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Fe-doped TiO2 nanotube array (Fe-TiO2> TNTA) films are produced by a simple and facile anodization
method on Ti foil substrates. The Fe-doped TNTA films were characterized by SEM, Raman, XPS and
UV-vis spectrum. The result showed that the absorption edge generated bathochromic shift. Raman and
XPS reveal that Ti** ions were uniformly substituted by Fe** ions or Ti-O-Fe bonds. After comparing
different Fe** ions concentrations, 0.1M Fe-doped TiO, samples exhibite the highest photocurrent value,
indicating super photoelectrochemical activity. The difference between the photocathodic protection
properties of TNTA films and Fe-doped TNTA films is also investigated. The The density functional
theory (DFT) calculation is carried out to confirm the effects of the Fe** ions on the absorption edge
redshift and the bandgap changes.
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1. INTRODUCTION

In 1999, Zwilling and co-workers first reported the milestone work of the feasibility to fabricate
the TiO2 nanotube arrays film on Ti sheet by anodic oxidation[1]. Thereafter, a variety of different TiO:
nanotubes have been fabricated in F~ contained electrolytes of H3POa, H2SO4, H3BO3, Na2SOg, ethylene
glycol and glycerol[2-6]. Over the past few decades, TiO2 nanotubes have been vastly studied in many
areas, such as photocatalysts, hydrogen production, solar cells and gas sensors[7-10]. However, the
extremely high recombination of photo-carriers and large bandgap (Eg = 3.2 eV) for pure TiO> limit the
use for solar irradiation driven applications[11]. Intense efforts have been taken to accelerate the
photoelectric conversion properties of TiO2 nanotubes[12-15].

Transitional metal ions doping can effectively improve the photoelectric converting performance
of TiO2 nanomaterials[16-18]. Doping can tune the intrinsic properties of TiO2, which can in turn
improve the photoelectric conversion performance.
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Fe ion doping to TiO2 nanomaterials has received significant attention. It is well-known that the
radiuses of Fe** and Ti*" ions aresimilar, giving rise to the Fe3* ion inserting into the crystal structure or
replacing a Ti atom in the Ti-O-Ti network to form a Ti-O-Fe bond[19, 20]. Several studies suggest that
Fe3* ions could serve on shallow charge traps, and enlarge the TiO2 photoabsorption edge into the visible
region. However, there is a significant divergence in the role of Fe* cations. Some researchers have
argued that Fe3* ions could narrow the bandgap of TiO, while others have claimed that Fe** ions could
generate a new electronic state in the bandgap. Thus, in order to understand the function of Fe3* on
photoelectrochemical performance of TiO., experimental verification and the density functional theory
(DFT) calculation are combined to carry out this research.

In this paper, the Fe-doped TiO2 NTA film was achieved by the anodization technique. The
influence of Fe®* ions dopant on the photoelectrochemical properties has also been investigated. DFT
calculation was used to interpter experimental results and to clarify the fundamental structure of the Fe-
doped TiO2 NTA sample.

2. EXPERIMENTAL SECTION

2.1. Material

All the chemical reagents in this work were of analytical grade and used as received without
further purification. Ethanol, acetone, HF, H3PO4, Fe(NO3)3, NaxSO4, KCI, NaCl were obtained from
Sinopharm Chemical Reagent Co., Ltd. Ti foil (99.7% purity) and 304stainless steel(SS) were purchased
from Tianjin Yuanhao metal materials Co. LTD.

2.2 Fabrication of Fe-doped TNTA films

Ti foils (15 mm x 10 mm x 0.1 mm) were successively cleaned by sonication in acetone, ethanol,
and distilled water. Subsequently, the pretreatment Ti foils were anodized in 0.5 wt.% HF or 0.5 wt.%
HF + 1.0 mol-L™ H3PO4 electrolyte solution containing different concentrations Fe(NOs)s aqueous
solution (0.05, 0.1, 0.15 M) under 20 V for 30 min. The Fe-doped TiO> NTA samples were labeled
according to the Fe content: TiFe 0.05, TiFe 0.1, TiFe 0.15. For comparative experiments, the undoped
TiO2 NTA sample was fabricated by anodic oxidation on the surface of Ti foils under 20 V in 0.5 wt.%
HF or 0.5 wt.% HF + 1.0 mol-L™* H3POa4 electrolyte solution for 30 min, labeled as TiFe Opng and TiFe
OrHr+ Haro4], respectively. After the anodization, the samples were rinsed with water. Finally, the as-
prepareded samples were calcined at 450 °C for 2 h at a heating rate of 5 °C min™, subsequently cooled
down to room temperature.

2.3 Characterization.

The samples’ morphologies were observed with the scanning electron microscope (SEM,
Hitachi, S4800). A UV-vis spectrophotometer (Varian, Cary 5000) was used to measure the
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photoabsorption properties of samples. The X-ray photoelectron spectroscopy (XPS) measurements
were accomplished on a PHI Quantum 2000 system with Al Ka as an exciting X-ray source. The binding
energies were determined by the C 1s electrons at 284.4 eV. In addition, the Raman spectra of the films
were achieved at room temperature by using a Renishow UV-vis Raman microscope system.

2.4 Photoelectrochemical measurements.

The photocurrent measurement was carried out in a 0.4 M Na>SO4 solution under illumination
of the Xe lump. The nanotube array films, Pt wire, and saturated calomel electrode (SCE) were served
as the working electrode (WE), counter electrode (CE), and reference electrode (RE), respectively. The
photocathodic protection effect of the photoanodes were carried out by a composite system including a
photoelectrochemical cell and a corrosion cell. A salt bridge was used to connect the two cells. The 304
stainless steel (304SS) to be protected was coupled to the photoanode by a copper wire. The
photocathodic protection properties of the photoanode were studied by the electrode potential test and
electrochemical impedance spectroscopy (EIS) measurement.

2.5 Computational models and details

All of the calculations were carried out using the DMol® code based on the Material Studio
software package. The electron exchange correlation effects and electron-ion interactions were treated
with the Perdew-Burke-Ernzerhof generalized gradient approximation (PBE-GGA)[21], combined with
the all-electron double numerical quality (DNP) basis set including polarization functions.

Figure 1. Optimized geometry of a TiO2 nanotube (12,0) segment with the minimum repeated unit. The
side and top view of the TiO, nanotube are presented in the left and right panels, respectively.
The O atoms are displayed in red, while Ti atoms are presented in gray.

Effective core potentials (ECP) were commonly used to account for some or all of the core
electrons of heavy atoms[22, 23]. The TiO2 (101) surfaces were modeled by vacuum slabs[24, 25].
Figure 1 demonstrates the optimized geometrical configuration of a single-walled TiO2 nanotube (12, 0)
segment. A rectangular supercell with a size of 4 nmx4 nm x ¢ nm was built for a TiO2 nanotube, and
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the length of c equal to the periodicity of TiO2 nanotubes. The k-points grid was set to 1x1x5. The
energetic convergence threshold for the self-consistent field (SCF) is 1.0x10°eV atom™.

Due to the similar radius of Fe** and Ti**, the model for the Fe-doped TiO, sample was created
by substituting Ti atoms with Fe atoms in the slab of TiO», corresponding to the concentration of 1.45
wt.% and 2.90 wt.% Fe. The interrelated models were shown in Figure 2.

Figure 2. The models of Fe-doped TiO2 with different Fe concentrations of (left) 1.45 wt.% and (right)
2.90 wt.%. The Ti, O and Fe atoms are displayed in gray, red and purpre.

3. RESULTS AND DISCUSSION

The SEM images of the samples fabricated in different electrolytes are displayed in Figure 3.
The nanotubular structures could be identified. In Figure 3a, pores with various sizes were found on the
sample surface anodized in the HF electrolyte; that is, the tube diameter was uneven. In contrast,
HF/H3PO4 system could fabricate more uniform nanotubes during the anodization process, as shown in
Figure 3c. One hypothesis is that H3PO4 can act as a pH buffer solution to provide a steady pH value
and, regulate the equilibrium between the dissolution and the acidification during pore growth[26].
Figure 3b and Figure 3d present the SEM images of the Fe-doped TiO> NTA film. The surface
morphology did not show a significant change comparing to the TiO> NTA film, only a little increase
for the surface roughness.
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Figure 3. SEM images of the nanotube array films prepared in different solutions (a) HF, (b) HF +
Fe(NOs)3, (c) HF + H3POg, (d) HF + H3PO4 + Fe(NO3)s.

The Raman spectroscopy is a powerful technique to investigate the near-surface defect owing to
its surface sensitiveness. The Raman spectra of the different films fabricated in HF+ H3POj4 system is
shown in Figure 4. The symmetric vibration modes of the anatase phase TiO2 were identified at 141 cm’
1 (Eg), 199 cm™ (Ey), 396 cm™ (Bag), 516 cm™ (Asg), and 636 cm™ (Eg)[27]. With regard to the Fe-doped
TiO2 NTA film, all the peaks corresponded to the anatase TiO> crystalline structure, no characteristic
peaks of iron ions were observed. This indicated that Fe* ions might be identified as the displacement
doping in the TiO2 crystal lattice[28,29]. When Fe®* ions occupied the Ti*" sites, a crystal structure
disordering occurred, and some new intrinsic lattice defects such as oxygen vacancies were introduced,
to balance the charge states. Furthermore, the peaks are broadened and shifted towards the longer
wavelength with the increase of Fe* ions content. The Eq (141 cm™) mode is associated with O-O
interaction, thus, it is sensitive to the oxygen vacancies[30].

Figure 5 displays the XPS spectra of the different samples. From the Figure 5A, Ti, O, C, and Fe
elements were observed. For the TiO> sample, two peaks located at 459.6 eV (Ti 2ps2) and 465.3 eV
(Ti2pu2) could be confirmed, which was a criterion of Ti*" species in the Fe-TiO, sample[31, 32].
Compared to the position of the Ti 2p peak in undoped TiOg, the values of that in Fe-doped TiO, showed
slights change. This implied that the Fe** ions had a certain impact on the Ti 2p local chemical state [33].
Since Fe* and Ti*" ions have similar radiuses, Ti-O-Fe bonds can be formed due to Fe** entering into
the TiO; crystal lattice [29, 34]. For the sake of maintaining charge balance, Ti** might turn into a high
valence, which led to the Ti 2p peaks shift. The XPS spectrum of O 1s could be decomposed into two
peaks. The low binding energy peak was assigned to the oxygen atoms of the TiO- lattice[29]. The high
binding energy could be identified as the (-OH) or H20 on the TiO surface[35]. Furthermore, Figure
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5C indicated that the O 1s XPS spectra of Fe-doped TiO2 had a certain amount of shifting compared
with that of TiO2, which could be due to a change of the ionic state of the oxygen bond[36]. Figure 5D
shows the XPS spectra of Fe 2p. The principal peak at a binding energy of 710.7 eV was assigned to Fe
2p3s2, and the minor peak at 724.3 eV was assigned to Fe 2p12 [37]. Consequently, the Fe element might
exist in the form of Fe3* and Ti-O-Fe bonds in the lattices.
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Figure 4. Raman spectra of different films.

Figure 6. reveals that the absorption edge for TiO2 was at 387 nm, which was accordance with
the Eg of anatase TiO2 (Eq= 3.2 eV)[11]. Moreover, it is can be seen that the absorption curve between
340 nm and 800 nm was wavy, because of the interaction of the TiO film and the Ti substrate[38].
Compared to the absorption edge in curve a, the absorption edge of curve b showed a small red shift.
The result indicated that P-doped could reduce the energy band of TiO2. When H3POQOa is the electrolyte,
(PO4)* entered into the TiO2 nanotube arrays through diffusion. Then (PO4)* might absorb on the wall
of tubes, then modify the tubes surface [39]. Therefore, P-doped could play to the redshift of the
absorption range of the sample. The absorption range of the Fe-doped TiO film (curve c) shifted towards
longer wavelengths compare with that of un-doped TiO: film (curve b). The red shift could be attributed
to two reasons. One is that electronic states were introduced into the band-gap [40]. The other is a d-d
transition of Fe3* [20, 36, 41].
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Figure 5. XPS spectra of (A) total spectrum of the Fe —TiO> film, (B) Ti 2p, (C) O 1s, (D) Fe.
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Figure 6. The UV-vis absorption spectra of films prepared in different solutions (a) HF, (b) HF + H3PQOa,
(d) HF + H3PO4 + Fe(NO3)a.

Figure 7 illustrates the photocurrent spectra of different samples. The results show that a
significant photocurrent was generated for all samples under illumination. The photoanodes exhibited n-
type semiconductor behavior, i.e., positive photocurrent. Moreover, the photocurrent values of samples
fabricated in HF/H3PO4 solution were higher than that of samples prepared in HF solution.This result
indicated that P-doped could improve the transfer ability of electrons in the semiconductor. Moreover,
it could obviously observe that the photocurrent value of Fe-doped TiO2, NTA samples was significantly
enhanced at lower doping content. In addition, the TiFe 0.1 NTA sample exhibited the highest
photocurrent value. The enhanced photocurrent of Fe-doped TiO> NTA samples is mainly due to the red
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shift of the light absorption range and the lower recombination rate of h*-e” pairs[42]. Furthermore, the
photocurrent value of the TiFe 0.15 sample is less than that of the undoped TiO2 sample. At higher Fe
doping content, Fe ions could serve as recombination centers, as reported in some of earlier
investigations[43, 44]. As a result of the higher recombination rate, the photocurrent value decreased.
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Figure 7. The photocurrent spectra of different samples prepared in different solutions (A) HF + H3PO4
+ Fe(NOz3)3, (B) HF + Fe(NOs)s. (a) TiFe 0, (b) TiFe 0.05, (c) TiFe 0.10, (d) TiFe 0.15

The role of Fe** ions may be twofold. Firstly, the absorption wavelength shifted toward long
wavelength due to the ions doping. Secondly, Fe* also acted as a carrier of the hole and electron
transmission at a suitable concentration. When TiO; is irradiated under UV light, the way of the
production of photoelectrons was shown in equation (1). A moderate amount of Fe®" ions served as the

trap inhibit the recombination of electron-hole pairs[45, 46]. The main processes are as the equation of
(2) and (3):

TiO2 + ho — h™ +e- charge pair generation Q)
Fe3* +e- — Fe?*  electron trap 2)
Fe3*+h* — Fe**  hole trap (3)

Based on the crystal theory, the 3d° orbital of the Fe** ion is half-filled, which is a stable state.
Compared to Fe3* ions, Fe** or Fe?* ions are in a relatively unstable state. The trapped charges released
in the following reactions:

Fe?* + Oy (aas) — Fe3* +0,  electron release (4)

Fe** + OH (aas) — Fe®* + OH-  hole release (5)

However, above an optimal concentration, Fe3* ions might accelerate the recombination
photogenerated carriers, owing to decreased distance between trapped sites. Consequently, the properties
of photoelectric conversion decreased.

The potential-time curves of 304 SS coupled or uncoupled with different photoanode films are
shown in Figure 8. The measurement was performed under light on or off conditions. The results
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indicated that the electrode potential of 304 SS shifted negatively under illumination conditions, and
then kept a negative value steadily. The drop of potential of the 304 SS was is a consequence of the
injection of photogenerated electrons from the photoanode[47, 48]. However, when the light was off,
the electrode potential increased rapidly because the photoanode could no longer generate
photoelectrons. From the Figure 8, it could be seen that the potential of 304SS decreased by about 400
mV and 460 mV for curve (a) and (b), respectively. In other words, the TiFe[nr+ Haros) photoanode could
make the potential of 304SS drop more negative than the TiFer photoanode. The result indicated that
the TiFe[Hr+ Haro4) photoanode might afford a better photocathodic protection performmance.
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Figure 8. Time evolution of the potential of 304 stainless steel coupled to different film photoanodes
under interrupted illumination. (a) TiFe[nr, (b) TiFe [HE+ Haros]

Moreover, the photocathodic protection properties were also measured using the electrochemical
impedance spectroscopy (EIS), which could exhibit significant quantitative and qualitative corrosion
data[49, 50]. Figure 9 displays Nyquist plots of 304SS uncoupled and coupled to photoanodes under
illumination conditions. The equivalent circuit (Figure 10) was proposed as a model for fitting the EIS
result. Rs, Rt and Cai represent the electrolyte resistance, the charge transfer resistance and the double
layer capacitance, respectively. The diameter arc of pure 304SS uncoupled to the photoanode presented
alarge arc (curve a), and the value of Ry was 255.6 kQ cm?. Under irradiation, the diameter of impedance
arcs of 304SS coupled to photoanodes decreased remarkably compared with pure 304SS. The injection
of photoelectrons from photoanodes to the 304SS electrode will accelerate electrochemical reaction rate
at the electrode/solution interface, which can lead to the R; values degradation. Comparing curve b with
(c), the EIS shape was similar, but the diameter of curve ¢ was smaller than that of curve (b). Hence, the
level of electron transport in the TiFeHr+ Haro4) film had get an obviously improvement. According to
the mechanism of photocathodic protection, the more photoelectrons transferred into the protected metal,
the better photocathodic protection properties could be achieved.
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Figure 10. Simulating equivalent circuits for the EIS results.

To explain the performance of Fe doping on the band structure and the partial density of states
of TiO2, DFT calculations were performed. As shown in Figure 11, the DFT calculations indicate that
the band gap was about 2.50 eV for undoped TiO2. The value became small compare to the theoretical
value (3.20 eV), that is, the scissor operation is 0.70 eV. This was mainly due to the shortcoming of
exchange-correction functional in excited states or the well-known limitation of GGA arithmetic[51].
Moreover, two different impure states were above the valence band maximum (VBM) and the other was
below the conduction band minimum (CBM), respectively. The calculated band gaps of 1.45 wt.% and
2.90 wt.% Fe-doped TiO2 were 2.42 and 2.29 eV. Due to the existence of the scissor operation (0.70
eV), the corrected band gaps of 1.45 wt.% Fe-doped TiO2 and 2.90 wt.% Fe-doped TiO2 samples were
3.12 eV and 2.99 eV, respectively, that is, the energy gap of Fe-doped TiO> samples decreased
remarkably. The presence of impure energy levels reduced the carriers transition energy, and the
electrons can be excited step by step[52]. Consequently, the absorption edges generated bathochromic
shift, which was consistent with the experimental results.



Int. J. Electrochem. Sci., 16 (2021) Article I1D: 210662

@) “f

20+

Density of states (electron/eV)

© o

0.1

Density of states (electron/eV)

[1]3

40

20+

ok
4,000

2,000+

oF

0.0}

(),

o
N

=]
in

|

|

Energy (¢V)

Energy (eV)

(b) 4

Energy (eV)

2

W0}

It

201

2000 -

MDOS

-6 0
Energy (eV)

6

g

Density of states (electron/eV)

g

80

M.sd

Fe/TiO,-TDOS

-6 0 6
Energy (eV)

Density of states (electron/eV)

(a) TiO:

(b) 145 %Fe/TiO,
() 2.90 %Fe/TiO,

6 4 -2 0 2 4
Energy (eV)

11

Figure 12. Total and partial density of states of (A) TiO, (B) 1.45wt.%Fe-TiO. and (C) 2.90wt.%Fe-

TiO>.



Int. J. Electrochem. Sci., 16 (2021) Article I1D: 210662 12

Figure 12 shows that the CB was mainly composed of Ti 3d orbitals for the TiO.. The VB was
composed of by O 2p and Ti 3d orbitals. For Fe-doped TiO>, the prominent contribution to the VB is O
2p, Fe 3d and Ti 3d orbitals, and the new energy levels[53]. The hybridization effect could promote the
migration of photocarriers. From Figure 12D, the bottom of CBs of Fe-doped TiO2 decreased, which
induced the redshift of the UV-vis absorption range. Consequently, the DFT results show that the Fe-
doped TiO, sample enhanced the photoactivity compared to undoped TiO2 samples.

4. CONCLUSIONS

We fabricated of Fe-doped TiO2 NTA films by a simple one-step anodic oxidation technology.
The results showed that and an appropriate amount of Fe ions could efficiently inhibit the recombination
rate of photogenerated electron hole, and significantly improve the photoelectrochemical performance
of the TiO2 nanotubes. The electrode potential and EIS measurements suggested the film could provide
a stable photocathodic protection effect on the 304SS. Combining experimental and DFT results, the
cause of the enhanced photoactivity of the Fe-doped TiO. sample is due to the generation of new
electronic states within the band-gap of TiO2. More importantly, we believe that the application of this
film can also be extended to various areas, including water splitting and photocatalysis.
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