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Semiconductor-Driven “Turn-Off” Surface-Enhanced 
Raman Scattering Spectroscopy: Application in 
Selective Determination of Chromium(VI) in Water 

Wei Ji,a Yue Wang,a,b Ichiro Tanabe,a Xiaoxia Han,b Bing Zhao,*b and Yukihiro 
Ozaki*a 

Semiconductor materials have been successfully used as surface-enhanced Raman scattering 
(SERS)-active substrates, providing the SERS technology with a high flexibility for 
application in a diverse range of fields. Here, we employ dye-sensitized semiconductor system 
combined with semiconductor-enhanced Raman spectroscopy to detect metal ions, using an 
approach based on the “turn-off” SERS strategy that takes advantage of the intrinsic capacity 
of the semiconductor to catalyze a Raman probe. Alizarin red S (ARS)-sensitized colloidal 
TiO2 nanoparticles (NPs) are selected as an example to show how semiconductor-enhanced 
Raman spectroscopy enables the determination of Cr(VI) in water. Firstly, we explored the 
SERS mechanism of ARS-TiO2 complexes and found that the strong electronic coupling 
between ARS and colloidal TiO2 NPs gives rise to the formation of a ligand-to-metal charge-
transfer (LMCT) transition, providing a new electronic transition pathway for the Raman 
process. Secondly, colloidal TiO2 nanoparticles as an active site to induce the self-degradation 
of the Raman probe adsorbed on its surface in the presence of Cr(VI). Our data demonstrate 
the potential of ARS-TiO2 complexes as a SERS-active sensing platform for Cr(VI) in an 
aqueous solution. Remarkably, the method proposed in this contribution is relatively simple, 
without requiring complex pretreatment and complicated instruments, but provides high 
sensitivity and excellent selectivity in a high-throughput fashion. Finally, the ARS-TiO2 
complexes are successfully applied to the detection of Cr(VI) in environmental samples. Thus, 
the present work provides a facile method for the detection of Cr(VI) in aqueous solutions and 
a viable application for semiconductor-enhanced Raman spectroscopy based on chemical 
enhancement contribution. 
 
 

Introduction 

In recent years, an increasing interest in the studies of surface-
enhanced Raman scattering (SERS) on semiconducting 
materials (that is semiconductor-enhanced Raman spectroscopy) 
has emerged owing to its potential application in biological and 
photoelectronic analyses.1-6 Several semiconductor materials 
including TiO2, ZnO, graphene, Si, and Ge have been 
developed as SERS substrates.7-9 However, the application of 
these materials in SERS-based quantitative measurements is 
still matter of debate because of their specific dependence on 
the molecular electronic structure and relatively weak 
enhancement contribution to SERS. Most of the semiconductor-
enhanced Raman spectroscopy is mainly induced by a charge-
transfer process, leading to an enhancement approximately 102–
104, because the surface plasmon resonance of semiconductor 
NPs typically lies in the infrared region, which does not usually 

coincide with the optical laser frequency.2-4, 7-13 To date, studies 
have largely focused on the discovery and interpretation of the 
SERS phenomena with different semiconductor materials. This 
represents the most significant bottleneck in the application of 
such technique for practical analysis and detection. 

The advantage of semiconductor-enhanced Raman 
spectroscopy is the performance of the semiconductor, which 
possesses controllable photoelectric properties, good 
biocompatibility, and environmental stability. In order to 
exploit these advantages, metal-semiconductor composites were 
introduced into SERS-based assays with some ingenious 
designs.14-19 However, the complicated process need to prepare 
such composites has strongly limited their application. In 
addition, semiconductor materials do not respond to the Raman 
enhancement in these systems.16-19 Considering the 
photocatalysis of semiconductor, quantitative analysis by 
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semiconductor-enhanced Raman spectroscopy would be 
achieved through the detection of signal degradation of a 
labeled probe on a semiconductor. Here, we report that 
semiconductor-enhanced Raman spectroscopy can also be 
developed into a sensing platform for metal ions detection, even 
without the assistance of a noble metal. In particular, we 
present a novel “turn-off” SERS strategy and demonstrate its 
use in a SERS-based assay for the determination of Cr(VI) in 
water. 

Cr has been extensively used in various industrial processes 
and has become one of the major environmental hazards.20 The 
toxicological and biological properties of Cr are entirely 
dependent on its electric charge.21 For instance, Cr(VI) is 
highly toxic; it generally exists as an oxyanion (CrO4

2-) in 
aqueous systems, and is known to be a strong carcinogen.22 In 
contrast, Cr(III) is relatively non-toxic and is regarded as an 
essential trace element associated with the metabolism of 
carbohydrates and lipids.23 Therefore, the reduction of Cr(VI) 
to Cr(III) is a key process for the detoxification of Cr(VI)-
contaminated water and wastewater. In drinking water, the 
Maximum Contaminant Level (MCL) for Cr(VI) has been 
identified as 1 μM. However, because no efficient testing 
method is available for Cr(VI) only, the estimated MCL by the 
World Health Organization (WHO) includes the total amount of 
Cr.24 Evidently, this definition is not conducive to the intake of 
Cr(III) from daily diet and has pushed up the cost of industrial 
wastewater treatment. So far, several methods, including atomic 
spectrometric,25-27 luminescent,28, 29 electrometric,30-33 
colorimetric,34 and X-ray fluorometric techniques,35 have been 
developed for the selective determination of Cr(VI). 
Nevertheless, none of these techniques exhibited the desired 
sensitivity together with an easy manipulation. 

Herein, facile charge-transfer complexes, alizarin red S 
(ARS)-sensitized colloidal TiO2 NPs, are used to demonstrate 
how semiconductor-enhanced Raman spectroscopy enables the 
determination of Cr(VI) in water. We explored the SERS 
mechanism of ARS-TiO2 complexes and found that the 
molecular polarizability tensor can be enhanced by a ligand-to-
metal charge-transfer (LMCT) transition. Interestingly, SERS 
intensities of ARS-TiO2 complexes have been found to be 
sensitive to Cr(VI) concentration due to a co-catalysis, 
indicating their potential use in the determination of Cr(VI). 
Several influencing factors such as response time, laser power, 
pH of the sensing system, and the loading amount of ARS on 
colloidal TiO2 NPs were taken into account to optimize the 
determination conditions. Our experimental results revealed 
that the ARS-TiO2 complexes exhibit high sensitivity and 
selectivity toward Cr(VI). The practicality of this proposed 
method was further validated through the detection of Cr(VI) in 
real water samples. The method proposed here can be used for 
the determination of Cr(VI) in aqueous solutions for an 
accurate assessment of pollution levels. Thus, this work 
provides an evident proof for concept of extending the 
application of semiconductor-enhanced Raman spectroscopy. 

Experimental 

Materials: Alizarin red S and titanium (IV) butoxide were 
acquired from Sigma-Aldrich Co. LTD. and used without 
further purification. All other chemicals, obtained from Wako 
Co. LTD, were analytic grade and employed without further 
purification. Ultrapure water (18 MΩ cm) was used throughout 
the study. The tap-water and pond-water were collected from 
Gakuen district of Sanda and a pond near Kwansei Gakuin 
University, respectively. All the water samples were filtered 
through 0.2 μm membranes prior to use. 
Preparation of colloid TiO2 nanoparticles: The colloid TiO2 
NPs were synthesized according to a method described in 
previous reports.36, 37 Briefly, a solution of titanium (IV) 
butoxide (5 mL) dissolved in 2-propanol (95 ml) was added 
dropwise (1 mL/min) to an aqueous HNO3 solution (500mL, 
pH 1.5) maintained at 1 ℃ . The solution was continuously 
stirred for 10-12 hours until a transparent colloid was formed. 
SERS measurement: A stock solution of ARS (0.1 M) was 
prepared in water. ARS solutions with various concentrations 
were obtained by serial dilution of the stock solution with 
sodium acetate buffer solution (0.01 M, pH 3.0). The ARS 
solutions with different concentration was mixed with colloid 
TiO2 NPs at the same volume and shaken thoroughly. For metal 
ions detection, 10 μL of each sample mixed with 10 μL of 
ARS-TiO2 was dripped into an aluminum pan (0219-0062, 
Perkin-Elmer), and the mixture was exposed to a laser beam for 
30 s before each SERS measurement. The typical exposure time 
for each Raman/SERS measurement in this study was 30 s with 
two accumulations. The error bars represent standard deviations 
based on three independent measurements. 
Instrument: The image of sample was measured on a Tecnai 
G2 transmission electron microscope (TEM) operating at 200 
kV. The UV-vis spectra were recorded on a Shimadzu UV-
3600 spectrophotometer. A RS-2100 Raman spectrophotometer 
(Photon Design, Inc.) equipped with a CCD (Princeton 
Instruments) was used. Radiation with the wavelength of 514.5 
nm from an Ar ion laser (Spectra Physics) was employed for 
the Raman excitation with a power of 5 mW at a sample. The 
Raman band of the silicon wafer at 520.7 cm-1 was used to 
calibrate the spectrometer. 

 
Fig. 1  (a) High‐resolution TEM  image of colloid TiO2 nanoparticles.  Inset  is  size 
distribution  of  colloid  TiO2  nanoparticles  (Dav  is  the  average  particle  size).  (b) 
Optical absorption spectra of colloid TiO2 nanoparticles (30 mM), ARS (0.1 mM), 
and ARS‐TiO2  complexes at pH 1.5. The  inset  shows  the  corresponding  sample 
photographs. 
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Fig. 2  (a) A Raman  spectrum of 0.1 M ARS  in aqueous  solution  (top) and a  SERS  spectrum of 10‐3 M ARS adsorbed on  colloid TiO2 NPs  (bottom).  (b)  Suggested 
mechanism  for  the photoexcitation charge‐transfer process of ARS‐TiO2 complexes with 514.5 nm excitation.  (c) SERS spectra of ARS with variable concentrations 
adsorbed on colloid TiO2 NPs. Inset: the magnified SERS spectrum of ARS‐TiO2 under 5 × 10

‐7 M. (d) Normalized Raman intensity at 1260 cm‐1 versus the concentration 
of ARS. Inset represents low concentration. All the intensities of the bands are normalized to the intensity of the signal due to 2‐propanol at 816 cm‐1. 

Results and discussion 

Synthesis and Characterization 

Colloidal TiO2 NPs with an average diameter of 3 nm were 
prepared by a low-temperature acid hydrolysis route, as 
described previously (see Fig. 1).36, 37 The absorption spectra of 
colloidal TiO2 NPs before and after modification with ARS are 
shown in Fig. 1b, together with that of ARS for the sake of 
comparison. In contrast to ARS, the ARS-TiO2 complexes 
exhibit a more intense absorption band in the longer 
wavelength region with a peak maximum centered at 489 nm. 
This absorption band has been assigned to the LMCT transition, 
which arises from the strong electronic coupling between ARS 
and the colloidal TiO2 NPs.38 Based on the Benesi-Hildebrand 
analysis for ARS-TiO2 complexes (Fig. S1†), the association 
constant (Kass) of the complex was determined to be 3.9 × 103 
M-1, which indicates a relatively strong binding of ARS on the 
surface of TiO2 NPs. An ARS molecule contains many 
functional groups, the FTIR data of ARS-TiO2 complexes 
unambiguously shows that the mode of grafting is bidentate 
chelation, which involves two hydroxyl groups (Fig. S2†). 
These observations suggest that the ARS-TiO2 composite 
material can be used for the development of a semiconductor-

supported SERS sensing platform due to their clear charge-
transfer transition process.  

Mechanism for SERS of ARS-TiO2 system 

Fig. 2a compares a Raman spectrum of 0.1 M ARS in 
aqueous solution and a SERS spectrum of ARS-TiO2 
complexes with the 514.5 nm excitation. The vibrational mode 
assignments listed in Table S1 are based primarily on earlier IR 
and Raman studies of related alizarin dyes.39-42 The SERS 
spectrum is characterized by a significant enhancement in the 
1200–1500 cm-1 region, where the bands are typically assigned 
to the C=C and C-O-R stretching modes. This observation 
confirms that the presence of strong coupling between the 
electronic transition and the C=C/C-O-R bond stretching modes 
in ARS ligands, which are consistent with the conclusions 
obtained from the absorption and IR spectra of ARS-TiO2 
complexes. Such coupling has also been observed on other 
semiconductor NPs in colloidal suspensions such as CeO2, 
Fe2O3, ZrO2, etc.43 Furthermore, the concentration-dependent 
SERS experiments displayed in Fig. 2c clearly demonstrate that 
the concentration as low as 5×10-7 M ARS can be detected.44 
The intensities of the Raman signals can be well fit with the 
BET model and represent a saturate effect (Fig. 2d). In addition, 
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a linear correlation was found between the intensity at 1260 cm-

1 and the ARS concentration in the range of 5×10-7- 2×10-4 M. 
Of note is that the enhancement arises from the strong 

coupling interaction between the dye molecules and the 
colloidal TiO2 NPs and, more importantly, the formation of 
charge-transfer complexes opens up a new electronic transition 
pathway for the Raman process.45, 46 In this case, the ground-
state electrons of the ARS-TiO2 complexes are initially excited 
from the highest occupied molecular orbital (HOMO) level to 
the conduction band (CB) of TiO2 NPs by incident light (Fig. 
2b). Then, the excited electrons immediately transfer back to 
the vibrational energy level of the ARS molecule and 
subsequently release a Raman photon with the ARS molecule at 
some vibrational state. The molecular polarizability tensor can 
be enhanced by such charge transfer process due to the vibronic 
coupling of the conduction band states of the semiconductor 
with the excited states of the probe molecule through a 
Herzberg-Teller coupling term.47 Therefore, unlike the 
resonance Raman where the molecule itself should reach a 
resonance state with the excitation of incident light, the 
enhancement can be considered in this case as a SERS 
phenomenon which arises from the chemical enhancement 
mechanism via the Herzberg-Teller contribution.2, 45, 48 

 
Fig. 3 SERS spectra observed from the ARS‐TiO2 (50 μM ARS) mixtures with the 
various Cr(VI) concentrations. The intensities of the bands are normalized to that 
of  the  signal  from 2‐propanol at 816 cm‐1.  Inset:  suggested mechanism  for  the 
photoexcitation catalysis process of ARS‐TiO2 complexes in the presence of Cr(VI). 

Mechanism for responding to Cr(VI) 

In general, organic ligands are susceptible to decompose on 
bulk TiO2, owing to their adsorption through physisorption or 
weak chemisorption. Compared with bulk TiO2, colloidal TiO2 
NPs possess abundant under-coordinated Ti defect sites, which 
provide plenty of coordination sites for ARS to bind via a 
bidentate chelation. This chelation mode is favorable to the 
recombination between ARS+ and electron, thereby stabilizing 
the ARS molecule. Consequently, ARS adsorbed on the surface 
of colloidal TiO2 NPs cannot be easily oxidized by visible light 
irradiation and preserves the SERS property even after 
exposure to high laser power (Fig. S4†). However, SERS 
intensities are decreased with the addition of Cr(VI), indicating 

the decomposition of ARS adsorbed on the colloidal TiO2 NPs 
surface (Fig. 3 and Fig. S5†). As shown in Fig. 4 and Fig. S6†, 
the ARS-TiO2 complexes exhibit a remarkably high selectivity 
and lower interference toward Cr(VI), particularly in the 
presence of Cr(III). This specificity originates from the 
favorable redox potential of the couple Cr(VI)/Cr(V) (+0.55 V) 
for the reduction promoted by those electrons trapped in inter-
band-gap states, together with the strong interaction between 
Cr(VI) and Ti(IV) atoms with unfilled valence at the TiO2 
surface. This reduction can result in the formation of Cr(V) and 
decomposition of ARS-TiO2 complexes (Fig. S5†), thus leading 
to a decrease in the SERS intensities. The redox potential of the 
Fe(III)/Fe(II) couple (+0.77) is close to that of the Cr(VI)/Cr(V) 
couple. However, the relatively weak interaction between Fe(III) 
and the positively charged colloidal TiO2 NPs only causes 
minor disturbance. To minimize the interference from Fe(III), 
0.2 mM EDTA was added to the sodium acetate buffer as a 
masking agent. As expected, the interference from Fe(III) was 
found to be negligible in the presence of EDTA. Based on these 
results, it was inferred that the SERS intensities of ARS are 
sensitive to the Cr(VI) concentration, indicating the possibility 
of Cr(VI) detection using ARS-sensitized colloidal TiO2 NPs. 

 
Fig. 4 Relative Raman intensity [(IR0‐IR)/IR0] of ARS‐TiO2 complexes in the presence 
of  metal  ions  with  and  without  the  addition  of  a  masking  reagent.  The 
concentration of Cr(VI) was 20μM and each of the other metal ions was 100 μM. 
IR  and  IR0  represent  the  Raman  intensities  of  ARS‐TiO2  at  1260  cm

‐1  in  the 
presence and absence of metal ions, respectively. 

Optimization of the Sensing System 

Prior to application of such SERS sensing platform to the 
detection of Cr(VI), several influencing factors such as 
response time, laser power, pH of the sensing system, and the 
loading amount of ARS on colloidal TiO2 NPs must be 
considered. Firstly, the Cr(VI) induced SERS decrease was 
found to be fast and reached an equilibrium within 30 s (Fig. 
S7†), and thus the mixture was exposed to a laser beam for 30s 
before each SERS measurement. This fast sample preparation is 
beneficial for high-throughput Cr(VI) assays. Secondly, we 
compared the affinity of Cr(VI) to colloidal TiO2 NPs surface in 
different pH, because acidity affects the surface charge of the 
colloidal TiO2 NPs and the existing species of Cr(VI). As 
shown in Fig. S8†, no changes in the SERS intensities were 
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observed with pH ranging from 2.0 to 5.0. Within this range, 
HCrO4

- is the major Cr(VI) species in the sensing system. 
Meanwhile, the colloidal TiO2 surface is positively charged, 
which is favored to the adsorption of negatively charged ions 
such as HCrO4

-, CrO4
2-, and Cr2O7

2-. Moreover, an aggregation-
sedimentation phenomenon was observed at the pH larger than 
5.0, providing us a simple method to recycle the TiO2 NPs from 
the analyte. Finally, the response mechanism was based on a 
co-catalysis scheme, in which both Cr(VI) and ARS are 
activated by the available Ti-coordination sites on the surface 
of the colloidal TiO2 NPs. Thus, the catalytic efficiency with 
different loading amount of ARS on the colloidal TiO2 NPs was 
also conducted to determine the optimum ARS-sensitized 
concentration. It was clearly found that increasing the loading 
amount of ARS represents an increase in the SERS intensity, 
but the best performance was obtained at 50 μM (Fig. S9†). 

 
Fig. 5  (a) SERS spectra of ARS‐TiO2 complexes  (50 μM ARS)  in  the absence and 
presence of Cr(VI) with different concentrations. The intensities of the bands are 
normalized to that of the signal from 2‐propanol at 816 cm‐1. (b) The normalized 
Raman  intensity at 1260 cm‐1 versus  the Cr(VI) concentration. The  inset  shows 
the relative Raman intensity [(IR0‐IR)/IR0] in the low concentration range. 

Application 

Based on the optimized conditions, the sensitivity and 
linearity of this sensing system were evaluated with different 
concentrations of Cr(VI) (Fig. 5). A good inverse 
proportionality was observed between the SERS intensity and 
the amount of Cr(VI) in the concentration range 0.6–10 μM. 

The lowest concentration, in which Cr(VI) could be detected, is 
0.6 μM. This concentration is lower than the maximum level of 
Cr(VI) in drinking water allowed by the WHO. In addition, the 
water samples spiked with different concentrations of Cr(VI) 
were also determined by employing our sensing system (Fig. 6). 
The measurements, during which the added standard Cr(VI) 
was accurately measured with good recoveries (Table S2†), 
confirmed that the sensing system proposed in this work has 
great potential for the quantitative analysis of Cr(VI) in 
environmental samples. 

 
Fig. 6. SERS response of ARS‐TiO2 to different water samples and water samples 
spiked with 10μM Cr(VI) at pH 3.  

Conclusions 
In this work, we showed that semiconductor-enhanced 

Raman spectroscopy can be used as a sensing platform for the 
detection of metal ions. Firstly, the possibility of utilizing the 
dye sensitized TiO2 system to promote SERS is discussed. It is 
found that the strong coupling interaction between the dye 
molecules and the colloidal TiO2 NPs leads to the formation of 
charge-transfer complexes and thus opens up a new electronic 
transition pathway for charge transfer process. The molecular 
polarizability tensor can be enhanced by such charge transfer 
process due to the vibronic coupling of the conduction band 
states of the semiconductor with the excited states of the probe 
molecule through a Herzberg-Teller coupling term. Secondly, a 
novel “turn-off” SERS strategy has been proposed and its use in 
a SERS-based assay for Cr(VI) has been demonstrated. 
Colloidal TiO2 NPs can be employed not only as an effective 
substrate to achieve SERS signal of ARS molecule, but also as 
a catalytic center to induce the self-degradation of the ARS 
response to Cr(VI). The “turn off” SERS signal upon laser 
irradiation allows the development of a facile assay to measure 
Cr(VI). Of note is that this method does not require complex 
pretreatment and complicated instruments, but provides a high 
sensitivity in a high-throughput fashion and excellent 
selectivity toward Cr(VI) over other common anions. 
Furthermore, spiked experiments revealed that our method is 
effective in monitoring the Cr(VI) in real water samples. Based 
on this “turn-off” SERS strategy, other metal ions can also be 

Page 5 of 7 Chemical Science

C
he

m
ic

al
S

ci
en

ce
A

cc
ep

te
d

M
an

us
cr

ip
t



ARTICLE  Journal Name 

6 | J.  Name., 2012, 00, 1‐3  This journal is © The Royal Society of Chemistry 2012 

detected by utilize different semiconductor enhancement 
system that the energy level of semiconductor is match with 
redox potential of determined metal ion. Thus, we believe that 
the date described in this contribution clearly demonstrate that 
the semiconductor-enhanced Raman spectroscopy integrated 
with the catalysis of semiconductor materials can be used as a 
reliable detection method for metal ions in practical 
applications. 
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