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In this paper, rutile and anatase TiO2/Ag nanocomposites were prepared by a facile and green

photochemical method. The as-prepared samples were investigated by using various spectroscopic and

microscopic techniques in detail. Trace detection of rhodamine 6G (R6G) and crystal violet (CV) was

studied based on the nanocomposites. Compared to the anatase TiO2/Ag nanocomposite, the rutile

TiO2/Ag nanocomposites (Sr3) exhibited the best SERS performance for rhodamine 6G (R6G). Then, the

optimized SERS-active substrates (Sr3) were employed to study its recycling properties by degrading R6G

and CV in situ. The substrates were able to self-clean. The possible mechanism of the good SERS and

photocatalytic performance of the TiO2/Ag nanocomposite (Sr3) was discussed. This work is of

importance in theoretical research and practical application based on the SERS effect of nanocomposites.

1. Introduction

With wide use of dyes, effective detection and removal of

organic pollutants from the environment has been a pressing

issue, because many organic dyes are quite stable and toxic. A

variety of techniques have been developed to detect and remove

organic dyes from the environment. Surface-enhanced Raman

spectroscopy (SERS) is thought to be a promising technique for

the trace detection and analysis of organic dyes in the envi-

ronment due to its good sensitivity and exceptional spectral

selectivity.1–5 The SERS effect is a phenomenon where the

Raman signal intensity of molecules can be dramatically

enhanced when the molecules are adsorbed on (or close to) the

metal material surface. Since the rst observation of SERS on

a rough silver electrode in 1974, SERS has attracted much

attention due to its high sensitivity, speed of detection and

ngerprint features. In the last decades, various noble metals

nanomaterials were prepared as typical SERS-active

substrates.6–9 However, as SERS substrates, the traditional

noble metal materials are for one-time use only and cannot

remove the pollutants, which limits the development of SERS

substrates. Photocatalysis has been proven to be an effective

method to degrade organic dyes into simpler and harmless

compounds to eliminate environmental pollution.10–13 In the

past decades, considerable efforts have been made toward the

development of novel multifunctional nanomaterials which

possessed both high surface enhanced Raman scattering (SERS)

activity and enhanced photocatalytic activity.14–21 However, most

methods need a long time or complicated instrumentation,

therefore it is necessary to develop new time-saving and cost-

effective methods to prepare these nanomaterials.

Semiconductor nanomaterials have been extensively studied

from both theoretical and experimental points due to their high

photocatalytic performance.22–24 Of the well-known semi-

conductor nanomaterials, titanium oxide (TiO2) nanoparticle

has been proved to be a suitable photocatalyst owing to its

unique and superior properties, such as cheap, easy acceptance,

non-toxicity, photo-stability, and so on.22–27 However, the main

drawbacks of low quantum yields and the lack of visible light

utilization constrain the practical usage of TiO2. Efforts have

been made to improve the photocatalytic activity of TiO2 by

various methods. One of the methods for improving photo-

catalyst performance is addition of nanoparticles of noble

metals deposited on TiO2 surface.28–35 Various noble metal

nanoparticles/TiO2 composites have been prepared by many

methods.28–35 Compared with other deposition techniques,

photoreduction has the advantages of environment protection,

energy saving and high reproducibility.

The advantage of plasma noble metals and photocatalytic

semiconductor nanomaterials of noble metal nanoparticles/

TiO2 composites offer an opportunity to detect and remove the

adsorbed molecules in situ on a single material.36–49 Herein,

rutile and anatase TiO2/Ag nanocomposites were prepared by

a facile and green photochemical method. The as-synthesized

nanocomposites were characterized using X-ray diffraction

(XRD), transmission electron microscope (TEM), X-ray photo-

electron spectroscopy (XPS), UV-vis absorption spectroscopy

(UV-vis), X-ray uorescence spectrometer (XRF), Zahner
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workstation and Raman spectrometer (Raman). The surface-

enhanced Raman scattering (SERS) performance and photo-

catalytic activity of the nanocomposites were also investigated.

It can be found that rutile TiO2/Ag nanocomposites (Sr3) have

good SERS and photocatalytic performances, which will be used

as novel SERS substrates for detection and elimination in situ of

organic pollutants on a single substrate. The synthesis process

is straightforward, simple, reproducible, cost effective and

robust. In the future, the present process may be helpful for the

synthesis of other types of nanomaterials in a small time scale

with higher yields.

2. Experimental section
2.1. Material

All the chemical reagents used in this work, including anatase

titanium oxide (TiO2), rutile titanium oxide (TiO2), silver nitrate

(AgNO3), rhodamine 6G (R6G), crystal violet (CV) was purchase

from Sigma-Aldrich Chemical Co., Ltd. (Shanghai, China). All

chemicals were of analytical grade. Deionized water was used

throughout the experiment.

2.2. Methods

Synthesis of TiO2/Ag nanocomposites: rstly, 3 mmol (0.72 g)

rutile titanium oxide were dispersed in 100 mL deionized water

with vigorous stirring. Then a certain amount of silver nitrate

(0.5 mmol, 1 mmol and 3 mmol) was added into the above

suspension, respectively. Finally, the mixed solution was irra-

diated under a 250 W UV lamp for 120 min. The obtained

products were collected by centrifugation and washed with

deionized water and ethanol for several times. The nal prod-

ucts were dried at 70 �C for 10 h and denoted as Sr1, Sr2 and Sr3.

Similar procedure of was performed under the same reaction

condition except using anatase titanium oxide instead of rutile

titanium oxide and the resulting products were denoted as Sa1,

Sa2 and Sa3.

2.3. Characterization

The phase purity of the products was characterized by X-ray

diffraction (XRD, German Bruker AXSD8 ADVANCE X-ray

diffractometer) using a X-ray diffractometer with Cu KR radia-

tion (l ¼ 1.5418 Å). Transmission electron microscope (TEM)

images and elemental mapping images were obtained on an

American FEI Tecnai G2 F30 S-TWIN eld-emission trans-

mission electron microscopy (operated at 300 kV). The

ultraviolet-visible (UV-vis) diffuse reectance spectra were ob-

tained on an America Varian Cary 5000 spectrophotometer. X-

ray photoelectron spectra (XPS) were recorded on an ESCALAB

250Xi system (Thermo Scientic). Prior to the analysis in the

XPS system, all investigated materials, in the form of powder,

were pasted onto the surface of the sample stage. All XPS

measurements were performed using the ESCALAB 250Xi

system without external illumination. A monochromated Al Ka

X-ray source (1486.6 eV) was used and operated at a voltage of 15

kV. The chosen pass energy was found to provide a reasonable

compromise between the energy resolution and transmission of

the analyzer, in other words good quality spectra with a satis-

factory signal to noise ratio could be recorded within acceptably

short acquisition times. In order to neutralize the charge build-

up on the investigated surfaces, the XPS tool is equipped with

a standard dual ood gun, which provides simultaneously

a beam of low energy electrons and a beam of low energy Ar-

ions. XPS spectra were carried out with the binding energies

calibrated using C 1s (284.8 eV). The SERS and self-cleaning

process were preformed on the glass where the dyes and the

as-prepared samples were mixed. For SERS spectral examina-

tion, 1 mL R6G aqueous solution was dispersed on the samples

at different concentrations and dried in the air. SERS spectra

were measured by using a Raman spectrometer (Britain

Renishaw Invia Raman spectrometer) with a 532 nm Ar ion laser

line, where the effective power of the laser source was 0.35 mW.

Spectra were accumulated 1 scans. The total accumulation time

for SERS and Raman measurements was 10 s. The beam

diameter was approximately 2 mm on the sample surface. The

self-cleaning process was preformed on the above glass under

the irradiation by an 1000 W Xe lamp for 1 h.

3. Results and discussion

Fig. 1 shows the TEM images of the TiO2/Ag nanocomposites

prepared with different amount of AgNO3. It can be found that

there are many dense dark dots with a size range of 1–3 nm on

the surface of TiO2 nanoparticles. Moreover, the distribution

densities of the dots on the surfaces of TiO2 nanoparticles (NPs)

gradually increased when the amount of AgNO3 in the precursor

suspensions were increased form 0.085 g to 0.51 g (Fig. 1a–c). To

further characterize the as-prepared samples, the STEM and

EDS mapping images were also obtained on an American FEI

Tecnai G2 F30 S-TWIN eld-emission transmission electron

microscopy, which is shown in Fig. 1d. Different colors indicate

different elements: yellow, red and blue refer to the presence of

Ti, O and Ag respectively. Obviously, the TiO2/Ag nano-

composites were prepared by a simple photochemical method

and Ag nanoparticles were decorated uniformly on the TiO2.

Fig. 1 TEM images of the TiO2/Ag nanocomposites were prepared

using different amount of AgNO3 (a) 0.085 g (Sr1) (b) 0.17 g (Sr2) (c)

0.51 g (Sr3) and EDS mapping images (d) Sr3.

This journal is © The Royal Society of Chemistry 2017 RSC Adv., 2017, 7, 26704–26709 | 26705
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Fig. 2 shows a typical XRD pattern of the as-prepared TiO2/Ag

nanocomposites (Sr1, Sr2 and Sr3). Two sets of diffraction

patterns are found in Fig. 2: those diffraction peaks marked

with “#” are indexed to rutile TiO2 (JCPDS 21-1276), while the

peak marked with “*” are ascribed to face-centered cubic (fcc)

metallic Ag (JCPDS 04-0783). The intensity of major reections

of TiO2 became weak with the increase of the amounts of AgNO3

in the precursor suspensions. Comparatively, the peak of Ag

marked with “*” became strong with the increase of the

amounts of AgNO3 in the precursor suspensions. This

phenomenon indicates that the TiO2/Ag nanocomposites

synthesized using a higher [Ag+] precursor solution contain

larger amount of metal Ag nanoparticles, which is well agree

with the results of TEM.

The diffuse reectance spectra of the as-prepared samples

were demonstrated in Fig. 3. The absorption edge at about

400 nm is assigned to the absorption of TiO2 semiconductor in

Fig. 3a. For the TiO2/Ag nanocomposites shown in Fig. 3b–d,

broad absorptions of 400–800 nm were found, which should be

due to the localized surface-plasmon-resonance (LSPR) effect of

Ag nanoparticles on the surfaces of the TiO2. It can be seen that

the intensities of visible-light absorption peaks of TiO2/Ag

nanocomposites increased with the amount of Ag nanoparticles

on the surface of TiO2. However, the maximum visible-light

absorption peaks of TiO2/Ag nanocomposites are similar both

in location and in shape, which may be attributed to the same

shapes and sizes of Ag nanoparticles on the surface of TiO2.

This point can be conrmed by the TEM observations.

To elucidate the chemical state of elements in Ag/TiO2

composite, XPS analysis was performed. Fig. 4a clearly indicates

that themajor sets of peaks from the O 1s, Ti 2p and Ag 3d states

exist in the Ag/TiO2. No trace of any impurity is observed, except

for a small amount of adventitious carbon (C 1s) from the XPS

instrument itself (Fig. 4b). The high-resolution Ti 2p curve

(Fig. 4c) demonstrates two peaks at 459.1 and 464.8 eV, which

belong to the Ti 2p3/2 and Ti 2p1/2 orbits, respectively, indicating

the presence of Ti4+.50 The characteristic doublet peaks for Ag in

Fig. 4d were also observed at binding energies of 368.1 eV and

374.1 eV for Ag 3d5/2 and Ag 3d3/2 respectively, with a separation

of 6 eV, conrming the presence of zero valent Ag in Ag/TiO2

composites. The XPS results further demonstrated that Ag

nanoparticles have been loaded in the TiO2.

To obtain the SERS substrates with best performance, the

SERS spectra of R6G (1 � 10�5 M) were obtained on different

TiO2/Ag nanocomposites. Fig. 5a–c show the SERS spectra of

different TiO2/Ag nanocomposites prepared with different

amount of AgNO3 using R6G (1 � 10�5 M) as model Raman

probes. The peaks from 400 to 2000 cm�1 were attributed to

R6G signals. The peaks at about 612 and 769 cm�1 are assigned

to an in-plane bending mode of the C–C–C ring and an out-of-

plane bending motion of C–H of the xanthene skeleton,

respectively. The peaks at 1364, 1507, and 1651 cm�1 are

ascribed to the C–C stretching modes. The sample Sr3 displayed

the strongest SERS signal intensity, which decreased with

decreasing amount of the Ag nanoparticles on the surface of

TiO2 (Fig. 5, curve a–c). To further investigate the SERS perfor-

mance of Sr3, the SERS spectra of anatase TiO2/Ag nano-

composites (Sa3) were also investigated. It can be found that the

signal intensity of R6G (1 � 10�5 M) absorbed on the Sa3
became very weak in Fig. 5, curve d. As we all know, the SERS

effect of SERS substrates on the absorbed probe molecules

depends on the size and density of noble metal nanoparticles.

Compared to rutile TiO2/Ag (Sr3) nanocomposites, there are

relative sparse Ag nanoparticles on the surface of anatase TiO2/

Ag nanocomposites (Fig. S1†). XRF results further conrmed

the case (Table 1). It is clear that the appropriate size and

Fig. 2 XRD patterns of the TiO2/Ag nanocomposites prepared with

different amount of AgNO3 (a) Sr1 (b) Sr2 (c) Sr3.

Fig. 3 DRS spectra of the pure rutile TiO2 and rutile TiO2/Ag

nanocomposites.

Fig. 4 (a) XPS spectra of rutile TiO2/Ag nanocomposites (Sr3) and (b–d)

high resolution XPS spectrum of C, Ti and Ag elements respectively.
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density of Ag nanoparticles in Sr3 is suitable for the generation

of Raman “hot spots”.

The reproducibility of the substrate is an important factor for

SERS detection. The reproducibility of SERS performance of

TiO2/Ag nanocomposites (Sr3) was also investigated. Five spots

in the TiO2/Ag nanocomposites (Sr3) substrate were randomly

chosen to analyze the stability of Raman spectrum detection.

Fig. 6 shows the SERS spectra of R6G (1 � 10�5 M) were ob-

tained on different spots of TiO2/Ag nanocomposites. As shown

in Fig. 6a, the Raman spectra taken at different positions are

nearly same. The intensity of the peaks at 1651 cm�1 and 769

cm�1 were chosen as parameters to character the reproduc-

ibility of the SERS enhancement as provided in Fig. 6b. The

deviations of signal intensities were calculated 9.28% at 1651

cm�1 and 12.8% at 769 cm�1, respectively. The small dispersion

of detection signals within 20% conrmed the advantages of the

TiO2/Ag nanocomposites (Sr3) as reliable and reproducible SERS

substrates.

Fig. 7a shows the SERS spectra using TiO2/Ag nano-

composites substrate (Sr3) for different concentrations of R6G.

Obviously, SERS spectra of R6G became weak as decreasing R6G

concentration. The characteristic Raman peaks of R6G at 1651

cm�1 was also found when the concentration of R6G is as low as

10�10 M. The average enhancement factors (EF) were estimated

according to the formula EF ¼ (ISERS/IRaman)/(Nsurface/Nbulk) in

our early report.5 ISERS stands for the intensities of the vibra-

tional mode in the SERS spectra and IRaman stands for the same

vibrational mode in the normal Raman spectra. These data can

be directly obtained from the experiment. Nbulk and Nsurface are

the number of R6G molecules illuminated by the laser focus

spot under normal Raman and SERS conditions, respectively. In

the normal Raman spectrum, the neat solid sample was ob-

tained by dropping 10�2 M R6G aqueous on the glass and dried

in air. The dissolved concentration of R6G was 10�7 M in the

SERS spectrum. Here we obtained that the ISERS and IRaman are

1908 (Fig. 7a) and 1231 (Fig. 7b) counts at the Raman band of

1651 cm�1, respectively. The volumes of the irradiated laser

spots in the Raman and SERS experiments were identical. The

density of 1.15 g cm3 for the solid R6G, the enhancement factor

Fig. 5 The SERS spectra of R6G (1 � 10�5 M) were obtained on

different TiO2/Ag nanocomposites (a) Sr1 (b) Sr2 (c) Sr3 (d) Sa3.

Table 1 The weight percentage Ag of the as-prepared samples was

obtained by XRF

Sample Sr1 Sr2 Sr3 Sa1 Sa2 Sa3
Weight

percentage of Ag

2.20% 4.63% 6.05% 0.62% 1.11% 2.23%

Fig. 6 (a) The SERS spectra of R6G (1 � 10�5 M) were obtained on

different spots of TiO2/Ag nanocomposites (b) corresponding Raman

peak intensity at Raman shift of 1651 cm�1 and 769 cm�1, respectively.

Fig. 7 (a) SERS spectra of different concentration of R6G absorbed on

the TiO2/Ag nanocomposites Sr3 (curve a–g corresponding to 10�5
–

10�11 M) (b) Raman spectrum R6G on commercial glass substrate (c)

SERS spectra of different concentration of CV absorbed on the TiO2/

Ag nanocomposites Sr3 (curve a–e corresponding to 10�5
–10�9 M).

This journal is © The Royal Society of Chemistry 2017 RSC Adv., 2017, 7, 26704–26709 | 26707
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may be estimated as, (1908) � (107) � 1/(1231 � (1.15/479) �

103) ¼ 6.46 � 106. The value of EF is determined to be in the

order of 106. Crystal violet (CV) was also used to further the SRES

sensitivity of Sr3. Fig. 7c shows the SERS spectra using Sr3
substrate for different concentrations of CV. Typical Raman

peaks of CV at 915 cm�1 (ring skeletal vibration of radial

orientation), 1178 cm�1 (in plane ring C–H bending), 1295 cm�1

(ring C–C stretching) and 1531, 1592, 1619 cm�1 (ring C–C

stretching) can be obviously observed.51 It is clear that the

characteristic SERS spectra at 1619 cm�1 of CV were also found

when the concentration of CV decreased to 10�7 M. It can be

concluded that the TiO2/Ag nanocomposites substrate (Sr3) is

highly sensitive and it is sufficient enough to directly observe

a trace amount of organic dyes.

TiO2 nanostructures have wide potential application as the

renewable SERS substrate due to its high ability in the photo-

catalytic degradation. The SERS recyclable applications of TiO2/

Ag were examined. Following the irradiation time of 1 h, the

substrate was again immersed in 10�5 M of dyes (R6G and CV)

solution. Fig. 8 shows that the SERS signals are well reproduced

aer each UV-visible light cleaning and dyes adsorption (10�5

M). No Raman signal of R6G and CV molecules is detected

anymore aer 1 h irradiation of UV-visible light, suggesting that

the dye molecules are degraded into small molecules such as

CO2 and H2O. The dependence of SERS signals on the length of

irradiation time in Fig. S2† further testied that Sr3 could be as

self-cleaning substrate materials.

Photocurrents for the as-synthesized samples were also

measured on a Zahner workstation (Zahner, German) with

a LW405 light (wavelength at 405 nm, 10 mW cm�2) as the

accessory light source to investigate the electronic interaction

between Ag and TiO2 (Fig. 9). All experiments were performed

with a conventional three electrode system. A modied indium

tin oxide (ITO) electrode (1 � 0.5 cm2) was used as working

electrodes. An Ag/AgCl (satd KCl) electrode and a Pt wire elec-

trode were used as reference and counter electrodes, respec-

tively. All the photocurrent responses were collected at open

circuit potentials (see Fig. S3†). Under light irradiation, fast and

uniform photocurrent responses were observed in all rutile

TiO2/Ag nanocomposites. It is clearly that the photocurrent

density of the Sr3 electrode was higher than that of the other

samples in Fig. 9. The result means that Sr3 can be induced to

generate more electrons and holes under light irradiation,

which will enhance the photocatalytic efficiency.

The possible mechanism of the good SERS and photo-

catalytic performance of the TiO2/Ag nanocomposite (Sr3) was

also discussed. The SERS enhancement of TiO2/Ag nano-

composite (Sr3) should be attributed to the combination of

small size and the high content of Ag nanoparticles. On the one

hand, the small size and high density of Ag nanoparticles,

suitable for the generation of Raman “hot spots” is important

for electromagnetic enhancement. For the substrates with

relative few silver nanoparticles (Sr1, Sr2 and Sa), the electro-

magnetic enhancement is relative weak. On the other hand, for

photocatalytic performance of Sr3, electromagnetic effect also

improve the photocatalytic efficiency.

4. Conclusions

In conclusion, commercial anatase titanium oxide (TiO2) and

rutile titanium oxide (TiO2) were used to prepare TiO2/Ag

nanocomposites by a simple photochemical method. Experi-

ments testied rutile TiO2/Ag nanocomposite (Sr3) to be a kind

of excellent substrate for SERS detection of organic dyes.

Meanwhile, target organic dyes can be degraded into clean

inorganic molecules in situ by UV-visible irradiation on this

substrate. The possible mechanism of the good SERS and

photocatalytic performance of the TiO2/Ag nanocomposite (Sr3)

was discussed. This recyclable strategy opens a new opportunity

in avoiding the single-use problem of traditional SERS

substrates.

Fig. 8 SERS spectra of (a) R6G (10�5 M) and (b) CV (10�5 M) absorbed

on the TiO2/Ag nanocomposites and the repeating cleaning and

recovery processes for three cycles (1,3,5-dyes absorption, 2,4,6-self

cleaning after irradiation).

Fig. 9 Photocurrents of TiO2/Ag nanocomposites electrodes under

visible light irradiation.
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