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Abstract 

Optical sensing technology has found extensive applications across multiple 

fields owing to its ultrahigh sensitivity, real-time response characteristics, and 

non-destructive detection advantages. Surface Plasmon Resonance (SPR), 

serving as an effective tool for investigating optical properties of nanomaterials 

and biomaterials, achieves ultrasensitive detection of molecular surface 

changes through resonant coupling between incident light and free electrons on 

metallic surfaces. This unique detection mechanism has driven its innovative 

applications in food safety, drug screening, environmental monitoring, and 

medical diagnostics. While Localized Surface Plasmon Resonance (LSPR) and 

Surface-Enhanced Raman Scattering (SERS) technologies based on the 

plasmonic sensors have achieved major breakthroughs in biomacromolecule 

detection, traditional applications have primarily been confined to 

macromolecular systems, with efficient detection of small molecules such as 

gases remaining a significant challenge.  

The optimization of sensor performance mainly relies on rational design of 

plasmonic nanostructures and precise control of their surface properties. 

Through careful engineering of material composition and nanoscale 

architecture, significant improvements in detection sensitivity and response 

characteristics can be achieved. This research focuses on enhancing nano 

plasmonic-based gas sensing performance through material design and 

fabrication methods.  

The thesis comprises five chapters, with the main contents: 

Chapter 1 describes an overview of the research background, systematically 

introducing various gas sensing technologies and focusing on the detection 

principles, existing detection strategies, and fabrication methods of plasmonic 

nanosensors. 

Chapter 2 introduces a fabrication approach for plasmonic nanosensors 

based on Au@Ag core-shell nanoarchitectures. The synthesis protocol begins 

with the controlled preparation of Au nanoseeds on glass substrates through 

thermal dewetting, followed by plasmon-enhanced photochemical deposition 

of Ag shells. Under visible light irradiation, the localized surface plasmon 

resonance of Au nanoseeds generates enhanced electromagnetic fields that 



 

 

direct the selective reduction of silver ions, enabling precise control over the 

formation of uniform Ag shells.  

Chapter 3 presents an advanced plasmonic nanosensors design 

incorporating metal-organic frameworks (MOF). The sensor is fabricated by in-

situ growth of ZIF-8 shells over Au nano-urchin substrates, creating core-shell 

structures. This hierarchical design was further enhanced by spin-coating a 

PEDOT: PSS conductive polymer layer, resulting in a multilayer sensor 

architecture that exhibited significantly improved gas detection performance. 

Chapter 4 details a scalable fabrication strategy for plasmonic nanosensors 

utilizing interfacial self-assembly. The approach begins with the synthesis of 

monodisperse silver nanoparticles with precisely controlled size. These 

nanoparticles are then assembled into densely packed monolayers through a 

sophisticated Marangoni effect-driven oil/water/oil (O/W/O) tri-phase 

interfacial system. The interfacial tension gradient directs the controlled 

migration and assembly of silver nanoparticles, while the addition of TBA+NO3- 

effectively reduces the Coulomb forces between nanoparticles due to charge 

effects, enabling more compact nanoparticle arrays. Subsequently, by 

integrating the fabricated sensors with SERS detection technology, we achieved 

partial visualization of gases. 

Chapter 5 summarizes the main research findings and provides 

perspectives on future research directions. 
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Chapter 1 
 

Introduction 
 
1.1 Olfactory and Olfactory System 

Olfaction, as one of the fundamental sensory systems in living organisms, plays 

an irreplaceable role in life activities [1]. Recent studies have revealed the 

remarkable molecular recognition capabilities of the olfactory system: among 

over 400,000 known chemicals that can trigger olfactory perception, humans 

can distinguish up to a trillion different odor combinations [2]. Richard and 

Buck's discovery of olfactory receptors and their elucidation of olfactory system 

organization pioneered a new era in understanding olfactory mechanisms at the 

molecular level [3]. They identified a gene family of approximately 1,000 

members encoding different types of olfactory receptors, which are distributed 

across olfactory neurons in the nasal epithelium and responsible for detecting 

inhaled odor molecules. 

The olfactory bulb, serving as the primary processing center for olfactory 

information, has provided crucial insights into biological olfactory mechanisms 

through studies of its neuronal activity patterns. As illustrated in Figure 1.1a, 

olfactory information processing begins with volatile chemicals binding to 

receptors on sensory neurons in the nasal olfactory epithelium. This process 

requires initial absorption of odor molecules by nasal mucus, followed by 

interaction with specific receptors on olfactory cilia [4]. Receptor potentials are 

conducted via neurons to the olfactory bulb for primary processing, ultimately 

forming neuronal activation patterns reflecting molecular characteristics of 

odors, known as "odor maps." This spatial encoding pattern serves as the basis 

for mammals to differentiate and identify various odors. 

Artificial gas sensing systems are designed to mimic biological olfactory 

systems. These systems convert chemical information, such as gas composition 

and concentration, into measurable electrical signals through sensing units. 

Different sensing units exhibit differentiated response characteristics to target 

gases, thereby constructing specific response spectra (chemical fingerprints). 

Accurate identification of different gases can be achieved through analysis of 
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these characteristic fingerprints using appropriate pattern recognition 

algorithms. 

As shown in Figure 1.1 b, artificial gas sensing system consists of three 

main parts: gas sensor array, a signal preprocessing module [5], and a pattern 

recognition module. The gas sensor array, serving as the core sensing unit, 

mimics the function of numerous olfactory receptors in biological nasal cavities. 

Each sensing element in the array converts chemical information (such as 

composition and concentration) into measurable electrical signals through 

physical adsorption, chemical reaction, and desorption processes with target 

gas molecules. The signal preprocessing unit, analogous to the primary 

information processing function of the olfactory bulb, is responsible for 

systematic processing of raw signals from the sensor array. This includes digital 

filtering to remove interference signals, noise reduction to improve signal-to-

noise ratio, and feature extraction to obtain key parameters most representative 

of gas characteristics. The pattern recognition system corresponds to advanced 

information processing in the cerebral cortex, analyzing preprocessed feature 

data through mathematical models and algorithms. This module achieves 

qualitative identification and quantitative analysis of gases, ultimately 

outputting detection results. 

 

 

Figure 1.1 Composition and working principles of biological and artificial 
olfactory systems: (a) biological olfactory system, (b) artificial gas sensing 
system. 
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1.2 Gas sensing application  

Gas sensors represent a critical class of analytical instruments for 

identifying and analyzing chemical compositions of gaseous substances, 

encompassing gas chromatography-mass spectrometry systems [6-8], catalytic 

combustion sensors [9,10], electrochemical sensors [11,12], colorimetric sensor 

arrays [13], and optical gas sensors [14-16]. As shown in Figure 1.2, these 

devices play irreplaceable roles in environmental monitoring, food safety, 

medical diagnostics, and national defense security. 

In industrial production environments, the preparation, storage, and 

transportation of hazardous materials pose potential leakage risks, including 

harmful gases such as alkanes [17], aromatic hydrocarbons [18], alcohols [19], 

hydrogen [20], hydrogen sulfide [21], and carbon monoxide [22]. Once leaked, 

these substances rapidly create environments with explosive or toxic hazards. 

Gas sensing systems provide effective safeguards for industrial safety through 

real-time monitoring and alarm capabilities. 

In food safety applications, gas sensors provide innovative solutions for 

food quality monitoring. For instance, meat and seafood products emit volatile 

amines, aldehydes, and sulfur compounds during spoilage [23-25], while fruits 

and vegetables release ethylene, alcohols, and esters during ripening and decay 

processes [26-28]. Real-time monitoring of these signature gas concentration 

changes enables effective assessment of food freshness and safety. Additionally, 

gas sensing systems can detect packaging integrity and storage conditions, 

identifying potential risks such as microbial contamination and mycotoxin 

production, providing technical support for comprehensive food quality control. 

This rapid and non-destructive detection method based on gas analysis not only 

improves food safety monitoring efficiency but also offers new perspectives for 

intelligent packaging and cold chain logistics development. 

In agricultural applications, gas sensing technology provides effective tools 

for crop growth monitoring and pest control. Plants release characteristic 

volatile organic compounds during different growth stages and under stress 

conditions, serving as important indicators of plant growth status, pathogen 

infection, and environmental stress. Research has shown that healthy plants 

and those affected by pathogens or pests emit distinct volatile profiles, enabling 

early warning of crop health status through real-time monitoring of these 
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substances using gas sensing systems. For example, in rice pest management, 

gas sensors can detect volatile changes caused by fungal infections or pest 

infestations at early stages [29-30], providing guidance for precise pesticide 

application. Additionally, by monitoring concentration variations of gases such 

as CO2 and ethylene in greenhouses, optimal crop growth environments can be 

maintained, improving agricultural production efficiency. 

In medical diagnostics, gas sensors demonstrate unique advantages. While 

traditional disease biomarkers (such as proteins, exosomes, and nucleic acids) 

show low concentrations in early stages, volatile organic compounds (VOCs) 

produced through human metabolism can reach alveoli via blood circulation 

and be expelled through exhaled breath. This discovery has made breath 

analysis a highly promising non-invasive diagnostic approach. Studies have 

revealed significant changes in breath composition among patients with 

chronic airway inflammation, gastric cancer, liver cirrhosis, and breast cancer. 

Particularly in lung cancer diagnostics, various VOC biomarkers including 

Figure 1.2 Schematic of gas sensors for VOCs detection in potential 

applications. 
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alcohols, aldehydes, ketones, and aromatic compounds have been successfully 

identified. Compared to traditional blood tests and tissue biopsies, breath 

analysis offers advantages in simple sample matrix, non-invasive sampling, 

high safety, and suitability for frequent testing, providing new perspectives for 

large-scale disease screening [31-32]. 

Through advancements in gas sensor technology, these devices are 

becoming indispensable tools for improving safety and health across various 

fields, from industrial and environmental applications to food and medical 

sciences. 

 

1.3 Gas detection Method 

1.3.1 Traditional methods 

Gas Chromatography-Mass Spectrometry (GC-MS), as a high-accuracy 

and high-sensitivity analytical method, plays a crucial role in complex mixture 

analysis. As shown in Figure 1.3, this technique separates mixtures through 

chromatographic columns, followed by molecular ionization, acceleration, and 

detection using mass spectrometry, enabling precise molecular composition 

identification. When combined with Solid-Phase Microextraction (SPME), it 

effectively achieves gaseous sample enrichment and analysis. While this 

hyphenated technique has found widespread applications in pharmaceuticals 

[33], food [34], fragrances [35], and biological research [36], its high equipment 

costs, long analysis cycles, and large instrument size limit its applicability for 

Figure 1.3 Schematic diagram of GC-MS. 
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real-time monitoring. 

1.3.2 Gas sensing methods 

Semiconductor gas sensors achieve gas detection by measuring changes in 

electrical properties induced by interactions between gas molecules and 

semiconductor materials. These interactions cause alterations in 

semiconductor conductivity, dielectric constant, and work function, which 

transform into changes in resistance, capacitance, or inductance signals, 

enabling quantitative analysis of target gases. 

Currently, semiconductor gas sensor fabrication materials primarily 

include metal oxides, conducting polymers, carbon materials, metal 

nanoparticles, and their composites. Metal Oxide Semiconductor (MOS) 

sensors are most common, categorized into p-type (hole conducting) 

represented by CuO and n-type (electron conducting) represented by WO3, 

SnO2, TiO2, and ZnO. 

MOS sensors operate based on oxygen molecule adsorption and charge 

transfer processes at material surfaces as illustrated in Figure 1.4. In air, 

oxygen molecules combine with semiconductor surfaces forming charged 

oxygen ions [37], leading to electron depletion layers in n-type materials and 

Figure 1.4 Schematic diagram of MOS sensor. 
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hole accumulation layers in p-type materials. When reducing gases interact 

with surface oxygen ions, n-type materials show decreased resistance due to 

thinning of electron depletion layers, while p-type materials exhibit increased 

resistance from thinning of hole accumulation layers. Oxidizing gases produce 

opposite effects. 

Through material and structural innovations, MOS sensors demonstrate 

excellent performance in various gas detection applications. For instance, 

hydrothermally synthesized ZnO nanorods show rapid response and high 

sensitivity in ethanol detection [38]; electrospun TiO2 nanofibers achieve CO 

gas detection at 1 ppm levels [39]; and template assisted electrodeposited CuO 

nanowires demonstrate detection limits as low as 2.5 ppb for H2S gas with 

excellent reproducibility [40]. Additionally, MOS sensors find broad 

applications in detecting hydrogen, nitrogen oxides, ammonia, and volatile 

organic compounds. 

Although MOS sensors offer advantages in high sensitivity, good 

reversibility, low cost, and rapid response, their limitations in selectivity and 

high operating temperature requirements somewhat restrict their application 

scope. 

Chemical resistive gas sensors have gained widespread adoption due to 

their simple fabrication process and low cost. As shown in Figure 1,5, 

conducting polymers, serving as active sensing layers, can be controllably 

Figure 1.5 Device configuration of chemical resistive gas sensors Coated 

with conducting polymer films. 
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deposited on interdigitated electrodes through methods such as spin-coating, 

drop-casting, or vapor deposition. Research has shown that incorporating 

conductive materials (such as polypyrrole or carbon black) into polymer 

matrices significantly enhances sensor sensitivity and selectivity [41]. Gas 

molecule interactions with polymers induce material swelling, leading to 

resistance changes that enable gas detection. 

Recent years have witnessed significant progress in conducting polymer 

sensor development: polypyrrole-based flexible sensors have achieved ppb-

level ammonia detection [42]; gold nanoparticle-modified conducting polymer 

transparent films demonstrate excellent performance in organic gas detection 

[43]; and nanostructured polypyrrole-modified chemiresistor have achieved 

high sensitivity and selectivity in trinitrotoluene detection (TNT) [44，45]. 

Conducting polymers offer advantages in easy synthesis, tunable molecular 

structure, high sensitivity, rapid response, and room-temperature operation, 

though their service lifetime remains limited. 

Quartz Crystal Microbalance (QCM) sensors represent a class of highly 

sensitive gas detection devices based on mass changes. As illustrated in Figure 

1.6, their operating principle involves quantitative gas analysis through 

monitoring resonant frequency shifts caused by gas adsorption on crystal 

surfaces. While QCMs inherently show low selectivity, surface modification 

with functional materials (such as polymers [46], metal oxides [47], carbon 

nanotubes [48], and molecularly imprinted polymers [49]) significantly 

enhances their selectivity. QCM sensors offer advantages in rapid response, 

Figure 1.6 QCM sensor for gas detection. 
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high sensitivity, moderate cost, and room-temperature operation, though their 

detection accuracy is susceptible to environmental humidity, and sensing 

material preparation and modification significantly impact sensing 

performance. 

Colorimetric sensing technology based on chemically reactive dyes enables 

VOCs detection through molecular structure rearrangement. When target 

VOCs interact specifically with dye molecules, they induce changes in the dye's 

electronic structure, leading to alterations in optical absorption characteristics 

manifested as visible color changes [50-53], as shown in Figure 1.7. Different 

dye molecules exhibit differentiated response characteristics to various VOCs, 

generating unique color change spectra that enable selective detection. 

For quantitative analysis, color changes can be converted into RGB three-

channel digital signals. However, in low-concentration VOC detection, subtle 

color changes are often challenging to observe by the naked eye. To enhance 

detection sensitivity, RGB values are typically mapped from a 0-10 range to a 

broader dynamic range of 0-255. While this signal enhancement processing 

improves the distinguishability of minor color changes, it simultaneously 

amplifies background noise, necessitating optimization of data processing 

algorithms to balance the signal-to-noise ratio. 

1.3.3 Electronic nose 

Electronic nose systems demonstrate unique advantages in gas detection 

through their rapid response, selective recognition, and stability characteristics. 

Figure 1.7 Gas detected by colorimetric sensor. 
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These sensing systems offer significant cost-effectiveness while enabling 

seamless integration with existing industrial processes. As previously discussed, 

the core component of electronic noses is a sensor array that mimics biological 

olfactory bulb functions, generating differential responses to various odor 

molecules through multiple sensing units. Combined with pattern recognition 

algorithms processing complex response signals from the sensor array, odor 

feature extraction and identification are achieved, simulating biological brain 

processing of olfactory information. 

Currently, commercial electronic noses primarily utilize two types of 

sensing elements: metal oxide semiconductor (MOS) sensors and conducting 

polymer sensors. Although these devices show promising prospects across 

multiple application domains, their performance remains constrained by 

factors such as stability, selectivity, and reproducibility. Particularly in 

molecular-level information acquisition, existing sensing platforms still require 

performance enhancement. 

Electronic nose technology applications are rapidly expanding, penetrating 

diverse fields including agricultural production [54-57], biomedicine [58-60], 

environmental monitoring [61-64], food quality control [65-67], industrial 

manufacturing [68,69], military security, pharmaceutical industry, and 

regulatory enforcement.  

With deepening understanding of biological olfactory mechanisms, 

particularly advances in olfactory receptor functions and odor recognition 

mechanisms, developing novel sensing units with biomimetic capabilities has 

become a crucial research direction in this field.  

The sensors mentioned above are all summarized in table 1.1. 

 

Table 1.1 Comparison of gas sensors based on methods 
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1.4 Localized surface plasmon resonance and 

surface enhanced Raman scattering 

Metallic materials play a crucial role in nanoscale device fabrication and 

emerging technology development. Compared to bulk materials, metallic 

nanostructures exhibit unique physicochemical properties, with Surface 

Plasmon Resonance (SPR) being one of their most distinctive characteristics: 

as shown in Figure 1.8, under specific wavelength illumination, collective 

oscillations of free electrons occur at metal surfaces. Surface plasmons are 

electromagnetic waves that propagate along conductor-dielectric interfaces and 

decay perpendicular to the interface. Exciting surface plasmons requires 

matching conditions between incident photons and plasmons in both frequency 

and momentum. Since free-space photons typically possess lower momentum 

than surface plasmons, prism coupling or grating coupling methods are 

necessary for effective excitation [70,71]. 

SPR detection principles rely on monitoring variations in reflected light 

intensity with changes in incident angle or wavelength as shown in Figure 1.9.  

This technique offers exceptional detection sensitivity, enabling real-time 

monitoring of nanoscale thickness changes, refractive index variations, surface 

chemical reactions, and biomolecular adsorption [72]. SPR-based sensors not 

only provide high sensitivity but also enable parallel multi-channel detection. 

Through surface modification with different chemical or biomolecular 

Figure 1.8 Schematic diagrams of Surface plasmon resonance. 
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recognition units [73-75], SPR imaging techniques can generate enhanced 

contrast based on differential molecular adsorption.  

 

Furthermore, Localized Surface Plasmon Resonance (LSPR) as shown in 

Figure 1.10, can be directly excited through metallic nanostructures without 

requiring prism or grating coupling. LSPR originates from localized collective 

oscillations of free electrons in metal nanoparticles, and compared to 

continuous metal films, nanoparticle systems more readily facilitate LSPR 

effects [76]. This transmission-based optical detection approach offers 

advantages in structural simplicity and integration capability over reflective 

systems, enabling the development of portable detection devices. 

Figure 1.9 Detection based on surface plasmon resonance. 
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Noble metal nanostructures composed of gold, silver, and copper exhibit 

significant localized absorption characteristics in the UV-visible-near infrared 

spectral region, with absorption peak positions modulated by nanostructure 

dimensions, morphology, material composition, and surrounding medium 

refractive index. These unique optical properties enable LSPR's broad 

application prospects in chemical sensing, gas detection, and biological analysis. 

LSPR's high-sensitivity response to environmental refractive index changes 

provides an effective means for real-time monitoring of molecular-scale 

interactions. 

The detection sensitivity of LSPR devices is primarily determined by 

material selection, dimensional parameters, and geometric configuration of 

nanostructures. Through optimization of these key factors, LSPR sensors can 

achieve detection performance comparable to traditional SPR devices. 

Currently, thermal annealing represents one of the most common methods for 

LSPR substrate preparation, enabling controlled nanoparticle growth through 

precise regulation of annealing temperature, duration, and initial film thickness 

[77, 78]. 

Figure 1.10 Schematic diagram of localized surface plasmon resonance. 
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LSPR-based photonic devices are also widely employed to enhance various 

optical processes including Raman scattering, infrared absorption, and 

fluorescence, etc. Particularly in Surface-Enhanced Raman Spectroscopy 

(SERS), LSPR effects significantly enhance Raman scattering signals of target 

molecules through localized electromagnetic field enhancement [79] as shown 

in Figure 1.11. Under optimized conditions, SERS enhancement factors can 

reach 10^10 to 10^11, achieving ultrasensitive detection at the single-molecule 

level. This remarkable signal enhancement originates from cooperative 

interactions between localized plasmons and incident/scattered photon 

electromagnetic fields 

 SERS demonstrates exceptional molecular detection capabilities, achieving 

ultrahigh sensitivity with limits of detection (LODs) typically in the parts per 

billion (ppb) range and can even reach as low as parts per trillion (ppt) levels 

through precise design of plasmonic nanostructures [80, 81]. Multiple factors 

including excitation wavelength, sample characteristics, and testing 

environment must be comprehensively considered when constructing SERS-

active substrates. Developing nanostructures with tunable plasmonic 

Figure 1.11 Schematic diagram of Raman signal enhanced by surface 

enhanced Raman scattering technology. 
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properties and reliable fabrication processes holds significant importance for 

expanding SERS applications. Notably, while LSPR sensors primarily achieve 

detection based on refractive index changes induced by molecular binding, 

SERS enables qualitative identification through acquisition of molecular 

vibrational spectral fingerprints. SERS spectroscopy demonstrates significant 

advantages in molecular recognition and high-throughput detection within 

complex environments due to its sharp characteristic peaks and unique 

molecular fingerprint features. 

 

1.5 Research status of plasmonic gas sensors  

LSPR sensing technology has experienced significant development in gas 

detection. Compared with biomolecule detection, achieving high-sensitivity gas 

sensing at room temperature is more challenging because the refractive index 

of gas molecules, such as volatile organic compounds (VOCs) and inorganic 

gases (e.g., n (ethanol) = 1.000878, n (CO2) = 1.000449, n (NH3) = 1.000376, 

and n (CH4) = 1.000444), are close to that of air (n (air) = 1.000292) [82]. Early 

studies demonstrated the reversible LSPR signal response of silver 

nanoparticles in H2 (n (H2) = 1.000132) and CO (n (CO) = 1.000336) [83-86], 

revealing the potential of noble metal nanostructures in gas sensing. 

Subsequently, researchers achieved selective detection of volatile organic 

compounds through self-assembled monolayer modification [87,88]. More and 

more groups successfully detected volatile organic compounds through LSPR. 

In 2008, Alexander and his team demonstrated a sensor using gold 

nanoparticles coated with polymer for sensing various gases, including 

chloroform, toluene, and methanol [89]. Chen. et al. introduced gold 

nanoparticle substrates prepared through dewetting methods [90,91] exhibited 

excellent response to terpene gases after thiol modification [92]. Subsequently, 

they developed a more sensitive gold nano-sea urchin LSPR substrate through 

solution synthesis-self-assembly [93,94]. In order to improve the molecular 
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recognition ability of the substrate, Chen et al. further integrated molecular 

imprinting technology with LSPR sensing developed composite sensing 

substrates with selective recognition capabilities, successfully achieving specific 

detection of plant volatiles and human organic acids [95-97]; introduction of 

sol-gel technology improved molecular imprinted polymers to molecular 

imprinted sol-gel materials, significantly enhancing sensing film stability and 

selectivity [98-102]. 

Detection technology has also achieved important advances: evolving from 

traditional fiber-optic single-point detection ash shown in Figure 1.12, to gas 

distribution visualization technology based on CCD imaging as shown in 

Figure 1.13. This spatially resolved detection method not only obtains gas 

concentration information but also enables dynamic monitoring of gas 

diffusion processes. These visualization capabilities provide essential tools for 

enhancing industrial safety measures and facilitating the use of robots in rescue 

operations [103, 104]. 
In terms of SERS sensor VOCs detection. Through the construction of 

three-dimensional multilayer Ag@MOF core-shell composite structures, 

Figure 1.13 Construction of gas visualization detected by CCD camera and 

“Q” shape odor source visualized [104]. 

Figure 1.12 Schematic of LSPR optical fiber detection system [95]. 

10mm 
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researchers achieved micron-scale hotspot depth and enhanced molecular 

enrichment capabilities. The integration of this novel sensing substrate with 

remote Raman systems successfully enabled real-time long-distance detection 

of multiple target substances in air. Further research combining SERS 

technology with electrochemical gas sensing achieved quantitative analysis of 

aromatic hydrocarbons in large-volume open spaces (approximately 60 m³) 

with detection distances reaching 5 meters [105]. 
In biomedical applications, researchers developed a capillary-

encapsulated VOC sensor based on Ag@ZIF-67 composite materials. Through 

cross-validation of 118 clinical samples (including 57 gastric cancer patients and 

61 healthy controls), this sensing system achieved 89.83% detection accuracy 

in gastric cancer diagnosis [106]. Another breakthrough utilized solid-phase 

extraction technology to prepare multifunctional composite membranes, 

establishing a highly sensitive sensing platform for detecting aldehyde 

biomarkers associated with lung cancer, achieving nanomolar-level detection 

limits (1.35 nM) and providing new perspectives for non-invasive cancer 

diagnosis [107]. 

In previous research, Chen et al. constructed single- and double-layer 

polymer composite film systems on SERS sensing substrates through spin-

coating technology [108]. Using polymers with different gas affinities, including 

polyacrylic acid, poly (methyl methacrylate), and polydimethylsiloxane, precise 

film deposition was achieved through optimization of spin-coating parameters. 

By processing SERS spectral characteristic peak intensity information through 

principal component analysis, we successfully achieved selective recognition 

and discrimination of structurally similar aromatic compounds, including 

benzyl alcohol, acetophenone, and anethole. 

 

1.6 Fabrication of plasmonic sensor and surface 

modification 

Gold (Au) and silver (Ag) are commonly used in LSPR/SERS sensing substrate 

fabrication due to their unique surface plasmon properties. Currently, three 

main strategies are utilized for noble metal nanostructure substrate 

preparation: 
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Solid-state dewetting represents a simple and efficient fabrication method 

as shown in Figure 1.14, where nanoscale metal films are deposited on 

substrate surfaces and subsequently annealed at appropriate temperatures. 

This process induces spontaneous formation of uniformly sized nanoisland 

arrays driven by surface energy minimization principles. Precise control over 

nanostructure morphology can be achieved through optimization of initial film 

thickness, annealing temperature, and duration parameters [109-115]. 

Stencil Lithography technology, as a precise physical preparation method 

showed in Figure 1.15, enables construction of nanoscale patterns with 

controllable spacing on substrate surfaces, followed by selective metal growth 

through physical vapor deposition [116-119]. This method allows precise 

control of nanostructure geometric features (such as shape, size, and gap), 

yielding highly reproducible sensing substrates, though it involves high 

equipment costs and complex processing. 

Chemical synthesis-self-assembly first prepares metal nanoparticles of 

specific morphology and size through solution chemistry methods, followed by 

directed assembly of nanoparticles onto substrate surfaces driven by 

Figure 1.14 Nanofabrication procedure for solid-state dewetting of Ag 

film. 

Figure 1.15 Nano-substrate preparation based on lithography technology 
[116]. 
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electrostatic interactions [120-122] as shown in Figure 1.16a and interfacial 

tension [123-125] as illustrated in Figure 1.16b, etc. While this method offers 

lower costs and scalability potential, it demands stringent control over 

synthesis processes. 

To enhance chemical stability and molecular recognition capabilities of 

sensing substrates, surface modification is typically required. Common 

modification strategies include thiol self-assembled monolayer construction 

[126], functional shell coating [128], and molecular imprinting [127], etc. as 

illustrated in Figure 1.17. These surface engineering techniques significantly 

improve the selective recognition performance of substrates. 

Figure 1.16 Substrate fabrication processes of chemical synthesis-self-

assembly (a) electrostatic interactions (b) interfacial tension [123]. 

(a) Cleaned substrate APTES modified substrate 

(b) 
Nanoparticles adsorption 

Figure 1.17 Surface modification methods for nanosensors. 
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1.7 Purpose and novelty 
In recent years, plasmonic metal nanoparticle sensors have attracted increasing 

attention due to their miniature size, excellent sensitivity, and fair cost. 

However, assembling nanoparticles from solutions onto solid supports remains 

challenging. In some papers on complex structured nanoparticles synthesized 

in the liquid phase, the performance of nanoparticles is tested by dropping the 

nanoparticle solution onto the support substrate and waiting for the solvent to 

evaporate and dry before testing. Although this method can be used for testing, 

it is difficult to produce surface plasmon sensors with uniform, large-scale and 

reproducible distribution of surface nanoparticles. This research aims to 

develop plasmonic gas sensors using metal nanoparticles on glass substrates by 

creating plasmonic nanosensors for gas sensing through simple chemical 

synthesis (in-situ nanoparticle growth) and physical driving methods (surface 

tension gradient-driven self-assembly). 

Novelty: 

1. Using in-situ growth methods to create different types of plasmonic gas 

sensors on glass substrates, including Au@Ag core-shell and Au@MOF 

core-shell nano structures. 

2. Using surface tension differences to drive the interfacial self-assembly of 

uniform-size silver nanoparticles in solution, forming dense single-layer 

plasmonic gas sensors. 

These methods aim to create structures at the nanoscale while being simple 

enough for large-scale production of plasmonic gas sensors. Our approach 

offers practical solutions for making uniform and repeatable plasmonic gas 

sensors. 
 
1.8 Thesis Organization 

The roadmap of the dissertation is illustrated in Figure 1.18. 

Chapter 1 provides the theoretical foundation, reviewing biological 

olfactory models and gas sensing mechanisms with a focus on the fundamental 

characteristics and fabrication methods of plasmonic sensors. 

Chapter 2 presents the development of Au@Ag core-shell nanostructures 

through a simple yet effective synthesis method. enabling enhanced 

electromagnetic field amplification through metal-metal coupling for improved 

plasmonic sensors for gas sensing. 

Chapter 3 complements the electromagnetic enhancement approach of 

Chapter 2 by exploring another crucial aspect of gas sensor performance: gas 
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molecule adsorption capability. We integrated porous MOF materials by in situ 

growing ZIF-8 structures on metallic nanoparticles. This strategy significantly 

enhanced the gas adsorption capabilities and overall sensing performance. 

Chapter 4 addresses a key limitation of the sensors discussed in Chapters 

2 and 3: while capable of high-speed sensing, they were unable to identify gases. 

By developing highly uniform plasmonic sensors through triphasic self-

assembly and utilizing the molecular fingerprinting capability of SERS 

detection technology, we achieved gas visualization. 

Chapter 5 summarizes the experimental works and outlines future 

research directions.

Figure 1.18 Roadmap of the thesis. 
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Chapter 2  

 

2. Visible light-induced synthesis of Au@Ag 

core-shell nanostructures for plasmonic gas 

sensor 

 

2.1 Introduction 

Bimetallic nanoparticles exhibit unique physicochemical properties and surface 

characteristics due to the synergistic interactions between the electronic states 

of two metals, which are distinctly different from their monometallic 

counterparts. Extensive research has been conducted on the morphology, size, 

and shape-dependent properties of monometallic nanoparticles. Bimetallic 

nanostructures can adopt various configurations, including alloys, one-

dimensional nanowires, dendritic structures, and core-shell architectures. 

Among these nanostructures, Au@Ag core-shell nanostructures have attracted 

considerable attention due to their unique surface plasmon resonance 

properties, excellent catalytic activity, and potential applications in sensing 

[129-131]. 

In this chapter, I present a simple and efficient method for synthesizing 

Au@Ag core-shell nanomaterials, as illustrated in Figure 2.1a. The synthesis 

protocol involves the precise control of Au nanoseed formation on glass 

substrates through thermal dewetting, followed by plasmon-enhanced 

photochemical deposition of the Ag shell. Under visible light irradiation, the 

localized surface plasmon resonance of Au nanoseeds generates enhanced 

electromagnetic fields, which significantly accelerate the reduction rate of silver 

ions in the vicinity of Au nanoparticles, enabling precise control over Ag shell 

formation. For gas detection applications, as shown in Figure 2.1b, I have 

developed an innovative reflective fiber-optic probe system that integrates both 

incident and receiving fibers on the same side, not only simplifying the system 

architecture but also providing a promising way for the development of portable 

gas detectors. 
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2.2 Materials and methods 

2.2.1 Materials 

Trisodium citrate, silver nitrate (AgNO3), and ethanol were purchased from 

Wako Pure Chemical Industries Co., Ltd. (Osaka, Japan). All reagents were 

used as received. 

 

2.2.2 Au nanoseed substrate preparation 

A 5 nm Au film was deposited onto pre-cleaned microscope glass slide using a 

magnetron sputtering system (SC-701HMCII, JEOL, Japan). Subsequently, the 

Au film substrate was transferred to a preheated tube furnace at 580°C (SMF-

1, As One). The sample was then annealed for 5 hours to induce thermal 

dewetting of the Au film, followed by allowing it to cool naturally to room 

temperature. 

 

(a) 

(b) 

Figure 2.1 (a) Schematic diagram of in-situ growth of silver shell. (b) 

construction of reflection probe gas detection platform 
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2.2.3 Ag shell growth over Au nanoseed substrate 

Figure 2.2 schematically illustrates the plasmon-mediated photochemical 

deposition process. The growth solution was prepared by mixing aqueous 

solutions of AgNO3 (10 mM) and trisodium citrate (100 mM) with ultrapure 

water at a volume ratio of 1 : 1 : 8. Subsequently, Au nanoseed substrates were 

immersed in the well-mixed growth solution and positioned above a halogen 

lamp for light irradiation. 

2.2.4 Gas detection platform based on reflection probe 

The experimental setup for reflectance spectral measurements is illustrated in 

Figure 2.3 a. The composition of the reflection probe is shown in Figure 2.3 

b, which consists of 1 receiving optical fiber and 6 surrounding illuminating 

optical fibers.The system primarily consists of a reflection probe (Ocean Optics), 

a sample holder, and a gas delivery system. The reflection probe is vertically 

mounted above the sensor substrate through a precision-adjusted holder, 

maintaining a fixed distance of 10 mm between the probe tip and the substrate 

surface. 2 mL of acetic acid solution is placed in a 10 mL vial. A micro gas pump 

is used to blow air into the vial at a flow rate of 0.3 mL/min, generating 

ammonia gas by the gas blowing method. The target gas is then directionally 

delivered to the sensor surface from the left side of the setup. When gas 

molecules diffuse to the vicinity of the sensor surface, their presence directly 

alters the refractive index of the environment surrounding the metal 

nanoparticles, which subsequently changes the surface plasmon resonance 

Figure 2.2 Fabrication process of Au@Ag core-shell substrate 
5mm 
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characteristics of the sensor. These changes are manifested as shifts in both the 

position and intensity of the reflected spectrum. 

2.3 Results and discussion 

2.3.1 Structure of Au@Ag core-shell substrates 

Figure 2.4 illustrates the evolution of the average Ag shell thickness as a 

function of photochemical deposition time. Morphological characterization 

using scanning electron microscopy (SEM) of samples at different deposition 

times (t = 0, 180, 540 min) clearly reveals the progressive increase in Ag shell 

thickness within the core-shell nanostructures as the reaction time extends. As 

observed from the leftmost SEM image, the initial Au nanoparticles formed by 

dewetting exhibit a size distribution ranging from 20 to 30 nm with distinct 

interparticle spacing. As the Ag shell grows epitaxially, the nanoparticle size 

gradually increases while the interparticle spacing decreases correspondingly. 

At t = 180 min, adjacent nanoparticles begin to show signs of aggregation. 

When the deposition time reaches 540 min, significant particle coalescence and 

agglomeration are observed throughout the sample surface.  

Figure 2.4 SEM images of substrate with different Ag shell growth 

time. 

400nm 

Figure 2.3 (a) Gas detection platform based on reflection probe. (b) 

reflection probe structure diagram  

(a) (b) 
Fiber diameter:400μm each 
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2.3.2 Optical characteristics of the substrates 

As illustrated in Figure 2.5, this study implements an innovative reflective 

spectral detection mode, which differs from the conventional transmission-

based approach where incident and receiving fibers are positioned on opposite 

sides of the substrate. 

Figure 2.6 presented a comparative study of two probe placement 

configurations: one with the reflection probe facing the nanoparticle side 

(Figure 2.6a) and the other facing the glass substrate side (Figure 2.6b). 

Spectral measurements reveal distinct surface plasmon resonance peaks in the 

wavelength range of 550–600 nm. As the Ag shell growth time increased, the 

plasmon resonance peak exhibited a blue shift towards shorter wavelengths. 

Because of the different surface roughness (the nanoparticle side was rougher, 

and the glass side was smoother), the reflected light detected from different 

sides would be different. The results in Figure 2.6b demonstrated that 

spectral signals obtained from the glass substrate side showed more well-

defined resonance peak characteristics. Notably, in samples with 9-hour Ag 

shell growth, while the resonance peak became indistinguishable from the 

nanoparticle side (Figure 6a), a clear resonance feature remains observable 

from the glass substrate side (Figure 6b). Based on these experimental findings, 

I opted to conduct spectral measurements from the glass substrate side to 

achieve higher-quality measurement spectra. 

  

Figure 2.5 Two spectral detection methods: (a) transmittance, (b) 

reflection. 
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I further investigated the influence of incident angle between the reflection 

probe and substrate on spectral detection sensitivity, with results shown in 

Figure 2.7. When the reflection probe was positioned perpendicular to the 

substrate surface (incident angle θ = 90°), not only was a clear surface plasmon 

resonance spectrum of the nanoparticles obtained, but the reflectance spectrum 

also exhibited distinct dynamic response characteristics in the presence of gas 

molecules. In contrast, when the probe was oriented at an oblique angle to the 

substrate surface (θ < 90°), the detected reflectance spectral intensity 

significantly decreased, making it difficult to distinguish characteristic 

resonance peaks. Based on these experimental findings, I established the 

optimal detection configuration: the reflection probe positioned perpendicular 

to the glass substrate side, enabling maximum spectral detection sensitivity.  

(a) (b) 

Figure 2.6 Reflection spectra with different side directions of incident light 

(a) metal nanoparticle side(b) glass side 
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2.3.3 Gas detection with reflection system 

Acetic acid, a common volatile organic compound characterized by strong 

irritant and corrosive properties, finds widespread applications in food, 

fermentation, chemical, and manufacturing industries [133-135]. Given its 

extensive detection requirements, I conducted sensing studies of acetic acid 

vapor under room temperature conditions. I systematically investigated the 

influence of Ag shell growth time on the sensitivity of Au@Ag core-shell 

nanostructures towards acetic acid gas detection as shown in Figure 2.8. The 

experimental demonstrated that when the Ag growth time increased from 3 to 

5 hours, the sensor's response sensitivity to acetic acid improved significantly. 

However, further extending the growth time to 7 and 9 hours led to a dramatic 

decrease in detection sensitivity. This non-monotonic sensitivity variation can 

be attributed to two competing processes: in the initial growth stage, the 

gradual development of the Ag shell optimizes the plasmonic properties of the 

Au@Ag core-shell structure, thereby enhancing sensing sensitivity; however, 

when Ag deposition exceeds a critical threshold, significant particle aggregation 

(a) (b) 

Figure 2.7 Reflection spectra with different probe detecting angels. 
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occurs, which weakens the LSPR effect [166], ultimately deteriorating the 

sensor's detection performance. 
 

 
2.4 Conclusion 
In summary, I have successfully fabricated Au@Ag core-shell nanostructures 

through visible light-induced plasmon-enhanced photochemical reduction. 

Specifically, size-controlled Au nanoseeds were first prepared on glass 

substrates via thermal dewetting, followed by the controlled growth of Ag shells 

through catalytic reduction of Ag+ ions in the near-field region, accelerated by 

the enhanced electromagnetic field generated from visible light-excited Au 

nanoparticles. In terms of sensing detection, this study innovatively employed 

a reflective spectral detection mode, distinct from conventional transmission-

based methods. Through systematic optimization of the reflection probe's 

incident angle and detection orientation, high-quality reflection spectra of the 

Au@Ag core-shell nanostructures were successfully obtained. The sensing 

platform was further applied to detect acetic acid gas, demonstrating the 

feasibility of gas sensing based on the reflective detection mode, thereby 

providing crucial experimental foundations for developing novel portable gas 

sensors. 

Figure 2.8 Response of 3h Ag shell grown sensor to acetic acid(a), 5h Ag 

grown (b), 7h Ag grown (c), 9h Ag grown (d) 
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Chapter 3 

 
3. In-situ Growth of Au@ZIF-8 Core-shell 
Nanostructures for Plasmonic Sensor 
Enhanced Gas Sensing 
 

3.1 Introduction 

In chapter 2, while I designed Au@Ag core-shell nanostructures in the previous 

chapter to enhance plasmonic gas sensor sensitivity through metal-metal 

coupling effects, I also recognized that gas molecule adsorption capability 

significantly influences sensor performance. Gas sensing based on LSPR faces 

key challenges are noble metal nanostructures inherently lack enrichment 

capabilities for gas molecules. To overcome these limitations, researchers have 

developed functional material composite modification strategies [89] [136]. 

Early studies primarily employed functional polymer film modification of 

LSPR sensing substrates [95-102]. While achieving certain progress in 

sensitivity and selectivity, material adsorption capacity and cycling stability still 

required improvement. Metal-Organic Framework (MOF) materials 

demonstrate unique advantages in gas adsorption through their ordered crystal 

structures, ultrahigh specific surface areas, and tunable pore characteristics 

[137, 138]. 

This study selected Zeolitic Imidazolate Framework-8 (ZIF-8) [139, 140], 

with its typical topological structure as shown in Figure 3.1, as a 

functionalization layer, developing a new in-situ MOF growth method on 

nanoparticle surfaces that simplifies device fabrication processes. 

Figure 3.1 Schematic of Au nano-urchin coating MOF. 
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To further optimize sensing performance, poly(3,4-

ethylenedioxythiophene): poly (styrene sulfonate) (PEDOT: PSS) conductive 

polymer layer, as shown in Figure 2.2, was introduced into the composite 

structure. The sulfonic acid groups in PEDOT: PSS molecular structure exhibit 

specific interactions with ammonia molecules, significantly enhancing the 

sensor's selective recognition capability for ammonia [141, 142].  

As shown in Figure 3.3, in this chapter, multi-layer functional material 

composite design strategy not only improves the comprehensive performance 

of LSPR gas sensing but also provides new insights for expanding its practical 

applications. 

3.2 Materials and methods 

3.2.1 Materials 

Titanium tetrabutoxide (TBOT), isopropanol, titanium tetrachloride (TiCl4), 

acetone, trisodium citrate, hydroquinone, and ethanol were purchased from 

Figure 3.2 Chemical structure of PEDOT: PSS. 

Figure 3.3 The schematic diagram of gas detection using PEDPT：

PSS@ZIF-8@Au nano-urchin substrate. 

https://www.sciencedirect.com/topics/agricultural-and-biological-sciences/trisodium-citrate
https://www.sciencedirect.com/topics/chemistry/hydroquinone
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Wako Pure Chemical Industries Co., Ltd. (Osaka, Japan). (3-mercaptopropyl) 

trimethoxysilane (APTES) was purchased from Shin-Etsu Chemical Co., Ltd 

(Tokyo, Japan). HAuCl4·3H2O was purchased from Sigma-Aldrich (St. Louis, 

MO, USA). 2-methylimidazole and zinc nitrate hexahydrate were purchased 

from Sigma Aldrich. All reagents were used as received. 

 

3.2.2 Synthesis of Au nano-urchins solution 

The preparation of gold nano-urchins was accomplished through a modified 

seed-growth method [143]. Gold nanoseeds were first synthesized: 75 μL of 

chloroauric acid (HAuCl₄, 100 mM) solution was added to 30 mL of boiling 

ultrapure water under vigorous stirring, followed by rapid injection of 900 μL 

trisodium citrate solution (1 w/v%). The mixture was continuously heated and 

stirred until displaying the characteristic wine-red color, indicating nanoseed 

formation, then cooled to room temperature. 

Gold nano-urchin growth proceeded as follows: Under vigorous stirring, 

25 μL of chloroauric acid solution (100 mM) was mixed with 9.6 mL ultrapure 

water, followed by sequential addition of 150 μL gold seed solution, 22 μL 

trisodium citrate solution (1 w/v%), and 1.2 mL hydroquinone solution (30 

mM). Growth was completed after 30 minutes of stirring at room temperature. 

 

3.2.3 Fabrication of PEDOT：：PSS@ZIF-8@Au nano-urchin substrate 

The composite sensing substrate preparation involved multiple steps as shown 

in Figure 3.4: The glass substrate surface was modified with amino groups 

through APTES functionalization by immersing it in APTES/ethanol solution 

(1:100 v/v) for 30 minutes, followed by ethanol washing, nitrogen drying, and 

heat treatment at 120℃ for 3 hours [93]. The APTES-modified glass surface, 

bearing amino groups (-NH2), can interact with citrate-capped gold nano-

urchins through electrostatic attraction. Based on this electrostatic interaction, 

the modified glass substrate was immersed in the gold nano-urchin solution 

overnight to achieve self-assembly of nanoparticles on the substrate surface. 

The construction of composite functional layers employed a sequential 

modification strategy. First, substrates loaded with gold nano-urchins were 

vertically immersed in cetyltrimethylammonium bromide (CTAB) solution (0.1 

M, 5 mL) for 1 hour to establish a surfactant molecular layer. After ethanol 

https://www.sciencedirect.com/topics/chemistry/purity
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washing and nitrogen drying, CTAB-modified substrates were placed vertically 

in 2-methylimidazole solution (1.3 M, 2 mL), followed by sequential addition of 

CTAB solution (0.1 M) and zinc nitrate hexahydrate solution (24 mM, 2 mL). 

ZIF-8 crystal layers were constructed on gold nano-urchin surfaces through in-

situ growth by maintaining at room temperature for varying durations. 

The final step involved conductive polymer modification: PEDOT: PSS 

solution was mixed with dimethyl sulfoxide (DMSO) at specific ratios, and 30 

μL of the mixture was drop-cast onto ZIF-8@Au nano-urchin substrates and 

spin-coated at 2000 rpm for 30 seconds. Subsequent thermal treatment at 

80°C for several minutes completed the fabrication of PEDOT: PSS@ZIF-

8@Au nano-urchin composite sensing substrates. 

3.2.4 Real-time spectra measurement system 

The absorption spectral measurement system was shown in Figure 3.5, 

comprises a light source, UV-visible spectrometer, custom-designed Teflon gas 

detection chamber, optical fiber transmission system, and data 

acquisition/processing unit. Two optical fibers are positioned on opposite sides 

of the LSPR sensing substrate: the incident fiber connects to the light source, 

guiding incident light perpendicular to the substrate surface; the collection 

fiber links to the spectrometer, capturing transmitted light signals. Real-time 

monitoring of absorption intensity changes at the plasmon resonance peak was 

achieved through OPwave+ software (Ocean optics, USA), with absorbance 

change (ΔA) calculated according to the formula: 

Figure 3.4 Fabrication process of LSPR gas sensor. 

Cleaned glass substrate 
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ΔA＝Agas-Aair 

Here, Aair and Agas represent absorbance in air environment and target gas 

presence, respectively. For different sensing substrates, monitoring was 

conducted at their characteristic plasmon resonance peaks: 538 nm for bare 

gold nano-urchin substrates, 552 nm for ZIF-8@Au nano-urchin composites, 

and 564 nm for PEDOT: PSS@ZIF-8@Au nano-urchin composites.  

When gas molecules interact with sensing substrates, local refractive index 

changes induce plasmon resonance peak shifts, resulting in absorption 

intensity variations at characteristic wavelengths. Quantitative gas detection is 

achieved through continuous recording of these absorption intensity changes. 

3.2.5 Gas generation system 

Gas generation and delivery system showed in Figure 3.6 consists of: LV-125A 

micro pump (Linicon, Japan), air purification unit filled with molecular sieves 

Figure 3.5 Schematics of the optical gas sensing system for absorbance 

LSPR measurement. 

Figure 3.6 Schematics of gas generation system. 
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and activated carbon, dual-channel 3660 mass flow controllers (Kofloc, Japan), 

FSM-0408Y three-way solenoid valve (FLON Industry, Japan), 6 mL standard 

glass sampling vial, and control terminal. The system utilizes purified dry air as 

carrier gas, with all connections achieved through inert polytetrafluoroethylene 

tubing. Precise control of mass flow controllers and solenoid valves is 

implemented through USB-6009 data acquisition card (National Instruments, 

USA) and customized LabView programming.  

 

3.3 Results and discussion 

3.3.1 Structure of ZIF-8@Au nano-urchin substrates 

Surface morphological evolution of gold nano-urchin substrates during ZIF-8 

growth was systematically investigated using scanning electron microscopy 

(SEM) as shown in Figure 3.7. Prior to ZIF-8 growth, the substrate surface 

exhibited uniformly distributed arrays of gold nano-urchins, each 

nanostructure featuring distinctly sharp protrusions. While minor aggregation 

existed in localized areas, nanoparticles maintained good separation, with 

substrate surfaces remaining clean except for the nanostructures. 

Figure 3.7 SEM images of the Au nano-urchin substrate with different 

time ZIF-8 growth. 
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After 30 minutes of growth, the sharp features of nano-urchins began to 

diminish, accompanied by the appearance of numerous fine particles. This 

morphological transformation primarily resulted from CTAB-mediated ZIF-8 

nucleation. As growth extended to 1-hour, abundant ZIF-8 crystallites not only 

formed on the glass substrate surface but also achieved encapsulation of gold 

nano-urchins, leading to significant increase in overall nanostructure 

dimensions. Notably, previously separated nanoparticles began forming 

connections through ZIF-8 crystals, with this bridging effect becoming 

increasingly prominent as ZIF-8 growth proceeded. 

Following 2 hours of growth, nanostructure morphology underwent 

fundamental transformation, evolving from original urchin-like to cubic 

characteristics. Initial sharp protrusions completely disappeared, with adjacent 

nanoparticles effectively merging through ZIF-8 crystals, confirming successful 

construction of the ZIF-8 shell layer. 

 

3.3.2 Optical characteristics of the substrates 

Growth process dynamics were monitored through UV-visible absorption 

spectroscopy. As shown in Figure 3.8a, initial gold nanoseeds exhibited 

plasmon resonance peak at 519 nm, experiencing significant red-shift to 580 

nm secondary growth into urchin structures. Upon self-assembly deposition 

onto glass substrate surfaces, the resonance peak further adjusted to 538 nm. 

To optimize ZIF-8 growth conditions, comparative studies investigated 

CTAB modification's influence on growth processes. As shown in Figure 3.8b, 

under identical growth conditions, CTAB-modified gold nanoparticle surfaces 

demonstrated enhanced ZIF-8 growth kinetics, forming more uniform and 

complete encapsulation layers, while unmodified substrates exhibited 

heterogeneous growth characteristics. 

Further kinetic studies revealed ZIF-8 growth primarily concentrated 

within the first 2 hours, as shown in Figure 3.8c, manifested through 

continuous plasmon resonance peak red-shifts and steady absorption intensity 
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increases. Beyond 2 hours, spectral characteristics remained essentially stable, 

indicating completion of ZIF-8 growth. 

Gas response performance evaluation showed in Figure 3.8d 

demonstrated distinctly different response characteristics to ethanol gas among 

composite substrates with varying ZIF-8 growth times. The ZIF-8@Au 

composite substrate with 1-hour growth time exhibited optimal gas response 

performance, thus establishing this condition as the standard process 

parameter for subsequent detection experiments. 

 

 

Figure 3.8 (a) Absorption spectra for the fabrication of the Au nano urchin 

substrate. (b) The effect of CTAB modification on the growth of ZIF-8 

nanoparticles. (c) Absorption spectra of ZIF-8 at various growth times. (d) 

Response of ZIF-8 to ethanol gas across different growth times. 

Table 3.1 Vapor pressure of 5 detected gases around room temperature. 
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3.3.3 Gas sensing performance 

Gas sensor response performance evaluation employed five typical gases.  

The vapor pressure of these five gases around room temperature were shown in 

Table 3.1. Gas generation utilized a purging method: 2 mL of test liquid was 

added to a 10 mL sealed amber glass vial, with pure air introduced at 0.3 L/min 

to generate gas samples. The experimental process comprised 60-second gas 

exposure and 120-second air purging, constituting a complete detection cycle. 

Assessment of bare gold nano-urchin substrates demonstrated rapid and 

strong response characteristics to acetone, ethanol, and hexane, relatively weak 

response to ethylene glycol (low vapor pressure indicated that the 

concentration of ethylene glycol generated by the gas blowing method was very 

low, only few ethylene glycol molecule would be presented around the bare gold 

Figure 3.9 (a) Response of Au nano-urchin substrates to five gases. (b) 

Response of Au nano-urchin substrates with 1h growth of ZIF 8 to five 

gases. 
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nanoparticles, so the response was not obvious), while showing only noise-level 

signals for ammonia (high vapor pressure indicated that ammonia evaporated 

very quickly, the ammonia molecules dispersed too fast, and the bare gold 

nanoparticles could not effectively adsorb ammonia molecules, resulting in no 

response signal.), as shown in Figure 3.9a. Figure 3.9b showed that after 1-

hour ZIF-8 growth on substrate surfaces, sensing performance achieved 

significant enhancement: response sensitivity to acetone, ethanol, and hexane 

increased 5-7-fold, ethylene glycol detection signals markedly improved, and 

effective ammonia detection was achieved. The improvement in the response to 

ethylene glycol and ammonia were attributed to the ability of the porous 

structure of ZIF-8 to effectively adsorbed these two gas molecules near the 

nanoparticles. The selection of these gases was guided by previous studies 

demonstrating enhanced adsorption through ZIF-8 structures. Enhanced 

adsorption effects have been extensively reported for acetone [144, 145], 

ethanol [146, 147], ethylene glycol [148, 149], hexane [150], and ammonia [151, 

152]. The ubiquitous presence of these gases in both industrial production and 

daily life, coupled with my sensor's demonstrated response to all of them, 

illustrates the broad applicability of the developed gas sensor. 

Notably, in Figure 3.9, most gases exhibited slight response attenuation 

following the initial detection cycle. This phenomenon can be attributed to two 

factors: first, system instability caused by gas flow fluctuations during initial 

detection; second, slight decrease in sensor sensitivity leading to signal 

intensity reduction. However, the coefficient of variation for signal intensity in 

Figure 3.10 Response of different substrates to ammonia sensing. 
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subsequent detection cycles remained below 10%, indicating that sensors 

achieved stable operating conditions after initial cycling, meeting requirements 

for repeated detection.  

To further enhance ammonia detection performance, PEDOT: PSS 

conductive polymer thin layers were spin-coated onto composite substrate 

surfaces. Figure 3.10 showed the enhancement effect of PEDOT: PSS 

conductive polymer. PEDOT: PSS serves as an ideal gas-sensitive material due 

to its excellent conductivity and ease of fabrication into thin films through 

various deposition methods like spin-coating, printing, or spray coating. 

Regarding the enhanced sensitivity of PEDOT: PSS in ammonia detection, 

researchers have proposed several possible sensing mechanisms. In this study, 

the enhancement effect can be primarily attributed to two mechanisms: the 

charge transfer interaction between PEDOT: PSS and ammonia molecules, and 

the swelling effect induced by the diffusion of ammonia molecules into the 

PEDOT: PSS polymer [153, 154]. Some past studies have also reported on 

PEDOT: PSS-coated ZIF-8 nanomaterials. Through synthesis, PEDOT: PSS can 

be densely and evenly coated on the surface of ZIF-8 [155, 156]. 

The synergistic effects of this multi-layer functional material system are 

manifested in: ZIF-8's porous structure providing efficient gas molecule 

enrichment pathways, PEDOT: PSS layer enabling selective capture of 

ammonia molecules through specific interactions, Meanwhile, the presence of 

PEDOT: PSS thin film layer reduced the permeation of other gas molecules, 

Figure 3.11 Response of the substrate to different gases. 
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which decreased the number of gas molecules adsorbed by ZIF-8, ultimately 

leading to a lower response to other gases. As shown in Figure 3.11. Gold nano-

urchins generating sensitive optical response signals based on LSPR effects. 

The combination of these mechanisms not only significantly enhances sensor 

comprehensive performance but also provides innovative insights for 

developing novel gas sensors. 

 
3.4 Conclusion 

In conclusion, this study successfully constructed high-performance 

composite gas sensing interfaces through sequential modification of PEDOT: 

PSS conductive polymer layer and ZIF-8 porous framework material on gold 

nano-urchin substrates. Experimental results confirm that the ZIF-8 

encapsulation layer significantly enhanced substrate gas enrichment capability, 

achieving several-fold improvement in detection sensitivity; while introduction 

of the PEDOT: PSS functional layer enhanced selective detection of ammonia 

through specific molecular recognition interactions. This sensing enhancement 

strategy based on multi-functional material gradient assembly not only 

demonstrates broad application prospects in gas detection but also provides 

new insights for designing other types of chemical sensors.  
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Chapter 4  

 

4. Highly uniform and reproducible silver 
plasmonic nanosensors fabricated using a 
three-phase self-assembly method for gas 
visualization 
 
4.1 Introduction 
While my previous chapters 2 and 3 demonstrated two distinct substrates that 

enhanced plasmonic sensor gas response through in-situ growth strategies, 

both approaches relied on LSPR detection methodology. Despite offering rapid 

response times, LSPR detection exhibits inherent limitations in effectively 

identifying specific gas components. In the realm of plasmonic sensors, SERS 

has emerged as a powerful complementary technique, widely adopted for 

molecular identification due to its unique fingerprint characteristics [157]. This 

led us to develop a novel plasmonic gas sensor specifically optimized for SERS-

based gas detection applications.  

Traditional interface self-assembly methods primarily consist of liquid-

liquid interface (LLI) [158] and liquid-air interface approaches [159]. However, 

the former typically struggles to produce reliable and reproducible nanoparticle 

monolayers, while the latter, although capable of generating densely packed 

nanoparticle assemblies, is limited to hydrophobic nanoparticle fabrication. In 

this chapter, I employed a three-phase system that synergistically combines the 

self-healing properties of LLI assembly with the self-driven compression 

mechanism of the Marangoni effect. This novel approach enabled the 

fabrication of large-scale, highly reproducible nanoparticle monolayer films 

regardless of the nanoparticles' hydrophobic or hydrophilic nature. I then 

transferred this dense monolayer onto a glass substrate to produce a highly 

uniform and reproducible plasmonic sensor that can be used for SERS 

detection. 

Building upon the development of high-performance sensors, we 

integrated SERS technology to achieve gas visualization research. The 

visualization of gas spatial distribution represents a significant extension of 
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VOC detection technology, which not only enables tracking of odor source 

locations but also provides crucial data support for intelligent robot positioning 

algorithms [160-162], while helping to obtain information about the odor 

source's chemical composition, location, and temporal evolution patterns. 

Leveraging the advantages of SERS technology, we developed a 3×3 two-

dimensional SERS sensor array for gas spatial distribution visualization 

research. In our experiments, heated benzaldehyde was used as the volatile 

source, with the sensor array positioned above it for detection. By scanning the 

sensor array with adsorbed gas molecules using a Raman spectrometer, we 

collected SERS signals from different locations and generated heat maps 

through the extraction of characteristic Raman peak intensity information, 

thereby visually demonstrating the gas spatial distribution characteristics and 

ultimately achieving precise odor source localization through these distribution 

patterns. 

4.2 Materials and methods 

4.2.1 Instrumentation 

UV-visible absorption spectra were recorded on a UV1800 spectrophotometer 

(Shimadzu, Japan). Gas sensing units were fabricated using an UltimakerS5 3D 

printer (Ultimaker, Netherlands). Raman spectra were collected using an 

AvaRaman portable spectrometer (Avantes, Netherlands) equipped with a 532 

Figure 4.1 Two-dimensional schematic representation of odor detection 

using a SERS gas sensor array. 
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nm excitation source (1.5 mW). Data analysis was performed using Python 3.6 

software package. Morphological characterization was performed using an 

SU8000 field-emission scanning electron microscope (Hitachi High-

Technologies, Japan). 

 

4.2.2 Materials 

Trisodium citrate, sodium chloride solution, silver nitrate (AgNO3), ammonia, 

and ethanol were purchased from Wako Pure Chemical Industries Co., Ltd. 

(Osaka, Japan). L-ascorbic acid was purchased from Sigma-Aldrich, USA. All 

reagents were used as received. 

 

4.2.3 Synthesis of Silver Nanoseeds 

A mixture of 1 mL sodium citrate solution (1 wt%), 0.25 mL silver nitrate 

solution (1 wt%), and 0.2 mL sodium chloride solution (20 mM) was added to 

1.05 mL deionized water under stirring. After 5 minutes, 80 μL L-ascorbic acid 

solution was added to 47.5 mL boiling water, followed by the addition of the 

citrate-silver-chloride mixture after 1 minute. The reaction continued in boiling 

water bath for 1 hour to obtain silver nanoseed solution. 

 

4.2.4 Synthesis of 90 nm Silver Nanoparticles  

Silver-ammonia complex was prepared by mixing 2 mL silver nitrate solution 

(1 wt%) with 800 μL ammonia solution (25-28 wt%). 550 μL silver nanoseed 

solution was added to a 50 mL reaction vessel containing 18.92 mL deionized 

water under stirring. Subsequently, 280 μL silver-ammonia complex solution 

(43 mM) and 8 mL ascorbic acid solution (2.5 mM) were added sequentially 

[163]. After 1 hour of stirring, silver nanoparticles were collected by 

centrifugation and redispersed in 5 mL water. Finally, 100 μL tetrabutyl 

ammonium nitrate solution was added for surface modification [164]. 

 

4.2.5 Fabrication of SERS Sensors  

As shown in Figure 4.2, Ag NPs monolayer film was formed using an 

oil/water/oil three-phase system based on the Marangoni effect [163]. 2.5 mL 

concentrated silver nanoparticle aqueous solution was mixed with 2 mL 

chloroform in a 15 mL centrifuge tube and manually shaken for 30 seconds. 

After adding 0.6 μL n-hexane, a dense  
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monolayer of nanoparticles formed at the water-organic interface. The 

monolayer was finally transferred onto a glass substrate to obtain the SERS 

sensor. 

4.2.6 Reproducibility of the Fabricated Sensor 

To evaluate the reproducibility of SERS sensors, nine independently prepared 

sensors were immersed in 8 mL of 4-aminothiophenol (4-ATP) ethanol solution 

(1 μM) and incubated at room temperature (25°C) for 1 hour to achieve 

molecular modification. The samples were subsequently washed three times 

with ethanol to remove unbound molecules and dried under high-purity 

nitrogen flow. The reproducibility of the sensors was assessed through 

statistical analysis of characteristic Raman peak intensities measured from each 

sensor surface. 

 

4.2.7 Gas source design and SERS scanning platform 

In the odor source preparation, specific volumes of benzaldehyde (BZD) 

solution were dispensed into aluminum sample wells with both internal 

diameter and depth of 5 mm. Gas release was accelerated evaporation using a 

Peltier device with one-minute heating. Five distinct odor source configurations 

were designed: center point, bottom-left point, top-left/bottom-left dual points, 

top-right/bottom-left dual points, and center/bottom-left dual points as 

illustrated in Figure 4.3. As shown in Figure 4.4, the SERS sensor array was 

fixed above the odor source within a sealed detection chamber. Following gas 

Figure 4.2 Fabrication process of the Surface Enhanced Raman Scattering 

(SERS) sensors. 
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molecule adsorption onto the sensor surface, the sensor array was transferred 

and secured in the detection chamber, followed by spectral acquisition using a 

SERS spectra scanning platform showed in Figure 4.5. The detection process 

was automatically controlled, employing a 36×36 point scanning matrix to 

collect 1,296 SERS spectra, with an interval of 0.4 mm between adjacent 

sampling points, covering a total scanning area of 14.0 mm×14.0 mm, the 

acquisition time for each spectral point was set to 1 second. 

Figure 4.4 Capture process of gas emissions from odor sources by Surface 

Enhanced Raman Scattering (SERS) Sensor Array. 

Figure 4.3 Different odor source’s location modes. 

Figure 4.5 SERS spectra scanning platform. 
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4.3 Results and discussion 

4.3.1 Evaluation of SERS sensor 

SERS sensors were fabricated by transferring silver nanoparticle (Ag NPs) 

monolayers onto glass substrates using an oil/water/oil tri-phase interface 

assembly technique. Large-sized Ag NPs were synthesized via a seed-mediated 

growth method. As shown in Figure 4.6, UV-visible absorption spectroscopy 

(UV-vis) was employed to characterize the optical properties of both silver 

seeds and final products. The silver seeds exhibited a characteristic dipole 

plasmon resonance peak near 400 nm, while the grown Ag NPs showed a red-

shifted dipole resonance and a new quadrupole resonance mode appearing at 

500 nm. 

Scanning electron microscopy (SEM) images in Figures 4.7a and 4.7b 

reveal the morphological characteristics of Ag nanoparticles on the SERS 

sensor surface, confirming the successful transfer of highly dense and regularly 

arranged nanoparticle monolayers onto the glass substrate. The synthesized Ag 

NPs demonstrated excellent size uniformity. Statistical analysis of SEM images 

Figure 4.6 UV-vis spectra of the Ag nanoseeds and Ag nanoparticles with 

average size of 90nm. 
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using ImageJ software (version 1.53) showed an average particle diameter of 

90.90±12.56 nm as shown in Figure 4.7c. 

To evaluate the uniformity and reproducibility of the prepared SERS 

sensors, the devices were immersed in 4-aminothiophenol (4-ATP) solution for 

surface modification, and their SERS spectra were collected in Figure 4.8a. 

One hundred SERS spectra were collected within a 2 mm×2 mm area using a 

200 μm step size, Figure 4.8b displays the spatial distribution of SERS 

intensity at the 1082 cm-1 characteristic peak. The relative standard deviation 

(RSD) of SERS signal intensity was calculated to be 5.45%, demonstrating 

excellent uniformity over large areas [133,134]. Furthermore, reproducibility 

assessment was conducted on nine batches of 4-ATP-modified sensors, with 

Figure 4.8c showed the average SERS intensities at 1082 cm-1 from 100 

Figure 4.7 (a-b) SEM images of AgNPs distribution onto the substrate; (c) 
distribution of particle diameter. 
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measurement points for each batch. The RSD value of 8.45% across nine 

batches confirm the excellent batch-to-batch reproducibility of these SERS 

sensors. 

 

4.3.2 SERS spectra of odor sources 

The two-dimensional SERS sensor array was positioned above heated 

benzaldehyde (BZD) and ethylbenzaldehyde (EBZD) odor sources for around 2 

minutes to achieve gas adsorption, followed by transfer to the detection 

chamber for SERS spectral acquisition. As shown in Figure 4.9, sensor 

baseline spectra and SERS spectra of three gas samples were obtained. BZD 

exhibits characteristic peaks at 1006 and 1603 cm-1 [135], while EBZD shows a 

single characteristic peak at 1614 cm-1. Notably, the mixture of both gases 

Figure 4.8 (a)Surface-Enhanced Raman Spectrum of 4-ATP molecules on 

the fabricated SERS sensing substrate; (b) distribution histogram of SERS 

intensity peaks at 1082 cm-1 for 4-ATP across 100 sensor sites; (c) 

comparative analysis of average SERS intensity at 1082 cm-1 from nine 

different SERS sensors for 4-ATP. 
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displays peaks at 1010 and 1607 cm-1, with the 1010 cm-1 peak attributed to BZD. 

Considering the spectral resolution of approximately 4 cm-1 for the Raman 

spectrometer used in this study, only a single peak (1607 cm-1) could be resolved 

in the 1603-1614 cm-1 range. These distinct spectral features enable 

differentiation between different gas components. 

Figure 4.9 SERS spectra of the baseline, BZD, EBZD and their 

mixture. 

Figure 4.10 SERS spectra collection from diagonal line spots on the 

sensor array during detection of centrally placed BZD odor source. 
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4.3.3 Visualization of the odor source 

During detection, 1,296 SERS spectra were collected through a 36×36 

point matrix scan, proceeding from the upper-left to lower-right corner. With 

each spectrum acquisition taking 1 second, the total scanning time was 1,296 

seconds. As shown in Figure 4.10, comparison of spectra collected along the 

sensor array diagonal reveals variations in SERS signal intensity with position. 

When the BZD odor source was located at the center position, spectra obtained 

from the central region showed significantly higher intensity than those from 

peripheral locations, enabling visualization of the gas spatial distribution. 

Each detection yielded 1,296 SERS spectra, with each spectrum containing 

308 Raman shift data points, forming a detection result matrix V (1296×308). 

As shown in Figure 4.10, while SERS spectral patterns remain consistent, 

their intensities vary with gas concentration. Therefore, the matrix V was 

Figure 4.11 Spectral components extracted from feature matrix H through 

non-negative matrix factorization (NMF) analysis of detection result matrix 

V (a) BZD, (d) EBZD, and (g) a 1:1 mixture; Heatmap visualization of (b) 

BZD, (e) EBZD, and (h) mixtures; Gaussian model fitting for odor source 

visualization of (c) BZD, (f) EBZD, and (i) mixtures. 
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decomposed into concentration matrix W and feature matrix H using non-

negative matrix factorization (NMF) algorithm. For a single odor source, matrix 

V contains three types of spectra: sensor baseline, target gas signal, and 

background noise. Spectra collected from small gaps between adjacent sensors 

in the array were treated as noise signals. Consequently, parameter r in the 

NMF algorithm was set to 3. In this study, the value of parameter r was 

determined by adding 2 to the number of gas components. 

Initially, the result matrix V (1296×308) for the centrally positioned BZD 

odor source was decomposed into feature matrix H (3×308) and concentration 

matrix W (1296×3). As shown in Figure 4.11a, component r1 among the three 

characteristic spectra matches the SERS spectrum of BZD, while the other two 

components correspond to sensor baseline and noise signals. Raman peaks 

observed at 900, 1050, and 1400 cm-1 in these two spectra likely originate from 

chemical reagents remaining on Ag NPs surfaces, as the prepared Ag NPs were 

not washed prior to transfer onto glass substrates. 

The first column of concentration matrix W (representing r1) was 

normalized and reorganized into a 36×36 matrix to generate a heat map as 

shown in Figure 4.11b. Although individual SERS sensor edges may show 

non-uniformity, as demonstrated in Figure 4.8c, the similar average intensity 

values from 100 sampling points on each of the nine sensors when detecting 4-

ATP at identical concentration indicate good surface uniformity of the sensors. 

Considering the random nature of BZD gas adsorption on sensor surfaces, 

Gaussian fitting was applied to process the heat map for enhanced visualization 

and precise odor source localization. By optimizing the standard deviation 

parameters of the Gaussian fitting model, a near-circular distribution image 

was obtained as shown in Figure 4.11c, exhibiting high central concentration 

decreasing radially outward, corresponding to the ideal gas diffusion state from 

an open cylindrical container. 

In addition to BZD, visualization analysis was also performed on single-

component EBZD and EBZD/BZD mixture (1:1 volume ratio), as shown in 

Figures 4.11f and 4.11i. For the mixed gas source, the parameter r in the NMF 

algorithm was set to 4, considering the presence of two components. Analysis 

results revealed only one characteristic spectrum corresponding to the 

EBZD/BZD mixture showed in Figure 4.11g, indicating that individual 
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spectral features of BZD and EBZD could not be resolved in the result matrix V. 

Different odor sources exhibited distinctly different component characteristics 

after NMF dimensionality reduction, as shown in Figures 4.11d and 4.11g. 

To investigate the relationship between visualization results and actual 

odor source dimensions, we controlled the effective release area of BZD by 

Figure 4.12 Variability in odor source detection based on size modifications 

using an aluminum plate. 

Figure 4.13 Visualization of BZD odor source through varying hole 

diameters: (a) 2.24 mm; (b) 3.25 mm; (c) 4.8 mm; and (d) linear regression 

analysis of actual vs. fitted diameters. 

0
.5

 cm
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adjusting the circular aperture diameter (2.24, 3.25, 3.96, 4.43, and 4.8 mm) in 

the aluminum plate as shown in Figure 4.12. Figures 4.13a-c, the signal 

distribution area in the visualization results expanded proportionally with 

increasing aperture diameter. In the Gaussian fitting model, parameters σx and 

σy reflect the spatial distribution characteristics of the gas. Therefore, we used 

the average of these parameters ((σx+σy)/2) as an indicator for evaluating the 

spot size in visualization results. Comparison of calculated fitting diameters 

with actual aperture diameters as shown in Figure 4.12d, yielded a correlation 

coefficient R2 of 0.968 through linear regression analysis, demonstrating that 

fitting diameters can effectively estimate the actual dimensions of odor sources. 

I further achieved spatial distribution visualization of dual BZD odor 

sources. Three source arrangement patterns were designed as shown in Figure 

4.14: bottom-left/top-left (LB_LU), bottom-left/center (LB_C), and bottom-

left/top-right (LB_RU). As shown in Figure 4.15, when employing LB_LU 

and LB_RU patterns, the spatial distribution characteristics of both odor 

sources exhibited high similarity. Due to the substantial separation between 

sources in these two patterns, gas diffusion processes showed minimal mutual 

interference, enabling clear discrimination of individual source locations in the 

visualization results. 

Under the LB_C arrangement pattern, the spatial distribution area 

generated by the centrally positioned source was notably larger than that of the 

bottom-left position. This difference stems from observations in single-source 

experiments: the gas diffusion range at the central position consistently exceeds 

that at corner positions. Moreover, due to the relatively close proximity of the 

two sources in the LB_C pattern, their spatial distributions showed partial 

overlap, while still maintaining distinguishable localized distribution 

characteristics. 

Figure 4.14 Three position patterns of dual BZD odor sources. 
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Spatial distribution visualization of BZD and EBZD odor sources at 

different positions was achieved using a single SERS sensor array. Gas 

concentration information was utilized to visualize odor source locations. 

Spatial distribution images were first obtained separately for both gases, then 

superimposed according to their respective positions to generate a visualization 

showing both distributions simultaneously. As shown in Figure 4.16a, 

successful identification and localization of two distinct odor sources was 

achieved, with the central blue region representing BZD gas distribution and 

the yellow region indicating EBZD distribution. Due to the close physical 

proximity of the two sources, an overlapping region was observed where mixed 

gas spectral features were detected as we observed in Figure 4.9 before. 

Additionally, Figures 4.16b and 4.16c demonstrate spatial distribution 

characteristics when the sources were positioned at alternative locations, 

showing no distribution interference when source separation was sufficient. 

 

 

Figure 4.15 Visualization results of two BZD odor sources in three distinct 

positional patterns: (a) LB_LU; (b) LB_C; and (c) LB_RU. 

Figure 4.16 Spatial visualization of BZD and EBZD odor sources detected 

with one SERS sensor array: positioning of EBZD in the LB and BZD at the 

(a) C; (b) LU; and (c) RU. 
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4.4 Conclusion 
In conclusion, this study established a two-dimensional SERS sensor array 

for identifying and visualizing the spatial distribution of BZD and EBZD gases. 

SERS sensors with high reproducibility were fabricated using self-assembly 

techniques based on the Marangoni effect. Gas adsorption was achieved by 

positioning the sensor array above odor sources, with SERS spectra collected 

through scanning to obtain spectral variation information at different locations. 

The NMF model was employed to decompose detection result matrices, 

extracting gas concentration and characteristic information, while heat maps 

visualized gas spatial distribution.  
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Chapter 5 
 
5. Conclusions and prospects 
 
5.1 Conclusions 

 

Overview 

This research systematically developed a series of glass-based plasmonic gas 

sensors. In terms of material design, we explored various nanostructure 

combinations to optimize sensing performance, including Au@Ag core-shell 

nanostructures and metal-organic framework (MOF)-encapsulated Au 

nanoparticle composite structures. These heterogeneous nanostructures 

significantly enhanced the response sensitivity of the gas sensors. Regarding 

assembly processes, we employed in-situ growth and three-phase interface self-

assembly methods to achieve precise and controllable preparation of 

nanomaterials on glass substrate surfaces. These innovative material design 

strategies and fabrication methods provide new technical approaches for 

developing high-performance plasmonic gas sensors. 

 
In-situ growth of Au@Ag core-shell nanostructures under 

photocatalysis 

In chapter 2, we successfully fabricated Au@Ag core-shell nanostructures 

through visible light-induced plasmon-enhanced photochemical reduction. The 

process involved preparing size-controlled gold nanoseeds on glass substrates 

via thermal dewetting method, followed by controlled growth of silver shells 

through catalytic reduction of Ag+ ions in the near-field region, accelerated by 

the enhanced electromagnetic field generated from visible light excitation of 

gold nanoparticles. For sensing applications, we innovatively employed a 

reflection spectroscopy detection mode as an alternative to conventional 

transmission methods. Through systematic optimization of the reflection 

probe's incident angle and detection direction, high-quality reflection spectra 

of the Au@Ag core-shell nanostructures were successfully obtained. A sensing 

platform was further applied to acetic acid gas detection, demonstrating the 

feasibility of gas sensing based on reflection detection mode and providing 

crucial experimental foundation for developing novel portable gas sensors. 
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MOF shell fabrication to enhance the ability of gas molecular 

adsorption 

In Chapter 3, while we designed Au@Ag core-shell nanostructures in the 

previous chapter to enhance plasmonic gas sensor sensitivity through metal-

metal coupling effects, we also recognized that gas molecule adsorption 

capability significantly influences sensor performance. Therefore, we 

developed a high-performance composite gas-sensitive interface by in-situ 

growth of ZIF-8 porous framework material on gold nano-urchin substrates. 

Our experimental results confirmed that the ZIF-8 encapsulation layer 

significantly enhanced the substrate's gas enrichment capability, improving 

detection sensitivity by several fold. The introduction of the PEDOT: PSS 

functional layer enhanced selective detection of ammonia through specific 

molecular recognition interactions. This sensing enhancement strategy based 

on multi-functional material gradient assembly not only demonstrated broad 

application prospects in gas detection but also provided new insights for 

designing other types of chemical sensors. 

 

Highly uniform and reproducible silver plasmonic nanosensors for 

gas visualization 

In Chapter 4, while LSPR detection technology in plasmonic gas sensors 

enables rapid real-time gas detection, we addressed its limitations in gas 

identification by introducing SERS detection technology. Taking advantage of 

SERS's molecular fingerprint characteristics, which provide specific spectral 

features for different gases, we developed a highly uniform sensing platform. 

This was achieved through a three-phase self-assembly strategy, where silver 

nanoparticles were assembled into a monolayer through a Marangoni effect-

driven oil/water/oil (O/W/O) interface system. The introduction of TBA+NO3- 

reduced Coulomb forces between silver nanoparticles, ensuring tight packing 

in the monolayer. The resulting plasmonic sensors exhibited highly uniform 

surfaces and excellent reproducibility, successfully demonstrating various gas 

visualization applications when combined with SERS detection technology. 
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5.2 Prospects 

5.2.1 Dual-mode gas detection platform based on LSPR-SERS 

combination 

LSPR gas detection, based on the plasmon resonance peak shift caused by 

changes in the refractive index around nanostructures, offers the advantage of 

rapid response (response time in milliseconds, with detection completed within 

seconds) [166]. However, LSPR lacks selective recognition of target molecules 

and typically requires surface modification [92] or combination with specific 

chemical polymers [95-97] to achieve selectivity, with detection concentration 

ranges usually around the ppm level. In contrast, while SERS response usually 

requires longer response time [167] (typical response time of several minutes), 

it exhibits excellent molecular recognition specificity due to the characteristic 

Raman fingerprint spectra of gas molecules and can achieve detection 

sensitivity down to the ppt level [80, 81]. 

By integrating these two complementary detection techniques onto a single 

platform, we can achieve a synergistic effect combining rapid response (LSPR) 

and high molecular specificity (SERS). While LSPR provides real-time, 

continuous gas concentration monitoring, SERS offers accurate molecular 

Figure 5.1 Schematic of combination of LSPR and SERS detection 
platform for VOCs detection. 
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structural information, significantly enhancing the overall performance of gas 

detection. 

 

5.2.2 Multi-step dewetting approach to generate gap-enriched Ag 

nanoislands 

Localized Surface Plasmon Resonance (LSPR) and Surface-Enhanced Raman 

Scattering (SERS) sensing impose different requirements on nanostructure 

morphology: LSPR demands good nanoparticle dispersion on substrate 

surfaces to achieve single-particle plasmonic oscillation characteristics [168], 

while SERS relies on plasmonic hot spot effects between nanoparticles, 

requiring appropriate interparticle spacing. Therefore, constructing 

nanostructured substrates with controllable gaps and uniform distribution 

represents a key scientific challenge for achieving high-performance dual-

functional LSPR/SERS detection. 

Over the past decade, researchers have developed various high-throughput 

nanofabrication techniques, including electron beam lithography, nanosphere 

lithography, and ion etching, for preparing functional substrates with precise 

nanogaps [116-119]. However, these methods still face challenges in large-area 

fabrication, cost control, and plasmonic resonance wavelength tuning. While 

lithography-free solution-phase metal nanoparticle self-assembly offers 

advantages in large-area preparation and good reproducibility, it requires 

surface chemical modification of substrates and precise control of factors such 

as electrostatic forces and fluid dynamics. 

Metal film solid-state dewetting, as an alternative strategy, enables 

preparation of metal nanoisland arrays with significant enhancement effects on 

large-area substrates, with size and spacing controllable through initial film 

thickness regulation. However, in single-step dewetting processes, nanoisland 

dimensions and gaps increase simultaneously with film thickness, limiting its 

application in high-performance SERS substrate fabrication. 
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To address this challenge, this research developed a controlled fabrication 

method for silver nanostructures based on multi-step dewetting as shown in 

Figure 5.2. Compared to single-step dewetting, the multi-step approach not 

only achieved larger silver nanoislands but also significantly reduced inter-

island gap distances [169-171], substantially increasing plasmonic hot spot 

density. Notably, during multi-step dewetting, inter-island gaps exhibited a 

continuous decreasing trend with increasing silver nanoisland diameter, 

contrasting sharply with the proportional changes of size and spacing in 

traditional single-step dewetting. 

 

5.2.3 Rapid positioning and identification of gas source 

To further promote miniaturization and simplification of LSPR gas detection 

technology, we propose new technical development strategies. 

Reviewing previous LSPR gas detection studies, although 

spectrophotometers covering a broad spectral range of 300-1200 nm were 

employed, actual detection primarily relied on monitoring real-time light 

Figure 5.2 Fabrication of Ag nanoisland sensor through multi-step 
dewetting silver film. 
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intensity changes at specific wavelengths [172]. This characteristic indicates 

relatively low requirements for light sources and spectral resolution. Drawing 

from experience in biomolecular LSPR detection, researchers have successfully 

developed miniaturized detection devices based on single-wavelength LED 

light sources and photodiode receivers. We plan to introduce this 

miniaturization design strategy into gas detection and integrate it with SERS 

probe systems as shown in Figure 5.3. This integrated design leverages the 

complementary advantages of both detection technologies: miniaturized LSPR 

modules enable real-time gas monitoring and early warning through their rapid 

response characteristics, while SERS detection provides accurate substance 

identification through Raman spectral fingerprint information. This LSPR-

SERS dual-modal detection strategy shows promise in opening new 

applications in environmental monitoring, industrial safety, and other fields. 

 

 

 

 

Figure 5.3 Schematic design of LSPR and SERS combination platform. 
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