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A B S T R A C T 

In scientific research, the search for cost-efficient and scalable 

functional materials for substantial and practical applications is 

necessary. Therefore, metallic materials at the nanoscale represent a 

rapidly growing area of research, especially as plasmonic materials in 

the field of surface-enhanced Raman scattering (SERS). In this study, 

the potential of copper nanowires (CuNWs) and palladium nanoparticles 

(PdNPs) as thin films on the porous silicon (PS) surface was investigated 

and compared. Their parameters as plasmonic SERS sensing materials 

were investigated by detecting sodium nitrite (NaNO2) molecules as the 

analyzing material. CuNWs and PdNPs were locally deposited on the PS 

substrate by the immersion method to synthesize Cu/PS and Pd/PS 

SERS sensors. The successful fabrication of these sensors was 

confirmed by X-ray diffraction (XRD), energy dispersive X-ray 

spectroscopy (EDS), field emission scanning electron microscopy 

(FESEM), and Raman measurements. The results show that the 

nanostructures of the metallic thin films are evenly distributed on the PS 

surface and that hot spot areas have formed in between. The Raman 

peaks of NaNO2 were effectively detected even at extremely low 

concentration values. Therefore, CuNWs and PdNPs were integrated 

with PS in the SERS to improve the detection process. Excellent 

detection of (510-6) M NaNO2 concentration was achieved with the 

Cu/PS and Pd/PS SERS sensors with high amplification factors of 

(0.43108) and (0.11108), respectively. 
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1. Introduction 

The sensor's scheme's design and fabrication encompass a specific exploration of materials with preferred 

transducer features. Nanostructured materials have garnered considerable attention due to their distinctive 

physiochemical features, including high surface-to-volume ratio, small size, light absorption, optical sensitivity, 

and electrical and thermal conductivity [1, 2]. Plasmonic nanostructured materials are engineered to manipulate 

and control visible wavelengths at a nanometer scale, offering significant potential for effective impact in 

applications such as photonic interconnects and sensitive analytical devices [3]. Surface plasmons represent a 
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physiochemical phenomenon involving the collective oscillations and coherent plasma oscillations of free 

electrons induced by an electromagnetic (EM) field and observed on the surfaces of nanostructures or noble metal 

thin films. Plasmons investigate how light interacts with metallic nanostructures at the metal-dielectric interface 

[3, 4]. The adjustments and chemical modifications applied to the surface of plasmon resonance (SPR) features 

are crucial for designing improved active substrates, for example, porous silicon (PS), the complex matrix, which 

has gained significant attention from researchers and has applications in various fields, like sensor technology, 

optics, and biomedicine. These modifications can confer chemical specificity and enhanced sensitivity for 

detecting ultra-low concentration molecules in applications based on SERS or SPR spectroscopy [5-8]. 

Manufacturing metal nanostructures with superior SERS performances is a major priority for sensing and analysis 

applications [9]. SERS sensors depend on the Plasmonic features of transition and noble metals. This dependence 

has been extensively utilized to increase Raman signals as the SPR features of nearby nanostructures are 

significantly influenced by the coupling effect and inter-particle regions generated by nanostructures of specific 

shape, size, and composition integrated onto a substrate that is utilized as an analytical tool [7, 10-13]. In summary, 

it represents a susceptible technology that detects small molecules due to the main advantage of amplifying Raman 

signals at hotspot regions compared to standard Raman scattering for molecular detection, such as explosives, 

environmental pollutants, drugs, and pesticides [14, 15]. For a long time, nanostructures of gold (Au) and silver 

(Ag) have been recognized as ideal metals for SERS applications due to their strong Plasmonic properties [16, 17]. 

However, Au and Ag's high cost and low stability under certain conditions have motivated researchers to explore 

alternative metals [18, 19]. Copper (Cu) and palladium (Pd), for instance, have attracted considerable attention 

and have emerged as promising metals for SERS because of their low cost, equivalent conductivity, and Plasmonic 

properties compared to Au and Ag nanostructures [20, 21]. Cu, naturally available and inexpensive, exhibits strong 

and tunable Localized Surface Plasmon Resonance (LSPR) from UV-VIS to IR region. Furthermore, due to its 

interesting physical and chemical characteristics, Cu shows outstanding catalytic performance in various reactions. 

Combined with light-harvesting capability and catalytic function, Plasmonic Cu is a promising platform for 

effective light-driven chemical reactions [22]. The nanosized Copper requires large surface activation energy, 

resulting in unique features, including a low melting point, robust magnetism and light absorption, and firmness, 

in addition to a high fraction of surface area, optical properties, antimicrobial activity, and electronic properties 

and can be easily functionalized [23-25]. Furthermore, palladium exhibits strong plasmonic effects and excellent 

surface stability, and it can be utilized sufficiently in electrochemistry as a catalyst [11, 26]. Pd nanostructures are 

advantageous owing to their significant adaptability in terms of reactivity, SPR, which is an essential and valuable 

feature in sensing, chemo-optical transducers, Plasmonic wave guiding, and the field of SERS [21, 27, 28]. This 

investigation highlighted the utilization of low-cost, high-SERS-performance metallic nanostructures for 

environmental detection applications. CuNWs and PdNPs as SERS emphasize the Plasmonic amplification effect 

as an analytical tool for detecting NaNO2 molecules. Moreover, this work discusses the synthesis method, 

characterization techniques, and optimization strategy employed to enhance the SERS performance of the Cu/PS 

and Pd/PS nanostructures. The comparison between the two sensors is discussed based on each sensor's deposition 

and sensing mechanisms. 

2. Experimental Procedure 

2.1 Chemicals 

Hydrofluoric acid (HF) (C.D.H., England 48%) and high purity ethanol (C2H5OH) (Sigma-Aldrich, 99.8%, 

Germany) were mixed in a ratio of (1:1) (HF: Ethanol) to prepare the required (24%) concentration of HF that 

required for the fabrication process of PS Immersion plating method employed copper sulfate pentahydrate 

(CuSO4.5H2O), and palladium chloride (PdCl2) solutions. NaNO2 was utilized as the analytical solution at 

concentrations of (510-1, 510-6) M. All solutions were prepared and dissolved in distilled water. All chemicals 

were utilized as obtained, with no additional purification. 

2.2 Fabrication of Porous Silicon 

One mirror side, n-type Silicon (Si) wafer with (100) orientation, (10) Ω.cm, resistivity, and (625) µm thickness 

was employed in this work. Si wafer has been chopped into (1.5x1.5) cm2 pieces. These pieces were weighed and 

immersed in a (1:10) (HF: ethanol) mixture for 10 min, under shaking conditions to remove the SiO2 layer. The 

pieces were cleaned with ethanol, then washed with distilled water to remove HF residue, and dried in the air for 

several minutes. Finally, they were stored in plastic containers full of methanol to maintain their cleanliness and 
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readiness for the Photo-Electro-Chemical-Etching process (PECE). PECE is a well-known process for the 

fabrication of PS where the electrochemical and photochemical etching methods provide a combination of the 

material interaction with HF acid through light and current density, where the illumination of laser light on the Si 

electrode significantly modifies PS properties [29]. The etching process was conducted at room temperature in a 

specially designed Teflon cell filled with a (1:1) mix of 24% HF acid and Ethanol solution. The set-up illustrated 

in Fig. 1 below consists of (DC) power supply as a current source, Pt. ring as the cathode, Si substrate as the anode, 

Avometer, Teflon etching cell, and red laser diode of wavelength 630 nm with a specified output power density 

of about (30) mW/cm2 as the light source that illuminated about 1 cm2 of Si area. The etching process occurred 

with fixed parameters of 20 mA/cm2 current density and 30 min etching time.  

 
Figure 1: schematic diagram of the experimental set-up of the PECE system.  

In the PECE process, laser light supplies the necessary holes in the illuminated area of the Si wafer to start the 

etching process. When the n-type Si wafer is immersed in the HF acid, its surface becomes saturated with hydrogen 

(H) atoms, making it inert to further HF acid attacks due to the similar electronegativity of H and Si. Upon 

illumination with laser light, the Si wafer absorbs the light, creating electron-hole pairs to generate an internal field 

and a depletion layer in the illuminated area, driving holes to the surface of the Si wafer. These photo-generated 

holes facilitate the formation of silicon-Floride (Si-F) bonds by replacing H atoms with F atoms on the silicon 

surface. The polarization of the bonded F atoms leads to removing Si atoms, creating tips that change the surface 

geometry, increase the surface irregularities, and alter the electric field distribution. Conversely, an etching current 

density flows from the back side of the wafer through the solution, completing the electrical circuit and enhancing 

the etching process. As a result, the surface is reconstructed with various probes and columns forming PS [30-32]. 

The chemical pathway of PS fabrication is illustrated in Fig. 2 and explained by the following Eq. (1) [3, 33]: 

𝑆𝑖 +  6𝐻𝐹  𝐻2𝑆𝑖𝐹6  +  4𝐻 +  + 4𝑒−      (1) 
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Figure 2: The schematic diagram illustrates the etching mechanism during the PS fabrication process [34]. 

2.3 Fabrication of Cu /PS and Pd/PS SERS sensors: 

Immersion solutions were separately prepared with a concentration of (0.025) M for each. The blue-colored Cu 

immersion solution was prepared by dissolving CuSO4.5H2O powder in distilled water through continuous stirring 

by a magnetic stirrer for about 15 minutes at room temperature to achieve a complete dissolving process. For the 

brown Pd immersion solution, PdCl2 powder was dissolved in distilled water mixed with a few drops of 35% 

concentration HCL acid and heated to 70°C while continuously stirring with a magnetic stirrer for about 30 

minutes. To achieve complete dissolving of PdCl2 powder because it is incapable of dissolving entirely in distilled 

water compared to copper. The required concentrations of these solutions were calculated using the following Eq. 

(2) [13, 35]: 

𝑚𝑜𝑙𝑎𝑟𝑖𝑡𝑦 =
𝑊

𝑀𝑊/𝑉
       (2) 

W: represents the CuSO4.5H2O and PdCl2 weight in (g), MW: refers to molarity weights of CuSO4.5H2O and 

PdCl2, which are ~ 249.72, and 177.32 (g/mole) respectively. V refers to the volume of the dissolved solution. 

Cu/PS and Pd/PS SERS substrates were fabricated due to the experimental steps illustrated in Fig. 3 by dipping 

PS samples in Cu and Pd solutions using an immersion plating process for 30 minutes at room temperature. The 

immersion plating process is a facile and more economical method than other metal deposition techniques like 

electrodeposition, inkjet printing, and vapor deposition, where dipping PS in solvents with metal ions will lead to 

immediate deposition of the metal [36]. The Plasmonic nanostructures are formed at room temperature due to the 

ion-reduction process [37]. Where the deposition process involved the conversion of copper ions (Cu2+) and 

palladium ions (Pd2+) to positively charge metallic nanostructures deposited on the PS surface through the gain of 

electrons (e-) during the adherence process. In other words, it signifies the reduction of positively charged Copper 

and palladium ions to neutral metals, leading to the deposition of Cu and Pd on the surface of PS [38, 35]. 

Regarding the reduction process that describes the interaction between metallic nano-solutions and the PS surface, 

the following Eq. (3) and (4) explain the reduction processes of Cu and Pd immersion solutions on the PS surface 

[34, 39]: 

𝑪𝒖𝟐+ + 𝟐𝒆−   𝑪𝒖     (3) 

𝑷𝒃𝟐+ + 𝟐𝒆−   𝑷𝒃     (4) 
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Figure 3: The experimental flow chart of the Cu/PS and Pd/PS SERS substrates fabrication process. 

2.4 Instrumentation and data analysis  
The morphology and structure of the bare PS, Cu/PS, and Pd/PS SERS sensors were characterized via Field 

Emission Scanning Electron Microscopy (FESEM) by utilizing the Inspect F50 device. X-ray diffraction (XRD) 

was characterized by Aeris – Malvern Panalytical diffractometer operating with monochromatized CuK radiation 

of wavelength (0.154) nm, and Energy Dispersive X-ray Spectroscopy (EDX) using Axia ChemiSEM device. The 

pore dimensions of bare PS and the sizes of CuNWs and PdNPs were calculated using the image j program. 

Evaluating the performance and sensing characteristics of Raman and SERS sensors was conducted using the 532 

nm pre-configured Raman spectrometer system. The measuring and recording process was conducted at room 

temperature. The enhancement factor (EF) of Raman peak intensity was calculated using Eq. (5) considering the 

Raman peak of the sodium nitrite molecule [3]: 

𝑬𝑭 =
𝑰𝑺𝑬𝑹𝑺𝑿𝑪𝑹 

𝑰𝑹𝑿 𝑪𝑺𝑬𝑹𝑺
   (5) 

IR and ISERS refer to the corresponding counterpart intensities of regular Raman and SERS. CR and CSERS 

correspondingly represent the probe's regular Raman and SERS concentrations. 

3. Results and Discussion 

3.1 Morphological characterization of bare PS, Cu/PS, and Pd/PS SERS structures: 

According to Fig. 4, the FESEM images of photoelectrochemically etched PS described the formation of a pore-

like structure with different pore diameter dimensions. At 5 µm magnification, the PS surface, after 30 minutes of 

etching time with laser and electricity, exhibits a distinctive pattern of square-shaped pores arranged in a regular 

and well-defined manner. These square-shaped pores are uniformly distributed across the surface, forming a 

structured array. The edges of the squares are straight and form right angles, resulting in a characteristic grid-like 

appearance. Also, the PS surface displays pore size distribution that varies from large to small pore sizes, creating 

a gradient of pore properties. These results mean that the pores' size, depth, or density gradually changes across 

the surface because the 30 min etching time was enough to etch the silicon surface repeatedly, resulting in 
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overlapping in the opening of the pores, graded pores structures leading to increased surface area of the porous 

layer. Combining square-shaped pores and graded pore distribution gives the surface a unique and visually 

appealing structure. The square pores provide a regular and organized pattern, while the graded pore distribution 

adds depth and complexity to the surface structure. This graded distribution allows for developing surface 

properties, such as surface area, pore connectivity, and optical properties, over different material regions that can 

be adjusted to suit specific application requirements. The interesting finding was that the sensitivity of PS relies 

on the morphological properties of pores, including pores diameter and homogeneity, surface uniformity, and 

porous layer thickness [40]. The formation of pores on the silicon surface increases the coating rate, consequently 

considering the chemically active area. This type of PS surface offers potential advantages in sensing fields, where 

precise control over pore size and distribution is crucial for optimizing device performance [41]. 

  
Figure 4: FESEM images with different magnifications of a) bare PS b) Cu/PS c) Pd/PS SERS substrate 

structures. 

Figs. 4b and 4c show the SEM top view of Cu/PS and Pd/PS structures, respectively. Understanding the quality 

of structure and adherence is essential for optimizing the performance of PS-based devices in various applications, 

varying from sensors to energy storage systems. The PS surface acts as a captivating surface for the adhesion of 

these nanostructures. CuNWs are deposited on the PS layer, creating, and appealing an indicative, significant 

pattern of thorn-like nanowire structures resembling an artistic representation of Cu nanostructures. The resulting 

nanowire morphology presents a captivating harmony of sharp edges, irregular shapes, and interlocking structures. 

CuNWs are characterized by their elongated and one-dimensional morphology, aligning along the pores of the 

silicon matrix, forming a continuous and interconnected network. This structural configuration enhances the 

mechanical stability of the modified surface. The chemical displacement deposition of Cu on PS exhibited Cu 

nanowires distributed on the porous layer with high adhesion and simple control, and it requires no special 
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equipment, which agrees with [42]. For PdNPs deposited onto the surface of PS, as illustrated in Fig. 4c, PdNPs 

within the solution selectively and directly adhere to the exposed surfaces and walls of the sophisticated network 

of pores on the PS architecture, creating a thin, conformal, and continuous film of palladium layer. The formed 

thin covering layer of PdNPs follows the shape of the pores without blocking or compromising the structural 

reliability. PdNPs flawlessly envelop the porous matrix's framework while preserving the original surface's distinct 

morphology, allowing continued interaction with the surrounding environment. For both Cu/PS and Pd/PS SERS 

structures, the interaction between the metals and PS substrate forms a harmonious union, where a combination of 

electrostatic forces and chemical bonding control the deposition process, allowing for a more adaptable conformal 

coverage [43]. Comparing the two distinct metals reveals significant differences in aggregation and adherence 

mechanisms. Where CuNWs exhibited a more irregular arrangement, displaying a tendency for aggregation. 

PdNPs are typically characterized by a continuous and uniform distribution of nanostructures, forming a robust 

and closely packed monolayer on the porous silicon surface. In other words, CuNWs exhibited weaker adherence, 

relying more on van der Waals forces, leading to a comparatively less stable configuration. At the same time, 

PdNP nanostructures adhere strongly through a combination of electrostatic and chemical bonds, ensuring long-

term stability. This structural difference is attributed to their physical and chemical surface properties, such as the 

metals' inherent nature and interaction with porous silicon. PS was generated with an average pore diameter of 

(0.973) µm. In contrast, CuNWs and PdNPs were generated with an average particle size of (0.278) µm and (0.302) 

µm, respectively, as shown in Fig. 5a, 5b, and 5c. The above results indicate that the sizes of CuNWs and PdNPs 

could be considered vital elements of the PS structure properties (pores construction and surface roughness). 

 
Figure 5: Statistical size histograms of a) PS pores, b) CuNWs, and c) PdNPs. 

XRD analysis was performed to determine the structure and crystallographic phases of the samples. As revealed 

in Fig. 6a, 6b, and 6c, the XRD patterns showed different diffraction peaks; for PS, a single diffraction peak at 

33.38˚ was observed, proving its FCC structure. Furthermore, CuNWs presented diffraction peaks at 43.2˚ and 

51.6˚, While for PdNPs, the XRD patterns showed diffraction peaks located at 40.45˚, 46.7˚, and 68.5˚. For 
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calculation requirements, the characteristics reflect the face-centered structure (FCC). CuNWs and PdNPs are 

comparable to the standard JCPDS files No. 00-004-0836 and 87-0641 [2, 25]. The metallic nanostructure sizes 

(D) were calculated using Scherer's equation [44, 45], while the specific surface area (SSA) was calculated using 

the following Eq. (6) and (7) [3]: 

𝑫 =
𝟎.𝟗 𝒌

𝜷 𝒄𝒐𝒔 Ɵ
      (6) 

𝑺. 𝑺. 𝑨. =
 𝟔𝟎𝟎𝟎

𝑫∗𝝆
     (7) 

D and ρ represent the grain size of Cu and Pd nanostructures, respectively. The density of copper and palladium 

nanostructures (8.96) and (12.007) gm/cm3 respectively. The data of XRD measurements concerning the bare PS, 

Cu/PS, and Pd/PS substrates are illustrated in Table 1.  

 

  

Figure 6: XRD patterns of A) bare PS Bb) Cu/PS C) Pd/PS SERS substrates. 

The EDX mapping of the SERS sensors with CuNWs and PdNPs deposited on the PS surface is demonstrated in 

Fig. 7A, and 7B. The DEX analysis has verified the presence of silicon, Copper, and Palladium on the SERS 

sensors. The substrate is the silicon source. Due to the values illustrated in Fig. 7C, the CuNWs showed higher 

deposition rates than PdNPs. 

 

A 

B 
C 
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Table 1: XRD data of bare PS, Cu/PS, and Pd/PS SERS substrates. 

 

 

Figure 7: Energy dispersive X-ray (EDX) mapping of A) CuNWs, B) PdNPs, and C) percentage values of 

CuNWs and PdNPs on PS surface. 

3.2 Sensing performance of bare PS, Cu/PS, and Pd/PS SERS sensors 

The sensing performance of Raman and SERS sensors for NaNO2 was examined as presented in Fig. 8a, 8b, and 

8c. The Raman spectra of NaNO2 for bare PS were initially investigated at a high concentration of about 0.5 M. 

In contrast, for the Cu/PS and Pd/PS sensors, the SERS spectra were examined at a low concentration of (510-6) 

M. 

NaNO2 solution, even with high concentration, has an extremely weak Raman response for bare PS sensors. For 

Cu/PS and Pd/PS SERS sensors, the Raman peak at extremely low nitrite concentration was enhanced intensely 

by incorporating the CuNWs and PdNPs on the surface of PS due to the SERS effect. The significant Raman 

spectrum of NaNO2 for bare PS, Cu/PS, and Pd/PS SERS sensors is ascribed at specific vibrational modes of the 

following peaks demonstrated in Table 2. These peaks are Raman fingerprints of sodium nitrite [46-48].  

Sample Bare PS Cu/PS Pd/PS 

Element Si Si Cu Cu Si Pd Pd Pd 

Plane (100) (100) (111) (200) (100) (111) (200) (220) 

2Ɵ (˚) 33.38 33.5 43.2 51.6 32.95 40.45 46.7 68.5 

FWHM (rad.) 0.0042 0.0068 0.0033 0.0031 0.0079 0.0226 0.013 0.0514 

Grain size(nm) - - 45.22 46.69 - 6.54 11.6 3.27 

S.S.A. (m2/gm) - - 14.8 14.34 - 76.3 43.02 152.6 
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Figure 8: Raman spectra of NaNO2 for A) bare PS B) Cu/PS C) Pd/PS SERS sensors. 
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Table 2: Raman spectra of NaNO2 at concentrations of 5x10-1 M for bare PS sensor, 5x10-6 M for Cu/PS and 

Pd/PS SERS sensors. 

At concentration = 5x10-1 M At concentration = 5x10-6 M 

Bare PS sensor Cu/PS SERS sensor Pd/PS SERS sensor 

Raman shift 

(cm-1) 

Vibrational 

modes 

Raman shift 

(cm-1) 

Vibrational 

modes 

Raman shift 

(cm-1) 

Vibrational 

modes 

517 
COO bend + 

CH2 bend 
480 

COO bend+ 

CH2 bend 
483 

COO end+ 

CH2 bend 

852 C=C stretch in ring 762 O-H out of plane 758 C=O 

1023 C-O-H bend 1043 C-CH3 stretch 1044 C-CH3 stretch 

1174 C-O-C stretch 1189 C-O-C stretch 1184 C-O-C stretch 

1343, 1513 C-H bend 1335,1507 C-H bend 1334,1502 C-H bend 

1701, 1772 C=O 1742 C=O 1744 C=O 

 

According to Table 2 above, the SERS spectrum signifies the main modes of sodium nitrite when compared with 

the Raman spectrum of bare PS. The extremely weak signal of the Raman spectrum can be assigned to the 

infiltration of the NaNO2 analyte within the PS substrate that conveys the analyte far from the excitation. Hence, 

the light spot was unclarified in this effect. The extremely strong SERS spectra of NaNO2 absorbed on the Cu /PS 

and Pd/PS SERS-active substrates can be attributed to hot spot regions surrounded by CuNWs and PdNPs and to 

the precise surface area. An effective energy transmission occurs between the metallic nanostructures and the 

nitrite within the regions of a hot spot, improving the sensors' detection effectiveness and increasing the Raman 

signal. Overall, the excellent activity of the CuNWs and PdNPs deposited on the PS substrate signifies the surface 

enhancement performance of Cu/PS and Pd/PS SERS sensors. The unique morphology of PS decorated by CuNWs 

and PdNPs with hot spot regions generated significantly improves the local electromagnetic (EM) field near the 

metal nanostructures. It affords a simple, fast, and susceptible detection process by concentrating light into small 

volumes, thereby using the field enhancement characteristics of metal nanostructure to increase the typically weak 

Raman scattering signals [9, 49]. Top of Form 

Furthermore, Cu/PS and Pd/PS nitrite sensors showed stable performance without any saturation effects, leading 

to an exceptional increase in EF with decreasing nitrite concentration by strengthening the SERS signal. The most 

vital parameter that evaluates the activity and efficiency of the sensors is the enhancement factor (EF), estimated 

from equation (5). The highest EF achieved from the Cu/PS sensor was (0.43X108) while for the Pd/PS sensor, it 

was (0.11X108) revealing the enhancement ability of the Cu/PS SERS sensor higher than that obtained in the case 

of the P/PS SERS sensor. Table 3 below illustrates this work's main results and applications compared with other 

studies concerning metal plasmonic materials deposited on PS via different deposition methods, such as SERS 

sensors.  

Table 3: Different metallic nanostructures deposited on porous silicon via different deposition methods as SERS 

substrates for different sensing applications. 

 

Metal structure 
Deposition 

method 
Main results Application Ref. 

Cu Nanowires 
Immersion 

Plating 

(Chemical 

Reduction) 

 

The two separate metals display distinctive 

Plasmonic characteristics appropriate for 

boosting Raman signals as SERS 

Plasmonic materials. 

EF(CuNWs) =0.48 x106 

EF(PdNPs) =0.11x106 

Environmental 

detection (NaNO2) 

This 

work 

 
Pd Nanoparticles 

Au Nanoparticles 
Immersion 

Plating 

The sensor activity is dependent on the 

ratio of hot spots and the exact surface area 

of Au nanoparticles. 

Chlorpyrifos 

Pesticides 

detection 

[33] 
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4. Conclusions 

A simple and successful approach was employed to fabricate Cu/PS and Pd/PS SERS substrates as nitrite sensors. 

CuNWs and PdNPs revealed significant differences in structural properties and adherence mechanisms relying on 

a combination of electrostatic forces and chemical bonding for adhesion, allowing for more adaptable and 

conformal coverage. This study suggested that the specific reduction mechanism can depend on various factors, 

including the composition of the CuNWs and PdNPs, the features of the PS surface, and the experimental 

conditions. The two distinct metals exhibited unique Plasmonic properties suitable for enhancing Raman signals 

as SERS Plasmonic materials. The Raman signal for the nanocrystalline size of PS improved with CuNWs and 

PdNPs intensity depending on the geometric shape and the distribution density of nanomaterials hotspot region 

between them. In conclusion, the findings confirmed the potential of CuNWs and PdNPs as promising 

characteristics of Plasmonic materials for SERS applications. However, further investigation revealed Copper as 

the ideal alternative for achieving optimal SERS performance. Copper emerged as the superior metal due to several 

critical factors regarding its strong Plasmonic properties, higher surface roughness providing more active sites for 

analyte adsorption, and better chemical stability under SERS conditions, leading to improved performance by 

enhancing SERS signal four times higher compared to Pd/PS SERS sensor. Additionally, Copper is a more viable 

option for large-scale SERS environmental sensing applications owing to its low cost and availability. 
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