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a b s t r a c t

ZnO and TiO2 1D nanostructures (nanorods and nanotubes) were prepared by low-cost, low-temperature,
solution-based methods and their properties and photocatalytic performance were studied. ZnO nanorod
samples with titania and alumina shells were also prepared by solution-based methods, and their prop-
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erties and photocatalytic performance were compared to that of bare ZnO nanorods. We found that ZnO
and TiO2 exhibited comparable photocatalytic performance. Faster dye degradation under simulated
solar illumination was observed for ZnO, while under UV illumination faster degradation was observed
for TiO2. ZnO nanorods with titania shells exhibited inferior photocatalytic performance, while for alu-
mina shells the performance was similar to bare ZnO. Reasons for observed differences are discussed,
and the effect of the shell on photocatalytic activity is attributed to the changes in native defects at the
ZnO surface/shell interface.
. Introduction

Photocatalysis has been intensively investigated in recent years
1–17]. In a photocatalytic process, electron–hole pairs are gener-
ted under illumination, followed by oxidation and/or reduction
eactions at the surface of the photocatalyst [1]. In the presence of
photocatalyst, organic contaminants can be oxidized directly by
photogenerated hole or indirectly via reaction with reactive oxy-
en species (ROS), such as hydroxyl radical OH•, produced in the
olution [1]. TiO2 is a widely used photocatalyst material [1–7]. It
xhibits photocatalytic activity under UV illumination [1]. Activity
nder solar illumination has also been reported [1], although effi-
iency is expected to be low since it can only absorb UV A and UV B
olar radiation [2]. A number of materials have been investigated as
n alternative to TiO2, including ZnO [2,8,13–16]. ZnO exhibits simi-
ar [2] or better [8,13] activity compared to titania, but it is also less
table compared to titania [2] and susceptible to photocorrosion
8]. However, improved stability has been reported for microscale
nO which was attributed to better crystallinity and lower defects
13]. Furthermore, photocatalytic activity of ZnO can be further
nhanced [15,17] or extended into the visible spectral range [12] by

oping with different elements. In addition to studies of individual
nO and TiO2 photocatalyst materials, ZnO/TiO2 composites have
lso been reported [11,14]. Both reduced [11,14] and increased [11]
hotocatalytic activity was reported, and the activity was strongly
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dependent on the processing conditions of the composite material
[11]. While there have been efforts in extending the absorption of
TiO2 and ZnO photocatalysts into the visible spectral range by var-
ious methods [3], there is also significant interest in the study of
different nanostructured morphologies to improve photocatalytic
activity [4,9]. In spite of intensive research on different morpholo-
gies of both ZnO and TiO2, comparisons of the two materials are
commonly performed on nanoparticle or powder samples [8,13].

In this work, we have studied the photocatalytic performance
of TiO2 nanotube arrays and ZnO nanorod arrays. These structures
are of interest since it has been shown that 1D nanostructure arrays
can exhibit improved performance compared to conventional thin
films composed of nanoparticles [5]. For ZnO, core–shell structures
have also been studied since it was reported that a shell can affect
the rate of recombination of photogenerated carriers in solar cells
[18] and photoelectrocatalytic water splitting [6]. In addition, the
presence of a shell is expected to improve or even eliminate the
problem of photocorrosion. Furthermore, since ideal photocata-
lysts should be inexpensive, in addition to being efficient, stable,
and chemically and biologically inert [1], we have focused on low-
cost, low-temperature, solution-based methods for both materials.
TiO2 nanotubes were prepared by anodization [5–7,19–21]. The
tubes were annealed at 450 ◦C to obtain anatase phase of titania,
since anatase is considered more photocatalytically active com-

pared to rutile [2]. For ZnO nanorods, hydrothermal growth method
[22,23] was used. Core–shell ZnO-based structures were also pre-
pared by a solution-based method. The photocatalytic activity of
different samples under UV and simulated solar illumination were
compared and the results are discussed.
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. Experimental details

.1. ZnO nanorod growth

ZnO nanorods were grown by a hydrothermal method [22,23]. Si substrates were
leaned using toluene, acetone, ethanol and then kept in mixed ammonia and H2O2

queous solution (ratio of ammonia:H2O2:water is 1:1:5) at 60 ◦C for 20 min and
nally rinsed by de-ionized water. Seed layer was prepared from 5 mM solutions of
inc acetate (Aldrich, 99.99%) in ethanol (5 cycles of placing solution droplets, rinsing
nd drying, followed by annealing at 350 ◦C for 20 min, and then the entire procedure
as repeated to ensure complete coverage of the substrate). The substrates with the

eed layer were placed seed-side down into a solution containing 0.1 g polyethylen-
mine (Aldrich, 50 wt.%), 40 mM (0.56 g) zinc nitrate hydrate (Aldrich, 99.999%) and
5 mM (0.26 g) hexamethylene tetramine (HMT, Aldrich, 99 + %) in 75 ml de-ionized
ater. The temperature was set to 90 ◦C and the reaction time was 2.5 h.

.2. Shell preparation

For alumina shell, 56.2 mg aluminum nitrate hydrate (Aldrich, 99.997%) and 0.5 g
MT were dissolved in 10 ml de-ionised water. The solution was spin-coated on ZnO
anorods at 5000 rpm for 2 min, followed by annealing in air at 200 ◦C for 20 min.
hen the spin-coating and annealing was repeated one more time. For titania shell,
he solution of 0.05 ml of titanium isopropoxide in 3 ml of ethanol was spin-coated
t 5000 rpm for 2 min, followed by annealing in the air at 400 ◦C for 1 h.

.3. TiO2 nanotube preparation

Titanium foils (0.25 mm thickness) were cleaned by sonication in toluene, ace-
one, ethanol, and de-ionized water and then dried with N2 gas. Then, the foils were
mmersed in the electrolyte consisting of 1.36 g ammonium fluoride (99 + %, BDH)
nd 8 ml de-ionized water in 400 ml ethylene glycol (99.8%, Aldrich) and anodiza-
ion was performed for 2 h at 60 V, similar to previously reported procedures [20,21].
nnealing was performed in a tube furnace in air at 450 ◦C to obtain anatase titania.
natase crystal structure for this annealing temperature was confirmed by X-ray
iffraction using a X-ray diffraction (XRD) using Bruker AXS SMART CCD diffrac-
ometer. The cooling and heating rates were 1 ◦C/min.
.4. Sample characterization

The morphology and structure of the samples was examined by electron
icroscopy using a JEOL JSM-7001F field emission scanning electron microscope

SEM) and Phillips Tecnai G2 20 S-Twin transmission electron microscope (TEM).
he composition of the samples was characterized by EDX. PL measurements were

Fig. 2. SEM images of (a) TiO2 nanotubes; top view, (b) ZnO nanorods,
Fig. 1. Schematic diagram of the experimental setup.

performed at room temperature using a HeCd laser (325 nm) as an excitation source
and the spectra were collected using a PDA-512 USB (Control Development Inc)
fiberoptic spectrometer. The excitation power was 1.6 mW, corresponding to an
excitation power density of ∼267 mW/cm2. Brunauer–Emmett–Teller (BET) sur-
face area measurements were performed using a Nova 1200 Gas Sorption Analyzer
(Quantachrome Corporation).

2.5. Photocatalysis experiments

Schematic diagram of the experimental setup is shown in Fig. 1. Methyl orange
dye (1 mg) was dissolved in 1 l of deionized (DI) water. The samples were placed
into a Petri dish containing 12.5 ml of methyl orange solution and 37.5 ml of DI
water and left for 15 min in the dark to achieve equilibrium. The pH of the solution
was 6.7. The solution was stirred using a magnetic stirrer during UV illumination
(Blak-Ray® B-100 AP Lamp, 365 nm, 66.2 mW/cm2) and simulated solar illumina-
tion (Oriel solar simulator 81260-1000 with AM 1.0 filter) with (16.7 mW/cm2) and

2
without (39.5 mW/cm ) polycarbonate filter (9.2 mm thick). The absorption was
measured immediately before the start of UV exposure, and at fixed time intervals
(2.5 ml of the solution was withdrawn for the absorption measurements at each
time). The absorption measurements were performed using a PerkinElmer Lambda
Bio 40 UV/VIS spectrometer.

(c) ZnO/TiOx nanorods and (d) ZnO/AlxOy nanorods; tilted view.
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overall decrease in the emission intensity, but also a decrease in the
ig. 3. Cross-section SEM images of (a) TiO2 nanotubes and (b) ZnO nanorods.

. Results and discussion

The morphology of the obtained 1D TiO2 and ZnO nanostruc-
ures was examined using SEM, and the results are shown in Fig. 2.
he ZnO nanorods exhibited diameters in the range ∼30–60 nm. No
ignificant change in morphology was detected after shell deposi-
ion, although presence of Al and Ti (at concentrations below 1 at%)
as detected by energy dispersive X-ray (EDX) spectroscopy. The

nner diameter of titania nanotubes was ∼85 nm, and the outer
iameter was ∼100 nm. The synthesis conditions were chosen to
roduce a similar length of nanostructures (∼900–1200 nm for
iO2, ∼800–900 nm for ZnO), as shown in Fig. 3. The titania nan-
tubes obtained by anodization are perpendicular to the substrate
nd closely packed, in agreement with previous work [20,21]. The
nO nanorods also exhibited mostly perpendicular orientation, but
n this case some misaligned rods can also be observed. In gen-
ral, ZnO samples exhibit larger dispersion of nanorod sizes and
lignment compared to the TiO2 nanotube samples. BET surface
rea of the samples was 42.4 m2/g for TiO2 nanotube samples, and
8.8 m2/g for ZnO nanorod samples.

TEM images of ZnO nanorods with different shells are shown in
ig. 4. It can be observed that TiOx forms thicker and more uniform
hells, while for AlxOy the coverage of the nanorods by alumina shell
s incomplete. In both cases the shell thickness is of the order of sev-

ral nanometer, with some thicker parts of the order of ∼10–20 nm.
or TiOx the rods appear to be entirely covered by the shell, while
or AlxOy there are some bare parts of the rods. The PL spectra of ZnO
anorods with and without shells are shown in Fig. 5. PL emission
Fig. 4. TEM images of (a) ZnO/TiOx nanorods and (b) ZnO/AlxOy nanorods.

from titania nanotubes prepared by different methods in violet [24],
UV–violet [25,26] and blue [24] spectral ranges has been previously
reported. However, under experimental conditions in our work, no
measurable signal was obtained from TiO2 nanotubes. The emission
from ZnO was affected by the presence of a shell and the type of shell
material. All the ZnO nanorods exhibited near-band-edge UV emis-
sion and visible emission which is typically attributed to defects
[27–29]. The strongest emission intensity can be observed from
the bare ZnO nanorods, while nanorods with alumina shell exhibit
similar UV-to-visible emission ratio but with lower intensity. This
indicates an increase in nonradiative defects with the deposition
of a shell. In the case of titania shell, we can observe not only an
UV-to-visible emission ratio and the red shift of the defect emission
peak. The origin of the defect emission has not been conclusively
established [27], but there are indications that in hydrothermally
grown samples it is related to the presence of surface adsorbates,
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Fig. 5. PL spectra of ZnO, ZnO/TiOx and ZnO/AlxOy nanorods.

uch as OH groups [28], and that it possibly originates from defect
omplexes rather than single point defects [28,29].

Degradation of methyl orange (value of absorption maximum
ormalized by the absorption maximum at 0 min as a function
f time) under UV and simulated solar illumination are shown in
igs. 6 and 7, respectively. It can be observed that ZnO nanorods
xhibit comparable (UV) or slightly better (simulated solar illumi-
ation) performance than titania nanotubes. This is in agreement
ith comparisons of ZnO and TiO2 nanoparticles [8]. For both mate-

ials, no activity is observed in any samples when the illumination
elow 400 nm is blocked by a polycarbonate filter. Since the sur-
ace area of TiO2 nanotubes is somewhat higher compared to ZnO
anorods, while photocatalytic performance is similar or better

or ZnO nanorods, it can be concluded that ZnO nanorods rep-
esent a promising photocatalytic material. The difference in the
erformance of ZnO and TiO2 under UV only and simulated solar

llumination likely originates from the differences in the absorption
pectra of the two materials. Differences in the native defects could
lso possibly contribute to different performance under different
llumination sources.

For different shell structures, we can observe that titania shell
xhibited poorer performance, while alumina shell resulted in

omparable performance under UV and somewhat smaller pho-
ocatalytic activity under simulated solar illumination. A small
ifference in performance and photoluminescence with alumina
hell could be due to incomplete coverage of the nanorod with the

Fig. 6. Degradation of methyl orange under UV illumination.
Fig. 7. Degradation of methyl orange under simulated solar illumination. The open
symbols indicate measurement with polycarbonate filter, the closed symbols indi-
cate measurements without a filter.

shell. Another possible reason is the difference in native defects in
ZnO nanorod due to different annealing temperature for the shell
preparation for alumina and titania. This is different from a previous
report on the effect of titania and alumina shells on the recombi-
nation rates and photovoltaic performance of ZnO-nanorod based
solar cells, where improvement was observed for titania but not for
alumina shell [18]. This is likely due to the differences in the shell
deposition method, atomic layer deposition in previous work [18]
and simple solution-based method in this work. It is well-known
that native defects affect the trapping and recombination of the
photogenerated carriers [30]. Furthermore, the recombination of
the photogenerated carriers in ZnO/titania core–shell-based solar
cells has been shown to depend on the crystallization, morphology
and the continuity of the shell [31]. Since from the PL spectra we can
conclude that the titania shell results in significant change in the
defect types and densities, decrease in the photocatalytic activity
likely originates from the increase in the native defects in ZnO (due
to annealing temperature used [28,29]) or at ZnO/titania interface.

4. Conclusions

1D nanostructure arrays of TiO2 and ZnO exhibited compara-
ble photocatalytic performance. However, coating of titania shell
on ZnO resulted in the worsening of photocatalytic performance,
which could be attributed to the increased defects. The perfor-
mance is expected to be dependent on the method of coating the
shell and its thickness, which could affect the formation of defects
at ZnO/TiOx interface. On the other hand, only a small decrease
in photocatalytic activity under simulated solar illumination and
comparable activity under UV illumination is observed for alumina
shells.
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