas and liquid media from toxicant [1, 2]. This fact is attributed to the fairly high chemical stability under different operating conditions, no toxicity, and relatively low cost of this material. At the same time it was found that, in most cases, catalyst materials based on mixed two or three component oxide systems exhibit high activity and selectivity not only in heterogeneous red-ox reactions [3–6] but also in photo-catalytic ones [7]. The formation of the different kind of oxide layers has been achieved by the anodic oxidation and plasma surface treatment in the sparkling regime (plasma electrolytic oxidation PEO) seems to be the very promising since it does not need the sophisticated facilities, allows to form various types of Ti oxide and to incorporate different species into the layer by modification of electrochemical parameters  and of electrolyte chemistry [8, 9]. 

In this work some results concerning the chemical composition, topography, corrosion resistance and catalytic properties of the oxide layers formed on Ti by plasma electrolytic treatment and alloying by transition metals and phosphorus has been presented. 
MATERIALS AND EXPERIMENTAL PROCEDURE
Titanium alloy sheets of composition, wt.%: Ti – 99.2–99.7, Fe<0.25, C<0.07, Si<0.1, N<0.04, O<0.2, and impurities – 0.3; were subjected to the plasma electrolytic oxidation. The pre-treatment of the samples included mechanical cleaning from the process contaminants, degreasing in a 0.2–0.3 M NaOH, etching in a mixture of a 0.1–0.3 M HF and 0.3–0.9 M HNO3, and rinsing with distilled water. The Ti alloy anode was placed into the electrochemical cell (volume 200 ml) the form of the graphite cathode provided the formation of the uniform modified layer on the both sides of the sheet. The temperature of oxidation (293–300 K) was stabilized by water shield. In order to avoid deterioration of the metal substrate by the effect of microarcs, the procedure of oxidation shown in Table 1 has been applied. The electrode was been polarized galvanostatically by current density (Table 1) up to the attaining the spark regime and then was polarized by constant interelectrode voltage (from 110 to 130 V) for 30 min. The process was done in the diphosphate solution [10-12], with or without the addition of Co and Mn sulfates (Table 1). 

Table 1. The treatment parameters and the code of the studied specimens

	Specimen code
	Electrolyte composition, mol·dm−3
	Current density i, A·dm−2
	Interelectrode 

voltage U, V
	Addition of alloying elements

	1
	K4P2O7 – 0.5
	2.0
	110
	–

	2
	K4P2O7 – 0.5; CoSO4 – 0.1
	2.0
	140
	Co

	3
	K4P2O7 – 0.5; MnSO4 – 0.1
	2.0
	125
	Mn

	4
	
	2.5
	130
	Mn


The surface of the anodized specimens was observed on scanning electron microscope Hitachi S 4200 at magnification up to 10,000X with attached ESEM-50 Philips EDS analyzer. The backscattering electron image and the energy dispersion analysis were done. The X-ray diffraction was done by a Brucker AXS D8 diffractometer, using Cu Кα radiation and Ni filter. The obtained spectra were analyzed using the CPDF PDF – 2/2001 database.

The susceptibility to corrosion was checked in the free aerated 2M NaOH and Ringer (composition, mol·dm−3: NaCl – 0.15, KCl – 0.004, CaCl2 – 0.004) solutions by comparing the values of open circuit potentials (Eocp). The potentials presented in the paper are given relative to the standard hydrogen electrode (SHE). 

The catalytic properties of the oxide systems were studied in the model reaction oxidation of carbon (II) oxide to CO2 as in [9].
RESULTS AND DISCUSSION
At inter-electrode voltage from 110 V to 120 V the size of the rounded (doughnut like) grains (Fig. 1) increases, but it decreases at the further increase in the voltage. The micro cracks of the doughnut like and of the acicular grains, have been seen (Fig. 1 a). The presence of Co ions considerably modified the appearance of the oxide layer (Fig. 1 b). On the other hand, the effect of the voltage can be seen in the case of layer formation in the Mn containing solution (cf. Figs 1 c and 1 d). The structure consisting of the doughnut like grains filled with the small grains has been also observed (Fig. 1 b). The size of the small grains slightly decreases with the increased voltage and higher Mn content (specimen 4). 

As follows from the EDS results (Fig. 2) the X-ray characteristic spectrum taken from the surface reveals the presence of other elements beside Ti and O in the layer. The atomic % of P, K, Co and Mn evaluated from the obtained spectra not taking into account the presence of O, H and B and the ratio of P/Ti are shown in Figs 3 a and 3 b, respectively. It is seen that with increasing voltage the amount of Mn, Co and the amount of P and the P/Ti ration increase, whereas the amount of K decreases. The concentration of titanium in the surface valleys of specimen 1 (spectrum 3) is naturally higher than on the peaks (spectrum 2) (Fig. 4 a). For the other oxide systems this difference is not so noticeable, but at the same time, the content of dopant metals on the peaks (spectrum 2) of the relief is higher than in valleys (spectrum 3) as it follows from Fig. 2 b, c.
A series of diffraction lines for α-Ti and TiO2 on X-ray diffraction patterns for specimens 1–4 was obtained (Fig. 6). It should be noted that the analysis of the X-ray spectra obtained by the routine procedure shows the presence of the α-P3Ti5 in the 1 and 4 specimens. Furthermore, one can find small peaks at angles 2θ~37° and change in intensity double peaks at 2θ~76° on X-ray diffraction patterns of systems TiOx·CoOy and TiOx·MnOy. Taking into account the data from the EDS, it may be concluded that this difference may be attributed with Co or Mn incorporation in titanium oxide matrix. 
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	Fig. 1. Appearance of the surface of Ti after the plasma electrolytic anodic treatments under the different conditions. Specimens: 1 (a), 2 (b), 3 (c), 4 (d)
At the same time the low concentration of these elements does not allow to determine the phase composition with high accuracy [10-11].
The results of testing the catalytic activity of the coatings with the mixed manganese and cobalt containing oxides show that the ignition temperature Ti corresponding to the top efficient operation of a catalyst for the synthesized TiOx·MnOy systems is in the range from 510 K to 520 K, which is slightly higher than for platinum-based ones, and the complete conversion of CO is achieved at Тc=670 K (Table 2). As can be seen from the data in Table 2 mixed oxides TiOx∙CoOy inferior in catalytic activity the TiOx∙MnOy system as it was observed in [12-14]. This is due to variability of manganese oxidation numbers and more developed and a rough surface mixed manganese containing oxide. Obtained results confirm the efficiency of materials as catalysts for the CO conversion and gaseous wastes neutralization [15].
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	Fig. 2. X-ray spectrums taken from the surface and composition of specimens:  1 (a), 2 (b), 4 (c)


	[image: image11.png]%I ‘(U ‘0D Y)®

@\

1

O

O

QP

/

Coe
Mn O

_H_ -

-
4

LO
oD

%le ‘(d)®

UV 130

120

110




	[image: image12.png]P/Ti ratio

i
oo

o
N

O
o

O
O

H w

- N

110

120

U, Vv

130






	a
	b

	Fig. 3. Change of the content of heavy elements (a) and of the P to Ti ratio (b) in the surface layer of Ti subjected to plasma electrolytic treatment at various voltages
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Figure 6. Diffraction patterns of PEO coatings
Table 2. The catalytic activity of the materials in the CO oxidation reaction 

	Catalyst material
	The content of the active ingredient ω, at.%
	Ignition temperature Тi, K
	Temperature of complete conversion Тc, K

	Pt [11]
	100
	490
	635

	Ptexp
	100
	495
	650

	TiOx∙CoOy
	Co – 6.3
	565–570
	700–710

	TiOx∙MnOy
	Mn – 5.0
	510–520 
	670–675


CONCLUSIONS
After analyzing the areas of X-ray spectrums taken from the surface, the catalytic activity of the materials in the CO oxidation reaction and diffraction patterns of PEO coatings it can be sum up the  results of nano-composition Ti-Co(Mn) coatings investigations. 
1. Having looked at the obtaining of nano-coatings it is established that the  oxide layers containing the alloying elements might be formed on Ti by means of the anodic polarization in the spark-discharge regime (interelectrode voltage 100 to 130 V). 

2. All results considered that  chemical and phase composition as well as the topography, the microstructure and the grain size of the formed layers can be varied by the altering the applied voltage and by the modification of the electrolytes. 

3. It is obvious when looking at the results of testing that high corrosion resistance of mixed oxide systems in alkaline and in Ringer solutions has been estimated. 

4. It should be noted that the possibility to obtain the layers of exhibiting the structure and properties promising for the bio-application has been stated. 

5. Mixed oxide coatings are characterized by the developed surface and high catalytic activity in the carbon (II) oxide conversion reaction.
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