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A B S T R A C T

Raman is a very useful tool to identify chemical substances. However, Raman signal is normally not very strong
and hence it is important to fabricate surface enhance Raman scattering (SERS) substrates of good repeatability
and high enhancement factor. In this study, ZnO nanorods were prepared by a facile hydrothermal process
assisted with galvanic effect. Gold nanoparticles were decorated on the as-prepared nanorods by sputtering
method. The results showed that the Au nanoparticles enhance photoluminescence, Raman scattering and
photocatalyst properties of ZnO nanorods. The ZnO@Au based SERS substrate showed high enhancement factor
and can detect methylene blue at low concentration of 10–9 M. In combination with self cleaning under UV
irradiation, the ZnO@Au SERS substrates can be reusable and hence it is promising for quantitative analyzing
based on Raman scattering.

1. Introduction

Since its discovery, Raman spectroscopy has been expected to pro-
vide various applications based on characterized Raman signal of che-
mical substances. In fact, low intensity of Raman signals had limited the
applicability of Raman spectroscopy for several decades until the de-
velopment of surface enhanced Raman scattering (SERS). The very first
SERS substrates were rough metallic electrodes [1]. Higher reactive
SERS substrates were later fabricated by self assembled layer of noble
metal nanoparticles on planar surface [2–5]. The main disadvantage of
such substrates is low repeatability, which limits quantitative applic-
ability of Raman technique. Much effort of scientists was devoted to
develop new kinds of SERS substrates of higher repeatability for dif-
ferent applications such as: analytical chemistry, biology or environ-
mental science. Recently, 1D nanostructures have been reported as
potential SERS substrates of high repeatability and high enhancement
factor [6–9]. Even though, localized surface plasmon resesonance in
noble metal nanoparticles deposited on such 1D nanostructures is still
responsible for SERS activities, higher density of hot spots and effect of

anisotropic geometry are expected to result in better enhancement.
Furthermore, core/shell geometry was believed to be able to con-
centrate the scattering electromagnetic field at the metal surface [10].
The drawback of such approaches is the complicated and/or expensive
preparation routes [11].

In fact, most of SERS substrates cannot be reused. This is not ben-
eficial from both economical point of view and quantitative analytical
point of view. Hence, preparing of recyclable SERS substrates is very
important and has been studied recently. It is well-known that photo-
catalyst is an effective way to decompose organic materials [12–14]. In
this regards, photocatalyst is extremely useful and convenient to clean
off chemical substances from used substrates [15–17].

Various ZnO nanostructures such as: nanodisks, nanowires, na-
norods, nanopartilces were synthesized by different techniques: mi-
crowave, thermal evaporation, hydrothermal method [18–20]. In this
study, ZnO nanorods were prepared by hydrothermal method assisted
with galvanic effect on cheap print circuit boards (PCBs). Facile
synthesis process, cheap precursors and materials are advantageous to
scale up the production for commercialization. Galvanic effect helps to
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improve both density and alignment of ZnO nanorods. This is important
to gain better reproducibility of the as-prepared SERS substrates. In-
stead of using silver which might limit stability of SERS substrate due to
oxidation in air, gold nanoparticles with many excellent plasmonic,
catalyst properties [21–24], were decorated on surface of ZnO nanorods
by sputtering method. Our results show that gold nanoparticles vastly
improve photoluminescence, Raman scattering and photocatalyst ac-
tivity of ZnO nanorods. The combination of these properties makes
ZnO:Au nanorod a promising SERS substrate, which possesses high
enhancement, reproducibility and can be reusable.

Even though, there were few reports on surface enhanced Raman
scattering on semiconductor/noble metal nanocomposites. There is a
lack of study on simultaneous enhancement of photoluminescence,
Raman scattering and photocatalyst of ZnO@Au nanocomposite.
Detailed discussion on the role of gold nanoparticles on enhancement of
photoluminescence, surface enhanced Raman scattering, photocatalytic
properties of ZnO in this study is expected to contribute to enlighten the
relation between these optical properties in ZnO/Au nanorods.

2. Experiment

ZnO nanorods were synthesized on PCBs by galvanic effect assisted
hydrothermal method. The detailed experiment setup is described
elsewhere [20,25]. In a typical process, PCBs served as substrates were
cleaned in sequence with acetone, ethanol and deionized water by ul-
trasonic bath for 5min each. The oxide layer on PCB was then removed
by HCl solution of 5%, and rinsed thoroughly again with DI water and
dried by nitrogen blow. Galvanic cell structure was formed by covering
edges of the substrate by Al foils. Then, the as-prepared substrates were
transferred into mixture solution of 75mM zinc nitrate hexahydrate (Zn
(NO)3·6H2O) and hexamethylenetetramine (C6H12N42). Temperature of
the whole system was maintained at 90 °C by a temperature controller
for hydrothermal reaction and the reaction time was kept at 3 h. ZnO
nanorods would be grown in uncovered area of the substrates. Then, the
Al cover was removed and the samples were rinsed thoroughly with DI
water to get rid of any residual salts from the samples before being
blown dried with nitrogen gas.

Gold nanoparticles were decorated onto ZnO nanorods by sputtering
method. Different deposition times were applied (from 10 s to 120 s)
with a current of 30mA. X-ray diffractometer Siemens D5005 - Bruker
with monochromatized Cu Kα radiation 1.54056 Å was used to char-
acterize structure of the samples. Sample morphology was investigated
by using Nova Nano SEM 450. Raman measurement was done on HR
800 Raman spectrometer from Horiba Jobin Yvon. Excitation source
was 632.8 nm line from He – Ne laser. Laser power at sample surface
was kept at 0.5 mW while acquisition time was 20 s for all the SERS
measurement. Diffuse reflectance spectra of ZnO:Au nanorods were
collected on Carry 5000 ultraviolet–visible–near infrared (UV–Vis-NIR)
spectrophotometer.

Methylence blue (MB) was used as SERS probe molecular in our
experiment. Aqueous solution of MB with concentration in the range of
10−7 to 10−9 were prepared by serial dilution of the initial solution of
10−7 M concentration. Self-cleaning cycles of ZnO@Au SERS substrates
were performed by wetting the substrate with DI water and shining the
sample by UV irradiation from Philips UV lamp in 60min. After UV
irradiation, the samples were then rinsed with DI water, and blown dry
by nitrogen gas. The substrate was then ready for being retested with
Raman measurement.

3. Results and discussions

Raman spectra of ZnO nanorods prepared by galvanic effect assisted
hydrothermal method in 3 h is shown in Fig. 1. Two prominent peaks
can be seen in all spectra at 99 and 437 cm−1, corresponding to char-
acteristic Raman modes E2low and E2high of ZnO. While E2low mode is
related to vibration of zinc lattice, E2high is attributed to vibration of

oxygen atom. High intensities of these two peaks imply high crystal
quality of the samples. Two weak peaks at 215 and 330 cm−1 were
reported previously as the second-order Raman scattering arising from
zone-boundary phonons (2-TA(M), and 2-E2(M), respectively) [18]. The
appearance of these two peaks in the Raman spectra suggests slight
oxygen deficiency in our ZnO nanorods.

As can be seen from SEM image in Fig. 2, the as prepared ZnO na-
nords are quite uniform in size and shape. The rods have diameter of
about 200–300 nm and length of up to several micrometers. High
density of ZnO nanorods clearly demonstrates the advantage of galvanic
effect assisted hydrothermal method in preparation of well aligned
nanorods.

XRD patterns of ZnO nanorods shown in Fig. 3 matched well with
JSPS card no. 36–1451 of ZnO with hexagonal structure. Lattice para-
meters of the samples are: a= 0.32 nm; c= 0.52 nm. Crystalline size of
nanorods estimated by using Debye Sherrer’s formula is 46 nm.

We believe that good alignment and uniformity are critical to en-
hancement capacity of SERS substrates based on ZnO nanorods. Density
of hotspot for enhancement, which is distributed in along arrays of
nanorods (3D) is much higher than in the case of planar (2D) dis-
tribution. In this regard, higher density of nanorods should result in
higher density of hotspots, which in turn offers higher enhancement
factor as well as uniformity of SERS substrate. The results showed that
the as prepared sample met these criteria for making good SERS sub-
strate. The ZnO nanorod sample prepared in 3 h was then decorated
with gold nanoparticles by sputtering methods. Fig. 4 shows TEM

Fig. 1. Raman spectra of ZnO samples prepared by galvanic effect assisted
hydrothermal method.

Fig. 2. SEM images of the as prepared ZnO nanorods.
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images of ZnO nanorods decorated with gold by sputtering method with
different sputtering time. Sputtering time of less than 30 s resulted in
formation of separated gold nanoparticles on the surface of ZnO na-
norods. The size of gold nanoparticles is 10–30 nm. Increasing sput-
tering times tends to increase size and density of these nanoparticles. At
longer sputtering times, some nanoparticles are merged together to
form larger island or even continuous layer of gold on ZnO nanorods.

EDS elemental mapping for ZnO nanorods prepared with sputtering
time of 30 s was performed. The mapping area is indicated by the
rectangle in Fig. 5(a) and the mapping of Au element on the surface of
ZnO nanorods is shown in Fig. 5(b). The results help to clarify that gold
is distributed in form of nanoparticles on the surface of the nanorods.

Fig. 6 shows typical EDS spectra of ZnO nanorods prepared in 3 h
before and after sputtering of gold nanoparticles. EDS measurement
reconfirms that the as-prepared ZnO nanorods are pure and clean, no

residue or contaminant exists in the final nanoproduct. After 10 s of
sputtering, a clear peak of gold appeared in the spectrum. As increasing
sputtering time, gold peaks in the EDS spectra become stronger (data
not shown).

Diffuse reflectance spectra of ZnO nanorods and ZnO nanorods de-
corated with gold nanoparticles with different sputtering time 30, 60
and 120 s were measured to investigate localized surface plasmon of
ZnO@Au nanorods. The corresponding absorption spectra of the sam-
ples, obtained by using Kubelka – Munk function are shown in Fig. 7.
Absorption spectrum of ZnO nanorods shows a clear absorption edge at
385 nm corresponding to a band gap of Eg= 3.27 eV.

The absorption spectra of ZnO nanorods before and after decorating
with Au nanoparticles show clear difference. In addition to the clear
absorption edge of ZnO at around 380 nm, strong absorption peaks at
longer wavelengths can be observed. The sample prepared with sput-
tering time of 30 s shows a clear peak at 532 nm, which is attributed to
localized surface plasmon resonance of gold nanoparticles on ZnO na-
norods [26]. As increasing sputtering time to 60 s, another notable peak
appears at 470 nm while plasmon related peak at 532 nm reduces to a
shoulder. At sputtering time of 120 s, plasmon resonant peak becomes
much weaker and cannot be resolved. At the same time, absorption
peak at 470 nm becomes dominant in the spectra. According to Tapan
Barman [27], peak at 470 nm can be attributed to interband absorption
of gold nanoparticles. As intraband is far from excitation wavelength
used in this measurement (632.8 nm) it might not be useful for surface
enhanced Raman scattering. For this reason, we chose sputtering time
of 30 s for further investigation of SERS.

The change in photoluminescence of ZnO nanorods under decora-
tion of gold nanoparticles is shown in Fig. 8. It is noted that after de-
position of gold, exciton related emission at 380 nm is greatly enhanced
while the green emission due to defects like zinc interstitial or oxygen
vacancies is much reduced. Upon increasing sputtering time to 60 s, the
green broadband is totally suppressed. Several explanations are possible

Fig. 3. XRD patterns of ZnO nanorods prepared in 3 h at 90 °C.

Fig. 4. TEM images of ZnO nanorods decorated with gold at different sputtering time: (a) 10 s; (b) 30 s; (c) 60 s and (d) 120 s.
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for such phenomenon. First, coating ZnO nanorods with gold may
passivate defect and surface states, and results in decreasing the defect
peak in ZnO. However, surface passivation is usually reported to reduce
partially defect related photoluminescence in ZnO [28,29]. In our case,
the green emission is almost impossible to observe even with sample
sputtered in only 10 s. Furthermore, along with the decrease of green
emission, the increase of excitonic band cannot be explained by taking
into account only the trap/surface passivation. It should be understood
that other physics phenomenon should be considered. In our opinion,
another reason for the observed phenomenon is the coupling between
surface plasmon absorption of Au nanoparticles and photoluminescence
of ZnO nanorods. Diagram of mechanism for enhancement of band edge
emission in ZnO nanorods is illustrated in Fig. 9. Firstly, the emission
from trap or surface states of ZnO can easily be absorbed by Au nano-
particles under surface plasmon resonant condition. Such explanation is
reasonable when taking into account the closed value of localized
surface plasmon wavelength of Au nanoparticles (532 nm) and defect
emission from ZnO nanorods in region 500–600 nm. Secondly, band
edge emission is also enhanced via charge transfer process, in which
electron in defect levels of ZnO is transferred to Fermi level of Au. This
process is allowed because defect levels of ZnO is about 5 eV (respect to
vacuum level) while Fermi level of gold lies at −5.3 eV [30]. The
electron, transferred into Au nanoparticles, can be excited via surface
plasmon resonance to energy levels above conduction band of ZnO. In
the next step, these excited electrons will be brought back to ZnO
conduction band. Hence, along with suppression of defect emission,
surface plasmon resonance assisted increment of electron density in
conduction band and helped to enhance band edge transition of ZnO
nanorods. It should be noted that further increasing sputtering time will
not result in more enhancement but rather that excitonic emission be-
comes saturation and decrease latter. The formation of continuous gold
layer on ZnO nanorods might explain for such decrement.

The ZnO@Au nanostructures show high SERS activity, which was
demonstrated by clear peaks of MB measured on the as-prepared
ZnO@Au nanorods. The SERS spectra of MB on ZnO@Au with different

sputtering time are shown in Fig. 10. It can be seen that no Raman
signal of MB on bare ZnO nanorods can be detected. On the other hand,
clear characteristics peaks of MB are observed when measuring on
ZnO@Au substrates, for examples peaks at 1393 cm−1, 1621 cm−1. It is
evident that sputtering time plays an important role on enhancement
ability.

Even though, Raman enhancement is only slightly different with
sputtering time in range of 10–30 s with highest Raman intensity ob-
tained at sputtering times of 30 s. At longer sputtering time 60 s or
120 s, Raman intensity of MB becomes lower. We understand that in-
creasing sputtering time will increase size and density of Au nano-
particles on ZnO nanorods. As the nanoparticles grow larger and at
higher density, the probability for the nanoparticles to approach each
other at nanometer scale without contact becomes higher. In other
words, the increasing number of hot-spots offers higher enhancement.
Further increasing sputtering time over 60 s shows only limited en-
hancement in term of both Raman intensity and number of character-
istic Raman peaks. The results show agreement with diffuse reflectance
data, which indicate that sample prepared at 30 s showed highest sur-
face plasmon resonance. Sputtering at longer time may eventually re-
sult in lower density of hot-spot due to the formation of continuous gold
films and weaken surface plasmon resonance as observed in reflectance
spectra. It can be concluded that for our investigation, sputtering time
of 30 s is optimum for a good SERS activity. It should be noted that
SERS enhancement is still available for long sputtering time of 120 s
when gold might be in form of thin films on the surface of ZnO na-
norods. Lightning rods effect in our ZnO@Au nanorods can be re-
sponsible for SERS in this case and hence SERS activity is only faded out
but not completely disappeared at longer sputtering time.

SERS spectra of MB at different concentrations on ZnO:Au nanorods
were shown in Fig. 11. ZnO@Au nanorods show excellent enhancement
ability, which can resolve signal of MB at concentration as low as 10−9

M.
The detection limit achieved for ZnO/Au nanorods in this research

is comparable with other reports. For example, Huang et al. [15]

Fig. 5. (a) Enlarged TEM image of ZnO@Au nanocomposite sample prepared with sputtering time of 30 s and (b) EDS mapping of Au element on the surface of ZnO
nanorods corresponding to the area marked by black rectangle in (a).

Fig. 6. X-ray energy dispersive spectra of ZnO nanorods prepared in 3 h and ZnO@Au nanorods with sputtering time of 10 s.
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reported of using ZnO/Ag multipods to detect Rhodamine B at con-
centration as low as 10−8 M. Sakano et. al [31] also used Au coated
ZnO nanorods as SERS substrate to detect RhB with detection limit of
10−9 M. Using ZnO/Au nanorods, Nampueng et al. was able to get
signal of MB at lowest concentration of 10−7 M [32].

Eventhough, the alignment of ZnO/Au nanorods is not totally per-
fect, the as-prepared substrates show excellent uniformity. This can be
understood as the distribution of gold nanoparticles decorated along
ZnO nanorods helps to enhance the number of hot–spots greatly when
compared with the distribution of gold nanoparticles on 2D flat surface
such as Si or sodalime glass substrate. Size of gold nanoparticles on ZnO

nanorods is about 10–30 nm which is much smaller than the excitation
laser beam size (~μm). Rough estimation shows that when laser beam
hits the surface samples, it excited simultaneously several ZnO na-
norods. These nanorods are micrometers in length and can accom-
modate hundreds of gold nanoparticles along these nanorods. These
factors explain for the high enhancement and uniformity of these SERS
substrates.

Fig. 7. (a) Diffuse reflectance spectra of ZnO and ZnO@Au nanorods with different sputtering time, (b) the corresponding absorption spectra of ZnO and ZnO@Au
nanorods with different sputtering time.

Fig. 8. Photoluminescence of ZnO@Au nanorods prepared with different
sputtering time.

Fig. 9. Diagram of mechanism for enhancement of band edge emission in ZnO
nanorods.

Fig. 10. Raman spectra of MB (10−7M) on ZnO@Au nanorods prepared with
different sputtering time.

Fig. 11. Raman spectra of MB at different concentration measured on ZnO/Au
with sputtering time of 30 s.
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ZnO@Au nanorods also exibit high photocatalytic activity, which
can be taken advantages to make recyclable SERS platform. In addition
to economical benefit, recycle ability also offers other advantages such
as quantitative analysis or comparing cross section scattering area of
various molecular on one common SERS substrate. Fig. 12 shows that
ZnO@Au nanorods can be reused after measurement by being exposed
under UV irradiation. Raman signal is well reproduced after each self
cleaning cycle. It has been reported that SERS substrates based on silver
nanoparticles are difficult to be reused due to easy oxidation of silver to
silver oxide. The recyclable ability of our samples is resulted from the
combination of excellent photocatalyst of ZnO nanorods, which helps to
effectively remove organic molecular from the substrate and the che-
mical stability of both ZnO nanorods and Au nanoparticles, which
guarantees to reproduce Raman signal after being cleaned. Under ex-
posure to UV irradiation, electron hole pairs are created. On the surface
of ZnO nanorods, electrons and holes react with oxygen and water
vapor to produce active group such as: *OH and *O2. These groups are
able to decompose organic compound into CO2 and H2O [33]. High
surface area of nanorods improves photocatalyst reaction rate. In ad-
dition, photocatalyst of ZnO@(Ag,Au) is believed to be even better than
pure ZnO nanorods as discussed other reports [34–36]. The better
photocatalyst is resulted from the charge transfer from ZnO nanorods to
gold nanoparticles, which reduces recombination not being useful for
photocatalytic activity.

4. Conclusion

ZnO@Au nanorods were successfully prepared by combination of a
facile hydrothermal method assisted with galvanic effect and sputtering
method. Decorating Au nanoparticles on ZnO nanorods helps to en-
hance photoluminescence and surface enhance Raman scattering. The
high surface area of nanorods offers several major benefits. First, it
helps to maximize both the number of hot spots created by Au nano-
particles decorated on ZnO nanorods, which is necessary for Raman
scattering enhancement. Second, high surface to volume ratio is also
beneficial for photocatalytic properties.

Simultaneous enhancement of these optical properties offers a kind
of SERS substrate of high enhancement factor, high uniformity, with
self cleaning effect, which helps to recycle the substrate and opens the
ability for quantitative study of substances at low concentrations based
on Raman measurement.
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