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ABSTRACT

Organic contaminants and corrosion in water treatment effluents are a current global problem and the development of
effective methods to facilitate the removal of organic contaminants and corrosion control strategies are required to
mitigate this problem. TiO, nanomaterials that are exposed to UV light can generate electron-hole pairs, which undergo
redox reactions to produce hydroxyl radicals from adsorbed molecular oxygen. They hydroxyl radicals are able to
oxidize organic contaminants in water. This same process can be used in conjunction to protect metals from corrosion
via cathodic polarization. In this work, TiO, nanomaterials were synthesized and electrophoretically deposited on
conductive substrates to serve as films or membranes. An illuminated TiO, film on a conductive surface served as the
photoanode and assisted in the cathodic protection of stainless steel (SS304) and the degradation of organic pollutants, in
this case glucose. This proof-of-concept relied on photoelectrochemical experiments conducted using a potentiostat and
a xenon lamp illumination source. The open-circuit potential changes that determine whether a metal is protected from
corrosion under illumination was observed; and the electrical characteristics of the TiO, film or membrane under dark
and arc lamp illumination conditions were also analyzed. Furthermore, the effect of organic contaminants on the
photocathodic protection mechanism and the oxidation of glucose during this process were explored.
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1. INTRODUCTION

Stainless steel is an important material in industrial applications due to its excellent corrosion resistance. They are widely
used as materials of construction and a protective passive film layer forms spontaneously on the surface of the metal
giving it good corrosion resistance; however passive film breakdown and localized corrosion in chloride-containing
aqueous environments is a concern. Various surface treatments and coatings have been used to improve the corrosion
resistance of stainless steels and other metals by providing a physical barrier between the environment and the metal
surface [1]. However, these coatings can be easily scratched so cathodic protection systems are often used.

Cathodic protection is used to supply metal to be protected with electrons to shift its potential to a region where it is
immune based on the Pourbaix diagram of the metal. The source of electrons could be supplied via sacrificial anode or
impressed current using an external power supply. Sacrificial anodes, such as Mg and Zn, have a greater negative
reduction potential compared to the metal being protected causing the anode to be consumed and replaced periodically
[2]. The photocathodic protection method is a solution to replace sacrificial anodes with a semiconductor photoanode
that generates photo-electrons under illumination. TiO, photoanodes that are connected to metals can drastically shift to
negative potentials under illumination and such approach is effective to protect the cathode [3]. However, a plain TiO,
coating usually suffers from charge recombination problems and is non-active under visible light illumination and in the
dark.
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The photoresponse of TiO, can be vastly improved. Many efforts have been made to enhance the performance of TiO,
under UV and visible light illumination. It has been shown that metal nanoparticles (NPs), such as gold (Au), silver (Ag),
platinum (Pt), and palladium (Pd), can be embedded in TiO, and enhance the photocatalytic activity of TiO, in visible
light [4-7]. Ag NPs is often used because of its use in various applications and is cheaper alternative than noble metal
elements [8]; however Ag is chemically reactive and will form a passivating oxide layer [9], but can be coated with a
thin, transparent passive layer material (i.e. Si0,) to prevent oxidation.

In this work, Ag@SiO,-TiO, (AST) nanoparticles were mixed into a commercial TiO, powder and electrophoretic
deposited on fluoride tin oxide (FTO) conductive glass substrates to serve as photoanodes. The morphology and
elemental map of the composite thin films were characterized and the effects of AST on the photoelectrochemical (PEC)
properties were examined. An illuminated photoanode assisted in the cathodic protection of SS304 and degradation of
glucose.

2. MATERIALS AND METHODS

2.1 Materials

Fluoride tin oxide coated glass (FTO, surface resistivity, 15 ohm cm™), iodine, and acetylacetone was purchased for
Sigma-Aldrich. Ti metal sheet (grade 2) was purchased at McMaster Carr.

2.2 Sample Preparation

2.2.1 Preparation of photoanodes

1% Ag@SiO,-TiO,/P25 composites (AST-P25) were made by mixing 990 mg of P25 and 10 mg of synthesized
Ag@Si0,-TiO, nanoparticles [10] in a 20 mL scintillation vial. 10 mL of ethanol was pipetted into the vial and the
mixture was sonicated for 30 min. The AST-P25 solution was then placed in a beaker containing an electrophoretic
solution mixture (140 mL ethanol, 100 mL methanol, 4 mL acetylacetone, 2 mL water, and 27 mg iodine). An
electrophoretic setup was used to deposit the charged particles in the electrophoretic solution mixture. FTO glass was
used as the cathode and Ti metal sheet (grade 2) was used as the anode. A DC power supply was used to supply a
constant voltage of 30 V for 20 s. An average of 4.0 mg +/- 0.2 mg of the AST-P25 was deposited onto the FTO
substrates. The FTO substrates were heat treated at 450°C to improve adhesion of the particles and remove organic
1mpurities.

2.2.2 Preparation of SS304 working electrodes

SS304 sheet metal was cut into 9x9 mm squares using a hydraulic shear. The samples were progressively ground with
600, 800, and 1200 fine grit silicon carbide paper then polished for a mirror-like finish on a polishing pad using 1 pm
diamond spray under 250 rpm rotation. Cleaned SS304 samples were placed in a working electrode cell when required to
be used in PEC studies.

2.3 Material Characterization

The morphology of the as-synthesized samples was evaluated using a ZEISS LEO 1550 FE-SEM at an accelerating
voltage of 10 kV. HRTEM observation was conducted using a JEOL 2010F at the Canadian Centre for Electron
Microscopy (Hamilton, Ontario, Canada). The TEM samples were prepared by suspending TiO, nanomaterials in
ethanol and drip casting the solution onto lacey carbon grids. The images were processed using Gatan Microscopy Suite:
Digital Micrograph™ (Ver. 2.11.1404.0) and/or ImageJ. EDS maps were collected for AST nanoparticles and the Ag, Si,
and Ti locations were superimposed on one image.

2.4 Photoelectrochemical Tests
Two PEC setups were used for the (i) PEC properties of photoanodes and (ii) corrosion performance of SS304 using
photoanode assisted cathodic protection. For both setups, a xenon solar simulator (Newport, Research Solar Simulator)

and a Gamry Potentiostat (Series 300) were used. All potentials were reported with respect to the saturated calomel
electrode (Vscg) or Ag-AgCl (Vagaecr). The photocurrent density tests were conducted at a constant potential of -0.3 V
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vs. Ag-AgCl to determine the photocurrent properties of the photoanodes. The corrosion performance of SS304 using
photoanodes was determined using a galvanic cell consisting of a photoanode cell (PAC) and a corrosion cell (CC), as
seen in Fig. 1. The AST-P25 in the PAC is connected with the stainless steel (SS304) in the CC. A salt bridge containing
1 M KCl is connected between the cells. The CC consists of SS304 working electrode, Pt counter electrode, and SCE as
reference in 0.5 M NaCl. The PAC consists of FTO glass with TiO, in 0.2 M KOH + hole scavenger solution. The PEC
setup was used to evaluate the open circuit potential (OCP) for 10 hours under intermittent and continuous illumination.
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Figure 1: Schematic diagram of an electrochemical cell containing two compartments: (i) photoanode cell and (ii)
corrosion cell.

3. RESULTS AND DISCUSSIONS
3.1 Materials Analysis

TEM images of as synthesized Ag@SiO,-TiO, (AST) compounds and an SEM image of AST-P25 composite are shown
in Fig. 2 and Fig. 3, respectively. The Ag nanoparticles developed using the polyol method are on average 60 nm as
shown in Fig 2a. There is a thin layer of SiO, and TiO, around 10-15 nm Fig. 2b). The existence of Si (red) and Ti
(green) elements in the superimposed STEM-EDX images (Fig. 2d) shows that there is evidence of a SiO,-TiO, shell
layer. The AST compound was mixed in P25 via sonication in ethanol solution. The resulting SEM image is shown in
Fig. 3 where the P25 and AST nanoparticles are clustered together after mixing.

Figure 2: Images of as-synthesized AST nanoparticles in (a) conventional TEM, (b) HRTEM, (c) STEM, and (d) superimposed
STEM-EDX (blue — Ag, red — Si, green — Ti)
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Figure 3: SEM image of AST-P25 composite

3.3 Photoelectrochemical Properties of AST-P25 Electrodes

3.3.1 Photocurrent densities under unfiltered and filtered lamp illumination

In Fig.4, the photocurrent density under unfiltered and filtered intermittent illumination was measured on P25 and AST-
P25 electrodes. The photocurrent density of P25 and AST-P25 is 41 um cm™ and 84 um cm™, respectively. Under
filtered light, the photocurrent density of AST-P25 is 28 times the photocurrent density of P25. The use of Ag in TiO,
improves the photocatalytic efficiency of TiO, under visible light due to the surface plasmons in Ag NPs [11].
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Figure 4: Photocurrent density tests using P25 and AST-P25 electrodes under (a) xenon lamp illumination and (b) filtered (400 nm
cutoff filter) xenon lamp illumination in 1 M KOH solution.

3.3.2 Photocurrent densities as a function of glucose concentration

Glucose is used as a hole scavenger to reduce the recombination of the redox reaction. The photocurrent densities vs.
glucose concentration curve obey Langmuir kinetics (Fig. 5). At lower concentrations, the process was limited by mass
transfer. At higher concentrations, the photocurrent densities level off and the reaction rate was limited to interfacial

reactions. The maximum photocurrent density is 620 A em™ (50 mM glucose), 7.2 times the photocurrent density of 1
M KOH solution.
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Figure 5: (a) Photocurrent density of AST-P25 electrodes in 1 M KOH electrolyte + glucose under intermittent illumination; (b)
Photocurrent density as a function of glucose concentration in solution

3.3.3 Cathodic Protection of SS304 using AST-P25 Photoanodes — Open Circuit Potential

Glucose will oxidize into intermediate compounds under the TiO,/UV advanced oxidation processes. The effect of
glucose on the photocathode protection of SS304 is shown in Fig. 6 The PEC setup was used to evaluate the open circuit
potential (OCP) and cyclic potentiodynamic polarization tests. The OCP test was carried out under open circuit (no
current) mode for 10 hours under intermittent light and continuous illumination. Cyclic potentiodynamic polarization
tests were conducted from -0.8 Vgcg to 0.8 Vgcp with a maximum current density of 20 mA cm?, in which polarization
will reverse above this value. The test was performed at a scan rate of 0.167 mV s™.

The OCP shifts to more negative values and the magnitude of the shift is greater with the addition of glucose. Under
intermittent light conditions and the addition of glucose, the SS304 is initially at an OCP of -0.25 V¢ in the dark; when
light is applied, there is an 7} of -0.73 V that decreases the coupled potential to -0.98 Vgcg. When light is removed, the
potential of the coupled electrodes increases to -0.51 Vgcg; this suggests that SS304 is still partially protected from
anodic reactions. The dark potential eventually decays to equilibrium, if the test was to be prolonged under dark
conditions. After several intermittent light cycles, the 7} decreases in each cycle demonstrating that glucose is oxidized
into less efficient hole scavengers.
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Figure 6: SS304 electrode coupled with an AST-P25 photoanode under intermittent light conditions using an electrolyte couple
containing 0.5 M NaCl (corrosion cell) /1 M KCI (electrolyte bridge)/ 0.2 M KOH + 25 mM glucose (photoanode cell)
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4. CONCLUSIONS

A PEC system employing TiO, photoanodes helped prevent steel corrosion by supplying photogenerated electrons to the
SS304 cathode, while simultaneously oxidizing and converting the organic contaminant used. Conventional cathodic
protection requires periodic replacement of sacrificial anodes or requires a constant supply of external power. A solar
operated photocatalytic water treatment system alone, while possibly feasible in small-scale applications, is costly;
adding corrosion protection functionality via cathodic polarization may make it justifiable to use. This proposed system
is may consist of a flow-through photocatalytic reactor cell that degrades organic contaminants, while producing photo-
electrons that can be used for the cathodic protection of steel structures.
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