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Abstract: To effectively improve photocatalytic activity, the morphology and crystallinity
of semiconductor photocatalysts must be precisely controlled during the formation process.
Self-aligned Nb2O5 nanotube arrays have been successfully fabricated using the electrochemical
anodization method. A novel growth mechanism of Nb2O5 nanotubes has been proposed.
Starting from the initial oxidation process, the “multi-point” corrosion of fluoride ions is a key
factor in the formation of nanotube arrays. The inner diameter and wall thickness of the nanotubes
present a gradually increasing trend with increased dissociative fluorine ion concentration and
water content in the electrolyte. With dehydroxylation and lattice recombination, the increased
crystallinity of Nb2O5 represents a reduction of lattice defects, which effectively facilitates the
separation and suppresses the recombination of photo-generated carriers to enhance their catalytic
degradation activity.
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1. Introduction

Compared with traditional biological and electrooxidized treatments, photocatalysis is
an environmentally friendly technology for the treatment of all kinds of contaminants [1,2],
especially for the removal of organic contaminants with solar energy, which mainly includes
the oxidative decomposition of volatile organic compounds and purification of waste water.
Semiconductor photocatalysts have been used to effectively reduce the concentration of organic
pollutants and elevate the rate of hydrogen evolution in photocatalysis water under sunlight
illumination [3,4], which has attracted attention and research over several decades. With the
characteristic morphologies of nanomaterials, nanotubes take many paralleled channels, which have
outstanding advantages in photocatalytic applications [5]. The distinct nanotube array structure
intensifies the quantum availability because of its repeated refraction [5,6], except for the large specific
surface area provided by the tubular structure.

Except for niobium oxide as a transition oxide, which possesses excellent stability and catalytic
activity such as with TiO2, ZnO, and WO3, Nb2O5 has higher selectivity for partial oxidation products [7].
Nb2O5 with nanostructures has been synthesized by hydrothermal synthesis [8], sol-gel processes [9],
templating techniques [10], reactive sputtering [11], and electrochemical anodization [12], and has
been applied to electrochemical sensors [13], photocatalysis [14], and lithium batteries [15,16],
correspondingly. In particular, electrochemical oxidation is extensively used and explored due
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to its flexible operation, short time duration, and mild reaction conditions. It is worth mentioning that
the morphology of the oxide generated on the base metal foil is effectively controlled by changing
the oxidation parameters, such as the composition of the electrolyte, the oxidation time, and the like,
to contribute to more flexible applications in different aspects [17].

Great contributions have been made by numerous research teams [18–21] to understand the
growth mechanism of nanotube oxides in the process of anodic oxidation. While previous investigators
proposed possible growth mechanisms of Ta2O5 [22], ZrO2 [23], and TiO2 [18,19] under specific
conditions, researchers had only understood the growth mechanism of tube-like anodic oxide.
Theories introduced to explain the growth process of anodic oxide include the field-assisted dissolution
model [24], the mechanical splitting model [25], the localized dielectric breakdown model [26], and the
viscous flow model [27–30]. The explicit growth mechanism of Nb2O5 nanotube arrays (Nb2O5 NAs)
has not been proposed in electrolyte as compared with other nanostructures of niobium oxide [31–33].
In particular, the initial process and causes of nanotube array formation are not clear. It follows that
the lack of a definite growth mechanism and active sites impedes further development of niobium
oxide in promising material science and catalytic applications. In addition, the geometric aspects of a
controllable nanotube, such as diameter (D), wall thickness (d), inter-tube distance (w), and nanotube
length (H), can facilitate the separation and migration rate of photogenerated carriers and restrain the
recombination process of holes and electrons in the photocatalytic reaction [14]. The decisive role in
determining the key factors in the growth process is in line with findings on the controlled morphology
of nanotube arrays.

Ever since the first observation of self-organized Nb2O5 nanostructures by Sieber et al. [34],
the types of acids in electrolytes have been focused on the electrochemical self-organized formation of
transition niobium oxide nanotubes [35]. Galstyan et al. found that decreased H2O concentration and
increased NH4F content in glycerol are the key factors in nanotube formation [36].

In this work, the key factors (such as electrolyte composition, etc.) affecting the structure of the
nanotube array during the preparation process are explored. To find out the relationship between the
structure and composition of nanotube arrays and the photocatalytic activity, the optimal conditions
to control the morphology and crystallinity of nanotube arrays and photocatalytic degradation
performance were investigated in detail. An accurate growth mechanism of Nb2O5 nanotubes during
the fabrication procedure, especially the original state, is also proposed. Furthermore, the photocatalytic
performance of as-prepared samples, modeled for the photocatalytic mechanism of Nb2O5 nanotube
arrays, is assessed by monitoring the degradation of Rh B under UV light.

2. Results and Discussion

2.1. Growth Mechanism

A schematic diagram of self-aligned Nb2O5 NAs by electrochemical anodization is shown in
Figure 1, divided into initial oxidation corrosion and dehydration processes. The whole growth
mechanism of nanotubes embodies four basic stages: (I) Initial oxidation corrosion process,
including rapid oxidation; (II) further oxidation; (III) competition between oxidation and corrosion;
and (IV) dehydration process reaching a balance under the constant voltage system. It is worth
mentioning that in the precise growth mechanism of Nb2O5 NAs, the fluctuation of resistance value
influenced by electrolyte and oxide layers formed on the electrode surface plays a crucial role, verified by
the change of current value in the constant voltage system (Figure 2). The current value (expressed as
I) can be derived from the working voltage (expressed as U) and the resistance (expressed as R) based
on Ohm’s law in Equation (1). The resistance of the electrolyte and the oxide layers formed on the
surface of niobium foil during the reaction are represented by R1 and R2, respectively.

I =
U

R1+R2
(1)
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Figure 1. Schematic diagram of self-aligned process of niobium pentoxide nanotube arrays (NAs) by 

electrochemical anodization. 

 

Figure 2. I-t curve during anodization of Nb in 0.4 M NH4F containing glycerol electrolytes at 20 V. 

In stage I, as the initial stage, the resistance is mainly from the electrolyte (R1; the resistance of 

Nb foil is ignored to zero), which causes high current density to be detected as early as 5 s, as shown 

in Figure 2. Under the electric field, the niobium foil as the anode is oxidized to release a large 

number of free electrons to generate Nb5+ in the electrolyte/metal interface; meanwhile, anions in the 

electrolyte (OH−/O2−/F−) spontaneously diffuse to the surface of the anode and combine with Nb5+ to 

form Nb2O5, Nb(OH)5, and NbF72−, which causes the current density to dramatically drop to a 

minimum value. When a thinner oxide layer is formed in a transient period of 60 s, the oxide layer is 

consistent with the SEM image shown in Figure 3a. It plays a key role in the initial oxidation process, 

but the corrosion process of F− is not the dominant process. It can be observed from Figure 3b that 

the contact angle is relatively large during the initial electrooxidation process, which leads to an 

uneven distribution of fluoride ions in the electrolyte at the interface between electrode and 

electrolyte. The occurrence of this phenomenon means that the electrolyte is isolated, with high 

dispersion on the surface of the oxide layer as a bunch of parallel “arrows” coming in. The 

fluctuation of these physical properties is the redistribution of surface concentration and thus the 

formation of “multi-point” corrosion as starting points for the formation of nanotubes (Figure 1I). 

The main chemical reactions that occur at stage I are described by Equations (2)–(6): 

Figure 1. Schematic diagram of self-aligned process of niobium pentoxide nanotube arrays (NAs) by
electrochemical anodization.

Catalysts 2020, 10, x FOR PEER REVIEW 3 of 14 

 

 

Figure 1. Schematic diagram of self-aligned process of niobium pentoxide nanotube arrays (NAs) by 

electrochemical anodization. 

 

Figure 2. I-t curve during anodization of Nb in 0.4 M NH4F containing glycerol electrolytes at 20 V. 

In stage I, as the initial stage, the resistance is mainly from the electrolyte (R1; the resistance of 

Nb foil is ignored to zero), which causes high current density to be detected as early as 5 s, as shown 

in Figure 2. Under the electric field, the niobium foil as the anode is oxidized to release a large 

number of free electrons to generate Nb5+ in the electrolyte/metal interface; meanwhile, anions in the 

electrolyte (OH−/O2−/F−) spontaneously diffuse to the surface of the anode and combine with Nb5+ to 

form Nb2O5, Nb(OH)5, and NbF72−, which causes the current density to dramatically drop to a 

minimum value. When a thinner oxide layer is formed in a transient period of 60 s, the oxide layer is 

consistent with the SEM image shown in Figure 3a. It plays a key role in the initial oxidation process, 

but the corrosion process of F− is not the dominant process. It can be observed from Figure 3b that 

the contact angle is relatively large during the initial electrooxidation process, which leads to an 

uneven distribution of fluoride ions in the electrolyte at the interface between electrode and 

electrolyte. The occurrence of this phenomenon means that the electrolyte is isolated, with high 

dispersion on the surface of the oxide layer as a bunch of parallel “arrows” coming in. The 

fluctuation of these physical properties is the redistribution of surface concentration and thus the 

formation of “multi-point” corrosion as starting points for the formation of nanotubes (Figure 1I). 

The main chemical reactions that occur at stage I are described by Equations (2)–(6): 

Figure 2. I-t curve during anodization of Nb in 0.4 M NH4F containing glycerol electrolytes at 20 V.

In stage I, as the initial stage, the resistance is mainly from the electrolyte (R1; the resistance of Nb
foil is ignored to zero), which causes high current density to be detected as early as 5 s, as shown in
Figure 2. Under the electric field, the niobium foil as the anode is oxidized to release a large number of
free electrons to generate Nb5+ in the electrolyte/metal interface; meanwhile, anions in the electrolyte
(OH−/O2−/F−) spontaneously diffuse to the surface of the anode and combine with Nb5+ to form Nb2O5,
Nb(OH)5, and NbF7

2−, which causes the current density to dramatically drop to a minimum value.
When a thinner oxide layer is formed in a transient period of 60 s, the oxide layer is consistent with the
SEM image shown in Figure 3a. It plays a key role in the initial oxidation process, but the corrosion
process of F− is not the dominant process. It can be observed from Figure 3b that the contact angle is
relatively large during the initial electrooxidation process, which leads to an uneven distribution of
fluoride ions in the electrolyte at the interface between electrode and electrolyte. The occurrence of this
phenomenon means that the electrolyte is isolated, with high dispersion on the surface of the oxide
layer as a bunch of parallel “arrows” coming in. The fluctuation of these physical properties is the
redistribution of surface concentration and thus the formation of “multi-point” corrosion as starting
points for the formation of nanotubes (Figure 1I). The main chemical reactions that occur at stage I are
described by Equations (2)–(6):

Nb→ Nb5+ + 5e− (2)

H2O 
 H++OH − (3)
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2H2O→ O2 ↑ +4H+ + 4e− (4)

4Nb5+ + 5O2 + 20e− → 2Nb2O5 (5)

Nb5++5OH − 
 Nb(OH)5 (6)
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Figure 3. Surface images and corresponding contact angles of Nb2O5 NAs anodized at different times
during electrochemical oxidation: (a,b) 60 s; (c,d) 300 s; (e,f) 1800 s; (g,h) 7200 s under anodic voltage of
20 V.

In stage II, the change of the electrode (R2) in the oxide formed on the surface is the main factor
affecting the current value. In this process, the sharp increase of oxide thickness is dominant. A further
reduction in the contact angle with the increased oxide surface leads to the formation of micro-pits and
increased contact area in the interface, which allows the quantity of fluoride ions to accumulate rapidly
(Figure 3d). As shown in Figure 4a, it is clearly demonstrated that the thickness of oxide formed by
further oxidation increases with the oxidation time and stabilizes at 300 s. Similarly, an increase in the
thickness of the oxide layer can be seen from the SEM image (Figure S1) due to the change of resistance,
demonstrated by a slow decrease in the current (Figure 2).
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Figure 4. (a) Growth patterns for oxide layer thickness and anodic oxidation time in stage II. (b) Trend
chart of pH and Nb5+ concentration of electrolyte in stage III. (c) ATR-IR spectra of Nb2O5 NAs.
Experimental conditions: 0.4 M NH4F electrolyte containing glycol electrolyte at 20 V.

In stage III, the corrosion of F− becomes dominant when the rapid growth of the oxide layer tends
to stabilize. At this stage, the sharp reduction of contact angle not only causes the electrolyte to be
highly dispersed on the oxide surface, but also mass fluoride ions accumulate in the pits to enhance the
corrosion effect under the electric field (Figure 3f). The pits get larger and deeper with further erosion
at the electrolyte/oxide layer interface, as can be seen from the SEM image (Figure 3e). The dense oxide
layer is continuously corroded downward to form a tube, which leads to decreased surface resistance
of the electrode and increased current density (Figure 2). OH− and NbF7

2− are continuously released
in the electrolyte to enhance the corrosion, leading to increased pH and Nb5+ concentration (Figure 4b).

Nb2O5 + 14F − + 10H+
→ 2NbF2−

7 + 5H2O (7)

Nb(OH)5+ 7F − → NbF2−
7 + 5OH − (8)

At stage IV, the current reaches a stable state, indicating the beginning of the recombination
process of chemical components and lattices of nanotubes, as shown in Figure 2. Niobium hydroxide,
as a by-product, is converted into the effective active component niobium oxide by dehydration under
an electric field. In the meantime, a soluble complexation ion, NbF7

2−, is spontaneously hydrolyzed
into niobium hydroxide in the electrolyte (Equations (9) and (10)) at a pH of more than 7. It is obvious in
Figure 3g that, comparatively, nanotubes with well-distributed diameters were formed on the surface,
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except for some broken edges near the mouths of tubes. To convincingly confirm these, the molecular
structure of the intermediate generated at different times was characterized using SEM and ATR-IR.
Compared with Nb2O5, Nb(OH)5 prepared by the reference method, the IR spectrum was adopted
to demonstrate the functional group properties of as-prepared samples. As presented in Figure 4c,
the peak occurred between 650 and 1000 cm−1, corresponding to the asymmetric stretching of the
[-O-Nb-O-]n bond [36]. The absorption peaks of the ATR-IR spectrum around a wavenumber of
1421 cm−1 can be associated with the bending vibration of the hydroxyl –OH group of the Nb-OH
structure. Peaks appeared near 1530 cm−1 and 1696 cm−1, was to Nb = O and Nb–O, respectively [37].
The absorption peak of the sample appeared near a wavenumber of 3400–1620 cm−1, which may be
caused by asymmetric and symmetric stretching vibration of the hydroxyl group (-OH) and the surface
hydroxyl group of the water molecules absorbed [38]. It is confirmed that Nb2O5 and Nb(OH)5 were
present in the oxide layer. The partial wavenumbers corresponding to absorptions are displayed in
Table 1. The absorption of as-prepared samples at 1421 cm−1 generally presented a right shift trend
compared with pure Nb(OH)5, which may be due to the influence of oxides. According to the data
given in Table 1, it is reasonable to believe that the transformation of hydroxides with low resistance
into oxides under the action of an electric field and the results on the increased oxide content to some
extent (Equation (10)) were confirmed by the increasing proportion of oxides.

2NbF2−
7 + 5H2O → Nb2O5 + 14F − + 10H+ (9)

2Nb(OH)5 → Nb2O5 + 5H2O (10)

Table 1. Parameters from ATR-IR spectrum at different times.

Time (s)
Intensity INb(OH)5 INb2O5 INb2O5/INb(OH)5

2700 29.14 32.88 1.13
3600 19.71 32.68 1.66
4800 22.89 38.38 1.68
6000 18.30 34.52 1.89
7200 18.09 42.54 2.35

2.2. Effect of Essential Ions on Formation of Nb2O5 NAs

The formation processes of oxide nanotubes in electrolyte containing fluoride ions by anodization
on metals such as Ti and Ta were reported [34,39]. Nb2O5 nanotube fabricated by anodization in
NH4F containing ethylene glycol (EG) solution are different from other metal oxidation, such as
TiO2; especially with electrolyte containing H2O, anodization promotes the development of
oxygen-containing anions (i.e., OH−, O2) [40]. The formation of Nb2O5 NAs strongly verified
that fluoride ions play an important role in corroding oxide barrier layers and proved by above growth
mechanism. To explore the key factors affecting the growth of Nb2O5 NAs, the concentration of
fluoride ions in the electrolyte was adjusted to observe the effect on the morphology of oxidation
during the anodization process. Figure 5a shows the effective distribution of pore diameter to prove
that the average inner diameter measured by Digital Micrograph software of the tubes presented a
gradually increasing trend with increased dissociative fluorine ion concentration. That is, the initial F−

concentration of the electrolyte is a key factor to control the nanotube size of Nb2O5 NAs. Beyond that,
the nanostructure of Nb2O5 surface was characterized by SEM (Figure S2), as shown in Figure 5b,
indicating that the uniformity of the nanotubes was affected by the proportion of water added. It is
easy to obtain uniform Nb2O5 nanotubes in an electrolyte containing ethylene glycol with a water
content of 2%, which indicates that appropriate water content can increase the transfer rate of free ion
in the electrolyte and thus spontaneously form self-aligned tubes.
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Figure 5. High-resolution SEM images and corresponding internal diameters of anodic oxide layers
formed by anodization of Nb foils at 20 V in ethylene glycol electrolytes with (a) concentration of
NH4F, (b) water content, (c) ATR-IR spectra, and (d) XRD patterns of samples prepared under different
conditions. Preparation conditions: Oxidized at 20 V in 2 h; samples S-0.25, S-0.35, and S-0.4 were
prepared in electrolytes only containing ethylene glycol with fluoride ion concentration at 0.25, 0.35,
and 0.4 M NH4F; samples S-0.35/0.5 and S-0.35/2 were formed with water content in 0.35 M NH4F at
0.5 and 2 vol%, respectively.

Oxidized at a voltage of 20 V in 2 h, samples S-0.25, S-0.35, and S-0.4 were prepared in electrolytes
only containing ethylene glycol with fluoride ion concentration at 0.25, 0.35, and 0.4 M NH4F,
and samples S-0.35/0.5 and S-0.35/2 were formed with water content in 0.35 M NH4F at 0.5 and
2vol%, respectively. The composition and crystallinity of as-prepared samples were investigated by
ATR-IR spectroscopy (Figure 5c) and XRD (Figure 5d), respectively. The fourth stage, the molecular
composition of the oxide layer formed on the Nb substrate, is summarized in Table 2. Comparing the
intensity of the oxide and hydroxide peaks in the oxide layer, it can be easily obtained that the
amount of oxide is approximately twice that of hydroxide, which affects its catalytic properties to some
extent. The XRD patterns of Nb2O5 NAs synthesized under different conditions were compared to
determine the crystalline phase and crystallinity of the samples. These peaks are mainly attributed to
Nb substrates and oxides. Among the peaks from XRD patterns (Figure 5d), the three higher diffraction
peaks at 38.5◦ (110), 55.5◦ (200), and 69.6◦ (211) are classified as characteristic peaks of niobium foil
(JCPDS #35-0789). The two diffraction peaks at 44.1◦ and 64.5◦ are indexed as the monoclinic phase of
Nb2O5 (JCPDS #19-0864).
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Table 2. Characteristic parameters of as-prepared samples after 2 h of electrooxidation at 20 V.

No. Internal Diameter (nm) INb2O5/INb(OH)5 Crystallinity (%)

S-0.25 18.96 2.15 81.39
S-0.35/0.5 21.00 2.02 80.24

S-0.35 23.00 2.30 86.59
S-0.35/2 25.44 1.69 61.72

S-0.4 37.31 2.11 85.88

On that basis, the crystallinity of the samples was calculated, and a summary is given in Table 2.
The differences in crystallinity depended on the electrooxidation, but also on the dehydroxyl rate
during the anodic oxidation process. As is shown in Table 2, compared with the pure organic electrolyte,
water in the electrolyte accelerated the electrolysis rate and produced more OH− in the early stage of
electrooxidation, which led to a reduction of the effective active components, but inhibited the catalytic
efficiency. Meanwhile, a too-high concentration of fluoride ion will lead to oxide breaking and blocking
the gate in the process of corrosion, which can reduce the utilization rate of photons. From the above
growth mechanism, it can be obtained that hydroxides in the later period of anodic oxidation gradually
convert into oxides with the extension of oxidation time. Hence, it is worth noting that the free fluoride
ion concentration, water content, and oxidation time are essential operating parameters for controlling
the molecular composition and crystallinity of Nb2O5 NAs during the anodic oxidation process.

2.3. Catalytic Performance and Mechanism

Rhodamine B (Rh B), an organic dye as a model organic compound, is widely adopted to conduct
photodegradation experiments in UV light to evaluate the photocatalytic activity of as-prepared
catalysts. The absorption peak at 554 nm was measured as characteristic at a certain interval to compare
the performance diversity of as-prepared samples. As shown in Figure S3, the curve of Rhodamine B
(R2 > 99) was measured to convert the sampling concentration. It is worth noting that the thickness of
the oxide layer with a free-standing nanotube layer excluded from Nb substrate should be more than
1 µm (Figure 6) to be sufficiently exposed to UV light irradiation. The degradation efficiency of the
catalysts for the organic dye solution was calculated by Equation (11), where DE is the degradation
efficiency of the dye (%), C0 is the initial concentration of Rh B solution, and C is the concentration of
the instantaneous dye extracted.

DE =

{
1−

C
C0

}
∗ 100% (11)
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The as-prepared samples were immersed in Rh B solution for 30 min under dark conditions prior to
UV irradiation. As shown in Figure S4, due to their adsorption on the sample surface, the concentration
of Rh B molecules in the solution decreased, and reached the adsorption equilibrium after 30 min.
The photocatalytic performance was distinctly evaluated with the degradation efficiency of Rh B in
the Nb2O5 NAs samples. As shown in Figure 7a, a slight degradation of Rh B was observed at the
initial stage without the catalysts under UV light. After 60 min of UV light irradiation, about 28.96%
of Rh B was removed by S-0.35/0.5 with superior degradation efficiency, whereas only 25.06, 21.48,
19.47, and 23.52%, was removed by samples S-0.25, S-0.35, S-0.4, and S-0.35/2, respectively. Meanwhile,
UV-visible diffuse reflection was used to analyze the optical absorption properties of as-prepared
samples for further exploration of the utilization of UV light. As shown in Figure 7b, the maximum
absorption peaks of samples S-0.25, S-0.35, and S-0.4 had a larger red shift at 295 nm compared to
samples S-0.35/0.5 and S-0.35/2 prepared under water conditions. This is because the addition of a
certain amount of water in the preparation process will reduce the mass transfer resistance of the
organic electrolyte and accelerate the corrosion or even fragmentation of the nanotubes, and the
results were proved by SEM (shown in Figure S2). With the data in Table 2, the content of oxide
and relative crystallinity of as-prepared samples can be demonstrated, and it shows that the disorder
of molecular arrangement in the samples under the condition of water. The red shift order of the
maximum absorption peaks of some as-prepared samples is consistent with the degradation efficiency,
indicating that the photocatalytic degradation performance is restricted by the photo absorption effect
of the catalysts. The band gap can be evaluated from the plot of F(K) = (αhv)1/2 vs. hv, by extrapolating
the straight line to the x-axis. It can be observed from the thumbnail in Figure 7b that the band gap of
pure Nb2O5 NAs sample (S-0.4) was found to be approximately 3.66 eV.
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Figure 7. (a) Photocatalytic degradation of Rhodamine B (Rh B) in as-prepared Nb2O5 NA samples in
different conditions under UV light irradiation. (b) Diffuse reflectance UV-vis spectra of as-prepared
anodic oxides. (c) Mott Schottky plots of sample S-0.4 synthesized in 0.4 M NH4F solution containing
glycol electrolyte at 20 V. (d) Schematic diagram of Nb2O5 NA band structure.

To determine the carrier separation due to the band alignment under anodic oxidation,
Mott-Schottky analysis of sample S-0.4 was measured in 0.2 M Na2SO4 electrolyte. Figure 7c shows



Catalysts 2020, 10, 1480 10 of 14

the Mott-Schottky plots, from which the flat potential Efb of sample S-0.4 was obtained. The flat
band potential is negative compared to RHE, which may be due to the fact that it is likely to form
oxides with a certain ordered arrangement under the external force of voltage. While the prepared
pure Nb2O5 NAs had a wide band gap (Eg = 3.66 eV), the modified valence band potential is more
advantageous to the utilization of photo-generated holes in photocatalytic degradation (Figure 7d) [41].
In addition, the degradation efficiency of the catalyst depends not only on the crystal phase and its
relative crystallinity, but also on the molecular active components. As seen from the data in Table 2 and
Figure 7b, catalyst with more active components and crystallinity has higher light absorption efficiency.
It is an effective measure to prepare high-proportion oxides and specific crystal phases by adjusting
the appropriate fluorine concentration and lower water content, which can provide more active sites
for the degradation of organics.

To further explore the mechanism of photocatalytic degradation, the crystallinity and composition
of Nb2O5 NA materials were analyzed with degradation efficiency. The results, shown in Figure 8,
indicate that the crystallinity and composition of as-prepared catalyst are associated with the catalytic
effect in terms of molecular structure. From the data in Table 2 and Figure 8, it can be obtained that
catalysts with a larger positive proportion of oxides and higher relative crystallinity have a more
advantageous utilization ratio of absorption and degradation in the photocatalytic reaction, due to the
generation of more effective components. With similar relative crystallinity, Nb2O5 as the available
active component in the molecular composition will more greatly promote the degradation efficiency,
which is consistent with the results of the photocatalytic degradation efficiency of different catalysts.
The ratio and combination of Nb2O5 and Nb(OH)5 in catalyst layers affect not only the crystallinity of
catalysts, but also the degradation performance of photocatalysts. The high ratio of Nb2O5 and certain
crystalline phase arrangements provide more active sites. A detailed study of the crystalline phase is
significant to understand the mechanism of the photocatalytic properties of Nb2O5 NAs.
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3. Materials and Methods

3.1. Synthesis of Nb2O5 Nanotube Arrays

Experimental procedures for the fabrication of niobium oxide nanotubes refer to other transition
metal oxides [42], described in previous papers [43,44]. Niobium foil (100× 100× 0.25 mm, 99.99% purity;
China New Materials Technology, Beijing, China) was cut into 1 cm × 1 cm pieces, cleaned with ethanol
and deionized water in an ultrasonic bath for 5 min, and then air-dried to remove impurities on the
surface. The pretreated niobium foil pieces were used as anode materials, acting as working electrodes
in electrolytic cells. Meanwhile, Pt foil pieces were used as cathode materials, acting as opposite
electrodes in the 2-electrode system. The entire electrochemical oxidation process was carried out in
a Teflon beaker with a capacity of 100 mL. The electrolyte solution was prepared by NH4F (≥99.7%,
AR; Shanghai Aladdin Bio-Chem Technology Co., LTD, Shanghai, China) and H2O (DI; homemade)
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and ethylene glycol (99+%, AR; Alfa Aesar Chemical Co., LTD., Shanghai, China) under stirring.
The concentrations of NH4F containing ethylene glycol and H2O were readjusted in the range of 0–2%
and 0.2–0.4 M, respectively. Anodic oxidation experiments were performed by using a power supply
(Lp6003D, Lodestar, Shenzhen, China) in a range of no more than 36 V for 0–120 min. The oxide layers
were rinsed several times with ethanol and deionized water to detach excess electrolyte and then
air-dried overnight for subsequent characterization and performance testing.

3.2. Characterization of Catalysts

A field emission scanning electron microscope (FE-SEM; FEI Apreo, Hillsboro, OR, USA)
was used for morphological characterization of the samples. The crystallographic structures
were determined by x-ray diffraction (XRD; XD-6, Persee, Beijing, China) with graphite
monochromatic Cu Kα radiation. A contact angle meter (DRS100, Kruss, Hamburg, Germany)
was used to analyze the static contact angle between the anode material and the electrolyte at
different moments. ICP-OES (Agilent–5100, Teledyne Leeman Labs, Hudson, NH, USA) was
adopted to measure the concentration of niobium in electrolyte. A UV-Vis spectrophotometer
(SPECORD 210 PLUS, Analytik Jena AG, Jena, Germany) was used to determine the absorbance of
photodegraded samples at a wavelength of 554 nm, with an integral time of 0.2 s and 10 measurements.
Attenuated total reflectance infrared (ATR-IR, Thermo Scientific Nicolet 6700, Waltham, MA, USA)
spectra were obtained with a Thermo Scientific Nicolet 6700 instrument. UV-Vis diffuse reflectance
absorbance spectra (DRS) were obtained with a UV-Vis spectrophotometer (UV-2550, Shimadzu,
Kyoto, Japan) equipped with an integrated sphere using Nb foil as the reference and scanning in the
range of 200–800 nm. Electrochemical measurements were performed on an AUTO-LAB workstation
(SP300, Biologic, Seyssinet-Pariset, France) in a 3-electrode system, with the samples, platinum foil,
and saturated Ag/AgCl electrodes as the working, counter, and reference electrodes, respectively.
The measurements were performed in 0.2 M Na2SO4 at room temperature.

3.3. Photocatalysis Activity Test

Photocatalytic degradation of Rhodamine B (Rh B, 5 mg/L, Sinopharm Chemical Reagent Co.,
LTD., Shanghai, China) at room temperature (about 25 ◦C) was chosen as the proper conditions to test
the activity of the as-prepared samples. Ultraviolet radiation by a 300 W xenon lamp (CEL-HXF-300,
Beijing, China) as the light source was carried out. Before this, an as-prepared sample with a size of
1 × 1 cm2 was immersed in the 5 mg/L Rh B solution in dark for 30 min to saturate the photocatalyst
with Rh B molecules. The distance between the sample and the lamp was 10 cm, and the average
visible light intensity impacting the sample surface was 4 mW cm−2. The change of Rh B concentration
with time was monitored using a UV-Vis spectrophotometer (UV-2550, Shimadzu, Kyoto, Japan).

4. Conclusions

In this work, the morphology and components of Nb2O5 NAs were effectively controlled by
adjusting the anodic oxidation parameters. The precise growth mechanism of Nb2O5 NAs fabricated
by anodic oxidation goes through the following steps: Rapid oxidation, further slow oxidation,
competition between oxidation and corrosion, and dehydroxylation. The key in Nb2O5 NA formation
is the electrolyte-contained free F− under an electric field in the initial state model with a row of
multiple horizontal points on the oxide surface. The performance of photocatalytic degradation of
Nb2O5 NAs in various states was investigated to resolve its structural-activity relationship not only
from the macro scale, but also from the deeper micro scale, indicating that the high proportion of
oxides and crystalline Nb2O5 NAs was conducive to providing more active sites for the degradation of
organic compounds. The results provide a substantial foundation for the preparation and potential
application of niobium pentoxide semiconductor materials.
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