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Abstract

Lanthanum/manganese-doped TiO, nanotube arrays (La/Mn-TNAs) can provide a greater catalytic area and possess stronger
photocatalytic activity than TiO, nanotubes (Li et al. in Nano Res 8(3):900-906, (2015)). Due to the wide band gap, TiO,'s
capacity to capture visible light is low, and TiO, (3.2 eV) can only absorb ultraviolet light. To resolve this issue, most
researchers doped TiO, with nitrogen. In this paper, we doped transition metal ions and rare earth metal ions in TiO, nano-
tube arrays to decrease their band gaps, improving the activities of photocatalysts. In addition, La/Mn-TNAs were obtained
by anodizing a Ti foil in the electrolyte. Additionally, the photocatalytic activity of the sample was evaluated by analyzing
the degradation rate of organic pollutants. As a result, when the Ti foil was anodic oxidation for 3 h and contained 4.8 wt%
of lanthanum and manganese, it could degrade organic dyes entirely in 60 min and the degradation rate of organic dyes was
over 95%. Thus, La/Mn-TNAs can satisfy people’s requirement of rapid degradation of organic pollutants.

1 Introduction

Nowadays, environment pollution is the most typical issue
caused. Addressing the environment pollution is crucial.
Along with the discovery of advanced oxidation processes
(AOPs) [1, 2], a large number of photocatalytic materials
have been discovered and applied to life. As metal oxides
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photocatalysts and semiconductive photocatalysts, ZnO
[3]1, WO; [4], CdS [5], ZnS [6], SnO, [7] and Fe;0O, [8],
are difficult to recover in the reaction system, the environ-
ment is subject to secondary pollution. By contrast, TiO,
nanotube array is a photocatalysis with a relatively large
volume in the macro, which fundamentally circumvents
this problem. And TiO, nanotube arrays is low opera-
tional and installation cost. So TiO, is widely used as
photocatalysts owing to its properties including unique
structure, greater catalytic area, better adsorption ability
and favorable degradation requirements with low carbon
emission and a friendly environment in recent years [9].
So TiO, becomes the catalyst for photocatalytic oxidation
[10], which produces many reactive hydroxyl radicals in
the solution as the intermediate product of the reaction,
which can respond directly to the pollutants in the waste-
water. Besides, TiO, is a kind of n-type semiconductor
with good photocatalytic performance [11]. It can make
full use of solar energy to degrade organic pollutants,
which is an efficient and environmentally friendly process
[12]. However, it is well known that TiO, has a wide band
gap (3.2 eV) [13] and a high recombination rate of photo-
generated electron—hole pairs; unfortunately, these two
shortcomings haven’t been overcome completely [14].
Fortunately, metal ion doping [15], non-metal ion dop-
ing [16, 17], co-doping [18], and semiconductor doping
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[19] can improve the photocatalytic capacity of TiO,
by narrowing the band gap of TiO,. We have obtained
La/Mn-TNAs prepared by anodic oxidation. Lanthanum
ion (La*"), which is a less oxidized than titanium ion
(Ti*")[20], and the radius of La** (1.06 A) is much larger
than Ti** (0.53 A), which will cause lattice distortion
and expansion of TiO,. Both can inhibit photo-generated
electron—hole pair coupling [21]. And the radius of Mn3*
(0.58 A) is smaller than Ti** (0.67 A), it can replace the
titanium dioxide lattice easily [22], and an intermedi-
ate energy level will be generated at 0.69 eV within the
valence band of TiO,, which make the valence electrons
excited to jump from the middle doped level to the con-
duction band; this can greatly reduce the width of the
forbidden band (shown in Fig S1). At the same time, the
manganese of various valence states can increase the
chance of doping success and obtain multiple doping lev-
els [23], which is more conducive to broadening the range
of the optical response of titanium dioxide.

When energy of irradiation on the TiO, nanotubes, the
energy is greater than its forbidden gap. Its valence band
generates electrons (e”) that will be transferred to the
conduction band and at the same time, generates holes
(h*) in valance band with hydroxyl radicals (HOe) gen-
eration from hydrogen peroxide(H,0,) by reacting with
electrons (e7)[24]. The mechanism of photochemical
catalysis is as follows (also shown in Fig. 1):

In this study, we have recently obtained La/Mn-TNAs
prepared by anodic oxidation. It is speculated that the
morphology of La/Mn-TNAs, annealing temperature, and
annealing time were determined by the efficiency of the
electron—hole recombination process. Additionally, the
formation efficiency of hydroxyl radicals was evaluated
from the degradation efficiency under ultraviolet and vis-
ible light irradiation.

TiO,— h*+ e (1)
H,0, + e — 2HO» (2)
H,0,+ HO+ — *OH, + H,0 (3)
RH + HO+— Re + H,0 4)
Re + O, — RO,¢ (5)
RO,* + H,0 — Further reaction (6)

2 Experiment
2.1 Materials

A titanium plate was purchased from Dongcheng Lilin Metal
Materials Business Department of Dongguan. Lanthanum
nitrate (La(NOj3);), potassium permanganate (KMnO,),
ammonium fluoride (NH,F), sodium sulfite (Na,SO;),
silver nitrate (AgNO3), 5,5-dimethyl-1-pyrroline N-oxide
(DMPO), acetone, glycerol, hydrogen peroxide (30%),
ethanol, xylenol orange (XO), rhodamine B (RhB), and
methylene blue (MB) were purchased from Tianjin Kemiou
Chemical Reagent Co., Ltd. (Tianjin, China). All the chemi-
cals were of analytical reagent grade and could thus be used
without further purification.

2.2 Synthesis of La/Mn-TNAs

Before anodization, the Ti plates were ultrasonically treated
in acetone for 20 min and ethanol for 10 min and dried in a
nitrogen stream. The anodization was carried out by using
a two-electrode system with a Ti plate as the anode and Pt
plate as the cathode. The distance between the electrodes
was 4 cm. All anodization processes were carried out at
room temperature. The anodization took place in the elec-
trolyte composed of 50 mL glycerol, 50 mL H,0O, 0.6077 g
NH,F, 0.1244 g La(NO;); and 0.1244 ¢ KMnO,. The Ti
plate reacted for 60-300 min at the applied voltage 25 V
by using DC power supply. Finally, the obtained samples
were washed with deionized water, dried in nitrogen and
annealed for 5 h or 6 h at the temperature of 500 °C (heating
rate: 3 °C/min). The experimental device and the flowchart
are illustrated in Fig. 2. Simultaneously, the samples under
different reaction conditions were presented in Table 1.
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B
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Fig. 1 Proposed mechanism of dye degradation under light illumination using TiO, nanotube arrays photocatalysis
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Fig.2 The device and flowchart of synthesis of La/Mn-TNAs

Table 1 Sample number under different reaction conditions

Sample number Oxidation Annealing tem- Anneal-
time (h) perature (°C) ing time
()
1-500-5 1 500 5
2-500-5 2 500 5
3-500-5 3 500 5
4-500-5 4 500 5
5-500-5 5 500 5
3-500-6 3 500 6
3-550-5 3 550 5
3-550-6 3 550 6
3-600-5 3 600 5
3-600-6 3 600 6

2.3 Photocatalytic activity measurements

The photocatalytic activities of the as-synthesized La/
Mn-TNAs were evaluated using a photocatalytic reac-
tor equipped with a tubular mercury lamp (125 W) and
xenon lamp (125 W). First, La/Mn-TNAs sheet (the area
is 2%0.2*0.2 cm?) was added to 40 mL of an organic dye
(XO or RHB or MB) aqueous solution (20 mg/L), and
15 mL of H,0, (30%) was then added to the reactor. Before
being illuminated by UV or visible light, the reaction was
ultrasonically mixed for 30 min to ensure a fine mixture of
the photocatalyst and the solution and the equilibration of
adsorption and desorption of organic dyes on the nanotube

@ Springer
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arrays. Finally, over a time of 60 min, the reacting solution
was collected every 10 min.

2.4 Optimization of experimental conditions

The influencing factors of the photocatalytic activity during
the degradation of organic dyes were evaluated by the initial
ratio of reactants, the amount of H,0, (30%) added and the
pH of the reaction system.

2.5 Characterization

In this study, the crystal structure of the synthesized tita-
nium dioxide nanotubes was determined by X-ray diffraction
(XRD) using an X-ray diffractometer, which was Rigaku D/
max and 2200 V/PC (copper Ka, 1=0.15418 nm). Besides,
on the basis of scanning electron microscopy (SEM) and
an energy dispersive X-ray analysis system (EDS), the
researcher mapped the sample, characterized it, and ana-
lyzed the element by JSM-7500F scanning electron micros-
copy in this experiment. X-ray photoelectron spectra (XPS)
were conducted on a VGESCALAB250 spectrometer. Dif-
fuse reflectance spectra were recorded using a double-beam
thermostat spectrometer Cary 100-Varian. Through the spe-
cific surface area test, the catalytic area was obtained, and
the JW-BK132F microporous analyzer was used for the test.
Then, the degradation of XO, RhB and MO was evaluated
by a Beijing Puxi TU-1901 UV-Visible spectrophotometer.
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3 Results and discussion
3.1 XRD analysis

Figure 3a shows the various situations of oxidation of the
titanium sheet from 1 to 5 h when annealing temperature
at 500 °C. The characteristic peaks of anatase appeared at
25.325°, 37.841°, and 48.074° when the crystal faces of
tetragonal TiO, (anatase phase) reflected to (101), (004),
and (200), respectively. These peaks are consistent with the
reference data set (JCPDS NO. 71-1166). In addition, in
Fig. 3a, no peaks of impurities are presented; this indicated
the high purity of the sample.

Figure 3b illustrates the XRD test of titanium dioxide
nanotube arrays at different annealing temperatures. When
the samples were annealed at 500 °C, the sharper the dif-
fraction peak, the higher the crystallinity of anatase. Above
550 °C, the anatase (101) characteristic peak gradually
weakened; the rutile (110) phase gradually increased; and
anatase was further converted into rutile. To sum up, the
optimum oxidation time of the titanium dioxide nanotube
arrays was 3 h, and the optimum annealing temperature was
500 °C.

3.2 Elemental analysis

Energy dispersive spectroscopy (EDS) was used to detect
the elemental of the as-synthesized sample. Figure 4a and
b clearly illustrates the presence of Ti, O, La, and Mn on
the surface and inside of the sample. X-ray photoelectron
spectroscopy (XPS) was used to analysis the contents of
various elements, which was shown in Fig. S2. By integrat-
ing the peak areas under the XPS peaks of the dopants, an
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Fig.3 XRD patterns of La/Mn-TNAs

estimate of the amount of doping can be obtained, and the
contents of various elements was shown in Table S1. This
presence is consistent with the element ratio of reactants,
suggesting that La and Mn were successfully doped in the
TiO, nanotube arrays.

3.3 SEM analysis

Figure 5 presents the TiO, nanotube arrays with highly
ordered surfaces, in which the nanotube diameter is
80-100 nm (a) and nanotube length is approximately
1.5-2 pm (b). The diameters of the anodic oxidation of
TiO, nanotube arrays were between 80 and 100 nm in 1, 2,
and 3 h, respectively, when the corresponding lengths of the
TiO, nanotube arrays were 110, 160, and 195 pm. However,
when the oxidation time was 4 h or longer, the length of the
nanotube arrays was lowered and the nanotube arrays col-
lapsed. The titanium dioxide matrix was reconstituted when
the oxidation time was 5 h. Therefore, the main role of the
anodization time was to lengthen the TiO, nanotube arrays
to obtain longer TiO, nanotube arrays. In particular, oxida-
tion time could bring about the collapse and reconstruction
of the matrix and the continuous growth of the nanotubes.

3.4 Specific surface area analysis

Specific surface areas were examined using the
Brunauer-Emmett-Teller (BET) method. The BET test
indicated that the specific surface area of the TiO, nanotube
arrays reached 26.44339 (m%/g), which greatly increased the
specific surface area of the titanium foil. At the same time,
the contact area with the solution was greatly increased, so
that the rate of catalytic degradation is greatly improved.
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Fig.4 EDS of La/Mn-TNAs, a
sample surface and b cross-
section of sample

2

= 6 8 keV

Fig.5 SEM images of La/Mn-TNAs, a sample surface at 5.0KV and b cross-section of sample at 20.0KV

3.5 Photocatalytic degradation properties

The degradation processes of organic dyes by samples pre-
pared in different reaction conditions were studied under
UV light (high-pressure mercury lamp, 375 W, 200—400 nm)
and visible light (high-pressure xenon lamp, 375 W,
400-800 nm). The doping of La and Mn to TiO, nanotube
arrays reduces the band gap of it from 3.09 eV (Fig. S1(a))
to 2.76 eV (Fig. S1(b)), allowing the holes and electrons
in La/Mn-TNAs to be excited from the valence band to the
conduction band by visible light, and the photocatalytic
efficiency is considerably enhanced compared with pure
TiO, nanotube arrays (Fig. S3). As presented in Table 2, 10

@ Springer

different samples indicated the degradation rate of RhB, XO,
and MB all above 50% in 10 min. As illustrated in Fig. 6 and
Table 2, it is clear that the degradation rates of RhB, MB,
and XO reach 69.47%, 76.44%, and 80.41%, respectively,
when the photocatalytic reaction time reaches 10 min. The
degradation rates of RhB, MB, and XO, respectively, reach
99.47%, 96.44%, and 99.31% when the photocatalytic reac-
tion time reaches 60 min.

3.6 Radical scavenger study

Radical scavenger study was used for obtain insights to the
photocatalytic reaction mechanism in La/ Mn-TNAs. The
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Table 2 Degradation rate of

. . . Sample number
different samples in 10 min

Degradation rate of RhB in

Degradation rate of MB in  Degradation rate of

10 min (%) 10 min (%) XO in 10 min (%)
1-500-5 51.08 64.60 54.35
2-500-5 66.53 58.81 53.41
3-500-5 66.47 66.41 71.29
4-500-5 43.47 59.55 63.32
5-500-5 68.47 72.1 56.02
3-500-6 69.47 76.44 80.41
3-550-5 52.90 71.13 56.47
3-550-6 66.47 71.06 67.52
3-600-5 67.69 67.69 73.64
3-600-6 63.72 63.72 61.41
same wight Na,SO,, AgNO;, and DMPO were added to the
100 reactor as hole scavenger, electron scavenger, and radical
scavenger before being illuminated. UV—Vis spectra of RhB
~ 8o dyes with degradation were shown in Fig. S4. The degrada-
< tion rates of RhB in 50 min with no scavenger, Na,SO,,
f AgNO;, and DMPO were 97.43, 89.77%, 60.51%, and
s 807 37.60% (Fig. 7). These results can demonstrate the photo-
- catalytic reaction mechanism of La/Mn-TNAs.
£ 404
3 3.7 Influence of pH on photocatalytic degradation
. of X0, RhB, and MB
HCI and NaOH were utilized to adjust pH values of organic
0- dye (XO, RhB, and MB) solutions in the range of 1-13 to
RhB MB X0

Fig.6 Degradation rate of RhB, MB, and XO using the as-synthe-
sized TiO, nanotube arrays under UV light

100 A

80

60

40 4

R l
0

Na,SO,

Degradation rate (%)

No scavenger AgNO;

Fig.7 RhB degradation rates with radical scavengers

determine the influence of pH on the degradation behavior.
As illustrated in Fig. 8, in acidic and neutral conditions,
when photocatalytic reaction time reaches 40 min, the deg-
radation rates of organic dyes (RhB, MB, and XO) all came
close to 100%. Additionally, in alkaline conditions, when
photocatalytic reaction time reaches 40 min, the degradation
rates of organic dyes (RhB, MB, and XO) are less than 85%,
and the degradation rate of the photocatalytic reaction is
only 90% when photocatalytic reaction reaches 60 min. The
degradation rate curve can be found in which the degrada-
tion effect of acidic and neutral conditions is better than that
of alkaline conditions.

4 Conclusions

In this work, La/Mn-TNAs with nanotube diameters of
80—100 nm and lengths of approximately 1.5-2 pm were
successfully synthesized using the anodic oxidation method.
The as-synthesized La/Mn-TNAs had excellent photocata-
lytic performance for the degradation of organic dyes (XO,
RhB, and MB) and with degradation rates above 90%. The
doping of La and Mn to TiO, nanotube arrays has significant
effect on the absorption properties of TiO, and effectively

@ Springer
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Fig.8 UV-Vis spectra of organic dyes with degradation at different pH values by various substances. a, b thodamine B; ¢, d methylene blue;

and e, f xylenol orange

narrows the band gap, which can promote its photocatalytic
activity. After intensive investigation, efficient photocatalytic
property can be obtained when pH ranges from 1 to 13, and
the highest degradation rate emerged when the initial mass
ratio of the reactants for 3 h of annealing at 550 °C for 5 h
at pH 7. Thus, the as-synthesized La/Mn-TNAs could be

@ Springer

promising candidates for the practical degradation of organic
dyes in waste water.
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