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Abstract: Photocathodic protection (PCP) technology has gained wide attention in the field of
corrosion due to its green, environmentally friendly, and sustainable characteristics, and has become
a protection technology with broad development prospects in the future marine environment. By
investigating recent research results, the mainstream photoanode materials are TiOp, BiVOy, g-C3Ny,
Zn0, Iny O3, SrTiO3 and other materials. Among them, TiO; is an ideal photoanode material for PCP
because of its efficient photochemical corrosion resistance, remarkable reaction stability, and excellent
photoelectric properties. However, TiO, itself has more drawbacks, such as limited utilization of
visible light and low photogenerated electron-hole separation efficiency. These defects limit the
wide application of TiO, in PCP. Through modification methods, the reaction efficiency can be
substantially improved and the availability of TiO, can be increased. This paper lists the research
progress of modifying TiO, materials using metal and non-metal doping modification, semiconductor
compounding technology, and energy storage materials for application in PCP, and introduces
several new types of photoanode materials. This paper suggests new ideas for the design of more
efficient photoanodes.

Keywords: photocathodic protection; corrosion; TiO,; stainless steel; carbon steel

1. Introduction

As the marine economy continues to thrive, there is a growing annual demand for
metals owing to their affordability and reliability. In contrast, metal corrosion presents a
significant challenge in the metal industry and related products, especially in marine and
other saline environments [1,2]. Various anti-corrosion approaches have been suggested,
encompassing corrosion inhibitors [3], anticorrosion coatings [4], and electrochemical
protection [5]. Notably, photo-electro-chemical cathodic protection (PCP) has garnered
growing interest due to its environmentally sustainable and energy-saving benefits. Solar-
driven anti-corrosion technology (PCP) has become a prominent research area of marine
metal protection [6].

The principle of the PCP technique is shown in Figure 1. There are two forms of
PCP technology in application. One is to coat the semiconductor on the exterior of the
safeguarded metal [7], and the other is to connect the semiconductor material to the
protected metal as a photoanode [8-10]. Under solar light irradiation, when the energy
provided by the natural light (hv) is larger than the forbidden bandwidth of the photoanode,
the electrons situated in the valence band (VB) will absorb the energy from photons
and undergo excitation to jump to the conduction band (CB), producing photogenerated
electrons (e”) and photogenerated holes (h*). At this time, under the influence of the
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space electric field, photogenerated holes migrate to the semiconductor surface, and the
oxidation reaction occurs with the electron donor OH™ or H,O in the solution. Parts of the
photogenerated electrons are compounded with the holes and parts of the electrons are
transferred to the metal to which they are connected. In this process, the semiconductor is
used as a photoanode that can generate photogenerated electrons and the photogenerated
electrons are moved onto the coupling metal so that the metal surface potential decreases,
thereby effectively inhibiting metal corrosion.
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Figure 1. Schematic diagram of PCP technology. (a) form one; (b) form two.

2. PCP Properties of TiO,-Based Photoelectrodes

TiO, nanomaterials are often used as photoanode materials for PCP because of their
outstanding photoelectric characteristics and remarkable stability, but there are still many
critical defects to be overcome for their pFractical applications. Firstly, the forbidden
bandwidth (~3.2 eV) of TiO, is too wide, resulting in low utilization of visible light, and
it can only respond to ultraviolet (UV) light at a wavelength of A < 387 nm. In addition,
the photogenerated carriers in pure TiO, are easily compounded, which prevents them
from providing PCP for metals in dark conditions [11]. For this reason, TiO; has been
modified to broaden its capacity to absorb light into the visible spectrum. The structure of
the semiconductor is modulated to inhibit the photogenerated electron-hole complexation,
thus, improving the electron utilization. Li et al. [12] tuned the ratio of TiO; crystal surface
on the F-doped Tin Oxide (FTO) substrate by changing the growth angle and a meshed TiO,
film exhibiting superior photoelectric conversion efficiency was achieved. The orientation
of the FTO concerning the lower surface was modified using a fixture, as illustrated in
Figure 2. All TiO; films grown at different angles exhibited a plate-like morphology,
each with a thickness ranging from 50 to 100 nm. TiO,-60° exhibits the best photovoltaic
conversion efficiency due to the exposed area of the TiO; (101) crystal surface.

The current modifications of TiO, include metal element doping, non-metallic element
doping, semiconductor composite, and shape control. These modified TiO, methods
are expected to improve the utilization of TiO, for solar energy, photo-generated carrier
separation efficiency, and continuous protection in the dark state, thus, providing new
ideas and methods for the application of modified composites in the field of PCP.

2.1. Metal and Non-Metal Doping Modification

Metal and non-metal doping modification is one of the hot spots in TiO, modifica-
tion research. Metal (e.g., Fe, Ni, Cr, W) doping causes TiO, to interact with metal ions
under high temperature treatment, thus, changing the semiconductor lattice and extend-
ing the wavelength range of visible light absorption by TiO,. Liu et al. [13] prepared
Fe-doped TiO; films. Under white light irradiation, the photo-electro-chemical properties
of Fe-doped TiO, films were significantly enhanced compared with those of TiO; films.
Eshaghzadeh et al. [14] doped TiO, with Fe and Cr and found that the Fe and Cr co-doping
inhibited the recombination of charge carriers in TiO,. Sun et al. [15] prepared Ni-doped
TiO, photoanodes, and found that the Ni doping extended the edge of the absorption band
of TiO, to the visible range (420-520 nm). This is mainly attributed to the substitution
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of Ti** lattice sites by Ni, which leads to the formation of oxygen vacancies and, thus,
improves the photo-generated electron transfer rate. Momeni et al. [16] have employed a
one-step anodic oxidation method to simultaneously incorporate different proportions of
tungsten and iron into TiO, nanotubes for PCP of metals. The experimental results indicate
that the Ti, O, W, and Fe elements have been uniformly distributed on the surfaces of the
samples. The tungsten-iron-doped TiO, nanotubes effectively protect 403 stainless steel
(SS) from corrosion. Under visible light irradiation, the tungsten-iron-TiO, samples with
equal proportions of tungsten and iron exhibit the best photo-electro-chemical corrosion
protection performance for SS. Momeni et al. [17] used a single-step anodic oxidation
method to modulate the ratio of W-Cr by changing the electrolyte composition. Compared
with pure TiO,, the co-doping of W—Cr can stimulate more electron generation and have a
certain inhibition effect on the recombination of TiO; carriers, resulting in a greater current
density after co-doping, as well as a great reduction of the corrosion potential of 403 SS,
which indicate the improvement of the PCP performance of TiO, by W-Cr co-doping.
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Figure 2. (a) Schematic of TiO, nanotubes, (b—f) SEM photographs, and (g) photocurrent-time curves
(0°, 60°,90°,120°, and 180° from left to right, respectively) [12].

The principle of TiO, doping by non-metals (N, B, S, C, etc.) is based on the hy-
bridization of the 2p-orbitals of O in TiO, with the p-orbitals of non-metals. This leads
to a shift in the valence band of TiO,, a decrease in the forbidden band width, and an
increase in the utilization efficiency of light. Li et al. [18] prepared N-doped nanoflowering
TiO; films. The absorption edge of the N-doped TiO, film obtained through hydrothermal
treatment for 12 h appeared around 650 nm, with the corresponding bandwidth estimated
to be 1.91 eV, significantly smaller than that of pure TiO,. Fe, Cu, and N co-doped TiO,
nanopowders have high photo-catalytic activity under visible light [19]. Zhou et al. [20]
prepared carbon quantum dot-modified anatase/rutile TiO, photoanodes. Compared with
pure TiO,, the charge separation efficiency and surface charge injection efficiency of the
modified TiO, photoanodes were greatly improved. Among them, the carbon quantum
dots played a role in improving the oxygen precipitation reaction kinetics of TiO; as well
as broadening the visible light absorption range of TiO,. Lei et al. [21] reported that N
and F co-doped TiO, thin films can negatively shift the potential of 304 SS from 55 mV
to —460 mV, which improves the PCP effect of TiO,. Arman et al. [22] prepared S-doped
TiO; thin films. The best performance of TiO; thin films was obtained at 10% S doping
concentration and 450 °C roasting temperature. This is due to the fact that sulfur ions are
incorporated into the internal lattice of TiO,, and the photo-electric conversion performance
of TiO; films is significantly improved. Momeni et al. [23] successfully prepared B/TiO,
nanotubes with different boron contents using a one-step anodic oxidation method and
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evaluated the photo-electro-chemical protection effect of the prepared B/TiO, composite
on 403 SS. The results showed that B doping boosted the photo-catalytic activity of TiO,
under visible light exposure, as well as the photo = electro-chemical protection effect on
403 SS. Momeni et al. [24] found that the co-doping of W-Cr can stimulate more electron
generation and have a certain inhibition effect on the recombination of TiO, carriers, result-
ing in a greater current density after co-doping, as well as a great reduction of the corrosion
potential of 403 SS. Table 1 shows the photo-electro-chemical protection performance of
different metal and non-metal doped TiO, materials.

Table 1. Comparison of PCP performances of different metal and non-metal doped TiO, materials.

Doped Metal/Non-Metal Metal Light Source Potential Drop/mV Reference
Fe 304 SS White light 270 [13]
Ni 304 SS Visible light 550 [15]
W-Fe 403 SS Visible light 370 [16]
W-Cr 403 SS Visible light 400 [17]
N 304 SS Visible light 270 [18]
N-F 304 SS Visible light 250/450 [21]
S 304 SS Visible light 225 [22]
B 403 SS Visible light 395 [23]
Fe-N-S 403 SS White light 413 [24]

2.2. Semiconductor Compounding Technology

The combination of narrow bandgap semiconductors with TiO; leads to overlapping
energy levels due to the difference in band structure and bandgap width between the
two semiconductors, resulting in a decrease in the recombination rate of electron-hole
pairs in TiO,. Table 2 shows the PCP performances of some semiconductor composite
TiO, materials. Zhang et al. [25] successfully synthesized SnO,/TiO, nanorod composite
films with enhanced PCP performance and electron storage capacity through hydrother-
mal treatment and electro-deposition. Compared to pure TiO, nanorod films, SnO; /TiO,
nanorod composite films exhibit excellent photoresponse capability and photo-electro-
chemical efficiency. By depositing SnO, nanoparticles, the photocurrent density of this
composite film is nearly three times higher than that of pure TiO; nanorods. Compared to
the original TiO, nanorod film, the SnO, /TiO, nanorod film shows outstanding cathodic
protection performance on 304 SS in a 0.5 mol/L NaCl solution under white light illumina-
tion. Furthermore, the SnO, /TiO; nanorod film can achieve delayed protection even after
light is turned off due to the electron storage characteristics of SnO,. Guan et al. [26] suc-
cessfully fabricated highly efficient composite thin film photoanodes on conductive glass
substrates by employing a three-step synthesis method, involving hydrothermal reaction
and chemical vapor deposition, to co-modify rutile TiO, nanorods with g-C3N4/SrTiOs.
In comparison to unmodified TiO, films, the g-C3Ny4/SrTiOs/TiO, composite films exhib-
ited a significantly improved absorption of visible light, leading to a 4.5-fold increase in
photocurrent density. This improvement is attributed to the heightened separation and
transfer efficiency of photo-generated electron-hole pairs. Under white light illumination,
the composite film photoanode lowered the potential of coupled 403 SS in a 0.5 M NaCl
solution by 680 mV, showcasing a markedly enhanced effect of photo-electro-chemical
cathodic protection. Li et al. [27] successfully prepared a novel In,S3/Ag,S/TiO, nanotube
array using continuous ion layer adsorption and electrochemical anodic oxidation methods
and applied it as a photoanode for photo-electro-chemical cathodic protection. The study
showed that compared to pure TiO,, the InyS3/Ag,S/TiO, nanocomposite exhibited better
photoelectrocatalytic and photo-electro-chemical cathodic protection performance. The
photocurrent potential of Q235 carbon steel coupled with In;S3/AgyS/TiO; shifted to a
negative value of 0.92 V relative to SCE under illumination, and the photocurrent density
reached 211 pA cm~2, which was approximately 4.5 times that of TiO,. Han et al. [28]
synthesized NiO/TiO; p-n heterojunction composite materials through chemical plating
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and annealing, leading to TiO; nanotube arrays adorned with a layer of NiO particles.
The study showed that under visible light irradiation, the open circuit potential of 304 SS
coupled with NiO/TiO, in a 3.5% NaCl solution can reach —760 mV, while the open circuit
potential of 304 SS coupled with TiO; is only —330 mV. The NiO/TiO, heterojunction
composite material exhibits excellent cathodic protection performance. Wang et al. [29]
prepared layer-by-layer assembled TiO, nanotubes/SnO, quantum dots/Ag nanoparticles
on titanium foil by anodic oxidation/hydrothermal/pulsed electrodeposition to obtain
Ag/SnO; co-modified TiO; composite photoanodes, which have power storage capacity
and good photocathodic protection performance. Due to the surface plasmon resonance
(SPR) effect of Ag, Ag nanoparticles are photo-excited to generate electrons, which are then
transferred to the conduction band of TiO,, thus, promoting charge separation and transfer
efficiency. Ma et al. [30] prepared MoS, microsphere/TiO, nanotube nanocomposites
by a two-step anodic oxidation-hydrothermal method. By coating MoS, on the surface
of TiO; nanotubes, the absorption area for visible light is broadened and the absorption
density in the visible light region is increased, facilitating the utilization of visible light.
The MoS; and TiO; interface forms an effective heterojunction electric field, significantly
enhancing the separation efficiency of photo-generated electron-hole pairs and prolonging
the lifetime of photo-generated electrons. The results demonstrate the significant PCP
effect of MoS, /TiO; on 304 SS under visible light. Lu et al. [31] created p-n heterojunctions
of TiO, modified with flower-like and bulk-like Co(OH), using a solvothermal method.
Varied morphologies led to distinctions in the photo-electro-chemical performance. As
indicated by the experimental findings, TiO, modified with flower-like Co(OH), micro-
spheres exhibited a narrower bandgap, an upward shift in the CB, and a more rapid
separation and migration of carriers compared to bulk-like Co(OH),. Moreover, the TiO,
photoelectrode modified with flower-like Co(OH); microspheres exhibited a relatively low
photo-potential of —0.53 V in a 3.5 wt% NaCl solution, thereby offering effective PCP for
304 SS. Zhang et al. [32] synthesized a composite photoanode of CdSe/CdS/PbS/TiO,
using the successive ionic layer adsorption (SILAR) method, achieving a solar energy
conversion rate of 5.11%. Gong et al. [33] deposited ZnSe onto the surface of TiO, nanorods
by electrodeposition to obtain TiO, /ZnSe composites (Figure 3A), and systematically in-
vestigated the effects of NayS, Na;SO4, NaySO3, NayS,03 and NaCl as sacrificial reagents
on the protection of 304 SS by TiO, /ZnSe composites. The migration and consumption
of photogenerated holes at the photoanode were governed by the redox potential of the
sacrificial reagents (Figure 3B). As shown in Figure 3C, the most negative redox potential
of TiO, /ZnSe photoanode was in the Na;S medium.

Table 2. Comparison of PCP performances of semiconductor composite TiO, materials.

Samples Electrochemical Cell Medium Metal Potential Drop/mV Reference
SnO, /TiO, 3.5 wt% NaCl 304 SS 240 [25]
g-C3Ny4/SrTiO3/TiO; 0.5 M KOH solution 403 SS 680 [26]
InyS3/AgyrS/TiO; 3.5 wt% NaCl Q235 CS 340 [27]
NiO/TiO, 0.5 M KOH and 1 M CH30H mixed solution 403 SS 340 [28]

. 0.2 M KOH aqueous solution with

Ag/Sn02/TiO, 20 vol% ethylene glycol 40355 475 [29]
MoS, /TiO, 0.25 M Na,S and 0.35 M NaySO3 solution 304 SS 360 [30]

Three-component metal sulfides possess unique optoelectronic properties and stability,
with a narrow bandgap and a more negative conduction band potential. This enables them
to broaden the visible light response range and boost the density of charge carriers in TiO,,
thereby facilitating the separation of photo-generated electron-hole pairs and providing
protection to metals with more negative self-corrosion potentials. Ma et al. [34] successfully
prepared TiO, /In,;S3 / AgInS; by two-step anodization of titanium foil followed by ion layer
adsorption and reaction. TiO, /In,S3/AgInS; exhibited high photocatalytic activity under
visible light, with a significant decrease in the photocurrent potential of up to 950 mV and a
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decrease in current density of up to 30 A-cm 2. Therefore, compared to pure TiO,, coupled
with 304 SS, TiO, /InyS3 / AgInS; can provide more efficient photo-electro-chemical cathodic
protection under visible light. Sun et al. [35] also prepared and optimized AgInS, /InyS3
nanoparticles co-sensitized TiO, nanotube array photoanodes with an In,S; buffer layer
around the AgInS, absorber layer (Figure 4). The InyS; buffer layer around the absorber
layer greatly enhances the efficiency of charge generation and separation in the prepared
photoanodes. Li et al. [36] successfully prepared Znln;S;/TiO, nanotube composites
by combining hydrothermal reaction with electrochemical anodic oxidation. The photo-
electric current density of the 3D ZnlIn,S,/TiO; nanotube composites coupled with Q235
carbon steel (CS) can reach 400 mA /cm?, and the composite photoanode exhibits a photo-
generated potential drop of approximately 360 mV, providing an effective PCP for Q235 CS
under visible light irradiation. Li et al. [37] successfully prepared SnlnySg/TiO, composites
through solvent-thermal treatment and electrochemical anodic oxidation. SnlnySg has a
large specific surface area and its nanosheets have relatively negative conduction bands,
therefore, SnlnySg nanosheets modified TiO, had better photo-electro-chemical and PCP
properties. Additionally, the maximum photo-electric current density of the composite
material during a 6 h solvent-thermal reaction under visible light irradiation is 100 pA
cm~2, and the negative shift of the photo-induced potential for Q235 CS connected to the
composite material can reach —450 mV. In addition, many other three-component metal
sulfides are used to complex TiO; and to modify the PCP effect of TiO, on metals [38—41].

10
e \j
(A) \ AR iiydrothermal (B) Evs (NHE) Reducibility
Stir for Reaction 24 o
HCH Tetrabaryl | ) + —) W ®
anaies 1,0 | 10 min Annealing f" ‘
Ti0,-NRs
/ ® o ®
B ] o
Annealing | Electrod 3 ' ZnSe o)
w eposition 304ss Sacrificial
Ti0,-ZnSe 31\® 0 agents

i(mA/em?)

02 NaCl 0.4

: 02

0.0 <00

g £z
202 >)

5 04

04 Z-06

o 0.8

: -1.0

-0.8 -1.2 -5
-1.0-0.8-0.6-0.4-0.2 0.0 0.2 0.4 0.6 0.8 1.0 -1.0-0.8-0.6-0.4-0.2 0.0 0.2 0.4 0.6 0.8 1.0 -1.0-0.8-0.6-0.4-0.2 0.0 0.2 0.4 0.6 0.8 1.0
Potential (V vs Ag/AgCl) Potential (V vs Ag/AgCl) Potential (V vs Ag/AgCl)
6 12
Na,S0; Na,$

i

-1.4-12-10-0.8-0.6-0.4-0.2 0.0 0.2 0.4 0.6
Potential (V vs Ag/AgCl)

i(mA/cm?)
A O o w &

i (mA/em?)
o L o & »

-IEI.J-I.Z-l.ﬂ-(lﬁ-(l.ﬁi).-l—ﬂ.z 0.0 0.2 04 0.6
Potential (V vs Ag/AgCl)

Figure 3. (A) Preparation process of TiO, and TiO, /ZnSe film; (B) Cyclic voltammetry curve of NaCl,

Na,SOy, NayS,03, NapySOj3, NayS; (C) PCP mechanism of TiO, /ZnSe under illumination [33].

Graphene is a zero-bandgap material with excellent electronic transport properties,
ample specific surface area, and robust chemical stability [42], which can enhance the
photo-electro-chemical protection effect of TiO,. Shen et al. [43] prepared CdSe/rGO/TiO,
composite films using a two-step electrodeposition method and an anodic oxidation method.
The composite film consists of uniform rutile TiO, nanotube arrays, graphene sheets, and
cubic CdSe nanoparticles, exhibiting high light absorption in the UV and visible light
regions. The visible light-induced photocurrent can achieve a level of approximately
750 wA /cm?, achieving effective charge separation. Li et al. [44] employed cyclic voltamme-
try deposition to coat the surface of TiO, nanotubes with graphene and CdTe nanoparticles,
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forming CdTe/graphene/TiO, composite materials. Graphene functions as a mediator in
electron transfer, while CdTe acts as a visible light sensitizer. The introduction of graphene
between CdTe and TiO, interfaces enhances charge separation, accelerates carrier transfer,
and reduces charge recombination. Under visible light irradiation, the potential of the SS
coupled with CdTe/graphene/TiO, quickly decreases to —750 mV, lower than the initial
potential of SS (=180 mV). After turning off the light source, pure TiO, fails to maintain
its protective effect, while the composite film exhibits a delay in the cathodic protection
time of SS of more than 8 h, indicating a significant delayed protection effect and excel-
lent PCP of 304 SS. Li et al. [45] prepared ZnIn,S,/rGO/TiO, nanotube photoanodes by
combining electrochemical anodization and hydrothermal methods. The bandgap dif-
ference between ZnIn,S4 and rGO contributes to the establishment of a heterojunction
electric field with TiO, facilitating efficient charge separation and transfer, and greatly
improving the photo-electro-chemical activity of the composite material. Li et al. [46]
synthesized TiO, nanocomposites co-sensitized with AgInS, and graphene through a com-
bination of hydrothermal reaction and electrochemical anodization. The photo-induced
potential reduction of AgInS,/graphene/TiO; composite material can achieve 680 mV.
The Tafel curve results suggest that the incorporation of graphene enhances the photo-
electro-catalytic protection effect of AgInS,/TiO,. Experimental results demonstrate that
AgInS, /graphene/TiO; composite material exhibits good PCP performance.

(A)

i | Two-step SILAR

| | anodization deposition
| | — | —)
| ; AgNO; Na,$
— In(NO,), Na,S

<
»
PL Int

Potential/ V vs. NHE
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Figure 4. (A) Fabrication process of TiOp / AgInS, /In,S3; (B) IPCE and photoluminescence spectra
of different TiO, photoanodes; (C) PCP mechanism of TiO, NTA /AgInS;(3)/InyS3(5) under visible
light [35].

2.3. Energy Storage Materials

Sn0O; is an n-type semiconductor with photo-electro-chemical performance akin to
TiO,. In addition, its electron mobility is higher than that of TiO,, both in single crystals
and the corresponding nanostructures, which makes SnO; ideal for high-performance
optoelectronic devices. Literature has shown that SnO, is often used as an energy storage
material. Hu et al. [47] prepared tetragonal SnO, films on FTO conductive glass by pulsed
current deposition, and the results showed that the SnO; films were photoreactive, and
the annealed films were more stable under prolonged illumination. The results showed
that the SnO; film was photoactive, the annealed film was more stable under prolonged
light exposure, and it could effectively protect 403 SS under light exposure in 0.5 mol/L
NaCl solution, and the galvanic coupling effect after the light was turned off had a corro-
sion protection effect on SS. Zhu et al. [48] synthesized ZnInyS,4/SnO, /TiO, composites,
comprising Znln,S4 nanosheets and SnO, quantum dots co-modified with TiO, nanotubes.
This was achieved through anodic oxidation, in-situ impregnation, and hydrothermal
methods (Figure 5). It was found that the photocurrent density of the ZnIn;S;/SnO, /TiO,
composites under visible light was as high as 715 pA cm~2, which was 25 times higher
than that of pure TiO,. This improvement is primarily attributed to ZnIn,S, nanosheets to
extend the light absorption into the visible spectrum. In addition, the SnO, quantum dots
enhanced the energy storage efficiency of the composite, allowing the composite to offer
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delayed protection for the protected metal for up to 10 h in the absence of light. In addition,
they found that the heterojunction structure formed between TiO,, SnO;, and CalnySy
could promote the separation and transfer efficiency of electrons and holes (Figure 6). The
presence of SnO, nanoflowers gave the CalnySs/SnO,/TiO, composites an outstanding
electron storage capacity, which allowed them to provide time-delayed protection of Q235
carbon steel for up to 10 h in the absence of light [49].

( A) Znln,S,/Sn0,/TiO, NTs Ti *TO, ®Sn0, @ Znln;S,
.
Cxe . * U *
Znln,$,/TiO, NTs
b * * *
2 |Sn0,Tio,NTs - [
£ \ Il * RS *
2
z
5 |mopNts
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l TiO,-JCPDS No.21-1272

i
SnO,-JCPDS No.41-1445
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+* @
3506y
$00, QDs

Under visible light illumination

Time ) Evwsce)

Figure 5. (A) XRD patterns of ZnIn,S,/SnO,/TiOy; (B) SEM and EDS images; (C) Photocurrent
variation curves, Open-circuit potential variation curves, and polarization curves of 316 SS coupled
with different photoanodes under open and closed light conditions; (D) Protection mechanism [48].

(A) (B) ®
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Potential / eV vs. NHE

EEEEE ] )
SnO,NFs  TiO,NTs  CalnS,NSs
Valance Band Under visible light illumination

Figure 6. (A) Flowchart of the preparation of CalnySy4/SnO, /TiO;; (B) SEM images; (C) Variation
curves of the photoluminescent current and photo-open potential of Q235 carbon steel coupled
with different photoanodes under open and closed light conditions; (D) Protection mechanism
diagram [49].

Tungsten trioxide (WO3) is considered as a potential material for photoelectrodes
due to its wide range of photo-responses, high electron mobility, and non-toxicity. The
process of storing electrons and releasing electrons from WQOj is realized by the conversion
between MxWQO3; (M = H, Li, Na, etc.) and WO3. Under light, WO3 store electrons in the
form of MxWQOj;. Under dark conditions, the stored electrons are released and MxWQj is
converted to WO3, which enables continuous PCP of coupled metallic materials [50,51].
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However, WO3 semiconductors suffer from the drawbacks of low efficiency of photo-
generated electron-hole separation and inability to charge themselves. Tian et al. [52]
constructed WO3/Znln,S4 composites with good dark continuous PCP performance by uti-
lizing ZnIn;S4-modified WOs3, which has a more negative CB potential. Its photo-generated
potential drop in NaCl solution can reach 332.8 mV, which is markedly superior to that of
WO3 and ZnIn,S4 photoelectrodes. Meanwhile, the ZnIn,S; composite on WO3 can charge
WO; under light, allowing the WO3/ZnlIn,S4 photoanode to continue providing protection
for the coupled 304 SS even after the light is turned off. The WO3/ZnIn,S, heterojunction
photoelectrode can store 0.17 C electrons when the light illumination time is 2 h, which can
offer protection for the coupled 304 SS in the dark state for 11.88 h after the light is turned
off. Zhu et al. [53] successfully prepared CdIn,Ss/WO3/TiO, photoanodes by using anodic
oxidation and a two-step hydrothermal method to deposit WO3; nanosheets and CdIn;Sy
nanoparticles sequentially on TiO, nanotubes (Figure 7). The researchers explored the ef-
fects of different hydrothermal times on the PCP performance of the prepared photoanodes,
and the best PCP performance of CdIn;Ss/WO3/TiO; on Q235 carbon steel was achieved
when the hydrothermal time of both steps was 6 h. The PCP of Q235 carbon steel was
achieved with the highest photocurrent density (633 A cm™2), the lowest charge transfer
resistance (11.34 ()-cm?), and the largest open-circuit potential drop (490 mV vs. SCE). The
researchers analyzed the work function of CdInySys, WO3, TiO;, and CdInySy/WO3/TiO,
by DFT calculations. In addition, CdIn,S;/WOs3/TiO, can provide continuous protection
for Q235 carbon steel in the dark for up to 10 h.

B) @ — ()=
(A) ®) ©.

Fermi level=-3.13 eV

TiO, NTs

200 nm

TiO, NTs

Figure 7. (A) Flow chart of the preparation of CdIn,S;/WO3/TiO,; (B) SEM images; (C) Photo-open
potential change curves and electrochemical impedance spectra of Q235 carbon steel coupled with
photoanodes of different hydrothermal times under open and closed light conditions; (D) DFT
calculations [53].

3. Common New Photoanode Materials

With the in-depth study of photogenerated cathode protection systems, some new
non-TiO,-based photoelectrodes have also attracted wide attention, and several new photo-
electrodes are briefly introduced in the following.
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BiVOQy is an n-type semiconductor, which is a very promising photo-anode material
due to its narrow band gap (~2.4 eV) structure, easy preparation, and appropriate band-
edge position [54]. However, its PCP performance is affected by the low charge separation
and transfer efficiency, so it is necessary to develop efficient BiVO,4-based systems to en-
hance its PCP performance. Li et al. [55] achieved long-term protection of 304 SS under
simulated solar irradiation by modifying BiVOy films using CoFe Prussian Blue (CoFe-PB)
electrocatalyst. The aligned energy band configuration facilitated the efficient transfer of
holes from the BiVOy valence band to CoFe-PB, enabling the swift injection of CoFe-PB
holes into the electrolyte solution. This significantly reduces electron-hole recombination
and enhances the transfer of electrons from the BiVO, photoelectrode to the 304 SS after
irradiation. Yang et al. [56] prepared direct Z-type nanoporous CdS by using the elec-
trodeposition and SILAR methods quantum dots/BiVO, heterojunction photoelectrodes by
electrodeposition and SILAR. The incorporation of CdS quantum dots markedly enhanced
the efficiency of visible light utilization in the composites. The CdS(8)/BiVO, prepared after
8 SILAR processes showed the best PCP performance on 316 SS in 3.5 wt% NaCl solution.
As shown in Figure 8, the Z-type heterojunction carrier transfer mechanism is conformed
between CdS and BiVOy, and the holes and electrons are effectively separated spatially,
which enhances the protective effect of BiVO, on 316 SS. Additionally, they achieved the
successful synthesis of polyhedral ZIF-67 on the BiVOy substrate through electrodeposition
and in-situ growth [57]. It was found that the ZIF-67/BiVOy heterojunction photoanode
without a hole scavenger showed excellent PCP properties against 316 SS under visible
light irradiation. The OCP drop of ZIF-67-150s/BiVO; coupled 316 SS was 240 mV more
than that of BiVO,. The in-situ grown ZIF-67 formed a tight connection with BiVOy, thereby
significantly enhancing charge transfer efficiency. The expansive specific surface area and
the microporous/mesoporous structure of ZIF-67/BiVOy also improve the interaction
between the active sites and the electrolyte, which facilitated the carrier migration in the
electrolyte. In addition, the reduction of the composite work function promotes the electron
transfer to 316 SS. Chen et al. [58] prepared WO3;@BiVO, nanospherical composites using a
hydrothermal method. The electrochemical tests, such as polarization curves, impedance
tests, and open-circuit potentials, illustrated that the WO3@BiVO, composites not only
effectively pulled down the inherent corrosion potential of 304 SS, but also that the in-
troduction of WO3 enhanced the electron-hole separation efficiency of BiVO,, showed
good energy storage capacity, and effectively improved the PCP performance of BiVO,.
Guo et al. [59] prepared WO3/BiVO, composite films by spin coating and hydrothermal
method, and some BiVOj, particles were converted to BiyS3 particles in situ in electrochemi-
cal tests under light. This special ternary heterojunction structure not only can effectively
reduce the corrosion potential of 304 SS, but also the in situ generated Bi;S3 can effectively
inhibit the carrier recombination of BiVOy, and can enhance the response of WO3/BiVO,
material to visible light, which effectively improves the PCP performance of BiVOj.

g-C3Ny is a typical polymer semiconductor (~2.7 eV), which has garnered significant
attention because of its easy synthesis and suitable energy band structure, excellent optical
properties, and high physicochemical stability, but its photogenerated carriers are easy to
be recombined limiting its further application [60-62]. Zheng et al. [63] synthesized a two-
step hydrothermal method to synthesize g-C3Ny/rGO/ZnS composites, and the results
showed that the PCP performance of the ternary composites on 304 SS was improved
compared with that of pure g-C3Ny. Especially noteworthy is the coupling of 304 SS with
15% rGO/g-C3Ny/ZnS composites, resulting in a photocurrent density of 2180 pA /cm?
at a bias of —0.23 V (vs. SCE). This value is approximately four times greater than that
achieved with pure g-C3Ny. The increased PCP performance for 304 SS is credited to the
significantly high efficiency in the separation of charge carriers.

Zn0O is an n-type semiconductor with excellent photo-electro-chemical activity, control-
lable microstructure, easy to make nanorods, nanoribbons, and nanowires, and low toxicity,
and abundant raw material advantages [64-66]. Yang et al. [67] fabricated Co3O04@ZnO
and found that PCP enhancement is ascribed to the narrow band gap of Co304 and the
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formation of a p-n junction at the Co304/Zn0O interface. The photocurrent density of the
C0304@Zn0 nanocomposite photoelectrode connected to 304 SS under visible light reached
10.5 pA/cm? with a cathodic polarization potential of —720 mV (vs. SCE).
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Figure 8. Carrier migration mechanism of CdS/BiVO, heterojunction [56].

The band gap energy of In,Oj3 is approximately ~2.8 eV, and the CB potential is more
negative than the self-corrosion potential of metals [68]. Therefore, InyOj3 thin film is a
potential corrosion-resistant photoanode. Zhang et al. [69] synthesized In,O3; powder by sol-
gel and solid-phase methods and studied its photo-electro-chemical behavior under visible
light irradiation. The relatively small particle size of the InyO3 powder prepared using the
sol-gel method facilitates the transfer of electrons, which improves the performance of PCP
for 304 SS under visible light irradiation.

The band gaps of SrTiO3 and TiO, are similar (~3.2 eV), but the conduction band
edge of SrTiO3 is 200 mV less than that of TiO,, which suggests that SrTiO3 is more
likely to polarize the metal [70-72]. Yang et al. [73] synthesized a bilayered CeO, /SrTiO3
nanocomposite photoelectrode through the sol-gel and microemulsion methods, and the
photoelectrode could be used for the cathodic polarization of 304 SS in a 3.5% (mass
fraction) NaCl solution for photogenerated cathodic protection under light. Because of the
photoelectron generation from the external SrTiO; layer, the prepared photoelectrode can be
catholically polarized on 304 SS in 3.5% (mass fraction) NaCl solution, and photo-generated
cathodic protection was carried out in the presence of light. In the absence of light, the
photoelectrodes can sustain their corrosion protection by transferring the charge stored in
the CeO; layer to the steel, providing protection to the steel even in the absence of light.

4. Conclusions

Since clean solar energy can be utilized and the photoanode material does not need
to be consumed, PCP technology has garnered significant attention from scholars both
domestically and internationally. TiO, has been widely studied because of its low toxicity,
simple preparation, and high stability. However, its low utilization of sunlight and high
photogenerated carrier complex rate severely limit its application in PCP. This study
describes the modification of TiO; to improve the PCP performance using metal and non-
metal doping, Semiconductor compounding, and shape control. (1) The use of special
ordered nanostructures can not only effectively shorten the photocarrier transport distance
of semiconductor materials, but also enhance the active site of photo-electro-chemical
reaction. (2) Elemental doping not only introduces impurity energy levels and reduces
the band gap in semiconductor materials to improve their optical absorption capacity, but
also increases the carrier concentration of semiconductor materials, thereby improving the
photogenerated charge transfer rate. However, elemental doping methods are effective
for protecting stainless steel, but not sufficient for protecting metals with negative self-
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corrosion potentials. (3) The construction of a heterojunction structure can effectively
expand the spectrum of light absorption and promote carrier separation and transfer
by attaching a semiconductor with a narrow bandgap to the main semiconductor. In
particular, semiconductors with negative conduction band potentials, such as ternary
sulfide materials, which have good optoelectronic properties and stability, can provide
protection for metals with negative self-corrosion potentials. In addition, graphene has
excellent electron transport properties, sufficient specific surface area, and strong chemical
stability, and can be used as an effective electron carrier. (4) Combining semiconductor
materials with a high electron storage capacity (WO3 or SnO,) allows for continuous
protection of the metal after the light is cut off. These strategies on the modification of
semiconductor materials are important for improving the performance of PCP. This paper
also reviews other novel semiconductor photoanodes such as BiVOy, g-C3Ny, ZnO, Iny O3,
and SrTiOs.

Although much progress has been made in the development and research of semicon-
ductor materials for PCP, there are still several issues that need to be resolved to realize the
practical applications of PCP: (1) Most of the electrolytes in the PCP process contain hole
scavengers that promote pair carrier separation, so there is a need to develop materials
that will work in real marine environments. (2) Design and development of Z-scheme
heterojunction composite photoanodes for improved redox capability that can drive more
electrons for cathodic protection of a wider variety of metals. (3) There is an urgent need to
develop more effective means of studying the mechanisms of the charge transfer process
during PCP. In situ transient absorption spectroscopy methods and density-functional
theory (DFT) calculations can be used to study the photo-generated charge transfer process
and provide a theoretical foundation for the precise design of semiconductor functional
materials for efficient PCP.
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