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ABSTRACT

Increase of surface area and decrease of band gap in TiO
2
 semiconductors are significant to improve the efficiency of water

splitting by photoelectrolysis. In this study TiO
2
 nanotube arrays with ~7 um length and ~100 nm diameter were fabricated by an

anodizing technique of titanium foils using DMSO (dimethyl sulfoxide)-based electrolytes. Then to control the band gap of the

TiO
2
 arrays, they were annealed at 550oC for up to 180 min in NH

3
 gas ambient. The samples annealed in NH

3
 gas for 30 min

and 60 min showed superior photo-conversion efficiency for water splitting under white and visible light. A TiO
2
 nanotube

annealed in NH
3
 gas ambient for a period longer than 120 min showed 1 order higher leakage current. It is believed that the

decrease of band gap and increase of conductivity in TiO
2
 nanotube arrays due to NH

3
 gas treatments result in the superior

water-splitting performance.
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I. Introduction

ver the past several years increasing interest has been
focused on research of TiO

2
 which has great potential

in applications such as photocatalysis, solar cells, and
gas sensors. Titanium dioxide (TiO

2
) is a semiconductor

with excellent photocatalytical properties,1,2) but due to its
high band gap energy (~3.2 eV) it can be excited only by UV
light (λ<380 nm). To maximize the photocatalytic efficiency
of TiO

2
, one would like (1) the sensitized TiO

2
 with a suit-

able dyes,3,4) and (2) the doping of TiO
2
 with transition met-

als or other elements, including C, N, P and S.5-8) Among
them, nitrogen doping is the most appropriate for the
increasing of photocatalytic activity of TiO

2
 into the visible

light irradiation. The doping of N atoms can effectively
narrow the band gap of TiO

2
. Because N-ions substitute for

oxygen atoms in the TiO
2
 lattice and thus the corresponding

N(2p) states are located above the valence band edge.9-17)

Therefore, nitrogen-doped TiO
2
 can shift the optical absorp-

tion to visible light, which accounts for 48% of incoming
solar energy. A significant factor for higher conversion
efficiency is the surface area of semiconductors. Thus, TiO

2

nanotube arrays were fabricated by an anodization
technique to obtain a higher surface area compared to thin
films. In this study, TiO

2
 nanotube arrays fabricated by an

anodization technique were annealed at 550oC during up to
180min in NH

3
 gas ambient to dope N ions. The samples

annealed in NH
3
 gas for 30 min and 60 min showed superior

photo-conversion efficiency for water splitting under white
and visible light, respectively. A single TiO

2
 nanotube

showed leakage current of ~5×10-8 A at an applied voltage
of 1V in measurements of current vs. voltage curve. A TiO

2

nanotube annealed in NH
3
 gas ambient for a period longer

than 120 min show 1 order higher leakage current. It is
believed that the decrease of band gap and increase of
conductivity in TiO

2
 nanotube arrays due to NH

3
 gas

treatment resulted in an improvement of the visible light
absorption and slow recombination of exited electron-hole
pairs.

2. Experimental Details

TiO
2
 nanotube arrays were fabricated by an anodization

process in a two-electrode electrochemical cell with a plati-
num cathode at a constant-applied voltage.18-20) Titanium
foils were anodized using a 4 vol% HF-DMSO electrolyte at
applied voltage of 60 V for 2 h. Remains on the surface of
the as-anodized nanotube arrays, which were thought to
come from the electrolyte, were removed by ultrasonic agi-
tation. The amorphous nanotube arrays initially fabricated
by the anodization were crystallized by annealing at 550oC
for 4 h in O

2
 ambient using a tube furnace with heating and

cooling rate of 10oC/min. For nitrogen doping into the crys-
tallized TiO

2
 nanotubes, the samples were annealed in a

quartz tube furnace with flowing NH
3
 gas (~50 sccm) at

550oC for several time intervals. Surface and cross-section
of the samples were observed with FE-SEM (JSM-6500F).
The crystalline state of the TiO

2
 nanotubes was identified

using an XRD (X-ray Diffractometer, SWXD). Microstruc-
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tures and electron diffraction patterns of single TiO
2
 nano-

tubes were obtained by TEM (JEM 2100). Photo-
electrochemical properties of the nanotube arrays were
characterized using a three-electrode photochemical system
(AMT VERSASTAT3) with the TiO

2
 as the working elec-

trode, saturated Ag/AgCl reference electrode, and platinum
mesh counter electrode. A 1 M KOH solution was used as
the electrolyte. The irradiation was performed with a 1KW
Xe lamp (OMA 66924), and a 420 nm cut-off filter was used
to obtain visible light. Incident light of 100 mW/cm2 mea-
sured using a thermopile detector was used in electrochemi-
cal measurements. 

3. Results and Discussion

TiO
2
 nanotube arrays with length of 7~8 mm and pore

diameter of ~80 nm fabricated by anodization were
observed by SEM, as shown in Fig. 1. The TiO

2
 nanotubes

anodized using Ti foils were amorphous as shown in Fig. 2
(a) and (b) of TEM image and electron diffraction pattern,
respectively. A TEM image of TiO

2
 nanotubes, annealed for

crystallization and then given NH
3
 gas treatment at 550oC,

is shown in Fig. 2 (c). The crystalline state of the annealed
sample was stable after NH

3
 treatment as shown in the

electron diffraction pattern shown in Fig. 2 (d). The N-doped
TiO

2
 nanotubes show very high intensity of Anatase phase

(101) in the electron diffraction. The TiO
2
 nanotubes fabri-

cated using DMSO-based electrolytes consist of one or two
grains as shown in the electron diffraction pattern shown in
Fig. 2 (d). The TiO

2 
nanotubes fabricated using other elec-

trolytes show a clearly polycrystalline state (not shown in
this paper). Reports comparing DMSO-based electrolytes
and others are being prepared under our group. Composi-
tional mapping for the TiO

2
 nanotubes annealed in NH

3
 gas

for 3 h was performed using an EDS in the SEM. As shown
in Fig. 3, the existence of Ti, O, and N in the TiO

2
 nanotubes

was confirmed in the EDS mapping, and nitrogen doping
inside the TiO

2
 nanotubes was uniformly observed.

XRD 2θ scans were carried out to investigate the crystal
identity of TiO

2
 samples and the effects of nitrogen doping

on the crystal structure of TiO
2
. Fig. 4 shows the XRD pat-

terns of non-doped TiO
2
 and TiO

2
 treated with NH

3
 for

30 min up to 180 min. The Ti-O bond lengths in pure Ana-
tase are 1.930 Å and 1.973 Å, and the optimized Ti-N bond
lengths are 1.932 Å and 2.009 Å. This indicates that replac-
ing the O atom with the N atom in the Anatase does not
lead to significant structural changes.15) However, with an
increase of NH

3
 annealing time from 30 min to 180 min, N

atoms substitute increasingly for O atoms in the TiO
2
 nano-

tubes and interatomic distance increases, and thus the XRD
peaks of the TiO

2
 phases shift toward a lower angle and

shift even more with higher nitrogen ion contents. Fig. 4(b)
indicates the shift of the (110) peak of TiO

2
 Rutile phase

toward a lower angle with increased NH
3
 annealing time.

Fig. 1. FE-SEM images for (a) top surface and (b) cross-sec-
tion of TiO

2
 nanotube-arrays. Insets in (a) and (b) are

lower magnification images. Samples were anodized at
60 V in DMSO-based electrolyte for 2 h.

Fig. 2. (a) TEM images of as-anodized TiO2 NTs and (b)
selected area electron diffraction patterns of as-
anodized TiO

2
 NTs, and (c) TEM images of N-doped

TiO2 NTs, and (d) selected area electron diffraction
patterns of N-doped TiO

2
 NTs.

Fig. 3. EDS compositional mapping analysis for TiO
2
 NTs

NH3-annealed for 3 h. (a) SEM images of the TiO2

NTs used for EDS analysis, (b) Ti element mapping,
(c) oxygen element mapping, and (d) N element map-
ping.
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This result corresponds to results in previous reports of
other groups.21)

For electrical characterizations of TiO
2 

nanotubes, TiO
2

nanotubes dissolved in deionized water were dropped onto
SiO

2
 layers 300 nm thick on Si wafers and dried on a hot

plate. The Pt pad and the line connection to TiO
2
 nanotubes,

as shown in Fig. 5 (a), were fabricated by a dual-beam
focused ion beam system (DB-FIB, Nova 200, FEI) using
only an electron beam to eliminate side effects such as
damage to the TiO

2
 nanotubes resulting from irradiation of

the ion beam during sample fabrication. The length of the
Pt connection lines from one end of a TiO

2
 nanotube to Pt

pads for probing of the two points was maintained at over
70 mm to eliminate unwanted Pt deposition over TiO

2

nanotubes resulting from the electron beam. A Pt
connection line of width and thickness greater than 1 µm
and 300 nm, respectively, was fabricated to minimize line
resistance. Electrical I-V measurements for single TiO

2

nanotubes were performed by a two-point probe using
Hewlett Packard 4155A after the fabrication of samples.
Real measurement length for the TiO

2
 nanotube, as shown

in Fig. 5 (a), could be estimated at ~1 µm. Representative
measurement results of the leakage current for the three
types of TiO

2
 nanotubes (non doped, and NH

3
 annealed for

2 h and 3 h) are shown in Fig. 5 (b). With increasing applied
voltage, the leakage current also increases at a semi-
logarithmic scale. The leakage current of ~1×10-7 A was
measured at the applied voltage of 2 V for normal TiO

2

nanotubes without NH
3
 annealing. The leakage current for

the TiO
2
 nanotubes (NTs) with NH

3
 annealing for 2 h and

3 h was ~1×10-6 A at the applied voltage of 2 V. Thus, NH
3

treated TiO
2
 nanotubes show one order higher leakage

current than normal TiO
2
 nanotubes. We believe that this

results from the extra electron charges existing in TiO
2-x

N
x
,

due to the substitutional doping of N atoms into O atom
sites in TiO

2
 nanotubes. The increasing electron carriers

Fig. 4. XRD 2θ scans of (a) whole range, and (b) Rutile (110) peak for TiO
2
 NTs annealed at 550oC with and without NH

3
 gas

annealing (N-doped) for different intervals.

Fig. 5. SEM micrographs of (a) a representative sample for an electrical characterization fabricated by a DB-FIB system using
only electron beam. Inset shows the Pt pad of 50×50 µm2 area and both ends of TiO

2
 NTs connected with the Pt line, and

(b) the result of leakage current measurement as a function of applied voltage for the TiO2 NTs NH3-annealed up to 3 h. 



March 2011 Water-splitting Performance of TiO
2
 Nanotube Arrays Annealed in NH

3
 Ambient 203

could contribute to the higher conductivity of the NH
3

treated TiO
2
 nanotubes. 

Photocurrent measurements (J
ph

) for TiO
2
 NTs with and

without NH
3
 treatments were carried out to examine redox

reactions of water-splitting under illumination of white and
visible light as shown in Fig. 6(a) and (c), respectively. Pho-
toconversion efficiency η(%) ([total power output- electrical
power output]/light power input),16) the ratio of converted
chemical energy to input photon energy, was calculated
from the measured photocurrent shown in Fig. 6(a) and (c),
and presented in Fig. 6(b) and (d) for white and visible light
measurements, respectively. It can be clearly seen that N-
doped TiO

2
 nanotube arrays annealed with NH

3
 for 30 min

and 60 min generate higher photoconversion efficiency
under both white and visible light. However, the TiO

2
 NTs

annealed with NH
3
 for 120 min show two times lower photo-

conversion efficiency, which is similar to non-doped TiO
2

NTs. Another group reported that N doping improves photo-
conversion efficiency due to effects of reducing band gap of
TiO

2
 NTs.10) Thus, we believe that TiO

2
 NTs NH

3
-annealed

for 30 min and 60 min show higher η(%), due to the reduced

band gap and thus that they have higher photo-generated
holes and electrons. However, excess N-doped TiO

2
 NTs

NH
3
-annealed for longer than 120 min show electrical prop-

erties close to those of TiN metals rather than to those of
semiconducting TiO

2
. Therefore, the excess N-doped sam-

ples provide lower η(%) due to their lower concentration of
photo-generated holes and electrons. 

4. Summary

We report results of a systematic investigation into TiO
2

nanotubes (NTs) with and without NH
3
 gas treatment to

address the issue of improving the efficiency of hydrogen
evolution under visible light. The photo-electrolysis effi-
ciency of the TiO

2
 NTs with NH

3
 annealing for 30 min and

60 min at 550oC under white and visible light increased sig-
nificantly, becoming larger than the efficiency of TiO

2
 NTs

without NH
3
 annealing. Excess N-doped TiO

2
 NTs show

lower η(%) due to their lower number of photo-excited holes
and electrons. We believe that the decrease of band gap and
increase of conductivity in TiO

2
 nanotube arrays due to NH

3

Fig. 6. Photocurrent density (J
ph

) measurements for TiO
2
 NTs NH

3
-annealed for different interval (from 0 min up to 120 min) at

550oC under (a) white light and (c) visible light, and photoconversion efficiency under (b) white light, (d) the visible light. 



204 Journal of the Korean Ceramic Society - Se-Im Kim et al. Vol. 48, No. 2

gas treatment result in a slow recombination of exited
electron-hole pairs and thus the superior water-splitting
performance.
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