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Electrochemical Preparation and Photoelectric Properties
of Cu,0-loaded TiO, Nanotube Arrays

LI Guangliang, LIANG Wei', XUE Jinbo, LIU Yiming, LIANG Xingzhong
(College of Materials Science and Engineering, Taiyuan University of Technology, Taiyuan 030024, China)

Abstract: TiO, nanotube (TNT) arrays were fabricated by anodic oxidation of titanium foil in a fluoride-
based solution, on which Cu,O particles were loaded via galvanostatic pulse electrodeposition in cupric acetate
solutions in the absence of any other additives. The structure and optical properties of Cu,O-loaded TiO,
nanotube arrays (Cu,0-TNTs) were analyzed by scanning electron microscopy (SEM), X-ray diffraction (XRD)
and UV-Vis absorption, and the photoelectrochemical performance was measured using an electrochemical
work station with a three-electrode configuration. The results show that the Cu,O particles distribute uniformly
on the highly ordered anatase TiO, nanotube arrays. The morphologies of Cu,O crystals change from branched,
truncated octahedrons to dispersive single octahedrons with increasing deposition current densities. The Cu,O-
TNTs exhibited remarkable visible light responses with obvious visible light absorption and greatly enhanced
visible light photoelectrochemical performance. The I-V characteristics under visible light irradiation show a
distinct plateau in the region between approximately —0.3 and 0 V, resulting in higher open-circuit voltages and

larger short-circuit currents with increased Cu,O deposition.
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1 Introduction

Since the discovery of carbon nanotube in
1991 nanotubular structures have been researched
extensively due to their excellent physical and chemical
properties for potential applications in sensors,
catalysis and photoelectric conversion. Among the
various nanotubular materials, TiO, nanotube (TNT)
arrays have attracted intensive and continuous attention
in the areas of photocatalysis”™*, direct ethanol fuel
cell (DEFC)"! and solar energy conversion'®” in
recent decades because of their advantages over
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traditional TiO, films. Different geometrical shapes
of titania nanotubes have been prepared by various
methods, including hydrothermal synthesis™”, sol-gel
processing!"”'"! and anodic oxidation'*"'*. Among these
synthetic techniques, anodic oxidation has been the
most commonly used preparation method for substrate-
supported TiO, nanotube arrays. However, as a wide-
bandgap semiconductor (3.2 eV for anatase), TiO,
absorbs only the ultraviolet light which accounts for
only 3%-4% of the total incident sunlight, resulting
in a very low photocatalytic efficiency outdoors. In
addition, its high recombination rate of photoinduced
electron-hole pairs greatly reduces its energy
conversion efficiency. Therefore, attempts have been
made to improve the charge separation efficiency
and the visible light absorption of TiO,"” ®. To form a
heterojunction structure between TNT and other narrow
bandgap semiconductors with matched band potentials
may provide an effective way to solve these problems.
Cuprous oxide (Cu,0) is a well-known non-toxic
and low cost p-type semiconductor with a direct band
gap of 2.1 eV, and has emerged as a promising material
for using visible light to produce photoelectrons
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generation'” '?’. Furthermore, both the conduction band
potential and the valence band potential of TiO, are
more positive than the corresponding bands of Cu,O,
which allows for efficient electron transfer between the
two semiconductors. T Mahalingam et a/ synthesized
Cu,O film on Cu and tin oxide coated substrates by
electrochemical pulse plating techniques'”. Recently,
Hou et al™® loaded Cu,0 nanoparticles on TNT arrays
surfaces by photocatalytic reduction with CuSO,,
methanol and a phosphate buffer solution, and the
heterojunction arrays exhibited effective photocatalytic
and promoted photoelectric properties under the visible
light.

As we have known, almost all of the above
reports focus on either the assistance of buffer solutions
or the requirement of alkaline solution, or even
application of elevated temperatures when necessary.
During deposition, Cu’’ ions are first reduced to Cu"
ions (Eq.1), and Cu’ ions are then precipitated from
solution to form Cu,0 (Eq.2). From (Eq.2), we can
see that H' ions are produced with the formation of
Cu,O, which results in a local pH decrease around the
working electrode. This hinders the formation of Cu,0,
and thus, buffered plating media or alkaline solutions
are introduced to maintain the pH around the working
electrode (Eqgs.3-4).

Cu’'+e” «— Cu’ 1)
2Cu'+H,0 «— Cu,0+2H’ 2)
CH,COO™+H' «— CH,COOH (3)
OH™+H <— H,0 “)

In this paper, we report a facile route for the
preparation of Cu,O/ TiO, nanotube arrays by anodic
oxidation of titanium in NH,F and H,PO, aqueous
solutions followed by a subsequent electrodeposition
with a cupric acetate aqueous solution without any
extra additives. The cupric acetate aqueous solution
plays a dual role in the deposition of Cu,O, serving as
both the working electrolyte and a buffer solution. This
means that the acetate ions work as H' ion scavengers
so that the local pH value around the working electrode
remains constant during the deposition. This occurs
because the H' ions produced in Eq.(2) are consumed
in Eq.(3). This provides a suitable condition for the
deposition of octahedral Cu,O.

2 Experimental

2.1 Preparation of TiO, nanotube arrays

The TiO, nanotube arrays were fabricated by
electrochemical anodization of 99% pure titanium
plates. The titanium plates, 13 mmx30 mmx0.3
mm, were ground, finely polished, and rinsed in an
ultrasonic bath in acetone for 20 min, ethanol for 10
min and finally deionized water for 5 min, respectively.

The anodization was performed in a two-
electrode electrochemical cell with a platinum cathode.
The clean titanium plates were first anodized at a
constant 20 V potential in a 0.25 M H;PO, (100 mL)
electrolyte solution at 40 “C for 5 min. Then, 0.02 mol
NH,F was added to the electrolyte, and anodization
was continued for 4 h. During these processes, the
electrolytes were constantly stirred at a rate of 40
rpm. The distance between the two electrodes was 3
cm. After anodization, the samples were rinsed with
deionized water and dried in air. To obtain a crystalline
nanotubular structure, all samples were annealed at 500
‘C for 2 h in air in a resistance furnace (SX-2-5-12).
The heating and cooling rates were maintained at 2 ‘C/
min. In this paper, the annealed samples are denoted to
as A-TNT.

2.2 Deposition of Cu, O
Cu,0 was deposited onto the annealed TiO,

nanotubes arrays (A-TNT) via the galvanostatic pulse

electrodeposition method using a Cu(CH;COO),
solution as the working electrolyte at ambient
temperature. The working electrolyte was prepared
as follows: 0.399 3 g Cu(CH,COO),*H,O (A.P.) was
added to 100 mL deionized water, and this solution

was magnetically stirred at a rate of 100 rpm for 10

min. After agitation, the electrolyte was allowed to

stand for 30 min before filtered. Electrodeposition was
performed in a conventional three-electrode cell, with

A-TNT as the working electrode, platinum foil as the

counter electrode and a saturated calomel electrode

(SCE) as the reference electrode. The deposition

current density range from 0.2 to 1.5 mA/cm’, and the

deposition time for each sample was 5 min. The pulsed
anode and cathode deposition time were set to 0.1 and

0.9 s, respectively. After deposition, the samples were

soaked in ethanol for 5 min and then dried in air. The

deposited samples are designated as D-TNT.

2.3 Microstructure characterization and
photoelectric property measurement
Scanning electron microscopy images were

obtained using a JEOL JSM-6700F field emitting

scanning electron microscope (FESEM) operated at 10

kV. X-ray diffraction (XRD) patterns were recorded by

a Bruker D8 diffractometer, (Cu Ka radiation). UV-Vis
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absorption spectra were obtained using a Perkin Elmer
Lambda 750 s spectrometer under diffuse reflectance
mode. The photocurrent activity was measured on
an electrochemical work station (CHI660D), using
a neutral Na,SO, aqueous solution (0.5 M) as the
electrolyte, a platinum foil as the counter electrode,
a saturated calomel electrode (SCE) as the reference
electrode and a D-TNT as the working electrode. A 500
W Xe lamp (CHF-XW-500W) was used as the visible
light source with the UV light being cutoff by a 400 nm
optical filter.

3 Results and discussion

Fig.1 shows the current density-time curves for
the H,PO, electrolyte (a) and the mixed electrolyte
(H,PO, and NH,F) (b) during the anodization of the
titanium plate. Fig.1(a) shows that the current density
increases steadily in the initial stage, and then slowly
reaches a plateau at approximately 4 min, indicating
the end of electrolytic polishing process. At the initial
stage of anodization in the mixed electrolyte solution of
H,PO, and NH,F (Fig.1(b)), the current density rapidly
increases as the applied anodic potential increases from
0 to 20 V. The current density reaches its maximum
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Fig.1 Curve ofthe current density vs time of the anodization of
(a) H,PO, electrolyte solution and (b) H,PO, and NH,F
electrolyte solution (the inset is a magnified curve of the
first few minutes of anodization)
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value at about 0.5 min, followed by a drastic decrease
to a minimum value within a few seconds, which may
be attributed to the formation of a barrier layer on the
surface of titanium. And then the current density slowly
increases and reaches a plateau after approximately 2
min, possibly due to the reduction of the barrier layer
thickness. This is followed by a gradual drop in the
current density until the end of anodization. A similar
phenomenon was also observed by Mor ez al'"®".

SEM observation shows that the average diameter
and length of tubes of A-TNTs are approximately
100 and 400 nm, respectively, as shown in Fig.2(a)
and (b). For Cu,0 deposited samples (D-TNT), SEM
observations show that a large number of Cu,O
nanoparticles are loaded on the surface of the tubular
structures while some of them are inserted into the
nanotubes, as shown in Fig.2(c)-(f).

Fig.2 SEM images of A-TNT arrays ((a) and (b)), and D-TNT
heterostructure arrays ((c) to (f)) fabricated with different
current densities: (¢) /~0.2 mA/em’, (d) J=0.5 mA/em’,

(e) J=1.0 mA/cm’ and (f) J=1.5 mA/em’. The inserts in (c)-
() are representative SEM images

L s

With a deposition current density of 0.2 mA/cm’,
the Cu,O forms into branched, truncated octahedral
shapes. As the current density increases, these particles
gradually develop into dispersive single octahedron
Cu,0 particles and the amount of Cu,O particles
increases apparently. When the current density values
reach 1.5 mA/cm’, large amounts of octahedral Cu,0
particles form and uniformly distribute on the surface of
the TiO, naontube arrays. From Fig.2(c) - 2(f), it can be
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seen that amorphous Cu,O nanoparticles are assembled
on the surface of TNT arrays prior to the formation of
octahedral Cu,O particles, as indicated by the arrows,
implying that amorphous Cu,O nanoparticles filled the
TiO, naontubes and tubular interspaces. Compared with
the work of Huang and co-workers"”
to use a simpler synthetic route to obtain octahedral
Cu,O-modified TiO, NT arrays by galvanostatic pulse
electrodeposition using a single electrolyte (slightly

, we were able

acidic cupric acetate aqueous solution) at ambient
temperature.

The Cu’" ions in the electrolyte migrated towards
the surface of TiO, NT arrays under electrical field
force and were reduced to Cu” ions by the reduction
potential. The reaction of Cu" ions with H,O molecules
produced Cu,O particles. The wall of TiO, naontubes
worked as nucleation centers and the Cu’ ions
gradually aggregated in these nucleation centers and
served for the growth of Cu,O crystals. The growth of
Cu,O crystals was mainly along the normal direction of
(100) and (111) planes. At a low deposition current (0.2
mA/cm’), the growth rate of (111) plane was faster than
that of (100) plane slightly and the migration ability of
Cu’ was low and, as a result, the branched, truncated
octahedral shapes of Cu,O particles were obtained. As
the deposition current density increased to 0.5 mA/cm’,
the (111) plane became the sole growth plane, which
resulted in the formation of integrated octahedron Cu,O
particles. With the deposition current further increasing,
the formed octahedron Cu,O particles overlap each
other due to the limited space on the surface of the
A-TNT.

XRD analysis shows that anatase TiO, formed
on Ti plates for the A-TNT samples (Fig.3(a)), and an
increasing amount of cuprite formed on the A-TNTs
for samples deposited with increasing current densities
(Fig.3(b)-(e)). Aside from the diffraction peaks assigned
to metallic Ti, anatase TiO, and cuprite, one minor peak
marked with * is found in D-TNTs and is assigned to
(002) and (111) planes of CuO (in the CuO crystal, the
(002) and (111) planes have a same interplanar spacing,
and hence the diffraction peaks locate at the same
position, PDF No. 45-0937), indicating that a small
amount of CuO also formed. According to the paper”"),
CuO clusters can also act as an effective co-catalyst
in enhancing photocatalytic activity of TiO,. So the
formation of CuO could have a positive effect on the
photocatalytic activity of TiO,. There are no evident
shifts in the peak positions of TiO, for all samples,
suggesting that the deposited Cu,O particles do not

incorporate into the lattice of TiO,, and are probably
attached on the surface of TiO, crystalline grains. This
result is similar to that of Yu et al*”, who reported the
Cu(OH), cluster modified TiO,.
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Fig.3 XRD patterns of (a) as-prepared A-TNT arrays and (b) to
(e) D-TNT arrays with different deposition current densities:
(b) J=0.2 mA/cm’, (¢) J=0.5 mA/cm’, (d) J=1.0 mA/cm’
and (¢) J=1.5 mA/cm’ ( titanium, * copper oxide, “A”
and “C” stand for anatase titania and cuprous oxide,
respectively)
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Fig.4 UV-vis/DR spectra of A-TNT arrays and D-TNT arrays

Fig.4 shows the UV—Vis/DR spectra of the A-TNT
and D-TNT arrays. All the samples have a significant
absorption in the ultraviolet region below 380 nm.
There is no obvious change in the absorption edge of
the A-TNT and D-TNT arrays, indicating that Cu,O
was not incorporated into the lattice of TiO, but was
deposited on its surface only. This is due to the charges
of Ti*" and Cu*" are not balanced, which is similar to a
previous report””"’. In the visible light region from 380
to 580 nm, the A-TNT arrays also show a certain light
absorption, which is probably caused by the trapped
charge carriers or the absorption of incident light by
TiO, nanotube arrays'”.

The D-TNT arrays show a stepwise enhancement
in light absorption as the deposition current density
increases from 0.2 to 1.0 mA/cm’. When the deposition
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current density reaches 1.0 mA/cm’, the sample shows
a maximum absorption value at 410 nm wavelength. It
is indicated from the results of SEM observation and
XRD patterns that the higher the deposition current
is, the more the Cu,O particles is produced and the
stronger the absorption of the D-TNT arrays obtained in
the visible-light region. However, when the deposition
current density is further increased to 1.5 mA/cm’, the
absorption decreases slightly.
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Fig. 5 I-V curves of A-TNT and D-TNT arrays
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The I-V characteristics of the A-TNT and D-TNT
arrays measured in a 0.5 M Na,SO, electrolyte as a
function of the deposition current density in the dark
and under visible light illumination are shown in
Fig.5. In the dark, the current densities of all samples
are not any different from each other, nearly to zero
at 1.0 V (so here only the dark current curve of the
A-TNT is shown). Under visible light irradiation, the
A-TNT array exhibits a somewhat higher photocurrent
density than that in the dark. However, the D-TNT
arrays show notable increases in photocurrent densities
and the higher the deposition current density is, the
more the photocurrent density increases. That means
the photocurrent of the D-TNT arrays increases with
increasing Cu,O content. The photocurrent densities
of the samples deposited with current densities of
1.0 and 1.5 mA/cm” are more than 30 times as high
as that of the A-TNT sample at the applied potentials
of 1.0 V. The photocatalytic activity of the D-TNT
arrays are dependent mainly on the generation and
separation of photo-induced electron and hole pairs
and the efficiency of electron-transfer between the
semiconductors'™!. The higher photocurrent density
means the more photogenerated electron-hole pairs
produced and separated. With further increasing of the
deposition current density from 1.0 to 1.5 mA/cm’,
the photocurrent did not increase any more. This is
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because the excess amount of Cu,O can not produce
more photogenerated electron-hole pairs or the induced
photogenerated electron-hole pairs could not separate
effectively. It is quite interesting that the I-V curve
of the D-TNT samples under visible light irradiation
shows a distinct plateau in the region between about
—0.3 and 0 V when the deposition current density
is 0.5 mA/cm’ or above. The enhanced photocurrent
density of the loaded TNT arrays means that visible
light induces the generation of more electron/hole pairs
which may be easily separated and transported within
the heterojunction materials. Fig.5 also shows that the
modification of Cu,O results in a negative shift of the
zero-current potential, as indicated by the arrow. This
further confirms that the modification of Cu,O can
enhance the separation of photogenerated electron-hole
pairs, which is in basic agreement with the results of

4 who reported that the modification of

Kuang ef al
Fe,O; on TiO, nanotube arrays resulted in a negative
shift of the zero-current potential. Furthermore, the
short-circuit current also increases significantly as the
deposition current increases, as can also be seen in

Fig.5.

4 Conclusions

Cu,0 modified TNT can be easily fabricated
by synthesizing TiO, nanotube arrays in an
anodization process followed by galvanostatic pulse
electrodeposition of Cu,O in a cupric acetate aqueous
solution. This composite electrode material has the
advantages of both easily producing photoinduced
electrons by visible light in Cu,O and the ability to
transport these photoinduced electrons in the TiO,
nanotubes. Experimental results demonstrated that
the presence of Cu,O significantly enhances the
visible light response of TiO,. A distinct plateau is
presented on the I-V curve of Cu,0-modified TNT
arrays under visible light irradiation in the region
between approximately —0.3 and 0 V. Both the open-
circuit voltage and the short-circuit current increase
with increasing Cu,O deposition, and the remarkable
improvement in the photocurrent density under visible
light irradiation further confirms that the TiO,/Cu,O
heterojunctions promote the separation and transfer of
photoinduced electrons and hence inhibit combination
with holes. It has important significance for the TiO,
application.
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