


 

ABSTRACT 

Tailoring the Surface Chemistry of Aluminum Nanocrystals 

for Plasmon-mediated Catalysis 

 by 

Hossein Robatjazi 

Light-driven chemical transformation with optically active plasmonic nanoparticles is a 

new paradigm in heterogeneous photocatalysis that may offer an ultimately sustainable 

alternative to traditional thermal-driven catalytic reactions. However, plasmonic metals 

nanostructures, despite strong coupling of their electron density with electromagnetic 

radiation, are not universally good catalytic materials, which limits the type of chemical 

reactions that can be induced directly on their surface. Recently, we introduced 

multicomponent plasmonic photocatalysts by rationally coupling of plasmonic 

nanoantennas directly to active catalytic reactors. This combination leverages and 

combines the light-harvesting abilities of plasmonic nanoparticles with high-efficiency 

catalysts to drive chemical reactions under milder operating conditions in contrast to 

traditional energy-intensive heat/pressure-driven chemical conversions. The modularity in 

‘antenna-reactor’ design to create tailored catalysts holds promise to expand the scope and 

enhances the efficiencies of chemical reactions enabled by plasmonic photocatalysis. 



 

This thesis reports on utilizing aluminum nanocrystals (Al NCs), an earth-abundant metal 

with energetic and plasmonic properties, for developing novel light-activated 

photocatalysts, where chemically synthesized Al NCs were used as optical nanoantennas 

and the reactor was chosen among the semiconductor layer, active transition metal (TM) 

nanoparticles, and porous organic framework shells. Rational design and independent 

control over the catalytic and light-harvesting components in aluminum-cuprous oxide (Al-

Cu2O) and aluminum-iridium (Al-Ir) ‘antenna-reactor’ nanoparticles results in light-driven 

mitigation of anthropogenic carbon dioxide and nitrous oxide, respectively. The 

mechanistic pathways of plasmonic photocatalysis for those reactions were investigated 

through the rigorous combination of the experimental and theoretical studies. Furthermore, 

the surface modification of Al NCs via bottom-up encapsulation within metal-organic 

frameworks (MOFs) shell layer was investigated. MOF growth around Al NCs provides a 

new level of controlling the growth and surface chemistry and plasmonic characteristics of 

Al NCs. The enhanced reactant uptake near the plasmonic center afforded by the porous 

nature of MOF shell results in increased photocatalytic activity of Al NCs, which is 

observed for the hydrogen-deuterium exchange and reverse water-gas shift reactions. The 

transition from noble metals to aluminum-based antenna-reactor heterostructures in 

plasmonic photocatalysis provides a sustainable route to high-value chemicals and 

reaffirms the practical potential of plasmon-mediated chemical transformations.  
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Chapter 1 

Introduction 

1.1. Plasmon-Induced Chemistry 

Photocatalysis with optically active “plasmonic” nanoparticles is a new paradigm for 

catalysis, with the potential for substantially increasing efficiencies and selectivities of 

chemical reactions. Chapters 2 will provide a background on surface plasmon resonance 

in metallic nanoparticles, plasmon-mediated catalysis and related mechanisms. This 

chapter also discusses the ‘antenna-reactor’ effect for photocatalysis.  Furthermore, recent 

demonstration of sustainable plasmonics based on aluminum nanostructures is briefly 

reviewed.   
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1.2. Plasmon-induced selective carbon dioxide conversion on earth-

abundant aluminum-cuprous oxide antenna-reactor nanoparticles 

Chapter 3 presents the results of mitigation of anthropogenic CO2 on entirely earth-

abundant aluminum-cuprous oxide (Al@Cu2O) antenna-reactor complex. Our Al@Cu2O 

nanoparticle operates more effectively and selectively for the reverse water-gas shift 

reaction (rWGS) at significantly milder operating conditions compared to its purely 

thermal driven counterpart. A series of experimental and theoretical investigations were 

performed to differentiate the plasmon-mediated charge carrier generation mechanism for 

rWGS on Al@Cu2O from competing photothermal heating pathway.   

1.3. Highly efficient plasmon-assisted photothermal decomposition of 

nitrous oxide on aluminum-iridium antenna-reactor nanoparticle  

Chapters 4 presents our results for plasmon-mediated decomposition of nitrous oxide 

(N2O) on aluminum-iridium (Al-Ir) antenna-reactor photocatalyst. N2O is the third most 

abundant anthropogenic greenhouse gas in our atmosphere with the lifetime of exceeding 

114 in the Earth’s atmosphere that translates into a global warming potential nearly 300 

times higher than CO2. Our experimental and theoretical studies reaction kinetics and 

energetics revealed that plasmonic photothermal heating, rather than charge-carrier driven 

mechanism, is responsible for photocatalytic N2O decomposition on Al-Ir antenna-reactor 

with no influence on the energetics of rate-limiting steps. It is also shown that the 

photothermal pathway can be exploited to achieve high quantum efficiencies for catalyzing 

the N2O decomposition through plasmon-assisted autocatalysis.  
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1.4. Metal-organic frameworks tailor the properties of aluminum 

nanocrystals  

Chapter 5 presents the growth of MOF shell layers surrounding Al NCs that provides a 

new level of control over both Al NCs growth chemistry and enhances its photocatalytic 

activity. The MOF shell growth proceeds by means of the dissolution-and-growth 

chemistry that utilizes the intrinsic surface oxide of the nanocrystal to obtain the Al3+ ions 

accommodated into the MOF nodes. This approach enables a highly controlled oxidation 

of the Al NCs, providing a precise method for reducing nanocrystal size in a shape-

preserving manner and tailoring the plasmonic properties of Al NCs. MOF shell 

encapsulation of the Al NCs results in increased efficiencies for plasmon-enhanced 

photocatalysis, observed for the hydrogen-deuterium exchange and reverse water-gas shift 

reactions.   
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Chapter 2 

Background 

This chapter provides a short background on plasmonics, mechanisms of 

plasmon-mediated chemical transformations, discussion of ‘antenna-

reactor’ effect for photocatalysis, and aluminum as a sustainable material 

for plasmonic applications. 
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2.1. Surface Plasmon Resonance 

The coherent oscillation of conduction electrons (low energy electrons) in solid (or liquid) 

metals against a background of positively charged nuclei is known as surface plasmon 

resonances (SPR). In metal nanostructures, surface plasmon resonances can be optically 

stimulated by the oscillating electric field of the incident electromagnetic radiation (light) 

at resonance condition 1. This phenomenon enables metal nanostructures to act as an 

antenna, capturing light from around the particle with an optical cross-section that can be 

an order of magnitude larger than its physical cross-section. The resonance frequency 

depends on the factors such as material (electronic structure and density of states), size and 

shape of the nanostructure, surrounding environment (dielectric property), and the 

symmetry of the plasmon mode coupling 2.  

Surface plasmon resonance is traditionally described by the classical approach in which 

the optical response of nanostructure can be calculated by solving electromagnetic 

Maxwell equations using bulk dielectric properties. However, beyond certain size regime, 

usually smaller than 1 nm, the quantum mechanical effects on plasmonic resonances 

emerges 3 that requires more accurate quantum calculations.  

The unique light harnessing capabilities of plasmonic nanostructures on the nanoscale 

regime has led to numerous advances in nanophotonics, such as sensing 4 5 6 7, therapy 8 9, 

photovoltaics 10 11, optoelectronics 12, purification 13 14, chemical conversions 11 15 16. In 

particular, recent advances have brought metal nanoparticles that support LSPR to the 

forefront for enhancing photocatalytic efficiencies in chemical transformations 17, 18, 19, 20,21, 

22, 23.  
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2.2. The plasmon life cycle 

Shortly following photoexcitation of metal nanostructures, plasmon resonance is damped 

by dephasing of the collective phase of oscillating electrons. The time scale for plasmon 

dephasing is very short usually within 5-20 femtoseconds (fs) after the excitation 24. While 

there has been a significant discussion in the literature on the mechanisms of plasmon 

damping, a wide consensus regards radiative and non-radiatively pathways 16 25 , where the 

branching ratio of these two decay channels is determined by plasmon-energy, material, 

shape and size, and the symmetry of the plasmon mode 26, 27.  

Near-field electromagnetic enhancement is associated with radiative plasmon decay by re-

emission of a photon; whereas in non-radiative Landau damping the energy of a plasmon 

quantum is transferred into excitation of electronic transitions in the metal on the time scale 

of tens to hundreds of fs, producing non-thermal distribution of energetic electron-hole 

pairs above the Fermi level, so-called ‘hot’ carriers (Figure 2-1) 11, 28, 29. The energy of the 

excited non-thermal electrons will be between EF and EF + Eplasmon. The excitation energy 

of the plasmon typically lies in the visible region and thus is sufficiently below the work 

function of most metals, meaning that the excited electrons remain within the metal with 

energy above the Fermi level. The hot carriers will relax and redistribute their energy by 

electron–electron scattering events on a timescale ranging from 100 fs to 1 ps, and 

eventually releasing their excess energy via electron–phonon scattering on a longer 

timescale of ps to ns 30. Hot carriers might also recombine through a radiative channel 

leading to photoluminescence emission from plasmonic source 31.  
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Figure 2-1. Photoexcitation of a metal nanoparticle and subsequent relaxation processes. (a) Plasmon 

excitation redirects the flow of light (Poynting vector) towards and into the nanoparticle. (b–d) population of 

the electronic states (grey) following plasmon excitation: hot electrons are represented by the red areas above 

the Fermi energy EF and hot hole distributions are represented by the blue area below EF. (b) In the first 1–

100 fs following Landau damping, the non-thermal distribution of hot carriers decays either through re-

emission of photons (shown in b) or through carrier multiplications (shown in c). (c) The hot carriers will 

redistribute their energy by electron–electron scattering processes on a timescale ranging from 100 fs to 1 ps. 

(d) hot-carriers thermalize via electron-phonon scattering following by heat transfer to the surroundings 

environment within timescale ranging from 100 ps to 10 ns. Adopted with permission from ref 28 @ Nature 

Publication group. 

2.3. Plasmon-mediated Chemical Transformation 

The LSPR-assisted chemical transformation has been shown to utilize either or both of the 

abovementioned primary mechanisms of plasmon decay. Near-field electromagnetic 

enhancement can be utilized for enhancing optical transitions in the adjacent material (e.g. 
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semiconductor) 16, 32, 33, 34. An alternative scenario for resonance energy transfer for direct 

carrier excitation in the adjacent semiconductor has been recently proposed for non-

radiative “plasmon induced resonance energy transfer” (PIRET) that is based on the 

coupling of large plasmon dipole to the dipole of electron-hole pair 35 36. In principle, both 

mechanisms operate under similar conditions that rely on the plasmonic dipole and local 

electric field enhancement |E(r)|2 to induce carrier excitation in the adjacent semiconductor.  

The utilization of hot-carriers from non-radiative plasmon decay for chemical bond 

activation and transformations emerges as a novel approach as it may open up pathways 

for chemical transformations that are inaccessible by conventional methods (thermal or 

electrochemical catalysis). The injection of hot-carrier for chemical bond activation have 

been demonstrated for nanoparticles dispersed onto the solid support or in liquid phase and 

nanostructures in the form of plasmon-based photocatalysis devices. The photogenerated 

carriers from via Landau damping with enough energy to overcome the activation energy 

barrier can transiently populate into lowest occupied molecular orbital (LUMO) of the 

adsorbate, creating the transient negative ion (TNI) 37, 38, 39. The TNI would subsequently 

relax into an excited vibrational state in the ground state by releasing the electron back to 

the nanoparticle, causing vibrational excitation for bond elongation and ultimately bond 

dissociation.  

In addition to Landau damping process for multi-step hot carrier generation and injection, 

recent works have proposed one-step process termed as chemical interface damping (CID) 

in which plasmon decay leads to direct interfacial electron excitation from the valence band 

of the metal into the, e.g. LUMO of the adsorbate molecule or conduction band of the 

adjacent semiconductor 40, 41, 42, 43, 44. This direct decay mechanism that avoids the 
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intermediate creation of hot electrons has been demonstrated to be responsible for highly 

efficient hot electron injection in some systems 42.  

Hot carrier generation from plasmon-based devices has an additional knob of 

electrochemical biasing for charging-discharging of the plasmonic nanoparticles, thus 

controlling their energy level for carrier injection to the adsorbate. Since efficient 

utilization of the hot-carriers has been hampered due to their extremely short relaxation 

lifetime, plasmon-based devices typically utilize Schottky junction to harvest hot electrons 

at the interface with a semiconductor, where spatially separated hot electrons from the left 

behind holes will be longer lived before injection into adsorbate. However, only hot-

electrons with sufficient energy to overcome the Schottky barrier can be collected from the 

conduction band of the semiconductor 45. Likewise, selective separation of the holes, 

instead of electrons, has been demonstrated for improving the lifetime of hot-electrons and 

their injection efficiency 23.  

Photo-generated holes in plasmonic metal nanostructures may also be utilized to activate 

chemical bonds via injection into the HOMO orbitals of the adsorbate. 46 Plasmon-induced 

holes (left behind from excitation of hot-electrons) lie close to the Fermi level of the metal 

and do not have sufficiently positive energy for chemical bond activation (cold holes). In 

contrast, holes left behind by direct electron photoexcitation from metal d-band are highly 

energetic (d-band lies more than 3eV below the Fermi level) and have been demonstrated 

for activating chemical bonds (hot holes) 47.   

Lastly, plasmon-mediated chemical transformation may proceed through photothermal 

heating mechanism from the thermalization of the hot carriers. Due to the short lifetime 

(fs) of the hot carriers compared to chemical reaction timescales (ps), only a portion of the 
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plasmonically generated hot carriers may contribute to chemical transformations with 

remaining carriers eventually undergo energy relaxation through heat dissipation into the 

environment. Depends on the reaction coordinates and catalytic surface, the photothermal 

heating mechanism can play the major role in bond breaking and formation for chemical 

transformation 48.  

2.4. The Antenna-reactor effect 

Plasmonic nanostructures have shown initial promise for light-driven chemical 

transformation through different mechanism discussed above. Coinage metals (Au, Ag, 

Cu) and Al are known as materials with an excellent plasmonic response, being able to 

interact with incident light actively. However, their lack of good catalytic activity limits 

their application as the as the standalone catalyst for the plasmon-induced transformation 

of essential chemical processes. On the other hand, conventional thermal-driven industrial 

processes rely on the active transition metal (TM) catalysts, such as Pt, Pd, and Ru with 

poor plasmonic properties that demand energy-intensive conditions, such as high pressure 

and heat, to shift the equilibrium toward the formation of products. This challenge can be 

addressed by coupling a plasmonic nanoantenna as an efficient light absorber directly to a 

reactive catalytic surface (the reactor) to form a light-activated multicomponent plasmonic 

photocatalyst, which we named as ‘antenna-reactor’ photocatalyst (Figure 2-2)  49,50.  
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Figure 2-2. Photocatalytic antenna-reactor complex. Simple schematic illustrating a plasmonic 

antenna coupled through localized near-field enhancements to a catalytic reactor nanoparticle. 

 

We discovered that this combination transforms the entire complex into an efficient light-

controlled reactive catalyst that is capable of driving otherwise energetically unfavorable 

chemical reaction at significantly milder conditions compared to conventional heat-driven 

processes. The modular aspect of the ‘antenna-reactor’ allows to rationally combine 

plasmonic nanoantennas with various catalytically reactive surfaces holds a great promise 

to expand the scope of chemical reactions possible with plasmonic photocatalysis, which 

will be discussed in more detail in this thesis.  

2.5. Aluminum for sustainable plasmonics 

Recent years have witnessed an increasing effort for identifying earth-abundant materials 

that may be possible substitutes for more precious metals in plasmonics applications. In 

this regard, aluminum, the most abundant metal in the earth’s crust, is particularly 

intriguing. Historically, aluminum nanopowders in combination with oxidants have been 

studied extensively as a potent nanoenergetic material 51. However, more recent efforts 
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have focused on their plasmonic properties. Aluminum exhibits low optical losses from the 

visible to the ultraviolet (UV) spectral regions due to its high electron density and offers 

wide tunability of plasmon resonances across a broad spectral range beyond that of gold 

and silver 52. Aluminum nanostructures can be quite stable because of the formation of a 

2-4 nm passivating surface oxide that protect them from further oxidation. The use of the 

surface plasmon resonance in aluminum nanocrystal (Al NC) has culminated in reports 

demonstrating high-value applications ranging from chemical sensing 53, 54 to 

optoelectronic devices 55,56 to vibrant full-color displays 57, 58, even water desalination 14. 

Furthermore, the chemically synthesized aluminum nanocrystals (Al NCs) has been 

recently reported by our group 59,60 and their role as plasmonically driven photocatalyst has 

been demonstrated 61. In particular, Al has a higher Fermi energy compared to Au or Ag, 

and a favorable band structure with non-competing direct excitation pathways (interband 

transitions) at higher photon energies (Al interband transition is located around 825 nm). 

This is important for effectively utilizing hot-carriers to drive chemical reactions of 

molecules whose antibonding orbitals are only accessible by highly energetic carriers.  

This thesis focuses on tailoring the properties of chemically synthesized Al NCs for 

applications in plasmon-induced photocatalysis. Surface modification of Al NCs were 

conducted through (i) decorating their surface with reactive catalytic materials to develop 

‘antenna-reactor’ complexes utilized for carbon dioxide reduction (chapter 3) and nitrous 

oxide decomposition (chapter 4) (ii) synthetic encapsulation within metal-organic 

frameworks with the emergent of new properties (chapter 5).  
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Chapter 3 

Plasmon-induced selective carbon 

dioxide conversion on earth-abundant 

aluminum-cuprous oxide antenna-

reactor nanoparticles 

Photocatalytic conversion of anthropogenic CO2 to high value chemical is 

a sustainable approach for its mitigation. This chapter presents the results 

on developing the entirely earth-abundant plasmonic Al@Cu2O antenna-

reactor for the conversion of CO2 via the reverse water-gas shift reaction. 

A detailed experimental and theoretical studies will be demonstrated to 

investigate the competing photothermal and hot-carrier driven mechanistic 

pathways for the plasmon-induced CO2 conversion on Al@Cu2O antenna-

reactor.  
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3.1. Introduction 

Recent advances have brought plasmonic metal nanoparticles to the forefront for enhancing 

photocatalytic efficiencies 16, 22, 25, 62. Among numerous examples catalytic reactions driven 

by light, the photocatalytic conversion of carbon dioxide is considered to be a sustainable 

approach for the mitigation of anthropogenic CO2 to high value chemicals. Recent 

demonstrations of plasmon-enhanced CO2 conversion has relied primarily on Ag and Au. 

However, practical applications of noble metals as photocatalysts are ultimately limited 

due to their high cost, low abundance, and modest reactivity.  

Here, earth-abundant aluminum@cuprous oxide (Al@Cu2O) antenna-reactor 

heterostructures is demonstrated for the reverse water-gas shift (rWGS) reaction. The 

rWGS reaction (CO2 + H2 à CO + H2O, ∆H298K = +41.2 KJ mol-1) has emerged as a 

promising approach for CO2 transformation into CO that is an important reactant for 

synthesis of high value chemicals by subsequent hydrogenation (i.e., the Fisher-Tropsch 

synthesis) 63. The Al@Cu2O plasmonic photocatalyst operates at significantly milder 

conditions under visible light illumination compared to its purely thermal driven 

counterpart. Besides, plasmon-induced rWGS at lower temperatures lead to a much better 

product selectivity than the thermally driven rWGS at elevated temperatures, which often 

produces CO and CH4 as products. A series of experimental studies and theoretical 

modeling were performed in order to explore competing photothermal and hot-carrier 

driven mechanistic pathways. Comparison of wavelength-dependent product formation, 

the spatial temperature profile under illumination, and electromagnetic and Monte-Carlo 

simulations of optical absorptions suggest a plasmon-induced carrier generation 



 
15 
 
mechanism for driving rWGS under illumination. The transition from noble metals to 

aluminum based plasmonic photocatalysis provides a sustainable route to high-value 

chemicals and reaffirms the practical potential of plasmon-mediated chemical 

transformations. 

Reproduced with permission from H. Robatjazi, H. Zhao, D. F. Swearer, N. J. Hogan, L. 

Zhou, A. Alabastri, M. J. McClain, P. Nordlander & N. J. Halas., Nat. Comm. volume 8, 

(2017) 27 © Nature publication group. 

3.2. Materials and Methods 

3.2.1. Nanoparticle Synthesis 

Al NCs with average particle size of ~ 100 nm and corresponding LSPR of ~ 500 nm were 

chemically synthesized using the protocol previously published by our group (see 

Appendix A for detail of synthesis). For Al@Cu2O synthesis in a typical synthesis, 2.5 mL 

of as synthesized Al NCs (1mg/mL in IPA) were transferred to an oven-dried Schlenk flask 

and the total volume of the solution adjusted to 10 mL using IPA. The reaction solution 

was degassed at room temperature for about an hour and then under Ar atmosphere the 

flask was heated to reflux. At reflux, 1 mL of 0.01M fresh Cu (II) acetate (99.999% trace 

metal-basis, Sigma-Aldrich) in dry acetonitrile was rapidly injected into the reaction while 

stirring at 600 rpm. The reflux continued for 2 hours to yield Al@Cu2O nanoparticles. The 

as-synthesized nanoparticles were isolated by centrifuge at 2000 g and washed three times 

with IPA, and finally dispersed in IPA.  
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Figure 3-1 Characterization of plasmonic photocatalysts. (a) TEM image of the pristine Al NCs with 

nominal size before and (b) after growth of Cu2O shell. The scale bars in (a) and (b) are 50 nm. (c) HRTEM 

image of Al/Al2O3/Cu2O. The scale bar is 5 nm. (d) High-angle annular dark field scanning transmission 

electron micrograph (HAADF-STEM) of the Al@Cu2O particles in low magnification and higher resolution 

(inset) indicating different Z-contrast for the core and the shell materials. The scale bars for low-resolution 

and inset images are 400, and 50 nm, respectively. (e–h) Energy-dispersive X-ray (EDX) mapping showing 

the distribution of Al (e), Cu (f) and O (g), and their overlay (h). 

Electron microscopy and elemental composition analysis of the Al NCs and Al@Cu2O 

nanoparticles are shown in Figure 3-1. Al NCs were encapsulated with a ~15 nm thick 

Cu2O shell, which was separated from the Al core by a 2–4 nm self-limiting amorphous 

Al2O3 layer. A high-resolution transmission electron micrograph (HRTEM) of the as-
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synthesized Al@Cu2O nanoparticles revealed that the shell was highly polycrystalline 

Cu2O shell with (111) lattice fringes shown (Figure 3-1c). The high-angle annular dark 

field scanning transmission electron micrograph (HAADF-STEM) of particles in Figure 

3-1d shows a strong contrast between bright and dark regions, which arises from the Z-

contrast of different atomic nuclei: Cu atoms appear brighter than Al due to their higher 

atomic number. The elemental mapping (Figure 3-1e–h) illustrates the distribution of each 

element in the nanoparticles. The HAADF-STEM image and combined elemental mapping 

shows that coating the Al NCs surface with Cu2O shell is achieved in high quality.  

The UV–vis-NIR extinction spectrum of photocatalysts in solution shows a dipolar 

plasmon mode at 465 nm for pristine Al NCs that shifts to ~550 nm after growth of the 

Cu2O shell (Figure 3-2).  

 

Figure 3-2 Optical characterizations of photocatalysts in solution. Experimental and simulated extinction 

spectrum of the bare Al NCs and Al@Cu2O nanoparticles in IPA.  

 

 

 



 
18 
 

3.2.2. Preparation of catalyst and reactor set-up 

The photocatalysts were prepared by mixing a homogenous dispersion of plasmonic 

particles with a commercial γ-Al2O3 support (Alfa Aesar) at 5 wt % loading with respect 

to the oxide support. Briefly, the proper amount of oxide support was added to the 

nanoparticle solution in IPA. The mixture was shaken thoroughly to obtain a homogenous 

mixture and then centrifuged and the excess IPA was purred off. The solid precipitant, after 

overnight drying under vacuum, was ground using a mortar and pestle to homogenize the 

catalyst/Al2O3 mixture before being loaded into the reaction chamber. Diffuse reflectance 

spectra of the photocatalyst nanoparticle/γ-Al2O3 mixture shows the LSPR scattering and 

interband absorption of Al (Figure 3-3).  

 

Figure 3-3 Optical characterizations of photocatalysts on support. Diffuse reflectance spectra of the 

photocatalyst nanoparticle/γ-Al2O3 mixture showing the LSPR and interband characteristics. Interband 

transition is an absorption event, which appears as a deep in reflectance spectrum.  

The X-ray photoelectron spectroscopy (XPS) analysis of Al@Cu2O/γ-Al2O3 photocatalyst 

at binding energies of the copper confirms the existence of copper (+1) for the 

photocatalyst before and after illumination under the reaction condition (Figure 3-4).  
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Figure 3-4 X-ray photoelectron spectroscopy analysis of Al@Cu2O/γ-Al2O3 photocatalyst. (a) high-

resolution XPS analysis of the Al@Cu2O/γ-Al2O3 photocatalyst at binding energies of the copper before 

(stored in air under ambient condition) and after the photocatalytic measurements. The lack of satellite peaks 

at binding energy of 943 eV and 965 eV excludes the existence of Cu (+2). This means that storing the sample 

in air does not lead to further oxidation of Cu2O to CuO as Cu(+1) is more stable oxide form of copper under 

ambient conditions. It is known that the Cu 2p3/2 spin-orbit peak in metallic copper is narrower than that of 

Cu(+1). However, we measured similar FWHM of Cu 2p3/2 peak before and after illumination, meaning that 

the oxidation state of copper should mainly remain unchanged during photocatalytic process. (b) the weak 

Cu auger peak appears at binding energy of the ~ 570 eV corresponds to the Cu(+1). 

 

3.2.3. Catalytic measurements 

About 20 mg of oxide-supported plasmonic nanoparticles were loaded into a customized 

stainless steel chamber flow fixed-bed reactor (Harrick Scientific Product Inc.), equipped 

with a precise thermocouple and a quartz, KBr and CaF2 window for illumination (see 

Appendix B for a scheme of the photocatalysis set up and light source). Photocatalytic and 

thermaocatalytic measurements were performed at a 1:1 ratio of CO2:H2 (total flow rate of 

10 sccm). The CO2:H2 stoichiometry of 1:1 was sustained throughout all experiments 

unless specified. High purity H2 (99.999% Matheson trigas) and CO2 (99.999% Matheson 

trigas) at a total pressure of 1 atm were continuously flowed into the reaction chamber, 
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which was connected to a Shimadzu gas chromatograph equipped with a molecular sieve 

13X column (with a pulsed discharge helium ionization detector (PDHID)) and a fused 

silica PLOT column (with a flame ionization detector (FID)). 

Thermo catalytic measurements were conducted in the absence of light, and by heating the 

chamber with a precise temperature controller. For photocatalytic experiment under visible 

light illumination without external heating, a supercontinuum fiber laser (Fianium, 400− 

850 nm, 4 ps, 40 MHz) was used with a lens (Thorlab, 150 mm focal length) to focus the 

light to a 1.5-mm spot size onto the photocatalyst. For the wavelength dependence 

measurements, monochromatic light from a tunable Ti:sapphire laser (Coherent, 

Chameleon Ultra II, 150 fs, 80 MHz, bandwidth ~10 nm) was utilized the wavelength range 

of 680 − 1080 nm, and coupled to a second harmonic generator (Angewandte Physik und 

Elektronik GmbH) for the output wavelength range of 350−530 nm. Wavelength 

dependence measurements in the range of 500-700 nm were conducted using the 

supercontinuum fiber laser and the bandpass filters (Edmund, bandwidth ~50 nm, 80 

MHz).  

3.2.4. Measurements of photothermal heating of the catalyst  

The spatial and temporal temperature profiles under illumination were obtained using a 

highly sensitive thermal imaging camera (FLIR A65, 640×512 pixels).  The thermal 

camera was positioned above the sample at a slightly tilted angle with a few centimeters 

off from the center of the stage to allow for top illumination of the sample (see Appendix 

B for a scheme of the photocatalysis set up). Due to the limited IR transparency of the 

quartz window, photothermal imaging measurements can be performed with illumination 

through KBr or CaF2 windows.   
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3.2.5. Electromagnetic simulations 

Modeling of the Al@Cu2O antenna-reactor nanoparticles was performed using the Finite 

Element Method (FEM, COMSOL Multiphysics 4.2a). The dimensions of nanoparticles 

were chosen to be identical to the nominal sizes of synthesized structures apparent from 

the TEM images. The particle was embedded in a γ-Al2O3 medium, which was modeled as 

a 1:1 mixture of air and Al2O3, and perfect matched layers (PMLs) were adopted to simulate 

the infinite environment. A 3 nm Al2O3 separation layer was included in the simulations to 

account for the surface oxide of Al. The dielectric responses of all materials were taken 

from tabulated data 64. The optical absorption was calculated by integrating the Ohmic loss 

within the nanostructures. 

The maximum temperature increase of the Al@Cu2O nanostructure was calculated for 

single particle under pulsed illumination as a function of laser intensity and wavelength. 

The geometry of the structure is identical to the sample in experiments and in 

electromagnetic simulations. Under the assumption that electron-phonon thermalization 

occurs much faster than external thermal diffusion (from 100 ps to a few ns) and the time 

separation between laser pulses, the maximum temporal temperature increase of the 

particle was calculated separately for Al and Cu2O by ∆"#$% = &$'()/(*+,) according to 

the theory developed in, 1 where &$'( is the absorption cross section of Al (or Cu2O) in 

Al@Cu2O calculated from FDTD electromagnetic modeling, ) = 〈.〉 ⁄0 is the laser fluence, 

〈.〉 and 0 = 80 MHz are the average intensity and pulse repetition rate of laser, respectively. 

*, + and , are the volume, mass density and heat capacity of Al (or Cu2O). 
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3.2.6. Monte-Carlo simulations 

Calculating light transport properties of the system can give important information about 

the thermal properties. The Monte-Carlo (MC) method is particularly well-suited for 

making light transport calculations in systems composed of high density of randomly 

dispersed particles. Given the nanoparticle density for 5% loading on oxide support and 

optical cross sections, light absorption and scattering coefficients were calculated. These 

optical coefficients give the probability per unit propagation that a photon will interact with 

the collection of nanoparticles, and inverse gives the mean-free path of a photon in the 

medium. We incorporate these values into a MC simulation by choosing random 

propagation distances according to the cumulative probability distribution, equation (1): 

   F(x) = 1-exp(- 1e x) (1) 

where µe is the extinction coefficient (which is wavelength dependent), and x is the 

propagation distance. Then whether a photon is absorbed or scattered is chosen randomly 

according to the albedo. If the photon is scattered, the scattering direction is also chosen 

randomly. If the photon is absorbed, the position is recorded and the simulation of the next 

photon begins. Each photon simulated goes through as many iterations as needed until it is 

absorbed or leaves the simulation domain. By simulating the fate of many such photons a 

statistical solution to the light transport properties of the medium can be calculated for each 

wavelength of light. Of particular interest in this work are the absorption efficiency and 

absorption density. The latter is directly proportional to the heat-source density, i.e., the 

source term in the heat equation. Therefore, the temperature increase of the 

nanoparticle/support matrix should be directly proportional to the heat density. 
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Monte Carlo simulations were performed to model light transport using a customized code 

that was verified using both analytic and computational standards. Each calculation 

included the simulation of between ~ 1 to 4 x 106 photon trajectories, depending on the 

simulation wavelength. Each calculation was terminated when 106 absorbed photons was 

reached for each incident wavelength, keeping the statistical error for the calculations 

relatively constant. The simulation domain approximated the experimental photocatalytic 

geometry using a rectangular cell of dimensions 8 × 8 × 0.1 mm. A nanoparticle 

concentration of 1.14 × 1014 cm-3 (5 wt% loading of particle) was multiplied by the 

appropriate optical cross sections for the photocatalyst nanoparticle obtained from FEM 

calculations, to obtain scattering and absorption coefficients as input. The scattering 

coefficient ranged from 55 to 673 cm-1 while the absorption coefficient ranged from 31 to 

520 cm-1. The alumina support was assumed to be a purely scattering medium with a 

scattering coefficient of 70 cm-1. Each photon was simulated until it was either absorbed 

or exited the simulation domain. Photon scattering followed a dipole scattering cos2(θ) 

distribution. Upon absorption, the position of the photon was saved in order to calculate 

the photon absorption distributions. Absorption efficiencies were calculated by dividing 

the number of photons absorbed by the total number of photons simulated. When needed, 

the obtained spectra were normalized to take into account the different photon energies for 

different wavelengths of light. 

3.2.7. Material Characterizations 

High-resolution electron micrographs, HAADF-STEM images and EDX data were 

acquired on a JEOL 2100 Field Emission Gun electron microscopes at 200kV. Additional 

TEM images were collected by a JEOL 1230 high-contrast transmission operated at 80 kV. 
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EDX data were processed using the open source multidimensional data analysis toolbox, 

HyperSpy 65. Ultraviolet-visible (UV-Vis) extinction and diffuse reflectance spectra were 

recorded by a Agilent Cary 5000 UV-Vis-NIR spectrometer in reflection mode. For diffuse 

reflectance measurements, a Praying MantisTM diffuse reflection accessory (Harrick 

Scientific Products Inc., DRP-VA) was attached to the spectrometer to convert the light 

configuration from transmission mode to diffuse reflection mode. XPS analysis was 

performed on a PHI 5500 XPS system equipped with an Al KR monochromator X-ray 

source operating at a power of 350 W. The pressure in the test chamber was maintained 

below 1×10-9 Torr during the acquisition process. The prepared Al@Cu2O/γ-Al2O3 mixture 

was stored under lab atmosphere before performing photocatalysis experiment. For XPS 

analysis after the illumination under reaction condition, we sealed and separated the reactor 

from the photocatalysis set up and opened it on-site. The photocatalyst powder was initially 

loaded on a customized sample holder that allowed convenient and fast transfer of the 

sample from reaction chamber to XPS chamber followed by fast evacuation of the 

chamber. A quick (<5 sec) transfer of sample from reaction chamber to XPS chamber 

minimizes the exposure of the photocatalyst to ambient air atmosphere and thus any 

possible change in oxidation state of the copper. 
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3.3. Plasmon-induced rWGS  

Figure 3-5 show the preliminary photocatalytic experiments performed under various 

reaction conditions. Formation of CO upon illumination of the nanoparticle/γ-Al2O3 

photocatalyst mixture was confirmed when CO2 and H2 were both present (1:1, total flow 

rate of 10 sccm). In contrast, control experiment of photocatalyst illumination in an inert 

He atmosphere did not produce any measurable product, verifying CO formation was not 

from the decomposition of any organic contamination. Also, there was no measurable 

product from illuminating the pure γ-Al2O3, verifying that the Al@Cu2O plasmonic 

photocatalyst was the active component.  

 

 

Figure 3-5 Preliminary photocatalytic experiments under various conditions. Illumination of 

nanoparticle/γ-Al2O3 photocatalyst mixture in presence of CO2 and H2 resulted in CO production that was 

confirmed with GC analysis of the reaction effluent.  
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Measurement of the rate of CO formation as a function of visible-light intensity under 

ambient conditions shows a significantly higher CO production rate on Al@Cu2O 

compared to the hat of Cu2O and bare Al NCs particularly at higher illumination intensities 

(Figure 3-6a). Similarly the calculated external quantum efficiencies (EQE) of CO 

formation is higher on Al@Cu2O heterostructure (Figure 3-6b). The EQE was calculated 

from the rate of CO formation at incident photon energy impinging the surface (EQE 

CO = 2 × rate [CO] (µmol cm–2 s–1)/photon flux (µmol cm–2 s–1)). For visible light 

illumination, an average photon energy at 700 nm was used according to the light source 

spectrum (see Appendix B). The positive dependence of EQE on incident photon flux was 

previously suggested as a feature of plasmon-induced charge-carrier driven process 

(reaction rate a intensityn where n>1). On the contrary, increasing irradiation intensities on 

semiconductor surfaces does not improve EQE of Cu2O shown in Figure 3-6b 66.  

 

Figure 3-6 Plasmon-enhanced rWGS. (a) The impact of visible light intensity on the rate of CO formation 

on photocatalysts prepared from Cu2O, Al NCs and Al@Cu2O. (b) The apparent external quantum efficiency 

(EQE) calculated from measured reaction rate in (a) and plotted against photon flux. 
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3.4. Plasmonic carrier-driven mechanism and photothermal effects  

In principle, plasmon-induced chemistry should always be accompanied by heat generation 

from the thermalization of hot carriers as discussed in 2-2. Due to the short lifetime (fs) of 

the hot carriers compared to chemical reaction timescales (ps), only a low portion of the 

plasmonically generated hot carriers will contribute to the photocatalytic activity. Thus, it 

is critical to investigate the relative contributions of nonthermal and photothermal 

contributions in any given photocatalytic reaction. A series of experimental studies 

supported by theoretical models were performed to differentiate plasmon-induced carrier-

driven from photothermal heating of the photocatalytic rWGS on Al@Cu2O. 

Initially, the maximum local temperature on the surface of the single Al@Cu2O was 

calculated as a function of illumination intensity and wavelength, which resulted in 

negligible temperature increase under illumination conditions (Figure 3-7). In contrast, the 

high-resolution spatial and temporal mapping of the surface temperature variations of 

photocatalysts bed during irradiation showed that the catalyst surface temperature was 

substantial higher (Figure 3-8). Upon loading (5 wt%) of plasmonic nanoparticles into the 

pure oxide support, the steady-state average surface temperature under 10 W cm-2 

illumination (the maximum intensity used in this study) increases significantly 

(ΔT~110°C) and can reach up to 175°C. The difference can be attributed to the collective 

heating effect mediated by multiple light scattering and absorption events by high density 

of randomly dispersed particles under illumination volume. 67 Consequently, the heated 

area in is much larger than the incident beam size.  



 
28 
 

 

Figure 3-7 Calculated local heating on single particle surface. (a) calculated local heating on a single Al 

NCs under illumination as a function of wavelength and laser intensity (b) calculated local heating on Cu2O 

under illumination as a function of wavelength and laser intensity. 

 

 

Figure 3-8 Spatial and temporal mapping of the surface temperature. Spatial temperature mapping of 

(a) Al NCs/γ-Al2O3 and (b) γ-Al2O3 support under visible light intensity of 10 W cm−2. Note that the heated 

area for the plasmonic particles loaded onto the support in is much larger than the incident beam size. (c) 

Steady-state temperature monitoring for oxide supported plasmonic nanoparticles compared to pure oxide 

support with and without irradiation.  
 

The substantial temperature increase as observed experimentally can raise a question about 

the mechanism of photocatalytic processes that can be driven by carrier or photothermal 

heating. We will show here that plasmonic photothermal heating, despite significant 

increases of the temperature of the photocatalysts bed under illumination, does not play the 

T(
o C
)

Stage

Al NCs

Illumination spot

Al2O3

Illumination spot

T(
o C
)

(a) (b) (c)



 
29 
 
major role in photocatalytic rWGS but rather the photogenerated carriers are likely drive 

CO formation. This can be understood by different product selectivity observed under 

light-induced (at ambient temperature) and purely thermally driven (light off) rWGS 

(Figure 3-9a). Analysis of the reaction products revealed that in contrast to the highly 

selective CO formation during photocatalytic rWGS, the thermally driven process results 

in the formation of CH4 and CO with selectivity of CO/CH4 varying between 50 to 97 % 

depending on the reaction temperature (Figure 3-9b). Thus, the higher chemical selectivity 

obtained during light-induced rWGS implies a pathway for chemical bond activation of 

adsorbate(s) that is different from photothermal heating. In the other words, if the CO2 

hydrogeneration proceeds via photothermal heating pathway under the illumination it 

should results in simultaneous formation of both CH4 and CO as demonstrated by previous 

plasmonic photothermal heating for rWGS on Au/ZnO nanostructures under very high 

laser intensities (CW, 532 nm, intensities > 25 W cm-2) 48. Yet, the role of photothermal 

heating that increases the overall energy input into the systems along with hot-carriers for 

chemical bond activation should not be overlooked.  Plasmon-induced hot carriers has the 

potential to selectively manipulate the individual elementary steps of chemical reactions. 

By tuning the energy of hot carriers to match specific electronic states and/or vibrational 

modes of adsorbates, selectivity of chemical conversion can be improved and new 

mechanistic pathways can be opened.  
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Figure 3-9 Comparison of plasmon-induced and thermal-driven rWGS. (a) Typical gas chromatogram 

of the product effluent showing different product selectivity for plasmon-induced (7 W cm−2 illumination 

intensity) and thermal-driven (at 350 °C, light off) rWGS on Al@Cu2O. (b) Reaction rate and CO/CH4 ratio 

as a function of applied temperature in thermal-driven rWGS. (c)  The overall rate of products formation as 

a function of applied temperature in purely thermal-driven rWGS for oxide supported Al@Cu2O. For 

comparison, the reaction rates during the photocatalysis at 10 W cm−2 is shown at the measured surface 

temperature.  
 

In addition to higher product selectivity observed under illumination, the role of hot-

carriers for driving rWGS on Al@Cu2O can be also supported by a significantly higher 

overall reaction rate measured under illumination compared to the thermal-driven rWGS 

at comparable surface temperature (Figure 3-9c). Figure 3-8 shows an average steady-

state surface temperature of about 170°C under illumination at our maximum visible light 

intensity of 10 W cm-2 for that highest reaction rate was measured. In contrast, the onset 

temperature of product formation in thermal-driven rWGS is about 200°C. Note that the 

photocatalytic results shown in Figure 3-9c are not normalized to the volume under 

illumination. Because of the limited light penetration depth of the incident photons (less 

than 50 microns), which will be demonstrated later, the measured product formation under 

illumination comes from very small volume fraction of the catalyst bed near the surface, 
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whereas the thermocatalytic process utilizes much large volume (5 mm bed diameter * 2 

mm depth).  

The observed plasmon-enhanced rWGS was further studied as a function illumination 

wavelength in the range of 350 and 1000 nm. Figure 3-10a show a substantial increase of 

the EQE of CO formation after coating Al NCs with a Cu2O shell (also see Figure 3-6b). 

This catalytic enhancement is particularly pronounced around the dipolar plasmon 

resonance of Al@Cu2O at ~570 nm (also see Figure 3-3 for reflectance spectrum of 

catalyst bed). Previous studies 68, 69 have shown that the rate of carrier generation from 

plasmon decay is directly proportional to the plasmon-induced internal electric field 

enhancement.  

Thus, in order to gain a more rigorous understanding of plasmon-induced carrier generation 

in Al@Cu2O and to further corroborate plasmon-induced carrier-assisted rWGS under 

illumination, the wavelength-dependent study of CO formation was compared with 

integrated the local electric field enhancement in the Al core and Cu2O shell, calculated by 

FEM (Figure 3-10b). The local electric field enhancement inside the Al core determines 

hot-carrier formation from non-radiative plasmon decay. These electrons can transfer into 

the Cu2O shell where they will be more long lived than in the metal due to the reduced 

electron-electron scattering in a semiconductor 42.  The plasmon induced external field 

enhancements can also directly induce optical transitions (inter-band and/or sub-band 

transitions) in the Cu2O layer.  

The calculated |E|2 in both the Al core and in the Cu2O shell qualitatively reproduce the 

measured EQE spectrum. The weak peak at 400 nm is due to excitation of the Al 
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quadrupolar plasmon mode. The weak feature at 900 nm is due to the dispersion of the real 

part of the Al permittivity (interband transition). We note that the magnitude of the near-

field induced carrier generation in the Cu2O shell depends on the density of states on the 

exposed surfaces 70. FEM simulations do not account for imperfections, but the highly 

polycrystalline nature of the synthesized Cu2O shell introduces defects within the crystal 

lattice. It is likely that near-field energy transfer can generate carries at energies below the 

band gap of Cu2O i.e. the sub-band gap transitions at 900 nm. The dual mechanisms of 

carrier generation either in the Al core with subsequent injection into the Cu2O shell and/or 

the direct excitations of hot carriers in the Cu2O shell, as suggested by the calculations in 

Figure 3-10b both provide enhanced hot carrier densities for chemical transformations.  
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Figure 3-10 Distinguishing between plasmon-induced carrier-assisted and photothermal heating. (a) 

The measured EQE as a function of illumination wavelength for oxide-supported Al@Cu2O and Al 

photocatalysts. (b) Numerically calculated local electric field strength |E(r)|2 in Al core (left axis) and Cu2O 

shell (right axis). Local electric field enhancement spectrum integrated over the volume of mean-free path of 

the Al core 71 (within r = 50 nm) and over the entire volume of the 15 nm thick Cu2O shell, which should 

remain within the reported values for the carrier diffusion length in Cu2O 72.  (c) A simulated absorbed 

fraction in 100 nm diameter Al core, 15 nm thick Cu2O shell and total structure placed on γ-Al2O3 in air. (d) 

Comparison between experimentally measured heat density and ensemble Monte-Carlo simulation as a 

function of illumination wavelength for oxide-supported Al@Cu2O nanoparticles in air. (e-f) The absorption 
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efficiency profile of oxide-supported Al@Cu2O nanoparticles at (e) 400 nm and (f) 800 nm obtained from 

ensemble Monte-Carlo calculation. The scales in x-axis represents the actual diameter of oxide-supported 

Al@Cu2O catalyst bed under illumination,  z-axis represents the penetration depth along the catalyst bed. 

The calculated heat density corresponding to 400 and 800 nm are shown in dashed-lines in (d). 

 

To separate the influence of the plasmonic core, a similar structure was modeled, where 

the Al core was replaced with a dielectric Al2O3 sphere of the same size. In this case, the 

calculated local electric field enhancement spectrum did not reproduce the features in the 

experimental EQE spectrum (Figure 3-11a). Besides, the calculated |E/E0|2 for Al2O3 core 

is significantly lower than that of Al core (Figure 3-11b, c). This validates the role of the 

Al antenna for carrier generation within Al@Cu2O through plasmon decay. 

 

Figure 3-11 Comparison of local field enhancement calculation for Al2O3@Cu2O and Al@Cu2O. (a) 

Normalized local field enhancement |E(r)|2 spectrum Integrated over the volume of 15 nm thick Cu2O shell 

surrounding 100 nm Al2O3 sphere. The normalized local field enhancement |E(r)|2 within the same thickness 

of Cu2O shell surrounding Al core is provided for comparison. (b,c) calculated |E/E0|2 for (b) Al@Cu2O at 

550 nm and (c) Al2O3@Cu2O at 500 nm showing maximum |E/E0|2 of 27.5 and 4.4, respectively.  
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Figure 3-10c shows the total photon absorption within Al@Cu2O and the absorbed photon 

fractions in Al core and Cu2O shell components. Unlike calculated |E|2 shown in Figure 

3-10b, the  simulated total absorption spectrum does not match the experimentally 

measured EQE spectrum for Al@Cu2O. In simulated absorption spectrum, the increased 

total absorption at wavelengths below 550 nm is attributed to interband absorption in Cu2O. 

The experimentally measured EQE of rWGS on Al@Cu2O (Figure 3-10a) in this 

wavelength region, however, follows the simulated absorbed fraction within the Al core 

rather than the Cu2O shell or the total structure, implying the role of plasmonic Al core in 

carrier generation at or near the band gap of Cu2O. Besides, the simulated absorbed photon 

fraction at wavelengths above 700 nm does not perfectly resemble the experimentally 

measured EQE of rWGS on Al@Cu2O. The simulated absorbed photon in Figure 3-10c 

does not predict the peak at 900 nm, which is redshifted with respect to the interband 

transition of Al centered at 800 nm. In contrast, this peak has been predicted by our local 

electric field enhancement calculation in Figure 3-10b.  

Finally, to gain a better understanding of the role of plasmonic photothermal heating in 

driving rWGS, the trend of wavelength-dependent heat density under illumination were 

obtained, as measured experimentally and calculated with a Monte-Carlo simulation. The 

theoretical heat density is calculated using Monte Carlo light transport simulations, and is 

defined as the fraction of incident photons absorbed divided by the penetration depth of 

absorbed photons (see 3.2.6 for details of calculation) 67. The experimental wavelength-

dependent heat generation within the photocatalyst bed for a constant number of photons 

at each wavelength shows excellent agreement with ensemble calculations obtained from 

Monte-Carlo simulations, demonstrating the validity of our theoretical model. However, 
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the trend of wavelength-dependent heat density as shown in Figure 3-10d does not 

reproduce the measured EQE spectrum of Al@Cu2O in Figure 3-10a. This indicates that 

the temperature increase due to photothermal heating does not play a major role for 

photocatalytic rWGS, but rather the chemical bond activation is driven by photogenerated 

carriers, as confirmed by calculated local field enhancement. 

It should be mentioned that the generated heat is proportional to the fraction of absorbed 

incident photons, but the reasons that the temperature increase observed in the experiment 

and Monte-Carlo simulations do not track the simulated absorption spectrum of single-

particle in Figure 3-10c are two-fold: the absorption efficiency of the ensemble is 

significantly different because of the presence of multiple photon scattering events, and the 

localization of absorbed power causes larger heat densities at shorter wavelengths as shown 

in Figure 3-10e, f.  

3.5. Discussion 

Figure 3-12 illustrates an energy  diagram and a schematic of the proposed plasmon-

induced carrier-assisted rWGS on Al@Cu2O. As demonstrated above, Al@Cu2O antenna-

reactor catalyze the rWGS under illumination more efficiency compared to pristine Al NCs 

photocatalyst. The enhanced efficiency from Cu2O shell growth around Al core can be 

attributed to concurrent enhancement in surface catalytic activity (thermocatalytic activity 

in Figure 3-9c), and the rate of carrier generation (calculated local field enhancement in 

Figure 3-10b).  
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CO2 activation is initiated by electron injection into CO2 to form to form CO2-, which is 

known to be the most energetically difficult step in CO2 activation because of the negative 

electron affinity of CO2 molecule in gas-phase (-0.6 eV± 0.2 per molecule 73, 74). Upon 

adsorption on catalyst (Cu2O) surface the energy barrier for transient electron transfer to 

unoccupied states of CO2 should be reduced due to CO2 polarization 70,75, 76. Previous 

calculations suggested that unsaturated surface copper atom (CuCUS) in Cu2O(111):Cu, 

which is the least thermodynamically stable Cu2O surface, promotes strongest CO2 

adsorption 76, 77. Plasmon-induced hot-carriers with sufficient energy to overcome the 

energy barrier can transiently populate antibonding orbitals of adsorbed CO2 creating the 

transient negative ion (TNI), CO2-, which could subsequently relax into an excited 

vibrational state in the ground state by releasing the electron back to nanoparticle 22. Thus, 

the energy transfer from hot-carriers to adsorbed CO2 cause vibrational excitation and C-

O bond elongation that can facilitates C-O bond dissociation. We surmise that the direct 

C-O bond dissociation plays a major role in initiating the rWGS, and that the principal role 

of H2 is to seize the oxygen adatoms to form water and maintain an active catalytic surface. 

Hydrogen can adsorb dissociatively on CuCUS forming δ+H and δ-H adatoms 77 and interact 

with the remaining oxygen (from C-O bond dissociation) on the surface CuCUS to form 

water.  
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Figure 3-12 Schematic showing the energy band diagram and mechanism of plasmon-induced carrier-

assisted rWGS on Al@Cu2O.  

A higher product selectivity observed during plasmon-induced compared to thermal-driven 

rWGS can be explained based on plasmon-induced desorption of CO* intermediate from 

the surface 78, where an energy transfer from plasmon to intermediates on the surface can 

induce a nonthermal desorption of molecules. As a result, plasmon-induced selective CO 

formation was found to be independent of surface chemistry as it was observed on both the 

pristine Al and Al@Cu2O photocatalysts; and also was previously reported during 
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plasmon-enhanced CO2 conversion on Au and Ag nanostructures 79, 80. It should be 

mentioned that despite the 2-4 nm self-limiting amorphous Al2O3 layer surrounding the Al 

core, tunneling of the hot carriers to the oxide surface is still viable due to a high density 

of defect states in the amorphous Al2O3 layer. As an evidence for this hot-carrier tunneling 

mechanism, direct dissociation of adsorbed CO2 in absence of H2 was performed on 

pristine Al NCs under visible light illumination (Figure 3-13).  

 

Figure 3-13 Direct dissociation of CO2 on bare Al NCs in absence of H2. Gas chromatogram of reaction 

effluent showing formation of CO as the reaction product under illumination. CO formation in absence of H2 

indicates that the tunneling of the hot carriers to the oxide surface for C-O bond dissociation of CO2 is viable 

as the size of CO2 molecule is larger than pore size in self-limiting oxide layer. However, the reaction yield 

is significantly reduced shortly after the light turned on due to oxygen from C-O bond breaking remaining 

and occupying particle surface, which otherwise is removed by H2 in form of water.   

From a carrier generation perspective, the higher efficiency of light-assisted rWGS on 

Al@Cu2O antenna-reactor heterostructures compared to bare Al NCs can be attributed to 

enhancement in the rate of carrier generation in Al@Cu2O. In the absence of the Cu2O 

layer (uncoated Al) only the non-radiative damping process can contribute to carrier 

generation. This carrier generation pathway, however, is not efficient for 100 nm Al NCs 
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used in this study as the main damping pathway for nanocrystals of this size is through a 

radiative process. The calculated local field enhancement in Al core and Cu2O shell 

(Figure 3-10b) shows that the higher EQE of Al@Cu2O compared to Al NCs can be 

attributed to the enhanced carrier generation in Al@Cu2O from both the non-radiative 

plasmon decay in the Al core and near-field excitation of carriers in the Cu2O. 

Quantitatively ascertaining the ratio of carriers generated by each pathway is non-trivial. 

The efficiency of resonance energy transfer for near-field excitation of carriers in the 

semiconductor (Cu2O) primarily depends on the overlap between the LSPR absorption and 

the optical transitions in nearby semiconductors 35. The calculated absorbed photon 

fractions (Figure 3-10c) show a significant overlap of LSPR peak at 550nm-570 nm with 

the band edge absorption of Cu2O, which can induce interband/sub-band transitions in the 

semiconductor shell. The LSPR-assisted field enhancement within a 15 nm thick Cu2O 

shell allows for carrier generation at volumes much lower than the bulk carrier diffusion 

lengths 72. Furthermore, the proper position of Al Fermi level and Cu2O band energy 

(Figure 3-12) allows hot electrons with LSPR energy to be able to transferred to the Cu2O 

conduction band. Thus, Cu2O should further improve the efficiency of hot-carrier injection 

to adsorbates by increasing the lifetime of excited-states by facilitating their extraction 

from the Al core at the interface of native oxide layer. 

Recent work in the area of plasmon-enhanced photocatalysis has demonstrated two 

resonance energy transfer mechanisms from plasmonic particle to an adjacent 

semiconductor: (i) near-field enhancement, (ii) dipole-dipole coupling. The conventional 

energy transfer mechanism is based on near-field electromagnetic enhancement associated 
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with radiative plasmon decay for enhancing optical transitions in the nearby semiconductor 

16. Recently, an alternative scenario has been proposed for non-radiative “plasmon induced 

resonance energy transfer” (PIRET) based on coupling of large plasmon dipole to the 

dipole of electron-hole pair in semiconductor for direct carrier excitation 81. In principle, 

both mechanisms operate under similar conditions that rely on the plasmonic dipole and 

local electric field enhancement |E|2 to induce carrier excitation in the adjacent 

semiconductor.  

3.6. Conclusion 

Plasmon-mediated heterogeneous catalysts for plasmon-driven rWGS on non-precious, 

earth-abundant Al@Cu2O heterostructure have been presented. The rWGS reaction, while 

central to the chemical industry, also mitigates one of humanities greatest threats: 

anthropogenic CO2. Light-driven rWGS on Al@Cu2O antenna-reactor complex yield 

increased efficiency and selectivity over traditional thermal-driven counterpart. Rigorous 

experimental and theoretical studies enabled to demonstrate the hot-carrier driven 

mechanistic pathway for rWGS on Al@Cu2O antenna-reactor and to differentiate it from 

competing photothermal pathway. Utilizing hot carriers generated from plasmon decay can 

greatly influence reactivity and selectivity under mild conditions. The results serve as an 

example of Al as a plasmonic antenna promoting reactivity on adjacent materials, in this 

case, the semiconducting oxide Cu2O. The antenna-reactor geometry not only improves 

surface reactivity, but also more efficiently harnesses and utilizes the radiative LSPR 

damping in Al to enhance carrier generation in the metal oxide shell. Separating catalytic 

(Cu2O) and light harvesting (Al) functions into different materials is the key to achieving 
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higher quantum efficiencies in chemical conversion. Rational design and independent 

control over the catalytic and light-harvesting components in antenna-reactor 

heterostructure in the future can result in efficient and selective plasmonic photocatalysts. 

The present work represents a significant step toward understanding how plasmonic 

photocatalysts can be used as sustainable alternatives to traditional energy-intensive 

heterogeneous catalytic processes.   
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Chapter 4 

Highly efficient plasmon-assisted 

photothermal decomposition of 

nitrous oxide on aluminum-iridium 

antenna-reactor nanoparticle 

This chapter presents our results on decomposition of N2O on Al-Ir surface. 

Through experimental and theoretical investigations of the reaction 

dynamic, it is demonstrated that photocatalytic N2O decomposition over Al-

Ir proceeds via a plasmon-mediated photothermal heating of the catalyst 

bed with the possibility of plasmon-assisted autocatalysis that results in a 

substantial increase of the reaction efficiency.  
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4.1. Introduction 

As discussed in chapter 2, plasmon-mediated chemical transformations may proceed via 

either electronic or photothermal (or even both) pathways. The electronic pathway is driven 

by the interaction of hot carriers (electron or holes) generated from plasmon excitation with 

the molecular orbitals of an adsorbate(s) on the surface 28. However, plasmonic 

photothermal heating pathway is induced by the equilibration of hot carriers with the lattice 

through electron-electron and electron-phonon scattering 48. Determining those 

mechanistic pathways is highly critical for understanding the plasmon-mediated chemical 

transformation and provides insight into how to optimize catalytic efficiency and 

selectivity by choosing the appropriate catalytic surface.  

Here, decomposition of nitrous oxide (N2O), a potent anthropogenic greenhouse gas, on 

aluminum-iridium (Al-Ir) antenna-reactor photocatalyst is demonstrated. N2O is the third 

most abundant anthropogenic greenhouse gas in our atmosphere, behind CO2 and methane 

(CH4). The lifetime of N2O in the Earth’s atmosphere exceeds 114 years; its long lifetime 

translates into a global warming potential nearly 300 times higher than CO2. N2O is also 

the top stratospheric ozone-depleting substance, behaving similarly to chlorofluorocarbons 

(CFCs) 82, 83. Anthropogenic N2O emissions are anticipated to double by 2050 without 

strategic mitigation plans and development of technologies for N2O abatement 84. The 

development of technologies to decompose N2O into benign atmospheric gases, e.g., O2 

and N2, is therefore of tremendous general interest both to the scientific community and 

the public at large.  

Through a combination of experimental and theoretical studies, it was found that plasmon-

induced N2O decomposition on the Al-Ir proceeds via photothermal heating rather than an 



 
45 
 
electronic pathway. The photothermal heating pathway, despite lack of influence on the 

energetics of rate-limiting steps and reaction kinetics, demonstrates high quantum 

efficiencies due to high chemical reactivity of Ir surface for catalyzing the N2O 

decomposition.  

4.2. Materials and Methods 

4.2.1. Nanoparticle Synthesis 

Al NCs with average particle size of ~ 100 nm and corresponding LSPR of ~ 500 nm were 

chemically synthesized using the protocol previously published by our group (see 

Appendix A for detail of synthesis). The pristine Al NCs afforded from the first synthesis 

were centrifuged to remove the IPA and isolated into ethylene glycol (EG). Separately, a 

5 mM solution of Ir (III) chloride was prepared in EG. In a 25 mL round-bottom flask 

equipped with a stir bar 15 mL of EG was added, followed by 5 mL of ~ 2 mg/mL Al NCs 

in EG and 1 mL of 5 mM IrCl3. The solution was heated over a sand bath to 150 °C to 

reduce Ir3+ to Ir0, characterized by a darkening of the solution and the formation of Ir islands 

on the Al NC surface.2 Al-Ir nanoparticles were isolated once more by centrifugation and 

suspended into IPA for long-term storage. 

4.2.2. Catalyst Preparation 

The as-synthesized nanoparticles were weighed and dried to afford accurate measurements 

of their final concentrations in mg/mL. Once known, a volume of catalyst suspended in 

IPA was added directly to 100.0 mg of g-Al2O3 to achieve 5 wt% loading of the catalyst 
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onto the support. This suspension was sonicated for ~5 minutes to homogenize the 

nanoparticles and the support before being sonicated to settle the solid material. The clear 

supernatant was decanted and the supported catalyst was allowed to dry for at least 24 

hours under vacuum. The powder was homogenized with a mortar and pestle before 

loading into the reaction chamber. 

4.2.3. Catalytic Measurements 

All photocatalytic and thermocatalytic measurements were performed in a Harrick high 

temperature reaction chamber with a continues flow of reactants (see Appendix B). The 

standard quartz window of the Harrick reaction chamber was replaced with optical quality 

KBr for reliable infrared transmission for surface temperature measurements. Optical 

illumination was performed with a Fianium Supercontinuum white-light laser with ±25 nm 

bandpass filters used for wavelength selection. Throughout all light-based experiments, 

real-time surface temperature measurements were obtained using infrared camera. The 

effluent was monitored in real time using a quadrupole mass spectrometer (Hiden 

Analytical Inc., QIC-20).  

4.2.4. Electromagnetic simulations 

Commercial finite element method software package (Comsol 5.2a) was used for 

electromagnetic modeling of the Al-Ir antenna reactor nanoparticles. The Ir islands were 

modeled as hemispheres 2 nm in diameter attached on Al spheres 110 nm in diameter. A 3 

nm Al2O3 layer was included in the simulations to account for the surface oxidation of Al. 

The whole structure was embedded in a dielectric environment with n=1.37 (n = averaging 
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the refractive index of air and alumina). Perfect matched layers (PMLs) were also used to 

simulate particles floating in infinite environment. The dielectric responses of Al and Al2O3 

were taken from tabulated data 64, 85, 86. The dielectric responses of Ir was extracted from 

figures by Lehmuskero et al 87. The optical absorption was calculated by integrating the 

Ohmic loss within the structure.  

4.2.5. Periodic Density Functional Theory (DFT) 

4.2.5.1. Atomic Models 

Five-layer 33 periodic slabs, exposing the lowest-energy (111) surfaces 88, were generated 

from optimized bulk four-atom face-centered cubic Ir (a = 3.841 Å, 0.3 % error) 89 unit 

cells. A vacuum of ~15-16 Å was used to separate the slab periodic images from each other 

along the surface normal.    

4.2.5.2. Theory 

Reaction energies were calculated within periodic DFT using the Vienna Ab-initio 

Simulation Package (VASP) ver. 5.3.5. 90 The Perdew-Burke-Ernzerhof (PBE) generalized 

gradient approximation density functional 91 was used to evaluate the exchange-correlation 

energies. Grimme’s semi-empirical D3, with Becke-Johnson damping, was used to 

approximate the van der Waals (vdW) forces and energies 92, 93. Standard VASP (v.2012) 

projector-augmented-wave 94 potentials were employed, solving for N-2s,2p, O-2s,2p, Au-

6s,5d, and Ir-6s,5d orbitals self-consistently. A kinetic energy cut-off of 500 eV was used 

to limit the planewave basis set size for structural optimizations (absolute atomic force 

threshold ≤ 0.01 eV/Å). Subsequent single-point energy evaluations and vibrational-energy 

calculations were conducted with a 660 eV planewave kinetic energy cut-off.  Spin-
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polarization was invoked for when free O2 molecule is present, to account for the 

molecule’s triplet electronic spin state. A dipole-field correction was used orthogonal to 

the surface to eliminate unrealistic slab dipole-dipole interactions between periodic images 

95, 96. The Brillouin zone was sampled via 14×14×14 (Γ-point-shifted) and 7×7×1 (Γ-point-

unshifted) k-point meshes within the Monkhorst-Pack method 97 for the bulk unit cell and 

periodic slabs, respectively. The Methfessel-Paxton method to smear the electronic states, 

98 with a smearing width of 0.09 eV, was used to aid electronic convergence. We probed 

the kinetics of the likely slow reactions via the climbing image nudged elastic band (CI-

NEB) method 99. The fictitious spring force along the reaction tangent had a force constant 

of 3 eV/Å2. The force convergence for the CI-NEB images was set to 0.03 eV/Å.  

4.2.5.3. Thermal Corrections to the Enthalpy and Free Energy 

The gas phase enthalpy and entropy from vibrational, rotational, and translational degrees 

of freedom were accounted for using tabulated thermodynamic data (Table C.1) 100. For 

molecular adsorbates, normal mode vibrational frequencies were calculated from a second-

order finite difference method to evaluate the Hessian, where select atoms (adsorbate and 

seven surface atoms at and close to the adsorption site) were displaced ±0.015 Å from their 

optimized positions and their forces calculated.     

The internal energy (Evib) and entropy (Svib) terms in the Helmholtz free energy were 

calculated from atomic vibrations at temperature : 101 

2345 = 7345 − "9345  
 (4-1) 

are calculated as follows: 
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where  are the normal mode frequencies,  is the Planck constant, β is the inverse of 

thermal energy 1/KBT  (KB is the Boltzmann constant), and N is the number of atoms 

used to construct the Hessians. Thus, from Eqns. A2-A3, Eqn. A1 becomes 

2345 =:;
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>

 

 

(4-4) 

where the first term is the zero point energy (ZPE): 
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>

 

 

(4-5) 

For gases (N2O, N2, and O2), only the ZPE (Eqn. 4-5) is evaluated computationally, 

summed over their 3N-5 vibrational degrees of freedom (linear molecules). The change in  

(Eqn. 4-2) was used to obtain the enthalpies of reaction together with the DFT reaction 

energies. The change in  (Eqn. 4-4), on the other hand, was added to the DFT reaction 

energies to calculate the reaction free energies.  
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4.2.5.4. Electronic Densities of States Simulation 

The projected densities of states of the surface slabs were evaluated from non-self-

consistent calculations using denser sets of k-points from a mesh of 11×11×1 (Γ-point-

unshifted). The fixed electron densities were obtained from the corresponding self-

consistent calculations evaluated with k-point meshes of 7×7×1 (Γ-point-unshifted). A 

planewave kinetic energy cut-off of 660 eV was imposed. 

4.2.5.5. Accuracy of DFT adsorption energies 

O2 is known to be overbound by PBE-DFT by as much as ~1 eV/molecule 91. This error 

seems to suggest that the calculated O2 adsorption energies (Table C.2) should be more 

negative (Ir). However, charge transfer adsorption on metal surfaces of small molecules 

are also overbound by DFT 102. A simple correction of the adsorption energy by 1 eV is 

therefore suspect, especially since in some adsorption configurations, the O-O bond is not 

completely broken (i.e., top-top and bridge-top adsorption on Ir, Figure C.1). Adding to 

the unpredictable behavior of DFT, Y. Xu and M. Mavrikakis demonstrated that for O2 

adsorption on Ir, when revised-PBE (RPBE) XC, shown to predict the O2 bond dissociation 

energy only 0.05 eV below experiment (underbound), is compared with PW91 XC, which 

overbinds O2 by 0.39 eV, the adsorption energies are found to be less negative, by about 

0.5 eV, for the former 103. Comparisons were made between self-consistent PW91, and a 

non-self-consistent RPBE using the PW91 densities 103. This is opposite trend expected if 

one only considers the relative errors in the O2 bond dissociation energy predicted by the 

two XC functionals.  

V. P. Ivanov et al. reported a coverage-dependent activation energy for O2 desorption from 

Ir(111) of Ea ~ 65-10q kcal/mol or  2.8-0.4q eV, where q is surface coverage (normalized 
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fraction of the saturation coverage)104. The limit at very low coverages, 2.8 eV, is close but 

still less than the desorption enthalpy of the most stable 2O* adsorption motif found here 

(fcc-fcc), which is around 3.5 eV (Fig. C.1 and Table C.2). This suggest a negative 

correction is needed for the desorption energies from DFT+D3, which is again opposite to 

the expected correction one would apply if the error is purely from O2 overbinding.       

Currently, energy refinement via the embedded correlated wavefunction (ECW) formalism 

within the density functional embedding theory (DFET), 105,106 using the multi-

configurational n-electron valence second-order perturbation theory (NEVPT2) 107 as the 

CW method, 108 are being conducted for rate-limiting steps.  

4.3. Plasmon-mediated decomposition of the N2O 

Various traditional catalysts for thermal decomposition of N2O have been developed over 

the last several decades including supported noble metals 109, non-noble metal oxides 110, 

and zeolite catalysts 111. Here, we explored the sustainable plasmon-enhanced catalytic 

decomposition of N2O using Al-Ir antenna-reactor photocatalyst and pristine Al NCs (as 

control). Ir was selected as the reactor particles due to its previously reported catalytic 

efficiency for N2O decomposition in propellant systems 112. High-angle annular dark-field 

scanning transmission electron micrographs (HAADF-STEM) of representative Al-Ir 

particles shows highly dispersed and uniform deposition of the Ir reactor nanoparticles onto 

the ~100 nm AlNC surfaces (Figure 4-1a). Size distribution histogram in Figure 4-1b 

shows a very narrow Ir nanoparticle size distribution in the range of 1-3 nm. Figure 4-1c 

shows the extinction spectrum of the Al-Ir particles, where deposition of the small Ir island 

onto the AlNC surfaces do not quench the plasmon resonance of Al NC antenna at λ » 500 
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nm. The extinction spectrum oxide-supported particles (diffuse reflectance spectrum) 

shows a broadening of the plasmon peak and slight redshift of the plasmon peak intensity 

to » 525 nm as expected.  

 
Figure 4-1 Plasmonic photocatalysts for N2O decomposition. (a) HAADF-STEM image of Al-Ir antenna 

reactor nanoparticles. Scale bars = 50 nm. (b) Size distribution of Ir NPs reactor deposited on Al NC antenna 

(b) Extinction spectrum of Al-Ir NPs suspended in 2-propanol and dispersed onto the oxide-support (diffuse 

reflectance). 
 

As shown in Figure 4-2a, the primary active sites for light-driven chemistry in the antenna-

reactor geometry is the Ir island (reactor). A representative N2O decomposition response 

to optical illumination of the Al-Ir measured by an online mass spectrometer is shown in 

Figure 4-2b. When illuminated, a sharp drop in the traces of N2O reactant is observed with 

a simultaneous increase at N2 and O2 products in stoichiometric ratios of nearly 2:1. 

Importantly, the decomposition of N2O in here produced only the non-pollutant diatomic 

gases N2 and O2, unlike previous studies those also reported the formation of other NO and 

NOx species 111, 113. Mass fragments from other possible products, such as NO and NO2, 

were also monitored but they were not those produced in quantities above the detection 

sensitivity of our mass spectrometer.  
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Figure 4-2 Plasmon-induced N2O decomposition. (a) Schematic of N2O decomposition on catalytic metal 

islands supported on the oxide shell of Al NCs. (b) Reactivity of the Al-Ir antenna-reactor photocatalyst 

monitored with a mass spectrometer showing photoresponsive decomposition of N2O into N2 and O2 upon 

illumination from a bandpass filtered supercontinuum picosecond pulsed laser source at 525 nm and 15 

W/cm2 with 300 oC external heating and an N2O flow rate of 20 sccm. N2O, N2 and O2 were monitored at 

m/z 44, 28, and 16, respectively. The higher baseline of N2 compared to O2 under the dark condition is due 

to contribution from N2 fragment from the bombardment of the N2O reactant in mass spectrometer. The mass 

spectrometer response and illumination were slightly offset along the time axis to account for the delay 

between the reaction’s response to illumination and sampling time for the product to reach the mass 

spectrometer. (c) Comparison of the photocatalytic rate of O2 evolution over Al-Ir and AlNCs as a function 

of illumination intensity, while photocatalysts received continuous external heating. Al was held at 500 oC 

and Al-Ir was held at 250 oC.  

 

Figure 4-2c show a comparison of the photocatalytic rate of O2 production from N2O 

decomposition over Al-Ir and pristine Al NCs as a function of illumination intensity, where 
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both catalysts received external heating in addition to optical illumination. However, the 

conditions for Al-Ir were substantially milder due to a higher chemical reactivity of the Ir. 

The Al-Ir, while held at 250 oC shows more than one order of magnitude higher 

photocatalytic rate than pristine AlNCs heated to 500 oC. This observation corroborates the 

role of Ir island as the primary active site for N2O decomposition.  

The dependence of the rates and quantum efficiency of photocatalytic reactions on the 

illumination intensity and applied external heat was previously demonstrated as the 

characteristics of the direct photochemical transformation on excited plasmonic metallic 

nanostructures 37. An electron-driven mechanism was proposed, where the photocatalytic 

rate shows a transition from linear to a super-linear power law dependence on light 

intensity (rate ∝ intensity n, with n > 1 and typically n > 2) at illumination intensities much 

lower (~109 times) than as previously observed for photo-induced reactions on extended 

single-crystal metal surfaces 114. Besides, unlike conventional semiconductor 

photocatalysts, the rate and quantum efficiency of photocatalytic reactions on excited 

plasmonic metallic nanostructures can be increased increase with operating temperature.  

Figure 4-3 shows the results the reaction rate and quantum efficiency of plasmon-assisted 

N2O decomposition over Al-Ir as a function of illumination intensity (525 nm ± 25 nm), 

while the catalyst bed was held at three different temperatures. The photocatalytic rate of 

O2 production increased with increasing both the illumination intensity and temperature 

(Figure 4-3a). However, a transition from linear to a super-linear regime was not observed 

within the light intensities used in here. The obtained power law exponent at 300oC and 

250oC showed a value of n~1.0, and a value of n~1.5 at 200oC. Accordingly, the calculated 
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quantum efficiencies from the measured reaction rates, while being higher at elevated 

temperature, did not show notable improvement with increasing intensity.  

 
Figure 4-3 Reaction rate and quantum efficiency as a function of illumination intensity and externally 

applied temperature. (a) Photocatalytic rate of O2 production (from N2O decomposition) as a function of 

light intensity (525 nm ± 25 nm) for various temperature. The rates are normalized to the illumination area 

assuming 1mm catalyst bed thickness is larger than penetration depth of the light (typically less than 100 µm) 

for photocatalytic reaction to be operated at the light-limited regime. (b) External quantum efficiency (%) as 

a function of illumination intensity at various temperatures.  
 

Wavelength-dependent N2O decomposition over Al-Ir for were taken at the range of 450 – 

800 nm for more detailed study of the role of LSPR excitation on the measured 

photocatalytic reactivity (Figure 4-4). The calculated external quantum efficiency (EQE) 

from experimentally measured wavelength-dependent photocatalytic response of N2O 

decomposition closely follows the calculated |E|2 enhancements integrated inside the 3 nm 

Ir (Figure 4-4b) reactor and calculated optical absorption cross-sections in Figure 4-3c. 

Both plasmonic photocatalysts show maxima at around 525 nm corresponding to excitation 

of the dipolar plasmon resonance of the Al antenna. Previous reports 49, 69, including the 

results presented in the previous chapter 115, have suggested the correlation between the 

0.1

1

10

100

1 10
Intensity (W cm-2)

0.01

0.1

1

10

100

1 10

200oC

250oC

300oC
Rate ∝ intensity n

(n = 1)

(n = 1)

(n = 1.5)

Intensity (W cm-2)

200oC

250oC

300oC

Ex
te

rn
al

 q
ua

nt
um

 e
ffi

cie
nc

y 
(%

) 

O
2 

pr
od

uc
tio

n 
("

m
ol

e 
cm

-2
s-1

)
(a) (b)



 
56 
 
wavelength-dependent photocatalytic activity of plasmonic photocatalysts with optical 

absorption cross section and local field intensity |E|2 inside the nanostructure as descriptors 

for hot-carrier-driven chemistry. Therefore, upon illumination, hot carriers are present. 

 

Figure 4-4 Wavelength dependence of N2O decomposition over Al-Ir. (a) Quantum efficiency (%) of 

photocatalytic O2 production as a function of illumination wavelength-dependent. External heating at 250 °C 

was applied. (b) Calculated electric field enhancement integrated inside the 3 nm Ir when coupled to 100 nm 

AlNCs. (c) The calculated optical absorption cross-sections for a single Ir islands (3 nm) placed on 100 nm 

Al NC. (d) The measured additional surface temperature increase of the Al-Ir photocatalyst as a function of 

illumination wavelength under the control (Ar) and reaction (N2O) environments. External heating at 250 °C 

was applied. The light intensity at each wavelength was ~ 6 W cm-2.  

4.4. Plasmonic photothermal heating  

To better understand the role of hot-carriers in the measured wavelength-dependent N2O 

decomposition of the Al-Ir photocatalyst, the degree of plasmon-induced, steady-state 
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photothermal heating of the photocatalyst from ultimate decay of the hot carriers were also 

measured. Measurements were conducted using a high precision infrared camera to provide 

a high-resolution spatial (~100 µm) and temporal mapping (25 frames/sec) of surface 

temperature variations of the catalyst loaded into reactor chamber equipped with an 

infrared transparent KBr window (see Appendix B). Figure 4-4d shows wavelength-

dependent laser induced heating under N2O and inert atmospheres of argon (Ar), which has 

similar thermal conductivity to that of N2O. The laser-induced heating is defined as the 

difference between the final temperature of the surface under illumination and the 

measured surface temperature in the dark, with external heating (held at 250oC). Under the 

control Ar atmosphere, a maximum surface temperature increase of ~100 °C was observed 

at around the peak of the plasmon resonance. However, the laser-induced temperatures 

during plasmonic decomposition of N2O increased significantly, and the heating profile 

broadened.  

The additional heating during N2O decomposition resulted from the exothermic nature of 

the reaction. A comparison between Figure 4-4d and Figure 4-4a-c shows that the 

wavelength-dependent photothermal heating profile mimics the wavelength-dependent 

photocatalytic reactivity, the calculated |E|2 enhancements and the calculated optical 

absorption cross-sections within Ir supported on Al NC. The results presented in Figure 

4-3 and Figure 4-4 imply that the role of hot carriers in the chemical kinetics of N2O 

decomposition may be plasmonic photothermal heating, rather than electronic 

contribution. 

It should be mentioned that the spatial resolution of our thermal camera used for surface 

temperature measurements is ~100 µm while the beam diameter is a few mm. Thus, the 



 
58 
 
camera provides enough resolution to resolve the macroscopic radial temperature 

distribution across the catalyst in our study. Previous theoretical and experimental study of 

the local temperature increase of illuminated nanoparticle array proposed a confinement 

parameter (equation 4-6) to assess the effect of local surface temperature increase of a 

single nanoparticle compared to the ensemble temperature increase due to collective 

heating under illumination.  

                    (4-6) 

Where  p is the inter-particle distance, L is the full-width at half maximum (FWHM) of the 

Gaussian beam used for illumination, and R is the radius of the nanoparticles. Given the 

nanoparticle loading of 5 wt% loading onto the oxide support, a nanoparticle concentration 

of about ~ 1014 -1013 cm-3 (or 100-10 !m-3) were calculated for ~ 100 nm Al NCs. The 

calculated confinement parameter using an underestimated particle distance of 1 !m, a 

FHWM of 0.5 mm (for beam spot of ~ 1mm) and particle radius of ~50 nm is about 0.0033. 

The small value of suggests that due to the collective heating effect the local temperature 

increase of a single nanoparticle is very close to the ensemble temperature increase 

measured by thermal camera 116. Also, the transient local temperature increase under pulsed 

laser excitation should be very close to the time-averaged temperature increase because of 

the low energy density of each pulse (~ 0.2 µJ cm-2 for 120 mW, a beam diameter of about 

1 mm, and 40 MHz laser source)62.  
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4.5. Role of hot-carriers on the reaction kinetics 

We have recently reported that hot-carrier driven pathway where light-dependent changes 

in apparent activation energy of the catalytic reaction is observed if plasmon-induced hot 

carriers can influence the rate-limiting step of the reaction 62. Based on this rational, the 

kinetics of O2 production were studied for photocatalytic N2O decomposition under 

illumination at 525 nm and in also the dark as a function of steady-state temperature to 

obtain the apparent activation energy barrier under the dark and illumination conditions.  

Figure 4-5a show an Arrhenius-type behavior for the N2O decomposition on Al-Ir 

antenna-reactor nanoparticles under both the dark and illumination conditions. The slope 

of each data series can be used to obtain activation energy using equation (4-7)  

        (4-7) 

where k is the rate coefficient, A is a constant, Ea is the activation energy, R is the universal 

gas constant, and T is the temperature (in kelvin)). 

The decomposition of N2O on Al-Ir under illumination was performed at the temperature 

range of 200oC-275oC at resonant illumination (525 ± 25 nm) at 120 mW (~ 12 Wcm-2), 

which is the maximum power output of the light source. To account for the photothermal 

heating, we used the recorded surface temperature at the range of 320oC-380oC under 

illumination for obtaining Arrhenius plot. Dark measurements were performed within 

300oC-350oC temperature range, which is within the similar temperature regime to the 

recorded surface temperature under illumination.  
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Figure 4-5 Reaction Kinetics of N2O Decomposition. (a) Arrhenius plot of N2O decomposition and 

apparent activation energy (calculated from the slope) in the dark and under illumination (120 mW at 525 

nm (± 25 nm)) on Al-Ir photocatalyst. For photocatalysis, the measured surface temperature under 

illumination were used for plotting the data. Dark measurements were performed in the temperature range 

similar to the measured surface temperature under illumination. (b) reaction order, n, with respect to PN2O in 

photocatalysis (120 mW at 525 nm (± 25 nm)) and thermocatalysis. The overall surface temperature in each 

data point for both the photocatalysis and thermocatalysis were held at ~ 353 oC. In (a) and (b), the rate of 

the photocatalytic reaction is smaller than thermocatalysis (in the dark). The reason is that because of limited 

light penetration into the catalyst pellet (~ 50 !m) (see Figure 3-10), the effective amount of catalyst was 

appreciably smaller for photocatalysis than for thermocatalysis.  

 

The apparent activation energy of a reaction is defined as the sum of the activation barriers 

for the rate-determining step (RDS) (Ea-RDS), the enthalpy of the steps that produce 

species involved in the RDS, and a coverage-dependent term related to the enthalpy 

required to clean active sites occupied by reaction intermediates 117. Experimentally, no 

change in the apparent activation energy under illumination was observed (1.13 ± 0.1 in 

the dark versus 1.12 ± 0.1 eV under illumination). Besides, measurements of the reaction 

rate dependence on partial pressure of the N2O (Figure 4-5b) showed statistically no 

difference between measured reaction order in thermocatalysis and photocatalysis (both 

showed a nearly first-order dependence). We note that previous works on thermally-driven 
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N2O decomposition on various catalytic surfaces also reported a first-order dependence of 

the reaction rate with respect to PN2O 118, 119. The lack of change in apparent activation 

energy and reaction order upon resonant illumination of Al-Ir suggests an important finding 

that is plasmon-induced hot carriers do not modify the reaction kinetics of N2O 

decomposition. In other words, enhanced N2O decomposition under illumination can be 

solely due to the plasmon-induced photothermal heating of the catalyst bed.  

4.6. DFT calculations  

Determining the rate-limiting step(s) is highly critical for understanding the role of hot 

carriers in the overall reaction mechanism 62. Unlike most previous reports of carrier-

assisted chemical transformations that focused on small molecule substrates with only few 

reaction steps, e.g., dissociation of diatomic molecules 18, 22 the decomposition of N2O(g) 

to N2 and O2 may proceed via a multitude of pathways with the many possible 

intermediates and elementary steps as shown in Figure 4-6a. Instead of investigating the 

kinetics of all possible steps, we only focused on the evaluation of the thermodynamics of 

the most likely rate-determining steps due to the role of the rate-determining step on 

stabilizing intermediates on the catalyst surface. Figure 4-6b show the essential elementary 

steps of N2O decomposition on Ir, where five steps were identified. Table 4-1 presents the 

calculated enthalpies and free energies of these five elementary steps at three different 

temperatures.  
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Figure 4-6 Density functional theory of ground-state reaction thermodynamics. (a) Reaction diagram 

connecting N2O(g) to various adsorption and decomposition products encompassing the reactions in (b)-(d) 

(N2O*, N2*, O*, and O2*; * designates an adsorbed species). (b) Dissociative adsorption of N2O over Ir (111). 

(c) N2O-assisted formation of surface peroxides via an Eley-Rideal mechanism. (d) O2 desorption from Ir 

(111). Images are side views of the surfaces, while insets with circular borders are top views. Only the first 

two metal layers are shown. Green, blue, and red spheres: Ir, N, and O, respectively. The numerical indices 

in (a) and (b)-(d) match.  

 

Table 4-1 DFT+D3 ground-state enthalpies and free energies of the essential elementary steps of N2O 

decomposition on Ir reactions at different temperatures. 

 

 
a. In bold face are suspected rate-limiting steps for which kinetics are evaluated 

b. Reaction barrier equals reaction energy for this reaction (see Figure 4-7) 

 

 

Reaction 
indexa Reactiona DH [eV]a DG [eV]a 

Temp. 
[°C]  127 327 527 127 327 527 

Au(111) 
1b N2O(g) + * → N2(g) + O* -0.19 

(1.48) 
-0.18 
(1.47) 

-0.17 
(1.46) 

-0.16 
(2.15) 

-0.15 
(2.49) 

-0.14 
(2.83) 

2 2O* → O2(g) + 2* -0.10 -0.13 -0.16 -0.85 -1.23 -1.59 
Ir(111) 

3 N2O(g) + * → N2O* -0.40 -0.37 -0.34 0.27 0.61 0.93 
4 N2O* + * → N2* + O* -2.08 -2.08 -2.08 -2.13 -2.15 -2.17 
5 N2O(g) + 2* → N2* + O* -2.49 -2.45 -2.42 -1.85 -1.55 -1.25 
6 N2O(g) + O* → N2(g) + O2* 0.20 0.21 0.22 0.23 0.25 0.26 
7c O2* → O2(g) + * 1.50 1.47 1.44 0.80 0.46 0.12 
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Ir strongly binds oxygen and the surface can completely oxidize under oxygen atmospheres 

at high temperatures (see Appendix C; O2 adsorption on Ir(111) (Figure C.1 and Table C.2) 

120. Previous studies of N2O dissociation on Ir, and other late transition metals such as Rh 

and Pt, reported that associative desorption of O2 from the surface (rather than N-O bond 

dissociation) as the rate-limiting step 121. Indeed, the dissociative adsorption of N2O(g) into 

O* and N2* on Ir ((3), Figure 4-6b) is highly exothermic and spontaneous at 327 °C (DH 

= -2.45 eV; DG = -1.55 eV, Table 4-1) such that pre-adsorption of N2O ((1), Figure 4-6b) 

is unnecessary prior to N2-O bond scission (2) (Figure 4-6b).  

The next step is associative desorption of O2 from the surface. Our calculations (Appendix 

C; (Figure C.1 and Table C.2)) revealed that the associative desorption of two oxygen 

adatoms (O*) via a Langmuir-Hinshelwood mechanism (two O* on neighboring sites 

undergo a bimolecular reaction to produce O2*) 122 is highly unfavorable on Ir. Thus, O-O 

bond formation must be mediated by the interaction between an O* with a non-surface 

bound O (Eley-Rideal mechanism 122). This is shown as the step (4) in Figure 4-6c, where 

surface peroxides are formed via direct interaction of gaseous N2O with surface saturated 

O*.  This process is moderately endothermic and endoergic (DH ~ DG ~ 0.2 eV). Finally, 

desorption of surface peroxide (O2*) from Ir (111) surface ((5); Figure 4-6d), is notably 

both highly endothermic (DH ~ 1.47 eV at 327 oC) and has a positive free energy (DG = 

0.46 eV), making it the most probable rate-limiting step for the overall N2O decomposition 

on Ir(111). We found that the O2* desorption barrier on Ir(111) is equivalent to its reaction 

energy (Table 4-1, Figure 4-7). Besides, because of the entropically favorable formation 

of O2(g), the O2* desorption decreases as the temperature increases, reaching DG = 0.12 

eV at 527 °C.  
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Figure 4-7 Structures and potential energy curves along the DFT+D3 minimum energy paths (MEPs) 

for the rate-limiting steps of N2O decomposition on Ir(111). (a) O2 desorption from Ir(111). Intact O2 

adsorbs as a peroxide (left). (b) Electron spin (unpaired electrons) as a function of R, showing a singlet O2 

peroxide evolving into a triplet O2 molecule. (c) Reaction energy curve (green), without zero-point energy 

and thermal corrections, and O-O bond length (red) vs. R (image numbers marked as in (a)). (a) red and green 

spheres: O and Ir, respectively. All simulations done on five-layer 33 periodic slabs, but only partial structures 

are shown for clarity. Some bond lengths and atomic distances are annotated. The reaction MEPs are 

identified via CI-NEB (see Materials and Methods for details regarding identification of the reaction MEPs 

and the discussion of the accuracy of the predictions).  

 

The experimentally measured apparent activation barrier of N2O decomposition on Al-Ir 

(Figure 4-5a) is not affected by illumination, suggesting hot-carriers are likely contribute 

to the photothermal heating of the catalyst. This may be rationalized by the strong 

hybridization of O2* and Ir states near the Fermi level (Figure 4-8). Strong overlap 

between Ir-O orbitals and other Ir states provides electronic relaxation channels leading to 

short excited state lifetimes of the O2* molecules 123, 124. These short excited-state lifetimes 

likely result in N2O decomposition on Al-Ir being primarily catalyzed by photothermal 

heating. 
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Figure 4-8 Electronic Structure of N2O on Ir (111). Projected densities of states (pDOS) of the reactant, 

transition state, and product for N2O decomposition on Ir(111) from the MEP whose structures are shown in 

Figure 4-7a. In all cases the pDOS for the outmost Ir layer (layer 1) and the total DOS of the entire system 

are shown. Some of the pDOS and the total DOS are shifted along the vertical axis for clarity. For the gas 

phase O2, the up and down spin states are plotted separately. All DOS and pDOS are normalized by the 

number of atoms included in the summation.  

4.7. N2O decomposition via plasmonic Autocatalysis  

According to the Table 4-1, the heat release from large negative enthalpy of dissociative 

adsorption of N2O on Ir (111) surface is even larger than energy required for the associative 

desorption of the O2* from the surface (Table 4-1 at 327 °C: DH = -2.45 eV for the step 

(3), DH = 1.47 eV for the step (7)). Despite N2O decomposition on Ir being extremely 

kinetically favorable, under certain conditions the excess energy from dissociative N2O 

adsorption can raise the catalyst bed temperature for self-sustaining N2O decomposition. 

This phenomenon was observed previously on Shell 405 (~30 wt% Ir/Al2O3) with a low-

temperature onset (200 °C) when N2O dissociatively adsorbs to form N2* and O* 112.  
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Figure 4-9 Plasmon-Assisted Autocatalysis over Al-Ir. (a) Detectable short-term increases in simultaneous 

O2 production and laser-induced temperature during illumination at 525 nm at 120 mW (~ 10 Wcm-2) and 

external heating at 325 °C and a N2O flow rate of 20 sccm (GHSV > 80,000 h-1). N2O conversion was 

monitored with a mass spectrometer, and surface temperature was measured with an infrared camera. N2O 

conversion efficiency and surface temperature were offset by 180 seconds along the time axis to account for 

the delay between the reaction’s response to illumination and sampling time for the product to reach the mass 

spectrometer, whereas the surface temperature is monitored in real time. (b) long-term  stability of Al-Ir for 

sustaining N2O decomposition while under illumination (120 mW@525 nm) for 4 hours with external heating 

at a baseline dark temperature of 300 °C. 

 
Al-Ir nanoparticles catalyst, despite utilizing much lower overall Ir loading (~ 0.5 wt%), 

can autocatalyze N2O decomposition by applying low external heating and optical 

illumination (Figure 4-9).  The optical illumination and degree of external heating play a 

key role in promoting autocatalysis in the present system. Al-Ir nanoparticles were heated 

externally at 325 °C and then optically illuminated after 180 seconds (Figure 4-9a). This 

resulted in a near-instantaneous surface temperature increase to 460 °C, followed by a 

slowly increasing N2O conversion efficiency of ~ 1% at a flow rate of 20 sccm N2O (gas 

hourly space velocity (GHSV) ³80,000 h-1). Within the next ~300 seconds, the reaction 

produces a slow temperature increase of the catalyst, at which point the temperature 

abruptly jumps to 575 °C and the N2O conversion efficiency to ~7.5%. Illumination and 

(a) (b)

(a)
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external heating conditions were maintained throughout the experiment and the 

illumination was allowed to continue for 10 minutes. Upon turning the light off, the surface 

temperature returned to the 325 °C external heating baseline. This suggest that the local 

plasmonic heating as well as the exothermic nature of N2O dissociation play a synergistic 

role in promoting autocatalysis in this antenna-reactor geometry. 

N2O represents a green propulsion fuel compared to the better-known hydrazine (N2H4) 

monopropellant satellite systems 112. Under illumination at the plasmon resonance of the 

Al-Ir nanoparticles, our plasmonic catalyst exhibits good long-term stability of ~4 hours 

and significant conversion efficiency even for the non-optimized system at very high 

GHSV (³80,000 h-1) (Figure 4-9b). Despite a ~20% decrease in N2O conversion over the 

course of the study, plasmonic Al-Ir could potentially be integrated into satellite systems 

that use concentrated sunlight or low-energy light sources to assist in orbital adjustments 

and altitude controls. Furthermore, the fact that N2O can act as a green propellant, and its 

plasmon-assisted decomposition products are solely N2 and O2, make it a prime system for 

future applications as a photocatalytic generator of emergency air supplies in space stations 

and submarines.    

4.8. Conclusion  

The photocatalytic decomposition of N2O on Al-Ir antenna-reactor photocatalyst was 

investigated. Combined experimental studies of the reaction kinetics and electromagnetic 

modeling of the photocatalyst revealed that enhanced photocatalytic N2O decomposition 

on Al-Ir is primarily driven by plasmonic photothermal heating without influencing the 
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energetics of the reaction under resonant illumination. Quantum mechanical calculations 

of the adsorption of N2O and its decomposition products on Ir surfaces show the energetics 

of O2 desorption rate-determining step. Calculations show that the strong overlap between 

Ir-O orbitals leads to a short excited-state lifetime of the O2* that is likely the reason for 

hot-electrons contribution to catalyzing the reaction via photothermal heating, rather than 

electronic excitation pathway. The combination of photothermal heating and high 

efficiency of the exothermic N2O decomposition on Al-Ir results in a plasmon-assisted 

autocatalysis with substantial jump of the N2O conversion efficiency over sustained time 

periods. The high reactivity of Al-Ir antenna-reactor systems could find future applications 

that depend on N2O abatement such as localized decomposition of medical anesthesia, 

propulsion systems based on N2O as a green propellant, or emergency air supplies in 

submarines, manned rockets, and space stations. 
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Chapter 5 

Metal-organic frameworks tailor the 

properties of aluminum nanocrystals 

Metal-organic frameworks (MOFs) and metal nanoparticles are two 

classes of materials that have received considerable recent attention, each 

for controlling chemical reactivities, albeit in very different ways. This 

chapter presents the results on utilizing the surface oxide for the bottom-up 

growth of MOF shell layer around chemically synthesized Al NCs. Growing 

a MOF on the surface of an Al NCs enables one to controllable modify its 

properties. 
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5.1. Introduction 

Metallic nanoparticles have been a major and ever-increasing research focus because of 

their enhanced reactivity relative to larger mesoscale and bulk phase materials 125. Over the 

past decade, much chemistry research has been concerned with the growth and reshaping 

of metallic nanoparticles, and the inherent modifications of chemical reactivity that may 

result from changes in their size and shape 126. In addition, recent advances in 

photochemistry have relied on the collective electronic resonances (plasmons) of metallic 

nanoparticles to drive otherwise energetically unfavorable chemical reactions at 

temperatures and pressures far below those that typify conventional catalysis 127, 21, 128.  

In parallel, the rational design and application of metal-organic frameworks (MOFs) has 

emerged as a rapidly developing area in material chemistry and nanotechnology. MOFs are 

an intriguing class of materials that consist of extended crystalline lattices of metal cation 

centers (“nodes”) connected by multitopic organic linkers that creates a complex three-

dimensional network of regular pores and channels 129. MOFs possess a range of intriguing 

properties including, but not limited to, exceptionally high porosity and surface area with 

the uniform and tunable cavity size and shape. The modularity in MOFs formation from 

the choice of metal ions and organic linkers allow a high degree of structural and functional 

variability. Because of their unique properties, MOFs have been the subject of extensive 

studies for a wide range of potential uses, including energy-relevant applications such as 

gas storage, chemical separations, and heterogeneous catalysis 130. Furthermore, the 

possibility of the integration of metallic nanoparticles within MOF crystals adds an 

additional dimension to their functionality for the desired applications. For instance, the 

loading of ultrasmall active transition metal nanoparticles, i.e. Pt, into MOF crystals has 
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been shown to enhance reactivity and selectivity in thermally driven catalytic processes by 

improving reactant uptake near the catalytic centers, facilitated by the MOF adsorption 

properties 131. In particular, the encapsulation of plasmonic nanoparticles within a MOF 

structure, which combine the light-harvesting properties of plasmonic nanoparticles with 

the unique features of MOFs, is considered a promising approach for concomitant 

enhancements of chemical and optical activities for various plasmon-driven processes 

relative to either nanostructured material alone 79. However, the previous demonstrations 

of plasmonic@MOF hybrids have relied primarily on precious noble metals (Au and Ag). 

In this chapter, we investigate the bottom-up encapsulation of chemically synthesized Al 

NCs within a MOF layer, the growth mechanism and the emerging properties from this 

hybrid composition. 

 

Reproduced with permission from Hossein Robatjazi, Daniel Weinberg, Dayne F Swearer, 

Christian Jacobson, Ming Zhang, Shu Tian, Linan Zhou, Peter Nordlander, Naomi J Halas, 

Sci. Adv. 2019; 5 : eaav5340 © American Association for the Advancement of Science. 

5.2. Materials and Methods 

5.2.1. Preparation of Al@MOF heterostructures 

Al NCs of various sizes and plasmon resonance were synthesized using the protocol 

previously published by our group (see Appendix A for detail of synthesis).  The general 

approach for the synthesis of Al@MOFs is based on a one-pot solvothermal strategy under 

a mild reaction temperature of 60oC in a mixed DMF:H2O solvent system. In a typical 

synthesis of Al NC@[Al(OH) (bdc)]n, a suspension of Al NCs (0.1 mg/ml) was prepared 
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in 12 ml of 1:1 (v/v) mixture of DMF and water. The mixture was transferred into a 20-ml 

vial containing 0.12 mmol of H2BDC linker molecules. The mixture was then stirred or 

sonicated at 60°C for about 4 hours (sonication was preferred to assure homogeneity of the 

mixture and minimize particle aggregation because of the relatively high concentration of 

Al NCs in the reaction solution). The products were isolated via three cycles of washing 

and centrifuging in DMF. The final particles can be dispersed in DMF, IPA, 

dichloromethane, methanol, or ethanol. The synthesis can be readily scaled to liters if 

necessary. Small variations in the concentration of NCs and linker molecules did not cause 

discernable effects on MOF growth. For additional shrinkage of the Al NC size by 

controlled etching of the subsurface metallic Al, various quantities of acetic acid (0.61, 

1.83, and 3.66 mmol) were added to the initial reaction mixture containing 0.12 mmol of 

the linker. Synthesis of Al NC@[Al(OH)(1,4-NDC)]n and Al NC@MIL-96(Al) was 

performed under similar conditions to that of MIL-53(Al) by substituting the H2BDC 

linker with 1,4-NDC and benzene-1,3,5- tricarboxylic acid (H3BTC), respectively. 

5.2.2. Preparation of MIL-53(Al) crystal powder 

MIL-53(Al) MOF as a control for photocatalysis measurements was prepared according to 

the literature 132 with minor modifications. Al2(NO3)3 (1.3 g) and H2BDC linker (0.288 g) 

were dissolved in 5 ml of water transferred to an autoclave. The reaction proceeded at 

220°C for 48 hours. The MOF powder was collected and washed several times with DMF 

to remove the unreacted precursors and was vacuum dried at 120°C for 2 hours. The final 

powder was stored under vacuum at room temperature before photocatalysis measurement. 
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5.2.3. Dark field characterizations 

Dark-field scattering measurements were carried out on Electron Microscopy Sciences 

fused quartz substrates or Silicon Valley Microelectronics fused quartz substrates, prepared 

by sonication in acetone followed by an IPA wash and then by deposition of 50 nm of gold 

on top of a 3-nm Ti adhesion layer. The metal was deposited through a Ted Pella Micron 

Index 1 TEM grid to create a grid pattern, allowing for particle identification. Dark-field 

samples were prepared by diluting reaction solutions between 50 and 500 times in IPA, 

sonicating 10 min in a bath sonicator (VWR Model 150D) and three 30-s bursts in a probe 

sonicator (Branson Sonifier 450) to prevent aggregation, and then drop-casting ~10 

microliter onto a prepared substrate. After drop casting, samples were dried under a light 

nitrogen stream. 

5.2.4. Electromagnetic simulation 

The scattering calculations were performed using a commercial finite-difference time-

domain (FDTD) method software package (Lumerical FDTD Solutions 8.16.1022). The 

MOF-coated Al particles were modeled as concentric spheres placed on a SiO2 substrate. 

The diameter of the Al core, the thickness of the Al2O3 layer, and the thickness of the MOF 

layer were chosen to be 120, 3, and 30 nm, respectively. A total-field scattered-field light 

source was used to simulate a plane wave with a 60° incident angle. The collected 

scattering was calculated by first calculating the far-field scattering of the particle in the 

air side and then integrating the scattering intensity between the minimum (15°) and 

maximum (40°) collection angles. To account for the unpolarized light used in the 

experiment, we obtained the final scattering spectrum by averaging the scattering 
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spectrums calculated from four different polarization angles: 0° (p polarization), 90° (s 

polarization), 45°, and −45°. The dielectric responses of Al, Al2O3, and SiO2 were taken 

from tabulated data 86, 64.  

5.2.5. Photocatalytic measurements 

The as-synthesized Al NCs and Al NC@MOF particles were dried and activated under 

dynamic vacuum at 150°C for 4 hours before BET analysis. The photocatalysis 

experiments were performed on the same particles used for BET analysis. The catalysts 

were prepared by homogeneous dispersion of particles onto a g-Al2O3 particle support 

(Alfa Aesar) at 50 wt. % loading. Pure MIL-53(Al) MOF without oxide support was used 

as a control sample, and its activity was compared with the Al@MOF nanoparticles. All 

catalytic activities were measured at a total pressure of 1 atm using about 10mg of the 

catalyst loaded into a customized stainless steel chamber flow fixed-bed reactor (see 

Appendix B). The photocatalytic experiments were performed at room temperature without 

external heating. The catalyst was illuminated using a supercontinuum fiber laser (400 to 

850 nm, 4 ps, 40 MHz; Fianium) broadband visible light source with peak intensity at 700 

nm (see Appendix B), and a lens (150-mm focal length; Thorlabs) was used to focus the 

light to a 1.5-mm spot size onto the photocatalyst, through the quartz reactor window. 

Thermal activity measurements were conducted in the absence of light and by heating the 

chamber with a temperature controller (Harrick Scientific Products Inc.). For the hydrogen-

deuterium exchange reaction and for the rWGS reaction, a 1:1 ratio of H2/D2 (research 

purity, Matheson Tri-Gas) and a 1:1 ratio of CO2/H2 (research purity, Matheson Tri-Gas), 

respectively, were continuously flowed into the reaction chamber at a total flow rate of 20 

SCCM (standard cubic centimeters per minute). The effluent composition was measured 
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in real time using a quadrupole mass spectrometer (Hiden Analytical Inc.) or a customized 

gas chromatograph (Shimadzu) equipped with a pulsed discharge helium ionization 

detector. 

5.2.6. Material Characterizations 

Electron micrographs were acquired using a JEOL 1230 high-contrast transmission 

electron microscope operated at 80 kV and a JEOL 2100 field emission gun transmission 

electron microscope operated at 200 kV. HAADF-STEM images, electron tomography, 

and energydispersive x-ray were collected using a FEI Titan Themis3 (scanning) 

transmission electron microscope operated at 300 kV. HAADF-STEM tilt series images 

for electron tomography were acquired for Al@ MIL-53 with tilt increments of 3° between 

an angular range of −66° to +72°. Before tomographic reconstruction, the tilt series images 

were aligned using the TomoJ plugin for FIJI 133. Tomographic reconstruction, also 

implemented with TomoJ in FIJI, was carried out using an iterative reconstruction 

algorithm of ordered subsets algebra reconstruction technique. Visualization and 

segmentation of the tomography reconstructions were carried out using Avizo V9.3 

(Visualization Sciences Group). The 3D renderings in the main text, supporting movie S1, 

were generated in orthographic view. SEM images were acquired using a FEI Helios 660 

NanoLab scanning electron microscope operated at an accelerating voltage of 5 to 10 kV 

and a working distance of 5 mm. Ultraviolet-visible (UV-Vis) extinction spectra were 

recorded by a Cary 5000 UV-Vis-NIR spectrometer in reflection mode. Dark-field 

measurements were carried out in a reflection mode using a custom-built instrument in the 

Halas laboratory, capable of measuring from 200 to 700 nm. Samples were measured with 
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a 5-nm step size and 5-s integration time. Scattering measurements were correlated to 

scanning electron microscope images taken on a FEI Quanta 650 scanning electron 

microscope. Gas sorption studies were performed using a Quantachrome Autosorb-iQ 

automated gas sorption analyzer. N2 sorption was performed at 77 K up to 1 bar, and CO2 

sorption was done at 273 K up to 1 bar. The samples were activated by heating under 

vacuum at 423 K for 4 hours before the sorption measurements. PXRD patterns of the 

activated nanoparticle powders were recorded with a Rigaku D/Max Ultima II 

diffractometer configured with a vertical q/q goniometer using Cu Ka radiation (l = 

1.5406 Å). To assess the thermal stability of the MIL-53(Al) MOF formed around Al NCs, 

a dry powder of Al@MOF (~10 mg) was heated under argon flow (100 cm3 min−1) from 

room temperature to 800°C with a ramp rate of 10°C min−1. The weight of the sample was 

monitored by TGA analysis using a Q600 thermogravimetric analyzer. Raman spectra were 

acquired in ambient atmosphere under an excitation wavelength of 785 nm using a 

Renishaw inVia Raman microscope. Spectra of each sample were averaged over 50 scans 

and were baseline-subtracted on the basis of a built-in function of the instrument. A 

commercial FTIR spectrometer (Bruker Vertex 80v/ Hyperion 3000 microscope) equipped 

with a mercury-cadmiumtelluride detector was used to perform infrared spectroscopy. 

5.3. Results and discussion 

5.3.1. Synthesis and characterizations of Al NC@MOF 

 
Al naturally forms a 2-4 nm protective oxide layer that inhibits further oxidation. However, 

the amorphous nature of oxide layer limits epitaxial modifications to the Al NC surface. 

We turn the native oxide layer to our advantage for MOF layer growth around Al NC by 
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adopting a dissolution-and-growth approach (Figure 5-1). This synthetic approach is 

inspired by naturally occurring pseudomorphic mineral replacement reactions, where the 

chemical structure of a mineral is changed without altering the spatial structure 134, 135. In 

the presence of the organic linker, the kinetics of oxide dissolution is coupled to MOF 

growth, resulting in the formation of a uniform Al-based MOF shell around the Al core. 

Because the dissolution of the Al NC surface oxide layer serves as a source of Al+3 for the 

backbone of the MOF and facilitating its growth, it eliminates the need to introduce an 

additional metal precursor. As the dissolution of Al+3 progresses, the surface oxide is 

regrown onto the Al NC, resulting in a systematic and controlled reduction of Al NC size 

without changes in NC shape. Hence, this synthetic approach represents an opportunity to 

expand the surface chemistry of Al NCs, and also provides a method for the highly 

controlled partial oxidation of Al NCs.    
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Figure 5-1 Synthesis of Al NC@MOF plasmonic heterostructure based on dissolution-and-growth.  

Controlled dissolution of the oxide layer through one-pot mild hydrothermal strategy in the presence of the 

requisite organic linker leads to the formation of uniform Al-based MOF shell around the Al core. 

 

We chose 1,4-benzenedicarboxylic acid (H2BDC) as the first model organic linker due to 

its well-studied coordination in conventional MOF synthesis. The resulting MOF grown 

around Al core is known as aluminum terephthalate [Al(OH)(bdc)]n MOF (also as MIL-

53(Al)) 132 in which the terephthalate (BDC) linker serves as a rigid spacer that connects 

the one-dimensional parallel chains of AlO6 octahedra and gives rise to the rhombic pores 

characteristic of this MOF (Figure 5-2). MIL-53(Al) is of particular interest due to its 

excellent thermal and chemical stability. Also,  depending on the presence and nature of 

guest molecules and environmental conditions, MIL-53(Al) exhibits dynamic shifts 

between its large rhombic pore (lp) and narrow trapezoidal pore (np) configurations, 

termed breathing modes 132.   



 
79 
 

 

Figure 5-2 Illustration of the structure of MIL-53(Al) grown around Al core. Each aluminum center 

coordinates to two axial hydroxyl functionalities and four carboxylate units from linkers, sharing the 

coordination with the preceding and following Al center in the chain. Crystal structure of the MIL-53(Al) 

rendered along different axes. 

 

Figure 5-3a shows the powder x-ray diffraction (PXRD) patterns of activated hybrid 

nanoparticles show multiple diffraction peaks in the range of 2q = 5o-35o and 2q = 35o-90o, 

corresponding to the crystalline lattice of the MIL-53(Al) and the Al NC core, respectively, 

as revealed by a comparison of experimental and simulated PXRD patterns of the MOF 

region. However, The FWHM of the experimentally measured diffraction peaks in MOF 

region are relatively broad. Considering amorphous nature of the intrinsic surface oxide of 

aluminum, it is expected that the MOF shell layer that replicates the oxide layer structure 

exhibit small crystalline domains. Interestingly, all indices corresponding to metallic FCC 

Al appear in the PXRD pattern of Al NC@ MIL-53(Al) with relative intensities of the 

peaks remaining the same as for pristine Al NCs. This verifies the characteristics of the 

dissolution-and-growth process that is to preserve the crystallinity of parent nanocrystal 

(Al core) during MOF formation process.  
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Figure 5-3 Characterization of Al NC@MIL-53(Al). (a) Powder X-ray diffraction pattern of pristine Al 

NC, Al@MIL-53(Al) (activated for 4 hours at 150oC under vacuum) and simulated MIL-53(Al) in large-

pore configuration. (b) . Thermogram of Al NC@MIL-53(Al) powder under Argon flow. he sharp weight 

loss near 450 oC is attributed to the decomposition of the MIL-53(Al) 132. (c) FT-IR spectra and (d) Raman 

spectra of the Al@MIL-53(Al) showing different vibrational modes of this MOF. Both IR and Raman spectra 

of are well-matched with the vibrational fingerprint of MIL-53(Al) in literature 136. 

 

Thermogravimetric (TGA) analysis showed that the MIL-53(Al) shell layer was thermally 

stable up to 450oC as expected for this MOF (Figure 5-3b). The characteristic vibrational 

bands of the MIL-53(Al) MOF formed around Al NCs were identified using Fourier 

transform infrared (FT-IR) and Raman spectroscopy (Figure 5-3c, d). Electron microscopy 

characterizations show the formation of a conformal MOF shell surrounding the individual 

Al cores with no free MOF or remaining bare particles (Figure 5-4a-d). A drastic change 
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in surface features is observed from the typically smooth surface of Al NC to highly 

structured surfaces after MIL-53(Al) shell layer growth (Figure 5-4e, f).  

 

 

Figure 5-4 Electron microscopy characterization of Al NC@MIL-53(Al). (a) TEM image of the several 

particles over the large area (scale bar is 2 µm), and (b) representative TEM image of several particles at 

higher magnifications (scale bar is 200 nm). (c) TEM image of single Al NC with the native oxide layer 

observable around the edge of the particle (scale bar is 50 nm). (d) TEM image of single Al NC@ MIL-

53(Al) (scale bar is 50 nm). (e) SEM image of single Al NC, and (f) SEM image of single Al NC@MIL-

53(Al) showing a drastic change of the surface features compared to pristine Al NC (scale bar is 100 nm).  
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Figure 5-5 Electron microscopy characterization of Al NC@MIL-53(Al). HAADF-STEM image of 

single Al NC@MIL-53(Al) (a) and (c-d) surface rendering of Al NC@MIL-53(Al) in different orientations 

from electron tomography performed on the particle shown in (a). e-k, HAADF-STEM image of single Al 

NC@MIL-53(Al) particle (e) and energy-dispersive X-ray (EDX) mapping of (f) aluminum, (g) carbon and 

(h) oxygen (l-n). (scale bar is 50 nm). 

 

The high-angle annular dark field scanning transmission electron micrograph (HAADF-

STEM) of an individual Al NC@MIL-53(Al) nanoparticle (Figure 5-5a) shows a strong 

contrast between the bright Al core and the darker shell.  To confirm the position of the Al 

NC within its MOF matrix, the 3D reconstruction of particle morphology was obtained 

using electron tomography showing the MOF shell uniformly encapsulates the plasmonic 

core with no holes or gaps; however, the fine surface features observable by SEM (Figure 

5-4f) were not reproduced in the tomographic reconstruction (Figure 5-5b-d). Elemental 

mapping of the Al core and MOF shell supports the structural characterization of a 

conformal MOF shell layer surrounding an Al NC core (Figure 5-5e-h). 
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Figure 5-6 Al NC@MOF with tunable surface plasmon resonance. (a)-(d) Representative TEM images 

of Al NC@MIL-53(Al) with nominal Al core sizes of (a) 50 nm, (b) 85 nm, (c)110 nm, (d)150 nm, and their 

corresponding ensamble extinction spectra before and after MIL-53(Al) growth. The extinction spectrum of 

the pure MIL-53(Al) is provided in (a). Scale bars are 50 nm. For particles larger than 100nm, additional 

peaks appearing at wavelengths < 550 nm correspond to the quadrupolar plasmon resonance. Interband 

absorption of Al appears at nominally 820 nm.  
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Figure 5-7 Dissolution-and-growth strategy is independent of the nanoparticle shape. Highly conformal 

MIL-53(Al) shell grown around various shapes of Al NCs (a) hexagon (b) triangle (c) cube (d) rod. The MOF 

layer adopt the spatial structure of the pristine NCs, which indicates the characteristic of high degree 

pseudomorphic replacement. 

 

The dissolution-and-growth strategy for the formation of MOF shell layer utilizes the 

surface oxide layer surrounding Al NCs that is independent of the NCs shape and size and 

geometry. Figure 5-6 shows MIL-53(Al) shell layers grown around Al NCs varying in 

diameter from 50 to 150 nm, exhibiting dipolar plasmon resonances ranging from 350 nm 

to 680 nm in wavelength.  The optical absorption of MIL-53(Al) is shown in (a) for 

comparison. Figure 5-7 shows the conformal MIL-53(Al) MOF shell layers grown around 

various shapes of Al NCs, including hexagon, triangle, cube, and rod. The ability to growth 

MOFs around Al NCs of various sizes and shapes presents an excellent opportunity for 

preparing plasmonic-MOF hybrid heterostructures with tunable surface plasmon resonance 

that spans the UV, visible and near-infrared (IR) spectral regions for desired applications. 

The dissolution-and-growth chemistry for MOF formation also provides a route to tailor 

the plasmonic properties of the Al core. The MIL-53(Al) MOF layer itself does not have 

any optical feature as shown in Figure 5-6, but its growth around Al NC is accompanied 

by substantial spectral changes to the Al NC core. The MOF growth in Figure 5-6 results 

(a) (b) (c) (d)
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in a few nanometers decreases in diameter of the Al NCs from the dissolution of surface 

oxide layer for that a blue shift of LSPR energy in extinction spectrum can be expected. 

However, the LSPR shift is dominated by the increased refractive index of the dielectric 

environment due to the growth of the MOF shell layer, resulting in an overall redshift of 

the plasmon resonance after MOF growth for all particle sizes. To better understand the 

effect of dielectric MOF shell on optical properties of the Al core, have investigated the 

possibility of LSPR shift at single particle level was investigated using dark-field 

spectroscopy technique.  

 

Figure 5-8 Narrowing of plasmon linewidth of Al NCs by the MOF growth. (a) Experimental and 

theoretical scattering spectrum of bare and MOF-coated particles, showing narrowing of the dipolar plasmon 

linewidth as a result of MOF growth around Al NC. SEM images of the nanoparticles used to obtain these 

spectra are shown on the right (scale bar = 100 nm). (b), Full-width half-maximum, and (c), quality factor 

(peak energy divided by FWHM) for the MOF-coated Al NCs compared to pristine Al NCs. 

 

Single particle dark-field scattering measurements were taken for bare Al NC and for 

similarly sized MOF-coated particles (Figure 5-8). As shown, the growth of MOF shell 

layer around Al core introduces significant spectral changes. Both quadrupolar and dipolar 

modes redshift by around 1eV and are now both visible in the spectrum (quadrupolar 

resonance of the bare Al around 5eV lies outside the spectral window and cannot be seen). 

(a) (b) (c)
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Most importantly, a pronounced narrowing of the dipolar plasmon linewidth is apparent. 

The calculated spectrum (modeling the MOF as a spherical shell of refractive index of 

n=1.5) reveals the same spectral changes as the experiment. The slight disagreement for 

the intensity and energy of the quadrupolar resonance is most likely due to the particle 

having a nonspherical shape while a spherical geometry of the particle is assumed in 

calculations. Analysis of the spectra for a number of particles (Figure 5-8b, c) showed 

distinct improvements in the full-width half-max and correspondingly quality factor (peak 

energy divided by FWHM) for the MOF-coated particles compared to bare Al. Previous 

theoretical analysis of plasmon band-width narrowing in Al NCs showed that this effect is 

primarily due to the reduced radiative damping due to the LSPR redshift but with the slight 

size reduction of the Al core also contributing 137.  

5.3.2. pH-controlled Kinetic balance 

The coupling between the kinetics of dissolution and growth can be modified by changing 

the pH of the initial reaction mixture. In Al NC@MIL-53(Al) synthesis, adding increasing 

concentrations of acetic acid to the reaction mixture lowers the initial pH from ~4.1 to ~3.5 

(in the presence of 30 mM acetic acid) (Figure 5-9a).  This pH manipulation causes an 

increase in the rate of dissolution and also reduces the rate of MOF nucleation due to 

suppression of linker deprotonation (Figure 5-9b). Consumption of H+ as the reaction 

proceeds gradually increases the mixture pH that subsequently increases the concentration 

of the deprotonated form of the linker and favors MOF crystal nucleation.  
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Figure 5-9 pH-controlled kinetic balance of Al NC@MIL-53(Al) synthesis. (a) pH variation during MIL-

53(Al) growth around Al core carried out in presence of various concentration of acetic acid in the initial 

reaction mixture. (b) Variation of forms of H2BDC species as function of pH calculated from its pKa values 

(pKa1 = 4.82, pKa2 = 3.51). (c) Monitoring the LSPR shift of the Al core as a function of time during the 

formation of the MIL-53 (Al) MOF shell in the presence of various concentrations of acetic acid in the initial 

reaction mixture, and (d) corresponding representative TEM images of Al NC@MOF heterostructure (e) Size 

distributions of pristine Al NC and Al core encapsulated in MOF grown in the presence of 30 mM of acetic 

acid.  

 

The sensitivity of the plasmon resonance of the Al NC@MIL-53(Al) nanoparticle to its 

core size and its surrounding dielectric medium was exploited to monitor the pH-controlled 

kinetic balance of Al NC@MIL-53(Al) synthesis in detail. Figure 5-9c shows the LSPR 
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shifts, measured from ensemble UV-Vis extinction spectrum, that occur during synthesis 

for varying concentrations of acetic acid.  The LSPR blue-shift in region (i) suggests that 

the reaction is dominated by the kinetics of Al dissolution, where the LSPR red-shift in 

region (ii), indicates that little or no further Al dissolution is occurring, but rather, indicates 

MOF nucleation and growth.  

The magnitude of the initial LSPR blue-shift increases with increasing acid concentration, 

indicating a greater degree of Al NC dissolution and a greater thickness of the MOF shell 

layer as shown in representative TEM images of the particles (Figure 5-9d). For MOFs 

grown in the presence of 30 mM acetic acid, the particle size distribution shows a ~30 nm 

average reduction of Al core diameter (Figure 5-9e). In contrast to acetic acid, the addition 

of sodium acetates (NaOAc), instead of acetic acid, to the reaction mixture increases the 

mixture pH to near natural that inhibits the oxide dissolution and, thus, does not promote 

MOF nucleation despite the higher concentration of free linker anion at higher pH (Figure 

5-10). 

Oxidative etching of metal atoms has been an exciting area of research for controlling the 

shape and size and uniformity of plasmonic nanoparticles previously shown for Au and Ag 

nanoparticles 138. However, applying similar strategies used to etch noble metal 

nanoparticles to Al NCs results, instead, in uncontrolled oxide growth around the Al NCs. 

This series of dissolution and growth studies opens up an exciting opportunity for 

controlled etching of Al NCs size, and even possibly the shape of Al NCs, providing a 

route for precise tuning of the plasmon energy of Al NCs to shorter wavelengths. 
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Figure 5-10 pH-contol via addition of NaOAc inhibits surface oxide dissolution and thus MOF 

nucleation around Al core. (a) Monitoring the LSPR shift of the Al core and (b) pH of mixture as a function 

of time during the reactions performed in the presence of 5mM and 30 mM of NaOAc in the initial reaction 

mixture. The nearly neutral pH of the mixture in the presence of NaOAc significantly suppress the dissolution 

of Al core, and inhibits MOF growth despite higher concentration of the linker anions at this pH. (c) 

Representative TEM images of the particles after the reaction in the presence of NaOAc showing lack of 

MOF growth. 

 

5.3.3. MOF growth mechanism 

By quenching aliquots of the reactant mixture throughout the reaction and obtaining the 

corresponding electron micrographs of the nanoparticles, a four-step mechanism based on 

pseudomorphic replacement was identified for the MIL-53(Al) growth around Al NC 

(Figure 5-11). 
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Figure 5-11 Proposed mechanism of MOF (MIL-53(Al)) formation around Al NCs. a-d, Schematic 

depicting the proposed dissolution-and-growth mechanism, and corresponding TEM images (below) of 

nanoparticles obtained at various stages, (a) 20min, (b) 40 min, (c) 60 min, and (d) 80 min, showing 

progressive of MOF formation. Scale bars are 50 nm. 

 

Hydration of the surface oxide layer to aluminum oxyhydroxy (Al2O3 + H2O à 2 AlOOH) 

initiates the oxide dissolution during which the particle surface remains visibly unchanged. 

The dissolution of AlO(OH) by reacting with adsorbed H+ generates an interface with a 

high concentration of the aluminum aqua complex ([Al(H2O)6]+3)  that then quickly 

coordinates with the linker molecule to form mono- or oligomers of the metal complex-

linker species 139. Localized supersaturation of the solid/liquid interface with coordinated 

species promotes nucleation of the MOF crystal near the same dissolution site. The onset 

of the nucleation process after approximately 60 minutes of the reaction time is consistent 

with the onset of the LSPR redshift observed during MOF formation (orange dotted line in 
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Figure 5-9c). The nucleation process is followed by MOF layer growth that is nearly 

complete at 80 minutes into the reaction. 

The drawing in Figure 5-11 assumes a plausible MOF growth mechanism in a 

perpendicular manner, where one-dimensional chains of the AlO(OH) extend 

perpendicular to the nanocrystal surface and are connected to each other via linker 

molecules 140. It should be noted that the dependence of the AlO(OH) dissolution on the 

concentration of adsorbed H+ is consistent with the pH-study on MOF formation kinetics 

(Figure 5-8 and Figure 5-11). This indicates the characteristic of high degree 

pseudomorphic replacement, in which the primary dissolution process needs to be rate-

limiting step compared to the secondary growth step 134. Independent of its dissolution rate, 

the oxide layer is continuously reestablished, while constantly dissolving to supply Al3+ 

for MOF growth, due to the thermodynamic equilibrium between oxide thickness and metal 

ion diffusion from the surface layer of the metal into an interstitial position of the oxide 141.  

5.3.4. Gas uptake and plasmonic photocatalysis measurements 

MOFs are recognized by their extremely high surface area and porosity that enhances the 

uptake properties for gas capture, storage, and separation. The porosity of the MOF shell 

layers of the Al NC@ MIL-53(Al) nanoparticles was confirmed and quantified by N2 

sorption (Figure 5-12a) and CO2 sorption (Figure 5-12b) measurements. The Al NC@ 

MIL-53(Al) nanoparticle uptake follows a Type-II isotherm for N2 sorption at 77K, an 

indication of its microporous (rather than macroporous) nature 142. In contrast, the N2 

sorption isotherm on bare Al NCs follows Type III behavior, characteristic of a nonporous 

surface 142.  
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Figure 5-12 Enhancing gas uptake of Al NCs through MOF shell layer growth. (a) N2 adsorption 

isotherm at 77K, and (b) Low-pressure CO2 adsorption isotherm at 273K for Al NC@MIL-53(Al) and bare 

Al NCs measured. The solid and open symbols represent adsorption and desorption, respectively. (c) Pore 

size distribution of MIL-53(Al) grown around Al NC core. The data were calculated based on the results of 

sorption experiment in (a) using Horvath-Kawazoe (HK) method. 

 

The gravimetric Brunauer–Emmett–Teller (BET) surface area increased from ~ 45 m2gr-1 

for pristine Al NCs to ~ 371 m2gr-1 after MOF formation. The MIL-53 series of MOFs has 

been considered to be promising materials for CO2 capture and storage 143. The low-

pressure CO2 sorption isotherm shows significant enhancement of CO2 uptake capacity as 

a result of MOF growth that originates from dipolar or quadrupolar interactions between 

CO2 molecules and the hydroxyl groups (-OH) in the MIL-53(Al) framework 144. 
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Figure 5-13 Enhancing photocatalytic activity of Al NCs through MOF shell layer growth. The 

photocatalytic reactivity of AlNC@MIL-53 (Al) compared to pristine Al NC under ambient conditions for 

(a) the hydrogen−deuterium exchange reaction, and (b) the reverse water-gas shift (rWGS) reaction under 

300 mW white light illumination. CO formation under illumination was detected when CO2 and H2 were both 

present. Illumination of the photocatalyst in an inert He atmosphere did not produce any measurable product, 

verifying that CO formation was not due to the decomposition of any organic contamination that may be 

present. (c) The emission spectrum of the white light laser source used for illumination (red); and diffuse 

reflectance spectrum of Al NC@MIL-53(Al) on γ-Al2O3 support in the air (blue line) showing the dipolar 

and quadrupole plasmon resonance feature and interband absorption of the Al core. 

 

The effect of enhanced gas uptake from MOF layer on the photocatalytic reactivity of Al 

NC@ MIL-53(Al) nanoparticles relative to pristine Al NCs was demonstrated. The utility 

of Al NC@MIL-53(Al) nanoparticles for photocatalysis, showing that the restricted 

diffusion of reactant species away from the substrate due to the presence of the MOF layer 

increases the photocatalytic reactivity of Al NCs under visible light illumination towards 

isotopic hydrogen exchange and reverse water gas-shift (rWGS) reactions (Figure 5-13). 

Using pure MIL-53 (without Al NCs) as a control substrate, although significantly higher 

MOF weight loading can be achieved compared to Al NC@ MIL-53(Al) nanoparticles, no 

rWGS photocatalytic activity is observed. This observation confirms the role of the Al NC 
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core as the active plasmonic component in photocatalysis, where the MOF shell provides 

an enriched adsorbate concentration near the surface of the Al NC core.    

5.3.5. Generalizability of Al NC@MOF   

The present strategy demonstrates a degree of flexibility for MOF-coated Al NCs through 

the choice of suitable organic linkers and reaction conditions. Applying dissolution-and-

growth approach to Al NCs in a solution of 1,4-naphthalenedicarboxylic acid(1,4-NDC) 

and benzene-1,3,5-tricarboxylic acid (H3BTC) linkers promotes the formation of a uniform 

shell composed of a [Al(OH)(1,4-ndc)]n and (Al12O(OH)18(H2O)3(Al2(OH)4)[btc]6·24H2O) 

(known as MIL-96(Al)), respectively (Figure 5-14).  

 

Figure 5-14 Extending the type of MOF-shell grown around Al NCs through the choice of suitable 

organic linker. Formation of highly conformal MOF shell surrounding the individual Al cores in the 
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presence of (a) 1,4-NDC and (b) H3BTC as the linkers. Crystal structures of the known [Al(OH)(1,4-ndc)]n 

and MIL-96 (Al) are illustrated along the Z-axis are presented. Comparison between the powder X-ray 

diffraction patterns of MOF-coated particles and pristine Al NCs reveal the existance MOF peaks at the range 

of 2q = 5o-35o indentified by the simulated and experimental results of those MOF in the literature 145, 146. 

The broadening of the diffraction peaks in MOF region indicates small crystalline domain size of the MOF 

shell grown from amorphous surface oxide of aluminum. Future optimization of the reaction condition may 

improve the crystallinity of the MOF shell layer. (scale bars are 500nm).  

 

In particular, rational functionalization of the Al NCs with [Al (OH)(1,4-ndc)]n shell can 

significantly improve their stability in water owing to hydrophobic characteristics of this 

MOF (Figure 5-15). Bare Al NCs suffer from poor stability in aqueous environment that 

limits their implementation in many traditional plasmonic applications.  

 

Figure 5-15 Proof-of-concept improvements to Al NC stability in water through rational surface 

functionalization with MOF. (a) Normalized UV-Vis extinction spectrum and corresponding TEM images 

of the (a) bare and (b) [Al (OH)(1,4-ndc)]n–coated Al NCs in water. The aqueous solution of bare 

nanocrystals turned to white (inset digital image in (a)) after four days of being in water along with complete 

disappearance of the dipolar LSPR maxima (around 440 nm) in UV-Vis extinction spectra, indicating 

nanocrystals oxidation. The complete oxidation of the nanocrystals is also confirmed by TEM images. In 

contrast, MOF-coated particles showing resistivity to oxidation owing to the hydrophobic characteristics of 
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MOF layer. The TEM images show that the Al core in Al@MOF hybrid remained nearly intact after 4 days 

of incubation in water, despite structural deformation of MOF layer. The resonance feature of the aqueous 

solution of the MOF-coated particles at 450 nm does not show a major change indicating little to no oxidation 

of the Al core. The inset in (b) is the digital image of the aqueous solution of MOF-coated particles at day 4. 

Scale bars are 50 nm.  

 

 

Figure 5-16 Transition metal-decorated Al NC@MOF heterostructure. (a) TEM images of the several 

Al-Pt NPs (left, scale bar is 100 nm) and a single Al-Pt NP (right, scale bar is 20 nm) decorated with high 

coverage of Pt islands (about 3 nm in size). Particles were synthesized according to our previously published 

protocol with minor modifications 147. (b) TEM images of the several Al-Pt@MOF hybrid (left, scale bar is 

100 nm) and a single Al-Pt NP@MOF (right, scale bar is 20 nm) after MIL-53(Al) MOF shell growth. The 

MOF shell growth was performed using the dissolution-and-growth of the native oxide layer.  

 
 
MOF shell layers can also be grown in nanoparticle complexes such as antenna-reactor 

plasmonic photocatalysts 147. Figure 5-16 shows Al NCs decorated with the small platinum 

(Pt) islands before and after the MOF growth. By controlling the synthetic conditions, MOF 

shell was grown around Al-Pt complex with a minimum detachment of the Pt island from 
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Al surface during the oxide dissolution process. The Al@TM@MOF hybrid plasmonic 

photocatalyst, which combines the advantages of the three different classes of materials, 

opens an exciting opportunity to expand the scope of plasmon-mediated chemical reactions 

and improve their efficiencies and selectivities.  

5.4. Conclusion 

A generalized approach based on dissolution and growth of the native oxide layer with a 

variety of different organic linkers is apresented. Given the pronounced effect of MOF 

composition and pore structure on properties and activity, it is envisioned that the future 

variations in synthetic conditions and postsynthetic modifications could result in a wide 

range of nanoparticles coated with MOF layers. Post-synthesis exchange of Al nodes with 

other metal cations can be explored for converting Al-based MOF shell around Al NCs to 

other MOFs of similar structure but with a different metal center. Besides, the dissolution-

and-growth chemistry can also be applied to Al NCs with surface added oxide, such as Al 

NCs encapsulated within Zinc oxide shell for the growth of zinc-based MOF around Al 

core. The dissolution-and-growth approach is generally applicable to any metal 

nanoparticles with intrinsic or added surface oxide layer. This approach should generally 

be applicable to any metal nanoparticle with either a native or added oxide surface layer. 

The rational growth of MOFs around Al NCs-TM complex provides a new level of control 

over both the surface chemistry and photocatalytic reactivity of Al NCs. 
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Appendix A 

Synthesis of Aluminum nanocrystals (Al NCs) 

Al NCs in this thesis were synthesized using previously developed chemical synthesis 

method by our group 59. Prior to the synthesis, all glasswares were dried in a 130 °C forced-

air oven overnight. In a typical synthesis, two coordinating solvents, THF and 1,4-dioxane, 

were added to a 50 mL Schlenk flask in a 3:1 ratio (total volume 20 ml) under an Ar 

atmosphere at 40 °C. Under stirring, typically 6.0 ml of N,N-dimethylethylamine alane 

(DMEAA) (0.5 M in toluene, Sigma-Aldrich) was injected into the reaction vessel. The 

mixture should remain pretty much transparent (milky solution or increase of turbidity 

results from decomposition of DMEAA to aluminum oxides and reduces the yield and 

quality of final Al NCs). The formation of AlNCs was catalyzed by rapid injection of 1 mL 

2 wt% Ti(OiPr)4 in toluene (prepared under N2 blanket) to the reaction mixture. The 

solution turned to brown instantaneously, and within a few minutes began to rapidly bubble 

hydrogen gas from the decomposition of DMEAA and the appearance of grey 

nanoparticulate matter within the flask, indicating formation of Al NCs. The reaction was 

allowed to proceed for 2 h, before being removed from the heat source. The solution was 

transferred to a 50 mL tube under a rapid flow of Ar, and the particles were separated from 

the reaction mixture by centrifugation (2,000 g). The dark supernatant that contains the 

catalyst and unreacted precursor was discarded followed by three subsequent washes with 

dry toluene. Upon the final wash, Al NCs were dispersed in 2-propanol (IPA) and stored 

at room temperature for future use. The size of Al NCs can be controlled by changing the 

ratio between THF and 1,4-dioxane solvents. The size of the Al NCs increases with 

increasing THF/dioxine ratio and vice versa. 
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Figure A-1 Electron microscopy characterization of Al NC. (a) TEM image of Al NCs and (b) high 

resolution TEM image of a Al NC showing 2-4 nm self-limiting amorphous Al2O3 layer surrounding Al core.  
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Appendix B 

Reactor set up for catalysis measurements 

Figure B.1 shows the set up used for photocatalytic and thermocatalytic experiments. 

Measurements were performed in a stainless steel high temperature fixed-bed flow reactor 

(Harrick Scientific Product Inc.) equipped with a thermocouple and an optical (quartz) 

window. For continuous analysis of the effluents the reactor was connected to a customized 

Shimadzu gas chromatograph equipped with a with a pulsed discharge helium ionization 

detector (PDHID) and flame ionization detector (FID); and quadruple mass spectrometer 

(Hiden Analytical Inc., QIC-20). Thermo catalytic measurements were conducted in the 

absence of light, and by heating the chamber with a precise temperature controller. 

 

Figure B.1 Reactor set up for catalysis measurements. 
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In situ surface temperatures during the catalysis experiments were mapped in high- spatial 

and temporal resolution  (~100 µm, 25 frames/sec) using FLIR, A615. Direct illumination 

of the thermal camera at low intensity (<1 mW/cm2) with our light source did not cause 

any response to temperature, demonstrating that the illumination source has no mid-IR (2-

10 µm) photons. Therefore measured temperature increase during photocatalysis result 

only from photothermal heating effects, rather than scattering of the illumination source. 

For measurements of the surface temperature, the standard quartz window of the Harrick 

reaction chamber was replaced with optical quality KBr or CaF2 (International Crystal Labs 

Inc., 25 mm*2 mm) for reliable mid-IR transmission. The external optical transmission of 

KBr was calibrated to be 0.88. This value is reasonable as the transmission of KBr is ~ 0.9 

from 250 nm to 26 µm. CaF2 (optical transmission was calibrated to 0.46) is preferred over 

KBr for operating at higher temperatures. An emissivity of 0.95 was used for the powdered 

catalyst 148.   

 
 
Figure B-2 Spectrum of the supercontinuum fiber laser (Fianium, 4 ps, 40 MHz).  
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Two types of illumination lasers were used as the illumination source. A supercontinuum 

fiber laser (Fianium, 4 ps, 40 MHz) was used for visible light illumination (Figure B.2). 

Wavelength dependence measurements were conducted using this laser and the bandpass 

filters (Edmund, bandwidth ~50 nm). Additional wavelength dependence measurements 

using monochromatic light from a tunable Ti:sapphire laser (Coherent, Chameleon Ultra 

II, 150 fs, 80 MHz, bandwidth ~10 nm) was utilized the wavelength range of 680 − 1080 

nm, and coupled to a second harmonic generator (Angewandte Physik und Elektronik 

GmbH) for the output wavelength range of 350−530 nm. A neutral density filter was used 

to adjust the power (or illumination intensity) using a digital power meter.  
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Appendix C 

 
Table C.1. Enthalpies and entropies of the gas phase reactants and products taken from the NIST-JANAF 

database 100.  

 

 
 

O2 Adsorption Structures and energies on Ir(111) 

Figure C.1. shows the O2 adsorption structures on Ir(111). All simulations done on five-

layer 33 periodic slabs. “fcc-fcc” : one O on each of two adjacent fcc hollow sites, o-hcp-

fcc: one O on each of the adjacent hcp and fcc hollow sites ortho (o) to each other, p-hcp-

fcc: one O on each of the adjacent hcp and fcc hollow sites para (p) to each other, top-top: 

adsorption of O2 molecule on top of two adjacent metal atoms, bridge-top: adsorption of 

O2 molecule with one O on top of a metal atom, and the other between two nearest-neighbor 

metal atoms.   

 
Figure C.1. O2 Adsorption Structures on Ir(111). Top-down view of the structures for the different 

adsorption motifs for an O2 molecule on Ir (111). Red, and light green spheres: O and Ir, respectively. The 

corresponding energetics of adsorption are shown in Table C.2.  

 
 
 

Molecule DH (0K à T) [eV] S [meV/K] 
Temp. [°C] 127 327 527 127 327 527 

N2O 0.142 0.237 0.342 2.403 2.595 2.745 
N2 0.121 0.182 0.246 2.075 2.199 2.291 
O2 0.121 0.186 0.254 2.217 2.347 2.445 
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Table C.2 DFT+D3 O2 ground-state adsorption enthalpies and free energies on Ir(111)a 
 

 
 

a. See Figure C.2 for atomic structures 
 
 

Structure DH [eV] DG [eV] 
Temp. [°C]] 127 327 527 127 327 527 

Au(111) 
fcc-fcc 0.10 0.13 0.16 0.85 1.23 1.59 

o-hcp-fcc 0.66 0.69 0.72 1.39 1.75 2.09 
Ir(111) 

fcc-fcc -3.56 -3.54 -3.51 -2.86 -2.51 -2.17 
p-hcp-fcc -3.31 -3.28 -3.25 -2.61 -2.27 -1.93 
top-top -1.50 -1.47 -1.44 -0.80 -0.46 -0.12 

bridge-top -1.41 -1.38 -1.35 -0.72 -0.38 -0.05 
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fcc-fcc -3.56 -3.54 -3.51 -2.86 -2.51 -2.17 
p-hcp-fcc -3.31 -3.28 -3.25 -2.61 -2.27 -1.93 
top-top -1.50 -1.47 -1.44 -0.80 -0.46 -0.12 
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