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1. Introduction

In the present day, metals are extensively used in areas around
oceans where metals can rapidly corrode due to high temperatures,
humidity, and elevated salt content in the environment [1-3]. The use
of metals in seawater poses continuous challenges and potential
property loss due to corrosion, necessitating constant maintenance and
repair. Seawater typically contains around 3.5 wt% NaCl, constituting
the highest concentration of NaCl affecting metals [4]. Therefore,
a 3.5 wt% NacCl solution is recommended in most research and
international standards, i.e. ASTM, for corrosion and coating studies
to simulate an environment similar to marine environments [4-6].

To mitigate the loss caused by corrosion in seawater, various
techniques are available. Methods such as applying coatings can
partially prevent corrosion, albeit at the expense of the time required
for reapplication. Electrochemical protections, including impressed
current cathodic protection (ICCP) and sacrificial anode cathodic
protection (SACP), are fully favored for their effectiveness in safeguarding
metallic structures in marine environments or on vessels at sea [7].
Photocathodic protection (PCP) is a promising technique in preventing
metal corrosion. It not only provides alternative electrical energy
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Photocathodic protection is an alternative cathodic protection technique to protect metals by photo-
generated electrons from a coupled semiconductor film under solar light. In this report, ZnO nanorods
and heterostructure ZnO/ZnS nanorod films on FTO substrates were studied for their photocathodic
protection for 304 stainless steels (304 SS) in a 3.5 wt% NaCl solution. The ZnO and ZnO/ZnS nanorods
were fabricated on FTO substrates by spray pyrolysis and hydrothermal processes. The photocathodic
performances of the ZnO and ZnO/ZnS photoanodes coupled with 304 SS samples were examined by
Open-Circuit Potential (OCP), polarization curve analysis, and electrochemical impedance spectra (EIS).
The ZnO/ZnS photoanodes showed better photocathodic performance than the ZnO photoanodes with
larger negative potential shifts and higher photo-generated current density under light illumination.
The ZnO/ZnS heterostructure films show promising photocathodic protection for 304 SS under chloride
atmosphere. However, both ZnO and ZnO/ZnS failed to provide any protection under dark conditions.

similar to ICCP but also harnesses clean energy from sunlight. During
PCP process [8], a metal can be cathodically protected by a photoanode
under sunlight irradiation. When exposed to sunlight, electrons are
generated from the n-type semiconductor material and transported to
the connected metal, thereby reducing its susceptibility to corrosion.
In general, n-type semiconductor materials such as TiO2 and ZnO
are commonly preferred due to their excellent photoelectrochemical
performance (PCP) [9-14]. Numerous studies have been conducted
on these materials as they possess conduction band levels higher than
the corrosion potential of materials like SS304 and carbon steel.
However, the efficiency of the PCP process using TiO2 and ZnO is still
limited, primarily due to their low light absorption capacity [9,12].
Heterostructure semiconductor films of multiple n-type semiconductor
materials with varying band gap energies may be applied to enhance
sunlight absorption [8-10,13]. ZnS has conduction band (CB) and
valence band (VB) levels higher than those of ZnO. The composite
films of ZnS and ZnO can enhance the efficiency of the photo-
electrochemical protection (PCP) process. The heterojunction between
ZnO and ZnS promotes a photocurrent and open-circuit potential
(OCP) shift, due to the electron-hole separation at the junction [14-15].
All prior studies reported the performance of the photoanode cells

DOI:10.55713/jmmm.v35i1.2105



2 VEERAPONG, S., et al.

in hole-scavenger solutions, e.g. Na2S-NaOH. There has not been
reports of the performances of both working electrodes and coupled
photoanodes in a 3.5 wt% NaCl solution of a simulated marine condition.

Extensive studies on ZnO coating on a 304 stainless steel metal
substrate by a spray pyrolysis technique, aiming to explore PCP
performance, have been widely reported [16-20]. This approach proves
effective in preventing corrosion and convenient for synthesis,
providing a uniform surface of ZnO on a SS304 substrate. A drawback
of the ZnO spray pyrolysis synthesis is the use of high temperatures
(above 200°C), causing changes in the surface properties of the SS304
metal [16]. Subsequent studies have attempted ZnO synthesis using
the spray pyrolysis on 304 SS metal at lower temperatures, and the
results indicate that corrosion can be prevented using the PCP method
during testing. Nevertheless, the 304 SS metal still underwent corrosion
during the spray pyrolysis process, leading to changes in the metal
surface [17]. Nevertheless, the spray pyrolysis technique is easy and
cheap to perform and allows for controlled deposition with a clear
structure, which is ideal for scaling up processes. Therefore, to avoid
oxidation on a metal substrate, an application of the spray pyrolysis
technique to fabricate semiconductor oxide films on an inert glass
substrate is an alternative process for preparing a separated photoanode,
which can be electrically coupled with a metal for photocathodic
protection.

The spray pyrolysis and hydrothermal techniques for ZnO on
glass have been widely reported [18-20]. The structure of ZnO consists
of clearly defined hexagonal nanorods, providing many areas for light
absorption and electron generation. Fluorine-doped Tin Oxide glass
(FTO) is a highly efficient substrate due to its electrically conductive
surface, ease of synthesizing semiconductor materials, and versatility
for various synthesis methods. FTO glass has garnered significant
interest in research, as it can be used as a substrate for synthesizing
various functional materials, including ZnO using the hydrothermal
microwave method [21], CuBi204 template-assisted electrodeposition
and oxidation reactions [22], or CIS/CdS/ZnO/Zn0:Al through electro-
deposition [23], and many other syntheses techniques [24-27]. High
electrical conductivity and ease of depositing various materials onto its
surface make FTO glass a preferred substrate for diverse applications.
There is no prior report on the application of heterostructure ZnS/
ZnO nanorod films on a FTO glass, fabricated by the spray pyrolysis
and hydrothermal techniques, as a photoanode for the photocathodic
corrosion protection of a stainless steel under a 3.5 wt% NaCl solution.

In this study, we investigated the connectivity of ZnO and ZnS
heterostructure nanorods synthesized on a FTO glass as photoanodes
in the photoelectrochemical corrosion protection (PCP) for 304
stainless steel (SS304) in a 3.5 wt% NaCl solution. The fabrication
process involved depositing ZnO onto a FTO glass with the hybrid
spray pyrolysis and hydrothermal processes, followed by the hydro-
thermal deposition of ZnS onto the ZnO layer. The PCP performances
of ZnO and ZnO/ZnS in a 3.5 wt% NaCl solution are analyzed and
compared in this report.

2. Experimental methods

2.1 Preparation of ZnO/ZnS photoanodes
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A ZnO film was synthesized on a2.5 x 2.5 cm? FTO glass using
a combination of spray pyrolysis and hydrothermal processes, the
parametric details of the syntheses are reported [28] and [17]. The
FTO glass was initially cleaned sequentially in the ultrasonic bath for
approximately 15 min, using acetone, ethanol, and deionized water.
To begin, the layer of ZnO seed was synthesized on the FTO glass
through a spray pyrolysis. ZnO-seed precursors were sprayed for 1 h
on the FTO glass, which was placed on a 400°C hot plate. The precursors
consisted of 0.05 M of zinc acetate dihydrate ((CH3COO)2Zn-2H20)
dissolved in methanol. The growth of the ZnO layer on the seeded
ZnO layer was achieved through a hydrothermal process at 90°C for
12 h, using a solution comprised of 0.025 M of zinc nitrate hexahydrate
(Zn(NO3)2-6H20) and 0.025 M of hexamethylenetetramine (CsHi2N4)
in deionized water. Afterwards, the synthesized ZnO/FTO glass was
dried at 100°C for 15 min. ZnS was subsequently synthesized by
ahydrothermal process at 90°C for 7 h with 0.1 M thioacetamide
solution. The heterostructure ZnO/ZnS film was then dried at 100°C
for 15 min.

2.2 Characterizations of ZnO and ZnO/ZnS films

The crystal structures of the ZnO and ZnO/ZnS films were analyzed
by X-ray diffractometer (Empyrean, PanAnalytical) equipped with
a Cu Ka X-ray source (\=1.540598 A). The 2-theta range was scanned
from 20° to 90°. An observation of the film surfaces was conducted
using a scanning electron microscope (SEM) on a Hitachi microscope
(SU3500) operated at 5 kV. The absorption of illumination was measured
with UV-visible spectrophotometer (UV-1700 PharmaSpec, Shimadzu)
in the range of wavelengths from 200 nm to 900 nm. The band gaps
of ZnO and ZnO/ZnS were analyzed with Tauc plot technique.

2.3 Photoelectrochemical Analyses

A photoelectrochemical cathodic protection was measured using
a PGSTAT100N under irradiation of UV-lamp (ULTRA-VITALUX).
The PCP setup, as shown in Figure 1, consists of a corrosion cell and
a photoelectrochemical cell. Both cells contained a 3.5 wt% NaCl
electrolytes and were separated by a Nafion membrane for ion exchange.
The corrosion cell comprised of a 304 SS working electrode, a Pt-
coated mesh counter electrode and an Ag/AgCl reference electrode.
The photoanode (ZnO or ZnO/ZnS), with an active area of 2.5 cm? x
2.5 em?, was placed in the photoelectrochemical cell. The photoanode
was electrically connected with the 304 SS working electrode by
a copper wire. The PCP analyses included the measurements of the
open circuit potential (OCP), photocurrent, and polarization curve
analysis (Tafel plot). A corrosion potential (Ecor) and a corrosion current
density (jeor) Were obtained by polarization curves in the Tafel regions.
Electrochemical impedance spectroscopy (EIS) of the ZnO and ZnO/
ZnS photoanode films was conducted in a frequency range of 102 Hz
to 107 Hz with an alternating current (AC) amplitude of 10 mV, both
under illumination and dark conditions. The photocurrent was measured
to investigate the photo-generated electrons from the photoanode to
the SS304.
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Figure 1. The diagram of the photocathodic protection (PCP) shows the WE as
the working electrode, CE as the counter electrode and RE as reference electrode.

The left cell is a photoelectrochemical cell containing a photoanode sample.
The right cell is a corrosion cell containing a 304 SS sample, CE and RE.

3. Results and discussion

The X-ray diffraction (XRD) patterns of the ZnO and ZnO/ZnS
films on FTO glass are presented in Figure 2. The characteristic 20
peaks of the synthesized FTO glass are 26.61, 33.89 and 51.78 assigned
to (110), (101) and (211) planes of SnO> from FTO glass substrates
(JCPDS No. 41-1445). The peaks at 260 =31.85,34.45,36.35,47.77,
56.65, 62.95, 68.00, and 69.12 align well with the (100), (002),
(101), (102),(110), (103), (112), and (201) planes of hexagonal
ZnO (JCPDS 36-1451) for the ZnO photoanode [8]. The ZnO and
FTO corresponding peaks are present for the ZnO photoanode film,
as shown in Figure 2(a). For ZnS, distinct peaks were detected at
approximately 26.55 and 28.78, corresponding to the (102) and (001)
diffraction peaks of ZnS (JCPDS 12-0688) [9]. The peak at 26.55°
for ZnS overlapped with the peak at 26.61° for FTO. All the ZnS,
ZnO, and FTO peaks are present for the ZnO/ZnS photoanode film
(Figure 2(b)).

Figure 3 shows the morphology of the prepared samples. In
Figure 3(a), the surface of ZnO nanorods appears fine structure with
a hexagonal morphology. The diameter of the hexagonal ZnO nanorods
is approximately 180 nm. In Figure 3(b), the cross-sectional picture
reveals the ZnO seed layer with a thickness of approximately 460 nm,
and ZnO nanorods grew on the seed ZnO with nanorod length of
1.64 um. The ZnO seed layer aided in the growth of ZnO nanorod
along the c-axis.

After growing ZnS on ZnO, the structure of ZnO/ZnS nanorods
show no significant difference, as depicted in Figure 3(c). The ZnO/ZnS
nanorods appeared larger than the ZnO nanorods both in size and
length. The diameter of ZnO/ZnS nanorods is approximately 330 nm.
Figure 3(d) shows a cross-section area of ZnO/ZnS nanorods. The
ZnO/ZnS nanorods are taller than the ZnO nanorods with a length
0f 3.62 um. The distributions of Zn, O, and S elements in ZnO/ZnS
nanorods were analyzed using energy dispersive X-ray (EDX), as
shown in Figure 4. All the elements are evenly distributed. The
elemental fractions of the ZnO/ZnS nanorods are 22 wt% Zn, 51 wt%
S, and 27 wt% O, as shown in Figure 5. The peaks of Zn, O and S
indicate the deposition of ZnO/ZnS on FTO glass. Another peak is
primarily Au, which is from a gold coating for SEM.

The light absorption was tested using ultraviolet-visible (UV-Vis)
spectroscopy with slide glass as a reference. Figure 6(a) displays the

absorbance of the ZnO and ZnO/ZnS films under UV lamp illumination,
while Figure 6(b) shows the corresponding Tauc plots for determining
the band energy gaps. The ZnO film exhibits an absorption edge at
approximately 400 nm, indicating a band gap of about 3.2 eV. It
strongly absorbs UV light, resulting in clear absorption and band
gap characteristics. The absorption of the ZnO/ZnS film is broad
ranging from 365 nm to 900 nm. The highest absorption spectrum of
the ZnO/ZnS film occurred from 365 nm to 375 nm. This demonstrates
its ability to absorb both visible light and UV light. The broad absorption
range of the ZnO/ZnS is due to different band gaps of ZnO and ZnS.
The band gap of the ZnO/ZnS film is measured to be 2.9 eV, as shown
in Tauc plot of Figure 6(b). The heterostructure of ZnS/ZnO creates
anew energy band gap due to the combination of ZnO and ZnS. The
band structure is adjusted, leading to a lower energy band gap [29,30].

Figure 7(a) shows the open circuit potential (OCP) results of the
304 SS coupled with ZnO and ZnO/ZnS photoanodes under light
on and off conditions. The OCP values stabilized, likely due to the
equilibrium achieved between the generation and recombination of
photogenerated electron-hole pairs [10]. For an uncoupled 304 SS, the
OCP is within a narrow range of —0.1 V't0 0.0 V vs. Ag/AgCl. Upon light
illumination on the respective photoanodes, as shown in Figure 7(a),
the 304 SS OCP negatively shifted to —0.27 V (by the ZnO/ZnS photo-
anode) and —0.2 V (by the ZnO photoanode) due to the supply of photo-
generated electrons from the respective photoanodes. Upon turning off
the light, the potential shifts back positively to that of base 304 SS.
On the other hand, the recovery potential is slightly more negative
than that of base 304 SS. Figure 7(b) represents the OCP values of
the 304 SS coupled with the ZnO and ZnO/ZnS photoanode over an
extended period: 2 h under illumination on the photoanodes and 5 h
in the dark. It shows that the ZnO and ZnO/ZnS photoanode maintained
its photocathodic protection for the 304 SS with the negatively-shift
OCP throughout the illumination period. This capability provides long-
term protection against pitting corrosion through photocathodic
protection, if the light illumination on the photoanodes is available.
Nevertheless, after the light was off, the OCP of the 304 SS increased
back to the base value, but gradually decreased over time even under
the dark condition. The final equilibrium OCP may be the combined
OCP between the base 304 SS and the corresponding photoanodes
under the dark condition.
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Figure 2. XRD patterns of the (a) is the ZnO, and (b) is the ZnO/ZnS photoanodes.
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Figure 3. The morphological pictures of (a) ZnO (top view), (b) ZnO (cross-section), (¢) ZnO/ZnS (top view), and (d) ZnO/ZnS (cross-section).

Figure 4. The distribution of elements in ZnO/ZnS nanorods using energy dispersive X-ray (EDX) analysis: (a) the elemental distribution for all
elements, while (b), (c), and (d) show the distributions of oxygen, sulfur, and zinc, respectively.
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Figure 8 shows the polarization curves of base 304 SS, 304 SS
coupled with ZnO and ZnO/ZnS photoanodes. The corresponding
corrosion potentials and current densities are summarized in Table 1.
The corrosion potential (Ecorr) of base 304 SS uncoated surface was
—0.153 V vs. Ag/AgCl under the dark condition. When the 304 SS
was coupled with ZnO and ZnO/ZnS photoanodes in the dark, the
corrosion potentials were —0.152 V and —0.113 V, respectively. The
Ecorr 0f 304 SS coupled with ZnO is nearly the same as that of the
base 304 SS. Although, the current intensity (jcorr) of 304 SS coupled
with ZnO is higher than that of the base 304 SS (shown in Table 1).
As aresult, 304 SS coupled with ZnO loses electrons to the solution at
a higher rate, respectively. Under illumination, the corrosion potentials
for the 304 SS coupled with ZnO and ZnO/ZnS negatively shifted to
—0.215V and—0.289 V (vs. Ag/AgCl), respectively. The lower corrosion
potential in the photocathodic protection suggests that photoanodes
generated photo electron-hole pairs and transferred the electrons to
protect the coupled metals. The ZnO/ZnS photoanode exhibited larger
negative Ecorr shift to 304 SS than did the ZnO photoanode. For the
current density (summarized in Table 1), the ZnO/ZnS and ZnO photo-
anodes under light illumination slightly increased as compared to under
the dark condition. Both current densities under light illuminations
were higher than that of base 304 SS.

Figure 9 shows the photocurrent results of the ZnO and ZnO/
ZnS photoanodes under light on and off conditions. At the onset of
light on, the current increased sharply for both ZnO and ZnO/ZnS
photoanodes. The photocurrent of the ZnO/ZnS photoanode (under
light on) is higher than that of ZnO photoanodes. Therefore, ZnO/
ZnS photoanode showed better photocathodic protection than ZnO
photoanode with the supply of more photo-generated electrons to the
coupled metal.

To analyze the charge transfer, electrochemical impedance spectra
(EIS) measurements were conducted under the dark and illumination
conditions. In Figure 10, all Nyquist plots can be fitted using the proposed
Randles equivalent circuit (Figure 10(a)), comprising an electrolyte
resistance (Rs), a charge transfer resistance (Rct), and a constant phase
element (CPE). In the dark condition, shown in Figure 10(b), the ZnO/
ZnS photoanodes exhibit a higher charge transfer resistance (Rect)
compared to ZnO photoanodes. The Rct values for ZnO/ZnS and ZnO
photoanodes are 37227 Q and 13948 Q, respectively. This suggests
that the electrical conductivity of ZnO photoanodes is higher than
to that of ZnO/ZnS photoanodes. The Rs of ZnO and ZnO/ZnS photo-
anodes are 18 Q and 7.14 Q, respectively. Conversely, under illumination
shown in Figure 10(a), the Re: for both films decreased significantly.
The Ret for ZnO/ZnS became lower than that of ZnO, with Re
values for ZnO/ZnS and ZnO photoanodes of 176.7 Q and 323.3 Q,
respectively. This indicates that electron generation occurs under light

for both ZnO/ZnS and ZnO, resulting in an increase in the electrical
conductivity as compared to the dark condition. The lower Rct under UV
illumination for ZnO/ZnS film as compared to that of ZnO film agrees
well with the OCP and Tafel plot analyses. The Rs values for ZnO/ZnS
and ZnO photoanodes (under UV illumination) are approximately
8.27 Q and 13.95 Q, respectively, indicating lower charge transfer
resistance between ZnO/ZnS photoanodes and the electrolyte. This
suggests higher charge separation and transfer efficiency.
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Figure 8. The polarization curves: (a) uncoated base 304 SS (dark condition),
(b) and (e) are 304 SS coupled with ZnO/ZnS under illumination and dark
conditions, respectively, (¢) and (d) are 304 SS coupled with ZnO under
illumination and dark conditions, respectively.
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Table 1. The corrosion potentials (E.,.) and current densities (j..-) of polarization of tafel plot for photocathodic protection.

ican [A . cm’Z]

Working electrodes Ecorr (V vs. Ag/AgCl)
304SS Base (uncoat and light off) —0.153 £0.003
304SS-ZnO Light Off —0.152 £0.003
304SS-ZnO Light On -0.215£0.021
304SS- ZnO/ZnS Light Off —0.113 £0.003
304SS- ZnO/ZnS Light On -0.289 £0.017

(1.16 £ 0.51) E-07
(2.45 £ 1.59) E-06
(1.43 £0.254) E-06
(8.09 £ 1.07) E-06
(5.02 £ 2.08) E-06
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Figure 11. Optical microstructure (a) shows the surface of base 304 SS before polarization testing. Picture (b) — (f) show the OM structures of 304 SS
samples after polarization testing with different conditions: (b) base 304 SS, (c) 304 SS coupled with ZnO under the dark condition, (d) 304 SS coupled
with ZnO/ZnS under the dark condition, (e) 304 SS coupled with ZnO under UV illumination, and (f) 304 SS coupled withZnO/ZnS under illumination.
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Figure 11 shows the optical microstructures of 304 SS before and
after polarization testing, which support that the ZnO and ZnO/ZnS
photoanodes could provide photocathodic protection under illumination.
Figure 11(a) shows the base 304 SS before testing. After the polarization
test in NaCl solution, as shown in Figure 11(b), the base 304 SS was
significantly damaged by CI” ions with many large pitting holes. Under
the dark condition, the 304 SS samples coupled with ZnO (Figure 11(c)
and ZnO/ZnS (Figure 11(d)) showed corrosion of a few pitting holes,
as there was no photocathodic protection in the absence of UV
illumination. Under UV illumination, the 304 SS coupled with ZnO
photoanode (shown in Figure 11(e)), showed fewer and smaller pitting
holes as compared to the dark condition. For the 304 SS coupled with
ZnO/ZnS photoanode (Figure 11(f)) showed clear photocathodic
protection with no pitting corrosion observed even after polarization
test. The results show both ZnO and ZnO/ZnS photoanodes could
cathodically protect 304 SS in 3.5 wt% NaCl under UV illumination.
And, the ZnO/ZnS photoanode showed better photocathodic performance
than the ZnO one.

4. Conclusion

The ZnO and heterostructure ZnO/ZnS nanorod films were
successfully synthesized on FTO substrates through the spray pyrolysis
and a hydrothermal process. Tauc’s plot analysis shows that the ZnO/
ZnS film has lower bandgap than the ZnO film. The ZnO and ZnO/ZnS
films were coupled with 304 SS to provide photocathodic protection
under 3.5 wt% NaCl solution. The analyses of OCP, polarization curve
and EIS indicated that the ZnO/ZnS photoanodes showed better
photocathodic performance than the ZnO photoanodes with larger
negative potential shifts and higher photo-generated current density
under light illumination. The optical microstructures of the 304 SS
samples after polarization testing evidently showed that, with UV
illumination, the ZnO/ZnS photoanode effectively protected the 304
SS from pitting corrosion. In the absence of UV illumination, neither
ZnO/ZnS heterostructure nor ZnO photoanodes showed photocathodic
protection for the 304 SS. ZnO/ZnS heterostructure film is a promising
candidate for photocathodic protection, as they are simple to fabricate
with relatively low-cost materials. However, the addition of energy-
storage materials should be considered to provide recurring
protection in the absence of light.
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