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Type 304L stainless steel (304LSS) is one of the candidate canister materials for
storing radioactive spent fuels, usually near seashore environments along with
nuclear power plants. During the prolonged exposure of dry storage canisters to
saline environments, they are highly susceptible to chloride induced stress
corrosion cracking. Failure of a dry storage canister not only would release
radioactive isotopes into the environment, but would also lead to a costly
replacement of the cracked canister. The objective of this study is to develop a
multilayered titanium dioxide (TiO,) composite coating on a 304LSS substrate.
With ultraviolet (UV) illumination, this coating would act as a barrier and
simultaneously offer cathodic protection against corrosion in the substrate
alloy. The composite coating consists of a plain amorphous TiO, coating over
another cerium-doped (Ce-doped) TiO, coating. Electronic currents generated
by photo-catalytic reaction of the amorphous TiO, coating under UV illumination
were measured. Photo-electrochemical analyses and surface morphology
observations were conducted to evaluate the performance of the Ce-doped
coatings on corrosion mitigation. Optimal amounts of cerium doping that
offered better photo-cathodic protection were also explored. Results indicated
that the Ce-doped TiO, coating exhibited a better performance on photo-
cathodic protection for 304L stainless steel in aerated 3.5% NaCl solutions
than the one without cerium doping. The underlying Ce-doped TiO, coating
was effectively charged during UV illumination, and it was able to continuously
release electrons even after the UV was switched off, thus providing uninterrupted
photo-cathodic protection for the coated 304L stainless steel substrate.

KEYWORDS

dry storage canister, 304L stainless steel (304LSS), titanium dioxide (TiO,), cerium doping,
photo-cathodic protection

1 Introduction

Although nuclear power is a sustainable source of energy with low carbon emissions
(Saito, 2010), it generates long half-life radioactive spent fuels that require careful monitoring
and safe storage (Zhang et al., 2020). Dry storage canisters are used to temporarily store the
spent fuels prior to their final disposal or reprocessing (Wang et al, 2020). For the
manufacturing of canisters, austenitic stainless steel grades such as 304 and 316 are
generally used as the base materials (Wang et al., 2022). While the anticipated storage
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time of the canisters is around 40 years, they require periodic
inspection and careful maintenance to prevent radioactive
substances from leaching into the environment. The long-term
integrity and corrosion resistance of the canisters depends on
several factors such as temperature, humidity, brine
concentration in the marine environment, and residual stresses in
the canisters induced by welding (Yeom and Sridharan, 2021). In
general, during long-term exposures to a marine environment, the
steel canisters are likely to suffer from chloride-induced stress
corrosion cracking (CISCC). Deteriorations in the canisters may
lead to a safety issue if radionuclides escape to the environment of
the dry storage site (Yeom et al, 2020). Mitigating CISCC is,
therefore, necessary to ensure safety and extend the canisters’
service lives.

To enhance the corrosion resistance of 304LSS, one proven
technique is to apply ceramic coatings such as titanium dioxide
(TiO,) together with ultraviolet (UV) illumination (Sathasivam
et al, 2022). Although the coating acts as an effective barrier by
reducing contact between the metal and the corrosive marine
environment, it requires high processing temperatures for
enhanced photocatalytic activity and surface adherence. However,
post-thermal treatment processes increase production costs and are
often incompatible with the structural alloys (Subasri and
Shinohara, 2004). To overcome these shortcomings, researchers
have explored low-temperature amorphous TiO, coatings with
activity ~ (Shinohara, 2001). An

amorphous TiO, coating may offer photo-cathodic protection on

enhanced photocatalytic

the coated metal only during UV illumination by generating excess
free electrons. Upon the switch off of UV illumination, the coating
would fail to protect the substrate metal due to the recombination of
the photogenerated electrons and the existing holes, which
eventually limits their industrial applications (Li et al, 2005).
Researchers have tried to overcome these problems, using
semiconductor coupling (Liu et al., 2014), metal doping (Momeni
and Motalebian, 2021), and non-metal doping (Li et al., 2010), but
most focused on improving photoelectric efficiency rather than on
charge storage and discharge capabilities of TiO,. In addition, these
technologies require complex experimental setups, rendering them
impractical for onsite industrial applications. For practical
applications, it is therefore necessary to develop an appropriate
TiO, nanocomposite system with charge storage capability at low
processing temperatures.

Rare Earth elements such as cerium and lanthanum are widely
used to improve the long-term corrosion resistance of the canisters’
structural material (Peng et al., 2018). Among the additives, cerium
nitrate salts are considered effective inhibitors due to their desired
properties, low cost, low toxicity, eco-friendliness, and availability
(Lietal., 2012). Also, cerium ions precipitate to form cerium oxides
or hydroxides that prohibit cathodic and anodic reactions in the
canisters’ defects (Yang and Cheng, 2017). Furthermore, cerium
oxides are chiefly used as alternative electrode material in
supercapacitors (Padmanathan and Selladurai, 2014). The redox
couple of the cerium oxide Ce**/Ce** improves the charge separation
of electrons and holes and suppresses their recombining with
electron trapping at Ce"* ions. Thus, the redox couple acts as an
electron storage pool, which indicates that cerium oxide is an
effective material for electron storage during the photo-cathodic
protection process. Even so, using cerium oxide as an energy storage
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FIGURE 1

Schematic representation of 2 layers of amorphous TiO,/Ce
doped TiO, coatings on a 304LSS substrate and the working principle
of photocathodic protection on the substrate under UV illumination.

material for photo-cathodic protection has thus far proved
unsuccessful. While researchers have investigated the use of CeO,
on the TiO, outer layer for the photo-cathodic protection of copper,
they have found that the prepared coating cannot trap and store the
photogenerated electrons in an aerated 0.3% NaCl solution (Subasri
and Shinohara, 2003).

The present study is the first to investigate the multilayered
CeO, doped TiO, coating with various concentrations of cerium
ions to provide sufficient photo-cathodic protection and electron
storage capacity in a 3.5% NaCl solution.

Open circuit potential and electrochemical polarization were
performed to evaluate the electrochemical properties of the coated
304LSS. The photo-cathodic protection performance for coated
304LSS in a NaCl solution was demonstrated in the presence and
absence of stimulated UV illumination. The present investigation
develops not only a novel photocatalytic coating but also lays the
foundation for a promising new field—long-term photo-cathodic
metal protection.

Figure 1 shows the working principle of the multilayered Ce-
doped TiO, coatings. The strategy behind applying a TiO, coating
over the photo cathodic protection of 304LSS is to supply excess
electrons under stimulated UV illumination, which results in a
higher negative electrode potential than the stainless steel’s
corrosion potential. However, due to the high recombination
kinetics of the charge carriers, this type of photocatalytic coating
retains its function only in the presence of UV illumination. By
developing a novel composite coating and incorporating another
semiconductor material to store the ample electrons generated by
the TiO, coating during UV illumination (which retains the
cathodic protection of the metal in dark conditions), we
circumvented the shortcomings of the plain TiO, coatings.

The proposed design of the multilayer TiO, coating consists of
an inner layer of cerium-doped TiO,, followed by two outer layers of
amorphous plain TiO, coatings. Cerium oxide is a well-known
n-type semiconductor candidate material with a band gap of
29eV and an appreciable reductive energy storage property
(Zhang et al., 2012). Although the cerium-doped TiO, was
fabricated as an inner layer that acts as an electron scavenger to
preserve the surplus electrons generated under simulated UV
the photocatalytic effect from this

illumination, layer is
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TABLE 1 Annealing treatment conditions for Ce doped TiO, and plain TiO, coatings over 304LSS.

Designated name

Coating layers

Temperature (°C) Annealing environment Flow rate (SCCM)

304LSS/1TO 304LSS/amorphous TiO, 200 Argon 176
304LSS/2TO-10-Ce 304LSS/amorphous TiO,/10% Ce-TiO, 200/200 Argon 176
304LSS/2TO-20-Ce 304LSS/amorphous TiO,/20% Ce-TiO, 200/200 Argon 176
304LSS/2TO-30-Ce 304LSS/amorphous TiO,/30% Ce-TiO, 200/200 Argon 176
304LSS/3TO-30-Ce 304LSS/amorphous TiO,/amorphous TiO,/30% Ce-TiO, = 200/200/200 Argon 176

TABLE 2 Annealing treatment conditions for Ce doped TiO, and plain TiO, coatings over ITO.

Temperature (°C)

Flow rate (SCCM)

Designated name

Coating layers

ITO (AM)/1TO ITO/amorphous TiO, 200

ITO/2TO-10-Ce ITO/amorphous TiO,/10% Ce-TiO, 200/200

Annealing environment
Argon 176

Argon 176

Potentiostat
GWCEWE RE

| gzgzg
eced| |

3.5 % Sodium chloride
solution

FIGURE 2

CE - Counter Electode (Platinum

coated Ti Mesh)

RE - Reference Electrode (Standard
Calomel Electrode)

WE - Working Electrode (Ti coated 304 SS)
GW - Ground Wire

Air - Air

hv

Schematic of a three electrode photoelectrochemical system with a potentiostat for polarization analyses.

insufficient to make the open circuit potential of 304LSS the more
active value for the metal’s effective protection. Hence it is necessary
to overlay this charge storage layer with several layers of the
amorphous TiO, coating. During UV illumination, these layers
act as free electron donors and serve as a barrier that inhibits the
stored electrons from escaping from the inner Ce-doped TiO, layers
once the UV illumination is turned off.

Cerium oxide has a multivalence state of +3 and +4 in which the
Ce*" ions undergo a partial reduction reaction and transit to Ce** via
the faradaic intercalation of cations that trap a portion of the
photogenerated electrons from the outer amorphous TiO,
coating under UV illumination. Moreover, compared to TiO,,
CeO, has superior electrical conductivity, which facilitates the
smooth charge transfer of the remaining photoelectrons from the
outer amorphous TiO, coating to reach the 304LSS substrate. This
results in a significant effective photo-cathodic protection of the
metal alloys. When the UV illumination is turned off, the reduced
Ce™ ions tend to re-oxidize into Ce*" by releasing stored electrons

Frontiers in Materials

through oxygen reduction reactions. The released electrons from the
metastable low-valence Ce’ ions retain the photo-cathodic
protection of the metal alloys even in the absence of UV
illumination. Furthermore, the overlaid two layers of amorphous
TiO, coating act as an effective barrier to prevent the transport of
stored electrons from the coatings and interacting directly with the
oxidizing species in the electrolyte medium. Eventually, the
electrochemical corrosion potential of the coated substrate
displayed a linear anodic shift rather than a fast recovery to the
aboriginal electrode potential once the UV illumination is turned
off. This modified Ce-doped multilayered TiO, coating exhibits
unique characteristics of electron storage and release (see Figure 1),
which may help to deliver effective photo-cathodic protection for an
extended period even in the absence of UV illumination. The
principal mechanism of electron trapping and releasing is as
follows (Tong et al., 2007):

Trapping: Ce*'e-——»Ce®*

Releasing: Ce’*——»Ce"e-
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FIGURE 3

UV-visible absorption spectra for plain TiO, and various
concentrations of Ce doped TiO; thin films on ITO glass.

2 Experimental
2.1 TiO, solgel preparation

The sol-gel synthesis process was used to prepare two types of
TiO, coating: a cerium-doped TiO, sol-gel and plain amorphous
TiO, prepared separately with different operating parameters. Sigma
Aldrich supplied the necessary reagents of analytical grade, which
were used without further purification.

2.1.1 Ce-doped TiO, sol-gel preparation

A Ce-doped TiO, sol-gel solution with different weight
percentages of cerium (10%, 20%, and 30%) was prepared using
titanium isopropoxide and cerium IIT) nitrate as precursors and
ethanol as the solvent. An appropriate concentration of cerium
nitrate was dissolved in 10 ml of ethanol to form a cerium nitrate
solution. The prepared solution was later added slowly to the
titanium isopropoxide solution with constant magnetic stirring at
0°C in an ice bath. The resultant yellowish-brown transparent
solution was aged and used as the Ce-doped TiO, precursor
solution.

2.1.2 Plain amorphous TiO, sol-gel preparation
The amorphous TiO, sol-gel solution for the photo cathodic
protection application consisted of a mixed composition of 7.5 g
of titanium tetra isopropoxide precursor (97%), 2.9g of
anhydrous ethanol, 1.8g (65%)
additional 8 g of ethanol. The ethanol solution was cooled for

of nitric acid, and an
24 h before the experiment. The first two reagents were mixed ata
constant stirring condition (80 rpm) in an ice bath for 10 min.
The latter was then added to the premixed solution to form a
homogeneous sol-gel solution. The solution temperature was
maintained at 0°C via the sol-gel synthesis process. The
resulting transparent sol-gel solution was aged and used as the
amorphous TiO, coating for the 304LSS/ITO substrate.
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FIGURE 4

XRD analysis results of the annealed TiO, coating and various
concentrations of Ce doped TiO, thin films on ITO glass.

2.2 Substrate sample preparation

Commercially available grades of ASTM 304LSS with a square
dimension of 2cm by 2cm by 0.5cm were used as a substrate
material. Before the coating process, these 304LSS plates were
mechanically polished with SiC emery paper (up to 600 grit) and
then degreased with acetone and distilled water in an ultrasonic bath
for 10 min. Subsequently, the 304LSS plates were dried and blown
with argon gas after cleaning. The precleaned samples were
immersed in various known concentrations of Ce-doped TiO,
and plain TiO, sol-gel solution via a commercial dip coating
machine. For each layer of coating, the samples were lowered
into the sol-gel solution for 1 min and then slowly withdrawn at
a regulated speed of 3 mm per min. The samples coated with
different concentrations of Ce-doped TiO, and plain amorphous
TiO, coatings were designated as 304LSS/1TO, 304LSS/2TO-10-Ce,
304LSS/2TO-20-Ce, 304LSS/2TO-30-Ce, 304LSS/3TO-20-Ce and
subjected to a thermal annealing treatment at the relatively low
temperature of 200°C for 1 h in an argon environment (see Table 1)
with a heating ramp rate fixed at 5°C/min for all treatments. A layer
of smooth, homogenous, high-quality adhesive coating was obtained
over each 304LSS sample after the annealing treatment. To
investigate the photocatalytic and charge storage properties of the
Ce-doped and plain TiO, coatings, ITO glass with the same
dimensions of 304LSS was used and coated in the same way as
that of the 304LSS samples for pertinent comparative studies (see
Table 2). The thermally treated specimens were staged in a
then used for the

desiccator and photo-electrochemical

measurements.

2.3 Analytical measurements of the coating
properties

The photo-absorption properties of the prepared TiO, and
Ce-doped TiO, coated samples were measured using an HP8453
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FIGURE 5

(A) Ti 2p XPS spectra of plain TiO, and 30% Ce doped TiO,
samples and (B) Ce 3days XPS spectra of 30% Ce doped TiO, samples.

(HP Germany) UV-visible spectrometer at a wavelength of
300-500 nm. Glancing angle X-ray diffraction (GAXD)
measurements were performed for TiO, and Ce-doped TiO,
samples at the end station of the TLS - 13A beamline of the
National Synchrotron Radiation Research Center Facility
(NSRRC), Taiwan. The samples were measured at a glancing
angle of 0.5° over a 2-theta range of 13°-24". Furthermore, the
chemical states of TiO, before and after Ce doping were
measured using X-ray photoelectron spectroscopy (XPS,
Ulvac- PHI 5000 Versa Probe II) with Al K, excitation source.
The surface morphologies of the prepared substrate samples were
observed using field emission scanning electron microscopy (FE-
SEM, JEOL JSM-6330F). In addition, the chemical composition
of the TiO,-coated and Ce-doped TiO, samples was analyzed
using an energy dispersion spectroscope (EDS, Oxford INCA300,
England) attached to the SEM. Both TiO, and Ce-doped TiO,
coatings were prepared over the 304LSS/ITO substrates using
dip-coating equipment (Sadhu design).
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2.4 Electrochemical analyses

A commercial potentiostat manufactured by Corrtest Instruments
was used to execute potential variation monitoring and electrochemical
polarization analyses due to the impact of UV illumination on the open
circuit potentials (OCPs) and corrosion current density of the
multilayered Ce doped TiO, coated 304LSS specimen. Briefly, to
simulate the ambient marine environment, electrochemical analyses
were conducted at room temperature in an electrolyte solution (3.5%
sodium chloride, NaCl) under aerated conditions with a pH of 7. The
operating parameters for the electrochemical polarization analysis were
set up in the potential window of 100mv lower and greater than the
obtained equilibrium potential vs. saturated calomel electrode from the
open circuit potential monitoring analysis. The potential increment or
decrement was set up at 15 mv/min. Figure 2 shows the setup
schematic  of the custom-made three-electrode  photo
electrochemical system in which the TiO, coated 304LSS acted as a
working electrode while the platinum-coated titanium mesh and
saturated calomel electrode served as the counter and reference
electrode, respectively. Additionally, the system was equipped with
a quartz glass window to allow the UV illumination to fall on the
304LSS sample. A 500 W Hamamatsu-made (LC8) mercury-xenon
lamp was used as an ideal spot UV light source to stimulate UV light
with an intensity of 4,300 mW/cm® and a wavelength of 254 nm.
Before the startup of each round of polarization analysis, all samples
were immersed in the electrolyte solution for 30 min to allow the
equilibrium potential to stabilize.

3 Results and discussion

3.1 Optical absorption properties of the TiO,
coatings

The UV visible absorption spectra of the various concentrations
of Ce-doped TiO, and plain TiO, coatings applied over the ITO
glass substrates were measured in the wavelength range of
300-500 nm, as shown in Figure 3. Linear extrapolation was
employed to determine the absorption onset wavelength of all
samples. The absorption spectrum of the plain amorphous TiO,
coatings shows strong absorption in the deep-UV region and was
cut off at the absorption edge at 325 nm, while all the Ce-doped TiO,
samples showed a progressive red shift of absorption edge with an
increase in the concentration of Ce from 10% to 30%. Among the
samples, the 30% Ce-doped TiO, exhibited the highest absorption
edge at 370 nm. The most significant factor attributed to the redshift
was the introduction of defect sites accompanying the Ce element in
the TiO, matrix, which can narrow the bandgap of TiO,(Luo et al.,
2015). The results indicate that doping Ce into the TiO, coating
significantly reduces band gap energy and effectively inhibits the
recombination of the photogenerated electron holes.

3.2 XRD analysis

To characterize the crystalline nature and structure of the TiO,
coatings under different concentrations of cerium, glancing angle
X-ray diffraction (GAXD) measurements were performed. Plain and
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FIGURE 6

SEM images and EDX analysis results of various Ce-doped TiO, coatings. (A) 10% Ce-TiO, (B) 20% Ce-TiO, (C) 30% Ce-TiO, and (D) 304LSS/3TO-

30-Ce (E) Cross section morphology of 304LSS/3TO-30-Ce.

Ce-doped samples coated over ITO substrates were annealed at
200°C for 1h. Figure 4, shows the GAXD pattern of the various
concentrations of the plain and Ce-doped TiO, samples plotted in
reciprocal space q (q = 47sin /1), where 6 and A represent the Bragg
angle and incident X-ray wavelength (1.03 A), respectively. It was
observed from these XRD results that plain and Ce-doped TiO,
samples showed no obvious diffraction peaks due either to cerium or
TiO,, except those originating from ITO substrates. Furthermore,
the GAXD results indicate that all samples annealed at 200°C
remained amorphous irrespective of doping concentrations.

3.3 X-ray photoelectron spectroscopy
analysis

To demonstrate variations in the samples’ chemical states,
XPS was carried out. XPS spectra of the plain TiO, samples

Frontiers in Materials

revealed the existence of elements such as Ti, O, and C; no other
impurities were found. Figure 5A, further represents the XPS
results of Ti 2p spectra for TiO, and 30% Ce-doped TiO, samples.
In the plain TiO, samples, the peaks at binding energies of
458.4 and 464.1 eV are attributed to Ti 2p;;, and Ti 2p;,,,
respectively. The splitting of Ti 2p doublet around 5.7 eV
indicates the presence of Ti*' in the TiO, samples, which is
consistent with other studies (Zhang et al., 2009; Zhu et al., 2017).
After doping 30% of Ce into the TiO, samples, a shift of about
0.1 eV towards higher binding energy was observed. In addition,
Ce 3days XPS spectra as shown in Figure 5B, further confirm the
presence of Ce in the 30% doped samples. The existence of
multiple peaks around 880-905eV may be due to the
coexistence of Ce®" and Ce*" oxidation states in the Ce-doped
TiO, coating, suggesting that the sample surfaces are not fully
oxidized and some oxygen vacancies in the samples might exist
(Zhang et al., 2009; Zhang et al., 2012).

frontiersin.org


https://www.frontiersin.org/journals/materials
https://www.frontiersin.org
https://doi.org/10.3389/fmats.2023.1129886

Sathasivam et al.

0.0 . : : .
—a—TiO, (AM)/ITO
= UV ON
oA T |—e—2T0-10-Ce /ITO
0.2-
w
2-0.3-
>
0.4
0.5
0.6 . : : :
0 5 10 15 20 25
Time(h)
FIGURE 7

OCP responses of TiO, (AM)/ITO and ITO/2TO-10-Ce in the
designated electrolyte solution to the absence and presence of UV
illumination

The shift of binding energy towards higher values for 30% Ce-
doped TiO, samples in comparison with plain TiO, might
account for the surface enrichment of the ceria leading to
intermixing or the charge transfer between Ti and Ce atoms
(Luo et al., 2015).

3.4 Surface analysis

The morphology and surface nature of the various layers of
Ce-doped TiO, coatings with different Ce contents on the 304LSS
substrate were analyzed by SEM, and the results are shown in
Figure 6. As expected, every sample with the Ce-doped TiO,
coating shows an excellent sealable and crack-free intact film
covering the sample surface, which is consistent with previous
results (Li et al., 2012). It is believed that the addition of cerium
ions to the TiO, coating restrains crystal growth and contributes
to a balance between compactness and chemical stability. Among
the Ce-doped TiO, coatings, the one with 30% cerium showed a
more homogeneous and denser distribution of cerium ions over
the surface, and the corresponding EDX result reveals that the
prepared coating consisted of Ti, O, and Ce elements with an
atomic percent of 11.5%, 2.5%, and 2.5%, respectively. To further
improve the stability and corrosion resistance of the 30% Ce-
doped TiO, coating in the solution containing chloride ions,
additional layers of plain amorphous TiO, were fabricated over
it. Figure 6D shows the surface morphology of the 304LSS/3TO-
30-Ce The TiO,
aforementioned sample was continuous and densely
distributed on the outer surface of the Ce-doped TiO, coating.
The cross section morphology and coating thickness of the
304LSS/3TO-30-Ce was determined using focused ion beam
(FIB) analysis. The results showed that the thickness of the Ce
doped TiO, coating was 442 nm and that of the amorphous TiO,

sample substrate. coverage on the

coating was around 355 nm.
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(A) OCP responses of 304LSS/1TO, 304LSS/2TO-10-Ce, 304LSS/
2TO-20-Ce, 304LSS/2TO-30-Ce in the designated electrolyte
solutions to the absence and presence of UV illumination and (B) OCP
responses of 304LSS/2TO-30-Ce, 304LSS/3TO-30-Ce in the
designated electrolyte solutions to the absence and presence of UV
illumination for two cycles.

3.5 Photo-electrochemical responses of
TiO,-coated samples to stimulated UV
illumination

The photo-cathodic protection properties of the Ce-doped TiO,
and plain amorphous TiO, coatings were investigated by OCP
measurements in the designated electrolyte solution of 3.5% NaCl
for ITO and the 304LSS substrates.

3.5.1 Variations in OCP responses of ITO substrates
coated with Ce-doped TiO, and plain TiO, coating

Before experimenting on the 304LSS substrates, we evaluated the
influence of the cerium ions on the charge storage of the
photogenerated electrons from the plain amorphous TiO,
coatings to the cerium-doped TiO, coatings. Figure 7 compares
the OCP responses of the ITO/1TO and ITO/2TO-10-Ce samples as
a function of time under dark and UV-illuminated conditions.
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Polarization curves of the uncoated 304LSS sample, 304LSS/1TO

and the 304LSS/3TO-30-Ce sample (A), and polarization curves of the
304LSS/3TO-30-Ce sample prior to UV illumination, with UV
illumination, and 1 h, 12 h and 24 h after cutoff of UV (B).

TABLE 3 Electrochemical polarization parameters and conditions.

Condition Synonyms

Electrochemical potential under stable equilibrium condition Dark 1
before UV irradiation

Electrochemical potential during UV irradiation for 1 h Light
Electrochemical potential after 1 h of UV irradiation off Dark 2
Electrochemical potential after 12 h of UV irradiation off Dark 3
Electrochemical potential after 24 h of UV irradiation off Dark 4

Before starting UV illumination, the OCP of the two samples were
stabilized near —0.1 Vgcg, After beginning UV illumination, we
observed that the OCPs of both samples showed a remarkable
negative shift to more active values of electrochemical potential,
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exhibiting an n-type photocatalytic effect due to the generation of
photoelectrons from the TiO, coatings. It was found that while the
sample ITO (AM)/1TO tends to sustain a more stable OCP value
at —0.52 Vg, once the UV illumination is turned off, the OCP
values returned quickly to their original value before UV
illumination since the free electrons started to recombine with
their charge carriers. This result indicates that the plain TiO,
coating exhibited excellent photocatalytic activity in generating
free electrons. However, the TiO, coatings stopped offering
corrosion protection during dark conditions due to their inability
to trap and store the generated free electrons under UV illumination
(Sathasivam et al., 2022). Nevertheless, the sample ITO/2TO-10-Ce
gave results that contrasted with those of the ITO/1TO. It is
anticipated that the introduction of a Ce-doped TiO, coating
underneath the plain amorphous TiO, coating may serve as an
electron storage pool for the excess photogenerated electrons from
the TiO, coating. As shown in Figure 7, the OCP of ITO/2TO-10-Ce
stabilized around —0.47 Vgcg, which is slightly less than that of the
sample ITO/1TO under UV illumination. It should be noted that
incorporating cerium into the TiO, coating, even in trace amounts,
negatively impacted the photocatalytic activity of the TiO, coating.
Furthermore, after illuminating the coating for 1 h, it was observed
that the OCP of the ITO/2TO-10-Ce sample exhibited a slow
recovery in the electrode potential on stopping the UV
illumination. This indicates that the Ce-doped TiO, coating
contained the redox couple Ce*"/Ce’*, in which Ce*" ions serve
as a trap for the photogenerated electrons and are reduced to Ce’*
ions under UV illumination. The electrons captured by Ce*" are
released slowly, to return to Ce*" ions in the absence of UV
illumination (Yang and Cheng, 2017). Moreover, the space
charge layer of the amorphous TiO, coating is thicker, rendering
it more difficult for the stored electrons to escape from the Ce-doped
TiO, coating in the absence of UV illumination. The results show
that this specifically developed multilayered Ce-doped TiO, coating
pattern possesses a unique charge storage property that helps to
retain the photo cathodic protection effect even without UV
illumination and maintains a noble electrode potential for more
than 24 h under aerated conditions.

While the concentration of the Ce dopant in the TiO, played a
crucial role in the efficient charge storage property, increasing its
concentration over a certain amount favored the recombination of
the charge carrier, resulting in a decline in the photocatalytic effect
of the TiO, coatings. Therefore, a critical concentration limit of the
Ce dopant must be maintained to achieve maximum efficiency of the
photocathodic protection of the 304LSS in the absence of UV
illumination (Subasri et al., 2010).

3.5.2 Variations in OCP responses of 304LSS
substrates coated with Ce-doped TiO, and plain
TiO, coating

The time evolution of the OCP variation of the samples with
different concentrations of the cerium-doped TiO, coating on
304LSS and designated as 304LSS/2TO-10-Ce, 304LSS/2TO-20-
Ce, 304LSS/2TO-30-Ce under the presence and absence of UV
illumination are illustrated in Figure 8A. Before initiating UV
illumination, all of the samples showed a stable OCP around
0 Vscg, which is slightly higher than the OCP of the bare 304LSS
(shown as a dotted line in Figure 8A). It was observed that, as a result
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of the sudden generation of charge carriers from the overlaid
amorphous TiO, coating, the OCPs of all samples had an abrupt
cathodic shift after UV illumination to the more active values than
the bare 304LSS. For 304LSS/1TO, the decrease in OCP upon UV
illumination is distinctly less than those of the other samples.
Among the Ce doped TiO, samples, the OCP of 304LSS/2TO-
30-Ce showed a minimum active potential of —0.29 Vscg than the
other two. This is due to the higher concentrations of cerium in the
TiO, coating generating more photogenerated electrons, which were
stored in the Ce-doped layer and resulted in the decline of the
potential reduction. However, the OCP of 304LSS/2TO-30-Ce rose
at a slow rate to the initial potential once the UV illumination was
turned off. The overlaid amorphous TiO, coating caused this slow
recovery, taking almost 12 h to reach the OCP value of the bare
304LSS and due in part to the suppression of the oxygen reduction
reaction (Huang et al., 1998). Further, the addition of one more layer
of amorphous TiO, coating in the sample 304LSS/2TO-30-Ce
seemed to enhance the photocatalytic effect and resulted in a
higher negative potential, which in turn promoted the OCP
recovery time to more than 24 h once the UV illumination was
turned off. The time evolution of the OCP variation experiments was
investigated for several cycles over the 304LSS/2TO-30-Ce 304LSS/
3TO-30-Ce specimens and the results showed good durability in the
photoelectrochemical characteristics of the coatings (see Figure 8B).

3.6 Corrosion rates of TiO,-coated samples

Electrochemical polarization analysis was conducted to
investigate the corrosion resistance of a various layers of TiO,
coated and uncoated 304LSS sample exposed to an aerated 3.5%
sodium chloride electrolyte solution in the absence of UV illumination
(see Figure 9A). Before each round of polarization analysis, an
electrolyte solution was thoroughly purged with air for 20 min.
The sample was then immersed in the solution for 3h until a
stabilized equilibrium was reached. The results showed that the
electrochemical corrosion potential (ECP) of the TiO, coated
samples were much higher than that of the uncoated 304LSS
sample. The corrosion current density of the uncoated sample was
3.02 x 107* A/cm’ In the meantime the 304LSS/1TO sample with only
one layer of amorphous TiO, coating exhibited a lower anodic current
density than the bare one, even in the absence of UV illumination.
However, the 304LSS/3TO-30-Ce sample had a significantly higher
anodic current density of 1.70 x 10~° A/cm? During the polarization
analysis the potential scanning direction of the current from the active
potential to the noble side led to initiation of Ce’" oxidation to Ce**,
which resulted in the higher anodic current density for the 304LSS/
3TO-30-Ce sample, consistent with what was observed in a previous
study (Sonar et al., 2022).

Figure 9B shows the samples’ comparative polarization curves
under different conditions in the absence and presence of UV
illumination. Table 3 summarizes the test conditions. In the
presence of UV illumination, photocatalytic reactions occurred at
the surface of the sample, showing a noticeable cathodic shift in
electrochemical corrosion potential. This was more active than in
the uncoated sample, signifying an accumulation of photogenerated
electrons. Accordingly, the corresponding corrosion current density
was significantly lowered to 7.15 x 107> A/cm®. It should be noted
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that the increase in the anodic current density can be ascribed to the
release of the photogenerated electrons from the space charge layer.
For the same sample discussed in the preceding section, the ECP
change was in good agreement with the OCP variation. To estimate
the time-dependent variation in the electrochemical corrosion
potential concerning the samples’ corresponding corrosion
current density, polarization analyses were conducted at 1h,
12h, and 24h after UV illumination was turned off. The
sample’s ECP shows a notable increase in potential after 1h,
which further increased after 10 h and 24 h. This was consistent
with the sample’s OCP variations discussed in the previous section.
The samples’ respective corrosion densities were estimated to be
around 6.10 x 107" A/cm? after 1 h, and 2.47 x 10~ A/cm?, 1.06 x
107* A/cm? after 12 h and 24 h respectively. This outcome indicates
that the coated sample’s corrosion current density could last one
order of magnitude less than that of the uncoated sample, even after
24 h in the absence of UV. This suggests the retention of cathodic
protection of the metal alloy by using a specifically designed

multilayered TiO, coating.

4 Conclusion

A multilayered Ce-doped TiO, coating with charge capability was
fabricated over 304LSS using a sol-gel process combined with annealing
at low temperatures. Coupled with UV illumination, this technique
could be used as a corrosion mitigation measure for structural materials
used in dry storage canisters near offshore platforms in the presence of
chloride ions. These specialized TiO, coatings produced a greater
photocatalytic effect on 304LSS, resulting in a lowering of the
electrochemical potential as well as the corrosion current density in
a corrosive medium of 3.5% NaCl solution. This indicates that Ce-
doped TiO, coatings have a charge storage capability that offers
extended photo-cathodic protection for the metal alloy for more
than 24 h even after UV illumination was turned off.
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