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Zn nanoparticles with different size and distribution were loaded on/into TiO, nanotube arrays
(Zn|TiO;NTs) via pulsed electrodeposition method. The morphology of Zn/TiO,NTs was studied by field
emission scanning electron microscopy (FESEM). The morphology influence of Zn nanoparticles on the
photoelectrochemical properties of Zn/TiO,NTs were investigated by UV-vis diffuse reflectance spectrum
(UV-vis DRS) and photoelectrochemical measurements. The results showed that Zn/TiO;NTs compos-
ites with an average size at 40-50nm and uniformly distributed of Zn nanoparticles possessed the
narrowest band gap, the best photocurrent response, the highest charge carriers density and mini-
mum charge-transfer resistance. These discrepancies in photoelectrochemical properties of different
Zn|TiO,NTs samples can be ascribed to the size and distribution effect (morphology effect) of Zn nanopar-
ticles which can influence the transfer and separation of photo-induced carriers generated by TiO,NTs.
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1. Introduction

Highly ordered TiO, nanotube arrays (TiO,NTs) prepared via
anodic oxidation of titanium possess high surface-to-volume ratios
and fast charge transport property, which are often considered to
be advantageous for applications requiring efficient surface reac-
tivity and photoelectric sensitivity, for example, photocatalytic and
photoelectrochemical degradation of organic pollutants or sensor
[1-3]. However, previous studies on the applications of TiO,NTs
have found that the high recombination rate of photogenerated
electron-hole pairs and wide band gap (Eg ~ 3.2 eV) were the main
drawbacks that limited the photocatalytic activity and visible light
response of TiO,NTs [4,5].

To overcome the drawbacks, several strategies have recently
been reported, such as doping TiO,NTs with metal cations and
non-metal anions, combining TiO,NTs with metal nanoparticles
[6-8]. On the basis of metal-semiconductor contact theory, Schot-
tky barrier can be formed at the contact interface between metal
nanoparticles and TiO, when higher work function metals in con-
tact with the TiO,. Because of the existence of the inner electric
field, the photo-induced electrons of TiO; can be transferred to the
metal nanoparticles and then the opportunity of recombination of
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electron-hole pairs will be decreased [9,10]. Accordingly, TiO,NTs
loaded with higher work function metal nanoparticles is a feasible
and effective way to improve the photoelectrochemical activity of
TiO,NTs.

At present, various metal nanoparticles loaded on TiO,NTs have
been reported [5,11,12]. However, most research focused on the
preparation methods and general applications of metal/TiO,NTs
nanocomposites, the correlation between the photoelectro-
chemical properties of TiO,NTs and the morphology of metal
nanoparticles such as grain size, distribution properties were not
well understood. Kamat and co-workers demonstrated that the size
of gold nanoparticles have an influence on the charge distribution
and Fermi level equilibration for TiO, powder [13]. On the other
hand, studies for the photocatalytic degradation of pollutant found
that the size and aggregation of metal nanoparticles have a distinct
impact on the photocatalytic efficiency for TiO, powder [14,15].
These researches indicated that the photoelectrochemical activ-
ities of TiO,NTs are associated with the size and distribution of
metal nanoparticles on/into TiO,NTs. Thus it is very important to
investigate the influence of metal nanoparticles morphology on the
photoelectrochemical properties of TiO,NTs. However, until now,
few researches were reported in this area.

In this work, Zn nanoparticles with different size and distri-
bution were loaded on/into TiO,NTs by pulsed electrodeposition
method, and the influences of the morphology of Zn nanoparticles
on the photoelectrochemical properties of TiO,NTs were systemat-
ically investigated and discussed. This work may provide reference
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and insights for designing and preparing highly photoelectrochem-
ical activity metal/TiO,NTs nanocomposites.

2. Experimental
2.1. Preparation of Zn/TiO;NTs

TiO,NTs were fabricated by electrochemical anodic oxidation in HF electrolyte.
The growth conditions used in this work are similar to those reported in our
early publications and this section was omitted here [16]. The as-grown TiO,NTs
subsequently were annealed in dry nitrogen environment at 450°C for 2h with
heating and cooling rates of 5°C min~"' to convert the amorphous TiO;NTs to anatase
phase. Pulsed electrodeposition method was employed to prepare the Zn nanopar-
ticles on/into TiO,NTs. The electrodeposition was carried out in a conventional
three-electrode cell, the as-annealed TiO,NTs served as the working electrode,
and a saturated calomel electrode (SCE) and a platinum electrode served as the
reference and counter electrode, respectively. The electrolyte was prepared by dis-
solving/analytical grades of ZnCl, (0.25 M) and H3BO5 (25 gL~!) in deionized water.
The pulsed electrodeposition was carried out at 80 mAcm~2 of current density
with 8-14 ms different cathodal current on-time (t,,), 1 ms anodic current on-time
and 100 ms current off-time. The deposited charge density of all samples was fixed
at 179.2 mC cm~2. The pulsed potential signals are shown in Fig. 1.

2.2. Characterization and photoelectrochemical measurements

Field emission scanning electron microscopy (FESEM, Nova 400 Nano-SEM) was
employed to characterize the morphology of TiO,NTs and Zn/TiO,NTs. The crys-
talline structure of the samples was identified by X-ray diffraction (XRD, Shimadzu
ZD-3AX, Cu Ka radiation). And UV-visible diffuse reflection spectra measurements
(UV-vis DRS, Hitachi U-3010 spectrophotometer) were performed with BaSO, as a
reflectance standard. Photoelectrochemical measurements were carried out at room
temperature with an electrochemical workstation (CHI660C, Shanghai, China). The
pure TiO;NTs and Zn/TiO,NTs electrodes with an geometric area of 1.0cm? was
placed in the measurement as the working electrode, and an Ag/AgCl and platinum
electrode served as the reference and counter electrode, respectively. A 500 W PLS-
SXE300/300UV Xe lamp (320-780 nm) was used as light source and 0.01 M Na,SO4
aqueous solution as supporting electrolyte.
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Fig. 1. The pulsed potential signals of Zn nanoparticles deposited at different top.

3. Results and discussion
3.1. Morphology and structure analysis

The top-view and cross-section of TiO, NTs are shown in Fig. 2a,
which reveals that the diameters of TiO,NTs range from 80 to
100 nm and the average tube length is approximately 400 nm (inset
of Fig. 2a). Fig. 2b-d presents the FESEM images of Zn nanoparticles
loaded on/into TiO,NTs at different ton (8, 11, 14 ms), respectively.
It can be observed that Zn nanoparticles with different size and
distribution were loaded on/into TiO,NTs. In addition, the aver-
age size of nanoparticles decreased gradually from 100 to 15 nm
with the increasing ton from 8 to 14 ms under the same deposited
charge density. The maximum size distribution of Zn nanoparti-
cles was averagely at 80-100 nm when t,, was 8 ms. The minimum

Fig. 2. FESEM images of (a) TiO,NTs and Zn/TiO,NTs prepared at (b) ton =8 ms, (C) ton =11 ms and (d) ton = 14 ms.
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Fig. 3. XRD patterns of TiO,NTs (a) and Zn/TiO,NTs (b).

size distribution was averagely at 10-20 nm when to5 was 14 ms,
moreover, these small particles were agglomerated together on the
top of the TiO,NTs. When ton =11 ms, the size of Zn nanoparticles
were about 40-50 nm and uniformly distributed on/into the tubes
(inset of Fig. 2c). The influence of t,, on the size of Zn nanoparti-
cles can be contributed to the increasing number of Zn nucleation
sites caused by higher negative overpotential at longer toy [17]. The
pulsed potential signals of the studied t,, are recorded in Fig. 1,
which proved that higher negative overpotential can be obtained
at a longer top.

The XRD patterns of TiO,NTs (a) and Zn/TiO,NTs (b) are shown
in Fig. 3. Curve (a) demonstrates a regular anatase TiO,NTs crys-
tal structure, which is ascribed to the appearance of characteristic
diffraction peaks at 20=25.3°. In curves (b), Zn/TiO,NTs exhibits
not only the characteristic peak of anatase, but also four new char-
acteristic peaks at 36.2°, 39.1°, 43.2° and 54.3°, corresponding to
(002),(100),(101) and (102) facets of Zn, which indicates that
Zn nanoparticles were deposited on TiO;NTs successfully.

3.2. UV-vis DRS analysis

Fig. 4a shows the UV-vis DRS of pure TiO,NTs and Zn/TiO,NTs
at room temperature. As demonstrated in Fig. 4a, compared with
TiO,NTs, Zn/TiO,NTs samples present stronger absorption band in
the range of 200-900 nm and the main absorption edge shift a lit-
tle to the longer wavelength, indicating the narrowing of the band
gap. In addition, for Zn/TiO;NTs, a new absorption peak appears at
431 nm and the characteristic peak at 560 nm and 800 nm become
broader, which may be attributed to the transverse plasma reso-
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Table 1
The calculated band gaps of TiO,NTs and Zn/TiO,NTs.

Samples Band gap (eV)
TiO;NTs 3.23
Zn/TiO,NTs (8 ms) 3.19
Zn|TiO2NTs (11 ms) 3.14
Zn/TiO2NTs (14 ms) 3.16

nance effect of Zn nanoparticles [18]. The band gaps (Eg) can be
estimated according to Eq. (1).

(ahv)" = A(hv — Eg) (1)

where hv is the incident photon energy, « is the absorption coef-
ficient, and A is a constant. The value of n depends on the type of
interband transition: n=2 for an indirect transition and n=1/2 for
a direct transition. Plot of (¢hv)!/2 versus hv from the spectra data
of TiO,NTs and Zn/TiO,NTs (ton = 11 ms) in Fig. 4a are presented in
Fig. 4b and c, the E; estimated from the intercept of the tangents
to the plot are 3.23eV and 3.14eV for TiO,NTs and Zn/TiO,NTs,
respectively. With the same calculated method, Eg of the others
Zn[TiO,NTs were estimated. The calculated results are listed in
Table 1.

The slight red shift of Eg on Zn/TiO,NTs may be owing to the
impact of Zn nanoparticles on the surface state of TiO,NTs and
ZnO formed on the Zn particle surface, which result in heterojunc-
tion structure formed at the interface between ZnO and TiO,NTs
[19,20]. For the Zn/TiO;NTs, the discrepancy in Eg and absorption
edges suggest that the optical property was influenced by the grain
size and distribution properties of Zn nanoparticles, which in turn
caused different contact interface between Zn nanoparticles and
TiO,NTs, leading to the shifting of Fermi level for Zn/TiO,NTs [13].
As shown in Fig. 2c, Zn nanoparticles with a suitable size distri-
bution on TiO,NTs presented the strongest absorption band and
narrowest Eg.

3.3. Photoelectrochemical properties

3.3.1. Photocurrent response

The separated efficiency of photogenerated electron-hole pairs
in TiO,NTs and Zn/TiO, NTs was assessed by photocurrent response
experiment. As shown in Fig. 5, the current responses on both
TiO,NTs and Zn/TiO,NTs in the dark was relatively insignificant,
while under illumination the electrons and holes were generated,
and therefore the photocurrent densities were evidently increased.
In comparison with TiO,NTs, Zn/TiO,NTs samples displayed much
more intensive photocurrent responses, which indicated that the
photogenerated electrons and holes in the Zn/TiO,NTs can be sep-
arated more effective than that in TiO,NTs. The enhancement
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Fig. 4. (a) UV-vis DRS of TiO,NTs and Zn/TiO,NTs, polt of(ozhv)l/2 vs. photon energy of (b) TiO,NTs and (c) Zn/TiO2NTs (ton =11 ms).
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Fig. 5. Photocurrent responses of TiO,NTs and Zn/TiO,NTs at 0.6 V under pulsed-
irradiation.

of separated efficiency was contributed to the Schottky barriers
formed at the interface between Zn nanoparticles and TiO,NTs. The
Zn nanoparticles acted as sinks for photogenerated charge carriers,
and promote interfacial charge-transfer processes in the compos-
ite systems [9,10]. In addition, different photocurrent densities
were observed for Zn/TiO,NTs prepared at different t,,. The sample
which have appropriately dispersed Zn nanoparticles (ton =11 ms)
exhibited the highest photocurrent density (about 10 mAcm=2),
which suggested that appropriately dispersed distribution of Zn
nanoparticles was beneficial to the separation of photogenerated
electron-hole pairs.

3.3.2. Mott-Schottky analysis

In order to evaluate the intrinsic electronic properties of the
samples, Mott-Schottky analysis was performed by measuring the
changes in the capacitance (C) as a function of the potential (V) in
0.01 M Na,S04 solution. The data of C-V can be used for evaluating
the flat band potential and the charge carriers density by means of
Mott-Schottky Eq. (2) [21,22].

,2_i< _ _’LT)
¢ " gggeN V=Vp e (2)

where C is the total capacitance of the space charge region, ¢ is
the dielectric constant of the material, &g is the permittivity of the
vacuum, e is the element charge, N is the concentration of charge
carriers, V is the potential, Vp, is the flat band potential, k is the
Boltzmann'’s constant, and T is the temperature (room temperature,
~298K).
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Fig. 6. Mott-Schottky plots of TiO;NTs and Zn/TiO,NTs under illumination.

Table 2
The charge carriers density and flat band potential of TiO,NTs and Zn/TiO,NTs.

Samples Charge carriers density (cm—3) Flat band potential (V)
TiO,NTs 1.72e+19 —0.032
Zn|TiO,NTs (8 ms) 1.51e+20 —0.250
Zn|TiOoNTs (11ms)  2.49e+20 -0.427
Zn/TiO;NTs (14ms)  1.70e+20 —-0.386

Fig. 6 presents the Mott-Schottky curves (1/C2 vs. V) of different
samples under irradiation. The 1/C2-V curves were in accor-
dance with the expected behavior of n-type semiconductor under
increased applied bias, i.e. a sharp decrease in the capacitance
when the applied bias was increased inducing the generation of
electron-hole pairs [22]. In each curve, a linear region and the
direct proportionality between the inverse squared capacitance
and the applied bias can be identified. Compared with Zn/TiO,NTs,
TiO,NTs exhibited a non-linear bending character in the poten-
tial range, suggesting the pure TiO,NTs were more insulating.
On the other hand, each slope of different Zn/TiO,NTs were dif-
ferent, which implied that the discrepancy in conductivity. The
charge carriers density and flat band potentials were calculated
and summarized in Table 2. It was shown that the Zn/TiO,NTs
exhibited a negative shift in the flat band potential in compari-
son with TiO,NTs, which can be attributed to the equilibration of
Fermi level between Zn and TiO, [9,10,13]. Higher charge carri-
ers density on Zn/TiO,NTs was due to the effectively trapping of
photogenerated electrons for Zn nanoparticles. On the other hand,
for different Zn/TiO, NTs, Zn/TiO,NTs prepared at to, = 11 ms exhib-
ited the highest charge carriers density and the most negative
flat band potential. This result hinted again the separated effi-
ciency of photogenerated electron-hole pairs was affected by the
size and distribution of Zn nanoparticles.

3.3.3. Impedance analysis

The electrons transferring property of TiO,NTs and Zn/TiO,NTs
was evaluated by electrochemical impedance spectroscopy (EIS).
Fig. 7 shows the impedance spectra in the form of Nyquist plots for
the samples measured at 0V in the dark. Allimpedance spectra typi-
cally displayed a pronounced semicircle in the measured frequency
region, which was attributed to the electron transfer process at the
electrode/electrolyte interface and the radius corresponded to the
electron-transfer resistance controlling the kinetics at the electrode
interface [23]. The semicircle radius on the EIS Nynquist plots of
Zn[TiO,NTs were smaller than that of TiO,NTs, suggesting a faster
interfacial charge transfer occurred on the Zn/TiO,NTs due to the
presence of Zn nanoparticles. In addition, significant differences in
the semicircle radius were observed for different Zn/TiO,NTs. This
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Fig. 7. EIS Nynquist plots of TiO;NTs and Zn/TiO,NTs in the dark.
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Fig. 8. Schematic diagram of the Zn nanoparticles loaded on TiO,NTs and the electrons transfer and separation between the contact interfaces of Zn nanoparticles and

TiO,NTs.

implied the resistance of Zn/TiO,NTs was affected by the distribu-
tion and particles size of Zn nanoparticles. The Zn/TiO,NTs prepared
at ton = 11 ms owned the smallest semicircle radius of Nyquist plots
which meant the fastest electrons transferring properties.

All the photoelectrochemical results indicated that the size and
distribution of loaded Zn nanoparticles were the main reason that
caused the discrepancies in photoelectrochemical properties on
Zn[TiO,NTs. These discrepancies are related to the separation and
transfer of carriers between Zn nanoparticles and TiO,NTs, the
process were shown in Fig. 8. As electron sinks, Zn nanoparticles
can isolate and transfer electrons from the TiO,NTs through the
Schottky contacts. Thus the transferred and separated efficiency
were influenced by the contact interface between Zn nanoparti-
cles and TiO,NTs (shown in Fig. 8). The appropriately dispersed Zn
nanoparticles can generate abundant contact interfaces between
these nanoparticles and TiO,NTs which in turn was helpful for the
separation and transmission of carriers (Fig. 8; ton =11 ms). On the
other hand, less contact interfaces between Zn nanoparticles and
TiO,NTs were formed when big (Fig. 8; ton =8 ms) or agglomer-
ated (Fig. 8; ton = 14 ms) Zn nanoparticles loaded on TiO, NTs, which
intrinsically lead to high recombination probability of electrons
and holes and discontinuous electrons transfer [24]. In addition,
it has been reported that the work function of metal was influ-
enced by the particle size. If the size of metal particles was too
large, its energetic properties may approach to that of bulk. The
work function of metals would be decreased, and then electron
could not be transferred effectively [25]. Compared with the sample
B (ton =11 ms), the Zn particles of sample A (ton, =8 ms) had bigger
size and distribution and were only deposited on the top of TiO,NTs,
thus the carriers separation and transmission were decreased. The
smaller Zn nanoparticles of sample C (ton =14 ms) were easy to
agglomerate, which resulted in less contact interfaces between Zn
nanoparticles and TiO,NTs and the increase of transmission resis-
tance of the carriers. Moreover, the work function of agglomerated
Zn nanoparticles was similar to that of bulk, which also had impact
on the transferred efficiency of carriers. Hence, the optimal pho-
toelectrochemical properties of Zn/TiO,NTs was presented when
Zn nanoparticles were appropriately dispersed on/into TiO,NTs
(ton=11ms).

4. Conclusions
In this paper, Zn nanoparticles with different size and dis-

tribution were loaded on/into TiO, nanotube arrays by pulsed
electrodeposition method. The influences of morphology of

Zn nanoparticles on the photoelectrochemical properties of
Zn[TiO,NTs were investigated. The results showed that the size
and distribution effect of Zn nanoparticles played a crucial role
in the transfer and separation of carriers. The optimal photoelec-
trochemical properties was registered in the case of Zn/TiO,NTs
prepared at tonp=11ms due to the moderate size (40-50nm)
and distribution Zn nanoparticles loaded on/into TiO,NTs
forming abundant contact interfaces between Zn nanoparticles
and TiO,NTs which can transfer and separate carriers effectively.
The present work provide reference and insights for designing
and preparing highly photoelectrochemical activity metal/TiO,NTs
nanocomposites.
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