Journal of Applied Electrochemistry (2022) 52:1353-1368
https://doi.org/10.1007/510800-022-01717-7

RESEARCH ARTICLE t‘)

Check for
updates

Boosted photoelectric cathodic protection exerted by 3D TiO,/AgInS,/
In,S; nanomultijunction for pure copper in NaCl solution

Mengmeng Sun'>*. Zhuoyuan Chen?® . Xuhong Jiang'**> . Guiying Lu'3*% . Jiangping Jing? - Chang Feng?

Received: 9 October 2021 / Accepted: 15 May 2022 / Published online: 2 June 2022
© The Author(s), under exclusive licence to Springer Nature B.V. 2022

Abstract

The global annual consumption of marine metal corrosion is a significant challenge to the service life of metals and the devel-
opment of marine strategies. A tri-dimensional AgInS,/In,S; co-modified TiO, nanobush (NB) superstructure photoanode is
constructed. It shows superior photoelectric cathodic protection (PECP) characteristic for pure copper whose self-corrosion
potential is more negative in simulated natural marine environment without additional any hole scavengers under simulated
solar light illumination. Origin from the more negative energy level potential of AgInS,/In,S;, the quasi-Fermi level of the
photogenerated electrons of TiO, NB/AgInS,/In,S; was pull to a more negative position, reinforcing the transmission of
photogenerated electrons to the pure copper whose self-corrosion potential is more negative. The sensitizer AgInS, together
with the assistant layer In,S; dramatically enhances the PECP performance of TiO, NB/AgInS,/In,S;. The tri-dimensional
ultrafine branch-like architecture of TiO, NB with the nanoparticles quickens the collection and transfer of photogenerated
electrons to the metallic pure copper. This environmentally friendly 3D photoanode structure provides a good reference for
the optimized construction of photoelectric materials for marine metal corrosion protection.

Graphical abstract

The tri-dimensional AgInS,/In,S; co-modified TiO, nanobush superstructure photoanode possesses superior photoelectric
cathodic protection characteristic for pure cooper whose self-corrosion potential is more negative in simulated marine envi-
ronment under simulated solar light illumination.
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1 Introduction

Due to the harsh marine environment, marine environ-
mental corrosion of metal materials is a huge challenge
faced by many marine engineering materials. To overcome
this challenge, research on various corrosion protection
technologies are stepped up to develop high efficient cor-
rosion protection methods for providing a better corro-
sion protection against corrosion failure. Solar radiation
energy is very rich in marine environment. With the cur-
rent rapid development of photoelectrochemical technol-
ogy in various fields, a cutting-edge corrosion protection
technology-photoelectric cathodic protection (PECP)
technology has been attracting more and more interests
[1-5]. This PECP technology use semiconductor materi-
als to absorb and converse solar radiation to electrons and
realize the application of photogenerated electrons for the
cathodic protection of metals. With the optimization of
the nano-multiphase junction structure, the photoelectric
conversion performance has been gradually improved, and
the application of photoelectric conversion technology has
been constantly promoted [6—8]. Many various methods,
such as the single doping, dual doping and multi-element
co-doping, the metal/metal oxide/metal sulfide deposition,
as well as the co-modification with multiple ways, are all
being investigated for optimizing the photoelectrochemical
materials, so as to improve the application performance of
photoelectric conversion in various fields [9-20]. There-
fore, it is urgent to boost the PECP performance to pro-
mote the practical application of PECP in marine environ-
ment for metals with negative self-corrosion potentials.
Compared with the two-phase junction, the multi-phase
junction will be able to promote the electron transmis-
sion more efficiently. Multiple semiconductor junctions
built in a structure will promote the photoelectrochemi-
cal conversion performance. Constructing a multi-phase
junction structure with energy band gradient matching
in a photoelectric semiconductor thin film material will
boost the photoelectric conversion performance. Dong
et al. proved that three-component nanojunction system
will enhance the visible light PEC conversion activity,
and the band structure over the three-component nano-
junction system plays an important role for the improve-
ment of its PEC conversion activity [21]. The three-com-
ponent nanojunction photocatalyst system exhibited six
times higher visible-light activity than that of the pristine
C-doped TiO, in the degradation of toluene in air [21].
Liu et al. proved that CoO/CdS/TiO, photocatalyst showed
higher efficiency in the photocatalytic degradation [22].
The multijunction is also popular applied in solar cell,
which can offer matched structure and provide a desir-
able bandgap [23]. So, bandgap engineered architectures
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for high-efficiency multijunction solar cells are research
hotspots in the field of solar cell. And optimization of the
photoanode is required to maximize light absorption and
minimize the transfer barrier in the semiconductor system.
So, constructing multijunction with matched band struc-
ture is an effective method for attaining high-efficiency
photoelectric conversion performance. King et al. reported
that metamorphic three-junction GalnP/GalnAs/Ge solar
cell under the simulated solar spectrum shows high solar
conversion efficiency of 40% [24]. Layer by layer match-
ing band structure is very conducive to the performance
of solar cells. Finally, multijunction can alleviate the prob-
lems associated with the unmatched band structure and
offers further improvements [24].

Besides, for designing multijunction nanoarchitecture
photoanode, the ultrafine structure is also crucial for greatly
reducing the migration resistance and transfer barrier, improv-
ing the transfer and collecting of photoinduced electrons, and
decreasing the electron—hole recombination. Simultaneously,
the ultrafine structure can maximize the light capture area,
and the quantum size effect brought by the ultrafine structure
will also benefit the improvement of photoelectric conversion
performance. Dai et al. also confirmed that the PEC perfor-
mance of the nanocomposite is closely correlated to the size
for the a-Fe,O; nanocrystals, and small nanocrystals display
better PEC properties [25]. The ultrafine cobalt iron oxide
nanoparticle can promote the charge separation and show high
performance in photoelectrochemical water oxidation [26].
Wang et al. reported that ultrafine hematite «-Fe,O; nanowire
array electrode has higher photocurrent and charge separation
efficiency than nanorod electrode [27]. So, ultrafine structure
is also important for developing potential photoanodes for
enhancing the PECP performance.

In this paper, we combine multijunction with ultrafine struc-
ture for boosting the PEC and PECP performance. A TiO,/
AgInS,/In,S; nanobush (NB) photoanode was constructed,
and it shows highly efficient PECP performance for pure
copper in 3.5 wt% NaCl solution (similar to marine environ-
ment) under the simulated solar light illumination. The gradi-
ent matched energy level and ultrafine charge transmission
pathway within the ultrafine multijunctions together promote
the separation of photogenerated electron—hole pairs, and then
leads to the markedly enhanced PEC and PECP performances
in the simulated marine environment. This work provides a
new insight into the design of photoanode for the application
of PECP in marine metal corrosion protection.
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Scheme 1 The fabrication procedure of the TiO, NB/AgInS,/In,S; photoanode

2 Experimental
2.1 Synthesis of TiO, NB and modified TiO, NB film

The ultrafine branched TiO, NB substrate was prepared on
FTO conductive glass by a facile one-step solvothermal and
then calcination method reported in our recent work [28], the
detailed preparation process is described below. 0.002 mol
potassium titanium oxalate (K,TiO(C,0,),) was dissolved in
10 mL deionized water and 30 mL diethylene glycol (DEG),
and stirred for 30 min. The FTO conductive glass was placed
into the Teflon-lined stainless-steel autoclave at an angle
to the inner wall of the Teflon-liner, and the conductive
surface is downward. Then, the above mixed solution was
poured into the Teflon-liner. Then the solvothermal reac-
tion was carried out at 180 °C for 9 h. After solvothermal
reaction, the FTO conductive glass was taken out after the
autoclave was cooled, and rinsed with deionized water and
dried. Finally, the FTO conductive glass was calcined in a
tube furnace at 450 °C for 1 h in the air to get the TiO, NB.

The fabrication of TiO, NB/AgInS,/In,S; film photoan-
ode is illustrated in Scheme 1 which is described as follows.
Decorate AgInS, on the TiO, NB by a successive ion layer
absorption and reaction (SILAR) technique. First, immerse
the synthesized TiO, NB film in the solution of 0.01 M
AgNO; under ambient condition. After impregnating for
4 min, the sample was washed with purified water. Then
immerse the TiO, NB film in the solution of 0.01 M Na,S
for 4 min and washed with purified water. Then, immerse
the TiO, NB film in the solution of 0.01 M In(NO;); for
4 min and washed with purified water; afterwards immerse
the TiO, NB film in the solution of a 0.01 M Na,S aqueous
solution for 4 min and washed with purified water. This pro-
cess is a cycle of depositing silver indium sulfide, and repeat
this deposition cycle for several times to adjust the quantity
of AgInS, on the TiO, NB film [29, 30].

Next step, the TiO, NB/AgInS, film was further deco-
rated with the In,S; assistance layer via SILAR deposition.
The deposition process of In,S; is the same to the deposi-
tion process of AgInS, without immersing in the solution
of AgNO;, and adjusting the number of deposition cycles to
control the amount of In,S;. The prepared photoanode was

named TiO, NB/AgInS,(a)/In,S;(b), where a and b are rep-
resentatives of the number of deposition cycles for AglnS,
and In,S;, respectively. For comparison, the corresponding
AgInS, and In,S; powder was also synthesized by dropping
the Na,S solution to the AgNO;+In(NO3); or In(NO;);
solutions as described in our previous report [31].

Prepare the metal electrode by encapsulating a cubic cop-
per block of 1 cm? in epoxy resin. The exposed surface of 1
cm? was used to test the corrosion electrochemical perfor-
mance of the metal surface. Then the pure copper electrode
was polished, cleaned, dried and then stored in a desiccator
for later use.

2.2 Characterizations

The morphologies of the samples were characterized on a
scanning electron microscope (SEM) (Hitachi cold field
emission SU8220) and a high resolution transmission elec-
tron microscope (HRTEM, Tecnai G20, FEI Company,
USA). The crystalline structures were measured on X-ray
diffractometer (XRD). In order to characterize the changes
in the surface composition of the composite, the X-ray pho-
toelectron spectroscopies (XPS) of the samples were charac-
terized on ESCALAB 250Xi (Thermo Fisher Scientific Inc.;
Mono X-ray source, Al Ka radiation; binding energy cali-
brated according to C1s=284.8 eV). The photoabsorption
performances were detected on the UV-Vis diffuse reflec-
tance absorption spectra (SHIMADZU UV-2600, Japan).

2.3 PEC and electrochemical characterizations

PEC characterizations were carried out on a CHI 660E
electrochemical work station (Shanghai Chenhua Instru-
ment Co., Ltd.) with a three-electrode system. A Ag/AgCl
(saturated KCI) and a Pt electrodes were used as reference
electrode and counter electrode, respectively. The prepared
photoanodes were used as the work electrode. The exposed
area was 1 cm?. In order to approach the real marine environ-
ment to a great extent, 3.5 wt% NaCl solution without add-
ing any hole scavengers was used as the electrolyte. The PEC
test device cell used here is the same as that used in our pre-
vious work [32]. The light source was a 300 W PLS-SXE300
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Fig.1 The SEM top-view
images (a, b) and cross-sec-
tional images (¢, d) of TiO, NB/
AgInS,(3)/In,S5(7)

SU8220 5.0kV 9.7mm x5.00k SE(UL)

Xe arc lamp (Beijing PerfectLight Co. Ltd., China) with an
AM1.5 filter to get the simulated solar light illumination.
The light density was 100 mW cm™~2. Under this simulated
marine environment (3.5 wt% NaCl solution), the photoin-
duced i-V curves of the prepared photoanodes were meas-
ured with a scan rate of 0.01 V s~! under light cutting on and
off. For identifying the variation of the charge carriers trans-
fer capability of the film photoanode after modification, the
resistances of the prepared film photoanodes were measured
through the electrochemical impedance spectroscopy (EIS)
conducted in 3.5 wt% NaCl solution in the dark at open
circuit potential over frequency range from 10° to 1072 Hz
with a5 mV AC amplitude. The Mott—Schottky plots of the
prepared film photoanodes were measured in 0.1 Na,SO,
solution in the dark. Besides, in order to measure the sepa-
ration efficiency of photogenerated electron and hole of the
prepared photoanode, test the photoluminescence (PL) emis-
sion intensity of the synthesized samples on a fluorescence
spectrometer (Fluoro Max-4, HORIBA Jobin Yvon, France).

2.4 PECP tests

The PECP properties of the synthesized photoanodes were
performed using the device cell previously used in our work
[32]. Using CHI 660E electrochemical workstation, the pho-
toinduced variations of the mixed potentials of the coupling
of the photoanode and the metal electrode were measured;
and the photoinduced cathodic protection current densities
of the prepared photoanode for the coupled pure copper
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electrode were measured. Also, the 3.5 wt% NaCl solution
without additional hole scavengers was used in this meas-
urement. The light source was the same to that used above.

3 Results and discussion

3.1 Structural characteristics of the fabricated
AgInS,/In,S; decorated TiO, NB

The microscopic structure of the fabricated TiO, NB/
AgInS,(3)/In,S5(7) were characterized by SEM. Figure 1a—d
show the SEM top-view images (a, b) and cross-sectional
images (c, d) of TiO, NB/AgInS,(3)/In,S;(7) in a wide
scope, from which a loose porous nanobush-like structure
can be seen. Figure 2a—d show the SEM top-view images
with progressive magnification, from which the porous
structure composed of many branchlets compactly packed
together can be observed similar to the fabricated pure TiO,
NB shown in our resent work [33]. From the magnified SEM
image (Fig. 2d), it can be seen that the TiO, NB is deposited
with a large number of nanoparticles (NPs). The NPs dis-
tributed uniformly on the nanobranchlets. The large amount
of NPs forms well interfacial adhesion with the TiO, NB.
Owing to the ultrafine nanobranchlets, the deposited NPs
on them were also refined. This 3D ultrafine multijunction
architecture ensures the sufficient harvesting and utilization
of light. Figure 3a, b show the cross-sectional SEM images
of the TiO, NB/AgInS,(3)/In,S;(7) photoanode, numerous
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Fig.2 The SEM top-view
images of TiO, NB/AgInS,(3)/
In,S;(7) with progressive mag-
nification

nanobranchlets of the TiO, NB grew on the FTO glass, with
the film thickness of approximately 7.3 um. A larger number
of deposited NPs are distributed both inside and on the upper
surface of the TiO, NB layer. In order to reveal the elemental
distribution on the TiO, NB/AgInS,(3)/In,S;(7) photoanode,
the EDS elemental mapping images corresponding to the
framed area of the cross-sectional SEM image in Fig. 3a
were given. The results reveal a uniform distribution of Ag,
In and S elements on TiO, NB. These analyses reveal that
the NPs are sufficiently deposited and adhered onto the TiO,
NB architecture through the SILAR technique, forming mul-
tijunction photoanode. For TiO, NB/AgInS,(3)/In,S;(7), the
ultrafine multijunction architecture will also ensure the har-
vesting of visible light through the AgInS,/In,S;.

The TiO, NB/AgInS,(3), TiO, NB/AgInS,(3)/In,S5(7) as
well as TiO, NB/In,S;(14) samples were further character-
ized using TEM and HRTEM, and the results are shown in
Figs. 4 and 5. Figure 4a, al, b display the TEM and HRTEM
images of TiO, NB/AgInS,(3), and Fig. 4al is the magni-
fied image of the framed area in Fig. 4a, in which shows
the branchlets in bundles. The diameter of the branchlets
is approximately 10 nm, and numerous NPs adhered on
them are in size of 10 nm. The HRTEM image of TiO, NB/
AgInS,(3) (Fig. 4b) displays lattice spacings of 0.267 nm
and 0.352 nm matched with the (110) and (101) planes of
TiO, anatase [34, 35], verifying the anatase crystallite of
TiO,. And the lattice spacing of 0.312 nm for the NPs on the
nanobranchlets matches with the (121) plane of orthorhom-
bic AgInS, [35, 36].

Figure 4c, cl display the TEM images of TiO, NB/
AgInS,(3)/In,S5(7), Fig. 4cl is the magnified image of

the framed area in Fig. 4c. The morphology is similar
with those in Fig. 4a, al. Figure 4d displays the HRTEM
image of TiO, NB/AgInS,(3)/In,S;(7), the lattice fringes
of 0.267 nm and 0.352 nm match with the interplanar
spacings of the (110) and (101) planes of anatase, the lat-
tice fringe of 0.242 nm of the NPs on the nanobranchlets
corresponds to the interplanar spacing of the (122) plane
of orthorhombic AgInS, [37]. The phase in weak crys-
tallinity around the AgInS, NPs in Fig. 4d might be the
In,S; phase. In order to confirm the state of In,S; in the
sample, the In,S; was largely deposited onto the TiO, NB
with 14 cycles, and the corresponding TEM and HRTEM
images of TiO, NB/In,S;(14) are shown in Fig. 5. Fig-
ure 5a, al, c, cl are the TEM images, and Fig. 5al and
cl are the magnified images of the framed area in Fig. 5a
and c, respectively. For TiO, NB/In,S;(14), a layer is
wrapped compactly on the TiO, branchlets. Figure 5b, d
are the corresponding HRTEM images, the lattice fringes
of 0.32 nm on the nanobranchlets corresponds to an inter-
planar spacing of the (109) plane of tetragonal pB-In,S;
phase [38, 39]. These results confirm that the In,S; con-
structed by SILAR technique wrapped onto the TiO, NB
is in form of layer. So, for TiO, NB/AgInS,(3)/In,S;(7)
photoanode, the In,S; layer is wrapped onto the AgInS,
NPs sensitized TiO, NB as a assistance layer. Then, the
TiO, NB/AgInS,(3)/In,S;(7) tri-phase junction was suc-
cessfully constructed. Compared with bi-phase junction
of TiO, NB/AgInS,(3) and TiO, NB/In,S;(7), the TiO,
NB/AgInS,(3)/In,S;(7) tri-phase junction constructed with
gradient matched energy level will further accelerate the
separation and transmission of the photoinduced electron
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Fig.3 SEM cross-sectional images (a, b) and the corresponding EDS elemental mapping results (c) of the frame area in a of the TiO, NB/

AgInS,(3)/In,S;(7) photoanode

and hole in the photoanode. And the ultrafine TiO, NB
substrate will greatly reduce the electron transmission bar-
rier to transport photogenerated electrons efficiently.

The crystalline phases of the fabricated AgInS,/In,S;,
AgInS,, In,S; decorated TiO, NB and plain TiO, NB
were characterized by XRD patterns as shown in Fig. 6.
The diffraction peaks matched with TiO, (PDF#21-1272)
and FTO glass are clearly seen. Besides, for TiO, NB/
AgInS,(3)/In,S5(7) and TiO, NB/AgInS,(3), the diffrac-
tion peaks at 26.7°, 29.0°, 31.7°, 34.5°, 36.9° are ascribed
to the AgInS, phase (PDF#25-1328) [29]. For TiO, NB/
In,S5(7), the diffraction peaks at 32.6° may be caused by
the deposited In,S;. No evident diffraction peaks of In,S;
can be detected for the TiO, NB/AgInS,(3)/In,S5(7) or
TiO, NB/In,S5(7), due to the fewer amount of In,S; on
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these samples and the lower crystallinity of the In,S; syn-
thesized via SILAR technique.

XPS analyses were carried out to confirm the chemical
states of the components in TiO, NB/AgInS,(3)/In,S;(7).
Figure 7 shows the high-resolution XPS spectra of Ti 2p,
O 1s,In 3d, Ag 3d and S 2p. In Fig. 7a, the binding energy
peaks at 458.2 and 464 eV are assigned to Ti 2p;, and Ti
2p, . the binding energy peaks at 445.1 and 452.7 eV are
assigned to In 3ds;, and In 3d,;,, [36], revealing the oxida-
tion state of In is + 3. The positive shift of the binding ener-
gies of Ti 2p,;, and Ti 2p,,, peaks of TiO, NB/AgInS,(3),
TiO, NB/AgInS,(3)/In,S5(7), TiO, NB/In,S;(7) compared
to those of TiO, NB is due to the strong electron attracting
effect of AgInS, and In,S;. Because the electronegativity
of Ag™, In**, S>~ are larger than that of Ti*", the Ag*, In’*",
S2~ possess strong electron-withdrawing effect on Ti*",
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Fig.4 TEM and HRTEM images of the microstructures of the prepared TiO, NB/AgInS,(3) (a, al, b) and TiO, NB/AgInS,(3)/In,S5(7) (c, cl,

d

inducing the electron density around Ti*" lower than that
without compounding. Then the Ti*" nucleus will exert a
stronger electron binding ability for outer electrons, resulting
in the positive shift of the binding energies of Ti** towards
high binding energy. Besides, the intensities of the binding
energy peaks of In 3d are gradually increased for TiO, NB/
AglnS,(3), TiO, NB/AgInS,(3)/In,S5(7), TiO, NB/In,S;(7)
compared with those of pure TiO, NB, indicating the suc-
cessful deposition of AgInS, and In,S;. And the intensity of
the binding energy peaks of Ti 2p is gradually decreased for
TiO, NB/AgInS,(3)/In,S5(7) and TiO, NB/In,S5(7), con-
firming that the deposition of In,S; is in the form of layer
rather than nanoparticles on the surface of TiO, NB, then
blocking the binding energy signal of TiO, substrate.

In Fig. 7b, the peaks at 529.5 and 531.6 eV are assigned
to lattice oxygen (O;) and adsorbed oxygen (O,). Similar
shift of the binding energy peaks of O; and O, for TiO, NB/
AglnS,(3), TiO, NB/AgInS,(3)/In,S5(7), TiO, NB/In,S;(7)
towards the direction of high binding energy can be seen,
as compared to those of single TiO, NB. Because S* hasa
strong ability to attract electrons towards S atom in the com-
pound, the electron density around O is lower than before
compounding. The binding ability of O element nuclei is

strengthened to bind extranuclear electrons, leading to the
shifts of the binding energy peaks of O towards high binding
energy. A similar phenomenon was also reported by other
literatures [40], which is caused by the sulfide deposition,
resulting in the influence on the electron-withdrawing inter-
action among the elements in the prepared composite, thus
resulting in the shift of binding energy peak in XPS spectra
[41-43]. Besides, the binding energy peak of O, reveals the
existence of adsorbed water molecules or hydroxyl groups
on the surface of the composite [33]. The increase in the
intensity of the binding energy peak of O, for TiO, NB/
AglnS,(3), TiO, NB/AgInS,(3)/In,S+(7), TiO, NB/In,S;(7)
compared with those of TiO, NB reveals the increase in the
surface adsorption characteristic.

In Fig. 7c, the high-resolution XPS spectra of Ag 3d,
the two peaks at 368.1 and 374 eV are assigned to Ag 3ds,,
and Ag 3d;, [44], respectively, indicating that the oxidation
states of Ag is+ 1. The position of the binding energy peak
of Ag in TiO, NB/AgInS,(3) is higher than that in TiO,
NB/AgInS,(3)/In,S5(7). It is related with the lower elec-
tronegativity of In (1.78) compared with that of Ag (1.93).
So, after further deposition of In,S;(7) layer on TiO, NB/
AgInS,(3), the binding energy peaks of Ag shift slightly
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Fig.5 TEM a, al, ¢, c1 and HRTEM b, d images to show the detail microstructure information of TiO2 NB/In2S3(14). al, c1 are the further

enlarged images of the framed areas in Fig. (a), (c) respectively

towards lower binding energy. This result is also in consist-
ent with the results in Fig. 6a and b in which the TiO, NB/
AgInS,(3) shows the highest binding energy peak positions
of In, Ti and O.

Figure 7d shows the S 2p XPS core level spectra, the
broad asymmetric binding energy peaks at 161.1 and
162.3 eV for TiO, NB/AgInS,(3) are assigned to the S 2p;,
and S 2p,,, of S~ in AgInS,, and the broad asymmetric
binding energy peaks at 161.8 and 163.2 eV for TiO, NB/
In,S5(7) are assigned to the S 2p,,, and S 2p,,, of S*~ in
In,S; [36, 45]. The binding energy peak position of TiO,
NB/AgInS,(3)/In,S5(7) covers the peak positions of S* in
AgInS, and S?~ in In,S; [31, 46]. These results verify that
both AgInS, and In,S; have been decorated onto TiO, NB.
The above HRTEM and XPS results validate that the deco-
rated AgInS, and In,S; on TiO, NB forms close interfacial
combination with the TiO, NB substrate.
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3.2 UV-Vis absorption and PEC properties
of the film photoanodes

The optical absorption activities of TiO, NB/AgInS,(3),
TiO, NB/AgInS,(3)/In,S;(7), TiO, NB/In,S5(7), TiO, NB
and the corresponding AgInS, and In,S; powder were meas-
ured by UV—Vis absorption spectra as shown in Fig. 8a. The
UV-Vis optical absorption region of the single TiO, NB is
at 200-382 nm, corresponding to its UV light responsive
property with the bandgap of 3.2 eV. The AgInS, powder
with black brown color shows a much wider optical absorp-
tion, which is due to its bandgaps of 1.83—-1.92 eV, that is
consistent with the optical absorption properties described in
other literatures [47-49]. And the optical absorption thresh-
old of the AgInS, powder is at 614 nm deduced to the band-
gap of 2 eV, which is close to the values reported previously
[47-49]. The In,S; powder with light yellow color exhibits
optical absorbing in the UV-Vis region of 200470 nm. And
the optical absorption threshold of the In,S; powder is at
455 nm deduced to the bandgap of 2.7 eV. For TiO, NB/
AgInS,(3) and TiO, NB/AgInS,(3)/In,S;(7), the absorb-
ance of the UV—Vis absorption spectra in the region of
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Fig.7 XPS spectra of (a) In 3d and Ti 3d, (b) O 1s, (c) Ag 3d, and (d) S 2p of the prepared photoanodes

340-800 nm dramatically enhances compared with those
of pure TiO, NB, which is ascribed to the brown AgInS,
NPs decoration over the TiO, NB surface. The TiO, NB/
AgInS,(3)/In,S;(7) photoanode exhibits a optimal absorp-
tion property both in the visible light region and UV light
region due to the sensitization of the AgInS,(3)/In,S;(7). For
TiO, NB/In,S;(7), the absorbance only enhances slightly
compared to that of TiO, NB, which is caused by the very
few deposited In,S; layer, only slightly affects the optical
absorption property of TiO, NB. Finally, the TiO, NB/

AgInS,(3)/In,S;(7) photoanode with the optimal optical
absorption ability will help to achieve the highly efficient
PEC conversion performance during applications under
simulated solar light irradiation.

Figure 8b shows the photoinduced i-V curves of the TiO,
NB/AgInS,(3), TiO, NB/AgInS,(3)/In,S;(7), TiO, NB/
In,S5(7), TiO, NB photoanodes under switching on and off
the simulated solar light illumination in the NaCl solution.
The pure TiO, NB exhibits much smaller photoinduced cur-
rent (only approximately 3.8 pA cm ™2 under the bias of 0 V
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vs. Ag/AgCl). After uniform deposition of AgInS, onto TiO,
NB, its photoinduced current density increases to 57 pA
cm ™2 (under the bias of 0 V vs. Ag/AgCl) caused by the sen-
sitization of AgInS, and the interfacial heterojunction effect
of TiO,/AgInS,. And after only depositing the In,S; layer
onto TiO, NB, its photoinduced current density increases
to 26 pA cm~? (under bias of 0 V vs. Ag/AgCl). Impor-
tantly, it is noted that compared with TiO, NB/AgInS,(3)
and TiO, NB/In,S;(7), TiO, NB/AgInS,(3)/In,S;(7) exhibits
a further increased photoinduced current density with the
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of the prepared samples. The energy density of the light used in b, ¢
is 100 mW cm™2

value of around 230 pA cm™2 (under bias of 0 V vs. Ag/
AgCl). For TiO, NB/AgInS,(3)/In,S;(7), the deposited In,S;
layer around TiO, NB/AgInS,(3) constructs a tri-phase junc-
tion, which possesses gradient matched energy level, further
boosts the transmission of the photogenerated electron and
hole through the interfaces of TiO,/AgInS,/In,S;, reducing
recombination of photogenerated electron and hole, boosting
the photo-to-current conversion efficiency. Under the assis-
tance of the In,S; layer, the TiO,/AgInS, photoanode will
exert much more efficiently.
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Additionally, in the photoinduced i-V curves, for a semi-
conductor, the initial threshold bias for generating pho-
toinduced current is similar to its flat band potential of the
semiconductor material [50]. Compared with the initial
threshold bias of TiO, NB, the initial threshold bias of TiO,
NB/AgInS,(3)/In,S;(7) for generating photoinduced cur-
rent negatively shifts, verifying that the deposition of the
AgInS,(3)/In,S5(7) on the TiO, NB induces the negative
shift of the flat band potential of TiO,. Thus the deposi-
tion of AgInS,/In,S; on TiO, NB negatively pulls the band
potential of TiO, NB caused by the more negative band of
AglnS, and In,S;.

In Fig. 8c, the i-V curves of the TiO, NB, TiO, NB/
AglnS,(3), TiO, NB/AgInS,(3)/In,S5(7), TiO, NB/In,S5(7)
photoanodes under AM1.5 light irradiation and in the dark
in the NaCl solution were also given. The photo-to-cur-
rent conversion efficiency of TiO, NB/AgInS,(3)/In,S4(7)
which shell-core co-sensitized is much higher than that of
TiO, NB/AgInS,(3) and TiO, NB/In,S;(7) which single
sensitized. The deposited In,S;(7) layer further dramati-
cally enhances the generation and transfer efficiencies of
photoinduced electrons, making photo-to-current conver-
sion more effective. Besides, TiO, NB/AgInS,(3)/In,S;(7)
exhibits positive current over the widest bias voltage range
(the whole range of —0.8 to 1.3 V vs. Ag/AgCl), compared
with TiO, NB/AgInS,(3), TiO, NB/In,S;(7) and TiO, NB.
Revealing that the energy band of the photoanode has been
greatly pulled negatively, which will ensure the n-type semi-
conducting property of the photoanode even under a more
negative bias voltage range [51]. This adjustment will ensure
the photoanode to offer PECP current for the metals of more
negative self-corrosion potentials, then facilitate the PECP
for a wider variety of metals.

Figure 8d depicts the PL emission spectra of the samples.
Once light irradiates the photoelectric semiconductor mate-
rials, the photogenerated electrons and holes will generate.
If the photogenerated electrons and holes recombine, pho-
toluminescence emission spectra can be used to measure the
intensity of the recombination photoluminescence emission.
The higher the PL emission intensity, the higher the recom-
bination rate of the photogenerated electrons and holes. The
lower the PL emission intensity, the higher the separation
rate of the photogenerated electrons and holes, the higher the
PEC conversion performance [52, 53]. As seen from Fig. 8d,
the PL emission intensity of TiO, NB/AgInS,(3)/In,S;(7)
photoanode is the lowest, manifesting the lowest recombi-
nation rate of the photogenerated electrons and holes. The
separation of the photogenerated electron—hole pairs in TiO,
NB/AgInS,(3)/In,S5(7) is more efficient than those of oth-
ers. Therefore, TiO, NB/AgInS,(3)/In,S;(7) possesses the
maximum PEC conversion activity in corresponding to its
maximum charge-separation efficiency. The multijunction

structure of TiO, NB/AgInS,(3)/In,S;(7) plays great impor-
tance in preventing the recombination of the electrons and
holes.

The Mott—Schottky plots of the prepared composite
photoanodes were adopted to establish the changes of flat
band and carrier density [54], and the results are depicted
in Fig. 8e. The Mott—Schottky plots of all the samples show
positive slopes, manifesting the character of n-type semi-
conductor [55]. From the intersection point of the tangent
line of Mott—Schottky curve on horizontal axis, the flat band
potential of a semiconductor sample can be estimated. The
flat band potential approximates to the conduction band
(CB) bottom for n-type semiconductor. As seen from the
Mott—Schottky plots in Fig. 8e, the flat band potentials of
TiO, NB/AgInS,(3), TiO, NB/AgInS,(3)/In,S;(7) and TiO,
NB/In,S;(7) are all more negative compared with that of
TiO, NB. The flat band potential of TiO, NB/AgInS,(3)/
In,S;(7) is negative to —0.63 V (vs. Ag/AgCl), i.e., —0.43 V
(vs. NHE); the flat band potential of TiO, NB is —0.53 V
(vs. Ag/AgCl), i.e., —0.33 V (vs. NHE). The negative shift
of the flat band potential of the photoanode is due to the
deposited AgInS, and In,S; with relatively negative CB
potentials. The more negative flat band potential is beneficial
to provide photogenerated electrons to the metal materials
with negative self-corrosion potential to achieve the PECP.

Besides, the charge carrier density of samples is inversely
proportional to the slope of the Mott—Schottky plots. The
smaller slope indicates the larger charge carrier density [54].
From Fig. 8e, the TiO, NB/AgInS,(3)/In,S4(7) exhibits a
much larger charge carrier density than the TiO, NB, which
is beneficial for the transmission of photogenerated charge
carriers in the system. Thus these results indicate that the
TiO, NB/AgInS,(3)/In,S;(7) possesses both the more nega-
tive flat band potential and the higher charge carrier den-
sity which will benefit the superior PECP activity for metal
material with more negative potential.

The impedance change of the prepared TiO, NB, TiO,
NB/AgInS,(3), TiO, NB/In,S4(7), TiO, NB/AgInS,(3)/
In,S;(7) photoanodes were examined by EIS test. Figure 8f
shows the EIS Bode plots. The low frequency impedance
data are usually adopted to estimate the resistance of the
film (R;) of the electrode, more precisely, the intersec-
tion of Bode plot curves on the vertical axis [56]. As seen
from Fig. 8f, R; is decreased as Ry(TiO, NB) > R«(TiO,
NB/AgInS,(3)) > R(TiO, NB/In,S;(7)) > R(TiO, NB/
AgInS,(3)/In,S5(7)), revealing the reduce in the resistance
of TiO, NB film after deposition of AgInS, or In,S;. TiO,
NB/AgInS,(3)/In,S;(7) exhibits a further reduced R; com-
pared with TiO, NB/AgInS,(3), confirming that the In,S;
layer deposited around TiO, NB/AgInS,(3) will accelerate
the charge transmission and decrease the electron transmis-
sion barrier. Thus, the TiO, NB/AgInS,(3)/In,S5(7) tri-
phase junction structure will accelerate the transmission of
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Fig.9 The PECP current density of the fabricated photoanodes for the coupled pure copper electrode (a, ¢); and the photoinduced mixed poten-
tial drops of the coupling of the prepared photoanodes and the pure copper electrode (b, d) under the simulated sunlight irradiation

the photogenerated electrons under irradiation, and promote
the PEC performance.

3.3 PECP performance of the fabricated film
photoanodes for pure copper

The PECP performance of the TiO, NB, TiO, NB/
AglnS,(3), TiO, NB/In,S5(7), TiO, NB/AgInS,(3)/In,S5(7)
photoanodes for pure copper under simulated solar light
AM1.5 irradiation in NaCl solution were measured. Fig-
ure 9a shows the PECP current densities of the photoanodes
for the connected pure copper electrode. Under the simu-
lated solar light irradiation, the current densities rise rap-
idly, indicating the generation of photoinduced electrons and
the transfer of photoinduced electrons to the coupled pure
copper electrode. The photoinduced electrons continuously
accumulate on the coupled pure copper providing cathodic
protection for it. The PECP current density of TiO, NB for
the coupled pure copper is only 4.6 pA cm™2, and those of
TiO, NB/AgInS,(3) and TiO, NB/In,S;(7) are 5.6 pA cm™?
and 20 pA cm2, respectively. The PECP current density of
TiO, NB/AgInS,(3)/In,S;(7) increases to 65 pA cm™2 which
is optimum among all these photoanodes, increases more
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than 14 times larger than that of TiO, NB. Figure 9b exhibits
the variation of the potential of coupling of Cu electrode
and photoanodes under the simulated sunlight irradiation. It
can be seen that the potentials of the connected pure copper
electrode and the photoanodes negatively shift immediately
with the light switched on, revealing the accumulation of
photoinduced electrons on the whole coupled system. The
TiO, NB—Cu coupling shows the photogenerated potential
drop of only 15 mV. The TiO, NB/AgInS,(3)—-Cu and TiO,
NB/In,S;(7)—-Cu coupling show the photoinduced poten-
tial drops of 19 mV and 40 mV, respectively. The TiO,
NB/AgInS,(3)/In,S;(7)-Cu coupling exhibits a dramati-
cally increased photogenerated potential drop of 160 mV.
The AgInS,(3)/In,S5(7) heterojunction deposited on TiO,
NB greatly improve the separation of the photogenerated
electron—hole pairs. Owing to the gradient matched energy
bands of AgInS,, In,S; and TiO,, numerous internal electric
fields are built at the TiO,/AgInS,/In,S; interfaces, result-
ing in the dramatic improvement of the separation of the
photoinduced electrons and holes under simulated sunlight
excitation. Simultaneously, owing to the much negative
energy level potentials of AgInS, and In,S,, the quasi-Fermi
level of the photoinduced electrons will be kept at a much
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negative level, benefiting the transmission and application
of photogenerated electrons to the under-protected metals
with more negative self-corrosion potentials. Then, the TiO,
NB/AgInS,(3)/In,S5(7) photoanode offers the photoinduced
electrons for Cu and achieves an excellent PECP for Cu
whose self-corrosion potential is more negative (—0.18 V
vs. Ag/AgCl). Finally, the TiO, NB/AgInS,(3)/In,S;(7)
photoanode exhibits the highest PECP performance for Cu
than others under simulated sunlight irradiation in NaCl
electrolyte.

Moreover, the influence of deposition quantity on the
PECP performance of TiO, NB/AgInS,/In,S; for Cu has
been investigated as shown in Fig. 9c, d. Figure 9c shows
the PECP current densities of the prepared TiO, NB/
AglnS,/In,S; photoanode for the under-protected Cu elec-
trode, and Fig. 9d shows the corresponding photoinduced
mixed potential drops of coupling of Cu electrode and the
prepared TiO, NB/AgInS,/In,S; photoanode. The differ-
ent amount of AgInS, and In,S; deposited on TiO, NB
were obtained by adjusting different deposition cycles. The
TiO, NB/AgInS,(3)/In,S;(4)—Cu exhibits the PECP cur-
rent density and the corresponding mixed potential drop of
40 pA cm~ and 70 mV, respectively. TiO, NB/AgInS,(3)/
In,S;(9)—Cu exhibits the PECP current density and the
corresponding potential drop of 60 pA cm™ and 130 mV,
respectively. The TiO, NB/AgInS,(3)/In,S;(7)—Cu exhibits
the highest PECP current and the potential drop of 65 pA
cm~2 and 160 mV, respectively. The PECP activity of TiO,
NB/AgInS,/In,S; will not reach the maximum value under
less or excessive deposition of In,S; assistance layer. The
less In,S; assistor will not sufficiently improve the PECP
performance due to the insufficient formation of TiO, NB/
AgInS,/In,S; multiphase junction. And the excessive In,S;
assistance layer will also reduce the PEC conversion due
to the blocking from light harvesting and charge transport.
Thus, the appropriate amount of In,S; assistor is for the
TiO, NB/AgInS,(3)/In,S;(7) photoanode, under which the

tri-phase junction in the photoanode will be fully cooper-
ated to enhance the transmission of photogenerated elec-
trons within interfaces. Then, the optimized construction
of TiO, NB/AgInS,(3)/In,S5(7) brings an superior PEC
property and PECP property for Cu in NaCl solution.

3.4 Proposed mechanism for the boosted
PECP property of the TiO, NB/AgInS,/In,S;
photoanode

Figure 10 displays the property promotion mechanism for the
boosted PEC and PECP of the TiO, NB/AgInS,(3)/In,S;(7)
photoanode under the simulated sunlight in NaCl solution.
For the prepared TiO, NB/AgInS,(3)/In,S;(7) architecture,
the bandgap energy (E,) of AgInS, is 2 eV, as deduced
from the UV—Vis absorption spectra in Fig. 8b, with the
CB and valence band (VB) potentials of —1.08 and 0.82 V
(vs. NHE), respectively [57]. The Eg of the In,S; is 2.7 eV,
as deduced from the UV—Vis absorption spectra in Fig. 8b,
its CB potential is around —0.8 V (vs. NHE) [58]. The E,,
CB and VB of TiO, NB are 3.2 ¢V,—0.33 V and 2.87 V
(vs. NHE), respectively, as deduced by the Mott—Schottky
plots (Fig. 8d). Once the simulated sunlight irradiates the
TiO, NB/AgInS,(3)/In,S5(7), the electrons in the VBs of
AgInS,, In,S; and TiO, NB will jump to their CBs and form
the photogenerated electrons. Then the photogenerated elec-
trons in the excited state continuously accumulate on the
CBs, maintaining a relatively negative energy level poten-
tial. Because of the construction of gradient matched band
potential among AglnS,, In,S; and TiO,, their CB poten-
tials are in the order of Ez(AgInS,) < Eqg(In,S;) < Eqp(T
i0,), and the VB potentials of them are in the order of Ey g
(AglnS,) < Eyg(In,S;) < Eyg(TiO,). The photogenerated
electrons on the CB of AgInS, will transfer to the CB of
In,S; then to the CB of TiO, for releasing energy, and the
photogenerated holes on the VB of TiO, will transfer to the
VB of In,S; and to the VB of AgInS, and further react with
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surroundings. Therefore, constructing TiO,/AgInS,/In,S;
multijunction to form numerous internal heterojunction elec-
tric fields between the phase interfaces will boost the separa-
tion and transmission of the photogenerated electrons and
holes under the simulated sunlight irradiation as described
in Fig. 10. Then the nanobush-like TiO, substrate with many
ultrafine branches will provide rapid electron transmission
pathway and reduce the electron transport barrier. Finally,
a large amount of photogenerated electrons transfer rapidly
to the coupled Cu electrode.

Additionally, owing to the negative bands of AgInS,
and In,S;, the flat band potential of TiO, NB/AgInS,(3)/
In,S5(7) will be pull to a more negative value, which is also
verified via the Mott—Schottky plots in Fig. 8d. Then once
the simulated sunlight irradiates the photoanode, the gen-
erated and accumulated photoinduced electrons on the CB
will pull the quasi-Fermi level to a negative level. For TiO,
NB/AgInS,(3)/In,S5(7), the large amount of the photogen-
erated electrons will pull the quasi-Fermi level to a more
negative potential than others. Then, once couples TiO, NB/
AgInS,(3)/In,S5(7) with Cu electrode of a more negative
self-corrosion potential, the photogenerated electrons will
migrate to the Cu electrode and offer PECP for it. The TiO,
NB/AgInS,(3)/In,S;(7) exhibits a boosted PECP perfor-
mance for Cu in NaCl electrolyte without any additional hole
scavengers. This system greatly promotes the application of
PEC conversion materials in cathodic protection for met-
als in actual marine environment. This non-toxic TiO,NB/
AglInS,/In,S; multijunction photoanode constructed based
on the 3D nanobush architecture with both negative band
potential and efficient PEC conversion performance pos-
sesses great application potential in the area of PECP under
solar light irradiation.

4 Conclusions

An environmentally friendly TiO, NB/AgInS,/In,S; com-
posite photoanode was synthesized by depositing AglnS,
and In,S; to the porous 3D TiO, nanobush architecture
and form a tightly compounded multijunction structure for
achieving efficient PECP. The ternary complex exerts the
characteristics of each component. The AgInS, and In,S;
maintain the more negative band potential for TiO, NB
which benefits the PECP for metals with negative self-cor-
rosion potential. And the ultrafine nanobranched TiO, NB
makes the decorated AgInS,(3) and In,S;(7) also refined,
which contributes to the reduce of the charge transfer barrier
for the multijunction system. Importantly, the In,S; acted as
an assistor successfully constructs a gradient energy level
with AgInS, sensitizer and TiO, NB substrate. Then, the
gradient energy level among TiO, NB-In,S;—AgInS, results
in the dramatically boosted PEC conversion efficiency and
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PECP performance for Cu whose self-corrosion potential
is more negative in NaCl solution under stimulated sun-
light irradiation. For TiO, NB/AgInS,(3)/In,S;(7), a large
number of photoinduced electrons and holes generate and
transfer efficiently under simulated sunlight excitation. The
ultrafined 3D framework constructed by TiO, NB swiftly
collects the photogenerated charge carriers. The collected
and accumulated large number of photoinduced electrons
pulls the quasi-Fermi level to a more negative potential,
assuring a more negative potential than that of Cu. Then
the photogenerated electrons can transfer to the coupled Cu
with a more negative self-corrosion potential and achieve an
effective photogenerated cathodic protection for the coupled
Cu. The photogenerated cathodic protection current density
of TiO, NB/AgInS,/In,S; for Cu in NaCl solution without
any hole scavengers is 70 pA cm~2 under the simulated sun-
light excitation. This ultrafined 3D framework multijunction
photoanode will help to provide strategies for the optimiza-
tion of efficient photoelectric cathodic protection materials.
It is helpful to realize the photoelectric cathodic protection
in NaCl for more kinds of metal materials with more nega-
tive self-corrosion potential.
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