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Recyclable surface-enhanced Raman scattering (SERS) substrates are important for real-world use 

because they can be used multiple times and are affordable. In this study, we developed a simple and 

low-cost method for fabricating recyclable SERS substrates by depositing silver nanoparticles onto 

TiO₂ nanostructures using an atmospheric pressure plasma jet without the need for chemical 

reducing or stabilizing agents. TiO₂ nanoparticles were synthesized via a sol-gel process and drop-

cast onto glass substrates, followed by silver nanoparticle deposition through plasma jet printing. 

Structural analyses using XRD and FESEM confirmed the formation of anatase-phase TiO₂ and 

spherical Ag nanoparticles with tunable density. The SERS activity was optimized at a 60 s deposition 

time, and the substrates demonstrated strong plasmonic response and excellent reusability over five 

UV-assisted photocatalytic cleaning cycles using Rhodamine B and Methylene Blue. The substrates 

maintained over 80% of their initial Raman signal intensity, with no cross-contamination observed 

between analytes.  These results show that the Ag-TiO₂ substrates are very sensitive, stable, and can 

be reused, making them a practical option for real-world SERS applications. 
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1. Introduction 

Surface-enhanced Raman spectroscopy (SERS) is a 
highly sensitive technique that amplifies Raman scattering 
signals from molecules adsorbed onto rough metal surfaces. 
This enhancement can increase signal intensity by factors of 
10¹⁰ to 10¹¹, enabling the detection of single molecules [1-
5]. Common fabrication methods for SERS substrates 
include physical vapor deposition [6], electrochemical 
deposition [7], lithography [8], and self-assembly [9], each 
offering various structural configurations However, these 
techniques often suffer from significant drawbacks, such as 
high cost, time-consuming processes, and procedural 
complexity[10-13].  

In recent years, plasma-based techniques have gained 
attention for the synthesis and deposition of nanomaterials. 
Plasma contains active species such as ions, electrons, free 
radicals, and high-energy photons, which facilitate low-
temperature nanomaterial deposition via both chemical 

reactions and physical interactions [14]. Notably, free 
electrons in plasma can effectively reduce metal precursors, 
making this approach especially efficient. These features 
represent key advantages of plasma-based methods [15]. A 
new method for SERS substrate fabrication has been 
introduced by using atmospheric pressure plasma jet which 
offers several advantages over other methods, such as being 
cost-effective, easy to implement, and allowing for fast 
substrate preparation [16]. 

Atmospheric pressure plasma jets are used instead of 
traditional plasma deposition methods like non-equilibrium 
glow discharge plasma, which needs a vacuum and can only 
work with certain types, sizes, and shapes of objects. In 
contrast, atmospheric pressure plasmas based on arc 
discharge also present challenges, such as high thermal 
energy [17-20]. 

 
Plasma jets are capable of depositing various 

nanomaterials onto different substrates for SERS substrate 
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fabrication with minimal waste, as they do not require 
chemical reducing agents or stabilizers [21]. In a previous 
study, we deposited silver nanoparticles onto polyester 
fabric using a non-thermal plasma jet to create a SERS-
active substrate. The substrate’s performance was 
evaluated using Rhodamine B as the target molecule, 
achieving a sensitivity of 10⁻⁸ [14].  

One of the ongoing concerns among scientists in the 
SERS field is the development of reusable substrates 
through regeneration, which is closely tied to the stability of 
the fabrication method. In recent years, researchers have 
focused on designing low-cost, robust, self-cleaning, 
recyclable, and reproducible nanostructured SERS 
substrates. However, achieving high sensitivity, 
recyclability, and reproducible SERS response remains 
challenging when using simple fabrication techniques. Due 
to their potential applications in areas such as 
environmental monitoring and human health, recyclable 
SERS substrates have become a major area of interest, as 
supported by several recent studies [22, 23].  

Recently, the synthesis of semiconductor–noble metal 
SERS substrates has received significant attention due to the 
advantages mentioned above [24]. The development of 
recyclable SERS substrates composed of plasmonic 
nanostructures (such as Au or Ag) combined with 
semiconductor photocatalysts (including TiO₂, ZnO, WO₃, 
Fe₃O₄, CdS, Si, and others) has been widely reported in the 
literature [23-46].  

TiO₂ has attracted considerable attention due to its 
chemical stability, non-toxicity, low cost, and other 
advantageous properties. It is commonly used as an anti-
reflective coating in silicon solar cells and various optical 
thin-film devices. Additionally, TiO₂ is employed in catalytic 
reactions, where it acts as the catalyst and carries metals 
and metal oxides as drivers. The applications of titanium 
oxides depend strongly on their particle size and crystalline 
structure. Owing to its electrical, optical, and photocatalytic 
properties, TiO₂ has become a key material for nanoparticle 
research. Various synthesis methods have been employed to 
produce TiO₂ nanoparticles, including hydrothermal, 
mechanochemical, thermal plasma with radio frequency, 
sol-gel, and chemical vapor condensation techniques [1]. 
TiO₂ is considered a suitable candidate for use in 
heterogeneous catalysis. Its significance in practical 
applications stems from its resistance to harsh chemical 
environments and its stability under prolonged light 
exposure [47].  

The sol-gel process is a widely used method for 
synthesizing solid materials, including nanoparticles, from 
small molecular precursors. It is particularly effective for 
producing metal oxides such as TiO₂. Compared to other 
synthesis techniques, the sol-gel method offers several 
advantages, including high purity, uniformity, 
compositional and stoichiometric control, low cost, ease of 
processing, flexibility in doping with high concentrations of 
impurities, and the ability to coat large or complex surfaces. 
Subsequent heat treatment or annealing is typically 
required to enhance the structural stability of the 
nanoparticles, promote condensation, and support seed 
growth [48]. 

Fengyan Ge et al. fabricated a flexible and recyclable 
SERS substrate by depositing Ag nanoparticles onto TiO₂-
coated cotton fabric. Owing to the synergistic effect of the 
Ag–TiO₂ heterostructure and the high adsorption capacity 
of the cotton fabric, the substrate exhibited excellent 
sensitivity for detecting p-aminothiophenol at low 
concentrations. Moreover, the SERS performance was 
shown to be recoverable after 180min of UV illumination, 
attributed to the photocatalytic activity of the TiO₂ layer on 
the fabric surface [29].  

Sathi Das et al. fabricated a porous Ag–TiO₂ film with a 
nanocage-like structure using simple and low-cost methods. 
The resulting film exhibited excellent SERS sensitivity, 
recyclability, and cost-effectiveness. Although the Ag film 
demonstrated strong growth, its distribution was non-
uniform due to the mesoporous, cage-like morphology of 
the TiO₂ layer.  

To evaluate recyclability, the SERS substrate was 
exposed to UV illumination for 130min. The researchers 
then used the reusable Ag–TiO₂ substrate to detect various 
concentrations of urea and found it to be highly sensitive, 
covering the clinically relevant range of blood urea 
levels[23]. 

In this study, TiO₂ nanoparticles were produced using 
the sol-gel process and coated onto a surface via the drop- 
coating method. Ag nanoparticles were subsequently 
deposited directly onto the TiO₂ layer from a single AgNO₃ 
precursor solution using a plasma jet.  

The plasma jet facilitates the in-situ reduction of the 
precursor to silver nanoparticles without the need for 
additional chemical reducing or stabilizing agents. This 
approach eliminates the need for multi-step procedures 
such as filtration, centrifugation, and purification, which 
are commonly required in conventional nanoparticle 
synthesis methods. The resulting layer is reusable as a 
SERS substrate. 

2.  Materials and Methods 

Titanium (IV) isopropoxide (C₁₂H₂₈O₄Ti), nitric acid 
(HNO₃), ethanol (CH₃CH₂OH), Rhodamine B 
(C₂₈H₃₁ClN₂O₃), methylene blue (C₁₆H₁₈ClN₃S), and silver 
nitrate (AgNO₃) were purchased from Merck and used 
without further purification. These reagents were 
employed to synthesize TiO₂ and prepare the precursor 
solution, which was subsequently deposited onto glass 
substrates. In this study, the sol-gel method was selected 
for TiO₂ production due to its advantages in metal oxide 
synthesis, including high purity, flexibility in doping at high 
concentrations, ease of processing, and low cost [47].  

For the synthesis of TiO₂, in the first step, 30cc of 
absolute ethanol is added to 10 cc of Titanium (IV) 
Isopropoxide, and the solution is stirred for 60 min using a 
magnetic stirrer. Then, 3 cc of HNO₃ is mixed with 150 cc of 
deionized water and added dropwise over 4 hours to the 
Titanium (IV) Isopropoxide solution at a constant 
temperature to obtain a gel-like solution. This gel is then 
placed at 100°C for 24 hours. The resulting product is a 
yellow powder. Finally, the powder is baked at 400 °C for 
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4hours until it transforms into a white TiO₂ nanoparticle 
powder. 

The glass substrates are thoroughly cleaned with 
acetone, ethanol, and deionized water to remove any 
contaminants before coating. Then, 10 mg of the produced 
TiO₂ nanoparticles are dispersed in 50cc of deionized 
water. A 10µl drop of this dispersion is placed on the glass 
substrate and dried in an oven at 70 °C. This process is 
repeated by adding another 10 drops to build up the 
desired TiO₂ nanoparticle layer on the glass. Using this 
method, a relatively thick TiO₂ nanoparticle layer, 
approximately 400nm thick, is formed on the glass surface, 
which serves as a substrate for the deposition of silver 
nanoparticles. Finally, a layer of Ag nanoparticles is 
deposited directly onto the TiO₂ nanoparticle layer using a 
plasma jet. 

A layer of Ag nanoparticles is deposited directly on the 
surface of TiO2 nanoparticles using the plasma jet. Fig. 1 
shows the schematic of the plasma jet used in Ag 
nanoparticles coating. 

 

Fig. 1. Schematic and photograph of the plasma jet printing 

This plasma jet operates in a dielectric barrier discharge 
(DBD) configuration. This jet includes two metal electrodes 
and a quartz tube (ID 6 mm and OD 8 mm) as a dielectric. 
The main electrode is a steel tube, through which an 
aerosol of silver precursor solution droplets is injected into 
the plasma. The ground electrode, a copper strip 1cm in 
width, surrounds the quartz tube and is placed 5mm from 
the end of the quartz nozzle. Argon gas with a flow rate of 2 
SLPM is converted into plasma as it passes through the area 
between the two electrodes. The plasma power was 
calculated using a Lissajous method [49], and the measured 
value was 8.5 watts. The applied voltage was 7 kV. The 
plasma interacts with the precursor droplets, resulting in 
the deposition of Ag nanoparticles onto the substrate 
surface, which is positioned 3 mm away from the jet nozzle. 
The aerosol is produced from a silver precursor solution, 
which is injected into the plasma jet by an ultrasonic 
nebulizer (OMRON). This nebulizer contains 20 cc of a 24 
mM silver nitrate solution in deionized water. Argon gas 
was used as the carrier gas and introduced into the 
nebulizer at a flow rate of 200 SCCM. It carried the 

precursor droplets through a stainless-steel tube into the 
generated plasma. The substrate was kept stationary under 
the plasma jet nozzle, and after 60 s of deposition, a black 
circular area with an approximate diameter of 2mm was 
formed.  

X-ray diffraction (XRD) analysis and field emission 
scanning electron microscope (FESEM) imaging of the 
samples were performed using an X′Pert Pro device from 
Panalytical and a Sigma VP device from the German 
company ZEISS, respectively. Solutions of Rhodamine B 
(RhB) and methylene blue were prepared in ethanol at a 
concentration of 10⁻⁵M. Then, 5μl of each solution was 
added to the samples for SERS analysis. A TakRam Raman 
spectrometer with a 532 nm wavelength, 20 mW output 
power, a 60× objective lens, and an integration time of 10 s 
was used to perform the SERS measurements. All 
measurements were conducted in triplicate, with standard 
deviations of reported spectral data remaining below 5%. 
To clean analytes from the surface of the SERS substrate for 
reuse, a 400 W UV lamp was employed. The lamp’s 
irradiative power (~120 W), peak wavelength (365 nm), 
and irradiance at a distance of 10 cm (~95 mW/cm²) were 
measured. The samples were positioned 10 cm away from 
the lamp during cleaning. 

3. Results and Discussion 

X-ray diffraction (XRD) analysis was performed to 

examine the crystal structure of the deposited layer on the 

glass substrate. As shown in Fig. 2, the XRD pattern of the 

deposited nanostructures exhibits characteristic peaks at 

2θ = 25.27°, 37.73°, 48.01°, 54.30°, and 62.63°, 

corresponding to the (101), (004), (200), (105), and (204) 

crystal sheets of TiO₂, respectively. These peaks indicate 

that the nanoparticles predominantly exhibit the anatase 

phase, as referenced by (JCPDS21-1272). Although a few 

peaks related to the rutile phase are also observed, the 

anatase structure is clearly dominant. The Raman spectrum 

of TiO₂ (inset of Fig. 2) further supports the formation of 

the anatase phase, with characteristic peaks at 141, 193, 

391, 516, and 637cm⁻¹. Given its superior photocatalytic 

properties, anatase-phase TiO₂ is considered a suitable 

material for the fabrication of reusable SERS substrates. 
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Fig. 2. XRD of TiO₂, Ag, and Ag-TiO₂ films at 60s and 300s, showing 
anatase TiO₂ and FCC Ag. (Inset: Raman confirming anatase TiO₂)  

Additionally, peaks at 2θ = 38.13°, 44.35°, 64.5°, and 
77.3° respectively corresponding to the (111), (200), 
(220), and (311) crystal sheets are observed for silver 
nanoparticles deposited on the glass substrate using a 
plasma jet. These peaks confirm the formation of Ag 
nanoparticles with a face-centered cubic (FCC) structure 
(JCPDS No. 04-0783).  The XRD patterns of the Ag–TiO₂ 
composite layers display characteristic peaks 
corresponding to both TiO₂ and Ag crystal structures. 
The intensity of the Ag peaks increases with longer 
deposition times, indicating the growth of the silver 
layer on the surface of the TiO₂ particles.  The crystallite 
size was estimated using the Debye–Scherrer equation. 
The TiO₂ nanocrystals in all layers exhibited sizes similar 
to those in the TiO₂ nanoparticle powder, approximately 
29 nm. However, increasing the silver deposition time 
from 60 to 300s resulted in an increase in Ag nanocrystal 
size from approximately 20 to 30nm. 

 

Fig. 3. FESEM images of (a) TiO₂ and Ag-TiO₂ films at deposition 
times of (b) 30s, (c) 60s, and (d) 300s 

 

Fig. 3 shows the FESEM images of TiO₂ nanoparticles 

and the Ag-deposited TiO₂ surfaces at deposition times of 

30, 60, and 300s. As observed in the images, both Ag and 

TiO₂ nanostructures appear approximately spherical. 

According to the XRD results, the particle sizes of Ag and 

TiO₂ are quite similar, making it difficult to distinguish 

between them in the FESEM images.  It is evident that with 

increasing deposition time, the surface of the TiO₂ 

nanoparticles becomes increasingly covered by Ag 

nanoparticles. This trend is further supported by EDX 

analysis and EDX mapping, as shown in the corresponding 

images. The EDX data are summarized in Table 1. 

The silver found in the EDX data comes from Ag 

nanoparticles, and the signals for oxygen and titanium 

show that TiO₂ nanomaterials are present. Since the ratio 

of oxygen to titanium stays the same in all samples, it can 

be said that the oxygen comes only from the TiO₂ structure, 

with no signs of other oxide phases in the layer (Table 1). 

Additionally, this oxygen-to-titanium ratio confirms that 

the anatase phase is present in the TiO₂ structure .

However, in the sample where Ag was deposited for 300s, 

no detectable TiO₂ signal is observed, indicating that the 

surface is fully covered by silver nanoparticles. 

EDX mapping in Fig. 4 illustrates that as the deposition 

time increases, the number of silver nanoparticles on the 

surface of the TiO₂ nanostructures also rises. As a result, 

the average distance between adjacent nanoparticles 

initially decreases. However, as the deposition time 

continues to increase, the nanoparticles start to clump 

together, which reduces the number of "hot spots" where 

the electromagnetic field is stronger for SERS. 

 

Fig. 4. EDX elemental mapping of (a) TiO₂ and Ag-TiO₂ films at 
deposition times of (b) 30s, (c) 60s, and (d) 300s 

Fig. 5a displays the Raman spectra of RhB adsorbed on 

TiO₂ layers decorated with Ag nanoparticles at various 

deposition times (30, 60, 120, 180, and 300s).  
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Fig. 5. (a) Raman spectra of 10⁻⁵ M RhB on Ag-TiO₂ at 30–300s Ag 
deposition; (b) Raman peak intensities of RhB at 1359 and 1649 cm⁻¹ 

The characteristic peaks of RhB are observed at 1149, 
1276, 1359, 1508, 1529, and 1649cm−1. As is also evident 
in Fig. 5b, the SERS signal intensity increases with 
deposition time, reaching a maximum at 60s. Beyond this 
point, further deposition leads to a gradual decrease in 
signal intensity. This trend is attributed to the interparticle 
distance of the Ag nanoparticles, which plays a key role in 
the SERS effect. According to the EDX mapping (Fig. 4), the 
density of Ag nanoparticles increases with deposition time, 
which indirectly indicates an increase in hot spot density 
up to the optimal time of 60s. However, at longer 
deposition times, the excessive density leads to 
nanoparticle agglomeration and clustering. This reduces 
the number of hot spots and, consequently, causes a drop 
in the SERS signal intensity. One important aspect of the 
Ag–TiO₂ substrates is that they can be reused because the 
TiO₂ matrix can break down the analyte molecules and 
refresh the substrate. 

According to Fig. 6a, the photocatalytic degradation of 

RhB by the Ag–TiO₂ substrate under UV irradiation is 

clearly confirmed. 

 

Fig. 6. (a) Raman spectra of RhB on Ag-TiO₂ under UV light; (b) Raman 
signal intensities of RhB at 1359 and 1649 cm⁻¹ under UV light 

The figure shows the evolution of the RhB Raman 

spectra on the Ag–TiO₂ surface at various UV exposure 

times. Furthermore, Fig. 6b shows the decreasing Raman 

signal intensity of two characteristic RhB peaks under 

400W UV irradiation, indicating effective surface 

adsorption followed by photocatalytic degradation. As the 

irradiation time increases, the Raman signal intensity 

progressively decreases. After 20min of UV exposure, no 

detectable RhB peaks remain, indicating the effective 

removal of probe molecules from the surface of the Ag–

TiO₂ substrate. 

To verify the recyclability of the fabricated Ag–TiO₂ 

substrates, the identification and degradation cycle was 

repeated more than four times. In each cycle, the substrate 

was irradiated for 20 min, and the same initial 

concentration of RhB solution was reapplied to the surface 

(Fig. 7a). The TiO₂ substrates with silver nanoparticles 

made using a plasma jet show great ability to be reused, as 

seen in Fig. 7b. In the presence of RhB, the intensity of the 

1649 cm⁻¹ peak gradually decreased from 8049, 7516, 

7343, 7129, to 6417 after the first to fifth photocatalytic 

degradation cycles, respectively. Although the intensity 

decreased to about 80% of its initial value after five UV 

irradiations, the signal remained sufficiently strong to 

allow for further measurements. The number of reuse 

cycles and the trend of SERS intensity reduction are 

comparable with similar studies [23, 24, 50]. These results 

confirm the recyclability, reusability, and practical 

applicability of the current SERS substrates. 

Table 1. EDX data of Ag-TiO₂ films 

Ag O Ti 
 

- 18.3 81.7 TiO2 

25.7 13.9 61.4 Ag-TiO2 30s 

46.1 9.9 43.9 Ag-TiO2 60s 

96.8 1.7 1.5 Ag-TiO2 300s 

 

 

 

Fig. 7. (a) Schematic illustration of the recyclable substrate; (b) Raman 
spectra of 10⁻⁵ M RhB adsorbed onto Ag-TiO₂ in multiple cyclic 
detection and self-cleaning experiments 

As shown in Fig. 8, after the detection and degradation 

of Rhodamine B on the Ag–TiO₂ substrate, the same 

substrate was reused to adsorb and detect methylene blue 

(MB).  
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Fig. 8. Raman spectra of 10⁻⁵ M Rhodamine B and Methylene Blue in 
each 'detection-cleaning' cycle 

Following UV-induced degradation of MB, RhB was once 

again introduced onto the same substrate for detection. 

This cycle of sequential detection and degradation was 

repeated multiple times under identical conditions. 

Notably, the TiO₂ layer coated with silver nanoparticles 

maintained nearly constant sensitivity throughout the 

process. Moreover, no Raman peaks associated with RhB 

were detected in the MB spectra, and vice versa, confirming 

complete degradation of the analytes and the absence of 

cross-contamination. These results highlight the excellent 

sensitivity and exceptional recyclability of the Ag–TiO₂ 

substrate, making it a promising low-cost platform for 

practical SERS applications. 

4. Conclusions 

Recyclable Ag–TiO₂ SERS substrates were fabricated by 

depositing silver nanoparticles onto TiO₂ nanostructures 

using an atmospheric pressure plasma jet. The TiO₂ 

nanostructures  were synthesized via a simple sol-gel 

method and directly coated with silver nanoparticles 

through plasma-based deposition. XRD analysis confirmed 

the successful formation of the Ag–TiO₂ composite. FESEM 

imaging revealed the presence of silver nanoparticles on 

the TiO₂ surface and showed that the nanoparticle density 

could be tuned by adjusting the plasma deposition time. 

Thanks to the inherent photocatalytic properties of TiO₂, 

analyte molecules adsorbed on the substrate could be 

efficiently degraded. Specifically, RhB was completely 

removed from the substrate surface within 20 min of UV 

irradiation, enabling the SERS substrate to be reused for 

detecting other analytes. In future studies, plasma jet will 

be used for the direct deposition of TiO₂ nanostructures, 

which will enhance the scalability of the method. 

Additionally, optimizing plasma parameters is suggested to 

further improve SERS performance. 
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