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Abstract: LaFeO; nanoparticle-modified TiO, nanotube arrays were fabricated through facile
hydrothermal growth. The absorption edge of LaFeO3 nanoparticle-modified TiO, nanotube
arrays displaying a red shift to ~540 nm was indicated by the results of diffuse reflectance
spectroscopy (DRS) when compared to TiO, nanotube arrays, which means that the sample of LaFeO3
nanoparticle-modified TiO, nanotube arrays had enhanced visible light response. Photoluminescence
(PL) spectra showed that the LaFeO3 nanoparticle-modified TiO, nanotube arrays efficiently separated
the photoinduced electron-hole pairs and effectively prolonged the endurance of photogenerated
carriers. The results of methylene blue (MB) degeneration under simulated visible light illumination
showed that the photocatalytic activity of LaFeO3 nanoparticle-modified TiO, nanotube arrays is
obviously increased. LaFeO3 nanoparticle-modified TiO; nanotube arrays with 12 h hydrothermal
reaction time showed the highest degradation rate with a 2-fold enhancement compared with that of
pristine TiO; nanotube arrays.
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1. Introduction

In recent decades, the application of TiO, nanomaterials in photocatalytic purification of
organic contaminants has been widely used owing to its non-toxicity, superior redox potentials,
long term thermodynamic stability, chemical inertness, and high photocatalytic activity [1-9]. The main
drawbacks of TiO; are its wide band-gap (3.0-3.2 eV) which limits the light absorption to UV-light
(ca. 4%), and fast recombination of photoinduced electron-hole pairs [10]. In order to improve the
catalytic efficiency, it is crucial for a catalyst to be sensitive to solar light irradiation. In addition,
an efficient separation of photogenerated electrons and holes could better trigger chemical reactions
either by electrons or holes [11]. Nowadays, doping is viewed as an advanced strategy of narrowing the
bandgap and improving light absorption of a catalyst by forming more delocalized intra-band states,
including metal /nonmetal ion doping and co-doping [12-14]. However, this doping method has little
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effect of inhibiting the photoinduced electron-hole pairs from recombination [15]. Another approach
is to develop new heterojunctions using visible light to initiate photocatalytic reactions. As such,
one technique to enhance the photocatalytic activity, coupled catalysts, bears the merits of accelerating
the partition of electron-hole pairs, and effectively extends the UV light utilization to the visible light
absorption region.

Recently, a considerable amount of attention has been paid to perovskite-type ABO;
transition-metal oxides in the photocatalytic field thanks to its small band gap (2.0-2.5 eV) and
high chemical stability [16-18]. Among the well-known ABOj3 perovskites, LaFeO3 (LFO) has been
well-known as a visible-light-sensitive photocatalyst due to its suitable bandgap (~2.1 eV). Therefore,
the construction of heterojunction composites based on TiO, modified with LFO has great potential to
improve its photocatalytic performance, as this hybrid design enjoys a favorable alignment between
band offset and energy levels [19]. In such an architecture, a narrow bandgap LFO could be easily
activated by visible light. In addition, coupling with wide bandgap oxide TiO,, heterostructures make
the division of the desired device’s functions (e.g., light absorption and long-range carrier transfer)
between coupled materials more feasible [20].

In previous works, highly ordered TiO; nanotube array (TNT) film has been explored as an
excellent substrate for photoanode due to its fast electron transmission, preferable mechanical
properties, and large specific surface area [21-23]. On the other hand, the merit of using smaller
band gap LFO nanoparticles is their activation by visible light. However, the synthesis of ABO;
perovskites have generally been accomplished by solid-state reaction [24], sol-gel [25], and combustion
methods [26] which require high temperature (>900 °C) that would destroy the nanotube structure of
TNTs [27] and result in severe agglomeration of the micrometer-sized particles. To solve this issue,
we have assessed wet chemical methods. By comparing diverse wet chemical routines, a hydrothermal
method is one of the best synthetic methods for fabricate nano-materials. The main advantages of this
strategy are its simplicity, controllable size, effective cost, and low temperature growth [28]. Therefore,
it is a facile and appealing approach for the synthesis of LFO nanoparticle-modified TNTs (LFO/TNTs).

In this work, a LFO/TNTs heterojunction nanocomposite has been fabricated by an
electrochemical anodization technique and subsequently by a hydrothermal approach process
using a lanthanum citrate and ion citrate coordination complex. The as-prepared materials
have been thoroughly characterized by scanning electron microscope (SEM), X-ray diffraction
(XRD), X-ray photoelectron spectroscopy (XPS), UV-Vis diffuse reflectance spectroscopy (DRS),
and photoluminescence (PL) spectra. The results of the photocatalytic experiment show that LFO/TNTs
have outstanding photocatalytic activity of photodegradation of methylene blue (MB) compared to
that of pure TNTs in the visible-light range.

2. Materials and Methods

The vertically-aligned and highly ordered TNTs were synthesized using a previously described
method. Before anodization, 1 x 1.5 cm? Ti foil (purity > 99%, thickness of 0.1 mm) was soaked in a
bath of acetone, alcohol, and distilled water for 15 min under ultrasonic conditions. The processed
Ti foil was then dipped in the 0.5 wt % HF aqueous solution with applied voltage. The set-up for
anodization was a simple two-electrode cell set at 20 V for 30 min at room temperature, in which Ti foil
and Pt foil were applied as the working electrode and counter electrode, respectively. Subsequently,
the sample was taken out of the HF solution and rinsed with deionized water immediately to get rid
of the residual HF. Afterwards, the achieved amorphous TNTs were annealed in a muffle oven with a
heating rate of 5 °C min~! and kept at 450 °C for 2 h, and then cooled to room temperature naturally.

The LaFeO3 nanoparticle-modified TNTs were synthesized by the hydrothermal reaction carried out
in a stainless steel autoclave. In a typical experiment, initially, based on the stoichiometric composition of
the reactants, both lanthanum nitrate (La(NQOj3)3-6H,0) and ferric nitrate (Fe(NO3)3-9H,O) were dissolved
in deionized water to achieve a mixed solution of 5 mM. Next, citric acid with mole ratio of 1:1:2 was added
to the mixed solution as a stabilizer. Subsequently, the mixture was transferred into an autoclave with an
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as-prepared TNTs sample at the bottom, and kept at 160 °C for 8 h, 10 h, 12 h, and 14 h. After cooling,
the sample was washed several times with deionized water, followed by annealing at 550 °C for 2 h to
obtain LFO/TNTs. All chemicals and reactants used in this work were analytical reagents (AR).

The structure and morphology of the as-prepared samples were characterized by using
a field emission scanning electron microscope (FESEM, Hitachi 54800, Hitachi, Tokyo, Japan).
Crystal information was identified by X-ray diffraction (XRD, Phillips, Panalytical X'pert,
PANalytical, B.V., the Netherlands, Cu K« radiation (A = 1.5417 A)). The elemental composition
was measured by X-ray photoelectron spectroscopy (XPS, VG, Physical Electrons Quantum
2000 Scanning Esca Microprobe, Al Ko radiation, Physical Electronics, Chanhassen, MN, USA).
UV-visible diffuse reflectance spectra (DRS) of the as-prepared samples were analyzed using a
UV-Vis-NIR spectrophotometer (Varian Cary 5000, Varian Medical Systems, Palo Alto, CA, USA).
Photoluminescence (PL) spectra were recorded by a Hitachi F-7000 spectrophotometer (Hitachi F7000,
Hitachi, Tokyo, Japan). All degeneration MB dye was performed under aerobic conditions in a
home-made quartz glass reactor without bias voltage applied, whose temperature can be controlled
through the equipped water jacket. During the degradation process, 3 mL of solution was periodically
extracted from the reactor and detected by a UV-Vis spectrophotometer (Unico UV-2102 PC, Unico,
Shanghai, China).

3. Results and Discussion

As shown in Figure 1a,b, the top and side view SEM images of pure TNTs demonstrate vertically
aligned and highly ordered TiO, nanotubes with tube length of about 350 nm and an average tube
diameter of around 100 nm. It can be seen from Figure 1b that the inner wall of the TNTs is clean and
smooth and some thin, broken TiO; films cling to the top surface of the nanotubes. Figure 1c—f shows
the SEM images of LFO/TNTs prepared with different hydrothermal reaction times. After loading
LFO nanoparticles onto the TNTs, the interstitial space around the surface edge of the walls and
between nanotubes is occupied by additional nanoparticles ranging in size from 30 to 50 nm. The LFO
nanoparticles manifests as rounded corners with rectangular or rough ellipsoid shape, with a drastically
increasing amount almost totally covering all the openings of the nanotubes following hydrothermal
reaction of up to 14 h. Interestingly, when the hydrothermal reaction time is 12 h (LFO/TNTs-12h,
Figure 1e), clusters of LFO nanoparticles are formed circling around the openings of the nanotubes,
with some of them having permeated into the tubes (inset of Figure 1e).

Figure 2 shows the XRD patterns of TNTs, LFO/TNTs, and LFO powder. For TNTs, the diffraction
peak at 20 = 25.3 was attributed to the anatase TiO, (101) crystal planes. It is worth noting that the
signal intensity of anatase TiO, is relatively weak, though the abundance of TiO, nanotubes fully
covers the surface of Ti foil substrate. Yet, when it comes to LFO, no signal could be detected from
LFO/TNTs at all. Nevertheless, the crystal structure and phase composition of LFO were characterized
by the powder XRD patterns of the as-prepared sample collected from of the superfluous sediment
in the Teflon-liner and annealed at 550 °C However, peaks corresponding to La;O3, Fe;O3, or other
crystalline contaminations were not distinguished, indicating that the product is single phase LFO.
We believe the subtlety of the signal of LFO in LFO/TNTs is due to the extremely high signal intensity
of Ti foil substrate.
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Figure 1. (a) Top and (b) side view SEM images of TiO, nanotube arrays (TNTs). Top view SEM images
of LaFeO3 nanoparticle-modified TNTs (LFO/TNTs) prepared by hydrothermal deposition for (c) 8 h,
(d) 10 h, (e) 12 h, and (f) 14 h (green circles indicate LFO nanoparticles).
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Figure 2. XRD patterns of TNTs, LFO/TNTs, and LaFeO3; powders, respectively.

Further, the chemical states and elemental composition of LFO nanoparticles loaded on the TNTs
were studied using XPS. The binding energy values for these components were adjusted by applying C
15 284.4 eV peak as the reference. The ordinary XPS survey spectrum collected from the LFO/TNTs-12h
shown in Figure 3a confirms the existence of C 1s, Fe 2p, La 3d, and O 1s. The signal of carbon can be
attributed to the residual carbon on the surface of the sample. It can be observed from Figure 3c that
the peaks located at 724.4 eV and 710.6 eV are attributed to the binding energies of Fe 2p; /, and 2p3 /»,
respectively [29]. It is notable that shoulder peaks didn’t appear in the Fe 2p spectra, which means
that Fe primarily shows +3 oxidation state. The high resolution spectrum in Figure 3b shows the
representative peaks of La 3d3/, and La 3ds5,, emerging at 851.8 and 855.4 eV and at 834.6 and 838.8 eV,
respectively. The difference of spin-orbit splitting between La 3d5,, and La 3d3,, is about 16.8 eV,
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which is in accordance with the previous report [30]. The line of the La 3d core-level revealed that
the La primarily shows a valence state of +3 [29]. The XPS spectra further confirms the prepared
nanoparticles to be stoichiometric LaFeO3. The wide and asymmetric O 1s XPS spectra in Figure 3d
indicates that there are two different chemical states of O, including the anionic oxygen in the TiO,
lattice (O1s (1) dominant peak at 529.9 eV) [31] and the chemisorbed oxygen species (O 1s (2) peak at
531.54 eV). The O 1s binding energy of the lattice oxygen is generally lower than that of the O>~ or
OH™ species by 2.1-2.5 eV. Lanthanum oxide is known to be hygroscopic, the corresponding higher O
1s peak (531.54 eV) is attributed to the absorbed water molecule. The OH-XPS signal observed for the
LFO nanoparticles is associated with the adsorbed water species [32].
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Figure 3. XPS spectra of LaFeO3/TiO; nanotube arrays: (a) a survey XPS spectrum and high resolution
spectra of Fe (b), La (c), and O (d).

The DRS spectra of TNTs, LFO/TNTs-8h, LFO/TNTs-10h, LFO/TNTs-12h, and LFO/TNTs-14h
are shown in Figure 4a. For the TNTs, the onset position of light absorption is around 380 nm with a
band gap of 3.2 eV. Several satellite peaks can be found in the visible region which is supposed to be
caused by the sub-bandgap states of the TNTs [33]. Compared to TNTs, the series of LFO/TNTs exhibits
an absorption edge that is obviously red-shifted with a clear absorption of visible light. Another way
to make this conclusion is simply by visual observation of these samples, as their color regularly turns
from violet to yellowish-green. This means that the light absorption of modified samples is expanded
to the visible region of the solar spectrum (up to A = 550 nm), which is a fundamental condition for the
fabrication of visible light-driven photocatalysts. By changing the hydrothermal reaction time (from
8 to 14 h), the absorption edge of each LFO/TNTs changes slightly, with LFO/TNTs-12h exhibiting
the widest absorption in the visible region. Figure 4b shows the (aiv)!/?~hv curve derived from
the equation (ahv)? = k(hv — Eg), where Eg, v, h, and « represent the band energy, light frequency,
Planck constant, and adsorption coefficient, respectively [34]. It is clear that the band gap of the
LFO/TNTs composites decreased sharply from 3.2 to 2.1 eV after the deposition of LFO nanoparticles
on the TNTs, thanks to the narrow band gap of LFO (2.1 eV) for sensitizing visible light irradiation.
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Figure 4. (a) DRS spectra and (b) (cchv)Y/2—hv of TiO, nanotube arrays and LaFeOj3/TiO, nanotube
arrays with different hydrothermal reaction time.

Photoluminescence (PL) spectroscopy is a powerful tool to study the behavior of charge carrier,
such as trapping, immigration, and transfer, as well as to comprehend the processes concerning the
recombination of electron-hole pairs [35]. Briefly, upon irradiation, electron-hole pairs experience a
recombination process to emit photons and then produce PL [36]. In this work, Figure 5 shows the PL
spectra of TNTs and LFO/TNTs composites (excited at 325 nm) in the wavelength range of 400-600 nm.
For pristine TNTs, a broad-band emission peak around 450 nm may be related to the recombination of
photoexcited electron-hole pairs occupying the singly ionized oxygen vacancies in TiO,. The shoulder
peak observed at around 465 nm is attributed to the oxygen vacancies [37]. Besides, compared to pure
TNTs, all LFO/TNTs samples exhibit lower PL intensity, suggesting a higher photocatalytic activity
due to the slower recombination rate of electron—hole pairs.

—TiO0
— 2

5 —— LaFeO,/TiO,- 8h

© —— LaFe0 /Ti0,-10 h
o —— LaFeO/Ti0,-12 h
= —— LaFeO,/TiO-14 h

n

c

[

-t
1=

I
o
400 450 500 550 600
A (nm)

Figure 5. PL spectra of TiO; nanotube arrays and LaFeOs/TiO; nanotube arrays.

The photocatalytic activities of pure TNTs and LFO/TNTs composites with different hydrothermal
reaction times were estimated by observing a photodegradation of the MB aqueous solution (10 mg L™!)
under visible light irradiation and the photodegradation kinetics of the MB dye are shown in Figure 6.
All samples show a photocatalytic reaction following a pseudo first-order reaction mechanism,
which could be simulated as In(C/Cy) = —kt, where Cy, C, and f are the initial and reaction
concentrations and reaction time of the MB aqueous solution, respectively. k is the apparent first-order
reaction constant. It can be seen from Figure 6 that pure TNT (0.00073 min~!) showed no better
photocatalytic activity than MB self-degradation (0.00068 min~') under visible light, indicating
that TNTs have little effect on accelerating the decomposition rate of MB dye under visible light
illumination. Unlike the tiny amount of MB removal by TNTs, in contrast, the degradation efficiency of
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the LFO/TNTs samples under the same experiment conditions was much higher, which reveals
that LFO/TNTs samples are readily excited under light irradiation, and photogenerated holes
accelerate the oxidation of MB dye before recombination with electrons. This result is consistent
with our previous work [38]. Obviously, on this occasion, the optimal hydrothermal reaction time
is 12 h, and the photocatalytic activity (0.00208 min~!) was triple that of the TNTs. In spite of the
LFO/TNTs-14 h sample having a higher amount of LFO than LFO/TNTs-12h, the reason for why
LFO/TNTs-12h shows the best photodegradation performance other than LFO/TNTs-14h is that the
LFO/TNTs-12h sample can absorb visible light effectively without having the opening of TiO, TNTs
blocked. Whereas, according to the SEM results, a 14 h reaction time causes excessive accumulation of
LaFeOs nanoparticles, thus blocking the openings of TiO, TNTs and leading to the loss of the high
surface ratio of the nanotube arrays.
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Figure 6. (a) Photodegradation rate of MB for TiO, nanotube arrays and LaFeO3/TiO, nanotube arrays
prepared with different hydrothermal reaction times; (b) The reaction constant k of each sample.

In this paper, the concepts of electronegativity were introduced to estimate the valence band edge
position of FLO/TiO; heterostructures. Therefore, to calculate the valence band and conduction band
edges of FLO/TiO, composites at the point of zero charge requires two formulas Eyg = X — E® + 0.5E¢
and Ecp = Eyp — Eg. [39-41], where Eg, E¢, and X represent the band gap energy of the semiconductor,
the energy of free electrons (about 4.5 eV), and the electronegativity of the semiconductor, respectively,
which is the geometric mean of the electronegativity of the integral atoms. The X values for TiO, and
LFO are calculated to be ca. 5.8 and 5.7 eV, and the Eyg of TiO, and LFO can be achieved for 2.9 eV and
2.3 eV after substituting X into the equation, respectively. Therefore, the conduction band potentials of
TiO; and LFO were calculated to be —0.3 eV and 0.2 eV, respectively. Figure 7 shows the band gap
structure and possible charge carriers transfer between LFO and TiO, under visible light illumination.
In general, LFO shows a feature of p-type semiconductor with the corresponding Fermi position near
to the valence band [42], while TiO; is known as an n-type semiconductor whose Fermi position lies
next to the conduction band [43], as shown in Figure 7a. After coupling TiO, with LFO to form the
p-n heterojunction, the Fermi level of LFO is lifted up, while the Fermi level of TiO, is dragged down,
until they are at the same level and reach equilibrium (Figure 7b).

Meanwhile, with the increase/decrease of the Fermi position, the complementary energy bands
of LFO and TiO, move in the opposite directions, i.e., rising for LFO and lowering for TiO,,
resulting in the conduction band position of p-type LFO being higher than that of n-type TiO,. Thus,
the electron-hole pairs have been effectively separated due to this superior energy band structure,
resulting in enhanced photocatalytic efficiency under visible-light irradiation. Upon visible light
illumination, the electrons of LFO are excited and flow from the valence band (VB) to the conduction
band (CB), creating electron-hole pairs. The holes left on the VB of LFO could react with the surface
OH™ to yield -OH, while the excited electrons could effectively transfer to CB of TiO, and then
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convert dissolved O; to -O, ™. Both -OH and -O, ™ are powerful oxidative species that can efficiently
decompose MB dye.

' h+ electrolyte
interface

OH"

Potential/eV vs. SHE .

; LaFeO;
@J

TiO,

(@) (b)

Figure 7. Schematic diagram showing the separation and transfer of charge carriers of p-LaFeO3 and

n-TiO; under visible light irradiation: (a) before and (b) after Fermi level reach equilibrium.
4. Conclusions

In summary, a p-n heterojunction LFO/TNTs photocatalyst was synthesized by a facile
combination of electrochemical anodization and a hydrothermal method. The as-prepared LFO/TNTs
could not only harvest UV light, but could also absorb visible light. The LFO/TNTs composites exhibit
high photodegradation thanks to the construction of a p—n heterojunction between LFO and TiO, which
can efficiently constrain the recombination of electron-hole pairs and facilitate rapid photoexcited
electron transfer from p-type LFO to n-type TNTs. Besides, the advantages of easy separation from
the polluted solution without second contamination and re-usability make the prepared LFO/TNTs
an excellent photocatalyst for commercial applications. Besides LFO, this general strategy can also
provide an effective tool for fabricating other ABO;3; perovskite semiconductor nanoparticle-modified
TiO, nanotube array composites which exhibit promising prospects in other areas, such as water
splitting and energy storage, etc.
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