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A B S T R A C T

In this study, polypyrrole (PPy)/TiO2 core-shell nanorods (PTNRs) films were successfully synthesized through
hydrothermal treatment and electrochemical polymerization method. The structure and optical properties of the
as-prepared films were characterized. The results showed that the core-shell PTNRs film exhibits superior visible-
light absorption ability. The composite films with different deposition conditions were systematically studied on
the performance of the photocathodic protection (PCP). The photoelectrochemical performance of the samples
are related to their structures which are strongly influenced by the deposition time of PPy layer. Meanwhile,
compared with other reported as-prepared films, PTNRs film under visible light illumination could negatively
shift the potential of the coupled 304 stainless steel (304SS) to -640 mV vs. Ag/AgCl, exhibiting more efficient
PCP effect. More importantly, it can continuously provide protection for the steel in the darkness based on the
electron pool effect of PPy. The possible PCP mechanism of PTNRs film was also discussed.

1. Introduction

304SS is extensively used as metallic bulks in industrial applications
based on its good corrosion resistance property. However, localized
corrosion distributed on the bulks is hardly to avoid in marine en-
vironments [1]. Recently, many methods have been developed to in-
habit this corrosion problem, including anticorrosion coatings [2],
corrosion inhibitors [3], electrochemical protection [4], etc. Among
these methods, building photocathodic protection (PCP) is generally
regarded as the most effective way, which can be successfully con-
ducted without non-regenerate energy nor extra material consumption.
During that process, the semiconductor is served as the photoanode [5]
which can produce photogenerated electrons. The photogenerated
electrons are then transferred to the coupled metal. shifting its metal
surface potential. When the surface potential of metal drops lower than
its corrosion potential [6], metal corrosion can be inhibited.

As one of most widely used semiconductor materials, TiO2 has been
frequently studied as photoanodes in the PCP system due to its low cost,
low toxicity and high chemical stability [7]. Research shows that one-
dimensional (1D) electron transmission can decrease the recombination
of photogenerated electron/hole (e−/h+) pairs [8]. Thus 1D TiO2 array

films, including nanotubes (TNTs) films [9], nanowires or nanorods
(TNRs) films [10,11], exhibit better PCP performances than the TiO2

nanoparticles film. However, there are two serious defects of practical
TNTs films: (i) the formation process of TNTs could cause F− ions
pollution [12] (ii) as a traditional polycrystalline TiO2 [13], the ap-
plication of TNTs is limited due to the severe electron scattering and its
trapping at grain boundaries [14,15]. In order to overcome those
shortages of TNTs, the research focus turns to the TNRs film, since the
single crystalline rutile TNRs with much less lattice defects can improve
the mobility efficiency of charges and its synthesis do not release any
pollution as well [14]. Liu et al. [16] synthesized the single crystalline
rutile TNRs onto fluorine-doped tin oxide (FTO) glass for the first time
and studied its photoelectric properties as dye sensitized solar cells.
Various applications of single crystalline rutile TNRs film were further
investigated, particularly including PCP applications [17,18]. Although
the band-gap energy (Eg) of rutile TiO2 (3.0 eV) is narrower than that of
anatase TiO2 (3.2 eV) [19], its relatively wide band gap limits its PCP
response under visible light illumination. Additionally, it is also a
challenge for the pure TNRs film to provide continuous cathodic pro-
tection effect of metals in the dark [20]. At present, combinations be-
tween TNRs and other semiconductor materials (such as SnO2 [21],
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WO3 [22], CdSe [23], etc.) are often used to deal with those problems.
PPy, a stable, nontoxic, and superior-conductivity polymer, has

been more and more used to compound with TiO2because of its narrow
band gap and good reversible doping-dedoping capacity [24]. The PPy/
TiO2 p-n heterojunctions have been reported in some researches about
applications in PCP systems [25,26]. Working as PPy/TiO2 photoanode,
PPy (2.2 eV) can be excited to generate e− under visible light illumi-
nation, and then injecting e− into the conduct band (CB) of TiO2 to
promote the separation of e−/h+ pairs, ultimately leading to the in-
crease of cathodic protection efficiency. Additionally, PPy can also be
regarded as an electron pool to storage and release e− in the hybrid
system [27], and provide sustaining protection for the steel under
darkness. Cui et al. [25] and Ren et al. [26] have also synthesized the
PPy/TNTs composite film with favourable cathodic protection perfor-
mance. In conclusion, there is a reason to speculate that as a superior
replacement materials of TNTs film, the PPy/TNRs composite film may
have greater value in the field of PCP applications.

Compared with traditional PPy/TNRs composite film, the PPy/TNRs
core-shell nanorods film exhibit better photosensitivity performance
[28,29]. Under the premise of the sufficient load of PPy, the core-shell
structure can maintain the 1D electron transmission shortcut of TNRs
and provide a large area for the p-n interface, thus, decrease the re-
combination of e−/h+ pairs in theory [30–32]. Meanwhile, the elec-
tropolymerization deposition of PPy layer is faster and easier to control
than other methods, such as chemical polymerization and UV-light
photopolymerization, and can also effectively avoid the formation of
excess-loading thick PPy film [27]. Thus, it’s of great value to optimize
the electropolymerization method of the preparation of PTNRs com-
posite film in order to develop the cathodic protection of steel. How-
ever, at present there are few reports on the synthesis and PCP-appli-
cation of this composite film.

In this work, the PTNRs composite films were synthesized onto the
conductive FTO glass substrate via hydrothermal treatment and elec-
trochemical deposition method, and their PCP performances and pro-
tection mechanism for 304SS were systematically investigated.

2. Materials and methods

2.1. Chemicals

The detailed information of all the chemicals are listed in the Table
S1. Typically, pyrrole was freshly distilled and then stored under the
aerated nitrogen condition in a refrigerator (0 °C) before used. Distilled
water (DIW) was used for the preparation of all solutions in this study.

FTO glass (7 Ω·cm−2, 2.2 mm-thick) was purchased from Guluo
Glass Co. Ltd, (Luoyang, China). Before the experiment, the FTO
structure was treated by ultrasonic cleaning in DIW, followed by
acetone and alcohol for 30 min each, Finally, these glass were dried in
ambient air.

2.2. Synthesis of PTNRs composite films

2.2.1. Preparation of TNRs film
The TNRs array film was synthesized on FTO glass via the hydro-

thermal method using the following procedure [33]. Firstly, 60 mL of
HCl aqueous solution (6 mol·L−1) mixed with 1.0 mL C16H36O4Ti was
transferred into a Teflon-lined stainless steel autoclave (100 mL). Then
a piece of FTO glass was placed at an angle (60 °) against the wall of the
above autoclave with the conducting side facing down, and being he-
ated 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 to enhance the contact between the TNRs and the FTO substrate.

2.2.2. Preparation of PTNRs film
The pyrrole monomer was electrochemically polymerized onto the

surface of TNRs via a potentiostatic method on a CHI660D electro-
chemical workstation (Shanghai Chinstrument Co., Ltd, China). In a
three electrode system, TNRs array film, Ag/AgCl electrode and Pt foil
were served as the work electrode (WE), the reference electrode (RE)
and the counter electrode (CE), respectively, and the aqueous electro-
lyte consisted of 0.1 mol·L−1 H2SO4 and 0.01 mol·L−1 pyrrole. The
electropolymerization process was conducted potentiostatically at 0.8 V
for 20 min under ambient condition. Afterwards, the as-prepared film
was washed with DIW and dried overnight in a vacuum drying oven at
50 °C. To compare the PCP performances of PTNRs film and the other
PPy/TNRs composite films with different structure, the PPy/TNRs
composite films with different electropolymerization time (10 min and
30 min) was also synthesized according to the method mentioned
above, denoting as PPy/TNRs-10 and PPy/TNRs-30, respectively. A
schematic diagram for constructing these composites is shown in Fig. 1.

2.3. Characterizations

The morphology and microstructure of as-prepared samples were
investigated by scanning electron microscope (SEM Zeiss Gemini SEM
500) and field emission transmission electron microscopy (TEM, JEOL
JEM-F200 (HR)). The film compositions were detected by energy dis-
persive x-ray spectroscopy (EDS) elemental mapping. The x-ray dif-
fraction (XRD) patterns of samples were recorded on a Bruker D8
ADVANCE using a Cu Kα radiation (λ=1.5418 Å). The Raman mea-
surement (LabRAM HR Evolution, with an excitation of 325 nm laser
light) was used to analyze the composition of the samples. The X-ray
photoelectron spectroscopy (XPS) spectrum of samples was performed
on Thermo Scientific EscaLab 250Xi with an Al monochromatic X-ray
source (1486.6 eV), and all binding energies (BEs) were referenced to
the C 1s hydrocarbon peak at 284.8 eV. The optical absorption ability of
the samples was investigated by UV–vis diffuse reflectance absorption
spectrum (DRS, PE Lambda950). The photoluminescence (PL) spectra
were studied using an Edinburgh FLS9 luminescence spectro-
fluophotometer equipped with a Xe lamp presenting an excited wave-
length at 330 nm.

Fig. 1. Diagram of the synthesis process for the TiO2 nanorods film and PPy/TiO2 core-shell nanorods film.
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2.4. Photoelectrochemical tests

As shown in Fig. 2, all the photoelectrochemical tests were per-
formed on the CHI660D electrochemical workstation using a double
electrolytic cell setup, which consisted of a corrosion cell (3.5 wt% NaCl
solution) and a photoelectrochemical cell (0.1 mol·L−1 Na2S +0.2
mol·L−1 NaOH mixed solution), and the two couple cells were con-
nected by a U-type salt bridge (a flexible glass tube with 1.0 mol·L−1

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, correspond-
ingly. Meanwhile, the as-prepared film was immersed in photoelec-
trochemical cell electrolyte as the photoanode, which was connected
with the 304SS by a copper wire. Electrochemical measurements were
investigated under intermittent visible light (100 mW·cm-2) supplied by
a 500 W xenon lamp (CHF-XM-500W, Beijing Changtuo technology Co.,
Ltd. Beijing, China) equipped with the UV cut-off filter (λ>420 nm).
The open circuit potentials (OCP) and Tafel curves were tested with the
scanning rate of 1 mV/s, and the photocurrent density of the sample
was detected without any applied bias voltage. When the OCPs of the
samples keep nearly constant, the electrochemical impedance spectro-
scopy (EIS) was tested at OCP over a frequency range of 105 to 10-2 Hz
with a 10 mV AC amplitude. The efficient area of 304SS and as-pre-
pared samples was 1 cm2, and the 304SS was ground with abrasive
paper before theses experiment. All the photoelectrochemical tests were
not be performed until the measurement system reach a relatively
stable state.

3. Results and discussion

3.1. Structural characteristics

The Raman spectra for the TNRs and PTNRs films were measured to
confirm the compositions of the composite films. As shown in Fig. 3a,
the curve of TNRs shows three strong characteristic peaks at about 234,
447 and 601 cm−1, corresponding to the B1g, Eg, A1g modes of rutile
TiO2, respectively [34]. Meanwhile, there is no characteristic Raman
peak of anatase TiO2 [35], which indicates that the single crystalline
rutile TNRs is synthesized after 10 h hydrothermal reaction. From the
curve of pure PPy, the main Raman bands at 1584 cm−1 is assigned to
CC] backbone stretching vibration, and the absorption peaks at 1389
cm−1 and 1322 cm−1 are ascribed to CN and CHee of pyrrole ring

stretching vibrations, respectively [36]. Absorption peaks at 1052, 971
and 928 cm−1 are related to the ring deformation vibration [37]. After
the deposition of PPy layer on the TNRs film, the characteristic Raman
peaks of rutile TiO2 and PPy can be both observed. This result confirms
that the PPy layer is successfully deposited on the surface of nanorods
through the potentiostatic polymerization process.

The XRD patterns of TNRs and PTNRs films were used to investigate
the crystal phases and compositions, as shown in Fig. 3b. The diffrac-
tion peaks of the TNRs at 27.5°, 36.2°, 41.3°, 62.9°, 69.2° and 70.0° are
well matched with the (1 1 0), (1 0 1), (1 1 1), (0 0 2), (3 0 1) and (1 1
2) planes of rutile TiO2 (JCPDS # 65-0912), respectively, showing the
TNRs are highly crystallized [38]. Other indifferent peaks, such as
25.6°, 33.9°, 37.8° and 51.6°, are derived from the FTO substrate. After
the electropolymerization of PPy layer on the surface of TNRs, all the
relative characteristic XRD peaks of rutile TiO2 in PTNRs weakens to
some extent, resulting from screening effect of the amorphous PPy [39].
This further proofs the presence of PPy layer on the single crystalline
rutile TNRs film.

SEM images with two different magnifications of TNRs and PTNRs
films are shown in Fig. 4. As previously reported [40], the TNRs grew
densely and uniformly on FTO substrate (Fig. 4a). In the high magni-
fication SEM image of TNRs (Fig. 4b), the average diameter of TNRs is
approximately 150 nm. The cross-section image (Fig. 4c) of the TNRs
shows that the nanorods are 5.27 μm high on average and are nearly
vertical to the FTO substrate along the [0 0 1] direction. With the
electropolymerization of PPy layer on the surface of TiO2 nanorod, the
color of the substrate turns from white to black (inset of Fig. 4a and b).
PTNRs becomes relatively compact compared with the TNRs (Fig. 4c
and d), and the average width of the nanorods increases to around 170
nm after being deposited for 20 min. Meanwhile, the 1D electron
transmission shortcut of nanorods has not been destroyed (Fig. 4f), as it
is shown in the picture, the composite nanorods increase in diameter
after the deposition.

The microstructure and the crystal structure of PTNRs film were
further characterized by TEM and high-resolution TEM (HRTEM), as
shown in Fig. 5. After the electropolymerization of pyrrole monomer for
20 min, the PPy layer is uniformly formed on the surface of TNRs
(Fig. 5a and b), and the diameter of the compound nanorod is around
180 nm. Also, from the picture, it can be seen that the core-shell
structure heterojunction is formed. The interface of the TNRs and PPy
layer clearly displays, where the rutile TNRs acts as the core and the
external covering PPy layer acts as the shell. The average thickness of
the PPy shell is ∼13.02 nm (Fig. 5c), which is consistent with the SEM
result discussed above. As shown in Fig. 5d, the lattice fringes can be
assigned to the interplaner spacing of rutile TiO2 (1 1 0) (d 110 =
3.2±0.1 Å), and the [0 0 1] direction is vertical against the nanorod.
Therefore, it can be indicated that TNRs, the core of the PTNRs, grows
along the [0 0 1] direction The inset of Fig. 5d shows the selected-area
electron diffraction pattern, signifying that the nanorod in the PTNRs
composite film is single crystalline rutile TiO2. The EDS elemental
mappings (Fig. S1) reveals the obvious core-shell structure, the core of
the nanorod is TNRs and edge part of the nanorod covered with PPy
layer.

XPS analysis of the TNRs and PTNRs film is shown in Fig. 6, which
can be employed to the further investigation of chemical composition.
Fig. 6a displays the XPS spectrum of the PTNRs film over a large energy
range at low resolution, showing Ti 2p, C 1s, N 1s and S 2p peaks in the
sample without any obvious impurities. According to Fig. 6b, The Ti 2p
spectra of TNRs and PTNRs films includes two types: Ti 2P3/2 and Ti
2P1/2 [41]. After the deposition of PPy layer, Ti 2p peaks of PTNRs shift
relatively to those of TNRs, indicating that TNRs may have an inter-
action with PPy layers [42]. As shown in the high resolution XPS
spectrum of O 1s (Fig. 6b), there exist two strong peaks, a dominate
peak at 530.0 eV and a shoulder peak at 532.3 eV, corresponding to the
lattice oxygen (OeTi) of TiO2 and surficial hydroxyl groups (OHe),
respectively [43]. As presented in high resolution XPS spectrum of C 1s

Fig. 2. Schematic of photoelectrochemical test device.
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(Fig. 6c), three peaks at 284.8, 286.1 and 288.6 eV are assigned to
CeC/CH, CN and COeee, respectively [42]. Fig. 6d exhibits the high
resolution XPS spectrum of N 1s. A dominant peak at 401.6 eV and two
shoulder peaks at 402.4 and 400.0 eV, appear after curve fitting, which
can be assigned to the neutral pyrrolylium nitrogen (eNH), the posi-
tively charged nitrogen atom (Nee+) and the imine nitrogen atom (]
N)e in the given order [44]. The presence of -N+ implies that PPy is in
the oxidized state. Based on the fitting areas of the three peaks of N 1s,
the -N+ ratio is approximately 8.4 %, indicates the stable electrical
conductivity of PPy layer. In a word, PPy layer displays the excellent
conductivity property in the existence of -N+ polarons, which can
transfer electrons directly via the electrostatic interaction and promote
the charge transfer between PPy layer and TNRs accordingly.

In order to investigate the optical properties of TNRs and PTNRs
films, the UV–vis DRS spectra and (αhv)2 versus hv plots are presented
in Fig. 7. Compared with TNRs film, PTNRs film exhibits much stronger
absorption shoulder in visible light region (400−600 nm), the red shift
of the absorption edge to longer wavenumber region can be obviously
observed. Meanwhile, in order to obtain Eg of the as-prepared film, the
Tauc plot is calculated according to the following equation [45].

= −αhv A hv E( )g
n (1)

where α, h, v, A, and n represents optical absorption coefficient, Planck
constant, light frequency, a constant and the quantum efficiency in
turn. For rutile TiO2, the value of n is set as 1/2 as a direct semi-
conductor [46]. The plots of (αhv)2 vs. hv for the as-prepared films are
displayed in Fig. 7b. The Eg can be obtained via extrapolating the linear

part of the curve to α = 0. The measured Eg of PTNRs composite is
narrowed to be about 2.97 eV, while that of the pure TNRs is 3.10 eV as
previously reported [47]. The results reveal that the core-shell structure
of PTNRs can significantly enhance the visible light adsorption ability
and thus improve the photoelectrochemical effect of the composite film,
and promote its PCP properties for 304SS.

Fig. 8 displays the PL spectra of TNRs and PTNRs films using excited
wavelength at 330 nm. The PL emission spectrum of TNRs shows four
main peaks at 408, 428, 456 and 475 nm, separately. The emission peak
at 408 nm results from phonon assisted indirect transition from edge
(χ) to the center (Γ) of the Brillouin zone, while the peak at around 428
nm is related to trapped electrons recombined with holes inside the
bulk lattice of TiO2 [48]. Whereas the emission peak at 456 nm is due to
the recombination of e− with surface oxygen defects. Besides, the
emission peak at around 475 nm is due to charge transfer from Ti3+ to
TiO6

2- octahedra [49]. Nonetheless, only the bulk e−-h+ recombination
with the peak at 428 nm is harmful to the photoelectron activity [50].
By comparing the relative intensities of the four main contributions
(listed in Table 1), it’s obvious that only the bulk e−-h+ shows the
recombination peak at 428 nm of composite film, exhibiting a de-
creased relative intensity after the deposition of PPy layer, while the
peak intensities of recombination with surface oxygen defects and
charge transfer from Ti3+ to TiO6

2- octahedra have no significant
changes. In other words, the recombination of e−-h+ pairs in this
composite film is markedly restrained via the deposition of PPy layer on
the TiO2 nanorod. Therefore, the PTNRs film with core-shell structure
may have an excellent effect in PCP practice for 304SS comparing with

Fig. 3. (a) The Raman spectra for the TNRs, PPy and PTNRs and (b) the XRD patterns of FTO glass, TNRs and PTNRs.

Fig. 4. Top-view and cross-view SEM images of the TNRs (a, b and c) and PTNRs (d, e and f), and their macroscopic appearances of the substrate (inset).
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the pure TNRs film.

3.2. Photoelectrochemical properties of TNRs and PTNRs film

The principle of PCP is mainly based on the transfer of

photoinduced electrons. When e− is excited from photoanode and im-
migrated to the connected metal electrode, this metal is protected from
being corroded [9]. Fig. 9a exhibits a comparison of the photoinduced
current density curves of the TNRs, PTNRs, PPy/TiO2-10, and PPy/
TiO2-30 composite films coupled with 304SS under intermittent visible

Fig. 5. TEM images (a and b) and HRTEM images of PTNRs (c and d). Inset image of (d) is the SAED pattern of the composite film.

Fig. 6. Full scan survey XPS spectrum (a) and high resolution spectra of (c) O 1s, (d) C 1s and (e) N 1S of PTNRs composite film, and the XPS comparison spectrum of
Ti 2p (b) of TNRs and PTNRs films.
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light illumination. As can be seen, curves of the PPy/TiO2 composite
films display higher photoelectric sensitivities than the pure TNRs film,
which can be ascribed to the formation of p-n heterojunction between
PPy and TiO2. With visible light irradiation, the excited e- from the
highest occupied molecular orbital (HOMO) to the lowest unoccupied
molecular orbital (LUMO) of PPy can be directly transferred to the re-
latively more positive CB of TiO2, resulting in the higher charge se-
paration efficiencies. Meanwhile, the PTNRs film exhibits a highest
photocurrent density (28 μA cm-2) than the other composite films, at-
tributing to its core-shell structure. With the support of the sufficient
deposition of PPy layer, the coaxial nanorod structure can provide
shorter e- migration path which can favor the immigration and se-
paration efficiency [51]. With regard to PPy/TiO2-10 and PPy/TiO2-30
composite films, samples coated with lower or higher PPy show smaller
photoelectric response. As shown in Fig. S2a, on the surface of TNRs
covered with excessively thick PPy layer formed by PPy/TiO2-30
composite films, which may result in low photocurrent density. The
over-deposited PPy on the film act as the recombination centers of e-/
h+ pairs [52], thus impeding the electrons immigration from the pho-
toanode to 304SS surface. Meanwhile, inadequate deposition of PPy on

TiO2 nanorod (Fig. S2b) may hinder the formation of the effective p-n
heterojunction, causing the low photoelectric sensitivity.

Based on the discussion above, the PTNRs film exhibits superior
visible light response and better photoelectrochemical performance
than other composite films, which provides a better choice for the PCP
application. In order to evaluate the cathodic protection efficiency of
as-prepared films on 304SS, the samples (TNRs and PPy/TiO2 compo-
site films) are used as photoanode in the photo-induced OCP experi-
ment by measuring the surface potential changes of 304SS with visible
light irradiation [53,54]. As shown in Fig. 9b, the bare 304SS corrosion
potential is around -180 mV vs. Ag/AgCl, and the OCP of 304SS con-
nected with TNRs film drops slightly to negative values (−260 mV vs.
Ag/AgCl). However, for PPy/TiO2 composite films, the OCPs (-370 -
−640 mV vs. Ag/AgCl) of 304SS are much more negative than the
corrosion potential of 304SS, especially when 304SS is coupled with
PTNRs (−640 mV vs. Ag/AgCl). According to the explanations above,
the excellent core-shell structure of PTNRs can enhance the charge se-
paration efficiency and suppress the recombination of e−/h+ pairs.
More electrons are transferred to the coupled 304SS to reduce the metal
surface potential, presenting better PCP performance [55,56]. In addi-
tion, when the light source was turned off, the surface potential of
304SS coupled with TNRs film returns quickly to the initial value
(around 180 mV vs. Ag/AgCl), implying its inability of providing
cathodic protection for 304SS in dark condition. However, it is obvious
that the OCPs of 304SS coupled with PPy/TiO2-10, PPy/TiO2-30 and
PTNRs composite films sustain at stable values (around -240, -280 and
-310 mV vs. Ag/AgCl, respectively), which are far lower than the 304SS
corrosion potential. In other words, PTNRs film can still provide ex-
cellent cathodic protection in dark condition, revealing superior delay
protection for 304SS when the light is cut off. This phenomenon can be
ascribed to the electron pool effect of PPy, and sectional electrons
stored by PPy layer according to doping-dedoping mechanism (Fig. S3)
[27,57]. In the doping-dedoping process, PPy can store the excess
photogenerated electrons for a short time, and then release these
electrons back to the coupled 304SS when in darkness. Through com-
paring with other common photoanodes (as shown in Table 2), this
composite film displays excellent anti-corrosion efficiency for 304SS
under visible light illumination. Therefore, the PTNRs film can be used
as a potential photoanode material in the cathodic protection applica-
tions for 304SS.

In order to further evaluate the anticorrosion efficiency of the as-
prepared films in PCP system, the Tafel curves of bare 304SS, 304SS
coupled with TNRs, and PTNRs were monitored under visible light il-
lumination (Fig. 9c). It can be clearly observed that the corrosion po-
tential of 304SS coupled with the as-prepared films exhibit remarkable
negative shift compared with that of bare 304SS (−187 mV vs. Ag/
AgCl). And the corrosion potential 304SS coupled with PTNRs film
(−645 mV vs. Ag/AgCl) is much more negative than that of 304SS

Fig. 7. (a) UV–vis absorption spectra and (b) the plots of (αhν)2 versus hν for the TNRs and PTNRs films.

Fig. 8. PL spectra of TNRs and PTNRs films.

Table 1
Relative intensity of the different PL signals for TNRs and PTNRs films.

Samples Relative Intensity of PL signals (%)

408 nm 428 nm 456 nm 475 nm

TNRs 100 112 173 114
PTNRs 100 91.8 170 114
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coupled with TNRs film (−282 mV vs. Ag/AgCl). This result demon-
strates that the photoelectric conversion efficiency of PTNRs film is
higher than that of TNRs film, and more electrons can be transferred to
the surface of 304SS with visible irradiation. By calculating the Tafel
curves, the corresponding electrochemical parameters, including cor-
rosion potential (Ecorr), corrosion current (jcorr), cathodic Tafel slope (βc)
and anodic Tafel slope (βa), are obtained and listed in Table 3. It is well
known that the higher jcorr value, the more efficient corrosion resistance
will be [63]. The jcorr of PTNRs/304SS is remarkably higher than that of
TNRs/304SS and bare 304SS, resulted from the formation of photo-
generated charges under visible light illumination. Meanwhile, PTNRs
film not only absorbs visible light to generate electrons, but also avoids
the recombination of e−/h+ pairs with the assistance of the core-shell
structure. Based on the above results, the PTNRs film is supposed to
exhibit excellent cathodic protection performance for 304SS.

The EIS analysis is an extremely useful tool to explore the corrosion
mechanism between the corrosion solution and the metal [64], thus it
can be used to investigate the anti-corrosion effect for 304SS in PCP
system. Fig. 9d displays the Nyquist plots of the bare 304SS, and 304SS
coupled with the as-prepared films (TNRs and PTNRs films) under
visible light radiation. Only one impedance arc can be observed from
each Nyquist plot, and it can be well fitted in the corresponding
equivalent circuit (Rs (CPE Rct)) in the inset [65], where Rs is solution

resistance, Rct and CPE represent the charge transfer resistance and the
double layer capacitance of the steel/solution interface, in turn. It is
obvious that the arc radius of 304SS coupled with PTNRs film is shorter
than that of bare 304SS and the coupled 304SS to PTNRs film. Ac-
cording to the fitting data, the value of Rct of the 304SS coupled with
TNRs film (36.74 kΩ·cm2) is much smaller than the uncoupled 304SS
(773.6·kΩ·cm2) because of the transfer of photogenerated electrons
from the photoanode to the metal, which means that the corrosion of
304SS can be suppressed by the coupling with TNRs film [66]. Mean-
while, the Rct value is further decreased to 5.283 kΩ·cm2 when the
304SS is coupled with PTNRs film. It indicates that the charge transfer
resistance of 304SS coupled with PTNRs film is lower than that of

Fig. 9. (a) The photoinduced current density
between the as-prepared samples and 304SS
under intermittent visible light illumination. (b)
The potential change of the 304SS electrodes
coupled with the as-prepared films. Polarization
curves (c) and Nyquist plots (d) of bare 304SS,
and 304SS coupled with TNRs, and PTNRs films
electrodes under visible illumination, where the
equivalent circuit used to fit the impedance data
is also inset in (d).

Table 2
The PCP efficiency of some photoanodes for 304SS under visible light illumination.

Photoanode The OCP of 304SS coupled to the corresponding photoanode under visible light illumination Ref.

ZnO nanorods array film −320 mV vs. SCE [51]
Iron-cobalt WTiO2 nanotube photoanode −430 mV vs. SCE [58]
TiO2 nanotubes array film −440 mV vs. SCE [59]
Hierarchical WO3/TiO2 nanotube nanocomposite film −520 mV vs. SCE [60]
WO3/TiO2 composite film −510 mV vs. SCE [61]
Sb2O3 modified TiO2 photoanode −390 mV vs. SCE [20]
graphene/TiO2 nanotube nanocomposite film −400 mV vs. SCE [6]
Hydrogenated TiO2 nanotube arrays film −570 mV vs. SCE [62]
Polypyrrole nanowire/TiO2 nanotube nanocomposites −360 mV vs. SCE [25]
PPy/TiO2 core-shell nanorods film −640 mV vs. Ag/AgCl This work

Table 3
Electrochemical impedance parameters obtained by the Tafel curves of pure
304SS, TNRs/304SS and PTNRs/304SS in 3.5 wt% NaCl solution under visible
illumination.

Sample Ecorr
(mV vs. Ag/AgCl)

jcorr
(μA·cm−2)

βc(mV·dec
−2)

βa(mV·dec
−2)

304SS −187 0.251 −98.7 398.5
TNRs/304SS −282 17.27 −142.1 382.7
PTNRs/304SS −645 110.25 −247.0 217.6
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304SS coupled with pure TNRs film, indicating that the PTNRs with
core-shell structure can separate e−/h+ pairs and transfer charges more
effectively. Consequently, the PCP efficiency for 304SS can be further
improved.

3.3. The stability evaluation of PTNRs film in PCP system of 304SS

As shown in Fig. 10a, the dark-state PCP efficiency of 304SS coupled
with PTNRs is investigated under intermittent visible light illumination.
After connecting with the PTNRs film, the 304SS potential negatively
shifts to about -270 mV vs. Ag/AgCl before irradiation due to the gal-
vanic effect. When provided with visible light illumination, the poten-
tial rapidly dropped to −630 mV vs. Ag/AgCl, which is consistent with
the above results. After cutting off light (for 1 h illumination of visible
light), the OCP of the 304SS shifted firstly to −330 mV vs. Ag/AgCl
lower than the initial potential (-270 mV vs. Ag/AgCl). And then the
potential of the 304SS connected to the PTNRs film increases slowly to
the initial level as before irradiation, implying that this composite film
can provide certain degree of delay protection even when the light
source is turned off during this period (about 6 h). Meanwhile, to
evaluate the potential-response stability of PTNRs film in the PCP
system, the surface potential changes of the 304SS connected to this
photoanode to the light on/off cycles were measured (as displayed in
Fig. 10b). The results demonstrate that the PTNRs film can provide
reproducible cathodic protection for 304SS, and the surface potential
(around 290 mV vs. Ag/AgCl) of 304SS is still lower than its initial
potential (around 270 mV vs. Ag/AgCl) and corrosion potential after 8
h’ intermittent visible light illumination, showing high stability of the
prepared films.

Based on the results mentioned above, the core-shell structure of
PTNRs is the key point of the excellent cathodic protection efficiency
against corrosion of 304SS, thus, it is of great value to investigate the
structure stability of PTNRs film after PCP experiment. SEM and TEM
images of PTNRs film used in the above stability evolution experiment,
are displayed in Fig. 10c-d. It can be seen that the 1D electron trans-
mission shortcut of nanorods are almost intact, still vertical to the FTO
substrate. On the other hand, the coaxial structure of PTNRs is well
sustained and the PPy layer still remain its initial thickness about 12.96

nm, showing the strong structural sustainability of PPy layer, which can
further explain the PCP application potential of PTNRs film.

In the PCP system for 304SS, the S2− in the electrolyte of the
photoelectrochemical cell plays an important role to consume h+ (Eq.
(2)), so as to promote the separation of e-/h+ pairs and further improve
the cathodic protection efficiency [22]. However, as an insulator, the
generated elemental sulfur (S) may deposit onto the surface of photo-
anode to hinder the charge mobility of this film [26]. Fig. 11 displays
the high resolution XPS spectrum of S 2p of PTNRs film after PCP ex-
periment. The two strong peaks located at 168.77 eV and 169.97 eV
with an energy band of 1.20 eV, is assigned to S 2p3/2 and S 2p1/2,
respectively, which can be ascribed to the sulfate ions (SO4

2−) [67].
However, there is no characteristic peaks for elemental S, implying that
the generated elemental S forms dissolvable polysulfide ions and finally
dissolve in the electrolyte solution, according to Eqs. (3) and (4) [68].
In a word, the elemental S generated by the oxidation of S2− does not
deposit onto the surface of photoanode, and impact little on the

Fig. 10. (a) The potential change of the 304SS
electrodes coupled with the PTNRs film under
intermittent visible light illumination. (b) The
potential change of the 304SS electrodes cou-
pled with the PTNRs film under 4 light on/off
cycles. The SEM (c) and TEM (d) images of the
PTNRs film, which was used in the above sta-
bility evaluation experiments for 8 h under
intermittent visible light illumination.

Fig. 11. The high resolution XPS spectrum of S 2p of the PTNRs film after PCP
measurement.
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cathodic protection efficiency.

+ →
− +S h S22 (2)

− + → = −
− −x S S S x( 1) ( 2 5)x

2 2 (3)

+ → = −
−

+

−S S S x( 2 4)x x
2

1
2 (4)

3.4. Mechanism

In order to further understand the PCP mechanism of PTNRs film for
304SS, the Mott-Schottky plots of TNRs and PTNRs films were tested
(Fig. 12a). It can be seen that the flat band potential of PTNRs film is
more negative than that of TNRs film. This indicates that the matched
band alignment between TiO2 and PPy is formed after the deposition of
PPy layer, and it is beneficial to the separation of e−/h+ pairs and then
hinders the recombination [69]. Additionally, there is a negative cor-
relation between the charge density and the slope of Mott-Schottky plot
[70]. The curve slope of PTNRs film is more negative than that of TNRs
film, indicating a higher free carrier density of PTNRs, and exhibiting
its superior photoelectrochemical performance. To sum up, the pro-
posed charge photogeneration and immigration mechanism are dis-
played in Fig. 12b. When PTNRs film is irradiated by visible light, the p-
type semiconductor of PPy with relatively narrow Eg of 2.2 eV, is ex-
cited [71]. A large number of generated electrons jump from PPy
HOMO to PPy LUMO, and then flow directly into the TiO2 CB through
the well-defined interface, as the TiO2 CB is more positive than the PPy
LUMO [72]. Simultaneously, a few electrons are excited in TiO2 valence
band (VB) and jump into TiO2 CB. All the photogenerated electrons
immediately reach the coupled 304SS through FTO substrate, leading to
a reduced surface potential of coupled metal, and the steel corrosion is
effectively inhibited consequently. The h+ assembled in PPy HOMO in
the opposite direction is consumed at the photoanode/electrolyte in-
terface by S2- according to the above oxidation reaction (Eqs. (2)–(4)).
Compared with the TNRs film, the PTNRs film with the presence of p-n
heterojunction, exhibits superior visible-light absorption capacity and
higher separation efficiency of e−/h+ pairs. Moreover, the residual
electrons located at PPy LUMO are stored under visible light irradia-
tion, and then released to the coupled 304SS in the dark condition (as
mentioned in the above release mechanism Fig. S3), which indicates
that this kind of films can provide sustain cathodic protection for the
steel in the darkness.

4. Conclusion

In this study, PTNRs array film with core-shell structure was suc-
cessfully prepared by electropolymerization method. The deposition of
PPy layer onto single crystalline rutile TNRs array film can form

important p-n heterojunction. Compared with pure TNRs, PTNRs have
higher visible light absorption ability and separation efficiency of e−/
h+ pairs, and can exhibit excellent photoelectrochemical performances
based on core-shell structure. With visible light irradiation, the com-
posite film can achieve a superior PCP performance for 304SS in 0.5
mol·L-1 NaCl solution than the pure TNRs array film. What's more, the
composite film can provide continuous cathodic protection due to the
charge storage ability of PPy after light source is turned off. Therefore,
PTNRs array film can be served as a potential photoanode material in
the PCP applications for 304SS.
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