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ABSTRACT 

Engineering Aluminum Nanocomposites for Sensing, 

Photocatalysis and Photothermal Conversion 

By 

Shu Tian 

As the field of plasmonics continues to expand, researchers are seeking for other 

possibilities beyond noble metals, and an alternative plasmonic material that has 

tremendous potential is aluminum (Al). This thesis focuses on the study of both 

fundamental and practical aspects of surface plasmon excitations in Al nanostructures. 

Al, with its low cost, abundance, and better optical tunability compared to noble metals, 

has demonstrated its potential in sensing, photocatalysis, optoelectronics, and many 

other areas. The world of Al plasmonics has been greatly expanded with the 

development of Al nanocrystals (NCs) synthesis. The Al NCs have a native oxide layer 

which provides more possibilities of chemical bonding. We have demonstrated the 

potential use of Al NC aggregates as a plasmonic substrate for surface-enhanced Raman 

spectroscopy (SERS). The native oxide layer serves as a valuable linker between 

molecules and substrate, prohibiting non-specific adsorption on the Al NC surface. Al 

NC aggregates, as synthesized, are SERS substrates that enable the first quantitative 

label-free detection of ssDNA with no modification to either the ssDNA or the substrate 

surface. Besides the external field enhancement, the internal field induced hot carrier 

generation is also investigated. Al NCs generate hot carriers at plasmon resonance, as 



well as interband transitions. However, the lifetime of hot carriers is on the order of 

picoseconds before they decay into heat. Instead, we developed Al@TiO2 core-shell 

nanoparticles as antenna-reactor with efficient hot carrier generation and excellent 

photocatalytic performance. Analysis of the Al-doped TiO2 interlayer in Al@TiO2 core-

shell heterostructure greatly extends our knowledge on the interface at the nanoscale. 

Unlike the native oxide layer of Al NCs, this interlayer does not block the hot carrier 

transfer pathway. Instead, it enables direct contact between Al nanoantenna and TiO2 

reactor, where the aligned Fermi energy level allows almost barrierless charge transfer. 

We demonstrate experimentally that Al@TiO2 nanoparticles can drive the 

photoreduction of 4-nitrophenol. By comparing wavelength-dependent results with the 

simulated hot carrier generation, we conclude that the photocatalytic reactivity is 

generated from plasmonic Al nanoantenna under visible, even near IR illumination. The 

combination of Al and TiO2 presented in this thesis is a new demonstration of antenna-

reactor geometry for plasmon-induced photocatalysis with low cost and promising 

large-scale industrial applications. We further investigated the optical and photothermal 

properties of small Al NCs with a plasmon resonance in UV region. The color of UV 

absorbing solution is almost colorless due to little interaction with visible light. 

However, the color of Al NCs solution is observed to change from almost colorless to 

totally black with increasing concentration. The simulation results indicate that besides 

the dipolar plasmon resonance in UV, the Al NCs also serves as a pure absorber in the 

visible to near IR spectral region. This is because of the larger imaginary part of 

dielectric function of Al in the visible range, which makes Al NCs a great candidate in 



photothermal applications. In order to investigate the photothermal performance of Al 

NCs in aqueous environment, a silica layer is coated with controlled thickness to 

improve their water stability. The photothermal conversion measurements shows the 

temperature increase both at the laser spot and in bulk, demonstrating the absorber 

nature of Al@SiO2 nanoparticles. The photothermal conversion efficiency reaches 

54.67% under 800 nm laser illumination, which make Al@SiO2 a low cost but efficient 

candidate for solar applications. In summary, we have investigated the plasmonic 

properties of Al in three aspects: hot spots induced near field enhancement, hot carrier 

generation followed by photocatalysis, and the photothermal conversion. These 

observations and results, both experimental and theoretical, have demonstrated that Al 

NCs, along with its nanocomposites, are promising candidates for many different areas 

of plasmonics. 
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Chapter 1 

Introduction 

This thesis focuses on the study of both fundamental and practical aspects of 

surface plasmon excitations in Aluminum (Al) nanostructures. Al, with its low cost, 

abundance, and unique properties compared to noble metals, has demonstrated its 

potential in sensing, photocatalysis, optoelectronics, and many other areas. This thesis 

starts by introducing the electronic, chemical, as well as optical properties of Al in 

Chapter 2, followed by a few selected studies in the areas listed as below.  

1.1. Al nanocrystals: hot spots and SERS 

The optical cross section of plasmonic nanoparticles are much larger than their 

physical sizes, with strong electromagnetic field enhancement in their close vicinity. 

This can be visualized as an antenna effect that occurs at high curvatures like corners 

or edges, and within narrow gaps. When two or more nanoparticles are brought into 

close proximity, the "hot spots" between nanoparticles delivers even higher field 

enhancement. This ability to focus light into small volumes has led to their application 



in different spectroscopic modalities, such as surface-enhanced Raman scattering 

(SERS), surface-enhanced Infrared Absorption spectroscopy (SEIRA), and surface-

enhanced Fluorescence. There has been tremendous effort to tailor the LSPR frequency 

of metal nanoparticles to realize enhanced fields from mid-infrared to the ultraviolet, 

for chemicals and biomolecules.  

In Chapter 3, I will discuss chemically synthesized nanocrystal aggregates of Al, 

an inexpensive, highly abundant, and sustainable metal, as SERS substrates. Al 

nanocrystal aggregates are capable of substantial near-infrared SERS enhancements, 

similar to Au nanoparticles. The intrinsic nanoscale surface oxide of Al nanocrystals 

supports molecule-substrate interactions that differ dramatically from noble metal 

substrates. The preferential affinity of the ssDNA phosphate backbone for the Al oxide 

surface preserves both the spectral features and nucleic acid cross sections relative to 

conventional Raman spectroscopy, enabling quantitative ssDNA detection and analysis. 

1.2. Al@TiO2: hot electrons and photocatalysis 

Upon light absorption and LSPR excitation, the oscillation of conduction electrons 

quickly dephases non-radiatively by transferring the energy to hot carriers via Landau 

damping. During this transient higher-energy states, the hot electrons can transfer 

energy to neighboring molecules to drive chemical reactions. However, the decay of 

hot carriers takes place on a femtosecond timescale, as shown in Figure 1-1. Then the 

generated hot electrons will redistribute their energy through electron-electron 

scattering, or electron-phonon coupling processes, and ultimately dissipate into heat. 



This often occurs before energy can transfer to adsorbed molecules. To extend the hot 

carrier lifetime and provide active sites for different reactions, the plasmonic 

nanostructures are often combined with other metals or semiconductors, or even 

polymers, to form an antenna-reactor geometry heterogeneous catalyst.  

 

Figure 1-1 Photoexcitation of a plasmonic nanoparticle and subsequent 

relaxation processes.1 (a) Plasmon excitation redirects light towards and 

into the nanoparticle. (b–d) Population of the electronic states (grey) after 

plasmon excitation: hot electrons are represented by the red areas above 

the Fermi energy EF and hot hole are represented by the blue area below EF. 

(b) Landau damping occurs at 1-100 fs timescale, the non-thermal 

distribution of electron-hole pairs decays either through re-emission of 

photons  or through carrier multiplications. (c) On 100 fs to 1 ps 

timescale, the hot carriers redistribute their energy by electron–electron 

scattering processes. (d) hot-carriers thermalize and heat transfers to the 

environment within 100 ps to 10 ns. 

In Chapter 4, I will introduce Al@TiO2 core-shell nanoparticles as a hot-carrier-

mediated antenna-reactor for the photoreduction of 4-aminophenol. During Al@TiO2 



synthesis, the native oxide layer of Al nanocrystals which impedes the charge transfer 

pathway is removed and replaced by a semiconducting TiO2 shell. The Al-doped TiO2 

interlayer formed at the interface assures close contact and allows almost barrierless 

charge transfer between Al and TiO2. In such a geometry, the plasmonic Al core 

generates energetic hot carriers under ultraviolet to visible illumination through both 

nonradiative plasmon decay and direct excitation of interband transitions. The hot 

carriers subsequently transfer to the TiO2 shell to promote photoreduction of 4-

nitrophenol to 4-aminophenol. The Al@TiO2 heterostructure, as an antenna-reactor, 

demonstrates high photocatalytic efficiency and provides a low-cost solution for the 

future design of plasmon-induced photocatalysts for visible-light-driven reactions. 

1.3. Al@SiO2: photothermal conversion 

Plasmon-based photothermal conversion is one of the most intriguing applications 

for plasmonic nanostructures. For conventional plasmonic materials such as Au and Ag, 

their photothermal conversion effect has been thoroughly investigated both 

experimentally and theoretically. However, limited research is performed on Al. Al has 

a larger imaginary part of dielectric function in the visible region, results in more 

thermal losses than the noble metals. Besides, Al has been long used as an energetic 

material. Thus, it is of great importance to investigate the photothermal effect induced 

by absorption from UV to near IR. 

In Chapter 5, I will discuss the unique optical and photothermal properties of small 

Al NCs and Al@SiO2 nanoparticles. We successfully synthesized Al NCs with small 



diameter and plasmon resonance in deep UV region. The color of Al NCs solution is 

observed to change from almost colorless to totally black with increasing concentration 

of nanoparticles. The simulation results indicate that besides the dipolar plasmon 

resonance in UV region, the Al NCs also serves as a pure absorber in the visible to near 

IR spectral region. The ability to absorb all wavelengths makes Al NCs a great 

candidate in photothermal applications. In order to investigate their photothermal 

performance in aqueous environment, a silica layer is coated with controlled 

thicknesses to improve the water stability. The photothermal conversion measurements 

shows that the temperature increase both at the laser spot and in bulk, demonstrating 

the absorber nature of Al@SiO2 nanoparticles. The photothermal conversion efficiency 

reaches 54.67% under 800 nm laser illumination, which make Al@SiO2 a low cost but 

efficient candidate for solar applications.  



Chapter 2 

Aluminum Plasmonics 

2.1. Aluminum Plasmonics 

Plasmonic behavior is an optical phenomenon that have attracted intense research 

interest over decades. When metallic nanoparticles are scaled to a size that is smaller 

than the wavelength of light, the alternative electromagnetic field can induce a 

collective oscillation of the free electrons within the nanoparticle. This phenomenon is 

referred to as localized surface plasmon resonance (LSPR). The resonance frequency 

of plasmonic nanoparticles is determined by the material, size, shape, dielectric 

environment of the nanoparticle, and the coupling between them, and is tunable across 

UV to near IR. 

Previous research interest has been focused on noble metal nanostructures 

containing Au, Ag, and Cu. The plasmon resonance of these metals are in the visible 

spectral region and are expensive in cost due to their scarcity. As the field of plasmonics 

continues to expand, researchers are seeking for other possibilities beyond noble metals, 

and an alternative plasmonic material that has tremendous potential is Al. As the most 

abundant metal on earth, Al can lower the cost of plasmonic nanostructures in practical 



applications, along with its unique optical, chemical, and mechanical properties. This 

thesis will focus on exploring Al as plasmonic material for sensing, photocatalysis, and 

photothermal applications. 

Al has attracted tremendous interest due to its unique chemical and optical 

properties. Al exhibits a high density of free electrons, contributing 3 conduction band 

electrons per atom compared to 1 electron per atom for Au and Ag. The bulk plasmon 

frequency is described as: 

𝜔𝑝 =  √
𝑛𝑒2

𝜀0𝑚
  

where n, e, m referring to the density of free electrons, the electric charge, and the 

effective mass. 𝜀0 refers to the dielectric permittivity of vacuum. The bulk plasmon 

frequency 𝜔𝑝 of Al is around 15 eV, comparing to 8-9 eV for Au and Ag. Using Drude 

model considering a metal-air interface, the quasi-static surface plasmon frequency 

𝜔𝑠 =  𝜔𝑝/√2 limits the range of surface plasmons 0 ≤ 𝜔 ≤ 𝜔𝑠. The high value of 

𝜔𝑝 indicates broader frequency range of surface plasmons allowed in Al.  

The unique optical properties of Al can also be described with the real and 

imaginary part of the dielectric functions. Figure 2-1 plots the comparison of Al, Au, 

and Ag dielectric functions. The first observation is that the real part of the dielectric 

function for Al is more negative and broader in feature compared to Au and Ag, which 

is a result of higher value of bulk plasmon frequency as mentioned above. Secondly, in 

both real and imaginary parts, there are peaks at around 850 nm, due to the presence of 



interband transitions. Furthermore, due to the presence of interband transitions in Au 

and Ag, they cannot be used optically in the UV range. All photons with a higher energy 

than interband transitions will be absorbed and excite electron-hole pairs. However, Al 

exhibits a negative real part and relatively low imaginary part in the UV spectral region, 

which make it the most appealing and promising material for UV plasmonics.  

 

Figure 2-1 (a) Real and (b) imaginary part of the dielectric functions for Al, 

Au, and Ag.2 

 



 

Figure 2-2 Scattering spectra of 100 nm diameter nanodisks with varying 

metal oxide fractions.3 The calculated spectra (solid lines) assume a 3 nm 

pure surface oxide and a SiO2 substrate. The experimental dark-field 

spectra (dotted lines, scaled for clarity) correspond to evaporations 

performed under exposure to varying trace levels of oxygen, producing 9% 

(green), 19% (blue), and 27% (orange) metal oxide content.  

Another unique feature of Al is its surface chemistry. It is known that Al oxidizes 

rapidly in contact with air, leading to a self-limiting oxide layer at the surface. The 

native oxide layer on Al nanostructures usually has a thickness of 2-4 nm. The oxide 

layer remains stable and preserves the stability of Al nanostructures for long time. There 

is no bulk oxidation observed in air atmosphere, in contrast to the oxidation of Ag 

nanostructures. The level of oxidation of Al nanostructures has been studied with well 



controlled oxidation fractions, as shown in Figure 2-2. The scattering spectra of Al 

nanostructures shows a resonance around 400 nm for pure Al nanodisk. As the oxide 

layer thickness increases, the plasmon resonance peak decreases in intensity, and red 

shifts. This unique surface chemistry provides a different path of applications that will 

be further discussed in this thesis.  

2.2. Al nanostructures 

2.2.1. Lithographic fabrication 

Different geometries of Al nanostructures have been fabricated by lithography 

including nanodisks,3, 4 nanorods,5 triangles,6, 7 nanorings,8 nanocrescents,9 bowtie 

nanoantennas,10 etc. Take the Al nanodisk shown in Figure 2-3 as an example, the dark-

field plasmon resonance of individual nanodisk shows significant spectral effects as a 

result of diameter.3 Normal lithographic fabrication methods for noble metals all applies 

to Al nanostructures. The major difference is the formation of the oxide layer once 

exposed to air. The dielectric of aluminum oxide must be taken into consideration when 

calculating the theoretical spectra. Another example is the fabrication of Al nanorod 

antennas (Figure 2-4), which exhibit highly tunable plasmonic resonances in both 

longitudinal and transvers modes with increasing aspect ratio.5 These work leads to the 

applications in high area, low cost CMOS, waveguide, and on-chip nanoantenna. 



 

Figure 2-3 Tuning of the plasmon resonance of Al nanodisks.3 (a) 

Experimental scattering spectra of individual nanodisks with varying 

diameters. (b) SEM of corresponding nanodisks. Scale bar is 100 nm. (c) 

Finite-difference time-domain (FDTD) simulations of the spectra, assuming 

a 3 nm oxide layer on SiO2 substrate.  

 



 

Figure 2-4 (a) SEM and corresponding cathodoluminescence images of 

individual Al nanorod antennas. (b) Experimental cathodoluminescence 

emission and (c) calculated scattering amplitudes as a function of antenna 

length. The dotted and solid gray lines represent longitudinal and 

transverse contributions, respectively.5 

2.2.2. Colloidal synthesis 

Colloidal synthesis of Al nanocrystals (NCs) in solution is a rising research topic, 

since (1) chemical synthesized Al NCs have much higher single crystallinity than 

lithography fabricated nanostructures, and (2) the methods are extremely different with 

conventional methods for noble metals. The synthesis of noble metals is mostly realized 

by the reduction of metal salts. However, because of the high reduction potential, 

aluminum salts are hard to reduce. The synthesis of Al NCs typically uses a transition 

metal catalyst, e.g. titanium isopropoxide Ti(OiPr)4, to decompose AlH3 complexes. 

Due to the high reactivity of both AlH3 and catalysts, the reactions require air- and 

water-free condition, such as in a Schlenk line or glove box.  



 

Figure 2-5 Al NCs with different sizes and shapes. (A) Size tunability of Al 

NCs by varying the ratio of 1,4-dioxane and THF.11 (B) Shape cornered Al 

nanocubes.12 (C) Polymer-directed growth of Al NCs with shape control.13 

(D) Al nanorod.14 

A variety of aspects, such as supersaturation, ligands, seed defects, and colloidal 

stability of clusters, determine the size and shape of Al NCs. By varying the AlH3 

complex, the catalyst, the solvent, and the ratio of each component, researches have 

succeeded in synthesizing octahedral, trigonal bipyramids, cubes, and rods with 

different sizes. An early research introduced the synthesis of Al NCs with mixed 

shapes,11 as shown in Figure 2-5A. By changing the ratio of two solvents: 1,4-dioxane 

and tetrahydrofuran (THF), the size of Al NCs can be tuned. In a dioxane only solution, 

the Al NCs have a diameter of 70 nm. The size increases with higher THF ratio. A 

following study explained the mechanism of this size-controlled synthesis using 



electron paramagnetic resonance (EPR) spectroscopy.15 The results show that Al 

clusters formed at early stage of synthesis are colloidally unstable and coalesce and 

grow until they reach large size and colloidally stable. The growth of Al NCs is more 

quickly in THF than dioxane due to the lower colloidal stability of Ti-Al-H clusters in 

THF compared to dioxane. In dioxane solution, the number of coordinating atoms 

available is double of those in THF, improving the colloidal stability of clusters and 

producing more Al seeds, which results in smaller particles. However, the reaction of 

alane dimethylethylamine complex (DMEAA) and Ti(OiPr)4 in THF/1,4-dioxane leads 

to Al NCs with mostly truncated octahedral and trigonal bipyramids with <111> and 

<100> facets.  

For more controlled synthesis along different facets, researchers also explored other 

alane precursor, titanium catalyst, and polymer-mediated synthesis. As shown in Figure 

2-5 B-D, nanocubes and nanorods are synthesized with different methods. The <100> 

terminated Al nanotubes are synthesized through decomposition of DMEAA precursor 

catalyzed by Tebbe’s reagent (C13H18AlClTi) in THF.12 In another research, they use 

polymer to direct the growth of Al NCs and obtained different shapes by varying the 

concentration of Ti(OiPr)4.
13 Using another precursor triisobutyl aluminum, Al 

nanorods elongated along their <110> direction can be synthesized under high 

temperature.14 



2.3. Applications of Al as plasmonic material 

The unique light harnessing capabilities of Al nanostructures has led to numerous 

advances in nanophotonics, ranging from chemical sensing,10, 16, 17 to optoelectronic 

devices,18-20 photocatalysis,21-23 even water desalination.24 

2.3.1. Surface-enhanced Spectroscopy 

As mentioned above, Al exhibits plasmon resonance from UV to near IR, making 

it a good candidate for surface enhanced spectroscopies including localized surface 

plasmon resonance (LSPR) sensing,25 surface-enhanced infrared absorption 

spectroscopy (SEIRA),16 surface-enhanced Raman spectroscopy (SERS),10, 17, 26-28 and 

surface-enhanced fluorescence (SEF).29-32 Thus far, SERS substrates based on 

plasmonic Al have primarily focused on nanostructures fabricated using e-beam 

lithography, such as nanoparticle17 or nanohole arrays26 and bowtie structures,10 along 

with roughened films27 and gratings.28 One advantage of using Al as substrate in 

surface-enhanced spectroscopies is the existence of oxide layer. In SEF, a spacer layer 

is needed for noble metal substrates to avoid the charge transfer between fluorophores 

and metal substrates which quenches fluorescence. When using Al as substrate, the 

native oxide layer naturally serves as the spacer layer, which avoid the extra 

modification process. Taking advantage of the native oxide layer, the enhanced 

fluorescence has been observed for amino acids,30 DNA base analogue,31 and proteins.32 

These researches mostly focus on UV excitation because Al is so far the best material 

with high field enhancement in UV region. Another reason why UV excitation is 



interesting is because most substrates exhibit native fluorescence or absorption under 

UV excitation for SEF and resonant SERS. For example, most biomolecules absorb 

220-280 nm light, which makes it possible for label free detection.  

2.3.2. Optoelectronics 

The ability of Al nanostructures to sustain plasmon resonance in UV is also 

attractive for optoelectronics applications, including photodetectors,18-20 color panels,33, 

34 and nanolasers.35-37 For example, the band-edge emission of GaN is located around 

3.35 eV, corresponding to 370 nm, which is beyond the interband transitions for noble 

metals. The combination of Al and GaN has been proved with enhanced photoresponse 

using plasmon hybridization mechanism.20 The enhanced photocurrent is attributed to 

significant increase in the generation of hot electrons. Another example is Al-Si metal-

semiconductor-metal photodetector,18 which utilizes an integrated Al filter for spectral 

sensitivity, combined with a charge accumulation mechanism for photocurrent gain. 

Both near field enhancement and thin-film interference effects contributes to enhanced 

optical absorption. Recent research have also developed plasmonic nanolasers with 

Al/Al2O3/GaN 37 and Al/Al2O3/ZnO 35 geometries.  

Al nanostructures can also be used as flat panel display devices with exceptional 

robustness, low cost, and manufacturability. Since individual Al nanostructures alone 

lack the vivid chromaticity due to strong damping in the visible region, periodic arrays 

of Al have been fabricated with far more vivid coloration.33 Combining Fano 

interference effect, it is possible to narrow the pixel spectral response. These researches 



push the boundaries of small display resolution and provides practical strategies that 

can be implemented for pixel color display technology. 

2.3.3. Photocatalysis 

Photocatalysis is another promising application for Al nanostructures. In an early 

research, Al nanocrystals is used as plasmonic photocatalyst for H2 dissociation.22 Hot 

electrons generation from both plasmon resonance and interband transitions contribute 

to following charge transfer to hydrogen antibonding orbitals. However, in most cases, 

Al serves only as the light harvester and often combines with another material as reactor. 

This geometry is referred to as antenna-reactor, where Al either enhances the near field 

intensity, or as hot carrier generator and transfers energy to adjacent reactor materials. 

Examples are Al/ZnO,35 Al/TiO2,
38-40 Al@Cu2O,41 Al@MOF,42 Al/transition metals.21, 

43 These structures have demonstrated to be high performance antenna-reactors in 

reactions from dye decomposition, to hydrogen-deuterium exchange, N2O 

decomposition, and reverse water-gas shift reactions.  

 



Chapter 3 

Al Nanocrystals as Substrate for 

Quantitative SERS-based DNA 

Detection 

3.1. Introduction 

Raman scattering is the inelastic collision of photons with molecules, during which 

photons may gain or lose energy accordingly to the vibrational states of the molecules. 

Raman scattering occurs at very low possibility. Typically, the Raman cross-section of 

a molecule is between 10-30-10-25 cm2. Therefore, although Raman spectroscopy is a 

useful tool for structural analysis, it requires a large number of molecules and is limited 

for ultra-sensitive detection.  

As the discover of plasmonics, the Raman signal can be amplified through 

excitation of LSPR of the substrate, leading to the development of surface-enhanced 

Raman spectroscopy (SERS). When an electromagnetic wave interacts with metal 

nanostructures, there is collective oscillation of electrons in resonance with the 

frequency of the incident light. This LSPR drastically enhances the local 

electromagnetic field in the vicinity of the metallic nanostructure, leading to 



enhancements of incident and scattered light, thus enhances the Raman signal. Both 

incident light and scattered light are enhanced by plasmonic nanostructures. The SERS 

enhancement factor (EF) is described by the ratio of SERS scattering and normal 

Raman scattering with given number of analyte molecules: 

𝐸𝐹𝑆𝐸𝑅𝑆 =
𝐼𝑆𝐸𝑅𝑆/𝑁𝑠𝑢𝑟𝑓

𝐼𝑁𝑅/𝑁𝑁𝑅
 

which ISERS and INR are the scattering intensities of SERS and normal Raman scattering, 

respectively. Nsurf is the number of molecules bound to the metallic nanostructure, and 

NNR is the number of molecules in the excitation volume of the laser. Since the major 

enhancement is attributed to the electromagnetic field enhancement, the enhancement 

factor is also described by the field intensity. ISERS is linear with the incident field 

intensity |𝐸𝑖𝑛|2:  

|𝐸𝑖𝑛|2 =  |𝐸0|2 [ |1 − 𝑔|2 + 3𝑐𝑜𝑠2𝜃(2Re(𝑔) +  |𝑔|2)] 

where θ is the angle between the incident field vector and the molecule position vector 

and g is defined as: 

𝑔 =
ε𝑖𝑛 − ε𝑜𝑢𝑡

ε𝑖𝑛 + 2ε𝑜𝑢𝑡
 

Here εin is the dielectric constant of the metal nanostructure, and εout is the 

dielectric constant of the environment. When εin equals to -2εout, g approaches zero and 

the maximum enhancement occurs. The enhancement factor can also be described as: 

𝐸𝐹𝑆𝐸𝑅𝑆 =
|𝐸𝑖𝑛|2|𝐸𝑜𝑢𝑡|2

|𝐸0|4
 



The wavelength of incident light and scatter light are often close to the plasmon 

resonance, as well as the laser wavelength, so the enhancement factor is often described 

as the fourth order of electromagnetic field enhancement at this wavelength. 

Tremendous effort has been made to maximize the enhancement factor on Au or Ag 

substrates. Because of their high cost and limitation in UV applications, Al rises as a 

promising candidate. 

Al, the most abundant metal on earth, is attracting increasing interest as a 

plasmonic material due to its vivid plasmon response in the UV to near IR region of the 

spectrum,3, 4, 44 along with its greatly reduced cost and inherent sustainability. Al 

nanostructures have shown promising properties in applications such as 

photocatalysis,22, 45 photodetection,18 flat-panel displays,33, 34 and sensing10, 16, 17, 25-28, 

including surface-enhanced spectroscopies. These include localized surface plasmon 

resonance (LSPR) sensing,25 surface-enhanced infrared absorption spectroscopy 

(SEIRA),16 and surface-enhanced Raman spectroscopy (SERS).10, 17, 26-28 Thus far, 

SERS substrates based on plasmonic Al have primarily focused on nanostructures 

fabricated using e-beam lithography, such as nanoparticle17 or nanohole arrays26 and 

bowtie structures,10 along with roughened films27 and gratings.28 

Recently we reported the chemical synthesis of Al nanocrystals (NCs) of uniform 

shape and controlled size.11 The plasmon resonance of Al NCs shows a wide tunability, 

from the UV to the near IR region of the spectrum, as their size is increased. Since 

chemically synthesized noble metal nanoparticles condensed into aggregate substrates 

support strong SERS enhancements,46, 47 it is interesting to investigate whether Al NC 



aggregates have similar potential as SERS substrates, and could ultimately prove to be 

a more sustainable alternative SERS substrate. 

A distinguishing feature of Al NCs is their thin (2-4 nm), stable, amorphous surface 

oxide layer that inhibits further oxidation of the metal. This thin oxide surface layer can 

be seen as quite advantageous for SERS. For example, SiO2 and Al2O3 nanoscale 

coatings were grown around Au nanoparticles (NPs), and the resulting shell-isolated 

nanoparticles, known as “SHINERS”, demonstrated broadly versatile SERS 

detection.48, 49 This is because nanoscale surface oxide layers can provide binding sites 

for a variety of functional groups such as carboxylic/phosphoric acids, silanes, and 

amides, providing very different molecule-substrate interactions relative to 

conventional Au or Ag SERS substrates. For Al, its intrinsic nanoscale surface oxide 

layer expands the types of molecules that can be bound to its surface relative to noble 

metals, where molecules are commonly functionalized with thiol or amine groups to 

facilitate molecule-substrate binding. The oxide layer can enable the SERS detection of 

a wider range of non-resonant molecules, including biomolecules such as DNA, where 

label-free detection is highly desirable. 

In this thesis, we investigate Al NC aggregates as near IR SERS substrates. 

Theoretical simulations of the wavelength-dependent response of an Al dimer were 

performed to estimate the electromagnetic field enhancement generated by the hot spots 

in Al NC aggregates under laser illumination and compared with experimental dark 

field microspectroscopy of isolated Al NC dimers. The properties of Al NC aggregates 

are compared to those of Au NP aggregates, and the differing molecule-substrate 



affinities of these two aggregate systems were examined using near-IR SERS (785 nm 

laser illumination). We investigate the Al NC surface oxide-molecule binding through 

carboxyl and silane functional groups, then extend these studies to single stranded 

DNAs (ssDNAs). Al NC substrates enable us to perform the first label-free SERS 

detection of ssDNA without any modification to either the molecule or the substrate. A 

comparative study of the SERS spectra of ssDNA on Al and Au aggregate substrates 

reveals very different spectra and relative intensities for all four bases. Due to the 

affinity of the ssDNA phosphate backbone for the Al NC substrate, the SERS spectra 

and relative SERS cross sections for all four bases are very similar to the bulk Raman 

spectra. We show that label-free, non-functionalized, quantitative ssDNA analysis is 

possible with as-synthesized Al NC-based substrates. 

3.2. Materials and Methods 

The Al NCs were synthesized according to previously reported protocols with the 

reaction shown below.11 The size of Al NCs is 144.5 ± 14.3 nm. The shapes of Al NCs 

were a mixture of truncated trigonal bipyramids, truncated octahedra, and irregular 

crystals. 

(𝐶𝐻3)2𝐶2𝐻5𝑁𝐴𝑙𝐻3  
𝑇𝑖(𝑂𝑃𝑟)4

𝑇𝐻𝐹/1,4 − 𝑑𝑖𝑜𝑥𝑎𝑛𝑒
 𝐴𝑙 + 𝐻2 + (𝐶𝐻3)2𝐶2𝐻5𝑁 

Au NPs were synthesized by reducing HAuCl4 with formaldehyde. 50 mg of 

K2CO3 and 3 mL of 1% HAuCl4 solution were added to 200 mL of deionized water and 

shaken vigorously to mix well. The solution was stored in a dark cabinet at room 



temperature for 24h before use. 300 µL of formaldehyde was added to the solution and 

stirred for 1h. The colorless solution turned pink indicating the formation of Au NPs. 

The Au NPs were washed three times with deionized water.  

All normal Raman and SERS spectra were acquired in ambient atmosphere under 

785 nm excitation wavelength. The SERS on Au, Al substrate and the normal Raman 

spectra were measured under 0.0038, 0.038, 3.8 mW laser power and 10, 40, 10 s 

integration time, respectively. The SERS spectra on Al substrate were averaged over 50 

scans. All spectra are baseline subtracted based on a built-in function of the instrument. 

All peak assignments are based on previous studies.50  

Al NCs and Au NPs were functionalized by mixing well with 10 mM PABA/APhS 

in IPA. After 60 minutes, they were washed three times by centrifugation and re-

dispersion in IPA to remove non-specific binding molecules. The functionalized Au and 

Al were then immobilized onto a quartz substrate by drop-dry deposition. Quartz 

substrates were cleaned before use by sonicating for 20 min in acetone and ethanol, 

followed by 30 s Ar plasma cleaning. Films of functionalized aggregates supported on 

quartz were used as substrates for SERS, SEM, and dark field measurements. 

50 μL of as-synthesized Al NCs and Au NPs were centrifuged down and dried in 

vacuum to remove all solvent, respectively. The number of nanoparticles used in each 

sample was ~1013
 particles/mL determined by dividing the experimental extinction 

intensity by the simulated extinction coefficient of Au and Al respectively. Based on 

previous study on maximum loading density of ssDNA on Au NPs51 and the relative 



surface area, the ratio of nanostructures and ssDNA is set to 1:10000 for fully coverage 

with an excess of ssDNA molecules. The ssDNA molecules were attached to the 

nanostructures by overnight incubation in 50 μL of 0.2 mM ssDNA aqueous solution. 

The mixture was sonicated until completely re-suspended. The functionalized 

nanoparticles were then immobilized on a quartz substrate by drop-dry deposition and 

dried under vacuum. The normal Raman samples were prepared by drop-drying ssDNA 

aqueous solution onto quartz substrate and dried under vacuum. 

3.3. Optical properties of Al and Au substrates 

We begin by comparing the plasmonic properties of Al NCs, Au NPs, and their 

aggregates (Figure 3-1). Al NCs were synthesized by a method previously reported.11 

The experimental and theoretical extinction spectra of monodisperse Al NCs in 

isopropanol and Au NPs in aqueous solution are shown (Figure 3-1A, B). The 

extinction spectrum of monodisperse Al NCs exhibits a primary peak at ~570 nm 

corresponding to the dipolar plasmon mode, and a broadband absorption feature at ~850 

nm (~1.4 eV) corresponding to the interband transition in Al. In the well-studied Au NP 

system,47, 52, 53 the dipolar plasmon peak at ~570 nm overlaps with the Au interband 

transition at ~500 nm. The theoretical extinction spectra (dashed lines) for both 

nanoparticles were obtained using Mie theory, assuming spherically shaped 

nanoparticles. The slight mismatch between the experimental and theoretical spectra of 

Al can be attributed to a lack of quantitative information concerning the dielectric 

function of the Al NC surface oxide, and to the polyhedral morphology. 



 

Figure 3-1. Experimental and theoretical extinction spectra of: (A) 

monodisperse Al NCs in isopropanol and (B) Au NPs in aqueous solution. 

Experimental dark field spectra of: (C) Al NC and (D) Au NP aggregates. 

Inserted are the SEM images (inserted, scale bar = 500 nm). (E) SEM image 

of an Al dimer (scale bar = 200 nm). (F) Scheme of an Al dimer with 2 nm 

gap. (G) Experimental and theoretical dark field spectrum of the Al dimer 

(with 3 nm oxide layer). (H) Theoretical near-field enhancement of Al 

dimers with/without 3 nm oxide layer. 

Close-packed Al and Au aggregates with nano-sized gaps (Figs. 1C, D) were 

generated by drop-dry deposition onto a quartz substrate. The corresponding scanning 

electron microscopy (SEM) images and optical responses, obtained using dark field 

scattering spectroscopy, are shown. The Al NCs are primarily truncated trigonal 

bipyramids, with a few truncated octahedra and irregular crystals (Figure 3-1C, inset). 



The average Al NC diameter is 144.5 ± 14.3 nm. The Au NPs are predominantly 

spherical (Figure 3-1D, inset), with an average diameter of 57.5 ± 18.0 nm. The 

scattering spectra of both Al and Au aggregates show a broadband feature across the 

visible region. In the Al aggregate scattering spectrum, a dip at nominally 850 nm 

corresponds to the interband transition; for Au aggregates, the interband transition 

corresponds to reduced scattering at wavelengths below ~500 nm. 

 

Figure 3-2 (A) SEM image of an Al dimer (scale bar = 200 nm). (B) Scheme 

of an Al dimer with 2 nm gap. (C) Experimental and theoretical dark field 

spectrum of the Al dimer (with 3 nm oxide layer). (D) Theoretical near field 

enhancement of Al dimers w/o 3 nm oxide layer. 

To approximate the near-field properties of the Al NC aggregate, we examined an 

isolated Al dimer (Figure 3-2A) using dark field microspectroscopy and compared its 



properties with a theoretical model of the structure (Figure 3-2B). A finite-difference 

time-domain (FDTD) simulation was performed on an Al dimer with a 3 nm oxide layer 

around each NC, with a 2 nm air gap between the two NCs, in an edge-to-edge 

configuration corresponding to the experimental structure. The theoretical spectrum 

corresponds relatively well to the experimentally obtained dark field spectrum (Figure 

3-2C). The broader features of the theoretical spectrum relative to the experimental 

spectrum are most likely due to the higher purity of Al NCs relative to the Al thin films 

upon which the literature dielectric permittivity used in the theoretical calculation was 

based.44 Based on this agreement, we calculated the near-field enhancement as a 

function of wavelength for this structure, with and without the presence of the oxide 

layer (Figure 3-2D). The near-field enhancement calculated in the estimated 2 nm Al 

dimer gap is nominally 20-30 times throughout the visible region of the spectrum for 

this geometry, which would give rise to an enhancement factor of ~105- 106 in the 

junction. In reality, the enhancement factor may be slightly larger than this prediction, 

due to the recently measured reduced absorption in ultrapure Al at these wavelengths.44 

While this SERS enhancement is smaller than what can be reached for noble metal 

nanostructures specifically optimized for single-molecule SERS, 54, 55 it does suggest 

that Al NC aggregates with nano-sized gaps could be very useful for SERS applications. 

It is also apparent in this simulation that the presence of the oxide layer reduces the 

field enhancement, and redshifts the maximum field enhancement beyond 700 nm for 

Al NCs in this size range. 



3.4. SERS of silane and aminobenzoic acid on Al and Au 

 

Figure 3-3. (A) SERS spectra of p-aminophenyltrimethoxy silane (APhS) and 

(B) p-aminobenzoic acid (PABA) on Al (red) and Au (blue) substrates, with 

normal Raman spectra (black) as reference. 

To investigate the differing surface chemistries between Au NP- and Al NC-based 

substrates, carboxylic acid and silane molecules with para-amino groups were chosen 

as analytes. These molecules should bind to the Al oxide through their carboxylic acid 

or silane groups, respectively, and bind to the Au NP surfaces through their amine 
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groups. The SERS spectra of p-aminophenyltrimethoxy silane (APhS) on both Au NP 

and Al NC aggregate substrates are shown in Figure 3-3A, along with the normal 

Raman spectrum of p-APhS as a reference. The peaks at 1132 cm-1 and 838 cm-1, 

assigned to the Si-O-C stretching and Si-C rocking modes, appear more prominent on 

the Al NC aggregate substrate. For p-APhS on the Au NP substrate, the SERS spectrum 

is more complex, due to the binding of the amine group to Au, along with possible 

hydrolysis and polymerization of the silane groups of the molecule. The different 

binding mechanisms of p-aminobenzoic acid (PABA) are also observed by comparing 

SERS spectra on Au NP and Al NC aggregate substrates (Figure 3-3B). Most features 

in both spectra correspond to the normal Raman spectrum of PABA. However, on the 

Al NC substrate, the peak at 1439 cm-1, assigned to the -COO- symmetric stretching 

mode, indicates binding of the carboxylate group to the oxide surface. This peak does 

not appear for PABA on the Au NP substrate. Instead, a peak at 1362 cm-1 appears, 

characteristic of a C-N stretching mode, enhanced due to the interaction of the nitrogen 

atom of the amine group with the Au NP surface. These features show that Al NC 

aggregates can serve as a near IR SERS substrate that binds functional groups other 

than thiol or amine moieties, potentially enabling SERS detection of a wider range of 

molecular species. 

3.5. Quantitative SERS analysis of ssDNA 

Another functional group that should exhibit a strong affinity with the oxide layer 

of Al NC aggregates is phosphate,56 which should facilitate SERS detection of DNA. 



Currently, Au and Ag nanostructures have been studied extensively as SERS substrates 

for ssDNA detection.57-59 Previous studies have shown that SERS of unlabeled ssDNA 

molecules on Au substrates exhibits poor reproducibility; large spectral variations have 

been attributed to the differing affinities of the various nucleic acids towards the Au 

surface.60-63 This binding is typically through covalent interactions of the noble metal 

substrate with the base ring nitrogen and exocyclic amino/keto groups, resulting in the 

formation of randomly coiled configurations of ssDNA on the Au surface with multiple 

binding sites. To avoid non-specific interactions between ssDNA and the metallic 

substrate surface, either the molecule or the substrate needs to be modified. One strategy 

is to form a well-organized self-assembled monolayer of ssDNA on an Au substrate 

surface by terminating the ssDNA chains with a thiol group.64, 65 However, thiolation 

adds substantial complexity to the detection process: with this approach, SERS-based 

DNA detection is not truly a label-free method. Several strategies aimed at modifying 

the metal surface have been proposed, such as functionalizing the surface with a probe 

molecule,46 optimizing intermolecular electrostatic interactions by modifying the 

surface charge,66-68 or introducing a protective layer of oxide.69 On the contrary, with 

its native oxide layer already in place, Al NC aggregate substrates seem ideal for label-

free SERS-based DNA detection. 



 

Figure 3-4. SERS spectra of 9-mer ssDNA molecules with four different 

bases: (A) dC9, (B) dA9, (C) dT9, and (D) dG9 on Al (red) and Au (blue) 

substrates, with normal Raman spectra (black) as reference. (E, F) 

Illustration of different surface binding mechanism of ssDNA molecules 

onto Au and Al substrates. 

The SERS spectra of 9-mer ssDNA oligomers with four different bases (adenine, 

cytosine, thymine and guanine) on Al NC (red) and Au NP (blue) aggregate substrates 

are compared in Figure 3-4 (A-D), with normal Raman spectra (black) of ssDNA 
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molecules on quartz as reference. All spectra are normalized for comparison of peak 

positions. The differences between the Al NC-based and the Au NP-based SERS 

spectra are quite striking. It is immediately apparent that there are many more spectral 

similarities between the normal Raman spectrum and the SERS spectrum of the ssDNA 

oligomers on the Al NC substrate than on the Au NP substrate. On the Au NP substrate, 

strong binding between the bases and the Au substrate occurs, shifting the characteristic 

peaks assigned to ring stretching and breathing vibrations by 10-40 cm-1. For example, 

the peaks corresponding to ring breathing mode of adenine at 727 cm-1 shifts to 738 cm-

1 for poly dA9, and the cytosine mode at 785 cm-1 shifts to 798 cm-1 for poly dC9. The 

ring stretching mode shifts from 1369 cm-1 to 1337 cm-1 for poly dT9 and from 1365 

cm-1 to 1347 cm-1 for poly dG9. However, no such peak shifts are observed for the 

ssDNA oligomers on the Al NC substrate. 

Another noticeable feature in this comparison is that two peaks, at 1096 cm-1 and 

786 cm-1, can be observed for all SERS spectra on Al NC substrates. These spectral 

features can be assigned to symmetric stretching and skeleton stretching vibrations of 

the phosphodioxy (PO2
-) group, respectively. This provides strong evidence that the 

backbone phosphate groups of the ssDNA interact strongly with the Al NC surface. 

These symmetric stretching and skeleton stretching vibration modes of PO2
- were not 

observed on the Au NP substrate. 

The numerous spectral differences of ssDNA on Au NP and Al NC substrates 

indicate that ssDNA binds to the Al NC and the Au NP surfaces through very different 

mechanisms. The proposed binding mechanisms of ssDNA on Al/Al oxide and Au 



substrates are illustrated in Figures 3-4E and 3-4F. On the Au surface, ssDNA binds 

predominantly through the nitrogen-constituent groups, substantially shifting their 

characteristic Raman peaks. On the Al NC oxide surface, however, ssDNA molecules 

bind through the ssDNA phosphate backbone, preserving the Raman features of the 

bases and allowing for reliable identification. The strong similarity between the SERS 

spectra on Al NC substrates and the normal Raman spectra may also possibly indicate 

that ssDNA oligomers form ordered assemblies on the oxide surface layer of the Al NC 

aggregate substrate. 

Another evidence supporting the binding mechanism of ssDNA on Al/Al oxide is 

the investigation of ssDNAs with different lengths. Since the phosphate backbone is 

binding onto Al oxide surface, the length of ssDNA molecules should not affect the 

SERS spectral features. When varying the number of bases, the strength of Raman 

signals stays the same for all four oligomers, as shown in Figure 3-5. 



 

Figure 3-5 SERS spectra of ssDNA molecules with four different bases: (A) 

dC9, (B) dA9, (C) dT9, and (D) dG9 from (black) 6-mer, (red) 9-mer, to (blue) 

12-mer. ssDNA chains with different lengths show no spectral difference. 

Since these observations strongly indicate that all four ssDNA oligomers bind to 

the Al NC substrate through the same mechanism, their relative SERS intensities should 

directly reflect the relative Raman cross sections of the constituent bases. Previous 

studies of ssDNA SERS on Au substrate have shown that different bases adsorb on the 

Au surface competitively. For example, the relative adsorption affinity of bases on the 

Au surface is A ≫ G ≥ C ≫ T,70 with the adsorption of adenine strongly dominating 

over the other bases due to a stronger interaction with the Au surface. To validate the 

binding affinity of ssDNA on the Al NC oxide surface, the SERS spectra of each 
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oligomer (Figure 3-6A) were normalized to the peak intensity of the PO2
- symmetric 

stretching mode at 1096 cm-1 as an intrinsic internal standard,67, 68 and peak intensities 

were compared. After normalizing, we find that the relative Raman intensity of four 

bases is C ≈ A > T > G, consistent with a recent study where the relative Raman 

intensities of the ring breathing modes of the four bases were investigated.68 

In clinical diagnostics, DNA base quantification remains a significant challenge, 

due to lack of specific binding, poor reproducibility, and sample complexity. The 

competitive affinity of bases on Au NPs makes it virtually impossible to obtain 

quantitative information using Au NP-based SERS. However, Al NC-based SERS 

substrates enable the quantitative analysis of pristine ssDNA directly from SERS 

spectra. To prove the possibility of quantitative analysis, we performed SERS 

measurements of ssDNA with mixed bases and mixed ssDNA molecules.  

The SERS spectra of ssDNA with mixed bases are shown in Figure 3-6. We 

performed SERS measurements on ssDNA molecules containing different number of A 

and C bases. As the number of C increases, the peak intensity at 785 cm-1 for cytosine 

ring breath mode increases accordingly and the peak at 727 cm-1 for adenine decreases. 

The linear relationship between the number of bases with the corresponding peak 

intensities clearly indicates that due to the binding mechanism, quantitative analysis is 

possible for ssDNA molecules with different number of mixed bases. 

We then mixed equimolar mixture of ssDNA molecules containing two different 

bases onto Al substrate, and compare their spectra with the sum of these two oligomers 



measured separately. The results are shown in Figure 3-7. For example, the SERS 

spectrum of 50% dA9 and 50% dC9 has exactly the same features and signal strengths 

with the average of dA9 and dC9 measured separately. The same results are observed 

for any two mixtures. Based on this observation, we further extended the quantitative 

analysis to DNA oligomers containing 4 different bases in random sequence. 

 

Figure 3-6 (A) SERS spectra of 9-mer ssDNAs with four different bases: 

(black) dG9, (red) dT9, (blue) dA9, and (green) dC9 on Al aggregates. (B) 

SERS spectra of 9-mer ssDNAs composed of different number of adenine 

and cytosine. (C) Relative peak intensity at 727/785 cm-1 indicating the ring 

breathing mode of adenine (red)/cytosine (blue) with number of bases, 

normalized to the peak intensity of PO2- symmetric stretching mode at 

1096 cm-1. 

 



 

Figure 3-7 SERS spectra of equimolar mixture of two different ssDNA 

molecules on Al substrate are shown in color. The black lines show the sum 

of two ssDNA spectra measured separately. 
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Figure 3-8. (A) Sequences of two 20-mer ssDNA oligomers used to 

investigate SERS-based DNA quantification. (B) SERS spectra of the two 20-

mer ssDNAs given in (A). All peaks were normalized to the intensity of the 

PO2- symmetric stretching mode at 1096 cm-1.  

Here we applied a mathematical approach to determine the base contents in two 

random 20-mer ssDNA oligomers (Figure 3-8A). A multivariate regression model was 

used to determine the relative base content from the SERS spectra of each random 

sequence (Figure 3-8B). Multivariate regression is the statistical analysis that describes 

how variables respond simultaneously to change in other variables. The regression 

method in this method is a linear relationship based on ordinary least squares (OLS). 

The multivariate regression is realized based on a well-established MATLAB model.71 

The multivariate regression model used involves two variables x and y, where their 

relationship is listed as: 
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𝑦1 = 𝑎0 + 𝑎1𝑥1 + 𝑎2𝑥2 + 𝑎3𝑥3 + 𝑎4𝑥4 

𝑎1 + 𝑎2 + 𝑎3 + 𝑎4 = 1 

Variables 𝑥1, 𝑥2, 𝑥3 and 𝑥4 stand for the spectral data of poly dC, dA, dG, 

and dT (see Figure 3-6A), and 𝑦1, 𝑦2 stand for the SERS spectrum of ss20-1 and ss20-

2 oligomers (see Figure 3-8B). Ordinary least squares (OLS) analysis is then used to 

find the optimized values of 𝑎. The results are tabulated in Table 3-1.  

 

 

The quantification results are in good agreement with the reference values for both 

sequences (Table 1). The compositions obtained from SERS analysis agree well with 

the reference compositions of ss20-1 and ss20-2 with average errors of 1.6% and 2.8%, 

respectively. 

Table 3-1 Tabulated nucleobase compositions of the ssDNA oligomers 

quantified by multivariate analysis of the SERS spectra (compositions and 

spectra shown in Figure 3-8). 



3.6. Summary 

In summary, we have demonstrated the potential use of Al NC aggregates as a 

plasmonic substrate for SERS. The native oxide layer serves as a valuable linker 

between molecules and substrate, prohibiting non-specific adsorption on the Al NC 

surface. Al NC aggregates, as synthesized, are SERS substrates that enable the first 

quantitative label-free detection of ssDNA with no modification to either the ssDNA or 

the substrate surface. Al NC aggregates show outstanding potential as high-

performance substrates that are ultimately low-cost, disposable and recyclable. In 

addition, they also show a unique promise for as-is detection and quantification of 

chemical and biological molecules that could be useful for a wide variety of sensing, 

assaying, and diagnostic applications. 

 

 



Chapter 4 

Hot-Carrier-Mediated Photocatalysis 

by Al@TiO2 Core-Shell Nanoparticles 

4.1. Introduction 

Plasmon-induced hot carriers with excess kinetic energy have been demonstrated 

to facilitate photocatalytic processes. To effectively generate and utilize hot carriers, 

antenna-reactor heterostructures are developed by combining plasmon nanostructures 

and catalytic materials with active surface sites for chemical reactions. The interface 

between plasmonic and catalytic materials, as well as their individual morphology, is 

crucial for efficient charge transfer. Here we introduce Al@TiO2 core-shell 

nanoparticles as hot-carrier-mediated antenna-reactor for the photoreduction of 4-

aminophenol. During Al@TiO2 synthesis, the native oxide layer of Al NCs which 

impedes the charge transfer pathway is removed and replaced by a semiconducting TiO2 

shell. The Al-doped TiO2 interlayer formed at the interface assures close contact and 

allows almost barrierless charge transfer between Al and TiO2. In such a geometry, the 

plasmonic Al core generates energetic hot carriers under ultraviolet to visible 

illumination through both nonradiative plasmon decay and direct excitation of 



interband transitions which are subsequently transferred to the TiO2 shell to promote 

chemical reactions. The Al@TiO2 heterostructure, as an antenna-reactor, demonstrates 

high photocatalytic efficiency and provides a low-cost solution for the future design of 

plasmon-induced photocatalysts for visible-light-driven reactions. 

Al nanostructures with controlled size and morphology have received considerable 

attention for plasmonic applications due to their high electron density, low optical losses, 

and wide plasmonic tunability from the ultraviolet (UV) to the near-infrared (NIR) 

region.3-6 Upon excitation, the Al nanostructures generate hot carriers with excess 

kinetic energy from direct incident photons or nonradiative plasmon decay. These hot 

carriers are of particular interest for driving photocatalytic chemical reactions.20, 23, 72 

One of the first demonstrations of an Al-based photocatalytic system was plasmon-

induced H2 dissociation using chemically synthesized Al NCs.22 H2 molecules, due to 

their small size, can diffuse through the native oxide layer of Al NCs to the metal 

surface. Under illumination, the Al NCs generate hot electrons from localized surface 

plasmon resonance (LSPR) decay that can transfer to orbitals of H2 molecules and 

facilitate the dissociation reaction. However, the 2-4 nm native oxide layer that grows 

around the Al NCs during synthesis significantly limits their performance. Generally, 

the alumina layer provides poor catalytic sites and impedes the pathway of charge 

transfer to larger molecules that cannot diffuse to the metal surface. To resolve this issue, 

antenna-reactor heterostructures have been developed by coupling Al nanostructures 

with another catalytically active metal or semiconductor. Several heterostructures were 

developed including Al-Pd heterodimers,21, 43 Si-Al-Fe2O3 core-multishell nanowires,73 



and Al@Cu2O core-shell nanoparticles.41 In these structures, Al serves as an antenna 

either inducing hot carrier generation or enhancing light absorption in the adjacent 

catalytic material.  

To extend the practical application of Al-based antenna-reactor, a more 

commercially available catalytic material is preferred as the reactor. Among the 

photocatalysts developed to date, TiO2 is considered the best candidate due to its low 

cost, high stability, nontoxicity, and efficient photoactivity. However, the wide band gap 

(3.2 eV) of TiO2 severely hinders its light harvesting efficiency under visible light. 

Many strategies, including sensitizing TiO2 with dyes or quantum dots,74, 75 implanting 

metal or non-metal dopants,76 and decorating TiO2 with plasmonic nanostructures,77-80 

have been proposed to expand its photocatalytic reactivity into the visible region. There 

have been several demonstrations of Al-TiO2 heterostructures reported as 

photocatalysts such as covering Al nanovoid/nanodimer arrays with a layer of TiO2 

film38, 81 or depositing Al nanostructures onto TiO2 film.40 However, these studies only 

reported the localized near-field enhancement from Al nanostructures since the alumina 

layer blocks the direct charge transfer pathway between metal and semiconductor. Our 

strategy is to create an Al@TiO2 heterostructure in which Al and TiO2 are in direct 

contact, therefore allowing direct transfer of plasmonic hot carriers for photocatalysis 

under visible light. In this geometry, the Al core harnesses light and generates hot 

carriers through nonradiative plasmon damping, while the semiconductor shell extends 

the lifetime of hot carriers and provides active sites for the reactions to occur. 



In this chapter, we introduce an Al@TiO2 core-shell heterostructure as an antenna-

reactor photocatalyst in the UV and visible regime. The native oxide layer of Al NCs is 

etched away during synthesis, resulting in a TiO2 shell that is in direct contact with the 

metal, allowing hot carriers to be efficiently transferred to the TiO2 shell to drive 

chemical reactions. Also, we investigate the chemical composition and the morphology 

of Al@TiO2, especially the interlayer between metal and semiconductor, which is 

critical for the carrier transfer efficiency. Furthermore, the hot carrier generation and 

subsequent charge transfer process are demonstrated by photoreduction of 4-

nitrophenol (4-NP) to 4-aminophenol (4-AP) on the Al@TiO2 surface. We investigate 

the contribution of the plasmonic Al core experimentally through wavelength-

dependent measurements and compare our results to theoretical simulations of hot 

carrier generation in the Al@TiO2 heterostructure. 

4.2. Materials and methods 

The pristine Al NCs with a 2-4 nm native oxide layer were synthesized using a 

well-developed wet-chemistry protocol.11 The TiO2 coating was realized by dissolving 

the native oxide layer of pristine Al NCs and concurrent hydrolysis of TiOSO4, 

followed by an annealing process.82 The scheme is illustrated in Figure 4-2. 



 

Figure 4-1 Scheme of Al@TiO2 nanoparticle synthesis. 

5 mL of as-synthesized Al NCs solution is mixed with 20 mL MilliQ water. Then 

25 μL of 4N H2SO4 and 25 μL of 15 wt% TiOSO4 are added to the solution in sequence. 

Starting with an acidic environment, the native oxide layer on Al NCs is etched, causing 

the local pH around Al core to increase and TiOSO4 to hydrolyze. The reaction is 

performed at room temperature and is allowed to stir for 30 min. The Al@TiO(OH)2 

nanoparticles are then centrifuged and resuspended five times in IPA to remove excess 

titanium precursor, and then dried under vacuum. The formed TiO(OH)2 shell is then 

dehydrated during annealing under Ar atmosphere at 450ºC forming TiO2 shell. Since 

the etching and coating occur simultaneously, the size of the nanoparticles almost 

remains the same. The majority of pristine Al NCs have a truncated polyhedron shape. 

However, the shape becomes more rounded with softer edges. X-ray diffraction (XRD) 

and Raman spectroscopy measurements (Figure 4-3) reveal the crystalline structure of 

the TiO2 to be anatase phase. 



 

Figure 4-2 (A) X-ray diffraction (XRD) of Al@TiO2 nanoparticles. The peaks 

are assigned to single crystalline Al (red) and anatase TiO2 (blue) 

respectively. (B) Raman spectroscopy of Al@TiO2 nanoparticles with all 

peaks assigned to vibration modes of anatase TiO2. 

The photoreduction of 4-nitrophenol (4-NP) to 4-aminophenol (4-AP) was 

performed in the presence of NaBH4 at room temperature. Typically, a solution 

containing 20 mg/L 4-NP and 0.4 mg/mL Al@TiO2 was placed in a quartz cuvette and 

stirred for 30 min in the dark. The injection of an equal volume NaBH4 (4 mM) was 

considered as the starting point of the reaction. The concentration of 4-NP is determined 

by measuring the UV-Vis spectrum of the supernatant after centrifugation. For the 

kinetics study, the reaction was illuminated under 350 nm laser at a power of 25 

mW/cm2 and stopped at different time. For the wavelength dependence study, the 

solution is either place in dark or illuminated with 25 mW/cm2 laser of different 

wavelengths (350 - 900 nm) for 10 min. The photodegradation percentage was 

determined by % = 1 − 𝑐
𝑐0⁄ , where c stands for the 4-NP concentration after laser 

irradiation and 𝑐0 stands for the concentration in the dark.  



4.3. Optical and chemical characterization of Al@TiO2 

The coating of TiO2 are performed on Al NCs of different diameters, tuning the 

plasmon resonance from UV to near-IR spectral region. The optical properties of 

Al@TiO2 nanoparticles were characterized by UV-Vis spectroscopy, as shown in Figure 

4-4 with corresponding TEM images. The left panel shows the experimental UV-Vis 

extinction spectra of Al@TiO2 nanoparticles measured in isopropanol solution. As the 

Al@TiO2 diameter increases from 70 to 190 nm, the dipolar plasmon mode redshifts 

from UV (350 nm) to NIR (~800 nm). The quadrupolar resonances are observed for all 

sizes larger than 70 nm. As the particle size increases further to 190 nm, the octupolar 

resonance mode appears. The higher order modes in the UV region show a higher 

extinction due to the lower optical loss of Al in this region as well as absorption by the 

TiO2 shell. The broadband feature in all extinction spectra of Al@TiO2 at 850 nm 

corresponds to the interband transition of Al metal (~1.4 eV).  



 

Figure 4-3. Experimental (left) and theoretical (right) extinction spectra of 

Al@TiO2 with different diameters, and corresponding TEM images 

(middle). Scale bar = 50 nm. 

 



 

Figure 4-4 (A) TEM image of Al@TiO2 nanoparticles with a zoomed-in 

image demonstrating the uniform coating of 10 nm TiO2 shell. (B) HAADF-

STEM image of a single Al@TiO2 nanoparticle and corresponding EDS 

images. Al, Ti, and O elements are colored in green, red, and blue, 

respectively. (C) Linear EDS scan analysis for Al, O and Ti elements along 

the yellow arrow in the HAADF image. 

 



Mie theory modeling of the Al@TiO2 structure (Figure 4-4, right panel) was 

performed in consistent with the experimental parameters. The Al@TiO2 nanoparticle 

was modeled as a concentric sphere with the thickness of TiO2 layer fixed at 10nm. The 

refractive index of dielectric environment is set to be 1.37 corresponding to that of 

isopropanol, and the dielectric response of TiO2 was extracted from data in previous 

literature. The line shape and the dipolar peak positions in the theoretical spectra agree 

well with the experimental extinction results. For the higher order modes, there is a 

slight mismatch between the experimental and theoretical results due to the modeling 

of the Al@TiO2 nanoparticles as spherical rather than polyhedral. 

To better understand the morphology of the synthesized Al@TiO2 nanoparticles, 

high-resolution transmission electron microscopy (TEM) was performed as shown in 

Figure 4-5A. The Al@TiO2 nanoparticles have a diameter of 130 nm and narrow size 

distribution. The zoomed-in image clearly indicates the uniform coating of a TiO2 layer 

with a thickness of ~10 nm. The interface between the Al core and TiO2 shell is of great 

importance for charge carrier transfer. Previous studies have shown that when Al and 

TiO2 are in contact, Al can interact with TiO2 and extract oxygen anions to form an 

interlayer with increasing time and temperature.83, 84 The chemical composition at the 

Al/TiO2 interface was investigated by energy dispersive X-ray spectroscopy (EDS) 

element mapping (Figure 4-5B). The Al@TiO2 nanoparticle is shown in the high-angle 

annular dark field scanning transmission electron micrograph (HAADF-STEM) image. 

The overlapping EDS images clearly show the distribution of Al, Ti, and O elements, 

colored in green, red, and blue, respectively. The element mapping confirms that Al 



forms the core while Ti and O form the shell. One noticeable feature in the overlapping 

image of the three elements is that the blue color for O is more concentrated at the 

interface between Al and Ti, indicating the existence of an interlayer at the interface. 

The relative concentrations of Al, O, and Ti elements along the yellow arrow across the 

Al@TiO2 nanoparticle are shown in Figure 4-5C, based on an average area of 50 pixels. 

It is observed that the peaks of O are closer to the Al core compared to those of Ti and 

overlap significantly with both Ti and Al. The EDS element mapping results suggest 

that an interlayer made of Al-doped TiO2 is formed during the synthesis.  

 

Figure 4-5 (A) EPR spectra of pristine Al NCs, Al@TiO2 and P25 TiO2 

showing Al conduction band signal and (B) zoomed-in spectra (blue region 

in A) indicating the presence of O- radical in Al@TiO2. 

To further investigate the interfacial composition between Al and TiO2, an electron 

paramagnetic resonance (EPR) measurement was performed on Al@TiO2 nanoparticles 

(Figure 4-6A, black) with pristine Al NCs (red) and P25 TiO2 (blue) as a comparison. 

For pristine Al NCs, there is a broadband EPR signal assigned to the conduction 



electrons of Al metal, which is also observed in Al@TiO2. The zoomed-in EPR 

spectrum of the Al@TiO2 particles (Figure 4-6B) shows a strong signal at g value of 

1.997, corresponding to O- oxygen vacancies. The presence of O- is further evidence of 

Al doping into the TiO2 layer. When Ti4+ is substituted with Al3+, O- is formed from 

adjacent O2- to compensate the charge loss. The pristine Al NCs spectrum also shows a 

small peak for O- due to the defects in the native oxide layer. No O- signal is observed 

for P25 TiO2. 

Both EDS and EPR results indicate the formation of an interlayer between the Al 

core and the TiO2 shell. Previous studies have suggested that Al-doped TiO2 interlayer 

can preserve the structural and chemical properties of both Al and TiO2,
83, 84 which is 

also demonstrated in this work. The difference in the ionic radii of Al3+ (0.53 nm) and 

Ti4+ (0.61 nm) causes minimal distortion of the crystalline lattice upon doping. This is 

beneficial for the transportation of charge carriers between the Al core and the TiO2 

shell and can be exploited to improve the photocatalytic performance of the 

nanoparticles. Another crucial factor for the charge transfer process is the electrical 

properties of the interface. It has been reported both experimentally and theoretically 

that the band gap of TiO2 remains about the same upon Al-doping.39, 85-87 Although Al3+ 

may act as p-type dopant like other M3+ dopants,88 causing the Fermi energy to shift 

slightly towards the valence band, however, the effect is trivial and is ignored in this 

work. 



4.4. Water stability 

Before examining the photocatalytic performance, we first evaluated the stability 

of Al@TiO2 nanoparticles in an aqueous environment since it is one of the significant 

weaknesses of using pristine Al NCs in practical applications. It has been shown that 

Al NCs are entirely destroyed by H2O within several days, forming a fluffy AlOOH 

nanostructure.89 The water stability of Al@TiO2 nanoparticles was examined by 

dispersing them in water and measuring their extinction spectra at day 0, 10, 20, and 30 

(Figure 4-7). The corresponding TEM images were also collected. The extinction 

spectra stay almost unchanged for 30 days except for a slight redshift of the extinction 

peak possibly due to the expansion of the outer shell. The TEM images also suggest 

that the Al@TiO2 nanoparticles are stable in water up to 30 days. Their stability in 

aqueous environments dramatically expands the possible applications of Al@TiO2 

nanoparticles.  



 

Figure 4-6 (A) Normalized extinction spectra of Al@TiO2 nanoparticles in 

water after 0, 10, 20 and 30 days. Inset shows the shift in peak position. (B) 

Corresponding TEM images from day 0 to 30. Scale bar = 50 nm. 

4.5. Hot-carrier-mediated photoreduction of 4-nitrophenol 

To evaluate the plasmon-induced photocatalytic performance of Al@TiO2, the 

photoreduction of 4-NP to 4-AP was performed (scheme shown in Figure 4-9A). This 

reaction receives considerable attention because nitro-aromatics are pollutants while 

amino-aromatics are essential intermediates for the industrial production of dye 

molecules and other chemicals. NaBH4 was used as a reducing agent, and no reduction 

is observed without the presence of either NaBH4 or the catalyst. Al@TiO2 

nanoparticles with a diameter of 130 nm were used as the photocatalyst, with a dipolar 

plasmon resonance at ~530 nm. The efficiency of the Al@TiO2 catalyst is evaluated by 

measuring the concentration of remaining 4-NP as the reaction proceeds. As shown in 

the time-dependent UV-Vis spectra (Figure 4-8), the 4-NP absorption peak at 401 nm 



decreases upon illumination, and the corresponding kinetics curve shows a pseudo-first 

order reaction rate. 

 

Figure 4-7 (A) Time-dependent absorption spectra of 4-NP. The peak of 4-

NP at 400 nm decreases while the peak corresponding to 4-AP increases as 

shown in the zoomed-in inset. (B) Kinetic curve of the photoreduction of 4-

NP, indicating a pseudo first-order reaction. 

A wavelength-dependent measurement was performed under 350 to 900 nm laser 

illumination to investigate the contribution of the Al core in the plasmon-induced 

photocatalysis. The experimental results are shown in Figure 4-9B (red bars). The 

photocatalytic efficiency at each wavelength is represented by the percentage of 

reduced 4-NP concentration after 10 min of illumination. The reduction percentage is 

highest under 350 nm illumination, which is above the band gap of TiO2 (3.2 eV). At 

this wavelength, the charge carriers are mostly generated by the absorption of TiO2, 

which is enhanced by the localized electric field of Al core. For wavelengths longer 

than 350 nm, the photon energy is smaller than the band gap of TiO2, thus the 



contribution of TiO2 is ruled out. At this wavelength range, the hot carriers are 

generated by nonradiative decay of surface plasmons of the Al core and subsequently 

transfer to the TiO2 shell to drive the photoreduction. When the illumination wavelength 

reaches 800 nm, the hot carriers can be directly generated from the Al interband 

transitions, explaining the sustained photocatalytic reactivity even when the photon 

energy is significantly lower than the band gap of TiO2. A theoretical model was 

developed to understand the hot carrier generation in correlation with the wavelength-

dependent photo-reactivity. 



 

Figure 4-8 (A) Scheme of photoreduction of 4-NP to 4-AP. (B) The 

percentage of photoreduced 4-NP and numerically calculated hot electron 

generation expressed by PMFP. (C) Scheme of hot carrier generation and 

collection over an Ohmic contact at Al/TiO2 interface, with an interlayer 

highlighted in yellow. 

Previous wavelength-dependent studies of metal/TiO2 heterostructures have 

focused mostly on Au, in which the interface of Au and TiO2 shows a Schottky contact 



with a barrier around 1-1.5 eV. All electrons excited with higher energy can be injected 

into the TiO2 shell to drive chemical reactions. In the case of Au, the photocatalytic 

reactivity or photocurrent response under different wavelengths is typically compared 

to the absorption spectrum of the nanostructure.90-92 This comparison is reasonable 

when the photon energy is below the interband transitions of Au. When illuminated by 

higher energy, the hot carriers generated from interband transitions need to be taken 

into consideration. However, for the Al@TiO2 system, there are two differences in hot 

carrier generation and transfer mechanism. First, the interface between the Al core and 

the TiO2 shell is an Ohmic contact. According to the band alignment, the Fermi level 

of Al and TiO2 are very close with the TiO2 conduction band energy slightly higher. 

Thus, the band alignment allows barrierless charge transfer between Al and TiO2. 

Electrons with even very low energy can be collected and transferred, which explains 

the reactivity under long wavelengths. Second, the interband transitions of Al occur at 

~850 nm (1.4 eV). Hot carriers generated from the interband transition are also 

energetic enough to produce photocurrent or drive chemical reactions, in addition to 

those generated by nonradiative plasmon decay. Therefore, both surface plasmon decay 

and direct photoexcitation of the interband transitions in Al contribute to the hot carrier 

generation and barrierless charge transfer. 

Herein, the plasmon-induced hot carrier generation PMFP was simulated using a 

previously demonstrated formula:19 



 

where VMFP represents the volume where the generated hot carriers in the Al core can 

reach the interface within one mean-free path. The local electric field strength |E|2 

represents the plasmonic enhancement, and the imaginary part of the dielectric 

permittivity represents the absorption factor. The absorption within the mean-free path 

was obtained by integrating the ohmic loss of Al in a 25nm-thickness spherical shell 

near Al/TiO2 interface.93 Perfect matched layers (PMLs) were used to simulate an 

infinite environment in all directions. By integrating the product of field strength and 

absorption with frequency over the mean free path of the nanoparticle, the total hot 

carrier generation related to optical absorption is calculated and shown in Figure 4-9B 

(blue). The simulation results present the total power generated by hot carriers and 

agree very well with the trend of photocatalytic reactivity under different wavelength 

illumination. Based on the above experimental and theoretical results, we propose the 

hot carrier generation and transfer pathway as shown in the schematic Figure 4-9C.  

4.6. Summary 

We developed Al@TiO2 core-shell nanoparticles as antenna-reactor with efficient 

hot carrier generation and excellent photocatalytic performance. Analysis of the Al-

doped TiO2 interlayer in Al@TiO2 core-shell heterostructure greatly extends our 

knowledge on the interface at the nanoscale. Unlike the native oxide layer of Al NCs, 

this interlayer does not block the hot carrier transfer pathway. Instead, it enables direct 



contact between Al nanoantenna and TiO2 reactor, where the aligned Fermi energy level 

allows almost barrierless charge transfer. We demonstrate experimentally that Al@TiO2 

nanoparticles can drive the photoreduction of 4-nitrophenol. By comparing 

wavelength-dependent results with the simulated hot carrier generation, we conclude 

that the photocatalytic reactivity is generated from plasmonic Al nanoantenna under 

visible, even NIR illumination. The combination of Al and TiO2 presented in this 

chapter is a new demonstration of antenna-reactor geometry for plasmon-induced 

photocatalysis with low cost and promising large-scale industrial applications. 



Chapter 5 

Al@SiO2 for Photothermal Conversion 

5.1. Introduction 

The optical properties of nanoparticle ensembles underlie many emerging 

applications of plasmonics including light harvesting and photothermal conversion. The 

scattering and absorption characteristics of nanoparticles, as well as their interactions 

with adjacent nanoparticles or dielectric environment, must be considered in 

understanding nanoparticle-based photothermal processes.  

When light propagates through an ensemble of randomly dispersed nanoparticle 

solution, the light can be either scattered or absorbed, or both, depending on the optical 

properties of nanoparticles. These properties determine the color of nanoparticle 

solutions. Take the Au nanoshells as an example, the SiO2-Au nanoshells have a strong 

plasmon resonance at 800 nm. But the different scattering and absorption resonance 

wavelengths leads to the observation of two colors for the nanoshell solution as shown 

in Figure 5-1. The absorption resonance around 600 nm results in a blue color when 

light travels through the nanoshell solution, while the scattering peak around 800 nm 

results in a red color caused by back scattering of photons. The color of nanoparticle 



solutions is tunable by tailoring the optical properties of a single nanoparticle controlled 

by the size, shape, and dielectric environment.  

 

Figure 5-1 (A) Image of a SiO2@Au nanoshell solution showing both red and 

blue color due to absorption and scattering properties, with (B) 

corresponding spectra. 

The absorption feature of nanoparticles in solution is directly related to the 

photothermal performance under illumination. Intensive research has been performed 

to investigate the photothermal effect of plasmonic nanomaterials, such as Au 

nanoshells and nanomatryoshkas etc.94 Compared to noble metals, Al presents a larger 

imaginary part of dielectric functions in the visible range, which indicates a larger 

thermal loss and higher photothermal conversion efficiency. Yet limited research has 

been performed on such applications with Al nanostructures. Previous research has 

shown that under flash lamp, the photothermal induced local heating generates and 

accelerates the ignition of nanoscale Al.95, 96 Although there is also research 



demonstrating the steam generation using deposited small Al nanostructures, this 

geometry likely suffers from oxidation due to the high reactivity of Al with water. 

The absorption and scattering cross section of nanoparticles can be obtained by 

theoretical calculation and Mie theory is a general approach. It can also be used to 

determine the concentration of nanoparticles in colloidal solutions. In 1908 Gustav Mie 

developed a model to explain the color of Au colloids in suspension by treating the 

problem as a plane wave incident onto a perfect spherical particle. He calculated 

absorption and scattering cross sections using Maxwell’s equations in spherical 

coordinates with appropriate boundary conditions. The real part of dielectric constant 

determines the resonance wavelength or the polarizability, and the imaginary part 

determines the dephasing of loss in nanomaterials. As the nanoparticle diameter gets 

smaller, the extinction is dominated by absorption.  

In this chapter, we examine the optical properties of small Al NC solutions, 

especially how controlling the concentration leads to extremely different optical 

properties. To investigate the collective photothermal effect of Al NCs, a silica shell is 

coated to increase their stability in aqueous environment. 

5.2. Small Al NCs synthesis 

Colloidal synthesis of Al NCs is normally realized by decomposition of alane with 

a titanium catalyst. By altering the alane and titanium complex, the size and shape of 

Al NCs can be varied. In this thesis, we introduce the synthesis of small Al NCs with 



an average diameter around 30 nm. The reaction is performed in an air- and water-free 

environment, using Schlenk techniques, under 60 degrees. 6 mL of 0.5 M 

dimethylethylamine alane (DMEAA) in toluene is injected to 24 mL of 

trioctylphosphine, then 1.5 mL of 50 mM Ti(OiPr)4 in toluene is added to catalyze the 

reaction. The solution turns from dark yellow to black, indicating the formation of small 

Al NCs. After 4h of reaction, the as-synthesized Al NCs solution is centrifuged, 

followed by multiple times of resuspension and centrifugation to obtain clean 

nanoparticles. 

 

Figure 5-2 Small Al NCs synthesis and characterization. (A) Reaction of 

DMEAA with Ti(OiPr)4 in trioctylphosphine under 60℃ leads to small Al 

NCs. (B) Extinction spectrum of Al NCs in isopropanol. (C) TEM images of as-

synthesized Al NCs. 

 



 

Figure 5-3 (A) A seriers of Al NC solutions with increasing concentration 

(from left to right), indicating the change in the color from almost colorless 

to black. (B) Extinction spectra of Al NCs with increasing concentration 

(from 64 times dilution to the original concentration), indicating the 

change in optical properties from UV absorption to all region absorption. 

As mentioned in Chapter 2, Al exhibit extraordinary optical properties, and one 

unique feature is the UV absorption. Al has the highest quality factor in the UV region, 

making it so far, the best material for plasmonic applications under UV illumination. 

The as-synthesized small Al NCs possess a plasmon resonance in deep UV, causing the 

colloidal solution appears as almost colorless (Figure 5-3A, left). The extinction 

spectrum of diluted Al NC solution presents a dipolar peak around 250 nm, as shown 

in Figure 5-2B, with weak absorption in the visible. As the Al NCs concentration 



increases, the color of the solution becomes darker, and finally turns totally black 

(Figure 5-3A, right). Each solution in Figure 5-3A is a half dilution of the solution to 

its right. The extinction spectra measured experimentally indicate that as the 

concentration increases, the UV absorption saturates the detector, the solution starts to 

absorb in the visible, and eventually covers the whole spectral range. The images of 

small Al NCs with different concentrations, along with their extinction spectra, are 

great demonstrations of how controlling the colloidal concentration may lead to 

completely different optical properties. 

Researchers have investigated various UV applications of Al nanostructures for 

SERS, photocatalysis, and optoelectrical devices, however overlooking the large 

imaginary part of the dielectric functions of Al and its corresponding absorptive 

features. To better explain the extremely different optical properties of dilute vs. 

concentrated solutions, Mie theory is used to simulate the extinction cross section, 

along with the absorption and scattering portions. Figure 5-4A shows the simulated 

spectra of a single Al NC as a concentric sphere with 32 nm Al core and 3 nm oxide 

layer. The refractive index of the dielectric environment is set at 1.37 corresponding to 

that of isopropanol. The dielectric response of Al is adapted from Palik, and the 

dielectric response of Al2O3 is considered the same as bulk alumina. As the simulated 

data shows, the dipolar resonance is around 235 nm, which agrees well with 

experimental spectrum. At this size, the absorption cross section is much larger than the 

scattering cross section for all spectral region. For example, the absorption cross section 

equals 2.5 times of the scattering cross section at the plasmon resonance. Interestingly, 



when we enlarge the curves to the visible spectral region (Figure 5-4B), the absorption 

cross section almost coincides with the extinction cross section curve, while the 

scattering cross section is extremely small. The simulation results suggest that Al NCs 

act as a pure absorber in the visible region. Thus, although the absorption cross section 

is smaller when off resonance, a higher concentration of nanoparticle solution still leads 

to a highly absorbing solution at visible wavelengths.  

The simulation result is also used to determine the concentration of small Al NCs. 

In the simulated spectrum, the extinction cross section at plasmon resonance is 4.35*10-

15 m2. Based on Beer-Lambert law 

𝐴 = 𝜀𝑏𝑐 

where 𝜀 represents the extinction cross section of a single particle, and the path length 

𝑏 is 1 cm. The calculated 𝑐 for the most diluted solution (Figure 5-3A left and 5-3B 

64x) is 2.84*1010 particles/mL. For the most concentrated solution, the concentration 

is calculated to be 1.82*1012 particles/mL (5-3B 1x).  



 

Figure 5-4 (A) Simulated extinction spectum of small Al NCs in isopropanol, 

with absorption and scattering portions. (B) Enlarged spectrum from 450 

to 1000 nm showing a dominant absorbing feature at this spectral region. 

5.3. Al@SiO2 controlled synthesis 

To investigate the collective photothermal effect in aqueous environment induced 

by the absorption feature of small Al NCs, we coated the small Al NCs with silica to 

increase their stability in water, especially under heat. Different recipes were developed 

in the lab preparation for silica coating onto nanomaterials. Among which, Stöber 

process in the most common method with good control in the silica growth kinetics and 

silica shell thickness. Stöber process is based on the hydrolysis of tetraethyl 

orthosilicate (TEOS) in basic solution, in which pH is tuned by the amount of 

ammonium hydroxide solution. In addition, 3-Aminopropyl-triethoxysilane (APTES) 

is added as a crosslinker, increasing the strength of bonds and improving the stability 

of silica layer.  



 

Table 5-1 Synthesis of Al@SiO2 nanoparticles 

 

24 h reaction in refrigerator  

EtOH 45 mL 

H2O 5 mL 

NH4OH 0.5 mL 

Al 0.5 mL 0.5 mL 0.5 mL 0.2 mL 

10% TEOS 10 μL 20 μL 50 μL 50 μL 

10% APTES 5 μL 5 μL 10 μL 10 μL 

SiO2 Thickness 5 nm 20 nm 30 nm 40 nm 

 

 

Figure 5-5 (A-D)TEM images of Al@SiO2 nanoparticles with 5, 20, 30, and 

40 nm silica thicknesses. 

 



By varying the amount of Al NCs, TEOS and APTES (Table 5-1), the SiO2 layer 

thickness can be tuned from 5 to 40 nm, and their TEM images are shown in Figure 5-

5. For photothermal measurements, the Al@SiO2 nanoparticles with 20 nm silica 

thickness are investigated. The extinction spectra before and after silica coating on Al 

NCs are compared in Figure 5-6A. Due to the dielectric environment change caused by 

the silica layer, a red shift in plasmon resonance is observed. The plasmon resonance is 

also slightly broadened due to inevitable aggregation during the silica coating process. 

The TEM image (Figure5-7B, lower) of a single Al@SiO2 nanoparticle clearly shows 

the structure of Al and the coating of silica shell. However, due to the close contrast of 

Al2O3 and SiO2, the native oxide layer on Al NC is not observed. 

 

Figure 5-6 (A) Extinction spectra of small Al NCs and Al@SiO2 

nanoparticles, and (B) TEM images of Al@SiO2 with 20 nm silica layer. 

 



 

Figure 5-7 Extinction spectra of Al@SiO2 nanoparticle solutions, from the 

original concentration to 32 times dilution.  

The change in optical property with different concentrations is also observed for 

Al@SiO2 nanoparticle solutions. As the concentration increases, the UV plasmon 

extends to the visible region and finally absorbs in all spectral region. To calculate the 

concentration of Al@SiO2 solutions, we performed simulation on a single particle 

based on the abovementioned Al NC coated with 20 nm SiO2 (Figure 5-8). After coating, 

both absorption and scattering cross sections become larger compared to pristine Al 

NCs. At the plasmon resonance position around 255 nm, the extinction cross section is 

4.99*10-15 m2. The concentration of the most diluted solution (Figure 5-7 32x) is 

4.99*1010 particles/mL, and the most concentrated (Figure 5-7 1x) is 1.60*1012 

particles/mL.  

 



 

Figure 5-8 Simulated extinction spectrum of a single Al@SiO2 nanoparticle, 

with absorption and scattering portions. 

5.4. Photothermal conversion 

The ability of light absorption is directly related to the heat generation efficiency 

of a solution under illumination. Therefore, we measured the photothermal effect of 

Al@SiO2 aqueous solution, as shown in Figure 5-9. The measurements are performed 

by illuminating 800 nm laser onto Al@SiO2 aqueous solution in a 1*1*1 cm3 cuvette, 

with a 5 mm laser spot incident from the top of the solution. As for each measurement, 

the temperature at the laser spot is recorded by IR camera, and the temperature of the 

bulk solution is measured by a thermocouple inserted to the lower corner of the cuvette. 

With increasing power and increasing concentration, there is obviously more 

temperature increase both at the surface where the laser illuminates, and in bulk solution. 



 

Figure 5-9 Thermal response of Al@SiO2 nanoparticle solutions under 800 

nm illumination. (A) Temperature change at the laser spot and in bulk 

solution, with corresponding mass loss, under different illumination 

intensity. (B) Temperature evolution at the laser spot and in bulk for three 

different concentrations under 200 mW illumination. 

 



 

Figure 5-10 TEM images of Al@SiO2 nanoparticles after repeated 

photothermal heating measurements. 

When illuminated at different power, there is a direct relationship between laser 

power and thermal responses. The Al@SiO2 nanoparticles mostly absorbs at 800 nm, 

with rare scattering events. As a result, when light is incident from the top, it penetrates 

deeply inside the solution. A previous research has compared different optical property 

and thermal responses of two kinds of nanoparticles: Au nanoshells and 

nanomatryoshkas.94 Nanoshells, as primarily scatterers, have the ability to localize the 

absorption of light into very small volume only at the laser spot. However, 

nanomatryoshkas as primarily absorbers, are weak in light localization and the light 

would penetrate the solution. As a result, for nanomatryoshkas the bulk temperature is 

close to the laser spot temperature. Based on this result, our observations for Al@SiO2 

nanoparticles demonstrate that they are mainly absorbers. When illuminated at 500 mW, 

the temperature at the laser spot increases to 57.8 degrees, and the bulk temperature is 

49.1 degrees. To determine the photothermal conversion efficiency of the solution, we 



estimate the average temperature to be 53 degrees for calculation. Also considering the 

mass loss of 88 mg of water in 20 min, we calculated the photothermal conversion 

efficiency. When we add the energy of temperature increase from 22 to 53 degrees, and 

the energy of water evaporation, divided by the total energy of incident photons, we 

found the Al@SiO2 nanoparticle solution has a photothermal conversion efficiency of 

54.67% under 800 nm and 500 mW illumination. This efficiency is similar to the 

photothermal conversion efficiency of Au nanoparticles, but considering the low cost 

and abundance, Al is a promising alternative for photothermal applications.  

After all the photothermal conversion measurements, we examined the stability of 

Al@SiO2 nanoparticles by TEM. As Figure 5-10 shows, the nanoparticles remained 

stable and intact after repeatedly heating to above 50 degrees. This is so far the most 

stable Al nanocomposite synthesized, which paves the path of numerous applications 

of Al NCs in aqueous environment. 

5.5. Summary 

Small Al NCs with UV plasmon resonance are successfully synthesized. Because 

of the large ohmic loss, Al NCs dominantly absorbs light from UV to near IR. The 

simulated cross section spectra indicate that concentrated Al NC solution serves as pure 

absorber in the visible range. The color of Al NCs solutions is observed to change from 

almost colorless to totally black with increasing concentration, making Al NCs a 

promising candidate for photothermal conversion. The coating of SiO2 shell greatly 

improves the stability of Al NCs in aqueous environment, even after repeated heating. 



Based on the photothermal conversion results, a photothermal conversion efficiency of 

54.67% under 800 nm laser illumination is achieved, which make Al@SiO2 a low cost 

but efficient candidate for solar applications.  
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