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Abstract: In this paper, we employed plasma electrolytic oxidation (PEO) of aluminum in a water
solution of sodium tungstate (Nay WO,-2H,0O) with the addition of the pure and Ce-loaded zeolites
clinoptilolite and 13 X for the preparation of oxide coatings. The obtained coatings were characterized
with respect to their morphologies and chemical and phase compositions using scanning electron
microscopy coupled with energy-dispersive X-ray spectroscopy, atomic force microscopy, and X-ray
diffraction. The prepared coatings contained y-alumina, WOs3, and metallic tungsten. The surface
morphologies of the obtained coatings strongly depended on the PEO processing time; the roughness
of all coatings increased with PEO time, while porosity decreased with PEO processing time as
a result of microdischarge coalescence and growth. All coatings contained elements originating
from the substrate and from the electrolytes. Coatings containing zeolites with Ce showed higher
photoactivity than those with immobilized pure zeolites. The highest photocatalytic activity lev-
els were observed for coatings containing immobilized Ce-exchanged clinoptilolite processed for
10 min. It was observed that both clinoptilolite and 13X zeolites improved the features of the PEO
coatings in a similar manner, making natural and abundant clinoptilolite an excellent candidate for
various applications.

Keywords: zeolites; plasma electrolytic oxidation; photocatalysis; oxide coatings

1. Introduction

The availability of safe and clean water is vital for human health and the ecosystem,
meaning management of wastewater is of crucial importance. Water quality has been degraded
around the world by increased amounts of industrial discharge and agricultural runoff, and
even if the wastewater is collected and treated, the efficiency of that treatment can vary
depending on the system used. A promising system of wastewater treatment that has been
receiving a growing interest is decontamination through visible-light photocatalysis [1-3].

The most common way in which the photocatalytic process is executed is on slurry
systems containing suspended nanoparticles [4,5]. These systems have high active surface
areas, resulting in high decomposition rates [6], although the post-treatment removal of
nanoparticle suspensions has proven to be a costly and time-consuming process. Conse-
quently, a lot of attention has been given to techniques that can immobilize nanoparticles
in oxide coatings, which can act as efficient photocatalysts in low-cost substrates [7,8]. Pre-
viously published results have shown that plasma electrolytic oxidation (PEO) is suitable
for such tasks [7-9].
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PEO process, originating from conventional anodizing, is an eco-friendly and efficient
surface altering technique commonly employed to form ceramic-like coatings on valve
metals (Al, Mg, Ti etc.) and their alloys [10-12]. The coatings are formed under high
voltages, where short-lived discharges occur on the substrate surface, leading to conversion
of the metal to its oxide. The main characteristics of these PEO coatings are mirrored in
their microstructure and composition, which can be shaped through process parameters
and electrolyte properties. Modifying the electrolyte composition by adding particles to it is
an effective way to improve the coatings’ attributes, such as their anti-corrosion properties,
porosity, and photocatalytic activity [13].

Zeolites are microporous crystalline solids with well-defined structures involving Si,
Al, and O in their framework and cations. Many zeolites occur naturally as minerals, while
others are synthetic and are manufactured for a specific use. Their unique porous properties
make zeolites viable for a variety of applications, for example in ion exchangers, sorbents,
oxidation and hydrogeneration reactions, supports for catalytic metals, and molecular
sieves [14-19]. Due to their photochemical stability and large surface areas combined with
their channel size, zeolites are used as nanocontainers of semiconducting or photoactive
guests, such as CeO, [15,16]; however, recent research has shown that zeolites can act as
photocatalysts themselves [17]. Consequently, combining the two mentioned properties of
zeolites can lead to pronounced photocatalytic activity, which is even comparable to TiO,
photocatalysts [18].

Despite the fact that there are published studies of composite coatings with zeolites
immobilized by PEO [20,21], these have mostly focused on enhancing the corrosion prop-
erties of the obtained coatings. In contrast to our recently published paper [22] that also
investigated composite coatings with zeolites, we decided to perform continuous DC PEO
processing aiming at achieving higher surface roughness and porosity, which promote the
photocatalytic and photoluminescent properties of the obtained coatings. Additionally,
the selection of sodium tungstate electrolyte was made because it has been shown that
PEO processing in such electrolyte results in the decrease of the breakdown voltage and
production of thinner PEO coatings with better photocatalytic properties [23-25].

In this paper, the focus is on the composite PEO coatings containing naturally occur-
ring zeolite—clinoptilolite with and without Ce ion exchange and synthetic 13X zeolite, also
with and without Ce. We decided to use these two zeolites because clinoptilolite is not
a pure phase material, unlike the synthetic 13X zeolite. Photocatalytic activity is tested
through simulated sunlight irradiation of the coatings in methyl orange. An investiga-
tion of the surface morphologies and chemical and phase compositions of the obtained
oxide coatings was conducted using scanning electron microscopy coupled with energy-
dispersive X-ray spectroscopy (SEM/EDS), atomic force microscopy (AFM), and X-ray
diffraction (XRD). The degradation stability of the obtained coatings was demonstrated by
linear polarization testing and Tafel plots.

2. Materials and Methods

Rectangular aluminum samples (1050 A alloy) were used as the anode material, which
were sealed in insulation resin, leaving an active surface area of 4.5 cm? accessible to the
electrolytes. A stainless steel sheet measuring approx. 20 cm? was used as the cathode
in all experiments. The starting zeolites used in this work were HEU-type natural zeolite
clinoptilolite ((Na,K)SizpAlgO72-nH,O, Si/ Al = 5) originated from the Zlatokop mine in
Vranjska Banja, Serbia, as well as synthetic FAU-type zeolite Na-13X (Nagy[AlgySi19503g4],
Si/ Al = 1.2) produced by Union Carbide(Seadrift, TX, USA). Cerium-containing forms of
zeolites were obtained using a conventional aqueous ion exchange procedure in dilute
solution [26]. The average particle sizes of the zeolite powders used in this study were
6 £ 1 um for pure and Ce-exchanged clinoptilolite and 2.5 + 0.5 pm for pure and Ce-
exchanged 13X zeolite, as estimated from SEM micrographs of zeolite powders. The higher
average particle size of the clinoptilolite was related to its agglomeration into elongated
spherical particles, while 13X-faceted spherical particles showed lower agglomeration.
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The PEO process was carried out in an electrolytic cell containing water solution of
0.01 M sodium tungstate (Nap,WO4-2H,0O), which was used as a supporting electrolyte
with the addition of 1 g/L of clinoptilolite, clinoptilolite exchanged with Ce, 13X, and
13X exchanged with Ce zeolites (Table 1). The electrolyte was prepared using double-
distilled and deionized water and PA (pro analysis)-grade chemical compounds. During
PEO, electrolytes circulated through the chamber—reservoir system and the temperature of
the electrolyte was kept under 25 °C. The PEO was conducted under a constant current
density of 50 mA /cm? for 5, 7, 10, and 15 min using an Agilent Technologies N5752A
(Agilent, Santa Clara, CA, USA)(0-600 V, 1.3 A, 780 W) DC power source. After the PEO,
samples were rinsed in distilled water and dried in hot air stream. Voltage evolution was
recorded using a Tektronix TDS 2022 (Beaverton, OR, USA) digital storage oscilloscope
and a high voltage probe, which was connected directly to the anode and cathode of the
electrolytic cell.

Table 1. Sample designation and electrolytes used for PEO processing.

Sample Name Electrolyte
Cli SE + 1 g/L clinoptilolite
Cli + Ce SE+1 g/L clinoptilolite + Ce
13X SE +1g/L13X
13X + Ce SE+1g/L13X +Ce
SE 0.01 M Nap,WO,-2H,0

A scanning electron microscope (SEM; Tescan VEGA TS 5130 MM with BSE detector;
Tescan, Brno, Czech Republic) was used to examine the surface morphology of the PEO
layers, while their chemical composition was analyzed with an energy-dispersive spec-
trometer (EDS: Oxford Instruments, High Wycombe, UK) coupled with SEM. An atomic
force microscope (AFM; Veeco Instruments, model Dimension V: Veeco, Plainview, NY,
USA) was used to further characterize the morphology and mechanical properties (surface
roughness) of the obtained coatings, while porosity was estimated from SEM micrographs
using Image] software.

A Rigaku Ultima IV diffractometer (Rigaku, Tokyo, Japan) with an Ni-filtered CuKy
radiation source was used for crystal phase identification. Crystallographic data were
collected in Bragg—Brentano mode in the 26 range from 10° to 70° with a scanning rate
of 2°/min.

Photoluminescence (PL) spectral measurements were performed on a Horiba Jobin
Yvon Fluorolog FL3-22 spectrofluorometer (Horiba, Edison, NJ, USA) at room temperature,
with a 450 W xenon lamp as the excitation light source in the range of 305 to 540 nm.

The photocatalytic activity of the obtained coatings on Al substrate was investigated
by photodecomposition of methyl orange (MO) at room temperature. Samples (approx.
2.25 cm? exposed to irradiation) were immersed into 10 mL of 8 mg/L aqueous MO
solution and placed on a perforated holder 5 mm above the bottom of the reactor (jacketed
50 mL glass beaker of constant temperature) with a magnetic stirrer underneath. Prior
to irradiation, the solution and the catalyst were magnetically stirred in the dark until
adsorption—desorption equilibrium was reached (30 min). Afterwards, the MO solution
was illuminated using a lamp that simulates the solar spectrum (Osram Vitalux lamp,
300 W), which was placed 25 cm above the top surface of the solution. Every hour, a fixed
amount (1 mL) of the MO solution was removed to measure the absorption at 464 nm
using an Agilent Carry 60 UV-Vis spectrophotometer (Agilent, Sannta Clara, CA, USA).
The absorbance was converted to MO concentration in accordance with the standard
curve, showing a linear relationship between the concentration and the absorbance at this
wavelength. Afterwards, each measurement aliquot was returned back to the photocatalytic
reactor. Prior to the photocatalysis, the MO solution was tested for photolysis in the absence
of the photocatalyst and the lack of change in the MO concentration after 6 h of irradiation
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revealed that the MO was stable under applied conditions and that degradation was only
due to the presence of the photocatalyst.

For degradation stability testing of the samples, a three-electrode system was em-
ployed, with a PEO sample as the working electrode, a saturated calomel electrode (SCE)
as the reference electrode, and a graphite electrode as the counter electrode. The corrosion
rates in aerated 3.5% NaCl solution of the PEO layers were determined using extrapolation
of potentiodynamic curves to the open circuit potential (OCP) following its establishment
(after approximately 1 h) with a Bio-Logic SP-240 (Seyssinet-Pariset, France) potentiostat
and EC-Lab corrosion software. Linear polarization tests were conducted from —0.25 V to
0.25 V around the OCP, with a potential sweep of 1 mV /s over a 0.2 cm? surface.

3. Results and Discussion

The time evolution of the anodization voltage during PEO in supporting electrolytes
with and without the addition of pure and Ce-exchanged zeolites is shown in Figure 1.
During the first 120 s of the process, the voltage increases linearly with time. This fragment
of the PEO process is similar to conventional anodizing, and during this time a relatively
uniform increase of the barrier layer takes place. The uniform film thickening is ended by
dielectric breakdown, characterized by deflection from linearity of the voltage versus time
curve when the breakdown voltage occurs. A further increase of the voltage starts a trend
of visible microdischarges appearing across the sample’s surface. Figure 1 undoubtedly
shows that the addition of particles to the supporting electrolytes decreases the breakdown
voltage, but does not change the overall shape of the voltage-time curve, suggesting that
the deposition mechanism remains the same. The decrease of the breakdown voltage is
related to an increase in electrical conductivity of the electrolyte caused by the addition of
the zeolites [13,22].

600
500
400 \
— breakdown voltage
S |
o 300~
8
o
>
200 - —SE
—Cli
ol
— 13X+Ce
0 | ) I
0 5 10 15

Time (min)
Figure 1. Time evolution of anodizing voltage during PEO.

3.1. Morphologies and Chemical and Phase Compositions of PEO Coatings

XRD patterns of oxide coatings containing clinoptilolite obtained after various PEO
times and of PEO coatings containing different zeolites at 15 min of PEO processing are
presented in Figure 2.
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Figure 2. (a) XRD patterns of oxide coatings on Al containing clinoptilolite obtained for various PEO processing times.
(b) XRD patterns of oxide coatings on Al containing different zeolites at 15 min of PEO (y represents y-Al,O3, while S
represents Al substrate).

At 5 min into the PEO process (Figure 2a), pronounced XRD maxima originating
from the Al substrate and low maxima originating from y-Al,Os (denoted as S and v,
respectively) were detected. With extended PEO processing time, a WOj3 crystalline phase
gradually appeared while the diffraction maxima originating from Al substrate decreased
as a result of increasing coating thickness, along with more prominent y-Al,O3 phase
diffraction maxima, indicating a higher level of crystallization of the oxide coating.

During the anodization, coating growth is a result of opposite migration assisted by
the high electric field of the aluminum ionized at the aluminum-oxide interface and of
anions formed at the oxide—electrolyte interface as a result of adsorbed water dissociation.
The main chemical reaction at the aluminum-oxide interface are:

2A1+ 3024 — Al,O3 + 6e~ 1)
Al — ABRY 4+ 3e” )

At the oxide—-electrolyte interface the main chemical reaction is:
2A120 4+ 9H,0 — ALOj3 + 6H;0™ ®)

Incorporation of tungsten in the PEO coatings is possible via the following chemical
reactions [25]:

2AL 4 + WO, +6H0 — WOj3 + ALO; + 4H;0" @)

4 electrolyte

WO~

4 electrolyte + 2H30+ — WO3 +3H,0 (5)

During anodization, some of the WO,?~ anions are drawn from the electrolyte into
the discharge channels by a strong electric field, where they are decomposed:

2WO?%-

4 electrolyte 4e” - 2WO3+ 02 T (6)

Since Al is plentiful in the microdischarge channels, WO3 can react with Al under
high-temperature conditions:

WOj3 + 2A1 — ALOs + W @)
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The latter reaction represents how metallic W could be incorporated into a PEO oxide
coating, as its diffraction maxima increase with prolonged PEO processing time (Figure 2a) [25].

Diffraction maxima originating from pure and Ce-exchanged zeolites are not present
in the XRD patterns in Figure 2a,b, most probably as a result of their low concentration or
good dispersion in the obtained PEO coatings. Interestingly, the amorphous phase that
was detected for a similar system was not present in the obtained coatings [22].

It should also be pointed out that «-Al,O3 diffraction maxima were not observed,
although they typically appear in a similar experimental setup [21], which suggests a
significant influence of the PEO electrolyte on the phase compositions of oxide coatings [13].

Figure 3 shows top-view SEM micrographs of coatings created during a 10 min PEO
process performed in supporting electrolytes without and with the addition of 1 g/L of pure
and Ce-exchanged clinoptilolite and 13X zeolites. It is observable that all prepared samples
have very similar surface morphologies. The obtained coatings show typical characteristics
resulting from PEO processing, which entails surfaces ornamented with a number of
microdischarge channels of various forms and diameters, areas shaped by the rapid cooling
of molten material ejected from them, and cracks. These porous surfaces could be useful
for luminescence and photocatalytic applications, as they ensure a well-developed and
spacious surface area.

Figure 3. Top surface morphologies of coatings obtained during 10 min PEO in supporting electrolyte (a) and with the
addition of (b) clinoptilolite, (c) Ce-exchanged clinoptilolite, (d) 13X, or (e) Ce-exchanged 13X.

The evolution of the surface morphologies with PEO processing time for coatings
obtained in supporting electrolyte with the addition of 1 g/L of Ce-loaded clinoptilolite
is shown in Figure 4. It can be observed that with prolonged PEO processing time, the
number of the microdischarging channels decreases but the size of microdischarge channels
increases, resulting in a smaller number of larger pores.
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Figure 4. SEM micrographs of coatings obtained in Ce-enriched clinoptilolite containing electrolytes
at different PEO process durations: (a) 5 min; (b) 7 min; (c) 10 min; (d) 15 min.

From Figures 3 and 4, it is clear that the introduction of zeolites has an effect on the
microstructure and morphology of PEO coatings. The SEM image of the PEO coating ob-
tained in electrolytes without the addition of zeolites (Figure 3a) shows a number of cracks
which appear as a result of rapid cooling of the molten material in contact with electrolytes
and accumulated stress [27,28]. All defects on the PEO coating can be considered as routes
for particles (in this case zeolite particles) to propagate into the internal part of the coating,
making it less porous [13]. Generally speaking, the addition of particles into electrolytes
used for PEO processing acts as a sealant, making the obtained PEO coatings denser and
thicker. The transfer of zeolite particles from electrolytes towards the anode is possible due
to the strong electric field inherent to plasma electrolytic oxidation, which can be further
promoted by hydration and charging of nanoparticles or hydrodynamic effects caused by
surface discharge heating and convection [28].

The cross-sections of obtained composite PEO coatings (Figure 5) show increased in
thickness for all obtained coatings throughout the PEO process; nevertheless, the addition
of zeolite particles resulted in the formation of thicker and less porous PEO layers than
those obtained in the supporting electrolyte (Table 2). The porosity of the obtained coatings
was highest after 10 min of PEO and slightly decreased after that point, while the thickest
PEO layer was around 7 pm thick.
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<.

Figure 5. Cross-sections of coatings obtained in Ce-enriched clinoptilolite containing electrolytes
after different PEO process durations: (a) 5 min; (b) 7 min; (c) 10 min; (d) 15 min.

Table 2. Porosity percentages and thicknesses of coatings obtained in different electrolytes and with
different PEO processing times.

Sample PEO Time (min) Porosity (%) Thickness (um)

5 13.04 257

o 7 11.67 352

1 10 9.83 436

15 10 591

5 11.85 233

, 7 9.11 2.86
Cli+Ce 10 7.27 31

15 8.77 7.16

5 10.67 197

7 9.45 257

13X 10 9.17 352

15 8.98 6.03

5 10.41 292

7 8.29 358

13X+ Ce 10 6.91 406

15 7.58 5.97
5 25.09 /

7 19.45 251

SE 10 15.54 2.68

15 17.11 /
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The surface morphology evolution of the PEO coatings represented through three-
dimensional AFM images for different processing times in electrolytes with and without
Ce-exchanged clinoptilolite is shown in Figures 6 and 7.

(a)

4.0um

00 pm

(d)

Figure 6. Three-dimensional AFM images of oxide coatings formed in supporting electrolytes at
various stages of the PEO process: (a) 5 min; (b) 7 min; (c) 10 min; (d) 15 min.

(b)

10pum

2 _ 40um
£0.0um
10 pm 10pm = .

Figure 7. Three-dimensional AFM images of oxide coatings formed in supporting electrolytes with
Ce-exchanged clinoptilolite at various stages of the PEO process: (a) 5 min; (b) 7 min; (c¢) 10 min;
(d) 15 min.

Both Figures 6 and 7 show a growing presence of non-uniformities for longer PEO
processing times, which is in agreement with the fact that with prolonged PEO, the number
of microdischarges decreases while their size increases [10,28]. Thicker coatings have
higher surface roughness because in the initial stage of PEO the discharge channels are well
distributed and oxide coatings exhibit lower surface roughness. As the number of discharge
channels decreases with time of PEO, non-uniformities in the oxide coatings appear, causing
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an increase in surface roughness. This increase of the surface roughness is even more
pronounced with addition of particles, i.e., Ce-exchanged clinoptilolite (Figure 8).

14

I SE I Cli+Ce

1.2 o

0.0 J_l I [
5 7 10 15

PEO time (min)

Roughness R_(um)
o o —
o o L=
1 1 1

=]
£
1

[=
k2
1

Figure 8. Surface roughness R, for PEO coatings obtained with different processing times in elec-
trolytes with and without Ce-exchanged clinoptilolite.

The results of the EDS area analysis of surface coatings obtained in electrolyte-
containing, Ce-loaded clinoptilolite with different PEO processing times are presented
in Table 3.

Table 3. EDS analysis of Cli + Ce coatings with various PEO processing times.

PEO Time (min)

5 7 10 15
El t
emen Weight Percent (wt%)
Al 29.26 21.94 20.31 13.91
Y 3.59 5.43 7.69 11.03
O 62.93 64.73 65.84 67.92
C 4.07 7.72 6.16 6.82
Na 0.15 0.18 - 0.32

The main elements of the coatings were Al, W, and O, including C and Na. Detailed
EDS analysis showed increases in the concentrations of O and W and a decrease in the
concentration of Al with prolonged PEO time. The presence of C is related to utilization
of the carbon tape used for mounting the samples onto the holder and from the vacuum
system; however, we were not able to detect some of the main elements of zeolites (for
example Si) or Ce through top-view surface measurements, so we performed cross-sectional
EDS line analyses of the obtained coatings (Figure 9). This form of investigation confirmed
the presence of Si and Ce in the coatings, although suggested that the concentration of Ce
was very close to the detection limit of the used EDS system.
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Figure 9. (a) SEM micrograph of a Cli + Ce coating obtained through a 15 min PEO process with EDS analysis. (b) Repre-
sentation of each element’s presence in the coating.

Since we were not able to quantify the Ce contents in obtained coatings, we per-
formed a set of photoluminescence measurements because Ce-containing species feature
pronounced emissions when excited by UV radiation [29]. PL emission spectra of PEO
coatings with immobilized Ce-loaded clinoptilolite particles are shown in Figure 10. The
total PL intensity of these coatings is the sum of PL originating from Al,O3 species and
Ce3* ions. Obviously, the main contribution to PL emission spectra is from Ce3* ions,
as they exhibit an intense emission band at around 320-330 nm due to the 4f" —4f°5d!
transition [30], which is especially visible when compared to the emission of the pure Al,O3
coating formed in supporting electrolytes without the addition of pure or Ce-exchanged
zeolites. This contribution increases with prolonged PEO processing time, suggesting an
increase of Ce concentrations in the obtained coatings.

2250
1 2,,=285 nm —SE
2000 - —— 5 min
E ——7min
1750 ——— 10 min
_ ] — 15 min
5 1500
S |
> 1250 4
@ 4
=
i) 1000
£ ]
g 7504
500
250 -
0

—— 1T ———————
320 340 360 380 400 420 440 460 480 500 520 540
Wavelength (nm)
Figure 10. Photoluminescence emission spectra of PEO coatings formed on Al substrate in the
supporting electrolyte and with the addition of Ce-exchanged clinoptilolite particles.
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3.2. Photocatalytic Activity of PEO Coatings

The photocatalytic activity levels of PEO coatings formed in the supporting electrolyte
and with immobilized pure and Ce-enriched zeolites are shown in Figure 11a. Cj is the
initial concentration of MO and C is the concentration after time t.

PEO time=10 min

(Co-CYCo (%)

SE 04 [sE M ci [ CisCe
&0 T
104
20 04 ; 1
% %4 ;f 40
8 8
Q 404 G 0
8 8
s ——SE 2
= Cli
——Cli+Ce
604 —— 13X 10
PEO time=10 min —— 13X+Ce
T T m T T T T T T T 0
4 5 L] o 1 2 3 4 5 & s 7 10 15
t(h) PEO time (min)

Figure 11. (a) Photocatalytic activity levels of oxide coatings after 10 min compared to the beginning of PEO. (b) Removal of

MO in the dark in the presence of oxide coatings containing zeolites. (c) Photocatalytic activity levels of the coatings after

6 h of irradiation.

The irradiation of photocatalysts leads to the production of electron-hole pairs. For
the efficient degradation of methyl orange, inhibition of electron-hole pair recombination
is required. The photogenerated electrons easily migrate from valence to conduction bands
and positive holes are formed in the valence band. The electrons from the conductive band
can react with Oy, forming an anion radical superoxide O,°~. Further reaction can lead
to the formation of hydrogen peroxide, which leads to the formation of *OH radicals. In
addition, the holes react with H,O to generate *OH radicals [22,31]. Oxidative degradation
of azo dyes generally occurs via the subsequent attacks of *OH radicals [32].

The respectable levels of photocatalytic activity observed for all prepared coatings
were most likely the result of the applied continuous DC electrical regime and the surface
morphology, which entails a lower level of homogeneity, higher thickness of the porous
layers, and higher porosity and roughness [33,34]. It is apparent that the highest efficiency
of the MO degradation for oxide coatings formed on Al was obtained by adding Ce-loaded
13X zeolite to the supporting electrolyte. In general, it was revealed that adding Ce to
zeolites raises the photocatalytic activity of the oxides by about 10% for both clinoptilolite
and 13X zeolites; however, it is worth noting that the photocatalytic activity levels of
clinoptilolite and 13X samples were the same (within the error margin), allowing us to focus
on clinoptilolite as an inexpensive, abundant, and naturally occurring zeolite (Figure 11c).

In order to determine whether adsorption of methyl orange occurred on photocat-
alysts, adsorption experiments were conducted, i.e., measurement of changes in methyl
orange concentrations when samples were not illuminated (Figure 11b). It was obvious
that the adsorption was quite small compared to the photoactivity, i.e., the increase in
MO photodegradation as the result of photocatalytic reactions in the presence of zeolites
immobilized on aluminum support by plasma electrolytic oxidation.

Further inspection of MO photodegradation results for composite coatings containing
clinoptilolite showed that the photocatalytic activity increased with PEO treatment time
until 10 min, after which a moderate decline is observed. This may have been related
to an interplay between the surface morphology and the concentration of Ce-containing
active sites accessible to irradiation, which are both strongly dependent on PEO treatment
time [10,13,27,35].

3.3. Potentiodynamic Polarization of the Coatings

Figure 12 shows potentiodynamic polarization curves of bare Al and coatings obtained
after 10 min and 15 min of PEO processing in electrolytes containing the pure and Ce-
enriched zeolites clinoptilolite and 13X. Corrosion current densities were determined using
Tafel extrapolation only for PEO coatings obtained after 10 min (Table 4) and 15 min
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(Table 5) of processing, since we were unable to examine the corrosion rates for coatings
with lower processing times. Coatings formed after 5 and 7 min of PEO processing showed
noticeable OCP instability. This was probably due to the relatively high porosity of these
coatings and the fact that the electrolytes can easily penetrate the coating and reach the
substrate, while coatings treated for 10 and 15 min achieved higher levels of thickness
and lower porosity, preventing the access of the electrolytes towards the substrate. The
analyzed coatings show lower corrosion rates than bare Al by approximately two and
one order of magnitude after 10 and 15 min of PEO processing, respectively. Clearly,
PEO coatings obtained after 10 min of PEO processing are more successful in corrosion
protection due to their lower porosity. The lowest corrosion current density values were
observed for 13X + Ce samples for both processing times. Their calculated values were
lower than those for the samples without Ce, suggesting that the addition of Ce improves
the corrosion stability [15]. On the other hand, this effect was not very pronounced due
to the very low and in some cases quantitatively undetectable concentrations of Ce in
the coatings.

(a) (b)
0.4 -0.4
-0.5 -0.5 4
-0.6 4 -0.6
S o7 > o7
s s
= E=1
& 08 g 08
2 X0}
a &
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Figure 12. Tafel curves of PEO coatings obtained after the PEO processing: (a) 10 min; (b) 15 min.

Table 4. Corrosion parameters for coatings obtained after 10 min of PEO processing and 1 h of
exposure to 3.5% NaCl

Sample jeorr (HA cm~2) Ecorr (V)
Al 0.959 —0.816
Cli 0.0093 —0.682

Cli + Ce 0.0056 —0.713
13X 0.0126 —0.714

13X + Ce 0.0046 —0.719

Table 5. Corrosion parameters for coatings obtained after 15 min of PEO processing and 1 h of
exposure to 3.5% NaClL

Sample jcorr (HA cm—2) Ecorr (V)
Al 0.959 —0.816
Cli 0.0456 —0.682

Cli + Ce 0.0137 —0.713
13X 0.0473 —0.714

13X + Ce 0.0061 —0.719

Nonetheless, the corrosion current density values for 13X + Ce and Cli + Ce were very
close, which also applied to 13X and Cli samples (averaged results for three separately
prepared samples are presented), making natural clinoptilolite as good (or as bad) as
synthetic 13X for corrosion protection applications.
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It is also worth mentioning that the results of the Tafel extrapolation should be viewed
with caution, since it is a fast technique that provides immediate and unaveraged results
for longer periods of immersion [36].

4. Conclusions

Oxide coatings with immobilized pure and Ce-exchanged zeolites were deposited on
aluminum support from tungstate-based aqueous electrolytes using DC PEO processing. The
obtained coatings were characterized for their morphologies, chemical and phase compositions,
levels of photoluminescence and photocatalytic activity, and corrosion properties.

The obtained coatings were mostly crystalline containing y-alumina, WOs3, and metal-
lic tungsten. The surface morphologies of the obtained coatings were independent of the
used zeolite, but strongly depended on the PEO processing time; the roughness of all
coatings increased with PEO time, while the porosity decreases with PEO processing time
as a result of microdischarge coalescence or growth. All coatings contained elements origi-
nating from the substrate and from the electrolyte. The cerium concentrations were very
low in all coatings, as revealed by EDS. We used PL as a tool to qualitatively probe the Ce
contents in the coatings and showed that it increases with prolonged PEO processing time.

The highest photocatalytic activity was observed for coatings with immobilized Ce-
exchanged zeolite processed for 10 min. Coatings containing zeolites with Ce showed
higher photoactivity than those with immobilized pure zeolites. Coatings with both Ce-
exchanged clinoptilolite and 13X zeolite showed increased photoactivity up to 10 min of
processing, which dropped with prolonged PEO processing time. This behavior was related
to Ce content and coating morphology. The effect of Ce was not as strongly, pronounced
on the anti-corrosion properties due to its low concentration in the coatings although
it was still visible. Potentiodynamic polarization experiments suggested that coatings
containing Ce-exchanged 13X zeolite processed for 10 min had the lowest corrosion current
density values.
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