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Abstract: The global annual steel waste associate with interface corrosion represent
significant challenges for steel’s lifetime as well as sustainable development of modern
society. Herein, we report a unique multi-dimensional quaternary hybrid superstructure
for photocathodic protection (PCP) which not only has an intense visible to near-
infrared absorptivity for generating ‘hot’ electrons but also can provide time-delay anti-
corrosion functions in the dark. We exemplified the PCP performance of this quaternary
composite on a typical 304 stainless steel (304SS) which results in its surface potential
shifting negatively by about 660 mV compared to its natural corrosion potential under
visible light illumination. Besides, time-delay protection without illumination is also
demonstrated, which is resulted from the “electron pool” effect associates to the
embedded zero-dimensional quantum dots. Based on density functional theory (DFT)
simulations as well as comprehensive electron microscopy studies, we elucidate the
origin of the enhanced PCP performances are attributed to the improved work per
photon using ‘hot’ carriers, which surpass the limit of the state-of-the-art PCP
technologies. In addition, we found the use of one-dimensional titanium dioxide
nanorods and two-dimensional reduced graphene oxide as a scaffold can structure the
metal nanoparticles and forces photoinduced ‘hot’ electrons to transfer to the
functionalized 304SS. Various promising functionalities arises from the use of as-
proposed multi-dimensional quaternary superstructure as a sustainable anti-corrosion
material can be envisioned.
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1. Introduction

With the rapid development of the modern steel industry, the demand for materials
sustainability has also been increased dramatically. In particular, the localized corrosion
in 304 stainless steel (304SS) significantly limits its lifetime and broad deployment,
especially in the marine environment [ 1, 2]. Therefore, it is of great importance to find
practical approaches to advance the corrosion resistance of 304SS toward the
sustainable development of the steel industry as well as reduce the greenhouse gas
emission during the steel reproduction. Recently, many technologies have been
developed to solve the corrosion problem, such as corrosion inhibitors [3, 4], anti-
corrosion coatings [5, 6], electrochemical protection [7, 8]. As a green and promising
approach, photocathodic protection (PCP) has also received considerable interest over
the past decades [9-11]. In the PCP process, the semiconductor material serves as the
photoanode, which can produce the photogenerated electrons/holes (e/h*) pairs under
solar light illumination. The electrons can diffuse to the coupled metal, and shift its
surface potential lower than oxidation potential, which enables the metal corrosion to
be inhibited [12-14].

Titanium dioxide (TiO>) has attracted extensive attention as an efficient PCP material
due to its low cost and good photosensitivity [15-17]. Among its numerous existing
structures, one-dimensional (1D) TiO2 nanorods (TNRs) exhibit good PCP performance
associated with its symmetrical 1D structural design that can suppress the e/h" pairs
recombination effectively [18]. However, the intrinsic bandgap of TiO: is relatively

large (> 3 eV) which only covers a small portion of the solar spectrum [19], and it also



cannot provide time-delay protection after switching off the light [20].
Zero-dimensional (0D), noble metal nanoparticles (NPs), such as Au, Ag, Pt and Pd
have been proposed to modify TNRs [21-24], because the PCP performance can be
improved by using the additional ‘hot’ electrons generated from surface plasmonic
resonance (SPR) effect [25]. These ‘hot’ electrons have considerable more kinetic
energy than those electrons generated by direct band edge photoexcitation [26, 27].
Many studies show ‘hot’ electrons can transfer from noble metals to adjoined
semiconductors for metal-semiconductor hybrids to enhances photocatalytic activities
[28-30]. Moreover, the large Schottky barrier between Au-NPs and TNRs can eliminate
e/h" pairs recombination to improve the exciton disassociation efficiency [31]. Wang
et al. [32] and Liu et al. [33] have successfully demonstrated that Au-NPs modified
TNRs film can improve the photodecomposition efficiency of organic compounds
(glucose and methyl orange, respectively). However, in terms of PCP, the injection rate
of ‘hot’ electrons from Au-NPs to TNRs is still relatively low, which results in less
improvement in photo-to-electron conversion efficiency [34]. Furthermore, the small
‘electron-storage capacity' of Au-NPs/TNRs film also cannot provide time-delay
protection for 304SS under dark condition [33]. Therefore, it is essential to insert an
electron transport layers between Au-NPs/TNRs binary composites to improve the
electron transfer efficiency as well as to improve time-delay protection under dark.
Reduced graphene oxide (rGO), a new class of two-dimensional (2D) carbon
material, has been widely studied in the photoelectrochemical field due to its large

surface area as well as high conductivity [35]. There are also potential advantages if



one can combine rGO sheets with Au-NPs/TNRs film. Firstly, the planar n-n
conjunction structure of rGO can capture and facilitate charge transport [36], which can
serve as an excellent electron transport layer for depleting photogenerated e/h* pairs in
Au-NPs/rGO/TNRs composite films [37]. Secondly, the visible-light response of TNRs
can be dramatically enhanced because of the sensitizing effect of rGO [38]. Thirdly, the
large specific surface area of rGO can provide more surface deposition sites for Au-
NPs, to further increase the SPR effect of the composite film. Therefore, the present of
rGO layers can improve PCP performance mediated by the enhanced photocurrent
injection rate from Au-NPs to TNRs. Li et al. introduced the rGO interlayer between
CdSe and TiO: film, which realized a high electron transfer efficiency and good PCP
performance [39]. However, efficient time-delay protection is still not realized, which
cannot provide anti-corrosion protection in the dark.

Tin oxide (SnO.) is another promising n-type semiconductor (bandgap 3.5-3.6 eV)
for PCP application [40], and a type-II heterojunction can be formed between SnO> and
TiO». [41] Recently, Huy et al. [42] and Sun et al. [43] synthesized a SnO> quantum dots
(QDs) modified TNRs film and demonstrated outstanding water splitting photocatalytic
performance. Besides, the conduction band (CB) of SnO; can act as “electron pool” to
partially store photoexcited electrons when the composite film is under irradiance and
then releases the stored charges to the coupled steel after cutting off the light [40, 44,
45]. In other words, SnO;-based materials can provide continuous protection to the steel,
even in the dark [46-48]. Therefore, exploring an efficient approach to use SnO, and

other photoanodes as PCP materials is highly promising.



In this work, we propose a 0D-1D-2D multi-dimensional quaternary Au-
NPs/rGO/SnO2 QDs/TNRs (AGSQT NRs) superstructure (Scheme 1) as a unique
material platform for PCP, which exhibits an outstanding performance for 304SS
protection beyond most of the previously reported works. For the first time, we
demonstrate the photocathodic protection of 304SS using the quaternary AGSQT NRs
hybrid composite film, which shows improvement not only in PCP efficiency but also
in time-delay protection. A series of advanced spectroscopy and microscopy techniques
were used to understand the unique crystalline structure, surface morphology, chemical
composition and optical properties of the as-proposed quaternary superstructure. DFT
calculation was also employed to simulate the evolution of the electronic structures as
a function of hybrid compositions, which provides a theoretical model to elucidate the

PCP anti-corrosion mechanism for 304SS.



2. Experimental

The detail information of chemicals, instruments, and DFT computation methods
were listed in the Electronic Supporting Information (ESI).
2.1 Synthesis method

Preparation of TNRs film: The TNRs film was synthesized on an FTO glass via the
hydrothermal method using the following procedures [49]. Firstly, 60 mL of HCI
aqueous solution (6 mol-L! (M)) mixed with 1.0 mL C16H3604Ti was transferred into a
100 mL Teflon-lined stainless-steel autoclave. Then a piece of FTO glass was placed at
an angle (60 degrees) against the wall of the above autoclave with the conducting side
facing down and heated at 150 °C for 10 h in an electric oven. After the reaction, the
sample was rinsed with DIW, and then calcined in a muffle furnace at 500 °C for 2 h in
the air.

Preparation of SnO:; QDs/TNRs binary composite film: SnO> QDs were
decorated on the TNRs film by an in-situ impregnation method [50]. The TNRs film
was statically immersed in the solution of 0.01 M SnCl, (0.02 M HCI) under ambient
condition. After impregnating for 5 h, the sample was washed with DIW and then dried
in ambient air. Finally, those samples were calcined at 400 °C for 2 h in the air.

Preparation of rGO/SnO; QDs/TNRs ternary composite film: The rGO layer was
electrochemically deposited [51] onto the surface of SnO, QDs/TNRs film using a
power supply (JBP-15005, Shanghai Jiangbo electronics technology, China). Typically,
in a two-electrode system, SnO> QDs/TNRs film and Pt foil served as the working

electrode (WE) and the counter electrode (CE), respectively. 50 mg of GO powder was



added to 20 mL of DIW, and this solution was ultrasound for 1 h to obtain GO
dispersions, which served as the electrolyte. The anodization process was performed at
30V for 15 min. The composite film sample was rinsed with DIW and then dried in the
air, followed by annealing at 200 °C in the air for 1 h.

Preparation of quaternary AGSQT NRs hybrid composite film: According to
previous literature [52], Au-NPs were anchored on the rGO layer via a solution thermal
reduction method. The rGO/SnO; QDs/TNRs composite film was immersed in 0.010
M HAuCls solutions (pH=7) for 4 h. Then this film was taken out and cleared by DIW.
The air-dried film was then calcined for 2 h at 200 °C in air.

2.2 Photoelectrochemical tests

As shown in Fig. S1, all the photoelectrochemical tests were performed on the
CHI660D electrochemical workstation (Shanghai Chinstrument Co. Ltd, China) using
a double electrolytic cell setup, which was consisted of a corrosion cell (3.5 wt% NaCl
solution), a photoelectrochemical cell (0.1 M NaxS and 0.2 M NaOH mixed solution)
and two couple cells connected by a U-type salt bridge (a flexible glass tube with 1.0
M KCl in agar). In the corrosion cell, a traditional conventional three-electrode system
was used, in which the 304SS electrode, Ag/AgCl electrode and Pt foil were served as
the WE, RE and CE, respectively. Meanwhile, the as-prepared film was immersed in
the electrolyte of a photoelectrochemical cell as the photoanode, connected with the
304SS by a copper wire. Photoelectrochemical measurements were investigated under
intermittent visible light (100 mW-cm, a 500 W xenon lamp, CHF-XM-500W, Beijing

Changtuo Technology Co., Ltd. Beijing, China) equipped with a UV cut-off filter (A >



420 nm). The open-circuit potential (OCP) and Tafel curve were tested with the
scanning rate of 1 mV s, and the photocurrent density of the sample was also collected
without applying a bias voltage. The electrochemical impedance spectroscopy (EILS)
were tested at OCP over a frequency range of 10° to 102 Hz with a 10 mV AC amplitude.
The Tafel result was fitted to calculate the corrosion potential (Ecorr) and the corrosion
current density (jeorr). The active area of 304SS and as-prepared samples were 1 cm?,
and the 304SS were polished with abrasive paper before using it.
3. Results and discussion
3.1 Structural characteristics

The Raman spectra of the TNRs, SnO> QDs/TNRs, rGO/SnO; QDs/TNRs and
AGSQT NRs composite films were collected to investigate the composition-dependent
lattice variation. As shown in Fig. la, three sharp peaks are observed at 233, 448 and
603 cm!, which can be ascribed to the characteristic Big, Eg and A1z modes of rutile
TiO», respectively [53]. However, the characteristic anatase TiO, Raman peaks are
absent from the spectra, which confirms that as-prepared TNRs is a rutile structure.
Because of the extremely high peak intensity as well as similar Raman peak positions
between SnO> and TiO2, no noticeable difference can be found among the curves for
the other samples [54]. It should be noted that the AGSQT NRs peak intensities are
higher than those of rGO/SnO> QDs/TNRs because of the significant enhancement of
Raman signal by Au-NPs (1200-1700 cm’!, Fig. 1b) [55]. The D band (~1350 cm™') and
G band (~1580 cm') of graphene materials can also be observed (Fig. 1c), which

corresponds to the number of defects or the edge of the reacted graphite layer, and sp?



hybrid carbon atoms, respectively [56]. The values of Ip/Ic of GO, rGO/SnO;
QDs/TNRs and AGSQT NRs are 0.92, 0.44 and 0.43, respectively. The decreasing trend
of Ip/Ig ratio demonstrates the reduction of oxygen-containing functional groups and
restoration of sp? network in rGO [57], which implies the reduction process of GO
during the thermal treatment. Through the transformation from an insulator (GO) to a
conductor (rGO), the electrical property of GO can be altered, which can realize the
capture and transfer of ‘hot’ electrons from Au-NPs effectively[58].

The XRD patterns of the TNRs, SnO> QDs/TNRs, rGO/SnO> QDs/TNRs and
quaternary AGSQT NRs composite films are displayed in Fig. 1d. The diffraction peaks
ofthe TNRs at 27.5°,36.2°,39.2°,41.3°, 54.4°, 62.9° and 69.2° 26 positions correspond
tothe (110),(101),(200),(111),(211),(002)and (30 1) planes of rutile TiO
(JCPDS Card No. 65-0912), respectively [59]. After the deposition of SnO> QDs on the
surface of TiO2 nanorod, the new peaks at 26 = 33.9°, 61.9° and 65.9° can be indexed
to(101),(310)and (30 1) planes from cassiterite SnO> (JCPDS Card No. 41-1445)
[60]. This result indicates that Sn*" is oxidized to SnO> by in-situ impregnation method,
confirming the formation of the SnO, QDs/TNRs composite film. The rGO/SnO,
QDs/TNRs composite film shows a characteristic peak of rGO at 24.2° [61], further
confirms the successful generation of rGO and good affinity between rGO layer and
SnO; QDs/TNRs film. In XRD pattern of quaternary AGSQT NRs, additional
diffraction peaks at 26 values of 38.3° and 44.5° are assigned to the (1 1 1) and (2 0 0)
planes of the cubic Au-NPs, separately [30]. Compared to XRD pattern (Fig. 1e) of
AGSQT NRs with that of GO, the disappearance of the major peak at 26 = 11.0°
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(corresponding to the (0 0 2) diffraction of GO) further proves the transformation from
GO to rGO during the thermal treatment [57].

The morphologies of TNRs, SnO2 QDs/TNRs, rGO/SnO> QDs/TNRs and quaternary
AGSQT NRs films were characterized via SEM under different magnifications. As
shown in Fig. 2a, uniform and dense TNRs with an average diameter of 150 + 5 nm can
be resolved. The cross-section image (Fig. S2a) of the TNRs shows that the average
length of nanorods is 5.27 = 0.03 pum, and these nanorods are nearly perpendicular to
the FTO substrate. The top-view SEM image (Fig. 2b) exhibits further detail
morphological information of as-prepared composite film such as the embedded SnO-
QDs. Fig. 2¢ shows a typical transparent and continuous 2D rGO film which was
formed after thermal treatment of GO. As shown in Fig. 2d, the characteristic wrinkle
features of rGO can be observed, which provides additional anchored sites for Au-NPs.
Through the thermal reduction deposition, Au-NPs can be successfully loaded onto the
surface of rGO/SnO2 QDs/TNRs film (Fig. 2e and Fig. 2f), with negligible damage to
the wrinkle features. Fig. 2g shows the high-resolution SEM image of the quaternary
AGSQT NRs films, which shows the monodispersed feature of as-prepared Au-NPs
can be resolved. The particle size of the Au-NPs is estimated to be 19.5 nm by averaging
among 100 NPs (Fig. 2h). Meanwhile, the cross-view SEM image of quaternary
AGSQT NRs (Fig. S2b) demonstrates that the unique 1D morphology is well-preserved
during the multiple deposition processes.

The microstructure of TNRs, SnO, QDs/TNRs, rGO/SnO, QDs/TNRs and

quaternary AGSQT NRs films were further characterized by TEM and high-resolution
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TEM (HRTEM). As shown in Fig. 3a, the typical 1D rod-like morphology of as-
prepared TNRs film can be revealed. The HRTEM (Fig. 3b) and SAED (Fig. S3) results
further confirm the single-crystalline rutile characteristics of as-prepared TiO2 nanorod.
The 0.32 nm interplanar spacing can be readily indexed to the rutile-TiO2 (1 1 0) lattice
constant, which further demonstrates the preferable growth along with the [0 0 1] zone
axis [62]. Fig. 3c shows that there is negligible morphology alternation after the
deposition of SnO2 QDs onto TNRs. Moreover, it can be seen that the average diameter
of the SnO» nanoparticles is only ~6.0 nm (Fig. 3d), which falls in the regime of QDs
[63-65]. The HRTEM images (Fig. 3e and Fig. 3f) display well-resolved lattice spacings
of 0.33 nm and 0.24 nm, which match well with the (1 1 0) and (2 0 0) planes of
cassiterite SnO; [66]. The HRTEM analysis results are consistent with XRD data which
confirm the successful deposition of SnO> QDs on the surface of the TiO; nanorod. As
shown in Fig. 3g and Fig. 3h, transparent few-layer graphene can be found on the TNRs,
which coincides with our observations in SEM and Raman characterizations. Low-
resolution TEM images of quaternary AGSQT NRs films (Fig. 31, Fig. 3j and Fig. 3k)
also resolve near-spheroidal nanocrystals anchored on the 2D rGO sheet. As indexed in
the HRTEM image (Fig. 31), these nanocrystals are attributed to Au-NPs since their
lattice fringes (0.23 nm, 0.20 nm and 0.15 nm) fits well with the Au (1 1 1), (2 0 0) and
(2 2 0) lattice constants [67]. Electron microscopy analysis confirms that the HAuCl4
precursor is successfully converted to metallic Au-NPs during the hydrothermal
reduction process. The close contact between Au-NPs and rGO enables efficient ‘hot’

electrons transportation from the 0D Au-NPs to 2D rGO layer, which is crucial to the
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high PCP performance of the AGSQT NRs film. Besides, the existence of folds and
wrinkles features indicates the few-layer nature of as-deposited rGO, which is not only
beneficial for Au-NPs implantation but also facilitate plasmonic visible light absorption
towards excellent PCP performance.

Fig. 4 shows the XPS spectra of as-prepared films which are used to investigate the
chemical composition of each component. Fig. 4a displays the XPS survey spectrum of
the AGSQT NRs film over a broad energy range, which shows Ti 2p, Sn 3d, Au 4f, O
Is and C 1s peaks without any impurities. As shown in curve (I) of Fig. 4b, the Ti 2p
spectrum (Fig. 4b) of the TNRs is divided into two binding energy peaks (Ti 2p12 and
Ti 2p312) [18], which indicates the oxidation state of Ti is +4. As shown in Fig. 4b, the
continuous negative shift of Ti 2p12 and Ti 2ps2 peaks from curve (I) to curve (IV),
indicates the electrons transfer process between Au, SnO,, rGO and TiO,. The high-
resolution XPS spectrum of Sn 3d is shown in Fig. 4c. The indexed binding energy of
495.21 eV and 486.85 eV could be assigned to Sn 3ds» and Sn 3ds., respectively [42],
which manifests the presence of the SnO,in AGSQT NRs film. In Fig. 4d, peaks of Au®
4f7, and Au® 4fs, are centered at 83.38 eV and 86.99 eV, and the spin-orbit separation
is 3.61 eV. The result suggests the metallic state of Au-NPs in the composite film [33],
agrees well with the XRD and HRTEM results. The O 1s signals at 530.5, 532.1 and
533.6 eV (Fig. 4e) are attributed to the unique metal-oxygen bonds, the bonds of rGO
(C-O & C=0), and surface hydroxyl oxygen (O-OH) respectively [68]. The high-
resolution C 1s XPS spectrum for AGSQT NRs film can be divided into three peaks, as

shown in Fig. 4f. The dominant peak with the binding energy at 284.8 eV is assigned
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to non-oxygenated C-C and sp? hybridized carbon (C=C) bonds. Also, other oxygen-
containing carbonaceous bonds located at 286.4 eV are ascribed to the C-O bond
(hydroxyls attached to graphene or epoxy groups, for example), while the broad peak
located at 288.4 eV is attributed to carboxylate carbon (O=C-O) [69-71]. Comparisons
between carbon-containing functional groups of GO and AGSQT NRs film are
displayed in Table S1 and Fig. S4. It can be seen that the amount of C-O reduces from
36.8% to 8.0%. However, the amount of O=C-O remains stable at 6.5-7.3%, which
suggests the extreme stability of the carboxylic group at the edge of GO layer.
Meanwhile, this result further confirms the transformation from GO to rGO [72].
Additionally, the noticeably increased proportion of the C-C and C=C (from 55.9 to
66.7%) suggests a restoration of the sp? bonded C atoms in GO, and a rearrangement
of the graphene structure during the reduction process, which is consistent with the
result of the above Raman analysis. Therefore, the XPS results together with electron
microscopy, XRD and Raman characterizations, demonstrate the successful formation
of quaternary AGSQT NRs hybrid superstructure.

The UV-visible diffuse reflectance spectra (DRS) of the TNRs, SnO> QDs/TNRs,
rGO/SnO2 QDs/TNRs and AGSQT NRs film samples are displayed in Fig. 4g. All the
samples exhibit similar absorption intensity in the UV region. TNRs film shows a
typical absorption onset at about 410 nm corresponding to the optical bandgap (3.0 eV)
of rutile TiO, [73]. After the deposition of SnO> QDs, the SnO, QDs/TNRs film
displays an enhanced visible-light absorption and a slight redshift of the absorption
onset compared to the pure TNRs. Bulk SnO: is a wide bandgap semiconductor [46],
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the spectrum redshift of the absorption spectrum may be attributed to the existence of
SnO2 QDs [50, 74]. There are a few possibilities may cause such a redshift: i) the
changing of local refractive index (from air to SnO; QDs) [75, 76]; ii) the lattice
distortion and surface pressure (resulted from the deposition of SnO> QDs) [77, 78]; iii)
the optical absorption redshift may also relate to the necking and electronic coupling
from long-range ordered superstructures or core-shell-like structure, which can alter the
exciton confinement energy after the nanocrystal’s marginal lattice reconstruction
(resulted from the deposition of SnO, QDs) [79, 80].

The rGO/SnO; QDs/TNRs film shows an identical absorption onset to SnO:
QDs/TNRs which indicates that the deposition of rGO did not alter the electronic
structure of the rutile TiO2 (carbon species are not doped into the lattice, for example).
Moreover, compared with TNRs and SnO> QDs/TNRs, the rGO/SnO2 QDs/TNRs film
expands the broad background absorption into the visible light region, which is
attributed to the unique visible light sensitization effect from rGO [81]. More
importantly, due to the SPR effect from the Au-NPs, samples which contain Au-NPs
have a notably enhanced light absorption in the wavelength ranging from 450 to 630
nm. This result indicates that the Au-NPs can be used as an efficient visible-light
sensitizer [82], which can enhance the light absorption of TNRs in the visible
wavelength.

The PL analysis is a useful approach for determining the surface states, band trap
states, as well as charge transfer dynamics in semiconductor materials and devices [83].
Fig. 4h displays the PL spectra of TNRs, SnO2 QDs/TNRs, rGO/SnO2 QDs/TNRs and
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quaternary AGSQT NRs hybrid composite films excited by a light source with the 330
nm wavelength. For TNRs film, the peak at 410 nm is due to the phonon-assisted
indirect transition from the edge (y) to the centre (/) of the Brillouin zone. In
comparison, the peak at 438 nm is related to trapped e recombined with h* inside the
bulk lattice of TiO». The peaks at 457, 467, and 484 nm are ascribed to the existence of
oxygen vacancies in the TNRs [84]. The PL intensity decreases when the SnO; QDs is
deposited on the surface of TNRs, and it further reduces when the rGO layer covers
onto the surface of the SnO> QDs/TNRs film. Eventually, the lowest PL is obtained
because of the formation of the quaternary composite film. Compared with pure TNRs,
the reduced PL intensity of SnO, QDs/TNRs is attributed to the formation of the type-
I junction, which facilitates the disassociation of photogenerated excitons. Meanwhile,
the PL intensity of rGO/SnO, QDs/TNRs film is slightly lower than that of SnO»
QDs/TNRs film, which indicates rGO can further facilitate the separation of e/h* pairs.
Furthermore, the PL intensity of the ternary composite film sharply decreases to the
lowest value due to the deposition of Au-NPs onto the surface of the rGO/SnO:
QDs/TNRs film. The band edge energy level (redox potential) difference between Au-
NPs, rGO, SnO; and TiO», allows the fast depletion of charge carriers along the
stepwise band alignment, which results in the nearly quenched PL signals in quaternary
composite films [85]. The broad visible light absorption of as-prepared quaternary
AGSQT NRs hybrid composite film further indicates its potential to be used as a
photoanode material in PCP application.

3.2 Photoelectrochemical properties and photocathodic protection performances
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We carried out a systematically photoelectrochemical analysis to evaluate the PCP
performance of as-prepared samples. A 500 W xenon lamp was employed as the light
source, which is commonly used for simulating solar irradiation [86-88]. Fig. Sa
displays a comparison result of the photoinduced current density among TNRs,
rGO/SnO2 QDs/TNRs, Au-NPs/SnO2 QDs/TNRs, Au-NPs/rGO/TNRs and quaternary
AGSQT NRs hybrid composite films. When the light source is switched on, the
photocurrents densities of the samples are positive, which can be ascribed to the fact
that the electrons immigrate from the photoanode to 304SS electrode. After switching
off the light source, the photocurrents of all the samples dropped immediately because
of the rapid recombination of e/h* pairs [89]. Interestingly, we found the ranking of the
photocurrent densities as a function of the coupled photoanodes is as follows: AGSQT
NRs (130 pA-cm) > Au-NPs/rGO/TNRs (120 puA-cm) > Au-NPs/SnO> QDs/TNRs
(80 pA-cm2) > rGO/SnO> QDs/TNRs (30 pA-cm?) > TNRs (6 pA-cm?). The hybrid
composite film exhibits better photoelectrochemical performance than the pure TNRs
film, which demonstrates that the hybridization of TNRs with other functional materials
can enhance the visible-light conversion efficiency. Compared to rGO/SnO> QDs/TNRs
film, the other three samples which contains Au-NPs show relatively higher
photocurrent densities, which indicates Au-NPs can generate much more charge carriers
associated with the SPR effect [25]. Besides, the photocurrent intensity of quaternary
AGSQT NRs hybrid composite is much higher than that of Au-NPs/SnO, QDs/TNRs
because of the presence of rGO. As a mediator layer in the composite film, rGO not

only can enhance the visible light absorption but also can capture and transfer ‘hot’
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electrons from 0D Au-NPs by way of its 2D n-conjugation structure [67]. Furthermore,
the photocurrent of quaternary AGSQT NRs hybrid composite is also higher than that
of Au-NPs/rGO/TNRs, which is because of the formation of SnO»/TiO; type-II
heterojunction [42]. This staggered band alignment can facilitate the charge carriers
depletion and transport by way of the nanorods’ unique 1D polarity [9].

To evaluate the cathodic protection performance for 304SS, pure TNRs film and
composite films with a different combination (rGO/SnO2 QDs/TNRs, Au-NPs/SnO»
QDs/TNRs, Au-NPs/tGO/TNRs and AGSQT NRs films) were employed as
photoanode electrodes. The protection effect is determined by analyzing the 304SS’
surface potential changes under visible light illumination [90]. The OCP changes of
304SS in 3.5 wt% NaCl solution are shown in Fig. 5b. Before being connected the
circuit, the bare 304SS corrosion potential is about -180 mV vs Ag/AgCl. When 304SS
is connected to the as-prepared films under dark condition, all as-measured potentials
shift to a value lower than the corrosion potential of bare 304SS because of the galvanic
effect [91]. When the visible light irradiation is provided, OCPs quickly decrease to
more negative values, which are ascribed to the cathodic polarization of 304SS resulting
from the transfer of photoexcited electrons from the as-prepared photoanodes to 304SS.
Afterwards, the OCP value maintains stable due to the established equilibrium. The
value of as-measured potential can be ranked in an increasing series as: AGSQT NRs
(-840 mV vs. Ag/AgCl) < Au-NPs/rGO/TNRs (-830 mV vs. Ag/AgCl) < Au-NPs/SnO»
QDs/TNRs (-700 mV vs. Ag/AgCl) < rGO/SnO> QDs/TNRs (-300 mV vs. Ag/AgCl) <
TNRs (-260 mV vs. Ag/AgCl). The more negative OCP value of the coupled steel, the
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better its cathodic protection performance [92, 93]. Taking account of the sequence of
photocurrent intensity, we found the 0D-1D-2D multi-dimensional quaternary AGSQT
NRs hybrid superstructure exhibits the best PCP performance for 304SS.

As shown in Fig. 5b, all the composite films display a better PCP effect than the
TNRs film, suggesting that cathodic protection performance of TNRs film can be
improved through forming heterojunction between TiO2 and other materials. In addition,
we found all the OCP values of the 304SS coupled with composite films consisted of
Au-NPs, are much more negative than the others. It indicates that the plasmon-excited
‘hot” electrons in the Au-NPs can be transferred to the adjacent substrate and 304SS,
which creates a more negative surface potential. Furthermore, through comparing the
OCP values of 304SS connected with quaternary AGSQT NRs and Au-NPs/SnO»
QDs/TNRs, we found the additional rGO in AGSQT NRs can serve as a collector of
“hot-electrons” which facilitates electrons transfer from 0D Au-NPs to 1D TNRs [37].
Therefore, the recombination of e/h" pairs is significantly suppressed, and more
electrons can be injected to the coupled 304SS. Moreover, the photoresponse region of
TNRs can be extended to the visible wavelength region due to the light sensitization
effect from rGO layer [94].

Besides of 304SS, carbon steel—such as 65Mn carbon steel (CS) was also connected
to the as-prepared photoanodes to evaluate their anti-corrosion performance. As shown
in Fig. S5, the OCP value of the 65Mn CS which is coupled with the with pure TNRs
(-680 mV vs Ag/AgCl) or quaternary AGSQT NRs (-910 mV vs Ag/AgCl), is more
negative than its natural corrosion potential (65Mn CS, -616 mV vs Ag/AgCl) [95].
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These results indicate that the quaternary AGSQT NRs can also be used to protect
carbon steels. Furthermore, as summarized in Table S2, our 0D-1D-2D multi-
dimensional quaternary AGSQT NRs superstructure exhibited a better anti-corrosion
efficiency than most of the previous reports.

It should be noted that the OCP values of 304SS coupled with quaternary AGSQT
NRs and ternary Au-NPs/rGO/TNRs are nearly identical under visible light
illumination. Nevertheless, after turning off the light source, during 500 s, the OCP
value of the quaternary AGSQT NRs (-390 mV vs Ag/AgCl) remains more negative
than that of the Au-NPs/rGO/TNRs (-280 mV vs Ag/AgCl) as well as the corrosion
potential of bare 304SS (-180 mV vs Ag/AgCl). In principle, as described in the
Equation (1), when the light source is turned on, excess electrons can be stored in the
0D SnO2 QDs [44]. While cutting off the light, reverses reaction triggered and release
the electrons which could transfer to the surface of 304SS to realize the cathodic
protection [46, 96]. Indeed, this is the critical step to achieving the time-delay protection
for the steel after switching off the light [44, 97].

SnO, +xe” +xM" =M SnO, (M =NaorH, x=1or?2) (1)

To further understand the anti-corrosion process, Tafel curves of bare 304SS and
304SS connected with different photoanodes were collected with and without visible
light irradiation. As shown in Fig. Sc, it can be seen that the corrosion potential of 304SS
coupled with the as-prepared films exhibits remarkable potential shift (from -280 to -
840 mV vs Ag/AgCl) compared with that of bare 304SS (-187 mV vs Ag/AgCl) under
illumination. The Ecorr of 304SS, coupled with quaternary AGSQT NRs film, exhibits
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the most negative value (-840 mV vs Ag/AgCl), which is in agreement with the OCP
analysis results. Meanwhile, it is well-recognized that a high jcorr value can result in a
better PCP performance under illumination [93]. Based on our Tafel curves, the jcorr of
AGSQT NRs/304SS (141.25 pA-cm™) is much higher than the other composite
film/304SS (13.87 pA-cm™! to 120.23puA-cm™) and bare 304SS (0.47 pA-cm™), which
indicates an enhanced interfacial photoelectrochemical reaction associated to the
polarisation of photogenerated charges. This result also suggests that the 0D-1D-2D
multi-dimensional quaternary AGSQT NRs superstructure can provide more effective
cathodic protection. Compared with bare 304SS, the dark Ecor of the 304SS (Fig. S6)
change towards a more positive potential when coupled with modified photodiodes (to
-158 mV with TNRs, -126 mV with rGO/SnO> QDs/TNRs, -101 mv with Au-NPs/SnO»
QDs/TNRs, -80 mV with Au-NPs/rGO/TNRs and -69 mV with AGSQT NRs, vs
Ag/AgCl). Besides, the dark jeor values of the 304SS connected with the TNRs,
rGO/SnO> QDs/TNRs, Au-NPs/SnO, QDs/TNRs, Au-NPs/rGO/TNRs and AGSQT
NRs photoelectrodes are 0.32, 0.13, 0.09, 0.11, 0.06 uA-cm™!, respectively, which are
lower than that of the bare 304SS. In the dark, the jeorr value is positively correlated
with the corrosion rate of the steel [98]. Therefore, these results imply the multi-
dimensional quaternary AGSQT NRs can also provide excellent anti-corrosion
protection for the 304SS even in the dark condition.

EIS has been broadly used to study the corrosion mechanism between the corrosion
solution and the metal because of its sensitivity and non-destructive characteristics [99].

Fig. 5d displays the Nyquist plots of the bare 304SS, and 304SS coupled with the as-
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prepared films (TNRs film, rGO/SnO> QDs/TNRs, Au-NPs/SnO> QDs/TNRs, Au-
NPs/rGO/TNRs and quaternary AGSQT NRs hybrid composite films) under visible
light radiation. The cathodic protection provided by the photoanode material exhibit
different impedance characteristic from the traditional anti-corrosion coating
approaches. Under visible light illumination, the electrons generated from the
photoanode material immigrate to the protected 304SS, which results in a smaller
impedance than the bare 304SS [18, 100]. As shown in Fig. 5d, compared to the other
electrodes, more photocurrent can be produced from the 0D-1D-2D multi-dimensional
quaternary AGSQT NRs under visible light illumination, which leads to the smallest
impedance.

The Bode plots in Fig. 5e shows that bare 304SS has one peak, whereas the others
have two peaks. Therefore, bare 304SS electrode has one time constant, and 304SS
coupled with as-prepared films, have two-time constants [98, 101]. Models of
equivalent circuits for EIS results are displayed in Fig. 5f. Q is a CPE (constant phase
element), which is used to replace the capacitance because the actual capacitance of
solid electrodes is difficult to be measured in the electrochemical impedance analysis
[102]. The admittance Y and power index number #n define CPE through the Equation
Y =Yo(jw)". In this Equation, CPE is transformed into resistance (n = 0) or capacitance
(n =1). Generally, when 7 is near to 1, CPE represents the capacitive properties of the
interfaces. The equivalent circuit model of individual 304SS (Part I of Fig. 5f) can be
described as Ry(QiRc) [89]. More specifically, R is solution resistance, R, and Q;
represent the charge transfer resistance and CPE, respectively. Since electrons
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immigrate from as-prepared electrodes to the surface of coupled 304SS, a layer of
electrons is formed. Therefore, the equivalent circuit of 304SS coupled with the as-
prepared electrode (the part II of Fig. 5f) possesses two-time constants as Rs (Q/Ry)
(QaiRcy) [101]. Particularly, Q; and Ry from high frequencies represent the CPE which
corresponds to the electron layer, and passivation oxide film resistance, respectively.
Carand R, at low frequencies stand for the double-layer capacitance and charge transfer
resistance, respectively. The fitting results in Table S3 indicate that the 304SS
connected to quaternary AGSQT NRs hybrid composite film displays the lowest R
value compared with others. It means excess electrons can be generated from the OD-
1D-2D multi-dimensional quaternary composite film under visible light illumination,
and those charge carriers could be separated effectively and transferred rapidly to the
connected 304SS, which could result in an improved high PCP performance [95]. The
EIS results show that decorating Au-NPs, rGO and SnO> QDs to TNRs films can
improve charge transport and electron-hole pairs separation beyond either of the
individual additives, which implies a synergistic effect between Au-NPs, GO and SnO»
QDs in enhancing charge transfer in TNRs films.
3.3 The stability evaluation of quaternary AGSQT NRs hybrid composite films
As shown in Fig. 5g, the stability of quaternary AGSQT NRs hybrid composite
during the PCP of 304SS is evaluated under long-period intermittently visible light
irradiation. After being connected with composite films, the 304SS surface potential
shifts negatively to around -265 mV vs Ag/AgCl owing to the galvanic effect [91].
When visible light illumination is provided, the steel surface potential instantly dropped
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to -845 mV vs Ag/AgCl, which is consistent with the above photoelectrochemical
analysis results. After turning off the light source (1 h visible light irradiation), the OCP
value of the 304SS, firstly, shift to -370 mV vs Ag/AgCl, then, the surface potential of
304SS which is coupled with a quaternary AGSQT NRs hybrid composite recover
slowly (about 8.65 h) back to the initial level. It suggests this composite film can
maintain continuous protection even after cutting off the light. To estimate the potential-
response stability of quaternary AGSQT NRs hybrid composite film in the PCP system,
the changes of surface potential as a function of light intermission was investigated (as
shown in the inset of Fig. 5g). The result demonstrates that the as-prepared film can
provide long-lasting protection for 304SS under intermittent illumination. The OCP
value (around -400 mV vs. Ag/AgCl) of 304SS remains negative than its initial
potential (around -270 mV vs. Ag/AgCl) after intermittent 8 hours’ visible light
irradiation.

In order to study the long-term stability of the AGSQT NRs composite, a 12 hours’
stability evaluation test was performed, which was continuously carried out on the first,
fourth and seventh days. After turning on the light source, the OCPs of 304SS coupled
with a quaternary composite response immediately and remain a steady status during
the one-week stability test (Fig. S7), which confirms the robust PCP stability of as-
prepared AGSQT NRs.

Based on the above discussion, the unique multi-dimensional structure of the
quaternary composite electrode can be considered as the main reason for the

outstanding PCP performance for 304SS. Hence, it is crucial to assure the crystal
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structural stability of 0D-1D-2D multi-dimensional quaternary AGSQT NRs hybrid
composite film after PCP experiment. As shown in Fig. 5h and Fig. 5i, SEM and TEM
analysis confirmed that the 0D Au-NPs is still anchored on the rGO layer, and only a
tiny number of Au-NPs have stripped off from the substrate. As a mediator layer, 2D
rGO layer well remains, and their folds and wrinkles are still present after the stability
evaluation experiments. Moreover, the morphology and crystal structure of 0D SnO»
QDs on the surface of nanorods are consistent with the pristine samples, and the
morphological changes of the 1D nano rod-like structure of TNRs are also negligible.
The cross-section SEM image (Fig. S8a) of quaternary AGSQT NRs hybrid composite
film further confirms negligible morphology alternation after 8 hours’ PCP test. In
addition, as shown in the XRD analysis of the quaternary AGSQT NRs hybrid
composite before and after PCP experiment (Fig. S8b), no significant variation of the
peak position and relative peak intensity can be detected. Furthermore, as shown in Fig.
S8c and Fig. S8d, characteristic Raman peaks of this quaternary composite are also
unchanged after 8 hours’ PCP experiment.

In the cathodic protection system, the electrolyte (S*) of the photoelectrochemical
cell plays a crucial role in scavenging h™ (Equation (2)) for accelerating the separation
of e/h* pairs [103]. However, there are concerns such as the reaction-generated
elemental sulfur (S) may deposit onto the surface of the electrode to limit the charge
transfer [100]. Fig. S9 displays the XPS survey spectrum of the quaternary composite
film after PCP measurement. The characteristic Ti 2p, Sn 3d, Au 4f, O 1s and C 1s peaks

can be observed, which confirms the compositional stability of the film. However, there
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is no peak from elemental S can be resolved, which suggests that the elemental S
dissolve in the electrolyte solution is in the state of polysulfide ions (Equation (3) and
(4)) [104]. Therefore, the elemental S generated by the oxidation reaction of S* does
not exist on the surface of photoanode. Consequently, we believe it has a negligible

effect on PCP performance.

S +2ht > S 2)
(x-1)S+S* -7 (x=2-5) (3)
S+87 58 (x=2-4) 4)

The long-term adhesion of the composite material on the surface of the electrode is
a highly important parameter for the practical industrial application. However, there is
a lack of studies focused on adhesion stability. To this end, we carried out adhesion
studies of the multi-dimensional quaternary hybrids on the FTO substrate based on the
benchmark ASTM D 3359-09 protocols [105]. A cross-grating pattern was marked on
this film, and adhesive tape was applied. Fig. S10a and Fig. S10b show the optical
images of this coating before and after the tape test, and the result manifests that the
adhesion stability of the coating layer is excellent. No distinct delamination or
detachment of the film can be resolved; meanwhile, it should be noted that this test did
not damage the coating even at the edge of the crosscut as shown in Fig S10c. According
to the evaluation criterion given in the ASTM protocols, the coating adhesion stability
of quaternary AGSQT NRs hybrid composite film could be evaluated as a perfect 5SB.
These results confirm that the quaternary composite coating can well adhere to the FTO

glass. Furthermore, the transmittance spectroscopy was employed to quantitatively

26



evaluate the adhesion strength between superstructure and substrate [106]. As shown in
Fig. S10c, the transmittance variation of this composite film is just 4.3% (from 6.8% to
11.1%) before and after tape test which further demonstrates the excellent physical
adhesion strength of as-prepared quaternary AGSQT NRs hybrid composite film.
3.4 DFT theoretical simulation

As shown in Fig.6, the first-principle DFT calculation was performed to understand
the total and partial electronic density of states (TDOS and PDOS) from as-prepared
composite films. In pure TNRs (Fig. 6a), it is well-known that O 2p state electrons
dominate the valance band maximum (VBM) with a small contribution from Ti 3d state
electrons. In contrast, the primary contribution of CB minimum (CBM) is Ti 3d state
electrons and involved a small amount of O 2p state electrons. Therefore, the bandgap
of TNRs could be estimated through the energy difference between VBM and CBM.
However, the calculated bandgap is smaller than the experimental value (ca. 3.0 eV),
which is due to the commonly underestimated Hubbard interaction via the GGA
theoretical calculation method [107]. When SnO, QDs were deposited on the surface
of nanorods (Fig. 6b), the bandgap of the binary composite film became smaller because
of new electron states brought into the system. Sn 5p state electrons hybridize with Ti
3d, and O 2p states at upper valance band (VB) region, which can further enhance the
photoinduced carriers’ mobility [108, 109]. As listed in Table S4, the VBM position of
TNRs film shifted positively after functionalizing with SnO> QDs. Meanwhile, the
valence band remains more or less the same, which is consistent with the trend shown

in the DRS analysis (Fig. 4g). After deposition of rGO layer onto the SnO, QDs/TNRs
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film, a new surface state appears in the bandgap at the bottom of the CB because of the
appearance of C 2p states, which also mix with the VB edge of rGO/SnO2 QDs/TNRs
(Fig. 6c). Under these conditions, less energy is required for the photoelectron
excitation from the band edge to the unoccupied states under light illumination.
Meanwhile, the width of the VB is increased due to an extended mixing of orbitals,
indicating the enhancement of the density of electrons [110]. As can be seen in Fig. 6d,
after the formation of quaternary AGSQT NRs hybrid superstructure, there is a new set
of peaks falling on the top of VB which are attributed to Au 5d states. Meanwhile, the
presence of Au-NPs slightly reduces the bandgap of quaternary composite films
compared to ternary rGO/SnO> QDs/TNRs films (as shown in Table S4). Moreover, the
electronic hybridization state could also be improved between Au 5d and the other
bands. A high degree of hybridization in the VB and CB is better for photo-
electrocatalysis reaction since it can promote the immigration of charge carriers [111].
Our DFT simulations are in agreement with the experimental results, which imply that
the noble metal particles can enhance the PCP performance under visible light
illumination associated with their SPR effect.

To study the mechanism of time-delay protection, the 3D charge-density-difference
map of SnO2 QDs/TNRs film was reconstructed. As shown in Fig. 6e, charge density
maps were reconstructed according to the following Equation:

AP = Ps,0,-1i0, ~ (IOSnOz * Prio, ) (5)
where psno:-io: denoted the charge density of the monolithic SnO> QDs/TNRs, psno:-
1i0: and psno:-io: are the charge densities of the TNRs and SnO2 QDs, respectively [112,
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113]. As shown in Fig. S11, there are nine O atoms (green circles) from TiO, which
are connecting with Sn atoms in the binary composite film. Meanwhile, there are ten
Sn atoms which are coupling with the O atoms (green circles) from TiO.. Also, the blue
colour represents electronic depletion, while the yellow colour indicates the increase in
charge density. As shown in Fig. 6e, the density of state redistribution occurs at the
SnO2 QDs and the interface region of SnO2 QDs/TNRs heterojunction and several
electron immigrations between SnO; and TiO.. It is also clear that electrons
predominantly transferred from the O atoms of SnO; QDs into the Ti atoms of TNRs,
implying the formation of a polarized field in the SnO, QDs/TNRs film, which could
hinder the recombination of charge carriers and then improve PCP performance. More
importantly, SnO> QDs on the surface of nanorods act as electron storage for
photogenerated charges. Stored electrons have the transfer tendency from SnO2 QDs to
TNRs associated with its 1D electron transmission shortcut, which could achieve time-
delay protection for 304SS. The charge transfer dynamics between SnO> QDs and
TNRs can be evaluated via using Bader charge analysis [112]. As shown in Table S5,
the Bader charge values for the nine O atoms (as marked with green circles in Fig. S11)
of TiO; connecting with Ti atoms are in the ranges from -1.060 |e| to -1.120 |e|. The
Bader charge values for the Sn atoms coupled with the O atoms of SnO; QDs are
between 2.147 |e| to 2.247 |e|, which are more prominent than those Sn atoms when the
SnO; QDs was calculated individually (1.690 |e| to 1.769 |e|). These results clearly
elucidate the charge transfer pathways between TNRs and SnO; QDs under the dark

condition.
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3.5 Mechanism

Mott-Schottky plot analysis was conducted to interpret the PCP mechanism. As
shown in Fig. 7a, compared with pure TNRs film, the flat band potential of quaternary
AGSQT NRs hybrid composite film shifts negatively, which is consistent with the
above DFT calculations. This result manifests that the stepwise cascade band
alignments between TiO2, SnO; rGO and Au are successfully established in this
quaternary composite film which hinders the e”/h* pairs recombination. As reported in
previous works, there is a negative correlation between the slope of the Mott-Schottky
plot and the charge density [114]. It can be seen that the slope of the curve for quaternary
AGSQT NRs hybrid composite film is more negative than that of TNRs film, which
confirms the high free charge density.

Meanwhile, the VB XPS spectra (Fig. 7b) suggests that the VB edge of TNRs and
quaternary AGSQT NRs hybrid composite film are 2.65 and 2.07 eV, respectively.
Combining with DRS results (Fig. 4g), the estimated CB positions are -0.35 and -0.81
eV for TNRs and quaternary AGSQT NRs hybrid composite film, respectively. Hence,
the band edge alignment of CB is consistent with the above Mott-Schottky test, which
indicates quaternary composite film could exhibit better PCP efficiency via
hybridization of TNRs with Au-NPs, rGO and SnO2 QDs.

The proposed charge photogeneration and cathodic protection mechanism from as-
prepared quaternary AGSQT NRs hybrid superstructure were rationalized in Fig. 7c.
The CB edge energy level of rutile-TiO> (Ecs = -0.50 eV) is more negative than that of
SnO, QDs (Ecs = 0 ¢V) [50, 115], and locates below the Fermi levels of rGO (-0.61
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eV) [37]. Meanwhile, the Fermi levels of Au-NPs is 0.50 eV [116, 117]. When
illuminated by visible light, the Au-NPs of the quaternary composite film captures the
incident photons and then transforms the absorbed solar energy to free ‘hot’ electrons
[29]. Since the energy levels of the SPR-generated electrons are above the work
function of Au [28, 118] and the Fermi levels of rGO [119], those ‘hot’ electrons can
readily surpass the energy barrier and directly jump into the rGO mediator layer. Owing
to the remarkable conductivity of graphene, the excited electrons captured by the 2D
rGO layer rapidly flow into the CB of 1D TNRs, and then are transferred to the coupled
304SS. The visible light absorption of TNRs is enhanced associated to the sensitization
effect from rGO and SnO> QDs which provide additional electrons to the 304SS. The
h* located in the VB is consumed at the photoanode/electrolyte interface by oxidation
reactions, which further improve the separation efficiency of e/h” pairs. Hence, the
charge transfer process in the photoanodes provides sufficient charges to keep 304SS
in the cathodic polarization state, and thus suppress the steel corrosion effectively.
Moreover, excess electrons are stored in the SnO, QDs associated with the stepwise
cascade band alignment, which does not affect the 1D electron transport pathway stems
from TNRs. After cutting off the light, the temporarily stored electrons in SnO2 QDs
can be released and transferred to the coupled 304SS, which provide the time-delay
cathodic protection for the 304SS in the dark.
4 Conclusion

In conclusion, we propose a 0D-1D-2D multi-dimensional quaternary AGSQT NRs
hybrid superstructure as a new platform for achieving material’s full-time anti-

31



corrosion protection. We synthesized the quaternary AGSQT NRs hybrid composite
film by hydrothermal approach combined with in-situ impregnation, electrochemical
deposition and solution thermal reduction. The quaternary composite film shows a
remarkable e/h" dissociation efficiency as well as superior photoelectrochemical
performance. Exemplified from the 304SS and 65Mn CS, we demonstrate excellent
cathodic protection under visible light irradiation from the as-prepared quaternary
composite film. More importantly, owing to its “electron pool” effect from SnO; QDs,
we demonstrate that the quaternary composite film can provide continuous protection
even without light illumination. Those results present an excellent synergistic effect
from four kinds of materials with different dimensions, which exerts the unique role of
each constituent towards high-performance PCP application. This distinctive
quaternary composite superstructure is expected to provide a universal strategy for the

future design of high-performance PCP materials.
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Fig. 1. (a) The Raman spectra of hybrid AGSQT NRs and each component. (b, ¢) Enlarged Raman
spectra to highlight the presence of Au-NPs (b) and rGO (c). (d) The XRD patterns of hybrid
AGSQT NRs and each component. (e) Enlarged XRD diffractograms to highlight the presence of

rGO.
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Fig. 2. Top-view SEM images of the TNRs (a), SnO, QDs/TNRs (b), rGO/SnO, QDs/TNRs (¢ and
d) and AGSQT NRs (e, f and g) films. (h) The size distribution of Au-NPs in quaternary AGSQT

NRs hybrid composite film.
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Fig. 3. TEM images of TNRs (a), SnO, QDs/TNRs (c), rGO/SnO> QDs/TNRs (g and h) and
AGSQT NRs (i and j). HRTEM images to show the detail microstructure information of TNRs (b),
SnO, QDs/TNRs (d, e and f), and Au-NRs in AGSQT NRs (k and 1).
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Fig. 4. Full scan survey XPS spectrum (a) and exemplified XPS spectra of Ti 2p (b), Sn 3d (c), Au
4f (d), O 1s (e) and C 1s (f) from quaternary AGSQT NRs hybrid composite. A comparison of Ti
2p XPS spectrum between different samples (TNRs (I), SnO, QDs/TNRs (1I), rGO/SnO»
QDs/TNRs (III) and AGSQT NRs (IV)) is also listed in (b). DRS (g) and PL spectra (h) of
quaternary AGSQT NRs hybrid composite films and each component.
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Fig. 5. (a) The photocurrent responses between the as-prepared samples and 304SS electrode

under intermittent visible-light irradiation. (b) Potential variations, (c) polarization curves, (d)
Nyquist plots, and (e) Bode-Phase plots of bare 304SS, and 304SS coupled with AGSQT NRs and
each component under intermittent visible-light irradiation. (f) The equivalent circuit for fitting the

impedance data. (g) The time-resolved potential evolution of 304SS coupled with AGSQT NRs
hybrid composite film after photoexcitation. The inset shows the potential curves of 304SS
coupled with this composite film to the light on/off cycles. The HRTEM (h) and SEM (i) images

of the AGSQT NRs film after 8 hours’ intermittently visible light illumination.
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Fig. 7. Mott-Schottky plots (a) and VB XPS spectra (b) of TNRs and AGSQT NRs films. (c) The
schematic and energy level alignment for illustrating the as-proposed charge photogeneration and
transfer mechanism in the AGSQT NRs film enhanced PCP application.
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A unique quaternary Au-NPs/rGO/SnO> QDs/TiO2 nanorods hybrid composite film is
proposed to suppress the 304SS corrosion. The enhanced photocurrent injection from
quaternary composite film to the 304SS is determined to be the origin of the excellent
photocathodic protection performance. Furthermore, because of the “electrons pool”
effect from SnQO,, time-delay protection, which can suppress the 304SS corrosion in the
dark, is also demonstrated.
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