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Two  approaches  have  been  examined  for obtaining  titanium-  or aluminum-supported  catalysts  with
transition  and  noble  metals  using  the plasma  electrolytic  oxidation  (PEO)  technique.  Elemental  compo-
sitions,  distribution  of  active  elements  and  catalytic  activity  in  CO  oxidation  have  been  compared  for
composites  formed  by  one-stage  PEO technique  and  those  obtained  as  a result  of modification  of PEO
coatings  by  impregnation.
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. Introduction

Plasma electrolytic oxidation consists in anode or
node–cathode processing valve metals under spark or arc
lectric discharges. Alternative terms for PEO can include: anode
park electrolysis, anodic oxidation under spark discharge,
icroplasma anodizing, micro arc oxidation, anodic discharge

nodizing, and anodic spark deposition [1–4]. Electrical break-
owns of an anode film produce high temperatures and pressures

n discharge channels and around them, which results in the
hermolysis of electrolyte components and their incorporating
nto growing coating structures. As a result, obtaining coatings
f various compositions is made possible. Moreover, this is the
ay for preparing both secondary substrates [5–7] and catalytic

xide layers [8–12] on metal substrates, which are promising as
eterogeneous catalysts [7–10,13,14], photo-catalysts [15–22],
nd active [11,23,24] and indicator electrodes [25].

The paper considers two possibilities of PEO application for

btaining catalytically active oxide layers on aluminum and
itanium. The first one is one-stage PEO technique, in which
recursors of catalytically active compounds are directly included

∗ Corresponding author. Tel.: +7 423 2215265; fax: +7 423 2312590.
E-mail address: lukiyanchuk@ich.dvo.ru (I.V. Lukiyanchuk).

ttp://dx.doi.org/10.1016/j.apsusc.2014.03.040
169-4332/© 2014 Elsevier B.V. All rights reserved.
in the forming electrolyte. The method ensures the formation
of oxide layers with controlled porosity and their conversion
into target catalytically active coatings in a continuous one-pot
process by choosing appropriate electrolyte compositions [8]. This
approach was  used to obtain the coatings demonstrating catalytic
activity in deep oxidation of propane–butane mixture [10] and
catalytic cracking reactions [11], as well as in oxydehydrogenation
of cyclohexane to cyclohexene [8,9] and phenol oxidation [26].
The advantages of composites obtained consist in the combination
of high thermal stability due to the substrate metal with high
corrosion and wear resistance of the coating. The disadvantages
include a low surface area (0.2–0.7 m2/g [8]) and the necessity
to work at high temperatures limiting the working temperature
range by the melting point of the substrate metal.

The second approach is related to modification of PEO coatings
(secondary substrates) using other methods such as impregna-
tion in precursor solutions [5,6], extraction pyrolysis [7,27], and
template synthesis [28]. The combination of PEO technique and
impregnation has been examined in more detail [5,6,29,30]. An
additional application of the impregnation technique followed by
annealing enables one to increase the surface area 5–10-fold [31]

and higher, for example, thanks to the whiskers growth on the mod-
ified surface [6,32]. The composites ‘modified PEO coating/valve
metal’ can find application in afterburning of exhaust gases of vehi-
cles and industrial plants [5], combustion of diesel soot [7], and

dx.doi.org/10.1016/j.apsusc.2014.03.040
http://www.sciencedirect.com/science/journal/01694332
http://www.elsevier.com/locate/apsusc
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ig. 1. Diagram of using PEO technique for obtaining catalytically active structures
n  valve metals.

iomass gasification [6]. Initial PEO layers (prior to modification)
an be inert or have an intrinsic catalytic activity. In the latter case,
he best result is achieved.

Some possibilities of PEO technique for preparation of catalyt-
cally active composites based on valve metals are summarized in
ig. 1.

The objective of the present work consists in comparing the
omposition, morphology, and catalytic activity in CO oxidation of
he coatings with transition (Mn, Fe, Co, Ni, Cu) and noble metals
Pt) obtained on aluminum and titanium by one-stage plasma
lectrolytic oxidation with those of the coatings obtained by com-
ination of PEO with the impregnation technique.

. Experimental

.1. Materials

The PEO layers were formed on aluminum alloys AMg5
4.8–5.8% Mg,  0.02–0.01% Ti, and the balance Al) and AMtsM
Al + 1.6% Mn)  and titanium VT1-0 (Ti content > 99.6%). Two types
f samples were used: flat samples of 20 × 20 × 1 mm were used
o determine the elemental and phase composition of the surface
nd to measure the thickness of coatings, whereas catalytic tests
ere performed with Al and Ti wire (1.67 and 1.2 mm in diameter,

espectively) samples with a working surface area 20 cm2. To
tandardize pre-coating sample surfaces, they were chemically
olished to high luster (surface finish class 8–9) in a mixture
f concentrated acids. A mixture of H3PO4:H2SO4:HNO3 = 4:2:1

by volume) at 110–120 ◦C and a mixture of HF:HNO3 = 1:3 (by
olume) at 70 ◦C were used for treating aluminum and titanium,
espectively. Then the samples were washed with distilled water
nd dried by air at 70 ◦C.

able 1
ne-stage formation on aluminum alloy and titanium of PEO coatings containing transiti

PEO conditions 

Substrate metal Electrolyte i, A/

Al PBWMnCu 0.2 

Al  PBWFeCu 0.1 

Al  PBWCoCu 0.1 

Al  PBWNiCu 0.1 

Al  0.05 mol/L Na2SiO3 + 0.05 mol/L NaOH 0.1 

Ti  0.05 mol/L Na2SiO3 + 0.05 mol/L NaOH 0.1 
e Science 315 (2014) 481–489

2.2. PEO treatment

The PEO treatment of titanium and aluminum samples was
carried out in a thermal glass of a volume of 1 L. The computer-
controlled thyristor unit TER-100/460H (Russia) with unipolar
pulse current was used as a power source. The sample under treat-
ment was connected with a positive pole of the power supply while
a spiral-shaped stainless steel coil cooled with tap water served
as a cathode. The electrolyte in a glass was agitated using a mag-
netic mixer. The electrolyte temperature was  maintained below
35 ◦C during the process. After the PEO treatment, the samples were
rinsed by the distilled water and air-dried at room temperature.

2.3. Coating formation

Two methods were used for preparing both coatings with tran-
sition metal compounds and Pt-containing ones: one-stage plasma
electrolytic oxidation (method I) and combination of this technique
with impregnation followed by air annealing (method II).

2.3.1. M- and Cu-containing coatings (where M = Mn,  Fe, Co, Ni)
Method I: In this case the M-  and Cu-containing coatings

(where M = Mn,  Fe, Co, Ni) on the AMg5 aluminum alloy were
formed by one-stage PEO technique using corresponding elec-
trolytes based on an aqueous phosphate–borate–tungstate solution
(hereinafter referred to as PBW [33]). This solution consists
of 0.066 mol/L Na3PO4, 0.034 mol/L Na2B4O7, and 0.006 mol/L
Na2WO4. It enables one to obtain corrosion-resistant layers includ-
ing �-Al2O3. Furthermore, alkaline electrolytes (PBW among them)
produce corresponding hydroxide precipitates upon addition of
transition metal salts, which is important for formation of mul-
tiphase oxide structures by PEO on the surface of the metals under
treatment [34]. As was shown earlier [35], PEO-coatings simul-
taneously containing two transition metals (nickel and copper)
were more active and stable than the coatings with only one
transition metal in their composition. Therefore, we added solu-
ble salts of copper and a salt of transition metal M (where M is
Mn,  Fe, Co, Ni) into the PBW-electrolyte. The electrolytes referred
to as PBWMnCu, PBWFeCu, PBWCoCu, and PBWNiCu contained
0.025 mol/L of Cu(CH3COO)2 and 0.08 mol/L of another transition
metal (0.08 mol/L Mn(CH3COO)2 or Co(CH3COO)2 or Ni(CH3COO)2
or 0.04 mol/L Fe2(C2O4)3). Oxide layers were formed at an effec-
tive current density of 10 or 20 A/dm2 for 5 or 10 min. Details are
described in [36] and given in Table 1.

Method II (“PEO + impregnation”): Oxide layers or secondary car-
riers were preliminary formed on AMg5 aluminum alloy or on
titanium by the PEO technique at an effective current density of
10 A/dm2 for 10 min  in the silicate alkaline electrolyte 0.05 mol/L
Na2SiO3 + 0.05 mol/L NaOH (Table 1). For deposition of transition
metal binary oxides, the PEO-coated samples were exposed to

an aqueous solution for 1 h containing 1.0 mol/L Cu(NO3)2 and
1.0 mol/L of one of the nitrates of another transition metal (Mn(II),
Fe(III), Co(II) or Ni(II)), with consecutive drying and air annealing
in a muffle furnace at 500 ◦C for 4 h. Details are described in [37].

on metal compounds.

Coating thickness, �m

cm2 t, min  Uf , V

5 371 21.7 ± 0.8
10 70 33.3 ± 0.8
10 271 11.5 ± 0.7
10 351 14.0 ± 1.0
10 360 9.0 ± 0.9
10 250 13.0 ± 1.0
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Table 2
Formation conditions of Pt-containing coatings, their phase compositions and active element contents.

Substrate
metal

Method PEO conditions Impregnation
details

Phase com-
position

Concentration of
active elements, at.%

Symbolic representation
(system)

Ref.

Electrolyte,
mol/L

Regime Concentration of
H2PtCl6, mol/L

N XSA XPS

Al I 0.049
Na6P6O18 + 0.0029
H2PtCl6

AC 50 Hz,
i = 0.2 A/cm2

t = 10 min

�-Al2O3 0.08 Pt 1.7/2.7 Pt 0.08 Pt + �-Al2O3/Al
(Pt-Al)

[38,39]

Ti I 0.049
Na6P6O18 +
0.0029H2PtCl6

DC
i = 0.05 A/cm2

t = 6 min

TiO2 (a), Pt 0.95 Pt 0.7/1.5 Pt 0.95 Pt + TiO2/Ti
(Pt-Ti)

[39]

Ti I 0.0245
Zr(SO4)2 + 0.0245
Ce2(SO4)3 +
0.0019 H2PtCl6

DC
i = 0.2 A/cm2

t = 10 min

TiO2 (a, r) 0 Pt, 1.7 Ce,
1.4 Zr

0.1/0.1 Pt,
0.7/3.7 Ce,
2.1/4.4 Zr

Pt + Ce2O3 + ZrO2 + TiO2/Ti
(Pt–Ce–Zr–Ti)

[39]

Ti I 0.0245
Zr(SO4)2 + 0.0245
Ce2(SO4)3 +
0.0019 H2PtCl6

AC
ia = −ic = 0.2 A/cm2

�a = �c = 0.02 s

TiO2 (a, r),
Pt

0.85 Pt, 1.1 Ce,
2.2 Zr

0.2/0.5 Pt,
0.8/2.4 Ce,
3.8/6.7 Zr

0.85 Pt + Ce2O3 + ZrO2 + TiO2/Ti
(Pt–Ce–Zr–Ti)

[39]

Al II PBW DC
i= 0.1 A/cm2

t= 10 min

0.038 1 �-Al2O3,
Pt-traces

0.1 Pt 0.1 Pt/�-Al2O3/Al
(Pt-Al)

[40]

Al II PBW DC
i = 0.1 A/cm2

t = 10 min

0.038 2 �-Al2O3,
Pt

0.2 Pt 0.5/1.0 Pt 0.2 Pt/�-Al2O3/Al
(Pt–Al)

[40]

Al II PBWNiCu DC
i = 0.1 A/cm2

t = 10 min

0.038 1 �-Al2O3 0.1 Pt,
1.4Ni

1.0/1.5 Pt
1.4/2.2 Ni
0.9/0.7 Cu

0.1 Pt/NiO + CuO + �-
Al2O3/Al
(Pt-Ni-Cu-Al)

[40]

Ti II 0.0245
Zr(SO4)2 + 0.0245
Ce2(SO4)3

DC
i = 0.05 A/cm2

t= 7 min

0.0029 1 TiO2 (a, r) 0 Pt,
1.5 Ce,
3.6 Zr

0.4/0.4 Pt
1.2/3.0 Ce
12.8/15.3 Zr

Pt/Ce2O3 + ZrO2 + TiO2/Ti
(Pt–Ce–Zr–Ti)

[29]

Ti II 0.049 Zr(SO4)2 DC
i = 0.05 A/cm2

t = 7 min

0.0029 1 ZrO2 (c),
ZrTiO4,
TiO2 (a, r)

0 Pt,
8.3Zr

Pt/ZrO2,TiO2/Ti
(Pt–Zr–Ti)

[29]

Notes: a – anatase, r – rutile, c – cubic, N – number of impregnation cycles.
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.3.2. Pt-containing coatings
Method I: Two electrolyte solutions were chosen to obtain Pt-

ontaining coatings on titanium and aluminum by one-stage PEO
echnique. The first contained sodium hexametaphosphate and
hloroplatinic acid: it was used for oxidation of both aluminum
nd titanium. The second consisted of zirconium and cerium sul-
ates and chloroplatinic acid. It was used only for titanium because
ulfates have an etching effect on aluminum and its alloys. The con-
itions of PEO treatment and features of electrolyte preparations
re described in [38,39] and given in Table 2.

Method II (“PEO + impregnation”): PEO layers on aluminum alloy
ere formed in PBW- and PBWNiCu-electrolytes and those on tita-
ium were obtained in Zr(SO4)2 + Ce2(SO4)3 electyrolyte. In order
o incorporate platinum into oxide layers the coated samples were
mmersed into aqueous solution of 2.9 × 10−3–3.8 × 10−2 mol/L

2PtCl6 for 3–15 min. Then coatings were air-dried at 120 ◦C and
nnealed during 2 h at 450–500 ◦C in muffle furnace. In some
xperiments impregnation was performed twice to increase the
ntroduced platinum amount in the coating. Details are represented
n papers [29,40] and Table 2.

.4. Composite examination

The thickness of coatings was measured using an eddy-current
hickness gage VT-201 (Russia). The surface morphology and ele-

ent composition data (X-ray spectrum analysis, XSA, average
eadings from areas 50 × 50 �m2, 2–5 �m deep) were obtained by
n electron probe micro-analyzer JXA 8100 (Japan) with an INCA
nergy spectrum analyzer (United Kingdom). To prevent surface
harging, a thin layer of chromium or carbon was deposited on the
amples prior to measuring. The X-ray diffraction (XRD) patterns
ere studied with a D8 Advance X-ray diffractometer (Germany)
sing CuK� radiation. The relevant analysis was carried out using
he EVA retrieval program and the PDF-2 database.

X-ray photoelectron spectroscopy (XPS) was also used to
escribe the surfaces: the Specs ultra high-vacuum system with

 150-mm electrostatic hemispherical analyzer. Ionization was
mplemented using the MgK� radiation. The spectra were cali-
rated on the C1s line of hydrocarbons, whose energy was  assumed
o be 285.0 eV, whereas the surface was etched by argon ions (with

 keV energy) bombarding.

.5. Catalytic testing

The catalytic tests in CO oxidation reaction were performed

sing a BI-CATflow 4.2(A) multipurpose flow system (Boreskov

nstitute of Catalysis, Siberian Branch, Russian Academy of Sci-
nces). Finely cut wire samples with coatings were placed in
he active zone of a quartz tube reactor of a size of 0.9 cm

able 3
mpact of preparation technique and substrate metal on elemental and phase compositio

Alloy Method PEO-
layer/Al(Ti)

Phase composition 

Mn–Cu Fe–Cu Co–Cu N

AMg5 I PBWMCu/Al MnO2 + MnO  Amorphous �-Al2O3

+ CoAl2O4

+ Co3O4

+ CuAl2O4 + ?Co

�

AMg5  II MxOy + CuO

SiO2 + Al2O3

Al

Cu4O3

�-Al2O3

CuO, �-Al2O3 Co3O4, CuO,
�-Al2O3

C
�

VT1-0  II MxOy = + CuO

SiO2 + TiO2

Ti

Mn2O3, CuO
(tenorite),
Cu1.5Mn1.5O4,
TiO2 (rutile,
anatase)

CuO,
�-Fe2O3,
TiO2 (rutile,
anatase)

CuO, Co3O4, TiO2

(rutile, anatase)
N
(

e Science 315 (2014) 481–489

(diameter) × 3 cm (height). The geometric surface area of the
catalyst outer layer on the aluminum or titanium alloy was
20 cm2. The preliminary tests showed that CO conversion on
the metal supports without PEO coatings was not higher than
10% in the test temperature range (from 20 to 500 ◦C). The ini-
tial reaction mixture contained 5% CO and 95% air, with the gas
flow rate equal to 50 ml/min. The outlet concentrations of CO
and CO2 were determined using a PEM-2 IR gas analyzer. In
this case, the activity of the samples was judged by the tem-
perature dependence of CO conversion and the temperature of
half-conversion T50 (that is the temperature when conversion CO
achieved 50%).

Some samples with coatings were additionally tested using
BI-CATr-EXP flow circulating system (Boreskov Institute of Cataly-
sis, Siberian Branch, RAS), which allows evaluating the activation
energy and the reaction rate.

3. Results and discussion

3.1. M + Cu-containing coatings

Table 3 provides the elemental and phase composition of the
coatings formed by methods I and II.

According to XRD, crystalline transition metal oxides are found
only in the composition of Co-, Cu-containing and Mn-, Cu-
containing coatings, obtained by one-stage PEO technique (method
I). In the case of Fe-, Cu-containing and Ni-, Cu-containing coatings,
transition metals seem to be in the amorphous phase composi-
tions.

At the same time, crystalline transition metal oxides are
found in the composition of all coatings obtained by the com-
bination of PEO and impregnation (method II). Copper oxide
was detected in all cases except the Ni-, Cu-containing struc-
tures on titanium. Manganese and iron oxides were not found
in the composition of Mn-, Cu- and Fe-, Cu-containing coatings
on aluminum alloy. Taking into account rather high concen-
trations of these metals in the coatings, one can assume that
their compounds are present in amorphous or fine-crystalline
forms.

As regards the decrease of total concentration of transition ele-
ments (M + Cu) determined by the X-ray spectrum analysis (XSA),
Table 3, the composites can be ranged as follows:

AMg5-I : Fe–Cu > Mn–Cu > Co–Cu > Ni–Cu;
AMg5-II : Fe–Cu > Co–Cu > Ni–Cu > Mn–Cu;

VT1-0-II : Fe–Cu > Mn–Cu > Co–Cu > Ni–Cu.

n of M + Cu-containing coatings.

Elemental composition

i-–Cu Mn–Cu Fe–Cu Co–Cu Ni–Cu

-Al2O3 11.0 Mn,  0.8 Cu,
2.9P, 0.7 W,
1.3 Mg,
25.0 Al, 58.3 O,

21.0Fe, 2.3Cu,
9.3P, 1.2 W
2.2 Na,
5.8Al, 58.2 O

5.7Co, 0.5 Cu,
1.0P, 0.4 W,
1.4 Mg,
35.8Al, 55.2 O

4.8Ni, 0.6 Cu,
1.0P, 0.1 W,
1.8 Mg,
36.8 Al, 54.9 O

uO, NiO,
-Al2O3

3.4 Mn,  3.2Cu,
7.8Si, 17.3 C,
15.9Al, 52.2 O

12.1 Fe, 14.7Cu,
9.6C,
0.7 Mg,
7.3Al, 54.6 O

6.8 Co, 6.9Cu,
8.1Si, 11.0 C,
1.2 Mg,
14.5Al, 51.5 O

5.5 Ni, 5.0Cu,
8.9Si, 11.2 C,
1.3 Mg,
16.5Al, 51.5 O

iO,TiO2

anatase)
4.1 Mn,  4.0Cu,
9.3Si, 6.9 C,
10.2 Ti, 65.5 O

9.1 Fe, 10.6Cu,
5.8Si, 13.6 C,
6.1 Ti, 54.8O

3.8 Co, 3.3 Cu,
8.6Si, 20.0 C,
8.4 Ti, 55.7O

2.0 Cu, 3.6 Ni,
8.2Si, 15.5 C,
11.8 Ti, 58.9O
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In all cases, the highest total concentration of M + Cu is related
o Fe-, Cu-containing composites, while the lowest total concentra-
ion characterizes those containing Ni, Cu and Mn,  Cu.

Fig. 2 gives the composite surface morphologies. In case of
oatings formed by one-stage PEO technique, their morphology
epends on the forming electrolyte. For example, grain scattering
ccurs on the surface of coatings formed in the PBWNiCu elec-
rolyte, while caverns (pores closed by lids) are typical for the
oatings obtained in PBWMnCu. The surface of a layer formed in
he PBWCoCu electrolyte has a finely porous structure, whereas
hat obtained in the PBWFe electrolyte contains a coarse relief frag-

ents with fine pores.
Since all the impregnated composites formed by the method II

sually duplicate the relief of the initial PEO-layer, their morpholo-
ies are similar.

One should mention the differences in element distributions on
he surface of coatings obtained by the methods I and II. In the
rst case, transition metals are mainly concentrated in pores and
icrogranules on the surface of the PEO coatings [41–43]. In the

atter case, the shell catalysts are formed from the transition metal
xides [37].

The transition metal distribution on the surface of impregnated
oatings varies from one point to another as well. Table 4 shows
he elemental composition of the individual morphological struc-
ures on the surface of Co-, Cu-containing coatings II shown by
he numbers in Fig. 3. The smooth spots incorporate cobalt and
opper in proportion to their concentration in the impregnating
olution while the granules contain three times more copper than
obalt.

The catalytic activity of the compositions in CO oxidation was
stimated by the conversion of temperature dependences and by
he temperature of half-conversion T50, Fig. 4. The compositions
ormed by the method II are obviously more active than those
btained by the method I. In the latter case, the half-conversion
emperature is more than 100 ◦C higher than T50 for the impreg-
ated compositions. Based on their decreasing catalytic activity
Fig. 4), the formed compositions ‘M + Cu-containing coating/valve

etal’ were ranged as:

Mg5-I : Cu–Ni > Cu–Co > Cu–Fe > Cu–Mn;

Mg5-II : Co–Cu > Mn–Cu ≈ Ni–Cu > Fe–Cu;

T1-0-II : Co–Cu > Mn–Cu > Ni–Cu > Fe–Cu.

It is evident that these rows of catalytic activity are not asso-
iated with total concentrations of active elements in the coating
ompositions. The difference between the activities rows can be
xplained by the presence of different compounds in coatings
btained by the methods I and II. On the surface of silicate PEO
oatings (method II), the “crust” from transition metal oxides is
ormed as a result of thermal decomposition of nitrates. This crust
lls roughnesses of PEO coating surfaces (Fig. 2). The row of cat-
lytic activity drop for coatings II on titanium coincides with that
or individual oxides of these transition metals in deep oxida-
ion of carbon monoxide, which is related to the bonding energy
f the surface oxygen (according to Boreskov data [44,45]). In
his case, the silicate PEO coating behaves as an inert secondary
ubstrate. Small variations in T50 for impregnated coatings II on
luminum alloy (Fig. 4b) can be related to the effect of �-Al2O3,
hich is widely used as a substrate in heterogeneous cataly-

is.

PEO coatings formed in electrolytes of the PBWMCu-series

ontain not only transition metals, but also other components
f electrolytes – P, B, and W.  One should mention that the
opper concentration in these coatings is far less than that in
e Science 315 (2014) 481–489 485

impregnated ones (Table 3). Moreover, the transition metals in
the composition of such coatings can be concentrated in differ-
ent morphological structures: nickel compounds form micrograins
on the coatings surface, cobalt is concentrated in pores, while
manganese is incorporated into molten surface structures. These
facts may  influence the catalytic activity of the formed struc-
tures.

3.2. Pt-containing coatings

Table 2 represents the phase composition as well as the plat-
inum content in the coatings obtained by the methods I and II.

When the coatings are obtained by one-stage PEO technique,
the concentration of H2PtCl6 in the forming electrolyte should be
limited due to the etching action of chloride ions on the surface of
metal under treatment during PEO process. The platinum content
in the coatings formed by the method I depends on the forming
electrolyte, current mode, and metal under treatment. For exam-
ple, no platinum was  found in coatings produced on titanium under
anodic polarization in an electrolyte with zirconium and cerium
salts, whereas in coatings obtained under anodic-cathodic polar-
ization, its content approaches 1 at.%. Possibly, the processes of
platinum deposition onto the electrode during cathodic pulses are
important. The platinum concentration in coatings formed on tita-
nium in phosphate electrolyte is 10 times higher than that in similar
coatings on aluminum. According to XPS [38], platinum is concen-
trated on the surface and in subsurface layers on aluminum in the
form of Pt0. Platinum oxidation numbers on the surface and in
subsurface layers of coatings on titanium are Pt2+ and Pt2+, Pt0,
respectively.

Application of the method II enables one to increase the Pt
content in the coatings on aluminum, first of all, because of the
possibility to increase the concentration of H2PtCl6 in the impreg-
nation solution and the number of operations. Impregnation results
in the platinum concentration increase in surface layers of the
coatings on titanium compared to those formed by the method I
in sulfate (Ce2(SO4)3 + Zr(SO4)2) electrolytes using the DC current
mode.

Fig. 5 shows SEM images of Pt-containing coatings formed by
methods I and II. The areas where platinum (heavy element) are
located appear as white spots on the micrographs in a phase con-
trast regime. As can be seen from the comparison of Fig. 5a and
b, platinum is differently distributed in surface components. The
coatings obtained by the method I (Fig. 5a) contain arrays of dis-
perse platinum-enriched particles of a size of ∼1 �m,  whereas
platinum is concentrated around the pores of the coatings obtained
by method II (Fig. 5b). In the former case the Pt concentration
is 1.4 at.%, while in the latter case it reaches 6–51 at.% in some
areas.

The mechanism of formation of amorphous or crystalline dis-
perse particles on the surface of PEO coatings is discussed in
[38,46]. It is related to the formation of disperse particles in
local supersaturated solution regions near the anode–electrolyte
interface under electrical discharge conditions. Colloidal particles
of oxidized metal could serve as nucleation centers. Such parti-
cles are formed as a consequence of the emission of metal ions
from the substrate to the solution by electrical discharges and
the presence of hydroxyl groups at the anode. The forming dis-
perse particles (microgranules) are driven by electrophoresis to
the surface of the anodic oxide, where they are concentrated at
defect sites, i.e., in zones with the highest electric field inten-

sity.

Fig. 6 shows the change in the temperatures of half-conversion
of CO T50 depending on the method of preparing the composites,
electrolyte composition, and number of impregnation operations.
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Fig. 2. SEM-images of initial coatings formed in electrolytes without transition metal compounds (I, II, III) and those of M-,  Cu-containing coatings formed by methods I
(Ia–Id)  and II (IIa–IId and IIIa–IIId).

Table 4
Elemental composition of different structures on the surface of Co-, Cu-containing coating on titanium formed by method II.

Element C, at.%

Fig. 3a Fig. 3b

Surface (1) Smooth spot (2) Granule (3) Smooth spot (2) Granule (1)

C 17.07 14.09 15.23 12.43 14.71
O  44.01 47.66 48.72 48.86 49.89
Si  5.07 1.93 4.27 6.78 3.90
Ti  4.38 4.41 1.09 1.88 1.26
Co  13.38 16.59 7.17 15.68 7.20
Cu  16.08 15.31 23.51 14.37 23.03

Total  100 100 100 100 100
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Fig. 3. SEM images of Co-, Cu-containing coatings on titanium formed by the combination of PEO and impregnation technique (method II). Numbers indicate the areas
a

P
o
o

m
P
a

i

F
m
t

nalyzed.

The coatings on aluminum and titanium obtained by one-stage
EO technique in phosphate electrolyte have similar activities in CO
xidation despite lower concentration of platinum in the coatings
n aluminum.

For Pt–Ce–Zr–Ti systems, using the AC current mode results in
ore active coatings than in case of impregnation. However, when
EO treatment is performed in zirconium sulfate solution, more
ctive coatings are obtained upon impregnation.

The following factors contributed to obtaining more catalyt-
cally active Pt–Al systems: the use of higher concentration of

ig. 4. Temperature dependences of CO conversion X (%) and the temperature of half-co
ethod  I (a) and by method II on AMg5 aluminum alloy (b) and on VT1-0 titanium (c). T

ests.
H2PtCl6, increasing multiplicity of impregnation, replacement of
the PBW-electrolyte by the PBWNiCu-electrolyte for PEO (Fig. 6b).
In the latter case, one deals with PEO coating having its own
catalytic activity instead of that of inert secondary carrier. One can
see that the composites 0.2Pt/�-Al2O3/Al and 0.1 Pt/NiO + CuO + �-
Al2O3/Al have similar values of T50 indicating to their comparable

activity. Thus, taking into account lower concentration of noble
metal in the latter case, the optimal result is obtained when
catalytically active composition is deposited on substrates having
their own catalytic activity.

nversion T50 (◦C) for the samples with the M + Cu- containing coatings formed by
he dependences X = f(T) and values of T50 correspond to second cycles of catalytic
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Fig. 5. SEM images of Pt-containing coatings obtained on titanium by method I in Na6P6O18 + H2PtCl6electrolyte (a) and on aluminum alloy by method II (b) – PEO in
PBW-electrolyte + single impregnation in 0.038 M solution of H2PtCl6. The insert at the Fig. 5a shows arrays of disperse platinum-enriched particles.

F ond (2, 2’) cycles of catalytic tests for Pt-containing coatings formed by methods I and II
o efer to T50 determined at heating and cooling of the samples, correspondingly.

3
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c
W
w
d
i
w
s
t
a
P
t
c
m

s
t
e
[

ig. 6. Comparing the temperature of half-conversion CO in the first (1, 1’) and sec
n  titanium (a) and aluminum alloy (b). Digits (1, 2) and digits with strokes (1’, 2’) r

.3. Evaluation of reaction rate and activation energy in CO
xidation

Some catalytic tests were carried out on BI-CATr-EXP flow-
irculation system to evaluate the reaction rate (for 50% conversion)

50 and the activation energy Ea (Fig. 7, Table 5). The composites
ith the highest platinum concentration (0.2Pt/�-Al2O3/Al) clearly
emonstrate the highest rate of CO oxidation among the compos-

tes under study. The systems containing a noble metal together
ith transition metals (0.1Pt/NiO + CuO + �-Al2O3/Al) have the

mallest activation energy. On the other hand, the composites con-
aining transition metals without noble metals have the highest
ctivation energy. One should note that they are more active than
d-containing composites (0.4 at.% Pd) obtained by the combina-
ion of PEO and template sol–gel synthesis [28]. Differences in the
atalytic behavior of the systems can be caused by various reaction
echanisms.
In the course of evaluating the catalytic behavior of the
ystems, low specific surface area of PEO coatings should be
aken into account. According to the estimates made in [8], it is
qual to 0.2–0.7 m2/g. Impregnation can increase it just 5–10-fold
31].
Fig. 7. Arrhenius plots lgW50 = f(1000/T) for some composites.
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Table  5
The reaction rate and the activation energy of CO oxidation for some catalysts.

Composite Method W50 × 104 ml/g s Evaluation of activation energy

100 ◦C 120 ◦C 150 ◦C 180 ◦C 200 ◦C 250 ◦C 320 ◦C 350 ◦C Temperature
range, ◦C

Ea, kJ/mol

SiO2 + TiO2/Ti I 3.5 5.2 320–420 42.5
Co3O4 + CuO/SiO2 + TiO2/Ti II 8.7 56.0 150–190 97.7
0.2 Pt/�-Al2O3/Al II 13.6 36.2 116.3 196.7 310.2 90–200 43.3
0.1  Pt/NiO + CuO + Al2O3/Al II 28.5 56.7 114.6 95.0 427.2 120–260 34.5
0.04Pd/SiO2 + TiO2/Tia PEO + template

sol–gel synthesis
11.5 54.7 106.5 104.5 200–270 54.5
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a Notes: Obtaining Pd-containing coatings on titanium by combination of PEO tec
s  in Table 2.

. Conclusion

Two options of plasma electrolytic oxidation application were
onsidered to obtain catalytically active oxide coatings containing
ransition (Ni, Cu, Co, Mn,  Fe, W)  and noble metals (Pt) on aluminum
nd titanium. When the precursors are directly introduced into the
orming PEO electrolyte, catalytically active components are con-
entrated in the pores or on the coating surface as arrays of disperse
articles. If the coatings are obtained by the combination of PEO
echnique and impregnation in precursor solutions, catalytically
ctive components are concentrated around the pores or form a
rust on the surface of the coating.

It has been found that the binary oxide cobalt–copper coatings
btained on titanium by combination of PEO and impregnation are
ore active in CO oxidation among the composites with transi-

ion metal oxides. Using anodic–cathodic polarization during the
EO processing of titanium in Zr(SO4)2 + Ce2(SO4)3 + H2PtCl6 elec-
rolyte helps to produce the coatings, which are more active in
O oxidation than similar coatings obtaining by combination of
ethods. Higher concentrations of H2PtCl6, multiplicity of impreg-

ation, and replacement of inert-electrolyte for PEO treatment by
lectrolyte with precursors of transition metals are useful to ensure
ore active Pt-containing coatings on aluminum.
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