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ZnO/(La, Sr) CoO3 (ZnO/LSCO) core-shell composite nanorod arrays have been successfully

synthesized by a sequential combination process of a hydrothermal synthesis followed by a pulsed laser

deposition (PLD) process (or a colloidal deposition process). Compared to the colloidal deposition

process, PLD produces a more uniform and efficient deposition of continuous and mesoporous LSCO

thin films onto ZnO nanorod arrays. During the PLD process, the deposited film uniformity was found

to be dependent on the nanorod diameter, array density, and thus specific surface area of the nanorod

arrays, in addition to the PLD deposition parameters. Field-emission scanning electron microscopy

(FESEM), transmission electron microscopy (TEM), and X-ray diffraction (XRD) were used to

investigate the surface morphologies and orientations of the composite nanorod arrays. With densely

packed ZnO nanorod arrays as a unique support structure, the mesoporous LSCO thin film coated on

top exhibited better photocatalytic properties than ZnO nanorod arrays and LSCO thin films deposited

on flat Si substrates. With optimization of the structure, dimensionality, packing density, as well as the

composition and interface structure, these unique composite nanoarchitectures could be a promising

class of photocatalyst candidates for organic molecule degradation.
Introduction

Ultrahigh surface area and unique properties in the nanoscale

have been the main motivations for researchers to develop highly

efficient nanomaterials for clean and renewable energy, sustain-

able environment, and petroleum refinery technologies. Quasi-

one dimensional (1D) nanostructures such as nanowires,1,2

nanorods3,4 and nanobelts (nanoribbon)5–7 are examples with

great potentials to be used for these purposes. For instance,

nanowire arrays of TiO2, Al2O3 or ZnO can be used in photo-

catalysis and photovoltaic cells with high efficiencies.8–10 Because

of the ultra-high surface area, ZnO nanowire or nanorod arrays

could potentially be a very good class of catalysis support

structures. Compared to the binary oxides, the ternary oxides,

such as perovskites ABO3 and AB2O4, have been rarely studied

in the form of 1D nanostructures, although perovskite oxides

could be utilized as active catalysts for oxidation or reduction of

pollutant gases, as electrode materials in solid oxide fuel cells, as

materials for chemical sensors, or as magnetic and transport

materials.11–14 One of the significant reasons behind this is that

there has not been much success in the synthesis of 1D perovskite

nanostructures.
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Herein, we report a two-step approach to synthesize large scale

ZnO/(La,Sr)CoO3 (ZnO/LSCO) composite nanorod arrays on

solid Si and glass substrates. The two-step approach combines

the technical advantages of both the hydrothermal method and

the pulsed laser deposition (PLD) process (or colloidal deposi-

tion process). Over the other growth strategies such as vapor-

phase transport,5,15 metal-organic vapor-phase epitaxy,16 and

PLD,17 hydrothermal synthesis has several advantages including

low reaction temperature, low cost, high yield, catalyst-free

growth and it is environmentally benign.18 Amongst the vapor

phase film deposition methods, PLD has a number of advantages

over the others: it is versatile, allows in-situ deposition of multiple

compositions, it can be used to deposit films at relatively lower

temperatures, is relatively clean, and is generally low cost. In this

report, we show that we can synthesize large scale ZnO/LSCO

composite nanorod arrays using a combination of these two

techniques. We have also studied the structural characteristics

and catalysis properties of these composite constructs. Our

results suggest that these unique composite nanoarchitectures

could be a promising class of photocatalyst candidates for

organic molecule degradation.
Experimental

ZnO nanorod array growth

The films of ZnO nanorod arrays were grown on substrates using

the hydrothermal method. The substrates used in our experi-

ments included (100) silicon wafer and glass solid substrates.

Acetone was used to clean the substrates in an ultrasonic bath.

Deposition of ZnO nanorod thin films was achieved using

aqueous solutions of zinc acetate (ZnAc2, 0.025 mol dm�3) and
This journal is ª The Royal Society of Chemistry 2009



hexamethylenetetramine (HMT, 0.025 mol dm�3), adjusted to

a pH of 5.5–6.8 with aqueous nitric acid (3%). The nanorod

arrays were grown at a low temperature of �70–95 �C on the

substrates. The duration time was controlled at �6–20 hours to

keep the nanorod array height �1–2 mm. Before the deposition of

the nanorods, the substrates were coated with nanoparticle seeds

by a sol-gel process19,20 involving hydrolysis and condensation of

an alcoholic Zn precursor under basic conditions.
(La,Sr)CoO3 thin film deposition

For LSCO deposition, two methods were used: a colloidal

deposition (CD) process and a pulsed laser deposition (PLD)

process. Before the deposition of (La,Sr)CoO3 (LSCO) thin films

onto ZnO nanorod arrays, the glass or silicon substrates coated

with aligned ZnO nanorod array films were rinsed and cleaned

with deionized (DI) water several times and dried at 80 �C

overnight.

For the colloidal deposition of LSCO thin films onto the ZnO

nanorod arrays, a LSCO precursor solution was prepared by

dissolving lanthanum nitrate hexahydrate (La(NO3)3$6H2O,

5.9mmol), strontium nitrate (Sr(NO3)2, 0.31mmol), and cobalt

nitrate (Co(NO3)3, 6.25mmol) in ethoxyethanol (100mL) under

vigorous stirring and sonication at about 60 �C. After poly-

vinylpyrrolidone (Mw 55000, 1.1gram) and diethanolamine

(1.25mL) were added, the colloid became transparent, which was

followed by an aging process of �72 hours. Then, using a spin

coater, a uniform coating could be made on the cleaned

substrate. Finally the substrate was annealed at 300 �C for half

an hour and 650 �C for an hour to ensure good crystallinity and

adhesion of the coating.

For the PLD depositon of LSCO films, the ZnO nanorod array

coated substrates were firstly attached to the heater stage using

colloidal silver. LSCO thin films were deposited onto ZnO films

on glass and silicon substrates in a vacuum chamber at a base

pressure of 2.5 � 10�6 Torr using a KrF pulsed excimer laser

(wavelength ¼ 248 nm, pulse length ¼ 20 nm) with an energy of

200 mJ/pulse, at a temperature of 300 �C, and a repetition rate of

6 Hz. The laser was focused for 30 min onto a commercial LSCO

target rotating at 20 rpm; the laser fluence was estimated at about

1.7 J/cm2. The target-to-substrate distance was 9.5 cm, and the

sample was placed 1.2 cm off-axis with respect to the plume

center.
Structure and morphology characterization

X-Ray diffraction (XRD) studies were performed using

a BRUKER AXS D5005 (Cu Ka radiation, l ¼ 1.540598 Å) X-

ray diffractometer. Scanning electron microscopy (SEM) and

energy dispersive X-ray analysis (EDX) of samples were per-

formed using a JEOL 6335F field emission scanning electron

microscope (FESEM) with an EDX detector attachment. For

SEM imaging, the samples were coated with carbon film using an

Edwards Coating System E306A for EDAX or gold-palladium

film coated using an Edwards Sputter Coater S150B. Trans-

mission electron microscopy (TEM) was carried out using

a Philip E420 (100 kV) microscope, a FEI Tecnai T12 TEM (120

kV) instrument, and a Hitachi HF 2000 (200 kV) TEM.
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Dispersive nanorods were collected on a carbon-coated copper

TEM grid for TEM characterization.
Photocatalysis measurements

To test the photocatalytic efficiency of as-prepared ZnO/LSCO

nanorods, two kinds of organic solutions were used: methyl

orange (10 mg/L) and 4-chlorophenol (4-CP, 6 mg/L). The 5 � 5

mm2 nanorod coated Si substrates were immersed into these

solutions before photocatalysis tests. Prior to irradiation, the

solutions were sonicated in the dark for 30 min to establish an

adsorption/degradation equilibrium. The substrate contained

solutions were subsequently irradiated under UV light (emission

wavelength maximum at 254 nm) at a �10 cm separation

distance. For comparison, analogous photodegradation experi-

ments were performed on three other samples: blank bare Si

(without ZnO/LSCO), hydrothermally deposited ZnO nanorods

on flat Si, and PLD deposited LSCO thin films on flat Si. The

involved hydrothermal and PLD processing parameters were

controlled to be identical throughout the sample preparation to

ensure the comparability of the tested samples. The concentra-

tions of methyl orange in the supernatant aliquots were moni-

tored and analyzed by measuring the absorbance at 464 nm

wavelength using a Jasco UV-vis V-530 spectrometer with 10 mm

quartz cells. The concentrations of 4-CP in the supernatant

aliquots were monitored and analyzed by measuring the absor-

bance at 262 nm wavelength.
Results and discussion

Fig. 1a presents a typical top-view SEM image of the large-area

oriented ZnO nanorod array grown on Si (100) via a hydro-

thermal process with pH 6.8 at �90 �C for �6 hours. These

nanorods, �100 nm in diameter and 1–2 mm in length, aligned to

form a forest. The nanorod diameter could be tuned using

different pH controls. When the pH decreases to 5.5 (adjusted

with nitric acid added dropwise), rods with 200–300 nm in

diameter can be obtained as revealed in the tilt view SEM image

in Fig. 1b. The inset in Fig. 1b displays a charge coupled device

(CCD) recorded image showing a few identical Si substrates in

a Petri dish. These substrates were coated with uniformly aligned

ZnO nanorod arrays cut from a single 400 wafer in one growth

batch. When changing the substrate to glass, the deposition on

the ZnO nanoparticle-seeded substrate produced similar nano-

rod arrays with tunable dimensionality and packing density on

the substrate through control over concentration, pH, tempera-

ture, and duration time.

To coat a uniform thin film of LSCO onto ZnO nanorod

arrays, the colloidal deposition method and pulsed laser depo-

sition process were used and compared in terms of output quality

and uniformity of the nanofilms. It is worth noting that for both

methods we successfully deposited large-scale and uniform layers

of LSCO onto uniformly grown ZnO nanorod arrays on 400 sized

wafer Si or glass substrates. During the colloidal deposition of

LSCO thin films onto ZnO nanorod arrays, the morphology of

the ZnO nanorod array was kept intact. Two ZnO/LSCO

composite nanorod array samples are shown in Fig. 1c and d,

where the composite nanorod diameters are respectively �150

nm and �600 nm. The inset enlarged SEM image in Fig. 1d
J. Mater. Chem., 2009, 19, 970–975 | 971



Fig. 1 SEM images of (a) ZnO nanorod array fabricated by a hydro-

thermal method with pH 6.8 at �90 �C; (b) ZnO rods fabricated by

a hydrothermal method with pH 5.5 at �90 �C (20� tilted); inset charge

coupled device (CCD) recorded image displays a few Si substrates cut

from a single 400 Si wafer coated with ZnO nanorod arrays; (c,d) low-

magnification top-view SEM images of ZnO/LSCO composite nanorod

arrays with LSCO polycrystalline thin film colloidally deposited on ZnO

nanorod arrays, inset in d) is a close view of the rough grainy surface of

a composite nanorod; (e) EDXS result for the sample in d). Scale bars

without label: 2 mm.

Fig. 2 a) A low magnification TEM image of dispersed colloidal

deposited ZnO/LSCO composite nanorods; b) an enlarged TEM image

corresponding to an individual LSCO/ZnO composite nanorod showing

dispersive nanoparticles coated on the ZnO nanorod; c) an electron

diffraction pattern corresponding to the composite nanorod in b).
displays the rough surface after the deposition, where the LSCO

grain size was �20–40 nm in diameter. The EDXS result shown

in Fig. 1e revealed the ZnO/LSCO composite nanorod array in

Fig. 1d with a LSCO/ZnO atomic ratio �1:4, and �4 at.% of Sr

dopants were achieved within the LaCoO3 (LCO) lattices.

The TEM characterization result on a colloidal deposited

ZnO/LSCO composite nanorods sample is shown in Fig. 2. The

composite nanorods in Fig. 2a have a uniform diameter range of

�150–200 nm, and a length of �0.5–1.5 mm. The small black dots

contrast as the arrowhead pointed in the TEM bright field image

of a composite nanorod (Fig. 2c) suggest that the LSCO nano-

particles were dispersed on the surface of ZnO nanorods during

the colloidal deposition. The corresponding electron diffraction

pattern in Fig. 2c is composed of two sets of diffraction patterns.

The bright diffraction pattern spots confirmed the wurtzite single

crystalline nature of the grown ZnO nanorod along the [0001]

crystal direction. The additional weak ring pattern was from the

scattered LSCO nanoparticle thin film on the surface of the ZnO

nanorod. The dispersion result of LSCO nanoparticles might be

due to the dilute concentration of precursors. To obtain more

uniformly continuous LSCO films on ZnO nanorod arrays,

higher concentrations of precursors as well as multiple cycles of

colloidal deposition could be used.
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PLD is the other approach used to coat a perovskite nanofilm

on the surface of ZnO nanorod arrays. Two typical samples with

different sized nanorod arrays (one �100 nm in diameter, the

other �300nm in diameter) were used to deposit the LSCO films.

Typical low-magnification top-view and enlarged side-view

SEM images are respectively shown in Fig. 3a and b for the PLD

generated composite nanorod arrays. The inset of Fig. 3a is

a CCD recorded image showing PLD generated 0.8 � 0.8 cm2 Si

and 1 � 1.5 cm2 glass substrates coated with uniformly distrib-

uted ZnO/LSCO composite nanorod arrays. Both substrates

showed similar black colors due to a complete adsorption of full

visible wavelength optical spectra by LSCO thin films. The SEM

images in Fig. 3a and b indicate that a continuous thin film of

LSCO was successfully deposited onto the ZnO nanorod arrays

with a diameter of �300 nm and �1mm in length. As can be

clearly seen from Fig. 3b, the LSCO film has a grain size in the

range of �10–50 nm with an obviously porous structure, which

has totally covered the outer surface of each individual ZnO

nanorod. The TEM images showed a triangle shaped composite

nanorod with a LSCO rich head, as evidenced clearly by the

electron diffraction ring pattern resulting from LSCO shown in

the inset of Fig. 3c. With the triangle shaped nanorod, the LSCO

deposition thickness was getting thinner and thinner away from

the head region of the nanorod. The head (A) region of

a composite nanorod has been revealed to be so rich in LSCO

that elemental Zn was not detected in the EDX spectrum shown

in Fig. 3eA. In the body region B, the thickness of LSCO

decreased with Zn detected obviously in Fig. 3eB. In the given

typical EDX spectra in Fig. 3e, all the expected elements are
This journal is ª The Royal Society of Chemistry 2009



Fig. 3 a) Top view and b) side view SEM images of ZnO/LSCO

composite nanorod arrays based on ZnO nanorod arrays with a nanorod

diameter of �300 nm; inset CCD picture in a) shows Si and glass

substrates coated with ZnO/LSCO composite nanorod arrays. Typical c)

low-magnification and d) high magnification TEM images of ZnO/LSCO

composite nanorods, inset is the electron diffraction pattern corre-

sponding to the individual composite nanorod in d). e) The typical EDX

spectra acquired from the head region A and body region B in a composite

nanorod �300–600 nm wide. Scale bars without label: 600 nm.

Fig. 4 a) Top view and b) side view SEM images of ZnO/LSCO

composite nanorod arrays based on ZnO nanorod arrays with a nanorod

diameter of �100 nm. c) A bright field TEM image of an individual ZnO/

LSCO composite nanorod and the corresponding dark field TEM image

(d); inset between c) and d) is the corresponding electron diffraction

pattern; the right inset of c) is the corresponding EDX spectrum of the

as-synthesized ZnO/LSCO composite nanorod. e) An enlarged dark field

TEM image clearly indicating the bright regions corresponding to the

dispersed LSCO nanoparticles with a grain size in the range of �10–20

nm. Scale bars without label: 100 nm.
present including Zn and O (ZnO), La, Sr, Co, O (LSCO), with

additionally Cu from the copper grid, C from the carbon film,

and Si from the substrate.

Surprisingly, using the same deposition parameters, a more

uniform and thinner film of LSCO has been deposited on 100 nm

thick nanorods, as revealed in the results shown in Fig. 4. Top

view and side view SEM images were recorded for ZnO/LSCO

composite nanorod arrays based on �100 nm thick ZnO nano-

rod arrays, as shown in Fig. 4a and b. The composite nanorod

arrays had rough grainy and porous surfaces as clearly seen in

Fig. 4b. The bright field (BF) TEM image is shown in Fig. 4c for

an individual ZnO/LSCO core-shell composite nanorod. It

indicates that the porous LSCO coating was uniformly distrib-

uted along the entire nanorod length, consistent with the SEM

observation in Fig. 4b. A slight excess of LSCO coating was

present at the front head, which is probably due to the spatial

variations in the mass transport in the PLD deposition process.

The symmetrical film thickness across the width of each indi-

vidual nanorod also indicated that the deposition direction has

been strictly maintained along the c-axis throughout the whole

deposition stage.

The corresponding dark field (DF) TEM images to Fig. 4c are

shown in Fig. 4d and e. The rough surface reflected the poly-

crystalline domain of the LSCO shell, which matched the

observation in the high magnification SEM in Fig. 4b. The
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electron diffraction (ED) pattern inset between Fig. 4c and

d revealed the comprised single crystal ZnO nanorod grown

along [0001] and the surrounded polycrystalline and mesoporous

LSCO layer (ED ring pattern). This orientation relationship was

further confirmed in the XRD results discussed later in Fig. 5.

The circles of the LSCO layer can be indexed as {110} and {214}

as a perovskite structured material.

In the EDX spectrum shown in Fig. 4c, the LSCO/ZnO ratio in

the nanocomposite can be estimated from the peak area ratio,

which is about 1.55:1. At the same time the depth effect should be

considered since polycrystalline LSCO lies on the surface of ZnO

with a film thickness of �10–20nm, which is shown in the high

magnification SEM images from Fig. 3b and 4b.

Based on the above-described results, compared to the

colloidal deposition process, the PLD process has given rise to

a uniform, and more efficient and faster deposition of LSCO

continuous films onto ZnO nanorod arrays. The sol-gel process

instead might provide a path for dispersed deposition onto the

nanorod arrays, but with a much longer preparation time (a few

days for the case in Fig. 1) compared to a few hours PLD

deposition time for the case in Fig. 3 and 4. On the other hand,

the �100 nm thick nanorod array with a larger surface area per

substrate area than that of the �300 nm thick nanorod array has

led to a much more uniform and thinner deposition of LSCO thin

film within the same pulsed laser deposition process. In addition,
J. Mater. Chem., 2009, 19, 970–975 | 973



Fig. 5 The X-ray diffraction patterns of two as-synthesized products: (a)

ZnO nanorod arrays on Si (100) substrate; (b) ZnO/LSCO composite

nanorod arrays with polycrystalline LSCO deposited on single-crystalline

ZnO nanorods: circles, ZnO; diamonds, LSCO.

Fig. 6 Photodegradation of methyl orange in the presence of (a) ZnO

nanorod arrays, (b) LSCO thin film, (c) ZnO/LSCO composite nanorod

arrays, and (d) a blank control.
by decreasing the pulse time and intensity, a thinner and meso-

porous coating can be obtained as well. This suggests that the

deposited film uniformity was not just dependent on the PLD

deposition parameters, but also on the nanorod diameter, array

density, and thus the specific surface area of the nanorod arrays.

X-Ray diffraction (XRD) analysis was employed to investigate

the crystal structure and orientation of ZnO nanorods and the

HT-PLD deposited ZnO/LSCO core-shell nanocomposites. A

typical X-ray diffraction pattern in Fig. 5a revealed that the

hydrothermally grown ZnO nanorods were of wurtzite structure

(space group: P63mc) with a (0002) preferential orientation. The

XRD spectrum corresponding to the ZnO/LSCO composite

nanorods is presented in Fig. 5b. The diffraction peaks can be

indexed with the wurtzite ZnO and the perovskite structured

LSCO. The peak at about 33� is the typical (110) diffraction peak

of the LSCO structure.

The photocatalytic properties of as-prepared PLD processed

composite nanorod arrays were evaluated by measuring the

absorption intensity of methyl orange at 464 nm and the

absorption intensity of 4-chlorophenol (4-CP) photodegradation

to CO2, H2O, and HCl on the basis of changes in the intensity of

the 4-CP absorption at 262 nm. For both measurements, the

excitation UV light wavelength was controlled at 254 nm. Both

of these photodegradation reactions have been determined to be

pseudo-first-order reactions, as evidenced by the linear photo-

degradation process as function of irradiation time shown in

Fig. 6 in the methyl orange case. From Fig. 6, the reaction rate

constants of methyl orange degradation were calculated for ZnO

nanorods, LSCO film, and the corresponding ZnO/LSCO

nanorods, which are 1.07 � 10�3 min�1, 2.90 � 10�3 min�1, and

3.18 � 10�3 min�1, respectively. Therefore, for the degradation of

methyl orange (10mg/L) using ZnO/LSCO nanorods sample (5 �
5mm2), approximately 314 minutes are needed theoretically;

actually after 470 minutes, 94% of the reaction is completed. By

analogy, the rate constant for the photocatalytic degradation
974 | J. Mater. Chem., 2009, 19, 970–975
reaction of 4-chlorophenol by ZnO/LSCO nanorods was

deduced to be 1.22 � 10�2 min�1. For the degradation of 4-CP

(6mg/L) using ZnO/LSCO nanorods sample (5 � 5mm2),

approximately 82 minutes are required theoretically.

These photocatalysis data clearly demonstrate that composite

nanorod arrays exhibited a higher photocatalytic activity as

compared with those of both ZnO nanorod arrays and LSCO

thin film samples. The observed enhancement of photocatalytic

activity is most likely due to a relative increase in the active site

concentration resulting from the ultra-high surface area in the

mesoporous LSCO polycrystalline nanofilms and their interfaces

with ZnO nanorods, the inclusion of transition metal sites in the

ZnO/LSCO composite nanorods, as well as the possible meso-

porous ZnO/LSCO interface interaction influences. To increase

the photocatalytic activity of the ZnO/LSCO composite nano-

architecture, it is necessary to control the density and dimen-

sionality of the packed ZnO nanorod arrays as a unique support

structure, the LSCO thin film deposition parameters, the

composition of LSCO, and the interface structure design. These

improvements would result in ZnO/LSCO composite nano-

architectures with much better photocatalysis properties

compared to ZnO nanorod arrays or monolithic monolayers of

LSCO.
Conclusions

In summary, ZnO/(La,Sr)CoO3 core-shell composite nanorod

arrays have been successfully synthesized by a sequential

combination process of a hydrothermal synthesis followed by

a pulsed laser deposition process (or a colloidal deposition

process). The comprised nanorod morphologies and LSCO thin

film thickness can be facilely tuned by adjusting the experimental

parameters in the combination process. Compared to the

colloidal deposition process, the PLD process has given rise to

a more uniform and efficient deposition of continuous LSCO

films onto ZnO nanorod arrays. During the PLD process, the

deposited film uniformity was found to be dependent on the

nanorod diameter, array density, and thus the specific surface

area of the nanorod arrays, as well as the PLD deposition

parameters. With densely packed ZnO nanorod arrays as

a unique support structure, the ultra-high surface area LSCO

nanofilm coated on top has exhibited better photocatalysis
This journal is ª The Royal Society of Chemistry 2009



properties compared to the ZnO nanorod arrays and LSCO thin

films deposited on flat Si substrates. This composite nano-

architecture synthesis methodology could be easily extended to

other semiconductor/perovskite composite systems. Therefore,

we believe it provides a generic and relatively mild and envi-

ronmentally benign approach for large-scale preparation of

various composite nanostructure arrays with structural

complexity and functional versatility, and thus enables various

functional properties. These special composite nanoarchitectures

may hold great potential for applications in catalysis, gas

sensing, photovoltaics and magnetism.
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