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a  b  s  t  r  a  c  t

Ag  NPs  were  obtained  by  isopropyl  alcohol  restore  silver  nitrate  with  silicotungstic  acid  as a  stabilizer
under  the  condition  of  UV irradiation.  From  changing  the  amount  of  isopropyl  alcohol  and  silver  nitrate,
we  obtained  Ag  NPs  of which  plasmon  peak  was  similar  to the  excitation  wavelength,  and  the  enhance-
ment  effect  will  be greatly  improved.  Enriching,  degrading,  and  detecting  dye  molecular  can  be  achieved
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by  the  simple  SERS  substrate,  and  the  photo-degradation  process  was  monitored  by  SERS  successfully  for
the first  time,  and  the  sensitivity  was  improved  compare  to  traditional  detection  by  UV–vis  spectroscopy.

© 2012 Elsevier B.V. All rights reserved.
ew application

. Introduction

Raman spectroscopy has attracted a lot of attention since the
rst observation of surface enhanced Raman scattering (SERS) in
974 [1,2]. Recently, SERS has drawn much attention for its poten-
ial applications in various fields, including analytical chemistry,

edical science, life science, and the characterization of trace
hemical species [3–6]. However, the advantage of SERS using for
onitoring photocatalytic dynamics process has not developed,
ost of us will use UV–vis spectrophotometer to monitor the
hole process [7,8]. Because the limitations of the UV–vis spec-

rophotometer sensitivity, it cannot monitor the relatively low
oncentration of substances in the photocatalytic degradation pro-
ess, thus to find a more sensitive method of monitoring is so
mportant. In this paper, we will first use SERS to monitor pho-
odegration dynamics process of the organic dye molecular, it
ill compensate the defect of low monitoring sensitivity about
V–vis spectrophotometer and put forward the new application
f SERS.
Consider the application of SERS, it is necessary to develop an
fficient SERS substrate that not only can provide strong enhance-
ent factors, but also can be reproducible and stable [9,10].  Various
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169-4332/$ – see front matter ©  2012 Elsevier B.V. All rights reserved.
ttp://dx.doi.org/10.1016/j.apsusc.2012.11.010
methods have been used to prepare the efficient SERS surfaces,
including vapor deposition, chemical reactions, and ion-beam-
sputtered technique [11–15].  Furthermore, the SERS substrate
becomes cheaper and easier to be fabricated and handled are also
very important for SERS as a generally analytical tool [9,16]. Con-
sequently, reducing the cost of preparing SERS-active substrates is
a natural next significant topic. The problem that traditional SERS
substrates are single-use has resulted in its availability not being
fully explored or recognized by the analytical scientists as a rou-
tine analytical technique. So, fabricating a multifunctional SERS
substrate is an efficient and feasible method to reduce the cost
of preparing SERS-active substrates. There are have some reports
about the multifunctional SERS substrate, for example, Caceres and
co-workers fabricate a SERS substrate comprising magnetic and sil-
ver particles encapsulated within a poly (N-isopropylacrylamide)
thermoresponsive microgel for pentachlorophenol detection [17].
A multifunctional Au-coated TiO2 nanotube as a reproducible, sta-
ble and recyclable SERS substrate for organic pollutants detection
had been reported by Li and co-workers [9].  However, the mul-
tifunction of these SERS substrates is not so obvious, and most
of them are too complex, the cost is also too high. So we should
have further research to fabricate simple, cheap and truly multi-
functional SERS substrates.

Here, we report a simple approach to prepare a multifunctional,

reproducible, and stable SERS substrate, pure Ag nanoparticles,
which is fabricated under the protection of tungstosilicate acid
[H4SiW12O40, TSA] [18]. The TSA can be used as oxidants, reducing
agents, catalysts, anti-blocking agent and template agent [19–22].

dx.doi.org/10.1016/j.apsusc.2012.11.010
http://www.sciencedirect.com/science/journal/01694332
http://www.elsevier.com/locate/apsusc
mailto:lbyang@iim.ac.cn
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Scheme 1. Schematic illustration of multi

ilver is well known to improve photocatalytic properties by the
eduction of electro/hole recombination reaction [23,24]. So the
ynthesis solution can be used for photocatalytic degradation of
rganic dye molecules as well as the Ag nanoparticles can be used
s SERS substrates, the basal synthesis process is very simple and
he cost is very low, so it achieves the purpose of obtaining the sim-
le multifunctional SERS substrates with low-cost. And the whole
ynamic process of photocatalytic degradation with Ag nanopar-
icles will be used in conjunction with UV–vis spectrophotometer
nd SERS for simultaneous monitoring the efficiency of photocat-
lytic degradation of organic dye molecules.

. Experimental

.1. Reagents

3-Aminopropyl-trimethoxysilane (APTMS), TSA, AgNO3, iso-
ropyl alcohol, R6G, H2SO4, HCl were A.R. grade and obtained from
hanghai Reagent Co. without further purification, and their solu-
ions were prepared with ultra-pure water.

.2. Synthesis of Ag NPs

Ag NPs were prepared by isopropyl reduction of AgNO3. 1 ml
.003 M AgNO3 was added into 50 ml  5 × 10−4 M TSA, then added
9 ml  ultra-pure water into the solution. 30 min  later, added 4 ml

sopropyl into the solution, then put the solution under the UV lamp
 h with stirring. Then the Ag NPs in solution were collected by
entrifugation and washed with ultra-pure water for two  times and
hese Ag NPs were used as SERS substrate. The remained solution
as used for photocatalytic experiment.

.3. Experiment of absorption ability
The solution was centrifuged to collect Ag NPs, the collected Ag
Ps were added into 10−5 M R6G, and Rhodamine 6G (R6G) with
g NPs was centrifuged 2 h later. The filtrates were analyzed by
onal application of simple SERS substrate.

recording the variation of the absorption-band maximum in the
UV–vis spectrum of R6G. And the isolated nanoparticles were ana-
lyzed by recording the variation of the absorption-band maximum
in the Raman spectrum of R6G.

2.4. Experiment of photocatalytic ability

Photocatalytic activity was  evaluated by the degradation of
R6G under UV-light irradiation using 125 W UV lamp. In each
experiment, the solution contained Ag NPs was added into R6G
solution (10−5 M),  and the concentration of diluted R6G solution
is 2 × 10−6 M.  The solution was put under UV lamp with magnet-
ically stirred. At given time intervals, 3 ml  aliquots were sampled
and centrifuged to remove Ag NPs. The filtrates were analyzed by
recording the variation of the absorption-band maximum in the
UV–vis spectrum of R6G. And the isolated nanoparticles were ana-
lyzed by recording the variation of the absorption-band maximum
in the Raman spectrum of R6G.

2.5. Modification of glasses

The glasses were pre-treated using a piranha solution
(98%H2SO4/30%H2O2 = 3:1 v/v) for 30 min, followed by rinsing with
ultra-pure water. Subsequently, they were treated with 1 mM 3-
aminopropyl-trimethoxysilane (APTMS) of ethanol solution for 2 h
at room temperature. One end of the APTMS is to glass surface while
the amino end of the APTMS is used to bind the Ag NPs. The glasses
were rinsed with ethanol and heated at 110 ◦C for 1 h. Then the
glasses were added into 2% HCl for 10 min  and dried under a stream
of N2 [25,26].  The Ag NPs solution was  injected into sample cell, the
Ag NPs are easy to adsorb to the glass from solution due to the amino

of the glass surface. R6G solution was injected into sample cell after
the Ag NPs solution was extracted from sample pool, the informa-
tion on the surface of the glass in the sample pool was obtained by
OWG [27].
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Fig. 1. (a) TEM images of Ag nanoparticles. (b) UV–vis absorption spectra of Ag nanoparticles with the best reaction condition. (c) UV–vis absorption spectra of Ag nanoparticles
with  different concentrate of AgNO3. (d) UV–vis absorption spectra of Ag nanoparticles with different illumination time.
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. Results and discussion

We fabricate a simple SERS substrate – Ag NPs based on the
ultifunctionality of enrichment, SERS effect and photocatalytic

egradation for detection of organic dye molecular. Scheme 1
hows how the enrichment, photocatalytic degradation and SERS-
ctive substrate works: after the enrichment of organic dye
olecular on the surface of Ag NPs, the substrate can photocat-

lytic degradation of the organic dye molecular, and the dynamic
etection of organic dye molecular based on SERS application
eanwhile. The Ag NPs as multifunctional SERS-active substrates

re discussed in detail through a series of experiments.
The typical TEM images of Ag nanoparticles are shown in Fig. 1a.

ig. 1a clearly shows Ag nanosphere has a uniform size distribu-
ion with a diameter about 30 nm around, and it also reveal that
g NPs are well-dispersed without any aggregation, indicating the
olloidal stability of these dispersions. Changing the amount of iso-
ropyl alcohol and silver nitrate, we obtained Ag NPs of which
lasmon peak were different with each other. The localized surface
lasmon resonance (LSPR) peak associated with the silver nanopar-
icles at 400 nm is shown in Fig. 1b, it is worth noting that a shoulder
eak appeared in the range of 540–550 nm,  which could be
ttributed to aggregation for washing Ag NPs with ultra-pure water.

ocalized electromagnetic (EM) field distribution in association
ith surface plasmon resonance (SPR) excited at the interstitials

i.e. hot-sites) of a small aggregate in nanometric space is the prime
actor for giant optical field enhancement and has attracted huge
interest in various fields of applications [28,29]. Aggregates of noble
metal nanoparticles, particularly silver nanoparticles have shown
their potential in various sectors of nanoscience and technology
including SERS. So we  changed the amount of isopropyl alcohol and
silver nitrate to obtain Ag NPs of which plasmon peak were similar
to the excitation wavelength, as shown in Fig. 1c and d. Fig. 1c shows
the UV–vis absorption spectra of Ag nanoparticles with different
concentrate of AgNO3 and Fig. 1d shows the UV–vis absorption
spectra of Ag nanoparticles with different illumination time. From
the result in Fig. 1c and d, we  can select the best condition to
synthesize the Ag NPs easily. With the best reaction condition,
we  obtained Ag NPs of which plasmon peak was similar to the
excitation wavelength, and the enhancement effect will be greatly
improved [10,30].

Fig. 2A shows the UV–vis spectra of R6G before (a) and after
(b) absorption by Ag NPs. R6G has an absorbance peak centered
at 525 nm,  the peak intensity of maximum absorption of pure R6G
is 1.1 a.u., and the peak intensity of maximum absorption of fil-
trates is 0.6 a.u. after R6G solution was mixed 2 h with Ag NPs,
R6G was absorption on the surface of Ag NPs for a certain time, the
concentration of remaining R6G in the filtrate was decrease after
centrifuged, the peak intensity of maximum absorption became
weaker, the decay in the absorption peak was clearly observed com-

pared to pure R6G. Relatively speaking, the SERS signals of R6G after
absorption by Ag NPs is increase due to a mount of R6G molecular
absorption on the surface of Ag NPs. Fig. 2B shows the SERS spectra
of R6G before (b) and after (a) absorption by Ag NPs. The Raman



Y. Ma et al. / Applied Surface Science 265 (2013) 346– 351 349

Fig. 2. (A) The UV–vis spectra of R6G before (a) and after (b) absorption by Ag NPs, (B) SERS spectra of R6G before (b) and after (a) absorption by Ag NPs, (C) the UV–vis
spectra of MB before (a) and after (b) absorption by Ag NPs, and (D) SERS spectra of MB  before (b) and after (a) absorption by Ag NPs.
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absorbing the dye molecule, more and more R6G molecules have
been absorbed on the surface of Ag NPs.
ands at about 1650, 1576, 1508, 1364, 1186, 775, and 613 cm−1

an be attributed to R6G and agree well with literature data [31].
t can be found from Fig. 2B that the SERS signals of R6G increased
fter centrifuged to remove the filtrate. From Fig. 2A and B can
learly see that Ag NPs do have the capability to absorb the dye
olecules on the surface of itself, so the UV–vis spectra of filtrate

llustrate the peak intensity was weaker due to the concentration
f R6G decreased. A mount of R6G molecule was  absorbed on the
urface of the Ag NPs, the concentration of R6G which absorption
n the surface of the Ag NPs was increase, so the intensity of SERS
ignals became increase. Fig. 2C shows the UV–vis spectra of MB
efore (a) and after (b) absorption by Ag NPs. MB has an absorbance
eak centered at 680 nm,  the peak intensity of maximum absorp-
ion of pure MB  is 0.45 a.u., and the peak intensity of maximum
bsorption of filtrates is 0.615 a.u. after MB  solution was mixed

 h with Ag NPs. MB  was absorbed on the surface of Ag NPs for a
ertain time, the concentration of remaining MB  in the filtrate was
ecrease after centrifuged, the peak intensity of maximum absorp-
ion became weaker, and the decay in the absorption peak was
learly observed compared to pure MB.  Relatively speaking, the
ERS signals of MB  after absorption by Ag NPs is increase due to a
ount of MB  molecule absorption on the surface of Ag NPs. Fig. 2D

hows the SERS spectra of MB  before (b) and after (a) absorption by
g NPs. And the SERS signals of MB  do increased after centrifuged

o remove the filtrate. From Fig. 2 can clearly see that Ag NPs do

ave the capability of absorbing the dye molecule on the surface of

tself.
Ag NPs have the capability of absorption the dye molecular on

he surface of itself can also be proved by optical waveguide (OWG)
as shown in Fig. 3. In Fig. 3, it shows the assembly process of R6G on
Ag NPs modified OWG  surface by pumping the R6G solution into the
sample cell. As the time goes, the intensity of OWG  signals became
increase, from red to green, and this is only because the concentrate
of R6G become higher. That is to say, Ag NPs have the capability of
Fig. 3. The assembly process of R6G on Ag NPs modified OWG  surface by pumping
the R6G solution into the sample cell.
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Fig. 4. The absorption spectra of R6G after photocatalytic degradation by Ag NPs
after irradiation for different times. Inset: the remaining concentration of R6G after
photocatalytic degradation with different irradiation times.
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Fig. 5. The SERS spectra of R6G of the maximum absorption at 613 cm−1 after pho-
tocatalytic degradation by Ag NPs after irradiation for different times.
The Ag NPs with TSA as protection agents and photosensitizers
ave effect on the photocatalytic properties for photodegradation
f organic dye molecule. Fig. 4 shows the absorption spectra of
ltrate after centrifuged to avoid the effect of surface-plasmon
esonance (SPR) from Ag NPs which were expected to be around
24 nm,  has been irradiated with UV lamp at different times in the
resence of Ag NPs as a photocatalyst. The maximum absorption

ntensity of R6G was found to decrease by increasing the irradi-
tion time. Inset clearly shows that the remaining concentration
f R6G after photocatalytic degradation with different irradiation
imes. With the growth in irradiation time, more and more R6G

olecular has been photocatalytic degradated by Ag NPs, so the
emaining concentration of R6G became decrease gradually. In
rder to see the dynamic process of photocatalytic degradated more
learly, we monitor the whole dynamic process by SERS spectra for
he first time. Fig. 5 shows the SERS spectra of R6G of the maxi-

um  absorption at 613 cm−1 after photocatalytic degradation by
g NPs after irradiation for different times. For the first 3 h, the

eak intensity of absorption became increase because the absorp-
ion as dominant effect, amount of R6G molecular absorption on
he surface of Ag NPs. 3 h later, the peak intensity of absorp-
ion became weaker because the photocatalytic degradation as

Fig. 6. The UV–vis absorption (A) and SERS (B)spectra of R6G after photoc
dominant effect. The dye molecular has been photocatalytic degra-
dating gradually, the concentration of R6G on the surface of Ag
NPs, so the the peak intensity of absorption became weaker. From
Figs. 4 and 5 can be easily proved that Ag NPs do have the capability
of photocatalytic degradation the dye molecular on the surface of
itself.

Fig. 6A shows the UV–vis absorption spectra of R6G after photo-
catalytic degradation by Ag NPs after irradiation for different times.
The absorption spectra of R6G hardly see due to the sensitivity
defects of UV–vis spectra, it cannot monitor the kinetic process
of photocatalytic degradation when the concentration of R6G is
as low as to 10−6 M.  Now the importance of SERS for its highly
sensitivity has been appeared, the dramatic enhancement of the
intensity of the SERS spectra make the characteristic peaks of R6G
clear during the dynamic process of photocatalytic degradation as
shown in Fig. 6B compared to the same concentration of R6G char-
acterized by UV–vis spectra shown in Fig. 6A. At this point, we
posed that the photo-degradation process was  monitored by SERS
successfully for the first time, and the sensitivity was improved
compare to traditional detection by UV–vis spectroscopy. This may
hew out a new application of the SERS technique in the future
research.
atalytic degradation by Ag NPs after irradiation for different times.
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. Conclusions

In this study, a simple method was used to synthesize the silver
anoparticles, of which the multifunction was analyzed for using
s surface enhanced Raman scattering (SERS) substrate, adsor-
ent, and photocatalyst. We  investigated the UV light-assisted
htotocatalytic degradation of dye molecular on Ag nanoparticles
onitored by UV–vis and SERS spectroscopy. The results indicated

hat dye molecular was degraded effectively. Most important this
tudy endows a new value of the SERS technique, which can be
sed as a new detection method for monitoring the photocatalytic
rocesses.
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