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Abstract: In this report, SERS substrates based on Ag-decorated TiO2 nanofibers electrospun on a 

glass substrate (Ag/TiO2/glass) were successfully prepared using electrospinning and 

photodeposition methods. XRD pattern demonstrated that the crystalline structure of TiO2 

nanofibers (TiO2 NFs) consisted of both anatase and rutile phase. SEM images show that the 

randomly oriented on glass substrate TiO2 NFs’ diameters are in the range of 150 nm-300 nm and 

their lengths are up to a few micrometers. After 15-minute photodeposition, Ag NPs with average 

diameter of about a few tens of nanometers were uniformly and densely decorated on TiO2 NFs 

surface. The Ag/TiO2/glass SERS substrate was then immersed in 0.01 mM, 0.1 mM, and 1 mM  

4-mercaptobenzoic acid (4-MBA) solution, and was afterwards investigated by UV-Vis absorption 

and Surface-enhanced Raman Scattering (SERS) spectra. The preliminary results show that the 

change in UV-Vis absorption corresponds well to the Raman peak intensity upon the adsorption of 

probed molecules. This might open up a pathway in the detection and identification of probed 

molecules based on colorimetric-sensing and SERS-sensing. 
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1. Introduction  

*Raman spectroscopy is an analytical technique that provides information about chemical structure, 

molecular interactions, and molecular conformations. Over the past decades, Raman spectroscopy has 

been used for various applications in materials science, and biomedical and chemical analysis. This 

technique provides information about molecular symmetry of small molecules and functional groups in 
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large and complex molecules, thus it is utilized for molecules detection and identification [1]. Since 

Raman scattering is a relatively weak process, several techniques have developed to improve Raman 

signals, including two popular techniques of the Surface-enhanced Raman Spectroscopy (SERS) and  

Tip-enhanced Raman Spectroscopy (TERS), where the later requires expensive equipment due to the 

combination of Raman spectroscopy with scanning probe microscopy. 

Surface-enhanced Raman scattering was first experimentally observed by Fleischmann in 1974 

when studying pyridine adsorbed on electrochemically roughened silver electrodes; however, the 

increase of Raman signals was attributed to an increased surface area [2]. In 1977, Jeanmarie and Van 

Duyne [3] observed a similar phenomenon and claimed that the increase of Raman intensity based on a 

new phenomenon. In 1978, Moskovitz attributed the increased scattering cross section to the excitation 

of surface plasmon on the rough silver surfaces [4]. Surface-enhanced Raman spectroscopy is an 

analytical technique based on plasmon-enhanced Raman scattering when molecules are located near 

metal surfaces. Over the past 45 years since its discovery, the SERS has been an important technique 

used in various fields such as biochemistry, biology, chemistry, and materials science. This technique 

not only includes all of the important attributes of Raman spectroscopy, i.e., providing molecular 

structural information or surface conformations of adsorbates on metal surfaces, but it is also very 

sensitive. Currently, there are two primary mechanisms that account for the SERS enhancement:  

i) Electromagnetic mechanism (EM) which requires the coupling of metallic nanoparticles and incident 

radiation [5]; and (ii) Chemical enhancement mechanism (CM) that contains a charge transfer (CT) 

process between substrate and adsorbates  [6]. The dominant enhancement mechanism of SERS is the 

EM, which arises from the localized surface plasmon resonances (LSPR) effect created on 

nanostructured metal surface or metal nanogaps amongst nano-objects. 

Traditionally, Au and Ag NPs suspensions have been widely used for the SERS technique due to 

enormous enhanced electromagnetic field (EF) generated on metal surface [7-9]. Furthermore, such 

noble metal suspension can be used for detection of molecules based on colorimetric sensing as they 

possess strong LSPR in the visible region, which is sensitive to the composition, size, shape, surrounding 

medium, aggregation state of these NPs and the refractive index of the surrounding environment  

[10, 11]. Hence, it is found that the SERS substrates based on Au NPs and Ag NPs exhibit high 

sensitivity or low detection limit [12]. In addition, the presence of metal nanoparticles on semiconductor 

substrates has recently attracted SERS due to the contribution of the CM mechanism accompanying the 

EM to the SERS signals [13]. Although Ag and Au both exhibit good plasmonic behavior in the visible 

range, Ag NPs have attracted great attention due to their cost-effectiveness compared to Au. 

Furthermore, TiO2 semiconductor offers a good physical function and chemical stability; therefore, Ag-

modified TiO2 has been widely studied amongst SERS materials that made of metal/semiconductor 

nanocomposites. In terms of deposition of Ag NPs on TiO2 surface, it was first synthesized  and followed 

by photo deposition [14], chemical precipitation [15] and sputtering process [13]. In spite of the fact that 

numerous methods have reported to prepare Ag-modified TiO2, a simple and cost-effective preparation 

method is still under seeking in the viewpoint of practical application. Here, we prepare SERS substrates 

based on TiO2 nanofibers decorated with Ag NPs (Ag/TiO2) by using electrospinning followed by photo 

deposition method. The substrates were used to explore the UV-Vis absorption and Raman spectra in 

the presence of 4-MBA as probed molecules at different concentrations. When the 4-MBA concentration 

changes, a change in the size and position of the LSPR peak in the UV-Vis spectrum is observable, 

which also corresponds well with the SERS measurements.  
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2. Experiment 

2.1. Chemicals 

All chemicals were purchased and utilized without further purification: poly(vinylpyrrolidone) 

(PVP) (wt. 360000, Sigma–Aldrich Co., Ltd), ethanol (C2H5OH, 99.8%), acetic acid (CH3COOH, 99%), 

titanium tetraisopropoxide [Ti(OiPr)4] 97%, Sigma-Aldrich Co., Ltd], distilled water (18.4 MΩ/cm), 

silver nitrate (AgNO3; 0.1 M, Merck), 4-mercapterbenzoic acid powder (4-MBA, Sigma-Aldrich, 

analytical grade). 

2.2. TiO2 Nanofibers Preparation 

The TiO2 nanofibers (TiO2 NFs) were synthesized employing electro-spinning method similar to the 

previous report [16]. Briefly, 0.4 grams of poly(vinylpyrrolidone) was dissolved in 8 mL of ethanol and 

stirred for 2 h. Next, 6 mL of titanium tetraisopropoxide and 4 mL of acetic acid were added to the  

as-prepared solution and stirred for 60 min at room temperature to obtain a sufficiently viscous solution 

for electro-spinning.  The following step was to inject the precursor solution into a 5 mL syringe 

mounted on the syringe pump and fed into a metal needle. The precursor was then electro-spun by 

applying a high DC voltage of 10 kV across a distance of 12 cm toward the grounded collector. 

Noticeably, the precursor was constantly added by the syringe pump at a rate of 0.05 mL/h. A glass 

substrate (4 × 4 cm) was placed on the grounded collector for collection of nanofibers. After 4 hours of 

collection, the composite Ti(OiPr)4/PVP nanofibers on the glass substrate were collected and dried in 

ambient air for 3 h at 500 °C to form the TiO2 NFs. 

2.3. Ag NPs-modified TiO2 NFs Surface 

A photo-reduction method was used to deposit Ag nanoparticles on the surface of the TiO2 NFs 

according to the previous work reported by F. Xu and co-workers [14]. 2 mL of aqueous silver nitrate 

solution (0.5 mM) and 0.04 g PVP was well-dispersed in 50 mL of ethanol in a 100 mL glass beaker to 

prepare the Ag+ precursor. Then the as-prepared TiO2 NFs on the glass substrates were immersed in the 

beaker, followed by irradiation with a UV lamp for 15 min to reduce Ag+ to Ago. Eventually, the 

substrates were washed in ethanol to remove the residuals and dried at 60 oC in atmosphere. 

2.4. Characterizations 

The morphology, crystalline structure of the samples were examined by field–emission scanning 

electron microscopy (FE–SEM; Hitachi S4800), X–ray diffraction (XRD, D8 Advance Eco, Bruker). 

The optical absorption spectra were obtained from the JASCO V-750 UV-Vis Spectrophotometer.  

2.5. Raman characterization 

The prepared Ag/TiO2/glass substrates were cleaned in oxygen plasma before being dipped in 4-

MBA aqueous solution with different concentrations (0.01 mM, 0.1 mM and 1 mM) for 4 h. After that, 

the substrates were washed in ethanol to remove unfavorable molecules. Raman measurements were 

done using the XploRa Plus microscope, Horiba Jobin, laser 532 nm and integration time of 10 s. 

3. Results and Discussion  

3.1. Structural Analysis 

X-ray diffraction (XRD) is a rapid analytical technique primarily used for phase identification of 

crystalline material. Figure 1 shows five typical diffraction angles of anatase phase of TiO2 at 25.2o, 
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37.7o, 47.9o, 54.3, 75.1o, corresponding to diffraction planes (101), (004), (200), (211) and (215); and 

six peaks of rutile phase of TiO2 at 27.4o, 36.5, 41.2o
, 44.0o

, 62.5o
 and 68.9o

, representing the planes of 

(110), (101), (111), (210), (022) and ((301). These results indicate that the crystalline structure of the 

synthesized TiO2 comprising of both anatase and rutile phase (according to the JCPS card No. 84-1286 

and No. 75-1753, respectively). The anatase phase found more dominant is evidenced by the intensity 

of the rutile peak (110) which was three times lower than the anatase one (101).     

  

Figure 1. XRD pattern of the as-synthesized TiO2 

prepared by electrospinning method. 

Figure 2. Raman spectrum of TiO2 NFs shows four 

typical Raman active modes of anatase phase. 

The composition and structure of the as-synthesized materials were further characterized by using 

Raman spectroscopy, a powerful and non-destructive method in order to study the chemical structure 

and phase of materials. According to the report of Frank [17], five vibration modes at Raman shift of   

144 cm-1 (Eg), 196 cm-1 (Eg), 394 cm-1 (B1g), 516 cm-1 (A1g)  and 638 cm-1 (Eg) have been observed for 

typical TiO2 anatase phase; while 4 Raman shifts at 145 cm-1 (B1g), 448 cm-1 (Eg),  613 cm-1 (A1g), and 

826 cm-1 (B2g)  should be visible for rutile phase. Figure 2 demonstrates four vibrational peaks at 140 

cm-1, 395 cm-1; 513 cm-1, and 637 cm-1 in the Raman spectrum of the as-synthesized TiO2 in the range 

of 100 cm-1 -1100 cm-1, which corresponds to four Raman active modes of Eg, B1g, A1g, and Eg, 

respectively. The peak at 196 cm-1 is absent in our measurements, and there is no Raman peak of the 

TiO2 rutile phase can be found due to the dominance of the anatase phase as demonstrated in XRD 

characterization. These Raman characteristics show the dominant anatase phase of the as-synthesized 

TiO2, which is in good agreement with the XRD pattern shown in Figure 1. 

3.2. SEM Characterization 

The morphologies of the as-prepared TiO2 NFs and Ag-decorated TiO2 (Ag/TiO2) are characterized 

using Scanning Electron Microscope (SEM), shown in Figure 3. The TiO2 NFs with diameters ranging 

from 150 nm to 300 nm, and the lengths were up to a few tens of micrometers, seen in Figure 3a; Figure 

3b shows that the TiO2 NFs were modified by Ag NPs, which were well-distributed on the surface of 

TiO2 NFs with diameters of a few tens of nanometers after 15 min UV irradiation. The Ag NPs densely 

and uniformly distributed in all directions on the surface of TiO2 NFs. The yellow arrows in the red box 

indicated the Ag NPs decorated on TiO2. 
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Figure 3. SEM image of the as-synthesized TiO2 (a) and Ag NPs decorated the TiO2 NFs surface (b). 

3.3. UV-Vis Spectroscopy 

Due to its large band gap, titanium dioxide nanofibers exhibit intrinsically strong absorption of 

ultraviolet (UV) light, seen in Figure 4a. Using Tauc method to determine optical band gap in 

semiconductor, the band gap of the as-synthesized TiO2 NFs is approximately 3.15 eV; this is in good 

agreement with other reports [18, 19]. Figure 4b shows reflectance measurements of Ag/TiO2/glass 

substrates before (black line) and after immersion in 4-MBA solution with concentration of 0.01 mM 

(pink line); 0.1 mM (blue line) and 1 mM (red line). Before immersion, the UV-Vis absorption spectrum 

of the bare Ag/TiO2/glass shows a strong peak at 435 nm, accompanying the strong band gap absorption 

of the TiO2 semiconductor in the ultraviolet region. This is attributed to surface plasmon resonance 

(SPR) effect generated on the surface of Ag NPs [20-22] and band to band transition, respectively. The 

change of color from white (TiO2 NFs) to yellow-orange (Ag/TiO2/glass) as seen in the inset pictures of 

Figure 4a and Figure 4b originated from the SPR effect [23]. After immersion of Ag/TiO2/glass in  

0.1 mM 4-MBA (0.1 mM 4-MBA/Ag/TiO2) and 1 mM 4-MBA (1 mM 4-MBA/Ag/TiO2) aqueous 

solution for 4 hours, 4-MBA molecules were attached to Ag NPs and TiO2 NFs surface to form self-

assembled monolayers (SAMs) [24]. This leads to a change in the semiconductor–insulator interface 

due to a replacement of air (ɛ=1) by an organic layer with a different dielectric constant ɛ’. This results 

in a red-shift of the peak position and peak intensity for 0.1mM 4-MBA/Ag/TiO2 (blue trace) and 1 mM 

4-MBA/Ag/TiO2 (red trace) samples in Figure 4b. In contrast, there is no change in the absorption peak 

position in the case of the Ag/TiO2/glass immersed in 0.01 mM 4-MBA solution (0.01 mM  

4-MBA/Ag/TiO2); however, the absorption intensity is considerably damped (pink trace). This 

phenomenon illustrates that the 4-MBA molecules were already attached to Ag/TiO2 surface although 

the molecular density was much less compared to the density of 4-MBA adsorbed on the surface of the 

0.1 mM 4-MBA/Ag/TiO2 and 1mM 4-MBA/Ag/TiO2 samples. This observation will be further 

investigated by Raman measurements. 

3.4. Raman Measurements 

Figure 5 shows Raman signals of pure solid powder of 4-MBA in comparison with SERS signals of 

4-MBA molecules absorbed on TiO2 NFs surface at different concentrations. Figure 5a shows normal 

Raman spectrum of 4-MBA powder, including active Raman vibrations at 216 cm-1, 272 cm-1, 340 cm-1, 

630 cm-1, 803 cm-1, 1096 cm-1, 1180 cm-1, 1290 cm-1, 1593 cm-1, and 1617 cm-1. These vibration modes 

are in good agreement with previous reports  [9, 25]. Figure 5b illustrates SERS spectrum of 1 mM  

4-MBA self-assembled monolayers (SAMs) on Ag NPs. The inset of Figure 5b shows geometry model 

of the 4-MBA SAMs adsorbed on Ag NPs according to previous work [8, 9], implying that the adsorbed  
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4-MBA species may adopt a tilted orientation with respect to the silver surface. Compared to the Raman 

spectrum of 4-MBA powder, the number of Raman peaks is smaller for SERS spectrum, e.g., only four 

major peaks observed for SERS while ten Raman modes appeared in Raman spectrum. In addition, the 

intensity peak ratio between Raman and SERS spectra also changes, i.e. the intensity peak ratio between 

the characteristic ring-breathing modes ν(CC) at 1074 cm-1 and 1574 cm-1. Furthermore, an appearance 

of new strong peak at 1357 cm-1 in the SERS spectrum is assigned to the COO- groups, which is resulted 

from direct interaction of the COO- groups with the silver surface causing the titling of the molecular 

plane towards the metal surface [8]. The vibration band at 1174 cm-1 is associated to C-H bending 

vibration and observed in both Raman and SERS spectrum. The Raman bands of TiO2 at 140 cm-1 (Eg), 

395 cm-1 (B1g), 513 cm-1 (A1g), and 637 cm-1 (Eg) are significantly weaker than those of the pure TiO2 

NFs. More importantly, these low Raman-active range and enhanced Raman intensity make the 

Ag/TiO2/glass SERS substrates more accessible for detection of organic molecules, compared with other 

metal/oxide nanocomposites (i.e., Ag/Fe2O3). 

 

Figure 4.  UV-Vis absorption spectra of TiO2 NFs (4a) and Ag/TiO2/glass (black trace),  

Ag/TiO2/glass immersed in 4-MBA solution with concentration of 1 mM (red line); 

 0.1 mM (blue line) and 0.01 mM (pink line) (4b). 

  
 

Figure 5. Comparison of Raman spectrum of pure  

4-MBA powder (Figure 5a, red trace)  

and SERS spectrum of 1 mM 4-MBA/Ag/TiO2 

(Figure 5b, blue trace). 

Figure 6. SERS spectra of 1 mM 4-MBA/TiO2  

(Figure 6a, black trace), 1 mM 4-MBA/Ag/TiO2  

(Figure 6b, red trace), 0.1 mM 4-MBA/Ag/TiO2  

(Figure 6c, blue trace) and 0.01 mM  

4-MBA/Ag/TiO2 (Figure. 6d, pink trace). 
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Figure 7. Raman spectra of 4-MBA obtained from five random spots on the Ag/TiO2/glass SERS substrate. 

Figure 6 shows the difference among Raman spectrum of 4-MBA (Cm = 1 mM) adsorbed to TiO2 

NFs (black trace) and SERS spectrum of 0.01 mM 4-MBA/Ag/TiO2 (pink trace), 0.1 mM  

4-MBA/Ag/TiO2 (blue trace), and 1 mM 4-MBA/Ag/TiO2 (red trace). There is only one small Raman 

peak of 4-MBA observed at 1592 cm-1 in Figure 6a, while at least four dominant Raman peaks at 1074, 

1174, 1357 and 1574 cm-1 appeared in Figure 6b at the same concentration (Cm = 1 mM), which indicated 

an enhancement of SERS signals in the presence of Ag NPs. There is a blue-shift of the ring-breathing 

modes ν(CC) in Figure 6b (1574 cm-1) compared to itself in Figure 6a (1592 cm-1) and Figure 5a (1593 

cm-1), which is associated to the binding sites and their orientation of 4-MBA molecules with respect to 

the Ag surface [9]. Furthermore, the Raman intensity of 4-MBA significantly decreased when the 

concentration of 4-MBA solution as seen in Figure. 6b (Cm = 1 mM), Figure 6c (Cm = 0.1 mM) and 

Figure 6d (Cm = 0.01 mM) decreased. This is because the Raman intensity proportional to the number 

of 4-MBA molecules adsorbed to the metal surface. This result is consistent with the observation in the 

UV-Vis spectra. Noticeably, the vibration band intensity of TiO2 at 142, 392, 513 and 637 cm-1 were 

significantly reduced for the sample 1 mM 4-MBA/Ag/TiO2, 0.1 mM 4-MBA/Ag/TiO2 and 0.001 mM  

4-MBA/Ag/TiO2 (Figure 6b-6d). Figure 7 illustrates SERS spectrum of 4-MBA at five random spots 

over 1 x 1 cm2 Ag/TiO2/glass SERS substrate. This demonstrates highly uniform SERS signals achieved 

over a large surface area (1 x 1 cm2). 

The enhancement factor (EF) of the Ag/TiO2 substrate can be estimated by the following equation: 

                                                     𝐸𝐹 =
𝐼𝑆𝐸𝑅𝑆/𝑁𝑆𝐸𝑅𝑆

𝐼𝑅𝑆/𝑁𝑅𝑆
 ,                                                               (1) 

where ISERS and IRS are the SERS and ordinary Raman intensities, respectively, which can be obtained 

experimentally [26]. We chose Gaussian function in Origin software to fit peaks and used the peak area 

of the strongest vibration peak at 1593 cm-1 in both Raman and SERS spectrum (see Figures 5a and 5b) 

to obtain ISERS and IRS. NSERS and NRS are the numbers of molecules probed by SERS and ordinary 

Raman, in which NRS is calculated by the number of probed molecules in the measurement volume or 

three-dimensional (3D) laser volume (V), while NSERS is estimated by the number of 4-MBA molecules 

adsorbed on the surface of Ag/TiO2 (nSC). Approximately, we assumed that the 3D laser volume  

V=1 μm3 (calibrated with Silicon peak at 520 cm-1), molecular weight MW4-MBA=154.19 g/mol, density  

D4-MBA=1.3 g/cm and surface coverage density of thiol molecules nSC=0.71 nM/cm2 [27]. As a result, the 

estimated enhancement factor deduced from equation (1) EF~103 for the as-prepared Ag/TiO2, which 

can be further impoved by Au NPs density and size, TiO2 phase composition and shapes [28]. 
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4. Conclusion 

We have successfully prepared SERS substrates based on the Ag-decorated TiO2 NFs on glass using 

electrospinning and photodeposition methods. The Ag NPs with sizes of a few tens of nanometers are 

densely and uniformly decorated on TiO2 NFs, which resulted in high Raman signal enhancement due 

to the enhanced localized electromagnetic field. The change of substrate color from white (TiO2 NFs) 

to yellow-orange (Ag/TiO2/glass) is attributed to the appearance of the SPR effect generated on Ag NPs 

with the peak at 435 nm. The results of the UV-Vis absorption and the Raman spectra show that the 

Raman intensity decreases upon the decrease of 4-MBA density adsorbed to the Ag/TiO2 surface, which 

is well-corresponding to UV-Vis absorption. Although the SERS enhancement primarily arises from the 

EM mechanism, further work is needed to demonstrate the impact of the charge transfer process between 

substrate and absorbate.  The preliminary results indicate a strong correlation between the SPR and the 

SERS effect, which demonstrates that the as-prepared Ag/TiO2/glass substrates can be an efficient 

substrate for sensitive molecules detection based on coloric- and Raman-sensing. 
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