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a b s t r a c t

Recently p-type Cu–Ti–O nanotubes have been explored in water-splitting photoelectrochemical pn-
junction diodes to significantly improve the photoconversion efficiency. We reported on the growth and
characterization of Cu–Ti–O nanotube arrays by anodizing directly Cu–Ti (30:70 wt%) alloy substrate.
As-anodized hierarchical Cu–Ti–O nanotube arrays consist of two distinct Ti-rich and Cu-rich nanotube
eywords:
ierarchical nanotube
u–Ti alloy
nodization

regions. It was found that mechanical stresses induced by copper doping resulted in the difference in the
microstructure evolution of Cu-rich and Ti-rich regions. The oxygen vacancies induced by the high con-
centration Cu dopant into the Cu–Ti–O nanotube play a crucial role in determining the phase stabilization
of anatase phase. The absorption edge of TiO2 nanotube arrays was extended into the visible region by Cu
doping. In degrading Methyl orange (MO), 21.2% MO was removed using Cu–Ti–O nanotube arrays after

This
opant
hotocatalyst

240 min UV illumination.
MO is reasonably high.

. Introduction

Titania (TiO2) is an important n-type semiconductor that
xhibits excellent charge transfer properties and photochemical
tability. The materials’ architecture plays a critical role in opti-
izing the properties of the materials as well. Nanotube arrays

ould provide large surface area and uniform structure in the
ength, diameter, and wall thickness of the tubes. Highly ordered
anotubes could maintain well thermal and chemical stability in
arious environments [1]. Therefore, special attention has been
aid to vertically aligned TiO2 nanotube arrays due to the attracting
roperties and extensive applications in solar cells [2], photocatal-
sis [3], sensing devices [4], biomaterials [5], and drug delivery
6]. So far, various methods have been developed to fabricate
ighly ordered TiO2 nanotube arrays, such as hydrothermal [7],
emplate-assisted method [8], and electrochemical anodization [9].
he electrochemical anodization is considered as one of the most

romising methods since long and vertical TiO2 nanotube arrays
ould be easily fabricated by controlling the anodization voltage,
ime, and electrolyte. Among these, the electrolyte is a key fac-
or that influences the structure and properties of as-synthesized
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result indicates the photocatalytic activity of Cu–Ti–O nanotube arrays to
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TiO2 nanotubes. The non-aqueous polar organic electrolyte, such
as ethylene glycol electrolyte [10,11], formamide-based electrolyte
[12,13], and dimethyl sulfoxide (DMSO) [14], exhibited some
advantages over the aqueous electrolyte.

However, the wide bandgap of titania limits its activity to UV-
radiation. Doping transition metals is an effective method to tailor
and engineer the structure, phase, and bandgap. Copper is consid-
ered as one of the most suitable options since both cupric oxide
(CuO, 1.2–1.5 eV bandgap) and cuprous oxide (Cu2O, 2.0–2.2 eV
bandgap) are p-type semiconductor with narrower bandgap. More-
over, it is low-cost, non-toxic, and relatively plentiful in resource.
The copper-doped titanium oxide composite films were reported as
photoelectrode and exhibited good photoelectrochemistry behav-
ior [15]. Recently p-type Cu–Ti–O nanotube arrays have been
fabricated as the self-biased heterojunction photoelectrochemical
diodes for hydrogen generation [16].

In the present work, the substrate for the growth of Cu–Ti–O
nanotube arrays is different from that in previous reports [2,17]
where the Cu–Ti–O [2] and Ti–Fe–O [17] nanotube arrays were fab-
ricated by anodizing Cu–Ti and Fe–Ti films on FTO coated glass,
respectively. The hierarchical Cu–Ti–O nanotube arrays were pre-
pared by anodizing Cu–Ti (30:70 wt%) alloy substrate directly. The
growth, structure, and photocatalytic properties of nanotube arrays

were investigated.

2. Materials and experimental procedure

Cu–Ti (30:70 wt%) alloy rod by Ar-arc melting was provided by the State Key
Laboratory for powder metallurgy at Central South University, China. The Cu–Ti

http://www.sciencedirect.com/science/journal/09258388
http://www.elsevier.com/locate/jallcom
mailto:shaojunliu@gmail.com
dx.doi.org/10.1016/j.jallcom.2010.04.099


3 nd Compounds 501 (2010) 333–338

a
a
t
s
s
b
c
d
i
a
s
d
n
r

b
a
w
w
2
S
r
u

m
l
i
a
t
M
p

�

w
r

3

w
y
r
t
c
d
n
t
a
s
l
a
i
U
o
a
t
t
i
s
T
w
m
F
2
d

o
T
t
(
i

34 Q. Ma et al. / Journal of Alloys a

lloy substrates were sliced from the Cu–Ti rod. Self-organized Cu–Ti–O nanotube
rrays were grown by anodizing Cu–Ti alloy substrate. Ti foils (99.7% purity, 0.25 mm
hick, Aldrich) were used as the substrate to grow undoped TiO2 nanotubes. The sub-
trates were first pretreated by polishing with silicon carbide abrasive paper and
ubsequently degreased by sonicating for 30 min in acetone and ethanol followed
y rinsing with distilled water and drying in air. The anodization experiments were
arried out in a formamide-based electrolyte comprising of 0.3 M NH4F and 3 vol%
eionized water at room temperature. The electrochemical anodization cell consist-

ng of a two-electrode configuration with platinum as cathode and Cu–Ti substrate
s anode was used to grow the nanotube arrays. The anodizing voltage was con-
tant during the experiment. The as-anodized samples were carefully sonicated in
istilled water for 15 s and then dried in air at 85 ◦C for 1 h. Crystallization of Cu–Ti–O
anotubes was attained by annealing at 450 ◦C for 2 h with 2 ◦C/min heating/cooling
ate in pure oxygen.

The morphology and elemental analysis of the samples were characterized
y a field emission scanning electron microscopy (Hitachi S-4700) equipped with
n energy dispersive X-ray spectroscopy (EDS). The thickness of nanotube arrays
as measured directly from the cross-sectional SEM images. The crystal structure
as determined by X-ray diffractometer with thin film attachment (Rigaku, D/max

500PC, Japan). The Raman spectra were measured by Renishaw Invia Micro-Raman
pectroscopy System using 514.5 nm Ar+ blue laser as exciting source. The diffuse
eflection spectra (DRS) were measured in the wavelength range of 250–800 nm
sing Shimadzu UV-2450 UV–vis spectrometer with BaSO4 as a reference.

The photocatalytic activity experiments were carried out by degrading 20 mg l−1

ethyl orange (MO) aqueous solution in a quartz curette with cooling water circu-
ation system using 460W high-pressure UV light source. The photodegradation was
nterrupted at regular intervals (30 min, 60 min, 120 min, and 240 min, respectively)
nd a small amount of MO aqueous solution was taken out to analyze the degrada-
ion rate by spectrophotometer with absorbance wavelength of 463 nm. Since the

O concentration is linear with the absorbance of MO aqueous solution, the MO
hotocatalytic degradation percent was calculated using the following equation:

= A0 − A

A0
(1)

here A0 and A are the initial MO absorbance and the MO absorbance at time t,
espectively.

. Results and discussion

Fig. 1(a) shows SEM image of Cu–Ti alloy (30:70 wt%) substrate
ith two distinct areas, the dark and light gray area. EDS anal-

sis indicates that the bright phases are Cu-rich with 1:2 Cu/Ti
atio (∼34.3:65.7 at%). In contrast, the dark phases spotted and dis-
ributed in the matrix with size as large as 5–30 �m are Ti-rich
onsisting of 99.27 at% Ti and 1.73 at% Cu. Fig. 1(b) shows that two
istinct regions become more obvious after anodizing. High mag-
ification SEM images clearly show the significant difference in
he morphology and microstructure between these two regions
fter anodization. As shown in Fig. 2(a), Cu-rich dark areas con-
ist of the highly ordered Cu–Ti–O nanotube arrays with ∼200 nm
ength, ∼30 nm inner diameter, and ∼10 nm wall thickness. Ti-rich
reas consist of longer nanotubes with ∼500 nm length, ∼50 nm
nner diameter, and ∼10 nm wall thickness, as shown in Fig. 2(b).
ndoped TiO2 nanotube is grown to contrast its structure to that
f Cu–Ti–O nanotube. Fig. 2(c) shows that undoped TiO2 nanotube
rrays prepared by anodizing pure Ti foil under the same condi-
ions have >10 �m length, ∼50 nm inner diameter, and ∼10 nm wall
hickness. It is observed that the nanotube gown on Cu-rich phase
s much shorter than that grown on Ti-rich phase. It is expectable
ince the chemical dissolution of Cu-rich is much faster than that of
i-rich in formamide-based electrolyte. Similar phenomena often
ere observed in anodizing Ti alloys where there are two phases or
ultiphases [18]. Insets in Fig. 2 are the cross-sectional SEM images.

ig. 3 shows that the structure of nanotubes annealed at 450 ◦C for
h is still stable and not destroyed. However, the structure breaks
own when the annealing temperature further increases.

It is interesting to observe that the highly ordered Cu–Ti–O nan-

tube arrays are grown from Cu-rich regions near the Cu-rich and
i-rich phase boundary (see Fig. 2(a)) while Ti-rich regions near
he phase boundary consist of disordered TiO2 nanotube arrays
see Fig. 2(b)). Evidently, the morphology of Cu–Ti–O nanotube
s very sensitive to Cu concentration in the alloy substrate. It is
Fig. 1. SEM images of Ti70Cu30 alloy substrate (30:70 wt%): (a) before and (b) after
anodizing.

generally believed there are two competing electric field assisted
processes during the formation of TiO2 nanotubes in F− contain-
ing electrolytes. The first process involves the active dissolution
of Ti metal to form a passive oxide layer and the second process
is related to the chemical dissolution of the newly formed oxide
[19,20]. The native TiO2 lay is formed by the anodization of Ti layer
in an acidic electrolyte under constant voltage. When ions diffuse
inwards through the oxide layer at the interface between titanium
and its native oxide layer, TiO2 layer is dissolved at its outer inter-
face with the acid. Due to the variation in the film roughness, the
nanopores are formed across the surface of the TiO2 and Ti–Cu–O
layers where the enhanced local electric field exists, as shown in
Fig. 4(a) and Fig. 5(a). There is an abrupt transition from nanopores
to nanotubes with the continuous growth of nanopores into the
oxide layer, as shown in Fig. 4(b). While the mechanism for the
appearance of this transition is still not well established [20], this
study is beyond our topic in the present paper. After the tran-
sition from nanopores to nanotubes is completed on both sides,
the nanotubes continue to grow until the equilibrium thickness is
established. The microstructure evolution of anodized TiO2 nan-
otubes has been widely investigated [19–21], but in the present
work we focus on the influence of Cu dopant on the microstruc-

ture evolution by anodizing Cu–Ti alloy substrate with two distinct
phases. The microstructure evolution of the nanotube arrays near
the phase boundary is shown schematically in Fig. 4(b)–(d) and the
corresponding SEM images are shown in Fig. 5(b)–(d), respectively.
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ig. 2. Top-view and cross-section SEM images of highly ordered as-anodized nan-
tube arrays grown from the (a) Cu-rich phase, (b)Ti-rich phase, and (c) pure Ti
oil.

ince there is the largest difference in the chemical composition
ear the phase boundary, we focus our observation on these areas.
n addition to the faster chemical dissolution of Cu-rich phase than
hat of Ti-rich phases, it should be mentioned that the density
nd style of point defect induced by the different Cu concentra-
ion might play a role in resulting in much shorter nanotube grown
rom Cu-rich phases. It is generally admitted that the large vari-
Fig. 3. Top-view SEM images of annealed samples grown from the (a) Cu-rich phase,
(b) Ti-rich phase, and (c) pure Ti foil.

ation of volume expansion efficient, thickness, and point defect
density in both sides of the phase boundary results in the existence
of mechanical stress that becomes largest near the phase bound-
ary [20]. We believe this mechanical stress is induced immediately
at the beginning of the anodization. If the very small size of Ti-

rich phase (5–30 �m) is considered, the mechanical stress near the
phase boundary can be transferred effectively to the inside of nan-
otubes. Therefore, the appearance of the disordered TiO2 nanotube
arrays is hypothesized to be a result of mechanical stress at the
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at 450 C in oxygen for 2 h. The diffraction peak of 2� ∼ 40 is
ig. 4. Schematic diagram illustrating the microstructure evolution for nanotube a
u-rich/Ti-rich phase boundary. This disordering is especially obvi-
us for the longer Ti-rich nanotubes nearby the phase boundary, as
hown in Fig. 5(d).

Fig. 6 shows the XRD patterns of nanotube arrays grown on
u–Ti alloy substrate and pure Ti foil and subsequently annealed

ig. 5. SEM images corresponding to Fig. 4(a)–(d) and showing the microstructure evol
oundary.
rown from Ti-rich and Cu-rich phases near the phase boundary, respectively.

◦ ◦
ution for nanotube arrays grown from Ti-rich and Cu-rich phases near the phase

ascribed to CuTi2 on the substrate. In addition to the anatase diffrac-
tion peaks, weak diffraction peaks of 2� ∼ 25.5◦ and 2� ∼ 38.5◦ are
assigned to rutile and CuO, respectively. It is noticeable that we do
not observe the appearance of the rutile diffraction peaks of nan-
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Fig. 6. XRD patterns of nanotube arrays grown from pure Ti foil and Cu–Ti alloy and
annealed at 450 ◦C for 2 h in oxygen. Note: the intensity of XRD patterns for undoped
TiO2 has been divided by 10.
Q. Ma et al. / Journal of Alloys a

tubes grown from pure Ti foils. While XRD usually gives average
tructural information and it is difficult for XRD to definitely dis-
inguish the case where the minor Ti-rich phases coexist with the

ajor Cu-rich phases, Raman spectroscopy is further used to detect
he phase structure of the hierarchical nanotube arrays since it is
local probe tool and sensitive to the crystal structure and crys-

allinity of TiO2. Fig. 7 shows Raman spectra of nanotubes grown on
ure Ti foil, Ti-rich phase, and Cu-rich phase annealed at 450 ◦C for
h. Typical anatase Raman-active modes centered at ∼146 cm−1,
199 cm−1, ∼397 cm−1, ∼517 cm−1, and ∼636 cm−1 are clearly
bserved for three types of nanotubes. Since the low frequency
aman mode centered at ∼146 cm−1 represents the O–Ti–O mode
hat is very sensitive to the atomic ordering [22], obvious shift of
aman mode at ∼146 cm−1 indicates that the Cu–Ti–O solid solu-
ion is formed by incorporation of Cu into Ti sites accompanying
ith the introduction of local disorder in titania. Two additional
eak peaks centered at 248 cm−1 and 437 cm−1 corresponding to

he rutile Raman-active modes, respectively, are easily observed in
u-rich nanotube arrays.

It is generally anticipated that Cu dopants preferentially incor-
orating Ti site into titania are considered as point defects of
cceptor nature since the valence of Cu ions (Cu2+ or Cu+) is lower
han that of Ti4+ ions. However, previous report by Grimes group
howed [16] that Cu-doped TiO2 nanotubes could behave as n-type
r p-type semiconductor oxide depending on the Cu doping con-
entration. Therefore, the behavior of point defects introduced by
u doping is much more complicated. It was reported that the
nodized TiO2 nanotubes doped with low Cu concentration are
-type semiconductor [16]. In this case, it behaves as the inter-
titial point defects with donor nature that help to stabilize the
natase phase. Additionally, the initial particle size plays a crucial
mportant role in the anatase–rutile phase transformation that is
elated to the surface energy. However, this factor can be ruled out
ince there is almost no difference in the wall thickness among
he Ti-rich, Cu-rich, and undoped TiO2 nanotubes. On the other
ide, it was proposed that in the nano-sized TiO2 particle the
natase to rutile phase transformation starts from the surface of
he bulk anatase or from the interfaces between the anatase parti-
les in the agglomerated TiO2 particles [23]. The fresh transformed
utile grows at the expense of neighboring anatase particles. In
ur study, the case is different since the as-anodized nanotubes
re almost isolated from each other. XRD results have shown that
he excess CuO appears in the Cu-rich TiO2 nanotubes. It is most
ikely that they are covering the surface of the anatase TiO2. If
t is assumed that the surface defect sites play an important role
n the phase transformation, we expect that the excess CuO will
asily occupy or deactivate the surface defect sites and retard the
hase transformation. These observations lead us to conclude that
u dopant is incorporated into Ti lattices and become substitu-
ional point defects with acceptor nature in Cu-rich nanotubes.
ubsequently, the oxygen vacancies are introduced to maintain the
harge neutrality. Since oxygen vacancy is favorable to the high
tomic mobility that promotes the phase transformation by the
cceleration of atomic diffusion, the oxygen vacancy induced into
he bulk region might play a dominant role during the anatase to
utile phase transformation.

DRS spectra of undoped TiO2 and Cu–Ti–O nanotubes are shown
n Fig. 8. The optical absorbing edge of undoped TiO2 and Cu–Ti–O
anotubes is derived as 437 nm and 473 nm by dropping a line from
he maximum slope of the curves to the x-axis, respectively [24].
s shown, there is an apparent absorption peak from ∼400 nm
o ∼650 nm for the Cu–Ti–O nanotubes. As mentioned, CuO is
-type semiconductor with a bandgap ∼1.7 eV corresponding to
729 nm. The extra absorption edge in the Cu–Ti–O nanotubes

pectra derived as ∼727 nm is ascribed to the existence of CuO.
he similar DRS spectrum was observed for TiO2–Cu2O composited
Fig. 7. Raman spectra of nanotube arrays grown from Cu-rich phases, Ti-rich phases
in the alloy substrate, and pure Ti foils, respectively.

oxides [25]. Additionally, the DRS spectra for Cu–Ti–O nanotube
arrays show a red shift into the visible region. While the UV–vis
absorption band edge is a strong function of the crystallite size of
nano-sized TiO2 but the wall thickness of the TiO2 and Cu–Ti–O
nanotubes is almost the same, this phenomenon indicates that the
reduced bandgap of undoped TiO2 mainly results from the incor-
poration of a part of Cu dopants into titania.

Fig. 9 shows the photocatalytic degradation of MO with Cu–Ti–O
nanotube arrays and undoped TiO2 nanotube arrays. As shown,
undoped TiO2 nanotube arrays can degrade over 49.6% MO after
240 min UV illumination while only over 21.2% of MO is degraded
by Cu–Ti–O nanotube arrays. There are several reasons that result
in the lower photocatalytic efficiency of Cu–Ti–O nanotube arrays.
Due to the faster chemical dissolution of Cu, the thickness of
undoped TiO2 nanotube arrays with ∼10 �m is much larger than
that of Cu–Ti–O nanotube arrays with ∼500 nm under the same
anodization condition. In addition to the larger surface area with
more physically absorbed reactants on the inner and outer surfaces

of the tubes, it was reported that the thickness of nanotube arrays
significantly influenced the photocatalytic activity [26]. Zhuang et
al. reported that the photocatalytic MO degradation of the TiO2 nan-
otube arrays with 2.5 �m thickness is significantly higher than that
of the ones with 400 nm thickness [26]. Moreover, as discussed
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Fig. 8. DRS spectra of undoped TiO2 and Cu–Ti–O nanotubes.
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ig. 9. Methyl orange photocatalytic degradation curves for undoped TiO2 nanotube
rrays and Cu–Ti–O nanotube arrays.

bove, a part of anatase phase was transferred to rutile phase in
u–Ti–O nanotube arrays and the photocatalytic activity of anatase

s higher than that of rutile. However, it is interesting to notice
hat undoped TiO2 nanotube array (∼10 �m) is almost 20 times
onger than Cu–Ti–O nanotube array (∼500 nm). In contrast, the
egradation rate of undoped TiO2 nanotubes is only two times
igher than that of Cu–Ti–O nanotubes. The normalized degrada-
ion rate in terms of the nanotube geometry for undoped TiO2 and
u–Ti array is derived as 4.96%/�m and 42.4%/�m, respectively.
his results shows that the normalized degradation rate of Cu–Ti–O
anotube is much higher than that of undoped TiO2. This value
f Cu–Ti–O nanotube should be higher since Cu–Ti–O nanotube
ontains rutile phase and it is well known that the photocatalytic
ctivity of anatase is higher than that of rutile. It was reported that
he longer nanotube has a slower internal diffusion for reactants

ue to the capillarity [27], but these results show that Cu doping
an be helpful to improve the degradation of MO. It is clear that
urther investigation separating the geometry and crystalline fac-
or is needed to uncover the fundamental role of Cu doping on the
hotocatalytic activity of Cu–Ti–O nanotube arrays.
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[
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4. Conclusions

Hierarchical Cu–Ti–O nanotube arrays with two distinct Cu-rich
and Ti-rich regions were fabricated by anodizing Cu–Ti (30:70 wt%)
alloy. We grew the highly ordered Cu-rich Cu–Ti–O nanotube arrays
and the disordered Ti-rich Cu–Ti–O nanotube bundles that are
tapered conical from the Ti-rich and Cu-rich phases in the alloy
substrate, respectively. Cu dopant was incorporated into Ti lattices
in Cu-rich nanotubes and become substitutional point defects with
acceptor nature. The oxygen vacancies induced by high concentra-
tion Cu dopant into the nanotube TiO2 might play a dominant role
in the phase stabilization of anatase phase. The absorption of TiO2
nanotube arrays was extended into the visible region by Cu doping.
It was found that 21.2% of MO was degraded by Cu–Ti–O nanotube
arrays after 240 min UV illumination, indicating that the photocat-
alytic activity of Cu–Ti–O nanotube arrays to the decomposition of
MO is reasonably high.
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