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Abstract 

Every day, nanotechnology is more and more prevalent in many societal domains and 

industrial sectors such as health, pharmaceutics, food, information technologies, 

electronics, energy, or the environment. New applications, devices and products 

resulting from advances in nanotechnology demand new nanomaterials, specifically, 

nanoparticles with functional properties. Hence, functional nanoparticles have 

become a very active research field in search of new colloidal systems and novel 

methods of fabrication. However, the migration of these nanoparticles from the 

laboratory to the market is proceeding at a rather slow pace since many of the current 

preparation methodologies are limited by the long reaction times, the consumption of 

large volumes of solvent, low amount of nanoparticles per batch or poor stability of 

the products. This transfer could be accelerated by using simpler and more versatile 

synthetic routes. Thereby, well-understood, reproducible, and scalable methods for 

efficient nanoparticle production are needed. In this scenario, microwave-assisted 

syntheses can alleviate some of the current problems in nanoparticle engineering as 

this methodology exhibits unique properties and extensive possibilities, which are still 

to be fully explored. 

This dissertation investigates novel microwave-assisted chemistry routes for the 

rational design of single and multicomponent functional nanoparticles. Moreover, in 

some particular cases, we are able to provide generalized microwave protocols and 

expand the nanoparticle catalogue with easily tuneable properties and with high 

synthesis control. The doctoral thesis is presented as a compilation of four peer-

reviewed publications to which I have primarily contributed. Each of these publications 

is accompanied by a brief introduction, a critical comment and, some chapters were 

extended by complementary unpublished data. The thesis is organized in the 

following sections: 

• The Introduction presents the general context of the field of research and the 

thesis objectives. 

• Chapter 1 contains a complete study on single-component nanoparticles (Ag 

platelets, nanospheres and nanocubes) by microwave fabrication with a high 

degree of synthetic control and the validation of microwave-routes as a 

complementary monitoring tool for nanoparticle formation and reaction 

mechanism understanding. This section also explores the preparation via 

microwave-synthesis of alloyed hollow nanostructures of metastable 

compositions such as Rh-Ag and Pd-Ag.  
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• Chapter 2 describes the expansion of complex cubic heterostructures 

combining metal oxides (Cu2O) and metals (Au, Ag, Pd and Pt) by a 

generalized microwave protocol. Also, the development of a procedure of 

microwave-induced in-situ nanoparticle growth on a porous matrix. 

• Chapter 3 investigates microwave-obtained gold/titania nanocomposites as 

photocatalysts for gas-phase hydrogen generation. First, catalysts formed by 

gold/titania nanoparticles were evaluated. Next, novel photocatalysts 

composed of gold nanoparticles within mesoporous titania 2D-photonic 

crystals were also studied for hydrogen photo-production.  

• The Summary includes the main findings from the thesis and draws future 

steps towards new advances. 

• Annex 1 encompasses some technical details and guidance for using 

microwave-assisted synthesis for colloidal chemistry. 

• Annex 2 incorporates the curriculum vitae of the author and the publications 

in their original format. 

 

 

 

 

 

 

  



 

xv 
 

Resum 

La nanotecnologia és cada dia més present en molts àmbits de la societat i en sectors 

industrials com la salut, la indústria farmacèutica, l'alimentació, les tecnologies de la 

informació, l'electrònica, l'energia o el medi ambient. Les noves aplicacions, 

dispositius i productes derivats dels avenços en nanotecnologia exigeixen nous 

nanomaterials, més concretament, nanopartícules amb propietats funcionals. Per 

tant, les nanopartícules funcionals s'han convertit en un camp de recerca molt actiu 

a la cerca de nous sistemes col·loïdals i nous mètodes de fabricació. No obstant això, 

la migració d'aquestes nanopartícules des del laboratori fins al mercat avança a un 

ritme força lent ja que moltes de les metodologies de preparació actuals estan 

limitades pels temps llargs de les reaccions, el consum de grans volums de 

dissolvents, la poca quantitat de nanopartícules per experiment o la poca estabilitat 

dels productes. Aquesta transferència cap a la comercialització es podria accelerar, 

per exemple, utilitzant rutes sintètiques més senzilles i versàtils. Per tant, es 

necessiten mètodes ben dissenyats, reproduïbles i escalables per a una producció 

eficient de nanopartícules. En aquest escenari, les síntesis assistides per microones 

poden alleujar alguns dels problemes actuals de l'enginyeria de nanopartícules ja que 

aquesta metodologia presenta propietats úniques i àmplies possibilitats, les quals cal 

explorar amb més detall. 

En aquesta tesi doctoral s'investiguen noves rutes químiques assistides per 

microones per al disseny racional de nanopartícules funcionals mono-  i 

multicomponent. A més, en alguns casos específics hem sigut capaços de 

proporcionar protocols generalitzats en l’ús de rutes sintètiques per microones i hem 

pogut ampliar el catàleg de nanopartícules i el control de les seves propietats. La tesi 

doctoral es presenta com un compendi de quatre articles acadèmics en els quals 

l’autor ha tingut un paper principal. Cada publicació s’acompanya d'una breu 

introducció i d'un comentari crític i, ocasionalment, de dades experimentals addicional 

no publicades. La memòria s'organitza en els apartats següents: 

• La Introducció presenta el context general que emmarca aquesta recerca i els 

objectius de la tesi. 

• El Capítol 1 conté un estudi exhaustiu sobre nanopartícules d'un sol 

component (plaquetes, nanosferes i nanocubs de Ag) mitjançant la fabricació 

per microones amb un alt grau de control sintètic, i la validació de les rutes 

per microones com una eina de seguiment de la síntesi útil per entendre millor 

la formació de les nanopartícules i els mecanismes de reacció. Aquesta secció 
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també explora la preparació mitjançant síntesi per microones de 

nanoestructures buides d’aliatges de composicions metaestables com ara Rh-

Ag i Pd-Ag. 

• El Capítol 2 descriu heteroestructures cúbiques complexes combinant òxids 

metàl·lics (Cu2O) i metalls (Au, Ag, Pd i Pt) mitjançant un protocol generalitzat 

de microones. També, el desenvolupament d'un procediment induït per 

microones de creixement in situ de nanopartícules dins d’una matriu porosa. 

• El Capítol 3 investiga els nanocompòsits d'or i titània obtinguts per microones 

com a fotocatalitzadors per a la generació d'hidrogen en fase gasosa. En 

primer lloc, s'avaluen els catalitzadors formats per nanopartícules d'or i titània. 

A continuació, també es van estudiar nous fotocatalitzadors compostos per 

nanopartícules d'or dins de cristalls fotònics 2D de titània mesoporosa per a 

la fotoproducció d'hidrogen. 

• El Resum inclou les principals conclusions de la tesi i proposa passos futurs 

cap a nous avenços. 

• L’Annex 1 inclou alguns detalls tècnics i recomanacions per a l'ús de 

microones en la química col·loïdal. 

• L'Annex 2 incorpora el currículum vitae de l'autor i les publicacions en el seu 

format original. 
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Resumen 

La nanotecnología está cada día más presente en muchos ámbitos de la sociedad y 

en sectores industriales como la salud, la industria farmacéutica, la alimentación, las 

tecnologías de la información, la electrónica, la energía o el medio ambiente. Las 

nuevas aplicaciones, dispositivos y productos derivados de los avances en 

nanotecnología exigen nuevos nanomateriales, más concretamente, nanopartículas 

con propiedades funcionales. Por tanto, las nanopartículas funcionales se han 

convertido en un campo de investigación muy activo en busca de nuevos sistemas 

coloidales y nuevos métodos de fabricación. Sin embargo, la migración de estas 

nanopartículas desde el laboratorio hasta el mercado avanza a un ritmo bastante 

lento ya que muchas de las metodologías de preparación actuales están limitadas 

por los tiempos largos de las reacciones, el consumo de grandes volúmenes de 

disolventes, la poca cantidad de nanopartículas por experimento o la poca estabilidad 

de los productos. Esta transferencia hacia la comercialización podría acelerarse, por 

ejemplo, utilizando rutas sintéticas más sencillas y versátiles. Por tanto, se necesitan 

métodos bien diseñados, reproducibles y escalables para una producción eficiente 

de nanopartículas. En este escenario, las síntesis asistidas por microondas pueden 

aliviar algunos de los problemas actuales de la ingeniería de nanopartículas ya que 

esta metodología presenta propiedades únicas y amplias posibilidades, las cuales es 

necesario explorar con más detalle. 

En esta tesis doctoral se investigan nuevas rutas químicas asistidas por microondas 

para el diseño racional de nanopartículas funcionales mono- y multicomponente. 

Además, en algunos casos específicos, hemos sido capaces de proporcionar 

protocolos generalizados en el uso de rutas sintéticas por microondas y hemos 

podido ampliar el catálogo de nanopartículas y el control de sus propiedades. La tesis 

doctoral se presenta como un compendio de cuatro artículos académicos en los que 

el autor ha tenido un papel principal. Cada publicación se acompaña de una breve 

introducción y un comentario crítico y, ocasionalmente, de datos experimentales 

adicionales no publicados. La memoria se organiza en los siguientes apartados: 

• La Introducción presenta el contexto general que enmarca la investigación y 

los objetivos de la tesis. 

• El Capítulo 1 contiene un estudio exhaustivo sobre nanopartículas de un solo 

componente (plaquetas, nanosferas y nanocubos de Ag) mediante la 

fabricación por microondas con un alto grado de control sintético, y la 

validación de las rutas por microondas como una herramienta de seguimiento 



 

xviii 
 

de la síntesis útil para comprender mejor la formación de las nanopartículas y 

los mecanismos de reacción. Esta sección también explora la preparación 

mediante síntesis por microondas de nanoestructuras vacías de aleaciones 

de composiciones metaestables como Rh-Ag y Pd-Ag. 

• El Capítulo 2 describe heteroestructuras cúbicas complejas combinando 

óxidos metálicos (Cu2O) y metales (Au, Ag, Pd y Pt) mediante un protocolo 

generalizado de microondas. También, el desarrollo de un procedimiento 

inducido por microondas de crecimiento in situ de nanopartículas dentro de 

una matriz porosa. 

• El Capítulo 3 investiga los nanocompuestos de oro y titánea obtenidos por 

microondas como fotocatalizadores para la generación de hidrógeno en fase 

gaseosa. En primer lugar, se evalúan los catalizadores formados por 

nanopartículas de oro y titánea. A continuación, también se estudiaron nuevos 

fotocatalizadores compuestos por nanopartículas de oro dentro de cristales 

fotónicos 2D de titania mesoporosa para la fotoproducción de hidrógeno. 

• El Resumen incluye las principales conclusiones de la tesis y propone pasos 

futuros hacia nuevos avances. 

• El Anexo 1 incluye algunos detalles técnicos y recomendaciones para el uso 

de microondas en química coloidal. 

• El Anexo 2 incorpora el currículum vitae del autor y las publicaciones en su 

formato original. 
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Glossary 

A/Abs.   Absorbance  

ACS American 
Chemical Society 

Ag   Silver 

AgBr   Silver bromide 

AgCl   Silver chloride 

AgI   Silver iodide 

AgNO3   Silver nitrate 

Ag2S   Silver sulfide 

AQE/AQY Apparent 
Quantum 
Efficiency/Yield 

Au   Gold 

Ar   Argon 

BA   Benzyl alcohol 

BaTiO3   Barium titanate 

BaZrO3   Barium zirconate 

C   Carbon 

CeO2 Cerium (IV) oxide, 
ceric oxide, 
cerium dioxide or 
ceria 

CF3COOAg Silver 
trifluoroacetate 

CH2O   Formaldehyde 

CH3CHO  Acetaldehyde  

CH3CH2OH  Ethanol  

COD Chemical oxygen 
demand 

CoO   Cobalt (II) oxide 

Co1-xZnxFe2O4 Cobalt and zinc 
ferrites 

Cr2O7
-   Dichromate anion 

CSIC Consejo Superior 
de 
Investigaciones 
Científicas 

Cu   Copper  

CuO Copper (II) oxide, 
cupric oxide, or 
tenorite 

Cu(acac)2 Copper (II) 
acetylacetonate 

Cu(OH)2  Copper hydroxide  

Cu(NO3)2    Copper (II) nitrate 

Cu2O Copper (I) oxide, 
cuprous oxide, or 
cuprite  

CV   Curriculum Vitae 

CXDI Scanning 
coherent X-ray 
diffraction imaging 

C6H9NO Vinylpyrrolidone 
monomer  

DI   Deionized 

DLS Dynamic Light 
Scattering 

DMF Dimethyl-
formamide  

DMSO   Dimethyl sulfoxide 

DSC/DTA Differential 
Scanning 
Calorimetry/ 
Differential 
Thermal Analysis  

E Electric field 

EDXS/EDAX Energy-dispersive 
X-ray 
Spectroscopy 

EG   Ethylene glycol 

EXAFS Extended X-ray 
Absorption Fine-
Structure 

eV   electronVolt  

e-   Electron 

FCC Face-centred 
cubic 

FDTD Finite-difference 
time-domain 
numerical 
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analysis 
technique 

Fe2O3 Iron (III) oxide, 
ferric oxide 

Fe3O4 Iron (II, III) oxide, 
ferrous-ferric 
oxide, or 
magnetite 

flexiWAVE Microwave 
Advanced 
Flexible Synthesis 
Platform from 
Milestone 

FPU Formación de 
Profesorado 
Universitario 

FTIR Fourier 
Transformed 
Infrared 

GC Gas 
Chromatography  

h   Hour  

H/H2   Hydrogen 

HAADF-STEM High Angular 
Annular Dark-
Field Scanning 
Transmission 
Electron 
Microscopy 

HAuCl4·3H2O Hydrogen 
tetrachloroaurate 
trihydrate 

HCl   Hydrochloric acid 

HF   Hydrofluoric acid 

HNO3   Nitric acid 

hPDMS Hard 
polydimethyl-
siloxane 

HRTEM High Resolution 
Transmission 
Electron 
Microscope 

HS   Heterostructures 

Hz   Hertz  

H2O   Water  

H2PtCl6·xH2O Dihydrogen 
hexaplatinate (IV) 
hydrate 

H2S   Hydrogen sulfide 

h+   Hole 

ICMAB Institut de Ciència 
de Materials de 
Barcelona 

ICN2 Catalan Institute 
of Nanoscience 
and 
Nanotechnology 

ICP-OES Inductively 
Coupled Plasma–
Optical Emission 
Spectroscopy 

IMB-CNM Institute of 
Microelectronics 
of Barcelona-
National Centre of 
Microelectronics 

INTE Institute of Energy 
Technologies 

IR   Infrared  

kV   Kilovolt 

L   Lattice parameter  

LSPR Localized Surface 
Plasmon 
Resonance 

M (1)   Metal 

M (2)   Molar 

mA   milliampere  

MClx Metal chloride  

MC-NPs Multicomponent 
Nanoparticles 

MFx Metal fluoride  

min   Minutes 

MnO Manganese (II) 
oxide, 
manganous 
oxide, or 
manganosite 

Mn3O4 Manganese (II, III) 
oxide, mangano-
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manganic oxide, 
or hausmannite 

MOx Metal oxide 

Mn/CoFe2O4 Manganese/ 
Cobalt ferrites 

Mn+ Metal precursor 
cations 

MQ   Milli-Q 

MRI Magnetic 
Resonance 
Imaging 

mTiO2 Mesoporous 
titania 

MW   Microwave 

M0 Reduced state of 
the metal 

M(R)x Metal 
organometallic 
compound 

m-C6H4(OH)2  Resorcinol  

N   Nitrogen 

NaBr   Sodium bromide 

NaCl   Sodium chloride 

NaSH·xH2O Sodium 
hydrosulfide 
hydrate 

NANOPTO Nanostructured 
Materials for 
Optoelectronics 
and Energy 
Harvesting 

Na2CO3 Sodium carbonate 
anhydrous 

NC(s) (1)  Nanocomposite(s) 

NC(s) (2)  Nanocube(s) 

NC (3)   Not calcined 

NiFe2O4  Nickel ferrite 

NIR   Near Infrared 

NM(s)   Nanomaterial(s) 

nm   Nanometer  

NP(s)   Nanoparticle(s) 

N&N Nanoparticles and 
Nanocomposites 

O/O2   Oxygen  

OCH(CH3)2  Isopropoxide 

OCH2CH2CH2CH3 Butoxide 

OCH2CH3  Ethoxide 

OC(CH3)3  Tert-butoxide 

OH   Hydroxil 

PbTiO3   Lead (II) titanate 

Pd   Palladium  

PdCl2·xH2O Palladium (II) 
chloride hydrate 

PDI   Polydispersity 
index 

PDMS Polydimethyl-
siloxane 

Pd(acac)2 Palladium (II) 
acetylacetonate 

PID controller Proportional-
integral-derivative 
controller 

Pt   Platinum 

PTFE Polytetrafluoro-
ethylene, Teflon 

PVP Polyvinyl-
pyrrolidone  

PXRD Powder X-ray 
Diffraction 

R (1)   Organic group 

R (2)   Reflectance 

RBF Round-bottom 
flask 

Rh   Rhodium 

RhB   Rhodamine B 

RhBr3·2H2O Rhodium (III) 
bromide dihydrate 

RhCl3·xH2O  Rhodium (III) 
chloride hydrate 

RhI3 Rhodium (III) 
iodide 
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Rh(acac)3 Rhodium (III) 
acetylacetonate 

RuO2 Ruthenium (IV) 
oxide 

R&D Research and 
Development 

s   Seconds 

S   Sulfur  

SAED Selected Area 
Electron 
Diffraction 

SC-NPs Single component 
Nanoparticles 

SDS   Safety Data Sheet 

SEM Scanning Electron 
Microscope 

SERS Surface 
Enhanced Raman 
spectroscopy 

SH-   Bisulfide anion 

SPION(s) Superpara-
magnetic iron 
oxide 
nanoparticle(s) 

S2-   Sulfide anion  

t   Time 

T (1)   Temperature 

T (2)   Transmittance 

tan δ Loss tangent or 
dissipation factor 

TBOT   Titanium butoxide 

TEM Transmission 
Electron 
Microscope 

TGA Thermo-
gravimetric 
Analysis 

Ti   Titanium 

TiO2 Titanium (IV) 
oxide, titanium 
dioxide, or titania 

Ti(OR)4 Titanium (IV) 
alkoxide 

UAB Autonomous 
University of 
Barcelona 

UB University of 
Barcelona  

UPC Polytechnic 
University of 
Catalonia 

USA United States of 
America 

UV   Ultraviolet  

UV-vis   Ultraviolet-visible 

vis   Visible 

W   Watt 

XANES  X-ray Absorption 
Near Edge 
Spectroscopy 

z   Depth 

ZnO   Zinc (II) oxide 

2D   Two-Dimensional 

3D Three-
Dimensional 

i Ionic polarizability 

or Orientational 
polarizability 

γ-Fe2O3 Iron (III) oxide / 
ferric oxide with 
gamma phase or 
maghemite 

ε' Dielectric 
constant 

ε"   Dielectric loss 

i Ionic resonance 
frequency 

or Orientational 
resonance 
frequency 

Å   Angstrom  
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Nanotechnology and nanoparticles 

Nanoscience is the scientific discipline studying the physics, chemistry or biology of 

systems at the nanoscale (within the 1 up to 500 nm range). These systems present 

at least one structural feature in the above scale. As forecasted by the seminal talk of 

the Nobel laureate Richard P. Feynman in his lecture at the annual American Physical 

Society meeting of 19591, nanoscience has brought novel effects which have found 

applications in many sectors. In this regard, nanotechnology is the discipline devoted 

to studying nanomaterial’s applications by designing processes to prepare, 

manipulate and characterize them, emphasizing their integration in new devices and 

products. Consequently, nanotechnology is more and more present in many societal 

domains and industrial sectors such as health, pharmaceutics, food, information 

technology, electronics, energy, or environmental remediation, with around 3266 

nanotechnology companies and start-ups worldwide2 where, e.g., at least 104 were 

located in Spain in 20173. Besides, according to the Global Nanotechnology Market 

report of December 2021 from BCC Research’s Global Markets and Technologies, 

the market for nanotechnology should grow from $5.2 billion in 2021 to $23.6 billion 

by 2026 (Figure 1a)4. Noteworthy is that nanoelectronic and pharmaceutical industries 

are the areas with the largest forecast of revenues. Also, the highest expected 

incomes by nanomaterial type are for nanotubes, nanoceramics and nanoparticles 

with already incorporated products (Figure 1b)5. 

The huge potential of nanomaterials and the high interest raised by nanotechnology 

is due to multiple reasons. For instance, most chemical and biochemical processes 

occur at the nanoscale and nanomaterials have a more intimate interaction with 

chemical or biological systems. On the other hand, matter at the nanoscale has new 

properties, such as surface plasmon resonance or superparamagnetism arising when 

decreasing the nanomaterial volume and increasing the surface area to volume 

fraction.  This is important for catalytic processes, magnetic devices or analytic tools 

based on surface-enhanced plasmonic resonance. Also, quantum confinement –

where the electronic continuous band structure of bulk materials evolves to more 

discrete electronic levels which implies the confinement of the motion of the 

electrons– is at the core of unique optical and electronic properties useful for optical 

and optoelectronic devices such as those using quantum dots. 

Nanomaterials cover a rather wide range of applications depending on their size, 

shape, composition, and other intrinsic properties. They stand out for their uses as 

sensors and biosensors, optical signal amplification and in biomedicine; for 
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photothermal therapy, transport and release of controlled drugs, and imaging. This 

latter field has drawn much research interest, to the point that a new concept has 

been coined: nanomedicine. 

Nanoparticles (NPs) –inorganic, polymeric, hybrid or natural (viruses or lipoproteins)– 

are materials having all the three dimensions at the nanoscale. NPs have attracted 

the interest of the research and industrial communities due to the high tenability 

degree of their functionality and surface chemistry6. Indeed, NPs (provided by more 

than 50% of the nanomaterials companies with around 260 patents and 2712 

products2) reached industrial productions, depending on the material, up to several 

thousand tons per year (Figure 1c)7. In this thesis, we will discuss inorganic NPs such 

as metals or metal oxides which found interest in technology and biomedicine8–10.  

 

Figure 1. Overview of the nanotechnology market and the industrial nanoparticle 

manufacturing. a) 2021-2026 global nanotechnology market increasing revenues 

estimation. b) market expected incomes by nanomaterial type (%) with already 

commercial products examples. c) industrial values (tons per year) of highly produced 

NPs. 
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Metallic NPs are characterized by an electron cloud which led to a localized surface 

plasmon resonance (LSPR) absorption band. The position of this band strongly 

depends not only on the type of metal (number of quasi-free electrons) but also on its 

size, shape and the dielectric environment11–13. For instance, gold NPs present a 

characteristic surface plasmon resonance band that can be observed near 525 nm 

when their size range from 5 to 20 nm14. Such feature has already motivated their use 

in biomedical imaging15, sensing16, drug and gene delivery17 as well as in 

photothermal therapies18. Silver NPs have also been extensively studied and applied 

especially due to their antimicrobial properties19. They have been widely used in water 

and air filtration to eliminate microorganisms20 as well as in the biomedical field21. 

Moreover, their high electrical conductivity and chemical stability make them the 

perfect nanomaterial for inkjets in electronics, photonics, biomarkers, and 

chemical/biological sensors22,23. 

Metal oxide NPs are also of industrial interest being iron and titanium oxide NPs 

among the most exploited ones. Regarding iron oxide NPs, magnetite (Fe3O4) or 

maghemite (γ-Fe2O3) structures have been the cornerstone of many studies and are 

widely used in catalysis, data storage, environmental remediation, and biomedicine 

(already incorporated in products and devices). They are interesting NPs because of 

their magnetic properties (high saturation magnetization and low magnetic 

anisotropy), their straightforward surface functionalization and good 

biocompatibility24–26. Noteworthy is that their magnetic properties strongly depend on 

their size, shape, and composition, thus providing a wide collection of magnetic 

behaviours. Hence, iron oxide NPs are very appealing in nanomedicine as they can 

be rationally designed for cell labelling27, in the purification and isolation of proteins 

(bio-separation)28, in drug and gene delivery29, hyperthermia therapy30,31 or as a 

contrast agent for magnetic resonance imaging (MRI)32,33. On the other hand, titanium 

dioxide or titania (TiO2) NPs show high thermal, physical, and chemical stability to 

corrosion and photocorrosion. This, combined with earth abundance (one of the most 

abundant compounds on our planet, low cost) and nontoxicity, makes titania NPs one 

of the most employed materials in pigments, UV sunscreens, cosmetics, medical 

implants, and sensors34. In addition to these, titania NPs are being employed in 

optoelectronics, photovoltaics, catalysis, fuel cells, batteries, smart windows, and self-

cleaning and antifogging surfaces, among others. In particular, titanium dioxide NPs 

are answering to the prospect of achieving clean and renewable hydrogen at ambient 

temperatures through the photocatalytic water splitting reaction, or to the efficient 
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solar energy utilization for organic pollutant degradation. Indeed, they are one of the 

most deeply investigated wide band-gap semiconductor for photocatalytic and 

photoelectrocatalytic processes35. This is due to the effective generation of electron-

hole pairs while providing suitable interfaces for charge transfer. All in all, nanoscience 

has proven promising applications but there is still growing interest in developing more 

bio- or environmentally compatible nanomaterials. 

In accordance with the above scenario, the main scope of my thesis is the engineering 

of functional NPs of different types, widening their catalogue with new hybrid 

formulations (multicomponent NPs), while optimizing their production. For that, 

microwave (MW)-assisted synthetic routes were used. In the following parts, I will 

briefly introduce the state of the art of the synthesis of NPs through different 

strategies, of microwave-assisted chemistry and of multicomponent nanoparticles. 

 

Synthesis of nanoparticles 

In this section, I will introduce the most used synthetic routes for the fabrication of 

metal and metal oxide NPs, describing with more detail those used to fabricate the 

nanomaterials of this thesis. Advantages and disadvantages will be compared along 

with a list of the most representative examples. 

 

Synthesis of metal nanoparticles 

Metal NPs can be synthesized using various methods, namely chemical reduction36, 

electrochemistry37, photochemistry38, laser ablation39, sonochemistry40, and 

sputtering41. Being chemical reduction the most popular method for the preparation of 

metal colloids where metal ions are reduced by an organic molecule that can be either 

the solvent or the stabilizing agent. Commonly used stabilizing agents are polymers 

and surfactants passivating the surface of the NPs and avoiding sintering42. The 

chemical reduction approach was used to fabricate the metallic nanomaterials 

described in this thesis. 

 

Chemical reduction 

The general formula of the chemical reduction methodology is stated in Eq. (1), where 

Mn+ refers to the metal precursor cations, e- the electron source or reducing agent and 

M0 the reduced state of the metal. 
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Mn+ + ne- → M0                      Eq. (1) 

Typical reducing agents include molecules (hydrogen, carbon monoxide, hydrogen 

peroxide, and hydrazine), benzene functional groups (hydroquinone and pyridine), 

ions (citrate and sodium borohydride), polymers (oleylamine and 

poly(vinylpyrrolidone)), aldehydes (formaldehyde and acetaldehyde), acids (formic, 

citric and ascorbic), alcohols (ethanol and polyols) or solvated electrons generated by 

gamma-ray irradiation43.  

Among all the above common reducing agents, polyols or polyalcohols, mainly 1,2-

diols such as ethylene glycol and its derivatives (di-, tri-, tetra- and others up to 

poly(ethylene glycol)), have emerged as a very convenient class of compounds for 

the development of metal NPs, defining the ‘‘polyol process’’44. This term was first 

coined by Fiévet, Lagier and Figlarz in the late eighties to designate a liquid-phase 

synthesis route to obtain finely divided metals from their oxides, hydroxides or salts 

in polyols45–47.  

In this process, the polyol (a liquid organic compound) can act both as a reducing 

agent and as a solvent in which common metal solid salts are easily dissolved. 

Besides, the reducing medium protects the as-prepared metal NPs from oxidation as 

long as they remain in the medium. Compared to other approaches, the polyol 

medium offers several other advantages44 such as: (i) high boiling points, allowing 

syntheses at relatively high temperature and providing high crystallinity for the 

produced NPs, (ii) complexing agent ability to coordinate metal precursors and NPs 

surface, to minimise coalescence and protect the NPs from sintering, and (iii) high 

viscosity of the medium favouring the diffusion-controlled regime for the NP growth, 

resulting in controlled structures and morphologies. 

Polyol-mediated synthesis can be carried out at room temperature, but higher 

temperatures are generally used for higher reaction rates. To increase the reaction 

media temperature, conventional thermal heating48 or alternative heating sources like 

ultrasonic irradiation49 can be employed. Polyols are polar media and good MW 

absorbers for MW-assisted chemistry (see next section). After about 30 years of the 

polyol process, we now have a good overview of its versatility to produce metal NPs, 

going from noble metals synthesis to the elaboration of many ferromagnetic metals 

as well as post-transition elements. Also, apart from mono-metallic NPs, multi-metallic 

are possible, including inter-metallics, alloys and core-shell structures44. 
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Synthesis of metal oxide nanoparticles 

The most common routes to produce metal oxide NPs are co-precipitation, 

microemulsion, thermal decomposition, hydrothermal synthesis, and sol-gel 

synthesis. In particular, the thermal decomposition and the sol-gel synthesis 

approaches were used to fabricate the metal oxide nanomaterials presented in this 

thesis. Hence, a brief description of them is reported below. 

 

Thermal Decomposition 

Highly monodisperse metal oxide (MOx) NPs with small size can be synthesized by 

high-temperature decomposition of a metal precursor (typically organometallic, M(R)x, 

with R representing an organic group) in presence of a high-boiling point organic 

solvents and stabilizers (Eq. (2)). Indeed, many parameters have been reported to 

affect the size and morphology of metal oxide NPs, among which, the metal 

precursors, solvent and stabilizer are the three most important factors during the 

synthesis. Iron oxide NPs are a good example of the use of the thermal decomposition 

route. Typical iron precursors in their thermal decomposition preparation include (as 

in the case of most transition metal oxides)  oleates50, fatty acid salts51, 

acetylacetonates52, pentacarbonyls53, choline citrates54, carbonates55, and 

carboxylates56. While the most used high boiling point organic solvents are 1-

octadecene57 and 1,2-hexadecanediol58. Oleic acid52, oleylamine58 and other fatty 

acids51 are some of the common molecules used to stabilize metal oxide NPs. Other 

factors such as the reaction time and the reaction temperature can also influence the 

size and shape control. 

M(R)x 
∆
→ MOx                       Eq. (2) 

Because the thermal decomposition is normally conducted in an organic phase, the 

produced metal oxide NPs are hydrophobic in nature, thus providing colloids in 

solvents such as toluene, hexane or chloroform. Therefore, for those applications 

requiring a polar solvent (e.g., biomedical applications) a post-synthetic step has to 

be carried out. A commonly used method to change a hydrophobic surface (steric 

surfactant) into hydrophilic (electrostatic surfactant) is through a ligand exchange 

approach. Hydrophobic metal oxide NPs are sonicated or stirred in an aqueous 

solution in the presence of the hydrophilic stabilizer. Using agitation and solvophobic 

interactions as the driving force, the hydrophobic ligands at the surface of the metal 
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oxide NPs are replaced by the hydrophilic ones resulting in water-soluble NPs. 

However, this process promotes NP aggregation which decrease the monodispersity 

of the colloid. Recent efforts have been directed to the one-pot synthesis of water-

soluble metal oxide NPs by thermal decomposition59. 

 

Sol-Gel 

Sol-gel methods are widely used to prepare ceramic materials such as metal oxides, 

nitrides, and carbides60,61. The process involves the transformation of a sol into a gel, 

which is then usually thermally treated to obtain the final NPs. Sols are solutions of 

the precursor compounds (either inorganic or metal−organic) in a polar solvent which 

by a series of chemical reactions and/or thermal treatments react forming a network 

of bonds. This results in a skeleton of metal−oxygen or metal-organic bonds within a 

continuous liquid phase. Indeed, the latter is the definition of gel62.  

There is a wide collection of metal (M) precursors available for the preparation of 

metal oxide nanocrystals, both organic and inorganic. For example, alkoxides63, 

halides (MClx and MFx)64 and atranes65. Among these, metal alkoxides are the most 

used precursors in the preparation of metal oxide nanocrystals (particularly in the sol-

gel approach) because of their versatility and well-studied chemistry66. Alkoxides are 

compounds with the general formula M(OR)x, with R representing an organic group. 

The most common (and commercially available) alkoxides are isopropoxide [R = 

CH(CH3)2], butoxide [R= CH2CH2CH2CH3)] and tert-butoxide [R = C(CH3)3]. 

Sol-gel methods have demonstrated to be feasible and highly reproducible providing 

large amounts of material. In this regard, they are excellent to produce titanium 

dioxide NPs in solution. When titania is prepared through sol-gel, the Ti−O−Ti bond 

network is formed in two steps: hydrolysis and condensation67. The hydrolysis step 

results in the formation of a metal complex with water in the form of aquo, hydroxo, or 

oxo complexes, depending on the metal cation and the reaction conditions (Eq. (3)). 

Condensation is the reaction between two (or more) of the formed complexes to give 

the Ti−O−Ti bonds, which are the precursors of the final oxide network (Eq. (4)). After 

condensation, oxolation can also occur with the formation of additional oxo bridges 

between metal fragments through nucleophilic addition. Usually, this step is 

accompanied by water elimination, so that the final Ti−O−Ti bond is formed. Most of 

the sol-gel approaches to produce transition metal oxide NPs follow the above-

discussed route. 
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Ti(OR)4 + H2O → HO-Ti(OR)3 + R-OH                   Eq. (3) 

(OR)3Ti-OH + HO-Ti(OR)3 → (OR)3Ti-O-Ti(OR)3 + H2O                   Eq. (4) 

It is worthy to underline that the hydrolysis and condensation reactions can show very 

different rates as a function of the pH. For example, condensation rates are much 

faster than hydrolysis rates by 4 orders of magnitude at neutral pH. Thus, 

condensation occurs as soon as metal precursors are hydrolyzed. Also, as the sol-

gel process occurs in the presence of water, the hydrolysis and condensation 

reactions generally occur very fast and thus the control over the size, shape, and 

dispersibility of the particles is challenging. A smart strategy to overcome this issue is 

to reduce the hydrolysis rate by modifying the organic structure of the precursor68. 

Despite this decrease in the hydrolysis rate, nucleation in the sol-gel process often 

takes place at rather low temperatures (25-50 ºC) and at rather high rates (minutes). 

Consequently, these processes usually provide amorphous or poorly crystalline 

materials. Some methods have been developed that avoid this69, but a thermal 

treatment is generally needed to improve the crystallinity of the as-produced gel which 

could compromise the NPs colloidal stability due to ligand removal or interparticle 

fusion. Nevertheless, many variations of the approach have been developed in this 

regard to provide colloidal stable NPs, like the addition of salts and polymers to 

improve crystallinity, crystal shape and structure control70. However, these processes 

could be slowed down under certain reaction conditions such that catalysts are often 

added to the reaction pot to control the formation of the bonding network. Commonly 

used catalysts are acids and bases that promote hydrolysis by either increasing 

dehydroxylation (a water molecule is removed from a M−OH group) or deprotonation 

(an OH- attacks a M centre to form a M−OH bond). A salt formed by pairing a weak 

acid with a base can also work as a condensation catalyst, as shown in the case of 

ammonium carbonate or ammonium acetate71. 

 

Synthesis of nanoparticles critical reasoning 

The ever-increasing applications, devices and products derived from nanotechnology 

and its high growth rate demand a fast development of novel nanomaterials, in 

particular NPs with novel and/or multiple functional properties. However, the 

translation of the state of the art of these NPs from the laboratory to the market is 

proceeding at a rather slow pace and needs to be accelerated. For this purpose, it is 
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necessary to generate knowledge in those aspects that have been identified by the 

research community as important bottlenecks72,73, for example: 

i) The development of operator-friendly synthetic methods that allow for large-scale 

production of NPs with controlled properties. This has to be reached by new methods 

that reduce the synthesis steps, increase production yields or reaction speed, and use 

more environmentally friendly technologies.  

ii) The expansion of the NP catalogue either by developing novel NPs with complex 

morphologies and compositions or by stabilizing phases that are thermodynamically 

metastable at room temperature. These novel NPs would present new functionalities 

or higher performances compared to the current NPs state of the art. 

In this context, advanced syntheses are defined as those that use synthetic 

approaches capable of scaling the production of NPs using simplified and controlled 

fabrication methods. These syntheses would attend to the market and society 

demand that require the rational design and large-scale production of nanomaterials 

with tunable properties using cheap, fast operator-friendly and clean methodologies. 

However, many of the current preparation methodologies show limitations such as 

long reaction times, sophisticated procedures, consumption of large volumes of 

solvent, scalability issues or poor stability of the products among others. Thereby, 

there is a real need to develop well-understood, reproducible, and scalable novel 

methods for efficient NP production. But most importantly, to develop the know-how 

to improve the understanding of the chemistry behind those methods. 

 

Microwave-assisted chemistry 

Chemical reactions assisted by MW radiation are a very attractive synthetic approach 

since they provide competitive advantages over other methods of nanomaterials 

manufacturing. They are fast synthetic processes with high yields, involve easy 

operating equipment, small volumes and are rather efficient in terms of energy 

consumption. Consequently, MW-assisted synthesis could address some of the 

above-mentioned requirements providing large-scale, operation friendly and 

environmentally friendly processes. Nevertheless, these MW processes are still to be 

fully explored since they are not yet well studied or understood. 

MW-assisted chemistry is the synthetic route we have used in this thesis as a 

versatile, reproducible, and scalable method for efficient NP production. 
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General principles of microwave chemistry 

Overall, MW heating is based on the efficient heating of polarizable molecules or ionic 

solvents. Two mechanisms are responsible for the heat-producing processes: dipolar 

polarization and ionic conduction74. On one hand, dipolar polarization refers to 

reactions occurring in polar solvents. Due to the presence of an oscillating 

electromagnetic field, dipoles are continuously oriented by the electric field 

contribution of the radiation. During this process, heat is dissipated through molecular 

friction and dielectric loss acting the molecules as heat mediators transforming the 

electromagnetic radiation energy into heat. The amount of produced heat depends, 

among others, on the orientational polarizability (or) and its resonance frequency 

(or). The latter accounts for the “time scale” of the molecules to align themselves 

under a given radiation frequency. Consequently, the heat delivered is maximum 

when the electromagnetic frequency is close to the resonance frequency of the 

molecule while no heat is produced if it is too high75. Note that below the resonance 

frequency, molecules are able to absorb and transform the radiation energy into heat, 

but with a lower performance. Indeed, MW frequencies are used as electromagnetic 

radiation because most of the solvents absorb energy in this frequency range. The 

heating mechanism for dipolar losses is discussed in more detail below. On the other 

hand, the ionic conduction process involves the oscillating of free (or weakly bounded) 

charged species with the oscillating electric field component of the radiation (and 

depending on the ionic polarizability, i). This introduces interparticle collisions 

resulting in heat production. Typically, the ionic conduction mechanism produces heat 

more efficiently than dipolar polarization due to a higher resonance frequency (i), 

which has certainly promoted the synthesis of NPs in ionic liquids76. 

In the present thesis, dipolar polarization mechanism is used for the synthesis of NPs, 

and thus the judicious choice of the solvent is key. The efficiency of a solvent for the 

conversion of electromagnetic energy into heat at a given frequency and temperature 

is measured by the loss tangent or dissipation factor (tan δ). This factor results from 

the ratio between the imaginary (ε") and the real (ε') parts of the solvent permittivity 

(ε"/ε'). Note that ε' indicates the capacity of a solvent to generate a polarization vector 

under an oscillating applied electric field while ε" refers to the dephasing of the vector 

with respect to the electric field, known as dielectric loss. The latter indicates the 

efficiency of a solvent converting electromagnetic energy into heat77. Thus, for MW 

synthesis, a relatively high tan δ of the solvent is essential for efficient absorption and 

rapid heating. Based on the tan δ value, solvents for MW synthesis can be classified 
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as high- (tan δ > 0.5), medium- (tan δ ≈ 0.1 - 0.5) and low-adsorbing (tan δ < 0.1)74. 

Table 1 gives some tan δ values for common solvents used in MW synthesis. From 

Table 1, we can see that ethylene glycol is a strong MW adsorbing solvent. Indeed, 

ethylene glycol is widely used in the MW polyol synthesis of inorganic NPs75. 

 

Table 1. Loss tangent (tan δ) values for different solvents78. Data were recorded at 2.45 

GHz and 20 ºC.  

Solvent tan δ Solvent tan δ 

Ethylene glycol 1.350 DMF 0.161 

Ethanol 0.941 Water 0.123 

DMSO 0.825 Chlorobenzene 0.101 

2-propanol 0.799 Acetonitrile 0.062 

Formic acid 0.722 Acetone 0.054 

Benzyl alcohol 0.667 Tetrahydrofuran 0.047 

Methanol 0.659 Dichloromethane 0.042 

1,2-dichlorobenzene 0.280 Toluene 0.040 

Acetic acid  0.174 Hexane 0.020 
 

 

 

Advantages of microwave synthesis 

Compared to conventional heating approaches, MW heating exhibits many 

advantages in reducing reaction time, increasing product yields, and enhancing NPs 

properties79–81. More precisely, the aspects adding value to this NPs synthetic 

methodology are: 

a) The reaction media is heated simultaneously throughout the reaction volume 

(Figure 2, left). This favours the homogeneity of the temperature inside this medium, 

guaranteeing a homogeneous nucleation of the NPs and leading to a high 

monodispersity (Figure 2, left). Otherwise, by using conventional heating approaches 

such as with electric mantles heaters, oil baths or hot plates, the heating strongly 

depends on the convective currents and the thermal conductivity of the solvents in 

the reaction system, featured in low and inefficient energy transformation to the 

reaction. In most cases, the temperature of the reaction vessel was observed higher 

than that of the reaction solution which can result in high polydispersity of the 

synthesized NPs (Figure 2, right). In contrast, due to the uniform heating in the whole 

reaction solvent, MW heating leads to the synthesis of NPs with narrow size 
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distributions, making the control over nucleation and growth possible. Therefore, MW 

heating provides a suitable way for size and shape control of NPs. Moreover, as the 

reaction vessel is not heated by MW radiation (just the solution that it contains) and it 

thus does not need to be cooled, the cooling rates are faster than in conventional 

heating, among other reasons (possible coupling with cooling systems). Finally, 

homogeneous heating allows for a straightforward scale-up of the synthesis. 

 

Figure 2. Inverted temperature gradients in MW heating versus conventional heating. 

Temperature distribution profiles (by finite element modelling) after 1 min of MW irradiation 

(left) and treatment in an oil-bath (right). MW irradiation increases the temperature of the 

whole volume simultaneously (bulk heating) whereas, in the oil-heated tube, the reaction 

mixture in contact with the vessel wall is heated first74. 

 

b) The energy of the MW radiation is fast and efficiently delivered to the reaction. On 

one hand, this ensures a fast heating of the reaction pot, thus decreasing intermediate 

reactions during the heating process while accelerating chemical reactions. 

Consequently, reaction times are drastically reduced. On the other hand, it favours 

reaction kinetics which is directly competing with the thermodynamic equilibrium. This 

allows the stabilization of complex phases difficult to achieve through other synthetic 

approaches. Finally, the fast heating also improves the chemical yield. 

c) The possibility of a selective heating within the reaction media due to the presence 

of polar substances absorbing and transforming the radiation energy into heat more 

efficiently than the solvent. This, combined with the high diffusivity of molecular 

species of NPs precursors inside the heated media, facilitates the selective nucleation 

of a material on an initial one acting as a hot spot, allowing the synthesis of 

multicomponent and/or anisotropic systems. 
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d) The ability to obtain NPs with different surface functionalization. As shown in Table 

1, there is a wide list of common chemical solvents that have the capacity to be used 

as efficient MW mediators. Thus, a large variety of possible combinations between 

these solvents and capping agents with different molecular chemistry inside the 

reaction media ends up with a broad series of NP surface functionalization, allowing 

their colloidal stability both in polar and nonpolar solvents. 

e) The potential to scale up the synthetic processes. In the last years, new generations 

of MW devices with larger cavities and diffusers to ensure the homogeneity of the 

radiation provide scale-up capabilities which support the nanotechnology scientific 

community for NPs reproducible protocol development and scalability. 

Nowadays, commercial modern MW instrumentation technology for chemical 

laboratory uses, such as the MW reactors used in this work (see Annex 1 chapter), 

have precise control over the experimental parameters like temperature and pressure 

(which are monitored by various probes and sensors), built-in magnetic stirring, power 

control, well-controlled heating and cooling rates, and software operation, significantly 

improving the reproducibility of the reaction. MW reactors are also equipped with 

pressurized vessels connected to a compressed gas cooling system (air or nitrogen) 

providing a precise control of the reaction temperature. Indeed, this system allows 

adjusting a constant temperature at any MW power applied to avoid temperature 

fluctuations and secondary nucleation events. Moreover, the cooling system 

contributes to a fast and efficient cooling rate, thus allowing to quench reaction at any 

time while avoiding secondary growth process or ripening effects (Ostwald ripening). 

Finally, current microwaves have more radiation homogeneity in their cavities thanks 

to the designed and improved resonance of the MW beams coming from the 

microwave source (one or more magnetrons), resulting in an improved homogeneity 

of the temperature inside the reaction vessel.  

All in all, MW chemistry definitively fulfils the promise of being a fast synthesis 

technique. But MW heating does not only reduce the chemical reaction times by 

several orders of magnitude, it also suppresses side reactions, and thus improves the 

yield and reproducibility of a specific synthesis protocol. All these features represent 

important parameters that must be considered during the development of ‘‘greener’’ 

synthesis methodologies, and therefore it can be expected that the MW technique will 

also play a fundamental role in the future environmentally friendlier ‘‘synthetic 

nanotechnology’’. 
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Drawbacks of microwave synthesis 

In the previous subsection, a large list of advantages of MW chemistry has been 

highlighted. Nevertheless, the approach has also some drawbacks to consider when 

designing a MW assisted synthesis route. One of the main drawbacks of MW assisted 

synthesis is the penetration depth of microwave irradiation. This can limit the final 

volume of MW reactors, hindering the scalability of a protocol to large volumes (in a 

batch mode). Currently, the largest reported volumes for MW assisted synthesis are 

around 2 L. Another important issue is related to the fast heating, which tends to 

complete the reaction of the precursors with the nucleation stage, thus restricting the 

size control of NPs through the growth step. Indeed, size adjusting still shows some 

limitations, though several works reported that the size of NPs can be tuned to some 

extent82, where a strict control of reaction time is needed. Also, a drawback of this 

technique is that is strictly limited to polar solvents, which slightly limits the final 

synthesis temperatures, available chemicals, among others. Moreover, the 

configuration of some MW reactors limits the access to the reaction media (injection, 

aliquot withdraw or in-situ solution monitoring) to some extent as well as visual access 

by the operator to the reaction solution (if a transparent wall or a camera are not 

implemented). Finally, MW systems are clearly more expensive than standard heating 

plates or mantels. Besides, MW reactors offering the above-reported features are 

equipped with advanced/sophisticated vessels which might be more expensive than 

the standard glassware used in conventional heating synthesis approaches. 

Probably, the latter drawbacks have impeded a broader use of this technique. 

 

State of the art 

Since the first reports in 1986 about the use of MW ovens83,84, its use has become an 

indispensable tool in organic synthesis74,76. However, in the last decades, it has been 

proven that MW heating techniques find also potential applications in other chemistry 

synthetic areas85. As reported above, the efficient and controlled heating provided by 

MW irradiation becomes appealing for those syntheses where nucleation and growth 

are strongly sensitive to the reaction conditions. This is the particular case of the 

synthesis of nanomaterials. Indeed, inspired by the pioneering work on MW-assisted 

organic synthesis, the use of MW heating in the fabrication of nanostructured 

materials and NPs has gained considerable attraction in the past few decades81. As 

a matter of fact, the number of scientific publications dedicated to the MW-assisted 

synthesis of nanomaterials over time is growing rapidly in recent years (Figure 3).  
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Figure 3. Number of publications over time in the Web of Science database for the search 

by the keywords “MW-assisted synthesis” (MW in blue in the graph) and the combination 

of keywords “MW-assisted synthesis” AND “nanomaterials” (MW + NM in green). Search 

performed on 15th November 2021. 

 

Functional NPs by MW-assisted synthesis from almost any class of material (including 

metals, oxides, sulfides, phosphates, halides, chalcogenides, zeolites and others) 

have been reported.  Among them, the one-pot synthesis of a large variety of mono- 

and bimetallic nanoparticles and nanostructures such as Au, Ag, Pd, Pt, Cu, and their 

combinations86. For example, Kundu et al. proposed the use of 2,7-dihydroxy 

naphthalene as the reducing agent for the preparation of multi-shaped gold NPs87. 

Different particle shapes such as spheres, rods, or triangles were achieved by varying 

the metal ion to cetyltrimethylammonium bromide ratio and the concentration of the 

reducing agent. The morphology of gold NPs can also be strongly influenced by 

physical parameters as provided by the MW reactor. Liu et al. have shown that with 

increasing temperature, longer heating time, and fast ramping the gold NPs become 

smaller and their size distribution narrower88. 

MW-assisted routes have also been applied for the synthesis of metal oxide NPs and 

nanostructures. For instance, MW irradiation in combination with the polyol method 

gave access to a large variety of binary and ternary oxides such as TiO2
89, CeO2

90, 

Co1-xZnxFe2O4
91, Mn/CoFe2O4

92, BaTiO3, BaZrO3 and PbTiO3
93. In the polyol route, 

the solvent (e.g. ethylene glycol or diethylene glycol) acts as a complexing and 

capping agent, and thus limits the particle growth and prevents agglomeration94. Giri 

et al. took advantage of these features for the synthesis of Co1-xZnxFe2O4 to tune the 

particle size91. Hu et al. used the polyol route for the synthesis of monodisperse ZnO 
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colloidal nanocrystal clusters with tunable sizes95. The diameter of the clusters 

composed of small primary nanocrystals can be varied from 57 to 274 nm by simply 

varying the zinc oxide precursor concentration. In addition to polyols, benzyl alcohol 

was also used to prepare various oxides such as Fe3O4, MnO, Mn3O4, CoO, BaTiO3
96 

and NiFe2O4
97. In this case, subtle tuning of the crystal size through the initial 

precursor concentration and the irradiation time is easily possible as well82,96.  

Niedelberger’s group pioneered the versatility of MW radiation in the synthesis of 

inorganic NPs96. Currently, various research groups can manufacture complex 

functional inorganic NPs for new applications using this technique98–100. The N&N 

group led by Prof. Roig is one of them and in recent years has had relevant 

contributions in the manufacture of nanostructured inorganic materials with diverse 

functionalities using MW radiation as a method of preparation; some examples are 

magneto-photonic opals101, inorganic nanoparticles (Fe2O3, TiO2)27,102,103, 

multicomponent nanoarchitectures with two types of particles (Fe2O3/Au)104,105, and 

the demonstration of scaling the production process up to 3 g/batch maintaining the 

properties of the nanoparticles106. 

Based on these illustrative examples from literature and from our work we expect new 

opportunities for NP synthesis offered by MW heating. 

 

Beyond the state of the art in microwave 

As already discussed in the subsection “Synthesis of nanoparticles critical reasoning”, 

the fast evolution of nanotechnology demands novel nanostructures to address new 

applications or improve the performance of current technologies. Besides, the current 

energy and environmental challenges of society call for straightforward, reproducible, 

versatile, large-scale, and environmentally friendly synthetic routes to confront these 

novel nanomaterials production.  

According to its above-reported advantages, MW synthesis is definitely an 

environmentally friendly technology producing NPs with controlled properties in rather 

short times at rather good production yields. Besides, it can be considered as an 

advanced synthetic approach capable of scaling the production of NPs using 

simplified production methods, thus attending to the market and society demand.  

Nevertheless, the current state of the art in MW synthesis does not fully address the 

above needs by a lack of a large collection of advanced nanoheterostructures. That 
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is, the production of more complex NPs with well-defined properties or multiple 

functionalities by showing for instance more than one domain (i.e., core-shell, 

dumbbell like, or surface-decorated nanostructures), or advanced NPs having 

complex stoichiometry or metastable phases (e.g., alloy NPs). 

Fortunately, expanding the NP catalogue by developing NPs with complex 

morphologies, like anisotropic systems, and/or with complex compositions, or by 

stabilizing phases that are thermodynamically metastable at room temperature, is 

also possible through MW synthesis. Hence, I advocate MW synthetic routes to 

contribute to solving the current problems in NP engineering, and I hope that the 

results of this doctoral thesis will help to establish MW-assisted colloidal chemistry as 

an attractive synthetic approach that provides competitive advantages over other NP 

manufacturing methods. 

 

Multicomponent nanoparticles 

Multicomponent or multimaterial NPs are hybrid nanosystems that contain two or 

more nanoscale components (materials), thus exhibiting more than one functional 

property. Noteworthy is that the close combination of two different materials linked 

along an interphase also results in synergies bringing novel properties or enhancing 

the pristine ones. These synergies can be controlled by the rational design of the 

interphase to some extent. 

On one hand, these hybrid NPs are currently focusing the attention of the colloidal 

chemistry research community to study chemical processes at the nanoscale (such 

as nanoalloying, galvanic replacement or Kirkendall effect)107. On the other hand, 

these novel systems are pushing the frontiers of nanotechnology bringing new or 

better performances in several fields such as biological tagging, medical diagnostics 

and treatment, optical and electro-optical applications, batteries improvement, solar 

energy harvesting, and others108,109. 

Among the different hybrid systems, metals covered with metal oxides are gaining 

increasing interest in materials science. For instance, the combination of iron oxide 

and gold in the same nanoarchitecture results in the combination of 

superparamagnetism and plasmonics, and the interaction between them 

(magnetoplasmonics)108. Such types of nanostructures have found huge potential in 

biomedicine, like in photothermal therapy combined with cell magnetofection110–112. 
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Another relevant example of interesting metal/metal oxide combinations is that of 

titania and gold for photocatalytic purposes, where gold acts as a cocatalyst113. 

Indeed, gold (due to a proper band alignment) act as a “fast lane” to transfer the 

electrons from the UV-driven electron-hole charge separation over titania surface to 

the active sites, thus avoiding or delaying the recombination rate and increasing the 

overall photocatalytic activity. Other metal/metal oxide combinations have been 

proved beneficial in this regard, such as silver and ceria (cerium dioxide, CeO2)114. 

Alloyed NPs are also of great interest. Alloys consisting of two or more metals atoms 

distributed in the same lattice are widely used in catalytic processes to generate 

valuable chemicals from raw materials115. In this case, the combination of two metals 

promotes synergies resulting in an enhancement of the catalytic properties by acting 

as cocatalyst due to a proper band alignment or modifying surface chemistry by tuning 

the average binding/absorption energy of molecules at the NP surface. For example, 

the combination of Au and Ag in alloyed NPs with synergistic effect exhibit high activity 

for the CO oxidation catalysis116. Another more complex example is the use of Au and 

Pd alloyed NPs with a Pt shell for easier oxygen bond activation for the oxygen 

reduction reaction117. Moreover, alloyed NPs provide a convenient strategy for the 

reduction of precious metals in catalysts, thus reducing the total cost. Certainly, the 

dilution of rarest and most expensive metal atoms with other active ones improves 

the overall catalytic activity performance per atom. Nevertheless, as a matter of fact, 

atoms at the surface are the ones actively participating in the catalysis and only that 

fraction is “active”. Hence, multimetallic core-shell nanostructures can also 

significantly help in this regard. 

The synthesis of multicomponent nanocrystals can also exploit the formation of 

anisotropic shapes which in turn provide an additional way to tune properties and/or 

synergies. As it has been widely reported, catalytic, magnetic or optical properties 

show strong dependency with NP shape and morphology. For instance, anisotropic 

structures can introduce magnetic anisotropy and thus modify the magnetic 

performance of a system. Similar, an anisotropic shape could affect the optical 

response of the metallic component of the hybrid NP towards the irradiated light. It is 

well known that the shape, size, and morphology of the metal nanoparticle is crucial 

for the determination of their LSPR wavelength11–13. The larger the size and higher 

the aspect ratio, the higher the wavelengths of the LSPR. Indeed, values close to the 

near-infrared (NIR) region have been achieved enabling NPs to absorb light energy 

and transform it into heat (photoablation)118.  Since these wavelengths correspond to 
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the biological window, this allows the NPs to extend their applications towards 

nanomedicine, such as in thermal therapy119. Also, this anisotropy enhances the 

reactivity of plasmonic NPs since the formation of edges and tips result in an 

enhancement of the local electric field. This property is widely exploited for Raman 

spectroscopy (known as surface-enhanced Raman spectroscopy, SERS) and 

intensively applied in biosensors120. Finally, the effect of shape and anisotropy for 

tuning NPs properties has been also widely exploited in catalysis121,122. Inducing 

different shapes leads to a selective exposure of crystallographic faces or 

enhancement of the electric field which in turn results in different catalytic behaviour. 

For instance, regarding hybrid NPs, dissymmetrical metal oxide heteronanostructures 

as photocatalytic systems using a Z-scheme configuration with desired energy band 

alignment for simultaneously facilitating electrons and holes transfers by controlling 

the contact facets of the anisotropic domains showed improved performances in 

terms of photocurrent density and efficient degradation of organic pollutants123.  

Synthesis of multicomponent nanostructures has been made possible by MW-

assisted routes. To date, attempts to exploit MW irradiation in multimaterial hybrid 

NPs have mainly focused on core-shell configurations81. Indeed, seeds can be 

exploited as heating centres absorbing MW radiation where the decomposition of a 

precursor can lead to a shell growth. However, some pioneering examples of MW 

heating as a non-conventional energy source for the chemical synthesis of complex 

multimaterial NPs are reported. For instance, the N&N group studied systems of iron 

oxide combined in a surface-decoration configuration with gold NPs of anisotropic 

shapes (mainly triangular shapes)104,105, for which it was concluded that the selective 

heating at desired sites is also key for the obtention of such hybrid NPs. Besides, alloy 

NPs combining elements of groups IX, X and XI of the periodic table in those 

thermodynamically metastable compositions, that cannot be synthesized by other 

routes, have been recently reported using MW synthesis for possible uses in 

catalysis124–126. 

Nonetheless, MW irradiation has not been completely explored and studied in this 

way. Hence, there is still room to contribute to the research in MW-assisted synthesis 

of multicomponent NPs. For this reason, the present thesis aims to explore MW-

assisted synthetic routes at a more fundamental level (with special attention to the 

synthesis mechanism and its control), particularly for the synthesis of hybrid 

nanomaterials. Indeed, considering the advantages of the approach, it is expected 

from MW synthetic potential to produce a wide collection of monodisperse NPs with 
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complex architectures and compositions that were never explored (and reported) 

taking advantage of the reported selectivity, which would not be possible in 

conventional colloidal chemistry. Besides, considering the extensive literature in the 

synthesis of hybrid nanomaterials, MW synthesis could be explored in order to 

improve the current state of the art while providing systems attending to the current 

needs of nanotechnology and society. More specifically, nanomaterials being able to 

address the climate and energy challenges, the current effects of human mobility in 

disease spread control (superior NPs-based sensing) or the prosperity of an 

increasingly aged population (advances in nanomedicine). 
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Objectives of the thesis 

The main objective of this doctoral thesis is the development of single and 

multicomponent functional NPs by MW-assisted synthetic routes. To that end, the 

following specific objectives, touching several colloidal systems, were addressed: 

1) Fabrication of metal and metal alloy NPs and investigation of selected synthetic 

parameters to control and tune on-demand particle properties. The processes’ 

reproducibility and scalability will also be considered (Chapter 1).  

2) Preparation of multicomponent/multifunctional NPs combining metal oxides and 

metals and evaluation of their applicability in photocatalysis for the generation of 

hydrogen (Chapters 2 and 3). 

Hence, I envision the outcomes of this doctoral thesis contributing towards the 

positioning of microwave-chemistry as an advanced nanofabrication strategy by 

expanding the library of attainable functional NPs. 
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Chapter 1 Graphical Summary. Schematic view of the synthesis of Ag single-

component NPs and their derived alloy nanocages by MW-chemistry. Nucleation 

stage: the precursor reacts into small spherical nanocrystals. The deposition of 

the atoms might lead to anisotropic/isotropic NPs. Fast kinetics of atom 

deposition on spherical seeds favours spontaneous symmetry breaking which 

enables the growth of anisotropic NPs (blue shadows) in contrast to those 

stabilized under thermodynamic conditions (red shadows), where symmetry is 

conserved. Purple arrows indicate shape control and green arrows, size control. 

In a seed-mediated process, the as-prepared NPs serve as nucleation sites for 

the second metal, obtaining first a core-shell heterostructure (yellow cube), and 

later an alloy hollow nanostructure if galvanic exchange occurred (orange cube). 
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Chapter introduction 

In the present chapter, I investigate MW-assisted routes for the synthesis of single-

component NPs (SC-NPs) at a more fundamental level, aiming at gaining 

understanding of the formation of the particles, identifying key synthetic parameters, 

mapping the reaction parameters landscape and, controlling the size and shape of 

the NPs to obtain a range of desired products with desirable chemical and physical 

properties.  

Ag NPs were selected as a model system using a polyol route. First, a comprehensive 

material fabrication and characterization are presented. Reaction time, reaction 

temperature and silver precursor concentration were investigated, together with other 

synthetic parameters, such as agitation, surfactant concentration and the effect of 

using different metal precursors. Then, all the experimental information was 

elaborated to propose a particle formation mechanism, and some mechanistic 

insights could be extracted along with information on the competing kinetics and 

thermodynamics processes, permitting, in some cases, the stabilization of metastable 

morphologies. Moreover, the reproducibility and scalability of the process could be 

demonstrated. All these data were reported in Publication 1. 

The last section of the chapter focuses on the design of Ag-based hybrid nanoparticle 

catalytic platforms, composed of pure Ag as a cheap metal upon which a Rh shell can 

be grown to form a more appealing and economical catalysts as compared to pure 

Rh NPs but also aiming to find synergistic bimetallic effects. For this purpose, I carried 

out a research stay in the Humphrey Group led by Dr. Simon M. Humphrey 

(http://humphrey.cm.utexas.edu/wordpress/) at The University of Texas at Austin 

(United States). The stay was supported by a Spanish Ministry of Universities short-

term scholarship. Humphrey’s lab is devoted to the preparation of noble metal 

nanoparticles with defined surface structures, which can also be easily activated for 

applications in heterogeneous catalysis. They are presently interested in using non-

conventional routes such as MW heating in combination with an automated reaction 

apparatus to prepare single-metal, alloy, and core-shell nanocrystals of the group IX, 

X and XI metals. Noble metal alloys are currently of particular interest to that group 

since alloys of conventionally immiscible metals like Rh and Au or Rh and Ag have 

shown to be significantly more catalytically active than rhodium by itself, despite gold 

and silver not being active themselves. The use of MW in the last scenario through a 

fast 2-step seed-mediated process, highlighting the heating selectivity of the 
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technique, is described in the present chapter and it opens the door for the preparation 

of multicomponent nanoparticles, as it will be shown in the next chapters. 

In summary, Chapter 1 encompasses the publication entitled “From Silver Plates to 

Spherical Nanoparticles: Snapshots of Microwave-Assisted Polyol Synthesis” and 

preliminary experiments on the MW-synthesis of Ag-based alloys hollow nanocages 

of metastable compositions with potential uses in organic catalysis, such as for the 

hydrogenation of alkenes and the nitrite reduction in water.  
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Publication 1: From Silver Plates to Spherical Nanoparticles: 

Snapshots of Microwave-Assisted Polyol Synthesis  

Miquel Torras and Anna Roig. ACS Omega 2020, 5, 11, 5731–5738.   

This is an open-access article published under an ACS AuthorChoice License, which permits 
copying and redistribution of the article or any adaptations for non-commercial purposes. 
 

https://pubs.acs.org/doi/10.1021/acsomega.9b03748 

 

Graphical abstract of Publication 1 

 

Abstract 

The fabrication of silver nanoparticles (Ag NPs) with different sizes by microwave 

(MW)-assisted synthesis is presented. The fast heating of the MW technique, 

combined with the possibility to thermally quench the reactions, enabled us to capture 

snapshots of nucleation and growth processes difficult to accomplish in other 

techniques. The Ag NPs were synthesized using polyvinylpyrrolidone (PVP) through 

a polyol approach. The effects of reaction time, reaction temperature and silver 

precursor concentration were investigated. The influence of agitation, the PVP 

concentration or the silver precursor initial conditions were also studied. It is found 

that at very short reaction times and low temperatures polyhedral plates are formed 

with sizes circa 300 nm and large polydispersity. However, by increasing time or 

temperature a size and shape refinement is observed resulting in 10 nm spherical 

https://pubs.acs.org/doi/10.1021/acsomega.9b03748
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NPs with low polydispersity. Mechanistic insights are provided based on the 

observations extracted from transmission electron microscopy (TEM) and ultraviolet-

visible spectroscopy (UV-Vis). A formation mechanism starting from kinetically 

favoured silver polyhedral plates to thermodynamically favoured spherical 

nanoparticles is proposed. Understanding these effects allowed us the control of 

particle size and the tuning of Ag NPs on-demand. Moreover, the reproducibility and 

scalability of the process are demonstrated. Finally, we provide a recommendation 

regarding the use of fresh PVP as a capping and stabilizing agent. 

 

Keywords: Silver nanoparticles, microwave-assisted chemistry, polyol synthesis, 

size control, mechanistic insights. 

 

Introduction 

More every day, nanotechnology is prevailing in many society domains and industrial 

sectors such as health, pharmaceutics, food, information technologies, electronics, 

energy or the environment1. New applications, devices and products derived from 

advances in nanotechnology demand new nanomaterials, specifically functional 

nanoparticles (NPs). The migration of these NPs from the laboratory to the market is 

proceeding at a rather slow pace and needs to be accelerated. Thus, well-understood, 

reproducible and scalable methods for efficient NPs production are needed.  

Metal nanoparticles are of particular industrial interest due to their unique properties 

and applications both in technology and in biomedicine2–4. Their optic, catalytic, 

electronic and spectroscopic properties make them interesting in many environments. 

They are characterised by a Localized Surface Plasmon Resonance (LSPR) 

absorption band. The position of this band strongly depends not only on the type of 

metal but also its size, shape, and to a lesser extent the dielectric environment of the 

particles5–7. Silver nanoparticles (Ag NPs) are especially interesting due to their 

antimicrobial properties8. They have been widely used in water and air filtration to 

eliminate microorganisms9 and in the biomedical field because of their intrinsic 

therapeutic properties10. Moreover, their high electrical conductivity and chemical 

stability make them the perfect material for inkjets in electronics, photonics, 

biomarkers and chemical/biological sensors11,12. 

Ag NPs can be synthesized using various methods namely, chemical reduction13, 

electrochemistry14, photochemistry15, laser ablation16, sonochemistry17 and 
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sputtering18. Among these, the most popular for the preparation of silver colloids is 

based on the chemical reduction of the metal ions by a reducing agent, usually the 

solvent, and generally in the presence of a stabilizing agent. Typical reducing agents 

include polyols19. The polyol process is commonly used for the preparation of easily 

reducible metals20. Polyols such as ethylene glycol (EG) can act as the reducing agent 

as well as a solvent in which the metal salts are dissolved. The most commonly used 

stabilizing agents are polymers and surfactants21. Polyvinylpyrrolidone (PVP) is a 

widely used polymer to passivate the surface of silver nanoparticles and protect the 

nanoparticles from sintering22. Polyol-mediated synthesis can be carried out at room 

temperature, but higher temperatures are generally used for higher reaction rates20. 

To increase the reaction media temperature both conventional thermal heating23 and 

ultrasonic irradiation24 can be employed. Many of these preparations are limited due 

to long reaction times, the consumption of large volumes of solvent, and the poor 

stability of the products. Microwave-assisted chemistry (MW) is an advantageous 

heating source that provides volumetric uniform heating of the reaction solution 

(leading to narrow size distributions), shorter reaction times, lower energy 

consumption and high product yield25–27. Microwave ovens permit the synthesis of 

many types of inorganic nanoparticles, from single-component (metals and metal 

oxides)28 to multicomponent nanoparticles or metastable alloys29–31. 

One of the most powerful advantages of the MW technique is that is rapid25–27. Its fast 

heating velocity, combined with the possibility to thermally quench the reactions, 

enabled us to grasp snapshots of nucleation and growth processes difficult to 

accomplish in other techniques. Consequently, some mechanistic insights can be 

extracted as well as information on competing kinetics and thermodynamics 

processes permitting the stabilization of metastable phases. These advantages can 

lead to a greater understanding of the key parameters to obtain a wide range of 

desired products, as well as to control NPs size and shape to yield desirable chemical 

and physical properties. 

Here, we report a systematic and detailed study of the diverse scenarios of Ag NPs 

synthesis mapping several synthetic conditions such as reaction time, reaction 

temperature and silver precursor concentration. Platelet-like kinetically favoured Ag 

structures could be obtained for the first time using highly reducing conditions 

benefitting from the very short reaction times of the MW-assisted synthesis as 

opposed to thermodynamically favoured morphologies such as spheres obtained at 

longer reaction times and higher temperatures32–35. A formation mechanism from 
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silver polyhedral plates to spherical nanoparticles is proposed. Understanding these 

effects allowed us the control of particle size and the tuning of Ag NPs on-demand. 

Moreover, the reproducibility and scalability of the process were demonstrated. 

Finally, this study provides a recommendation regarding the use of PVP as a capping 

and stabilizing agent through a polyol approach. 

 

Results and discussion 

Fast synthesis of metal (Au) and metal oxide (Fe2O3, TiO2) nanoparticles by MW-

assisted chemistry as well as their combination in hybrid nanostructures were 

previously reported in our group29–31. Here, Ag nanoplates and nanoparticles are 

attained by a polyol-synthesis using AgNO3 as a precursor, ethylene glycol (EG) as a 

solvent and reducing agent and polyvinylpyrrolidone (PVP) as a reducing and capping 

agent. 

 

Effect of the Reaction Time 

The effect of the reaction time on the resulting Ag NPs was investigated by using 1 

mM of AgNO3, 120 ºC reaction temperature and synthesis times of 10 s, 1, 2, 5 and 

10 min; the results are shown in Figure 1. TEM micrographs confirmed the successful 

formation of nanoparticles in all conditions and depict the differences in terms of 

particle size, shape and polydispersity. For all particles, selected area electron 

diffraction (SAED) patterns confirmed a face-centred cubic metallic silver as the sole 

crystalline phase (Figure S1). At 10 s, an extremely short reaction time, particles 

display various shapes, commonly polyhedral plates such as triangles and hexagons 

and mean sizes larger than 300 nm with a large polydispersity of sizes as can be 

observed in Figure 1a. Similar results are obtained at 1 min of reaction, with a size 

reduction (~ 200 nm). The particle size is further reduced at longer reactions times. 

From 2 min reaction times, the majority of the population consisted of small, spherical 

and monodisperse NPs (PDI < 30%) (Figures 1b-d). Particles have a mean size of 9 

± 3, 12 ± 3 and 13 ± 4 nm at 2, 5 and 10 min, respectively, resulting from the fitting of 

the size histogram to a Gaussian distribution. A minority population of larger particles 

was also observed with mean sizes ~150 nm for 2 and 5 min of reaction. Thus, by 

increasing the reaction time from seconds to 10 min, particles experiment a size 

refinement where the initial nanoplates steadily disappear in favour of spherical 

monodispersed nanoparticles. Moreover, above 2 min of reaction, the longer the 

reaction time, the bigger the particles.  
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Figure 1. Time effect (at 120 ᵒC and 1 mM of AgNO3). a-d) representative TEM images 

of the different reaction times analyzed (10 s, 2 min, 5 min and 10 min, respectively). e) 

UV-Vis measurements of the same samples. The inset contains digital images of the 

samples. f) mean size evolution with time (the error bars represent the standard deviation 

over the population mean). Inset: scheme of the Ag NPs evolution with reaction time. 

 

TEM observations were confirmed by UV-Vis spectroscopy. Figure 1e shows the 

absorbance spectra for these materials. In all cases, one single peak corresponding 

to the localized surface plasmon resonance (LSPR) of Ag NPs is observed. It is well 

established that the shape, size and composition of metal nanoparticles are crucial in 

determining the LSPR spectral position5–7. According to the previous size 

distributions, polydisperse samples of 10 s and 1 min have a broad LSPR peak, while 

monodisperse samples from 2, 5 and 10 min reaction times have a narrow one. 

Moreover, the wavelength of the maximum of the UV-Vis bands shifted from 438 nm 

at 10 s to 403 nm at 10 min, due to the smaller size and isotropic shapes. Figure 1f 

gathers the Ag NPs mean sizes vs reaction times. 

 

Effect of the Reaction Temperature 

The effect of the reaction temperature was investigated by using 1 mM of AgNO3, 10 

min reaction time and synthesis temperatures of 60, 90, 120, 150 and 180 ºC, and the 

results are shown in Figure 2. At 60 ºC a slight colour change on the reaction tube 

was observed, but no precipitate was collected. This indicates that at this low 
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temperature no nucleation occurs. However, the tube changed its colour to the 

expected orange-yellow after being stored one night, due to the room temperature 

reduction of silver cations for longer times by EG and PVP acting both as the reducing 

agents. Indeed, the chemical reduction reaction involved in this system is kinetically 

controlled. 

 

Figure 2. Temperature effect (at 10 min and 1 mM of AgNO3). a-d) representative TEM 

images of the different reaction temperatures analyzed (90 ᵒC, 120 ᵒC, 150 ᵒC and 180 

ᵒC, respectively). e) UV-Vis measurements of the same samples. The inset contains 

digital images of the samples. f) mean size evolution with temperature (the error bars 

represent the standard deviation over the population mean). Inset: scheme of the Ag NPs 

evolution with reaction temperature. 

 

When the temperature is increased to 90 ºC, NPs were formed after the 10 min 

reaction. Figure 2a shows a representative TEM image of the sample, in which two 

populations are observed: a minority, bigger, polydisperse, with polyhedral shapes 

and with an average size around 150 nm; and a majority, smaller, monodisperse and 

spherical with 9 ± 3 nm. These results are almost the same founding for the reaction 

time sample of 2 min (Figure 1b), heated at 120 ºC. It shows how the system heated 

at higher temperatures displays an accelerated reduction, so in 2 min at 120 ºC same 

particles are formed as in 10 min at 90 ºC.  

At 120 ºC (Figure 2b) the Ag NPs were identical to the sample reported in Figure 1d. 

Thus, the reproducibility of MW-assisted syntheses is demonstrated. On increasing 
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the temperature further, the most significant observation was the gradual increase of 

the mean particle size and the loss of monodispersity. Specifically, particles have an 

average size of 14 ± 5 and 15 ± 6 nm at 150 and 180 ºC, respectively. The loss of 

monodispersity is attributed to the fact that at higher temperatures particles start to 

fuse, aggregates are clearly observed in Figure 2c-d. 

UV-Vis spectra for the samples of this series were recorded (Figure 2e). The sample 

at 90 ºC has a broad LSPR peak at 405 nm of wavelength, while the most 

monodisperse sample (120 ºC) has the narrower band with a maximum at 403 nm. 

Otherwise, samples at higher temperatures (150 and 180 ºC) show two broad peaks 

at 398 and 540 nm and at 396 and 560 nm, respectively. These secondary and red-

shifted bands correspond to the bigger and non-isotropic particles present in these 

samples in accordance with TEM results. Figure 2f gathers the Ag NPs mean sizes 

vs reaction temperatures. 

 

Effect of the Silver Precursor Concentration 

The effect of the silver precursor concentration was also investigated by using 10 min 

reaction time, 120 ºC reaction temperature and the synthesis concentrations of 0.5, 

1, 10, 15 and 20 mM of AgNO3, and the results are shown in Figure 3. On increasing 

the concentration, the most significant observations were the gradual increase in 

average size as well as the gradual increase in nanoparticles amount (more particles 

were collected). Both phenomena are likely to occur simultaneously because of the 

rising of the number of silver nuclei in the initial solution (coming from the Ag(I) 

reduction) with higher concentrations. Particularly, particles have an average size 

determined by TEM of 12 ± 4, 11 ± 3, 15 ± 3, 17 ± 3 and 20 ± 4 nm at 0.5, 1, 10, 15 

and 20 mM of AgNO3, respectively. Then, in the range between 0.5 and 1 mM of 

AgNO3 particles are spherical, monodisperse and have a similar size around 13 nm, 

and when the concentration is increased one order of magnitude (10, 15 and 20 mM 

of AgNO3) particles can grow up to 15, 17 or 20 nm. 
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Figure 3. Concentration effect (at 10 min and 120 ᵒC). a-d) representative TEM images 

of the different reaction concentrations analyzed (1 mM, 10 mM, 15 mM and 20 mM, 

respectively). e) UV-Vis measurements of the same samples. The inset contains digital 

images of the samples. f) mean size evolution with concentration (the error bars represent 

the standard deviation over the population mean). Inset: scheme of the Ag NPs evolution 

with reaction concentration. 

 

UV-Vis spectra for the samples of this series were recorded (Figure 3e). The silver 

LSPR bands maxima were located at 398, 396, 396, 400 and 403 nm of wavelength 

at 0.5, 1, 10, 15 and 20 mM of AgNO3, respectively. Samples experiment a redshift 

with concentration in according to their bigger size as it was seen in the TEM images. 

Note that samples with more polydispersity have broader LSPR bands. Figure 3f 

contains the Ag NPs mean sizes vs silver precursor concentrations. 

 

Additional Experiments 

Additional synthesis to study the influence of agitation, concentration of PVP and initial 

solvent of the silver precursor were also undertaken. The synthesis conditions were 

always 10 min reaction time, 120 ºC reaction temperature and 1 mM of AgNO3. The 

influence of agitation was studied heating the above solution in the MW reactor 

without agitation, PVP concentration control was studied changing the PVP amount 

from 25 mg to 5 mg, and silver precursor solvent control was studied using EG instead 

of MQ-H2O to prepare the initial AgNO3 solution. 
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When the reaction solution is not stirred during heating, the obtained Ag NPs are 

polydisperse as is shown in TEM (Figure 4a). Indeed, the corresponding UV-Vis 

spectrum clearly shows two LSPR peaks at 394 and 560 nm of wavelength (Figure 

4d). Agitation results in increased homogeneity to the final spherical Ag NPs because 

it avoids diffusion control of the growth process after the new nucleation of Ag(0) 

elements. When PVP concentration is reduced 5 times, Ag NPs aggregates are 

observed implying that there is not enough stabilizer both sterically and 

electrostatically (Figure 4b). Accordingly, the UV-Vis spectrum of this sample shows 

a broad peak at 407 nm of wavelength (Figure 4d). Finally, when EG is used to 

prepare the initial AgNO3 solution (instead of the small amount of water used in all 

described synthesis before) no significant differences were found. Ag NPs are 

spherical, monodisperse and well stabilised by PVP (Figure 4c) and the 

corresponding UV-Vis spectrum supports it (narrow peak at 401 nm) as for the 

standard sample also represented in Figure 4d (10 min, 120 ºC, 1 mM of AgNO3 from 

an aqueous solution, agitation and 25 mg PVP).  

 

Figure 4. Control experiments (at 10 min, 120 ᵒC and 1 mM of AgNO3). a-c) 

representative TEM images of the different control assays analyzed (non-agitated 

reaction, 5 times less of PVP and initial AgNO3 solution in EG, respectively). d) UV-Vis of 

the same samples. Standard sample (10 min, 120 ᵒC, 1 mM of AgNO3 from an aqueous 

solution, agitation and 25 mg PVP) is also represented for comparison. 
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Mechanistic Insights 

Based on all the experiments described above, some mechanistic insights can be 

hypothesized. Figure 5 schematizes a simplified mechanism proposed for the 

formation of the Ag NPs.  

 

Figure 5. Schematic representation of the formation of Ag NPs. The proposed mechanism 

for the formation of Ag big anisotropic nanostructure-like platelets and Ag small spherical 

NPs depending on the synthetic conditions. Notation: AgNO3, silver nitrate; t, time; T, 

temperature; PVP, polyvinylpyrrolidone.  

 

We have observed that the reaction starts with anisotropic platelet-like structures 

(triangles, hexagons and truncated shapes) as it was shown for the samples at 10 s 

– 120 ºC and 10 min – 90 ºC (Figure 1a and Figure 2a). When the reduction starts, 

Ag atoms in solution are generated and tend to aggregate into small clusters or nuclei, 

which then aggregate into nanoparticles36. If the reduction is fast (high temperature 

for long times), there are enough Ag atoms to attach to the seeds surface for 

continuous growth, tending to thermodynamically favoured products. However, if the 

reduction is slow (low temperature or short times at high temperature and fast 

quenching), the concentration of Ag atoms is small, and the nanocrystals will take 

shapes deviating from the thermodynamically favoured ones37. This synthesis is 

kinetically controlled. In this case, stacking faults can develop and induce the 



| Ag SC-NPs and Ag-based alloys | 

49 
 

formation of thin nanoplates despite their high total energy19,38–40. Each Ag nanoplate 

is enclosed by two {111} planes as the top and bottom faces and a mix of {100} and 

{111} planes as the side faces41. Moreover, these structures have {111} twin planes 

parallel to their flat faces38 and stacking faults7,42. Then, due to a large surface area 

and the lattice strain caused by stacking faults the formation of nanoplates is not 

favoured in terms of surface energy. For this reason, Ag nanoplates are kinetically 

favoured products.  

There are different methods of achieving a kinetically controlled synthesis of metal 

nanoplates: the coupling of reduction with oxidative etching43, the use of an extremely 

mild reducing agent44 and the use of ligands to form complexes with Ag(I) ions38. In 

this work, note that MW heating of AgNO3 in EG in the presence of PVP leads to the 

reduction of Ag(I) to Ag(0), where both EG and PVP act as reducing reagents. This 

together with the fast heating of the solution with the MW-assisted synthesis method 

allows the rapid formation of many Ag atoms able to grow into thermodynamically 

favoured morphologies such as spheres (as it happens at long reaction times). 

However, thanks to the fast heating and cooling speeds of the MW method we were 

able to capture and freeze kinetically favoured products in conditions (extremely short 

reaction time or very low temperature) where a smaller number of silver nuclei were 

allowed to grow. Note that the heating and the cooling velocities are high (around 1 

ºC/s). Indeed, the energy barrier to achieve kinetically favoured products is lower than 

the one for thermodynamically ones. Thus, the reaction starts with Ag nanoplates and 

it stabilizes with Ag nanospheres. Moreover, the PVP present during the reaction can 

help the formation of Ag nanoplates. When Ag(0) nucleates, free PVP adsorbs to all 

silver surfaces due to the strong affinity of the Ag surface to the nitrogen of the PVP, 

resulting in small spherical shaped Ag NPs. However, decreasing the amount of PVP 

could break the initial symmetry to avoid spherical growth. During crystal growth, free 

PVP will preferentially adsorb to the faces with the lowest energy. Then, there was 

selective adsorption on the {111} faces (top and bottom faces of Ag nanocrystals) 

while {100} faces (three sided faces) continued to grow at a faster rate. Thus, we 

expect that reducing further the PVP amount in the reaction media (without 

compromising the NPs final stability and dispersion) could help to emphasize 

nanoplates formation. Moreover, less PVP could lead to the large edge length of the 

observed anisotropic Ag nanostructure-like platelets (Figure 1a and Figure 2a).  

Finally, increasing the reaction time and/or the reaction temperature drives the system 

to thermodynamically favoured products, such as the spherical structures observed 
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in Figures 1-4. Indeed, Ag nanoplates are thermodynamically unstable in comparison 

with Ag spherical particles. As a metal inside a conventional MW oven, the big silver 

nanoplates can act as an antenna25,45 and absorb the MW-irradiation promoting its 

fracture to small particles. Then, particles undergo a size refinement decreasing their 

size and changing their shape. In addition, at longer times, at higher temperatures 

and at higher silver precursor concentrations particles increase their size (and 

number) due to the reaction rising that contributes to new nucleation and growth. 

 

Ag NPs On-Demand, Scalability of the Protocol and Reaction Yield 

Comprehending all these effects allowed us to control the particle size and tune Ag 

NPs on demand (Figure 6). For instance, if bigger monodisperse Ag NPs are desired, 

time, concentration a reaction temperature (< 150 oC) can be increased. A successful 

test was prepared with the synthesis conditions fixed to 20 min, 130 ºC and 20 mM of 

AgNO3. The obtained Ag NPs have a mean size of 33 ± 14 nm (Figure S2a and single 

dot in Figure 6). These particles are around 20 nm larger than the ones of the standard 

sample (Figure S2b). Consequently, a redshift was observed in their UV-Vis spectrum 

(Figure S2c). 

 

Figure 6. Summary of Ag NPs mean sizes depending on the synthetic conditions. Single 

green dot corresponds to the planned synthesis to demonstrate the capability of producing 

Ag NP with on-demand sizes, ~30 nm in this case. 
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It is well known that MW-assisted syntheses can be easily scaled-up, accelerating the 

migration of nanoparticles from the laboratory to the market. We show that the 

synthesis process presented here can be scaled-up at least by a factor of four. To 

study the scalability of the protocol, both, the same MW-reactor (CEM) and a 

Microwave Advanced Flexible Synthesis Platform (flexiwave) from Milestone were 

used. According to TEM images (Figure S3a-b), Ag NPs were successfully fabricated 

scaling up the synthesis by a factor of four with both MW-reactors, having an average 

size of 16 ± 4 and 24 ± 4 nm when CEM and Flexiwave MW-reactors were used, 

respectively. In comparison with the standard sample (Figure S3c), these spherical 

and always monodisperse Ag NPs are bigger. Therefore, a redshift was observed in 

their UV-Vis spectrum (Figure S3d). It may come from the non-linear phenomena 

likely to occur when one synthesis is scaled-up, which should be readjusted on 

demand (outside the scope of this study).  

Finally, a chemical analysis of Ag was done with inductively coupled plasma optical 

emission spectroscopy (ICP-OES). The results showed a chemical reaction yield of 

57% for the standard sample at CEM MW-reactor, corresponding to 0.25 mg of Ag. 

On the other hand, when the same CEM MW-reactor was used for the four-fold 

scaled-up, the yield was 61% corresponding to 1.05 mg of Ag per batch. Then, the 

defined MW protocol and the cleaning steps of this work for the preparation of Ag NPs 

with controlled size result, on average, in a 60% yield and a production of silver 

colloids up to 1 mg. Higher values are expected using the Flexiwave MW-reactor due 

to its greater scalability potential since up to 15 reaction vases of 100 ml can be used 

in one batch.  

 

Conclusions 

We have presented a fast, simple, reproducible and scalable microwave-assisted 

polyol synthesis of Ag NPs with different shapes and controlled sizes by judicious 

choice of the synthetic parameters such as reaction time, reaction temperature and 

silver precursor concentration. We have hypothesized mechanistic insights for the 

formation of the obtained nanoplates and nanoparticles underpinned by the 

observations extracted from transmission electron microscopy (TEM) and ultraviolet-

visible spectroscopy (UV-Vis).  

Very short reaction times and low temperatures lead to a small number of available 

nuclei yielding to kinetically favourable anisotropic platelet-like structures (triangles, 
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hexagons and truncated shapes). Moreover, the low amounts of PVP used facilitates 

breaking the initial spherical symmetry by preferentially adsorption to the {111} faces 

(top and bottom faces of Ag nanocrystals) while {100} faces (three sided faces) 

continue to grow at a faster rate, leading to the anisotropic Ag platelet-like structures. 

Note that platelet structures were observed here for the first time in synthetic 

conditions (EG and PVP allow high reduction rates) where for longer reaction times 

and higher temperatures there is a rapid formation of a large number of Ag nuclei that 

grow into thermodynamically favoured morphologies such as spheres. Indeed, Ag 

nanoplates are thermodynamically unstable in comparison with Ag spherical particles. 

Then, particles undergo a size refinement decreasing their size and changing their 

shape. In addition, at longer times, at higher temperatures and at higher silver 

precursor concentrations particles increase their size (and number) due to the 

reaction rising that contributes to new nucleation and growth. 

Understanding these effects allowed us the control of particle size and the tuning of 

Ag NPs on-demand using cross experiments. Moreover, the reproducibility and 

scalability of the process were demonstrated. Finally, we provide a recommendation 

regarding the use of fresh PVP as a capping and stabilizing agent to reproduce the 

nanoparticles synthetic results. 

 

Experimental section 

Materials 

Silver nitrate for analysis, ACS, ISO (AgNO3, 99.8%), ethylene glycol (EG ≥ 99%) and 

acetone were purchased from Panreac. Polyvinylpyrrolidone (PVP, average 

molecular weight: 10000 g/mol) was purchased from Sigma-Aldrich. All materials 

were used as received without further purification. Milli-Q water (MQ-H2O) was used 

in all experiments.  

 

Synthesis of PVP Coated Ag NPs  

Ag NPs with a PVP surface coating are synthesized using a microwave (MW) assisted 

polyol synthesis protocol in a CEM Discover SP (with the autosampler Explorer 12 

Hybrid) at a frequency of 2.45 GHz and 300 W of power. This MW reactor is equipped 

with pressurized vessels to which an active cooling with compressed air permits to 

control the set reaction temperature as well as to rapidly quench the reaction at the 
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end of set time preventing Ostwald ripening. Note that since the reaction vessel 

remains at room temperature during the reaction, this quenching mechanism is very 

effective. 

Briefly, 25 mg PVP (2.5 μmol) are dissolved in 4 ml EG by continuous sonication (JP 

Selecta 3000683, frequency of 40 kHz, sonication time 5 min). Then, 4 μmol of AgNO3 

(from an aqueous solution of 250 mM) are mixed with the above-prepared solution to 

give a homogeneous solution with no colour of 1 mM of AgNO3. The tubes (CEM, 

borosilicate glass and silicon with septum caps) are then placed in the MW reactor 

and heated under continuous agitation (Labbox, 3 mm x 6 mm cylindrical fully 

encapsulated with high-grade polytetrafluoroethylene [PTFE-Teflon], maximum 

stirring speed of the CEM MW-reactor). Heating and cooling velocities of the MW 

reactor were the same in all samples, with 1.1 ºC/s and 0.8 ºC/s, respectively. The 

effect of MW time (t = 10 s, 1, 2, 5 and 10 min) and temperature (T = 60, 90, 120, 150 

and 180 °C) on the resulting silver structures were investigated. Silver nitrate 

concentration effect (0.5, 1, 10, 15 and 20 mM) was also studied. In this synthesis, 

PVP is used as the capping agent, to shape and stabilize the Ag NPs and as a mild 

reducing agent while EG acts as a solvent and reducing agent. The final solution is 

orange-yellow, and no precipitate is observed, indicating that the nanoparticles are 

dispersed in the solution. Ag NPs are collected by adding 30 ml acetone in the solution 

and centrifuging at 6000 rpm for 30 min to precipitate the nanoparticles (Hettich EBA 

21, type 1004, 4025 RCF). The supernatant with the excess of reactants (PVP, EG, 

NO3
- and not reduced Ag+ ions) was discarded. The same procedure was repeated 

twice, the final solid NPs precipitate was dispersed in 1 ml MQ-H2O and kept for 

further characterization. All the above experiments were carried out in duplicate. PVP-

capped Ag NPs are stable in water. Sample colloidal stability in water was 

demonstrated up to 9 months. Aggregates or precipitates were not significantly 

observed (Figure S4a). In addition, TEM analysis demonstrates their shape stability 

(Figure S4b-e).  

Experiments to study the influence of agitation, PVP concentration and silver nitrate 

initial conditions were also prepared. Comprehending all these effects allowed us to 

control particle size and tune Ag NPs on-demand.  

This synthetic route can be scaled-up by at least a factor of 4. To study the scalability 

of the protocol, both, the same MW-reactor and a Microwave Advanced Flexible 

Synthesis Platform (flexiwave) from Milestone at a frequency of 2.45 GHz and 500W 

of power were used. 
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We want to provide a recommendation regarding the use of fresh PVP as a capping 

and stabilizing agent. As mentioned above, all the experiments were carried out in 

duplicate. The replicates were synthesized four months apart. In these samples, the 

behaviours found for both the controls and the different effects were reproduced, 

demonstrating the robustness of the MW-assisted synthesis. However, the resulting 

Ag NPs changed the morphology and a slight decrease in the average size was 

observed (Figure S5). These differences were attributed to the PVP ageing since 

when new PVP was bought and used, the initial shapes were recovered. PVP polymer 

powder, according to the SDS (Safety Data Sheet), is stable and can be stored under 

ordinary conditions without undergoing decomposition or degradation. However, the 

powder is hygroscopic, form molecular adducts with many other substances and 

crosslinks at high temperatures. This can result in a solubilizing action in some cases 

or precipitation in others (in water or alcohol). Thus, all these potential uncontrolled 

changes of the PVP can affect the nanoparticles synthetic results. Our final 

suggestion is to buy small batches of PVP and use them for no longer than four 

months. 

 

Materials Characterization 

Morphologies and crystalline phase of Ag NPs were analyzed in a JEOL JEM-1210 

transmission electron microscopy (TEM) operating at 120 kV and in a FEI Tecnai 

G2 F20 high-resolution TEM (HRTEM), at 200 kV. One drop of the NP dispersion was 

placed in a TEM grid. Typically, at least 500 different NPs were measured with ImageJ 

to depict the size histogram. Mean particle size and standard deviation resulted from 

adjusting NP size histograms to a Gaussian distribution function. An Analysis of 

variance (ANOVA) test was used to successfully prove the significant differences in 

the mean particles size change by increasing time, temperature and concentration. In 

all cases, the P-value determined was < 0.0001. Ultraviolet-visible (UV-Vis) spectra 

were collected on a Varian Cary-5 UV-Vis spectrophotometer between 200 and 800 

nm. An aliquot of the Ag NPs dispersion was directly placed to the UV-Vis cuvette and 

the obtained spectra were normalized to the maximum absorbance value of the LSPR 

of the Ag NPs. Chemical analysis of Ag was done with inductively coupled plasma 

optical emission spectroscopy (ICP-OES) with an ICP-OES Perkin-Elmer, model 

Optima 4300DV. The samples were previously digested with concentrated nitric acid 

(for analysis, ISO, HNO3, 65%) in an ultrasounds bath. Samples were carried out in 

duplicate. The reaction yield was calculated from these results.  
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Supplementary information included in Publication 1 

 

Figure S1. Selected area electron diffraction (SAED) patterns confirm the face-centred 

cubic metallic silver as the sole crystalline phase. Representative SAED images for all the 

samples synthetized in this work. a) electron diffraction pattern of a single silver platelet. 

Diffraction spots indicate that the platelet is a single crystal with the [1̅11] zone axis. b) 

electron diffraction pattern of silver nanospheres. The rings corresponding to the random 

orientated NPs were used for the plane’s indexation. Notice that some rings can be 

observed in a), coming from some Ag NPs surrounding the single silver platelet. 

 

 

 

 

Figure S2. Controlling particle size and tuning Ag NPs on-demand using cross 

experiments. a) representative TEM image of a trial prepared with the synthetic conditions 

fixed to 20 min, 130 ᵒC and 20 mM of AgNO3 to obtain larger monodispersed Ag NPs. 

Standard sample (10 min, 120 ᵒC and 1 mM of AgNO3) is also shown for comparison in 

b). c) UV-Vis of the above samples.  
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Figure S3. Scalability of the Ag NPs synthetic protocol. a-b) representative TEM images 

of a sample scaled-up four-fold prepared with the different MW-reactors (CEM Discover 

reactor –Explorer 12-Hybrid– at a frequency of 2.45 GHz and 300W of power [x4.CEM 

MW-reactor] and Microwave Advanced Flexible Synthesis Platform –flexiwave– from 

Milestone at a frequency of 2.45 GHz and 500W of power [x4.flexiwave MW-reactor]). 

Standard sample (10 min, 120 ᵒC and 1 mM of AgNO3, not scale-up and with CEM MW-

reactor) is also shown for comparison c). d) UV-Vis measurements of the above samples.  

 

 

 

 

 

 

 

 

 

 

 



| Ag SC-NPs and Ag-based alloys | 

57 
 

Figure S4. PVP-capped Ag NPs stability in water. a) digital images of the samples 

corresponding to their colloidal stability in solution along time (initial preparation, 2 weeks, 

4 weeks and 9 months after). Aggregates or precipitates were not observed. b-g) TEM 

and HRTEM images corresponding to their shape time-stability in water. b-d) correspond 

to platelets obtained for t=10 s of reaction, while e-g) to nanoparticles obtained for t=10 

min of reaction. The last sample is used as the standard sample referred along the text. 

b,e) were studied after the synthesis while images c,f) nine months after. d,g) HRTEM 

images corresponding to the white square insets of c,f), respectively. Crystalline silver is 

clearly observed. Moreover, corresponding energy-dispersive X-ray spectroscopy (EDXS) 

only show silver without oxidation (data not included). 
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Figure S5. PVP ageing effect on the Ag NPs synthesis. a-c) representative TEM images 

of different samples prepared with fresh PVP (i.e., used once it was received). d-f) 

representative TEM images of the same samples, but prepared with older PVP (i.e., used 

after 4 months of being opened and used for the first time). Images a) and d) correspond 

to the reaction time effect sample of 10 s, images b) and e) to the reaction temperature 

effect sample of 90 ᵒC, and images c) and f) to the standard sample (10 min, 120 ᵒC and 

1 mM of AgNO3). 
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Microwave synthesis of Ag-based alloy hollow nanostructures 

of metastable compositions with potential uses in catalysis 

 

Precious metals due to the availability of their numerous oxidation states present 

enormous versatility and efficiency for catalysing a variety of chemical processes. 

However, their low abundance in the earth’s crust forces chemists to explore 

alternative metals. In this context, nano chemists can take advantage of the smart 

design of the nanoparticles, for instance, creating core-shell structures where the core 

can be made of cheaper materials and the shell comprised of the precious metal. 

Such hybrid nanostructures are not only appealing economically but also for the 

synergistic bimetallic mixing effects in the final catalytic properties46,47. 

This section focuses on this approach. We chose to design a hybrid nanoparticle-

based catalytic platform, where the core will be composed of pure Ag as a cheap 

metal upon which Rh shell can be controllably grown as a precious one. Ag was 

selected thanks to the experience on the synthetic control gathered from Publication 

1. Moreover, the use of microwave irradiation routes could be instrumental in the 

development of such a system due to its already described advantages. Since Ag is 

prone to galvanic exchange, atom displacement reactions are highly likely, and the 

emergence of novel hollow nanostructures can be seen48,49. Hollow nanostructures if 

controllably synthesized can provide much enhanced catalytic benefits and atom 

efficiency.  The results detailed in this section are unpublished to date (manuscript 

under preparation). 

 

Materials and methods 

 

Materials 

Silver trifluoroacetate (CF3COOAg, ≥ 99.99%) and sodium hydrosulfide hydrate 

(NaSH·xH2O, ≥ 60%) were purchased from Sigma-Aldrich. Rhodium chloride hydrate 

(RhCl3·xH2O, 38-41 Rh %) was purchased from Strem. Ethylene glycol (EG, 

Certified), hydrochloric acid (HCl, 37%), acetone (Certified), ethanol anhydrous 

(99.5%) and hexanes (Certified) were purchased from Fisher. Polyvinylpyrrolidone 

(PVP, average molecular weight: 58000 g/mol), sodium chloride, ACS (NaCl, ≥ 

99.0%), and sodium bromide, ACS (NaBr, ≥ 99.0%) were purchased from Alfa Aesar. 

All materials were used as received without further purification. Milli-Q water (MQ-

H2O) was used in all experiments.  
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Synthesis of Ag Nanocubes 

Synthesis of two different sized silver nanocubes (Ag NCs) with a PVP surface coating 

was based on previous polyol synthesis reported methods by Xia’s group using 

conventional heating methods. Bigger Ag NCs ca. 50 nm were prepared using Zhang 

et al. work50, while the smaller ca. 15 nm with Ruditskiy and Xia work51. All the 

reactions were carried out using silicone oil (Fisher) baths with alcohol thermometers, 

and at a stirring rate of 450 rpm with a Teflon-coated stirring bar. 

 

Big Ag NCs 

Firstly, 5 ml of EG were added to a 50 ml two-neck round-bottom flask (RBF), heated 

under reflux to 150 ºC and maintained at that temperature for 90 min at continuous 

stirring. Then, 60 µl of a 3 mM NaSH solution in EG were added to the RBF. After 2 

min, 0.5 ml of a 3 mM HCl solution also prepared in EG were added followed by the 

addition of 1.25 ml of EG containing 25 mg of PVP previously dissolved. After another 

2 min, 0.4 ml of a 282 mM CF3COOAg solution in EG were finally added to the reaction 

flask giving the reaction mixture a faint red colour. Note that the NaSH solution was 

prepared immediately before its injection. During the entire process, the flask was 

capped with a glass stopper except during the addition of reagents using the second 

neck. After 15 min, the reaction mixture becomes orange with a green hue and a bit 

cloudy. The synthesis was then quenched by immersing the flask in an ice-water bath. 

The purification of the synthesized Ag NCs was done by two mild cycles of dissolution 

and precipitation. First, the reaction solution was transferred to a 50 ml polypropylene 

centrifuge tub rinsing the RFB with acetone. More acetone was added to a final 

volume of 45 ml. The resulting mixture was vortexed and centrifugated at 7000 rpm 

for 5 min and the supernatant was discarded. The next cycle began by dissolving the 

collected solid in 5 ml of ethanol by vortex mixing, which precipitation was done adding 

hexanes until 45 ml and centrifuging again at 7000 rpm for 5 min to collect the final 

product. 

 

Small Ag NCs 

In a standard synthesis, 25 ml of EG were added to a 100 ml two-neck RBF and 

heated for 40 min under magnetic stirring in an oil bath at 135 ºC (preheated). Then, 

0.3 ml of a 3.5 mM NaSH freshly prepared solution in EG were added to the RBF. 

After 4 min, 2.5 ml of a 3 mM NaCl solution also prepared in EG were added followed 

by the addition (after 2 min) of 6.25 ml of a 20 mg/ml PVP solution in EG containing. 

After another 2 min, 2 ml of a 282 mM CF3COOAg solution in EG were finally added 
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to the reaction flask giving the reaction mixture a dark yellow colour. After 5 min, 2.5 

ml of a 3 mM NaBr solution also prepared in EG were added. Again, during the entire 

process, the flask was capped with a glass stopper except during the addition of 

reagents using the second neck. After 15 min, the reaction mixture becomes orange 

with a green hue and a bit cloudy. The synthesis was then quenched by immersing 

the flask in an ice-water bath. The solution was split into four portions for the 

purification, and 125 mg of PVP were dissolved in each fraction to prevent 

aggregation during the washing steps. The products were precipitated with acetone 

(final volume of 45 ml) and collected by centrifugation at 6000 rpm for 10 min, 

discarding the supernatants. A second cycle was done by dissolving the collected 

solids in 5 ml of ethanol by vortexation and centrifuging again at 6000 rpm for 10 min 

with hexanes until 45 ml. Since NaBr was used during the synthesis, the product 

solution was twice centrifuged at 4000 rpm for 30 min with deionized water to separate 

the insoluble AgBr precipitate from the Ag NCs solution. 

 

Synthesis of Rh-Ag Alloyed Hollow Nanostructures 

The as-synthesized Ag NCs were dispersed in 5 ml EG and transferred to a 50 ml 

RBF equipped with a stirring bar and condenser inside the microwave oven. A MARS 

5 microwave system (CEM Corp.) equipped with a fibre optic temperature feedback 

control (± 0.1 ºC) and a maximum controllable power of up to 1600 W was used to 

carry out all the reactions. The solution was heated at 90 ºC at 15 ºC/min (6 min in 

total). Then, various amounts of RhCl3·xH2O dissolved in 5 ml EG were slowly added 

at 20 ml/h (for 15 min in total) to the reaction mixture in the RFB maintained at 90 ºC. 

The reaction was quenched after 5 min by immersing the flask in an ice-water bath. 

Two cycles of dissolution and selective precipitation using acetone and hexanes as 

described before, at 5500 rpm for 5 min, were used again to collect the final product. 

 

Experiments to study the influence of the PVP presence and concentration, and of 

the chosen rhodium precursor (chloride, bromide, iodide or acetylacetonate) were 

also prepared. Comprehending all these effects allowed us to better understand the 

formation of these bimetallic structures.  

 

All the above experiments were carried out in duplicate. Moreover, an attempt to 

expand or generalize the present facile microwave protocol to other metals was 

addressed using palladium. 
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Materials Characterization 

The morphologies and the crystalline phase of the Ag NCs were analyzed in a FEI 

Tecnai transmission electron microscopy (TEM) operating at 80 kV. The nanoparticle 

dispersions in ethanol were drop-casted onto TEM grids (Ted Pella Inc., 200 square 

mesh copper Formvar). Typically, at least 500 different nanoparticles were manually 

measured with ImageJ to depict the size histogram. Mean particle size and standard 

deviation resulted from the adjusting of the particle size histograms to a Gaussian 

distribution function. High-resolution TEM (HRTEM), high angular annular dark-field 

scanning transmission electron microscopy (HAADF-STEM) images, and STEM-

Energy dispersive X-ray spectroscopy (STEM-EDX) profiles were acquired using a 

FEI Tecnai G2 F20 microscope operated at 200 kV equipped with an EDAX super 

ultra-thin window (SUTW) X-ray detector. Powder X-ray diffraction (PXRD) data were 

collected using an R-Axis Spider diffractometer (Rigaku Corporation) equipped with a 

Cu Kα source (λ = 1.5418 Å) and was operated at 40 kV and 40 mA. The scan speed 

was 10º min−1, with a sampling width of 0.01º.  

 

Results and discussion 

Ag NCs 

We tried to explore the synthesis of highly defined and well-structured silver 

nanoparticles for their use as a template in the bimetallic catalytic approach. Xia and 

co-workers have done extensive research on the synthesis of various geometries of 

Ag and other metal NPs7. Cubic Ag NPs were of particular interest to us since the 

cubic geometry is one of the most convenient geometries to be easily applied as an 

accurate probe for subsequent chemistry. For example, using TEM, an accurate 

determination of shell thickness can be easily made if monolayers are deposited on 

structurally well-defined pre-synthetized Ag NCs. Due to the well-defined facets of 

cubic morphology, any other structural changes can also be conveniently measured. 

Therefore, initial attempts to synthesize Ag NCs were made based on Xia’s group 

previous works. 

 

On this occasion, conventional heating was selected as the mode of heating to follow 

previous studies since microwave synthesis presented lower reproducibility between 

samples. In our preliminary MW experiments, the reagent hot additions were made 

manually using syringes, and by doing a continuous opening of the cavity door 

resulted in temperature oscillations due to MW irradiation security stopping once the 
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door is opened and by small and uncontrolled airflows. However, we are convinced 

that microwave synthesis could also be used by carefully adapting this route, for 

instance, using automatic addition with the help of pumps thus avoiding door opening. 

TEM analysis of the resulting NPs showed that cubic shapes were satisfactorily 

obtained, together with a small fraction of spheres, rods, and triangular-like particles, 

when Ag NCs were prepared following and adapting Zhang et al. work50 (Figure 7a). 

The average edge length was 52 ± 5 nm. However, the samples synthesized following 

Xia work51 showed mainly nanocubes with few spheres or rounded cubes (Figure 7b). 

In this case, the average edge length was 16 ± 2 nm. For all particles, PXRD patterns 

confirmed a face-centred cubic (FCC) metallic silver as the sole crystalline phase 

(Figure 7c).  

 

Figure 7. a-b) representative TEM images of the different Ag NCs synthesized: a) bigger 

Ag NCs ca. 50 nm prepared using Zhang et al. work50, b) smaller Ag NCs ca. 15 nm with 

Ruditskiy and Xia work51. The inset in b) shows a group of cubes at higher magnification. 

c) PXRD patterns of the same samples. The vertical dashed lines represent expected 2θ 

values for reflections from FCC bulk Ag at relative intensities.  

 

Here, Ag NCs are attained by two polyol-synthesis using CF3COOAg as the precursor, 

ethylene glycol (EG) as the solvent and reducing agent and PVP as reducing and 

capping agent50,51. CF3COOAg is used instead of silver nitrate used in Publication 1 to 

achieve a higher degree of size control and better synthetic reproducibility. The nitrate 

group may decompose at an elevated temperature typical of a polyol synthesis, 

generate ionic and/or gaseous species, making the synthesis more difficult to 

understand and control. As a capping agent, PVP can selectively bind to the {100} 

facets of Ag nanocrystals, favouring the formation of nanocubes when the seeds are 

single crystalline.  

Moreover, the reaction has the presence of trace amounts of some additives which 

have an important mechanistic role in the nucleation and growth: HCl50 or NaCl51, 
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NaSH50,51 and NaBr51. The O2 from air and Cl- ions (from HCl or NaCl) has been shown 

as a powerful oxidative etchant to selectively remove multiply twinned Ag seeds from 

a polyol synthesis and thus generate single-crystal seeds crucial for the Ag NCs. The 

addition of sulfide (S2-) or bisulfide (SH-) ions also promotes the formation of single-

crystal seeds. SH- (from NaSH) and Ag+ ions quickly react to produce highly insoluble 

Ag2S clusters, which then serve as sites for the rapid heterogeneous nucleation of Ag 

atoms and subsequent formation of single-crystal Ag NCs. The produced Ag2S cluster 

is too small for the lattice mismatch between Ag2S (monoclinic) and Ag (face-centred 

cubic) to impact the crystal structure of the nanocrystal beyond the few initially 

deposited layers of Ag. As a result, uniform Ag NCs could be prepared in an EG-

based system containing a trace amount of SH−. Finally, the introduction of Br- (from 

NaBr) after a certain delay time effectively passivates the {100} facets on very small 

Ag NCs with final sharp corners and edges. Bromide ions can act as a selective 

capping agent toward the Ag {100} facets, thereby promoting the formation of 

nanocrystals with a cubic shape. Because of their much smaller size relative to PVP, 

Br- ions are more effective in passivating the {100} facets on very small Ag NCs. 

The size difference between the fabricated Ag NCs presented in Figure 7 mainly 

comes from the use of HCl or NaCl as an oxidative etchant51. The dissociated H+ (from 

HCl) likely recombines with SH- ions, irreversibly producing H2S and consuming the 

free SH-. The removal of free SH- ions essentially blocks the initial formation of Ag2S 

clusters (few heterogeneous nuclei are created). In turn, this allows a high 

concentration of Ag precursor to remain in the reaction solution, resulting in rapid 

growth for the nanocrystals and the formation of large Ag NCs, as shown in Figure 

7a. By substituting HCl with NaCl, the source of protons would be removed from the 

system, thus restoring the original Ag2S cluster formation capacity. The formation of 

a larger number of Ag2S clusters during the nucleation stage compared to the HCl 

system results in the rapid consumption of available Ag precursor, slowing down the 

growth and thus generating smaller Ag NCs, as shown in Figure 7b.  

 

Rh-Ag Alloyed Hollow Nanostructures 

First, attempts to deposit a Rh shell were made using the monodispersed Ag NCs 

with an average edge length of 52 ± 5 nm as the core. The desired Rh concentration 

was added to the reaction mixture containing pre-formed Ag NCs. RhCl3·xH2O was 

first dissolved in EG and slowly added to a suspension of Ag NCs in EG heated using 

MW irradiation, with an injection pump and a cannula. The nominal molar ratio of Ag: 
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Rh was 8:1. Mild reaction conditions with a reaction temperature of 90 ºC and a time 

of 5 min were used to avoid NP aggregation and to slow down the reaction kinetics. 

As seen in Figure 8, TEM analysis showed that Ag NCs completely vanished, and 

hollowed squared nanocages appeared. These results indicate a galvanic exchange 

mediated formation. Since Ag0 is extremely prone to galvanic exchange, it is quite 

likely that the Rh3+ added either completely or partially exchanges all/most of the 

atoms of the Ag NCs. Due to a slow addition rate of RhCl3·xH2O and in the absence 

of any strong reducing agent, Rh3+ reduction may primarily be catalyzed by the 

oxidation of Ag0 to Ag+. Size analysis of these NPs showed that the hollow 

nanostructures have bigger edges: 57 ± 6 nm. Moreover, individual Rh NPs were not 

observed. These observations indicate that galvanic exchange was the main mode of 

heteroatomic displacement occurring during the formation of these NPs, with the 

reaction starting at the corners and edges of the selectively heated Ag NCs thanks to 

the MW irradiation approach, and the core being hollowed by the shell growth. STEM-

EDX analysis showed that the hollow nanostructures are not monometallic (Ag or Rh) 

but rather are composed of both Ag and Rh mixed homogeneously. Rh:Ag molar ratio 

obtained using EDX counts from this analysis was 95:5. Interestingly, these samples 

did not only consist of well-defined hollowed nanostructures but also various large (> 

100 nm) amorphous looking species were seen. STEM-EDX analysis showed that 

these amorphous features are purely composed of Ag and Cl. Since the reduction of 

Rh3+ is mainly facilitated by the oxidation of Ag0 to Ag+, and since Rh3+ is present in 

conjunction with Cl- ions, it is quite reasonable that AgCl would be the side product of 

this reaction. 

 

Figure 8. a-b) representative TEM images of the Rh-Ag hollow nanostructures 

synthesized using Ag NCs ca. 50 nm as a template. c) STEM image of a single Rh-Ag 

cubic hollow nanostructure.  
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Next, the Rh shell deposition was done using the smaller monodispersed Ag NCs with 

an average edge length of 16 ± 2 nm as the core, with the same mild reaction 

conditions as before, but with a different nominal molar ratio of Ag:Rh, starting with 

4:1, higher in Rh content than before (8:1), trying to overcome a Rh defect coming 

from the fact that the same Ag moles of small NCs represent more particle number in 

solution for the heterogeneous nucleation of Rh (and more surface area to react), 

compared with the big NCs.  

As shown in Figure 9a, the sample consists of small pure Rh NPs along with hollowed 

nanostructures with a thicker shell and quite aggregated, hindering the edge length 

determination. The smaller Rh NPs were not structurally pure, but a random 

distribution of triangular plates, well-defined and truncated squares, and other 

irregular geometries with an average diameter of 5 ± 1.  

Since reduction kinetics is concentration-dependent, the heteroatomic displacement 

between Ag and Rh is stoichiometry dependent, and it is not unreasonable to see the 

formation of thicker shells and more hollowed final structures in a sample with a higher 

than an optimum supply of Rh3+ for a shell formation. Moreover, small Rh NPs can be 

formed by the reducing nature of the reaction solvent, EG. Indeed, parallel EG-leaded 

supersaturation and nucleation bring Rh NPs formation, losing the heating selectivity 

of the reaction over the Ag NCs. 

Our hypothesis to explain the results shown in Figure 9a is that even at a slow injection 

rate, and under our mild reaction conditions, a Ag:Rh molar ratio of 4:1 would 

represent an effective Rh3+ content excess for the small cubes. Then, for a higher 

than an optimum supply of Rh3+, small Rh NPs were formed in the sample by 

premature reduction of Rh3+ by EG, clearly taking place as evidenced by TEM 

analysis, together with thicker shells and collapsed structures difficult to differentiate.  

Thus, to better understand the concentration dependency of the hollow 

nanostructures, we performed the reaction using a Ag:Rh molar ratio of 6:1. The 

results are shown in Figure 9b and confirmed that the new molar ratio was a more 

appropriate supply of Rh3+ since only hollow nanostructures with edges length of 21 

± 3 nm were observed. 
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Figure 9. a-b) representative TEM images of the Rh-Ag hollow nanostructures 

synthesized using Ag NCs ca. 15 nm as a template with different Ag:Rh molar ratios, 4:1 

and 6:1, respectively. 6:1 molar ratio was selected for further experiments. c) final and 

well-dispersed Rh-Ag hollow nanostructures using PVP amounts between 25 and 75 mg. 

The inset shows another group of NPs. d) sample prepared with 100 mg PVP. e) HRTEM 

image of a Rh-Ag hollow nanostructure. The white dashed quadrilaterals show the 

external surfaces of the cubic hollow NP. f) HRTEM image at high magnification from the 

orange square in e). Three different plane indexations in three different crystal grains 

detecting the {111} plane with 0.22 nm interplanar distance of FCC Rh0. Notice that they 

have different orientations (no epitaxial relation). The inset shows a STEM image of a 

group of Rh-Ag cubic hollow nanostructures.  
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Although the better metal molar ratio, the hollow nanostructures appeared quite 

aggregated. To address that issue, we performed the same reaction but adding extra 

PVP in the initial Ag NCs dispersion in EG. PVP was not used at the beginning and 

the final stability and dispersibility of the Rh-Ag systems were assumed to come from 

a PVP coating with the same already present PVP from the initial PVP-coated Ag 

NCs, which seems unsatisfactory. When PVP was added in the reaction mixture in 

the range of 25-75 mg, the cubic hollow nanostructures showed an improved 

dispersion (Figure 9c), whereas PVP amounts over 75 mg induced an overprotection 

of the Ag NCs, since TEM analysis clearly showed non-reacted NPs (Figure 9d). 

Hence, the fast MW protocol for the fabrication of Rh-Ag was more optimized. 

Such interesting small Rh-Ag hollow nanostructures were further characterized by 

HRTEM analysis. Figures 9e,f demonstrate that these hybrid NPs are clusters of 

smaller grains (< 3 nm) and that they are polycrystalline with every single grain being 

an independent crystal without epitaxial relation. Similar to the Rh-Ag hollow 

nanostructures using big Ag NCs, the STEM-EDX analysis (Figure 9f inset) showed 

a Rh:Ag molar ratio of 95:5. Moreover, AgCl as a side product of the reaction was 

also detected. Therefore, silver is trapped on the structures in small amounts (and 

further studies would be required to tune on-demand the Ag atomic concentration). 

Consequently, the plane indexation of the HRTEM images mostly reveals Rh 

(detecting the {111} plane with 0.22 nm interplanar distance of FCC Rh0). 

Additional synthesis to study the influence of the Rh precursor were also prepared. 

This was studied by changing the Rh chloride to bromide, iodide or acetylacetonate. 

The reaction conditions were always the same (temperature of 90 ºC and time of 5 

min), the chosen Ag:Rh molar ratio was 6:1, and no extra PVP was used. When Rh 

bromide (rhodium (III) bromide dihydrate, RhBr3·2H2O, Strem) was used, no 

significant differences with respect to the chloride case were found. The structural 

characterization by TEM and HRTEM showed almost identical results (Figures 10a-

b). Rh-Ag hollow nanostructures were of the same size and shape (cubic 

polycrystalline nanoframes with edge length around 20 nm). Moreover, STEM-EDX 

analysis confirmed a similar Rh-rich composition. The only difference was AgBr 

(instead of AgCl) detected as a side product of the reaction. When Rh iodide (rhodium 

(III) iodide, RhI3, 99.9% metal basis, Strem) was used, no reaction was observed, 

even increasing the reaction temperature up to 120 ºC (Figures 10c-d). The only 

change was, especially at the higher temperature, a NP edge growth and rounding 

due to the thermal treatment causing interparticle fusion and sphere ripening 
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(thermodynamically favoured shapes). A feasible explanation for the inexistence of a 

galvanic displacement using iodide is the absence of a sufficient driving force for the 

reaction. When chloride or bromide are used (chemicals with relatively similar 

chemistry), the reduction of Rh3+ is mainly facilitated by the oxidation of Ag0 to Ag+, 

and Ag+ ions can react with Cl- or Br- ions (coming from the dissociated Rh precursor) 

to form AgCl or AgBr solid precipitates (Ksp = 10-10 and 10-14, respectively). The 

resulting Ag+ consumption shifts the reaction equilibrium of the galvanic displacement 

towards the Rh reduction and Ag oxidation, acting thus as a driving force for that 

reaction.  

However, when iodide is used, the solid precipitate AgI is not formed (although it is 

favourable, Ksp = 10-17) due to the poor dissociation between rhodium and iodine in 

polar solvents (with low solubility) because of a stronger and more covalent bond type. 

Hereby, the described driving force is not taking place and the galvanic displacement 

is diminished. Finally, when Rh acetylacetonate was used (rhodium (III) 

acetylacetonate, Rh(acac)3, 97%, Sigma-Aldrich), again no reaction was observed 

due to the same reason. In this case, because Ag acetylacetonate is quite soluble in 

polar organic solvents. However, when the temperature was increased to 150 or 180 

ºC, some Rh reduction was observed around the Ag NCs which edges grow and 

become rounded with final surface decoration-like structures (Figure 10e-f). It did not 

happen by increasing the temperature for RhI3 because Rh(acac)3 decomposition 

temperature is significantly lower (around 675 and 245 ºC, respectively). Therefore, it 

can be concluded that Rh-Ag hollow nanostructures are created by galvanic 

exchange only when a driven force in the reactant’s chemistry is present. Probably, 

because Rh reduction potential is similar to Ag one (0.76 vs. 0.79 V, respectively). 
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Figure 10. Representative TEM images of the Rh-Ag hollow nanostructures synthesized 

using Ag NCs ca. 15 nm as a template with different Rh precursors: a) chloride (rhodium 

(III) chloride hydrate, RhCl3·xH2O), b) bromide (rhodium (III) bromide dihydrate, 

RhBr3·2H2O), c) iodide (rhodium (III) iodide, RhI3) at 90 ºC, d) iodide at 120 ºC, e) 

acetylacetonate (rhodium (III) acetylacetonate, Rh(acac)3) at 150 ºC, and f) 

acetylacetonate at 180 ºC.  
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Finally, an attempt to expand or generalize the present facile microwave protocol to 

other metals was addressed using palladium. Palladium chloride hydrate 

(PdCl2·xH2O, 59%, Strem) was dissolved in EG and slowly added to a suspension of 

small Ag NCs as described before. Chloride precursor was chosen due to its good 

results in the Rh case. With the same reaction conditions and metal molar ratio, the 

resulting NPs consist of polydisperse irregular Pd NPs (Figure 11a). Besides, Ag-

based nanostructures (cubic or hollowed) were not identified anywhere. These 

observations may indicate that Ag was completely vanished since Pd have a quite 

high reduction potential (0.91 V). The high size polydispersion could be reasonably 

explained as a mixture of two distinct Pd NPs origins: the completed galvanic 

exchange over Ag NCs and individual NPs formed by the reducing nature of the 

reaction solvent, EG. Thus, a Pd2+ content excess was identified. Then, we performed 

the reaction using a Ag:Pd molar ratio of 12:1, reducing to half the Pd content. The 

results are shown in Figure 11b and confirmed that the new molar ratio was a more 

appropriate supply of Pd2+ since partially hollowed nanostructures with edges length 

of 22 ± 3 nm were observed. A possible reason why the NPs are partially and not 

mostly hollowed (compared to the Rh case) is the fact that using Pd2+ the galvanic 

exchange involves two e- and two Ag+ atoms (instead of 3 per each), resulting in a 

lower drilling capacity. To increase this capacity, a higher temperature trial was done 

at 120 ºC without success (Figure 11c). Furthermore, thermally interparticle fusion 

and sphere ripening for Ag was identified. 

 

Figure 11. a-b) representative TEM images of the Pd-Ag hollow nanostructures 

synthesized using Ag NCs ca. 15 nm as a template with different Ag:Pd molar ratios, 6:1 

and 12:1, respectively. c) 12:1 molar ratio at 120 ºC.
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Contributions to the field and critical comments  

The data provided in Chapter 1 represents an important step in this dissertation as it 

consolidates MW-assisted chemistry as an advanced synthetic methodology of 

technical significance for the fabrication of single-component NPs –rapid, 

reproducible, controllable, and scalable– as it was demonstrated for Ag NPs model 

system through Publication 1. Moreover, the resulting NP features present narrow 

size distributions and without the need of a sorting step as well as a moderate shape 

control. Thus, being an important advantage concerning the applicability of the 

samples since they are not affected by any manipulation introducing artefacts or 

decreasing the production yield. Despite this, we are still far from a complete synthesis 

control. For example, size polydispersity indexes which are always below 10-20 % 

could be further reduced since they may not be adequate for some applications. For 

this reason, further efforts to refine the NP production still need to be addressed. 

Chapter 1 also establishes MW irradiation as a powerful tool for the preparation of 

multicomponent NPs, highlighting the potential of the heating selectivity of the 

technique and the possibility of fast two-step seed-mediated processes. Particularly, 

Ag-based alloy hollow nanostructures of metastable compositions with Rh and Pd 

were successfully prepared using Ag NCs of different sizes as a template. To the best 

of our knowledge, such hybrid systems appealing as more economical and efficient 

catalysts are the first-ever example of alloyed Ag-Rh or Ag-Pd hollow nanostructures 

(manuscript under preparation). Indeed, Chapter 1 sets the basis for multimaterial 

NPs synthesis expansion, as it will be shown with other hybrid systems in the following 

chapters. 

Chapter 1 is also especially relevant concerning NP formation and reaction 

mechanism aspects since it shows how the MW approach can be used to extract 

mechanistic insights of the involved reactions, adding novelty to Publication 1.  

It is generally recognised that without detailed knowledge on how particles form in 

solution it is not possible to develop predictive synthetic approaches or to 

systematically improve existing synthesis methodologies. The classical nucleation 

theory often does not well describe the formation of nanoparticles and their 

transformation into more complex nanostructures. Mechanistic information of these 

transformation steps is thus of special interest to achieve complete control over the 

final product.  
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In recent years, materials scientists have developed a wide variety of approaches to 

precisely control the composition, shape, and size of nanomaterials. However, the 

rational control over the nucleation and growth of multiple species in a solution is still 

demanding since it is not trivial. In the case of nonaqueous syntheses, for instance, 

where the particles are prepared in organic solvents, a complete reaction monitoring 

must include the organic and the inorganic reactions as well as the organic-inorganic 

interface. Additionally, several orders of length and time scales must be accessible, 

because the size of the species studied ranges from the molecular to the nano-, micro- 

and sometimes even macroscale, and the various chemical reactions might differ 

strongly in their rates. Such an exhaustive process observation is only possible by 

applying a variety of in-situ and ex-situ characterization tools. Finally, the 

experimental information must be elaborated into a particle formation mechanism, 

thereby separating side reactions from those processes that are responsible for 

particle formation. 

Investigation of chemical formation and crystallization mechanisms using in-situ and 

ex-situ techniques was done using time-resolved electron microscopy (TEM, SEM)52, 

in situ synchrotron powder X-ray diffraction (PXRD)52, in-situ Ultraviolet-visible (UV-

vis) spectroscopy53, in-situ Fourier Transformed Infrared (FTIR) spectroscopy53, and 

in-situ X-ray absorption spectroscopy (X-ray Absorption Near Edge Spectroscopy 

(XANES) and Extended X-ray Absorption Fine-Structure (EXAFS))53,54, among 

others. 

Within the above mechanistic studies examples, X-ray imaging has been proven as a 

powerful tool to look at transformation dynamics at the nanoscale. For instance, X-ray 

ptychography is a scanning coherent diffraction imaging (CXDI) technique that allows 

phase-retrieval of the recorded diffraction patterns by overlapping scan points. With 

recent setups using designed in-situ cells for synchrotron measurements monitoring 

in a batch reactor, a spatial resolution of tens of nanometers can be reached even 

when imaging weakly scattering nano objects55. Ptychography can be combined with 

absorption spectroscopy to obtain chemical information of the imaged material. 

In this scenario, the MW technique, with its rapid heating velocity and the possibility 

of thermally quenching the reactions at appropriate times while combined with ex-situ 

techniques to obtain the structural parameters of the nanostructures, can help to 

grasp snapshots of nucleation and growth processes difficult to accomplish in other 

techniques. Therefore, some mechanistic insights can be extracted along with 

information on competing kinetics and thermodynamics processes, permitting the 
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stabilization of metastable phases, which can lead to a better understanding of the 

key parameters to obtain a wide range of desired products and to control the size and 

shape of NPs to generate desirable chemical and physical properties.  For this reason, 

in this project, we apply ex-situ techniques to image the formation dynamics of 

inorganic nanostructures in solution through MW chemistry with the appropriate time 

resolution.  

However, the implementation of light scattering techniques in the microwave reactor 

to monitor in-situ the nucleation and growth of the particles to understand the different 

reaction mechanisms could also be extremely useful. The idea would be to 

incorporate a portable and fibre optic supplemented DLS (Dynamic Light Scattering) 

in the microwave cabin to explore, identify and understand some of the fundamental 

aspects that govern the kinetics, mechanism, and stabilization of the obtained 

products. Similarly, Asakuma et al.56 measured profiles of particle and bubble sizes 

using a MW-coupled DLS apparatus before and after different power MW irradiation 

observing different behaviours of particle growth and superheating effect. A different 

approach integrated a microwave reactor with in-situ X-ray diffraction at a high-energy 

synchrotron beamline, the fast reaction kinetics presented in the microwave synthesis 

of colloidal silver nanoparticles was quantitatively studied, for the first time in a recent 

work57. 
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Chapter introduction 

MW chemistry as a multicomponent NP fabrication approach was identified in Chapter 

1 as an appealing route worth investigating further. Consequently, Chapters 2 and 3 

are dedicated to the preparation of multicomponent heteronanostructures combining 

different materials and expanding the NP catalogue to new and more complex 

formulations.  

More specifically, Chapter 2 describes a family of heterostructures based on Cu2O 

which was selected because of its potential industrial applicability in electrocatalysis 

and photocatalysis that profits from the accessible oxidation states of copper and a 

bandgap in the visible. 

The first part of the chapter reports a general chemical approach to attain a family of 

complex noble metal/Cu2O heterostructures by a fast two-step MW protocol following 

the strategy presented in the last part of Chapter 1 and taking advantage of the 

selectivity of the MW technique. For that, several single-component metal NPs are 

firstly synthesized [Au, Ag, Pd, Pt] and, secondly, those NPs are used as nucleation 

sites for a cubic Cu2O wrapping. Again, the reaction parameters were explored to 

better understand the formation of the materials, and the reproducibility and scalability 

of the synthetic routes were demonstrated. 

The last section of the chapter focuses on the design of composite materials 

combining porous carbon matrices and Cu2O nanocubes, produced by different 

approaches, using a synthetic protocol susceptible to be scaled up for mass 

manufacturing and aiming at the development of cost-effective electrochemical 

sensors applied to the analysis of chemical oxygen demand resulting in an excellent 

analytical performance. 

In summary, Chapter 2 encompasses experimental work on the production of copper 

oxide nanocubes/noble metal heterostructures (Publication 2) and experiments on the 

Cu2O porous carbon nanocomposites as chemical oxygen demand electrochemical 

sensors. The latter results are part of a collaborative work between N&N Group at 

ICMABa and the Chemical Transducers Group (http://gtq.imb-cnm.csic.es/en) at IMB-

CNMb (Institute of Microelectronics of Barcelona-National Centre of Microelectronics, 

CSIC), and they are submitted in a manuscript entitled “Tailoring composites of 

porous carbon and copper-based nanoparticles for the electrochemical analysis of 

chemical oxygen demand” by Wenchao Duana,b,  Miquel Torrasa, Anna Roiga, César 

Fernández-Sánchezb, and Martí Gicha.   
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Publication 2: Copper Oxide Nanocubes Wrapping Metals by 

Microwave Synthesis 

Miquel Torras and Anna Roig. Cryst. Growth Des. 2021, 21, 9, 5027–5035.   

Reprinted with permission. Copyright © 2021 American Chemical Society. 

https://pubs.acs.org/doi/10.1021/acs.cgd.1c00462   

 

Abstract 

Copper and copper oxide nanoparticles (NPs) are industrially important. In particular, 

Cu-based nanocatalysts find applicability in electrocatalysis and photocatalysis 

profiting from the accessible oxidation states of copper and a band-gap in the visible 

of the Cu2O phase. However, in this case, the fast recombination of the charge carriers 

compromises the final photocatalytic efficiency. The combination of Cu2O with metals 

often results in higher and more stable photocatalytic efficiency.  

 

Here, the fabrication of noble metal NPs [Au, Ag, Pd, Pt] and Cu2O heterostructures 

(HS) by microwave (MW)-assisted synthesis is presented. The selectivity of the MW 

technique with a fast two-step protocol enabled us to easily prepare these 

multicomponent nanoparticles in a short time (~ 40 min). First, metal NPs (Au, Ag, or 

Pd) are synthesized through a MW-assisted polyol approach and those NPs serve as 

nucleation seeds for a cubic Cu2O wrapping. Other types of heterostructure were 

found when using smaller Pt NPs instead. Focusing on Au NPs as the core, we 

analyzed the effect of gold to copper molar ratio on the shape-yield of the nanocubes, 

reported their optic and plasmonic properties and demonstrated the reproducibility 

and scalability of the synthetic routes. Here we are providing a pioneering example of 

MW heating as a non-conventional energy source for a general chemical approach to 

attain a family of complex metal/metal oxide heterostructures. 

 

Keywords: Copper oxide nanocubes, metal nanoparticles, core-shell 

heterostructures, microwave-assisted chemistry 

 

 

 

 

 

 

 

https://pubs.acs.org/doi/10.1021/acs.cgd.1c00462


| Chapter 2 | 

88 
 

Introduction 

Copper and copper oxides (Cu, Cu2O, CuO) nanoparticles (NPs) are industrially 

important and commonly used in fields such as magnetic storage, solar energy, 

electronics, sensors, batteries and resonance imaging1,2. Copper's accessible 

oxidation states (Cu0, Cu1+, Cu2+, and Cu3+) facilitate the use of copper-based 

nanocatalysts in organic transformations3, electrocatalysis4 or photocatalysis5. In 

particular, copper (I) oxide (Cu2O, cuprous oxide or cuprite) is one of the most 

interesting copper oxide phases for photocatalysis1,2. The generation of electron-hole 

pairs and a bandgap (∼2.17 eV) in the visible provides an advantage to other 

materials with a larger bandgap that restricts their use in the UV (i.e., titanium dioxide 

with 3.2 eV for anatase and 3.0 eV for rutile). However, the fast recombination of the 

charge carriers after excitation and the stability of Cu2O can be a barrier to its 

application since Cu2O can be oxidized or reduced by the photogenerated carriers. 

By doping Cu2O with ions, or combining it with metal or semiconductor NPs, higher 

photocatalytic activities have been achieved. Thus, Cu2O heterostructures (HS) are 

useful to promote charge separation and improve both the activity and stability of 

Cu2O. Typically, those complex Cu2O nanocatalysts involve noble metal NPs or metal 

oxide NPs6. Recently, noble metal-Cu2O HS, such as Au7,8,17,9–16, Ag9,14,16,18–20, 

Pd10,17,21, Pt21,  were proposed as interesting multicomponent photocatalytic materials. 

In this context, the production of multicomponent nanoparticles using greener 

synthetic routes and potentially scalable methods are needed. The polyol route is 

based on the use of polyalcohols, such as ethylene glycol, at high temperatures for 

the metal reduction in the presence of stabilizers, such as polyvinylpyrrolidone (PVP). 

The method has been widely used to generate noble metal nanoparticles (particularly 

Au and Ag) with controllable sizes and shapes22. Copper oxide nanoparticles can be 

successfully synthesized using various methods, such as sonochemical, 

photochemical, hydrothermal and solvothermal, and electrochemical methods; also, 

by sol-gel, solid-state reactions, chemical reduction, and decomposition route1,2. 

Many of them require long unpractical reaction times, a large number of reagents, the 

consumption of high volumes of solvents with an overall high cost. Moreover, to 

increase the reaction rates, alternative synthetic routes are called for.  

Microwave (MW)-assisted chemistry is ever more advantageous in many areas of 

synthetic chemistry because it fosters some competitive edge over other methods. 

MW energy provides volumetric uniform heating of the reaction solution, ensuring 
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short reaction times and leading to narrow size distributions. Thus, monodisperse 

nanoparticles can be obtained from this more homogeneous heating that to some 

extent overcome solvent convective currents due to temperature gradients that can 

lead to asynchronous nucleation and heterogeneous nanocrystal growth. In general 

terms, MW-assisted reactions are fast ensuring short reaction times, a scalable high 

product yield and can be considered cost-effective and environmentally friendly23–25. 

An ever-increasing number of studies can be identified reporting the MW-synthesis of 

nanoparticles23–25 from single component (metals and metal oxides)26 to 

multicomponent nanoparticles or metastable alloys27–29. Interestingly, it has also been 

used for the synthesis of copper and copper oxide nanocrystals30,31. Moreover, the 

selective heating of polar molecules, species or nanoparticles in the reaction media 

for MW techniques can enable the fabrication of the multicomponent nanoparticles23–

25. Indeed, microwave-assisted synthesis is becoming attractive for the fabrication of 

uniform colloids and more so, when complex kinetic/thermodynamic control over 

crystallization processes are at play32. 

We believe that to date, the use of MW irradiation in metal-Cu2O HS synthesis has 

not been reported so far. This study presents the formation of heterostructures 

consisting of copper oxide nanocubes wrapping noble metal nanoparticles (Au/Ag/Pd-

Cu2O HS) by microwave-assisted synthesis. Most synthetic methods for Au-Cu2O HS 

follow a multi-step seed-mediated approach7-17.  Here, the 2-step microwave-assisted 

fabrication of these HS benefits from the MW selectivity and importantly, the overall 

time of this synthesis route is less than 40 min. First, metal NPs are synthesized 

through a polyol approach and those NPs serve as nucleation seeds for a cubic Cu2O 

wrapping. Focusing on Au NPs as the core, we analyzed the effect gold/copper molar 

ratio on the shape-yield of the nanocubes, reported their optic and plasmonic 

properties and demonstrated the reproducibility and scalability of the processes. 

Finally, we present other types of heterostructures by using smaller metal NPs as in 

the case of Pt NPs. 
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Experimental 

Materials 

Copper (II) acetylacetonate (Cu(acac)2, 97%), palladium (II) acetylacetonate 

(Pd(acac)2, 99%), (hydrogen tetrachloroaurate trihydrate (HAuCl4·3H2O, ≥ 99.9%) 

and polyvinylpyrrolidone with an average molecular weight of 10000 g/mol (PVP10K) 

were purchased from Sigma-Aldrich. Benzyl alcohol (BA, ≥ 99%) was purchased from 

Scharlab. Silver nitrate for analysis, ACS, ISO (AgNO3, 99.8%), ethylene glycol (EG, 

≥ 99%) and acetone were purchased from Panreac. Dihydrogen hexaplatinate(IV) 

hydrate (H2PtCl6·xH2O, 99.9%) was purchased from Alfa Aesar. Polyvinylpyrrolidone 

with an average molecular weight of 3500 (PVP3.5K) was purchased from Acros 

Organics. All materials were used as received without further purification. Milli-Q water 

(MQ-H2O) was used in all experiments.  

 

Synthesis of Cu2O NCs  

Cu2O NCs with a PVP surface coating are synthesized using a MW-assisted 

synthesis in a CEM Discover SP furnished with autosampler Explorer 12 Hybrid. A 

frequency=2.45 GHz and Power=300 W were used. This MW reactor used 

pressurized vessels to control the reaction temperature and an active cooling with 

compressed air permitting to quench the reaction and prevent Ostwald ripening. This 

quenching mechanism is very effective since the reaction vessel remains at room 

temperature. 

Briefly, 136.00 mg PVP3.5K (38.90 μmol) are dissolved in 4 ml BA by continuous 

sonication. Then, 18.32 mg Cu(acac)2 (67.89 μmol) are mixed with the above-

prepared solution to give a homogeneous solution with a bluish colour of 16.97 mM 

of Cu(acac)2. The tubes are then placed in the MW reactor and heated under 

continuous agitation, first to 60°C for 5 min to ensure complete solubilization of the 

precursor, and then at 200°C for 10 min. Heating and cooling velocities with 1.1 ºC/s 

and 0.8 ºC/s respectively were kept constant for all samples. PVP is used as the 

capping agent, to shape and stabilize the Cu2O NCs as well as mild reducing agent 

and BA acts as a solvent and also as a reducing agent. The final solution is light 

brown, and no precipitate is observed, indicating that the nanoparticles are dispersed 

in the solution. Cu2O NCs are collected by adding 30 ml acetone to the solution and 

centrifuging at 9000 rpm for 15 min to precipitate the nanoparticles. The supernatant 

with the excess of reactants was discarded. The same procedure was repeated twice, 
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the final solid precipitate product (with a total mass of approx. 1.50 mg) was dispersed 

in 2 ml MQ-H2O and kept for further characterization. 

To study the scalability of the protocol, both, the same MW-reactor and a Microwave 

Advanced Flexible Synthesis Platform (flexiwave) from Milestone at a frequency of 

2.45 GHz and 500W of power were used. The Cu2O NCs synthesis was successfully 

scaled up a factor of 40 with a total mass of approx. 60.00 mg per batch demonstrating 

the scalability of the presented protocol. 

 

Synthesis of Au NPs  

Au NPs with a PVP surface coating are synthesized using a microwave (MW) assisted 

polyol synthesis in the same CEM MW reactor. Briefly, 100.00 mg PVP10K (10.00 

μmol) are dissolved in 4 ml EG by continuous sonication. Then, 16 μl of HAuCl4 from 

an aqueous solution 250 mM (4 μmol) are mixed with the above-prepared solution to 

give a homogeneous solution with the yellowish colour of 1 mM of HAuCl4. The tubes 

are then placed in the MW reactor and heated at 120°C for 10 min. In this synthesis, 

PVP is used as the capping agent, to shape and stabilize the Au NPs and as a mild 

reducing agent while EG acts as a solvent and reducing agent. The final solution is 

red, and no precipitate is observed. Au NPs are collected as described above, and 

the final solid precipitate was dispersed in 2 ml MQ-H2O and kept for further 

characterization. 

 

Synthesis of Au-Cu2O HS 

Different amounts of the as-obtained Au NPs were dispersed in BA (4 ml) and 

sonicated to obtain a homogenous mixture, followed by the addition of PVP3.5K and 

Cu(acac)2 in the same amounts that in the bare Cu2O NCs synthesis, and with the 

same reaction conditions. The molar ratio of Au NPs to Cu(acac)2 was varied from 

0.035:1 to 0.0011:1. The final solution is dark brown, and no precipitate is observed. 

The cubic heterostructures are collected as described above and the final solid 

precipitate was dispersed in 2 ml MQ-H2O and kept for further characterization.  

 

Synthesis of noble metal NPs - Cu2O HS 

Other noble metal NPs were tested as nucleation sites for the Cu2O HS preparation. 

Namely, Ag, Pd and Pt. Silver nanoparticles (Ag NPs) and platinum nanoparticles (Pt 
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NPs) were also formed by microwave polyol-synthesis using EG, AgNO3 (or H2PtCl6) 

as a precursor, and PVP as a stabilizer. The experimental conditions were the same 

as for the gold. Palladium nanoparticles (Pd NPs) were formed by thermal 

decomposition and reduction synthesis using metal acetylacetonate (Pd(acac)2) as 

the precursor, BA as the polar solvent, PVP as reducing and capping agent, and the 

same experimental conditions that for the copper oxide synthesis. Next, the above 

Au-Cu2O HS protocol was used for cubes growth over these metal NPs. 

All the above experiments were carried out in duplicate. PVP amounts around 30 wt% 

were expected for all the NPs and HS as was established in our early work with gold 

and titanium dioxide HS29. 

 

Materials Characterization 

The morphologies and the crystalline phase of the obtained materials were analyzed 

in a JEOL JEM-1210 transmission electron microscopy (TEM) operating at 120 kV. 

One drop of the NPs dispersion was placed in a carbon film copper TEM grid. 

Typically, at least 500 different nanoparticles were measured with ImageJ to depict 

the size histogram. Mean particle size and standard deviation resulted from the 

adjusting of the particle size histograms to a Gaussian distribution function.  

High-resolution TEM (HRTEM), high angular annular dark-field scanning transmission 

electron microscopy (HAADF-STEM) images, and STEM-Energy dispersive X-ray 

spectroscopy (STEM-EDX) profiles were acquired using a FEI Tecnai G2 F20 

microscope operated at 200 kV equipped with an EDAX super ultra-thin window 

(SUTW) X-ray detector. 

Scanning electron microscopy (SEM) images of the samples supported in the carbon 

film copper TEM grid were obtained at high vacuum mode (1.70·10-4 Pa) with a SEM 

QUANTA FEI 200, with a voltage of 30 kV. 

Ultraviolet-visible-near infrared (UV-Vis-NIR) spectra were collected on a JASCO V-

780 UV-Vis-NIR spectrophotometer between 200 and 800 nm. An aliquot of the NPs 

dispersion is directly placed to the UV-Vis cuvette and the obtained spectra are 

normalized to the maximum absorbance value. 
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Results and discussion 

 

Au-Cu2O HS 

The Au-Cu2O HS were synthesized in less than 40 min through a 2-step MW-assisted 

synthesis (Figure 1). In the first step, the Au NPs are formed by polyol-synthesis in a 

microwave oven using EG as a polar solvent and reducing agent, HAuCl4 as a 

precursor, and PVP as a stabilizer and mild reducing agent. The resulting PVP-coated 

Au NPs have an average size of 9 ± 1 nm and are crystalline with face-centred cubic 

metallic gold (Figure S1A). With the presence of the pre-formed Au NPs, the second 

step is a thermal decomposition with a partial reduction synthesis for the formation of 

Cu2O NCs using Cu(acac)2 as the precursor, BA as polar solvent and PVP as mild 

reducing and capping agent. The Au NPs, dispersed in the reaction media, serve as 

nucleation sites for the Cu2O NCs.  

 

Figure 1. Schematic representation of the two-step microwave-assisted synthesis of the 

Au-Cu2O HS. Notation: HAuCl4, hydrogen tetrachloroaurate; PVP, polyvinylpyrrolidone; 

EG, ethylene glycol; Cu(acac)2, copper (II) acetylacetonate; BA, benzyl alcohol; MW, 

microwave-assisted synthesis. 

 

Next, the molar ratio of Au NPs to Cu(acac)2 is used to optimize the HS, confirming 

the significant role of Au NPs concentration in the formation of well-shaped cubes 

wrapping the metal (Figure 2). While an excess of Au NPs leads to the incomplete 

shape-oriented formation of the Cu2O shell with the presence of isolated Au NPs 

(Figures 2A and 2B), a decrease of the Au NPs/Cu(acac)2 molar ratio yields better 

results, with complete well-defined cubic shapes and without isolated Au NPs (Figure 

2C). However, if this molar ratio is too small, the final HS loses the cubic morphology 

and irregular, flower-like structures can be observed (Figure 2D). 
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Figure 2. TEM images of the Au-Cu2O HS obtained changing the molar ratio of Au NPs 

to Cu(acac)2 from 0.035:1 to 0.0011:1. A 0.035:1, B 0.0044:1, C 0.0022:1 and D 0.0011:1.  

 

TEM micrographs of the Au-Cu2O HS with the optimized conditions (Au 

NPs/Cu(acac)2 molar ratio = 0.0022:1) confirmed the successful formation of the 

hybrid nanoparticles consisting of monodisperse nanocubes of Cu2O (30-50 nm edge 

length, PDI < 30%) wrapping the smaller Au NPs (9 ± 1 nm), see Figure 3A. A 

magnification of a single Au-Cu2O cube is shown in Figure 3B. Note that no size 

sorting/filtering step was introduced before size analysis of the heterostructures. 

Electron diffraction patterns of the sample (not shown) indicate that copper is in the 

form of copper (I) oxide (cuprous oxide or cuprite) and confirm the presence of metallic 

gold in the sample. By HRTEM, the interplanar spacing of Cu2O and gold (Figure 3C) 

can be imaged. A lattice spacing of 0.30 ± 0.01 nm is assigned to the (1 1 0) lattice 

plane for Cu2O cuprite and the 0.24 ± 0.01 nm lattice spacing to the (1 1 1) plane of 

metallic Au. Moreover, HRTEM also highlights the homogeneous covering and 

contact between Cu2O and gold, which indicates a growth mechanism based on a 

single cube growth with {1 0 0} facets. Besides, there is no epitaxy relation between 

the core and the shell, since it can be seen that the core and shell have different 

crystal orientations.  The full coverage of the Au NPs by the cubic Cu2O shell is also 

confirmed by HAADF STEM (Figure 3D), in which it is seen that the metal core is 

wrapped inside the copper oxide shell. An element profile shows that Au is placed at 
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the interior of the Cu2O particles (Figure 3E). The homogeneity of the cubic HS was 

confirmed by secondary electron SEM images (Figure S2). 

 

Figure 3. A TEM image of the Au-Cu2O HS. B a single Au-Cu2O cubic heterostructure. C 

HRTEM image of the nanocubes obtained from the white square in B. D STEM image of 

the Au-Cu2O HS. E Element profile from EDX of the nanocubes obtained from the orange 

line in D. F UV-Vis spectra of Cu2O NCs, Au NPs and Au-Cu2O HS. 

 

UV-Vis absorption spectra collected between 350 and 800 nm were recorded on these 

heterostructures and the two separated components (Figure 3F). Single Au NPs 

depict the gold plasmon absorption peak at ∼530 nm. The UV-Vis spectra of the Cu2O 

NCs show a weak band-gap absorption band at ∼450 nm. For the Au-Cu2O HS, the 

characteristic LSPR absorption peak of the Au NPs is attenuated and red-shifted. The 

absorption characteristics of Cu2O crystals are also reflected, indicating the presence 

of both elements. The spectrum mostly reflects a broad light-scattering band in the 

red and near-infrared regions. 

Similar heterostructures have been reported earlier. Namely, Wang et al. reported on 

Au-Cu2O core-shell cubic HS with edge dimensions of 15-45 nm by covering a copper 

TEM grid with tetraoctylammonium bromide-stabilized Au NPs of 3-7 nm in diameter 

and annealing the copper grid in an oven at 300 ºC for 30 min33. Although this 2-step 

strategy succeeded, the resulting HS were not optimized in terms of size 

monodispersity and homogeneity. The most extensive work in these systems has 
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been reported by Huang et al. exquisitely showing in various studies how the Au NPs 

cores can guide the growth of Cu2O shells with morphological and orientation 

control34–36. Au-Cu2O core-shell HS with different and some unusual final structures 

(such as stellated icosahedron and star column) were observed using gold 

nanoplates, nanorods, octahedra, and highly faceted nanoparticles as the structure-

directing cores for the overgrowth of Cu2O shells by an aqueous solution approach. 

The cubes were much larger than the ones reported here (~ 200 nm), the protocol 

involved multiple synthetic steps, and the overall time of that synthetic route was well 

over 2 h.  We believe that to date, the use of MW irradiation in Au-Cu2O HS synthesis 

with cubic shape and with the metal NP localized in the core was not attempted.  

 

Cu2O NCs 

Cu2O NCs can also be synthesized using the same protocol of the HS but without the 

Au NPs as nucleation sites, resulting in Cu2O NCs of 200 nm of edge length mean 

size (Figure S3). Note that in this case, the cubes are larger indicating that the reaction 

rate is slower. According to LaMer’s theory from 1950 on particle nucleation: for slow 

reaction rates few nuclei are generated and the growth step is enhanced, resulting in 

a particle size increase. Hence, when gold NPs are present, they catalyze the reaction 

and balance the nucleation and growth to a dynamic equilibrium in which smaller 

particles are obtained.  

 

Additional Experiments 

To better understand the metal/metal oxide HS formation, we studied the influence in 

the order of the 2-step microwave synthesis, the PVP molecular weight, and the size 

of the Au NPs as the nucleation sites. For that, additional syntheses were also 

undertaken. The influence of the order of the 2-step synthesis was studied by firstly 

synthesizing the Cu2O NCs and adding the gold precursor in the second step. The 

molecular weight of the used PVP control was studied by changing the PVP average 

molecular weight from 3500 to 10000 g/mol. Finally, the effect of the Au NPs size on 

the formation of the Cu2O shell was studied using larger (> 100 nm) and anisotropic 

Au NPs. 

When the microwave synthesis order is reversed, heterostructures are not formed 

instead, large (> 100 nm) Au NPs of various morphologies are observed as shown in 

the TEM images, Figure S4A. Au NPs with mainly anisotropic shapes (triangular and 
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hexagonal plates, icosahedra, trapezoid, rhombus, and rods) are obtained. Indeed, 

the corresponding SAED pattern confirmed the face-centred cubic metallic gold as 

the sole crystalline phase (Figure S4B). Thus, Cu2O NCs were completely 

disintegrated and no copper species were observed indicating the full oxidation of 

copper oxide to Cu2+ cations and their removal during the washing of the product. This 

oxidation process comes from the reduction of gold precursor (HAuCl4) to metallic 

gold by galvanic replacement of the Cu2O NCs present in the reaction media. 

However, in our case, the final product does not contain Cu2O. We attribute this fact 

to the increased reactivity of microwave-assisted chemistry accelerating the galvanic 

replacement and rendering the disappearance of the whole Cu2O nanocube. 

When the molecular weight of the used PVP is nearly triplicated (from 3500 to 10000 

g/mol), Au-Cu2O HS are formed, but with a spherical Cu2O shell (Figure S5). SAED 

pattern confirmed both the metal and the oxide materials on the heterostructures (data 

not shown). The change from cubic to spherical implies that the stabilizer has a 

significant role in the HS shape-orientation growth. Certainly, PVP (like other 

stabilizers) is a key parameter for nanoparticle shape tunning. The final Cu2O shells 

adopt a cubic morphology because of surface energy optimization. When PVP is used 

for the fabrication of Cu2O nanostructures, shorter polymeric chains can allow surface 

energy optimization to stabilize cubes exposing {1 0 0} facets, as we observed using 

PVP of an average molecular weight of 3500 g/mol. However, larger chains with more 

anchoring points for the initial nucleus surfaces could break the initial cubic symmetry 

to avoid cubic growth and to promote the spherical one, following the results using 

PVP of 10000 g/mol. 

Finally, when large (> 100 nm) Au NPs were used as nucleation sites, a Cu2O surface 

decoration layer was observed on the Au-Cu2O HS (Figure S6), clearly indicating that 

there is a lack of copper oxide precursor to promote a complete shell growth. 

However, all gold surfaces were well covered with a Cu2O layer, demonstrating again 

that the gold core controls the growth of the Cu2O shell, acting as a template and 

catalyst. SAED pattern confirmed both the metal and the oxide materials on the 

heterostructures (data not shown). 
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Cu2O HS with other noble metal nanoparticles 

The universality of the method was then demonstrated by using other metal NPs in 

the reaction media as nucleation sites for the Cu2O NCs growth. In all cases, noble 

metal NPs/Cu(acac)2 molar ratio was fixed at 0.0022:1. 

Silver nanoparticles (Ag NPs) were also formed by microwave polyol-synthesis using 

EG, AgNO3 as a precursor, and PVP as a stabilizer. The experimental conditions were 

the same that in the gold case. The PVP-coated Ag NPs have an average size of 13 

± 4 nm and the face-centred cubic metallic silver crystalline phase (Figure S1B). With 

the presence of these as-prepared Ag NPs, the Cu2O NCs also grow by wrapping 

them. The results are shown in Figure 4. 

 
Figure 4. A TEM image of the Ag-Cu2O HS. B a single Ag-Cu2O cubic heterostructure. C 

HRTEM image of the nanocubes obtained from the white square area in B. D STEM 

image of the final Ag-Cu2O HS. E Element profile from EDX of the nanocubes obtained 

from the orange line in D. F UV-Vis spectra of Cu2O NCs, Ag NPs and Ag-Cu2O HS.  

 

TEM micrographs confirmed the successful formation of the Ag-Cu2O HS consisting 

of 60-80 nm edge length monodisperse nanocubes (Figures 4A and 4B). Electron 

diffraction patterns of the samples confirmed copper (I) oxide and metallic silver 

crystalline phases in the samples. Interplanar spacings of Cu2O (0.30 ± 0.01 nm, (1 1 

0), cuprite) and silver (0.24 ± 0.01 nm, (1 1 1), metallic Ag) were determined by 

HRTEM (Figure 4C). Moreover, a homogeneous covering and contact between Cu2O 
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and silver, without epitaxy relation, was observed. HAADF STEM images (Figure 4D), 

and element profile (Figure 4E) showed that Ag is located inside the Cu2O cubes. The 

homogeneity of the cubic HS was confirmed by secondary electron SEM images 

(Figure S7). UV-Vis spectra of Cu2O NCs, Ag NPs and Ag-Cu2O HS are depicted in 

Figure 4F. After the formation of the Cu2O shell, the characteristic LSPR absorption 

peak at ∼430 nm of the Ag NPs is attenuated and red-shifted. The absorption 

characteristics of Cu2O crystals with a weak band-gap absorption band at ∼450 nm 

is also reflected.  As it was observed on the Au-Cu2O HS, the spectrum mostly reflects 

a broad light-scattering band in the red and near-infrared regions. 

Next, palladium nanoparticles (Pd NPs) were tested as nucleation sites for cubes 

growth. In this case, Pd NPs are formed by thermal decomposition and reduction 

synthesis using Pd(acac)2 as the metal precursor, BA as polar solvent and PVP as 

reducing and capping agent. The experimental conditions were the same that for the 

copper oxide synthesis. The PVP-coated Pd NPs have an average size of 50 ± 9 nm 

and present the face-centred cubic metallic palladium crystalline phase (Figure S1C). 

Figure 5 summarizes the main Pd-Cu2O HS characterization results. TEM images 

confirmed the successful formation of the hybrid nanoparticles consisting of 150-180 

nm edge length Cu2O monodisperse nanocubes with the Pd NPs inside them (Figure 

5A). Electron diffraction patterns of the samples confirmed copper (I) oxide and 

metallic palladium crystalline phases (Figure 5B). The homogeneity of the cubic HS 

was confirmed by secondary electron SEM images (Figure 5C). Backscattered 

electron SEM images showed that Pd is inside the Cu2O cubes with good covering 

and contact (Figure 5D). 
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Figure 5. TEM and SEM images of Pd-Cu2O HS when ∼50 nm Pd NPs are used as 

nucleation sites for the second synthetic step. A TEM image showing the nanocubes. The 

inset shows a digital image of the colloidal dispersion of the sample. B SAED pattern 

confirming both the metal and the oxide materials on the heterostructures. C Secondary 

Electron SEM image showing the homogeneity of the nanocubes. D Backscattered 

Electron SEM image showing the metal palladium core (bright spots) inside the cubes. 

The inset shows a single Pd-Cu2O nanocube. 

 

Finally, platinum nanoparticles (Pt NPs) fabricated by the same polyol-synthesis 

protocol as gold and silver were also used. The Pt precursor was H2PtCl6. The PVP-

coated Pt NPs have an average size of 5 ± 1 nm and present the face-centred cubic 

metallic platinum crystalline phase (Figure S1D). TEM micrographs showed a 

different multi-component system. Herein, the heterostructures consist of 100-120 nm 

edge length Cu2O monodisperse nanocubes with the small Pt NPs attached to the 

side-facets of the cubes decorating the cube surface (Figure S8A). Electron diffraction 

patterns of the samples confirmed copper (I) oxide and metallic platinum crystalline 

phases (Figure S8B). The fact that the Pt NPs are located on the surfaces of the Cu2O 

cubes instead of inside the cubes indicates that the metal particles are too small to 

act as a nucleation site or as a catalyst and the Cu2O grow independently. However, 

PVP, which is operating as the cube stabilizer, is also functioning as a chemical binder 

between both inorganic phases. 
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M-Cu2O HS comparison 

To better understand the metal/metal oxide HS, we analysed and compared the 

different noble metals [Au, Ag, Pd and Pt] HS results (Figure 6). TEM examination of 

more than 100 particles shows that the edge length of the NC is proportional to the 

diameter of the NP at the core. This indicates that the metal core controls the growth 

of the Cu2O shell, acting as a template and catalyst. There is a size increase of the 

cubes when bigger metal NPs are used as nucleation sites. Indeed, 9 nm Au NPs, 13 

nm Ag NPs and 50 nm Pd NPs resulted in M-Cu2O HS of 30-50, 60-80 and 150-180 

nm, respectively. Besides, a similar observation was found by Huang et al. in their 

works reported on Au-Cu2O core-shell cubic HS34–36. The bigger the gold core, the 

bigger the Cu2O shell (in a nearly linear relationship). 

 

 
 

Figure 6. Schematic representation of the comparison of the different metal [Au, Ag, Pd 

and Pt] HS results. Large (> 100 nm) Au NPs additional experiment control and bare Cu2O 

NCs are also represented. 

 

As a metal inside a conventional MW oven, the big metal particles can act as an 

antenna and adsorb the MW irradiation and become a hot spot, promoting enhanced 

reactivity. Then, particles undergo an increased Cu2O shell growth. In contrast, very 

small metal particles do not act as a seed for the Cu2O formation as in the case of 5 

nm Pt NPs. 
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Conclusions 

Noble metal-Cu2O HS consisting of Cu2O cubes wrapping a metal core (Au, Ag and 

Pd) attained by a universal microwave-assisted synthesis have been presented and 

the reproducibility and scalability of the process were demonstrated. This was 

achieved by benefitting from the MW selectivity, and controlling the synthetic 

parameters such as the molar ratio of metal NPs to Cu(acac)2, the molar weight of the 

PVP-stabilizer and the size of the metal particle. Importantly, the overall time of this 

synthesis route was less than 40 min, no shaping-template agents were used, and 

the metal-Cu2O HS were readily dispersible in water.  

When Au NP was used, the obtained nanomaterials consisted of Cu2O cubes ca. 30-

50 nm wrapping smaller crystalline Au NPs of ca. 9 nm. HRTEM also highlighted the 

homogeneous covering and contact between Cu2O and gold, which indicates a 

growth mechanism based on a single cube growth with {1 0 0} facets but with no 

epitaxy relation between the core and the shell. Regarding optical and plasmonic 

properties, the spectrum mostly reflected the absorption characteristics of Cu2O 

crystals and a broad light-scattering band in the red and near-infrared regions, while 

the characteristic LSPR absorption peak of the Au NPs was attenuated and red-

shifted. Finally, the presented synthetic route could be generalized to other metals 

(silver and palladium). Here we are providing a pioneering example of MW heating as 

a less conventional energy source for the colloidal synthesis of a family of complex 

metal/metal oxide heterostructures. 
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Supplementary information included in Publication 2 

Figure S1. TEM images of the noble metal NPs with a PVP surface coating used for the 

fabrication of the noble metal-Cu2O HS. A Au NPs, B Ag NPs, C Pd NPs and D Pt NPs. 

The insets show the size histograms of the samples. Mean particle size and standard 

deviation resulted from the adjusting of the particle size histograms to a Gaussian 

distribution function. 
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Figure S2. Secondary Electron SEM images of the final Au-Cu2O HS showing the 

homogeneity of the nanocubes. The inset shows a digital image of the colloidal dispersion 

of the sample. 

 

 
 

 

Figure S3. A TEM image of the prepared Cu2O NCs with a PVP surface coating using 

the same protocol of the HS synthesis but without the Au NPs. Cubic Cu2O NPs of 200 

nm of mean size was obtained. B Selected area electron diffraction (SAED) pattern 

confirming the cubic copper (I) oxide as the crystalline phase. The rings corresponding to 

the random orientated NPs were used for the planes indexation. This synthesis was 

successfully scaled-up a factor of 40 demonstrating the scalability of the protocol. A 

representative TEM image of the sample is shown in C. Cubic Cu2O NPs with the same 

size, shape and crystalline phase were obtained. 
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Figure S4. A TEM image of the final product when the order of the two-step microwave-

synthesis is reversed. Notice that gold nanoparticles with mainly anisotropic shapes are 

obtained: triangular plates, hexagonal plates, icosahedra, trapezoid, rhombus, and rod. B 

SAED pattern confirming the face-centred cubic metallic gold as the sole crystalline 

phase. 

 
 

 

 

 

 

 

 

Figure S5. TEM image of the final product when PVP10K is used on the second step 

instead of PVP3.5K. Notice that gold nanoparticles are enclosed in a Cu2O spherical and 

not a cubic shell. SAED pattern confirmed both the metal and the oxide materials on the 

heterostructures (data not shown). 
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Figure S6. TEM images (A and C) and SEM image (B) of the final product when large (> 

100 nm) gold nanoparticles are used instead of the small ones. Notice that gold 

nanoparticles (mainly with anisotropic shapes) have a Cu2O surface decoration layer and 

not a shell. SAED pattern confirmed both the metal and the oxide materials on the 

heterostructures (data not shown). 

 
 
 

Figure S7. Secondary Electron SEM images of the final Ag-Cu2O HS showing the 

homogeneity of the nanocubes. The inset shows a digital image of the colloidal dispersion 

of the sample. 

 
 

Figure S8. A TEM image of Pt-Cu2O HS when ∼5 nm Pt NPs are used as nucleation sites 

of the secondary Cu2O phase. Notice that the heterostructures are composed of Cu2O 

NCs with a Pt NPs surface decoration. The inset shows a digital image of the colloidal 

dispersion of the sample. B SAED pattern confirmed both the metal and the oxide 

materials in the heterostructures. 
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Microwave synthesis of Cu2O-based porous carbon 

nanocomposites as chemical oxygen demand 

electrochemical sensors 

Organic matter is a relevant wastewater pollutant since it contributes to eutrophication 

and its undesired effects. Its pollution level in a water sample is estimated by chemical 

oxygen demand (COD), a parameter defined as the mass concentration of oxygen 

consumed for fully oxidizing the dissolved and suspended organic substances of a 

liquid sample37.  

A well-established method for the analysis of COD is dichromate titration, based on 

the use of dichromate anion (Cr2O7
-) as a strong oxidant38. However, this standardized 

protocol presents several disadvantages: time-consuming, low sensitivity, limited 

precision, and use of large amounts of toxic, expensive, and hazardous chemicals. In 

this scenario, electrochemical methods are an attractive alternative thanks to their fast 

response, high sensitivity, low power requirements, portability, simplicity, and safety 

of operation. They are based on the electrocatalytic oxidation of organic matter by 

hydroxyl radicals generated on the surface of the electrochemical sensors37.  

The structure and chemical composition of the materials incorporated in the 

electrochemical sensor strongly impact its analytical performance since they 

determine the efficiency for catalyzing the production of hydroxyl radicals, and other 

important electrochemical parameters such as potential window, electron transport, 

background current, surface-to-volume ratio, and (chemical and electrochemical) 

stability39.  

Among the different electrocatalytic species for COD, copper-based nanomaterials 

are especially appealing because the intermediate products generated during the 

electrocatalytic oxidation of copper (Cu2O, CuO, Cu(OH)2) provide reaction sites for 

hydroxyl radicals that enable the oxidation of organics at low potentials. Then, the 

oxidation overpotential is decreased, and larger oxidation currents are observed as a 

result of their large surface area and higher electrocatalytic activity40. Besides, copper-

based nanomaterials show low toxicity and low environmental impact41.  

On the other hand, carbon materials (like glassy carbon, graphite and nano-graphite) 

are excellent electrode materials thanks to their high electrical conductivity, wide 

potential windows, chemical and electrochemical stability, and a rich variety of 

possible surface chemistries which make them versatile for further functionalization42. 

The latter is crucial for COD analysis since bare carbon requires a high potential to 
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oxidize organic compounds leading to oxygen evolution reaction due to water 

hydrolysis. By functionalizing carbon-based electrodes with suitable catalysts, the 

oxidation potential can be lowered.  

Recent reports exemplify the promising combination of carbon materials and copper 

nanoparticles with excellent performances in glucose and COD analysis40. However, 

the electrode preparation of those sensors required several steps.  

In this section, composite materials applied to COD analysis combining a porous 

carbon matrix and Cu2O nanocubes prepared by microwave-assisted synthesis with 

excellent analytical performance is assessed, aiming at the development of a 

synthetic protocol prone to be scaled up for mass manufacturing of cost-effective 

electrochemical sensor devices in COD detection. As mentioned earlier in the 

chapter, the results detailed in this section are a collaborative work between N&N 

Group at ICMAB and the Chemical Transducers Group at IMB-CNM. 

 

Materials and methods 

Materials 

All reagents were of high purity, analytical grade, or equivalent. Copper (II) 

acetylacetonate (Cu(acac)2, 97%), formaldehyde solution, ACS (CH2O, 37 wt. % in 

H2O, contains 10-15% methanol as stabilizer (to prevent polymerization)), resorcinol 

(m-C6H4(OH)2, 99%), and sodium carbonate anhydrous, ACS (Na2CO3, ≥ 99.5%) 

were purchased from Sigma-Aldrich. Benzyl alcohol (BA, ≥ 99%) was purchased from 

Scharlab. Polyvinylpyrrolidone (PVP, average molecular weight: 3500 g/mol) was 

purchased from Acros Organics. Acetone technical grade (99.5%) was purchased 

from Panreac. All materials were used as received without further purification. Milli-Q 

water (MQ-H2O) was used in all experiments.  

 

Synthesis of Cu2O Nanocubes 

Synthesis of cuprous oxide nanocubes (Cu2O NCs) with a PVP surface coating was 

done using the microwave-assisted thermal decomposition protocol described in 

Publication 2 with the Microwave Advanced Flexible Synthesis Platform (flexiwave) 

from Milestone, at 2.45 GHz frequency and 500 W power. In short, 1.36 g PVP (0.39 

mmol) were dissolved in 40 ml benzyl alcohol by continuous sonication. Then, 110 

mg of Cu(acac)2 (0.42 mmol) were dissolved in the previous solution that turned bluish 
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with a 10.50 mM Cu(acac)2 concentration. This preparation was repeated three times, 

and a total of 4 MW tubes were placed together in the MW reactor. Then the tubes, 

under continuous stirring, were first heated at 60°C for 5 min to ensure that the 

precursor is completely dissolved, and then heated to 200°C and kept at this 

temperature for 10 min. The final solution was dark-brown, and no precipitation was 

observed, indicating that the as-produced NPs were dispersed in the solution. To 

precipitate the NPs and remove PVP excess, 35 ml acetone was added to 10 ml of 

solution (16 test tubes) and centrifuged at 9000 rpm for 15 min, repeating the process 

twice. Then, the sediment from each tube was collected for further use.  

 

Synthesis of Carbon Xerogels 

Carbon porous materials were prepared in bulk by my colleague Wenchao Duan, 

following a sol-gel protocol described in a previous doctoral thesis43. First, 6 g 

resorcinol and 57 mg Na2CO3 were dissolved in 13 ml MQ-H2O (18 MΩ cm, Millipore). 

Then, 8.20 ml of formaldehyde solution were quickly added to the mixture under 

stirring conditions. The resulting solution (sol) was sealed in a glass vial and aged in 

a stove at 60 °C for 24 h to generate a wet gel. Next, the gel was dried in a fume hood 

at room temperature for 2 days to produce a xerogel material. Finally, the xerogel was 

carbonized at 1050 °C in an Ar atmosphere for 2 h to obtain a pure Carbon xerogel 

(C xerogel). 

  

Synthesis of Cu2O-Based Porous Carbon Nanocomposites 

Two different strategies were designed to combine the Cu2O NCs with the C xerogels, 

which were named ‘physical mixed’ and ‘in-situ grown’. 

In the ‘physical mixed’ procedure, the pyrolyzed C porous material was ball milled in 

a Retsch Mixer Mill MM 400 (30 min/15 Hz) using a zirconia jar (10 ml) and 2 zirconia 

balls (12 mm in diameter) to obtain a powder with an average particle size of 5 µm. 

Thereafter, 0.50 g of C xerogel powder and 35 mg of Cu2O NCs were added to 2 ml 

of MQ-H2O and thoroughly stirred to get a uniform dense suspension. This 

suspension was dried in the oven at 60 ºC for two days and a mixture of C xerogel 

powder and Cu2O NCs was obtained. The resulting material had a Cu2O content of 7 

wt. % (an optimized fraction according to previous results43). 
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For the ‘in-situ grown’ process, a piece of around 50 mg of the pyrolyzed C xerogel 

was directly placed (without ball milling) inside a MW tube containing 4 ml of BA with 

already dissolved 18.32 mg Cu(acac)2 and kept overnight to allow the diffusion of the 

Cu solution inside the porous material. The xerogel was located at the bottom of the 

MW tube. Then, the tube was placed inside the MW reactor (CEM Discover SP) and 

the synthesis of Cu2O NCs was carried out with the same reaction conditions as 

described above, but without the presence of PVP and in static conditions (no stirring). 

The final solution and C xerogel were brownish, indicating the presence of Cu2O NCs. 

The solution was discarded whereas the Cu2O/C xerogel composite was cleaned. For 

that, the C material was placed in a 15 ml falcon and 5 ml of acetone were added. 

Then, it was washed with 15 min of mechanical shaking at 70 rpm. After this washing, 

it was dried in the oven at 60 ºC for 1 h. In this case, the resulting material also 

presented a Cu2O content of 7 wt. % (in agreement with the nominal calculations). 

 

Materials Characterization 

The morphology and crystalline phase of the Cu2O NCs were analyzed in a JEOL 

JEM-1210 transmission electron microscopy (TEM) operating at 120 kV. One drop of 

the NP dispersion was placed in a carbon film copper grid. Typically, at least 500 

different NPs were measured with ImageJ to depict the size histogram. Mean particle 

size and standard deviation were obtained by fitting a Gaussian distribution function 

to the particle size histograms. Scanning electron microscopy (SEM) images of the 

samples supported in the carbon film copper TEM grid were obtained at high vacuum 

mode (1.70·10-4 Pa) with a SEM QUANTA FEI 200, with a voltage of 30 kV. 

Microstructural characterization of C material powders (both bare and in composite 

forms) was conducted by FEI Quanta 200F SEM. For the evaluation of the size 

distributions of Cu2O NPs inside the composite, more than 150 different particles were 

measured with ImageJ software as described before. 
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Results and discussion 

Cu2O NCs 

Highly defined and well-structured cuprous oxide nanocubes were successfully 

synthesized by MW irradiation as was also described in Publication 2. Worth noting 

is the fact that here the Cu2O NCs synthesis was effectively scaled up a factor of 40 

with a total mass of approx. 60 mg per batch, demonstrating again the scalability of 

the presented protocol. A Secondary Electron SEM image showing the homogeneity 

of the nanocubes is presented in Figure 7A. TEM analysis of the resulting NPs also 

showed that cubic shapes were satisfactorily obtained (Figure 7B). The average edge 

length was 200 ± 40 nm (Figure 7C). For all particles, selected area electron diffraction 

(SAED) patterns confirmed the cubic copper (I) oxide as the crystalline phase (Figure 

7D). The rings corresponding to the random orientated NPs were used for the plane 

indexation. 
 

 

Figure 7. A Secondary Electron SEM image showing the homogeneity of the prepared 

Cu2O nanocubes with a PVP surface coating. B TEM image of the sample. C Size 

distribution histogram of the sample. Mean particle size and standard deviation resulted 

from the adjusting of the particle size histogram to a Gaussian distribution function. D 

SAED pattern confirming the cubic copper (I) oxide as the crystalline phase. 
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Cu2O-Based Porous Carbon Nanocomposites 

First, attempts were made to combine the Cu2O NCs with the C xerogels by a physical 

mixture procedure. Desired Cu2O concentrations can be easily added to the mixture 

containing pre-milled C xerogels with an average particle size of 5 µm (Figure 8A). As 

shown in Figure 8B, SEM analysis showed that the cubic nanoparticles tend to 

accumulate in between larger pieces of the carbon xerogel.  
 

Indeed, SEM backscattered electron images reveal the presence of small bright 

nanocubes on the surface of larger dark particles confirming the nanocomposite 

formation. The bright contrast of the small cubic nanoparticles can be attributed to the 

presence of Cu (from Cu2O) while the darker particles correspond to the porous 

carbon xerogel.  

 

Figure 8. A Secondary Electron SEM image showing the milled C xerogel resulting 

particles. B Backscattered Electron SEM image of the Cu2O-porous carbon 

nanocomposite prepared via physical mixture showing the Cu2O NCs (bright NPs) 

combined with the previous C particles. 

 

Despite the simplicity of the procedure together with the possibility of preparing 

composite batches in the gram-scale, it is quite reasonable to expect a rather low 

intimate contact between both materials or a sub-optimal homogeneity on the Cu2O 

NC dispersion within the C xerogel matrix. This can compromise the final (COD) 

analytical performance since a good distribution of the nanocubes is crucial for an 

efficient transport of the electrons generated during the electrocatalytic oxidation of 

copper within the C xerogel. Therefore, an alternative procedure was assessed. 

Next, the composite preparation was done using an in-situ process introducing a piece 

of a bulk C xerogel inside the MW oven in contact (overnight) with a copper precursor 

solution. The idea of this strategy was simplifying the composite fabrication by mixing 

both materials during the formation of Cu2O, thanks to the MW chemistry which 
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permits the selective heating of the C surfaces to locally grow copper oxide. Moreover, 

the reaction is also taking place inside the C pores due to the diffused precursor 

solution. Importantly, with this approach higher intimate contact between the materials 

and a more homogeneous dispersion of the catalytically active component is 

expected. However, as being an initial study, the amount of material obtained after 

the synthesis is still in the mg-scale. 

As shown in Figure 9A, SEM backscattered electron images of the external C xerogel 

surfaces showed some attached Cu2O nanocubes, probably, coming from copper 

reaction on the solution. In addition, the bright spots over the surface indicate copper 

oxide growth inside the pores, which was further confirmed with images of cross-

sections of broken composite pieces (Figure 9B). It can be seen that when the copper 

reacts inside the pores the resulting oxide instead of cubic takes elongated shapes 

along the pore direction due to the confinement condition.  

 

Figure 9. Backscattered Electron SEM images of the Cu2O-porous carbon 

nanocomposite prepared via Cu2O in-situ growth on a piece of bulk C xerogel. A External 

surface image showing some attached Cu2O nanocubes (bright NPs) from copper 

reaction on the solution. B Cross-section image showing Cu2O grown inside the pores 

with elongated shapes along the pore direction.  

 

Certainly, the in-situ process deserves a more intensive investigation in the future. 
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Contributions to the field and critical comment  

This chapter combines two different Cu2O-based nanocomposites, first with noble 

metal nanoparticles and then with porous carbon matrices. 

Following the extensive study on Ag NPs reported in Chapter 1, the experimental part 

of Chapter 2 extended the use of MW synthetic routes for single-component 

nanoparticles to Au, Pd and Pt and validated its potential to be exploited in the 

multicomponent nanoparticle domain. 

In the first part of the chapter, corresponding to Publication 2, noble metal-Cu2O 

heterostructures consisting of Cu2O cubes wrapping a metallic core (Au, Ag and Pd) 

have been presented benefitting from the MW selectivity, and controlling the synthetic 

parameters with a fast (the overall time was less than 40 min) and simple (no shaping-

template agents were used) strategy. Importantly, HRTEM highlighted the 

homogeneous covering and contact between Cu2O and the metal, which indicates a 

growth mechanism based on a single cube growth with {1 0 0} facets but with no 

epitaxy relation between the core and the shell. Functional properties like optics and 

plasmonics were also studied with the absorption characteristics of both crystals. 

Finally, it is noteworthy that the presented synthetic route could be generalized for 

different metals. 

Moreover, we could identify a very small number of previous publications reporting 

similar heterostructures33–36. Our work differs from these references since their cubes 

were much larger (~ 200 nm) compromising the solution stability, those protocols 

generally involved multiple synthetic steps (more than 2), and the overall times of the 

synthetic routes were longer (over 2 h).  We believe that to date, the use of MW 

irradiation in noble metal-Cu2O heterostructures synthesis with cubic shape and with 

the metal NP localized in the core was not attempted. Thus, this thesis is providing a 

pioneering example of MW heating as a less conventional energy source for the 

colloidal synthesis of a family of complex metal/metal oxide heterostructures.  

Due to the Cu2O photocatalytic activity already mentioned in the introduction of 

Publication 2, an interesting line of research is to study its photocatalytic activity. For 

instance, testing their photocatalytic performance towards hydrogen production from 

water splitting, as the experiments described in Chapter 3. Future work which is 

scheduled in this direction. Also, another attractive line of investigation would be the 

electrocatalytic study. However, both possible research lines would firstly require 
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some material optimization since many parameters can influence the photo- or 

electro-catalytic outcomes.  

On the other hand, as reported in the literature, carbon materials have been combined 

with copper-based nanoparticles for glucose and chemical oxygen demand 

analysis40. This approach is currently being investigated in our lab (in a collaboration) 

to exploit MW chemistry to produce electrochemical sensors to analyse chemical 

oxygen demand (COD) in wastewaters. The last section of the chapter tackles this 

project presenting the favourable material preparation results by the micro- and nano- 

structural characterizations. However, the applicability part of this collaboration (not 

shown) was also assessed by firstly measuring glucose as a standard analyte and 

then analyzing three real samples from an urban wastewater treatment plant. The 

results successfully performed for the detection of COD and the recorded COD values 

were in good agreement with those obtained with the standard dichromate method. 

These results are in a manuscript already submitted, which reports the comparative 

study of several composite materials comprising a porous carbon matrix and Cu or 

Cu2O NPs that were characterized for COD analysis using real water samples. The 

production of the materials comprised different approaches based on the physical 

mixing of the two components and one-pot chemical synthesis processes. 

Interestingly, the Cu2O/C material prepared by the physical mixing of previously MW-

prepared Cu2O nanocubes with porous carbon have shown the best analytical 

response.  

Thinking critically on the results presented in Chapter 2, I consider that the most 

relevant and innovative finding is the last presented in-situ growth procedure. The 

possibility to combine carbon and copper-based materials on-demand in one in-situ 

growth step expands the possibilities of MW irradiation for multicomponent 

nanoparticle generation and establishes a relevant advance in this thesis. With this in 

mind, this approach was indeed further used in Chapter 3 by the in-situ growing of 

gold NPs in titanium dioxide matrices. Furthermore, still regarding the resulting carbon 

and copper-based nanocomposites, they are expected to improve the analytical 

performance (not addressed yet), while providing a more controlled and customizable 

platform, due to a more materials intimate contact essential in catalysis coming from 

the growth strategy.   
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Chapter 3 Graphical Summary. Schematic representation of the different 

multicomponent nanoparticles systems based on titanium dioxide (TiO2) and 

gold (Au) achieved by MW-assisted chemistry in this chapter (top), used as 

photocatalysts for the hydrogen (H2) production from water/ethanol mixtures in 

gas-phase at ambient temperature. A scheme of the photocatalytic reactions to 

produce H2 from ethanol under UV light (left) and visible light (right) is 

represented at the bottom.
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Chapter introduction 

Chapter 3 is also dedicated to hybrid nanostructures preparation using MW 

irradiation. In particular, this chapter encompasses two publications (Publication 3 and 

Publication 4), that addresses the rational combination of titanium dioxide and gold 

NPs and their applicability as photocatalysts for gas-phase hydrogen generation. This 

possibility was mentioned already in the Introduction and has been materialized 

through a collaboration with Dr. Lluís Soler and Dr. Jordi Llorca of the Institute of 

Energy Technologies from the Department of Chemical Engineering and the 

Barcelona Research Center in Multiscale Science and Engineering from the 

Universitat Politècnica de Catalunya (https://inte.upc.edu/en), a leading research 

institute on materials engineering applied to energy located in Barcelona. 

The first publication entitled “Fast and Simple Microwave Synthesis of TiO2/Au 

Nanoparticles for Gas-Phase Photocatalytic Hydrogen Generation” (Publication 3) 

investigates TiO2/Au hybrid nanoparticles for hydrogen generation. This study aimed 

at the fabrication of small anatase titanium dioxide NPs attached to larger anisotropic 

gold morphologies by a very fast and simple two-step MW-assisted synthesis, and at 

the nanocatalysts activity evaluation in the photocatalytic production of hydrogen from 

water/ethanol mixtures in gas-phase at ambient temperature with UV light.  

The second publication, “Au/TiO2 2D-Photonic Crystals as UV-visible Photocatalysts 

for H2 Production” (Publication 4), reports a light-trapping scheme to amplify the light-

harvesting efficiency of the TiO2 semiconductor beyond the UV region by coupling a 

2D titania photonic crystal to gold NPs. This study focussed on an easily scalable 

approach where MW-grown Au NPs (in-situ infiltrated by selective heating or pre-

synthesized and mixed with the titania paste) are combined with a mesoporous titania 

scaffold and patterned with the photonic structure using soft nanoimprinting 

lithography to prepare Au/TiO2 2D-photonic photocatalysts. The noble metal 

decoration on the wideband gap semiconductor photonic crystal enables the 

excitation of surface plasmons in the visible range that upon relaxation generates hot 

carriers used for catalysis. This extends the solar spectra beyond the UV, 

representing a step forward in light-harvesting efficiency. The photonic crystal optical 

properties dependence on the lattice parameter, geometry and metal loading are 

presented through extinction measurements and analyzed through simulations. The 

photocatalytic performance of the substrates is tested for hydrogen production and 

rhodamine B degradation. This work has been performed in close collaboration with 

the Nanostructured Materials for Optoelectronics and Energy Harvesting (NANOPTO) 
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research group (https://nanopto.icmab.es/) at ICMAB and is co-authored by the 

NANOPTO group members Dr. Pau Molet and Dr. Agustín Mihi. 

In summary, the experimental work of Chapter 3 describes the MW preparation of 

different hybrid titanium dioxide and gold systems and their evaluation as gas-phase 

hydrogen generation photocatalysts under UV or UV and visible light. 
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Publication 3: Fast and Simple Microwave Synthesis of 

TiO2/Au Nanoparticles for Gas-Phase Photocatalytic 

Hydrogen Generation 

Anna May-Masnou*, Lluís Soler*, Miquel Torras, Pol Sallés, Jordi Llorca, Anna Roig. 

Front. Chem. 2018, 6 (April), 1–13.   

Published in open access by Frontiers in Chemistry. 

https://www.frontiersin.org/articles/10.3389/fchem.2018.00110/full 

 

Abstract 

The fabrication of small anatase titanium dioxide (TiO2) nanoparticles (NPs) attached 

to larger anisotropic gold (Au) morphologies by a very fast and simple two-step 

microwave-assisted synthesis is presented. The TiO2/Au NPs are synthesized using 

polyvinylpyrrolidone (PVP) as a reducing, capping and stabilizing agent through a 

polyol approach. To optimize the contact between the titania and the gold and 

facilitate electron transfer, the PVP is removed by calcination at mild temperatures. 

The nanocatalysts activity is then evaluated in the photocatalytic production of 

hydrogen from water/ethanol mixtures in gas-phase at ambient temperature. A 

maximum value of 5.3 mmol·gcat
-1·h-1 (7.4 mmol·gTiO2

-1·h-1) of hydrogen is recorded for 

the system with larger gold particles at an optimum calcination temperature of 450 °C. 

Herein we demonstrate that TiO2-based photocatalysts with high Au loading and large 

Au particle size (≈ 50 nm) NPs have photocatalytic activity. 

 

Keywords: Nanotitania, gold nanoparticles, microwave synthesis, gas phase 

photocatalysis, hydrogen production 

 

Introduction 

The prospect of achieving clean and renewable hydrogen at ambient temperatures 

through the photocatalytic water splitting reaction has gained much attention since 

the pioneering work of Honda and Fujishima in 1972 using TiO2 as photocatalyst in a 

photoelectrochemical cell1. TiO2 is an excellent candidate for photocatalysis 

presenting an effective generation of electron-hole pairs, chemical stability to 

corrosion and photocorrosion and providing suitable interfaces for charge transfer. 

https://www.frontiersin.org/articles/10.3389/fchem.2018.00110/full
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However, its large bandgap (anatase 3.2 eV; rutile 3.0 eV) restricts its use in the UV 

fraction of the spectrum, and the fast recombination rate of the charge carriers 

(electron-hole) after excitation compromises the efficiency of H2 generation2. 

Higher photocatalytic activities have been achieved using more complex 

nanocatalysts, for instance, by doping TiO2 with cations or anions or by combining the 

TiO2 with metal or semiconductor nanoparticles (NPs). Usually, noble metal NPs, 

such as Au3–8, Pd9, Pt6,10, Au-Cu11, Au-Pd12, or metal oxide NPs, like RuO2 or CuO13–

15 have been used. These doping agents act as a cocatalyst, enhancing the electron-

hole charge separation, avoiding or delaying the recombination rate and increasing 

the overall photocatalytic activity. However, this technology is still not fully 

commercially available, mainly due to the low efficiency of the materials, their low 

stability during the water-splitting reaction, and their overall high cost. 

The influence of metal loading has been studied thoroughly considering small metal 

percentages, usually up to 10 wt%. In this range, the hydrogen yield increases with 

increasing metal content, reaches a maximum, and then starts a steady decrease. 

The optimum loading is usually found between 0.5 and 8 wt%5,16. The common 

reasoning is that the surface of the semiconductor becomes partially blocked by the 

metal, decreasing the surface concentration of electrons and holes available for 

reaction, and hindering light absorption3,17. Another explanation of the photocatalytic 

activity decrease at large metal fractions is that the deposited metal particles can 

themselves act as recombination centres for the photogenerated electrons and 

holes3. The influence of particle size has also been widely studied. Most authors 

sustain that the catalytic activity of Au NPs disappears for particles larger than 20 nm 

since the activity is correlated with the number of Au atoms on the external surface4,18. 

Accordingly, Murdoch et al. showed that Au NPs in the size range 3-30 nm (especially 

up to 12 nm) on TiO2 were the most active in hydrogen production16. However, the 

optimum metal particle size will also depend on the size of TiO2 NPs and the type of 

contact with the semiconductor support. Thus, full implications of the loading, size, 

and shape of the metal cocatalyst need to be further explored. 

The overall activity of the photocatalyst and hydrogen production can also be 

enhanced by the addition of easily oxidizable sacrificial agents, acting as electron 

donors19. According to previous works7,8,11, some of us demonstrated that the rate of 

H2 production increased due to the irreversible oxidation of the organic molecule with 

the holes and the concomitant suppression of electron-hole recombination. Although 

ethanol is not the sacrificial agent with the highest rate of hydrogen production7,20,21, 
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it is by far one of the most promising and used, since it is readily available, easy to 

transport, safe to handle and can be produced by renewable biomass. Ethanol is a 

good option when performing gas-phase reactions since it can be easily mixed with 

water and form gaseous mixtures. Moreover, in a gas-phase reaction, contrarily to a 

liquid-phase reaction, as the H2 and O2 formed on the surface of the catalyst are 

rapidly released, there is a shorter time for the formation of undesired byproducts. 

However, acetaldehyde is produced as a result of ethanol dehydrogenation, as stated 

in Eq. (1)8. 

CH3CH2OH → CH3CHO + H2              Eq. (1) 

Producing functional materials with better properties than the existing ones, while 

using cheaper, faster and cleaner synthesis, is in high demand. The most widespread 

methods to obtain nanoparticles, such as co-precipitation, thermal decomposition and 

microemulsion are limited by either the amount of available reagents or the required 

long unpractical processing times. Microwave energy is becoming an increasingly 

attractive alternative tool in all areas of synthetic chemistry because it can boost some 

competitive advantages over other fabrication methods. It is fast, produces high 

yields, is scalable and is easy to operate, being efficient in terms of energy 

consumption and environmentally friendly22–24. In particular, the versatility of the 

method for the synthesis of nanoparticles has been reported23,25. Monodisperse 

nanoparticles are achieved due to more homogeneous inner core heating with no 

solvent convective currents due to temperature gradients25, which decreases the 

possibility of asynchronous nucleation and heterogeneous nanocrystal growth. 

Indeed, microwave-assisted synthesis has appeared as an attractive way to prepare 

scalable, uniform and controllable colloids with complex kinetic/thermodynamic 

control over crystallization processes26. 

Herein, we report on a facile synthesis of TiO2/Au nanostructures through a 

microwave-assisted route26–28. The obtained nanomaterials consist of two different 

sizes of Au NPs (ca. 50 nm and ca. 10 nm) in contact with smaller crystalline TiO2-

anatase NPs of ca. 10 nm in both cases. We then investigate and compare the 

photocatalytic performance of the TiO2/Au nanomaterials with Au loading as high as 

20 wt%. The photocatalytic activity is studied on H2 production from a mixture of 

ethanol and water in gas phase. We analyzed the effect of the calcination temperature 

on the photocatalytic efficiency of the two TiO2/Au nanostructures. The use of the 

same size of TiO2 NPs and varying the size of Au NPs allows us to elucidate the role 

of the size of Au NPs/contact points. There are very few previous studies analyzing 
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the photocatalytic activity of TiO2 NPs with very high Au loading and large Au particle 

size, which by using smaller TiO2 NPs could increase the number of Schottky 

junctions and, therefore, improve the overall photocatalytic performance of the 

process. 

 

Materials and Methods 

Materials 

Titanium butoxide (TBOT) (97 %), polyvinylpyrrolidone (PVP, average molecular 

weight: 10000 g/mol) and hydrogen tetrachloroaurate trihydrate (HAuCl4·3H2O ≥ 

99.9%) were purchased from Sigma-Aldrich. Anhydrous benzyl alcohol (99 %) and 

pure ethanol (> 99.9 %) were purchased from Scharlau, and ethylene glycol (EG ≥ 99 

%), HCl (37 %) and acetone were purchased at Panreac. All materials were used as 

received without further purification. Milli-Q water (MQ-H2O) was used in all 

experiments. 

 

Synthesis of PVP Coated TiO2 NPs 

TiO2 NPs with a PVP surface coating are synthesized adapting our microwave (MW) 

synthesis protocol for superparamagnetic iron oxide NPs (SPIONs)26,28,29 in a CEM 

Discover reactor (Explorer 12-Hybrid) at a frequency of 2.45 GHz and 300 W of power. 

Moreover, the synthesis process is scaled up a factor of 4 to have enough quantity of 

material. Briefly, 2.72 g PVP (0.272 mmol) are dissolved in 16 mL of anhydrous benzyl 

alcohol (BA) by continuous sonication. Then, 240 µL TBOT (0.684 mmol) are mixed 

with the above-prepared solution to give a homogeneous solution of a yellowish 

colour. The tubes are then placed in the MW reactor and heated first to 50 °C for 5 

min to ensure complete solubilization of the precursor, and then at 190 °C for 10 min. 

The final solution is dark-yellow and no precipitate is observed, indicating that the NPs 

are dispersed in the solution. TiO2 NP are collected by adding 35 mL acetone in 4 mL 

of the solution (4 tubes) to precipitate the NPS and remove the excess PVP, 

centrifuging at 6000 rpm for 30 min twice, and redispersing the precipitate of each 

tube in 16 mL ethylene glycol (EG) to be further used. 
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Synthesis of TiO2/Au NPs 
 

Two different synthetic routes were investigated (A and B, see Figure 1). The only 

variation between the two syntheses is the quantity of PVP added: 100 mg of PVP in 

synthesis A and 600 mg in synthesis B. PVP is added to the as-obtained TiO2 

dispersions in EG (16 mL) and sonicated to obtain a homogenous mixture, followed 

by the addition of 64 µL of 250 mM HAuCl4·3H2O (0.016 mmol). The molar ratio of 

free PVP to HAuCl4 is 0.625:1 in synthesis A and 3.75:1 in synthesis B, and of TiO2 

to HAuCl4 is 6.41:1 in both syntheses. The solution is heated at 120 °C for 10 min in 

the microwave reactor. The final solution is tyrian-purple and no precipitate is 

observed. As-obtained TiO2/Au are washed twice with acetone (35 mL acetone in 8 

mL of solution, 2 tubes) to remove free PVP, and collected by centrifugation at 6000 

rpm for 30 min twice. The samples are redispersed in 2 mL of MQ-H2O and kept for 

further characterization. In total, we will have 4 mL of sample A and 4 mL of sample 

B. Part of the sample is dried overnight at 100 °C, and other parts are annealed in air 

at 400 °C, 450 °C, 550 °C or 600 °C for 2 hours at a heating rate of 2 °/min to remove 

the organic PVP and increase the contact between Au and TiO2. 

 

Figure 1. Schematic representation of the 2-step microwave-assisted synthesis of 

Au/TiO2 nanostructures. A and B depict the two performed synthetic routes to obtain Au 

and TiO2 nanoparticles with different Au particle size distributions. A) TiO2:PVP:HAuCl4 = 

1:0.097:0.155; B) TiO2:PVP:HAuCl4 = 1:0.583:0.155 (molar ratios). Notation: TBOT, 

titanium butoxide; PVP, polyvinylpyrrolidone; BA, benzyl alcohol; HAuCl4: hydrogen 

tetrachloroaurate; EG: ethylene glycol, MW: microwave-assisted synthesis. 
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Purification of TiO2/Au NPs 

 

To remove the excess TiO2 not bonded to the Au NPs, the as-synthesized particles 

dispersed in 2 mL MQ-H2O are divided into two Eppendorf tubes with 1 mL each and 

centrifuged at 6000 rpm during 25 min (synthesis A) and 4 min (synthesis B). The 

supernatant is discarded, another 1 mL MQ-H2O is added, and the centrifugation is 

repeated. This procedure is repeated two more times for synthesis A for 15 minutes 

each. The supernatant is further discarded and the total resulting solid is redispersed 

in 2 mL MQ-H2O. 

 

Materials Characterization 

 

Ultraviolet-visible-near infrared (UV-Vis-NIR) spectra were collected on a Varian 

Cary-5000 UV-Vis-NIR spectrophotometer between 350 and 800 nm. The 

morphologies and crystalline phase of the Au and TiO2 NPs were analyzed in a JEOL 

JEM-1210 transmission electron microscopy (TEM) operating at 120 VK. One drop of 

the NPs dispersion was placed in a carbon film copper grid. High-resolution TEM 

(HRTEM), high angular annular dark-field scanning transmission electron microscopy 

(HAADF-STEM) images and STEM-Energy dispersive X-ray spectroscopy (STEM-

EDX) profiles were acquired using a FEI Tecnai G2 F20 microscope operated at 200 

kV equipped with an EDAX super ultra-thin window (SUTW) X-ray detector, on the 

as-synthesized and calcined at 450 °C samples. Elemental analysis of C, H, N and S 

was performed through the combustion of the samples at 1200 °C in an oxygen 

atmosphere, followed by quantification through gas chromatography with a CHNS 

Thermo scientific Flash 2000 elemental analyzer. From these results, the PVP was 

calculated. Chemical analysis of Au and Ti was done with inductively coupled plasma 

optical emission spectroscopy (ICP-OES) with an ICP-OES Perkin-Elmer, model 

Optima 4300DV. The samples were previously digested with a mixture of 

concentrated HNO3, HCl and HF in a Milestone Ultraware microwave. In all the cases, 

the mass analyzed was weighed with a microbalance MX5 Mettler Toledo. Samples 

were carried out in triplicate. The percentage of Au and TiO2 was calculated from 

these results. Infrared (IR) analysis was carried out in a FTIR Perkin-Elmer Spectrum 

One spectrometer, in ATR mode, between 450 and 4000 cm -1 energy range. 

Simultaneous thermogravimetric analysis (TGA)-differential scanning 

calorimetry/differential thermal analysis (heat flow DSC/DTA) was conducted in a 

NETZSCH-STA 449 F1 Jupiter equipment, from room temperature to 700 °C in air. 
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Scanning electron microscopy (SEM) images of the samples supported in filter paper 

were obtained at low vacuum mode (50 Pa) with a SEM QUANTA FEI 200, with a 

voltage of 15 kV.  

 

Preparation of the Photocatalysts 

4 mg of each synthesis (A and B), as-synthesized and calcined (at 400 °C, 450 °C, 

550 °C and 600 °C), were weighed in an Eppendorf. Then, 200 µL of ethanol were 

added and the samples were sonicated for 20 minutes. Filter paper from the 

laboratory (from Albet, pore size 35-40 µm, 80 g·m-2, thickness 0.18 mm), used as 

support, was cut in round-shapes and weighed. Then, the filter paper was 

impregnated with the NPs solution, by pouring each time 20 µL and evaporating the 

ethanol in an oven at 50 °C. Only the centre of the paper was impregnated, 

corresponding to the inner diameter of the photocatalytic reactor used for the tests. 

Once dry and at room temperature, the photocatalytic paper was weighted to know 

the real amount of material added. 

  

Photocatalytic Activity 

Photoreactions were carried out in the gas phase at room temperature and 

atmospheric pressure in continuous mode in a tubular glass reactor previously 

described30,31. In a typical experiment, the impregnated filter paper is placed between 

the two parts of the photocatalytic reactor, upside-down (the impregnated 

photocatalyst facing downwards) on top of the O-ring on the centre of the reactor, 

over the UV LED (Figure 2). The junction is tightly sealed with parafilm and a screw 

sealing ring. A saturated Ar gas stream with water:ethanol vapour mixture (90:10 ratio 

on a molar basis) was introduced into the photoreactor by bubbling dry Ar gas at a 

flow rate of 20 mL/min through a saturator (Dreschel bottle) containing a liquid mixture 

of 87.5g of H2O and 9.92g of ethanol. The photoreactor effluent was monitored online 

every 4 min by gas chromatography (GC) (Agilent 3000 A MicroGC) using three 

columns: MS 5 Å, Plot U and Stabilwax. The LED UV-light source (from SACOPA, 

S.A.U.) consisted of four LEDs at 365 ± 5 nm and a synthetic quartz glass cylindrical 

lens that transmits the light to the photocatalyst. The UV-light source is located at the 

bottom part of the reactor, irradiating the filter paper from below, at a distance of 1 

cm. Light irradiation is measured directly with a UV-A radiation monitor from Solar 

Light Co. and is 81.7 ± 0.5 mW·cm−2. In this set of experiments, we wanted to evaluate 
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the photocatalytic activity of different catalysts under the same experimental 

conditions, so we did not want to be limited by the amount of irradiation. We worked 

with excess UVA light (365 nm) to not be limited by this factor. The irradiation area is 

quite small and is placed very near the light (< 1 cm). This involves a low apparent 

quantum efficiency (AQE) achieved since it represents the efficiency of the irradiated 

light to form hydrogen. The AQE value calculated in the maximum rate of hydrogen 

production (sample A at 450 °C), is equal to AQE = 0.45 % (see Supplementary 

Material for details of AQE calculation). At the beginning of each experiment, the UV 

light is off, and the reaction system is purged by entering 20 mL/min of saturated Ar 

gas with the water-ethanol vapour mixture, to remove the maximum possible oxygen 

(O2) in the line, up to reaching an O2 stable value. During this time, the GC 

chromatograms indicate a reduction of the oxygen content, which decreases down to 

very low values (< 0.001 %). Due to the intrinsic limitations of the system, it is not 

possible to completely remove the oxygen inside the reaction system. After 30 min, 

the UV light is turned on and we monitor all photoreaction products during ca. 20-40 

minutes by GC. Control experiments were carried out with only the filter paper support 

and no photoactivity was measured. Two measurements were made for each as-

synthesized sample (A and B) with excellent reproducibility. Experiments with bare 

TiO2 NP and Au NP were also performed. 

 

Figure 2. Image and scheme of the photoreactor. The UV-light LED irradiates the sample 

from below. 
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Results and Discussion 
 

The TiO2/Au nanoparticles were synthesized, in less than 1 hour, through a 2-step 

microwave-assisted synthesis (Figure 1). In the first step, the TiO2 NPs are formed by 

sol-gel synthesis in a microwave oven using titanium butoxide (TBOT) as the 

precursor, benzyl alcohol (BA) as solvent and polyvinylpyrrolidone (PVP) as a 

stabilizer. The PVP capped-TiO2 NPs with an average size of 9 ± 2 nm are crystalline 

presenting solely the anatase phase. In the second step, two different syntheses, 

labelled A and B, are performed to obtain two different sizes of Au NPs (see A and B 

in Figure 1) to evaluate their different photocatalytic behaviour. In the presence of the 

pre-formed anatase nanoparticles, the second step is a polyol-synthesis for the 

formation of Au NPs using HAuCl4·3H2O as a precursor, ethylene glycol (EG) as 

solvent and PVP as reducing and capping agent. The TiO2 NPs, dispersed in the 

reaction media, serve as nucleation sites for the Au NPs. In this second step, the 

amount of PVP is used to tune the size of the Au NPs as represented in Figure 1, 

confirming the significant role of PVP in the formation of anisotropic nanostructures28. 

While small PVP/Au precursor molar ratio (0.625:1) lead to large Au NPs with 

anisotropic shapes including triangles, an increase of PVP/Au precursor molar ratio 

(3.75:1) yields smaller and rounded Au NPs, as was also observed in the SPIONs/Au 

system28. The synthesis presented here reinforces the potential of microwave 

irradiation to fabricate multimaterial NPs in a short time and in an easily scalable 

process26–28. Finally, we also prepared Au NPs using the same protocol of “Synthesis 

A” but without the PVP capped-TiO2 NPs, obtaining spherical Au NPs of 9 nm mean 

size, as previously shown by Yu et al.28. 

TEM micrographs confirmed the successful formation of the nanoparticles and the 

differences in particle size and shape of both syntheses. Synthesis A (Figure 3A) with 

Au NPs (average size > 50 nm) of different shapes, including nanotriangles (22 %), 

nanocubes (40 %), nanospheres (31 %), nanohexagons (5 %) and nanopentagons 

(2 %), which are randomly decorated with small TiO2 NPs (9 ± 2 nm in size). On the 

other hand, synthesis B (Figure 4A) involves the formation of much smaller Au 

nanospheres (8 ± 2 nm), very similar in size to that of the TiO2 NPs (9 ± 2 nm), 

although different in morphology (TiO2 NPs have a rhombus shape). Moreover, due 

to the similar sizes, the Au NPs cannot be decorated with TiO2 NPs, but they are 

always surrounded by them: in all the analyzed images, no isolated Au NPs are found. 
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Figure 3. TEM images of sample A (A) as-synthesized (NC: not calcined), (B) calcined at 

450 °C and (C) calcined at 600 °C. HRTEM images of sample A (D) as-synthesized, (E) 

calcined at 450 °C, (F) STEM of sample A of (F-1) as-synthesized and (F-2) calcined at 

450 °C, with element profiles. 
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Figure 4. TEM images of sample B (A) as-synthesized (NC: not calcined), (B) calcined at 

450 °C and (C) calcined at 600 °C. HRTEM images of sample B (D) as-synthesized, (E) 

calcined at 450 °C, (F) STEM of sample B of (F-1) as-synthesized and (F-2) calcined at 

450 °C, with element profiles. 
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Electron diffraction patterns of the as-synthesized samples (Supplementary Figure 1A 

and Supplementary Figure 1D in the Supplementary Material) indicate that titanium 

dioxide is anatase, which is the most photocatalytic active phase. This phase is 

already formed during the microwave synthesis process, without a further annealing 

step needed. The electron diffraction patterns also confirm the presence of metallic 

gold in the samples. Samples were calcined at different temperatures to remove the 

organic PVP that keeps the two materials apart, to increase the contact between the 

two inorganic phases and enhance the electron transfer between them32. Calcination 

has a larger effect on the Au than on the TiO2 NPs. Au NPs of sample A calcined at 

450 °C show more rounded corners, especially for the triangles and the cubes (Figure 

3B). These changes are more severe at 600 °C (Figure 3C) when the gold NPs start 

to melt and fuse with each other, forming elongated-rounded shapes and resulting in 

a particle size increase. The average particle size of sample A increases around 7 nm 

(up to 59 ± 21 nm), whereas that of sample B increases much more (28 ± 9 nm) 

(Figure 4B-C). Regarding TiO2 NP, they maintain their size up to 450 °C whereas after 

being calcined at 600 °C, they increase up to 13 ± 4 nm and 17 ± 5 nm for synthesis 

A and B, respectively. However, upon calcination at the different temperatures, TiO2 

remains as anatase (Supplementary Figure 1A-C, Supplementary Figure 1D-F). The 

increase of particle size with calcination temperature and the particle size distributions 

are illustrated in Supplementary Table 1, Supplementary Figure 2 and Supplementary 

Figure 3. Annealing at 450 °C removes almost totally the PVP, largely increasing the 

intimate contact between Au and TiO2 NPs, as observed by TGA analysis and IR 

analysis, included in Supplementary Figure 4 and Supplementary Figure 5. 

By HRTEM we can image the interplanar spacing of TiO2 and gold. A lattice spacing 

of 0.35 ± 0.01 nm, measured in both samples, matches the (101) lattice plane for TiO2 

anatase. In sample B calcined at 450 °C, an additional spacing of 0.19 ± 0.01 nm is 

detected, which is assigned to the (200) anatase plane. The 0.23 ± 0.01 nm lattice 

spacing of Au NPs belongs to the (111) plane for metallic Au (Figure 3D-E, Figure 4D-

E). Moreover, HRTEM also highlights the homogeneous covering and contact 

between Au and TiO2. In sample A, we can see that the large Au NPs are covered by 

the TiO2 NPs since some anatase planes can be identified on top of the Au NPs 

(Figure 3D) and after the PVP is removed we can see an intimate contact between 

both materials (Figure 3E). The coverage of Au NPs by TiO2 is also confirmed by 

HAADF STEM (Figure 3F), an element profile shows that Ti is identified on the top of 

the Au particles. In sample B with smaller Au NPs, these are always surrounded by 
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similar-size TiO2 NPs (Figure 4F). We could not find Au NPs that were not in contact 

with at least one TiO2 NP. The element profile obtained by HAADF STEM also 

indicates the presence of Ti where there is the Au NP in this sample. 

TEM micrographs also show an excess of TiO2 NPs that are not in contact with Au 

NPs, which will have little or no effect on the photocatalytic activity. To remove the 

excess of TiO2, both samples were further purified by centrifugation as explained in 

the experimental section. TEM micrographs of the purified samples (Supplementary 

Figure 6A-E) show that the excess of TiO2 was partly removed for sample A. 

Unfortunately, this purification method was unsuccessful for sample B, due to the 

similarity of particle size between TiO2 and Au NPs. Photocatalytic activity for the 

purified A and B samples (labelled as A* and B*) will also be reported below. 

The amount of Au and TiO2 on the samples has been quantified by ICP-OES. The 

amount of PVP has been indirectly calculated by elemental analysis of CHNS (carbon, 

hydrogen, nitrogen and sulfur), considering PVP as (C6H9NO)n,. The ICP-OES results 

compared well with those obtained from the thermogravimetric analysis (TGA) 

(Supplementary Figure 4). Despite using the same initial amount of gold precursor, 

sample A (with 20 ± 2 wt%) has nearly double gold content than sample B (with 11 ± 

2 wt%), whereas the amount of TiO2 is similar in both samples (49 ± 7 wt% and 51 ± 

7 wt%). From the elemental analysis, it was interfered that the amount of PVP was 31 

± 5 wt% in sample A, and 38 ± 5 wt% in sample B. Infrared (IR) analysis confirmed 

the presence of PVP in the TiO2 NPs and in A and B samples and proved the removal 

of the PVP on the calcined samples (Supplementary Figure 5). 

The purification of the samples from an excess of TiO2 leads also to a decrease of the 

PVP content, from 31 to 5 wt% in sample A*, and from 38 to 10 wt% in sample B*, 

and obviously to a remarkable increase of the Au content, especially in sample A*, 

from 20 to 67 wt%, whereas in sample B* from 11 to 20 wt%. Supplementary Figure 

7 depicts the distribution of the Au/TiO2/PVP for all samples. 

To evaluate the photocatalytic activity of these systems, the TiO2/Au NPs solutions 

were deposited on top of ordinary laboratory filter paper. The amount of deposited 

photocatalyst was set to 4 mg, to achieve an optimal photocatalyst loading value of 

ca. 1.2 mg/cm2 as previously reported by Castedo et al.33. The insets in Figure 6 show 

the materials corresponding to the as-synthesized samples A and B. The rest of the 

used samples are shown in Supplementary Figure 8. SEM images were obtained of 

the as-prepared photocatalytic papers. Figure 6 shows that the distribution of the 



| Chapter 3 | 
 

138 
 

nanostructures is very homogenous in both samples A (Figure 5A-B) and B (Figure 

5C-D). This is better confirmed by Au NPs (shown as bright spots) evenly dispersed 

in all the area. In sample A at 200,000 x (Figure 5B) the different shapes of the 

particles can be differentiated (nanotriangles, squares, spheres…). 

 

Figure 5. Backscattered SEM images of sample A (A,B) and B (C,D) on top of the filter 

paper at 50,000 x (A,C) and 200,000 x (B,D). Bright dots correspond to Au NPs. Insets 

correspond to photographs of the materials deposited on filter paper (A) sample A, (C) 

sample B. 

 

UV-Vis absorption spectra collected between 350 and 800 nm were recorded on these 

materials (Figure 6). Both samples show the gold plasmon absorption peak, with the 

absorption of sample A at longer wavelengths (610 nm) than sample B (545 nm), due 

to the larger particle size and anisotropic shapes28,34. The UV-Vis spectra of the 

purified samples (A*, B*) maintained the gold absorption peaks at the same 

wavelength and the same TiO2 absorption at the UV region, indicating the presence 

of both elements (Supplementary Figure 9A-B). The UV-Vis spectra of the successive 

supernatants of the different purification steps (Supplementary Figure 9C) and the 

evolution of sample A (Supplementary Figure 9D) confirm the removal of TiO2 and the 

retention of most Au NPs. Some images of the supernatants and the final purified 

samples are also provided (Supplementary Figure 9E). Calcination affects the 

absorption peak of sample A, which decreases to values of 565 nm due to the 
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modification of the particle shape and loss of anisotropy (rounded edges)35. However, 

the absorption peak of sample B is not modified. The TiO2 sample clearly shows an 

increase of absorption at the UV region, while in the other samples this increase is 

not so evident, probably due to the lower concentration of TiO2 on samples A and B. 

 

Figure 6. UV-Vis spectra between 350-800 nm wavelength of (A) sample A and (B) 

sample B, on filter paper and at different calcined temperatures. Both plots include the 

UV-Vis spectra of TiO2 NPs on filter paper (before adding the gold precursor). 

 

All the synthesized photocatalysts were studied in the photoproduction of H2 under 

dynamic conditions at atmospheric pressure and room temperature, introducing a 

saturated Ar gas stream with a water:ethanol vapour mixture at a flow rate of 20 

mL/min through a tubular photoreactor. In addition, blank experiments with bare TiO2 

NPs and Au NPs were also carried out for comparison. The gaseous reactants 

(saturated Ar with water-ethanol mixture 9:1 molar, GHSV80000 h-1) enter the 

reactor from the lower part, passes through a cellulose paper loaded with the TiO2/Au 

catalyst and exits the reactor from the top (see Figure 2). The outlet of the 

photoreactor was continuously monitored by GC. H2 was produced using the two 

investigated catalysts (A and B) in both the as-synthesized and the calcined forms. 

H2 was also produced using bare TiO2 NPs. The production of H2 remained stable 

with time (from approx. 7 min to 40 minutes) after an initial transient period and 

stabilization of the reaction. Acetaldehyde is the only byproduct detected in all the 

experiments using TiO2 based photocatalysts. The use of Au NPs in the absence of 

TiO2 NPs did not yield H2 production under our experimental conditions. 

Figure 7 shows the UV light-driven hydrogen production of sample A (Figure 7A) and 

sample B (Figure 7B) calcined at different temperatures and normalized per mass of 

catalyst. The mass of PVP is non-relevant in the total mass of the catalyst because it 
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is removed with the calcination, except for the non-calcined sample that contains PVP. 

The percentage of Au and TiO2 in the calcined samples is higher than in the non-

calcined sample because they are all prepared from the same initial weight fraction of 

PVP:Au:TiO2 (see Supplementary Figure 7). The UV light is turned on at t = 0 min, 

and the first result from the GC under UV light is obtained at t = 4 min, as shown in 

Figure 7. The time profiles demonstrate that stable and constant amounts of hydrogen 

are produced over the photocatalyst under UV light irradiation during all the 

experiments. A blank experiment using bare anatase TiO2 in the absence of Au NPs 

presents a low activity, producing 0.26 mmol H2·gcat
-1·h-1. However, when the surface 

of Au NPs is decorated with non-calcined TiO2 NPs, the hydrogen evolution efficiency 

enhances significantly, 4.5 times for sample A (1.2 mmol H2·gcat
-1·h-1) and 3.3 times 

for sample B (0.9 mmol H2·gcat
-1·h-1). Murdoch et al. affirmed that the role of Au NPs 

is crucial in the water-splitting reaction using TiO2 semiconductor materials16, as some 

steps to achieve the photoproduction of hydrogen by Eq.(1) did not take place in its 

absence. As expected, the calcination treatments further enhance hydrogen 

production. As shown in Figure 7, the optimal calcination temperature to reach the 

best photocatalytic performance for H2 evolution is 450 °C. Calcination results in more 

intimate contact between TiO2 NPs and Au NPs. However, calcination temperatures 

above > 550 °C detrimentally diminish the number of active sites on the surface of the 

photocatalyst, probably by decreasing the surface area, since the particle size 

increase and particles aggregate and fuse together. This can also reduce the light 

penetration, preventing the activation of TiO2. At 600 °C, remarkably low values of 

hydrogen production, similar to bare TiO2, are obtained. 

 

Figure 7. Hydrogen production (mmol·(h·gcat)-1) with time for sample A (A) and sample B 

(B). Notation: N.C: not calcined, *: purified samples. Time = 0 min (UV light on), Time = 4 

min (first GC measure with UV light on). The UV light remained on during all the collected 

data points. 
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Figure 8A depicts the photocatalytic production of H2 (mmol·gcat
-1·h-1) after 20 min of 

reaction for both samples A and B as-synthesized, i.e. not calcined, and at the 

different calcination temperatures (from 400 °C to 600 °C). As observed in Figure 8A, 

the photocatalytic activity of the as-synthesized sample is around 1 mmol·g-1·h-1, 

being higher for sample A than for sample B (1.2 > 0.9). For the samples treated at 

400 °C, the activity increases up to 4 times for sample A (up to 4 mmol·g -1·h-1), 

whereas it remains nearly the same for sample B. However, the highest activity is 

reported when the samples are calcined at 450 °C: up to approx. 5.3 mmol·g -1·h-1 for 

sample A and 3.5 mmol·g-1·h-1 for sample B. From 550 °C the activity decreases and 

at 600 °C it is even less than for the as-obtained samples. To achieve a better 

comparison of the photocatalytic performance of both samples A and B with the 

previously reported data in the literature, Figure 8B presents H2 production normalized 

per mass of TiO2. The overall trend is the same, with higher values of H2 production 

rates, reaching a maximum of 7.5 mmol·g-1·h-1 in sample A at 450 °C. Regarding the 

purified samples A* and B*, their photocatalytic production of H2 normalized per mass 

of catalyst and per mass of TiO2 is shown in Figure 8C. Interestingly, the production 

of hydrogen for calcined purified A* presents larger values (> 10 mmol·gTiO2
-1·h-1) than 

that of calcined sample A, because the excess of TiO2 has been removed and, 

consequently, the Au:TiO2 ratio increases. These results indicate the need for intimate 

contact within TiO2 and Au to allow electron transfer and the role of Au to act as an 

electron reservoir. 

 

Figure 8. Hydrogen production rate after 20 min of photocatalytic reaction under UV 
irradiation of samples A and B at different thermal treatments (A) per mass of catalyst, 
and (B) per mass of TiO2. (C) Hydrogen production of purified samples after 20 min of 
reaction, per mass of catalyst and mass of TiO2 NC and at 450 °C. Notation: N.C: not 
calcined, *: purified samples. 
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Considering all the obtained results, sample A has more amount of gold per gram of 

catalyst than sample B. However, the Au NPs of sample A are bigger with a total 

specific surface area twenty-fold smaller than for sample B (0.4 m2
Au/g for sample A 

compared to 8.4 m2
Au/g for sample B). Nevertheless, we can observe from the TEM 

images (Figure 3 and Supplementary Figure 6) that the Au NPs of sample A are 

completely breaded by TiO2 NP. We thus argue that in sample A there is a much 

bigger interface area between gold and titania, yielding an enhanced photocatalytic 

activity. The strong contact between Au and TiO2 NP is indispensable, as clearly 

observed by Haruta36, who found very different activities between Au hemispherical 

NPs with their flat planes strongly attached to the TiO2 support, compared to spherical 

particles simply loaded on the TiO2. However, the exposed surface area of gold is not 

directly associated with the activity of TiO2/Au towards hydrogen production3. 

Bramwenda et al. reported that the essential reaction steps occurred on the 

semiconductor surface and that the microinterfaces between Au and TiO2 could also 

play a role as active sites3. Hence, one decisive factor is the contact area between 

the noble metal and the semiconductor, which is where the Schottky junctions are 

formed and enhance the separation of photo-excited electrons and holes. In addition, 

as the metal acts as a “fast lane” to transfer the electrons injected from the TiO2 to the 

active sites, where they are consumed in the hydrogen generation reaction (2H+
(ads) + 

2e- → H2), it is necessary that they can move without encountering any barriers. The 

stronger and more expanded contact area between TiO2 and Au NPs explains why 

the H2 production is larger for TiO2 NPs supported on large Au NPs (sample A) than 

for TiO2 NPs in close contact to Au NPs of similar sizes (sample B). 

Our results are consistent with the reaction scheme involved in the photoproduction 

of hydrogen from ethanol over Au/TiO2 and previously proposed by Murdoch et al.16. 

Eq.(1) is a multistep reaction. Briefly, an ethanol molecule is dissociatively adsorbed 

on the photocatalyst surface to form an ethoxide and a hydrogen ion (as a surface 

hydroxyl), as follows  

CH3CH2OH + Ti4+
(surface)−O2−

(surface) → CH3CH2O−Ti4+
(surface) + OH(ads)                           Eq.(2) 

Then, electron-hole pairs are photogenerated on the photocatalyst surface (Eq.(3)), 

ethoxides inject two electrons into the valence band and acetaldehyde is produced 

(Eqs. (4-5)), and two hydrogen ions are reduced to a hydrogen molecule by two 

electrons from the conduction band (Eq. (6)). 
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TiO2 + UV → e− + h+                  Eq.(3) 

CH3CH2O−Ti4+
(surface) + h+ + O(surface) → CH3CH•OTi4+

(surface) + OH(adsorbed)         Eq.(4) 

CH3CH•OTi4+
(surface) + h+ → CH3CHO(g)+ Ti4+

(surface)            Eq.(5) 

2 OH(adsorbed)+2e− → 2O2−
(surface) +H2               Eq.(6) 

The presence of water is important to avoid the blockage of the active sites of the 

photocatalyst by adsorption of acetaldehyde molecules. 

This study also demonstrates that H2 can be obtained from water-ethanol mixtures in 

gas-phase with a photocatalyst composed of large Au NPs, and small TiO2 NPs, 

containing high amounts of gold (> 10-20 wt%). Hence, the photogeneration of H2 is 

not only restricted to small Au particle size and low gold percentages (< 2 wt%), as 

the majority of studies have reported so far (Table 1). The studies reported in Table 1 

are, in general, with a small Au loading (1-2 wt%) and with a small Au NPs particle 

size (1-10 nm). Although the studies that use methanol as hole scavenger achieve 

higher values of H2 production, the reported hydrogen activity is of the same order of 

magnitude as this present study (7-17 mmol·g-1·h-1 compared to 5.3 mmol·g-1·h-1 

obtained for the TiO2/Au sample A calcined at 450ºC). 
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Table 1. Reported gas-phase photocatalytic performance in recent catalytic systems 

formed by Au/TiO2 NPs. 

Material 
Au 
loading 

(wt %) 

Particle 
size 

(Au/TiO2) 

(nm) 

Hole 
scavenger 

Ratio 
water:hole 

scavenger 

Wavelength 
and power 

irrad. lamp 

Max. rate 
of H2 

(mmol g-1 

h-1) 

Reference 

Au/TiO2 

Anatase (A)
[a]

 
20 

30-70 (52 
av.) / 9 

Ethanol 
90:10 
(molar) 

365 nm 
81.7 
mW/cm2 

5.3 

QE
[d] = 

0.45 % 

This study 

Au/TiO2 

Anatase (B)
[a]

 
11 8 / 9 Ethanol 

90:10 
(molar) 

365 nm 
81.7 
mW/cm2 

3.5 This study 

Au/TiO2 
Anatase 

(A*)
[a]

 

67 
30-70 (52 
av.) / 9 

Ethanol 
90:10 
(molar) 

365 nm 
81.7 

mW/cm2 
2.9 This study 

Au/TiO2 
Anatase 

(B*)
[a]

 

20 8 / 9 Ethanol 
90:10 

(molar) 

365 nm 
81.7 

mW/cm2 
3.2 This study 

Au/TiO2 

P90
[b]

 
1.8 

4 / P90 

size
[c] 

(15-20) 

Ethanol 
90:10 
(molar) 

365 nm 
1.5 mW/cm2 

≈ 5 
QE = 

9.2 % 

Castedo et 

al.
33

 

Au/TiO2 1 
3.8 / 30-
40 

Ethanol 0:100 
365 nm 
2.6 mW/cm2 

≈ 2.75
[e]

 

(mmol·g-

1·h-1W-1) 

Bonmatí et 

al.
11

  

Au/TiO2 
Anatase:rutil 

 93:7 

1-1.5 
3.9 / 20-
40 

Ethanol 0:100 
365 nm 
4 x 12 W 

≈ 0.6
[e,f]

 

QE = 
20.8 % 

Taboada et 

al.
8
 

Au/TiO2 

P25
[b]

 
1 

4-10 / P25 

size
[c] 

(20-25) 

Methanol 
94:6 (% 
v/v) 

330-450 nm 
250 W ≈ 17

[e]
 

Dozzi et 

al.
37

 

Au/TiO2 
Anatase:rutile 

 93:7 

1 1-6 / 5-10 Methanol 
94:6 (% 
v/v) 

330-450 nm 
250 W 

10.2 
QE = 
6.3 % 

Chiarello et 

al.
38

 

Au/TiO2 

P25
[b]

 
1 2-3 / 20 Methanol 

94:6 (% 
v/v) 

330-450 nm 
250 W 

7 
Chiarello et 

al.
38

 

[a] All the samples were calcined at 450 ºC.  
[b] P25 and P90 are commercial TiO2 made of a mixture of anatase and rutile phases, with a ratio anatase:rutile of 

80:20 and 98:2, respectively39.  
[c] P25 NP size is around 20-25 nm and P90 NP size is somewhat smaller, around 15-20 nm39,40.  
[d] UV irradiation technical details and Apparent Quantum Efficiency can be found at Materials and Methods and 

Supplementary Material.  
[e] Values are taken from a plot.  
[f] Original values were in other units, and have been recalculated to mmol·g-1·h-1. 
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Conclusions 

We have successfully developed a synthetic route to obtain two different sizes of 

Au/TiO2 NPs by a fast and simple two-step microwave-assisted synthesis (less than 

1 hour of overall synthesis time). Hereby, we have exposed that microwave chemistry 

is a very efficient method to achieve complex nanostructures. While the larger Au NPs 

(ca. 50 nm) are breaded with the small titanium oxide NPs containing abundant 

interfacial contacts between gold and titania, the smaller Au NPs (ca. 10 nm) form 

dimers and trimers with the TiO2 NP of similar size and contain lesser contact points 

between the metal and the metal oxide. 
 

The photocatalytic activity of the two Au/TiO2 nanostructures was evaluated in the 

photoproduction of hydrogen from gaseous water/ethanol mixtures at ambient 

temperature and pressure. We have shown that H2 production is accomplished with 

the two photocatalysts, both containing large co-catalyst fractions (~ 10-20 wt%). We 

thus conclude that in these cases the metal is not acting as a recombination centre 

for the photogenerated electrons and holes, as earlier postulated. 
 

Our study also exposed that calcining at 450 °C significantly facilitated charge transfer 

between the two materials, without compromising the catalyst surface and active sites 

and without affecting particle sizes. Importantly, the nanostructure with a larger 

contact area between the metal and the semiconductor provided the best 

performance in terms of H2 production. Hence, the number of Schottky junctions is a 

decisive key parameter on the photocatalytic performance by enhancing the 

separation of photo-excited electrons and holes. Comparing our two systems, we 

determine that the latter aspect has a more significant impact on the H2 production 

than the size or the load fraction of the metal co-catalyst. 
 

Further work will be devoted to investigating the influence of the gold plasmon 

resonance absorption on the photocatalytic activity using solar light. 
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Supplementary information included in Publication 3 

Supplementary Figure 1. Electron diffraction patterns of sample A (A) as-synthesized, 

(B) calcined at 450 °C and (C) calcined at 600 °C, and sample B (D) as-synthesized, (E) 

calcined at 450 °C and (F) calcined at 600 °C. 

 

 

 

Supplementary Table 1. Size of the Au and TiO2 NPs for samples A and B at different 

calcination temperatures. 

 Sample A Sample B 
Thermal 

treatment 
Size (nm) n[a] Size (nm) n 

Au 

Not calcined 52 ± 19 819 8 ± 2 651 

400C 57 ± 18 152 N/A[b] N/A 

450C 49 ± 16 73 13 ± 4 157 

550C 51 ± 21 30 12 ± 3 46 

600C 59 ± 21 64 28 ± 9 73 

TiO2 

Not calcined 9 ± 2 972 9 ± 2 521 

400C 8 ± 2 118 N/A N/A 

450C 10 ± 2 202 9 ± 2 403 

550C 12 ± 4 167 10 ± 5 194 

600C 13 ± 4 59 17 ± 5 100 

[a] n = number of NPs counted. [b] N/A = not available 
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Supplementary Figure 2. Size variation with temperature of the thermal treatment for Au 

and TiO2 NPs. 

 
 

Supplementary Figure 3. Size variation with temperature of the thermal treatment for (A) 

Sample A and (B) Sample B. Histograms for particle size of samples calcined at 450 °C: 

(C) Au NPs in Sample A, (D) Au NPs in Sample B, (E) TiO2 NP in Sample A, (F) TiO2 NPs 

in Sample B.  
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Supplementary Figure 4. TGA of samples A and B as-synthesized, and of PVP in air. 

The mass lost during the analysis of samples A and B corresponds to the PVP, whereas 

the mass remaining corresponds to Au and TiO2 and a fraction of not decomposed PVP. 

The dry residue for sample A is around 80 wt%, whereas for sample B is 77 wt%. This 

involves that of the total PVP present in the initial sample (31 wt% in sample A), only 64.5 

wt% was decomposed. In sample B, the values are similar, 60.5 wt% of the PVP was 

decomposed. PVP decomposition started at 350 °C and finished around 470 °C. On the 

other hand, when pure PVP is treated under the same conditions, only a small residue 

around 5 wt% remains, so almost 95 wt% of the sample is decomposed, and the starting 

decomposition temperature is somewhat higher, around 375 °C. The TiO2/Au NPs act as 

a catalyst for PVP decomposition, leading to a different decomposition behaviour than for 

pure PVP. This is in agreement with the results obtained when studying the decomposition 

of Pt-PVP (PVP of 40 k)41. We considered these values to determine the mass of PVP 

that remains at each temperature, to express correctly the photocatalytic results as a 

function of metallic Au or TiO2 mass. 
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Supplementary Figure 5. Infrared spectra of (A) pure PVP, PVP-covered TiO2 NPs, 

sample A (with PVP), and sample A calcined at 450 °C, and (B) pure PVP, PVP-covered 

TiO2 NPs, sample B (with PVP), and sample B calcined at 450 °C. Compared with the 

spectra of pure PVP, the characteristic resonance peaks in the spectra of PVP-covered 

TiO2 NP, and of samples A and B around 3400 cm-1 and 2850 cm-1, and 1421 cm-1, 

assigned to -OH and -CH2 stretching, and -CH2 bending, respectively, present no relevant 

changes. The stretching vibration peak of C=O, originally at 1658 cm-1 in pure PVP, 

showed a slight red-shift to 1647 cm-1 for TiO2 NP, and to 1646 cm-1 for sample A and 

1645 cm-1 for sample B, revealing the formation of a weak donor-acceptor type interaction 

by transfer of nonbonding electrons of the O-atom of PVP molecules to the NPs surface. 

The stretching vibration peaks of C-N, originally at 1072 cm-1, were strengthened and 

shifted to 1087 cm-1 in the TiO2/Au nanostructures (samples A and B) although the peak 

at 1285 cm-1 did not change. The IR spectra of the calcined samples at 450 °C proved 

that almost all the PVP was removed, since only a small peak on 1630 cm -1, 

corresponding to the C=O stretch, was present, but there was no presence of any other 

peaks, except a small –OH around 3400 cm-1, indicating the hydration of the NPs. 
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Supplementary Figure 6. (A,B,C) TEM images of purified sample A*. (D) TEM image of 

1st supernatant after centrifuging sample A. (E) TEM image of the 4th and last 

supernatant after centrifuging sample A.  

 

 

Supplementary Figure 7. Chemical distribution of samples A and B, and purified A (A*) 

and B (B*). Percentages are in wt%. 
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Supplementary Figure 8. Samples used for the catalytic experiments. 
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Supplementary Figure 9. UV-Vis spectra between 350-800 nm wavelength of (A) sample 

A and (B) sample B as-synthesized, and purified (A*, B*) and of TiO2 before adding the 

gold precursor, (C) of the supernatants obtained from the purification of sample A, (D) of 

sample A as-synthesized (A), purified after 2 centrifugations and purified after 4 

centrifugations (A*). (E) Images of sample A as-synthesized, of the 4 supernatants, and 

of the final purified sample (A*). 
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Apparent Quantum Efficiency (AQE): The AQE was calculated following the 

equation 𝐴𝑄𝐸 = (2𝑛𝐻2
𝑛𝑝⁄ ) · 100, where nH2 is the number of molecules of H2 generated 

and np the number of incident photons reaching the catalyst42. The number of incident 

photons can be calculated by 𝑛𝑝 = 𝐸𝑇 𝐸𝑝⁄ , where ET is the total energy reaching the 

catalyst and Ep is the energy of a photon. ET can be calculated by 𝐸𝑇 = 𝑃𝑆𝑡, where P 

(W·m-2) is the power density of the incident monochromatic light, S (m2) is the irradiation 

area and t (s) is the duration of the incident light exposure. Ep can be calculated by 𝐸𝑝 =

ℎ𝑐 ⁄ , where h is the Planck’s constant, c the speed of light and  (m) is the wavelength 

of the incident monochromatic light. The number of hydrogen molecules can be calculated 

as 𝑛𝐻2
= 𝑛𝑁𝐴, where n are H2 moles evolved during the time of light exposure (t), and NA 

is the Avogadro constant. 

In our experimental conditions, the wavelength of the incident light was  = 365 nm, the 

power density of the incident light at the paper surface was P = 81.7 mW·cm-2 and the 

irradiation area was S = 2.54 cm2. 
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Graphical abstract of Publication 4 

 

Abstract 

Noble metal decoration of wideband gap semiconductors enables the excitation of 

surface plasmons in the visible range that upon relaxation generates hot carriers used 

for catalysis. However, this strategy leads to photocatalytic conversion efficiencies 

that are still low. Here, we use a light-trapping scheme to amplify the light-harvesting 

efficiency of the TiO2 semiconductor beyond the UV region by coupling a 2D photonic 

crystal to a Au decorated titania. Our approach is easily scalable using soft 

nanoimprinting lithography to prepare Au/TiO2 2D-photonic photocatalysts. In a first 

approach, gold nanoparticles (Au NPs) are in-situ infiltrated in the superficial 50 nm 

of a mesoporous titania (mTiO2) scaffold patterned with the photonic structure while 

https://onlinelibrary.wiley.com/doi/10.1002/aenm.202103733
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in a second one, 2D photonic crystals with a homogeneous volume distribution of the 

Au colloids were achieved. The dependence of the optical properties of the photonic 

crystals with the lattice parameter, geometry and metal loading are presented through 

extinction measurements and analyzed through simulations. The improved 

photocatalytic performance of the substrates is tested for hydrogen (H2) production 

where a maximum of 8.5 mmol·gcat
-1·h-1 of H2 was recorded attributed to photonic-

plasmonic effects. These results might open new avenues in solar harvesting for 

hydrogen production using photonic crystal photocatalysts. 

 

Keywords: Titanium dioxide, gold nanoparticles, photonic structures, soft-

lithography nanoimprint, hydrogen production. 

 

Introduction 

Non-renewable fossil fuels are the main source of energy nowadays. Minimizing 

environmental pollution is one of the main driving forces in the development of 

alternative renewable energy sources. Hydrogen production can be used in fuel cells 

to efficiently produce electricity with water as the only by-product. Renewable and 

clean production of hydrogen will play a major role in meeting the energy demands of 

the future. Hydrogen production from ethanol is appealing since this alcohol is a 

renewable resource obtained from biomass without contributing to the greenhouse 

effect.43–48 Fuel production from solar energy requires both an efficient light-harvesting 

strategy and high-performing photocatalysts. One of the most prominent 

semiconductor materials for photocatalysis is titanium dioxide (TiO2) due to its low 

toxicity, low cost and its good chemical and physical stability.1,49  However, its inherent 

wide bandgap (anatase 3.2 eV; rutile 3.0 eV) and rapid recombination of the 

generated electron-hole pairs restrict its use to the UV region which corresponds to 

less than 5% of the solar spectrum.2 Extending the photocatalytic activity of titanium 

dioxide into the visible and near-infrared parts of the solar spectrum is an active field 

of research where different avenues are being explored: from bulk doping of the 

semiconductor49 to sensitization with lower bandgap semiconductors.2 Alternatively, 

noble metals have also been combined with TiO2  exploiting the surface plasmons 

sustained by the nanostructured metal to generate hot carriers in the visible range 

that will be injected in the semiconductor.48 Gold has been the metal of choice in most 

cases due to its enhanced stability and proper band alignment with the TiO2.5–7,9,10,16,50 
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However, other metals and metal combinations have also been essayed to extend 

the capabilities of the system, such as Au-Cu11 or Au-Pd.12 Metal nanoparticles (NPs) 

act in a dual capacity, as electron reservoirs, extending the lifetime of the electron-

hole pair increasing the quantum efficiency of the system51 and as antennas to 

capture the visible light of the spectrum through the excitation of localized surface 

plasmon resonances (LSPR).52,53  

Au/TiO2 systems have demonstrated great potential as visible-light photocatalysts in 

the decomposition of organic pollutants,54 in the selective oxidation and reduction of 

organic compounds,55 or the hydrogen production from water splitting.56,57 However, 

evolution rates of plasmonic Au/TiO2 photocatalysts under visible light remain below 

what is typically obtained under UV. Thus, to further increase the overall 

photocatalytic activity in the visible, a series of light trapping strategies are currently 

being investigated such as the use of Au@TiO2 hollow yolk-shell nanoparticles that 

minimize reflection losses by multiple scattering within the hollow NPs and facilitate 

light coupling into the composite.58,59 In another recent approach, Niederberger et al. 

prepared aerogels by co-assembling spherical Au, Pd, and PdAu with TiO2 NPs and 

considered their photocatalytic properties for hydrogen generation.60,61 The aerogels 

offered a high porosity that efficiently diffuses light into the matrix generating 3.5-fold 

more hydrogen compared to the corresponding powders.60 Also, coherent scattering 

from 2D gratings has been used to improve the absorption of the Au/TiO2 composites. 

Wu et al. created a hexagonal array of Au/TiO2 nanoparticles with the aid of 

microsphere self-assembly and correlated the optical response of the structure with 

the improved catalytic response in the visible.62 There has been also an increasing 

interest in using the photonic bandgap of 3D compact TiO2 photonic crystals to 

increase the generation of hot electrons of metallic nanoparticles with promising 

prospects for photocatalysis and light-harvesting.63–66 The use of ordered arrays 

renders the possibility to engineer the optical response through the lattice parameter 

of the grating,67 however, the use of periodic structures adds complexity to the 

fabrication hindering the applicability of the light trapping scheme. 

In this work, we report on a series of scalable Au/TiO2 2D-photonic photocatalytic 

substrates carefully designed to extend the UV response into the visible region for 

hydrogen production from gas mixtures of ethanol and water. Versatile microwave 

(MW)-assisted routes were used to in-situ and ex-situ grow Au NPs into a mesoporous 

(m)-TiO2 film patterned with a 2D square array of holes by means of soft 

nanoimprinting lithography. It is well-known that the photocatalytic activity of Au/TiO2  
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strongly depends on the nature of the TiO2 phase, as well as on the method for 

depositing the metal particles on the TiO2.68 Therefore, the metal deposition method 

needs to be carefully selected. Here we used MW-assisted chemistry as an attractive 

synthetic route for metal nanoparticles. MW-synthesis uses short reaction times, 

provides NPs with a narrow size distribution, involves low energy consumption and 

results in high product yield.24,25,69 MW ovens permit the synthesis of many types of 

inorganic NPs, from single phases70 to multicomponent NPs28,51 profiting from a 

primary particle as a nucleation site for the next material to grow.24,25,69,71 The light-

trapping strategy used in our substrates is achieved with a 2D photonic grating 

patterned onto mTiO2 films, providing efficient management of the sunlight by 

improving the light coupling to the photocatalytic material for visible wavelengths. With 

one nanoimprinting step, we are capable of improving the light absorption in the entire 

visible range (400 – 800 nm) by coupling the incoming light to photonic modes in the 

TiO2 photonic crystal. This approach overcomes the still limited absorption to the gold 

plasmon resonance of the commonly used colloids letting escape the red part of the 

solar spectrum (540 nm and upwards). The diffraction produced by the 2D photonic 

grating generates an enhanced electric field concentration in the structured TiO2 that 

induces a higher plasmonic activity and hot electron generation which finally leads to 

an enhanced catalytic performance of the TiO2/Au devices. To match the industrial 

application perspective, the nanostructuration was done by soft nanoimprinting 

lithography.72,73 This technique is reliable, cleanroom free, inexpensive and can 

produce extended nanostructured areas with high fidelity, while compatible with roll-

to-roll processes. These two synthetic approaches lead to the growth of gold 

nanoparticles infiltrated in the superficial layer (in-situ) or within the bulk (ex-situ) of 

the mesoporous scaffold of titania. The optical properties of both configurations and 

for different lattice parameters of the 2D-lattice are explored by means of optical 

microspectroscopy and numerical simulations with the finite-difference time-domain 

numerical analysis technique (FDTD). The optimal 2D-photonic photocatalytic 

substrates absorb light from the UV to the whole visible region providing up to a 13-

fold enhancement in the hydrogen production when compared to the flat films. 
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Results and Discussion 

Fabrication 

To obtain photonically enhanced photocatalytic substrates, two fabrication 

approaches were followed. The first approach consisted of a three-step method 

(Figure 9). Firstly, a 500 nm thin film of mesoporous titania (mTiO2) was deposited by 

spin coating from a commercial paste with 20 nm anatase TiO2 NPs on a glass 

substrate. Next, a pre-patterned polymethyldisiloxane (PDMS) mould was pressed 

against the still wet film over a hotplate at 120ºC until the solvent completely 

evaporated,74,75 obtaining patterned mTiO2 with a periodic array of holes. Next, the 

gold nanoparticles were in-situ grown using MW-assisted chemistry by placing the 

substrates, previously soaked with the gold precursor solution (hydrogen 

tetrachloroaurate trihydrate, HAuCl4), in the MW reactor and heating it to 120 ºC for 

10 min to reduce the gold and promote the formation of the Au NPs (Figure 9a). The 

resulting Au NPs with sizes of 10 ± 5 nm were preferentially located in the first 50 nm 

of the titania patterned surface (Figure 9c). In the second approach, Au NPs with the 

same mean size were ex-situ synthesized by an identical microwave protocol and 

mixed with the titania paste. The Au/TiO2 paste was then spin-coated as before and 

underwent a similar nanoimprinting step to produce the patterned film (Figure 9b). In 

the ex-situ approach, the Au NPs were homogeneously distributed within the full 

volume of the mTiO2 scaffold (Figure 9d). Both in-situ and ex-situ substrates, 

underwent calcination at 450 ºC for 30 min with a heating ramp of 90 min to remove 

the polyvinylpyrrolidone (PVP) ligand used in the Au NPs synthesis and activate their 

catalytic performance by increasing the contact between gold and titania.51 After 

calcination, the nanostructured samples maintained their characteristic iridescence 

as shown in Figure 9e. Flat films used as reference substrates were produced in each 

case by skipping the patterning step. Additional reference substrates were fabricated 

by coating patterned mTiO2 films with larger Au NPs (ca. 100 nm) by thermal 

evaporation of a 15 nm film of gold followed by annealing at 450 °C for 30 min. These 

latter substrates served to evidence the improved catalytic performance of the small 

nanoparticles achieved via MW-synthesis. 
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Figure 9. Fabrication scheme and SEM cross-sectional image of the nanostructured 

photocatalytic substrates with (a, c) in-situ and (b, d) ex-situ grown Au NPs. (e) 

Macroscopic image of a fabricated sample after calcination. SEM images are taken from 

the final devices after the annealing treatment. See Figure S1 in the Supporting 

Information with SEM images from the samples before and after the annealing. 

 

Optical Characterization 

2D square gratings have been used before as light managing schemes to improve 

light absorption in solar cells and photodetectors.76–78 Here, mTiO2 photonic crystals 

with various lattice parameters (L) of 400, 500 and 600 nm were fabricated to 

determine which configuration coupled light more efficiently in the visible region for 

each gold growth method studied. The optical characterization of the samples is 

displayed in Figure 10 and Figure S3, where extinction accounts for the light not 

captured by the measuring set-up (Extinction = 1-Reflectance-Transmittance). Gold 

nanoparticle size has not shown any dependence with the lattice parameter employed 

as shown in Figure S4. Both, the in-situ and the ex-situ patterned films, showed 

greater extinctions than their flat counterparts in the entire visible spectrum and with 

increasing the lattice parameter (Figure 10). As expected, larger lattice parameters 

shift the diffracted modes towards longer wavelengths. In both cases, the optimal 

lattice parameter of the 2D gratings was for L = 600 nm, which led to an improved 

extinction beyond 750 nm.  
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Figure 10. Extinction spectra (1-R-T, where R is reflectance and T is transmittance) of 

the 2D-photonic photocatalytic substrates with lattice parameters of 400, 500, and 600 

nm (green, blue and red curves, respectively) and flat references (black curve) with (a) in-

situ and (b) ex-situ grown Au NPs. 

 

The in-situ and ex-situ photocatalytic substrates display different optical responses. 

The diffraction peaks of the different lattice parameters studied are clearly visible in 

the in-situ system (Figure 10a) but not so evident in the ex-situ one, where only a 

shoulder or an extended tail to longer wavelengths can be observed (Figure 10b). 

This is due to the presence of the Au NPs inside the structure, which generates higher 

incoherent scattering of the diffracted modes, strongly damping the optical 

resonances. Analytical calculations of the diffraction orders for the different lattice 

parameters were performed to confirm the diffractive origin of the resonances, 

achieving good agreement with experimental results (Figure S5). 

To investigate the effect of the Au NPs concentration on the optical properties of the 

photonic structure, we benefited from the versatility of the MW in situ growth and 

performed loading cycles at different Au precursor concentrations (see Experimental 

Section) on a 2D grating lattice parameter of L = 600 nm measuring the extinction 

after each Au NPs deposition. The study presented in Figure 11, shows a correlation 

between the amount of gold with the extinction spectra, showing an increase in the 

intensity of the Au NP localized plasmonic resonant peak at 532 nm and of the 

diffraction peaks at 672 and 750 nm. The evolution of the extinction from planar 

reference substrates is shown for comparison, where only the localized plasmonic 

resonance at 532 nm is observed. Analysing the plasmonic resonant peak position 

for all the samples shown in Figure 11, always at 532 nm, confirmed that Au NP size 

is independent of the employed concentration. Similar results could be obtained with 
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the ex-situ growth Au NPs by preparing TiO2 pastes with different Au NPs loadings 

(not shown). The in-situ sample with L = 600 nm and the highest Au precursor 

concentration used (with a gold fraction around 15 %wt, red curve in Figure 11) was 

chosen for the photocatalytic experiments. For the ex-situ, we used a paste with the 

same Au NPs loading. The amount of Au on the samples was quantified by ICP-OES 

chemical analysis (see Experimental Section). 

 

Figure 11. Extinction spectra (1-R-T) of the nanostructured (solid lines) and flat (dotted 

lines) photocatalytic substrates with lattice parameters of 600 nm with an increasing 

concentration of in-situ grown Au NPs. 

 

To gain insight into the origin of the optical response of the samples, FDTD 

simulations were carried out to reproduce the experimental spectra from the in-situ 

(Figure 12) and ex-situ (Figure 13) Au/TiO2 2D gratings. In our simulations, the 

refractive index of the porous mTiO2 matrix backbone was approximated by the 

Bruggerman method. A shortened coherence of light (30 µm) approximation was used 

to mimic the effects of the strong scattering provided by the porosity of the mTiO2 

backbone, composed of nanoparticles of 20-30 nm of diameter with a packing density 

between the maximum of 74% (considering a perfect FCC crystalline arrangement) 

and a 66% estimated by the value of the refractive index used in our simulations which 

better fit experimental data. In the simulations for the in-situ substrates (Figure 12), 

the gold nanoparticles are preferentially located along with the first 50 nm of the 

porous mTiO2 (Figure 12c, d). In both experimental and simulated extinction curves, 
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the diffraction peaks at 672 and 750 nm from the lattice are clearly identified (Figure 

12a, b). The electric field spatial distribution at the 2D photonic structure for these 

wavelengths is twice the value found in the non-structured substrates (Figure 12e, f). 

It is precisely this field enhancement, originated by the light diffracted by the surface 

corrugation of patterned mTiO2, that we intend to exploit to increase the photocatalytic 

activity of the hybrid substrate. 

Figure 12. (a) Experimental and (b) simulated extinction spectra (1-R-T) of the 
nanostructured (orange line) and flat (grey line) photocatalytic substrates with in-situ 
grown Au NPs. Schematic cross-section and electric field distribution of the 
nanostructured (c and e) and flat (d and f) substrates. 

Figure 13. (a) Experimental and (b) simulated extinction spectra (1-R-T) of the 
nanostructured (orange line) and flat (grey line) photocatalytic substrates with ex-situ 
grown nanoparticles. Schematic cross-section and electric field distribution of the 
nanostructured (c and e) and flat (d and f) substrates. 
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For the ex-situ substrates (Figure 13), the nanoparticles are localized within the bulk 

of the mTiO2 layer (Figure 13c, d). As mentioned, for these substrates the diffraction 

peaks are broadened due to the presence of the Au NPs inside the active layer, 

producing increased optical scattering (Figure 13a, b). Nonetheless, it is clearly 

noticeable how the 2D grating provides an enhanced optical extinction in the red part 

of the spectrum (from 600 to 800 nm). In this wavelength range, the structuration 

provides a 2.5-fold electric field enhancement inside the active layer (Figure 13e, f) 

that can be used to boost the photocatalytic performance of the device. 

To illustrate the versatility of the MW nanoparticle synthesis, we include in the 

Supporting Information the optical properties of 2D gratings decorated with silver and 

copper NPs (Figure S6). Their optical properties can also be tuned with the diffraction 

modes of the structure provided, rendering these new systems with the capability to 

be integrated into a plethora of applications. 

 

Photocatalytic Gas-Phase Hydrogen Generation of the Au/TiO2 2D-Photonic 

Crystals  

To validate the photocatalytic behaviour of our systems, we first tested the Au/TiO2 

substrates for the degradation of Rhodamine B (RhB). The study showed that both 

systems behave as excellent photocatalysts with the main results gathered in Figures 

S7 and S8. 

Next, we study the performance of the in-situ and ex-situ Au/TiO2 2D-photonic 

gratings for hydrogen photogeneration and compare them with bare and gold 

evaporated mTiO2 2D-gratings (see Figure 14 for experimental set-up, samples 

morphology and mechanisms at play). Photocatalytic experiments for gas-phase 

hydrogen generation under UV and visible irradiation were performed under dynamic 

conditions at atmospheric pressure and room temperature using a gaseous 

water:ethanol mixture with ratio 90:10 (molar basis) and a flow rate of 20 mL/min using 

Ar as carrier gas. The only products detected were hydrogen and acetaldehyde in 

equimolar amounts according to the well-known photodehydrogenation reaction of 

ethanol (Eq. (7)):16  

C2H5OH → CH3CHO + H2                Eq. (7) 

When ethanol is used as a hole scavenger, an ethanol molecule is dissociatively 

adsorbed on the photocatalyst surface to form an ethoxide and a hydrogen ion. Then, 
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electron-hole pairs are photogenerated on the photocatalyst surface, ethoxides inject 

two electrons into the valence band and acetaldehyde is produced and two hydrogen 

ions are reduced to a hydrogen molecule by two electrons from the conduction band.51 

The presence of water is important to avoid the blockage of the active sites of the 

photocatalyst by adsorption of acetaldehyde molecules. 

In our experimental set-up, the photocatalytic substrates are secured onto filter paper 

with double-sided tape on top of the O-ring on the centre of the reactor, over the UV 

and visible LED lamps (see Figure 14a, b). The junction was gas tightly sealed with 

parafilm and a clamp. The Ar carrying the water-ethanol mixture enters the reactor 

from the lower part, passes through the substrate and filter paper and exits the reactor 

from the top. The hydrogen produced is quantified by gas chromatography (GC), 

together with other byproducts formed. Contrarily to conventional liquid-phase 

reaction in batch photoreactors, in gas-phase reactions, the H2 and oxidized by-

products generated on the photocatalyst are rapidly released, preventing the 

deactivation of the active sites.51,79,80 A thermocouple in contact with the sample was 

used to constantly monitor the temperature during the experiments. 

 

Figure 14. (a) Photograph and (b) scheme of the photoreactor. The light LEDs irradiate 

the sample from below. SEM images of the used patterned substrates (with L = 600 nm): 

(c) bare mTiO2, (d) with thermally deposited Au NPs, (e) with in-situ microwave-grown Au 

NPs and (f) with ex-situ microwave-grown Au NPs; scale bar represents 300 nm. (g) 

Scheme of the photocatalytic reaction to produce H2 from ethanol with an Au/mTiO2 

substrate under (left) UV light and (right) visible light. (h) Diffraction effect produced by 

the 2D-photonic crystal that provides enhanced optical paths. 

 

High hydrogen generation values were quantified in flat devices for both in situ and 

ex situ substrates when irradiated with the combination of UV and visible light 

reaching values over 5 mmol H2·gcat
-1·h-1 (Figure 15a). These values represent a 28-

fold enhancement compared to a flat mTiO2 substrate without Au NPs and an 8-fold 

enhancement against patterned mTiO2 samples with thermally evaporated gold. 
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Remarkably, even higher values were obtained for in-situ (6.8 mmol H2·gcat
-1·h-1) and 

ex-situ (8.5 mmol H2·gcat
-1·h-1) patterned Au/TiO2 photonic substrates. This indicates: 

i) that both in-situ and ex-situ MW grown Au NPs offer a larger number of contact 

points between both inorganic phases than for thermal evaporation since they are 

much smaller and are located inside of the active layer, either in the first 50 nm (in-

situ) or across the full the active layer (ex-situ) and ii) that the 2D- photonic patterning 

enables better light coupling which in turn improves the hydrogen generation and even 

for the substrates without gold cocatalyst, a 3.5-fold enhancement in the H2 production 

is observed for patterned mTiO2 (from 0.2 to 0.7 mmol H2·gcat
-1·h-1). 

To note, the hydrogen generation is consistently enhanced for patterned substrates 

compared to their flat counterparts when irradiated with both UV and visible light 

(Figure 15a). Furthermore, the 2D-photonic photocatalytic in-situ and ex-situ 

substrates improved the hydrogen generation 1.3 and 1.7 times, respectively, over 

their flat counterparts. As it was explained in the optical characterization, the surface 

structuration renders the system with higher light intensity propagating within the 

active material due to the diffraction modes (Figures 12e, 13e and 14h). This localized 

electric field enhancement is responsible for the higher photocatalytic activities of the 

metal-semiconductor patterned devices.  

 

Figure 15. (a) Maximum hydrogen production (mmol H2·gcat
-1·h-1) from water-ethanol 

under UV and visible light irradiation in gas phase of mTiO2 substrates with and without 
pattern: bare, with thermally evaporated gold nanoparticles, with in-situ microwave-grown 
gold nanoparticles and with ex-situ microwave-grown gold nanoparticles. (b) Maximum 
hydrogen production (mmol H2·gcat

-1·h-1) of the in-situ and ex-situ mTiO2 substrates (flat 
and patterned) under several light irradiation conditions: UV light (blue bar), UV+visible 
light on (red bar) and UV light with an external heating source (grey bar). The temperature 
in UV+visible and UV+T was maintained at 34 ± 1 ºC. Hydrogen production kinetics 
(evolution with time) for the in-situ and ex-situ patterned substrates are shown in Figure 
S10.  
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Another explanation could be the increased specific surface area introduced by 

nanoimprinting lithography when corrugating the substrates, very important for 

photocatalysis. The external surface area (the one regarding the top surface of the 

device) strongly depends on the lattice parameter used in each device. This has been 

calculated to be 1cm2 for flat devices, 1.54 cm2 for devices with a lattice parameter of 

L = 400 nm and 1.28 cm2 for substrates with a lattice parameter of L = 600 nm. To 

verify the impact of the enhancement of the external surface by the introduction of the 

structure, we made H2 production measurements with devices with both L = 400 nm 

and L = 600 nm under the same conditions (Figure S9). For devices with L = 400 nm 

(with larger area), maximum H2 productions of 6.5 mmol H2·gcat
-1·h-1 were achieved 

with both UV and visible light, whereas devices with L = 600 nm (with smaller area) 

reached values of 8.7 mmol H2·gcat
-1·h-1. These photocatalytic measurements indicate 

that while the external surface may have a low impact on the H2 production efficiency, 

the main source of hydrogen generation improvement comes from the differences in 

the optical properties of different lattice parameter samples which are the key point in 

the difference in the performance of the devices. As can be seen in Figure 10, the 

lattice parameter of L = 600 nm renders the device with specific peaks of enhanced 

extinction in the visible spectrum, whereas L = 400 nm does not show any 

improvement. As described above, this leads to higher electromagnetic field 

confinement inside the active material (TiO2/Au) and finally an enhanced 

photocatalytic activity as shown in Figure 15. 

To better discriminate the effect of the light trapping in patterned substrates, we 

performed hydrogen generation measurements illuminating with UV and with 

UV+visible light (Figure 15b). It is expected that under UV light, the Au NPs act as 

electron reservoirs and extend the electron-hole pair lifetimes (Figure 14g, left). 

However, under UV+visible illumination, the contribution of the plasmonic absorption 

of the gold nanoparticles due to hot-electron scavenging (which occurs in the visible) 

should also have an effect (Figure 14g, right).80  

In all cases, under UV or UV+visible light illumination, the patterned devices provided 

an improved hydrogen generation versus the flat references (Figure 15b). Under UV 

light only, the enhancement in the patterned substrates is attributed to the higher-

order diffraction of the L = 600 nm grating, which falls within the UV region (see Figure 

S5 for the calculated diffracted modes of the grating). However, when visible light is 

on, the ex-situ substrates present a higher boost in hydrogen generation compared to 

the in-situ substrates (both flat and patterned, Figure 15b red bars). Specifically, while 
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in the in-situ patterned substrates, the H2 generation increased 16% due to the visible 

light, a very remarkable improvement of 62% was measured in the ex-situ patterned 

substrates. In the ex-situ case, the 2D grating is coupling visible light more efficiently 

within the Au NPs/titania film (as seen in the simulations in Figure 13) where the 

photocatalysis is produced. 

The photoreactor (shown in Figures 14a and b) was an open-air set-up that was at 

room temperature and atmospheric pressure, meaning that the photoreactor was 

used for the measurements at standard conditions. However, as it has a thermocouple 

in contact with the sample to constantly monitor the temperature during the 

experiments, we realized that the UV+visible irradiation was heating the sample up to 

circa 34 ºC. For this reason, to discriminate whether the enhancement in the hydrogen 

generation for the UV+vis condition is due to a more effective hot-electron scavenging 

or due to a temperature increase of the samples (caused by the heat provided by the 

visible light source or the heating generated by the plasmonic excitation), we 

performed an additional test irradiating with UV light while heating the system via an 

external thermal source (a hot air gun pointing towards the photoreactor) to the same 

temperature the samples reached during white light illumination (Figure 15b grey 

bars). The temperature in both cases, UV and visible illumination (UV+visible) and UV 

light and heating (UV+T) was maintained at 34 ± 1 ºC. Under these conditions, the in-

situ substrates show the same H2 conversion efficiencies as when illuminated with 

visible light impeding to clear discern on which of the two effects is responsible for the 

H2 increase. In contrast, for heated ex-situ substrates, the H2 values remain 

substantially below those obtained with UV+visible light. This means that while both 

substrates likely increase temperature due to plasmonic heating, the ex-situ case, 

with Au NPs distributed across the volume of the mTiO2 presents an effective hot-

electron scavenging for water splitting photocatalysis. The plasmonic effect of ex-situ 

substrates was verified by measuring a second cycle for the samples with similar 

results (see Figure S10 for H2 production kinetics).  

This study demonstrates that H2 can be obtained from water-ethanol mixtures in gas-

phase with a photocatalyst composed of Au NPs within mTiO2 films. The Au 

nanoparticles synthesized ex-situ using the MW method and mixed with anatase to 

form photocatalytic solid films exhibit a remarkable generation of H2 under UV and 

Visible light. In addition, the simple step of nanoimprinting the Au/TiO2 film to engrave 

a 2D diffraction pattern leads to more efficient utilization of the visible part of the solar 

spectrum, further enhancing the hydrogen generation achieving values similar to 
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those reported in the literature (between 7-17 mmol H2·gcat
-1·h-1)5–7,9–11,16,50,51 i.e. the 

ex-situ Au/mTiO2 patterned substrate with L = 600 nm exhibited a value of 8.5 mmol 

H2·gcat
-1·h-1.   

 

Conclusions 

In this work, we have successfully developed two MW fabrication routes to obtain 

efficient combinations of Au NPs/mTiO2 photocatalytic substrates. We have 

demonstrated the feasibility of this methodology to grow small size Au NPs inside 

and/or at the surface of a mesoporous TiO2 backbone and the control of the metal 

loading. We also proved that it can be implemented with other less expensive metals 

to fit a wider range of photocatalytic applications. The photocatalytic activity of the 

resulting Au/mTiO2 substrates was studied and compared against thermal evaporated 

grown gold NPs and bare titania samples. The easily structured 2D grating 

photocatalytic substrates generated a visible light-trapping scheme that improved the 

performance of the photocatalytic substrates by increasing the plasmonic response 

of the gold nanoparticles. We have proven with FDTD simulations that a properly 

designed texturization can render the system with a 2.5-fold electric field 

enhancement inside the substrate at the diffraction peaks, which can enhance the 

photocatalytic activities of the substrates. The photocatalytic activity of the resulting 

Au/mTiO2 nanostructures was tested for the photoproduction of hydrogen from 

gaseous water-ethanol mixtures. The generation of H2 employing MW synthesized Au 

nanoparticles was 8 times higher than the values obtained with evaporated Au. 

Finally, the patterned 2D photonic crystal increased H2 generation up to a 62% (with 

a significant maximum value of 8.5 mmol H2·gcat
-1·h-1) for those substrates with a 

homogeneous distribution of Au nanoparticles along its volume (the ex-situ devices). 

This study demonstrates that H2 can be obtained from water-ethanol mixtures in gas-

phase under continuous operation with a photonically enhanced photocatalyst 

composed of Au NPs within mTiO2 films, and confirms the importance of the intimate 

contact between cocatalyst and photocatalyst for the reaction to occur satisfactorily.  
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Experimental Section 

Materials 

Polydimethylsiloxane (PDMS, Sylgard 184) was purchased from Dow Corning 

(Michigan, USA). The hard PDMS (hPDMS) mixture kit was purchased from Gelest 

(USA). Transparent titania paste Dyesol 90 T was purchased from GreatCellSolar. 

Polyvinylpyrrolidone (PVP, average molecular weight: 10000 g/mol) and hydrogen 

tetrachloroaurate trihydrate (HAuCl4·3H2O ≥ 99.9%) were purchased from Sigma-

Aldrich. Ethylene glycol (EG ≥ 99%) and acetone were purchased at Panreac. All 

chemicals were used as received without further purification. Milli-Q water (resistivity 

18.2MΩ·cm at 25 oC) was used in all experiments. 

 

Patterned Stamps Preparation and Mesoporous TiO2 Soft-Imprinting 

Preparation of the original master structures 

The original silicon masters were purchased from NAITEC (Spain). Masters consisted 

of arrays of holes with lattices ranging from 400 to 600 nm in 1 cm2 areas on a silicon 

wafer. The masters were silanized with perfluorooctyl-trichlorosilane to prevent the 

adhesion of silicones and resist during replication. The silanization took place through 

chemical vapour deposition, leaving the masters for 30 min in a desiccator under 

vacuum together with 5 µL of the perfluorooctyl-trichlorosilane. The substrates were 

rinsed with acetone and heated to 150 ºC for 30 min to remove unreacted silane. 

 

Preparation of the PDMS moulds 

Hybrid hard PDMS (hPDMS) moulds are used to replicate the working masters. In 

particular, they are composite moulds where the structured layer (with a thickness of 

few microns) is made of hPDMS, while the backbone (several millimetres) is made of 

standard soft PDMS. To prepare the hPDMs mixture, 1.7 g of 7-8% 

vinylmethylsiloxane is mixed with 0.05 g of 1, 3, 5, 7 tetracetylcyclosilane, 9 µL of Pt 

catalyst, 0.5 g of 25-35% hydroxyl siloxane, and 1.5 g of toluene in this order. All the 

additions take place under vigorous stirring. After 5 min of stirring, the obtained 

mixture can be used for approximately 20 min, before it will solidify upon toluene 

evaporation. While it is still liquid, the mixture is dropped cast onto the master and 

spread over the surface using an air gun. This step ensures that the mixture covers 
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entirely all the structures and leaves no microbubbles trapped. After repeating this 

last step two or three times for each working master, the substrates are left 1 h at 

room temperature to ensure complete evaporation of the toluene, and 1 h at 60 °C to 

cure the hPDMS. Finally, the soft PDMS mixture is poured over the substrates. A 10:1 

mixture of the monomer and curing agent are mixed vigorously and left degassing for 

approximately 1 h. Then, the mixture is gently poured onto the master with the already 

cured hPDMS and cured at 100 °C for another hour. Once the PDMS is cured, it is 

manually demoulded from the master. 

 

mTiO2 backbone fabrication 

A 500 nm layer of 90 T (dyesol) transparent titania paste composed of 20 nm anatase 

titania nanoparticles was spin-coated on the glass substrates. The initial paste was 

diluted at 1:3 (w/w) in ethanol and spin-coated at 2000 rpm with 1000 rpm/s 

acceleration for 10 s. Nanoimprinting took place after the layer deposition, pressing 

the 1 cm2 prepatterned PDMS stamp onto the sample on a hotplate at 125 °C for 10 

min. Once the paste was imprinted, a hard bake treatment to 450 ºC for 1 h was done. 

In the ex-situ fabrication methodology, the solvent used in the dilution of the titania 

paste was a 50 mM gold nanoparticle solution in ethanol. 

 

Microwave Gold Nanoparticles Synthesis 

Au NPs with a PVP surface coating are synthesized in a CEM Discover reactor 

(Explorer 12-Hybrid) at a frequency of 2.45 GHz and 300 W of power. Briefly, 900 mg 

PVP (0.09 mmol) are dissolved in 12 mL of ethylene glycol (EG) by continuous 

sonication. Then, different volumes (96, 144 and 192 μL) of a 250 mM HAuCl4·3H2O 

aqueous solution (0.024, 0.036 and 0.048 mmol) are mixed with the above-prepared 

solution to give a homogeneous solution of a yellowish colour (the final gold precursor 

concentration are 2, 3 and 4 mM respectively). For the in-situ fabrication method, the 

substrates are placed inside the microwave tubes (arranged at the bottom, in a 

horizontal position). After 2 h of soaking inside the fridge (at 4 ºC) to ensure the 

complete diffusion of the solution onto the mTiO2 film and to avoid the non-controlled 

start of the reaction, the tubes are then placed in the MW reactor and heated to 120 

ºC for 10 min for the Au (III) reduction and metal nanoparticles formation. The final 

solution is dark-red, and no precipitate is observed, indicating that the NPs are well 

dispersed in the solution. At the same time, the substrates are reddish indicating the 
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in-situ growth of Au NPs on the TiO2 network. The supernatant of free Au NPs is 

poured into a falcon tube of 50 mL and the NPs are collected by adding 25 mL acetone 

to precipitate them and remove the excess of PVP and reaction byproducts, 

centrifuging at 10,000 rpm for 30 min twice. The samples are redispersed in ethanol 

and kept for the ex-situ fabrication methodology. On the other hand, the substrates 

are placed in a 15 mL falcon and 10 mL of MQ-H2O are added. Then, they are washed 

with 1 h of mechanical shaking at 70 rpm. After this washing, they are dried at room 

temperature and annealed in air at 450 ºC for 30 min to remove the organic PVP and 

increase the contact between Au and TiO2. 

 

Materials Characterization 

Far-field reflection measurements 

An FTIR spectrophotometer attached to an optical microscope (Vertex 70 and 

Hyperion, Bruker) was used to obtain the far-field reflection and transmission 

measurements in the 400 to 1100 nm range. The background reflection spectrum was 

set with a silver mirror which exhibits a 96% reflectivity in the tested range of 

wavelengths. The reflected light was collected through a 4× objective with 0.10 

numerical aperture with a 2×2 mm2 spatial aperture.  

 

Scanning Electron Microscopy 

SEM images were obtained by two SEM microscopes:  QUANTA FEI 200 and FEG-

ESEM with a field emission gun source. All the images were taken using a 10 kV 

beam, to generate the secondary electrons in a High Vacuum regime (10-3 Pa). 

 

FDTD Modeling 

The numerical simulations were performed using a commercial FDTD software 

(www.lumerical.com). The calculations reproduced the schematics shown in Figures 

4 and 5 with the geometrical parameters extracted from SEM micrographs of the 

fabricated samples. A linearly polarized plane wave source impinging a unit cell was 

modelled. Refractive indexes of the titanium dioxide were extracted from literature.81 

The refractive index of the mesoporous titania was determined by a two-component 

composite material effective medium approximation considering TiO2 and air.82 
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Photocatalytic Activity of the Au/TiO2 2D-Photonic Substrates 

Gas-phase hydrogen generation 

Photoreactions were carried out in gas phase at room temperature and atmospheric 

pressure in continuous mode in a tubular glass reactor. In a typical experiment, filter 

paper from the laboratory (from Albet, pore size 35-40 μm, 80 g·m−2, thickness 0.18 

mm), used as support, was cut in round shapes. Double-sided tape with 4 substrates 

facing up were stuck on the filter paper, which was placed between the two parts of 

the photocatalytic reactor, upside-down (the supported photocatalysts facing 

downwards) on top of the O-ring on the centre of the reactor, over the light LEDs. A 

thermocouple in contact with the sample was used to constantly monitor the 

temperature during the experiments. The junction was tightly sealed with parafilm, 

ensuring the gastight sealing with a circular clamp. A saturated Ar gas stream with a 

water:ethanol vapour mixture (90:10 ratio on a molar basis) was introduced into the 

photoreactor by bubbling dry Ar gas at a flow rate of 20 ml/min through a saturator 

(Dreschel bottle) containing a liquid mixture of 150 g of H2O and 17 g of ethanol. The 

photoreactor effluent was monitored online every 4 min by gas chromatography (GC) 

(Agilent 3000A MicroGC) using three columns: MS 5 Å, Plot U and Stabilwax. The 

LED UV-vis light source (from SACOPA, S.A.U.) consisted of 2 LEDs at 365 ± 5 nm 

and two LEDs emitting visible light (correlated colour temperature (CCT) 6099 K, 

colour rendering index (CRI) 74). A synthetic quartz glass cylindrical lens transmitted 

the light from the UV-vis light source to the photocatalyst. The UV-vis light source was 

located at the bottom part of the reactor, irradiating the filter paper from below, at a 

distance of 1 cm. Light irradiation was measured directly with a UV-A radiation monitor 

from Solar Light Co. and is 81.7 ± 0.5 mW·cm−2. In our set of experiments, we wanted 

to evaluate the photocatalytic activity of different catalysts under the same 

experimental conditions, so we did not want to be limited by the amount of irradiation. 

We worked with an excess of UVA light (365 nm) to not be limited by this factor. The 

irradiation area is quite small and is placed very near the light (< 1 cm). This involves 

a low Apparent Quantum Yield (AQY) achieved since it represents the efficiency of 

the irradiated light to form hydrogen. The AQY values calculated in the maximum rate 

of hydrogen production of each sample were always below 0.3% AQY (see 

Supplementary Information for the values in Table S1 and the details of AQY 

calculation). At the beginning of each experiment, the light is off, and the reaction 

system is purged by entering 20 mL/min of saturated Ar gas with the water-ethanol 

vapour mixture, to remove the maximum possible oxygen (O2) in the line, up to 
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reaching an O2 stable value. During this time, the GC chromatograms indicate a 

reduction of the oxygen content, which decreases down to very low values (< 

0.0100%). Due to the intrinsic limitations of the system, it is not possible to completely 

remove the oxygen inside the reaction system. After 20 min, the light is turned on and 

we monitored all the photoreaction products during ca. 100-300 min by GC. Control 

experiments were carried out placing only a filter paper support inside the 

photoreactor and we did not observe any photoactivity. Two measurements were 

made for each sample with excellent reproducibility. The hydrogen production results 

were normalized to the amount of used photocatalyst, obtaining a hydrogen 

production rate of “mmol H2·gcat
-1·h-1” as final units. The photocatalyst masses 

deposited onto the substrates were determined using the structural characteristics of 

the samples. The substrate layers, with a density of 3.78 g/cm3 (anatase), area of 1 

cm2, a deposited film thickness of 500 nm (which was measured with SEM in 

fabricated flat substrates), and with a porosity of a 26% (considering the upper limit 

filling factor of 74% for a TiO2 nanoparticle FCC structure) have an approximated TiO2 

mass of 0.14 mg (see Supplementary Information for a clarification Figure S11 on the 

above calculation). Chemical analysis of Au was done with inductively coupled 

plasma optical emission spectroscopy (ICP-OES) with an ICP-OES Agilent, model 

5900. The samples were previously digested with a mixture of concentrated HNO3 

and HCl (1:3) in a Milestone Ultraware microwave. Samples were carried out in 

duplicate. The results showed reproducible gold contents in the 10-20 µg range for 

both the in-situ and the ex-situ substrates. The gold fraction was obtained by the Au 

to TiO2 masses ratio. 
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Supplementary information included in Publication 4 

Figure S1. SEM images of the photocatalytic devices with in-situ (a, b) and thermally 

grown (c, d) gold nanoparticle substrates before (a, c) and after to (b, d) thermal 

annealing. Notice that particles are larger after thermal annealing (size changes from 20 

until 50 nm for the thermal evaporated Au, while lower in the microwave grown colloids, 

from 10 until 15 nm) and even show coalescence for the thermal evaporated system.  
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Figure S2.  Transmission spectra of the in-situ nanostructured photocatalytic substrates 

with a lattice parameter of 600 nm with different ramps of annealing up to 450ºC: as-

deposited, and with a 30 min, 90 min or 16 h temperature ramp (from light to dark red). 

The longer the temperature ramp time step, the bigger the final gold nanoparticles. 30 min 

procedure was selected as the optimum annealing time. 

 

 

Figure S3. Extinction spectra of the nanostructured photocatalytic substrates with lattice 

parameters of 600 nm with the three different methodologies to grow the Au NPs: in-situ 

(blue), ex-situ (orange) and evaporated (grey). 
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Figure S4.  SEM images of the photocatalytic devices with in-situ grown gold nanoparticle 

substrates with lattice parameters of L= 400 nm (a) and L=600 nm (b). Particle size has 

not shown any dependence on the lattice parameter. 

 

 

Figure S5. Diffraction modes calculations and adjustment to experimental results. 
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Figure S6. Samples produced with gold (a), silver (b) and copper (c) nanoparticles by in-

situ microwave growth. Silver and copper NPs were synthesized following the 

methodology described for gold in the Experimental Section, but using AgNO3 and 

Cu(NO3)2  aqueous solutions as metal precursors. 

 

 

Photocatalytic degradation of Rhodamine B 

To validate the effect of the inclusion of Au NPs with our two MW procedures (in-situ and 

ex-situ) we tested the substrates in the degradation of Rhodamine B (RhB). In this 

experiment, the photocatalytic substrates, with areas of 1 x 1 cm2 were immersed in 5 ml 

of RhB (Sigma-Aldrich) 4 ppm and illuminated with 1 Sun (AM 1.5 Irradiance spectrum) 

for 5 hours. The concentration of dye was recorded by monitoring the RhB excitation peak 

absorption with a UV-Vis spectrophotometer (Hitachi U3000) every 30 minutes (Figure 

S7a). Flat photocatalytic substrates with gold nanoparticles generated by MW in both in-

situ and ex-situ systems were tested against thermal evaporated NPs substrates and 

substrates with bare mTiO2 without noble metal cocatalyst. For the in-situ and the ex-situ 

systems, the gold fraction was fixed at 15 %wt and in the evaporated system the quantified 

amount of gold scaled up to 50 %wt.  The amount of Au on the samples was quantified 

by an ICP-OES (see Experimental Section). Many reported photocatalytic reactions can 

be described by a pseudo-first-order reaction and can be fitted by the Langmuir-

Hinshewood model of ln(C0/C) = kt, where k is the apparent first-order rate constant. As 

shown in Figure S7b, the in-situ and ex-situ Au NP systems exhibit the highest rate 

constants (k = 5.85-5.96 x 10-3 min-1 respectively), confirming that the MW-grown Au NPs 

systems have the best activity among the tested photocatalysts. The rate constants of 

MW-grown systems are higher than the ones of thermally deposited Au NPs substrates 

(k = 3.65 x 10-3 min-1) and bare mTiO2 ones (k = 3.31 x 10-3 min-1). These values are 

consistent with the photodegradation efficiency observed by the kinetic traces (Figure 

S7a). 

Furthermore, we tested the repeatability/recyclability of our in-situ substrates. The same 

sample was cleaned after the first cycle with MQ-H2O (10 ml) and 15 min under 

mechanical shacking and tested one month later with the same experimental conditions. 

The results (Figure S8) indicated that the substrates can be reused and remained stable 

over time.  
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Figure S7. Photocatalytic performances of the mTiO2 substrates under the incidence of 

light with the power of 1 Sun on a Rhodamine B degradation test. (a) Photodegradation 

of Rhodamine B over irradiation time in flat substrates with: no metallic cocatalyst (black 

lines), thermally evaporated gold nanoparticles (grey lines) and microwave-grown 

nanoparticles, in-situ (red) and ex-situ (blue). (b) Linear fits for the degradation kinetics in 

(a) according to the Langmuir-Hinshelwood model. 

 

 

 

Figure S8. Photocatalytic Rhodamine B degradation repeatability/recyclability test for the 

in-situ system and with the squared L = 600 nm pattern substrate as an example. The 

same sample was cleaned after the first cycle with MQ-H2O (10 ml) 15 min under 

mechanical shacking and tested one month later under the incidence of light with the 

power of 1 Sun. (a) photodegradation of Rhodamine B over irradiation time. (b) Fitted 

curves for the degradation kinetics according to the Langmuir-Hinshelwood model. 
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Figure S9. Maximum hydrogen production (mmol H2·gcat
-1·h-1) from water-ethanol under 

UV and visible light irradiation in gas phase of mTiO2 substrates with L=400 nm and 

L=600nm. 

 

 

 

Figure S10. Hydrogen production kinetics (evolution with time) for the in-situ (a) and ex-

situ (b) patterned substrates under several light irradiation conditions: UV light (blue dots), 

UV+visible light on (red dots) and UV light with an external heating source (grey dots). 

Notice that the remarkable plasmonic improvement in the ex-situ patterned substrate was 

verified by measuring a second UV+visible cycle for the samples with similar results. 
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Figure S11: Cross-sectional SEM of the (a) flat, (b) evaporated, (c) ex-situ and (d) in-situ 

substrates with the measured thickness. (e) Macroscopic image and schematic of the 

parameters used to calculate the amount of catalyzer. 

 

 

 

Apparent Quantum Yield (AQY)  

The AQY was calculated following the equation 𝐴𝑄𝑌 = (2𝑛𝐻2
𝑛𝑝⁄ ) · 100, where nH2 is the 

number of molecules of H2 generated and np is the number of incident photons reaching 

the catalyst. The number of incident photons can be calculated by 𝑛𝑝 = 𝐸𝑇 𝐸𝑝⁄ , where ET 

is the total energy reaching the catalyst and Ep is the energy of a photon. ET can be 

calculated by 𝐸𝑇 = 𝑃𝑆𝑡, where P (W·m-2) is the power density of the incident 

monochromatic light, S (m2) is the irradiation area and t (s) is the duration of the incident 

light exposure. Ep can be calculated by 𝐸𝑝 = ℎ𝑐 ⁄ , where h is the Planck’s constant, c is 

the speed of light and  (m) is the wavelength of the incident monochromatic light. The 

number of hydrogen molecules can be calculated as 𝑛𝐻2
= 𝑛𝑁𝐴, where n are H2 moles 

evolved during the time of light exposure (t), and NA is the Avogadro constant. 

In our experimental conditions, the wavelength of the incident light was  = 365 nm, the 

power density of the incident light at the paper surface was P = 81.7 mW·cm-2 and the 

irradiation area was S = 4.00 cm2. Thus, our AQY values have been calculated 

accordingly and are included in Table S1. 
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Table S1. Apparent Quantum Yield (AQY, %) under several light irradiation conditions of 

mTiO2 substrates with and without pattern: bare, with thermally evaporated gold 

nanoparticles, with in-situ microwave-grown gold nanoparticles and with ex-situ 

microwave-grown gold nanoparticles. 

Sample %AQY (UV) %AQY(UV+VIS) %AQY(UV+T) 

Bare (Flat) 0.003 0.005 0.005 

Bare (Patt) 0.011 0.016 0.014 

Evap (Patt) 0.019 0.019 0.019 

In-situ (Flat) 0.164 0.189 0.189 

In-situ (Patt) 0.184 0.214 0.214 

Ex-situ (Flat) 0.123 0.178 0.156 

Ex-situ (Patt) 0.162 0.263 0.181 
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Contributions to the field and critical comments  

Chapter 3 contains the final studies of this compendium. In line with the objectives of 

the thesis, the experimental data presented in Chapter 3 proves the value of MW 

chemistry as a synthetic tool to produce multicomponent as well as multifunctional 

materials with relevant applicability such as in the photoproduction of hydrogen from 

water/ethanol mixtures in gas-phase as reported in Publications 3 and 4. The 

cooperation with the researchers from the NANOPTO Group at the ICMAB 

specialized in soft-lithography and photonics and with the researchers at the Institute 

of Energy Technologies at the UPC specialized in photocatalysis, provided an 

application connection together with a better comprehension of the requirements for 

nanomaterials oriented to hydrogen photoproduction. 

More specifically, from Publication 3 I have verified that: 

1. Two different sizes of Au/TiO2 hybrid NPs can be obtained by MW-assisted 

routes with an overall synthesis time of less than 1 hour, clearly exposing that 

MW chemistry is a very efficient method to achieve complex nanostructures.  

2. The Au/TiO2 hybrid NPs with larger Au NPs (ca. 50 nm) are breaded with the 

small titanium oxide NPs, containing abundant interfacial contacts between 

gold and titania, while the system with smaller Au NPs (ca. 10 nm) forms 

dimers and trimers with the TiO2 NPs of similar size and contain lesser contact 

points between the metal and the metal oxide.  

3. The photocatalytic activity of the two Au/TiO2 nanostructures when evaluated 

in the photoproduction of hydrogen with UV light was accomplished with the 

two photocatalysts, both containing large co-catalyst fraction (~10-20 wt%). 

We thus conclude that in these cases with relatively high metal co-catalyst 

fractions the metal is working properly and not as a recombination centre for 

the photogenerated electrons and holes, as earlier postulated. 

4. Our study also exposed that the nanostructures with larger contact area 

between the metal and the semiconductor provided the best performance in 

terms of H2 production since the number of Schottky junctions is a decisive 

key parameter on the photocatalytic performance by enhancing the separation 

of photo-excited electrons and holes. Therefore, calcining the samples to 

remove the organic surfactant from the synthesis (PVP) significantly facilitated 

charge transfer between the two materials, and doing so at mild temperatures 

like 450 °C is crucial to not compromise the catalyst surface and active sites 

and to not affect particle sizes.  
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5. Comparing our two systems, better results were achieved for the larger Au 

NPs and higher interfacial contacts, we determine that the contact area has a 

more significant impact on the H2 production than the size or the load fraction 

of the metal co-catalyst. 

Consequently, our MW prepared Au/TiO2 hybrid NPs could be considered as an 

interesting alternative and competitive candidate for H2 generation purposes. Indeed, 

although previous reported similar studies achieved higher values of H2 production 

(7-17 mmol·g-1·h-1), our maximum reported hydrogen was of the same order of 

magnitude (5.3 mmol·g-1·h-1). 

In light of Publication 3 results, subsequent experiments on the hydrogen 

photoproduction were conducted with two main ideas (Publication 4): keep the focus 

on the contact area and investigate the influence of the gold plasmon resonance 

absorption on the photocatalytic activity using solar light (using visible and not only 

UV light). 

Indeed, Publication 4 demonstrated the feasibility of MW methodology to grow small 

size Au NPs inside and/or at the surface of a mesoporous TiO2 backbone (thanks to 

an in-situ growth procedure already presented in Chapter 2) to obtain efficient 

combinations of Au NPs/mTiO2 photocatalytic substrates and controlling the metal 

loading. It is noteworthy that the described protocol can be implemented with other 

less expensive metals such as silver or copper to fit a wider range of photocatalytic 

applications. Besides, it can be easily scaled up. 

Again, the photocatalytic activity of the substrates was evaluated for the 

photoproduction of hydrogen from gaseous water/ethanol mixtures. The selected 

strategy of coupling plasmonic and photonic effects proved very successful since the 

2D photonic crystals using Au/TiO2 increased the H2 generation up to 62% when 

compared to unpatterned Au/TiO2 substrates. Thus, we concluded that the easily 

structured 2D grating generated a visible light-trapping scheme that improved the 

performance of the photocatalytic substrates by increasing the plasmonic response 

of the gold nanoparticles. In addition, FDTD simulations proved that a properly 

designed patterning can provide the system with a localized electric field 

enhancement inside the substrate at the diffraction peaks, which can enhance the 

photocatalytic activities.  

It is worth noting that previous attempts to use photonic crystals for hydrogen 

production under different configurations typically resulted in H2 values on the order 
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of a few µmol·gcat
-1·h-1 up to 3.5 mmol·gcat

-1·h-1.62,63,83,84 We reported herein a 

maximum of 8.5 mmol·gcat
-1·h-1 for our scalable photonic crystal-based catalyst 

system. 

This study also confirmed the importance of the intimate contact between cocatalyst 

and photocatalyst for the reaction to occur satisfactorily and demonstrated that H2 can 

be obtained from water/ethanol mixtures in gas-phase under continuous operation 

with a photonically enhanced photocatalyst composed of Au NPs within mTiO2 films. 

These results might open new avenues in solar harvesting for hydrogen production 

using photonic crystal photocatalysts.
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Summary Graphical Abstract. Mosaic of the functional nanoparticles obtained 
in this thesis by several MW-assisted synthetic strategies. Scale bar = 15 nm 
[Pd-Ag], 25 nm [Pt, Au-Cu2O, Rh-Ag], 30 nm [Au, TiO2, γ-Fe2O3, Au/TiO2 (left)], 
45 nm [Ag-Cu2O], 50 nm [Ag], 75 nm [Pd, Pt-Cu2O], 105 nm [Cu], 125 nm [Pd-
Cu2O], 325 nm [Au/TiO2 (right)], 415 nm [Cu2O].
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Conclusions 

The general goal of this PhD thesis was to develop single and multicomponent 

nanoparticles by microwave-assisted synthetic routes contributing towards elevating 

microwave-chemistry as an advanced nanofabrication strategy while at the same time 

expanding the library of available nanoparticles. Derived from the compiled scientific 

data, the following conclusions can be extracted: 

• Microwave-based synthetic procedures are an emerging synthesis approach with 

a huge potential for nanoparticles fabrication. 

o The distinguishing properties of MW-chemistry are recognised in diverse 

nanomaterial fields, specifically related to the shorter reaction times, the NP 

narrow size distributions, the high product yields achieved, and the lower 

energy consumption required. This is reflected by increased interest from the 

colloidal research community on MW-assisted synthesis. 

 

• Single-component nanoparticles can be obtained by MW-chemistry with a 

substantial synthesis control i.e., regarding shape and size features, by judicious 

choice of the synthetic parameters such as reaction time, reaction temperature 

and precursor concentration. 

o As a representative model, we studied the polyol synthesis of Ag NPs using 

various synthesis conditions and hypothesised mechanistic insights for their 

formation. This was sustained by the NPs ex-situ monitoring using TEM and 

UV-Vis spectroscopy, and by a comprehensive analysis of the results.  

o Short reaction times and low temperatures lead to a low number of available 

nuclei which resulted in kinetically favourable structures such as anisotropic 

platelets (triangles, hexagons, and truncated shapes).  

o Moreover, platelets were also favoured when employing low amounts of PVP 

used as a stabilizer. In this condition, PVP breaks the initial spherical 

symmetry by its preferential adsorption to the top and bottom {111} faces of 

the Ag nanocrystals while {100} faces (three sided faces) continue to grow 

faster. 

o Whereas, for longer reaction times and higher temperatures there was a rapid 

formation of a large number of Ag nuclei that grow into thermodynamically 

favoured morphologies such as spheres. 

o Noteworthy is that platelet structures were observed here for the first time. By 

using synthetic conditions without seed mediation or structuring agents 
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platelets were achieved because of the MW rapid heating rate that imposed 

EG and PVP high reduction rates. 

o Indeed, Ag nanoplates are thermodynamically unstable in comparison with 

Ag spherical particles. Then, when particles start with platelets undergo a size 

refinement decreasing their size and changing their shape with time.  

o In addition, at longer times, higher temperatures and higher silver precursor 

concentration, a large number of particles with bigger sizes were obtained 

because of a reactivity increase contributing to new nucleation and growth. 

o Finally, all this understanding allowed us to control and tune Ag NPs on-

demand using cross experiments to validate that. Moreover, the 

reproducibility and scalability of the process could be demonstrated. 

 

• MW approach can be used to extract some mechanistic insights of the involved 

reactions, contributing to colloidal chemistry’s body of knowledge. 

o MW technique, with its rapid heating velocity, the capacity of thermally 

quenching the reactions, and when combined with ex-situ techniques to 

obtain the structural parameters of the nanostructures at different time points, 

can help to image the formation dynamics of inorganic nanostructures in 

solution since it enables to (ex-situ) grasp snapshots of nucleation and growth 

processes difficult to accomplish by other techniques. Therefore, some 

mechanistic insights can be extracted along with information on competing 

kinetics and thermodynamics processes, permitting the stabilization of 

metastable phases, which can lead to a larger understanding of the key 

parameters to obtain a wide range of desired products and to control the size 

and shape of NPs to generate desirable chemical and physical properties.   

o Even though the present dissertation did not include the following aspects, it 

is interesting to note that the MW reactor could be complemented with 

characterisation techniques to in-situ monitor the nucleation and growth of the 

particles and better understand the different reaction mechanisms. For 

instance, with light scattering techniques by incorporating a portable and fibre 

optic supplemented DLS (Dynamic Light Scattering) inside the microwave 

cabin to explore, identify and understand some of the fundamental aspects 

that govern the kinetics, mechanism, and stabilisation of the obtained 

products. Otherwise, by integrating a microwave reactor with in-situ X-ray 

diffraction at a high-energy synchrotron beamline, the fast reaction kinetics 
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presented in the microwave synthesis of colloidal nanoparticles can be 

quantitatively studied. 

 

• MW irradiation is gaining interest as a powerful tool for the preparation of 

multicomponent NPs. 

o The potential of MW-chemistry as a multicomponent NP preparation strategy 

was demonstrated with the successful preparation of Ag-based alloy hollow 

nanostructures of metastable compositions with Rh and Pd, using Ag NCs of 

different sizes as a template, and through a two-step seed-mediated 

processes highlighting the heating selectivity of the technique. 

o To the best of our knowledge, such hybrid interesting systems for more 

economical and efficient catalysis are the first-ever example of alloyed Ag-Rh 

or Ag-Pd hollow nanostructures. However, their catalytic performance still 

needs to be assessed.  

o These findings set the basis for multimaterial NPs synthesis expansion, as is 

shown with the hybrid systems described below. 

 

• The colloidal synthesis of families of complex heterostructures based on the 

combination of metal oxides and metals by universal MW protocols is 

consolidated.  

o Noble metal (Au, Ag, Pd)-Cu2O HS were synthesized in less than 40 min 

through a two-step MW-assisted synthesis. With the presence of the pre-

formed metal NPs, in the second step, copper oxide nanocubes wrapped the 

metal core. 

o The molar ratio between the metallic seeds and copper precursor has a 

significant role in the HS formation. While an excess of metal NPs leads to 

the incomplete shape-oriented formation of the Cu2O shell and the presence 

of isolated particles, a decrease in the molar ratio yields better results. 

However, if this molar ratio is too small, the final HS loses the cubic 

morphology and irregular, flower-like structures were observed. 

o The homogeneous covering and contact between Cu2O and the metal 

indicated a growth mechanism based on a single cube growth with {1 0 0} 

facets. Besides, there was no epitaxy relation between the core and the shell 

since they had different crystal orientations. 

o The optical absorption of Cu2O HS showed the characteristic plasmonic peak 

of the different metals, attenuated and red-shifted. The spectrum mostly 

reflected a broad light-scattering band in the red and near-infrared regions. 
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o The edge length of the NC was proportional to the diameter of the NP at the 

core. The bigger the core, the bigger the Cu2O shell (in a nearly linear 

relationship). This indicates that the metal core controls the growth of the 

Cu2O shell, acting as a template and catalyst.  

o However, other types of heterostructure (cubes with a metal NPs surface 

decoration) were found when very small metal Pt particles were used instead. 

Those small Pt NPs did not act as seeds, we believe that were too small to 

act as an antenna, adsorb the MW irradiation and become a hot spot, 

promoting enhanced reactivity on the NP surface. 

 

• Multimaterial nanostructures can be obtained by MW-induced in-situ NP growth 

on porous matrices.  

o Worth noting here is the procedure simplicity: a piece of a porous material is 

directly placed inside the MW tube containing the polar solvent with already 

dissolved nanoparticulate material precursor and the reaction is carried out 

after the diffusion needed time. 

o This approach was first demonstrated by combining carbon xerogels and 

copper-based nanomaterials. Besides, it was further used to in-situ grow gold 

NPs in mesoporous titanium dioxide matrices. 

o The resulting composites had a stronger contact area between the combined 

materials, essential for their catalysis-oriented expected applications. 

 

• MW-prepared catalytic systems formed by Au/TiO2 hybrid NPs perform as 

photocatalysts for hydrogen generation. 

o To elucidate the role of the size of Au NPs/contact points, two different 

systems combining the same TiO2 NPs and varying the size of Au NPs were 

prepared. 

o Small anatase TiO2 NPs ca. 10 nm attached to larger anisotropic Au 

morphologies were fabricated by a MW-assisted synthesis. With the presence 

of the pre-formed metal oxide NPs, in the second step, anisotropic Au shapes 

ca. 50 nm were grown with a TiO2 NPs surface decoration. 

o When increasing the amount of PVP, smaller Au nanospheres ca. 10 nm were 

grown forming dimers and trimers with the TiO2 NPs of similar size. 

o To optimize the contact area between the titania and the gold and facilitate 

electron transfer, PVP was removed by calcination at mild temperatures 

without modifying the morphology and size of the gold or titania. 
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o Together with the Institute of Energy Technologies of UPC, we investigated 

the nanocatalysts activity in the photocatalytic production of hydrogen from 

water/ethanol mixtures in gas-phase at ambient temperature with UV light. 

o The stronger and more expanded contact area between TiO2 and Au NPs, 

which is where the Schottky junctions are formed, and enhance the 

separation of photo-excited electrons and holes, explains why the H2 

production was larger for TiO2 NPs supported on large Au NPs than for TiO2 

NPs in close contact to Au NPs of similar sizes. 

o Thus, our study also demonstrates that TiO2-based photocatalysts with high 

Au loading (> 10-20 wt%) and large Au particle size (≈ 50 nm) NPs have 

photocatalytic activity. Hence, the photogeneration of H2 is not only restricted 

to small Au particle size (1-10 nm) and low gold percentages (< 2 wt%), as 

most studies had reported so far. 

o There are very few previous studies analyzing the photocatalytic activity of 

TiO2 NPs with very high Au loading and large Au particle size, which by using 

smaller TiO2 NPs could increase the number of Schottky junctions and, 

therefore, improve the overall photocatalytic performance of the process. 

o Although other studies achieved higher values of H2 production, the 

presented hydrogen activity with a maximum of 5.3 mmol·g-1·h-1 recorded for 

the system with larger Au particles was of the same order of magnitude as 

the previously reported ones (7-17 mmol·g-1·h-1). 

 

• Photocatalyst composed of Au NPs within mesoporous TiO2 photonic crystal films 

via MW-synthesis enhances the gas-phase hydrogen photoproduction due to 

photonic-plasmonic effects. 

o In close collaboration with the NANOPTO group (ICMAB), a series of scalable 

Au/TiO2 2D-photonic photocatalytic substrates were carefully designed to 

extend the UV response into the visible region for hydrogen production.  

o MW-assisted routes were used to in-situ and ex-situ grow Au NPs into a 

mesoporous TiO2 film patterned with a 2D square array of holes using soft 

nanoimprinting lithography.  

o In a first approach, Au NPs were in-situ infiltrated in the superficial layer (≈50 

nm) of a mesoporous titania scaffold patterned with the photonic structure 

while in a second one, 2D photonic crystals with a homogeneous volume 

distribution of the Au colloids (within the bulk) were achieved. 
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o This methodology is easily scalable using soft nanoimprinting lithography to 

prepare Au/TiO2 2D-photonic photocatalysts.  

o It is noteworthy that the described protocol can be implemented with other 

less expensive metals such as silver or copper to fit a wider range of 

photocatalytic applications. Moreover, different lattice parameters, 

geometries and metal loading can be tuned to modulate the optical properties 

on demand.  

o To amplify the light-harvesting efficiency of the TiO2 semiconductor beyond 

the UV region a light-trapping scheme was used by coupling a 2D photonic 

crystal to a gold decorated titania. 

o Indeed, with one nanoimprinting step, the light absorption was improved in 

the entire visible range (400 – 800 nm) by coupling the incoming light to 

photonic modes in the TiO2 photonic crystal and thus providing efficient 

management of the sunlight. 

o Numerical FDTD simulations demonstrated that the diffraction produced by 

the 2D photonic grating generates an enhanced electric field concentration in 

the structured TiO2 that induces a higher plasmonic activity and hot electron 

generation which finally leads to an enhanced catalytic performance of the 

TiO2/Au devices.  

o The improved photocatalytic performance of the substrates was tested for 

hydrogen production from gas mixtures of ethanol and water with UV and 

visible lights, in collaboration with the Institute of Energy Technologies of 

UPC. 

o High H2 production values were obtained for both configurations attributed to 

photonic-plasmonic effects, with a maximum of 8.5 mmol·gcat
-1·h-1 of H2 

recorded for that with a homogeneous distribution of Au NPs along its volume 

(the ex-situ devices) confirming the importance of the intimate contact 

between cocatalyst and photocatalyst for the reaction to occur satisfactorily 

(more expanded contact area for the ex-situ).  

o Moreover, when compared to the flat films, the optimised 2D-photonic 

photocatalytic substrates absorbing light from the UV to the whole visible 

region provided up to a 13-fold enhancement in hydrogen production. 

o These results might open new avenues in solar harvesting for hydrogen 

production using photonic crystal photocatalysts. 
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In summary, this Ph.D. thesis has identified and consolidated microwave-assisted 

chemistry as an innovative synthetic approach for single and multicomponent NP 

fabrication with easily tuneable interesting properties and with high synthesis control. 

Furthermore, several research lines have been initiated:  

i) the validation of MW-routes as a complementary monitoring tool for NP 

formation and reaction mechanism understanding,  

ii) the preparation via MW-synthesis of alloyed hollow nanostructures of 

metastable compositions,  

iii) the expansion to complex heterostructures based on the combination of metal 

oxides and metals by universal MW protocols,  

iv) the development of a procedure of MW-induced in-situ NP growth of a 

complementary material within an initial porous one, and  

v) the assessment of MW-obtained Au/TiO2 composites as photocatalysts for 

gas-phase hydrogen generation.  

All these new benefits of MW-chemistry have been reasonably tackled based on wide 

literature research and validated with robust experimental data. For this purpose, 

close collaborations with relevant researchers in each field have been established 

and the final applicability of the resulting materials always have been considered.
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Outlook 

The final aim of the MW manufacturing platform described in this thesis would be to 

reach the market helping the migration of the specific NPs production from the 

laboratory to the industry. 

In the above scenario, even though in most of the synthesis described in the chapters 

of this thesis, the scalability using our lab equipment was tested and successfully 

demonstrated, further efforts need to be conducted in this direction. Indeed, for small 

batch NP reactions, when the first experiments were carried out, a MW-oven from 

CEM corporation was used (Discover SP). Whereas, when samples needed larger 

productions, a higher capacity MW-oven from Milestone (flexiWAVE) was selected. 

The maximum scale-up value was 40-fold which meant an improvement of the 

production from 1-20 mg per batch (depending on the nanomaterial) to 40-800 mg per 

batch. However, these values are still far away from those obtained with other 

techniques in the gram range (but also being more time-consuming). Therefore, 

alternative scalable strategies need to be addressed. For instance, by coupling a MW-

oven with the flow-chemistry technology which has been already reported in the 

literature. 

Also, I demonstrated how the MW technique can be used to extract mechanistic 

insights by (ex-situ) capturing snapshots of nucleation and growth processes, difficult 

by other techniques, with the rapid heating velocity, thermally quenching the reactions 

in the appropriate time resolution, and combined with ex-situ characterization 

techniques to achieve the structural features of the nanostructures. Nevertheless, it 

was also mentioned that for a deeper understanding of different reaction mechanisms 

MW routes should be implemented with in-situ methodologies to monitor in-situ the 

nucleation and growth of the particles. Light scattering DLS techniques and in-situ X-

ray diffraction at a high-energy synchrotron beamline are two good examples of in-

situ methodologies-MW coupling proposed to be conducted. 

Besides these methodological objectives and regarding the functional materials 

production purposes, some of their initiated research lines described in the thesis 

should be considered for future studies.  

Principally, the alloyed hollow nanostructures of metastable compositions systems 

presented in Chapter 1, are currently under study in collaboration with the Humphrey 

Group (The University of Texas at Austin) because of the stay in their research 

laboratories which ended up with a good relationship with our research group. New 
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structural characterization data, new compositions and first measurements on their 

catalytic applicability are already underway. In addition, regarding the noble metal-

copper oxide complex heterostructures project of Chapter 2, the first measurements 

on their application testing their photocatalytic performance towards hydrogen 

production from water splitting are scheduled. 

Furthermore, two interesting research lines not described in this thesis and 

concerning new opportunities for MW-assisted functional ternary materials production 

are considered to be conducted: i) the doping of metal oxide nanoparticles with 

metals, as a recent work reported with Cu-doped extremely small iron oxide 

nanoparticles, and ii) the preparation of lanthanide-codoped β-NaYF4 nanocrystals 

(Ln3+: Er, Tm, Yb) with high-brightness near-infrared to visible-light up-conversion, 

also possible with the MW approach. 

To sum up, the experimental data described in this Ph.D. thesis showed the 

opportunities of MW-assisted chemistry in different NP sectors, mainly the synthesis 

control, the attainment of complex formulation and their applicability assessment. We 

expect for our outcomes to help in the consolidation of this technique as an advanced 

synthetic approach capable of scaling the production of nanoparticles using simplified 

production methods, thus, attending to the market and society demand that require 

the rational design and production of nanomaterials with tuneable properties using 

cheap, fast, and clean methodologies. 
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Reagent’s considerations and reproducibility  

A robust chemical procedure or protocol encompasses by definition the aspect of 

reproducibility: to produce, form, or bring about once more that identical process. But 

in colloidal chemistry (also in any chemistry protocol), there are many parameters 

affecting the reaction and thus its reproducibility. For that, it is important to identify 

those that have a key role in the procedure.  

Sometimes these parameters are not the more obvious ones, like reactant’s 

concentration, reaction time and reaction temperature, but are parameters that might 

be related to some external conditions and can be difficult to be identified. For 

instance, the external temperature or the laboratory temperature were observed to 

affect some of the reaction yields of nanoparticles fabrication in our lab depending on 

the season, i.e., the replicates were different in summer than in winter. However, 

notice that as all the reactions presented in this dissertation were carried out in a 

cleanroom environment which kept constant the temperature and humidity, that effect 

had at least a lower impact on the described experiments. Nevertheless, other factors 

had to be considered.  

One of the most commonly occurring external influences is the condition of a reagent. 

If a reagent is not in a good condition, its reactivity is uncontrolled or unpredictable, 

giving not understandable results and bad quality experiments. For that reason, is 

important to always read the Safety Data Sheet or Specification Sheet of all the 

chemicals before their first use and take the required actions to prevent their 

degradation or damage. For example, some reagents are moisture-sensitive, others 

are air-sensitive and others light-sensitive, and they all must be protected differently 

to ensure their optimal performance.  

Herein, a series of considerations or cautions for the reagents involved in this thesis 

are listed: 

- Gold and platinum precursors, their chloride salts, were dissolved in aqueous 

solutions when received, and these stock solutions were stored in the fridge with 

aluminium foil to avoid or minimize their uncontrolled reduction. 

- Silver precursor, the nitrate, was always kept in the dark and fresh solutions were 

always prepared before any reaction, dealing with its light sensitivity. 

- Copper, palladium, and iron precursors, their acetylacetonates, were sealed with 

parafilm and stored inside a dissector to avoid water absorption, affecting their 

thermal decomposition reactions.  
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- The titania precursor, titanium butoxide, was sealed with parafilm to avoid water 

absorption, affecting its sol-gel process. 

- The PVP polymer used as a stabilizer and capping agent, in the form of a 

hygroscopic powder was also sealed with parafilm. Moreover, it was always 

freshly used because when exposed to light or high temperature forms molecular 

adducts with many other substances and crosslinks affecting their molecular 

weight, length and thus its properties. 

- MW solvents EG and BA were sealed with parafilm to avoid water absorption and 

change their properties. 

However, even after following the above recommendations, the reaction 

reproducibility can also be compromised. In these cases, it could be related to 

reagents ageing. The reagent time-compromised stability ends when we can clearly 

identify the bad condition of the chemical to be used and it needs to be discarded. A 

clear example was already described in Publication 1 with aged PVP altering the 

samples size dispersity of Ag NPs prepared through the polyol approach.  

Time-compromised stability with this capping agent was also detected in the synthesis 

of PVP-coated superparamagnetic iron oxide nanoparticles (SPIONs) prepared 

following previously reported results by the N&N group1. The resulting SPIONs made 

of γ-Fe2O3 phase changed the morphology from spheres to irregular rounded particles 

and much larger size dispersity (Figure 1a,b). Indeed, mean particle size changed 

from 7 ± 1 nm (PDI < 15%) to 7 ± 4 nm (PDI > 50%).  

 

Figure 1. PVP ageing effect on the SPIONs synthesis. a) representative TEM images of 

different samples prepared with fresh PVP (i.e., used once they were received). b) 

representative TEM images of the same samples, but prepared with older PVP (i.e., used 

after several months of being opened and used for the first time).  
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Solvents (not only capping agents) can also affect reactions reproducibility. EG or BA, 

for example, when used in big bottles (of more than 1 litre) can gradually absorb water 

from the environment moisture and change their properties, like EG reductant 

capacity through the polyol approach or BA heating behaviour during thermal 

decomposition procedures. 

On the other hand, impurities can be a key factor as a recent work reported also 

concerning PVP used as a stabilizer for the preparation of anisotropic gold NPs. 

Indeed, Taladriz-Blanco et al. showed that the supplier and purity of PVP can 

significantly alter the synthesis of gold nanostars, demonstrating that impurities, not 

PVP itself, are the main factor responsible for star-like shape formation2.  

Thus, to address these issues my suggested strategies are: to buy small batches of 

the critical compounds always at the same provider and use them for no longer than 

the time when the reproducibility starts to be compromised (after experimentally 

identifying it). 

Finally, when considering all these suggested actions against the described external 

influences (reagents storage, ageing and impurities) the colloidal reactions were 

successfully replicated, and an enhanced reaction control and reproducibility were 

achieved. 

 

Chemical yield and scalability  

All the reactions presented in this dissertation were carried out in batch mode and 

each batch was duplicated. To know the chemical yield after the reaction, I determined 

the amount of produced material by weighting the final sample as a solid powder after 

the cleaning and centrifugation and before its dissolution in specific solvents for 

characterization or functional purposes. Then, chemical yield is easily determined by 

nominal calculations knowing the initial reagents masses. However, for a more 

accurate determination rather, sometimes it is better to turn to chemical analysis 

techniques.  

One of the most reliable techniques for metal determination in metal-based 

nanostructures (metal or metal oxide nanoparticles) is inductively coupled plasma 

optical emission spectroscopy (ICP-OES). This technique shows good accuracy 

values below 1% being highly sensitive (low limits of detection and quantification). It 

is based on the addition of a concentrated acid solution to digest the sample and, 
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second, measure the atomic optical emission spectra to compare the signal to 

reference standard solutions.  

However, ultraviolet-visible spectroscopy (UV-Vis) is gaining interest as an alternative 

and competitive analytical technique. It is based on the same idea as ICP-OES; 

digesting the sample first and, second, measuring and interpolating in a calibration 

curve the optical signal of the sample, but in this case, the signal corresponds to the 

molecular absorption of complexes from metal species, after a complexation agent 

addition step. Despite lower sensitivity values for UV-Vis (limits of detection and 

quantification 3 order of magnitude higher), the technique offers interesting 

advantages. It is more economical in terms of equipment investment and running 

costs, easier to operate as a self-user, and widely accessible in chemistry as well as 

materials science and physics labs. Besides, UV-Vis allows the determination of 

species with different oxidation states. In a recent publication of our group entitled 

“Accurate iron quantification in colloids and nanocomposites by a simple UV-Vis 

protocol” in which I am the first co-author3, we proposed a UV-Vis protocol as a simple 

and non-expensive route to determine accurately the iron content in different colloidal 

and nanocomposite iron-based materials prepared by microwave approaches. 

Indeed, the proposed protocol successfully performed for an accurate iron 

quantification in iron oxide samples encompassing SPIONs of different sizes in 

colloidal dispersion functionalized with widely employed organic molecules (citrate 

and oleic acid)4–6 as well as in a nanocomposite composed of iron oxide nanoparticles 

decorating bacterial cellulose nanofibers7. 

In summary, and with good agreement between nominal calculations and analytical 

results, the average chemical yield of the described nanoparticles fabrication 

reactions by microwave colloidal chemistry was always in the range of 70-80%. This 

confirms that due to the fast heating, microwave-assisted synthesis can also improve 

the yield of nanoparticles. Moreover, we estimate that even higher values (over 80%) 

could be obtained if the cleaning steps were less severe than those we strictly defined 

to ensure purified materials for enhanced functional operation. 

On the other hand, the scalability of our microwave synthetic routes was assessed 

with two different MW reactors. The laboratory-scale reactions performed in a single-

mode microwave unit (a Discover SP MW-oven from CEM corporation; 4-5 ml, 

producing 1-20 mg of NPs per batch depending on the nanomaterial) were scaled-up, 

firstly, using the same equipment but with 4-times bigger volumetric tubes (16-20 ml, 

producing 4-80 mg of NPs per batch) and, secondly, using a multi-mode equipment 
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(a flexiWAVE from Milestone) up to 40-fold (160-200 ml, producing 40-800 mg of NPs 

per batch). The quality of the final material in terms of size, colloidal stability and 

functional properties, and the yield of the reaction (≈70%) were not compromised in 

the large-scale setup. Hence, these results reinforce the potential of microwave 

irradiation in industrial laboratories to synthesize high-quality nanoparticles in a short 

time. 

Nevertheless, these values are still far away from those obtained with other 

techniques in the multi-gram range (but also being more time-consuming). Thus, 

further efforts are needed or alternative scalable strategies need to be investigated. 

Such as by combining the flow-chemistry technology with the MW-oven cavity, an 

option which has been already explored and reported in the literature, for example, 

for the continuous flow synthesis of Rh and RhAg alloy nanoparticle catalysts8, or in 

a greener chemistry process using microwaves in a continuous flow to synthesize 

metallic bismuth nanoparticles9. 

 

Sample storage and stability 

Our MW-produced nanoparticles were always cleaned and collected from the reaction 

media solution by several centrifugation steps. By doing so, the final sample becomes 

a solid precipitate. Depending on the material of the nanostructures and on the used 

stabilizer or capping agent, it is more convenient to rapidly disperse the solid in the 

specifically chosen solvents for the characterization or functional purposes to avoid 

an excess of aggregation difficult to remove by sonication and/or heating. Notice that 

extra manipulation steps are undesired since for instance a reduction of a production 

yield by filtering to remove aggregates. The criteria to discern if this prevention is 

needed is based on the experience after the observation of several trials or replicates 

of the sample and is difficult to predict since nanoparticle size, shape and surface 

chemistry among other parameters plays a role in this phenomenon. 

If the aggregation is not a problem because the NPs are easily dispersible when 

needed, the sample can be stored as a solid, and only disperse an aliquot for its 

characterization. This option, if possible, is preferred since diffusivity in the solid-state 

is typically slower than in the liquid, thus reducing the evolution of the material by side 

reactions with non-reacted species still present after the cleaning steps, or other 

phenomena like Ostwald ripening. Also, it is important to create an inert atmosphere 

when samples are stored in solid. For instance, copper nanoparticles are easily 
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oxidable to different copper oxides and if their surface is not well passivated with 

protecting agents it is strongly recommended to create an argon or nitrogen 

atmosphere, or even store these particles in vacuum chambers. 

Otherwise, if aggregates are difficult to deal with, a judicious solvent choice, also 

oriented towards the material's characterization and/or applicability, is mandatory. 

The solvent molecules must be inert to the particles, and with good chemical affinity 

to their surface, i.e., to their direct surface or to the capping agent molecules attached 

to their surface to ensure a good dispersibility (essential for the stability of the colloidal 

suspension). Besides, if the NPs do not have any stabilizer, these solvent molecules 

can be responsible for that dispersibility. 

Sample colloidal stability in suspension was studied for some of the nanoparticulate 

systems described in this thesis. As all of them were PVP-capped, and PVP is an 

amphiphilic polymer, dispersible in organic solvents such as alcohols, ketones, acids 

and amines, but also in polar solvents like water, the tests were assessed in the latter, 

and the colloidal stability in water was demonstrated up to 9 months. Aggregates or 

precipitates were not significantly observed. In addition, TEM analysis demonstrates 

nanoparticle shape stability. As an example, PVP-capped Ag NPs stability in water 

was reported in Publication 1. 

 

Microwave reactors 

In the last years, new generations of microwave devices that offer improved 

possibilities as well as scale-up capabilities have been developed and are 

commercially available. The introduction of these carefully designed microwave 

equipment to the nanotechnology scientific community has been critical to allowing 

NPs reproducible protocol development and scalability. 

Today’s available instrumentation permits rigorously precise control of the key MW 

reaction parameters such as temperature and pressure monitored by various probes 

and sensors, built-in magnetic stirring, power control, well-controlled heating and 

cooling rates, and software operation, significantly improving the reproducibility of the 

reaction. In particular, the temperature can be directly measured by placing a 

thermocouple or an optic fibre probe inside the reaction mixture, or indirectly by 

infrared sensors. Moreover, it has a software that allows online monitoring and 

temperature/pressure control by regulation of the microwave power.  
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There are two main types of scientific microwave apparatus: single-mode and multi-

mode reactors. Single-mode MW reactors are those which generate a single, highly 

homogeneous energy field of high-power density. However, the maximum power 

output is in most cases limited to 300 W. Consequently, these systems match 

efficiently with small sample production and are thus used for lab-scale syntheses. 

Whereas multi-mode units are those which, having a larger MW cavity, dispose of 

more than one microwave source (magnetron) and the microwaves that enter the 

cavity (with a maximum power output close to 2000 W) are reflected homogenously 

by the diffusor, the walls and the load over the large cavity to ensure the homogeneity 

of the irradiation. Hence, field homogeneity is a key parameter determining the final 

properties of the as-synthesized material in multi-mode systems. Also, the larger 

cavity allows the use of larger reaction vessels or the use of multivessel rotors which 

will be simultaneously irradiated. Thus, these systems match perfectly with large 

sample production and are used for scale-up syntheses.  

For the experiments described in this dissertation, all the used microwave equipment 

were commercially available. Lab-scale reactions were performed using a single-

mode unit in a CEM Discover SP, while scale-up reactions using a multi-mode unit in 

a Milestone flexiWAVE.  

The CEM Discover SP MW reactor (Figure 2) is a single-mode system with regulable 

power output from 0 to 300 W. The system employs a circular waveguide that focuses 

a highly uniform field of microwave energy (at 2.45 GHz) in the centre of the cavity (of 

300 mL) where the reaction vessel rests. The temperature is monitored using a 

volume-independent infrared sensor located at the bottom of the reaction vessel 

(borosilicate glass of 10 or 35 mL capacity), and the pressure is monitored using a 

sensor in contact with the vessel cap (silicon with septum caps). In the case of 

overpressure, the system can be programmed to remove gaseous by-products in a 

controlled manner, allowing the reaction to proceed to completion, or can be 

programmed to maintain a sealed environment if venting is not desirable and it 

automatically stops the reaction. With a commercially available software provided by 

the microwave manufacturer, temperature, pressure, and power profiles can be online 

monitored. An electromagnetic stirrer is incorporated with adjustable speed. 

Moreover, it can be coupled with a variety of accessories available such as the used 

autosampler Explorer 12 Hybrid which automatically introduced and released the 

tubes inside the reactor cavity. Finally, it can also be coupled with a cooling option, 

using compressed nitrogen or air to cool vials down in a few minutes. 
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Figure 2. Digital image and characteristics identification of the CEM Discover SP MW 

reactor used for the lab-scale experiments described in this dissertation. Scale bar = 10 

cm. 

 

On the other hand, the Milestone flexiWAVE MW reactor (Figure 3) is a multi-mode 

system equipped with two 950 W magnetrons with a combined output power from 0 

to 1900 W. The system employs a rotating diffuser that evenly distributes the 

microwaves (at 2.45 GHz) throughout the cavity which has a volume of more than 70 

litres. This large cavity allows different reactions setup or configurations: classic 

synthesis glassware, high-pressure vessels working alone or in parallel with a rotor, 

and solid-phase synthesis. The employed configuration in all the described scale-up 

reactions in this thesis was the high-pressure vessels one. For that, the reagents were 

placed into the vessels (Teflon vessels of 100 mL capacity), and they were in turn 

placed into a protective sleeve and sealed with a screw top. Direct temperature 

monitoring and control is achieved via an optic fibre probe inserted into the reaction 

vessel. Also, indirect temperature measurements can be achieved by an infrared 

sensor. The actual temperature values are shown on the instrument control terminal 

together with the other reaction parameters (power, time and pressure). The software 

uses the optic fibre sensor in conjunction with a proportional-integral-derivative (PID) 

controller to adjust the power required at each time point to reach the programmed 

temperature. The pressure can be monitored with an external sensor, and the spring 

mechanism in the Teflon vessel cover ensures a pressure of 100 bar is not exceeded. 

In the case of overpressure, the system automatically releases the pressure, and the 

vessel then reseals. Only the excess pressure from the vessel is released. This 

ensures no loss of sample as could happen in the case of a membrane or disk bursting 
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and more safety. A magnetic stirrer is incorporated and designed to ensure vigorous 

stirring of the solutions in all vessels, independently of their position in the cavity. Also, 

it incorporates a powerful exhaust system, which cools the outer surface of the 

reactors and provides a safe and efficient removal of vapours from the microwave 

cavity, and a high-definition digital camera interfaced with the instrument terminal that 

allows monitoring the progress of the chemical reaction. 

 

Figure 3. Digital image and constituents localization of the Milestone flexiWAVE MW 

reactor used for the scale-up experiments described in this dissertation. Scale bar = 10 

cm. 

 

Table 1 summarizes the main features of the MW equipment used for the experiments 

described in this dissertation, the CEM Discover SP unit and the Milestone flexiWAVE. 

It is noteworthy that the flexiWAVE equipment, as most multi-mode units, can be used 

in any synthetic laboratory considering its benchtop dimensions and standard 

electrical requirements (Table 1). Indeed, no special laboratory settings were 

required. 
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Table 1. Main features of the equipment used in the experiments, the CEM Discover SP 

unit and the Milestone flexiWAVE. 

 
CEM 

Discover SP[a] 

Milestone 

flexiWAVE[b] 

Cavity 
Focused single-mode of 300 mL 
volume  

Diffused multi-mode of 70 L 
volume 

Magnetron 2.45 GHz magnetron 
2.45 GHz dual magnetron 
system with a rotating diffuser 

Power 
Up to 300 W. Automated power 
control based on temperature 
feedback 

Up to 1900 W. Automated power 
control based on temperature 
feedback with a PID algorithm 

Temperature Up to 300 ºC Up to 300 ºC 

Pressure Up to 30 bar Up to 100 bar 

Weight 17 kg 84 kg 

External dimensions 36 ᵡ 43 ᵡ 28 cm 54 ᵡ 64 ᵡ 69 cm 

Electrical requirements 220/240 V, 50 Hz 230 V, 50 Hz 

[a] Data extracted from https://cem.com. 
[b] Data extracted from https://www.milestonesrl.com. 

 
 

Monitoring fast heating and cooling rates 

As a representative model, we studied the polyol synthesis of Ag NPs using various 

synthesis conditions from Publication 1 and monitored the heating and cooling rates 

of their reactions. Notice that for all these syntheses the CEM Discover SP MW 

reactor was used, which was coupled with an active cooling system using compressed 

air (experimental details in Chapter 1).  

Figure 4 shows the heating and cooling velocities for each condition. It can be seen 

that, in general, heating and cooling rates would not depend on synthesis conditions 

and, on average, they have an approximated value as fast as 1.1 ºC/s (66 ºC/min) 

and 0.8 ºC/s (48 ºC/min) for the heating and cooling velocities, respectively. These 

values are significantly high when compared with those of conventional conductive 

heatings such as oil baths, which typically displays heating velocities around 0.07 ºC/s 

(4 ºC/min), representing 15-fold slower heating. Also, MW irradiation is faster than 

commercial heating mantles equipped with temperature ramp controllers as fast as 

0.5 ºC/s (30 ºC/min). Moreover, these conventional conductive heating methods are 

often not coupled with cooling systems and the volumetric flasks need to cool down 

to room temperature spontaneously, taking longer times, although for these cases it 

is possible to quench quite fast the reaction using ice baths with cooling capacities 
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around 0.2 ºC/s (14 ºC/min) according to our observations, still being 4-fold slower 

than the incorporated cooling system used in our MW reactor. 

 

Figure 4. Monitored heating and cooling rates for the reactions of the polyol synthesis of 

Ag NPs using various synthesis conditions from Publication 1 (experimental details in 

Chapter 1). 
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Simplified cost and energy estimates of MW synthesis 

In terms of environmentally friendly material production methodologies or “eco-

design” applied to the fabrication of nanoparticles, it is quite generally recognised that 

the microwave approach is associated with significantly low energy consumptions, 

resulting from the efficient heating at moderate temperatures and the short reaction 

times (minutes) to achieve the NPs. Consequently, the total cost of MW synthetic 

routes is substantially decreased compared to other approaches. 

Regarding this aspect, the N&N group made and reported in 2012 a comparative 

study in terms of material yield and resources involved to produce 1 g of iron oxide 

nanoparticles by microwave and thermal decomposition methods10. The reaction yield 

was similar in both cases (≈80%), but to produce 1 g of SPIONs by high-temperature 

thermal decomposition took three times longer (≈29 h) than by MW synthesis (≈11 h). 

Moreover, since the working temperature and heating power were much lower in the 

case of the MW synthesis, the energy consumption of this technique was reduced by 

a factor of 10 as compared to thermal decomposition. Moreover, the overall fabrication 

cost was 40% decreased by MW synthesis.  

A few years later, in 2015, a follow-up study reported the scale-up MW synthesis of 

SPIONs using a multi-mode equipment, attempting larger scale nanomaterials 

fabrication with reactions previously optimized at the laboratory scale, and including 

a time and energy cost evaluation for the production of large amounts of SPIONs11. 

The synthesis could be scaled up 100 times by integrating a multi-vessel rotor system 

in the multi-mode instrument without significantly altering the physicochemical 

properties of the high-quality MW SPIONs and with a similar reaction yield (≈80%). 

Using the optimized reaction conditions, ≈3 g of SPIONs were produced in 30 min 

with low energy consumption. Whereas the single-mode equipment would require 36 

h of MW irradiation for the same amount implying a 40-fold increase in the energy 

consumption and cost.  

Table 2 compares the current costs associated with the production of 10 g of SPIONs 

using the lab-scale (thermal decomposition and MW approaches) and the scale-up 

(MW approach) procedures. The time was calculated by considering the necessary 

time used in one batch and adding the required batches to yield 10 g of material (with 

the same chemical yield of 80%). The energy was calculated by the time needed for 

the chemical reaction to take place at a given power. The production costs (in euros) 

have been estimated considering the prices of energy, reagents, and labour. 
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Table 2. Cost estimation to produce 10 g of SPIONs by different lab-scale and scale-up 

procedures. Thermal decomposition reagents and reaction conditions were based on 

Pascu et al. work10, while MW-chemistry ones on Gonzalez-Moragas et al. work11. 

 
Lab-scale 
Thermal Decomposition 

Lab-scale 

Microwave-chemistry 
Scale-up 

Microwave-chemistry 

Time[a] 293 136 2 

Energy 
consumption (kWh) 

205 41 1.1 

Energy cost[b] (€) 26.3 5.3 0.14 

Reagents cost[c] (€) 366 116 109 

Labour cost[d] (€) 8341 3886 57 

Total cost (€) 8734 4008 166 

[a] The time was calculated by considering the necessary time used in one batch and adding the required 

batches to yield 10 g of material (with the same chemical yield of 80%). 
[b] A 0.1283 €/kWh energy price was assumed according to Eurostat (http://ec.europa.eu/eurostat, 

2021). 
[c] For the reagents, supplier prices from 2021 were used. 
[d] A 28.5 €/hour labour cost was assumed according to Eurostat (http://ec.europa.eu/eurostat, 2020) 

 

From Table 2 we can conclude that by using lab-scale MW-chemistry the total time 

and total cost to produce 10 g of SPIONs are drastically reduced to less than half as 

compared to thermal decomposition lab-scale conventional heating strategy. 

Furthermore, thanks to the scalability capabilities of the MW technique, the scale-up 

approach notably further shortens the synthesis time and reduces the total cost 

compared to the MW lab-scale process. Specifically, the total time is 70-fold 

shortened and the total cost is 25-fold reduced. Thus, the scalability of the MW 

technique further enhances its cheapness and rapidness qualities.  
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