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Construction of ZnS/CdS/Ti**-TiO, heterojunction:
synergistic enhancement of visible light harvesting

and photocathodic protection performance

Wenhao Liu,®¢ Yanfeng Zhu,

*ab 7hihao Liu®® and Jianxia Gou®®

Marine corrosion poses a critical threat to the safety of offshore oil and gas facilities. To address the intrinsic

drawbacks of pristine TiO,, ZnS/CdS/Ti**-TiO, nanotube composites were rationally fabricated via

a synergistic strategy combining electrochemical anodization and successive ionic layer adsorption and

reaction (SILAR) techniques. Structural and optical characterization confirmed that the as-synthesized

composites feature a well-constructed cascade band alignment, which efficiently mitigates the

recombination of photogenerated electron—hole pairs. Accordingly, the optimized photoanode delivered
a high photocurrent density of 279 pA cm™2. When coupled with 316 stainless steel (316 SS), the
composite exhibited a pronounced photo-induced potential of —0.89 V (vs. SCE), achieving a remarkable

performance enhancement over pristine TiO,. This enhanced photocathodic protection originates from
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the synergistic interplay between Ti** self-doping and the ZnS/CdS heterojunction: Ti** self-doping

introduces abundant electron donors to enhance the electrical conductivity of the composite, whereas
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1. Introduction

Metallic materials, due to their outstanding mechanical prop-
erties and workability, are extensively employed in the
construction of offshore oil and gas transportation infrastruc-
ture. Nevertheless, the marine environment-characterized by
intense sunlight, high humidity, and high salinity-renders these
facilities particularly vulnerable to corrosion.’ Such corrosion
not only compromises structural integrity but can also result in
environmental pollution, ecosystem disruption, risks to human
safety, and substantial economic losses.* Therefore, the devel-
opment of efficient, environmentally friendly, and sustainable
corrosion protection technologies is crucial for ensuring the
long-term safe operation of oil and gas transportation
facilities.>®

Photocathodic protection (PCP), as an emerging anticorro-
sion technology, utilizes photoanode materials to capture light
energy and transfer photogenerated electrons to the metal
substrate, thereby providing cathodic protection.”® Due to its
energy efficiency, environmental friendliness and potential for
long-term protection, PCP has demonstrated considerable
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the ZnS/CdS heterojunction broadens the visible-light absorption range and accelerates the separation
and directional migration of photogenerated charge carriers.

promise in marine corrosion prevention.’ In recent years, with
the rapid advancement of photoelectronic materials, semi-
conductors possessing excellent photoelectric conversion
properties have been increasingly integrated into PCP systems,
offering novel strategies to tackle metal corrosion challenges.*®

One-dimensional TiO, nanotube arrays fabricated by anodic
oxidation have been extensively investigated and applied in PCP
because of their high chemical stability, non-toxicity, large
specific surface area, and outstanding photoelectric
properties.'*** However, TiO, still has inherent limitations: its
wide bandgap (~3.2 eV) restricts light absorption mainly to the
ultraviolet region, resulting in low solar energy utilization, the
fast recombination of photogenerated electron-hole pairs
reduces charge utilization efficiency, and its limited charge
storage capacity makes it difficult to maintain protection for
stainless steel under dark conditions.’** These drawbacks
significantly hinder its practical application in marine corro-
sion protection, highlighting the need for further modification
of TiO,.

Sulfide semiconductors, characterized by their narrow
bandgaps (~2.5 eV) and excellent visible-light absorption
properties, have attracted considerable attention in the field of
photoelectronic devices."”** When integrated with TiO, to
construct heterojunctions, they can effectively expand the
photoresponse range and facilitate charge carrier separation.
Representative systems include PbS/TiO,,'** CdS/TiO, (ref. 21
and 22), Bi,S;/TiO, (ref. 23 and 24) and CulnS,/Ti0,.>>*® Actu-
ally, the strategy of constructing heterostructures to boost
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performance has been widely proven across various material
systems. Recent studies have highlighted the enhanced optical
properties of nanoplatelet-embedded ZnSe/Bi,Se; core/shell
quantum dots,”” the improved optoelectronic and dielectric
applications of SnS/MnSe heterostructures®® and the critical
role of interface engineering in SnSe,/TiO, photodetectors.”®
Among these, CdS stands out in photoelectric conversion and
photocatalysis due to its narrow bandgap and high electron
injection efficiency; however, its poor stability under illumina-
tion significantly limits practical use. To overcome this, coating
CdS with a wide-bandgap semiconductor has been widely
adopted to enhance its stability. ZnS, a non-toxic and chemically
stable wide-bandgap (~3.8 eV) semiconductor, can form
a protective shell on CdS, effectively suppressing photo-
corrosion and improving the visible-light stability of composite
photoanodes.*® Additionally, Ti** self-doping introduces oxygen
vacancies into TiO,, which can significantly enhance its elec-
trical conductivity and visible-light absorption.’**

Considering the above aspects, in this work, TiO, nanotubes
were employed as the substrate, Ti*" self-doping was introduced
via electrochemical reduction, followed by the deposition of
CdS and ZnS on the surface through successive ionic layer
adsorption and reaction (SILAR) to fabricate ZnS/CdS/Ti*" self-
doped TiO, composite photoanodes. The morphology and
elemental valence states of the materials were characterized by
SEM and XPS. Meanwhile, their photocathodic protection
performance for 316 stainless steel under simulated solar illu-
mination was systematically investigated using photoelectro-
chemical measurements. This study is intended to provide
novel insights and technical guidance for the modification of
TiO,-based photoanodes and their application in marine
corrosion protection.

2. Experimental section

2.1 Reagents and materials

Titanium foil (Ti, 99.99% purity) and 316 stainless steel (316 SS)
were purchased from Beijing Gaodewei Metal Co., Ltd ammo-
nium fluoride (NH,F, AR), sodium chloride (NaCl, AR), anhy-
drous ethanol (AR), methanol (AR), sodium hydroxide (NaOH,
AR), cadmium nitrate tetrahydrate (Cd(NOj),-4H,0, AR),
sodium sulfide nonahydrate (Na,S-9H,0, AR), acetone (AR),
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glycerol (AR), ammonium sulfate ((NH,),SO,, AR), zinc chloride
(ZnCl,, AR) were purchased from Aladdin (Shanghai, China).

2.2 Fabrication of ZnS/CdS/Ti**-TiO, nanotube composite
film

TiO, nanotube arrays (TNAs) were prepared on the Ti foil by
anodic oxidation. Titanium foil (10 mm X 10 mm x 1 mmy;
purity > 99%) was sequentially ultrasonically cleaned in
acetone, anhydrous ethanol, and deionized water for 15 min
each, followed by drying with nitrogen gas. The fabrication
process of ZnS/CdS/Ti**-Ti0, is illustrated in Fig. 1. The anodic
oxidation was performed in a two-electrode system, with a Ti
foil as the anode and a platinum sheet as the cathode. The
electrolyte consisted of 60 vol% glycerol solution, 40 vol% H,O,
and 0.5 wt% NH,F. The reaction was performed at 20 V for 1 h.

Ti** self-doped TiO, nanotube films were fabricated via
electrochemical reduction. A three-electrode system was
employed in the experiment, where TNAs served as the cathode,
a platinum sheet as the anode, and a saturated calomel elec-
trode (SCE) as the reference electrode. The electrochemical
reduction process was performed in 1 M (NH,),SO, electrolyte,
with a constant current density of 2 mA cm™>. Subsequently, the
reduced samples were calcined in a tubular furnace under
a nitrogen-protective atmosphere, heated from room tempera-
ture to 450 °C at a rate of 5 °C min ', and maintained at 450 °C
for 2 h. The resulting samples were denoted as B-TiO,.

CdS and ZnS were deposited onto B-TiO, via the successive
ionic layer adsorption and reaction SILAR method to fabricate
ZnS/CdS/B-TiO, composite photoanodes. The deposition
process was as follows: B-TiO, was first immersed in 0.4 M
Cd(NO3), aqueous solution for 60 s, after which it was rinsed
with deionized water and dried under a nitrogen stream.
Subsequently, the treated B-TiO, was immersed in 0.1 M Na,S
aqueous solution for 60 s, followed by repeated rinsing and
drying steps. This sequence of immersion, rinsing and drying
operations constitutes one complete SILAR cycle. The cycle was
repeated 10, 15, and 20 times, with the resulting samples
designated as CdS/B-TiO,-X, where X corresponds to the
number of cycles.

Finally, a ZnS thin layer was deposited onto the CdS/B-TiO,
samples via SILAR technique. 0.6 M ZnCl, ethanol solution and

—)

SILAR SILAR

CdS/B-TiO5(X) ZnS/CdS/B-TiOy(X)

O o

Fig. 1 Preparation of ZnS/CdS/B-TiO, nanotube composite films.
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0.1 M Na,S methanol solution were used as the Zn and S
precursors. After 5 immersion cycles, the ZnS/CdS/B-TiO,
sample was successfully obtained.

2.3 Characterisation

The surface morphology and elemental distribution were
analyzed by scanning electron microscopy (SEM, Thermo
Scientific) equipped with energy-dispersive X-ray spectroscopy
(EDS), with an accelerating voltage of 20 kV. The crystal struc-
ture and phase composition of the samples were examined by X-
ray diffraction (XRD, SmartLab SE) using Cu Ka radiation (A =
1.5406 A), from 10 to 80° with a scanning rate of 5°-min~. The
elemental composition and chemical valence states were char-
acterized by X-ray photoelectron spectroscopy (XPS, Thermo
Scientific ESCALAB 250XI) using a monochromatic Al Ka
(1486.6 eV) radiation source. All binding energies were cali-
brated with reference to the C 1s peak at 284.8 eV. The optical
absorption properties of the samples were investigated by
ultraviolet-visible (UV-Vis) spectroscopy (Hitachi U4100) in the
wavelength range of 200-800 nm. In addition, photo-
luminescence (PL) spectra were recorded using a fluorescence
lifetime and steady state spectrophotometer (FLS-980) with an
excitation wavelength of 365 nm to evaluate the recombination
behavior of photogenerated charge carriers.

2.4 Photoelectrochemical measurements

The photoelectrochemical properties were evaluated employing
a Princeton Applied Research 2273 electrochemical workstation
with a conventional three-electrode configuration. As shown in
Fig. 2a, the as-prepared photoanodes were utilized as the
working electrode, a saturated calomel electrode served as the
reference electrode, and a platinum wire was applied as the
counter electrode. A 500 W xenon lamp was used as the light
source, and the light intensity at the photoanode surface was
calibrated to 100 mW cm > using a radiometer. Photoelectro-
chemical measurements were conducted in an aqueous mixed
solution containing 0.2 M NaOH and 0.1 M Na,S. Mott-Schottky
(MS) measurements were performed in a 0.1 M Na,SO, aqueous
solution at a constant frequency of 1000 Hz with an AC
perturbation amplitude of 10 mV, over a potential range from
—0.5to 0.5 V.

light
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2.5 Photocathodic protection measurements

To investigate the photocathodic protection properties, the
open-circuit potential (OCP) variations and electrochemical
impedance spectroscopy (EIS) of the 316 stainless steel (316 SS)
electrode coupled with the photoanode were subsequently
measured. The experimental setup consisted of a photo-
electrolysis cell containing 0.2 M NaOH and 0.1 M Na,S and
a corrosion cell containing 3.5 wt% NaCl, which were inter-
connected via a salt bridge, as schematically illustrated in
Fig. 2b. The 316 SS electrode was immersed in the corrosion
cell, a saturated calomel electrode was used as the reference
electrode, and a platinum sheet was used as the counter elec-
trode. Under light irradiation conditions identical to those
employed in the photoelectrochemical measurements, the
potential variations were recorded continuously. The EIS
measurements were performed in a frequency range from 10° to
10~? Hz with an applied AC sinusoidal perturbation of 10 mv
amplitude.’*3*

3. Result and discussion

3.1 Characterization of films

Fig. 3 presents the SEM morphologies of TiO,, B-TiO,, and ZnS/
CdS/B-TiO, samples. The B-TiO, nanotube arrays maintain
a highly ordered, and intact structure, with distinct tube
openings clearly observable. As the number of ZnS/CdS depo-
sition cycles increases, the nanotube surfaces are gradually
covered by nanoparticles, resulting in partial narrowing or even
occlusion of the tube openings. For ZnS/CdS/B-TiO,(10c), ZnS/
CdS nanoparticles are uniformly distributed along the tube
walls and openings; however, the surface coverage is relatively
limited, leaving parts of the nanotubes exposed. This insuffi-
cient coverage may constrain light absorption and interfacial
reaction activity. In contrast, ZnS/CdS/B-TiO,(15¢c) exhibits
more homogeneous and dense nanoparticle coverage, forming
a continuous and stable composite configuration. Notably, the
nanotube channels remain unobstructed without complete
blockage, which facilitates the separation and transfer of
photogenerated electrons. This morphology is deemed optimal.
Nevertheless, for ZnS/CdS/B-TiO,(20c), excessive deposition and
aggregation of nanoparticles lead to substantial surface accu-
mulation, with most tube openings blocked. This not only

Fig. 2 Schematic illustration of the experimental setup for (a) photoelectrochemical and (b) photocathodic protection measurements.

© 2026 The Author(s). Published by the Royal Society of Chemistry
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Fig. 3 SEM images of the different TiO, films: (a) TiO,, (b) B-TiO,, (c) ZnS/CdS/B-TiO,(10c¢), (d) ZnS/CdS/B-TiO,(15¢) and (e) ZnS/CdS/B-

TiO,(20¢).

reduces the specific surface area but also hinders electrolyte
infiltration, potentially impairing charge transfer processes and
photoelectrochemical conversion performance.

The elemental distribution and chemical composition of the
ZnS/CdS/B-TiO,(15¢) sample was further investigated via EDS
mapping and spectroscopy. As depicted in Fig. 4 of the corre-
sponding results, Ti and O elements exhibited uniform distri-
bution, which indicates that the structural integrity of the TiO,
nanotube matrix was preserved. Meanwhile, Zn, Cd, and S
elements were homogeneously dispersed across the surface-this
confirms the successful deposition of ZnS and CdS onto TiO,
nanotubes via SILAR method. Furthermore, the corresponding
EDS spectrum in Fig. 4 displays distinct characteristic peaks
corresponding to Ti, O, Zn, Cd, and S. The strong intensities of
these signals verify the coexistence of ZnS and CdS phases
within the composite, while the absence of other significant
impurity peaks attests to the high chemical purity of the
synthesized material. Notably, no significant aggregation of Zn,
Cd, or S was observed, suggesting that with 15 deposition cycles,
the composite nanoparticles achieved uniform surface coverage

Intensity (a.u.)

Energy (keV)

without excessive stacking or pore blockage. This result is
consistent with the SEM observations, confirming that ZnS/
CdS/B-TiO,(15¢) attains an optimal balance between
morphology and composition. Such a favorable structure
provides a solid structural basis for its superior photoelectro-
chemical activity and efficient photocathodic protection of 316
SS.

Fig. 5 presents the XRD patterns of pristine TiO,, B-TiO,, and
ZnS/CdS/B-TiO, composite photoelectrodes with varying SILAR
deposition cycles. As illustrated, all samples exhibit prominent
diffraction peaks at 26 = 25.3°, 37.8°, 48.0°, 53.9° and 55.1°,
which are indexed to the (101), (004), (200), (105), and (211)
planes of anatase TiO, (JCPDS no. 21-1272), respectively.
Furthermore, the intense diffraction peaks observed at 35.1°,
38.4°, and 40.2° are attributed to the metallic Ti substrate,
confirming that the TiO, nanostructures were grown directly
onto the titanium surface. Comparing the patterns of pristine
TiO, and B-TiO,, it is evident that the characteristic peaks of the
anatase phase show no significant shift after the self-doping
treatment. This indicates that the introduction of Ti*" ions

Fig. 4 EDS elemental mapping images of Ti, O, Zn, Cd, and S, and the corresponding EDS spectrum of the ZnS/CdS/B-TiO,(15¢) composite.
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Fig. 5 XRD patterns of the different TiO, films: (a) TiO,, (b) B-TiO,, (c)
ZnS/CdS/B-TiO,(10c), (d) ZnS/CdS/B-TiO»(15¢) and (e) ZnS/CdS/B-
TiO2(20c).

and oxygen vacancies did not disrupt the long-range crystalline
structure of TiO,, maintaining its high crystallinity. For the ZnS/
CdS/B-TiO, composite samples modified via the SILAR method,
the primary signals in the original patterns correspond to the
substrate and TiO,, However, careful observation of the patterns
reveals weak, broadened envelopes near 26 = 26.5° and 28.2° as
the SILAR cycles increase from 10 to 20. These signals align with
the (002) and (101) planes of hexagonal CdS (JCPDS no. 41-
1049), respectively. The characteristic peaks of ZnS (e.g., the
(111) plane at 28.6°, JCPDS no. 05-0566) do not appear as
distinct independent peaks due to significant overlapping with
the TiO, and CdS signals, as well as the ultra-fine grain size.
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Such weak diffraction intensity is typically attributed to the low
mass loading and the highly dispersed nanocrystalline nature
of the chalcogenide sensitizers. The successful construction of
these components will be further substantiated by the subse-
quent XPS elemental valence state analysis.

To verify the chemical composition and elemental valence
states of the surface, X-ray photoelectron spectroscopy (XPS)
analysis was performed, with the results shown in Fig. 6. Fig. 6
a presents the survey spectrum of the composite photoanode,
featuring characteristic peaks corresponding to Ti, O, Cd, Zn,
and S elements. This observation is consistent with the
elemental composition inferred from EDS analysis, further
confirming the successful construction of the composite
system. As illustrated in Fig. 6b, the peaks at 458.95 eV and
464.67 eV are assigned to the Ti*" 2p;,, and Ti** 2p,, orbitals,
respectively, while the weaker signals at 458.37 eV and 464.13 eV
correspond to Ti*" species, indicating partial reduction of Ti**
in the TiO, matrix.** In Fig. 6c, the two deconvoluted peaks at
530.02 eV and 531.85 eV correspond to lattice oxygen (O>7) in
the TiO, crystal structure and surface-adsorbed oxygen (e.g.,
H,0), respectively.*® Fig. 6d shows the high-resolution Cd 3d
spectrum, where the peaks at 405.08 eV and 412.6 eV corre-
spond to Cd 3ds/, and Cd 3d3/,, respectively, consistent with the
valence state of Cd*>" in CdS.* For the Zn 2p spectrum (Fig. 6e),
the peaks located at 1022.0 eV and 1045.2 eV are attributed to Zn
2pa» and Zn 2p, 5, respectively, corresponding to Zn** in ZnS.*
As shown in Fig. 6f, the S 2p spectrum exhibits two distinct
peaks at 161.60 eV and 162.76 eV, which are assigned to S 2ps,
and S 2py,,, respectively-consistent with the S~ valence state in
ZnS and CdS.** Collectively, these XPS results confirm the
successful synthesis of ZnS/CdS/B-TiO, composite photoanodes
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Fig. 6 XPS of ZnS/CdS/B-TiO, nanocomposite film, (a) survey spectra, (b) Ti 2p, (c) O 1s, (d) Cd 3d, (e) Zn 2p, (f) S 2p.
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on the TiO, nanotubes surface, with all constituent elements
existing in their expected chemical valence states.

The light-response properties of the TiO, nanocomposites
within the wavelength range of 200-700 nm range were inves-
tigated using UV-vis diffuse reflectance spectroscopy (DRS), as
shown in Fig. 7. As illustrated in Fig. 7a, the pristine TiO,
nanotubes exhibit a characteristic absorption peak predomi-
nantly in the ultraviolet region, with an absorption edge
centered around 380 nm. Following modification, the B-TiO,,
ZnS/CdS/B-TiO,(10c), ZnS/CdS/B-TiO,(15¢c), and ZnS/CdS/B-
TiO,(20c) samples all demonstrate a red-shift of the absorption
edges and enhanced visible-light absorption. Notably, ZnS/CdS/
B-TiO,(15¢) composite exhibits the strongest absorption inten-
sity in the visible region. This enhancement is not due to
a change in the intrinsic bandgap of the composite, but rather
due to the efficient photon harvesting by the CdS/ZnS sensi-
tizers and the intraband states induced by Ti** self-doping.*

The optical bandgap energies (E,) of the semiconductors
were estimated using the Tauc equation:**: (akw)'" = A(hv —
E,), where n = 2 for the indirect transition of TiO,."* The cor-
responding Tauc plots are presented in Fig. 7b. The calculated
intrinsic bandgap for pristine TiO, is (3.16 + 0.01) eV. For the
self-doped B-TiO,, the bandgap shifts to (2.89 £ 0.01) eV due to
the introduction of mid-gap states. For the ZnS/CdS/B-TiO,
composites, defining a single intrinsic bandgap is physically
invalid due to their heterojunction nature. However, the Tauc
analysis reveals that the apparent optical absorption onset
shifts significantly to lower energies. Specifically, the ZnS/CdS/
B-TiO,(10c), ZnS/CdS/B-TiO,(15c), and ZnS/CdS/B-TiO,(20c)
samples exhibit apparent absorption energies of (2.40 £+ 0.01),
(1.98 + 0.01), and (2.03 £ 0.01) eV, respectively. Notably, the
ZnS/CdS/B-TiO,(15¢) composite exhibits the lowest apparent
energy barrier for photon excitation (1.98 £ 0.01 eV). This
implies a significantly broadened light-response range, laying
a solid foundation for enhanced photoelectrochemical
performance.

To investigate the separation and recombination dynamics
of photogenerated electron-hole pairs, photoluminescence (PL)
spectra were recorded, as shown in Fig. 8. Generally, PL

@ —TiO,

—— B-TiO,
ZnS/CAS/B-Ti0,-10(c)
——— ZnS/CAS/B-TiO,-15(c)
ZnS/CAS/B-Ti0,-20(c)
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Fig. 7
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Fig. 8 PL spectra of different nanotube films.

emission originates from the radiative recombination of elec-
trons and holes; accordingly, a lower PL intensity indicates
more effective suppression of carrier recombination and higher
charge separation efficiency. As observed, the pristine TiO,
exhibits the highest emission intensity, with two distinct peaks
centered at approximately 400 nm and 450 nm. This phenom-
enon is typically attributed to the radiative recombination of
excitons at intrinsic surface states.** In the case of B-TiO,, the PL
intensity shows a noticeable decrease compared to pristine
TiO,. This quenching effect can be ascribed to the introduction
of Ti** species and oxygen vacancies. These self-doped defects
act as shallow electron traps and increase the donor density,
which improves the electrical conductivity of the photoanode
and facilitates the transport of photogenerated electrons,
thereby reducing the probability of radiative recombination.
Furthermore, upon the deposition of ZnS and CdS, the PL
intensities of the ZnS/CdS/B-TiO, composites are significantly
quenched. This drastic reduction confirms the successful
construction of a heterojunction, where the built-in electric
field drives the rapid transfer of carriers, effectively blocking the

(b) —TiO,
—— B-TiO,
ZnS/CAS/B-Ti0,-10(c)

———ZnS/CdS/B-Ti0,-15(c)
ZnS/CdS/B-Ti0,-20(c)

(ahv)"? (a.u.)

Energy (eV)

(a) UV-vis diffuse reflection spectra of TiO, nanotube and TiO, nanocomposites and (b) Tauc plots of corresponding samples.
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recombination pathway. Among the composites, the ZnS/CdS/B-
TiO,(15¢) sample displays the lowest fluorescence intensity.
This confirms that 15 SILAR cycles achieve the optimal balance
between sensitizer loading and charge transfer resistance. The
minimized PL intensity demonstrates that the synergistic effect
of Ti*" self-doping and heterojunction engineering maximizes
the charge separation efficiency, which is consistent with the
superior photo-electrochemical performance observed in the
aforementioned tests.

3.2 Photoelectrochemical properties

To further evaluate the photoresponse behavior of TiO, and its
composites, open-circuit potential (OCP) measurements were
performed. Fig. 9 displays the potential-time curves of ZnS/CdsS/
B-TiO, films fabricated with different numbers of SILAR depo-
sition cycles under intermittent xenon lamp illumination. Upon
irradiation, the photon energy exceeds the bandgap of the
material, triggering the separation of photogenerated electron—
hole pairs. The substantial accumulation of photogenerated
electrons at the sample surface induces a significant change in
surface potential, which is manifested as a potential shift in the
OCP curves. During the illumination period, the sample
potential initially decreases rapidly and subsequently stabilizes
at a steady-state value; when the light source is turned off, the
potential gradually reverts to its dark-state level. This reversible
potential variation reflects the kinetic delay of electron-hole
recombination, a key feature of efficient photoelectrochemical
systems. In the dark, the OCP values of TiO,, B-TiO,, ZnS/CdS/B-
TiO,(10c), ZnS/CdS/B-TiO,(15¢), and ZnS/CdS/B-TiO,(20c) are
—299 mV, —342 mV, —356 mV, —350 mV, and —314 mV,
respectively. Under illumination, the potential drops by 61 mvV,
133 mV, 371 mV, 526 mV, and 468 mV, respectively. Notably,
ZnS/CdS/B-TiO,(15¢) composite exhibits the most significant
potential drop upon illumination. These results indicate that
the sample accumulates a greater number of photogenerated
electrons and possesses a more efficient photoelectron transfer
capability, thereby demonstrating superior photocathodic
protection performance. Furthermore, multiple on/off cycles of

0.2 .
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——B-TiO,
00T ZnS/CAS/B-TiO,(10¢c)
i —— ZnS/CAS/B-TiO,(15¢)
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s
'
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Fig. 9 OCP curves of TiO, and composite films under intermittent
illumination.
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illumination result in no significant potential fluctuation,
demonstrating the excellent periodicity and reproducibility of
the sample's photoresponse behavior, which is crucial for
practical application in long-term corrosion protection.

To investigate intrinsic electrochemical properties of the
photoanodes, such as charge-transfer resistance and carrier
transport efficiency, electrochemical impedance spectroscopy
(EIS) measurements were conducted on TiO, composite films
prepared under different conditions, and simulated Nyquist
plots were obtained as shown in Fig. 10. At the same frequency,
a larger semicircle radius indicates a smaller capacitance,
higher polarization resistance, greater energy barrier for elec-
trode reactions, and consequently, slower reaction kinetics.*®

As shown in Fig. 10, under illumination, the semicircle radii
of different film electrodes follow the order: TiO, > B-TiO, >
ZnS/CdS/B-TiO,(10c) > ZnS/CdS/B-TiO,(20c) > ZnS/CdS/B-
TiO,(15c¢). Evidently, the ZnS/CdS/B-TiO,(15¢) sample exhibits
a relatively smaller semicircle radius, indicating superior
photoelectric conversion performance. This suggests that ZnS/
CdS/B-TiO,(15c¢) is likely to demonstrate enhanced performance
in photocathodic protection applications.

Photocurrent density is a key parameter for evaluating the
photoelectric conversion performance of photoanodes; higher
values indicate more efficient generation and separation of
photogenerated charge carriers, as well as stronger photoelec-
tric conversion capability.*” Fig. 11 presents the photocurrent
density-time (I-t) curves of TiO, photoanodes and their modi-
fied composites under intermittent illumination. At the
moment of light activation, the modified TiO, photoanodes
exhibit significantly higher instantaneous photocurrents, indi-
cating an enhanced photoresponse capability. Under steady
state, the photocurrent density of the pristine TiO, photoanode
is approximately 20 pA cm 2, while that of the B-TiO, photo-
anode reaches ~28 pA cm ™. For the ZnS/CdS/B-TiO, compos-
ites, the photocurrent densities of ZnS/CdS/B-TiO,(10c), ZnS/
CdS/B-TiO,(15c¢), and ZnS/CdS/B-TiO,(20c) reach 195 pA cm 2,
279 pA em 2, and 214 pA em 2, respectively, corresponding to
9.75, 13.95, and 10.7 times that of pristine TiO,, respectively.
The significant enhancement in photocurrent is primarily

60
—Tio,
—— B-TiO,
a8r —— ZnS/CAS/B-TiO,(10¢)
ZnS/CAS/B-TiO,(15¢)
g ——— ZnS/CAS/B-Ti0,(20¢)
g
=
N

36 48 60
Z' (kQ cm?)

Fig. 10 Nyquist plots of TiO, and composite photoanodes.
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Fig. 11 The photoresponse spectra of pure TiO, NTs, B-TiO,, and
ZnS/CdS/B-TiO, NTs.

attributed to the synergistic modification by ZnS and CdS. This
modification not only extends the absorption range of TiO, into
the visible region but also effectively suppresses the recombi-
nation of photogenerated electron-hole pairs, thereby facili-
tating efficient carrier separation and transport and markedly
improving the photoelectrical performance of the material.

3.3 Photocathodic protection properties

To evaluate the photocathodic protection performance of TiO,
photoanodes and their composites for 316 SS under simulated
seawater conditions, the potential variation of 316 SS coupled
with TiO, or ZnS/CdS/B-TiO,(15¢) photoanodes was recorded
under intermittent simulated solar illumination, as illustrated
in Fig. 12. Upon illumination, photogenerated electrons trans-
fer from the semiconductor material to the surface of 316 SS,
resulting in a rapid reduction in potential. When the light is
turned off, the potential gradually rebounds yet remains lower
than the corrosion potential of 316 SS. The self-corrosion
potential of 316 SS is approximately 0 V; when coupled with

0.2
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Fig. 12 The OCP curves of 316SS coupled to the different films under
intermittent white light illumination.
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pristine TiO,, the potential decreases to around —0.37 V. In
contrast, with the ZnS/CdS/B-TiO,(15¢c) composite as the pho-
toanode, the coupled potential drops to roughly —0.89 V, cor-
responding to a negative shift of ~890 mV. After two cycles of
intermittent light illumination, the potential remains stable.
Moreover, even after 15 h of immersion, the potential of 316 SS
coupled with ZnS/CdS/B-TiO,(15¢) only exhibits slight fluctua-
tions, indicating relatively stable potential over extended dura-
tions. These results demonstrate that the modification with ZnS
and CdS enables prolonged and effective photocathodic
protection for 316 SS.

To contextualize this performance, Table 1 presents
a comparison with other recently reported TiO,-based photo-
anodes. Notably, the ZnS/CdS/B-TiO,(15¢c) composite exhibits
a significantly more negative photo-potential (—0.89 V) than the
counterparts listed. Furthermore, in terms of stability, it
outperforms many reported electrodes, confirming its compet-
itive advantage for practical marine applications.

To gain deeper insight into the interfacial charge-transfer
behaviors of photoanodes in electrolyte solutions, and to
further clarify their photocathodic protection mechanisms,
electrochemical impedance spectroscopy (EIS) measurements
were performed under simulated solar illumination. Fig. 13
presents the Nyquist plots of the 316 SS. In this equivalent
circuit, R, stands for the solution resistance; Q; and R; denote
the capacitance and resistance of the surface film, respectively;
and Qg and R correspond to the double-layer capacitance and
charge-transfer resistance. The bare 316 SS exhibits the largest
semicircle radius in its Nyquist plot, which indicates a high
charge-transfer resistance (R.) and restricted interfacial elec-
tron transport. After modification with a TiO, coating, the
semicircle radius is significantly reduced, suggesting a decrease
in charge-transfer resistance and an improvement in electron
transport efficiency. Upon further incorporating ZnS/CdS into
the partially reduced TiO,, the ZnS/CdS/B-TiO,(15c) nano-
composite presents the smallest semicircle radius and the
lowest charge-transfer resistance (R.). Collectively, these find-
ings demonstrate that the ZnS/CdS/B-TiO,(15¢) nanocomposite
possesses excellent photoelectrochemical performance, which
can effectively facilitate the efficient separation and migration
of photogenerated electrons, thereby significantly enhancing
the photocathodic protection effect for 316 SS.

The band structures of ZnS, CdS, and B-TiO, were investi-
gated using Mott-Schottky (M-S) analysis. As shown in Fig. 14a—
¢, the positive slopes observed in the M-S plots indicate that all
three materials exhibit n-type semiconductor characteristics.
The flat band potentials (Eg) of ZnS, CdS, and B-TiO, were
determined to be —1.02, —0.63, and —0.21 V vs. SCE, respec-
tively. These values were converted to the Normal Hydrogen
Electrode (NHE) scale using the equation Exyg = Escg +
0.24 V.**** Consequently, the Eq, values (vs. NHE) for ZnS, CdS,
and B-TiO, are —0.78, —0.39, and 0.03 V, respectively. Generally,
for n-type semiconductors, the conduction band potential (Ecp)
is approximately 0.2 V more negative than the flat band
potential (Ecg = Eg, — 0.2 V). Based on this, the Ecg levels were
calculated as —0.98, —0.59, and —0.17 eV, respectively.
Furthermore, combining these results with the band gap

© 2026 The Author(s). Published by the Royal Society of Chemistry


http://creativecommons.org/licenses/by-nc/3.0/
http://creativecommons.org/licenses/by-nc/3.0/
https://doi.org/10.1039/d5ra09129b

Open Access Article. Published on 20 February 2026. Downloaded on 4/7/2026 8:22:20 PM.

Thisarticleislicensed under a Creative Commons Attribution-NonCommercial 3.0 Unported Licence.

(cc)

Paper

View Article Online

RSC Advances

Table 1 Comparison of the photocathodic protection performance of the as-prepared ZnS/CdS/B-TiO,(15c) photoanode with other recently
reported TiO,-based photoanodes

Photoanode Protected metal Electrolyte for metal Photo-potential (Ecp) Stability duration Ref./year
ZnS/CdS/B-TiO,(15c¢) 316 SS 3.5 wt% NaCl —-0.89V 18 h This work
C030,4/TiO, 304 SS 3.5 wt% NaCl —-0.69V 5h 2023 (ref. 48)
g-CsNy/TiO, Mg-Ni 3.5 wt% NaCl —0.82V 24 h 2025 (ref. 49)
Bi/BiOBr/TiO, 316 SS 3.5 wt% NaCl —-043V 3h 2023 (ref. 50)
MnFe,0,@Si0,/TiO, 304 SS 0.1 M Na,SO, —0.58V 12 h 2022 (ref. 51)
Co(OH),/TiO, 304 SS 3.5 wt% NaCl —0.53 V 6h 2021 (ref. 52)
o (4) o 316SS @ 316SS
° > 316SS-TiO, 316SS-TiO,
@ 316SS-ZnS/CdS/B-TiO,(15¢) @  316SS-ZnS/CdS/B-TiOy(15¢)

—~ 300 4
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Fig. 13 (A): Nyquist plots of 316SS, 316SS-TiO, and 316SS-ZnS/CdS/B-TiO,(15). (B) Magnified view of (A).
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Fig. 14 Mott—-Schottky curves of different photoanode materials, (a) ZnS, (b) CdS, (c) B-TiO,.

energies (Ey)-reported as 3.68 eV for ZnS and 2.42 eV for CdS in
standard literature,® and 2.89 eV for B-TiO,-the valence band
potentials (Eyg) were calculated using the equation:*® Eyg = Ecg
+ E,. The resulting Eyg positions for ZnS, Cds, and B-TiO, are
2.70, 1.83, and 2.72 eV, respectively.

The plausible mechanism governing the enhanced
photoelectrochemical performance of the ZnS/CdS/B-TiO,
composite photoanode is schematically illustrated in Fig. 15.
Based on the band structure derived from Mott-Schottky anal-
ysis, the components form a cascade type-II heterojunction,
which provides a thermodynamic driving force for efficient
charge separation. Specifically, under simulated solar

© 2026 The Author(s). Published by the Royal Society of Chemistry

illumination, all three components can be excited to generate
electron-hole pairs. According to the calculated band positions,
the conduction band (CB) potentials of ZnS, CdS, and B-TiO, are
located at —0.98, —0.59, and —0.17 eV (vs. NHE), respectively.
This distinct “stepped” energy alignment facilitates a direc-
tional transfer of photogenerated electrons. Electrons excited in
the CB of ZnS spontaneously migrate to the CB of CdS, and
subsequently inject into the CB of B-TiO,. Simultaneously, the
electrons generated within CdS are also transferred to B-TiO,.
These accumulated electrons are then efficiently transported
through the highly conductive Ti**-doped TiO, nanotubes to the
Ti substrate and finally channeled to the 316 SS electrode via the
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Fig. 15 Mechanism diagram of photocathodic protection.

external circuit. This continuous electron injection induces
a significant negative potential shift in the coupled steel,
providing effective cathodic protection. Regarding hole trans-
port, the VB potentials of ZnS, B-TiO,, and CdS are 2.70, 2.72,
and 1.83 eV, respectively. Since holes naturally migrate towards
more negative potentials, photogenerated holes in the VB of ZnS
and B-TiO, tend to transfer to the VB of CdS. Consequently, the
photogenerated holes accumulate primarily on the CdS valence
band. Although this hole accumulation typically poses a risk of
photocorrosion, the ZnS shell plays a critical protective role.
Firstly, the ZnS overlayer effectively passivates the surface
defects and dangling bonds of CdS, which are the primary active
sites for self-oxidative decomposition. Secondly, ZnS acts as
a physical barrier that mitigates the direct erosion of the CdS
lattice by the electrolyte. Furthermore, the efficient charge
separation kinetics ensures that the accumulated holes are
rapidly scavenged by the sacrificial sulfide ions in the electrolyte
before they can oxidize the CdS lattice. This kinetic advantage,
combined with structural passivation, underpins the superior
stability observed in the ZnS/CdS/B-TiO, photoanode. In
summary, the superior performance of the ZnS/CdS/B-TiO,
system is attributed to the synergistic effect of the cascade band
alighment and Ti** self-doping. The ZnS layer, with its high CB
position, acts as an upstream electron pump; CdS serves as
a central visible-light absorber and charge relay station; while
Ti**-doping introduces mid-gap states that improve the
conductivity of TiO,. This optimized configuration ensures
rapid spatial separation of electron-hole pairs, suppresses
recombination, and maximizes the utilization of photogene-
rated electrons for the photocathodic protection of 316 SS.

4. Conclusion

In summary, a novel ZnS/CdS/Ti*" self-doped TiO, nanotube
array photoanode was successfully constructed via a combina-
tion of anodic oxidation, electrochemical reduction, and SILAR
techniques. The optimized ZnS/CdS/B-TiO,(15c) composite
effectively overcomes the intrinsic limitations of pristine TiO,
by integrating Ti*" self-doping defects with a cascade hetero-
junction. Consequently, the photoanode exhibits superior
photoelectric performance, achieving a high photocurrent
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density of 279 pA cm 2> under simulated solar illumination-
approximately 14 times that of pristine TiO,. When coupled
with 316 SS, it induces a significant cathodic potential drop,
stabilizing the open-circuit potential at —0.89 V (vs. SCE), which
ensures robust photocathodic protection. Mechanism analysis
confirms that the enhanced performance stems from the
synergistic effect of improved conductivity induced by Ti**
doping and the efficient spatial separation of charge carriers
driven by the stepped band alignment. This work provides
arational strategy for designing high-efficiency photoanodes for
marine corrosion protection applications.
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