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Zinc oxide (ZnO) is a well-known semiconductor with valuable characteristics: wide direct band

gap of ∼3.3 eV, large exciton binding energy of 60 meV at room temperature, high efficient photo-

catalyst, etc. which have been applied in many fields such as optical devices (LEDs, laser), solar

cells and sensors. Besides, various low dimensional structures of ZnO in terms of nanoparticles,

nanorods, nanoneedles, nanotetrapods find applications in technology and life. This material is also

appealing due to the diversity of available processing methods including both chemical and physical

approaches such as: hydrothermal, sol–gel, chemical vapor deposition and sputtering. In this report,

ZnO nanorods are prepared by hydrothermal method assisted with galvanic-cell effect. The effect

of counter electrode materials on the morphology and structure of obtained product was studied.

Scanning electron microscopy (SEM) images of the product showed that counter electrodes made

of aluminum offers nanorods of higher quality than other materials in terms of uniform size, high

density and good preferred orientation. The as-prepared nanorods were then sputtered with gold

(Au). ZnO/Au nanostructures show excellent photocatalyst activities which were demonstrated by

complete photodegradation of methylene blue (Mb) under UV irradiation and high decomposition

rate k of 0.011 min−1.
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1. INTRODUCTION

Zinc oxide (ZnO) is an interesting material, which finds

numerous applications from daily life to technology such

as: cosmetic, medicine, rubber manufacture, sensors, UV

absorber, etc. These applications were developed based on

unique properties of ZnO: wide direct bandgap of 3.37 eV

at room temperature, piezoelectric properties, chemical

stability [1]. Recently, ZnO nanomaterial has attracted

more interest from scientists and engineers because many

properties of bulk ZnO were enhanced. Hence, nano-

structures of ZnO were considered as advanced materials.

ZnO nanorods and nanowires were reported as poten-

tial candidates for sensor and spintronics applications.

∗Authors to whom correspondence should be addressed.

ZnO is also famous for its good photocatalytic properties

thanks to their high surface to volume ratio. Such one-

dimensional (1D) nanostructures of ZnO can be obtained

by various physical to chemical techniques such as: vapor-

liquid–solid [2]; physical deposition [3], microwave irradi-

ation [4], hydrothermal method, etc. [5, 6]. Lately, it was

reported that decoration of metal on semiconductor nano-

structure can greatly enhance some properties of the intrin-

sic semiconductors, such as: chemo-resistive property [7],

photocatalytic activity [8, 9], photoluminescence [10]. In

this paper, we report a simple process to synthesize ZnO

nanorods by hydrothermal process assisted with galvanic

effect. Even though hydrothermal process assisted with

galvanic effect was reported as an efficient method to

prepared 1D nanostructures, effect of counter electrode
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material, an important factor of this method was likely
not mentioned in previous reports. The effect of counter

electrode materials on the morphology and structures of
the nanoproducts was studied. Nanocomposite of ZnO

and gold (Au) was then prepared by sputtering method.
The ZnO/Au nanocomposite showed good photocatalytic

properties, which allowed decomposing totally methylence
blue (Mb) on the surface of ZnO/Au nanorods after UV

treatment. The results showed that ZnO/Au nanorods are
promising for making self-cleaning surfaces.

2. EXPERIMENTAL DETAILS
ZnO nanorods were prepared on print circuit boards
(PCBs) as substrates by hydrothermal process. The

detailed experiment setup was described in our previous
papers [5, 6]. In a typical process, the native copper oxide

layers on substrates were first wiped off using fine sand
paper. The substrates were then cleaned thoroughly by

ultrasonic bath with ethanol and distilled water several
cycles. After that the substrates were blown dried by nitro-

gen gun. Galvanic effect was used to enhance the growth
of ZnO nanorods. Galvanic cell structures were formed
by covering edges of the substrate by three different met-

als indium (In), tin (Sn) and aluminum (Al) to study the
effect of cell structures on the nanoproducts. In these struc-

tures, the working electrode was the copper (Cu) layer on
PCBs and the counter electrode was the other metal: In,

Sn and Al and the two electrodes were directly connected.
No external power source was applied during synthetic

process.
A precursors solution was prepared by mixing solutions

of 75 mM zinc nitrate hexahydrate (Zn(NO)3 ·6H2O) and
hexamethylenetetramine (C6H12N42). Then, the prepared

substrates would be dipped horizontally in the as-prepared
solution. Temperature of the reaction was kept constant

at 90 �C by a temperature controller and reaction time
was 3 h. ZnO nanorods would be formed in the opened

area in the center of the substrates. Au was sputtered onto
ZnO nanorods with a current of 20 mA by a DC sputter-
ing system. The calibration curve for the sputtering sys-

tem suggested an Au layer of 10 nm would be formed
at this synthesis condition. Raman spectra were collected

on a Horiba LabRam HR800 Raman spectrometer. The
excitation source was a He–Ne laser with the wavelength

of 632.8 nm. The structure of the product was studied
by X-ray-Bruker D5005 while fluorescence spectra was

obtained using a FL-322 spectrometer. The sample mor-
phology was observed by using Electron microscope FEI

Nova NanoSEM 450.
Photocatalyst reaction of ZnO/Au nanorods was per-

formed by spraying the substrate with distilled water and
treating the sample with ultra-violet (UV) lamp. The emis-

sion wavelength of the UV lamp was 290 nm and the
power was 1 mW. After photocatalyst reaction, the sam-
ples were rinsed with distilled water and blown dry by

nitrogen gun. The existence/decomposition of Mb was

checked by surface enhanced Raman scattering.

3. RESULTS AND DISCUSSION
ZnO has the wurtzite structure of which space group is

P63mc. The group theory states that ZnO has eight phonon

modes. A1+E1 + 2E2 are Raman active, 2B2 are Raman

silent, and A1 +E1 are IR active [11, 12]. The electric

fields induced by LO phonons further splits A1 and E1

phonon modes into longitudinal optical (LO) and trans-

verse optical (TO) components.

Raman spectra of the ZnO nanorods synthesized with

different counter electrode materials are shown in Figure 1.

All the spectra show two dominant characteristic peaks of
ZnO at 99 and 437 cm−1, which can be assigned to E2L

and E2H modes, respectively [3, 8].

The weak peak at 333 cm−1 can be attributed to the

second-order Raman scattering arising from the zone/zero

boundary phonons E2H–E2L, while the Raman peak at

215 cm−1 is assigned to 2TA mode [3]. These two peaks

in the Raman spectra imply that ZnO nanorods are oxy-

gen deficient. There is little difference between the spec-

tra of the ZnO nanorods prepared with different counter

electrode materials. The results suggested that galvanic

effect does not show a clear effect on the structure of

nanoproducts.

Figure 2 shows the SEM images of the as-prepared

ZnO samples. It can be seen that galvanic effect affects

greatly on the morphology of the nanoproduct. As shown

in Figure 2, when In and Sn are utilized as counter elec-

trode materials, the density of nanorods is low and the

obtained nanorods do not have a preferred orientation.
ZnO nanorods prepared with In as counter electrodes are

smaller in diameter when compared with the nanorods syn-

thezied with Sn or Al but a large portion of the substrate is

Figure 1. Raman spectra of ZnO nanorods prepared with different

materials of counter electrodes: Al, In, Sn (data was shifted for better

visualization).
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Figure 2. SEM images of ZnO nanorods prepared with different materials of counter electrodes: Al, In, Sn.

empty without any nanorods. In the case of Sn, the align-
ment of nanorods seems to be slightly better but empty

area is still large. When compared with In or Sn, Al shows
better advantages in term of uniformity and preferred ori-
entation of the nanorods. ZnO nanorods prepared with Al

counter electrode have a quite uniform size and morphol-
ogy. Most of the rods have hexagonal cross-section with
diameter of around 300–400 nm and length of 1–2 �m.

The reaction rate was given by equation [13]

Rate4mols−1cm−25 = j/nF where F is the Faraday con-
stant, j denotes the current density, and n is the stoichio-
metric number of electrons in the electrode reaction. The

current density in turn depends on the potential different
between electrodes of galvanic structure. Thus changing
materials of counter electrodes resulted in different density
and morphology of nanoproducts as observed from SEM

images. SEM images suggested that ZnO nanorods pre-
pared with Al as counter electrode are uniform and possess
good alignment, which are critical for many applications.

We further studied the properties of this sample.
XRD pattern of the ZnO nanorods, which were prepared

using Al as counter electrode in 3 h at 90 �C, is shown

in Figure 3. The pattern matches well with JSPS card No.
36–1451 of ZnO with hexagonal structure. Lattice con-
stants of the samples were estimated as: a ≈ 0.319 nm; c
≈ 0.521 nm. The lattice parameters of our sample agree

Figure 3. XRD patterns of ZnO nanorods prepared with Al as counter

electrode in 3 h at 90 �C.

well with those reported by other groups [12, 14]. Except
two peaks of Cu resulted from the substrate, no other peak

of impurity or strange phase was observed within XRD
detection limit. EDS spectrum of ZnO nanorods sputtered

with Au is shown in Figure 4. The spectrum confirms the
purity of the sample with only peaks from Zn, O. It should
be noted that Cu signal comes from the substrates. Clear

peak of Au was observed in the spectrum of ZnO sputtered
with Au.
The photocatalytic activity of the prepared ZnO/Au

nanorods was studied by Raman spectroscopy. The evo-
lution of Raman signal of Mb, of which initial concen-
tration was 10−6 M, under UV radiation was observed

and the results are shown in Figure 5. These ZnO/Au
nanorods show good photocatalytic activity. Figure 5

shows that ZnO/Au nanorods can decompose Mb effec-
tively under UV irradiation. The decomposition of Mb was
demonstrated by the gradual decrease of Raman inten-

sity with increasing illumination time. The characteris-
tic Raman peaks of Mb disappear after UV treatment. It
is reasonable to consider the concentration of remained

Mb is proportional to the Raman intensity. Then, the
dependence of Raman intensity upon irradiation time was
fitted with pseudo first order model of Langmuir and

Hishelwood [15]:

ln
C

Co

=−kt

where C, Co are the initial concentration of Mb and
concentration of Mb at time t, respectively and k is
the decomposition rate constant. Fitting process for the

strongest Raman peak of Mb at 1620 cm−1 shows that

Figure 4. X-ray energy dispersive spectrum of ZnO/Au nanorods.
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Figure 5. (a) Evolution of Raman spectra of Mb on ZnO/Au nanorods under UV irradiation (data was shifted for better visualization), (b) Plot of

-ln(C/Co ) versus the irradiation time for ZnO/Au nanorods (the inset shows the enlarge Raman peaks of Mb at 1620 cm−1).

the decomposition rate of ZnO/Au nanorods in this study

is k = 00011 min−1. The decomposition rate of ZnO/Au
nanorods is higher than the value reported for ZnO

thin films [15, 16], bared ZnO nanoflowers and ZnO

nanorods [15].
The self-cleaning ability of ZnO/Au nanorods is resulted

from the excellent photocatalytic properties of the ZnO
nanorods. Furthermore, the chemical stability of ZnO/Au

nanorods [8] guarantees that the self cleanning ability is

well preserved. Under UV irradiation, free electrons and
free holes are generated. When moving to the surface

of ZnO/Au nanorods, these electrons and holes combine
with oxygen, water and generate active groups such as:
∗OH and ∗O2. These active groups will decompose organic

compounds into CO2 and H2O [17]. Large surface of the
nanorods provides more active sites for photocatalyst reac-

tion and thus resulted in a higher decomposing rate. In
addition, it has been reported that better photocatalyst is

obtained when ZnO is decorated with noble metal such as

Au or Ag [8, 9, 18, 19]. The enhancement is the result of
the transfer of electron from ZnO nanorods to Au. This

process reduces defect related recombination, which is not
benificial to the photocatalytic ability.

As illustrated in Figure 6, the close Fermi level of

Au and defect levels of ZnO facilitates the transfer of
electron from ZnO defect states to Au, where Au serves

as a reservoir of electron. In the next step, the surface

Figure 6. Diagram of mechanism for enhancement of band edge emis-

sion and green band suppression in ZnO nanorods.

plasmon resonance process provides energy for these elec-

trons to jump up to excited states before transfer back to

the conduction band of ZnO. The lower electron density

at defect states reduces electron–hole recombination via

defect states. At the same time, the number of free elec-

trons and holes necessary for photocatalytic activities gets

higher and results in better decomposition efficiency. The

combination of high surface area and charge separation of

ZnO/Au nanorods explained for the good photocatalyst of

our samples.

In order to verify the role of Au in the above discus-

sion on photocatalyst of ZnO/Au nanorods, we performed

photoluminescence of bare ZnO nanorods and ZnO/Au

nanorods. Figure 7 shows the photoluminescence of the

as prepared ZnO nanorods and ZnO/Au nanorods. ZnO

has two well known photoluminescence peaks. One cor-

responds to the near band edge transition, and the other

corresponds to the deep levels related to defects in ZnO

nanomaterials such as: zinc interstitials or oxygen vacan-

cies. For our sample, the near band edge transition was

oberseved as a sharp peak at 385 nm while the defect

Figure 7. Photoluminescence of ZnO nanorods prepared by hydrother-

mal method assisted with galvanic effect and ZnO/Au nanorods.
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related transitions are characterized by a broad band in
the region 570 nm. For photocatalyst activity, these defect

transitions might not be useful because they reduce the

number of free electrons and holes which are necessary
for photocatalyst. It can be seen clearly from Figure 7

that the green band related to defect emission in ZnO was

completely suppressed after Au sputtering process. Simul-
taneously, the band to band emission was strengthened

clearly. Photoluminescence data likely supported the sug-
gested mechanism (Fig. 6) for photocatalyst of ZnO/Au

nanorods.

4. CONCLUSION
ZnO/Au nanorods were successfully synthesized by gal-

vanic assisted hydrothermal and sputtering method. The
results show that counter electrode material shows clear

effect on the density and morphology of the obtained

nanorods. Among the studied materials, Al was the best
choice for counter electrode, which offers ZnO nanorods

of uniform size and shape with good orientation. The
obtained nanorods have uniform size of 200–300 nm in

diameter and 1–2 �m in length with hexagonal cross-

section. The samples show good photocatalyst with ability
to decompose completely Mb absorbed on the surface of

the samples at a high decomposition rate of 0.011 min−1.

The mechanism for good catalyst of the product was sug-
gested as the combination of high efficiency of electron

hole pair generation under UV irradiation due to high sur-
face area of the nanorods and charge transfer between

ZnO nanorods and Au sputtered on the surface of ZnO

nanorods.
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