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ABSTRACT: Many photocatalyst systems catalyze chemical reactions under
ultraviolet (UV) illumination, because of its high photon energies. Activating
inexpensive, widely available materials as photocatalyst using the intense visible part
of the solar spectrum is more challenging. Here, nanorod arrays of the wide-band-gap
semiconductor zinc oxide have been shown to act as photocatalysts for the aerobic
photo-oxidation of organic dye Methyl Orange under illumination with red light,
which is normally accessible only to narrow-band semiconductors. The homogeneous, 800−1000-nm-thick ZnO nanorod arrays
show substantial light absorption (absorbances >1) throughout the visible spectral range. This absorption is caused by defect
levels inside the band gap. Multiple scattering processes by the rods make the nanorods appear black. The dominantly crystalline
ZnO nanorod structures grow in the (0001) direction, i.e., with the c-axis perpendicular to the surface of polycrystalline zinc. The
room-temperature preparation route relies on controlled cathodic delamination of a weakly bound polymer coating from metallic
zinc, an industrially produced and cheaply available substrate. Cathodic delamination is a sequential synthesis process, because it
involves the propagation of a delamination front over the base material. Consequently, arbitrarily large sample surfaces can be
nanostructured using this approach.
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1. INTRODUCTION

Among the big challenges in semiconductor photocatalysis is
tuning the bandgap, defect levels, and morphology of the
catalyst for efficient use of a large part of the visible spectrum
in particular, the red fraction of lightto catalyze chemical
reactions.1−3 So far, TiO2 has been the most popular material of
study as photocatalysts, e.g. in different nanostructures.4−6 A
particular important application of semiconductor photo-
catalysis is the decomposition of organic substances in water
via aerobic photo-oxidation,7,8 a potential route to remove
persistant pollutants.1,9,10 Using ultraviolet (UV) light, large
conversions in decomposition of an organic dye model
pollutant have been achieved.7

For decomposition of organic substances, many different
materials are currently being investigated, including low-cost,
nontoxic ZnO.11,12 Its band gap at UV photon energies can be
modified by crystal strain.13 While application with UV light is
straightforward, more current focus is directed toward
extending the operational range toward visible light. In this
regard, most approaches extend the ZnO light absorption from
the UV into the blue part of the visible range.12,14,15

Alternatively, metal nanoparticles can be conjugated to
ZnO.16 Supported catalysts with large surface areas can
conveniently be realized as ZnO nanorod arrays.17 Con-
sequently developed synthesis methods include chemical vapor
deposition,18 laser decomposition of a suitable precursor,19

vapor−liquid−solid growth,20,21 pulsed laser deposition,22 a
flame transport method,23 template-based methods,24 solvo-
thermal techniques,25 and solution-phase approaches.26,27

Synthesis can be interfaces with lithographic techniques for
regular patterning.28 All aforementioned preparation techniques
either require the use of sophisticated instrumentation, or
elevated temperature, with nanorods growing in parallel over
the sample area. Besides photocatalysis, other applications of
ZnO nanorod arrays include gas sensing,25,29 refractive index
sensing,30 water splitting,31 antibacterial coatings,32 and solar
cells.33,34 Interesting perspectives develop when growing ZnO
nanorods on cotton fibers32,35 or galvanized steel.36

ZnO is also the product of zinc corrosion. Zinc is a
frequently used metal which protects a base material, such as
steel, against corrosion. Protection works on the one hand by
zinc taking the part of the actively dissolving metal, on the
other hand by forming a protective ZnO layer.37 Corrosion
processes may also be used to synthesize nanostructured
materials.38 Here, we report a strategy for sequentially
fabricating highly oriented, one-dimensional (1D) ZnO nano-
rod arrays over large areas on metallic zinc via cathodic
delamination of a polymer coating using aqueous KCl at room

Received: July 2, 2014
Accepted: October 3, 2014
Published: October 3, 2014

Research Article

www.acsami.org

© 2014 American Chemical Society 18728 dx.doi.org/10.1021/am504299v | ACS Appl. Mater. Interfaces 2014, 6, 18728−18734

www.acsami.org


temperature. Moreover, we demonstrate that the ZnO
nanorods mediate the photodegradation of the organic dye
Methyl Orange under illumination with red light.

2. MATERIALS AND METHODS
2.1. Materials. Poly(vinyl butyral) (PVB), absolute ethanol,

Methyl Orange (MO), and KCl were obtained from Sigma−Aldrich
and used as received. Zinc sheets (purity, 99.95%) with a thickness of
1.5 mm were obtained from Goodfellow (Cambridge, U.K.). Zinc
sheets were initially mechanically polished using 4000 grit polishing
paper and then cleaned ultrasonically in ethanol.
2.2. Synthesis of ZnO Nanostructures. Initially polished zinc

sheets (1 cm × 1 cm × 1.5 mm) were spin-coated with a 5 wt %
solution of PVB in ethanol, followed by drying, to obtain a 2-μm-thick
polymer layer. Afterward, the coated sample was placed on a zinc base
plate and a reservoir was built at the edge of the sample for electrolyte
insertion with the help of a fast-drying two-component adhesive.
Subsequently, a small defect was created at the edge of the coated
sample with the help of a blade. The assembly was then placed into a
self-made humidity chamber. In order to initiate the growth of ZnO
nanorods via a tailored corrosion process, a few drops of 0.1 M (unless
noted otherwise) aqueous KCl solution was added. Finally, after 6−8
h, the electrolyte was removed and substrates were washed with water
and dried in an N2 flow at room temperature.
2.3. Photocatalytic Decomposition of Methyl Orange (MO).

Photocatalysis experiments were performed in a homemade
continuous flow setup. Zinc foil with ZnO nanorods was placed on
the bottom of a crystallization dish. Next to the foil, a magnetic stirrer
was placed on the bottom of the dish. Initially, a 10−5 M aqueous
solution of Methyl Orange (MO) (20 mL) was added into the dish,

and the solution was stirred with the help of a magnetic stirrer
throughout the experiment. Before starting the photocatalytic
decomposition of MO, ZnO nanorod arrays were immersed in to
the reaction chamber for ∼30 min without illumination to establish
adsorption/desorption equilibrium. Part of the MO solution was then
pumped into a quartz flow cell, placed inside a UV/visible
spectrometer (Perkin−Elmer, Model Lambda 900), using a peristaltic
pump at a flow rate of 50 μL s−1. Photocatalytic decomposition
experiments were carried out with both solution and substrate at room
temperature. No increase in temperature has been observed for the
solution. To ensure the presence of only a specific visible wavelength
of light, the sample in the glass reservoir was illuminated with a HeNe
laser [Melles Griot (633 nm, 1.96 eV)] of 20 mW power output with a
beam expander, yielding a power density of ∼10 mW cm−2 at the
location of the ZnO nanorods. The degradation of the dye was
monitored by the ultraviolet−visible light (UV-vis) spectrometer by
measuring the absorption spectra at different intervals, and evaluating
the peak absorbance at 464 nm. The molar absorption coefficient of
MO at 464 nm was determined to be 4 × 105 L mol−1 cm−1 from a
concentration series.

2.4. Analytical Techniques. The surface morphology of ZnO
nanorods was examined by scanning electron microscopy (SEM)
(Zeiss/LEO, Model 1550 VP) equipped with an energy-dispersive X-
ray (EDX) spectrometer (Oxford Instruments). Atomic force
microscopy (AFM) images were recorded by a Digital Instruments
Model Dimension 3100 AFM in tapping mode, employing Si
microcantilever tips with a radius of <10 nm and a resonant frequency
of ∼318 kHz. Crystallographic information about the nanorods was
obtained by X-ray diffraction (XRD, Bruker-AXS D8 with a Cu Kα
source). X-ray photoelectron spectroscopy (XPS) (Model Quantum
2000, Physical Electronics, USA) were performed at a takeoff angle of

Figure 1. (a) SEM image of ZnO nanorod array grown over a zinc substrate, (b) magnified cross-sectional SEM image, (c) STEM micrograph of
single nanorod, (d) HRTEM image with SAED pattern in the inset of single nanorods, (e) AFM image, and (f) XRD pattern.
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45°, with a monochromatic Al Kα source (1486.6 eV) at a pass energy
of 23.5 eV. Raman spectra were recorded using a Horiba Jobin Yvon
LabRAM confocal Raman microscope with excitation of a Ar+ laser
(514 nm) and a spectral acquisition time of 10 s. Photoluminescence
spectra were measured using a HeCd (λ = 325 nm) laser source with
an excitation power of 20 W cm−2. The photoluminescence light was
detected using a liquid-nitrogen-cooled InGaAs detector.

3. RESULTS AND DISCUSSION

3.1. Structure and Morphology. ZnO nanorods typically
were grown for 6−8 h (maximum for 15−18 h) by coating a
zinc substrate with poly(vinylbutyral) (PVB), subsequently
preparing a defect in the polymer coating, and exposing the
defect to a decrease of 0.1 M aqueous KCl (unless noted
otherwise) at room temperature. The structure and morphol-
ogy of ZnO nanorods grown over a zinc substrate were
examined by scanning electron microscopy (SEM) and
transmission electron microscopy (TEM) (Figure 1). The
SEM micrographs demonstrate that well-ordered ZnO nano-
rods grow densely and uniformly over large areas (see Figures
1a and 1b). Nanorod growth was observed over the full sample,
typically 1 cm2, up to sizes of 4 cm2, in the samples used here.
Nanorod diameters range between 20 nm and 70 nm (see
Figure 1a). Diameters were also verified by tapping mode
atomic force microscopy (AFM; see Figure 1e). The diameter
of the ZnO nanorods observed by AFM is slightly higher than
that observed in SEM images. This difference results from the
tip convolution, because of the high aspect ratio of ZnO
nanorods.39 The relatively flat top surfaces show that the
surface is rather smooth and grown nanorods have similar
lengths. The length was found to be 800−1000 nm from
scanning TEM (STEM) images of single nanorods detached
from the ZnO nanorods array (Figure 1c). The lattice planes of
the hexagonal nanorods can be clearly seen in the high-
resolution transmission electron microscopy image (HRTEM)
from a single nanorod (Figure 1d), from which the selected-
area diffraction (SAED) pattern (inset in Figure 1d) proves the
crystalline nature with a (0001) growth direction. The
crystalline nature of the formed ZnO over the complete
sample area is verified by X-ray diffraction (XRD) (Figure 1f).
In addition to metallic zinc peaks arising from the substrate, the
sharp (002) peak of ZnO indicates the highly preferential
growth of ZnO nanorods along the c-axis.40

X-ray photoelectron spectroscopy (XPS) (Figure 2a),
energy-dispersive X-ray microanalysis (EDX) measurements
(Figure 2b), and Raman spectroscopy (Figure 2c) confirm the
purity of the resulting phase. Figure 2a shows the XPS survey
spectrum obtained from surface of the nanorod arrays.
Prominent peaks originating from zinc and oxygen are obvious.
A small amount of carbon (∼1%) is detected as a ubiquitous

contaminant that is always present after sample transfer
through air. In particular, the specific signatures of the PVB
polymer have not been detected, which confirms the expected
absence of PVB after cathodic delamination. Except for zinc,
oxygen, and carbon, no other elements were detected within
the sensitivity of XPS. These results are consistent with EDX,
where only zinc and oxygen can be detected (Figure 2b). The
semiquantitative EDX analysis yields ∼55% Zn and ∼45% O.
Figure 2c shows the Raman spectrum of a ZnO nanorod

array. The three main peaks are marked as A, B, and C. The
Raman peak at 334 cm−1 (peak A) is originating from a
multiphonon process,41,42 while the sharp peak at 437 cm−1

(peak B) corresponds to the characteristic E2 mode of ZnO
with an hexagonal Wurtzite lattice.43,44 In addition, a broad
band detected at ∼578 cm−1 (peak C) corresponds to
longitudinal optical (LO) phonons (E1 and A1 modes).45 The
observation of the LO phonon in the backscattering geometry
used here is an indication of the presence of structural defects
(see discussion given elsewhere45−47).
The effect of different electrolyte concentrations on the

morphology of ZnO nanostructures was also investigated. In
particular, by exposing the zinc substrate to a higher
concentration of KCl (1 and 3 M), the diameter of 1D ZnO
nanostructure was reduced from 70 nm to 10 nm. The resulting
wire structures are not isolated, as in the case of lower
electrolyte concentration. Instead of rods, which are observed
for electrolyte concentrations below 1 M, pyramidal structures
are formed, as shown in Figures 3a and 3b. An extreme case is
observed when 3 M KCl is used, where thin ZnO nanowires are
obtained (see Figures 3c and 3d). The different diameters
observed in electrolytes with different Cl− concentrations are
attributed to the modification of growth rates on different
crystal faces by Cl− adsorption. Since different faces possess
different polarities,48,49 different susceptibility toward ion
adsorption is reasonable.
The observations made in this work indicate that the ZnO

nanostructures grow after the passage of a delamination front
under the polymer coating, as illustrated in Figure 4.50 The
function of the polymer itself is to define a confined reaction
environment, and it is not actively participating in the reaction.
Because cathodic delamination represents the failure of the
polymer/metal bond, there is no polymer present on the final
corrosion products: the nanorod arrays. In the cathodic initial
region of the delamination front, oxygen reduction leads to the
formation of alkaline conditions.50 This initial region leads to a
breakage of the bond between the PVB polymer coating and
the base material. After the initial part of the delamination front
progressed through a certain region, the region becomes the
local anode, where zinc dissolution to Zn2+ occurs.50 Above a
critical Zn2+ concentration, when the pH is >9,51−53 zinc oxide

Figure 2. (a) XPS spectrum, (b) EDX spectrum, and (c) Raman spectrum of a ZnO nanorod array.
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nucleates. Because of the instability of one of the fundamental
surfaces of ZnO, the oxide grows in a rodlike shape, as observed
here.40,54 It is generally believed that low supersaturation levels
favor growth of the 1D ZnO nanostructure.54 A schematic view
of the process of cathodic delamination and consequent
corrosion product growth is shown in Figure 4. In the absence
of the polymer (i.e., when homogeneous corrosion of zinc
occurs), no formation of rodlike nanostructures was observed.
This cathodic delamination based nanorod synthesis approach
is a sequential process, as opposed to the commonly practiced
synthesis approaches, in which nanorods grow in parallel over
the full sample area.18,19,22,24,26

3.2. Light Absorption and Photocatalytic Activity. In
general, electrochemically produced ZnO is known to have an
electronic structure that is rather different from the electronic
structure of bulk ZnO.47,55 In thin ZnO nanorods, quantum
size effects may become important and defect levels lead to an
absorption of light in the visible range.21,46,56

Both the photoluminescence (Figure 5a) and the UV-vis
reflection absorption spectrum (Figure 5b) are strongly affected
by defect levels. Because luminescence is less affected by

scattering than an extinction-type absorbance measurement, let
us start to discuss the photoluminescence spectrum (Figure 5a)
of the as-grown ZnO nanorod arrays, measured at room
temperature with excitation at 325 nm (3.81 eV). The
nanorods exhibit a UV emission at ∼368 nm (∼3.4 eV),
which corresponds to free excitonic emission,17 while wide
visible emission band in the range of 500−700 nm (2.5−2 eV)
is attributed to different structural defects in ZnO.17,46,57−59

Emission centered at 700 nm is generally attributed to oxygen
interstitials.21,60 Emission at lower wavelengths is attributed to
oxygen vacancies.45,57 Because of the large peak width, a unique
assignment of the spectrum to certain dominant defects is
difficult, especially as other factors such as lattice strain cause
energy shifts.61 A recent thermodynamic analysis of energy
levels of point defects shows that ZnO is unstable toward Zn
vacancy formation.62 Here, we conclude that, very likely, a
combination of several types of defects contribute to the
observed luminescence. A UV-vis reflection reflection absorb-
ance spectrum of ZnO nanorods on the Zn substrate (Figure
5b) shows a strong increase in absorbance below 390 nm (3.2
eV), because of the main electronic transition in ZnO.
However, in addition, a strong, structureless absorption of
light is present with an absorbance of >1 throughout the visible
spectral range. This strong light absorption is likely the result of
a combination of multiple scattering of light in the nanorod
arrays and light absorption by the nanorods.47 The absorption
is caused by defects in the ZnO crystal structure, while the
rodlike morphology efficiently traps light via a multiple
scattering process. Attempts to measure the scattering of light
from the nanorod-covered substrates with an experimental
setup as described elsewhere63 showed scattering in off-specular
direction only on the noise level. Hence, most of the extinct
light intensity is really absorbed.
The absorption of visible light inspired the use of the ZnO

structures in photocatalysis experiments using visible light.
Previously, ZnO nanorods have been used as photocatalysts
with excitation energies above the band gap (e.g., for the
degradation of pollutants or bacteria).64,65 Here, the photo-
catalytic degradation of MO under illumination with visible
light was investigated. MO has been used in many studies as a
model for organic pollutants,1,4−7,64 although it may not be the
ideal model system when investigating visible light photo-
catalysis, because of its strong visible absorption. Therefore, in
this work, illumination with monochromatic light with a photon
energy below the HOMO−LUMO separation of MO was used
to rule out any other photochemical process, including an
action of MO as photosensitizer. [HOMO = highest occupied
molecular orbital; LUMO = lowest unoccupied molecular
orbital.] After starting red illumination, UV-vis spectra of the
MO solution were measured (Figure 5c) and used to calculate
the concentration of MO (Figure 5d). After 6 h of illumination
at 633 nm, more than 90% of MO was decomposed.
Three types of control experiments were conducted (see

Figure 5d). In the first control experiment, the solution was
irradiated with the laser light in the absence of nanorod arrays
and no decrease in MO concentration was observed (Figure 5d,
green symbols). In the second control experiment, ZnO
nanorod arrays were immersed in an MO aqueous solution, and
the solution’s absorption spectra were recorded in the absence
of illumination (Figure 5d, red symbols). In this case, a certain
low decomposition was observed, but at a significantly lower
rate, compared to that observed in the presence of illumination.
If the light source at 633 nm is replaced by a light source at 532

Figure 3. SEM micrographs showing the morphology of ZnO
nanostructures after delamination with different electrolyte concen-
trations: (a, b) 1 M KCl and (c, d) 3 M KCl.

Figure 4. Schematic representation of corrosion-driven growth of ZnO
nanorods arrays.
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nm (i.e., at a wavelength where the absorbance of MO is
already significant), almost no decrease in MO concentration
with time is observed. This observation is explained by the total
absorption of light in the MO solution, resulting in a rather low
intensity at the location of the ZnO nanorods. In the third type
of control experiment (not shown), a zinc sheet without ZnO
nanostructures (i.e., only with the native oxide) was illuminated
with 633-nm light. In this case, also no photocatalytic
decomposition was observed. This observation rules out the
base metal itself as a catalyst.
A presumable mechanism of the observed photocatalytic

activity is the binding of diradical dioxygen to the exciton
generated by light absorption, and a subsequent reaction of the
generated oxygen species with the organic molecules. ZnO has
been shown to facilitate the generation of reactive oxygen
species.15,56 “Free electron” defects inside the ZnO are also
important for the catalytic activity in methanol synthesis.66

While the TEM images and XRD patterns confirm that
crystalline ZnO is dominating in the produced nanorods, the
presence of the visible photoluminescence,57 and the LO
phonon in the Raman spectrum,47 point to a prominent
presence of defects in the produced structures. Several types of
defects are likely to contribute. Defect-related electronic states
inside the band gap are responsible for the absorption of visible
light. Since the rodlike morphology leads to strong in-plane
scattering of light, even low absorption coefficients will
eventually lead to photon absorption after multiple scattering
events. Therefore, the observed photocatalytic activity is a
consequence of a combination of morphology and defect
structure in the ZnO.
While the pH stability of the ZnO nanorod arrays has not

been explicitly investigated, it is strongly expected to follow the
usual stability patterns of ZnO.67 ZnO is stable at moderate pH,
but dissolves in alkaline solutions under zincate formation and

in strongly acidic solutions.67 The nanorod arrays can be reused
for photocatalytic experiments at least several times, with only a
few percent decrease in decomposition rate. Systematic studies
of the lifetime in catalytic experiments are still pending.

4. CONCLUSION

In conclusion, a tailored corrosion process based on cathodic
delamination of a polymer film on metallic zinc yields dense
arrays of ZnO nanorods. This room-temperature process is
extraordinarily simple. It relies on a sequential process (as
opposed to all preparation techniques commonly used and
mentioned in the Introduction)in this case, the passage of a
delamination front. Hence, the process can easily be upscaled to
large areas without the need to adjust the apparatus that is used.
Furthermore, the process operates at room temperature, and no
heating of any part, even to moderate temperature, is required.
The resulting nanorod arrays have been shown to be able to use
the red part of the visible spectrum to photocatalytically
decompose MO. For this purpose, an experiment was
introduced here, in which the sample system was illuminated
with monochromatic light at a photon energy below the
absorption of MO, ruling out contributions of photochemical
processes caused by light absorption from MO. The control
experiments conclusively verify that decomposition is triggered
by light absorption in the ZnO nanorod arrays. The
nanostructures produced by the method introduced here may
potentially be used to decompose persistent pollutants. The
wide availability of galvanized steel and the easy scalability of
the process will enable a fabrication of the nanostructures on a
square meter (m2) scale. The nanorod synthesis scheme may
also enable other (e.g., optoelectronic) applications of ZnO
nanorods on large areas.

Figure 5. (a) Room-temperature photoluminescence spectrum of ZnO nanorod arrays, (b) reflection absorption spectrum of ZnO nanorod arrays
(the photon energies on the top axis are rounded equivalents to the wavelengths at the corresponding label on the bottom), (c) UV-vis spectrum of
Methyl Orange (MO) solution after different irradiation times, (d) molar concentration c normalized to initial molar concentration c0 = 10−5 mol
L−1 of MO, as a function of time under illumination in the presence (−■−) or absence (−▲−) of ZnO nanorod arrays, as well as in the presence of
ZnO nanorod arrays but without illumination (−●−).
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