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Abstract  
Abstract has been partially adapted from [1–3] with permission from Elsevier and Wiley, 

respectively.  

 

A plasmonic porous ceramic can be defined as a three-dimensional porous ceramic matrix 

with embedded plasmonic nanoparticles. Like regular ceramics, this material class shows 

advantages like high temperature and pressure stability, chemically inertness, along with 

dielectric properties. Plasmonic porous ceramics have a high potential for a broad range of 

applications in various fields, for example ultrasensitive chemical detection under high-

temperature/high-pressure conditions, for biomarker detection in biological systems or for 

highly efficient energy generation through plasmonic photothermal heating.  

In general, plasmonic materials are developed because of their ability of confining and 

manipulating electromagnetic radiation, which enables highly sensitive and rapid detection of 

molecules, for example via surface-enhanced Raman spectroscopy (SERS). Typical 

plasmonic nanoparticles used for SERS are gold and silver nanoparticles. Because of the high 

density of mobile electrons, plasmonic nanoparticles (Au, Ag nanoparticles) can couple with 

the electromagnetic radiation of wavelengths that are far larger than the nanoparticles 

themselves. Light absorption and scattering by plasmonic nanoparticles can be tailored by 

varying their size, geometry and relative positions. 

This thesis aims to present the new concept of plasmonic porous ceramic by introducing 

plasmonic nanostructures in open-cell foam ceramics and to investigate application 

possibilities of this substrate due to its advanced optical properties. These optical properties 

of the plasmonic porous ceramic lead to significant magnification of the Raman scattering 

signal, that enables this substrate serving as SERS substrate and providing molecule 

“fingerprint” for sensitive and real-time detection.  

Therefore, the first cornerstone of this work is proof-of-principle of plasmonic porous ceramics. 

Open porous ceramic structures based on zirconia-toughened alumina (ZTA) were processed, 

sintered and functionalized with silver nanoparticles. The Raman enhancement of the 

plasmonic structures was analyzed as a function of the amount of deposited silver 

nanoparticles, pore diameter and strut diameter of the ceramic structure using the probe 

molecule pyridine. Flat substrates of the same chemical composition and non-porous 

fragments of the porous structure were used for comparison. The Raman signal is found to be 

significantly augmented by the porous structure compared to that collected on flat substrates 

with similar composition. Accordingly, the plasmonic porous ceramics were supposed to be 

well suited as 3D SERS substrates, allowing real-time Raman sensing of trace amounts of 

molecules. 
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Graphical abstract 1 Raman spectra of pyridine adsorbed on plasmonic non-porous pellet and porous 
ZTA ceramic respectively.  
 

To investigate the application possibility of the plasmonic porous ceramics, porous ZTA 

ceramics functionalized with bifunctional metallic Au@Pd or Au@Pt core-shell nanoparticles 

were designed, synthesized and tested for in situ monitoring of catalytic reactions via surface-

enhanced Raman scattering (SERS). The SERS enhancement ability was augmented by the 

open cell foam structure of the ceramic support. Meanwhile, the porous ceramic enables 

efficient light-trapping and propagation onto the coated surface, which provides good 

accessibility of the catalyst, while the core-shell particles are equipped with a catalytically 

active shell and a plasmonic core which enables SERS sensing. The metallic core-shell 

nanoparticles were synthesized by the Au-seed mediated growth method and colloidally 

deposited onto the open porous ceramic matrix prepared via the polymer replica method. The 

Au@Pt nanoparticle functionalized porous ceramic showed a Raman enhancement factor (EF) 

up to 106, which is significantly higher than that of non-porous samples.  In situ reaction 

monitoring via SERS was demonstrated by the Pt-catalyzed reduction of 4-nitrothiophenol (4-

NTP) to 4-aminothiophenol (4-ATP), showing high specificity for analysis of reactants and 

products. This multifunctional material concept featuring ceramics-augmented SERS and 

catalytic activity could be extended beyond real-time, sensitive reaction monitoring towards 

high temperature reactions, photothermal catalysis, bioprocessing and -sensing, green energy 

conversion and related applications. 
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Graphical abstract 2 ZTA based plasmonic porous ceramic functionalized with 48 nm Au@Pt 
nanoparticles for in situ reaction monitoring of the Pt-catalyzed reduction of 4-NTP to 4-ATP via SERS. 
 

Furthermore, the application of plasmonic porous ceramics was developed in the biomedical 

field by employing bioceramic material. Open cell foams of Bioglass45S5, the commercial 

hydroxyapatite-based product Bio-Oss® and bio-inert ZTA were coated with Au nanoparticles 

via colloidal deposition to introduce plasmonic effects. The ability of these plasmonic porous 

bioceramics to detect molecules was analyzed in situ in various biological media. Pyridine (Py) 

was used as a model molecule to test the detection enhancement. Depending on the pore size, 

gold-functionalized plasmonic porous Bioglass showed Raman EFs up to 5.4 ∙ 104 , while 

depositing gold nanoparticles on Bio-Oss® and porous ZTA resulted in EFs of 1.1 ∙ 104 and 

2.4 ∙ 105, respectively. The performance of the plasmonic porous bioceramics under simulated 

biological conditions was examined in the biological media fetal bovine serum (FBS) and 

simulated body fluid (SBF). Bioglass showed moderately reduced EFs of 1.9 ∙ 104 for FBS and 

1.6 ∙ 104 for SBF, while Bio-Oss® and ZTA showed hardly any decrease.  

Furthermore, the plasmonic porous bioceramics were tested during extended incubation in 

mineralizing Simulated Body Fluid (SBF). The plasmonic porous Bioglass still delivered a 

Raman EF around 7.2 ∙ 103  after 28 days of incubation, indicating a promising stability in 

simulated biological conditions. Bio-Oss® showed a strong reduction of Raman enhancement 

after 14 days with barely any enhancement after 28 days, while the bioinert ZTA exhibited very 

stable EFs after an initial decline to 9.0 ∙ 104. No significant difference of Bioglass in terms of 

SBF-bioactivity after 14 days was noted by the Au-deposition. The presented material concept 

of plasmonic porous bioceramics is shown to be very robust and could be further developed 

for sensing of specific biomarkers, e.g., in the context of osseointegration of bone replacement 

materials. In conclusion, we were able to demonstrate that the plasmonically-enhanced porous 

bioceramics offer the possibility of real-time and sensitive molecule detection at SBF and FBS 

conditions. Beyond the biomedical application the plasmonically-enhanced ceramics can be 

used for biotechnological applications where within porous reactors molecule turn-over rates 

can be monitored. 
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Graphical abstract 3 Plasmonic porous Bioglass showed Raman EF of 5.4 ∙ 104, which only moderately 
decreased to 7.2 ∙ 103 after 28 days of incubation in SBF.  
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Kurzfassung  
Teile dieser Kurzfassung werden mit Genehmigung der Herausgeber Elsevier [1] und Wiley 

[2,3] adaptiert.  

 

Eine plasmonische poröse Keramik kann als dreidimensionale poröse Keramikmatrix mit 

eingebetteten plasmonischen Nanopartikeln definiert werden. Wie normale Keramiken besitzt 

diese Materialklasse einige Vorteile, wie eine hohe Temperatur- und Druckstabilität, 

chemische Inertheit sowie dielektrische Eigenschaften. Plasmonische poröse Keramiken 

haben ein hohes Potenzial für eine breite Palette von Anwendungen in verschiedenen 

Bereichen, wie z.B. ultrasensitive chemische Detektion unter Hochtemperatur-

/Hochdruckbedingungen, für Biomarker-Detektion in biologischen Systemen oder für hoch-

effiziente Energieerzeugung durch plasmonische photothermische Erwärmung. 

Im Allgemeinen werden plasmonische Materialien aufgrund ihrer Fähigkeit entwickelt, 

elektromagnetische Strahlung zu begrenzen und zu manipulieren, was eine hochsensible und 

schnelle Detektion von Molekülen ermöglicht, zum Beispiel mittels oberflächenverstärkter 

Raman-Spektroskopie (SERS). Typische plasmonische Nanopartikel, die für SERS verwendet 

werden, sind Gold- und Silbernanopartikel. Aufgrund der hohen Dichte an beweglichen 

Elektronen können plasmonische Nanopartikel (Au-, Ag-Nanopartikel) mit der 

elektromagnetischen Strahlung von Wellenlängen koppeln, die weit größer sind als die 

Nanopartikel selbst. Lichtabsorption und Streuung durch plasmonische Nanopartikel können 

durch Variation ihrer Größe, Geometrie und relativen Positionen angepasst werden. 

Diese Arbeit zielt darauf ab, das neue Konzept der plasmonischen porösen Keramik 

vorzustellen, indem plasmonische Nanostrukturen in offenzelligen Schaumkeramiken 

eingeführt werden, und die Anwendungsmöglichkeiten dieses Substrats aufgrund seiner 

fortschrittlichen optischen Eigenschaften zu untersuchen. Diese optischen Eigenschaften der 

plasmonischen porösen Keramik führen zu einer signifikanten Verstärkung des Raman-

Streusignals, wodurch dieses Substrat als SERS-Substrat dienen und ein Molekül-

"Fingerabdruck" für eine empfindliche und Echtzeit-Detektion bereitstellen kann. 

Daher ist der erste Eckpfeiler dieser Arbeit der Nachweis des Prinzips der plasmonischen 

porösen Keramiken. Offenporige Keramikstrukturen auf der Basis von Zirkonia-verstärktem 

Aluminiumoxid (ZTA) wurden verarbeitet, gesintert und mit Silbernanopartikeln funktionalisiert. 

Die Raman-Verstärkung der plasmonischen Strukturen wurde in Abhängigkeit von der Menge 

der abgeschiedenen Silbernanopartikel, dem Porendurchmesser und dem Steg-Durchmesser 

der Keramikstruktur mit dem Probenmolekül Pyridin analysiert. Flache Substrate mit derselben 

chemischen Zusammensetzung sowie nicht-poröse Fragmente der porösen Struktur wurden 
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zum Vergleich verwendet. Das Raman-Signal wurde im Vergleich zu auf flachen Substraten 

mit ähnlicher Zusammensetzung gesammelten Signalen durch die poröse Struktur signifikant 

verstärkt. Demzufolge eignen sich plasmonische poröse Keramiken als 3D SERS-Substrate, 

um geringe Mengen von Molekülen in Echtzeit zu detektieren. 

 

 

Grafische Zusammenfassung 1: Raman-Spektren von Pyridin, das jeweils auf einem plasmonischen 
nicht-porösen Pellet und einer porösen ZTA-Keramik adsorbiert wurde. 

 

Um die Anwendungsmöglichkeiten der plasmonischen porösen Keramik zu untersuchen, 

wurden poröse ZTA-Keramiken mit bifunktionalen metallischen Au@Pd- oder Au@Pt-Kern-

Schale-Nanopartikeln funktionalisiert, synthetisiert und für die in-situ-Überwachung von 

katalytischen Reaktionen mittels oberflächenverstärkter Raman-Streuung (SERS) getestet. 

Die SERS-Verstärkungsfähigkeit wurde durch die offenzellige Schaumstruktur des 

keramischen Trägers verbessert. Gleichzeitig ermöglicht die poröse Keramik eine effiziente 

Lichttrapping und -propagation auf der beschichteten Oberfläche, was eine gute 

Zugänglichkeit des Katalysators gewährleistet, während die Kern-Schale-Partikel mit einer 

katalytisch aktiven Schale und einem plasmonischen Kern ausgestattet sind, der eine SERS-

Sensorik ermöglicht. Die metallischen Kern-Schale-Nanopartikel wurden durch die Au-Samen-

vermittelte Wachstumsmethode synthetisiert und kolloidal auf die offene poröse keramische 

Matrix aufgebracht, die mittels der Polymer-Replikationsmethode hergestellt wurde. Die mit 

Au@Pt-Nanopartikeln funktionalisierte poröse Keramik zeigte einen Raman-

Verstärkungsfaktor (EF) von bis zu 106, der deutlich höher ist als der von nicht-porösen Proben. 

Die in-situ-Überwachung von Reaktionen mittels SERS wurde durch die Pt-katalysierte 

Reduktion von 4-Nitrothiophenol (4-NTP) zu 4-Aminothiophenol (4-ATP) demonstriert und 
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zeigte eine hohe Spezifität für die Analyse von Reaktionspartnern und Produkten. Dieses 

multifunktionale Materialkonzept, das keramik-augmentierte SERS und katalytische Aktivität 

kombiniert, könnte über die Echtzeitüberwachung empfindlicher Reaktionen hinaus erweitert 

werden und Anwendungen in Bereichen wie Hochtemperaturreaktionen, photothermaler 

Katalyse, Bioprozessierung und -sensorik, grüne Energieumwandlung und verwandten 

Bereichen finden.  

 

 

Grafikzusammenfassung 2: ZTA-basierte plasmonische poröse Keramik, funktionalisiert mit 48 nm 
Au@Pt-Nanopartikeln, zur in-situ-Reaktionsüberwachung der Pt-katalysierten Reduktion von 4-NTP zu 
4-ATP über SERS. 

 

Darüber hinaus wurde die Anwendung von plasmonischen porösen Keramiken im 

biomedizinischen Bereich durch die Verwendung von Biokeramikmaterialien entwickelt. 

Offenporige Schäume von Bioglass45S5, dem kommerziellen hydroxyapatitbasierten Produkt 

Bio-Oss® und bioinerten ZTA wurden mittels kolloidaler Abscheidung mit Goldnanopartikeln 

beschichtet, um plasmonische Effekte einzuführen. Die Fähigkeit dieser plasmonischen 

porösen Biokeramiken zur Moleküldetektion wurde in situ in verschiedenen biologischen 

Medien analysiert. Pyridin (Py) wurde als Modellmolekül zur Testung der 

Detektionsverstärkung verwendet. Abhängig von der Porengröße zeigte plasmonisch 

funktionalisiertes Bioglass Raman-Verstärkungsfaktoren von bis zu 5.4 ∙ 104 , während die 

Abscheidung von Goldnanopartikeln auf Bio-Oss® und porösem ZTA zu EFs von 1.1 ∙ 104 bzw. 

2.4 ∙ 104  führte. Die Leistungsfähigkeit der plasmonischen porösen Biokeramiken unter 

simulierten biologischen Bedingungen wurde in den biologischen Medien fötalem Kälberserum 

(FBS) und simulierter Körperflüssigkeit (SBF) untersucht. Bioglas zeigte mäßig reduzierte EFs 

von 1.9 ∙ 104 für FBS und 1.6 ∙ 104 für SBF, während Bio-Oss® und ZTA kaum eine Abnahme 

aufwiesen. 

Darüber hinaus wurden die plasmonischen porösen Biokeramiken während einer langen 

Inkubationszeit in mineralisierender simulierter Körperflüssigkeit (SBF) getestet. Das 

plasmonische poröse Bioglas lieferte auch nach 28 Tagen Inkubation immer noch einen 

Raman-Verstärkungsfaktor von etwa 7.2 ∙ 103, was auf eine vielversprechende Stabilität unter 

simulierten biologischen Bedingungen hinweist. Bio-Oss® zeigte eine starke Reduktion der 
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Raman-Verstärkung nach 14 Tagen und kaum noch Verstärkung nach 28 Tagen, während 

das bioinerte ZTA nach einem anfänglichen Rückgang auf 9.0 ∙ 104 sehr stabile EFs zeigte. Es 

wurde keine signifikanten Unterschiede für Bioglass in Bezug auf SBF-Bioaktivität nach 14 

Tagen durch die Au-Deposition festgestellt. Das vorgestellte Materialkonzept plasmonischer 

poröser Biokeramiken hat sich als sehr robust erwiesen und könnte für die Erkennung 

spezifischer Biomarker, z.B. im Kontext der Osseointegration von Knochenersatzmaterialien, 

weiterentwickelt werden. Zusammenfassend konnten wir zeigen, dass die plasmonisch 

verstärkten porösen Biokeramiken die Möglichkeit bieten, Moleküle in Echtzeit und mit hoher 

Empfindlichkeit unter SBF- und FBS-Bedingungen zu detektieren. Über die biomedizinische 

Anwendung hinaus können die plasmonisch verstärkten Keramiken für biotechnologische 

Anwendungen eingesetzt werden, bei denen in porösen Reaktoren die Molekülumsatzraten 

überwacht werden können. 

 

 

Grafische Zusammenfassung 3 Das plasmonisch-poröse Bioglas zeigte einen Raman-
Verstärkungsfaktor (EF) von 5.4 ∙ 104, der nach 28-tägiger Inkubation in SBF nur mäßig auf 7.2 ∙ 103 
abnahm. 

 

 

 

 

 

 
 

 



xvii 
 

List of abbreviations and symbols  
AAO Anodic aluminum oxide  

Ag Silver 

Al Aluminum  

Au Gold  

𝐴  Absorption intensity  

𝑎  Radius 

BPE trans-1,2-bis(4-pyridyl)-ethylene 

BSE-SEM Scanning electron microscope using 

backscattered electron 

𝑏  Sample thickness  

𝛽𝜆  Spectral extinction coefficient  

Co Cobalt  

CT Charge transfer  

CTAB cetyltrimethylammonium bromide 

Cu Copper  

CV Cyclic voltammetry  

𝐶  Sample concentration  

𝑐  Speed of light in vacuum   

𝑐𝑁𝑜𝑟𝑚𝑎𝑙  Sample concentration during Raman 

scattering  

𝑐𝑆𝐸𝑅𝑆  Sample concentration during SERS 

DFT Density functional theory  

DSPD Double-step potential deposition  

𝐷  Particle diameter  
𝑑  Distance, gap  

𝑑𝑐𝑠  Cross-sectional diameter of the ceramic strut 

ED Electrochemical deposition  

EF Enhancement factor  

ER Electrochemical roughening  

𝑒   Charge  

𝐸𝐿𝑜𝑐(𝜔𝐿)  Local electric field experienced by the probe 

molecule  

𝐸(𝜔𝐿)  External electric field oscillating at frequency 

𝜔𝐿 

E0  External electric field  



xviii 
 

𝜀  Dielectric constant of the metal particle  

𝜀𝑎𝑏  Molar absorption coefficient  

𝜀𝑑  Dielectric constant of the medium 

surrounding the nanoparticle  

𝐸𝐿𝑜𝑐(𝜔𝐿)  Local electric field experienced by the probe 

molecule  

𝜀(𝜔)  Dielectric constant of a material when 

interacting with an external electromagnetic 

field  

𝜀´(𝜔)  Polarization effect caused by the external 

field on the material  

𝜀´´(𝜔)  Loss caused during the polarization process  

𝜀0  Relative permittivity of free space  

ΔE𝑖  Incident light energy  

ΔE𝑅𝑎𝑦𝑙𝑒𝑖𝑔ℎ  Rayleigh scattered light energy  

ΔE𝑆𝑡𝑜𝑘𝑒𝑠  Stokes scattered light energy 

ΔE𝑣  Scattered light energy 

FBS Fetal bovine serum 

Fe Iron  

𝐺𝑆𝐸𝑅𝑆  Total SERS enhancement factor  

𝐺𝑆𝐸𝑅𝑆
𝐸𝑚   Electromagnetic enhancement factor  

𝐺𝑆𝐸𝑅𝑆
𝐶ℎ𝑒𝑚  Chemical enhancement factor  

ℎ  Planck´s constant  

HCA Hydroxy carbonate apatite  

𝐼  Laser intensity  

𝐼𝑡𝑟𝑎𝑛𝑠  Transmitted light intensity  

𝐼0  Incident light intensity  

IB Interband  

IR Infrared  

𝐼𝜆  Spectral radiation  

  

𝐾  Fraction of the detected to emitted photos 

during Raman scattering  

𝑘  Wavevector  

𝑘𝐵  Boltzmann constant  

𝜅𝜆  Spectral absorption coefficient  



xix 
 

LSP Localized surface plasmon 

LSPR Localized surface plasmon resonance  

𝑙𝑐𝑠  Cross-sectional edge length of the strut  

𝑙𝛽  Possible transfer distance  

M Metal  

𝑚  Mass   

𝑚∗  Effective optical mass 

MCRT Monte Carlo ray-tracing  

Mg Magnesium  

𝑀𝐿𝑜𝑐
𝑍 (𝜔𝐿)  Local field enhancement with polarization of 

the incident laser along the Z axis  

𝑀𝑅𝑎𝑑  re-radiation enhancement  

𝑁  Number of the illuminated molecules  

NIR Near-infrared  

𝑛  Number density of mobile charge carriers  

𝑛𝑎,𝑎𝑙𝑢𝑚𝑖𝑛𝑎  Refractive index of alumina  

𝑛𝑎,𝑧𝑖𝑟𝑐𝑜𝑛𝑖𝑎  Refractive index of zirconia  

𝑛𝑒  Conduction electron density  

𝑛𝑒𝑓𝑓  Effective refractive index  

  

𝑛𝑠𝑜𝑙𝑖𝑑  Refractive index of ceramic strut solid  

𝑛𝑣𝑜𝑖𝑑  Refractive index of the void phase   

Pd Palladium  

PDLLA poly (D, L-lactide) 

PE Polyethylene  

PEG polyethylene glycol 

PMMA Pyramid polymethyl methacrylate 

PPI Pore per inch  

Pt Platinum   

PU Polyurethane  

PVA Poly(vinyl alcohol) 

Py Pyridine  

𝑃  Macro-porosity of the ceramic structure  

𝑃𝑁𝑜𝑟𝑚𝑎𝑙  Raman intensity measured by the detector  

𝑃𝑅𝑎𝑑  Radiation power by a dipole placed in an 

inhomogeneous environment 



xx 
 

𝑃𝑅𝑎𝑚𝑎𝑛  Intensity of Raman scattered light  

𝑃0  Radiation power in vacuum  

𝑄𝐴𝑏𝑠(𝜔)  Absorption efficiency  

𝑄𝐸𝑥𝑡(𝜔)  Extinction efficiency  

𝑄𝐿𝑆𝑃  Plasmonic quality factor  

𝑄𝑚𝑎𝑥.𝐿𝑆𝑃  Maximum quality localized surface 

frequency  

𝑄𝑚𝑎𝑥.𝐿𝑆𝑃,𝐴𝑢  Maximum quality localized surface 

frequency of gold  

𝑄𝑚𝑎𝑥.𝐿𝑆𝑃,𝑃𝑑   Maximum quality localized surface 

frequency of palladium   

𝑄𝑚𝑎𝑥.𝐿𝑆𝑃,𝑃𝑡   Maximum quality localized surface 

frequency of platinum  

𝑄𝑁𝐹(𝜔)  Local field efficiency  

𝑄𝑆𝑐𝑎(𝜔)  Scattering efficiency  

R Alkyl group  

REM Reflection electro microscope  

RH Relative humidity  

RIE Reactive ion etching  

RTE Radiative transfer equation   

𝑟  Position vector  

SNR Signal-to-noise ratio  

SPR Surface plasmon resonance  

SBF Simulated body fluid  

SEM Scanning electron microscope  

SERS Surface-enhanced Raman scattering  

SESORS Surface-enhanced spatially offset Raman 

scattering  

SORS Spatially offset Raman scattering  

STM Scanning tunneling microscope  

𝑠  Incident direction vector  

𝑆  Interparticle spacing  

𝑆𝑐𝑐  Cross-sectional area of the ceramic solid  

𝑆𝑐ℎ  Cross-sectional area of the hollowness  

𝑆𝑖𝑛
⃗⃗ ⃗⃗ ⃗⃗   Direction of the incident light beam 

𝑆𝑜𝑢𝑡
⃗⃗ ⃗⃗ ⃗⃗ ⃗⃗⃗  Direction of the leaving light beam  



xxi 
 

𝑇  Temperature  

TAED Template assisted electrochemical 

deposition  

TEM Transmission electron microscope  

TEOS Tetraethyl orthosilicate  

trans-DMAB 4,4-dimercaptoazobenzene 

TSC Trisodium citrate  

UV-vis Ultraviolet-visible  

𝑉𝑝𝑜𝑟𝑒  Volume of the pores 

𝑉𝑠𝑜𝑙𝑖𝑑  Volume of the solid part  

𝑉𝑡𝑜𝑡𝑎𝑙  Total volume  

𝜐0  Frequency of the incident light 

𝜐𝑣  Frequency of the scattered light  

𝜈0̃  Excitation laser wavenumber  

𝜈�̃�  Raman shift of the 𝑘-th vibrational mode  

𝑊  Interparticle gap  

𝜔𝐼𝑛𝑡𝑒𝑟  Onset of the interband transitions  

𝜔𝐿  Laser angular frequency  

𝜔𝑝  Plasmon frequency  

𝜔𝑠𝑜𝑙𝑖𝑑  Scattering albedo of the ceramic solid 

material 

X H or alkyl groups  

ZTA Zirconia-toughened-alumina  

𝜎𝐴𝑏𝑠  Absorption cross-section  

𝜎𝑘
𝑎𝑑𝑠  Raman cross-section of the vibrational mode 

𝑘 of the adsorbed molecule 

𝜎𝐸𝑥𝑡  Extinction cross-section  

𝜎𝑘
𝑓𝑟𝑒𝑒  Raman cross-section of the vibrational mode 

𝑘 of the free molecule  

𝜎𝑘  Raman cross-section 

𝜎𝑆𝑐𝑎  Scattering cross-section  

𝜎𝑆𝑠𝑜𝑙𝑖𝑑
  Scattering coefficient of ceramic strut solid  

𝜎𝑠𝜆  Spectral scattering coefficient  

  

Φ, Φ𝜆  Scattering phase function  

Ω  Solid angle  



xxii 
 

𝜉  Position of the incident light beam on the 

ceramic strut  

𝜉𝛽  Random number between 0 and 1  

𝜉𝜌  Random number between 0 and 1  

𝜉𝜔  Random number  

𝜌𝑘
𝑎𝑛𝑡𝑖−𝑆𝑡𝑜𝑘𝑒/𝑆𝑡𝑜𝑘𝑒  Cross-section ratio between anti-Stokes and 

Stokes band of the 𝑘-th vibrational mode  

𝜌(𝜃𝑖𝑛, 𝜃𝑡)  Local specular reflectivity between the void 

and solid phase  

𝜃𝑖𝑛  Local incident ray angle  

𝜃𝑟  Local reflection angle  

𝜃𝑡  Local refractive angle  

𝛾  Damping ratio  

𝜆  Wavelength  

𝜆𝐸𝑥𝑐  Wavelength of the extinction laser  

Γ  Total damping rate  

µ-CT X-ray micro computed tomography 

2D Two-dimensional  

3D Three-dimensional 

4-ATP 4-aminothiophenol 

4-NTP 4-nitrothiophenol 

 

 

 
 



 

1 
 

1. Introduction 
Chapter 1 has been partially adapted from [1] with permission from Elsevier and from [2,3] with 

permission from Wiley. 

 

1.1 State of art 
Plasmonic materials are well known for their ability of confining and manipulating 

electromagnetic radiation, which enables highly sensitive and rapid detection of molecules via 

surface-enhanced Raman scattering (SERS) [4–9]. However, most of the present plasmonic 

materials are based on two-dimensional assemblies of plasmonic nanoparticles, which cannot 

be easily scaled for the production of more complex three-dimensional architectures. An 

alternative strategy that holds the promise to leave the chip-based paradigm behind is the 

inclusion of plasmonic nanoparticles in porous structures which would enable SERS sensing 

from all directions. In this regard, experiments on plasmonic SERS substrates based on three-

dimensional porous materials have been conducted by several research groups [10–12]. For 

example, a porous alumina aerogel has been designed for ultrasensitive dye molecule 

detection via SERS with an enhancement factor of 3.4 ∙ 107  [11]. Gold-polymer 

nanocomposites have been realized via physical vapor deposition of gold metal onto pliable 

polydimethylsiloxane, which exhibited higher Raman signals than that on gold-glass 

composites [12]. The reported porous plasmonic materials were well suited for SERS sensing 

and other applications like plasmonic heating or photothermal therapy [10–15]. 

SERS has been developed since the enhancement of  Raman signals by nanoparticles with 

localized plasmon resonance was first observed by Fleischmann et al. in 1974 [16]. This 

technology has drawn increasing interest in various research fields, such as chemistry, biology, 

medicine and environmental science since it allows the detection of extremely small amounts 

of Raman-active molecules with high specificity [13,15,17–22]. Metallic particles of 10-150 nm 

diameters show the most intensive surface plasmon resonance band [23], which leads to the 

strongest enhancement of the electromagnetic field near the plasmonic nanostructure. 

Accordingly, group 11 metals (Au, Ag, Cu) [24–26] and particularly silver nanoparticles are 

suitable plasmonic materials for SERS [27–32]. Light absorption and scattering by plasmonic 

nanoparticles can furthermore be tailored by varying their size, geometry and relative positions 

[33,34,34–40]. The distance of the Raman-active probe molecules to the plasmonic particles 

plays an important role for the Raman enhancement effect, as well. The closer the analyte is 

to the plasmonic particle, the stronger is the Raman enhancement effect [33,34]. The strongest 

enhancement effect is observed when the probe molecule is in close proximity to several 

plasmonic particles at once, which is referred to as a plasmonic hot spot leading to 
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enhancement factors of up to 109 under ideal conditions. Many of the described plasmonic 

materials are reported with Raman factors in the range on 103-106, which is still well suited for 

sensitive detection of Raman probes [23]. Such materials could exhibit a combination of 

isolated plasmonic particles and plasmonic hotspots with the hotspots contributing to the 

majority of the SERS enhancement. 

For applications of SERS under extreme conditions, such as high temperature/pressure 

environments, the development of plasmonic ceramic materials is of crucial importance. 

Ceramics are known for their exceptional features, including stability at extreme temperatures 

and pressures, chemical inertness, dielectric properties and biocompatibility [41–45]. Open 

porous ceramics are often used as flow reactors [46], especially in high-temperature and high-

pressure applications [47]. For instance, porous ceramic filters are utilized in the processing of 

nuclear waste to trap radioactive nuclides [48], or as water/hot gas/molten metal filters [49]. 

Therefore, it would be of great advantage to equip porous ceramics with SERS-sensing 

properties to enable online process analysis in harsh environments or in-vivo biomarker 

sensing.  

Several research groups have designed and investigated on three-dimensional (3D) plasmonic 

SERS substrates. Li et al. have presented 3D plasmonic nanostructures as high-quantum-

efficiency UV photodetectors based on anodic aluminum oxide (AAO) matrix substrates, where 

the light confinement was spatially extended from 2D to 3D. It was reported that the incident 

light is concentrated by the gold nanostructures and the strong optical interference within the 

AAO matrix, leading to light-trapping followed by a high Raman enhancement factor (EF) [50]. 

Polymeric materials were also reported as 3D SERS substrates. For example, 3D pyramid 

polymethyl methacrylate (PMMA) functionalized with Ag nanoparticles exhibited EFs up to 108 

[20]. Ag nanoparticles@MoS2/PMMA polymer composites showed a detection limit of 10-10 M 

of the melamine standard solution [51]. Other examples include plasmonic 3D photonic 

crystals, 3D plasmonic nanoantenna based on multielectrode arrays, 3D plasmonic nanorod 

forests on paper or 3D SERS substrates based on graphene [52–55]. Although there have 

been a number of studies on light propagation and scattering inside ceramic structures [56–

63], little is known about the influence of porous ceramics on the Raman enhancement effect 

[51,64].  

In the context of application possibilities, the plasmonic porous ceramics can be developed for 

in situ reaction monitoring, through introducing multifunctional metallic alloy nanoparticles in 

the open porous ceramic matrix. In situ metal-catalyzed reaction monitoring has been realized 

via various techniques, such as UV-vis absorption spectroscopy, infrared (IR) spectroscopy 

and SERS [9–13]. While UV-vis absorption spectroscopy provides only limited chemical 

information, IR spectroscopy functions inefficiently in aqueous systems due to strong IR 

absorption of water. On the other hand, Raman spectroscopy, especially SERS allows 
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monitoring and investigation of reaction processes by detecting specific molecular vibrational 

modes of reactants, intermediates and products at different reaction time spots, providing 

direct information of the chemistry of the analysed reaction [14–16]. SERS uses plasmonic 

nanostructures to excite the localized plasmon resonance in metallic nanoparticles, which 

leads to significantly increased Raman intensity [17]. However, most of the reported SERS 

substrates are based on two-dimensional (2D) assemblies, which have been demonstrated to 

provide very high Raman enhancement, but are difficult to adapt to more complex setups.  

While being able to catalyze a wide range of chemical reactions, the group VIIIB transition 

metals palladium (Pd) and platinum (Pt) exhibit a high imaginary part of the complex permittivity 

and therefore only generate weak SERS EFs due to dampening of the plasmonic oscillation.[28] 

To make up for the weak EFs, Pd / Pt-based SERS substrates usually demand perfect ordering 

and uniform deposition with high surface coverage, that also consider the size, shape, 

geometry and position of the metallic nanostructures [29–34]. Conversely, while conventionally 

used as excellent SERS-active metals, Au NPs have a size limit of around 5 nm for efficient 

catalytic activity, which is too small for SERS-activity [65,66]. In this context, the design of 

metallic hybrid nanostructures which enable the combination of various properties of the 

different metals in one structural unit were reported [12,13,35–40]. Particularly, metallic alloy 

nanoparticles consisting of Au in combination with Pd or Pt can lead to both plasmonic and 

catalytic activity in a single core-shell particle. For example, Hu et al. prepared Au core / Pd 

shell (Au@Pd) nanoparticles with a size from 35 to 100 nm by the Au-seed mediated method. 

The Au@Pd nanoparticles distributed on a Pt electrode surface showed Raman EF up to 2.7 ∙

103 [35]. Xie et al. presented the synthesis of bifunctional Au / Pt / Au nanoraspberries for in 

situ monitoring of platinum-catalyzed reactions [13]. The synthesized raspberry-like Au / Pt 

bimetallic nanoparticles have two exposed metal surfaces, resulting in both SERS and catalytic 

activity in a single bifunctional unit. However, most of the current research on metallic alloy 

nanoparticles for molecule detection and reaction monitoring via SERS focused on synthesis, 

characterisation and dispersions of metallic alloy nanoparticles [12,13,35–39]. 

Meanwhile, through employing bioceramics as substrate, plasmonic porous ceramics can be 

applied in biomedical field. Current research on SERS biosensing focuses mostly on the 

synthesis of plasmonic nanostructures and evaluation of these materials in a particular 

biological context [67–69]. For the analysis of biomarkers, there are two major approaches: 

label-free and label-aided SERS. For label-free SERS, no reporter molecule is required. 

However, in the biological context, multiple types of biomolecules can contribute similar Raman 

signals, which results in very complex readouts that are difficult to interpret [68].  Label-aided 

SERS is an indirect sensing of the analyte by monitoring the Raman spectrum of the SERS 
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tags, which consist of plasmonic nanoparticles that are functionalized with Raman reporter 

molecules as label and further targeting molecules [67,70]. 

Recently, measuring in or through biological tissue has been made possible via surface-

enhanced spatially offset Raman spectroscopy (SESORS) [71–74]. In spatially offset Raman 

spectroscopy (SORS), Raman scattered light is collected from regions offset from the point of 

laser excitation at the sample, which allows a preferential collection of the sub-surface spectra 

[75]. Using the SESORS method, Stone et al. have reported  successful detection of Raman 

signals after injection of encapsulated SERS nanoparticles into a porcine tissue block with a 

thickness of 20 mm [74]. The SERS nanoparticles used in these experiments were Au 

nanoparticles coated with reporter molecules and encapsulated in a silica shell. Later, 

SERSORS measurements through 3-8 mm thick bone using commercial SERS nanotags have 

been preformed [72].  

 

1.2 Goals  
The current research on 3D plasmonic SERS substrates mainly focuses mostly on the nano 

scale structure of the plasmonic particles and their supports [76,77], not on macroscopic 

technical materials. This work aims to introduce the concept of a macro-scaled 3D plasmonic 

porous ceramics. By employing a macro-porous open-cell foam ceramic as substrate, the 

advanced optical properties of plasmonic materials can be combined with advantages of 

porous ceramics, featuring a high surface accessibility and possibility as SERS substrate for 

real-time and sensitive molecule detection. Meanwhile, after proof-of-principle of plasmonic 

porous ceramics, the application of this substrate should be investigated in different directions.  

The content of this thesis is organized into 8 chapters, starting with the introduction in Chapter 

1, which briefly introduced the state of art and the goal of this work. Chapter 2 explained the 

theoretical background of the related scientific terms, from light propagation (Chapter 2.1), 

plasmonic materials (Chapter 2.2) to bioceramics (Chapter 2.3). The fundamental principles of 

the applied methods were described in Chapter 3. Chapter 4 introduced the proven-of-principle 

of the plasmonic porous ceramics and the feasibility of the sample as SERS substrate. Chapter 

5 depicted the plasmonic porous ceramic functionalized with multifunctional metallic core-shell 

nanoparticles and its application for in situ catalytic reaction monitoring. Chapter 6 pointed out 

further application possibility of the adapted plasmonic porous bioceramics for biomedical use. 

Chapter 7 described the conclusion of the presented results. A general outlook is given in 

Chapter 8.  
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2. Theoretical background  
2.1 Light propagation  
Light propagation refers to the manner that an electromagnetic wave transfers energy from 

one point to another. When light travels from between boundaries from one medium to another, 

different processes can happen, namely transmission, absorption, reflection and refraction. 

Light transmission is determined by the amount of light that can pass through different material 

boundaries. Absorption happens, when the electromagnetic radiation is converted to internal 

energy. While, reflection takes place, when electromagnetic radiation is returned either at the 

boundary of two different media (surface reflection), or within a medium (volume reflection). 

Refraction refers to the light bending when entering a medium with a different speed. The 

refractive index indicates the light bending ability of the material.  

The Fresnel equations describe the behavior of the s and p polarization incident waves at the 

interface. The s polarization is the polarization with wave´s electric field normal to the plane of 

incidence, while the p polarization with electric field perpendicular to the plane of incidence. 

The plane of incidence refers to the plane that contains the incident radiation´s propagation 

vector and the normal vector of the surface.  

The Fresnel equations reveal the relation between reflection coefficients (𝑟𝑖,𝑗), transmissions 

coefficient (𝑡𝑖,𝑗 ), angle of incidence (𝜃𝑖𝑛), angle of refraction (𝜃𝑗), and refractive index (𝑛𝑖 , 𝑛𝑗) 

of media (incident medium 𝑖, transmitted medium 𝑗) by applying Maxwell´s equations and 

Snell´s law. Fresnel equations for s and p polarization are shown respectively:[78] 

P polarization: 

𝑟𝑖,𝑗 =
𝑛𝑗𝑐𝑜𝑠𝜃𝑖𝑛−𝑛𝑖𝑐𝑜𝑠𝜃𝑗

𝑛𝑗𝑐𝑜𝑠𝜃𝑖𝑛+𝑛𝑖𝑐𝑜𝑠𝜃𝑗
                                 (Equation 2.1.1) 

𝑡𝑖,𝑗 =
2𝑛𝑖𝑐𝑜𝑠𝜃𝑖𝑛

𝑛𝑗𝑐𝑜𝑠𝜃𝑖𝑛+𝑛𝑖𝑐𝑜𝑠𝜃𝑗
                                 (Equation 2.1.2) 

S polarization: 

𝑟𝑖,𝑗 =
𝑛𝑖𝑐𝑜𝑠𝜃𝑖𝑛−𝑛𝑗𝑐𝑜𝑠𝜃𝑗

𝑛𝑖𝑐𝑜𝑠𝜃𝑖𝑛+𝑛𝑗𝑐𝑜𝑠𝜃𝑗
                                 (Equation 2.1.3) 

𝑡𝑖,𝑗 =
2𝑛𝑖𝑐𝑜𝑠𝜃𝑖𝑛−𝑛𝑖𝑐𝑜𝑠𝜃𝑗

𝑛𝑖𝑐𝑜𝑠𝜃𝑖𝑛+𝑛𝑗𝑐𝑜𝑠𝜃𝑗
                                 (Equation 2.1.4) 

where 𝜃𝑖𝑛 and 𝜃𝑗 are the angles of the incident and refraction. 

A typical application of Fresnel theory is UV-vis photometry, which measures the UV-vis light 

absorbed by or transmitted through a sample.   
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2.1.1 Scattering  
Reflections of radiation can be classified as diffuse reflections or specular reflections. Diffuse 

reflection refers to the electromagnetic waves that undergo scattering. Radiation scattered by 

only one scattering center is called single scattering. While, multiple scattering happens when 

multiple scattering centers exist [79].   

When light interacts with particles of much smaller size than the wavelength of the incident 

light, most of the light gets scattered elastically. The elastically scattered light is called as 

Rayleigh scattering [80,81], referring to the scattered light having the same frequency/energy 

as the incident light: 

|ΔE𝑖| = |ΔE𝑅𝑎𝑦𝑙𝑒𝑖𝑔ℎ|                             (Equation 2.1.1.1) 

 Only small portion of the light is scattered inelastically, which is referred as Raman scattering 

[82]. By Raman scattering, the scattered light has different frequency/energy as the incident 

light. Raman scattering can be sorted into two different kinds: Stokes scattering and anti-

Stokes scattering. Stokes scattering refers to the scattering, that has less energy than the 

incident light: 

|ΔE𝑖| > |ΔE𝑅𝑎𝑦𝑙𝑒𝑖𝑔ℎ|                             (Equation 2.1.1.2)      

 Anti-Stokes scattering is the opposite, which refers to the scattering with more energy than 

the incident light: 

|ΔE𝑖| < |ΔE𝑅𝑎𝑦𝑙𝑒𝑖𝑔ℎ|                             (Equation 2.1.1.3)      

Figure 2.1.1.1 illustrates the detailed energy change of the Rayleigh scattering, Stokes 

scattering and anti-Stokes scattering respectively. The molecule gets excited to a virtual 

energy level by incident photon. The re-emission of the photon leads to Rayleigh or Raman 

scattering. The energy change of Raman scattering contributes to the molecule vibration mode. 

Therefore, the Raman scattered photon can deliver information of the molecule vibrational 

modes. Since the molecule vibrational modes are unique like a fingerprint for each single 

molecule, molecules can be distinguished according to their Raman scattering spectra. Raman 

spectrum records usually Stokes bands, because Stokes bands are significantly more 

intensive than anti-Stokes bands. 
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Figure 2.1.1.1 Illustration of the excitation energy change of Rayleigh scattering, Stokes scattering and 
anti-Stokes scattering respectively. 

 

Raman scattering is an extremely weak phenomenon. The intensity of Raman scattered light 

depends on the Raman cross-section 𝜎𝑘: 

𝑃𝑅𝑎𝑚𝑎𝑛 = 𝐾𝑁𝜎𝑘𝐼                                (Equation 2.1.1.4) 

with 𝐾  representing the factor indicating the fraction of the detected to emitted photos, 𝑁 

number of the illuminated molecules, 𝐼 laser intensity.  

It is worth noticing that Raman scattering has extremely low intensity compared to fluorescence. 

The cross-sections of fluorescence are typical around ~10−16 cm2/molecule, while the Stokes 

Raman cross-section are ~10−29 cm2/molecule [83–85]. The anti-Stokes cross-section is 

significantly weaker than that of Stokes. The cross-section ratio between anti-Stokes and 

Stokes bands of the 𝑘-th vibrational mode can be written as: 

𝜌𝑘
𝑎𝑛𝑡𝑖−𝑆𝑡𝑜𝑘𝑒/𝑆𝑡𝑜𝑘𝑒

=
𝜎𝑘

𝑎𝑛𝑡𝑖−𝑆𝑡𝑜𝑘𝑒

𝜎𝑘
𝑆𝑡𝑜𝑘𝑒 = (

𝜈0̃+𝜈�̃�

𝜈0̃−𝜈�̃�
)

3
𝑒

−
ℎ𝑐𝜈�̃�
𝑘𝐵𝑇      (Equation 2.1.1.5) 

with ℎ  presenting the Plank constant, 𝑐  the speed of light in vacuum, 𝑘𝐵  the Boltzmann 

constant, 𝑇 the temperature, 𝜈0̃ the excitation laser wavenumber, 𝜈�̃� the Raman shift of the 𝑘-

th vibrational mode. 

Since the intensity of Stokes bands are significantly higher than that of anti-Stokes bands, 

Raman spectra normally record Stokes band. The intrinsic low efficiency of Raman scattering 

can be intensively amplified, by placing probe molecule near the surface certain 
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nanostructures, which is the so-called surface-enhanced Raman scattering. The SERS signal 

can be expressed as:[23] 

𝑃𝑆𝐸𝑅𝑆 = 𝐺𝑆𝐸𝑅𝑆𝑃𝑁𝑜𝑟𝑚𝑎𝑙                            (Equation 2.1.1.6) 

where 𝐺𝑆𝐸𝑅𝑆  is the (total) SERS enhancement factor (EF), 𝑃𝑁𝑜𝑟𝑚𝑎𝑙  represents the Raman 

power measured by the detector, which is proportional to the Raman cross-section, the incident 

laser intensity, the illuminated molecules and the fraction of the emitted photons [86].  

 

2.1.2 Light propagation in porous medium   
Porous medium has wide application demands in various technical fields such aviation, 

automobile, solar energy conversion, combustion or catalysis [87–92]. Therefore, investigation 

of light electromagnetic radiation within porous media is of great importance. This investigation 

of light transfer within porous media can be conducted based on different theories: macro scale 

method based on the volume average theory, pore size scale method by solving radiative 

transfer equation (RTE) based on geometrical optic and diffraction theory and pore size scale 

method by solving Maxwell equations based on electromagnetic radiation theory [93]. Among 

all the theories and solving methods, Monte Carlo ray-tracing (MCRT) method is the one 

suitable for complex random pore structure, when the wavelength of the incident light is much 

smaller than the pore sizes. Figure 2.1.2.1 shows the schematic presentation of a typical 

random porous structure with irregular strut. Due to the irregular struts with rough surfaces that 

form the structure of the porous media, computing the light propagating using classical 

electromagnetic wave theory is impossible [94]. Hence, the light behavior within porous media 

is mostly determined by the incoming and outgoing directions, material, temperature and 

wavelength of the incident light. The relationship between the optical constants absorbance, 

reflectance and transmittance of a porous medium can be expressed as: [95–98] 

𝐴𝑏𝑠𝑜𝑟𝑏𝑎𝑛𝑐𝑒 + 𝑅𝑒𝑓𝑙𝑒𝑐𝑡𝑎𝑛𝑐𝑒 + 𝑇𝑟𝑎𝑛𝑠𝑚𝑖𝑡𝑡𝑎𝑛𝑐𝑒 = 1          (Equation 2.1.2.1) 

 

 

Figure 2.1.2.1 Schematic presentation of typical macro scale and pore scale of porous medium with 
irregular struts. Reproduced with permission from [93]. Copy right (2022), Applied Thermal Engineering. 
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To investigate the light propagation within an open-cell ceramic foam, a ceramic strut was cut 

open and illustrated in Figure 2.1.2.2. It is worth noticing that the strut thickness and hollowness 

varied along the strut length. And the cross-sectional thickness increased from the strut middle 

to the extremities. Figure 2.1.2.2 (c) showed the quantitative analysis of the ceramic strut, with 

𝑑𝑐𝑠 representing the cross-sectional diameter of the strut, 𝑙𝑐𝑠 the cross-sectional edge length 

of the strut, 𝑙𝑐ℎ the cross-sectional edge length of the hollowness, 𝑆𝑐ℎ the cross-sectional area 

of the hollowness, 𝑆𝑐𝑐 the cross-sectional area of the ceramic solid.  

 

 

Figure 2.1.2.2 Illustration of the structure of an open-cell ceramic foam: (a) continuous hollowness; (b) 
overall view; (c) cross-sectional view. Adapted with permission from [99]. Copyright (2018), Elsevier. 
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To simulate the light propagation of this ceramic foam, the following assumptions were made 

[99]: 

• The ceramic foam is considered isothermal. Hence, the light radiative heat transfer due 

to self-emission is insignificant and not considered. 

• The ceramic surface is considered as smooth. 

• The light radiation interaction is restricted to geometric optics approximation (GOA). 

Diffractions and interferences are not considered.  

• The void phase is assumed as transparent.   

With these assumptions, the light radiation inside the ceramic foam can be expressed using 

Radiative Transfer Equation (RTE): 

𝑠 ∙ ∇𝐼𝜆(𝑟, 𝑠) = 𝜅𝜆(𝑟)𝐼𝑏𝜆(𝑟) − 𝛽𝜆(𝑟)𝐼𝜆(𝑟, 𝑠) +  𝜎𝑠𝜆(𝑟)/(4𝜋) ∫ 𝐼𝜆(𝑟, 𝑠´)Φ𝜆(𝑟, 𝑠´, 𝑠)𝑑Ω

0

4𝜋

 

(Equation 2.1.2.2) 

with 𝑟  representing the position vector, 𝑠  the propagation direction vector, 𝑠´  the incident 

direction vector, Φ𝜆 the scattering phase function, Ω the solid angle, 𝐼𝜆 the spectral radiation 

intensity, 𝜅𝜆 the spectral absorption coefficient, 𝜎𝑠𝜆 the spectral scattering coefficient and 𝛽𝜆 

the spectral extinction coefficient.  

 

 

Figure 2.1.2.3 Schematic presentation of light radiative behavior modeling of a random ceramic single 
strut: (a) 3D overall view of the physical model; (b) 2D view of the cross-section of typical ray paths at 
the modeled coordinate origin. Adapted with permission from [99]. Copyright (2018), Elsevier. 
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In the case of a single ceramic strut, the incident light beam with direction 𝑆𝑖𝑛
⃗⃗ ⃗⃗ ⃗⃗  reaches the 

ceramic strut and irradiates uniformly at position 𝜉. To model this process, a local coordinate 

system with the strut length direction as z axis and the strut center as coordinate origin is 

established and illustrated in Figure 2.1.2.3. 

To model the light propagation, specular reflection and Snell´s refraction at the solid-void 

interface, and the volumetric light propagation inside the solid strut must be considered [100]. 

Reflection and refraction occur (Figure 2.1.2.2 (b)), when the refractive index of strut solid 

phase 𝑛𝑠𝑜𝑙𝑖𝑑 is different from that of the void phase 𝑛𝑣𝑜𝑖𝑑. The MCRT method utilizes Fresnel´s 

law and Snell´s law to calculate reflection and refraction at the solid-void interface, respectively.  

According to Fresnel´s law, the local specular reflectivity can be expressed as [100]: 

𝜌(𝜃𝑖𝑛, 𝜃𝑡) =
1

2
[

𝑡𝑎𝑛2𝜃𝑖𝑛−𝜃𝑡

𝑡𝑎𝑛2𝜃𝑖𝑛+𝜃𝑡
+

𝑠𝑖𝑛2𝜃𝑖𝑛−𝜃𝑡

𝑠𝑖𝑛2𝜃𝑖𝑛+𝜃𝑡
]                  (Equation 2.1.2.3) 

with 𝜃𝑖𝑛 referring the local incident ray angle and 𝜃𝑡 the local refractive angle. 

The local refractive angle 𝜃𝑡 can be calculated using the Snell refraction equation [100]: 

𝑠𝑖𝑛𝜃𝑖𝑛

𝑠𝑖𝑛𝜃𝑡
=

𝑛2

𝑛1
                                   (Equation 2.1.2.4) 

where 𝑛1 equals 𝑛𝑣𝑜𝑖𝑑 , and 𝑛2 equals 𝑛𝑠𝑜𝑙𝑖𝑑 , if the ray reaches the interface from the void 

phase. 

In MCRT method, a random number 𝜉𝜌 ∈ (0,1) is generated to determine whether a ray is 

reflected or refracted: 

𝜉𝜌 < 𝜌(𝜃𝑖𝑛, 𝜃𝑡), reflected                       (Equation 2.1.2.5) 

when reflected, the local reflection direction 𝜃𝑟 calculated based on the local incident direction 

and the local facet normal: 

𝜃𝑟 = 𝜃𝑡                                     (Equation 2.1.2.6) 

The ray determined to be refracted: 

𝜉𝜌 > 𝜌(𝜃𝑖𝑛, 𝜃𝑡), refracted                       (Equation 2.1.2.7) 

when refracted, the refraction direction can be computed by Equation 2.1.2.2.  

As soon as the ray reaches the solid phase, the transmission, absorption and scattering can 

be investigated through the media radiation transfer theory [100]. The possible transfer 

distance 𝑙𝛽 can be determined using probability equation as: 

𝑙𝛽 = −𝐼𝑛(1 − 𝜉𝛽)/𝛽𝑠𝑜𝑙𝑖𝑑                     (Equation 2.1.2.8) 
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with 𝜉𝛽 referring to a random number from 0 to1, 𝛽𝑠𝑜𝑙𝑖𝑑 the extinction coefficient of the ceramic 

solid material.  

After the travel distance 𝑙𝛽 is reached, random number 𝜉𝜔 is established to determine if the ray 

is scattered or absorbed: 

𝜉𝜔 < 𝜔𝑠𝑜𝑙𝑖𝑑, scattered                     (Equation 2.1.2.9) 

𝜉𝜔 > 𝜔𝑠𝑜𝑙𝑖𝑑, absorbed                   (Equation 2.1.2.10) 

with 𝜔𝑠𝑜𝑙𝑖𝑑 referring to the scattering albedo of the ceramic solid material. 

𝜔𝑠𝑜𝑙𝑖𝑑 = 𝜎𝑠𝑠𝑜𝑙𝑖𝑑
/𝛽𝑠𝑜𝑙𝑖𝑑                      (Equation 2.1.2.11) 

where 𝜎𝑠𝑠𝑜𝑙𝑖𝑑
 is the scattering coefficient of ceramic strut solid phase. 

Furthermore, after scattering, the ray continues to travel into a new direction, which can be 

determined by the isotropic scattering phase function Φ = 1. Or after absorbing, a new ray is 

emitted. The rays inside the porous structure keep traveling until either absorbed by the 

structure or reaching the solid-void interface, that the MCRT method can be applied to 

determine reflection or refraction (circulating from Equation 2.1.2.3). 

In conclusion, multiple reflection-refraction-absorption-scattering events happen to the rays 

inside a porous medium, until the rays leave the strut borders (𝑆𝑜𝑢𝑡
⃗⃗ ⃗⃗ ⃗⃗ ⃗⃗⃗ in Figure 2.1.2.2), or they 

are absorbed by the strut of the porous structure [99]. 

 

2.2 Plasmonic Materials  
Plasmons are defined as resonant modes that involve interaction between free charges and 

light. Plasma refers to medium that processes freely mobile charges, for instance, ionosphere 

and metals. For a bulk plasma material, the plasmon frequency 𝜔𝑝 can be expressed as [6]: 

𝜔𝑝
2 =

𝑛𝑒2

𝜀0𝑚
                                       (Equation 2.2.1) 

with 𝑛 referring to the number density of mobile charge carriers, 𝑒 their charge, 𝑚 their mass 

and 𝜀0 the relative permittivity of free space.  

Plasmonic materials have drawn increasing attention due to their ability of confining and 

manipulating electromagnetic radiation. Rresearch on plasmonics mostly focus on optics and 

nanoelectronics by confining light with relatively higher wavelength than the plasmonic 

nanostructure itself, which leads to numerous novel devices. Conventional plasmonic particles 

are noble metal nanoparticles, such as gold (Au) and silver (Ag), because of their oxidation 



resistance and pronounced plasmon resonance. The surface plasmon resonance (SPR) refers 

to the coherent collective oscillation of electrons at the metal surface. While, localized surface 

plasmon resonance (LSPR) is the confinement of the surface plasmon resonance in a 

nanostructure, which is usually smaller or comparable to the wavelength of the incident light 

(seen Chapter 2.2.1). Recently, researches on unconventional plasmonic nanoparticles have 

been conducted as well. Nanostructured metal oxides and metal nitrides have been reported 

functioning as plasmonic materials, such as TiO2 nanoparticles [101], CuO nanocrystals [102], 

MoO2 nanospheres [103], WO2.83 nanorods [104], and TiN / ZrN / TaN / HfN thin films [105,106]. 

However, these unconventional plasmonic nanostructures have high requirements on 

processing methods and limited optic properties. In this work, we focused on metallic and 

metallic core-shell nanoparticles as plasmonic materials.  

 

2.2.1 Metallic materials 
When light of a certain wavelength interacts with plasmonic nanostructures, the conduction 

electrons get displaced with respect to the positive ions, inducing a polarization of the system. 

The coulombic attraction between the negative and positive works as a restoring force, which 

results in coherent oscillation of the conduction electrons in the metallic nanoparticle. This 

coherent oscillation is the so-called localized surface plasmon resonance (LSPR) [107]. Figure 

2.2.1.1 illustrates the collective oscillations of electrons in metallic nanoparticles when interact 

with light.  

 

Figure 2.2.1.1 collective oscillation of conduction electrons on metallic nanoparticle surface. 

 

The absorption (𝜎𝐴𝑏𝑠), scattering (𝜎𝑆𝑐𝑎) and extinction cross-section (𝜎𝐸𝑥𝑡) of a single metallic 

nanoparticle can be calculated respectively as [23]: 

𝜎𝐴𝑏𝑠(𝜔) = 4𝜋𝑘𝑎3𝐼𝑚 [
𝜀(𝜔)−𝜀𝑑

𝜀(𝜔)+2𝜀𝑑
]                      (Equation 2.2.1.1) 
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 𝜎𝑆𝑐𝑎(𝜔) =
8𝜋

3
𝑘4𝑎6 |

𝜀(𝜔)−𝜀𝑑

𝜀(𝜔)+2𝜀𝑑
|
2
                      (Equation 2.2.1.2) 

𝜎𝐸𝑥𝑡(𝜔) = 𝜎𝐴𝑏𝑠(𝜔) + 𝜎𝑆𝑐𝑎(𝜔)                       (Equation 2.2.1.3) 

with 𝑘 representing the wavevector, 𝑎 the radius of the nanoparticle, 𝜀 the dielectric constant 

of the metal particle, 𝜀𝑑 the dielectric constant of the medium surrounding the nanoparticle, 

𝜀(𝜔) the dielectric constant of a material when interacting with an external electromagnetic 

field. 

𝜀(𝜔) consists of two parts:  

𝜀(𝜔) = 𝜀´(𝜔) + 𝑖𝜀´´(𝜔)                         (Equation 2.2.1.4) 

with 𝜀´(𝜔) showing the polarization effect of the external field on the material, 𝜀´´(𝜔) the loss 

caused during the polarization process.  

When the metallic nanoparticle is much smaller than the wavelength of the light, the electric 

field distribution along the whole nanoparticle volume can be considered homogenous. The 

localized surface plasmon (LSP) intensity can be quantified by the plasmonic quality factor 

𝑄𝐿𝑆𝑃:[108] 

𝑄𝐿𝑆𝑃 = −
𝜀´(𝜔)

𝜀´´(𝜔)
                                (Equation 2.2.1.5) 

The quality factor can be re-written by substituting the Drudel model:[109] 

𝑄𝐿𝑆𝑃
𝑚𝑎𝑥 =

2(𝜔𝑝
2 −𝛾2)3/2

3𝛾𝜔𝑝
2 √3

                           (Equation 2.2.1.6) 

where 𝜔𝑝 is the plasma frequency, 𝛾 the damping ratio. 

Under the so-called resonance condition, the absorption, scattering and extinction get a 

maximized value, when: 

𝜀(𝜔) + 2𝜀𝑑 ≅ 0                               (Equation 2.2.1.7) 

Therefore, the local field 𝐸𝑖𝑛 inside the nanoparticle can be expressed as a function of the 

incident one 𝐸0:  

𝐸𝑖𝑛 =
3𝜀𝑑

𝜀(𝜔)+2𝜀𝑑
𝐸0                               (Equation 2.2.1.8) 

Messinger el al. calculated the scattering, absorption, extinction and local field efficiencies 

(𝑄𝑆𝑐𝑎(𝜔), 𝑄𝐴𝑏𝑠(𝜔), 𝑄𝐸𝑥𝑡(𝜔), 𝑄𝑁𝐹(𝜔) respectively) for a silver nanoparticle with a radius of 22 

nm in water, showing proportional relation to the corresponding cross-sections 𝜎 [110].  
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To be more specific, the polarization induced on the metallic nanoparticle surface by the field 

can be seen as equal to a point dipole located at the centre of the sphere. The field caused by 

the oscillating dipole adds up to the external field, resulting in a stronger field (|𝐸𝑖𝑛| > |𝐸0|).  

Therefore, the resonance condition improves the scattering, absorption, extinction and local 

field.  

According to the Drude model, the dielectric constant of metals can be expressed as [8]: 

𝜀(𝜔) = [1 −
𝜔𝑝

2

𝜔2+Γ2] + 𝑖 [
𝜔𝑝

2 Γ

𝜔(𝜔2+Γ2)
]                      (Equation 2.2.1.9) 

with 𝜔𝑝 representing the plasma oscillation frequency (Equation 2.2.1), Γ the total damping 

rate. 

In bulk noble metal material, the valence d-band and conduction s-band are energetically close. 

While, noble metal atoms have closed shell d levels. In the case of clusters, the emerging of 

the surface plasmon resonance occurs easily and can be influenced by the d electrons [111]. 

For instance, the threshold of interband (IB) transitions 𝜔𝐼𝑛𝑡𝑒𝑟 in Ag bulk material is around 4 

eV (310 nm). A red-shift of the plasmon frequency 𝜔𝑝 towards the near UV range takes place 

under the influence of the screening induced by the d electrons [112,113]. 

The plasmon frequency 𝜔𝑝 of Au, Ag, Al and Cu lies at 139 nm, 135 nm, 98 nm and 142 nm 

respectively, while the threshold of the IB transitions 𝜔𝐼𝑛𝑡𝑒𝑟 lies at 620 nm, 310 nm, 886 nm 

and 620 nm respectively [23]. For the above-listed metals, the real part of the dielectric 

constant is negative at optical frequencies, indicating the electrons do not oscillate with the 

external field within the spring-mass model, since the electrons cannot move fast enough to 

follow the oscillation caused by the external radiation [23,107]. At frequencies higher than the 

IB transition 𝜔𝐼𝑛𝑡𝑒𝑟, losses generated during the polarization process increase significantly. 

The IB contribution dominates. 

Through analysing of the real and imaginary part of the dielectric constant of different metals 

(Au, Cu, Au and Al) [23,86,114], it can be concluded, that the resonance condition is fulfilled 

in the optical wavelength range between 200 to 1200 nm. Ag shows the lowest loss in the 

visible wavelength range, indicating that Ag could provide the highest enhancement in the 

corresponding region. In the near-infrared range, Ag, Au and Cu exhibit little difference, 

meaning that these three metals should have similar plasmonic properties in this range. 

Although Al shows the threshold of the IB transition at around 880 nm, the losses are quite low 

in the ultra-violet (UV) region, therefore, Al should be efficiently plasmonic-active in the UV 

range. 
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Different metals haven been researched for their plasmonic properties and hence as SERS 

substrates. Gold is often employed in the case of medical and biological applications, due to 

its superior chemical stability and low toxicity [115–118]. Silver can get oxidized or sulfidated 

in the atmosphere [119–122]. Likewise, copper and alumina can easily form oxide layers in air 

[123,124]. The presence of the oxide layer can prohibit the plasmonic activity of the metal, 

since the analyte loses the direct contact with the metal surface. 

 

2.2.2 Metallic core-shell nanoparticles  
Like other transition (group VIIIB) metals, palladium (Pd) and platinum (Pt) are not sufficiently 

plasmonic-active. To fabricate SERS substrates based on transition metals, perfect 

ordering/uniform deposition and high surface coverage of the metallic nanostructure are 

usually demanded [125–130]. Through alloying noble metals with transition metals, the band 

structure of the metallic alloy material can be engineered. The optical and plasmonic properties 

of the metallic alloys can be modified, since the plasma frequency 𝜔𝑝 and the threshold of the 

IB transitions can be shifted by the transition metal.  

There are relatively few elements with excellent plasmonic properties, other than Au, Ag and 

Al. Because of the probability of low-frequency IB transitions and consequent increase of the 

SPR relaxation frequency, metals with partially occupied d-orbital function less efficiently as 

plasmonic materials. Therefore, alloys are mostly designed for combination of the plasmonic 

properties with other properties, such as magnetism or catalytic activity [131,132]. For example, 

metallic alloy nanostructure consisting Au and Pd can lead to both plasmonic- and catalytic-

activity in a single entity. Likewise, metallic alloy of Au and Mg can result in plasmonic- and 

magnetic-activity in a single configuration.  

The plasmon response of the metal alloy is dominated by the metal with IB transitions at lower 

frequency [133]. Since the frequencies of the maximum local surface plasmon quality factor 

𝑄𝐿𝑆𝑃 of Cu, Pd and Pt are significantly lower than that of Au [108], the dominating metal in Au-

Cu, Au-Pd and Au-Pt metallic alloy materials would be Cu, Pd and Pt respectively. In the case 

of Au-Fe alloy, a SPR damping and blueshift was observed by the sample of 11 % atomic 

fraction of Fe. When the atomic fraction of Fe increased to 13 %, the local-field enhancement 

was reduced by around 20 times [134]. The IB transitions in Ag are at a shorter wavelength 

than in Au, which leads to larger 𝜀´(𝜔) and smaller 𝜀´´(𝜔) of the Au-Ag alloys, and hence, a 

higher 𝑄𝐿𝑆𝑃 [108]. 

Meanwhile, metallic bimetallic nanostructures have drawn increasing attentions by various 

research groups [135–139]. Hu et al. prepared Au core Pd shell (Au@Pd) nanoparticles with 

a size varying  from 35 to 100 nm and Pt electrode functionalized with the Au@Pd 
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nanoparticles as SERS substrate [137]. The Au core has a size of 12 nm with the Pd shell of 

different thicknesses. The Pt electrode functionalized on the surface with Au@Pd 

nanoparticles can realize Raman EFs up to 2.7 ∙ 103. Xie et al. reported their research on 

bifunctional Au/Pt/Au nanoraspberries for in situ monitoring Pt-catalyzed reactions [138]. The 

synthesized raspberry-like Au/Pt bimetallic nanoparticles have two exposed metal surfaces of 

Au and Pt, resulting in both plasmonic- and catalytic-activity into a single unit. However, the 

EFs of these bimetallic nanoraspberries were not calculated, due to the complex nanostructure.  

 

2.3 Surface-enhanced Raman scattering  
Surface-enhanced Raman scattering refers to the phenomenon that Raman scattering by 

probe molecules is significantly enhanced when the molecules are adsorbed on the surface of 

plasmonic nanostructures. This phenomenon was firstly observed in 1974 by Fleischmann et 

al [16]. The Raman intensity of a probe molecule on a plasmonic nanostructure can be 

enhanced by different mechanisms: the electromagnetic enhancement and the chemical 

enhancement. Therefore, the total SERS enhancement factor 𝐺𝑆𝐸𝑅𝑆 can be written as: 

𝐺𝑆𝐸𝑅𝑆 = 𝐺𝑆𝐸𝑅𝑆
𝐸𝑚 𝐺𝑆𝐸𝑅𝑆

𝐶ℎ𝑒𝑚                               (Equation 2.3.1) 

where 𝐺𝑆𝐸𝑅𝑆
𝐸𝑚  is the electromagnetic EF and 𝐺𝑆𝐸𝑅𝑆

𝐶ℎ𝑒𝑚 the chemical EF. 

 

2.3.1 Electromagnetic enhancement  
Electromagnetic enhancement refers to the enhancement effect originates from the 

localization of the plasmon at the SERS substrate surface. Electromagnetic enhancement 

depends on the feature of the SERS substrate entirely, and type of the probe molecule is 

irrelevant here. 

Electromagnetic enhancement consists of two contributions: the local field enhancement and 

the re-radiation enhancement. The local field enhancement refers to the phenomena, that the 

excitation of surface plasmons induces a strong localization in small spatial regions, causing 

spatial amplification of the laser light. The local field enhancement 𝑀𝐿𝑜𝑐
𝑍 (𝜔𝐿) can be defined 

as: 

𝑀𝐿𝑜𝑐
𝑍 (𝜔𝐿) =

|𝐸𝐿𝑜𝑐(𝜔𝐿)|2

|𝐸(𝜔𝐿)|2                         (Equation 2.3.1.1) 

with 𝐸(𝜔𝐿) indicating the external electric field oscillating at the laser angular frequency 𝜔𝐿, 

𝐸𝐿𝑜𝑐(𝜔𝐿) the local electric field experienced by the probe molecule. 𝑍 refers to the polarization 

of the incident laser along the Z axis.  
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The re-radiation enhancement is caused by the presence of the structure adjacent to the 

molecule, since the radiated power by a dipole also depends on the environment. A molecule 

radiates differently if it is excited in vacuum or at the surface of different materials. When the 

molecule is placed in vacuum or a homogenous medium, the radiation diffuses along the 

typical emission pattern of a dipole. When the molecule is at an interface, the electromagnetic 

field irradiated by the dipole gets scattered at the interface and reflected to the dipole, causing 

a change of the dipole radiation. The re-radiation enhancement can be expressed as: 

𝑀𝑅𝑎𝑑 =
𝑃𝑅𝑎𝑑

𝑃0
                                 (Equation 2.3.1.2) 

where 𝑃𝑅𝑎𝑑 is the radiation power by a dipole placed in an inhomogeneous environment, 𝑃0 

the radiation power in vacuum.  

Comparing with chemical enhancement, electromagnetic enhancement is considered as a 

long-range effect, that the probe molecule should be place near the plasmonic nanostructure 

(within a few nanometers range). Normally, electromagnetic enhancement can reach up to 108 

over the substrate, and to 1010 in a hot spot [86]. 

Meanwhile, the electromagnetic enhancement is reported to be distance dependent [83]. The 

Raman enhancement at a spot with distance 𝑑 to the spherical plasmonic nanoparticle with a 

radium of 𝑎 can be expressed as:  

𝐺𝑆𝐸𝑅𝑆
𝐸𝑚 (𝑑)

𝐺𝑆𝐸𝑅𝑆
𝐸𝑚 (0)

= [
𝑎

𝑎+𝑑
]

12
                         (Equation 2.3.1.3) 

It is important to note that the distance dependency of the SERS signal 𝑃𝑆𝐸𝑅𝑆 is different from 

the SERS EF 𝐺𝑆𝐸𝑅𝑆, because 𝑃𝑆𝐸𝑅𝑆 also considers the number of the illuminated molecules. 

The number of the illuminated molecules depends on the surface area, therefore, the distance 

dependency of the Raman intensity can be written as: 

𝑃𝑆𝐸𝑅𝑆(𝑑)

𝑃𝑆𝐸𝑅𝑆(0)
= [

𝑎

𝑎+𝑑
]

10
                         (Equation 2.3.1.4) 

 

2.3.2 Chemical enhancement  
Chemical enhancement refers to the enhancement effect from the modification of the 

polarizability of the probe molecule, which comes from the physic-chemical interaction 

between the probe molecule and the substrate surface. The chemical enhancement is normally 

much weaker than the electromagnetic enhancement and is around 102-104 depending on the 

respective mechanism. The adsorption of a molecule on a substrate surface can be classified 

as physisorption or chemisorption, depending on the strength of the interaction. Physisorption 
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is driven by Van der Waals force. While, chemical bond is formed during chemisorption. 

Nevertheless, the electronic and geometrical structure of the molecule is modified during the 

interaction with the substrate surface in both adsorption cases. Accordingly, the Raman cross-

section of the molecular vibrational modes is altered [23]: 

𝐺𝑆𝐸𝑅𝑆
𝐶ℎ𝑒𝑚 =

𝜎𝑘
𝑎𝑑𝑠

𝜎𝑘
𝑓𝑟𝑒𝑒                                (Equation 2.3.2.1) 

where 𝜎𝑘
𝑎𝑑𝑠 is the Raman cross-section of the vibrational mode 𝑘 of the adsorbed molecule, 

𝜎𝑘
𝑓𝑟𝑒𝑒 the Raman cross-section of the vibrational mode 𝑘 of the free molecule. 

The chemical enhancement consists of two kinds of effect: non-resonant chemical effect and 

resonant charge transfer chemical effect [140]. The non-resonant chemical effect happens, 

when the molecule orbital energy is not close enough to the Fermi level the metallic 

nanostructure, so that a new electronic state is not formed. A new formation of the metal-

molecule charge transfer (CT) state leads to the resonant CT chemical effect. Both non-

resonant chemical effect and resonance charge transfer chemical effect can be interpreted by 

density functional theory (DFT) computational methods. The DFT methods can be applied for 

the explanation of three conditions: enhancement from chemical interaction between molecule 

and substrate surface at ground state, resonance Raman enhancement with excitation 

resonance with molecular transition, and CT resonance Raman enhancement with excitation 

resonance with metal-molecule CT transition [23,140]. Interpretation of Raman enhancement 

shifts based on DFT method is discussed in Chapter 3.1.3.  

 

2.3.3 Plasmonic hot spots 
The term plasmonic hotspot refers to the extremely inhomogeneous and predominantly 

concentrated distribution of the field enhancement on the surface of a plasmonic structure. 

These hot spots are often identified as sharp tips or nanogaps between plasmonic 

nanostructures. With nanogaps exhibiting significantly higher efficiency in amplifying optical 

signals compared to sharp tips, nanogaps are considered more effective in generating hot 

spots [23].   

Figure 2.3.3.1 shows the schematic presentation of a plasmonic hot spot dimer assembled 

with two nanoparticles with a distance of 𝑑. Polarization of the external electric field along the 

main axis of the dimer is illustrated in Figure 2.3.3.1 (a), while polarization perpendicular to the 

dimer axis is exhibited in Figure 2.3.3.1 (b). The nanoparticles are polarized by the external 

electric field, creating an excess of positive and negative charges on the sides on the 

nanoparticles. With along-axis polarization, the separation between the induced surface 
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charges reduces, as the nanoparticles are brought closer to each other, which lead to an 

increase in the electric field between the two particles. 

Furthermore, the polarization of the nanoparticle is influenced not only by the external electric 

field, but also by the induced dipole in the other nanoparticle. Both effects are present in 

configuration shown in Figure 2.3.3.1 (a). However, they are not observed in Figure 2.3.3.1 (b), 

since there is a certain distance between the negative and positive charges on different 

nanoparticles and the induced dipoles are not allowed for their mutual reinforcement upon the 

distance in-between.  

 

 

Figure 2.3.3.1 Schematic presentation of a dimer assembled with two nanoparticles with a distance of 
𝑑. 𝐸0 is the external electric field, pyridine as probe molecule is positioned in the middle between the 
two nanoparticles. 𝐸0 can be polarized along the axis of the dimer (a), or perpendicularly to the dimer 
axis. Blue arrows refer to the induced dipoles. Reproduced with permission from [23]. Copyright (2019), 
Multidisciplinary Digital Publishing Institute.  

 

2.4 Bioceramics 
Bioceramics refer to ceramics utilized to repair and reconstruct damaged or diseased 

musculoskeletal components. These ceramics can possess different properties, such as 

bioinertness (alumina and zirconia); resorbability (tricalcium phosphate); bioactivity 

(hydroxyapatite and bioactive glass) [141]. 

Bone substitute materials are categorized into bone grafts and bone graft substitutes according 

to their composition [142]. Different bioceramic materials are utilized under different conditions, 

for example hydroxyapatite- or tricalcium phosphate-based ceramics resembling the natural 

bone mineral and bioactive glasses, such as 45S5 Bioglass can be used as bone substitute 

materials because of their bioactivity and resorbability, and zirconia-toughened alumina (ZTA) 



 

21 
 

can be applied as a dental implant material because of their mechanical properties. Both 

materials show excellent biocompatibility and osteoconductive properties [143,144]. They can 

be resorbed by the body over time, although bioactive glasses usually degrade significantly 

faster than hydroxyapatite-based implant material [145].  

Hydroxyapatite-based ceramics as bone graft substitute is based on the fact that the inorganic 

phase of natural bone consists of hydroxyapatite mainly. Hydroxyapatite has a high stability 

within pH range from 4.2 to 8, and dissolves slowly in the body [143,144]. Alternatively, 

tricalcium phosphate-based ceramics can also be applied as bone substitute material, 

although its biodegradation rate is higher than the hydroxyapatite-based material and its 

mechanical properties is relatively poor. Biphasic calcium phosphates containing 

hydroxyapatite and tricalcium phosphate has been developed for a combination of mechanical 

support and proper rate of implant resorption [144].   

Bioactive glasses refer to silica-based glasses, that usually also contain Na2O, CaO and/or 

P2O5. The exact composition of bioactive glass can vary from product to product. While the 

most widely investigated and used type is Bioglass 45S5 with a composition of 45 % SiO2, 

24.5 % Na2O, 24.5 % CaO and 5 % P2O5. The material´s bioactivity can be modified by altering 

the composition [146]. Figure 2.4.1 illustrates an overview of the influence of the bioactive 

glass composition on the respective bioactivity [147]. Region A refers to the compositions with 

bone bonding ability.  Region S has additional ability of soft tissue bonding. As the content of 

silica increases, the glass network becomes denser, which leads to bioinert property (region 

B). Region C represents a high reactivity that the glass dissolves too quickly. When the silica 

content gets too low, no glass network can be forming (region D).  
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Figure 2.4.1 Influence of bioactive glass composition on tissue bonding. Adapted with permission from 
[141]. Copyright (1998), the American Ceramic Society. 

 

Figure 2.4.2 shows the twelve reaction stages of the bone bonding reaction of bioactive glass 

[148]. The process is initialized by ion exchange between the bioactive glass and the 

surrounding body fluids, which leads to the glass network dissolution (stage 1 and 2). By stage 

3, a hydrated silica gel forms on the bioactive glass surface, followed by formation and 

crystallization of a hydroxy carbonate apatite (HCA) layer (stage 4 and 5). Subsequently, 

growth factors start to adsorb on the HCA layer, which results in the formation of new bone 

with a bonding to the bioactive glass implant. Furthermore, Bioglass can promote bone growth 

further away from the material, since the release of silica and calcium ions triggers the 

deposition of bone matrix by osteogenic cells in the surrounding tissue [149].  
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Figure 2.4.2 Sequence of the bonding process of bioactive glass. Adapted with permission from [141]. 
Copyright (1998), the American Ceramic Society. 

 

For actual physiological applications, bone implants are typically designed to be porous to offer 

a scaffold for vascularization and bone ingrowth [143,144]. However, the limited mechanical 

strength and fracture toughness of bioactive glass can be disadvantageous when implemented 

as a porous scaffold [150]. Through altering the composition, synthesis methods and pore 

architecture, the mechanical properties of the bioactive glass can be tailored similar to 

cancellous or even cortical bone [151,152]. For instance, employing bioactive glass in the 

crystalline or semi-crystalline phase can enhance the mechanical properties. However, the 

biodegradation rate decreases with the increasing mechanical properties [153].  

By adjusting the porosity of a bone implant, its mechanical properties can be tailored according 

to the required application [154]. The principle of determining the bone implant porosity is to 

possibly mimic the respective surrounding bone. For cortical bone, a porosity of 5-10 % is 

required, while, for cancellous bone, the porosity should be between 50-90 % [146]. Meanwhile, 

pore interconnectivity plays an important role, which allows fluid circulation for the transport of 

reactants and products and to increase the accessible surface for bone deposition [155–157]. 

A pore interconnectivity possible close to 100 % would be optimal [143]. Besides porosity and 

pore interconnectivity, pore size is important as well. Pore sizes between 1-10 µm allow a high 

specific surface area for cell attachment and osteointegration [158,159]. Larger pores in the 

range between 200 and 500 µm enable bone ingrowth and better vascularization, which 

promotes new bone tissue formation [160]. Generally, a pore size between 1 and 500 µm is 

acceptable. Baino et al. have pointed out that a scaffold with interconnected porous structure 
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should have a porosity above 90 % and pore size between 300 and 500 µm, which allows cell 

penetration, tissue ingrowth, vascularization and nutrient delivery [154].     

A conventional synthesis method of bioactive glass powder is the melt-quench method. The 

respective oxides are melted at a high temperature and quenched in water or in a mold, which 

leads to a dense glass structure. Alternatively, sol-gel method can also be used. By sol-gel 

method, a sol containing a silicate-based gel precursor and modifiers is mixed and prepared 

to allow gel formation. The gel is aged, dried and calcinated to form a semi-crystalline glass-

ceramic. This method allows an easier modification of the composition, which does not involve 

high temperatures, and results in higher purity and homogeneity of the sample [161]. 

Additionally, bioactive glass synthesized via the sol-gel method shows higher bioactivity and 

biodegradation rates compared to melt-derived bioactive glass, due to its inherent 

nanoporosity.  
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3. Methodology 
3.1 Macro-porous ceramic processing  
Processing of macro-porous ceramics with a porosity above 20 % has been well-established 

[162]. Most commonly applied processing methods can be classified into replica technique, 

sacrificial template method and direct foaming method (as shown in Figure 3.1.1).   

 

 

Figure 3.1.1 Schematic representation of (a) replica technique, (b) sacrificial template method, and (c) 
direct foaming method for macro-porous ceramic processing. Adapted with permission from [162]. 
Copyright (2006), the American Ceramic Society.  

 

Replica technique  

The replica technique involves impregnating a cellular structure with a ceramic suspension or 

precursor solution to create a macro-porous ceramic that mimics the morphology of the original 

porous material (as shown in Figure 3.1.1 (a)). Subsequently, the with ceramic slurry coated 

template is dried and burned out, leaving a macro-porous structured ceramic. 
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This technique can be applied to a wide range of synthetic and natural cellular structures. 

Typical synthetic templates are polymer foams, carbon foams, while natural templates are 

coral and wood. Meanwhile, this technique shows a high flexibility, since it can be applied to 

any ceramic material that can be appropriately made into a suspension. Porous ceramics 

produced with sponge replica technique can achieve an open-cell foam structure with porosity 

ranging from 40 % to 95 %. These structures exhibit a reticulated pattern of highly 

interconnected pores with sizes from 200 µm to 3 mm [162]. 

Sacrificial template method  

The sacrificial template method involves creating a biphasic composite that comprises a 

continuous matrix of ceramic particles or precursors, and a dispersed sacrificial phase. The 

sacrificial phase is initially distributed uniformly throughout the template and eventually 

removed to create pores within the structure (Figure 3.1.1 (b)).  

This method offers a significant advantage over other processing methods by allowing 

deliberate tailoring of the porosity, pore size distribution and pore morphology of the ceramic 

product, through which a wide range of porosity from 20 % to 90 % and pore size between 1 

and 700 µm can be realized [162]. The sacrificial template method leads to a ceramic 

component that is the opposite of the original template, so that no flaws will be leave in the 

structure by the removal of the sacrificial phase. As a results, the porous ceramics produced 

with this method have normally a remarkably higher mechanical strength.  

Direct foaming method 

By direct foaming method, air is firstly introduced in a suspension or liquid medium, which is 

then solidified to maintain the structure of the creased air bubbles (Figure 3.1.1 (c)). A high 

sintering temperature is typically required to produce porous ceramics with a high mechanical 

strength. The porosity of the porous ceramics produced with this method can be tailored by 

controlling the incorporated gas, while the pore size is determined by the wet foam before 

setting.  

Wet foams are thermodynamically unstable, since they experience ongoing Ostwald ripening 

and coalescence processes to reduce to overall free energy. These processes lead to an 

increase in the size of the incorporated bubbles, which results in large pores in the porous 

structure. Normally, the wet foams can be stabilized with surfactants or particles. The 

surfactant-based direct foaming is able to realize pore sizes ranging from 35 µm to 1.2 mm 

and a porosity between 40 % to 97 % [162].  
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3.2 Synthesis of nanoparticles 
Nanoparticles are particles with a size between 1 and 100 nanometers. Compared to the 

respective particles at macro-scope, nanoparticles possess unique physical, chemical and 

biological properties at nano scale, because of their relatively higher surface area to volume 

ratio, increased reactivity (or stability) in chemical processes and other qualities [163].  

In general, the synthesis of nanoparticles can be categorized into top-down or bottom-up 

method. Top-down approach describes the breaking down of the bulk material into nanosized 

structures. While, bottom-up approach refers to the build-up of the nanoparticles: atom by atom, 

molecule by molecule, or cluster by cluster. Compared to the top-down approach, the bottom-

up approach shows advantages in tuning the nanoparticle shape and size [164].  

 

 

Figure 3.2.1 Schematic representation of top-down and bottom-up approach for the nanoparticle 
synthesis. 

 

3.2.1 Synthesis of metallic nanoparticles  
For the synthesis of metallic nanoparticles, various physical and chemical methods are 

frequently employed, including electrochemical reaction, chemical reduction, and 

photochemical reduction [165,166]. Determining an appropriate method for preparing metallic 

nanoparticles is of great importance, since the interaction of metal ions with the reductant, the 

stabilizing agent and experimental related process significantly affect the morphology, stability 

and physicochemical properties of the metallic nanoparticles [167].  Various methods for 

metallic nanoparticle synthesis are listed in Table 3.2.1.1.  

Mechanical milling  

By mechanical milling, the particle size is decreased using high energy ball milling. This 

method involves adding bulk power to a container filled with heavy balls, which are subjected 

to high mechanical energy via high-speed rotating balls. By employing high-energy mills, such 

as attrition ball mill, planetary ball mill, or vibrating ball mill, the particle size reduction can be 

achieved. The efficiency of mechanical milling is influenced by the process variables and the 

milling power properties. This method is often used for preparation of intermetallic 

nanoparticles [168]. This method offers a possibility of cost effective and large-scale production 

of high purity nanoparticles. However, prolonged milling time and high energy is required.  
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Laser ablation 

The laser ablation method utilizes laser irradiation to reduce the size of the particles to nano 

scale. During this method, a solid target is positioned beneath a thin layer and exposed to 

pulsed laser irradiation, which leads to fragmentation of the solid material into nanoparticles. 

The synthesized nanoparticles are dispersed in the surrounding liquid, resulting a colloidal 

solution. This method provides an effective option with a simple procedure [169].  

 

Table 3.2.1.1 Methods for metallic nanoparticle synthesis. Adapted with permission from [169]. 
Copyright (2019), Elsevier.   

No. Top-down approach Bottom-up approach 

Method Examples Methods Examples 

1 Mechanical 

milling 

Ball milling 

Mechanochemical method 

Solid state method Physical vapor 

deposition 

Chemical vapor 

deposition 

2 Laser ablation  Liquid state method Sol-gel method 

Chemical reduction 

Hydrothermal method 

Solvothermal method 

3 Sputtering   Gas phase method Spray pyrolysis  

Laser ablation 

Flame pyrolysis 

4   Biological method Bacteria  

Fungus 

Yeast  

Algae 

Plant extract 

5   Other methods Electrodeposition  

Microwave technique 

Supercritical fluid  

Precipitation process 

Ultra sound technique 
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Solid state methods 

Solid state methods can be classified into physical vapor deposition and chemical vapor 

deposition. Physical deposition involves depositing material onto a surface in the form of either 

a thin film or nanoparticles. During the process, vaporization of the materials is realized through 

highly controlled vacuum techniques and later condensed on a substrate. This method is 

frequently employed to deposit metallic nanoparticles and thin films onto substrates [170], 

however, is limited due to high cost and generating low volume of the material.  

By chemical vapor deposition, the thin film or nanoparticles are deposited on a surface through 

the chemical reaction of gaseous molecule containing required atoms. During this method, 

volatile molecules are released as precursors to interact with precursor fragments and 

substrate surface to form a thin film or nanoparticles [171].  

Liquid state methods  

In the sol-gel process, the sol undergoes a gradual evolution towards the development of a 

gel-like network, which contains both liquid and solid phase. Normal sol-gel process has four 

steps: hydrolysis, condensation, aging and drying and calcination. Figure 3.2.1.1 shows the 

four steps of a sol-gel process to synthesize metal oxide nanoparticles [172]. The first step 

hydrolysis of precursors happens in liquid. The general chemical reaction during the hydrolysis 

can be expressed as: 

𝑀 − 𝑂𝑅 + 𝐻2𝑂 → 𝑀𝑂𝐻 + 𝑅𝑂𝐻                    (Equation 3.2.1.1) 

with 𝑀 representing metal and 𝑅 alkyl group.  

By the second step, condensation, the metal oxide linkages are formed, and a polymetric 

network grows to colloidal dimensions. Condensation consists of two processes: olation and 

oxolation. Olation refers to the process where a hydroxyl (−𝑂𝐻 −) bridge is formed between 

two metal centers (metal-hydroxy-metal bond). While, oxolation describes the process where 

an oxo (−𝑂 −) bridge is formed between two metal centers (metal-oxo-metal bond). The 

condensation process can be described as: 

𝑀 − 𝑂𝐻 + 𝑋𝑂 − 𝑀 → 𝑀 − 𝑂 − 𝑀 + 𝑋𝑂𝐻             (Equation 3.2.1.2) 

with X representing 𝐻 or alkyl groups.  

Subsequently, an aging process takes place, during which polycondensation continues in the 

localized solution along with reprecipitation of the gel network, resulting an increase in 

thickness of the gel and decrease in the porosity. Thereafter, the drying process takes place. 

The relative humidity (RH) must be carefully controlled during drying, which could affect the 
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stability and performance of the synthesized nanoparticles. Finally, the sample undergoes a 

thermal treatment, to eliminate the water molecules from the sample.  

 

 

Figure 3.2.1.1 Schematic representation of a sol-gel process. Adapted with permission from [172]. 
Copyright (2020), Springer.  

 

Typically used precursors for colloid synthesis are metal alkoxides and aloxysilanes. Metal 

alkoxides are organo-metallic precursor for different metals, such as aluminium and titanium 

[173–175]. The sol-gel method is a simple procedure technique, by which the particle size and 

morphology can be tuned by adjusting the reaction parameters. 

Different from the sol-gel method, the chemical reduction method involves reducing an ionic 

salt in a suitable medium with the assistance of surfactants and reductants [176]. To synthesize 

noble nanoparticles, reductants such as sodium borohydrate, glucose, ethylene glycol, ethanol 

and sodium citrate are well-known. Besides the reductant, the action of a stabilizer in the 

solution phase synthesis plays an important role. For instance, trisodium citrate (TSC) is one 

of the most commonly used reductants, which can function as nanoparticle stabilizer as well. 

Amino acids can be employed for Au nanoparticle synthesis without any further surfactant. 

Ascorbic acid is often used for nanorod synthesis, where Au ions are complexed by surfactants, 

such as cetyltrimethylammonium bromide (CTAB) [177]. 

Among chemical reduction method using all different reductants, Turkevich method has been 

well investigated for synthesis of Au nanoparticles from 9 to 120 nm with defined size 

distribution [177,178]. Meanwhile, this method can be adapted for synthesis of transition 

metals, such as palladium (Pd) and platinum (Pt) [179–181]. Turkevich and Frens described 

the standard method for the chemical reduction synthesis method of Au nanoparticle using 

TSC as reductant. To initiate the reduction process, a solution of gold hydrochlorate is boiled 
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with TSC in a double-walled reactor, which enables a homogeneous temperature distribution 

within the reactor. After mixture of TSC and the gold hydrochlorate solution, Au nanoparticles 

are formed.  

Large numbers of studies have investigated the particle growth mechanism using the 

Turkevich method [182–190]. The accepted mechanism of the Turkevich method for Au 

nanoparticle synthesis involves the initial redox reaction of 𝐴𝑢3+ to  𝐴𝑢+ by citrate (Equation 

3.3.1.3). Meanwhile, the citrate is oxidized to acetone dicarboxylate (𝐶𝑂(𝐶𝐻2𝐶𝑂𝑂)2
2−). The first 

redox reaction determines the reaction rate. While, the disproportionation reaction (Equation 

3.3.1.4) occurs where the metal Au and 𝐴𝑢3+ are produced.   

𝐶3𝐻5𝑂(𝐶𝑂𝑂)3
3− + 𝐴𝑢𝐶𝑙4

−  → 𝐶𝑂(𝐶𝐻2𝐶𝑂𝑂)2
2− + 𝐴𝑢𝐶𝑙 + 𝐻+ + 3𝐶𝑙− + 𝐶𝑂2 (Equation 3.2.1.3) 

3𝐴𝑢𝐶𝑙 +  𝐶𝑙−  → 2𝐴𝑢0 + 𝐴𝑢𝐶𝑙4
−                    (Equation 3.2.1.4) 

Recently, Gao et al. challenged the conventional Turkevich mechanism for the Au nanoparticle 

synthesis using citrate as reductant and revealed the Turkevich mechanism consisting of two 

consecutive reduction steps (as shown in Figure 3.2.1.2), instead of the traditionally believed 

a reduction followed by a disproportionation reaction [191]. Acetone dicarboxylate 

(𝐶𝑂(𝐶𝐻2𝐶𝑂𝑂)2
2−) plays an important role as intermediate during these two-step process, as it 

showed remarkably higher reduction potential than citrate. Moreover, acetone dicarboxylate 

stabilizes the formed Au nanoparticles electrostatically through the coordination of the enol 

form.  

 

 

Figure 3.2.1.2 Schematic representation of the Turkevich mechanism consisting of two consecutive 
reduction steps. Adapted with permission from [191]. Copyright (2020), Roya Society of Chemistry.  

 

The chemical reduction method is one of the simplest methods for metallic nanoparticle 

preparation, however, comes with limitations, such as toxicity or poor reducing ability of the 

reductant, high costs and possible impurities.  
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Gas phase methods 

In the spray pyrolysis method, nanoparticle precursors are delivered in the form of small 

droplets form through a nebulizer into the hot reactor. Commonly used metal precursors are 

acetate, nitrate and chloride. The apparatus normally consists of three parts: a fluid nebulizer 

for atomization of metal precursor solution, a vertical tubular reactor which can be 

thermostatically controlled and a precipitator for collecting the synthesized metallic 

nanoparticles [192]. This method showed advantages in controllability of the particle size.  

Laser pyrolysis utilizes laser as energy source to synthesize nanoparticles. The homogeneous 

nucleation of precursor is driven by the laser energy. Infrared CO2 laser is one of the most 

commonly used lasers, which enables nanoparticle formation as soon as sufficient degree of 

the supersaturate product is reached in vapor phase [193].  

 

3.2.2 Synthesis of metallic core-shell nanoparticles   
The synthesis of metallic core-shell nanoparticles can be achieved through various methods, 

such as, galvanic replacement, seed-mediated growth, electrochemical deposition, sol-gel 

method, thermal evaporation and co-precipitation.  

Galvanic replacement method 

Galvanic replacement is a redox process that takes place when two metals come into contact 

in a solution phase. During this process, the ions of the second metal corrode the first metal, 

resulting in a core-shell structure. Two reactions are involved in this process, the corrosion of 

the first metal at the anode, and the reduction of the ions of the second metal, followed by 

subsequent deposition of the second metal. The driving force originates from the difference in 

reduction potentials between two different metals. The potential of the second metal must be 

higher than that of the first metal. This approach allows not only synthesis of bimetallic and 

hollow nanomaterials with ultrathin walls in a single reaction step, but also deposition of 

metallic nanostructures onto solid supports through wet-impregnation method [194,195].  

Seed-mediated growth method 

The concept of seed-mediated growth method is shown in Figure 3.2.2.1, where colloidal 

seeds serve as templates for atom deposition. During this synthesis process, a precursor 

solution is introduced into a vessel that contains seeds, reductant, capping agent and colloidal 

stabilizer. The metal precursor is reduced to form zero-valent metallic atoms and subsequently 

heterogeneously nucleate on the seed surface. As growth continues under controlled 

experimental conditions, well-defined nanostructures are formed. In the case of metal-metal 

core-shell nanoparticles, the seeds are the first metallic nanoparticles. These seeds can be 
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used in the original reaction solution or collected and dispersed into a new medium. Through 

carefully tuning the experimental conditions, such as reaction temperature and precursor 

concentration, the growth of the second metal on the seeds can be controlled, and therefore, 

result in nanostructures with desired chemical composition, size and shape [196]. 

   

 

Figure 3.2.2.1 Schematic representation of the seed-mediated growth of colloidal metal nanocrystals. 
Adapted with permission from [196]. Copyright (2017), Wiley.  

 

To synthesize bimetallic core-shell nanoparticles using seed-mediated growth method, the first 

metal is normally used as the seed, which serves as template for the deposition of the second 

metal atoms.   

In the context of colloidal synthesis, nucleation is the initial step that atomic or molecular 

species must undergo before forming a nanostructure. Nucleation can occur either via 

homogeneous nucleation or heterogeneous nucleation. Homogeneous nucleation is also 

called self-nucleation, during which nuclei/seeds are generated. Heterogeneous nucleation 

involves the deposition of atoms on the surface of existing seeds. In both cases, the atoms are 
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required to overcome an energy barrier, which is unique to either nucleation mode. The energy 

barrier is usually lower during heterogeneous nucleation. 

Thermal evaporation method 

Thermal evaporation deposition belongs to the category of physical vapor deposition. This 

technology is widely used for producing thin films, where the materials is evaporated in a 

vacuum chamber to create gaseous atoms. These atoms then settle onto the substrate surface 

and form a thin film. Amorphous substrates such as carbon and glass can facilitate the 

agglomeration of Ag, Cu or other metal atoms into nanoparticles, due to the island growth 

mode [197]. 

The growth of bimetallic Ag-Cu nanoparticles was investigated using thermal evaporation 

method [198–200]. During the thermal evaporation method in vacuum, when Ag atoms were 

deposited on the Cu nanoparticles, the Ag atoms grew epitaxially and their lattices matched 

well. However, when Cu atoms were deposited on the Ag particles, a particular core-shell-like 

structure formed and disordered lattice was introduced.  

  

3.3 Surface-enhanced Raman spectroscopy 
Raman spectroscopy is a non-destructive method, that analyses the inelastic scattering energy 

shift due to unique vibrational modes of each single molecule. Surface-enhanced Raman 

scattering (SERS) uses plasmonic nanostructures to excite the localized plasmon resonance, 

which leads to significantly increased Raman intensity.  

This technology allows rapid and sensitive detection of Raman-active molecules, and therefore, 

has drawn increasing interest in various research fields. Researches on SERS technique have 

been explored in various aspects, for instance, fundamental aspects regarding the 

enhancement mechanisms [36,201–205], single molecule detection [19,35,206,207], or the 

development of optimal SERS substrates [208–212]. 

 

3.3.1 Influence of hot spots on Raman enhancement factors  
In Chapter 2.3.3, the concept of plasmonic hot spots was introduced and the theoretical 

background of the enhancement of the induced dipole was explained. The influence of hot 

spots on Raman EFs 𝐺𝑆𝐸𝑅𝑆 was investigated qualitatively [23]. For instance, the dimer hot spot 

formed by two 50 nm sized Au nanoparticles with a gap 𝑑  was studied [85]. During the 

measurement, the laser is polarized along the main axis of the dimer, with probe molecules 

placed at the surface of one of the Au particles, along the main axis. Compared with the limited 



 

35 
 

EF of around 2 ∙  103 offered by a single Au nanoparticle, the EF of the Au nanoparticle dimer 

hot spot reached 5 ∙  105 with the gap 𝑑 = 10 𝑛𝑚, and increased to 3 ∙  109, when the gap was 

reduced to 2 nm. The Raman EF is reported to be in relation with the gap in hot spot [213–

215]: 

𝐺𝑆𝐸𝑅𝑆~
1

𝑑2                                    (Equation 3.3.1.1) 

When the gap 𝑑 reduced to less than 1 nm, the increase of the enhanced is limited, due to 

quantum mechanical properties [205,216].  

 

3.3.2 Choosing the excitation wavelength during SERS measurements 
To determine the appropriate light source for the SERS measurements, two factors must be 

taken into consideration. On the one hand, the SERS measurements should be conducted 

under experimental conditions that signal-to-noise ratio (SNR) is optimized [217]. This 

condition not only facilitates faster analysis but also helps to lower the limits of the detection. 

On the other hand, SERS spectra should be collected with excitation light source, which is 

within the optical window of the sample, especially for biomedical measurement. The light 

source should be able to propagate through the biological samples, such as skin, tissues and 

bones. Figure 3.1.4.1 shows the three optical windows of human skin, namely, first window 

between 650 and 950 nm (NIR-I), second window between 1000 and 1350 nm (NIR-II) and 

third window from 1500 to 1800 nm (NIR-III) [218]. In contrast to the other two windows, the 

first window between 650 and 950 nm exhibits a higher level of tissue auto-fluorescence, which 

contributes to the Raman signal as a broader background, and hence, leads to a reduction of 

the SNR.  
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Figure 3.3.2.1 Absorption spectrum of human skin presenting the first, second and third biological optical 
window. Adapted with permission from [218]. Copyright (2013), the Royal Society of Chemistry.  

 

Moreover, Raman spectra should be collected at the excitation wavelength at which a 

maximum SERS enhancement factor 𝐺𝑆𝐸𝑅𝑆 can be reached. Normally, the SERS intensity is 

linear with the laser intensity. Therefore, the laser intensity can be increased, as soon as the 

photochemical or thermal process do not damage the probe molecule or the substrate.  

The laser excitation also affects the Raman cross-section 𝜎𝑘 [23]: 

𝜎𝑘 ∝ 𝜈0̃(𝜈0̃ − 𝜈�̃�)3~𝜈0̃
4                         (Equation 3.3.2.1) 

with 𝜈0̃ referring to the excitation laser wavenumber, 𝜈�̃� the Raman shift of the mode 𝑘 and 

𝜈0̃ − 𝜈�̃� the absolution (Stokes) Raman wavenumber.  

This frequency dependence can be simplified as ~𝜈0̃
4, in the case of small Raman shifts. 

Equation 3.1.2.4 indicates an increase in the amount of the scattered Raman photos, when 

the excitation laser is changed from near-infrared light to visible light. For instance [23], 

 𝜎(𝜆𝐸𝑥𝑐 = 785 𝑛𝑚) = 0.18 ∙ 𝜎(𝜆𝐸𝑥𝑐 = 514 𝑛𝑚)          (Equation 3.3.2.2) 

Kleinman et al. investigated the corelation between the excitation laser wavelength and the 

Raman enhancement factor, based on the Raman signals from trans-1,2-bis(4-pyridyl)-

ethylene (BPE) placed closely to a single gold dimer and encapsulated in a protective silica 

shell [219]. Eight lasers with different wavelengths were studied as excitation source. It is worth 

noticing, that the scattering spectrum peak (red spectrum) is strongly blue-shifted compared 

to the enhancement factor spectrum peak (blue spectrum, corresponding to the local field). 

The experimental result agreed with the calculation in the same paper and the theoretical 

results by Le Ru et al [85]. This result indicates the maximum enhancement of a dimer 

consisting of two nanoparticles is red-shifted compared to the single nanoparticle, however, 
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the enhancement provided by a dimer is exponentially increased. This results also implies that 

the choice of excitation wavelength for SERS substrates with plasmonic hot spots, such as 

dimers, should consider the red-shift of the local field enhancement maximum [23].  

 

  

Figure 3.3.2.2 Diagram of scattering intensity (red) and enhancement factor (blue) measured on the 
single gold nanoparticle dimer encapsulated in a silica shell, with different excitation lasers. Adapted 
with permission from [219]. Copyright (2013), American Chemical Society.  

 

3.3.3 Fabrication of SERS substrates 
A prefect SERS substrate should possess the following features: high average enhancement, 

uniformity, reproducibility, large area, stability and ease of fabrication [210,220]. However, it is 

impossible to achieve all the qualities, a balance between the most desired qualities should be 

found. As a general rule, the high enhancement comes with the low uniformity / reproducibility 

[85,221].  

High SERS enhancement factor 𝐺𝑆𝐸𝑅𝑆 demands hot spot, where extremely small gaps (within 

few nanometers) are required. Such small gaps can be realized through nanoparticle assembly. 

However, the morphology is different to control. One may say, a controllable and reproducible 

morphology can be achieved by lithographic methods. However, the gaps by lithographic 

methods are limited to around 3 nm [222–224].   

Conceptually, SERS detection can be conducted in two different ways: direct (label-free) and 

indirect (label-aided). With direct detection, the probe molecule is identified through its own 

Raman spectrum. This method is suitable for molecules with large cross-section, for example, 

pesticides and food dyes [225–228].  Indirect methods involve the engineering of a SERS label 

(also called SERS-tag) and a more complex detection spectrum. The SERS label normally 

consists of an efficient Raman reporter molecule, which can selectively bind to the probe 

molecule. The probe molecule is identified through the spectrum of the Ramen reporter 

molecule.  
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Typical laboratory synthesis methods of SERS substrates for direct detection are catalogued 

and listed in Table 3.3.3.1. 

 

Table 3.3.3.1 Summary of the typical laboratory synthesis methods of SERS substrates for direct 
detection. Reproduced with permission from [23]. Copyright (2019), biosensors.  

Catalogue Synthesis method 

Aggregated nanoparticles in solution Wet chemistry (nanoparticle synthesis) 

Laser ablation (nanoparticle synthesis) 

Molecular linkers (aggregating method) 

Laser tweezers (aggregating method) 

Nanoparticle assembled on a surface Electrochemical roughening / deposition 

Deposition on functionalized surface 

Ink-jet printing 

Screen printing 

Pen on paper 

Electrospinning 

Laser direct writing 

Ordered array of nanoparticles Anodic alumina template 

Electron beam lithography 

Interference lithography 

Soft lithography 

 

Aggregated nanoparticles in solution 

This method is an efficient and easy method, which involves aggregation of nanoparticles in 

colloidal solution. The plasmonic nanoparticles can be synthesized via various methods 

(described in Chapter 3.2). The aggregation of nanoparticles can be facilitated by adding a salt 

to the solution, which increases the ionic strength of the solution and reduces the screening of 

the stabilizing charges at the nanoparticle surface, leading to aggregation. Meanwhile, probe 

molecules equipped with certain functional groups, are able to displace the stabilizing ligands 

at the nanoparticle surface, which promotes the aggregation as well. Certainly, the 

experimental procedure of the colloidal nanoparticle plays an important role. For instance, a 

longer mixing time during the aggregation step of the silver colloids resulted in a better 

reproducibility of the SERS data, due to the reduced formation of random silver nanoparticle 

aggregates [229]. Also, it was reported that through the addition of KCl, the silver colloid can 

be aggregated and form a metastable state without precipitation of large clusters [230].  
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To tune the nanoparticle aggregation in solution, methods like molecular linker or laser tweezer 

can be applied. Molecular linker facilitates the dimer formation with extremely small gap [231–

233]. While, laser tweezer method utilizes highly focused laser beam and the optical forces on 

the metal nanoparticles. When the excitation wavelength is longer than the surface plasmon 

resonance of the nanoparticle, the nanoparticle experiences two forces: a gradient attractive 

force towards the high intensity region of the laser beam and a radiation pressure force that 

moves the nanoparticle in the direction of the beam´s propagation [234,235].  

Nanoparticles assembled on a surface 

The approach nanoparticles assembled on a surface can be achieved via different methods, 

such as electrochemical techniques, nanoparticles adsorbed on solid / soft surface, laser direct 

writing and other methods.  Electrochemical techniques allow easy tunning of the experimental 

conditions, resulting the formation of a wide range of nanostructures with different sizes, 

shapes and morphologies. The two main approaches electrochemical roughening (ER) and 

electrochemical deposition (ED) can be both realized in a two- or three-electrode cell system. 

One of the most commonly used approach is the potentiosatic condition [236,237].  

The electrochemical approach normally consists of a working electrode and a reference 

electrode. Electrochemical roughening involves short pulses (~ 20 ms) at a positive potential 

to prompt the dissolution of small areas of metal, followed by a second pulse at a less positive 

potential, so that the metal re-deposits on the electrode. Meanwhile, electrochemical 

roughening requires a carefully prepared deposition bath containing the metal salt, organic or 

inorganic ligands for controlling the shape and dimension of the formed nanoparticles, and an 

electrolyte for buffering the ionic conductivity [23].  

The deposition of nanostructures is potential controlled, which can be realized in different ways, 

such as, cyclic voltammetry (CV) or double-step potential deposition (DSPD) [238]. To tune 

the shape and morphology of the formed nanostructure, the following experimental parameters 

can be adjusted: concentration of the metal salt precursor, working electrode, supporting 

electrolyte and solvent, the organic or inorganic ligands [239–243].    

Besides electrochemical approach, the nanoparticles can be deposited on functionalized 

surface. For instance, the gold and silver nanoparticles self-assemble on silanized glass 

surface. The interaction between the pending −𝑁𝐻2  groups and the nanoparticles helps 

preventing the nanoparticle coalescence, which would happen if the nanoparticles were simply 

drop-cast on the glass surface [244]. Nanoparticles can be deposited on a substrate surface 

through electrostatic force as well. For instance, the gold nanoparticles synthesized by the 

Turkevich method are stabilized with negatively-charged citrate, which can be electrostatically 
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adsorbed on positively-charged ceramic surface. The positively-charged ceramic surface can 

be achieved by adjusting the pH value of the reaction solution.  

Ordered arrays of nanoparticles  

The deposition of metal nanoparticles with controlled geometry can be realized through the 

template assisted electrochemical deposition (TAED), using inorganic ordered templates or 

polymeric template [245–247]. Ordered alumina membranes can be easily processed by 

anodization of an aluminum foil. Figure 3.3.3.1 illustrates the procedure to fabricate arrays of 

silver nanoparticles ordered by gaps on an anodic aluminum oxide (AAO) substrate [248]. The 

AAO nanochannel is accomplished by anodizing a finely polished aluminum foil (Figure 3.3.3.1 

(a and b)). Etching in 5 % phosphoric acid results in widening of the pore sizes (Figure 3.3.3.1 

(c)). The gap between the nanochannels can be tuned by carefully adjusting the etching 

process. Subsequently, silver nanoparticles are deposited into the nanochannels by 

electrodeposition and separated by the walls, as shown in Figure 3.3.3.1 (d). After the silver 

nanoparticle deposition, the walls between the nanoparticles are etched way, so that the silver 

nanoparticles can be exposed as much as possible. Figure 3.3.3.1 (f) shows the final geometry 

of the ordered array of silver nanoparticles on an AAO substrate, with 𝑆 representing the 

interparticle spacing, 𝐷 the particle diameter, 𝑊 the interparticle gap.  
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Figure 3.3.3.1 Schematic representation of the process for fabricating silver nanoparticle deposited 
anodic alumina substrates. Adapted with permission from [248]. Copyright (2006), Wiley. 

 

Another approach to achieve ordered array of nanoparticles is lithography, such as electron 

beam lithography, interference lithography, or soft lithography.  

Figure 3.3.3.2 shows the two different procedures of electron beam lithography: etching and 

lift-off [249]. Reactive ion etching (RIE) refers to the writing of a resist pattern (usually polymer) 

onto the substrate. During this method, the substrate is etched, the polymer is not. 

Subsequently, the polymer is removed, the metal evaporates. So that the whole surface is 

covered with metal. By lift-off method, the metal is deposited after the development stage, 

followed by the removal of the polymer.  

 



 

42 
 

 

Figure 3.3.3.2 Schematic representation of etching and lift-off by electron beam lithography on an 
oxidized silicon substrate. Adapted with permission from [249]. Copyright (1998), Elsevier. 

 

Interference lithography can be utilized to fabricate large area periodic patterns with a period 

of 𝜆/2. This approach involves dividing a coherent laser beam into two parts. The interference 

between the two waves generates a pattern of light intensity minima and maxima, resulting in 

a periodic variation of solubility [250,251]. 

Soft lithography involves the use of a patterned elastomer as a mold. This method is much 

cost-efficient and easy applicable, compared to electron beam lithography [252–254]. 

Meanwhile, soft lithography facilitates the fabrication of large area substrates up to 1 cm2 to 

serve as SERS substrates.  

The above-described methods are all suited to prepare substrates for direct SERS detection. 

While the direct SERS detection is straightforward, it may be difficult under certain 

circumstances. For example, some biomolecules have small cross-section and are often 

buried in complex media, which can lead to intensive Raman noises and interferences of the 

Raman signals. Indirect SERS detection via SERS-tags could be the solution. Figure 3.3.3.3 

depicts the general design and engineering of a biofunctionalized SERS-tag [255]. A typical 

SERS-tag consists of a metal nanoparticle core, adsorbed Raman reporter molecules (green 

stars in Figure 3.3.3.3) on the nanoparticle surface, targeting ligands (Biotin, NH2, N3 and 

COOH in Figure 3.3.3.3) and a shell encapsuling the metal nanoparticle and the adsorbed 

reporter molecules. The shell surface should be functionalized, in order to bond with probe 

molecule.  
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Figure 3.3.3.3 Schematic representation of a SERS-tag engineering. Adapted with permission from [255]. 
Copyright (2015), American Chemical Society. 

 

The choice of the metallic nanoparticle core of a SERS-tag depends on the intended 

application. For example, gold nanoparticles should be chosen over silver nanoparticles for 

biomedical applications, since gold is nontoxic, while silver can be toxic to mammalian cells. 

Ideal Raman reporter molecule should have large Raman cross-section, such as malachite 

green, Rhodamine 6G, pyridine, crystal violet. Utilizing a dye molecule with an overlapping 

absorption spectrum with the excitation laser can trigger surface-enhanced resonance Raman 

scattering (SERRS), through which the Raman intensity can be further enhanced 10-100 fold 

[256].   

Ligands refer to the functional groups that bind to a central metal atom to form a coordination 

complex. Different from the colloidal-stabilized metal nanoparticles, ligand-stabilized metal 

nanoparticles can aggregate or precipitate in biological fluids, due to the high ionic strength 

and presence of absorbing biomolecules. The selective adsorption of the probe molecules on 

the shell surface is facilitated through the corresponding ligand. The shell prevents the metal 

nanoparticles from aggregating. Most commonly used shell materials for SERS-tags are 

polyethylene glycol (PEG) and silica 
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3.3.4 Interpretation of SERS shifts using density functional theory 
Density functional theory (DFT) is a computational method to investigate the electronic 

structure of multiple-body system, that has applications in various research fields, such as 

condensed matter physics, material science and chemistry. This theory is based on the 

concept of electron density instead of the wave function, which makes it computationally more 

efficient than other methods such as Hartree-Fock theory [257,258].  

The SERS method has been established for a few decades. However, the assignment of the 

Raman signals to vibrational modes has always been unsatisfactory. The interpretation of DFT 

to vibrational modes assignment offers a new perspective. The SERS intensities of pyridine 

(Py) on transition metals (M) were investigated using the so-called 6-311+G**/LanL2DZ 

density functional method combined with B3LYP nonlocal exchange-correlation functionals 

[259], where the DFT B3LYP method is suitable for Py-M systems (Py-M, Py-M2 and Py-M5, 

with M=Fe, Co, Ni, Cu, Zn, Pd, Ag, Pt and Au), 6-311+G** basis set for C, N and H atoms and 

LanL2DZ basis functions for description of metal valence electrons [260,261]. The feasibility 

of the applied functionals was verified for free Py and adsorbed Py on noble metals [262–264]. 

Figure 3.3.4.1 shows the modeled Py-M complexes with labeled atoms.  

 

 

Figure 3.3.4.1 Modeling complexes with labeled atoms: (a) Py-M; (b) Py-M2; (c) Py-M5. Adapted with 
permission from [259]. Copyright (2006), Wiley. 

 

The Raman intensities of these Py-M complexes can be determined after optimization of the 

geometries and electronic structures. The calculated C-C bond length had an error range within 

0.004 Å of the experimental data. For C-H bond, the error between experimental and 

theoretical bond length is less than 0.002 Å. For all Py-M complexes, C-N bond are longer, 
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while two parallel C-C bond are shorter, due to the binding interaction. Comparing to free Py, 

with a C-C bond of 1.398 Å, Py-Fe5, Py-Co5, Py-Ni5 have C-C bonds of 1.389 Å, Py-Pd5 has a 

C-C bond of 1.391 Å, and Py-Pt5 has C-C bond of 1.386 Å, due to the binding interaction 

changing the population of 2b1 𝜋-type orbital of the Py ring (Figure 3.3.4.2) [259].  

The vibrational coupling between the internal modes of Py and the N-M stretching, results in a 

blue shift of the vibrational frequencies. This shift is dependent on the nature of the vibrational 

mode and the strength of the Py-M adsorption bond. For instance, in the case of free pyridine, 

the ring breathing mode 𝜐1 and symmetric ring deformation 𝜐12 are located at 991 and 1027 

cm-1, respectively [265]. The vibrational frequencies show a blue shift after pyridine binds to 

metals.  

Figure 3.3.4.2 illustrates the bonding orbitals of Py-M5 (M=Ag, Au, Fe and Pt). Different from 

Ag and Au, the d orbital plays an important role when pyridine adsorbs on transition metals. 

Py-Ag5 bonding is weakly formed, due to the interaction between the weak 5s-4dz2 hybridized 

orbital and the Ione-pair orbital. Since there is a relatively big gap between 5s and 4dz2 orbital, 

the hybridization is weakly formed. The Py-Au5 bond should be stronger, due to the smaller 

gap between the 6s and 5d orbitals. In the case of Py-Fe5, a bonding interaction can take place 

in the unoccupied 3d1 𝜋-type orbital. While, the Py-Pt5 bond is extremely strong, because of 

the low energy level and symmetry matching between the Ione-pair and the Py ring. The 

accordingly changed electron cloud affects the C-N and C-C bond length significantly. 

 

 

Figure 3.3.4.2 Schematic presentation of bonding orbitals 𝜋-type 3b1 orbital (upper), 𝜋-type 3b2 orbital 
(middle) and Ione-pair barbital (bottom) in (a) Py-Ag5; (b) Py-Au5, (c) Py-Fe5 and (d) Py-Pt5. Adapted 
with permission from [259]. Copyright (2006), Wiley. 
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3.4 UV-vis spectroscopy  
UV-vis spectroscopy is an analytical technique, which measures the UV-Vis light absorbed by 

or transmitted through a sample. Ultraviolet and visible light hit the surface of a matter and 

interact with the surface in different ways. Energy of light is proportional to its wavelength.  

When light of a certain wavelength interacts with a matter, the matter absorbs part of the 

incident radiation of the light, electrons get excited from the initial state (ground state) to a 

higher energy level (excited state), which is detected as absorption. Electrons in different 

substances require different amounts of energy to get excited to higher energy level. Therefore, 

absorption of light radiation occurs in different substances at different wavelengths [266]. 

Beer-Lambert Law describes the intensity of an absorption in diluted homogenous medium 

[266,267]: 

𝐴 = 𝜀𝑎𝑏𝑏𝐶 = 𝑙𝑜𝑔10 (
𝐼0

 𝐼𝑡𝑟𝑎𝑛𝑠
) = 𝑙𝑜𝑔10(

1

𝑇
)                     (Equation 3.4.1) 

where 𝜀𝑎𝑏  refers to the molar absorption coefficient, 𝑏  the thickness of the sample, 𝐶 

concentration of the sample, 𝐼0 the intensity of the incident light, 𝐼𝑡𝑟𝑎𝑛𝑠 the transmitted intensity 

and 𝑇 transmittance. The Beer-Lambert law is commonly applied to obtain the concentration 

of a substance. 

A UV-Vis spectrophotometer consists light source, wavelength selector, detector and computer 

for signal processing. A single xenon lamp is commonly used to emit high intensity light of a 

broad range of wavelengths. The wavelength selector selects light of certain wavelengths for 

analyse of the sample. Monochromator is one of the most commonly used wavelength 

selectors because of its versatility. Light of a certain wavelength passes through the sample 

and is collected by the detector. The detector converts the light signal into a computer-readable 

electronic signal.  

 

3.5 Integrating sphere  
Integrating sphere is a standard optical component used in optical and photometric 

measurements to determine the total amount of light emitted by a source or reflected from a 

surface. An integrating sphere contains a hollow spherical cavity with interior surface coated 

with a diffuse white reflective substrate. An integrating sphere consists of a light source, sample 

holder, integrating sphere, a baffle and a detector, and is usually combined with a UV-vis-IR 

spectrometer (Figure 3.5.1).  

To examinate the reflectance of a sample using an integrating sphere, the sample is placed at 

the sample port opposite the entrance port (as shown in Figure 3.5.1). The incident light ray 
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enters the integrating sphere through the entrance port, gets reflected multiple times by the 

highly reflective interior of the sphere and dispersed uniformly inside the sphere. Some of the 

light is absorbed by the sample and some is reflected back to the detector [268,269]. The 

measurement results of reflectance and transmittance using the integrating sphere are often 

presented spectrally, as a function of wavelength.  

To measure the transmittance, the sample should be placed at the entrance port, while a 

reflectance standard should be placed at the sample port. After the reflectance and 

transmittance of the sample is obtained, the absorbance can be calculated using Equation 

2.1.2.1. 

 

Figure 3.5.1 Schematic representation of an integrating sphere measuring the reflectance of a sample. 

 

3.6 Electron microscopy  
Electron microscopy refers to a technology to obtain high resolution images of specimens using 

a beam of accelerated electrons as light source. Nowadays, there have been invented different 

types of electron microscopes: transmission electron microscope (TEM), scanning electron 

microscope (SEM), reflection electron microscope (REM) and scanning tunneling microscope 

(STM).  

Compared to most commonly used light microscopy, electron microscopy shows advantages 

at high image resolution. Most light microscopes have limits to 0.1 µm [270]. For light 

microscopes, the resolution limit is related to the visible light wavelength 𝜆. Incident light by 

electron microscopy has shorter wavelength, and hence, can interact more strongly with the 

sample, which results in images with higher resolution [271–274].  

Transmission electron microscopy has been an important method since it was first invented in 

1931. A typical TEM instrument contains the following key components: electron source for 

generation of high-energy electron beam, electron lenses to focus the electron beam onto the 
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sample (including condenser lenses, objective lenses and projector lenses), sample holder, 

vacuum system, detector and computer. The TEM working principle can be described as 

follows: an electron beam is generated from an electron gun, functioning as light source. The 

emitted electrons interact with the sample, resulting in scattered, absorbed or transmitted 

electrons. By analyzing the transmitted electrons, a high-resolution image of the sample can 

be acquired [271,272]. 

Similar to TEM, a SEM instrument normally consists of an electron gun for high energy electron 

generation, a column as the electron travel path between electromagnetic lenses, a deflection 

system, a sample chamber and a computer system with a screen to present the scanned 

images. SEM involves the scanning of an electron beam on the sample surface and detecting 

the backscattered and secondary electrons. Backscattered electrons (BSE) refer to the 

electrons after elastic interactions between the incident ray and the sample, which originate 

from deeper regions of the sample. Secondary electrons originate from the sample surface. 

Therefore, SEM based on secondary electrons provides more detailed information on the 

sample topography. BSE SEM images offer high sensitivity according to atomic number. The 

higher the atomic number, the brighter the material shows in the images.  

Furthermore, SEM can be used to obtain information about the elemental composition of the 

sample through energy-dispersive X-ray spectroscopy [273,275,276].   

 

3.7 X-ray micro computed tomography 
X-ray micro computed tomography (µ-CT) is a non-destructive 3D imaging technique using X-

rays to visualize the interior of an object, slice by slice. µ-CT enables the preservation of the 

specimen for correlative analysis and offers a digital data format, which facilitates quantitative 

3D architectural analysis. The basic design of µ-CT scanners comprises four components: an 

X-ray source, the specimen under examination, an imaging array that coverts X-rays into 

electronic signals, and either a rotating specimen stage or a rotating scanner unit [277]. Figure 

3.7.1 illustrates an overview of the operating principle of µ-CT using a commercial dice as 

specimen, along with the corresponding characteristic length scales of the current CT methods 

[278].  
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Figure 3.7.1. Schematic representation of µ-CT analysis of a commercial dice. Adapted with permission 
from [278]. Copyright (2020), Elsevier.  

 

There are three approaches to achieve a higher µ-CT resolution, namely cone beam method, 

optical magnification method and Bragg diffraction method. By the cone beam method, a 

magnified X-ray image is projected onto a large-area X-ray imaging system. By optical 

magnification method, a non-magnified X-ray image is magnified by subsequent optical either 

by a lens or by a tapered fiber-optic coupling. While, by the Bragg diffraction method, a Bragg 

interferometer is used, which can magnify the images by virtue of photon wavelength-specific 

diffraction of photons [277]. 

CT imaging was conventionally utilized for medical purposes. As this technique became more 

widespread and refined, new applications emerged, such as food chemistry, dentistry, 

geoscience, life science, petroleum geology and scaffolds. µ-CT primarily provides information 

on the different in X-ray attenuation, which results in an absorption map (2D or 3D) that can 

be further enhanced through postprocessing. The 3D inner structure of the specimen, including 

the presence of pores, cracks can be investigated. This way, this technique can be seen as a 

qualitative diagnostic tool, through which the parameters, such as porosity, pore size 

distribution, pore connectivity can be determined [279].   
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4. Concept of plasmonic porous ceramics 
Chapter 4 has been adapted with permission from Elsevier and is published in the Journal 

Open Ceramics, 2022, DOI: 10.1016/j.oceram.2022.100228 

 

Besides the advantages of high mechanical strength, electrical resistance and minimal 

susceptibility to acids or caustics, a special feature of most ceramics is that they strongly 

scatter light, the reason being the high refractive index of oxidic ceramics (𝑛𝑎,𝑎𝑙𝑢𝑚𝑖𝑛𝑎~1.67, 

𝑛𝑎,𝑧𝑖𝑟𝑐𝑜𝑛𝑖𝑎~2.2) and the presence of grain boundaries at which the light is scattered [56,280]. 

Moreover, the effective refractive index 𝑛𝑒𝑓𝑓  of a porous ceramic can be manipulated by 

varying the structure and porosity of the ceramic material [28,30,31]. This leads to shifted 

scattering coefficients, phenomena like forward scattering through the ceramic matrix [57], 

strong diffuse and subsurface scattering from rough ceramic surfaces [58,59] and disordered 

and enhanced scattering of porous ceramics [60]. Such features can potentially superimpose 

the optical properties of plasmonic materials which could lead to unexpected results, especially 

in the form of a 3D macro-porous ceramic substrate with an open-cell foam structure. 

Therefore, the concept of plasmonic porous ceramics is introduced in this chapter. We define 

plasmonic porous ceramics as materials based on a 3D porous ceramic matrix functionalized 

with plasmonic Ag nanoparticles. Herein, porous ceramic substrates based on zirconia-

toughened alumina with different pore diameters were processed by replicating polyurethane 

foams [281] and characterized using SEM and µCT. Considering the distance dependency of 

the Raman enhancement effect, the plasmonic particles were introduced on the strut surface 

of the porous ceramic structure after the sintering process. Silver nanoparticles with diameters 

of 30 nm were deposited on the porous ceramic surface through chemical reduction of a silver 

nitrate solution. The synthesized silver nanoparticles were characterized with SEM and UV/vis 

spectroscopy. The plasmonic properties of the materials were evaluated by performing SERS 

with pyridine as Raman-active probe molecule. Next to analyzing porous ceramics with 

different pore diameters, the effect of strut diameter and curvature as well as of the surrounding 

porous matrix were analyzed independently, as well.  

 

4.1 Materials 
ZTA powder consists of 80 % alumina powder (Taimicron TM-DAR, KRAHN Chemie 

Deutschland GmbH, Germany) and 20 % yttria stabilized zirconia powder (TZ-3Y-E, Tosoh, 

Japan). Dispersant Dolapix CE64 was obtained from Zschimmer and Schwarz GmbH, 

Germany. Polyurethane foam was purchased from Modulor GmbH, Germany. Poly(vinyl 

alcohol) (PVA, Mw 31,000-50,000, 98-99% hydrolyzed, product no. 363138), trisodium citrate 

https://doi.org/10.1016/j.oceram.2022.100228
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dihydrate (TSC, ACS reagent, ≥99.0%, product no. S4641), silver nitrate (99.9999% trace 

metals basis, product no. 204390), stearic acid (product no. 175366) and pyridine (analytical 

standard, product no. 02486) were acquired from Sigma Aldrich, Germany. Beeswax (white, 

product no. 5825) was obtained from Carl Roth, Germany.  

Deionized water (DI water, resistivity > 18 MΩ cm, SynergyUltra Water System Millipore Corp., 

USA), decane (product no. D901, Honeywell, Germany) and 𝑛-hexane (product no. 24577, 

VWR Chemicals, Germany) were used for preparation of the slurries and solutions. 

 

4.2 Methods 

4.2.1 Fabrication of porous ZTA ceramics 
The ZTA porous ceramics were prepared by the replica method with the recoating technique 

[281]. 20, 30 and 60 pore per inch (ppi) polyurethane foams were used as template. For the 

preparation of 100 g ZTA ceramic slurry, 80 g ZTA ceramic powder was dispersed in 18 g DI 

water with 0.8 g dispersant Dolapix CE64 and mixed with an overhead stirrer (IKA RW20 digital, 

IKA-Werke GmbH & Co. KG, Germany) at 1500 rpm for 15 min. Subsequently, 1.2 g PVA was 

added to the mixture and it was stirred for another 30 min. The mixture was degassed after 

stirring. PU foams were cut into small blocks (15 x 15 x 5 mm) and fully impregnated with the 

prepared ceramic slurry. Excess slurry in the PU foams was squeezed out manually. Blocked 

pores were carefully blown with compressed air. The thinly coated PU foams were dried for 24 

h.  

After the drying, the green bodies were coated with a less-concentrated ZTA slurry with 60wt % 

solid load. 100 g of the ZTA slurry for the recoating consists 60 g of ZTA powder, 0.6 g 

dispersant and 38.5 g DI water. After 15 min of vigorous mixing, 0.9 g PVA was added to the 

slurry. The slurry was mixed for another 30 min and degassed as during the first coating 

process. Subsequently, the green bodies were immersed in the recoating slurry and soaked 

for a few seconds. The blocked pores were cleared carefully with compressed air. The PU 

foams were dried for 24 h after the recoating. The green bodies were placed in a furnace (HT 

04/17, Nabertherm GmbH, Germany) to burn out the PU templates with a heating rate of 

1 ℃/min with dwelling times of 2 h at 110 ℃, 3 h at 250 ℃ and 3 h at 600. The remaining 

porous structures were sintered at 1650 ℃ for 3 h with a heating rate of 3 ℃/min and cooled 

to room temperature with a cooling rate of 3 ℃/min. 
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Figure 4.2.1.1 Flowchart of the processing procedures for preparing ZTA porous ceramics. Adapted with 
permission from [1]. Copyright (2022), Elsevier. 

 

4.2.2 Fabrication of dense ZTA ceramic pellets 
The dense ZTA pellets were fabricated with the uniaxial pressing method [282]. One pellet (Ø 

2.0 cm) was pressed with 1.7 g ZTA ceramic powder at 10kN with a press (PW 40, Nr. W13972- 

495, Hawe GmbH, Germany). The ZTA pellets were sintered at 1650℃ for 3 h with a heating 

and cooling rate of 3 ℃/min. 

 

4.2.3 Fabrication of ZTA ceramic thin rods 
The ZTA ceramic thin rods were prepared by the extrusion method following the procedure 

described by Kroll et al [282]. In short, 0.29 g stearic acid was dissolved in 4.4 g decane at 

80 ℃ and stirred with a magnetic stirrer. 4.4 g bees wax was added and stirred to dissolve. 

Subsequently, 3.08 g hexane and 25 g ceramic powder were added to the mixture. The 

ceramic slurry was ultra-sonicated for 10 min and stirred with an overhead stirrer (IKA RW20 

digital, IKA-Werke GmbH & Co. KG, Germany) at high speed until it reached a sufficiently low 

viscosity. The ceramic slurry was filled into a temperature controlled double wall vessel of a 

custom-designed extruder (Advanced Ceramics, University of Bremen, Germany), closed with 

an adequate press ram and tempered to 35℃. The extruder was equipped with extrusion dies 

of sizes from 0.10 mm to 3.6 mm to obtain the desired green thin rods. The ceramic paste was 

pressed at around 2 kN through the extrusion dies of various diameters and cut into 2 cm long 
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thin rods. The green bodies were sintered at 1650 ℃ for 3 hours with a heating and cooling 

rate of 3 ℃/min. 

 

4.2.4 Deposition of Ag nanoparticles onto the ceramic surface 
Figure 4.2.4.1 shows the deposition procedure of the plasmonic silver particles onto the 

ceramic surface. The reaction solution was obtained by dissolving 1.471 mg/3.676 mg/ 7.353 

mg/14.705 mg/29.14 mg/147.05 mg trisodium citrate dihydrate in 45 mL DI water (resulting in 

molar ratios of Ag ion to TSC of 1:0.1/1:0.25/1:0.5/1:1/1:2/1:10). In a 100 ml 3-neck round flask, 

a porous ceramic sample was hung by a thin thread and immersed in 45 ml TSC reaction 

solution. The TSC solution was stirred with a magnetic stirrer and heated to 50 ℃. The ceramic 

sample was impregnated in the TSC solution and incubated at 50 ℃ for 50 minutes at neutral 

pH (Figure 4.2.4.1 (a)), so that the negatively-charged citrate could adsorb onto the 

positivelycharged ZTA ceramic surface through electrostatic force. Subsequently, the 

temperature was raised to 100 ℃. 5 ml of 10 mM silver nitrate solution was added to the 

reaction solution drop by drop (Figure 4.2.4.1 (b)). After a few minutes, the colorless reaction 

solution turned yellow. The ceramic sample was taken out of the reaction solution, rinsed with 

DI water, dried and stored in an evacuated desiccator. 

 

 

Figure 4.2.4.1 Schematic representation of deposition of the Ag particles onto the ceramic surface, 
followed by SERS measurements using the synthesized sample as substrate. Adapted with permission 
from [1]. Copyright (2022), Elsevier. 

 

The deposition of Ag NPs on samples with different porosity, dense samples as well as thin 
rod samples were processed in the same way. 
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4.2.5 Determination of pore size and strut thickness 
The porous ceramics were examined using X-ray micro-computed tomography (µ-CT). 

Samples were cut into sizes of 5 x 10 x 3 mm, glued on a clean sample holder and analyzed 

with a Xradia 520 Versa device (ZEISS, Germany). The 3D volumetric images were generated 

by the attenuation of X-rays passing through the specimen. Scanning voltage and X-ray 

radiation strength parameters are specified in Table 4.2.5.1.  

Thereafter, a reconstruction algorithm based on the work of Katsevich et al [283] was applied 

to process the data. In the reconstructed image volume, 16-bit grayscale value was used for 

every voxel to denote a corresponding x-ray attenuation coefficient. Attenuation is directly 

related to the density and hence x-ray absorbance of the sample. Image processing software 

3D slicer [284] and Fiji [285] were used for the calculation of pore morphological properties 

including pore size. 

 
Table 4.2.5.1. X-ray µ-CT scanning parameters and specifications. Adapted with permission from [1]. 
Copyright (2022), Elsevier. 

Scanning parameters Specification 

Radiographic field of vision [mm] 28×35 

Number of display voxels 1050 X 1011 

Detector pixel size [μm] 140 

Acquisition time [min] 45 

Exposure time [s] 0.7 

Energy of X-ray 70 kV (6000 mA) 

Number of projections per 
revolution 

2400 

Total number of projections 1024 

The angular step [°] 0.15 

Recorded data type 16-bit integer 

 

For digital reconstruction of the µ-CT images, a binary image was generated using the Otsu 

multilevel filter to differentiate voids and matrix in the region of interest. The resulting binary 

pore images underwent a morphological filter to eliminate salt and pepper noise. The resolution 

was limited at 8 µm, therefore, only pores with a size larger than 8 µm were considered. The 

interconnected pores were separated by a distance transform filter, followed by the application 

of the 3D watershed algorithm. Since the ceramics in this work were dense sintered, the micro-

porosity of the ceramic struts was not taken into consideration. The macro-porosity of the 

ceramic structure can be calculated as: 

𝑃 =
𝑉𝑝𝑜𝑟𝑒

𝑉𝑡𝑜𝑡𝑎𝑙
                                      (Equation 4.2.5.1) 

𝑉𝑡𝑜𝑡𝑎𝑙 = 𝑉𝑠𝑜𝑙𝑖𝑑 + 𝑉𝑝𝑜𝑟𝑒                          (Equation 4.2.5.2) 
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where 𝑉𝑠𝑜𝑙𝑖𝑑 is the volume of the solid part and 𝑉𝑝𝑜𝑟𝑒 the volume of the pores. 

The images of the porous structure struts were obtained by light microscope (Keyence digital 

microscope VHX-600, Keyence Deutschland GmbH, Germany) with magnification of 300-500. 

The acquired images were analyzed with ImageJ. For each sample, ten data points were 

collected for calculation of the average strut thickness. 

 

4.2.6 Scanning electron microscopy (SEM) and nanoparticle coverage 

determination  
The silver-NP-functionalized ceramic samples were cut into small fragments (porous sample: 

≤ 2 mm, dense sample: ≤ 5 mm) and glued on a clean sample holder. The samples were 

analyzed with scanning electron microscopy (SEM, Supra 40, Carl Zeiss, Germany), at high 

voltage 1.00 kV with a working distance between 1.9-3.1 mm, magnification of 2k-5k. The 

samples for BSE measurements were vapor-coated with a carbon coater (Cressington 108 

auto, Cressington Scientific Instruments Ltd, UK). For each experimental condition, three 

samples were analyzed and five SEM images were taken at different spots on each sample. 

Based on these images, the size and coverage area of the silver particles were determined 

with the software ImageJ. 

 

4.2.7 Raman scattering of the plasmonic ceramics 
SERS measurements were carried out using diluted pyridine as probe molecule. One droplet 

of 0.01 M pyridine in DI water was dropped on the plasmonic ceramic sample and collection 

of Raman spectra was immediately started. For each sample, ten measurements were 

conducted at different spots of the sample from various directions. Raman spectra were 

acquired using a 532 nm laser (Laser Quantum Ventus 532 with max power 50 mW) using a 

fully automated Raman confocal microscope (ARAMIS, Horiba Europe GmbH, Germany) 

followed by data processing with software Labspec 5.58.25. During the Raman measurement, 

a x10 objective (numerical aperture of 0.25) was used, providing a focal area diameter of 2.6 

µm (Figure 4.2.4.1 (c)). The acquisition time was set to 10 s and 10 of such spectra were 

accumulated in one measurement. 

The Raman spectrum of a pure pyridine sample was taken for the calculation of the Raman 

enhancement factor 𝐺𝑆𝐸𝑅𝑆 using the following expression [286–288]: 

𝐺𝑆𝐸𝑅𝑆 =
𝑃𝑆𝐸𝑅𝑆/𝑁𝑆𝐸𝑅𝑆

𝑃𝑁𝑜𝑟𝑚𝑎𝑙/𝑁𝑁𝑜𝑟𝑚𝑎𝑙
=

𝑃𝑆𝐸𝑅𝑆/𝑐𝑆𝐸𝑅𝑆𝑣𝑁𝐴

𝑃𝑁𝑜𝑟𝑚𝑎𝑙/𝑐𝑁𝑜𝑟𝑚𝑎𝑙𝑣𝑁𝐴
=

𝑃𝑆𝐸𝑅𝑆𝑐𝑁𝑜𝑟𝑚𝑎𝑙

𝑃𝑁𝑜𝑟𝑚𝑎𝑙𝑐𝑆𝐸𝑅𝑆
      (Equation 4.2.7.1) 
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where 𝑃𝑆𝐸𝑅𝑆 is the SERS intensity and 𝑃𝑁𝑜𝑟𝑚𝑎𝑙 is the Raman intensity. In this work 𝑃𝑆𝐸𝑅𝑆 refers 

to the integrated SERS intensity of the diluted pyridine sample on plasmonic ceramic substrate, 

while, 𝑃𝑁𝑜𝑟𝑚𝑎𝑙 presents the integrated Raman intensity of the pure pyridine sample.  
 

4.3 Results and discussion 

4.3.1 Preparation of porous ceramics 
Porous ceramics with three different pore sizes (20, 30 and 60 ppi) were processed using the 

replica technique with the recoating method (Figure 4.2.4.1). The replica technique uses a 

porous template, which is impregnated with ceramic suspension. After drying, the ceramic 

green body is recoated with a thinner ceramic slurry with less solid load, which leads to an 

increase in compressive strength of the final ceramic. After a final drying period, the template 

is burned out, leaving the porous ceramic as the product [162,289,290]. The fabricated ZTA 

porous ceramics are white, mechanically robust blocks with a size of 15 x 15 x 5 mm.  

To evaluate the porous structure, the porous ceramics were examined using µ-CT with a voxel 

resolution of 8 µm and the obtained data was digitally reconstructed for further analysis. Fig. 

4.3.1 shows the 3D visualization of the porous ceramics. The average pore sizes of the 20, 30 

and 60 ppi porous ceramics were 0.55 mm, 0.51 mm and 0.24 mm, respectively, as obtained 

by µ-CT reconstruction. The average strut thicknesses of the 20, 30 and 60 ppi porous 

ceramics were acquired by light microscopy, with values of 0.174 mm, 0.132 mm and 0.046 

mm, respectively (Table 4.3.4.1). 

 

 

Figure 4.3.1 µ-CT 3D reconstruction (voxel resolution: 8 µm) of the fabricated ZTA porous substrates, 
20 ppi, 30 ppi and 60 ppi from left to right respectively. Adapted with permission from [1]. Copyright 
(2022), Elsevier. 
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4.3.2 Ag nanoparticle coverage on ceramic surface 
The deposition of Ag NPs was realized by chemical reduction of silver ions to nucleate Ag NPs 

on the surface of the ceramic structures via heterogeneous nucleation [291–293]. In order to 

achieve a uniform silver particle size, trisodium citrate (TSC) was applied as reductant. To 

ensure the prevalence of heterogeneous nucleation on the material surface over homogenous 

nucleation in the solution and maintenance the balance between nucleation and grain growth, 

the concentrations the reactants were carefully chosen [294–299]. Accordingly, the density of 

the deposited Ag NPs (Ag NP coverage) on the ceramic surface changed in respect to the 

investigated molar ratio of Ag ions to TSC of 1:0.1, 1:0.25, 1:0.5, 1:1, 1:2 and 1:10. To enhance 

the material contrast in the images, Figure 4.3.2 (a and g) were obtained using the 

backscattered electron (BSE) detector of the SEM. Figure 4.3.2 (a) shows the non-

functionalized ZTA ceramic surface, where the dark large grains are the alumina grains and 

the smaller bright grains can be assigned to the zirconia grains, which strengthen the ceramic 

structure. Figure 4.3.2 (g) shows the BSE image of the functionalized ZTA ceramic surface 

deposited with Ag NPs at molar ratio of Ag+ to TSC 1:2. The observed tiny bright nanoparticles 

are the deposited silver nanoparticles. 
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Figure 4.3.2 SEM-BSE images of 20 ppi porous ZTA ceramic surface before Ag nanoparticle deposition 
(a) and after Ag nanoparticle deposition at molar ratio 1:2 (g), SEM images of 20 ppi ZTA ceramic 
surface after Ag nanoparticle deposition at molar ratio 1:0.1 with a coverage of 1.7 % (b), at ratio 1:0.25 
with a coverage of 2.7 % (c), at ratio 1:0.5 with a coverage of 3.2 % (d), at ratio 1:1 with a coverage of 
4.9 % (e), at ratio 1:2 with a coverage of 12.2 % (f) and at ratio 1:10 with a coverage of 4.3 % (h). 
Adapted with permission from [1]. Copyright (2022), Elsevier. 

 

Figure 4.3.2 (b, c, d, e, f and h) show representative SEM images (obtained with the regular 

secondary electron detector) of the Ag particle deposition on the 20 ppi ZTA porous ceramics 



 

59 
 

as a function of the amount of reductant. The particle coverage for each Ag/TSC ratio was 

determined from at least ten SEM images of each sample using the software ImageJ. The 

investigated Ag nanoparticle coverages are presented in Table 4.3.2.1. 

 

Table 4.3.2.1 Ag nanoparticle coverage on ceramic surface under different molar ratios of Ag ion to TSC. 
Adapted with permission from [1]. Copyright (2022), Elsevier. 

Molar ratio of Ag ion to TSC 1:0.1 1:0.25 1:0.5 1:1 1:2 1:10 

Ag nanoparticle coverage on 

20 ppi porous ceramic (%) 

1.7 ± 0.7 2.7 ± 0.9 3.2 ± 0.9 4.9 ± 0.8 12.2 ± 5.7 4.3 ± 2.1 

Ag nanoparticle coverage on 

dense ceramic pellet (%) 

2.9 ± 1.0 3.2 ± 1.4 4.3 ± 3.0 4.4 ± 1.2 10.3 ± 2.2 6.3 ± 4.8 

  

The Ag particle coverage increased from 1.7 ± 0.7 % to 12.2 ± 5.7 %, when the molar ratio of 

Ag ion to TSC increased from 1:0.1 to 1:2. However, the Ag NP coverage decreased again at 

the molar ratio of 1:10. Most likely the balance between heterogenous nucleation and 

homogenous nucleation in this case shifted towards favoring homogenous nucleation, 

resulting in the formation of a large number of particles in solution with low tendency to adsorb 

on the surface because of the colloidal stabilization effect of the TSC.  

The Ag NP coverage on flat and dense ceramic substrates was comparable (4.4 ±  1.2 % at 

the molar ratio of 1:1) and indicated a similar trend as on the 20 ppi porous ceramic substrates, 

which is at first increasing until a ratio of 1:2, followed by decreasing density. 

 

4.3.3 Characterization of plasmonic properties as a function of particle coverage 
The Raman spectra of bare porous ZTA substrate before nanoparticle functionalized (a) and 

after nanoparticle functionalized (b) were shown in Figure 4.3.3.1. Porous ZTA substrate 

before and after nanoparticle functionalization shows a similar Raman spectrum, with two 

pronounced Raman shift at 1370 and 1400 cm-1, which can be assigned to alpha-alumina. This 

indicated that the metal nanoparticle deposition alone does not have influence on the 

background spectrum. 
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Figure 4.3.3.1 Raman spectra of bare porous ZTA substrate before nanoparticle functionalization (a) 
and after Ag nanoparticle functionalization (b). Adapted with permission from [1]. Copyright (2022), 
Elsevier. 

 

Raman spectra of diluted pyridine adsorbed on the non-functionalized porous ceramics and 

on the Ag NP-functionalized plasmonic porous ceramics are shown in Figure 4.3.3.2 (a). Figure 

4.3.3.2 (b and c) show Raman spectra of diluted pyridine measured using the 20 ppi porous 

ceramic with various molar ratios of Ag ions to TSC from 1:0.1 to 1:10. For comparison, the 

same measurements were performed with dense and flat ceramic pellets. SERS enhancement 

factors were calculated from the characteristic peak at 1008 cm-1 and are summarized in Figure 

4.3.3.2 (d). The calculation of the EFs followed Equation 4.2.7.1. The Raman intensity of pure 

pyridine was used as reference from which the EF was calculated based on the known 

concentration of the diluted pyridine solution that was used on the SERS substrates. Following 

the trend of the Ag NP coverage, the Raman signals of both porous and dense substrates first 

increased and then decreased with increasing amount of TSC (Figure 4.3.3.2 (b and c)). The 

Raman signal was the strongest at the molar ratio of 1:2. As shown on Figure 4.3.3.2 (d), the 

porous substrates had significantly higher Raman enhancement factors than the dense 

substrates. In the case of deposition at the molar ratio of 1:1, the EF of the 20 ppi porous 

sample reached (2.1 ± 0.5) ∙ 104 , while the EF of the dense sample was (6.6 ± 3.3) ∙ 103 . 

Moreover, the standard deviation of the EF values of the porous sample was lower (Figure 

4.3.3.2 (d), and Table 4.3.4.1), which indicated that the enhancement effect of the porous 

samples was more evenly distributed over the sample surface than on the dense sample. EF 

values for the dense samples deposited at the ratios of 1:0.1 and 1:0.25 showed no significant 

Raman peaks for pyridine (Figure 4.3.3.2 (d)). 
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Figure 4.3.3.2 (a) Raman spectra of pyridine adsorbed on non-functionalized ZTA porous ceramic and 
Ag nanoparticle functionalized-sample; Raman spectra of pyridine using 20 ppi porous (b) and dense 
(c) ceramic as SERS substrate with Ag nanoparticles deposited at different molar ratios of Ag ions to 
TSC; (d) Raman enhancement factor as a function of the molar ratio of Ag ions to TSC. Adapted with 
permission from [1]. Copyright (2022), Elsevier. 

 

In comparison to optimized flat substrates with more regularly spaced particles as reported in 

the literature, the observed EF in the order of 104 is in the lower range compared to literature 

values in the range of 104~108 [11,300,301]. For example, AAO-based SERS substrates were 

reported with EF from 104 to 107 [302–305]. However, considering that in this work the Ag 

particles are randomly deposited with a fairly low surface coverage of around 5%, the EF of 

the porous ceramics is significant and already useable for sensitive detection of Raman-active 

molecules. Further optimization of particle distribution, packing and morphology should offer 

ample potential to further improve this value. 

 

4.3.4 Plasmonic porous ceramics with different pore sizes 
In order to study the effect of the pore size on the EF of the plasmonic porous ceramics, 

substrates with different pore sizes were deposited with Ag nanoparticles under the identical 

experimental conditions using TSC as reductant. Again, flat and dense substrates of the same 
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composition were used as reference. The parameters of the prepared porous ceramics with 

different pore sizes are listed in Table 4.3.4.1. The pore sizes of the porous ceramic samples 

were obtained by µ-CT 3D reconstruction, while the thicknesses at the mid-point of the struts 

of the porous structure were determined by light microscopy. 

 

Table 4.3.4.1 Raman enhancement factors of porous ceramics with different pore sizes and dense pellet 
deposited under molar ratio of Ag ion to TSC 1:1. * obtained by µ-CT 3D reconstruction; ** analyzed by 
light microscopy. Adapted with permission from [1]. Copyright (2022), Elsevier. 

Porous substrate Pore size*  
(mm) 

Ave. thickness of the struts** 
(mm) 

Ag nanoparticle 
coverage (%) 

Enhancement 
factor (104) 

20 ppi 0.55 0.174 ± 0.011 4.9 ± 0.8 2.1 ± 0.5 

30 ppi 0.51 0.132 ± 0.012 4.5 ± 1.0 2.0 ± 0.5 

60 ppi 0.24 0.046 ± 0.006 4.6 ± 0.9 1.4 ± 0.5 

Dense substrate / / 4.4 ± 1.2 6.6 ± 3.3 

  

Figure 4.3.4.1 (a) shows the Raman spectra of plasmonic porous ceramic substrates with 

different pore sizes and of the dense substrate. The Raman enhancement factors were 

calculated as described and are summarized in Figure 4.3.4.1 (b). Again, the porous ceramics 

have significantly higher enhancement factors than the dense ceramic. The enhancement 

factor decreased with decreasing pore size of the porous ceramics. The particle coverage is 

very similar for all samples (Table 4.3.4.1). 

 

 

Figure 4.3.4.1 (a) Raman spectra of pyridine adsorbed on plasmonic porous ZTA substrates with 
different pore sizes and dense substrate under molar ratio of 1:1; (b) Plot of Raman EF against pore 
size of the ZTA ceramics. Adapted with permission from [1]. Copyright (2022), Elsevier. 
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4.3.5 Influence of strut size and surface curvature of the porous structure   
Since the laser was focused on the strut of the porous structure during the SERS measurement 

(Figure 4.2.4.1 (c)), the observed variation of the enhancement factor could originate from the 

surface curvature of the struts [306]. To investigate the correlation between the surface 

curvature derived from the strut size of the porous ceramic substrate and the Raman 

enhancement effect, experiments with thin ceramic rods haven been conducted. Thin rods of 

the same composition as the other substrates were extruded to various thicknesses after 

sintering from 0.08 mm to 3.0 mm. Raman spectra using thin rods as SERS substrates are 

shown in Figure 4.3.5.1 (a). 

The Raman enhancement factors of the ceramic thin rods were calculated as before and are 

summarized in Figure 4.3.5.1 (b). The error bar represents the standard deviation between the 

ten measurements on each sample showing significant differences only between the values in 

the range of 0.46-1.5 and in the range of 1.85-2.35. The enhancement factors increased with 

the increasing thickness of the thin rods until the thickness reached 1.5 mm. When the ceramic 

thin rods became thicker, the enhancement factor decreased again. In comparison, the strut 

thickness of the porous ceramic substrates was below 0.2 mm. According to the result of the 

thin rods test, the enhancement factor slightly increases with increasing strut thickness. This 

result roughly corresponds with the trend observed on substrates with different pore sizes if 

the flat substrate is considered to be a porous ceramic with infinite pore size. 

 

 

Figure 4.3.5.1 (a) Raman spectra of pyridine adsorbed on ceramic thin rods with different thicknesses 
(mm) functionalized with Ag nanoparticles at molar ratio of Ag ion to TSC 1:1; (b) Plot of Raman EF 
against thickness of the ceramic thin rods. Adapted with permission from [1]. Copyright (2022), Elsevier. 
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4.3.6 Influence of the porous structure on Raman enhancement effect  
Comparing Figure 4.3.4.1 (b) with Figure 4.3.5.1 (b), it is obvious that the enhancement effect 

of the porous ceramic was much higher than that of the ceramic thin rods despite comparable 

surface coverage with Ag NPs. In fact, even though we observed a weak effect of surface 

curvature or strut size as described above, the EF of the thin rods is in the same low range 

than that of the dense substrate. Accordingly, the higher Raman enhancement effect of the 

porous samples may be directly caused by the three-dimensional porous structure. 

In a simple experiment, isolated fragments of the plasmonic porous ceramics were analysed 

to assess the influence (or rather the effect of the absence) of the surrounding porous structure. 

The Raman spectra of the diluted pyridine molecule adsorbed on the porous structure and a 

fragment of the porous structure are demonstrated in Figure 4.3.6.1. It was observed that the 

Raman signal of the molecule adsorbed on the porous structure (intensity: 3528 ± 1293) was 

much more pronounced than that on a fragment (intensity: 796 ± 155). Hence, the calculated 

Raman EF of the porous structure ((2.1 ± 0.5) ∙ 104) was significantly higher than that on a 

fragment ((4.7 ± 0.06) ∙ 103). 

 

 

Figure 4.3.6.1 (a) Light microscopy image of a 20 ppi ceramic porous structure (upper) and a fragment 
piece of the 20 ppi ceramic (lower); (b) Raman spectra of pyridine adsorbed on the porous ceramic (red) 
and a on a fragment of a 20 ppi porous ceramic (grey); (c) Raman enhancement factor of the porous 
structure and of a single fragment. Adapted with permission from [1]. Copyright (2022), Elsevier. 

 

Since the only real difference between the fragment and the full structure is the presence of 

the surrounding porous structure itself, this added enhancement is likely connected to the way 

light propagates inside the ceramic structure.  

This leads us to hypothesize that the incident laser light might be scattered multiple times 

within the porous structure, increasing the possibility to excite a porous hotspot. Generally, the 

incident laser hits the molecules adsorbed on plasmonic particles on a fraction of the sample 

surface defined by the focal area of the laser (diameter of the focal area = 2.6 µm). In the case 
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of a non-porous fragment or a dense pellet sample, some of this light is scattered at the grain 

boundaries of the ceramic in all directions, but sufficient light is directly scattered back to the 

detector which records the Raman signal (Figure 4.3.6.2 left). However, when the incident 

laser hits the molecules adsorbed on a strut inside a plasmonic porous ceramic sample, the 

diffuse light might be scattered onto the neighbouring structures [56–63,99]. This way, the 

chance of the light hitting plasmonic NPs or even hotspots is increased. After multiple 

scattering events, some of the scattered light could also reach the detector including the 

incidences that were influenced by additional hotspots (Figure 4.3.6.2 right). This would explain 

why the porous ceramic samples show a higher Raman enhancement factor than the single 

fragment. Detailed experiments on light propagation including modeling of scattering inside the 

plasmonic porous ceramic need to be carried out to substantiate this tentative explanation, 

which would be of crucial importance for further studies. 

 

 

Figure 4.3.6.2 Schematic representation of the light path during Raman scattering on a fragment sample 
(left) and on a porous sample (right). Yellow dots present the Ag nanoparticles, green arrows indicate 
the incident light, blue arrows refer to the light, which is backscattered to the detector. Adapted with 
permission from [1]. Copyright (2022), Elsevier. 

 

4.4 Conclusions  
The results presented in this chapter introduced the concept of plasmonic porous ceramics for 

sensitive molecule detection via SERS. The synthesized plasmonic porous ZTA ceramics 

reached EFs of approximately 104, which is around five times higher that of a comparable non-

porous structure. The EF could potentially be further improved by optimizing the deposition 

technique to achieve more plasmonic hotspots, as suggested by the simple deposition method 

employed here. The plasmonic nanoparticle surface coverage can be manipulated by varying 

the relative amount of the reactants. Meanwhile, pore size of the porous ceramic structure 

demonstrated a relatively weak effect on the enhancement effect. Notably, the Raman EF 

seemed to increase with pore and strut size until a certain point, at which the material was 
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assumed the properties of the non-porous dense sample. Importantly, the plasmonic porous 

ceramics have shown a higher Raman enhancement effect than both dense sample and a 

single fragment. This could be due to multiple light scattering / light-trapping within the porous 

structure, increasing the possibility of exciting probe molecules adsorbed on plasmonic 

nanoparticles or plasmonic hotspots. 

The designed and processed plasmonic porous ZTA ceramics show promise for use in real-

time and sensitive molecule detection via SERS under high pressure / temperature conditions. 

The maximum estimated working temperature is around 900 ℃, limited by the melting point of 

the silver particles. To improve the working temperature of the plasmonic porous ceramics, 

refractory plasmonic particles, such as W, TiN, ZrN or Mo could be utilized for the processing 

procedure [307,308]. Multifunctional particles can be introduced in the plasmonic porous 

ceramics, in order to bring new function possibilities [309–311]. To assess the application of 

the plasmonic porous ceramics for biomedical applications, bioceramic materials such as 

hydroxyapatite, bioactive powder, could be used instead of bioinert ZTA ceramics [312–314]. 
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5. Plasmonic porous ceramics for in situ catalytic reaction 

monitoring  
Chapter 5 has been adapted with permission from Wiley and is published in the Journal 

Advanced Materials Interfaces, 2023, DOI: 10.1002/admi.202300207 

 

Porous ceramics are well-established as supports for metal nanoparticle catalysts, where they 

are required to maintain spatial distribution and to facilitate product separation from the 

catalytic nanoparticles [315–318]. However, ceramic catalyst carriers usually complicate in situ 

reaction monitoring, because they block and/or scatter electromagnetic radiation at a wide 

range of wavelengths. This problem could be solved by specifically designing the porous 

support [1,319]. so that it can utilize scattering processes to enable or even enhance Raman 

scattering-based sensing of reactants.   

Ideal substrates for metal nanoparticle catalysts should feature chemical and thermal stability, 

high surface area and large open porosity providing high accessibility of the substrates. In this 

context, ceramics have obvious advantages over metal- and polymer-based materials in terms 

of mechanical and thermal stability, resistance against corrosion and chemical erosion. 

Additionally, ceramics can be processed with a wide range of porous structures with low 

density, high mechanical stability and high specific surface area for three-dimensional (3D) 

catalyst impregnation. In some instances, ceramics like alumina can act not only as a support, 

but also as a catalyst for reactions such as isomerization, alkylation, catalytic cracking and 

hydroforming [320]. Of different crystal structural phases (e. g., alpha, beta and gamma), 

alpha-alumina has the lowest catalytic activity and is mostly processed with a relatively low 

specific surface area as opposed to the “activated” alumina phases that exhibit meso- and 

microporosity along with a high abundance of active sites [321]. Here, this work focuses on 

passive alpha alumina supports structured as macro-porous open cell foams.  

In Chapter 4, the concept of plasmonic porous ceramics was introduced, which is based on 

ZTA ceramics functionalized with Ag nanoparticles that combine the optical properties of 

plasmonic nanostructures with advantages of ceramics [41–45]. In this chapter, the concept of 

plasmonic porous ceramics was realized by preparing functionalized ceramic open cell foams 

with metallic core-shell nanoparticles (Au@Pd, Au@Pt). The core-shell nanoparticles are 

designed to exhibit a highly SERS-active Au core and a catalytically active Pd / Pt shell with a 

large surface area. The particles are prepared with various shell thicknesses via the Au-seed 

mediated method [322] and colloidally deposited on the ceramic matrix after particle synthesis. 

The zirconia-stabilized alumina matrix of the porous ceramic acts as the catalyst support, which 

is designed to augment the SERS-based reaction monitoring through light-trapping and 
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scattering which is characterized by the diffuse reflectivity of the sample. The general material 

concept was tested by analyzing the well-known reaction of 4-nitrothiophenol (4-NTP) to 4-

aminothiophenol (4-ATP). 

 

5.1 Materials 
Gold(III) chloride hydrate (99.995 % trace metals basis, product no. 254169), potassium 

tetrachloropalladate(II) (99.99 % trace metal basis, product no. 379816), chloroplatinic acid 

solution (8wt. % in H2O, product no. 262587), L-Ascorbic acid (99 %, product no. A92902), 

sodium borohydride (99 %, product no. 213462) were purchased from Sigma Aldrich, Germany. 

4-nitrothiophenol (product no. H59240) was obtained from Alfa Aesar, Germany. 

 

5.2 Methods 

5.2.1 Functionalization of the ZTA ceramics with metallic core-shell 

nanoparticles 
The processing of 30 ppi ZTA porous ceramics and dense pellets followed the procedure 

described in section 4.2.1. The coating of the metallic core-shell nanoparticles was achieved 

through chemical reduction of noble metal ions. In a 100 ml 3-neck round flask filled with 

14.705 mg 45 ml TSC solution, the ceramic sample was hung with a thin thread and 

submerged in the solution. the reaction solution was stirred with a magnetic stirrer and heated 

in oil bath to 100 ℃. Subsequently, 5 ml 10 mM chloroauric acid was added dropwise to the 

reaction solution. The reaction solution turned ruby red, indicating the formation of the Au core. 

To coat the Au seed with a Pd shell, yielding Au@Pd nanoparticles, after 10 min stirring, 

1.632/3.264/13.057/16.322 mg potassium tetrachloropalladate were added to the reaction 

solution (corresponding to K2PdCl4 reaction concentration 0.1 mM, 0.2 mM, 0.8 mM and 1 mM) 

respectively. The reaction solution was stirred and kept at 100 ℃ until the color changed from 

ruby red to dark grey [137,323,324].  

To functionalize the Au particles with a Pt shell, yielding Au@Pt nanoparticles, after 10 min 

stirring followed by the formation of Au nanoparticles, 24.39/48.79/195.12/243.93 µl 8wt. % 

chloroplatinic acid solution was added to the reaction solution (corresponding to H2PtCl6 

reaction solution centration 0.1 mM, 0.2 mM, 0.8 mM and 1 mM) respectively. 
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5.2.2 Characterization 
The SEM measurements followed the procedures described in Chapter 4.2.6. The metallic 

core-shell nanoparticle suspensions were analyzed by first diluting them heavily and then 

drying on a copper Formvar coated film. The dried nanoparticles were examined using a TEM 

instrument (EM 900, ZEISS, Germany). ImageJ was used to analyze the TEM images and 

determine the size of the nanoparticles. The polydispersity of the nanoparticles was assessed 

by a Gaussian fitting of the nanoparticle size distribution. 

UV-Vis spectra were acquired using a Multiskan GO microplate spectrophotometer (Thermo 

Scientific GmbH, Germany). To obtain the absorption spectra of the metallic core-shell 

nanoparticles, suspensions were collected from the reaction solution after the deposition of the 

core-shell nanoparticles. Plasmonic porous ceramics were submerged in 5 ml of 0.5 mM 4-

NTP to monitor the reduction process. A timer was started upon addition of 5 ml of 2.5 mM 

NaBH4 to the 4-NTP solution. UV-vis spectra were recorded at different reaction time points.  

Raman spectra were collected using the identical device described in Chapter 4.2.7. A laser 

working at 633 nm and less than 20 mW was used as light source. Raman spectra were 

recorded in the range of 800 to 1200 cm-1 for pyridine, 900 to 1300 cm-1 and 1450 to 1700 cm-

1 for the reaction monitoring of 4-NTP reduction.  

To obtain the hemispherical reflectance, a VERTEX 80v (Bruker GmbH, Germany) Fourier-

transform infrared spectrometer (FTIR) was utilized, which is equipped with a white 

polytetrafluoroethylene sphere with a diameter of 7.5 cm and a Si-Diode 2.4 mm detector. The 

measurements were performed at ambient temperature and 2.5 mbar by taking three 

consecutive readings between 450-1100 nm and averaging them. The calibration of the 

reflectivity was performed against the Spectralon® Diffuse Reflectance Standard 99 % 

(Labsphere, Inc., US). 

 

5.3 Results and discussion  
Metallic core-shell nanoparticles composed of an Au core and a Pd or Pt shell have been 

synthesized and introduced in the open porous ceramic foams in this work. The Au core was 

synthesized using TSC to reduced HAuCl4 chemically. In the next step, the Pd/Pt shell was 

reduced on the Au core surface by the remaining surface adsorbed TSC (with the addition of 

L-ascorbic acid in the case of Pt shell). This process is known as seed growth, where the Au 

seed likely plays a role in catalyzing the reduction of PdCl42- / PtCl62- ions by facilitating electron 

transfer from the reductant to the metal salt ions [325].  
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The bifunctional core-shell structure realized the combination of catalytic- and SERS-activity 

in a single unit. Figure 5.3.1 shows the Raman spectrum of pyridine using Au NP coated 

plasmonic porous ceramic as SERS substrate (a) and the absorption spectrum of the 4-NTP 

reduction process at initial point and after 30 min reaction time (b), respectively. The sample 

functionalized with 39 nm Au nanoparticles reached an outstanding Raman enhancement 

factor up to 3.3 ∙ 106. However, the absorption spectrum of the reactant 4-NTP after 30 min 

reaction time still overlapped with the initial spectrum, indicating the 4-NTP concentration 

barely changed, which implied the inefficiency of the sample as catalytic substrate.  

 

 

Figure 5.3.1 (a) Raman spectrum of pyridine on plasmonic porous ceramic functionalized with 39 nm 
Au nanoparticles; (b) Absorption spectrum of 4-NTP reduction process at initial time and after 30 min of 
reaction time. Adapted with permission from [2]. Copyright (2023), Wiley. 

 

Figure 5.3.2 depicts BSE-SEM images of the ZTA ceramic surface functionalized with Au@Pd 

nanoparticles, as well as the insert TEM images of the Au@Pd nanoparticles synthesized with 

various concentrations of the palladate precursor. The TEM images demonstrate that the size 

of the core-shell particle increased with an increasing concentration of the palladate precursor. 

The diameters of the Au@Pd nanoparticles are 42.05 ± 3.29 nm,  54.01 ± 4.58 nm, 75.94 ±

3.28 nm and 93.18 ± 3.62 nm, respectively, for precursor concentrations of 0.1 mM, 0.2 mM, 

0.8 mM and 1 mM. A rough shell is visible at the highest precursor concentration (as seen in 

the inset of Figure 5.3 (d)). Given that the prepared Au seed particles have a size of  39.1 ±

2.13 nm, the size change the core-shell particles implies a change in the shell thickness. In the 

SEM images, the dark background areas indicate alumina, while the lighter grey areas indicate 

zirconia grains that offer higher mechanical strength to the intricate porous ceramic structure 

[326]. The tiniest bright dots correspond to the metallic nanoparticles, reaching a total surface 

coverage of around 20 %.  



 

71 
 

 

Figure 5.3.2 BSE-SEM images of porous ZTA ceramic surface functionalized with different sized Au@Pd 
core-shell nanoparticles synthesized with varying palladate concentration of (a) 0.1 mM, (b) 0.2 mM, (c) 
0.8 mM and (d) 1 mM, respectively, with the nanoparticle coverage on the figures. Insets show the TEM 
images of the deposited core-shell nanoparticles with corresponding particle diameters. Adapted with 
permission from [2]. Copyright (2023), Wiley. 

 

Similarly, SEM images of the synthesized and deposited Au@Pt core-shell nanoparticles are 

shown in Figure 5.3.3. The deposited Au@Pt nanoparticles exhibit diameter of 44.32 ± 0.57 

nm, 48.11 ± 1.93 nm,50.84 ± 4.7 nm and 70.78 ± 5.58 nm, corresponding to chloroplatinic acid 

reaction concentration of 0.1 mM, 0.2 mM, 0.8 mM and 1 mM, respectively. The rough shell 

structure can be observed obviously already at a platinate precursor concentration of 0.2 mM, 

as depicted in the inset of Figure 5.3.3 (b). 

In general, the Pd shells on the surface of the Au core are thicker than the Pt shells under the 

same reaction conditions. This can be attributed to the higher reactivity of the PdCl42- precursor, 

resulting in a slower rate for the Pt shell. This observation aligns with the postulated seed 

growth mechanism [325].   



 

72 
 

 

Figure 5.3.3 BSE-SEM images of porous ZTA ceramic surface functionalized with different sized Au@Pt 
core-shell nanoparticles synthesized with varying palladate concentration of (a) 0.1 mM, (b) 0.2 mM, (c) 
0.8 mM and (d) 1 mM, respectively, with the nanoparticle coverage on the figures. Insets show the TEM 
images of the deposited core-shell nanoparticles with corresponding particle diameters. Adapted with 
permission from [2]. Copyright (2023), Wiley. 

 

Figure 5.3.4 indicates the UV-vis absorption spectra of the suspensions the metallic core-shell 

nanoparticles, which exhibit a shift in intensity peaks towards higher wavelengths with 

increasing shell thickness. Compared with the reference spectrum of the 39 nm Au core 

nanoparticles with a sharp localized surface plasmon resonance (LSPR) peak at 526 nm, the 

suspensions of 42 and 54 nm Au@Pd nanoparticles exhibited LSPR peaks at 539 nm (Figure 

5.3.3 (a)). As for the 76 nm sized Au@Pd particles, the LSPR peak shifted to 549 nm and 

became broader. The absorption peak of the 93 nm sized Au@Pd nanoparticles was observed 

at 561 nm and exhibited a flatter shape. This flattening of the LSPR peak suggested that the 

plasmon resonance of the core-shell nanoparticles is dominated by the damped plasmon 

oscillations in the Pd shell, which is consistent with previous report on similar particles [137].  

The UV-vis absorption spectra of the Au@Pt core-shell nanoparticles are presented in Figure 

5.3.4 (b). The LSPR peaks of the 44 nm, 48 nm, and 51 nm sized Au@Pd nanoparticles only 

exhibited a slight redshift at 529 nm, since the Pt shells were thinner. However, the LSPR peak 

for the 51 nm sized Au@Pt particles was more pronouncedly broadened. In contrast, the 

absorption curve of the 71 nm sized Au@Pt particles became much flatter and the resonance 
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peak disappeared, indicating that the damped plasmon resonance of the Pt shell dominates 

over the Au core now. Moreover, the width of the Au@Pt core-shell particle size distribution 

grew from 0.21 to 0.58 with the increasing size of the particle, which contributes to the 

broadening of the larger Au@Pt nanoparticle LSPR peak [327].    

The localized surface plasmon resonance (LSPR) peaks of Au@Pd core-shell NPs were more 

pronouncedly redshifted than that of Au@Pt NPs. From the literature, the main resonance 

frequencies of the localized surface plasmon of Pd, Pt and Au are 0.10, 0.35 and 1.40 eV [108], 

respectively, corresponding to 12,398, 3,542 and 886 nm. The main resonance of Pd lies at a 

much higher wavelength than that of Pt, which leads to the more pronounced redshift of the 

Au@Pd LSPR peaks.  In addition, the Pd shell was significantly thicker than the Pt shell, so 

the damped plasmon oscillations in the Pd shell should more pronounced. 

 

 

Figure 5.3.4 (a) Absorption spectra of nanoparticle suspensions of 39 nm Au core (purple), as well as 
42 nm (green), 54 nm (red), 76 nm (blue) and 93 nm (orange) Au@Pd particles with inset showing the 
respective nanoparticle suspensions from left to right; (b) Absorption spectra of nanoparticle 
suspensions of 39 nm Au core (purple), as well as 44 nm (green), 48 nm (red), 51 nm (blue) and 71 nm 
(orange) Au@Pt particles with inset showing corresponding nanoparticle suspensions from left to right, 
respectively. Adapted with permission from [2]. Copyright (2023), Wiley. 

 

5.3.1 Molecule detection via SERS 
Similar to the substrates functionalized with Ag nanoparticles, the Au nanoparticles alone do 

not affect the Raman spectra of the ZTA substrate. Raman spectra of pure pyridine (Figure 

5.3.1.1 (a)) on a bare ZTA substrate and of a 10-2 M pyridine droplet on porous ZTA 

functionalized with 39 nm Au nanoparticles (Figure 5.3.1.1 (b)) are presented here. The porous 

sample functionalized with 39 nm Au nanoparticles showed an EF around 3.3 ∙ 106. 
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Figure 5.3.1.1 Raman spectra of pure pyridine on a bare ZTA substrate (a) and diluted pyridine droplet 
on 39 nm Au nanoparticle functionalized plasmonic porous ZTA substrate (b). Adapted with permission 
from [2]. Copyright (2023), Wiley. 

 

The ability of metallic core-shell nanoparticles functionalized porous ceramics for real-time and 

sensitive molecule detection can be evaluated through SERS, using pyridine as the probe 

molecule. Figure 5.3.1.2 illustrates the Raman spectra of the probe molecule adsorbed on 

plasmonic porous ceramics functionalized with variously sized Au@Pd nanoparticles. The 

Raman shifts observed at 1012 and 1038 cm-1 correspond to the pyridine ring breathing mode 

(𝜐1) and symmetric ring deformation (𝜐12), respectively, and are amplified by the localized 

plasmon resonance (LPR) of Au [328]. The peak intensity observed at 1026 cm-1 is attributed 

to the symmetric ring deformation of pyridine adsorbed on Pd, which has previously been 

reported to occur between 1001-1005 cm-1 [328]. The frequency shift of the pyridine symmetric 

ring deformation (𝜐12) can be explained by the vibrational coupling effect [259,264,329–331]. 

The shift in vibration wavenumbers for the totally symmetric modes of pyridine can be linked 

to the strength of the adsorption bond between the probe molecule and the metal cluster. 

Density functional theory allows the modelling of pyridine adsorption on group VIIIB metals as 

a pyridine metal complex (Py-M, Py-M2, and Py-M5), with the strength and distance of the bond 

dependent on the type of the metal cluster. Consequently, the vibrational mode of pyridine on 

the metal will change accordingly. For instance, Wu et al. calculated the Raman signal of the 

pyridine symmetric ring deformation (𝜐12) at 1030 cm-1 in the case of Py-Pd2 [330], which 

correlates with the measured Raman signal at 1026 cm-1 in this work. The slight shift between 

1026 and 1030 cm-1 can be interpreted by the quasi-harmonic nature of molecules at ambient 

temperature. Furthermore, Figure 5.3.1.2 (b) demonstrates the Raman of pyridine on 

plasmonic porous ceramic substrates functionalized with Au@Pt nanoparticles of different 

sizes. The Raman shift at 1015 cm-1 is attributed to pyridine adsorbed on the Pt shell [328].  
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Figure 5.3.1.2 (a) Raman spectra of pyridine on plasmonic porous ceramics functionalized with Au@Pd 
nanoparticles (a) and Au@Pt nanoparticles (b) of different sizes. Insets show the corresponding sample 
in macroscopic scale, scale bar equals 5 mm. Adapted with permission from [2]. Copyright (2023), Wiley. 

 

The Raman EFs were determined as described in Chapter 4.2.7, using the Raman intensity at 

1026 and 1015 cm-1 for Au@Pd and Au@Pt nanoparticles functionalized samples, respectively. 

The Raman EFs exhibit a reducing trend with increasing shell thicknesses, consistent with the 

UV-vis spectra discussed above. The EFs of the substrates functionalized with Au@Pd 

nanoparticles decreased from 8.0 ∙ 104  to 2.8 ∙ 104  as the size of the core-shell particle 

increased from 42 to 93 nm. Nonetheless, the EFs remained in the same order of magnitude. 

In contrast, the EFs of the samples functionalized with Au@Pt nanoparticles dropped rapidly 

from 1.5 ∙ 106 to 3.0 ∙ 105 as the size of the particles increased from 48 to 51 nm. With a size 

of 71 nm, the sample no longer exhibited any characteristic Raman shifts of the probe molecule, 

indicating the loss of the Raman enhancement effect. 

The SERS activity of pure transition metals was reported to be rather weak, which can be 

attributed to their limited plasmonic properties [328]. However, by depositing a thin layer of 

transition metal on top of a SERS-active Au core, the high SERS enhancement can still be 

achieved through the long-range effect of the electromagnetic field [332–335]. According to 

the electromagnetic mechanism of the Raman enhancement effect, the Raman enhancement 

increases as the probe molecule gets closer to the SERS-active nanostructure. Therefore, a 

thinner shell will place the probe molecule closer to the Au core, resulting in a higher Raman 

EF. 

The porous substrates functionalized with Au@Pd nanoparticles exhibit Raman EFs in the 

order of 104, while substrates functionalized with Au@Pt nanoparticles show much higher EFs, 

up to 106 . However, the effective permittivity of metallic core-shell particles is not solely 

determined by the size of the Au core, but also by the composition of the surrounding layer. 

When it comes to metallic nanoparticles, the plasmon response is mainly dominated by the 
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metal with interband electron transitions at lower frequency. Blaber et al. reported the 

frequencies of the maximum quality localized surface plasmon 𝑄𝑚𝑎𝑥.𝐿𝑆𝑃 of different metals. It 

was found that the frequencies of 𝑄𝑚𝑎𝑥.𝐿𝑆𝑃,𝑃𝑑 and 𝑄𝑚𝑎𝑥.𝐿𝑆𝑃,𝑃𝑡 are significantly lower than that 

of 𝑄𝑚𝑎𝑥.𝐿𝑆𝑃,𝐴𝑢, indicating that the Pd and Pt shells play a more dominant role in the plasmon 

response of the core-shell particle. Therefore, compared to conventional Au and Ag 

nanoparticles, core-shell particles Au@Pd and Au@Pt generally exhibit weaker SERS 

enhancement due to the dominance of Pd and Pt shell. 

Meanwhile, Figure 5.3.1.3 shows the Raman spectrum of pyridine on plasmonic porous 

ceramic functionalized with 48 nm Au@Pt nanoparticles, measured with a 532 nm laser. The 

Raman EF is around 1.2 ∙ 104. In comparison, the sample measured with the 633 nm laser 

(Figure 4b, red spectrum) showed an EF around 1.5 ∙ 106. Although the Au@Pt core-shell 

particles exhibit an absorption peak around 529 nm, the 532 nm laser as excitation source 

provided weaker Raman EFs than the 633 nm laser. This phenomenon can be explained by 

the redshift of the local enhancement field caused by plasmonic hot spots, which has been 

experimentally demonstrated and theoretically calculated by several studies [23,85,219]. 

 

 

Figure 5.3.1.3 Raman spectrum of pyridine on plasmonic porous ceramic functionalized with 48 nm 
Au@Pt nanoparticles, measured with a 532 nm laser. Adapted with permission from [2]. Copyright 
(2023), Wiley. 

 

5.3.2 Catalytic function of the plasmonic porous ceramics  
The catalytic activity of the plasmonic porous ceramics functionalized with metallic core-shell 

nanoparticles was investigated by studying the reduction of 4-NTP using sodium borohydride 

(NaBH4) as reductant to 4-ATP with 4,4-dimercaptoazobenzene (trans-DMAB) as intermediate 
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at room temperature (Figure 5.3.2.1). This reduction can be catalyzed by both Pd and Pt [66] . 

The reaction was analyzed using UV-vis spectroscopy, where the reactant 4-NTP exhibited an 

absorbance peak at around 412 nm, while the colorless product 4-ATP had no obvious 

absorbance peak. The change in intensity of the 412 nm absorbance peak allowed for the 

interpretation of the reduction process from 4-NTP to 4-ATP. It should be noted that the ZTA 

ceramic substrate was assumed to be completely inert and did not participate in the chemical 

reaction here [320].  

 

 

Figure 5.3.2.1 Schematic representation of 4-NTP reduced by NaBH4 to 4-ATP on the 48 nm sized 
Au@Pt nanoparticles functionalized plasmonic porous ceramic. Adapted with permission from [2]. 
Copyright (2023), Wiley. 

 

The absorption spectra of the reduction of 4-NTP on plasmonic porous ceramic functionalized 

with variously sized Au@Pd nanoparticles were shown in Figure 5.3.2.2. The absorbance peak 

of 4-NTP at 412 nm was still present after 30 min of reaction time, on the substrates 

functionalized with 42 and 54 nm Au@Pd nanoparticles, indicating incomplete reduction of 4-

NTP. However, the absorbance peak at 412 nm disappeared after 2 min reaction time, implying 

a complete reduction to 4-ATP.  
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Figure 5.3.2.2 Absorption spectra during the reduction of 4-NTP at different reaction time on plasmonic 
porous ceramics functionalized with differently sized Au@Pd nanoparticles: (a) 42 nm; (b) 54 nm; (c) 76 
nm; (d) 93 nm. Adapted with permission from [2]. Copyright (2023), Wiley. 

 

It is worth noticing, that the substrate functionalized with 54 nm Au@Pd NPs showed a faster 

reaction rate than the substrate functionalized with 42 nm NPs within the first 20 min reaction 

time. Although the absorbance peak of the reactant 4-NTP seems to be weaker on the 54 nm 

functionalized sample after 30 min reaction time, the difference was not significant and within 

the standard deviation of the data (listed in Table 5.3.2.1). 
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Table 5.3.2.1 Absorbance value of 4-NTP during the reduction process using plasmonic porous 
ceramics functionalized with different sized Au@Pd and Au@Pt NPs. Adapted with permission from [2]. 
Copyright (2023), Wiley. 

Au@Pd coated samples 

 42 nm 54 nm  76 nm  93 nm 

2 min 3.03 ± 0.05 2.8 ± 0.01 0.52 ± 0.01 0.52 ± 0.01 

6 min 2.93 ± 0.05 2.7 ± 0.03 0.4 ± 0.02 0.4 ± 0.01 

10 min 2.85 ± 0.03 2.62 ± 0.03 0.3 ± 0.01 0.3 ± 0.01 

20 min 2.76 ± 0.05 2.52 ± 0.02 / / 

30 min 2.2 ± 0.13 2.5 ± 0.32 / / 

Au@Pt coated samples 

 44 nm 48 nm  51 nm  71 nm 

2 min 2.92 ± 0.01 2.8 ± 0.02 0.85 ± 0.01 0.68 ± 0.01 

6 min 2.8 ± 0.02 2.75 ± 0.02 0.72 ± 0.01 0.6 ± 0.01 

10 min 2.78 ± 0.01 2.73 ± 0.01 0.66 ± 0.01 0.59 ± 0.01 

20 min 2.76 ± 0.02 2.6 ± 0.01 / / 

30 min 2.7 ± 0.02 2.36 ± 0.01 / / 

 

Likewise, the catalytic activity of the plasmonic porous ceramics functionalized with Au@Pt 

nanoparticles was shown in Figure 5.3.2.3, demonstrating a clearer trend. While the substrate 

functionalized with 44 nm Au@Pt nanoparticles exhibited only a minor decrease in the 412 nm 

peak intensity over 30 min of reaction time, indicating a slight decrease in the reactant 4-NTP 

concentration. The 48 nm sized particles functionalized sample showed a more noticeable 

decrease in the 4-NTP concentration. This suggested that the catalytic efficiency improved 

with an increase in the shell thickness of the core-shell nanoparticles. With an increase in the 

Au@Pt nanoparticles size to 51 nm, the reduction of 4-NTP was completed after 20 min. The 

substrate functionalized with 71 nm Au@Pt nanoparticles accelerated the reduction of 4-NTP, 

compared to the one functionalized with 51 nm particles. Both Au@Pd and Au@Pt 

nanoparticles on the porous ZTA surface showed a similar trend, indicating improved catalytic 

efficiency with an increased shell thickness of the core-shell nanoparticles. As the 

concentration of palladate / chloroplatinic precursor increased, the 39 nm Au core underwent 

partial coating and eventually a formation of a cohesive shell that became progressively 

rougher. This resulted in a larger surface area of the catalytically active metal being exposed, 

enabling more efficient catalysis.   
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Figure 5.3.2.3 Absorption spectra during the reduction of 4-NTP at different reaction time on plasmonic 
porous ceramics functionalized with differently sized Au@Pt nanoparticles: (a) 44 nm; (b) 48 nm; (c) 51 
nm; (d) 71 nm. Adapted with permission from [2]. Copyright (2023), Wiley. 

 

Figure 5.3.2.4 shows the absorption spectra of the reduction of 4-NTP using Au nanoparticle 

functionalized sample as substrate at the initial point and after 30 min reaction time. After 30 

min reaction time, the spectrum of the reactant 4-NTP was not significantly changed, which 

demonstrates that the bare Au-NPs do not show catalytic activity. 



 

81 
 

 

Figure 5.3.2.4 Absorption spectra of 4-NTP reduction catalyzed with 39 nm Au NP functionalized porous 
ZTA sample at initial time and after 30 min reaction time. Adapted with permission from [2]. Copyright 
(2023), Wiley. 

 

5.3.3 Comparing porous and dense ceramic substrates 
Similar to the results with Ag nanoparticles in Chapter 4.3.4, higher Raman EFs of the porous 

ceramic substrates functionalized with the core-shell nanoparticles were detected, comparing 

to dense substrates. Figure 5.3.3.1 (a) illustrates the remarkably higher Raman intensity 

provided by the porous structure, where Raman spectra of pyridine on both porous (red) ad 

dense (grey) substrates both functionalized with identical core-shell particles are compared. 

The dense substrate had the same chemical composition and a similar nanoparticle surface 

coverage as the open porous ceramic substrate. Result here indicates that the porous sample 

provided approximately 7 times higher EF than the dense sample. Additionally, a nearly 10-

fold increase in Raman EF was observed when using 4-NTP as probe molecule.  
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Figure 5.3.3.1 (a) Raman spectra of pyridine on plasmonic porous (red) and dense substrate (grey) 
functionalized with 48 nm Au@Pt nanoparticles. Inset photos illustrate the porous and dense substrate 
respectively, scale bar equals 5 mm; (b) Reflectance spectra of ZTA (dashed) and 48 nm Au@Pt 
nanoparticles functionalized ZTA ceramics (line) in dense and porous form respectively. Adapted with 
permission from [2]. Copyright (2023), Wiley. 

 

In Figure 5.3.3.1 (b), the hemispherical reflectance of bare ZTA (dashed spectra) and 48 nm 

Au@Pt nanoparticles functionalized ZTA (line spectra) are demonstrated for both dense (grey) 

and porous (red) samples. The bright bare ZTA sample exhibited impressive reflectance 

properties between 20-30 %in the integrating sphere at wavelengths above 500 nm. The 

remaining light was either absorbed by the ceramic matrix, transmitted through the porous 

structure, or reflected towards the sides. By contrast, the total reflectivity of a bare dense ZTA 

pellet was around 85 %. It is worth noting that the bare porous ZTA sample showed growing 

reflectance as wavelength increased, which could be attributed to the behavior of light 

propagation inside the semi-transparent ceramic porous matrix. The phenomenon has been 

modeled by Li et al. using Monte Carlo ray tracing radiative transfer analysis of an alumina 

open-cell foam [99]. 

Functionalizing the open-cell porous ceramic foam with 48 nm sized Au@Pt nanoparticles 

resulted in a remarkable reduction in reflectance of approximately 80 %. The reflectance was 

around below 5 % over the entire measured wavelength range, which included the 633 nm 

wavelength of the incident laser during the SERS measurements. In comparison, the 

reflectivity of the dense pellet was reduced by only 40 %, indicating that the deposited 

nanoparticles effectively absorbed the previously reflected light within the ZTA porous structure. 

It is worth noting that the reflectivity spectra of the 48 nm sized Au@Pt nanoparticles 

functionalized sample did not exhibit any obvious feature at 529 nm, as these sized core-shell 

particles showed intensity peak on the adsorption spectrum (Figure 5.3.4 (b red spectrum)). 

This could suggest that the absorption spectra of the deposited core-shell nanoparticles on the 
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functionalized sample surface were broadened compared to the corresponding nanoparticle 

dispersions discussed above. 

Likewise, the catalytic activity of dense ZTA pellets was compared to the porous substrates, 

which is shown in Figure S5, SI for ceramics functionalized with 48 nm Au@Pt NPs. During 

the first 20 min, the absorption spectra of 4-NTP catalyzed with the dense substrate overlapped, 

with hardly a change in reactant concentration. After 30 min, the absorption intensity of the 

reaction 4-NTP was decreased by 5.9 %, while it decreased by 22.5 % for the porous substrate. 

Accordingly, the functionalized porous substrate showed better catalytic activity, which agreed 

with our expectation, since the porous ceramic offered higher specific surface area for 

deposition of the core-shell particles.  

 

 

Figure 5.3.3.2 Absorption spectra of 4-NTP reduction reaction catalyzed with porous (a) and dense (b) 
substrate respectively, both functionalized with 48 nm Au@Pt nanoparticles. Adapted with permission 
from [2]. Copyright (2023), Wiley. 

 

5.3.4 In situ reaction monitoring via SERS 
Once the SERS enhancement and catalytic activity of the plasmonic porous ceramics have 

been examined, they can be combined for in situ reaction monitoring through SERS. Figure 

5.3.4.1 illustrates the in situ reaction monitoring at various reaction time spots, utilizing 

plasmonic porous ceramic functionalized with 48 nm sized Au@Pt nanoparticles as a 

representative case.  
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Figure 5.3.4.1 In situ reaction monitoring via SERS of the reduction of 4-NTP using the plasmonic porous 
ceramic functionalized with 48 nm sized Au@Pt NPs. Adapted with permission from [2]. Copyright 
(2023), Wiley. 
 

The Raman shifts at 1108 and 1572 cm-1 (indicated by the grey dashed line) can be assigned 

with C-N stretching and phenyl-ring C-C stretching of the reactant 4-NTP, respectively, which 

could be observed on the spectrum at 𝑡 = 0 𝑚𝑖𝑛. After 2 min of reaction, the appearance of 

the Raman peak at 1142 cm-1 suggested the formation of the reaction intermediate trans-

DMAB (highlighted by the red dashed line). Moreover, the relative Raman intensity of the peak 

at 1108 cm-1 reduced significantly compared to that observed at 𝑡 = 0 𝑚𝑖𝑛, indicating the 

decreased concentration of 4-NTP due to reduction reaction. At 𝑡 = 20 𝑚𝑖𝑛 , a new peak 

emerges at 1595 cm-1, which can be attributed to the phenyl-ring C-C stretching of the reaction 

product 4-ATP (indicated by the orange dashed line). Thus, after 30 min, the simultaneous 
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decrease and increase in Raman intensity at 1572 and 1595 cm-1 respectively, can be 

interpreted as the decrease of 4-NTP concentration and increase of 4-ATP concentration, 

implying the reduction of 4-NTP to 4-ATP. The kinetics associated with the reaction can be 

further investigated by determining the differential Raman cross-section of the corresponding 

vibrational modes.   

 

5.4 conclusions  
This chapter involved the processing and analysis of the plasmonic porous ceramics 

functionalized with metallic core-shell nanoparticles using Au-seed mediated method and 

colloidal deposition. The substrates coated with Au@Pd nanoparticles demonstrated Raman 

EFs of around 104, whereas the ones deposited with Au@Pt nanoparticles exhibited EFs up 

to 106. The Raman enhancement effect of these substrates could be modulated by adjusting 

the Pd / Pt shell thickness through the amount of the corresponding metal salt precursors. As 

the Pd / Pt shell became thicker, the Raman EFs increased, owing to the dominant nature of 

the damped plasmon oscillations in the Pd / Pt shell. In contrast, the catalytic activity of the 

substrate improved as the Pd / Pt shell thickness increased, due to the higher surface area of 

the catalytically active Pd / Pt shell.  

Meanwhile, the open-cell foam structure of the plasmonic porous ceramics offers easy access 

to the functionalized surface, which enables its potential use in complex 3D configurations and 

measuring in all direction. Additionally, the core-shell nanoparticles functionalized plasmonic 

porous ceramics demonstrated notably higher EFs compared to similar dense pellets, 

attributable to the efficient absorption and scattering of light within the porous ceramic structure.  

As a result, the multifunctional plasmonic porous ceramics demonstrated in this chapter can 

be utilized for catalytic reaction monitoring via SERS. With Raman EFs reaching up to 106, this 

approach enables high sensitivity through electromagnetic and chemical enhancement. 

Moreover, a high chemical septicity through detecting Raman active vibrational modes of each 

single molecule during the reaction can be realized.  
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6. Plasmonic porous ceramics for biomedical applications  
Chapter 6 has been adapted with permission from Wiley and is published in the Journal 

Advanced Engineering Materials, 2023, DOI: 10.1002/adem.202300942 

 

Besides application in in situ reaction monitoring described in Chapter 5, the application of 

plasmonic porous ceramics was explored with a focus on biomedical aspects. 45S5 Bioglass 

is one of the most widely investigated bioactive glass materials for bone substitute, which is 

capable of soft tissue bonding via collagen [147]. For biomedical applications, not only the 

composition of the bioactive glass, but also its structure matters. Bone implants are usually 

designed to be porous to offer a scaffold for vascularization and bone ingrowth [143,144]. 

Typical analysis methods of the synthetic bone substitute material are in vitro cell studies or in 

vivo using animal models [336–338]. Raman spectroscopy is one important method for medical 

research to detect the reactions and processes at the bone implant interface, since classical 

medical imaging methods only contain visual information. To enhance the weak Raman signal 

in biological conditions, SERS can be employed.     

Porous bone replacement materials that enable surface-enhanced Raman scattering (SERS) 

have great potential for real-time non-destructive sensing of the chemical environment and 

tissue integration of the implant [336–338]. Besides SERS biosensing based on the plasmonic 

activity, including, for example, near-infrared (NIR) absorbing Au nanoparticles as sensing 

agents for cancer therapy [339]. Furthermore, Au nanoparticles are used as theranostic drug 

delivery carriers, for example in the form of colloidal capsules, that combine sensing with 

targeted drug delivery and other functional properties [340–343]. 

To achieve strong Raman resonance in the NIR, the Raman-active material usually needs to 

be specifically tailored to enhance the limited SERS signal in the biological environment. For 

example, Graham et al. investigated surface-enhanced resonance Raman scattering (SERRS) 

for application as a clinical tool, which offers equivalent detection limits to fluorescence labelled 

dyes with maximum tissue penetration depth of around 5 mm [344–347]. 

However, current research on bioceramics featuring SERS is limited. Related strategies that 

incorporate sensing into biomaterials are more strongly developed in the context of soft tissue 

engineering with polymers and related materials. For example, a hybrid biocompatible material 

consisting of an electrospun polymeric matrix and porous calcium carbonate coatings was 

reported as an effective substrate for SERS [348,349]. Graphene oxide/copper 

nanocomposite-decorated polylactide-co-glycolide / 𝛽 -tricalcium phosphate scaffolds were 

presented for reconstruction of bacteria-contaminated bone defects, where the Graphene 

oxide/copper nanocomposite layer was responsible for the SERS effect [350]. Combinations 
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of plasmonic metallic nanoparticles with bioceramics were mostly reported for their 

photothermal effect [351,352].   

The degradation of bioceramics during osseointegration must be taken into consideration as 

well, which could affect the performance of functionalized bioceramics significantly. In this 

context, Bioglass has been well established due to its high bioactivity and resorbability. When 

bioactive glass is placed in aqueous biological media, ion exchange between the bioactive 

glass and the biological media takes place, leading to glass network dissolution, which is 

followed by the formation of hydroxy carbonate apatite (HCA) on the Bioglass surface [148]. 

For instance, a 3D-printed bioactive glass scaffold doped with NIR-II (1000-1700 nm) 

ratiometric lanthanide-dye hybrid nanoprobes was presented as substrate for in vivo imaging, 

featuring in situ monitoring of implant degradation during mouse skull repair [353], or the 

degradation of Sm3+--doped bioactive glass fibers were investigated in simulated body fluid, 

where the degradation process was monitored by the luminescence sensing method [354]. 

In this chapter, the plasmonic porous ceramics concept introduced in Chapter 4 was adapted 

for biological use with established bioceramics. To this end, porous Bioglass was prepared 

and compared to the hydroxyapatite-based commercial product Bio-Oss®, which is derived 

from cow bone, as well as the previously investigated ZTA open cell foam, which in this context 

is a bioinert ceramic. All these materials were functionalized with Au nanoparticles and the 

ability of the substrates to detect molecules was analyzed via SERS. For Bioglass, substrates 

with different pore sizes and comparable dense pellets were tested, as well. To assess the 

feasibility of this approach in the biological context, the molecule detection capability of the 

plasmonic bioceramics was investigated in the presence of the biological media fetal bovine 

serum (FBS) and simulated body fluid (SBF), including long-time studies that follow the 

degradation of the sensing properties during extended immersion in SBF.  

 

6.1 Materials 
Nitric acid (ACS reagent 70 %, product no. 438073), tetraethyl orthosilicate (TEOS, reagent 

grade 98 %, product no. 131903), triethyl phosphate (ReagentPlus 99.8 %, product no. 

538728), calcium nitrate tetrahydrate (ACS reagent 99 %, product no. 237124), sodium nitrate 

(ACS reagent 99 %, product no. 221341), ethanol (absolute, 99.8 %, product no. 32205), poly 

(vinly alcohol) (PVA, Mw 31,000-50,000, product no. 254169), hydrochloric acid (p. a., ACS 

reagent, 37 %, product no. 30721), aluminium chloride (reagent grade 98 %, product no. 

206911), potassium chloride (p. a., 99.5-100%, product no. 31248), Trizma base (TRIS, 

BioXtra, 99.9 %, product no. T6791), pyridine (analytical standard, product no. 02486) and 

fetal bovine serum (FBS, product no. F9665) were acquired from Sigma Aldrich, Germany. 

Sodium bicarbonate (NaHCO3, p. a., 99.5 %) was obtained from Honeywell Specialty 

Chemicals Seelze, Germany. Dipotassium phosphate (K2PO4·3H2O, 99 %, product no. 
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12030250) was purchased from Grüssing GmbH, Germany. Magnesium chloride hexahydrate 

(MgCl2·6H2O, p. a., ACS, 90 %) was obtained from Carl Roth, Germany. Bio-Oss® was 

acquired from Geistlich Pharma AG, Switzerland. 

 

6.2 Methods 
Porous ZTA ceramics were synthesized according to the process described in section 4.2. The 

synthesis of 45S5 Bioglass powder via sol-gel method and the porous Bioglass substrates, as 

well as the deposition process of the Au nanoparticles on Bioglass, Bio-Oss® and ZTA surface 

will be described in the following sections.  

 

6.2.1 Synthesis of 45S5 Bioglass powder  
The synthesis of 45S5 Bioglass powder via sol-gel method followed the protocol from Bahniuk 

et al. with adjusted amount of the chemicals [153]. For production of 20 g Bioglass powder, 

33.92 ml tetraethyl orthosilicate was added in 50.44 ml 1M nitric acid solution, mixed and stirred 

with a magnetic stirrer at room temperature. After 15 min of stirring, 2.9 ml triethyl phosphate, 

20.13 g calcium nitrate tetrahydrate and 13.52 g sodium nitrate were added to the mixture 

respectively. The mixing was continued for another 45 min. The sol was poured into a sealable 

polyethylene (PE) bottle and stored at room temperature for 5 days for gel formation. 

Subsequently, the gel was transferred into a glass breaker to dry at 70 ℃ for 24 h, at 120 ℃ 

for another 24 h and at 700 ℃ for another 24 h in an alumina crucible in furnace (Nabertherm 

L3/11/S27, Nabertherm GmbH, Germany). The calcinated sample was ball milled in a closed 

PE bottle with alumina balls (1:2 powder-to-ball weight ratio) and ethanol (1.2.5 powder-to-

ethanol weight ratio) for 2 days. Afterwards, the powder was dried at 70 ℃ and stored at room 

temperature until it was used.  

 

6.2.2 Synthesis of porous and dense Bioglass substrates   
The porous Bioglass substrate processing is demonstrated in Figure 6.2.2.1. 100 g Bioglass 

slurry consists of 40 g Bioglass powder and 60 g 2 wt. % poly (vinyl alcohol) solution. After 30 

min mixing at 1000 rpm, the slurry was ready for PU foam impregnation. Excess slurry was 

squeezed out manually. The with slurry coated PU foams were dried for 24 h at room 

temperature and again coated with a 30 wt. % Bioglass powder slurry. During the recoating 

process, the blocked pores were carefully blown with compressed air. Afterwards, the with 

slurry recoated PU foams were dried for another 24 h and sintered. By sintering, the 

temperature was heated with a rate of 1 ℃/min from room temperature to 110 ℃ and held for 
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2 h, continuously to 250 ℃ and held for 3 h, to 400 ℃ and held for 3 h, to 600 ℃ and held for 

3 h, finally to 1050 ℃ and held for 3 h. After the sintering, the temperature was cooled to room 

temperature with a rate of 1 ℃/min.   

 

 

Figure 6.2.2.1 Flowchart of processing porous Bioglass via replica method with recoating. Adapted with 
permission from [3]. Copyright (2023), Wiley. 
 

The dense Bioglass pellet was produced the similar way as ZTA dense pellet described in 

Chapter 4.2.2. Only the Bioglass pellets were produced with 1.2 g powder of each.  

 

6.2.3 Deposition of Au nanoparticles 
The deposition of Au nanoparticles on Bioglass and Bio-Oss® surface was realized through 

simple colloidal deposition. As pre-treatment, the Bioglass sample was submerged in 7.5 ml 2 

mM AlCl3 solution for 1 min, flushed with DI water and dried. In a 50 ml two-neck round flask, 

25 ml 2 mM HAuCl4 was added to 20 ml DI water, stirred and heated to 98 ℃. 5 ml 10 mM 

TSC solution was added to the reaction solution, and heated to boiling point until colour 

changed to ruby red. The synthesized Au nanoparticle colloidal was cooled to room 

temperature and subsequently put in ultrasonic bath for 1 h. The porous Bioglass samples was 

hung and submerged in the Au nanoparticle colloidal under stirring for 30 s.  

The Au nanoparticle deposition on Bio-Oss® surface was achieved without AlCl3 pre-treatment 

and the submerging time was 2.5 min. After the submersion, the Bioglass and Bio-Oss® 

samples were dried and stored in an evacuated desiccator.  
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The deposition of Au nanoparticle on ZTA surface was similar to the reduction process 

described in Chapter 4.2.4. In short, the ZTA substrate was hung in a two-neck round flask 

and submerged in 25 ml 2 mM TSC solution. The reaction mixture was stirred and heated in a 

water bath to 90 ℃, 25 ml 2 mM HAuCl4 was added. After the temperature reached the boiling 

point and the colour changed, the ZTA substrate was kept in the reaction mixture for 20 min 

under stirring, taken out, dried and stored in an evacuated desiccator.  

 

6.2.4 Characterization 
The processed Bioglass and Bio-Oss® samples were analyzed with µ-CT measurements using 

a Xradia 520 Versa device (ZEISS, Germany) with detailed parameters and data processing 

procedures listed in Chapter 4.2.5. 

SEM measurements were conducted using the same method and identical instrument as 

described in Chapter 4.2.6.  

Raman spectra in air were collected as described in Chapter 4.2.7. Raman spectra in the 

presence of biological media were recorded as such: a droplet of the diluted pyridine was 

dropped on the sample surface. Subsequently, the sample was placed submerged in the 

respective biological media for measurement with Raman spectroscope. Nine different spots 

on at least three samples of each material under each experimental condition were examined.  

Simulated body fluid was prepared according to ISO standards and used for incubating the 

ceramics at 37 ℃. During the incubation, the SBF was changed three times weekly to maintain 

the initial pH value. After incubation, the ceramics were removed from the SBF, dried at 70 ℃ 

for 48 h, and stored in an evacuated desiccator for further analysis.  

 

6.3 Results and discussion 

6.3.1 Ceramic substrate characterisation  
The synthesized porous Bioglass substrates and Bio-Oss® were analysed via µCT 3D 

reconstruction method. The images were show in Figure 6.3.1.1. 
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Figure 6.3.1.1 µCT 3D reconstruction images of the synthesized 30 ppi, 60 ppi Bioglass and commercial 
product Bio-Oss® respectively. Adapted with permission from [3]. Copyright (2023), Wiley. 
 

The CT models of the 30 ppi Bioglass substrate is visually similar to the 30 ppi ZTA substrate 

(Chapter 4.3.1). However, the 60 ppi Bioglass substrate has a finer network with thinner struts, 

which differs from the 60 ppi ZTA substrate. The parameters of the ceramics were listed in 

Table 6.3.1.1. In general, the porosity and pore size of the Bioglass substrates are higher than 

comparable ZTA samples, especially for the 60 ppi substrates, which is a surprise since all the 

porous ceramics were prepared with the identical PU foam as templates. Porous Bioglass has 

a porosity of 94 % using 30 ppi PU foam as template and a porosity of 93 % using 60 ppi as 

template. While, porous ZTA shows a porosity of 91 % and 76 % respectively. Bio-Oss® hast 

the minimum porosity of 62 %. Nonetheless, this difference might be caused due to the 

shrinkage of the ceramic during the sintering. The shrinkage of porous and dense ZTA 

substrates is similar. While the shrinkage of the porous Bioglass reached 71.1 %, which is 

significantly higher than that of the porous ZTA with a shrinkage of 38 %. This high shrinkage 

of porous Bioglass can be explained by the remarkably increased viscous flowing of the 

Bioglass at high temperature [145]. The high shrinkage of the porous Bioglass substrate 

indicates an extremely high densification degree of the struts caused by viscous flowing. While 

in the case of porous ZTA, a hollow core remains in the strut after the polymer foam is burned 

out [355]. 

Investigating the parameters in Table 6.3.1.1, all porous samples fit in the required structure 

parameter range for a synthetic bone substitute. The porous Bioglass substrates with a 

porosity above 90 % are in the upper region as synthetic bone substitute. Among them, 60 ppi 

porous Bioglass shows the optimal architecture to serve as a bone substitute. For actual 

application, finer pore size might be more beneficial, considering the 60 ppi Bioglass with an 
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average pore size of 0.37 mm. Although, it is worth noticing, that the µCT had a resolution of 

6 µm during the measurement. So that smaller pore cannot be detected and hence, can not 

be calculated for the mean pore size.  

 

Table 6.3.1.1 Parameters of the synthesized Bioglass, commercial Bio-Oss® and ZTA ceramics. 
Adapted with permission from [3]. Copyright (2023), Wiley. 

Material Structure Porosity  
(%) 

Pore size  
(mm) 

Specific surface area  
(mm-1) 

Shrinkage  
(%) 

 
Bioglass  

30 ppi 94.2 0.83 2.28 71.1±4.7 

60 ppi 92.9 0.37 6.07 

Dense pellet / / / 14.9±1.9 

Bio-Oss® / 62.16 0.57 5.42 / 

 
ZTA 

30 ppi 91.02 0.51 5.37 38.0±1.8 

60 ppi 76.28 0.24 9.41 

Dense pellet / / / 43.8±1.0 

 
 

6.3.2 Functionalization of bioceramics with plasmonic nanoparticles  
The Au nanoparticles were deposited on the ZTA substrate surface through chemical reduction 

of gold ions on the ceramic surface via heterogeneous nucleation. While, deposition of Au 

nanoparticles on the Bioglass and Bio-Oss® surface was realized through colloidal deposition. 

Figure 6.3.2.1 shows the SEM-BSE images of the 60 ppi porous Bioglass, Bio-Oss® and 60 

ppi ZTA surface before and after Au nanoparticle deposition respectively. The insert photo 

indicates the respective 60 ppi Bioglass sample with a scale bar of 50 mm. In Figure 6.3.2.1 

(b, d and f), the tiny bright dots are the deposited Au nanoparticles. Comparing the three with 

Au nanoparticles functionalized samples, the Bio-Oss® sample has a higher nanoparticle 

coverage and more large agglomerates of nanoparticles. As discussed before, small 

agglomerates like dimer and trimer are beneficial for the Raman enhancement effect as 

hotspots are generated which results in exponentially increased enhancement effect. Such 

hotspots can be observed on the functionalized Bioglass and ZTA sample surface. However, 

when the size of the nanoparticle agglomerates increases to comparable to the wavelength of 

visible light, the plasmonic- and SERS-activity disappears, since the plasmons are not 

localized anymore and can propagate in all directions [356]. 
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Figure 6.3.2.1 SEM-BSE images of 60 ppi porous Bioglass surface before (a) and after (b) Au 
nanoparticle deposition, with insert photo showing the corresponded sample. SEM-BSE images of Bio-
Oss® surface before (c) and after (d) Au nanoparticle deposition, and 60 ppi porous ZTA surface before 
(e) and after (f) Au nanoparticle deposition. Adapted with permission from [3]. Copyright (2023), Wiley. 
 

Raman spectra of the 60 ppi porous Bioglass before and after Au nanoparticle coating 

measured in air, in FBS and in SBF were illustrated in Figure 6.3.2.2 respectively. The spectra 

of Bioglass showed three main intensity peaks at 588, 966 and 989 cm-1. The Raman shifts at 

588 and 989 cm-1 can be associated with the stretching and rocking of the non-bonding silicon-

oxygen bonds of the silica, while the peak at 966 cm-1 can be attributed to the phosphate 

groups in the bioactive glass [357,358]. Since the exact position of the silica Raman shift 

depends on the crystallization of the glass, the peak at 588 cm-1 indicates a partial 

crystallization of the Bioglass [359]. After the Au nanoparticle deposition on Bioglass surface, 

the Raman intensity was slightly enhanced (Figure 6.3.2.2 (b)). When measured in biological 
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media FBS and SBF, the intensities of Bioglass were significantly decreased. Meanwhile, there 

were more noises on the spectra, which originated from the contents in the biological media. 

 

Figure 6.3.2.2 Raman spectra of 60 ppi porous Bioglass substrate before (a) and after Au nanoparticle 
deposition (b) measured in air, measured in FBS (c) and measured in SBF (d). Adapted with permission 
from [3]. Copyright (2023), Wiley. 
 

The Bio-Oss® individual Raman spectrum (Figure 6.3.2.3 (a)) illustrates one main shift at 962 

cm-1 and two weak peaks at 430 and 590 cm-1, which can be related to the phosphate ions in 

the deproteinated bovine bone [360]. The porous ZTA substrate presented two main Raman 

shifts at 417 and 638 cm-1, which correspond to alumina [361]. Similar to the Bioglass sample, 

Bio-Oss® and ZTA substrates showed slightly enhanced Raman intensity after the Au 

nanoparticle deposition, which should come from the backscattered signal right at the touching 
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point between the deposited Au nanoparticle and the ceramic surface, contributing enhanced 

Raman signal to the detector. The Raman spectra of the ceramic substrates themselves were 

considered as background spectra.  

 

 

Figure 6.3.2.3 Raman spectra of Bio-Oss® substrate before (a) and after Au nanoparticle deposition (b), 
60 ppi porous ZTA before (c) and after Au nanoparticle deposition (d) measured in air. Adapted with 
permission from [3]. Copyright (2023), Wiley. 
 

The Raman enhancement ability of the substrates was analysed via SERS experiments with 

diluted pyridine (10-2 M) was reporter molecule. Figure 6.3.2.4 shows the Raman spectra of 

pyridine adsorbed on plasmonic Bioglass, Bio-Oss® and ZTA respectively. The observed two 

main Raman shifts at 1012 and 1036 cm-1 can be assigned to the ring breathing mode (𝜐1) and 

the symmetric ring deformation (𝜐12) of pyridine adsorbed on Au [328]. The intensity peak at 

1012 cm-1 was used for Raman EF calculation.   

Figure 6.3.2.4 (a) shows the Raman spectra of pyridine adsorbed on plasmonic 30 ppi, 60 ppi 

and dense pellet Bioglass substrates respectively. The dense pellet Bioglass presented slightly 

higher intensity. Nevertheless, all Bioglass substrates showed Raman EFs in the same order 

of magnitude (104), namely, from 3 ∙ 104 to 5.6 ∙ 104. In comparison to Bioglass and ZTA, Bio-

Oss® performed the lowest Raman intensity. Furthermore, it is worth noticing that the Bio-Oss® 

background spectrum was more emphasized than that of the Bioglass and ZTA samples. Since 

the Raman intensity of the probe molecule was significantly enhanced, the background spectra 
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of Bioglass and ZTA substrates were too weak to be observed. Meanwhile, this indicates that 

the Raman intensity of the probe molecule is remarkably enhanced due to adsorption on the 

Au nanoparticle surface, while, the background spectra of the ceramics is only very slightly / 

barely enhanced. Raman spectra of different ZTA substrates were demonstrated in Figure 

6.3.2.4 (c). The 30 ppi ZTA substrate showed the highest Raman intensity of the pyridine 

characteristic peaks. While, the dense pellet ZTA illustrated a significantly reduced Raman 

intensity. The Raman EFs of the Bioglass and ZTA substrates with different pore sizes were 

summarized in Figure 6.3.2.4 (d). The 30 ppi porous ZTA with an average pore size of 0.51 

mm presented the highest Raman EF of 8.3 ∙ 105. The 60 ppi porous sample with an average 

pore size of 0.24 mm showed a reduced EF of 2.4 ∙ 105. While, the dense pellet ZTA showed 

a limited EF of 4.9 ∙ 104. The porous ZTA samples reached at least 5 times higher EFs than 

the dense pellet. Meanwhile, the ZTA substrates showed an obvious trend that the Raman 

EFs decreased with the reducing pore size of porous ZTA ceramics. This result corresponds 

to the earlier findings of the Ag nanoparticles functionalized ZTA samples and metallic core-

shell Au@Pt nanoparticles functionalized ZTA samples in Chapter 4 and 5 namely. However, 

the EFs of Bioglass substrates were pretty similar, regardless of the substrate pore size. 

Bioglass and ZTA have different refractive index, which might cause the different scattering 

behavior. The refractive index of Bioglass is reported between 1.54 to 1.59, while alumina has 

a higher refractive index around 1.77 to 1.86 [56,161,362]. Moreover, the fraction of yttria-

stabilized zirconia increases the refractive index of the ZTA sample [363]. The difference in 

refractive index between Bioglass and ZTA substrates could lead to changed scattering 

behavior within the porous structure. Additionally, different grain sizes and interfacial 

roughness will affect the scattering behavior of the sample as well.   
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Figure 6.3.2.4 Raman spectra of pyridine adsorbed on Au-nanoparticle coated Bioglass (a), Bio-Oss® 
(b), and ZTA (c) respectively and summarized Raman enhancement factors of Bioglass and ZTA 
substrates with different pore sizes (d). Adapted with permission from [3]. Copyright (2023), Wiley. 
 

6.3.3 Raman enhancement of porous Bioglass under simulated biological 

conditions 
Based on the structure parameters of the 60 ppi porous Bioglass, this substrate is well suited 

as bone substitute as is well established in the literature [143,154–158,160]. Therefore, the 

plasmonic porous Bioglass in this work refers to the 60 ppi porous Bioglass substrate 

functionalized with Au nanoparticles from hereon. To test the feasibility of the plasmonic porous 

Bioglass for real-time molecule detection via SERS in biomedical applications, SERS 

measurements were conducted in simulated physiological conditions, namely in the presence 

of biological media, in FBS and in SBF. Figure 6.3.3.1 shows the Raman spectra of the pyridine 

on plasmonic porous Bioglass measured in air (red), in the presence of FBS (orange) and SBF 

(purple). When measured in air, the substrate reached the highest Raman EF up to 5.4 ∙ 104. 

The EF showed a significant reduce to 1.9 ∙ 104 and 1.6 ∙ 104, when measured in FBS and SBF 

respectively. It is worth noticing that there were no obvious additional Raman shifts on the 

spectra in the presence of the biological media, although there were abundant proteins and 
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ions in the biological media. Regardless the remarkable decrease of the EF in biological media, 

selective and highly sensitive analysis of the probe molecule is still possible.  

 

 

Figure 6.3.3.1 Raman spectra of pyridine adsorbed on porous Bioglass substrate measured in air, in the 
presence of the biological media FBS and SBF. Adapted with permission from [3]. Copyright (2023), 
Wiley. 
 

The Raman EFs of the plasmonic porous Bioglass, Bio-Oss® and ZTA substrates were listed 

in Table 6.3.3.1. In contrast to Bioglass, Raman EFs of Bio-Oss® and ZTA did not decrease 

when moved from air to in the biological media. Bio-Oss® presented relatively weak EFs due 

to the irregular deposition of Au nanoparticles on the surface, and, hence also a high standard 

deviation when measured in air. EFs of ZTA are relative stable in the range between 2.4 ∙ 105 

to 4.3 ∙ 105. In general, the high standard deviation of the Raman EFs can be explained by the 

randomity of the measuring spot. The measuring spot on a large and dense Au nanoparticle 

agglomeration, or on a single Au nanoparticle, or even on a plasmonic hotspot can make an 

exponential difference on the Raman EF value [23].  

 

Table 6.3.3.1 Ramen EFs of plasmonic porous Bioglass, Bio-Oss® and ZTA substrates measured under 
different conditions. Adapted with permission from [3]. Copyright (2023), Wiley. 
 

Enhancement factor (104) air In FBS In SBF 

Bioglass 5.4 ± 1.1 1.9 ± 1.0 1.6 ± 0.7 

 Bio-Oss® 1.1 ± 1.9 1.0 ± 0.4 1.7 ± 0.7 

ZTA 23.6 ± 17.4 35.8 ± 11.0 42.6 ± 24.8 
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It is worth mentioning that the visibility of the Bioglass samples upon submission in the 

biological media was impeded, which complicated focusing on the sample surface during the 

Raman measurement. For an actual application of the plasmonic porous Bioglass for real-time 

molecule detection via SERS, especially in vivo or even through tissue, the measuring 

technique should be further developed, for instance, via SESORS [71–74].  

 

6.3.4 Stability of plasmonic porous Bioglass in biological media  
To test the stability in physiological conditions, plasmonic porous Bioglass was incubated in 

simulated body fluid at 37 ℃. For comparison, Bio-Oss® and bioinert ZTA substrates were 

incubated under the identical condition. Figure 6.3.4.1 shows the weight change in relation to 

the initial weight of the three plasmonic porous ceramics after incubation in SBF. The weight 

of Bioglass reduced by 14 % after 7 days and by 57 % after 28 days of incubation. The 

dissolution and mineralization process of Bioglass is well-documented [364,365]. Blaker et al. 

recorded in vitro degradation of highly porous poly (D, L-lactide) (PDLLA) / Bioglass-filled 

composite foams in SBF up to 600 days. Their 30 wt.% Bioglass sample presented an 

immediate weight loss of 12 % during the first 24 h and stabilized at 15 % up to 365 days, while 

the sample contained 70 wt. % of PDLLA, whose weight remained relatively constant after the 

incubation [366]. The 100 wt. % Bioglass sample in this work demonstrated a remarkable 

higher weight loss after incubation in SBF. Since the simulated body fluid used in the reference 

was not changed, while in this work the SBF was exchanged three times a week to maintain 

the pH at the initial value of 7.4, which could lead to an accelerated process of the Bioglass 

degradation.    

In Figure 6.3.4.1, Bio-Oss® presented a slight weight gain of 8.9 % after 14 days and 14 % 

after 28 days of incubation. Bio-Oss® is a natural biomaterial sourced from bovine bone and 

can be resorbed by the body albeit at much lower speed than Bioglass. Bio-Oss® was reported 

still remaining in the body for three to four years after the implantation [367–369]. The observed 

weight gain in Figure 6.3.4.1 can be explained by the deposition of amorphous calcium 

phosphate and the formation of crystalline hydroxyapatite on the sample surface [370]. ZTA 

sample had barely weight change, since it is bioinert.  
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Figure 6.3.4.1 Weight change of plasmonic porous Bioglass (red), Bio-Oss® (green) and ZTA (blue) after 
incubation at 37 ℃ in SBF. Adapted with permission from [3]. Copyright (2023), Wiley. 
 

To investigate whether the Au nanoparticle deposition has an influence on the Bioglass-

bioactivity, bare Bioglass without Au nanoparticle coating and Bioglass functionalized with Au 

nanoparticles were analyzed upon incubation in SBF, respectively. Table 6.3.4.1 presents the 

weight change in percentage of bare Bioglass and Au NP coated Bioglass after incubation, 

while Figure 6.3.4.2 shows selected SEM images of both materials. No significant differences 

could be observed, indicating a comparable bioactivity after deposition of Au nanoparticles.   

 

Table 6.3.4.1 Weight change of Bioglass 45S5 before and after Au NP coating upon incubation in SBF, 
compared to initial weight before incubation in percentage (%). Adapted with permission from [3]. 
Copyright (2023), Wiley. 
 

Incubation time (day)  3 7 14 28 

Bioglass 90.73 ± 1.91 75.42 ± 1.9 54.74 ± 1.9 40.41 ± 13.2 

Au NP coated Bioglass  93.06 ± 2.68 85.7 ± 4.23 55.72 ± 3.11 42.91 ± 10.17 
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Figure 6.3.4.2 SEM images of Bioglass before (A, C and E) and after Au NP coating (B, D and F) at 
initial state and after incubation in SBF. Adapted with permission from [3]. Copyright (2023), Wiley. 
 

Figure 6.3.4.3 shows SEM images of plasmonic porous Bioglass, Bio-Oss® and ZTA surface 

after 7 days and 28 days of incubation respectively.  shows SEM images of plasmonic porous 

Bioglass, Bio-Oss® and ZTA surface after 7 days and 28 days of incubation respectively. A thin 

hydroxyapatite layer formed on the Bioglass surface after 7 days of incubation (Figure 6.3.4.3 

(a)). The deposited Au nanoparticles were covered by the formed hydroxyapatite layer, but still 

visible through the thin layer. After 28 days of incubation, the hydroxyapatite layer became 

denser. Needle-like crystals can be observed in Figure 6.3.4.3 (b), indicating the growth of a 

crystallized hydroxyapatite layer [371]. The amount of the visible Au nanoparticles reduced 

accordingly. 
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Different from Bioglass, on Bio-Oss® surface there were only limited freshly formed layer visible 

after 7 days of incubation in SBF, which agrees with the references reporting the mineralization 

of hydroxyapatite on a hydroxyapatite surface is much slower than that on a Bioglass surface 

[148,370]. After 28 days, remarkably higher amount of the freshly formed layer can be 

observed on the Bio-Oss® surface, corresponding to the weight gain of 14 %, which resulted 

in a dense covering of the Au nanoparticles. As expected, the ZTA surface showed hardly any 

deposits or freshly formed layer after the incubation, although the Au nanoparticle surface 

coverage reduced slight after 7 days of incubation (Figure 6.3.4.3 (e)), due to possible wash-

away of some Au nanoparticles on the surface.  

 

Figure 6.3.4.3 SEM-BSE images of plasmonic porous Bioglass after 7 days (a) and 28 days (b) of 
incubation with marked area referring to the Au nanoparticles covered by hydroxyapatite, Bio-Oss® after 
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7 days (c) and 28 days (d) of incubation and ZTA after 7 days (e) and 28 days (f) of incubation. Adapted 
with permission from [3]. Copyright (2023), Wiley. 
 

Figure 6.3.4.4 (a) shows the Raman spectra of pyridine on plasmonic 60 ppi Bioglass as SERS 

substrate after incubation in SBF. The Raman EFs of the three different materials are 

summarized in Figure 6.3.4.4 (b). Plasmonic porous Bioglass shows an initial strong decrease 

of 65.9 % in the Raman enhancement effect after 3 days of incubation followed by a slower 

pace within the investigated period. In total, the EF decreased from 5.4 ∙ 104 before incubation 

to 7.2 ∙ 103 after 28 days of incubation, which is still remarkably high considering the ongoing 

dissolution of the Bioglass matrix to 42.9 % of its initial weight. Relating to the SEM result 

shown in Figure 6.3.4.3 (b), there were still Au NPs visible on the surface of the material, 

despite the dissolution of the Bioglass structure and deposition of a porous calcium phosphate 

layer on the Bioglass surface.  

 

 

Figure 6.3.4.4 (a) Raman spectra of pyridine adsorbed on plasmonic porous Bioglass after incubation 
in SBF; (b) Raman enhancement factors of plasmonic porous Bioglass, Bio-Oss® and ZTA substrates 
after different incubation periods in SBF. Adapted with permission from [3]. Copyright (2023), Wiley. 
 

Conversely, Bio-Oss® gained 2.5 % in weight after 3 days incubation, while the Raman EF was 

decreased to 69.9 % of the initial value.  A sharp reduction of the initial EF to 13.8 % occurred 

after 14 days of incubation, which was accompanied by a total weight gain of only 8.7 %. The 

EF decreased from 6.7 ∙ 103 to 1.6 ∙ 103, when the incubation time period was prolonged from 

7 to 14 days. The enhancement effect of plasmonic Bio-Oss® was no longer present after 28 

days of incubation. This corresponds to the SEM results (Figure 6.3.4.3 (d)), where it was 

difficult to find individual Au NPs on the surface. Instead, only larger agglomerates and 

covering materials could be observed, which explains the loss of the enhancement effect.  

Plasmonic porous ZTA had a rapid decrease (61.8 %) in Raman EF after three days of 

incubation. The EFs stabilized after 3 days and remained at around 30 % of the initial value. 
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Knowing the ZTA is bioinert and showed hardly weight change upon incubation, the loss in 

Raman EFs could arise from the immersion in liquid, which could have removed some less 

firmly deposited Au NPs on the ZTA surface. Overall, useable Raman enhancement is 

maintained even after extended incubation in SBF in this case. 

 

6.4 Conclusions 
In this chapter, the three Au nanoparticles-coated porous bioceramics Bioglass, Bio-Oss® and 

ZTA were investigated for their ability to detect molecules via SERS. The plasmonic porous 

Bioglass delivered a higher Raman EF than the functionalized commercial bone replacement 

material Bio-Oss®. Meanwhile, Raman enhancement of the plasmonic porous Bioglass 

substrates did not depend on pore size, with Raman EFs between 3 ∙ 104-5.6 ∙ 104. On the 

contrary, the plasmonic porous ZTA showed significantly higher Raman EFs (2.4 ∙ 105-8.3 ∙ 105) 

than the comparable dense pellet (4.9 ∙ 104). Moreover, the feasibility of the plasmonic porous 

bioceramics was tested in different conditions that simulate a biological environment. In the 

presence of the biological medium FBS, the Raman enhancement only very moderately 

decreased, e.g., from 5.4 ∙ 104  to 1.9 ∙ 104  for Bioglass.  Moreover, the spectra showed no 

signals from the surrounding medium, even when the substrate was completely submerged in 

FBS with abundant proteins. When measured in SBF, the Raman EFs were slightly reduced, 

but remained in the same order of magnitude, indicating the feasibility of the plasmonic porous 

bioceramics for molecule detection via SERS under biological conditions. 

The long-term stability of the SERS functionality of the three materials was tested through 

incubation in simulated body fluid. Although the Bioglass substrates showed the highest weight 

change after the incubation due to reaction on the surface, the Bioglass substrates still showed 

Raman EFs of 7.2 × 103  after 28 days of incubation in SBF, indicating the possibility of 

plasmonic porous Bioglass as bone substitute with molecule detection ability. The bioinert ZTA 

ceramic also only showed moderate decrease of the SERS enhancement over time, while the 

enhancement of Bio-Oss® disappeared after around 14 days of incubation.  
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7. Conclusion 
The main purpose of this thesis was to introduce the concept of the 3D plasmonic open-cell 

foam ceramic and investigate its potential applications in different directions. Initially, ZTA 

based macro-porous ceramics were processed with polymer replica method and functionalized 

with silver nanoparticles.  

Initially, the concept of plasmonic porous ceramics was introduced. Proof-of-principle was 

conducted using zirconia-toughened-alumina with an open-cell foam structure. The open 

porous ZTA ceramic was functionalized with Ag nanoparticles. The Ag nanoparticles were 

synthesized via a simple chemical reduction method and deposited on the ZTA ceramic 

surface through heterogeneous nucleation. The molecule detection ability of plasmonic porous 

ceramics in this work was examined through surface-enhanced Raman scattering. The Raman 

enhancement effect of the plasmonic porous ceramics can be tuned by adjusting the plasmonic 

nanostructure coverage on the ceramic surface. Meanwhile, the pore size of the open-cell 

porous ceramic foam has a relatively weak influence on the Raman enhancement factor. 

Furthermore, it was found out that the open porous ceramic structure was able to provide 

additional enhancement effect through light-trapping / multiple light scattering within the porous 

structure.  

After Proof-of-principle, the application possibilities of plasmonic porous ceramics were 

investigated in two different directions, namely for in situ reaction monitoring and for biomedical 

applications. Through the functionalization with bimetallic core-shell nanoparticles, 

multifunction can be introduced in plasmonic porous ceramics. Au@Pd and Au@Pt core-shell 

nanoparticles with an Au core and Pd / Pt shell, realizing real-time in situ catalytic reaction 

monitoring. The substrates functionalized with Au@Pd nanoparticles showed Raman EFs of 

around 104, while the samples deposited with Au@Pt nanoparticles reached Raman EFs up 

to 106. The balance between SERS efficiency and catalytic activity of the substrates can be 

tailored through adjusting the shell thickness, due to the dominant character of the damped 

plasmon oscillations in the Pd / Pt shell. Moreover, the porous substrates showed not only 

higher Raman enhancement effect than the dense substrates, but also higher catalytic 

efficiency due to higher specific surface area.  

Furthermore, plasmonic porous ceramics were developed for biomedical applications by 

employing bioceramics as support substrate. Au nanoparticles were introduction on Bioglass, 

Bio-Oss® and bio-inert ZTA surface. The plasmonic porous Bioglass showed no obvious 

change in bioactivity after the plasmonic nanoparticle functionalization. The Raman enhancing 

capability of the plasmonic porous Bioglass was examined and compared with the commercial 

product Bio-Oss® and bio-inert ZTA. The Raman enhancement effect of the bioceramic pore 
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size was observed. The Bioglass substrate showed relatively stable Raman EFs around 104, 

regardless the pore sizes. While, the ZTA substrates functionalized with Au nanoparticles 

presented a similar trend as the substrates coated with Ag nanoparticles, that the Raman EFs 

of the porous samples were significantly higher than that of the dense pellet. Meanwhile, the 

Raman enhancement of the plasmonic porous Bioglass showed an only very limited decrease, 

when measured in the presence of biological medium FBS and SBF. Moreover, the stability of 

the molecule detection ability of the bioceramics as SERS substrates was tested upon 

incubation in SBF. Among the tested substrates, the Bioglass showed the highest weight 

change rate after the incubation in SBF. However, the Bioglass sample still achieved a Raman 

EF of 7.2 ∙ 103 after 28 days of incubation. The Au nanoparticles could still be observed and 

were only partially covered by the formed apatite layer on the Bioglass surface. On the Bio-

Oss® surface, only clusters of large nanoparticles could be observed after 28 days of 

incubation, which resulted in the loss of the SERS-activity. Meanwhile, the bioinert ZTA 

presented a moderate decrease of the Raman EFs upon incubation in SBF, probably caused 

by the possible removal of the deposited Au nanoparticles in liquid.  

To conclude, this work focused on the conceptualization, design and develop of the plasmonic 

porous ceramics. This substrate was examined for real-time and sensitive molecule detection 

via SERS. The application of the plasmonic porous ceramics were exemplarily investigated in 

different directions, for instance, for in situ catalytic reaction monitoring by employing 

multifunctional core-shell metallic nanoparticles, and for molecule detection in simulated 

biological conditions even after extended time period. In consequence, the results in this work 

introduced the novel concept of plasmonic porous ceramics and revealed the application 

possibilities of this substrate as a milestone for potential further development. This work 

contributes significantly to the field of advanced ceramics as SERS substrate, combining the 

advantages of ceramics with the optical properties of plasmonic materials.  
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8. Outlook 
The research of rapid and sensitive molecule detection has always been a popular and 

challenging topic, especially in life science and chemical, materials science [19,372–374]. Due 

to fingerprint recognition ability and high sensitivity, surface-enhanced Raman scattering has 

become one of the most powerful tools. Accordingly, the research on SERS substrates has 

been conducted and discussed widely [208,375,376]. 

The concept of plasmonic porous ceramics broadened SERS substrates from conventionally 

2D substrates to 3D substrates with high accessibility, along with the advantages of advanced 

ceramics. Besides the two application directions studied in this work, plasmonic porous 

ceramics can be further adapted for applications in different fields, for instance, for high-

temperature reaction monitoring up to 600 ℃ [308,377,378].  

Through simply employing bioceramics as substrate, applications in biological fields can be 

realized. For detection of specific biomarkers, the plasmonic porous bioceramics could be 

developed by functionalizing the Au nanoparticles with targeting moieties, for instance to detect 

bone alkaline phosphatase as biomarker of osteotropic cancers [379]. Furthermore, 

examination in deeper tissue layers including bone can be achieved by combination with 

related techniques, such as SESORS [72,74,75]. Considering research on Au nanoparticles 

for biomedical applications is well-established [340,380–385], additional features of the Au 

nanoparticle-coated porous bioceramics could be investigated, such as antibacterial activity or 

hyperthermia based on plasmonic heating [386–389]. 

Meanwhile, plasmonic porous ceramics can be applied, because of their photothermal 

properties. Compared to conventional photothermal therapy method using lasers, the 

plasmonic photothermal therapy introduces a much more selective and efficient cancer therapy, 

due to highly enhanced photo-absorbing properties of the plasmonic porous ceramic substrate 

[15]. Also, plasmonic porous ceramics can be utilized for green energy conversion, such as 

solar-to-fuel conversion, which could reduce the reliance on fossil fuels and promotes the 

development of sustainable energy sources [390]. 

Furthermore, this material concept could be developed for biotechnological applications 

featuring in situ monitoring of molecule turn-over rates within reactors, e.g., monitoring of 

bioproduction processes involving antibodies, enzymes or cells in continuous flow set-ups, or 

green energy conversion and related applications [391–393]. 
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Figure 8.1 (a) Schematic illustration of SESORS instrumentation with collection and detection; (b) 785 
nm laser spot (circled in red) on ovine shoulder bone with tissue attached, SESORS spectra were 
collected through the bone; (c) Schematic presentation of monitoring protein A and human 
immunoglobulin G (IgG) via SERS. (a, b) adapted with permission from [72]. Copyright (2013), Journal 
of the American Chemical Society. (c) adapted with permission from [391]. Copyright (2011), Langmuir.  

 

Moreover, it is meaningful to investigate and simulate the complex light-trapping within the 

porous ceramic matrix, especially ceramics with different refractive indexes. Optical properties, 

especially the Raman enhancement effect of plasmonic porous ceramics based on different 

ceramic materials with various porous structures could be studied experimentally and 

compared with computational simulation results. This investigation might lead to a better 

understanding of the significantly improved Raman enhancement effect of the porous 

substrates. 
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