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Self-ordered Nb2O5-TiO2 nanotube arrays were synthesized 

by anodization method from Ti-Nb alloy. Compared with 

pure TiO2 nanotubes, Nb2O5-TiO2 nanotubes shows enhanced 

surface hydrophilicity and low charge-transfer resistance. 

The beneficial Nb doping effects also exhibit in an improved 10 

separation efficiency, leading to higher photocatalytic and 

photoelectrocatalytic activities. 

 

Introduction 
 15 

At present, many research works have been devoted to one-

dimensional self-ordered TiO2 nanotubes since the first paper was 

published by Zwilling in 1999.1 As an n-type functional 

semiconductor, due to good electrical transport property and large 

surface area TiO2 nanotubes have succeeded in capturing the 20 

attentions and shown superior performances in applications of 

photocatalysis, dye-sensitized solar cells, electrochromic devices, 

batteries, supercapacitors, drug delivery and bioelectrochemical 

sensors.2,3 For further modification of optical and electrical 

properties of TiO2, a very wide range of elements (such as 25 

nonmetals N, C, B, S, P, F et al and transition-metal ions Cu, Co, 

Ni, Nb, Fe, Mo et al) were used in doping by intruding new band 

energy or localized states.4,5 As a promising semiconductor 

material with band gap of about 3.4 eV, Niobium oxide (Nb2O5) 

has wide range of catalytic and photocatalytic activities, 30 

especially in selective oxidation of benzylamine.6 In previous 

work,7,8 different concentrations (from 0.05wt%~1wt%) of Nb2O5 

doped TiO2 nanotube were grown by electrochemical anodization 

method. By measuring the efficiency of dye-sensitized solar cell 

and photoresponse intensity, the optimal concentration was 35 

0.1wt%.As reported, 9 an enhanced optical band-gap was found 

by heavily Nb2O5 doped TiO2 (from 1% to 30%), which became a 

drawback for photoelectrochemical applications.  

The Nb doping effect in solar cell is ascribed to the suppression 

of recombination of charge carriers. However, a limited amount 40 

of studies have involved in photocatalytic performance and Nb 

beneficial effects of Nb2O5-TiO2 compounds. Only Cui et al had 

demonstrated submonolayer surface coverage and acidity were 

increased by introduction of 1.5-3mol% Nb2O5, which leaded to 

enhanced photocatalytic degradation of 1,4 dichlorobenzene.10 As 45 

we known, photocatalytic process involves redox reaction 

happening at surface/interface of photocatalyst and solution. 

Besides the changes in surface properties with Nb doping, charge 

separation efficiency under light illumination also plays an 

important role in photocatalytic activity. Therefore, in this work 50 

we fabricate 0.1wt% Nb2O5 doped TiO2 nanotube layers and 

focus on the Nb doping effects on surface wettability, charge-

transfer resistance, surface energy band, behaviors of 

photogenerated carriers and corresponding results on 

photocatalytic activity.       55 

 

Experimental  
 
Nb2O5 doped TiO2 nanotube arrays were prepared by anodization 

of 0.1wt% Ti-Nb alloy in glycerol (65vol%)-H2O electrolyte 60 

containing 0.27 M NH4F at 30 V for 3h. Tube fabrication was 

carried out in two-electrode system with Pt sheet as the counter. 

Pure TiO2 nanotubes were grown in the same conditions as 

reference. All the samples were annealed at 450oC in air for 2h 

for crystallization. 65 

     The morphologies of samples were characterized by a field-

emission scanning electron microscope (FE-SEM, SupraTM55, 

Zeiss). X-ray diffractions analysis (XRD, D8-Advance, Bruker) 

with graphite monochromized CuKα radiation (λ=0.15406 nm) 

was collected for detecting the crystal structure of nanotubes. 70 

Surface hydrophilic properties were conducted on contact angle 

meter (SL200B, Suolun Ltd., China). All the electrochemical 

measurements were carried out by electrochemical station 

(CHI660D, ChenHua Ltd., China) with a Pt foil as the counter 

electrode and a Ag/AgCl electrode as the reference electrode. The 75 

surface contact potential difference (CPD) was obtained from a 

scanning Kelvin probe system (KP Technology Ltd., Scotland, 

UK). In Transient photovoltage (TPV) system, 11 samples were 

excited by a 50 µJ laser pulse (wavelength of 355 nm and pulse 

width of 5 ns) from a third-harmonic Nd:YAG laser (Polaris II, 80 

New Wave Research, Inc.). The TPV signals were recorded by a 

500 MHz digital phosphor oscilloscope (TDS 5054, Tektronix). 

The surface photovoltage spectroscopy (SPV)12 consists of a 

500W xeon lamp (CHFXQ500W, Global xenon lamp power), a 

monochromator (SBP500, Zolix) and a lock-in amplifier (SR830-85 

DSP, Standford) with an optical chopper (SR540, Standford) 

running at 23 Hz. The AC photovoltage signals were detected 

from a sandwich-like holder (Cu/sample/ITO) and were recorded 

as a function of wavelength. The photoelectrocatalytic 

measurement was performed in 0.1 M Na2SO4 with bias of +0.3V. 90 

As light sources, the monochromatic light of 365 nm with  
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TiO2 (contact angle of 22.35o), Nb2O5 doped TiO2 nanotube has a 

smaller contact angle (10.46o), which reveals a more hydrophilic 

surface and better wettability. Parallel experimental results have 

shown the same trend as displayed in inset of Fig.2a. Nb5+ ion 

replaces Ti4+ in the lattice as an n-type dopant to form hybridized 5 

Nb4d-Ti3d states in conduction band 15 after anodization of Ti-Nb 

alloy. This could bring high oxidation states and a higher 

proportion of hydroxyl groups on the surface,16 which leads to an 

improved wettablility in Nb2O5-TiO2 nanotube. Nyquist 

impedance plots of TiO2 and Nb2O5-TiO2 nanotube arrays are 10 

shown in Fig.2b. The semicircle diameter represents the charge-

transfer resistance (Rct) value for Fe(CN)6
3-/4−probe. Obviously, 

with 450oC heat-treatment a remarkable decrease in the 

semicircle diameter of Nb2O5-TiO2 nanotube was obtained, which 

indicated the electron transfer resistance at the 15 

electrode/electrolyte interface decreased by Nb doping. In other 

words, the electrochemical oxidation-reduction reaction rate of 

Fe(CN)6
3-/4−probe on Nb2O5-TiO2 nanotubes is faster than pure 

TiO2. To further clarify the Nb2O5 doping effect on the band 

structure, Mott-Schottky (M-S) analysis was performed. 20 

According to classical Mott-Schottky theory17, for n-type 

semiconductor the charge carrier density can be determined by 

complex impedance measurements using the following 

expression:  

2 2

0

1 2
( )FB

d

kT
E E

C q N A qεε
= − −  25 

Here, C is the differential capacitance of the space-charge region 

and Nd carrier concentration. ε denotes dielectric constant of 

semiconductor (ε=41.4 for antase18), ε0 the permittivity of free 

space (8.854×10-12 Fm-1), E applied potential and EFB the flat-

band potential. A is surface area of sample (1cm2 for nanotube 30 

layers). The quantities q, k and T represent the elementary charge 

(1.6× 10-19C), Boltzmann’s constant, and temperature in K, 

respectively. In Fig.3c, an obvious decrease in the slope in M-S 

plot is indicative of increasing carrier concentration after Nb2O5 

doping. Carrier concentrations Nd of Nb2O5-TiO2 nanotube and 35 

pure TiO2 nanotube can be calculated by using extracted slope of 

the linear regions from Fig.2c as 1.333×1018 cm-3and 6.656×

1017 cm-3, respectively.  

 To further verify Nb2O5 doping effects on energy band, the 

surface work functions of samples were characterized by Kelvin 40 

probe measurement.19 Fig.3 is CPD 3D-distribution maps of pure 

TiO2 nanotube and Nb2O5-TiO2 nanotube after 450oC annealing. 

The data are collected by Au reference probe (surface work 

function of 5.1eV) with scanning step of 100 µm. It can be seen 

that due to the surface roughness of both anodic layers CPDs 45 

have a slight change in the values of scanning area. Comparing to 

the pure TiO2 nanotube, the remarkable decrease of CPD is 

observed in Nb2O5-TiO2 nanotube. The relationships between 

surface work function and CPD are shown as follow:  

 50 

( ) ( ) ( ) 5.1CPD sample Au sample eV= Φ −Φ = Φ −  
 

where Φ is surface work function. We can calculate the surface 

work function of pure TiO2 nanotube and Nb2O5-TiO2 nanotube 

are approx. 5.15 eV and 5.0 eV, respectively. That is with 55 

0.1wt% Nb doping the apparent feature in energy band is Fermi 

level moves upward to the conduction band of TiO2 because of 

strong hybridization between Ti and Nb. This shift of Fermi level 

will lead to an increase of carrier concentration in conduction 

band. Nb doping effects on electric band structure, carrier 60 

concentration, and resistivity have been verified by both 

theoretical calculations and experimental results,15,20 which are in 

good agreement with CPD change and our Mott-Schottky results.  
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Fig.4 Surface photovoltage spectra (a) and Transient 

photovoltage responses (b) of TiO2 and Nb2O5-TiO2 nanotubes. 

Inset: transient surface photovoltage responses under the 70 

illumination of 355 nm. 

 

The charge separation efficiency plays an important role in 

photocatalytic activity. Here, surface photovoltage spectroscopy 

(SPS) and transient photovoltage measurement (TPV) were used 75 

to investigate the behaviors of photoinduced carriers. When 

samples are excited by the light with energy larger than band-gap, 

massive photogenerated carriers are generated and then separated 

by build-in electric field. That is, photoinduced electrons and 

holes transfer in opposite directions, resulting in the change of 80 

surface band bending and generation of surface photovoltage 

signals. Fig.4a shows SPS spectra of Nb2O5-TiO2 and TiO2 

nanotube arrays as a function with wavelength. In both cases, the 

SPV signals give positive responses in the range of 300-400 nm, 

which indicates under ultraviolet illumination band-to-band 85 

transition occurs and photoinduced holes move to the surface. 

Obviously, 0.1wt% Nb2O5 doped TiO2 nanotube layer shows 

approx. 6 times higher than pure TiO2 in the intensity of surface 

photovoltage response with slight peak red-shift. Since no 

significant differences in nanotube morphology and thickness are 90 

found before or after Nb doping, this increased surface 

photovoltage signal can be assigned to Nb beneficial effect in 

(a) 

(b) 
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separation and transport of photogenerated carriers in TiO2 

nanotubes. Inset of Fig.4a is photovoltage transients of both 

nanotube layers under 355 nm illuminations. A clear 

photovoltage response is generated or vanished with 

monochromatic light on or off. As apparent, Nb2O5-TiO2 5 

nanotube exhibits considerable strong and stable photovoltage    

    

0 50 100 150 200 250

0.2

0.4

0.6

0.8

1.0

Nb
2
O

5
-TiO

2

TiO
2

with bias of +0.3V

Nb
2
O

5
-TiO

2

TiO
2

without bias 

C
/C

0

Time (min)
 

Fig.5 Photocatalytic and photoelectrocatalytic degradations of 

Acid Orange 7 (AO7, C16H11N2O4SNa, C0=15 µM in aqueous 10 

solution) on TiO2 and Nb2O5-TiO2 nanotubes under light of 365 

nm. 

 

intensity, which is consistent with the results in Fig.4a. In 

addition, according to previous report 21 an about 2.5 times higher 15 

photocurrent was obtained from Nb2O5-TiO2 nanotubes 

comparing with non-doped TiO2 nanotubes. This can further 

support the improved surface photovoltage intensity. To further 

understand the kinetics of photo-generated charges transfer by Nb 

doping effect the TPV measurements were conducted under the 20 

illumination of 355 nm laser pulse as shown in Fig.4b. The TPV 

signals were recorded in the range of 1 ns to 0.1 s. We can obtain 

the information on the generation, separation, and recombination 

of photoinduced charges directly. As seen, both of TPV signals 

show positive values, indicating positive charges transfer to 25 

surface.22 Additionally, higher photoresponse is achieved in 

Nb2O5-TiO2 nanotube arrays, which means more holes are 

transferred to surface by Nb doped effect. It is well known TiO2 

has large Maxwell relaxation time,23 the time of TPV maximum 

(tmax) is affected by lifetime of charge carriers. As expected, tmax 30 

of Nb2O5-TiO2 nanotube is prolonged to longer timescale than 

that of pure TiO2. This demonstrates that trace amount of Nb 

dopant can suppress the recombination of photogenerated carriers 

in excited TiO2 nanotube arrays. It is also worthy to note a 

shoulder peak appears in the range of 10-5s to 10-2s only in 35 

Nb2O5-TiO2 nanotube TPV spectrum. As previous reported, 23,24 

this slow process (timescale is longer than 10-5s) can be assigned 

to diffusion of photogenerated carriers under concentration 

gradients. Therefore, we can conclude that the Nb dopant 

promote further separation of electron-hole pairs.   40 

Fig.5 shows the photocatalytic (PC) and photoelectrocatalytic 

(PEC) activity of TiO2 and Nb2O5-TiO2 nanotube arrays with 

error analysis. In PEC measurement the applied bias of +0.3V is 

chosen to achieve 100% of photogenerated electrons was 

removed from the conduction band of TiO2.
25 Clearly, faster 45 

degradation efficiency is obtained in PEC process because 

applied positive bias can effectively promote the photogenerated 

electrons to the external circuit, and avoid photogenerated 

electrons recombination with oxidative intermediates. 

Furthermore, regarding to both of PC and PEC data, Nb2O5-TiO2 50 

nanotube layer exhibits higher degradation efficiency than pure 

TiO2. This result is in line with SPV and TPV trend, which 

suggests the present of Nb2O5 in TiO2 can affect separation of 

photoinduced carriers.  

Conclusions 55 

In summary, Nb2O5-TiO2 nanotube layers were fabricated by 

electrochemical anodization. The findings in this work have 

revealed a considerable beneficial effect of small amount 

(0.1wt%) Nb2O5 addition in surface hydrophilic property, charge 

transfer resistance, and surface energy band structure. In addition, 60 

with Nb2O5 doping charge separation efficiency of 

photogenerated carriers is enhanced by the measurements of SPV 

and TPV, which results in a higher photocatalytic and 

photoelectrocatalytic activities in TiO2 nanotubes.   

 65 
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Graphical Abstract 

 

Nb2O5 doped TiO2 nanotube arrays were fabricated by electrochemical anodization from 

Nb-Ti alloy. Nb beneficial effects show on the enhanced surface hydrophilicity, low 

charge-transfer resistance, and improved separation efficiency of photogenerated charge, 

which results in higher photocatalytic/photoelectrocatalytic activities.  
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