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ABSTRACT 

 

The central theme of my research seeks to understand the interfacial chemistry of 

engineered and natural nanomaterials. Manipulation of the surface chemistry of 

nanostructures is an important tool in tuning their properties for various applications, 

given that these properties are greatly influenced by the high abundance of defects and 

dangling bonds on the surface. When an ad-atom, molecule, or periodic solid interacts 

with the surface of a material, the interaction can be classified as either physisorptive or 

chemisorptive. Herein, I present three disparate areas of research, which explore 

interfacial interactions at nanostructured surfaces.  

Emphasis on the chemisorption and physisorption on engineered nanomaterials is 

provided in the first and third projects. The first project illustrates that graphene oxide 

is partially reduced when used as a substrate for the atomic layer deposition (ALD) of 

amorphous HfO2. Understanding the interfacial chemistry between graphene oxide and 

HfO2 provides new knowledge on designing graphene-based field effect transistors and 

semiconductor heterostructures for catalysis. In the third project, a novel ex situ doping 

technique for modulating the metal—insulator transition (TMIT) of VO2 has been 

developed. Initial deposition of the molecular boron precursor 2-allyl-4,4,5,5-tetramethyl-

1,3,2-dioxaborolane on the surface of VO2 nanowires allows for the subsequent 

incorporation of B atoms in the tetrahedral interstitial sites of VO2 upon rapid thermal 

annealing, which results in the stabilization of the rutile phase in greater proximity to room 
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temperature. The diffusive annealing process can be tuned to program the TMIT of VO2 for 

applications such as thermochromic fenestration and the design of memory devices. 

The second project is focused on natural nanomaterials, wherein the interactions 

of Ag-Au bimetallic alloy nanoparticles in aquatic media have been investigated. The 

growth of these alloy nanoparticles is mediated by dissolved organic matter (DOMs) such 

as fulvic and humic acids, with or without photoillumination from natural sunlight. In the 

absence of natural sunlight, Ag- and Au-ions are first complexed with Lewis basic groups 

(carbonyls, carboxyls, thiols) on the DOM; subsequently, alloy formation is facilitated by 

galvanic replacement. Under visible light irradiation, Ag, Au, and Ag-Au bimetallic alloy 

nanocrystals are grown via a plasmon-induced mechanism. 

The study of the interfacial chemistry at the surfaces of these nanomaterials paves 

way for the rational design of various architectures which can be used for various 

applications such as catalysis, environmental remediation, and thermochromic 

fenestration. 
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CHAPTER I 

INTRODUCTION AND MOTIVATION 

 

1.1 Interactions on Surfaces 

Nanomaterials behave significantly differently from their bulk counterparts as a result of 

their high surface-area-to-volume ratio, which profoundly alters their physical and 

chemical properties. While defects such as terraces, steps, vacancies, adatoms,1 and 

dangling bonds are present on the surfaces of materials, they exert a greater influence on 

the properties of nanometer-sized materials given their higher abundance. Scaling 

materials to finite size gives rise to novel properties not accessible in the bulk such as the 

stabilization of metastable polymorphs, as seen in a) the synthesis of ultrasmall (4 nm) 

tetragonal HfO2,2 metallic 1T-MoS2 nanosheets upon the exfoliation of its semiconducting 

2H polymorph;3,4 b) the tunability of electronic and optical properties, as observed in the 

quantum confinement of CdSe quantum dots;5 and c) improved catalytic activity, as 

demonstrated by mesoporous CeO2 nanotubes.6 Understanding the interfaces of 

nanomaterials serves as a powerful tool in rationally designing and developing 

architectures for specific applications. 

 In general, the modes in which foreign atoms and molecules (adsorbates) interact 

with the surface of a material (substrate) can be classified into two categories, based on 

the ease of overcoming the energy potential needed to desorb the two species bound to 

each other. Physisorption arises from weak van der Waals’ interactions between the 

adsorbate and substrate. Given that these interactions are due to the polarization of both 
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the adsorbate and substrate, only a minimal energy is needed to desorb the former from 

the latter. On the other hand, chemisorption is brought about by the formation of actual 

chemical bonds between the adsorbate and the substrate. The potential needed to break a 

bond is much greater for chemisorbed species and therefore requires a greater amount of 

energy to initiate desorption. Figure 1.1 shows a Lennard—Jones plot of how the two 

processes differ from each other in terms of energetics. 

 

 

Figure 1.1: Lennard—Jones potential energy curve for physisorption and chemisorption of an 

adsorbate molecule on a substrate. A minimal amount of energy is needed to overcome the 

physisorption well, whereas a greater amount of energy is needed to desorb a chemisorbed 

adsorbate from the substrate. The image is adapted from references 1 and 7. Lennard—Jones 

potential energy curve reprinted with permission from reference 1. Copyright 2012 John Wiley & 

Sons, Ltd. The substrate—adsorbate cartoon is reprinted with permission from reference 7. 

Copyright 2016 The Royal Society of Chemistry. 
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 An example of a physisorption process is the deposition of alkanes on metals such 

as Ag, Au, and Cu, and metal oxides such as Al2O3 and MgO. Tait et al. note that longer-

chain alkanes introduce more methylene-group interactions with MgO, thereby increasing 

the amount of energy needed to initiate desorption (i.e., a higher desorption temperature).8 

Smaller molecules are able to migrate easier across the surface of MgO, whereas larger 

alkanes are trapped in a metastable configuration, which makes them harder to desorb 

from the MgO surface.8 

 On the other hand, a popular model of chemisorption is the formation of self-

assembled monolayers (SAMs) on substrates. This process involves an organic ligand with 

a polar headgroup that has a high affinity for the substrate. For example, when n-

alkanethiols bind on metals such as Au, the thiol group of these organic molecules have a 

high affinity for the surface of the substrate.9 Chemisorption is accomplished when the S 

atom from the ligand covalently bonds with Au, expelling H2 in the process.10 In general, 

alkanethiols are initially physisorbed on the surface of Au(111)10,11 and then react with 

surface Au atoms as follows:9 

R–SH (l) + 2Au (s) → 2R–S–Au (s) + H2 (g)               Eq. 1.1 

 Another chemisorptive process, which finds applications in the semiconductor 

industry is atomic layer deposition (ALD). ALD is a thin-film growth process in which 

metal oxides are grown on a substrate by the subsequent introduction and reaction of at 

least two gaseous precursors. These two precursors react with the dangling bonds of the 

substrate (and with each other) to mediate the formation of metal oxides on the surface. 



 

4 

 

The most common precursors used are water and metal amides, the latter being reactive 

with hydroxylated substrates.12 Figure 1.2 depicts the mechanism of growth of HfO2 on 

substrates, using tetrakis(dimethylamido)hafnium(IV) (TDMH) as a metal precursor. 

While other thin film growth techniques such as physical vapor deposition methods are 

available, the advantage of ALD over these processes is precise control of film thickness. 

A cycle is repeated until the desired thin film thickness is achieved. In contrast to chemical 

vapor deposition (CVD), another thin film growth process, ALD enables thickness control 

to be achieved at lower processing temperatures.12 

 

 

Figure 1.2: Atomic layer deposition of HfO2 on a substrate using water and 

tetrakis(dimethylamido)hafnium(IV) as precursors. Water reacts with the surface of the substrate 

to introduce dangling hydroxyl bonds, which in turn react with TDMH to initiate the formation of 

HfO2. The mechanism and image are adapted from reference 12. 

 

 It is the goal of this dissertation to understand these surficial interactions on 

nanomaterials to address three different areas of interest. Chapter II examines interfacial 

interactions upon ALD growth of HfO2 on graphene oxide. We note that the initial dosage 
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of water promotes partial defunctionalization of graphene oxide via the expulsion of 

gaseous CO2; the subsequent introduction of TDMH mediates the growth of amorphous 

HfO2 on pendant carboxylic acid groups on the surface of graphene oxide.13 Chapter III 

explores the mechanistic growth of bimetallic Ag-Au nanocrystals in the presence of 

dissolved organic matter (DOMs) in aqueous media. The bimetallic alloys are formed via 

a galvanic replacement reaction and are stabilized by interactions of the surfaces of the 

alloy nanoparticles with the functional groups of the DOMs.14 Moreover, Au→Ag back 

charge transfer in turn helps in impeding the oxidation of surficial Ag-atoms (as observed 

in the absence of oxidized Ag species). The Ag-Au bimetallic alloy nanoparticles are 

stable in solution because the DOMs also serve as passivating ligands and surfactants. 

Chapter IV further explores more natural conditions in which Ag-Au bimetallic alloy 

nanocrystals are stabilized by DOMs with natural sunlight accelerating the growth of these 

alloy nanoparticles. Chapter V discusses a novel two-step surface-limiting technique we 

have developed for introducing dopants into theVO2 lattice.15 Given that VO2 undergoes 

a reversible metal—insulator phase transition at 67°C,16 modification of its phase diagram 

via dopant incorporation allows for the tuning of the transition temperature (TMIT) the said 

material for highly specific applications. For B dopant atoms in particular, we note a 

concentration-dependent decrease in the TMIT of VO2 that leads to the stabilization of its 

rutile phase at near-room temperature values. The introduction of B atoms in tetrahedral 

interstitial sites of VO2 results to the stabilization of the VO2(R) by a) hampering the 

dimerization of [VO6] octahedra during the R→M1 transition, and b) increasing the 

metallicity of VO2 as a consequence of the formation of B–O bonds and subsequent 
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decrease in the covalency of V–O bonds. While these topics may be seemingly 

disconnected and different from each other, the central theme revolving around these three 

studies is that understanding the interfacial chemistry of nanomaterials allows for better 

understanding of their behavior in nature, as well as tailoring them for more practical and 

more specific applications. Chapters II, III, and IV describe chemisorptive processes 

whereas Chapter V introduces an initial physisorption step. The succeeding sections in 

this Introduction will further discuss the motivation behind each project, the rationale in 

studying them, and future directions given the findings we note. 

 

1.2 Graphene—Dielectric Interfaces 

Graphene can be best described as a single-layer of sp2-hybdridized C atoms arranged in 

a honeycomb lattice. As a 2D material, graphene is synthesized by exfoliation of a single 

sheet of graphite. The first successful synthesis of graphene was achieved by the 

traditional “Scotch TapeTM method” reported by Geim and co-workers.17 The many 

remarkable electronic properties of graphene such as high thermal conductivity (5000 

Wm-1K-1) and high intrinsic mobility (200,000 cm2V-1s-1) opens up opportunities for 

interfacing graphene with other materials including metals and dielectrics.18 Examples of 

those applications are high-speed electronics, single-molecule detection, plasmonic 

devices, and broadband photodectectors, to name a few.18,19 

 The actual synthesis of graphene itself is dependent on interactions with the 

surface. Aside from mechanical exfoliation, substrates such as SiC and transition metals 

including Cu and Ni are used to promote the deposition of carbon atoms at extremely 
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elevated temperatures, thereby initiating the growth of graphene on such substrates.18,19 

Graphene can furthermore be prepared by the sublimation of Si at extremely high 

temperatures (ca. 1,700°C) from either a Si-rich or a C-rich phase of SiC, leaving behind 

a network of C atoms, which eventually forms the graphene network. Fisher and 

coworkers note that the Si-face of SiC gives rise to single-layer graphene, whereas the C-

face of SiC provides multilayers of graphene, where 3D islands can initially be observed.20 

On the other hand, graphene can also be grown by CVD on the surfaces of transition metal 

substrates such as Cu and Ni. In this process, a gaseous carbon precursor such as 

methane21,22 or acetylene23 is used under mildly reducing conditions.  

 Before discussing the interface of HfO2 and graphene oxide, it is imperative to 

consider previously reported literature on graphene interfaces. The interaction of graphene 

with metals, metal oxides, organic compounds, and even gases can either be via 

physisorption or chemisorption, both of which alter the electronic structure of graphene to 

some extent. The adsorption of NO2 for example, introduces holes into graphene, with the 

degree of p-doping (as much as 0.8 eV was reported) being a function of gas coverage.24 

Organic compounds such as tetrafluorotetracyanoquinodimethane (F4-TCNQ) also 

mediate p-doping of graphene (ca. 0.3 electrons withdrawn from graphene), as determined 

by density functional theory (DFT) calculations,25 and as verified experimentally (by 

evaporating F4-TCNQ onto CVD-grown single layer graphene on Cu).26 Similar to F4-

TCNQ, tetracyanoethylene (TCNE) is predicted to be a p-type dopant, withdrawing ca. 

0.3—0.4 electrons from graphene as F4-TCNQ.27 On the other hand, tetrathiafulvalene 
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(TTF), owing to its chemical structure, behaves as an electron donor (ca. 0.1—0.3 

electrons are predicted to be transferred to graphene).28 

 The introduction of transition metal ad-atoms onto graphene also promotes either 

physisorption or chemisorption, depending on the number of d-electrons and the size of 

their orbitals. Strong orbital mixing, which results in chemisorption, is observed for 

transition metals with partially filled orbitals, including Ni, Co, Pd, Ru, and Ti.19,29 These 

metals transfer electrons into graphene. The metal-to-graphene charge transfer also 

imparts a diminution in the magnetization of ferromagnetic materials such as Ni and Co.30 

On the other hand, metals with nearly-filled or half-filled orbitals such as Ag, Al, Au, Cd, 

Cu, Cr, and Pt are only weakly physisorbed on graphene but still have an influence on its 

electronic structure.19 For example, it has been noted that as the interlayer distance 

between Cu and graphene increases, graphene is n-doped instead of being p-doped.31 

Interfacing graphene with metal oxides has also been extensively studied for assembly 

into electronic devices such as field-effect transistors (FETs).32 In previous work, ZrO2, 

HfO2, and TiO2 were sputtered onto graphene/300 nm SiO2/Si thin films by plasma vapor 

deposition (PVD). It was observed that HfO2 promotes p-doping in graphene. The 

observed charge redistribution was less pronounced with ZrO2 and TiO2.33 These 

graphene/metal and graphene/dielectric interfaces show that the manipulation of the 

surface chemistry of graphene is indeed key to tune its electronic structure. 

 While our group has previously conducted deposition of dielectrics on graphene 

via PVD, the lack of functional groups in unfunctionalized graphene makes the nucleation 

of such dielectrics difficult.13 Various strategies have been developed in order to overcome 
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this fundamental issue, such as the utilization of seed layers.34,35 Another route to 

overcome this challenge is to introduce functional groups to graphene, which is commonly 

done by simultaneous oxidation and exfoliation of graphite into graphene oxide (such as 

using Hummers’ method).36 Unlike graphene, graphene oxide has a band gap as a result 

of the introduction of functional groups,37 rendering graphene oxide insulating. Figure 1.3 

shows the functional group distribution in graphene oxide. In previous work, experimental 

data from scanning transmission microscopy (STXM) and near edge X-ray fine structure 

(NEXAFS) spectroscopy obtained were in strong agreement with the Lerf—Klinowski 

model: carbonyl and carboxylic acid groups decorate the edge sites of graphene oxide, 

whereas epoxide and hydroxyl groups are prominent on its basal planes.38,39 The 

abundance of functional groups in graphene oxide thus provides anchoring points in the 

nucleation and growth of dielectrics by serving as complexation sites for metal oxide 

precursors. Indeed, previous studies have noted the complexation of metals with 

functional groups, such as carboxylic acids on polymeric matrices.40 For example, Ju et 

al. report that Ca forms Ca-carboxylate complexes with carboxylic acid groups on 

poly(methyl methacrylate) (PMMA). Identifying these surficial interactions is important 

in intelligently assembling metal oxide/graphene heterostructures for complex 

applications. 
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Figure 1.3: The structure of graphene oxide, based on the Lerf—Klinowski model which our 

group has verified by NEXAFS spectroscopy and STXM.39 

 

 Keeping problems identified in previous research in mind, we have conducted an 

ALD study that opens up new synthetic routes for the design of graphene-based 

heterostructures for various applications in catalysis and optoelectronics. While it has been 

previously mentioned that the introduction of functional groups on graphene is a more 

attractive alternative in integrating dielectrics on its surface versus using a seed layer, the 

tradeoff to the oxidation of graphene is the loss of its semimetallic characteristics. In 

Chapter II, we outline how this issue, along with the nucleation of dielectrics, is 

addressed in the ALD of HfO2 on a graphene oxide substrate. At 150°C, water, the first 

ALD precursor, reacts with basal hydroxyl and epoxide groups. These hydroxyl and 

epoxide groups subsequently react with mobile epoxide groups to liberate CO2, thereby 

promoting the partial restoration of the π-conjugated network of graphene. Hunt et al. have 

demonstrated that this thermal reduction reaction with water lowers the band gap of 
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graphene oxide to the same extent when graphene oxide is reduced with hydrazine.37 The 

introduction of the second ALD precursor, TDMH, facilitates the growth of amorphous 

HfO2 on pendant carboxylic acids groups on the surface of graphene at the same low 

processing temperatures. The Hf-carboxylate complexes are stabilized as a result of the 

sharing of electron density from the carboxylic acid groups of graphene oxide to Hf4+. It 

is important to note that p-doping of graphene, which was noted upon PVD of HfO2 was 

not observed as a result of ALD treatment. This highlights the importance of surface-

modification in materials, especially how various processes give rise to different changes 

in properties (for this case electronic), thereby providing synthetic options for designing 

heterostructures such as field-effect transistors (FETs) and photocatalysts. 

 In 2008, IBM designed a graphene-based FET with a cutoff frequency of 26 

GHz,32 utilizing the ability of graphene to exhibit ballistic conduction at room temperature 

(up to 300 nm mean free paths).17 This pioneering work has led to the production of a 

graphene-based FET which operates with a cutoff frequency as high as 100 GHz,41 thereby 

showing the previously mentioned potential of using graphene as a channel material to 

overcome the fundamental limitations of conventional Si-based FETs.41,42 However, 

because pristine graphene has no band gap, such FETs would have no “off switch,” and 

therefore it is imperative to interface graphene with high-κ gate dielectrics. Again, the 

nucleation of these dielectrics on graphene is a challenge. The ALD of high-κ dielectrics 

on graphene oxide therefore serves as an attractive alternative to designing such graphene-

based FETs. Another rudimentary issue in the conventional construction of graphene-

based FETs is the need to separately grow pristine graphene on metal substrates such as 
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Ni and Cu, which is followed by a mandatory transfer onto another substrate using a thin 

polymer film such as PMMA or polyisobutylene (PIB).43 This transfer process, however, 

leaves behind undesired and irremovable residues on the surface of graphene, severely 

altering its desired properties.43,44 The ALD procedure we report in Chapter II offers a 

one-step route to restore the properties of graphene lost upon oxidation and to interface 

the said material with dielectrics, effectively eliminating the necessity to transfer graphene 

from one substrate to another. 

 Another application of interfacing graphene oxide and metal oxides is in the 

heterogeneous photocatalytic degradation of persistent organic compounds (POPs). 

Transition metal oxides are mostly used as catalysts in which, under ultraviolet radiation, 

an electron and a hole are photogenerated. These charged carriers then participate in 

reductive and oxidative reactions (electrons and holes, respectively) directly and/or 

indirectly, promoting the decomposition of organic compounds. Most photodegradation 

reactions occur by oxidation of the organic compound, either directly with the 

photogenerated holes, or indirectly via the formation of hydroxyl radicals by holes trapped 

on the semiconductor surface (the photogenerated electron is scavenged by an oxidant in 

solution, typically H+, or gets trapped on the surface of the metal oxide surface).45,46 A 

major challenge lies in the process of rapid recombination of these charged species, which 

occurs at a very fast time scale. Interfacing graphene with semiconductors47,48 can serve 

as an efficient assembly in separating photogenerated electrons and holes. Using reduced 

graphene oxide as a 2D catalyst support for both TiO2 and Ag+, Kamat and coworkers 

have noted that owing to its large surface area (2,630 m2g-1),49 graphene behaves as an 
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electron shuttle, thereby preventing the very rapid and exothermic process of electron-hole 

recombination.50 

 

1.3 Growth of Silver—Gold Alloy Nanoparticles in Natural Aqueous Media 

Understanding surficial interactions is key to designing nanomaterials with specific 

morphologies, and for certain crystals, preferred growth orientations. For example, in the 

synthesis of quantum dots such as CdSe, tri-n-octyl phosphine oxide (TOPO) is used as a 

growth-directing ligand, together with surfactants like tri-n-octyl phosphine (TOP), 

hexadecylamine, and stearic acid.51 Precise size control of quantum dots is achieved by 

modifying various parameters such as reaction temperature and precursor concentration,52 

which underscores the importance of these surficial interactions. Aside from introducing 

efficient passivation, via surface-capping ligands, size control provides a knob to modify 

the band gap of quantum dots, and in some studies, improve their fluorescence yield.52,53 

In a similar vein, layer thickness of methylammonium lead bromide nanoplatelets can be 

controlled by varying the chain length of the added alkylamine.54 Capping ligands can also 

play a non-innocent role in the reaction mixture. For example, this is observed in the 

control of oxidation state of dopant ions as shown in the incorporation of Eu-ions in LaOCl 

nanocrystals, wherein Eu2+ is alloyed when oleylamine is used,55 but not when tri-n-

octylphosphine is used, in which case Eu3+ is preferred.56 These observations underscore 

the specific roles of surficial functional groups on how these growth mechanisms proceed. 

In a related study, Wang and coworkers were able to control the growth of anatase TiO2 

using functionalized glass substrates. The authors note that amine-terminated glass grows 
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octahedron-shaped anatase TiO2 nanocrystals, which are ca. 90—150 nm wide, whereas 

agglomerated crystals were observed to form on the surface of carboxylic acid-terminated 

glass. Interestingly, the authors note that the addition of alcohol during the synthesis 

promotes preferred growth along the [001] direction.57  

 In these examples above, organic molecules serve as surfactants and passivating 

ligands in the growth of nanoparticles. Correspondingly, this phenomenon extends to more 

practical situations such as environmental pollution, in particular on the growth and 

stabilization of metallic nanoparticles in the presence of dissolved organic compounds in 

natural aquatic systems. As technology has advanced, alarming concentrations of precious 

metals and their ions have been measured in water streams near sewage facilities. 

Concerning numbers include 1,890,000 μg/L Au detected in Nagano Prefecture, Japan in 

2009 and 602,000 μg/L Pt and 710,000 μg/L Pd from sewage ash from incinerators in the 

United Kingdom in 2012.58 Aside from the significant emphasis that has been raised on 

the toxicity they pose in the environment, focus on their fate and transport in 

environmental systems has likewise been given attention.59 Most of these precious metal 

ions are known to reduce into their metallic forms, and these zerovalent metals can 

likewise be re-oxidized into their cationic form in the presence of mild oxidants such as 

dissolved O2.60 The reduction of these metal cations into their zerovalent nanoparticles is 

usually mediated by DOMs. DOMs are defined to be particulate (below 450 nm61) organic 

mixtures of macromolecules produced by the microbial decomposition of animals and 

plants.62 DOMs, such as Suwanee River fulvic and humic acids, are comprised of a 

mixture of polysaccharides, proteins, carbohydrates, and amino acids in aqueous 



 

15 

 

media.60,63,64 While the exact structures of fulvic and humic acids are difficult to describe, 

it is known that the former are of lower molar mass and are water-soluble over a wide 

range of pH, whereas the former are of higher molar mass and are water-soluble only at 

non-acidic pH.60 Some metal cations, including Cu2+, have been reported to form 

complexes with DOMs in aqueous media.65 For other precious metal ions, especially those 

with high reduction potentials, such as Ag+ and Au3+, DOMs serve as reducing agents and 

surface-passivating ligands, mediating the formation and stabilization of Ag0 and 

Au0.64,66,67 Various mechanisms on the reduction of these precious metals have been 

proposed—the most common of which involves an initial complexation with Lewis basic 

groups in fulvic and humic acids followed by single-electron transfer events from redox-

active quinone, hydroquinone, and semiquinone groups.14,68,69 Jiang and coworkers further 

emphasize that these hydroquinone (and phenolic) groups in fulvic and humic acid are 

photooxidized in the presence of sunlight (Eq. 1.2), leading to the formation of superoxide 

anion radicals from dissolved O2 in water (Eq. 1.3), 

HA (aq.) + hv → HA+ (aq.) + e-                 Eq. 1.2 

O2 (aq.) + e- → O2
▪- (aq.)                  Eq. 1.3 

which are then responsible for the reduction of Ag+ and Au3+ into Ag0 and Au0, 

respectively.70 

 An autocatalytic reaction mechanism has also been proposed for the formation of 

Ag nanoparticles, which involves the initial generation of Ag2O at basic pH followed by 

the deposition of stable Ag+ clusters on the surface of colloidal Ag2O. The Ag+ clusters 

are then reduced by DOMs in aqueous solution.66 The importance of studying the 
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formation and stabilization of precious metal nanoparticles allows one to understand the 

potential ecotoxicity, transport, and stability of these nanoparticles59 in aquatic systems. 

Figure 1.4 shows a diagram of how Ag+ in aqueous media can be reduced into its metallic 

form with DOMs as reducing agents, and how Ag nanoparticles can be oxidized back into 

Ag+ in the presence of oxidizing agents, such as O2, under acidic conditions.71 

 

 

Figure 1.4: Schematic of the reduction of Ag+ (A) and oxidation of Ag0 in aqueous media (B). 

Dissolved organic matter such as fulvic and humic acids promote the reduction by an initial 

complexation of Ag+ with Lewis basic groups, followed by single-electron transfer reactions from 

quinone, hydroquinone, and semiquinone groups. Under acidic conditions and in the presence of 

O2, Ag0 can be oxidized back to Ag+. The images from Figure 1.4A and 1.4B are adapted from 

references 14 and 71. 

 

 In past work, our group, in collaboration with the group of Prof. Virender Sharma, 

extensively studied the growth of Ag nanoparticles in the presence of fulvic and humic 

acids at pH values emulative of natural aquatic conditions. It has been noted that Ag+ can 

be reduced into Ag0 in aqueous media in the presence of fulvic and humic acids with such 

reductants serving as electron donors in the redox process.67 The formation of Ag 

nanoparticles is further accelerated by an increase in alkalinity and temperature of the 
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reaction.66 The temperature increase is still environmentally relevant given that the U.S. 

Environmental Protection Agency (EPA) has detected an average of 43,000 μg/L of Ag+ 

in hot springs across the country.72 Aside from these, other studies on the formation of Au 

nanoparticles by the reduction of Au3+ in the presence of DOMs have likewise been 

thoroughly investigated.70,73 The mechanism of Au nanoparticle formation does not 

deviate significantly from Ag nanoparticle formation. 

 These studies, however, have only focused on the mechanistic growth of a single 

metallic species. While various studies do note that their findings can also be generalized 

to other precious metals, what this assumption fails to account for is the fact that the 

possibility of metal alloy formation exists, given that various metals and metal ions are 

continuously released into water streams from processing plants. However, no studies 

investigating the mechanistic growth of metallic alloy nanoparticles in natural aquatic 

systems have been attempted. Silver and gold, for example, both have the same face-

centered cubic (fcc) crystal structure (with lattice constants which are in close proximity 

to each other, aAg = 4.086Å and aAu = 4.079Å), and can therefore form Ag-Au alloys. 

Various studies on the synthesis of Ag-Au alloys have been conducted (the common route 

to which is the co-reduction of HAuCl4 and AgNO3), owing to the fact that the plasmonic 

properties of this alloy are tunable as a function of Ag and Au composition, thereby finding 

attractive applications in biosensing and catalysis, among many others.74–76 In the area of 

environmental remediation, however, these alloys may possibly exhibit toxic properties 

which are different to what has already been determined for individual Ag and Au 

nanoparticles.  
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 Aside from the surface properties of the monometallic and alloyed nanocrystals, 

natural aquatic parameters, including pH and ionic strength, contribute to their fate, 

transport, and toxicity.60 Elucidating the mechanism underpinning the natural formation 

of Ag-Au bimetallic alloy nanoparticles and understanding the surficial interactions which 

promote their stability in aqueous media are keys to determining the fate, transport, and 

toxicity of these nanomaterials. In Chapter III, we verify that Ag-Au bimetallic alloy 

nanoparticles can be grown and stabilized in aqueous media in the presence of DOMs. In 

general, a higher yield of Ag-Au bimetallic alloy nanoparticles is noted with increasing 

pH. Surficial interactions, particularly complexation with Lewis basic groups (carbonyls, 

carboxyls, thiols, etc.) in fulvic and humic acids, initiate the reduction of Ag- and Au-ions 

with redox-active quinone, hydroquinone, and semiquinone groups via single-electron 

transfer events. The Ag-Au bimetallic alloy NPs are eventually formed as a result of 

galvanic replacement. An observed charge-transfer from Au to Ag is noted to help in 

mitigating the oxidation of Ag on the surface of Ag-Au bimetallic alloy NPs.14 Preferential 

incorporation of Au over Ag is observed, since Au3+ has a greater/more positive reduction 

potential over Ag+ (1.50 V vs. SHE for Au3+, 0.80 V vs. SHE for Ag+).14 Ag-Au bimetallic 

alloy nanoparticles grown in the presence of humic acids appeared to be more 

agglomerated than those synthesized with fulvic acids, given that humic acids have higher 

molar mass (and thus have more functional groups than fulvic acids). In Chapter IV, we 

take a step further into a more realistic scenario in which natural sunlight plays a role in 

the formation of Ag-Au bimetallic alloy nanoparticles. Jiang and coworkers suggest that 

the presence of sunlight promotes the photooxidation of DOMs, mediating the formation 
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of superoxide anion radicals which then ultimately act as reducing agents for Ag+ and 

Au3+. However, it is important to note that another possible mechanism, in particular, a 

plasmon-induced pathway, can lead to the photoreduction of Ag- and Au-ions in solution. 

Brus and coworkers have shown that plasmon-excitation of Ag seeds played a catalytic 

role in the formation of Ag nanoparticles. Upon the photogeneration of electrons and holes 

on the surface of the metal, holes oxidize the capping ligand, in their case trisodium citrate 

dihydrate, leaving behind electrons to reduce Ag+.77,78 The size and morphology of the Ag 

nanoparticles were tuned by adjusting the concentration of the citrate.77,79 In our work, we 

anticipate fulvic and humic acids to behave as hole acceptors, leaving behind plasmon-

generated electrons to mediate the formation of Ag-Au bimetallic alloy nanoparticles. 

Chapter IV outlines our efforts to derive which of these two mechanisms dominate the 

sunlight-activated and DOM-mediated formation of Ag-Au bimetallic alloy nanoparticles. 

Figure 1.5 illustrates the difference between these two mechanisms. We note a minimal 

initial contribution of superoxide anion radicals in the formation of Ag, Au, and Ag-Au 

bimetallic alloy nanoparticles. After the formation of Ag and Au seeds, the plasmon-

mediated pathway is the more dominant mechanism for the formation of the nanoparticles. 

Badirredy et al. have deduced the same mechanism with Ag nanoparticles grown with 

either DOMs or extracellular polymeric substances (EPS) as reducing agent.80 On the 

other hand, Au and Ag-Au bimetallic alloy nanoparticles have the same size whether the 

reaction is conducted under an LED lamp or in the dark. The same surficial interactions 

present in Ag-Au bimetallic alloy nanoparticles grown without exposure to sunlight, 

which are, a) complexation with Lewis basic groups of DOMs and b) Au to Ag charge-
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transfer are also observed with the sunlight-grown Ag-Au bimetallic alloy nanoparticles. 

Unlike our results outlined in Chapter III, preferential incorporation of Ag over Au is 

observed. This observation is suggestive of an accelerated DOM-mediated growth of Ag 

nanoparticles over Au nanoparticles.  

 

 

Figure 1.5: Two possible mechanisms underpinning the formation of Ag nanoparticles in natural 

aquatic media, in the presence of humic acid and sunlight. A) The first mechanism is plasmon-

induced, in which plasmon-generated holes oxidize the humic acid, leaving behind plasmon-

generated electrons to reduce remaining Ag+ into Ag0. B) Sunlight activates the humic acid, which 

undergoes a redox reaction (via its phenol groups) with dissolved O2 to form superoxide anion 

radicals. These superoxide anion radicals subsequently reduce Ag+ into Ag0 to regenerate O2. The 

mechanism for Figure 1.5B is adapted from reference 70. 

 

 Our work in Chapters III and IV underscores the importance of surficial 

interactions in the DOM-mediated reduction of Ag, Au, and Ag-Au NPs in natural aquatic 

media, which are mediated by complexation of Lewis acid groups of DOM’s to cationic 

precursors. We have shown that at room temperature conditions (i.e., without the 

introduction of external heat), it is still possible to grow Ag-Au bimetallic alloy 

nanoparticles, albeit it requires an extensive period of time.14 Nonetheless, this highlights 

the natural generation of Ag-Au bimetallic alloy nanoparticles from Ag- and Au-ions 

released in aquatic systems. The formation of Ag-Au bimetallic alloy nanoparticles also 

extends to other mineralization processes which can produce other alloys from other 
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precious metal ions which are likewise released in aquatic systems. Moreover, knowing 

the underpinning mechanisms behind the surface-mediated growth will aid in designing 

preventive protocols in the remediation of these nanoparticles in the environment. 

ElBishlawi and Jaffe have noted that the complexation of metals with Lewis basic groups 

of DOMs promotes the mobilization of metallic nanoparticles in aquatic systems.81 In 

previous work, our group has noted that Ag nanoparticles tend to agglomerate and 

segregate in hard water systems faster than in freshwater streams owing to competing 

interactions of salt cations such as Na+, K+, Mg2+, and Ca2+ with fulvic and humic acids.64 

Additionally, for Ag-Au bimetallic alloys, only a few toxicity studies have been 

conducted.82,83 Our work shows that similar to engineered nanomaterials, various 

experimental conditions (such as pH and molar mass of the DOM) dictate the growth of 

natural nanoparticles. Studies on Ag and Au nanoparticles note that toxicity is a function 

of size and the surface-capping ligand. In general, the toxicity of a metallic nanoparticle 

increases as its size decreases as a result of the increased surface-area-to-volume ratio.84 

In an article published by Bishnoi and coworkers, it was observed that the toxicity of Ag-

Au bimetallic alloy nanoparticles is a function of the composition of Ag and Au in the 

alloy.82 Other studies have reported antimicrobial85 and germicidal83 properties of Ag-Au 

bimetallic alloy nanoparticles. 

 

1.4 Interstitial Boron-Doping of Vanadium(IV) Oxide 

In a technologically advancing world, thermal comfort has become an important necessity 

in everyday function, thereby increasing energy costs for cooling and/or heating 
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maintenance in both commercial and residential buildings. Around 19% of global energy 

consumption is from the United States alone.86 The Department of Energy (DoE) reports 

that in the country, the biggest contributor to energy consumption in the past decade has 

been the buildings sector, accounting for around 40% of total consumption (98.2×1015 

BTU, accounting to a global 7% contribution), followed by the industrial (ca. 33%) and 

transportation (ca. 28%) sectors.86 The DoE further reports that around 30% of energy 

spent to cool and/or heat commercial and residential buildings is wasted with average 

traditional windows,87 given that their glazings frequently permit excessive transmittance 

of thermal radiation (corresponding to the 700 to 2,500 nm range of the electromagnetic 

spectrum).88 The imminent challenge therefore is to modify the fenestration (windows, 

doors, skylights, roofs, etc.)89 of buildings in order to minimize, if not eliminate, costs on 

excessive cooling and/or heating buildings. 

 In terms of “smart windows,” the use of thermochromic materials as window 

glazings has attracted much research interest. As the name implies, these materials 

undergo a spectral change in response to external temperature. As fenestration elements, 

these materials can be used to control solar heat gain, without the external application of 

a voltage, in response to external temperatures. At warmer temperatures, the 

thermochromic glazing modulates infrared radiation, thereby reducing cooling costs in the 

summer, but at colder outside temperatures, the material permits the transmittance of 

infrared radiation, thus minimizing heating expenditures in the winter. Figure 1.6 shows 

a cartoon depiction of how a smart window is envisioned to work. Regardless of outside 

temperature, visible light transmission should not be compromised. The prime candidates 
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for thermochromic coatings are transition metal oxides, which undergo a reversible 

metal—insulator transition upon the application of heat.90–92 For smart windows, however, 

VO2 is perhaps the most practical to use as a thermochromic film, given that its TMIT is 

67°C, a value which is reasonably close to room temperature.16 Below 67°C, VO2 is 

infrared-transparent and exists in its monoclinic (M1) phase (P21/c) with a band gap of ca. 

0.8 eV. Above 67°C, VO2 transforms at a timescale faster than ca. 307 fs into its infrared-

blocking, metallic tetragonal/rutile (R) phase (P42/mnm).16,93–97 The M1 phase of VO2 has 

alternating V—V bond lengths of 2.65Å and 3.12Å (along the crystallographic a axis) 

which adopt a canted, zigzag configuration. On the other hand, the R phase is more 

symmetric and more linear in configuration, with uniform V—V bond lengths of 2.85Å 

(along the c axis).16,93,98,99 This phase transition from M1 to R is depicted in Figure 1.7. 

Infrared radiation is transmitted in the low-temperature M1 phase, whereas infrared 

radiation is absorbed (as a result of localized surface plasmon resonance97) in the high-

temperature R phase (for both cases, the visible-region transmittance is not 

compromised).16 
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Figure 1.6: Cartoon depiction of a “smart window.” When outside temperatures are high, the 

thermochromic coating blocks infrared radiation via the formation of a localized surface plasmon. 

When outside temperatures are low, the thermochromic coating blocks infrared radiation. 

Regardless of outside temperature, the glazing should transmit visible light. The image is adapted 

from references 89 and 97. 

 

 

Figure 1.7: Schematic depiction of the metal—insulator transition of VO2 at 67°C. Green spheres 

represent V atoms whereas blue spheres depict O atoms. The M1 phase has alternating V—V bond 

lengths along the crystallographic a axis whereas the R phase has uniform V—V bond lengths 

along the crystallographic c axis. The image is adapted from reference 98. 

 

 Despite the remarkable efforts invested in dispersion of VO2 nanocrystals within 

polymeric matrices,100 it is equally important to modulate the TMIT from 67°C to a value 

within the room temperature range (20—30°C).16,101,102 One way to achieve this goal is by 
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scaling to finite size. In previous work, our group has demonstrated the solvothermal 

synthesis of VO2 nanobelts and nanosheets by the intercalation, cleavage, and exfoliation 

of bulk V2O4 by small aliphatic alcohols. A drop of the metal→insulator transition 

(cooling transition) to as low as 32°C using 1,3-butanediol as a structure-directing agent 

was observed.103 Another route is to introduce oxygen vacancies into VO2 via 

electrochemical reactions with ionic liquids.104 However, the most studied route to the 

modulation of the metal—insulator transition is the introduction of metal cations as 

dopants, such as Mg2+, Ti4+, Nb5+, Mo5+, and W6+ into the VO2 lattice. In particular, most 

of these metal cations serve as substitutional dopants in V sites.98,105–108 For example, at 

0.9 at.% of W, W-doped VO2 transitions at ca. 34°C,98 whereas 1.45 at.% Mo-doped VO2 

transitions at ca. 26°C.108 Figure 1.8 shows the dependence of TMIT with at.% of either 

W6+ or Mo5+. Both heating and cooling transitions are depressed to lower temperatures 

with increasing dopant concentration. The modulation of TMIT is brought about by a) the 

introduction of a localized strain on the (122̅) plane of M1 VO2 which accelerates the 

metal→insulator transition109 and b) Mo and W donating one and two electrons, 

respectively, per dopant atom to the band structure of VO2.98,108 Long and coworkers have 

likewise studied introducing lanthanides into the VO2 lattice, with each dopant substituting 

in a V site. The greatest drop in average TMIT was observed for 4 at.% Eu-doped VO2, at 

48°C.110 On the other hand, slight modulation of average TMIT to 63°C was observed for 

both 4 at.% La-doped VO2
111 and Tb-doped VO2.112. It has been reported that the same 

strain arguments with W6+ and Mo5+ dopants also hold correct when these lanthanides 

substitute in a V site.110–112 On the other hand, some dopants, give rise to an increase in 
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transition temperature of VO2 upon introduction, such as Al3+ (83°C)113 and Ga3+ 

(80°C).114 Aside from increasing the transition temperature, these trivalent dopants, along 

with Cr3+ and Fe3+, stabilize the metastable M2 phase of VO2.115 The M2 phase is three 

times more insulating than the M1 phase and is not useful for thermochromic coatings.116 

Various methods of doping VO2 have been reported in literature including hydrothermal 

synthesis,98,106,108,117 chemical vapor deposition,107,118,119 ion implantation,120 sol-gel 

synthesis,121–123 solid-state reaction,124 sputtering,105,125,126 and thermolysis.127 

 

 

Figure 1.8: Relationship between metal—insulator transition temperature versus dopant 

concentration (W6+ or Mo5+) in MxV1-xO2 nanowires (where M = W or Mo). Greater dopant 

incorporation results in a lower TMIT. The image is adapted from reference 16. 

 

 Dopants are introduced into freestanding VO2 during synthesis. The process for 

introducing W6+ and Mo5+ into VO2 involves a one-pot hydrothermal synthesis in which 

the dopant precursor is introduced along with the starting material, usually V2O5. In the 
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presence of reducing agents, such as aliphatic alcohols and ketones, V2O5 is 

hydrothermally reduced into VO2.98,128 The strain introduced along the crystallographic 

columns of VO2 (normal to the (122)̅ plane) as a consequence of W and Mo substituting 

for a V atom results in the depression of the TMIT of VO2. Figure 1.9 shows a high-angle 

annular dark field (HAADF) atomic resolution image of W-doped VO2. Aside from the 

possibility of inhomogeneous doping,109 the success or failure of in situ doping is highly 

sensitive to subtle changes in experimental variables. These issues, originally encountered 

in the silicon-doping industry, are mitigated by ex situ doping. Ex situ doping involves a 

facile and robust two-step process in which dopants are introduced after the target 

substrate (in this case, VO2) is synthesized. Aside from the additional procedural 

flexibility, ex situ doping techniques offer greater control of dopant incorporation into the 

substrate.129 Ex situ doping of VO2 has been relatively underexplored due to its close-

packed crystal structure. Intriguingly, Pan and coworkers have calculated that as a 

diffusive interstitial dopant, B atoms can reduce the TMIT of VO2 by as much as 83 K/at. 

B% (thrice the value for W-doping). The main advantage of the ex situ doping process 

over its conventional one-pot in situ counterpart is the capability to first synthesize high-

quality VO2 prior to introducing a dopant, allowing for a more programmable route for 

“dialing in” the TMIT of VO2. 
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Figure 1.9: High-angle annular dark field atomic resolution image of 0.2% W-doped VO2. The 

brighter spots (marked with yellow arrows) observed are W atoms which substitute for V sites. 

The image is adapted from reference 109. 

 

 In Chapter V we report a novel two-step surface-limiting ex situ diffusive doping 

technique for introducing B atoms into the interstitial sites of the VO2 lattice. The first 

step is the initial physisorption of the molecular precursor, 2-allyl-4,4,5,5-tetramethyl-

1,3,2-dioxaborolane onto previously-prepared freestanding VO2 nanowires. After 

physisorption is achieved, the reaction mixture is annealed at 900—950°C in the second 

step, promoting the simultaneous thermal decomposition of the boron precursor and the 

diffusion of B atoms into VO2.15 This technique we have developed is a modification from 

a previous work which involved monolayer doping of B atoms into Si.130 The doping 

process we developed is schematically illustrated in Figure 1.10. We note a linear 

correlation between dopant concentration and TMIT; a greater modulation of TMIT is 

observed with increasing B atom incorporation, thereby stabilizing the R-phase at lower 

temperatures. For example, at 3.8 at.% B incorporation, B-doped VO2 transitions from the 
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M1 to the R phase at a temperature as low as 23°C.15 More B atoms are incorporated into 

VO2 nanowires as particle size decreases as a result of the increased surface-area-to-

volume ratio. The B atoms reside in the tetrahedral interstitial sites of VO2, and their 

incorporation results to the formation of B–O bonds, resulting in a decreased covalency 

of V–O bonds and increased V–V overlap along the crystallographic c axis, thereby 

rendering VO2 more metallic.  

 

 

Figure 1.10: Schematic of the ex situ introduction of VO2 via diffusive annealing. The molecular 

precursor, 2-allyl-4,4,5,5-tetramethyl-1,3,2-dioxaborolane (depicted as crooked lines) is first 

physisorbed onto VO2 nanobeams at 120°C, after which the assembly is heated in an inert 

atmosphere at 900—950°C to simultaneously promote the decomposition of the molecular 

precursor and the introduction of B atoms (depicted as black spheres). The image is adapted from 

reference 15. 

 

 Our results for ex situ B-doping opens up an alternative route for introducing 

dopant atoms into VO2. Aside from B atoms, atomic H is another diffusive dopant which 

has been reported to be introduced in the interstitial sites of VO2 through a catalytic 

spillover method. The incorporation of H atoms in VO2, especially at high concentrations, 

stabilizes two orthorhombic phases of VO2: O1 and O2. However, annealing H-doped 

VO2 at 130°C causes the diffusion of H atoms out of the VO2 lattice.131,132 The introduction 

of B atoms in VO2 using our ex situ diffusive doping process suggests that unlike H-

incorporation, our process is not reversible at relatively low temperatures, given that our 
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annealing temperatures were mostly held at 900—950°C. Our doping method offers a 

more precise way for selectively tuning the TMIT of VO2 by simply changing the annealing 

temperature. The particle size of VO2 also dictates how much B atoms are incorporated 

into the lattice, given that smaller nanowires have a higher surface-area-to-volume ratio, 

as previously mentioned. For in situ doping procedures, adjusting the TMIT of VO2 to a 

desired value is rigorously done by careful adjustment of dopant precursor concentration. 

Therefore, the ex situ diffusive annealing method allows for easier tuning of the TMIT for 

temperature-specific applications. For example, as used in thermochromic coatings, ex situ 

doping can provide a wide selection of TMIT values, since different geographic locations 

around the world will require values specific for their climate. Moreover, given the 

pronounced hysteresis that the B-doped VO2 samples (ca. 19—23°C) show versus 

undoped VO2 (ca. 5°C), this material can also be useful in other applications such as 

hybrid memory devices.133,134 A large hysteresis is necessary to retain the nonvolatile state 

triggered upon the application of an external stimulus on a material once said stimulus is 

removed.135 Understanding the mechanism of B-incorporation, which is commenced by 

an initial physisorption step, is key to further exploiting this technique to introduce other 

diffusive dopants into the VO2 lattice. Indeed, this initial physisorption step makes our 

process starkly different from a one-step, one-pot in situ hydrothermal method. Until now, 

interstitial doping of VO2 has not been provided much attention, given that the said 

transition metal oxide is a close-packed structure. Aside from B atoms, calculations by 

Pan and coworkers predict that other diffusive atoms, such as Be, can also be introduced 

into VO2 and have the same effects of modulating the TMIT.136 Chapter V highlights the 
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promising results of our novel ex situ diffusive doping process in the hopes that this 

surface-limiting technique finds use in tuning the properties of other close-packed 

systems137 by introduction of diffusive dopants. 
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CHAPTER II 

ATOMIC LAYER DEPOSITION OF HAFNIUM(IV) OXIDE ON 

GRAPHENE OXIDE: PROBING INTERFACIAL CHEMISTRY AND 

NUCLEATION BY USING X-RAY ABSORPTION AND PHOTOELECTRON 

SPECTROSCOPIES* 

 

2.1 Summary 

Interfacing graphene with metal oxides is of considerable technological importance for 

modulating carrier density through electrostatic gating as well as for the design of earth-

abundant electrocatalysts. Herein, we probe the early stages of the atomic layer deposition 

(ALD) of HfO2 on graphene oxide using a combination of C and O K-edge near-edge X-

ray absorption fine structure spectroscopies and X-ray photoelectron spectroscopy. 

Dosing with water is observed to promote defunctionalization of graphene oxide as a result 

of the reaction between water and –hydroxyl/epoxide species, which yields carbonyl 

groups that further react with migratory epoxide species to release CO2. The carboxylates 

formed by the reaction of carbonyl and epoxide species facilitate binding of Hf precursors 

to graphene oxide surfaces. The ALD process is accompanied by recovery of the π-

conjugated framework of graphene. The delineation of binding modes provides a means 

to rationally assemble 2D heterostructures. 

                                                 

* Reprinted with permission from “Atomic Layer Deposition of Hafnium(IV) Oxide on Graphene Oxide: 

Probing Interfacial Chemistry and Nucleation by using X-ray Absorption and Photoelectron Spectroscopies” 

by Alivio, T. E. G.; De Jesus, L. R.; Dennis, R. V.; Jia, Y.; Jaye, C.; Fischer, D. A.; Singisetti, U.; Banerjee, 

S. ChemPhysChem. 2015, 16, 2482-2848. © 2015 WILEY‐VCH Verlag GmbH & Co. KGaA, Weinheim. 

All rights reserved. 
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2.2 Introduction 

Interfacing metals, semiconductors, and dielectrics with graphene has assumed great 

significance as a means of modulating the electronic structure of this remarkable 2D 

material while further providing a route to integrate graphene within functional 

architectures.1–7 Interfacial interactions can profoundly modify the electronic structure of 

graphene by inducing charge redistribution, opening a bandgap at the Fermi level, 

establishing an interfacial dipole, or even entirely disrupting the conical dispersion of 

bands such as in the case of covalent hybridization.2,8 Obtaining high-quality interfaces of 

disparate materials is non-trivial given the long-range warping, electronic structure 

inhomogeneities, relative inertness of the sp2-hybridized basal planes of graphene, and the 

distinctive reactivity of edge sites in this material. For functionalized graphene, the 

specific surface functional groups additionally play a critical role in mediating the precise 

nature of the interface.1,9–12 In this work, we probe the reactivity of surface functional 

groups of graphene oxide upon the atomic layer deposition of HfO2 to examine their role 

as nucleation sites for the deposition of high-κ dielectric layers. Beyond the fundamental 

imperative of understanding the reactivity of functional groups on graphene oxide towards 

binding transition metals, the atomic layer deposition of oxide dielectrics onto graphene 

surfaces is technologically relevant to two broad classes of applications. First, high-κ 

dielectrics are necessary to overcome fundamental limitations of conventional Si/SiO2 in 

metal-oxide semiconductor field-effect transistors based on graphene as the active 

element, particularly in the high-frequency regime above 100 GHz.13–15 Second, there is 
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considerable interest in graphene/transition-metal-oxide hybrid architectures as earth-

abundant substitutes for platinum-group-metals within electrocatalytic systems.11,16,17  

 Considerable interest has focused on atomic layer deposition (ALD) as a saturative 

and self-limiting route for the deposition of ultra-thin conformal dielectric layers on 

graphene.14,18–20 However, given the sp2-hybridized honeycomb-like lattice of graphene, 

it can be difficult to initiate nucleation of HfO2 on unfunctionalized graphene surfaces and 

indeed under typical ALD conditions, HfO2 growth is confined to edge sites and 

defects.14,18–20 The growth of pinhole-free conformal dielectric films on graphene has been 

facilitated by the increased curvature-induced reactivity of graphene upon transfer to a 

substrate different from the growth substrate, direct surface functionalization, or the 

utilization of a seed layer.12,15,21 However, the atomistic details of nucleation processes 

within these systems remain mostly unknown. Given the abundance of functional groups 

in graphene oxide,9,22 this material is an excellent model system for examining the 

nucleation of oxide growth during sequential atomic layer deposition reactions as 

mediated by surface functionalization. In this work, we probe the evolution of interfacial 

chemistry during the initial stages of the atomic layer deposition process using a 

combination of ex situ near-edge X-ray absorption fine structure (NEXAFS) and X-ray 

photoelectron spectroscopies (XPS). 

 XPS involves the ejection of a core-level electron upon photon irradiation; the 

binding energy of the electron provides a sensitive and quantitative measure of the specific 

surface species. In the context of graphene oxide, XPS allows for semi-quantitative 

evaluation of the functional group distribution and dopant incorporation. In contrast, 
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NEXAFS spectroscopy involves the excitation of core electrons to partially occupied or 

unoccupied states and serves as a sensitive element-specific probe of surface chemistry, 

electronic structure, interfacial bonding, dopant incorporation, substrate alignment, and 

steric orientation of functional groups in graphene and functionalized graphene1,7,16,23–29 

as well as carbon nanotubes.30–32 In past work, we have derived a spatially resolved 

scanning transmission X-ray microscopy map of graphene oxide indicating that carboxylic 

acid groups are localized on the periphery of graphene oxide flakes whereas epoxide and 

keto functional groups decorate the basal planes, consistent with the Lerf—Klinowski 

model of the structure of graphene oxide.25,33 The presence of these functional groups 

provides an abundance of reactive sites that can serve to anchor ALD precursors to initiate 

deposition of an amorphous HfO2 overlayer. The mediation of functional groups of 

graphene oxide in ALD growth stands in stark contrast to HfO2 deposition by the plasma 

vapor deposition of Hf metal followed by air oxidation, wherein NEXAFS spectroscopy 

results corroborated density functional theory predictions of charge redistribution and hole 

doping of graphene.8,34 

 

2.3 Methods 

2.3.1 Materials 

Graphene oxide was produced using a modified Hummer’s method as described in 

previous work.23–25,35 Freestanding graphene oxide paper was prepared by filtering an 

aqueous solution of 0.5 mg/mL graphene oxide through a Millipore “V” series 

nitrocellulose membrane. 
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 HfO2 was deposited onto graphene oxide by thermal ALD at 150°C in a Cambridge 

Nanotech Savannah S100 system using TDMH and water precursors. The ALD chamber 

was first purged with 20 sccm N2 with the outer heater kept at 150°C and the inner heater 

at 150°C.36 The system was then equilibrated for 60 s. Each ALD cycle comprises the 

following steps: an initial exposure of water in the chamber for a pulse period of 0.015 s, 

20 s of purge with N2 gas, pulsed exposure of TDMH for a period of 0.15 s, followed 

finally by equilibration for 20 s under N2 gas to complete the cycle. Five and ten cycles 

are contrasted for the different graphene oxide samples corresponding to approximately 

0.5 and 1 nm depositions of HfO2, respectively.37 All spectroscopy results correspond to 

ex situ experiments performed on samples stored at room temperature within a dry 

environment. 

 

2.3.1 NEXAFS 

NEXAFS experiments were performed at the National Institute of Standards and 

Technology (NIST) beamline U7A of the National Synchrotron Light Source (NSLS) at 

Brookhaven National Laboratory (BNL). A toroidal spherical grating monochromator 

with 600 lines/mm was used to acquire the C K-edge spectra, yielding an energy step size 

of approximately 0.08 eV. The slits were maintained at 30 µm x 30 µm. All spectra were 

acquired in partial electron yield (PEY) mode using a channeltron electron multiplier as 

the detector with the entrance grid bias set at -150 V. Charge compensation was facilitated 

with the aid of an electron flood gun to mitigate surface charging of the samples. All PEY 

signals were normalized using the incident beam intensity obtained from the 
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photoemission yield of a clean Au grid with 90% transmittance placed along the path of 

the incident X-ray beam. C K-edge spectra were calibrated against an amorphous carbon 

mesh with a π* transition at 285.1 eV. All C K-edge data presented herein were pre- and 

post-edge normalized using the Athena suite of programs. 

 

2.3.2 XPS 

XPS analyses were performed on an Omicron XPS/UPS system with an Argus detector 

using Mg Kα X-rays (source energy of 1253.6 eV) and with charge neutralization of the 

samples (using a CN10 electron flood source). The instrument resolution was at 

approximately 0.8 eV. All high-resolution spectra were collected at a pass energy of 20 

eV (at constant analyzer energy (CAE) mode) and at an energy step size of -0.05 eV. All 

spectra were calibrated against the C 1s line at 284.8 eV. Peak assignments are referenced 

to previously reported literature and the NIST XPS spectra database. Atomic concentration 

calculations were performed with the CasaXPS 2.3.16 software, using the Marquardt-

Levenberg optimization algorithm. 

 

2.4 Results and Discussion 

To examine the interface between graphene oxide and the ALD-grown HfO2 overlayer, 

we have examined samples with sub-monolayer coverage representing the beginnings of 

HfO2 deposition. Specifically, we contrast 5 and 10 cycles of alternating exposures to 

water and tetrakis(dimethylamido)hafnium (TDMH) precursors. Given the elevated 

temperature of the ALD process and to deconvolute the reactivity of graphene oxide 
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towards TDMH from changes resulting from reactions with water and thermally induced 

defunctionalization,24,26 we contrast the sub-monolayer results with data for graphene 

oxide subjected to the same sequence of processes during ALD growth except for dosing 

with TDMH. The latter samples are denoted hereinafter as control samples. 

 Table 2.1 depicts the atomic concentrations of carbon, oxygen, and hafnium 

deduced from the integration of C 1s, O 1s, and Hf 4f intensities measured in high-

resolution XPS scans (Figure 2.1, indicates survey scans). An important caveat to this 

analysis is that sensitivity factors used to convert peak areas to concentrations have not 

been derived for the specific matrix of interest (and instead global parameters have been 

used). Nevertheless, the spectra provide a good measure of the relative differences in 

functional group distribution induced upon ALD processing. Graphene oxide prepared by 

Hummers’ method has about 30 at.% oxygen content, which is consistent with previous 

observations.38 Subjecting graphene oxide to ALD results in substantial incorporation of 

hafnium (3 at.% and 6 at.% for 5 and 10 cycles, respectively). 

 

Table 2.1: Atomic concentrations deduced from XPS high-resolution scans (at 95% confidence 

level) 

Sample Carbon (at.%) Oxygen (at.%) Hafnium (at.%) 

Graphene oxide 70±1 30±0 0 

Graphene oxide 5 cycles 

control 

64±1 36±1 0 

Graphene oxide + 5 

cycles HfO2 

69±1 28±0 3±0 

Graphene oxide 10 

cycles control 

59±1 41±0 0 

Graphene oxide + 10 

cycles HfO2 

62±2 32±1 6±0 
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Figure 2.1: XPS survey spectra for graphene oxide contrasted to graphene oxide subjected to ALD 

deposition for (a) 5 cycles and (b) 10 cycles of sequential water and TDMH exposures. Spectra 

for associated control experiments wherein the graphene oxide undergoes the same set of cycles 

but without exposure to TDMH are plotted alongside in each case. 

 

 The high-resolution Hf 4f XPS spectra in Figure 2.2 for samples exposed to 5 and 

10 cycles of TDMH show overlapping couplets attributed to Hf 4f7/2 and Hf 4f5/2 lines at 

17.80 and 19.30 eV, respectively, consistent with the predominant stabilization of Hf4+ 

species on the surface of graphene oxide.39 The spin-orbit coupling of 1.5 eV is also 

consistent with the value reported for HfO2.40 The broad lineshapes do indicate 
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heterogeneity in the specific chemical environments of Hf4+, which is not surprising 

considering the diversity of binding sites in graphene oxide as discussed in more detail 

below. Characteristic peaks of monoclinic or tetragonal HfO2 are not observed by Raman 

spectroscopy suggesting the amorphous nature of the deposited species. Approximating a 

Hf:O stoichiometry ratio of 1:2 consistent with formation of HfO2 and assigning the 

remaining oxygen content to functional groups on the surface of graphene oxide, the ratio 

of carbon to oxygen is deduced to be around 76:24 for graphene oxide both after 5 and 10 

cycles. These numbers suggest that ~6% of the functional groups are eliminated during 

the ALD process. The increased oxygen content in the control samples arises from dosing 

with water and the substantially greater amounts of entrapped water in these samples. 

 

 

Figure 2.2: High-resolution Hf 4f XPS spectra of graphene oxide samples after 5 and 10 cycles 

of ALD deposition of HfO2. 

 

 Figure 2.3 juxtaposes high-resolution C1s XPS spectra acquired for free-standing 

graphene oxide, graphene oxide subjected to 5 and 10 ALD cycles and the associated 
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controls where the TDMH dosing was omitted. The XPS spectra have been fitted using 

three components centered at 284.8, 286.8, and 289.0 eV corresponding to aromatic C=C, 

C—O, and O—C=O moieties, respectively.41–43 The C1s spectrum of GO reveals a 

characteristic double-peaked lineshape resulting from the extensive disruption of the π-

conjugated framework of graphene.38,44 This double-peaked lineshape arises from the 

pronounced contributions to the C—O spectral component derived from epoxide and 

alcohol groups pendant from the basal planes of graphene oxide. The control samples 

without TDMH dosing indicate a diminished contribution from the C—O component 

suggesting partial defunctionalization even at the relatively low processing temperature of 

150°C. Past work on thermal defunctionalization has verified that epoxide and alcohol 

groups are not substantially eliminated from the basal planes of graphene oxide at this 

temperature.24,26 The defunctionalization observed here can thus be ascribed to the 

reaction of functional groups with water to form CO2, which has been found to 

substantially diminish the bandgap of graphene oxide.45,46 Indeed, Acik et al. have 

determined that the thermal defunctionalization of exfoliated single-layered graphene 

oxide is quite distinct from the thermal defunctionalization of multilayered graphene oxide 

as a result of the intercalated water molecules trapped in the galleries of the latter.46 The 

water molecules react with epoxide and alcohol groups to yield carbonyl moieties, which 

subsequently react with mobile epoxide groups to release CO2 and leave behind defect 

sites.46,47 Interestingly, the C—O feature is greatly diminished relative to the π-conjugated 

component at 284.8 eV after 5 and 10 cycles of ALD with respect to the control sample 

suggesting that the reaction of TDMH and the nucleation of HfO2 on graphene oxide 
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facilitates restoration of the π-conjugated structure of graphene by defunctionalization of 

functional groups on the basal planes. In contrast, we note a pronounced increase in the 

intensity of the O—C=O feature suggesting a role for carboxylic acids/carboxylates and 

potentially carbonates in binding Hf at the interface. 

 

 

Figure 2.3: High-resolution C 1s XPS spectra for graphene oxide samples upon a) 5 cycles and b) 

10 cycles of HfO2 treatment. Spectra for associated control experiments wherein the graphene 

oxide undergoes the same set of cycles but without exposure to TDMH are plotted alongside in 

each case. 
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 The evolution of functional groups of graphene oxide with TDMH treatment is 

captured with greater sensitivity in C K-edge NEXAFS spectra of the same samples 

depicted in Figure 2.4. All spectra have been collected at 54.7° (magic angle) incidence 

of the X-ray beam where the intensities of the NEXAFS resonances are independent of 

the angular dependences of the transition matrix elements.48 Given that NEXAFS uses 

linearly polarized light and involves classical dipolar transitions with minimal quadrupolar 

contributions, the absorption cross section of a powder sample transforms into a second-

order Cartesian tensor, derived by Pettifer et al. as follows:48 

𝜎(𝜀̂) = 𝜎𝑎sin2𝜃 + 𝜎𝑏cos2𝜃                  Eq. 2.1 

where 𝜎(𝜀̂) is the tensor for the polarization dependent absorption cross section derived 

from Fermi’s Golden rule, 𝜎𝑎 and 𝜎𝑏 are distribution functions of crystallite orientations, 

and θ is the angle between the polarization vector and the sample normal.48 When θ = 

54.7° (corresponding to cos2𝜃 =  1 3⁄ ), the isotropic average can be calculated from Eq. 

2.2 as follows:48 

𝜎(𝜃) =
2𝜎𝑎+𝜎𝑏

3
                    Eq. 2.2  

and thus specific texturation effects are substantially mitigated at this angle. 

 The lowest-energy resonance at ~285.5 eV (labeled π*) can be assigned to the 

transition of C 1s core-level electrons into states of π* symmetry in proximity to the M 

and L points of the graphene Brillouin zone;1,26,49–51 the resonance at ~293.4 eV (labeled 

σ*) can be attributed to the excitation of C 1s core-level electrons into unoccupied states 

of σ* symmetry. In the intermediate energy range between the π* and σ* resonances, four 
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additional features can be resolved and are labeled a—d in Figure 2.4; these features arise 

from the functional groups decorating the edges and basal planes of graphene oxide. Based 

on literature precedence, measurements of gas-phase model compounds in the McMaster 

NEXAFS database,52 and trends calculated from density functional theory, feature a can 

be assigned to transitions from C 1s core levels to π* states of C−O bonds of hydroxyl 

groups, b to the transition of C 1s core-level electrons to σ* C−O states of epoxides, c to 

the excitation of C 1s core-level electrons to π* states of carbonyl (C=O) bonds, and d to 

transitions to π* states of C=O bonds from carboxylic acid groups.25,26,53,54 Peak d 

furthermore overlaps with the transitions of C 1s electrons in –CO3
2- groups to π* O—

C=O states.7,45,55 Table 2.2 presents a summary of the peak assignments.25  

 

Table 2.2: Functional group assignments of spectral features in NEXAFS C K-Edge spectra. 

Label Incident Photon Energy (eV) Functional Group 

π* 288.5 π* C=C 

a 286.8 π* C—OH 

b 288.0 σ* C—O (epoxide) 

c’ 288.5—288.9 π* C=O (carboxylate) 

c 289.2 π* C=O 

d 290.3 π* O=C—O, π* -CO3
2- 

σ* 293.4 σ* C—C 

 



 

63 

 

 

Figure 2.4: C K-edge NEXAFS spectra, acquired at 54.7° (magic angle) incidence of the X-ray 

beam for graphene oxide samples after a) 5 cycles and c) 10 cycles of ALD deposition of HfO2. 

(b) and (d) show a magnified view of the energy range between 286 and 293 eV between the π* 

and σ* resonances. Spectra for associated control experiments wherein the graphene oxide 

undergoes the same set of ALD cycles but without exposure to TDMH are plotted alongside in 

each case. 

 

 Figures 2.4b and d illustrate three significant changes to NEXAFS resonances in 

the intermediate energy region between the π* and σ* features. First, the resonance labeled 

a, attributed to localized absorptions for carbon atoms attached to hydroxyl groups is 

clearly discernible for graphene oxide but is greatly diminished for the control sample and 

appears to have been completely eliminated upon ALD deposition of HfO2. Next, the 

resonance labeled d, attributed to transitions of C 1s electrons into π* O—C=O states 
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becomes well defined upon ALD deposition but is not observed for the control samples. 

Finally, the most prominent feature c attributed to transitions of C 1s electrons to π* C=O 

states in ketone and carboxylic acid moieties is diminished in intensity at the expense of a 

red-shifted feature labeled c' that is centered in the 288.7-288.9 eV range. This shift to 

lower energy allows for better resolution of feature d upon HfO2 deposition. These spectral 

shifts are further clearly discernible in Figure 2.5, which shows C K-edge data acquired 

at 25° incidence of the X-ray beams to the sample wherein the electric field vector of the 

X-rays has a large projection aligned with along the pz orbitals that constitute the π* bands 

in graphene as schematically illustrated in the inset to Figure 2.5b. As the angle of 

incidence is increased from 25°, the intensity due to the π* resonance decreases while that 

of the σ* resonance increases as the electric field vector has a larger projection aligned 

with the basal planes. The diminution in the intensity of the hydroxyl resonances can be 

attributed to the reaction between –OH groups at edge holes with water molecules 

impinged onto graphene oxide during the ALD process, which leads to the stabilization of 

carbonyl groups. The presence of water is known to result in much more effective 

dehydroxylation at lower temperatures as compared to thermal defunctionalization under 

“dry” conditions.24,45,46 The well-defined π* O=C—O resonance observed at ca. 290.3 eV 

(d) suggests a Hf-carboxylate or Hf-carbonate interaction as the primary binding mode at 

the interface. Indeed, this notion is further corroborated by the appearance of the red-

shifted feature at c'. Binding of metal ions to carboxylic acids is known to induce a 

diminution of the π* C=O resonance accompanied by the growth of a red-shifted broad 

absorption feature as illustrated by experimental data on humic acids and polyacrylic acid 
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as well as quantum chemical calculations; the shift in energy is roughly proportional to 

the charge on the metal cation56,57 for the same binding mode. The spectral shift (which 

also allows for better resolution of the high-energy O—C=O feature) arises from structural 

changes to the carboxylate ions at the interface. 

 

 

Figure 2.5: C K-edge NEXAFS spectra, acquired at 25°, 54.7°, and 85° incidence of the X-ray 

beam for graphene oxide samples after a) 5 cycles and c) 10 cycles of ALD deposition of HfO2. 

(b) and (d) show a magnified view of the energy range between 286 and 293 eV between the π* 

and σ* resonances for the spectra corresponding to 25°. The inset in (b) illustrates that at 25° 

incidence of the X-ray beam, the intensity from the π* bands of graphene are most pronounced. 

Spectra for associated control experiments wherein the graphene oxide undergoes the same set of 

ALD cycles but without exposure to TDMH are plotted alongside in each case. 
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 Figures 2.6 and 2.7 depict magic-angle O K-edge NEXAFS spectra acquired for 

the graphene oxide samples with and without exposure to TDMH along with the fitted 

resonances. In the graphene oxide O K-edge NEXAFS spectrum, the resonance at 531.0 

eV (labeled a) can be ascribed to transitions from O1s core levels of oxygen atoms in C=O 

groups to π* C=O states localized on carbonyl and carboxylic acid moieties, The broad 

absorption feature centered at ca. 545.4 eV (labeled b) is attributed to transitions from O 

1s core levels to σ* states derived from O—H, C=O, and C—O single bonds in the 

different oxygen-containing functional groups of graphene oxide.25,26,53 The control 

sample dosed with water and heated to 150°C shows a pronounced and well-defined π* 

resonance that is substantially increased in relative intensity as compared to the graphene 

oxide precursor. This observation corroborates the hypothesis based on XPS and C K-

edge NEXAFS data advanced above that the hydroxyl and epoxide groups react with water 

during the initial ALD wetting step and are converted to carbonyl species, as has been 

suggested by previous infrared spectroscopy and NEXAFS studies of multilayered 

graphene oxide intercalating water.45,46 Upon subsequent exposure to TDMH, the π* 

intensity is greatly diminished. Complexation of metal ions to carboxylic acid moieties is 

known to bring about a diminution and a shift to higher energies of the π* resonance as a 

result of electron density being shared with the metal ion.58 The results here are thus 

consistent with a carboxylate group mediating the interaction with Hf species at the 

graphene/HfO2 interface. 
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Figure 2.6: Normalized O K-edge NEXAFS spectra, acquired at 54.7° incidence of the X-ray 

beam for graphene oxide samples after 10 cycles of ALD deposition of HfO2. 

 

 

Figure 2.7: Normalized O K-edge NEXAFS spectra, acquired at 54.7° incidence of the X-ray 

beam for graphene oxide samples after 5 cycles of ALD deposition of HfO2. 

 

 Based on the XPS and NEXAFS spectra, the picture that emerges is that the initial 

dosing of water at 150°C strongly modifies the functional group distribution of graphene 
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oxide. Specifically, hydroxyl and epoxide groups react with the water molecules and are 

converted to carbonyl groups even at the relatively low temperature of 150°C. Epoxide 

groups dotting the basal planes of graphene oxide are fairly mobile and can react with the 

incipient carbonyl groups to form carboxylate species that can subsequently be eliminated 

to release CO2. The partial recovery of the π-conjugated structure of graphene oxide is 

discernible in both C 1s XPS and C K-edge NEXAFS spectra, which also corroborate the 

loss of epoxide and increasing concentration of carbonyl moieties upon dosing with water 

at 150°C. Exposure to TDMH results in the binding of the transition metal precursors to 

form hafnium carboxylates, as indicated by the clear appearance of a 290.3 eV resonance 

in the C K-edge NEXAFS spectrum, increased spectral weight of the O—C=O feature in 

the XPS spectrum, and the diminution in the intensity of π* resonance in the O K-edge 

spectrum. The carboxylate groups thus likely serve as the initial nucleation sites for HfO2 

deposition. Partial decarboxylation likely further accompanies the deposition of HfO2 

bringing about additional restoration of the π-conjugated framework of graphene oxide as 

evident from the XPS spectra. 

 

2.5 Conclusions 

The atomic layer deposition of high-κ dielectrics onto graphene to constitute high-quality 

interfaces continues to be an important technological challenge. However, little is known 

about the atomistic details of the nucleation of dielectric oxides on graphene surfaces and 

indeed the role of functional groups in graphene oxide in mediating interfacial interactions 

with oxide dielectrics remains entirely unexplored. In this work, we have used X-ray 
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photoelectron spectroscopy in conjunction with C and O K-edge NEXAFS spectroscopy 

to examine the initial stages of the ALD growth of HfO2 on graphene oxide. NEXAFS 

spectra in particular serve as a sensitive probe of the evolution of functional groups during 

the ALD process. The significance of this study is two-fold: First it provides a mechanistic 

understanding of how the functional groups in grapehene oxide evolve during ALD 

processing and delineates the specific mode for tethering of HfO2. Second, this establishes 

a route for selective patterning of high-κ dielectrics onto graphene oxide. Treatment of 

graphene oxide with water in the initial ALD step is observed to greatly modify the 

functional group distribution; the water molecules react with epoxide and hydroxyl groups 

of graphene oxide to form carbonyl moieties with partial restoration of the π-conjugated 

framework. The carbonyl moieties further condense with mobile epoxide species to form 

carboxylate groups that mediate the binding of Hf precursors upon exposure to TDMH. 

The formation of Hf carboxylates on the surface of graphene oxide thus precedes the 

nucleation of amorphous HfO2. These results suggest a functionalization strategy for 

obtaining uniform coverage of HfO2 on 2D material surfaces and further underlines the 

potential for using specific molecular interactions to constitute 2D heterostructures. Future 

work will focus on correlating the nature of graphene/metal-oxide interfaces to their 

catalytic activity. 
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CHAPTER III 

STABILIZATION OF Ag-Au BIMETALLIC NANOCRYSTALS IN AQUATIC 

ENVIRONMENTS MEDIATED BY DISSOLVED ORGANIC MATTER: A 

MECHANISTIC PERSPECTIVE* 

 

3.1 Summary 

Gold and silver nanoparticles can be stabilized endogenously within aquatic environments 

from dissolved ionic species as a result of mineralization induced by dissolved organic 

matter. However, the ability of fulvic and humic acids to stabilize bimetallic nanoparticles 

is entirely unexplored. Elucidating the formation of such particles is imperative given their 

potential ecological toxicity. Herein, we demonstrate the nucleation, growth, and 

stabilization of bimetallic Ag-Au nanocrystals from the interactions of Ag+ and Au3+ with 

Suwannee River fulvic and humic acids. The mechanisms underpinning the stabilization 

of Ag-Au alloy NPs at different pH (6.0 – 9.0) values are studied by UV-vis 

spectrophotometry, X-ray photoelectron spectroscopy (XPS), high-resolution 

transmission electron microscopy (HRTEM), and selected area electron diffraction 

(SAED). Complexation of free Ag+ and Au3+ ions with the Lewis basic groups (carbonyls, 

carboxyls, and thiols) of FA and HA, followed by electron-transfer from redox-active 

moieties present in dissolved organic matter initiates the nucleation of the NPs. Alloy 

                                                 

* Reprinted with permission from “Stabilization of Ag–Au Bimetallic Nanocrystals in Aquatic 

Environments Mediated by Dissolved Organic Matter: A Mechanistic Perspective” by Alivio, T. E. G.; 

Fleer, N. A.; Singh, J.; Nadadur, J.; Feng, M.; Banerjee, S.; Sharma, V. K. Environ. Sci. Technol. 2018, 52, 

7269-7278. © 2018 American Chemical Society. All rights reserved. 
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formation and interdiffusion of Au and Ag atoms are further facilitated by a galvanic 

replacement reaction between AuCl4
- and Ag. Charge-transfer from Au to Ag stabilizes 

the formed bimetallic NPs. A more pronounced agglomeration of the Ag-Au NPs is 

observed when HA is used compared to FA as the reducing agent. The bimetallic NPs are 

stable for greater than four months, which suggests the possible persistence and dispersion 

of these materials in aquatic environments. The mechanistic ideas have broad 

generalizability to reductive mineralization processes mediated by dissolved organic 

matter. 

 

3.2 Introduction 

Silver nanoparticles (Ag NPs) exhibit antimicrobial properties and have therefore found 

extensive use in consumer and healthcare products. For instance, such nanoparticles have 

been incorporated within dietary supplements, embedded within clothing, and utilized as 

coatings for medical implements.1 Some estimates suggest that more than 20% of the ca. 

1,800 commercial products that explicitly claim to incorporate nanomaterials contain Ag 

NPs.2 The unintentional release of Ag NPs into the environment has raised concerns 

regarding their accumulation as well as potential toxicity to humans and ecosystems.1,3,4 

In a similar vein, significant recent attention has focused on gold nanoparticles (Au NPs); 

Au NPs are finding widespread applications in catalysis, chemical/biological sensing, 

photovoltaics, electronics, and cancer theranostics.5,6 Increasing adoption of Ag and Au 

NPs, particularly in consumer products where oversight of responsible disposal is almost 
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entirely absent, portends their inevitable release into the aquatic environment wherein they 

show worrying indications of ecological toxicity.7–10 

 The fate (and transport) of engineered nanoparticles is determined by their surface 

properties, as well as the parameters of the aquatic system wherein they are released (such 

as pH, dissolved organic content, and ionic strength).8,11,12 Both types of NPs can be 

oxidized by chlorine and ozone in various treatment processes to generate free ions in 

water.13–15 In addition to the dissolution of engineered nanoparticles, high concentrations 

of Ag-ions in aqueous media can be derived from industrial effluent streams such as from 

the electroplating, mining, mineral processing, photovoltaics, and legacy photoprocessing 

industries.16–18 For instance, the occurrence of high concentrations of radioactive Ag 

nuclides in nuclear waste streams, derived from decommissioning of control rods typically 

constituted from Ag-In-Cd alloys,19,20 represents a major concern. The environmental fate 

and sequestration of such ions are largely unexplored. Some intriguing studies suggest that 

in the presence of dissolved organic matter (DOM), free Ag- and Au-ions are reconstituted 

(under sunlight) to yield Ag and Au NPs, respectively.21–24 However, the mechanisms of 

crystal growth remain to be elucidated and such studies have thus far been limited to single 

ionic species, either Ag+ or Au3+. In this article, we present a systematic mechanistic 

evaluation of the alloying and crystallization of bimetallic Ag-Au nanocrystals mediated 

by the DOM reduction of precursor ions in aquatic environments. 

 Aqueous concentrations of Ag- and Au-ions can reach high values in specific 

waste streams and in proximity to mineral deposits.25–30 For instance, the concentration of 

Ag-ions in legacy photoprocessing wastewater samples can reach up to 300 μg/L.30 As 
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much as 1,890,000 µg/L of Au has likewise been measured from sludge from the Suwa 

Manufacturing Facility.25,26 There is considerable evidence that geological deposits of Au 

and Ag are co-localized and thus the coexistence of both types of ions in mineral 

processing streams is unavoidable.31–34 Mixtures of both ions can further be derived from 

dissolution of engineered bimetallic nanomaterials since Ag-Au alloy NPs are finding 

increasing use in catalysis, biomedicine, and chemical sensing.35 While our past 

research23,24,36,37 has led to the intriguing finding that DOM mediates the crystallization of 

Ag NPs and Au NPs, serving as both a reductant and a passivating ligand, the stabilization 

of bimetallic Ag-Au NPs under environmentally relevant conditions has not hitherto been 

examined.  

 In this article, we present a systematic evaluation of the stabilization of bimetallic 

Ag-Au NPs in aquatic environments in the presence of DOM. In particular, Suwannee 

River fulvic (FA) and humic acids (HA) are examined for their ability to reduce Ag+ and 

Au3+ ions at pH values that are emulative of environmental conditions. The systems are 

examined at temperatures approaching 90°C in order to mimic aqueous media in areas at 

naturally-elevated temperatures, such as hot springs.36 The US Environmental Protection 

Agency (EPA) notes a silver content up to 43,000 µg/L in some hot springs.27 The 

formation of Ag, Au, and Ag-Au NPs is evaluated using ultraviolet-visible (UV-vis) 

spectrophotometry. X-ray photoelectron spectroscopy (XPS) is further used to examine 

the chemical speciation of Ag and Au in the samples and to elucidate the nature of the 

surficial interactions with FA and HA. High-resolution transmission electron microscopy 

(HRTEM) is used to evaluate the morphology of the stabilized particles as well as to obtain 
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insight into crystal growth mechanisms. Together, these techniques provide mechanistic 

understanding of the stabilization of bimetallic Ag-Au NPs mediated by DOM and have 

broad generalizability to reductive mineralization processes in aquatic environments. 

 

3.3 Methods 

3.3.1 Materials 

AgNO3 (> 99.0 %) and AuCl3 (> 99.9 %) were purchased from Sigma Aldrich (St. Louis, 

MO) and used as received without further purification. Suwannee River FA and HA were 

acquired from the International Humic Substances Society (IHSS, St. Paul, MN). All 

pieces of glassware in the study were acid-washed before use. Solutions were prepared 

with deionized water that had been distilled and passed through a Milli-Q water 

purification system yielding a conductivity of 18 M/cm. Solutions of Ag- and Au-ions 

were prepared by dissolving the respective salts in water at concentrations of 2.0×10-4 M. 

Solutions of FA and HA at 25 mg/L were prepared by dissolving the solids in a 1.0×10-3 

M 2-(N-morpholino)ethanesulfonic acid (MES) buffer (Sigma Aldrich; St. Louis, MO) by 

stirring for 24 h; the dispersions were subsequently filtered through previously dried 0.45 

μm filters.23 The pH of the solution was adjusted to the desired range by adding an 

appropriate amount of aqueous 0.1 M NaOH. pH measurements were performed using an 

Orion pH/ISEmeter, model 710A instrument (Thermo Fisher Scientific, Waltham, MA). 
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3.3.2 Stabilization of Monometallic and Alloy Nanoparticles 

Bimetallic Ag-Au NPs were prepared by adding a mixture of Ag- and Au-ions to HA or 

FA solutions at different pH (6.0—9.0) values. The solutions were subsequently heated to 

90±1oC for 1 h. Mixtures with varying molar ratios of Ag- and Au-ions (maintaining a 

total concentration of 1.0×10-4 M) were evaluated while holding the concentration of 

DOM (HA or FA) constant at 12.5 mg/L. Molar ratios of ions ranged from хAg = 1.0 to хAu 

= 1.0. The total volume of the mixed solutions was kept at 2.0 mL with illumination from 

laboratory fluorescent lighting in capped clear glass tubes. Monometallic Ag NPs and Au 

NPs were prepared at the extremes of the molar ratios (хAg = 1.0 and хAu = 1.0). 

 

3.3.3 Characterization of Nanoparticles 

The nucleation and growth of NPs were evaluated using a DR-5000 UV-visible 

spectrophotometer (Hach Company, Loveland, CO). Quartz cuvettes with a 1 cm optical 

path length were used for absorption spectroscopy measurements. The samples were 

cooled to room temperature prior to acquiring spectra. Blank measurements were acquired 

using a MES buffer solution without FA or HA. Prior to analyses by XPS and HRTEM, 

the samples were dehydrated, which was accomplished by centrifugation at 6,000 rpm for 

30 min using an Avanti J-E centrifuge (Beckman Coulter, Inc., Palo Alto, CA), dispersion 

in methanol, and further centrifugation under the same conditions to remove the unreacted 

reagents. The solvent was decanted and the samples were washed thrice with methanol in 

order to obtain solid samples for further analysis. The samples were then freeze-dried for 
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48 h using a Labconco Freezone 12 Freeze Dry System (Labconco Corp., Kansas City, 

MO). 

 All XPS measurements were performed using an Omicron XPS/UPS system with 

a 128-channel micro-channelplate Argus detector, using Mg Kα X-rays (source energy of 

1253.6 eV). The spectral resolution of the instrument was ca. 0.8 eV. Charge 

neutralization was accomplished using a CN10 electron flood source. High-resolution 

spectra were collected in constant analyzer energy (CAE) mode at a pass energy of 20 eV 

and an energy step size of 0.05 eV. All spectra were calibrated using the C 1s line of 

adventitious carbon at 284.8 eV. Relative atomic concentrations for the bimetallic samples 

were determined by fitting the spectra to mixed Gaussian—Lorentzian (7:3) lineshapes 

using the CasaXPS 2.3.16 software by the application of a Marquart-Levenberg 

optimization algorithm. 

 The morphologies of the prepared monometallic and bimetallic NPs were assessed 

by electron microscopy using a FEI Tecnai G2 F20 ST field-emission TEM. Briefly, 

samples were dispersed in 2-propanol (Fisher, Fair Lawn, NJ), drop-cast onto 400-mesh 

holey-carbon films supported by copper grids (Electron Microscopy Sciences, Hatfield, 

PA), and air-dried at room temperature prior to imaging. Images were acquired at an 

operating voltage of 200 kV. 

 

3.4 Results and Discussion 

Figure 3.1 shows UV-vis absorption spectra of monometallic and bimetallic Ag-Au NPs 

obtained by mixing solutions of varying mole fractions of Ag+ and Au3+ ions (χAg = 0.0—
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1.0) with FA at different pH values. At χAg = 0.0 (i.e., with only Au3+ precursor ions), a 

pronounced absorption band is observed centered at ca. 520 nm, corresponding to the 

surface plasmon resonance (SPR) of Au NPs. In contrast, when only Ag-ions are present 

in solution with FA (i.e., χAg = 1.0), a yellowish coloration is observed with a SPR at ca. 

390 nm. In other words, FA is able to mediate the reduction of the precursor ions to 

metallic nanocrystals. The DOM-mediated stabilization of Au and Ag NPs have been 

extensively documented in our previous work.21–24,38  

 

 

Figure 3.1: UV-vis absorbance spectra of bimetallic Ag-Au NPs at different mole fractions of Ag+ 

ions (χAg) in mixed solutions of Ag+-Au3+-FA at pH a of (a) 6.0, (b) 7.0, (c) 8.0, and (d) 9.0. 

(Experimental conditions: [Ag+] + [Au3+] = 1.0×10-4 M, [FA] = 12.5 mg/L, reaction time = 1 h; 

temperature = 90°C)  
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 Figure 3.1 shows that the formation of Ag NPs mediated by FA is facilitated by 

increasing pH (the absorbance at ca. 390 nm increases monotonically from 0.25 to 0.40 as 

the pH is increased from 6.0 to 9.0). The reduction of monovalent Ag-ions to zero-valent 

Ag by FA can be rationalized based on the differential in reduction potentials. The Ag+/Ag 

reduction potential is 0.7994 V (vs. NHE), whereas the reduction potential for FA (FA- + 

H+)/FA-H is estimated to be 0.5 V (vs. NHE).39 The oxidation of FA has been observed to 

be accompanied by the consumption of protons.39 A higher pH value shifts the equilibrium 

towards the reduced form of FA, increasing the concentration of deprotonated FA, 

facilitating more effective reduction of the precursor ions and thereby providing a higher 

yield of Ag NPs.  

 In the case of monometallic Au NPs, Figure 3.1 shows a similar increase in the 

formation of Au NPs as the pH of the solution is increased from 6.0 to 8.0, denoted by an 

increase in absorbance at ca. 520 nm from 0.21 to 0.35. Interestingly, upon increasing the 

pH to 9.0, a decrease of the absorbance at ca. 520 nm is observed (to 0.33), indicating a 

slight decrease in the formation of Au NPs under such conditions. This observation can 

be explained by considering changes in the speciation and reduction potentials of FA and 

Au3+ ions as a function of the solution pH. The reduction potential of organic matter 

decreases with increasing pH;22,40,41 consequently, the thermodynamic driving force for 

reduction of Au3+ is enhanced with increasing pH. However, as a result of hydrolysis 

reactions, the solution-phase speciation of the Au-ions is also altered as a function of pH. 

At a pH below 5.25, AuCl3 in aqueous media is predominantly speciated as 

AuCl2OH·H2O; increasing the solution pH results in the preferential stabilization of 
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AuCl3OH- and Au(OH)4
-.42 The reduction potential of these species decrease with solution 

pH (Table 3.1), rendering reduction less favorable under highly alkaline conditions.42 In 

other words, the observed pH dependence of the stabilization of Au NPs reflects the 

cumulative effects of the speciation of Au and the pH dependence of the FA reduction 

potential; a pH of 8.0 corresponds to greatest differential in reduction potentials between 

FA and the precursor ions, resulting in the highest yield of Au NPs. 

 

Table 3.1: Standard reduction potentials of Au species versus the standard hydrogen electrode 

(SHE).42 

Reduction half-reaction E0 (V) 

AuCl4
− (aq.) + 3e- ⇄ Au0 (s) + 4Cl- (aq.) +1.00 

AuCl2OH·H2O0 (aq.) + 3e- ⇄ Au0 (s) + 2Cl- (aq.) + OH- (aq.) + H2O (l) +0.94 

AuCl(OH)3
- (aq.) + 3e- ⇄ Au0 (s) + Cl- (aq.) + 3OH- (aq.) +0.69 

Au(OH)4
- (aq.) + 3e- ⇄ Au0 (s) + 4OH- (aq.) +0.60 

 

 In solutions with χAg = 0.1—0.9, only one SPR band is observed, as shown in 

Figure 3.1 and Figure 3.2, suggesting the formation of alloy NPs instead of a 

heterogeneous mixture of monometallic Ag and Au NPs. Significantly, a mixture of equal 

molar fractions of precursor ions (χAg = 0.5 and χAu = 0.5) in just MES buffer solution (i.e., 

without FA or HA) showed no apparent SPR band (Figure 3.3); clearly delineating the 

role of FA and HA as reducing agents in facilitating the electroless nucleation of bimetallic 

NPs. Spectral measurements of mixtures containing equal molar fractions of precursor 

ions (χAg = 0.5 and χAu = 0.5) with FA and MES buffer were likewise conducted as a 

function of time for 60 min (Figure 3.4). The growth of plasmon band for mixed fractions 

in FA with time appears to be weighted towards the Au SPR band indicative of the 

preferential incorporation of Au, which can be rationalized based on its higher reduction 
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potential (1.5 V vs. SHE). A notable pH dependence is observed for the position of the 

SPR band for FA-mediated reduction, which is predominantly reflective of the non-

monotonic changes in Au incorporation as a result of the pH dependence of the reduction 

potential differentials between Au precursor species and FA. It is worth noting that 

initially formed Ag0 clusters can further react with AuCl4
- in solution via a galvanic 

replacement reaction as per:43 

3Ag (s) + AuCl4
- (aq.) → 3Ag+ (aq.) + Au (s) + 4Cl- (aq.)               Eq. 3.1  

thereby resulting in preferential incorporation of Au in the alloy NPs. The precipitated Au0 

clusters are then subsequently alloyed with unreacted Ag0 to yield Ag-Au alloy NPs. Both 

Ag and Au crystallize in the same face-centered cubic (fcc) crystal structure with well-

matched lattice constants (aAg = 4.086Å and aAu = 4.079Å); alloy-formation by galvanic 

replacement appears to be the likely mechanism underpinning the observed variation of 

alloy composition as a function of the amount of AuCl4
-.44 
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Figure 3.2: UV-vis absorbance spectra of bimetallic Ag-Au NPs at different mole fractions of Ag+ 

ions (χAg) in aqueous solutions of Ag+, Au3+, and HA at pH of (a) 6.0; (b) 7.0; (c) 8.0; and (d) 9.0. 

(Experimental conditions: [Ag+] + [Au3+] = 1.0×10-4 M, [HA] = 12.5 mg/L, reaction time = 1 h, 

temperature = 90±1°C) 

 



 

90 

 

 

 

Figure 3.3: UV-vis absorbance spectra obtained in aqueous solutions of Ag+, Au3+, and MES 

buffer at pH 8.0. (Experimental conditions: [Ag+] + [Au3+] = 1.0×10-4 M, reaction time = 2 h, and 

temperature = 90±1°C) 

 

 

Figure 3.4: UV-vis absorbance spectra obtained at different time in aqueous solutions of Ag+, 

Au3+, and MES buffer at pH 8.0. (Experimental conditions: [Ag+] + [Au3+] = 0.5×10-4 M, [FA] = 

12.5 mg/L, and temperature = 90±1°C) 

 

 Similar formation of bimetallic Ag-Au NPs is observed in solutions of Ag+/Au3+ 

mixed with HA at different pH values (Figure 3.2). Comparing the plots depicted in 
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Figure 3.1 with those in Figure 3.2, no significant difference in the alloy composition is 

observed, whether FA or HA is used as the reducing agent. Figure 3.5 indicates that when 

χAg ≥ 0.3, a linear relationship between ƛmax and χAg is observed (r2 = 0.98), reflective of 

a proportional increase of Ag content within the bimetallic nanocrystals as a function of 

the Ag precursor concentration. Both FA and HA serve as electron donors to Ag+ and Au3+ 

ions, which are reduced to Ag0 and Au0, respectively. The ability of FA and HA to bind 

metal ions and mediate the formation of NPs can be attributed to the abundance of Lewis 

basic sites such as carbonyl, carboxyl, nitrogen-containing, and sulfur-containing groups 

that are able to complex metal cations.45 The role of HAs as electron transfer shuttles is 

thought to derive in large measure from their abundant redox-active quinone moieties that 

are transformed between quinone, semiquinone, and hydroquinone through facile single-

electron transfer reactions.46,47 Indeed, the use of hydroquinone as a selective reducing 

agent for Ag+ has been reported.48 It is likely that reduced quinone moieties within the 

DOM are primed to facilitate Ag+ and Au3+ reduction to elemental Ag and Au, 

respectively.23 It is interesting to note that the pH dependence noted for FA is not observed 

for reduction by HA (Figures 3.2 and 3.5). HA has a higher molar mass than FA, which 

is reflected in a larger number of functional groups per oligomer and thereby allows for 

buffering of the proton concentration over a broad range. In other words, the reduced form 

of HA is not the limiting reagent, and consequently changes in solution pH over this range 

do not appreciably alter the thermodynamic driving force for the reduction of precursor 

ions to metallic nanocrystals. FA being the limiting reagent is corroborated by examining 

the electron donating capacity (EDC) of FA and HA. At a pH of 7 and a redox potential 
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of 0.73 V (vs. SHE), HA has an EDC of 3684±66 mmol of electrons per gram of HA 

whereas the corresponding value for FA is 2848±85 mmol electrons per gram FA.41 This 

further clarifies the origins of accelerated NP formation at higher pH values as reduction 

of the acid moiety in a basic environment increases the EDC.41  

 

 

Figure 3.5: Plots of plasmon maximum (ƛmax) of the bimetallic Ag-Au NPs grown in (a) FA and 

(b) HA versus χAg at different pH values. 
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 The formation of bimetallic Ag-Au NPs was also investigated at low 

concentrations by mixing Ag+ and Au3+ ([Ag+] + [Au3+] =2.0×10-5 mol/L; χAg = 0.5) with 

12.5 mg/L HA at pH 8.0. The optical absorption spectrum of the solution after heating for 

1 h at 90°C is shown in Figure 3.6. The expected SPR peak of the Ag-Au bimetallic alloy 

is observed, but is less pronounced compared to the observed peak at higher concentrations 

of Ag+ and Au3+ (Figure 3.4 vs. Figure 3.1). The stabilization of bimetallic Ag-Au NPs 

at low levels of precursors ions is thus established to be viable. 

 

 

Figure 3.6: UV-vis absorbance spectrum obtained in aqueous solutions of Ag+, Au3+, and MES 

buffer at pH 8.0. (Experimental conditions: [Ag+] + [Au3+] = 2.0×10-5 M, [HA] = 12.5 mg/L, 

reaction time = 1 h, temperature = 90±1°C) The black curve shows the spectrum of an FA+MES 

buffer solution without any ionic precursors, for comparison. 

 

 Finally, the formation of bimetallic Ag-Au NPs was also explored at room 

temperature (22°C). Figure 3.7 shows that Ag-Au bimetallic NPs are indeed formed, 

albeit after a relatively longer incubation time extending to several days. The diminished 

kinetics of crystal growth result in broader SPR bands. At low temperatures, initially 



 

94 

 

formed molecular Ag-Au precursors are bound to HA moieties as small clusters, which 

are ultimately coalesced to form nanoparticles. Nevertheless, these results illustrate that 

the higher temperatures examined here are a reasonable accelerated proxy for processes 

expected at room temperature. 

 

 

Figure 3.7: UV-vis absorbance spectra obtained in aqueous solutions of Ag+, Au3+, and MES 

buffer at pH 8.0. (Experimental conditions: [Ag+] + [Au3+] = 1.0×10-4 M, [HA] = 12.5 mg/L, 

temperature = 22°C) 

 

 Bimetallic NPs, prepared with χAg = 0.5 and 0.8 (at pH = 8.0), have been 

characterized by XPS for both FA and HA reduction. Table 3.2 notes the relative atomic 

concentrations of Ag and Au for these samples, deduced from integrating the areas of the 

respective spectral features in high-resolution Ag 3d and Au 4f XPS spectra. Consistent 

with the discussion of optical spectra above and the higher driving forces for Au reduction, 

for χAg = 0.8 and both FA and HA as reducing agents, more Au is incorporated on the 

surface of the Ag-Au NPs than expected from the precursor concentration (ca. 35 at.% as 
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compared to the added concentration of ca. 20 at.%). Figures 3.8A—B and 3.8C—D 

exhibit high-resolution Ag 3d and Au 4f XPS spectra of these samples, respectively. A 

spin-orbit coupling of 6.0 eV is observed between the Ag 3d5/2 and 3d3/2 peaks, whereas 

the splitting between the Au 4f5/2 and 4f7/2 peaks is 3.7 eV. Both values are consistent with 

the reported literature for elemental Ag and Au.49–51 For Ag NPs synthesized using either 

FA or HA, the Ag 3d5/2 component is centered at 368.0 eV, whereas the 3d3/2 component 

is centered at 374.0 eV; these values are also concordant with an assignment to zero-valent 

silver.52,53 For Au NPs synthesized using either FA or HA, the Au 4f7/2 feature is centered 

at 83.9 eV, whereas the 4f5/2 feature is centered at 87.6 eV, which are furthermore 

concordant with the reported literature for zero-valent Au.54  

 

Table 3.2: Atomic concentrations as deduced from integration of characteristic XPS spectral 

signatures (at the 95% confidence level). 

 Ag at.% Au at.% 

χAg = 0.5, fulvic acid 52±8 48±6 

χAg = 0.5, humic acid 56±3 44±2 

χAg = 0.8, fulvic acid 65±3 35±2 

χAg = 0.8, humic acid 65±5 35±3 
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Figure 3.8: (A, B) Ag 3d and (C, D) Au 4f high-resolution XPS spectra of the nanoparticle samples 

synthesized in FA (A, C) and HA (B, D) solutions. Ag 3d spectra show a shift to lower binding 

energies for the bimetallic samples (ca. 0.3—0.5 eV), indicating charge transfer from Au to Ag. 

No shift in binding energies is seen for the Au 4f spectra. 

 

 Interestingly, when Ag is mixed with Au in bimetallic NP samples, a decrease of 

the Ag 3d binding energy by ca. 0.3—0.5 eV is observed. Conversely, the Au 4f spectra 

show a modest shift of ca. 0.1 eV to higher energies. The red-shift of the Ag 3d peak and 

the blue-shift of the Au 4f peak can be attributed to electron transfer from Au to Ag as a 

result of a charge compensation mechanism that increases the density of 5d holes of Au 

upon interfacing with Ag.53 The charge compensation mechanism derives from the 

differential in the Pauling electronegativities of these two elements (2.54 and 1.93 for Au 
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and Ag, respectively).55 Electron injection from Ag into the 5d and 6sp states of Au results 

in extensive back-donation in order to maintain charge balance. The back-donation of 

electron density increases the hole density of Au 5d states while further depleting the Au 

4f states of electrons.56 The resulting charge transfer has been observed to inhibit oxidation 

of surficial Ag-atoms. 

 In addition to the distinct observation of charge transfer suggestive of interfacing 

of Ag and Au within the same nanocrystals, minor contributions are observed in Ag 3d 

spectra at 368.8 eV (Ag 3d5/2) and 374.8 eV (Ag 3d3/2) (Figures 3.9A—B), which can be 

attributed to monovalent Ag with an electronic structure analogous to silver carboxylates 

and provides insight into a possible interfacial interaction between functional groups of 

the DOM and the surfaces of the NPs.57,58 Indeed, features at centered ca. 288.2 eV and 

ca. 531.6 eV are observed in C 1s and O 1s high-resolution spectra (Figure 3.10) of 

bimetallic samples, both of which are consistent with the presence of metal carboxylates. 

The observation of monovalent Ag with carboxylate interactions does not rule out 

interactions with other functional groups on HA and FA such as thiols, which furthermore 

have a high affinity for binding monovalent Ag species.59,60 

 Considering the Au 4f XPS spectra of bimetallic NPs, distinctive contributions at 

ca. 84.6—84.8 eV and 88.5—88.7 eV can be deconvoluted (Figures 3.9C—D), which 

can be attributed to the Au 4f7/2 and 4f5/2 binding energies of a more oxidized Au species. 

While precise speciation is not possible based on XPS alone, the observed binding energy 

values are concordant with monovalent Au such as observed for Au(I)-thiolate 

complexes.54,61,62 The characteristic spectral signatures of oxidized Ag and Au species 
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point to the existence of surficial interactions between HA and FA functional groups and 

the coordinatively unsaturated surfaces of the bimetallic NPs. These functional groups 

likely complex the metal ions and hold them in close proximity to redox-active (e.g., 

quinone) sites of FA and HA, which further facilitate their reduction while being 

concomitantly oxidized in the process. The nucleation of nanocrystalline seeds is 

subsequently followed by monomer addition with the DOM buffering the extent of local 

supersaturation of the monomers.63 

 

 

Figure 3.9: Deconvoluted (A, B) Ag 3d and (C, D) Au 4f high-resolution XPS spectra of 

bimetallic Ag-Au NPs synthesized in (A, C) FA and (B, D) HA solutions.  
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Figure 3.10: (A, B) C 1s and (C, D) O 1s high-resolution XPS spectra of the nanoparticle samples 

synthesized in FA (A, C) and HA (B, D) solutions. 

 

 Figures 3.11A—D show low-magnification TEM images of Ag and Au NPs 

synthesized using FA and HA as the reducing agents. Individual particles can be 

distinguished and have morphologies ranging from quasi-spherical to distorted irregular 

rods. The particles range in size from ca. 20 to 30 nm. The contours of individual 

nanoparticles can readily be distinguished with the exception of some agglomeration 

observed for the HA-reduced Au NP sample in Figure 3.11D. For monometallic 

nanocrystals, individual particles appear to be stabilized through classical nucleation and 
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growth schemes mediated by complexation of metal ions to functional groups followed 

by subsequent reduction and monomer addition. The particles adopt energy minimized 

Wulff constructions. Figures 3.11E—F show low-magnification TEM images of 

bimetallic Ag-Au NPs (χAg = 0.5 and 0.8). The particles are relatively larger as compared 

to the monometallic NPs with lengths of ca. 40 nm and demonstrate both irregular 

morphologies and extensive agglomeration. The presence of extended defects, discernible 

as variations in electron density contrast, and branching is evident even at low 

magnification. Comparing the two reducing agents, bimetallic Ag-Au NPs grown in the 

presence of HA are observed to be agglomerated to a much greater extent as compared to 

NPs stabilized by FA. Given the greater abundance of functional groups on HA as 

compared to FA, the former likely has a larger number of nucleation sites; multiple 

nucleation events likely yield irregularly shaped aggregates of crystalline domains. The 

greater abundance of functional groups on HA furthermore translates to increased 

complexation of cations and a higher local supersaturation, thereby resulting in accelerated 

kinetics of crystal growth. 
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Figure 3.11: Low-magnification TEM image of AgNPs synthesized using (A) FA and (B) HA. 

Individual particles are easily discernable. Low-magnification TEM image of AuNPs synthesized 

using (C) FA and (D) HA are also presented. Again, individual particles are prevalent. (E) shows 

χAg = 0.5 bimetallic NPs synthesized in FA and (D) shows an identical reaction using HA in place 

of FA, both samples form large agglomerations with varying particle shapes and sizes. (G) and 

(H) show χAg = 0.8 bimetallic NPs synthesized using FA and HA respectively. Both show a high 

degree of branching and highly random particle shapes and sizes. (I) High-resolution TEM image 

of χAg = 0.5 NPs synthesized using FA and their SAED pattern. The diffraction pattern was indexed 

to the fcc phases of both Ag and Au. Twinning in this sample has become much more pronounced. 

(J) High-resolution TEM image of χAg = 0.5 NPs synthesized using HA and the corresponding 

SAED pattern. The diffraction pattern was indexed to the fcc phases of both Ag and Au. 

Pronounced twinning is likewise observed. (K) High-resolution TEM image of χAg = 0.8 NPs 

synthesized using FA and their SAED pattern. The diffraction pattern was indexed to the fcc 

phases of Ag and Au. Twinning has become highly random and disordered. (L) High-resolution 

TEM image of χAg = 0.8 NPs synthesized using HA and their SAED pattern. The diffraction pattern 

was indexed to the fcc phases of both Ag and Au. Twinning remains highly random and disordered. 
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 Figure 3.12 shows lattice-resolved HRTEM images and indexed selected area 

electron diffraction (SAED) patterns of individual Ag and Au NPs prepared using FA and 

HA as the reducing agents. The SAED patterns can be indexed to the fcc phases of Ag and 

Au (Joint Committee on Powder Diffraction Standards (JCPDS) 04-0783 and 04-0784, 

respectively), allowing for unequivocal phase identification. Extended crystalline domains 

and well-defined lattice spacings are observed for NPs stabilized by both reducing agents. 

The NPs stabilized using HA show some evidence for stacking faults separating 

nanocrystalline domains. For instance, Figure 3.12B shows pairs of diffraction spots 

characteristic of twinning;64 indeed, coherent twin boundaries can be resolved within 

individual particles. No evidence for crystalline oxides of silver and gold is discernible in 

lattice-resolved imaging of the NPs (or for that matter from X-ray diffraction 

measurements). 
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Figure 3.12: (A) High-resolution TEM image of Ag NPs synthesized using FA alongside the 

corresponding indexed SAED pattern. The diffraction pattern is indexed to the fcc phase of Ag. 

(B) High-resolution TEM image of Ag NPs synthesized using HA and the corresponding indexed 

SAED pattern. The image shows evidence of some twinning. The diffraction pattern is indexed to 

the fcc phase of Ag. (C) High-resolution TEM image of Au NPs synthesized using FA; the indexed 

SAED pattern acquired for the imaged region is shown in the right panel. The diffraction pattern 

is indexed to the fcc phase of Au. The presence of rings indicates the stabilization of multiple 

nanocrystalline domains. (D) High-resolution TEM image of Au NPs synthesized using HA 

alongside the corresponding indexed SAED pattern. The pattern indexes to the fcc phase of Au 

with well-defined rings characteristic of multiple nanocrystalline domains. 
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 Figures 3.11I—L shows HRTEM images and SAED patterns of bimetallic Ag-

Au NPs prepared using FA and HA as reducing agents. The SAED patterns are indexed 

to a fcc structure (Ag and Au exhibit comparable values of lattice constants) and the 

imaged lattice spacings are similarly assigned to interplanar separations in fcc Au and Ag. 

The NPs show a high density of stacking faults, substantially increased over the 

monometallic NPs. The manifestation of five-fold twinning has been reported for both Au 

and Ag NPs.65,66 Such five-fold twinning is thought to be thermodynamically favorable 

for noble metal NPs that are less than 20 nm in size given their low stacking fault energies 

and imposes specific surface energy constraints resulting in the adoption of energy 

minimized Wulff constructions in multiply twinned particles67,68 that differ substantially 

from particles without twin planes. Twinning along the high density (111) plane can serve 

as a means to compensate for strain energy of defects in five-fold symmetry particles, and 

imposes specific thermodynamic constraints on the particle morphology for particles with 

dimensions less than 20 nm.65 In contrast, multiple twin planes in larger particles tend to 

reflect kinetic effects during early stages of crystal growth. As a literature precedent, Au 

colloids grown by slow addition of chloroauric acid to a solution containing poly(diallyl 

dimethyl ammonium chloride) (PDDA) at a rate of 0.375 mL/min have been reported to 

crystallize as polycrystalline agglomerates with micron-sized dimensions, whereas 

addition at a rate of 0.1875 mL/min stabilizes well-defined faceted, triangular and 

hexagonal platelets.65 The irregular morphologies, extensive agglomeration, and relatively 

larger particle dimensions (as compared to monometallic NPs) observed in Figures 

3.11I—L suggest much accelerated rates of crystal growth and a kinetically controlled 
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regime for the bimetallic NPs. In this regime, growth occurs from atomically rough 

surfaces and is diffusion-controlled, reflecting the local supersaturation and thereby 

yielding rounded and poorly defined facets.69 Since the overall concentrations of precursor 

ions and DOM are held constant, the accelerated growth kinetics for the bimetallic 

particles points to the importance of the galvanic replacement reaction in Eq. 3.1, which 

accelerates the incorporation of zero-valent Au. The defects observed in the TEM images 

corroborate the manifestation of this diffusion-controlled regime. The stacking faults 

likely reflect the oriented attachment of multiple nuclei growing rapidly under conditions 

of high local supersaturation mediated by complexation of precursor cations at the 

different functional groups of HA and FA. 

 Figure 3.13 presents a schematic illustration of the DOM-mediated reduction and 

crystallization of bimetallic Ag-Au NPs. In this picture, Ag+ and Au3+ are individually 

reduced to Ag NPs and Au NPs in the presence of either FA or HA (Figure 3.13A). The 

Lewis basic groups of these DOMs (e.g., carbonyls, carboxylates, thiols, etc.) can complex 

the precursor ions, whereas electro-active species such as quinone moieties bring about 

reduction through single-electron transfer events. The formation of alloys (Figure 3.13B) 

is initiated by the galvanic reaction between AuCl4
- and Ag0, as noted by Eq. 3.1. The 

reaction deposits Au0 atoms and releases Ag+ ions back into solution.44 The Ag-Au alloy 

is eventually formed (Figure 3.13B) given the close proximity of the lattice constants of 

Ag and Au. This takes place when the deposited Au0 are interdiffused with Ag0, which 

have not participated in the galvanic reaction. The formed alloys are stabilized by electron 

transfer from Au to Ag.53–56 On a microscopic level, agglomeration is observed the 
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greatest for the bimetallic samples, especially for χAg = 0.8, synthesized in HA owing to 

its greater abundance of sites that can complex the precursor ions, allowing for facile 

nucleation and high local supersaturation. 

 

 

Figure 3.13: Schematic representation of the formation of Ag-Au alloy NPs in the presence of 

DOMs. 

 

3.5 Conclusions and Environmental Significance 

 The results presented herein demonstrate the formation of bimetallic Ag-Au alloy 

NPs when both Ag+ and Au3+ interact with DOM at environmentally relevant pH values. 

The complexation of the functional groups of DOM with Ag, Au, and bimetallic Ag-Au 

can promote their mobilization.70 Given the co-localization of Au and Ag in geological 
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deposits, high concentrations of Ag+/Au3+ and organic matter are expected in mineral 

processing and mining waste streams and can potentially speciate as Ag-Au bimetallic 

NPs. The migration, bioavailability, and toxicity of NPs are a function of their stability.8 

SPR spectra have been monitored for four months to evaluate the stability of bimetallic 

NPs stabilized using HA (by mixing equal molar ratios of Ag+ and Au3+ ions (хAg = 0.5 

and хAu = 0.5) at pH 8.0. UV-vis spectra of the NPs (Figure 3.14) do not show a diminution 

of the characteristic SPR absorbance. HA appears to serve as a passivating group and 

surfactant, thereby stabilizing the bimetallic NPs and preventing further growth. Indeed, a 

ζ-potential value of -33 mV has been measured, suggesting that the colloidal particles are 

electrostatically stabilized in aqueous media. The colloidal stability of the bimetallic NPs 

suggests the potential for long range transport and dispersion of these materials across 

aquatic environments. Further studies on the toxicity of Ag-Au bimetallic NPs are likewise 

warranted. A preliminary study conducted on Daphnia magna shows that the toxicity of 

Ag-Au bimetallic NPs is dependent on the elemental composition of the alloy, and is 

approximately intermediate between effects of monometallic Ag and Au NPs.71 Other 

studies have shown that Ag-Au bimetallic NPs show antibacterial properties72 and 

deleteriously influence germ cell function and embryo development.73  
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Figure 3.14: Stability of UV-vis absorption spectra of bimetallic Ag-Au alloyed NPs over a period 

of 120 days (χAg = 0.5).  
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CHAPTER IV 

ROLE OF NATURAL SUNLIGHT IN ACCELERATING THE DISSOLVED 

ORGANIC MATTER-MEDIATED FORMATION OF Ag-Au BIMETALLIC 

ALLOY NANOPARTICLES IN AQUATIC ENVIRONMENTS 

 

4.1 Summary 

The underpinning mechanism of the sunlight-accelerated growth of Ag, Au, and Ag-Au 

bimetallic alloy nanoparticles (NPs) in the presence of dissolved organic matter (DOMs) 

has been investigated. Under natural sunlight, two possible mechanisms have been 

considered to facilitate the growth of Ag and Au nanocrystals: a) reduction of dissolved 

Ag- and Au-ions via plasmon-generated electrons on the surfaces of incipient Ag and Au 

nuclei or b) photooxidation of phenol and hydroquinone groups in DOMs followed by the 

reduction of dissolved oxygen into superoxide radicals, which then serve as reducing 

agents for Ag- and Au-ions. It is noted that natural sunlight accelerates the formation of 

Ag NPs and Ag-Au bimetallic alloy NPs via the plasmon-induced pathway, with relatively 

minimal contribution of superoxide anion radicals (Ag+ and Au3+ are co-reduced upon the 

formation of Ag and Au nuclei). In contrast, no discernible difference is observed between 

Au NPs grown with or without illumination from sunlight. Transmission electron 

microscopy (TEM) reveals that Ag and Ag-Au bimetallic alloy NPs grown under 

photoillumination show a greater degree of polydispersity and polycrystallinity as 

compared to their dark counterparts, whereas for Au NPs no clear distinctions are 

discernible for nanocrystals grown in the presence and absence of sunlight. Regardless of 
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whether the Ag-Au bimetallic alloy NPs were grown in the presence of natural sunlight or 

not, X-ray photoelectron spectroscopy (XPS) measurements showed that both samples are 

stabilized by Au→Ag charge-transfer. Elucidating the mechanism of Ag-Au bimetallic 

alloy NPs in relevant environmental conditions is key to understanding their fate, 

transport, and toxicity in aquatic environments. 

 

4.2 Introduction 

Over the past few decades, considerable research has focused on the syntheses of silver 

(Ag NPs) and gold nanoparticles (Au NPs), leading to the discovery of several 

applications. For example, Ag NPs, have been shown to have antimicrobial properties and 

are embedded in socks and other pieces of clothing.1,2 Ag NPs have also been used as 

natural colorimetric and on-site detectors for pollutants, such as sulfurazon-ethyl 

herbicide.3 Similarly, Au NPs have also been used for the colorimetric detection of 

organophosphate pesticides, such as chlorpyrifos, fenamiphos, and phosalone in aquatic 

systems.4 The plasmonic properties of Au NPs also introduce attractive applications in 

biosensing and catalysis,5,6 to name a few examples. The widespread use of Ag NPs, Au 

NPs, and other nanomaterials in consumer products, agriculture, and medicine has also 

raised serious concerns pertaining to their potential toxicity, given their high surface-area-

to-volume ratio. While information on the toxicological properties of bulk materials is 

thoroughly documented, there is a significant gap in knowledge on how the toxicity of 

nanomaterials differs from their bulk counterparts.7,8 
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 The prevalent use of Ag and Au NPs, among other precious metal nanoparticles, 

has led to their unintentional release into the environment. Ag and Au NPs have been 

detected in aquatic systems (due to the lack of disposal regulations of consumer products 

containing these NPs), prompting concerns on their potential toxicity to humans and other 

biota.2,9 Similarly, metallic nanoparticles are released as industrial effluents from various 

metal processing plants. In 2009, Au concentrations as high as 1,890,000 μg/mL were 

detected in sludge from the Suwa Manufacturing Facility in Japan.10,11 The U.S. 

Environmental Protection Agency (EPA) reports an average of 43,000 μg/mL Ag in hot 

springs across the United States.12 Research has shown that Ag and Au NPs post a threat 

to the ecosystem13–15 which cannot be ignored. Among the most vulnerable are biota in 

aquatic systems near processing plants. Various studies have identified that the toxicity of 

metal nanocrystals is a function of both the size and the capping ligand used in 

synthesis.7,16 

 Ag- and Au-ions released as part of effluent streams can be reduced into their 

zerovalent species in aquatic systems under relevant conditions. Various natural 

parameters, such as pH, ionic strength, and dissolved oxygen, play an important role in 

the reductive formation and long-range transport of these metallic NPs.17,18 The surficial 

properties of nanoparticles (most importantly, size) also play a role in their mobility and 

toxicity.17 In general, the underlying mechanism involves dissolved organic matter (DOM) 

such as fulvic (FA) and humic acids (HA) behaving as reducing agents. DOMs are 

traditionally described as bioorganic particulate macromolecules which pass through a 

0.45-μm filter.19 DOMs are composed of polysaccharides, proteins, carbohydrates, amino 
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acids,17,20,21 and other by-products of the biological decay of dead animals and plants.3 

While their exact molecular structure/chemical composition is complex,22 it is known that 

FA is water-soluble at all pH values whereas HA is only water-soluble at high pH values. 

HA is also known to have a higher molar mass than FA, meaning more functional groups 

decorate the former as compared to the latter. Functional groups in FA and HA include 

carboxylic acids, phenols, and thiols, among many others. In previous work, we have 

noted that the reduction of Ag+ and Au3+ is initiated by complexation of the ions with 

Lewis basic groups in FA and HA such as thiols, carbonyls, and carboxyls. Reduction 

subsequently follows via single-electron transfer reactions from redox-active quinone, 

hydroquinone, and semiquinone groups in FA and HA. These DOMs also serve as surface-

capping ligands for Ag and Au NPs, imparting colloidal stability to the nanocrystals.23 In 

another study, our group postulated that FA and HA reduce Ag+ clusters adsorbed onto 

colloidal Ag2O.24 Another proposed DOM-mediated mechanism takes into consideration 

the contribution of natural sunlight in the mineralization of Ag NPs. This sunlight-

mediated pathway involves the photoactivation of phenolic and hydroquinone groups in 

FA and HA, followed subsequently by release of an electron to reduce dissolved O2 in 

water to form superoxide anion radicals:  

HA (aq.) + O2 (aq.) + hυ → HA+ (aq.) + O2
●- (aq.)               Eq. 4.1 

These superoxide anion radicals then reduce Ag+ into Ag0, as per:25 

Ag+ (aq.) + O2
●- (aq.) → Ag (s) + O2 (aq.)                Eq. 4.2 
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All mechanisms published in literature report a higher production of Ag NPs in mildly 

alkaline pH.17 In contrast, in mildly acidic pH, Ag (and Au) NPs are converted into their 

ionic forms by oxidants such as O2,17 O3,26 and Cl2 in aquatic media. 

 In facilities where multiple precious metals and metal ions are heavily used, the 

probability of releasing various elements in water streams is high. In Chapter III, we 

reported the DOM-mediated formation of Ag-Au bimetallic alloy NPs from of Ag+ and 

Au3+.23 These alloys are formed by galvanic replacement and are stabilized by a charge-

compensation mechanism. The process involves an initial injection of electrons from Ag 

to the 5d and 6sp states of Au, which subsequently results in an extensive charge back-

donation from Au to Ag.27–29 We note preferential incorporation of Au over Ag given that 

the former has a more positive redox potential over the latter (E0, (Au3+) = 1.50 V vs. SHE, 

E0(Ag+) = 0.80 V vs. SHE).23 Ag-Au bimetallic alloy NPs themselves have been 

extensively studied in the hopes of utilizing the synergy of properties between Ag and Au. 

Applications on biosensing and catalysis have also been identified for Ag-Au alloys, given 

the tunability of plasmonic properties by adjusting the elemental composition of the 

mixture.30,31 However, there is also growing concern on the toxicity of Ag-Au bimetallic 

alloy NPs. For instance, a previous study on Daphnia magna has noted that the toxicity of 

Ag-Au bimetallic alloy NPs is a function of their elemental composition, greater toxicity 

is observed with more Ag incorporated in the alloys.32  

 While in our previous study we tried to mimic environmentally-relevant 

conditions,23 our NPs were grown in the absence of natural sunlight. As mentioned 

previously, Jiang and co-workers observed that Ag NPs can be reduced in a two-step 
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mechanism involving the photooxidation of DOMs.25 Another mechanism to be 

considered is a plasmon-induced route. The plasmon-mediated synthesis of metallic 

nanoparticles was a result of a serendipitous study.33,34 In general, when light is irradiated 

on a metal, a plasmon is created, generating energetic charge-carriers on the metal 

surface.35–37 In the presence of hole acceptors, such as trisodium citrate dihydrate, the 

photogenerated hole oxidizes the hole acceptor, leaving behind a negative charge on the 

metal surface. This in turn reduces metal ions in solution, resulting in the nucleation and 

growth of NPs. The size as well as the morphology of the NPs can also be controlled in 

this photoreductive process.33,38 The morphology and size of NPs are dependent on the 

concentration of hole-acceptors in the solution.35,39 It can thus be imagined that these hole-

acceptors serve as passivating ligands to the growth of these NPs. Given that FA and HA 

both serve as reducing agents and capping-ligands in the formation of individual Ag and 

Au NPs, it is possible that exposure to sunlight will also lead to the formation of NPs, 

following either the photoactivation of DOMs route, the plasmon-initiated pathway, or 

some combination of both routes. The generalizability of these mechanisms to the 

stabilization of Ag-Au bimetallic alloys remain entirely unexplored. 

 In this work, we have sought to understand the mechanism of DOM-mediated Ag-

Au bimetallic alloy NP stabilization under natural sunlight in aqueous media. The 

presence of a single surface plasmon resonance (SPR) band in UV-vis spectra denotes the 

formation of Ag-Au bimetallic alloy NPs under various conditions simulating the 

environment. The plasmon-mediated reduction of Ag- and Au-ions appears to be the 

dominant mechanism following the initial formation of Ag and/or Au seeds, which can 
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form from superoxide anion radicals in solution. A more pronounced increase in yield is 

observed for Ag and Ag-Au bimetallic alloy NPs, whereas for Au NPs, no increase in 

yield was observed upon exposure to natural sunlight. All DOM-reduced NPs grown under 

photoillumination are noted to have a higher Ag:Au ratio as compared to the precursor 

concentrations, which is deduced from UV-vis and X-ray photoelectron (XPS) spectra, 

indicating that natural sunlight accelerates the single-electron reduction of Ag+. 

Transmission electron microscopy (TEM) results indicate a more defined morphology of 

samples grown under photoillumination as compared to samples similarly treated in the 

dark, especially for Ag and Ag-Au bimetallic alloy NPs. XPS illustrates that surficial 

complexation with carboxylic acid and thiol groups and Au→Ag charge-transfer are 

observed for all samples grown under photoillumination, similar to what we have 

previously23 reported. Understanding the mechanism underpinning the formation of these 

NPs in the presence of DOMs and natural sunlight is also imperative for determination of 

the ecotoxicity of these nanomaterials.  

 

4.3 Methods 

4.3.1 Chemicals 

AgNO3 (˃99.0%), AuCl3 (˃99.9%), and superoxide dismutase (SOD, 75,000 units) from 

bovine erythrocytes were obtained from Sigma-Aldrich (St. Louis, MO) and were used as 

received. Suwannee River humic acid (HA) and Suwannee River fulvic acid (FA) were 

purchased from the International Humic Substances Society (IHSS, St. Paul, MN). 

Deionized (DI) water used to prepare all aqueous solutions was distilled and passed 
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through a Milli-Q water purification system (conductivity ≈ 18 MΩ/cm). All pieces of 

glassware were immersed in a 10% aqueous solution of HNO3 for at least 24 h. Stock 

solutions of HA and FA solutions (25 mg/L) were stirred for 24 h by dissolution of solid 

HA and FA in a 1.0×10-3 M 2-2-(N-morpholino)-ethanesulfonic acid (MES) buffer 

(Sigma-Aldrich, St. Louis, MO)—undissolved solids were removed using 0.45 µm 

filters.24 The pH of the resulting solutions were measured using an Orion pH/ISEmeter 

(model 710A, Thermo Fisher Scientific, Waltham, MA) and adjusted with aqueous 0.1 M 

NaOH. 

 

4.3.2 Growth and Stabilization of NPs under Sunlight 

Aqueous solutions of 0.2 mM Ag+ and Au3+ were prepared by dissolving their respective 

solid precursors in DI water. Reaction solutions were prepared by mixing Ag- and Au-

ions to a total mixture of 10.0 mL with 10.0 mL DOM (HA or FA) at varying pH values 

(6.0, 7.0, 8.0, and 9.0) in 40 mL screw cap Tuf-Bond Teflon-fitted glass vials (Fisher 

Scientific, Hampton, NH). Reaction solutions of varying molar ratios (χAg = 0.0, 0.2, 0.5, 

0.8, and 1.0) of Ag- and Au-ions (the total concentration was maintained at 1.0×10-4 M) 

were prepared while keeping the concentration of DOM (HA or FA) constant at 12.5 

mg/L. Corresponding control experiments were done as follows: 

a) dark reaction mixtures covered with Al foil and a black polyethylene plastic bag; 

b) no DOM mixtures exposed to natural sunlight; and 

c) dark, no DOM mixture covered with Al foil and a black polyethylene plastic bag. 
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 The solutions were subsequently exposed under natural sunlight for ca. 15 h at 

total intensity of 2.5×104 kJ/m3 (measured by a Solar Light light meter (PMA 2100, 

Solarlight, Glenside, PA). A DR-5000 UV−visible spectrophotometer (Hach Company, 

Loveland, CO) was used to verify and quantify the formation of Ag, Au and Ag-Au 

bimetallic alloy NPs. The quartz cuvettes have an optical path length of 1 cm. 

 

4.3.3 Superoxide Anion Radical-Quenching Experiments 

A stock solution of 1,500 units/mL SOD was prepared with DI water. The pH of the stock 

solution was adjusted to 8.0. Various 0.2 mM Ag+ and Au3+ solutions were also prepared 

and adjusted to a pH of 8.0. AgNO3 and AuCl3 solutions at a concentration of 0.2 mM 

were prepared as follows: a measured amount of individual ion solutions was mixed in 40 

mL screw cap Tuf-Bond Teflon-fitted glass vials at a total volume of 5.0 mL, while 

keeping [HA] = 12.5 mg/L and [Ag+] + [Au3+] = 0.1 mM. Concentrations at 10, 20, 50, 

100, 200, and 400 units/mL SOD were added to the solutions accordingly. Molar ratios of 

χAg = 0.0, 0.2, 0.5, 0.8, and 1.0 were prepared. Reactions under natural sunlight were then 

conducted for ca. 12 h at a total sunlight intensity of 2×104 kJ/m3. 

 

4.3.4 Surface Analyses of Samples 

Mixtures of Ag- and Au-ions with a total volume of 250.0 mL at target molar ratios of χAg 

= 0.0, 0.2, 0.5, 0.8, and 1.0 were added to 250.0 mL of aqueous 25 mg/L HA solution in a 

500 mL amorphous glass conical beaker (Pyrex, Greencastle, PA). All final solutions were 

adjusted to a pH of 8.0 before exposure to natural sunlight. Total sunlight intensity was 



 

128 

 

maintained at 1.0×105 kJ/m3. All mixtures were exposed to sunlight for a total of 60 h. 

Dark control solutions were also prepared in the same manner, but the reaction vessels 

were covered in Al foil and a black polyethylene bag. After the NPs were generated, the 

solutions were transferred into FalconTM 15 mL conical centrifuge tubes (polypropylene, 

Fisher Scientific, Hampton, NH) and were subsequently centrifuged at 8,000 rotations/min 

for 30 min using an Avanti J-E centrifuge (Beckman Coulter, Inc., Palo Alto, CA). The 

supernatant from each solution was decanted from the precipitate, which was then triple-

washed with methanol (HPLC grade, ≥99.9%, Fisher Scientific, Hampton, NH) in order 

to remove unreacted reagents. Prior to analyses by XPS and TEM, the samples were 

freeze-dried for 48 h using a Labconco Freezone 12 Freeze-Dry System (Labconco Corp., 

Kansas City, MO). 

 Morphologies of Ag, Au, and Ag-Au bimetallic alloy NPs were determined using 

an FEI Tecnai G2 F20 ST field-emission TEM. Samples were dispersed in 2-propanol 

(Fisher, Fair Lawn, NJ) after which, a small volume was drop-cast onto 400-mesh holey-

carbon films supported by Cu grids (Electron Microscopy Sciences, Hatfield, PA). Prior 

to analyses, all TEM grids were air-dried at room temperature. All TEM micrographs were 

obtained at an operating voltage of 200 kV. 

 XPS measurements were performed to assess the surficial interactions of the 

monometallic and bimetallic NPs.23 All analyses were conducted with an Omicron 

XPS/UPS system with a 128-channel micro-channelplate Argus detector (instrument 

spectral resolution was ca. 0.8 eV). Mg Kα X-rays were used as the photon source (1253.6 

eV). A CN10 electron flood source was used to for charge neutralization of the samples. 
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All high-resolution spectra were collected at a pass energy of 20 eV and an energy step 

size of 0.05 eV (using constant analyzer energy (CAE) mode). All XPS spectra were 

calibrated against the C 1s line of adventitious carbon at 284.8 eV. The CasaXPS 2.3.16 

software was used to determine the relative atomic concentrations of Ag and Au in the 

bimetallic samples; this was accomplished by fitting the high-resolution spectra to 70% 

Gausian:30% Lorentzian product lineshapes and using a Marquart—Levenberg 

optimization algorithm. 

 

4.3.5 Ar-Purged Control Experiments  

Samples of χAg = 0.0 and 1.0 were prepared at a pH of 8 with HA as the reducing agent 

were exposed to white light from a commercial digital single lens reflex (DSLR) camera 

light-emitting diode (LED) lamp (ProLED Video W300, color temperature = 6000 K) for 

24 h with and without Ar purging. The purged samples were prepared using the same 

procedure previously mentioned, after which Ar (>99.9%, Praxair, Bryan, TX) was 

bubbled into the solution for ca. 10 min. The vials were quickly capped afterwards. 

Experiments without Ar purge were also performed. UV-vis spectra of all samples were 

collected afterwards. 

 

4.4 Results and Discussion 

In our previous work, we elucidated the DOM-mediated mechanism underpinning the 

formation of Ag, Au, and Ag-Au bimetallic alloy NPs in aqueous media.23 The formation 

of Ag-Au bimetallic alloy NPs was observed both in the case of HA and FA as reducing 
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agents. The yield of Ag-Au bimetallic alloy NPs was noted to be a function of solution pH 

for FA but not for HA. The higher molar mass per oligomeric unit of HA provides an 

abundance of functional groups, which enables buffering of proton concentration in 

solution. For FA, a higher yield of NPs is generally observed at alkaline pH values. These 

DOM species both serve as reducing agents and surface-capping ligands in the growth of 

the monometallic and bimetallic NPs. Ag- and Au-ions are thought to be initially 

complexed by Lewis basic groups (carbonyl, carboxyl, thiols, etc.) in either HA or FA. 

These ions are subsequently reduced into their zerovalent forms by single-electron transfer 

reactions from quinone, hydroquinone, and semiquinone groups in the DOMs40,41 (the 

initial complexation step holds Ag- and Au-ions in close proximity to these redox-active 

groups). The Ag-Au bimetallic alloy NPs are subsequently formed by galvanic 

replacement: Ag0 on the surface of HA or FA react with AuCl4
- in solution, depositing 

more Au0 on the DOM and releasing Ag+ back into solution as per:42,43 

Ag (s) + AuCl4
- (aq.) → 3Ag+ (aq.) + Au (s) + 4Cl- (aq.) + Au (E0 = 0.19 V)          Eq. 4.3 

Ag0 which has not participated in the galvanic replacement is then alloyed with the newly-

precipitated Au0 with subsequent interdiffusion stabilizing alloy particles.23 The formation 

of Ag-Au bimetallic alloy NPs is promoted by the close similarity of the crystal structures 

of Ag and Au, which both have a preference for face-centered cubic (fcc) polymorphs with 

similar values of lattice constants (aAg = 4.086Å and aAu = 4.079Å).  

This entire process is herein referred to in this report as mechanism a. 

 Monometallic and bimetallic NPs synthesized with HA showed greater 

agglomeration in comparison to FA-grown NPs owing to the greater abundance of 
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functional groups of HA over FA, which provide a higher density of complexation and 

nucleation sites enabling the growth of Ag, Au, and Ag-Au bimetallic alloy NPs. In either 

case, the Ag-Au bimetallic alloy NPs are stabilized by Au→Ag charge-transfer, which is 

a result of extensive back-donation of electrons from Au to Ag in order to maintain charge 

balance.29 

 Guided by knowledge acquired from our previous work, in this chapter we have 

sought to understand the role of sunlight in accelerating the DOM-mediated formation of 

Ag-Au bimetallic alloy NPs. It is hypothesized that natural sunlight can alter the reaction 

mechanism through the following pathways: 

b) promote the photoactivation of phenol and hydroquinone groups in DOMs,25 or 

c) give rise to a surface plasmon band for incipient Ag and Au nuclei in solution.44 

Mechanism b involves the reduction of dissolved oxygen by photooxidized phenol and 

hydroquinone groups to generate superoxide anion radicals in solution which are then 

oxidized back to O2 upon reduction of Ag- and Au-ions as per Eq. 4.1 and 4.2. Mechanism 

c involves the formation of surface plasmons on the surface of Ag and/or Au seeds, 

followed by the reduction of more Ag+ and/or Au3+ in solution. It is noteworthy to point 

out, however, that there has been considerable debate regarding the influence of O2
●- in 

the reduction of metal ions in aqueous media. Recent studies such as those performed by 

Zepp and coworkers45 and by Adegboyega et al.46 note that O2
●- derived from dissolved 

O2 in aqueous solution does not promote the reduction of Ag NPs. In fact, Adegboyega et 

al. note an increased yield in Ag NP after purging the aqueous solutions in nitrogen 

compared to unpurged solutions.46 Similarly, Wiesner and coworkers suggest that Ag-ions 
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are initially reduced by O2
●- (formed from dissolved O2 in the presence of DOMs and/or 

extracellular polymeric substances (EPS)) into Ag0 nuclei, which subsequently aggregate 

and grow through Ostwald ripening.47 The authors note that plasmon-activated Ag NPs 

covered by DOMs behave as heterogeneous nucleation sites for the further reduction of 

Ag+ bound on the surface of Ag NPs.47,48 

 Figure 4.1 shows UV-visible spectra of χAg = 0.0, 0.2, 0.5, 0.8, and 1.0 samples 

reduced with HA in aqueous solution at an external temperature of 31—35°C at various 

pH values with and without exposure to natural sunlight. As expected, no NPs were grown 

in the absence of HA, at any χAg value and pH, whether or not the samples were exposed 

to sunlight. In the presence of HA, NP growth was observed in the presence and absence 

of natural sunlight at all χAg values. For mixtures with χAg = 0.2, 0.5, 0.8, a single SPR 

feature was observed, which denotes alloy formation. These results are in good agreement 

with our previous study in which we deduce the formation of Ag-Au bimetallic alloy NPs 

in the presence of either HA or FA.23 For both monometallic and bimetallic NPs 

synthesized in the dark, there is no apparent trend between absorbance intensity and pH, 

consistent with our previous findings that HA is not a limiting reagent in the reduction of 

Ag- and Au-ions. On the other hand, NPs grown under exposure to sunlight do not seem 

to show any drastic changes in absorbance intensity with increasing pH at any molar ratio 

except at χAg = 1.0, where Ag NP formation is the highest at pH 7.0 and 8.0. 
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Figure 4.1: UV-vis spectra of χAg = 0.0, 0.2, 0.5, 0.8, and 1.0 samples acquired with HA, at pH = 

6.0, 7.0, 8.0, and 9.0 after ca. 15 h. Solid lines denote experiments performed under natural 

sunlight with HA, dashed lines denote experiments performed in the dark with HA, dotted lines 

experiments performed under sunlight but without HA, and dotted-dashed lines denote 

experiments performed in the dark but without HA. 

 

 Interestingly, in the presence of natural sunlight, a dramatic increase in Ag SPR 

intensity is observed for χAg = 1.0, whereas no change in SPR intensity is observed for χAg 

= 0.0. This seems to suggest that the HA-mediated generation of Au NPs is not affected 



 

134 

 

by additional exposure to natural sunlight—the same amount of Au NPs is produced with 

and without the presence of sunlight. Clearly, photoreduction by O2
●- therefore does not 

contribute to a greater yield of Au NPs. Since there was no change in absorbance intensity 

between Au NP grown under photoillumination and in the dark, it appears the predominant 

mechanism for Au NP formation is the reduction of Au-ions by redox-active quinone, 

hydroquinone, and semiquinone groups of HA, as we previously reported.23 Given the 

highly positive redox potential of Au3+ (1.50 V vs. SHE), it is not surprising that the 

formation of Au NPs is favorable with HA as reducing agent, whether the reaction is 

exposed to sunlight or not. 

 On the other hand, natural sunlight appears to accelerate the formation of Ag NPs, 

as seen by the remarkable increase in SPR intensity from samples grown in the dark to 

samples exposed under natural sunlight, denoting a dramatic increase in the yield of Ag 

NPs. The samples grown in the dark also show a broad SPR band, whereas the Ag NPs 

grown under photoillumination have sharper features at all pH values. Indeed, this 

suggests a more uniform size distribution for Ag NPs grown under photoillumination over 

their dark counterparts. The polydispersity in the dark-grown samples can be attributed to 

Ag NPs in solution being nucleated and grown at different rates because of the abundance 

of functional groups in HA. 

 For χAg = 0.2, 0.5, and 0.8 NPs, both sunlight- and dark-grown samples show a 

single SPR band which is indicative of alloy formation. For Ag-Au bimetallic alloy NPs 

synthesized in the absence of natural sunlight, the SPR absorbance is weighted toward the 

SPR of Au. These observations are likewise consistent with our previous findings that 
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there is a preferential incorporation of Au over Ag for Ag-Au bimetallic alloy NPs grown 

with DOMs in the absence of natural sunlight (and at ca. 90°C), given that the reduction 

of Au3+ into Au0 is thermodynamically more favorable than the reduction of Ag+ into Ag0 

(E0, (Au3+) = 1.50 V vs. SHE, E0(Ag+) = 0.80 V vs. SHE).23.23 For NPs grown under natural 

sunlight, there is a noticeable blueshift in the SPR bands with increasing χAg. This shift to 

lower λmax values does not seem to be affected by pH. This is indicative of the preferential 

incorporation of Ag over Au for the alloys grown under photoillumination. Natural 

sunlight seems to play a role in accelerating the single-electron reduction of Ag+ into Ag0 

(whereas three electrons are needed for the reduction of Au3+ into Au0), despite the fact 

that Au3+ has a higher reduction potential than Ag+. Aside from the shift to lower λmax 

values, an increase in absorbance intensity is also observed upon exposure to sunlight for 

the alloyed NPs. The increase in intensity is more apparent for χAg = 0.8, which were 

prepared at higher Ag+ concentrations. This is indicative of a greater yield of NPs upon 

exposure to sunlight, with a particular preference for the reduction of Ag-ions. 

 Figure 4.2 shows plots of λmax as a function of χAg for NPs grown with HA in the 

dark (Figure 4.2A) and exposed under natural sunlight (Figure 4.2B). In agreement with 

our previous findings, when HA is used as the reducing agent in the dark, pH does not 

affect the relative position of λmax at for most χAg (χAg = 0.8 and 1.0 samples grown in the 

dark show some pH dependence). The same is true for HA-grown NPs grown under 

sunlight as well. The shift towards the SPR of Ag is clearly evident for χAg = 0.5 and 0.8 

in Figure 4.2B. 
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Figure 4.2: Plasmon maximum (λmax) plotted as a function of χAg for HA-grown (A) dark and (B) 

sunlight-exposed nanocrystals. 

 

 Figure 4.3 shows UV-vis spectra of sunlight-exposed NPs grown with either HA 

or FA. All UV-vis spectra of bimetallic samples showed a single SPR band, indicative of 

Ag-Au bimetallic alloy NP formation. In our past work we derived a pH dependence for 

the yield of FA-reduced nanocrystals.23 On the other hand, the NP yield was observed to 

have no correlation with reaction pH when HA is used as the reducing agent, given that 

HA has more functional groups, and therefore, a higher electron-donating capacity (EDC) 

versus FA (3684±66 mmol of electrons per gram versus HA 2848±85 mmol electrons per 

gram FA49).23,49 This pH trend was not observed for sunlight-exposed FA-grown NPs. 

Aside from a few samples (χAg = 1.0 at pH of 8 and 9; χAg = 0.8 at pH of 9), there was no 

difference in absorbance intensity between HA and FA, suggestive of independence to 

solution pH when either DOM is used as a reducing agent in reactions conducted under 

photoillumination. In mechanism c, HA and FA can behave as hole scavengers upon the 

reduction of Ag+ and Au3+ by plasmon-generated electrons.50 In mechanism b, HA and 

FA donate an electron to dissolved O2 in solution.25 Under alkaline conditions, HA and 
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FA exist predominantly in their reduced form.23 Negatively-charged quinone moieties (Q) 

such as menaquinone, duroquinone, 2,5-dimethyl-p-benzoquinone, and p-benzoquinone 

have been reported to have positive reduction potentials when they react with molecular 

oxygen to produce superoxide anion radicals as defined by the reaction:51 

Q- (aq.) + O2 (aq.) ⇌ O2
●- (aq.) + Q (aq.)                 Eq. 4.4 

 

 

Figure 4.3: UV-vis spectra of sunlight-exposed χAg = 0.0, 0.2, 0.5, 0.8, and 1.0 samples acquired 

with HA and FA, at pH = 6.0, 7.0, 8.0, and 9.0 after ca. 15 h. Solid lines denote experiments 

performed with HA, dashed lines denote experiments performed with FA. 
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 Figure 4.4 shows plots of λmax as a function of χAg for NPs grown with FA and 

under natural sunlight. Similar to sunlight-exposed samples grown with HA (Figure 

4.2A), most samples do not show a clear pH dependence (χAg = 0.5 shows some pH 

dependence). A shift towards the SPR of Ag is also evident for χAg = 0.5 and 0.8, also 

suggestive of Ag incorporation in Ag-Au bimetallic alloy NPs. 

 

 

Figure 4.4: Plasmon maximum (λmax) plotted as a function of χAg for FA-grown nanocrystals 

exposed under natural sunlight. 

 

 Figures 4.54A, B, C, and E show low-magnification TEM micrographs of 

individual Au NPs and Ag NPs grown under sunlight (Figures 4.5A and C) and in the 
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dark (Figures 4.54B and D). No obvious differences in morphology and size distribution 

were observed for Au NPs. Both sunlight-exposed (Figure 4.54A) and dark-grown 

(Figure 4.54B) Au NPs show irregularly-shaped nanocrystals with approximate 

dimensions of 13±2 nm for sunlight-exposed samples and 19±2 nm for samples grown in 

the dark. These similarities in morphology and size distribution is consistent with UV-vis 

spectra for Au NPs, which show identical spectral signatures for both sunlight- and dark-

grown samples. For Ag, NPs grown in the presence of sunlight (44±16 nm, Figure 4.5C) 

are observed to be relatively monodisperse, whereas those grown in the dark (34±26 nm, 

Figure 4.5D) are more polydisperse. The observed increase in SPR intensity for Ag NPs 

(Figure 4.1A, E, I, and M) can therefore point to individual nucleation events happening 

in the presence of sunlight as a result of either mechanism b, c, or both. In the dark, the 

Ag NPs are grown by mechanism a as we have previously discussed.23 Figures 4.54E and 

F show low-magnification TEM micrographs of χAg = 0.8 NPs grown in the presence 

(20±15 nm) and absence (8±3 nm) of natural sunlight, respectively. The same 

polydispersity observed for dark-grown Ag NPs is observed for the dark alloy sample, 

whereas the sunlight-exposed samples more monodisperse. 

 



 

140 

 

 

Figure 4.5: Low-magnification TEM images of (A) χAg = 0.0 NPs grown in the presence of 

sunlight and HA and (B) χAg = 0.0 NPs grown in the absence of sunlight with HA present. These 

nanoparticles appear to be relatively unaffected across the two trials with consistent morphology 

and show a high degree of monodispersity. (C) χAg = 1.0 NPs grown in sunlight and HA and (D) 

χAg = 1.0 NPs grown in the absence of sunlight with HA present. The trend of polydispersity and 

irregular morphology in NPs grown in dark conditions persists in the χAg = 1.0 NPs. (E) χAg = 0.8 

bimetallic NPs grown in sunlight and HA and (F) χAg = 0.8 bimetallic NPs grown in the absence 

of sunlight with HA present. Nanoparticles grown in dark conditions are more polydisperse with 

inconsistent morphology. 

 

 Figures 4.6A, B, C, and D show high-resolution TEM micrographs and SAED 

patterns of individual Ag NPs and Au NPs grown under sunlight (Figure 4.6A, C) and in 

the dark (Figures 4.6B and D). The nanocrystals can be indexed to the fcc phases of Ag 

and Au (JCPDS 04-0783 and 04-0784, respectively.) The existence of crystalline oxides 
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was not noted in any of the samples. Au NPs do not show any difference in crystallinity 

whether the reaction is exposed to sunlight (Figure 4.6A) or not (Figure 4.6B). For both 

χAg = 1.0 and 0.8, the SAED patterns of both sunlight-exposed (Figures 4.6C and E) and 

dark (Figures 4.6D and F) samples show a high degree of polycrystallinity.  

 

 

Figure 4.6: High-resolution TEM images and the corresponding SAED of (A) χAg = 0.0 NPs grown 

in the presence of sunlight and HA and (B) χAg = 0.0 NPs grown in the absence of sunlight with 

HA present. High-resolution images and SAED patterns show little to no change between the NPs 

grown in sunlight and those grown in the absence of sunlight with the SAED displaying the 

expected fcc Au pattern. (C) χAg = 1.0 NPs grown in sunlight and HA and (D) χAg = 1.0 NPs grown 

in the absence of sunlight with HA present. High-resolution images show a higher degree of 

polycrystallinity. SAED patterns remain consistent with fcc Ag phases. (E) χAg = 0.8 bimetallic 

NPs grown in sunlight and HA and (F) χAg = 0.8 bimetallic NPs grown in the absence of sunlight 

with HA present. The indexed pattern is consistent with that of fcc Ag and Au phases. The SAED 

pattern is rather diffuse in the NPs grown in dark conditions indicating a high degree of 

polycrystallinity.  
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 The incorporation of Ag over Au is confirmed by XPS. Table 4.1 shows the 

relative elemental composition of sunlight- and dark-grown samples at pH of 8 in the 

presence of HA. All bimetallic alloy NPs show an increased Ag at.% upon exposure to 

natural sunlight, which is in good agreement with the observed blueshift in λmax in UV-vis 

absorbance spectra. Figure 4.7 shows high-resolution Ag 3d and Au 4f XPS spectra of 

sunlight- and dark-grown NPs in HA. A spin-orbit splitting value of 6.0 eV is observed 

for all Ag 3d high-resolution scans, whereas a spin-orbit splitting of 3.7 eV is observed 

for all Au 4f spectra, both of which are consistent with assignments reported in literature 

for zerovalent Ag and Au.52–54 For χAg = 1.0 (i.e., monometallic Ag) synthesized in either 

the presence or absence of sunlight, the Ag 3d5/2 feature is centered at 368.3 eV, whereas 

the 3d3/2 feature is centered at 374.3 eV, which is also consistent with Ag0 reported in 

literature.27,55 

 

Table 4.1: Ag and Au atomic concentration (at 95% confidence level) in Ag-Au bimetallic alloy 

NP samples derived by integrating high-resolution Ag 3d and Au 4f XPS spectra. 

 Ag at.% Au at.% 

Sunlight-exposed, 

humic acid 

χAg = 0.2 33±2 67±1 

χAg = 0.5 63±4 37±2 

χAg = 0.8 79±2 21±1 

Dark, humic acid 

χAg = 0.2 27±2 73±2 

χAg = 0.5 53±2 47±1 

χAg = 0.8 63±3 37±2 
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Figure 4.7: Ag 3d (A, C) and Au 4f (B, D) high-resolution spectra of samples ran under sunlight 

(A, B) and in the dark (C, D), reduced with HA at pH of 8. Au→Ag back-charge transfer is 

observed for alloyed samples, as denoted by the redshift of Ag 3d features and the blueshift of Au 

4f features. 

 

 For both sunlight- and dark-grown χAg = 0.0 (i.e., monometallic Au), the peak 

centered at 84.0 eV can be assigned to the Au 4f7/2, whereas for the peak centered at 87.7 

eV can be assigned to the 4f5/2 feature, which is also in good agreement with reported 

literature for Au0.55,56 In another study with Au NPs, Jiang’s group suggested that alcohol, 

phenol, and aldehyde groups of HA participate in single-electron transfer reactions with 

Au3+. This was observed for the various species of Au (oxidation states of +1 and +3 were 



 

144 

 

observed on solid samples aside from the usual zerovalent metal) observed in Au 4f high-

resolution XPS, with Au3+ being the second most dominant species, next to Au0.57 In stark 

contrast, we note that Au0 is the predominant species in the χAg = 0.0 samples examined 

in this work. 

 Figures 4.7C and D show high-resolution Ag 3d and Au 4f spectra, respectively, 

of monometallic and bimetallic NP samples reduced with HA at a pH of 8 without sunlight 

exposure. Consistent with our previous findings, a back charge-transfer from Au to Ag as 

a result of charge compensation is observed with χAg = 0.2, 0.5, and 0.8, as denoted by a 

redshift ca. 0.3—0.5 eV in Ag 3d spectra with respect to zerovalent Ag (χAg = 1.0) and a 

blueshift of ca. 0.1—0.3 eV in Au 4f spectra with respect to zerovalent Au (χAg = 0.0). Au 

is more electronegative than Ag (Pauling electronegativities of 2.54 and 1.93 for Au and 

Ag, respectively28) and this results in the redistribution of electrons from Ag 5d to Au 6sp 

states. In order to maintain charge balance, electrons from Au 5d and 4f are excessively 

back donated into Ag.27–29 This series of electron donations reflects the observed decrease 

and increase in binding energies in the Ag 3d and Au 4f high-resolution spectra, 

respectively. Figures 4.7A and B show high-resolution Ag 3d and Au 4f spectra, 

respectively, of monometallic and bimetallic NPs reduced with HA at a pH of 8 grown 

under photoillumination. The same charge-transfer events are noticeable in the high-

resolution spectra of the Ag-Au bimetallic alloy NPs, denoting that these alloyed 

nanocrystals are stabilized by a Au→Ag charge transfer as well. This back-charge transfer 

mechanism is thought to impede the oxidation of surficial Ag.23 
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 Figure 4.8 shows fitted Ag 3d and Au 4f high-resolution spectra of all 

monometallic and bimetallic NPs. The same surficial interactions we have previously 

reported were observed, such as the formation of Ag(I)-carboxylates/thiolates58–60 at 

368.7—369.5 eV (Ag3d5/2) and 374.7—375.5 eV (Ag3d3/2) and the formation of Au(I) 

thiolates56,61,62 at 85.0—85.3 eV (Au4f7/2) and 88.7—89.0 eV (Au4f5/2) eV, and were 

evident in both sunlight- and dark-grown samples, indicative of the presence of surficial 

interactions between HA and the metallic nanocrystals. The formation of these complexed 

species was also observed in C1s and O1s high-resolution spectra23 (Figure 4.9). The 

existence of metal oxides in all samples was also ruled out by a single O 1s feature in all 

samples which can all be assigned to the formation of metallic carboxylates and thiolates.23 

The observance of these features not only supports mechanism a (especially for the 

samples prepared in the dark), but it also further underlines the role of HA (and likely, 

FA) as a surfactant and as a surface-capping ligand in the DOM-mediated reduction of 

Ag, Au, and Ag-Au bimetallic alloy NPs. Similar to samples grown in the dark, HA (and 

FA) also provides a surface passivating layer to stabilize sunlight-exposed Ag, Au, and 

Ag-Au bimetallic alloy NPs in aqueous solution. We have previously observed that the 

Ag-Au bimetallic alloy NPs are stable for at least 120 days, as observed in the negligible 

diminution of SPR absorbance.23 The formation of metal complexes also suggests that 

acceleration of mechanism a cannot be ruled out upon exposure of the reaction to natural 

sunlight. 
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Figure 4.8: Fitted Ag 3d (A, C) and Au 4f (B, D) high-resolution spectra of samples ran under 

sunlight (A, B) and in the dark (C, D) reduced with HA at pH of 8. 
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Figure 4.9: Fitted C 1s (A, C) and O 1s (B, D) high-resolution spectra of samples ran under 

sunlight (A, B) and in the dark (C, D) reduced with HA at pH of 8. 

 

 In order to mechanistically examine how natural sunlight promotes the growth of 

Ag, Au, and Ag-Au bimetallic alloy NPs, reactions were performed with a superoxide 

radical scavenger, SOD, at an external temperature of 28—32°C. Figure 4.10 shows UV-

vis spectra of sunlight-exposed samples ran at various concentrations of SOD (expressed 

in units/mL) at pH of 8, with HA as the reducing agent. Jiang and coworkers investigated 

the role of superoxide radicals in the reduction of Ag NPs. Their group narrowed down 

that photoactivation of DOMs results in the photooxidation of phenolic (or hydroquinone) 
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groups in DOMs. Once photoactivated, phenolic groups donate an electron to dissolved 

O2 in aqueous solution, generating O2
●- (mechanism c). 

 Upon methylation of phenolic groups, the authors have noted a complete 

suppression of Ag NP formation, implying that dissolved O2 in solution can only be 

formed upon the photoactivation of phenolic groups. In their work, they have only used 

one concentration of SOD (150 units/mL), which, while in excess, was enough to quench 

O2
●- formation, and therefore, the reduction of Ag+. In our study, we have noted that even 

a concentration of 50 units/mL (one-third of what was previously reported in literature25) 

was enough to prevent the production of Ag NPs (Figure 4.10A). This seems to imply 

that mechanism c is the dominant mechanism: HA is photoactivated, in turn reducing 

dissolved O2 into O2
●-, which ultimately reduce Ag+ in solution. A few studies have noted 

that the photoreduction of Ag+ is kinetically slow63,64 and requires the presence of ligands 

such as with ligands, such as citrate.35 Reduction of Ag+ with O2
●- has been noted by Waite 

and coworkers to follow second-order kinetics.63 Given that some studies, however, have 

noted that the presence of O2
●- has minimal contribution to the reduction of Ag+, another 

possibility for the decreased yield is the complexation of Ag+ by Lewis basic sites in SOD. 

Behbehani et al. note that Ag-ions bind exothermically (association equilibrium constant 

of 5415.79±0.12 M-1 at 300 K) with Jack bean urease.65 Specifically, Ag-ions are 

complexed at the thiol groups of the cysteine residue on ureases.65,66 
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Figure 4.10: UV-vis spectra of SOD-treated χAg = 1.0 (A), 0.0 (B), 0.2 (C), 0.5 (D), and 0.8 (E) 

NPs reduced with HA at a pH of 8 and exposed under natural sunlight. SOD is added at varying 

concentrations in order to determine which mechanism governs the growth of monometallic and 

bimetallic nanocrystals of Ag and Au. 

 

 On the other hand, for χAg = 0.0, the generation of Au NPs is not quenched even 

with the addition of 400 units/mL SOD, which is around thrice what has been used in 

literature to capture O2
●- in solution25 (Figure 4.10B). Upon the addition of 10 units/mL 

SOD, the yield of Au NPs was minimally modulated, which is in stark contrast with the 

dramatic drop in the yield of Ag NPs (from an SPR intensity of ca. 0.62 to ca. 0.24) at the 

same concentration of SOD. At 50 units/mL SOD, the concentration at which Ag NPs 

ceased to form (Figure 4.10A), generation of Au NPs is still observed. For up to 100 

units/mL SOD added, the formation of Au NPs monotonically decreased, albeit 

minimally. At 200 units/mL SOD, the yield of Au NPs significantly decreased, but 

plateaued at the same value at 400 units/mL SOD added. It is therefore likely that the 
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formation of Au NPs proceeds via mechanism b. Wei and coworkers have previously 

reported that in the plasmon-mediated photoreduction of Au NPs, a sacrificial reagent such 

as methanol was needed in order to quickly scavenge photogenerated holes and isolate 

them from plasmon-generated electrons (methanol was irreversibly reduced to 

formaldehyde in the process).67 Hydroxyl-containing groups in HA (phenols, 

hydroquinones, etc.) can serve as scavengers for the plasmon-generated holes. At higher 

concentrations of SOD (200 and 400 units/mL), the drop in yield of Au NPs can also be 

attributed to the formation of protein-Au NP conjugates with excess SOD in solution.68 

 Figures 4.10C, D, and E show UV-vis spectra of χAg = 0.2, 0.5, and 0.8, 

respectively ran with the same range of SOD concentrations. For all cases, Ag-Au 

bimetallic alloy NP growth was still observed even with 400 units/mL SOD, suggesting 

that mechanism c is also the dominant reaction for alloy formation. Upon the initial 

formation of Ag and Au seeds via mechanisms a and/or b, plasmon-mediated mechanism 

c takes over and promotes the growth of Ag and Au NPs. This is consistent with the 

mechanism proposed by Wiesner and coworkers.47 Growing Ag and Au nanocrystals are 

subsequently alloyed to each other, given facile interdiffusion expected from their similar 

lattice constants. Galvanic replacement leads to the reduction of more Au0 on the surface 

of HA—this reaction is indicative of preferential incorporation of Au over Ag.23,69,70 Since 

there was preferential incorporation of Ag over Au in all bimetallic samples grown under 

photoillumination, it appears that galvanic replacement is not the likely mechanism which 

leads to the formation of Ag-Au bimetallic alloy NPs. Instead, Ag and Au NPs are alloyed 

to each other via the co-reduction71 of Ag+ and Au3+ by plasmon-generated electrons 
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(mechanism b). Despite the fact that the reduction of Au3+ is more thermodynamically 

feasible than the reduction of Ag+ (E0, (Au3+) = 1.50 V vs. SHE, E0(Ag+) = 0.80 V vs. 

SHE), the plasmon-mediated reduction of Ag over Au is preferred given that only one 

electron is needed to reduce Ag-ions (compared to three for Au3+). This explains the 

preferential incorporation of Ag over Au in all reactions conducted under 

photoillumination. The growth of Ag and Au seeds via mechanism c, can be envisioned 

to play an initial role in the growth of NPs. Unlike Au NPs, the modulation of the yield of 

Ag-Au bimetallic alloy NP at 200 to 400 units/mL was very minimal, (most especially at 

χAg = 0.8, which has the highest Ag at.% among all alloyed samples). Figure 4.10C shows 

that for χAg = 0.2, a slight redshift towards the SPR of Au is also observed for all SOD-

treated experiments. Since the Ag at.% is low at this molar fraction, formation of Ag seeds 

is suppressed with increasing concentrations of SOD, either because of the depletion of 

O2
●- or by the complexation of Ag+ with SOD. At this point, the formation of Au NPs is 

more favored. On the other hand, while there is a decrease in absorbance intensity upon 

the addition of SOD, Figure 4.10E does not show any shifts in the SPR band position. 

The decrease in yield can be attributed to lesser [Ag+] in solution upon the addition of 

SOD. Since the NP yield remained constant at any concentration of added SOD, 

mechanism c also appears to dictate the DOM-mediated formation of Ag-Au bimetallic 

alloy NPs under sunlight. The plasmon-induced mechanism is possible with the initial 

formation of Ag and Au nuclei via mechanisms a or b. After the seeds are formed, the ions 

in solution are reduced by plasmon-generated electrons on the seed surface. 
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 In order to determine whether superoxide anion radicals actually play a role in the 

formation of NPs, control experiments using a DSLR camera LED lamp as artificial white 

light source were performed. Particularly, monometallic Ag and Au NPs were grown with 

and without Ar-purging. While the process does not fully remove dissolved O2 in solution, 

its concentration is substantially decreased. Figure 4.11 shows UV-vis spectra of Ar-

purged and unpurged samples after 24 h. Interestingly, both Ag and Au NPs showed a 

dramatic increase in NP yield upon purging the solutions with Ar (Ag NPs are actually 

not formed within the 24-hour range with the unpurged solution). Our control experiments 

show verify the work done by Adegboyega et al.46 and Zepp and coworkers45 that the 

reactive transient O2
●- formed from the reduction of dissolved O2 plays a minimal role in 

the formation of Ag and Au NPs. Indeed, the increased yield of Ag and Au NP upon Ar-

purging underlines the dominant role of mechanism c. Ag and Au nuclei are initially 

formed from reduction of Ag- and Au-ions with superoxide anion radicals in solution 

(mechanism b) or by single-electron transfer events from redox-active quinone moieties 

in HA. After the formation of Ag and Au nuclei, NPs are further grown via the plasmon-

induced pathway (mechanism c), with HA serving as a scavenger of the plasmon-

generated holes. Therefore, the previously observed decrease in NP yield can be attributed 

to the complexation of Ag- and Au-ions with SOD. 
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Figure 4.11: UV-vis spectra of monometallic Ag (A) and Au (B) NP grown under a DSLR camera 

white LED lamp. HA was used as the reducing agent at a pH of 8. Curves in black show unpurged 

solutions while red plots show Ar-purged solutions. 

 

 Figure 4.12 shows a schematic of the DOM-mediated formation of Ag, Au, and, 

Ag-Au bimetallic alloy NPs in the presence of natural sunlight. Overall, natural sunlight 

accelerates the DOM-mediated formation of Ag and Ag-Au bimetallic alloy NPs in 

aqueous media. Initially, Ag and Au nuclei are formed either by reduction with O2
●- in 

solution25 or by single-electron reduction events from quinone, hydroquinone, and 

semiquinone groups in the DOM.23 Once formed, a surface plasmon is created on the 

surface of Ag and Au seeds, thereby promoting the generation of energetic charge-carriers 

on the seed surface.35–37 DOMs behave as hole scavengers and abstract the plasmon-

generated hole, leaving behind a build-up of negative charge on the metal surface. These 

plasmon-generated electrons subsequently reduce Ag- and Au-ions in solution, thereby 

furthering the growth of NPs. In the presence of both Ag+ and Au3+, Ag-Au bimetallic 

alloy NPs are formed by plasmon-induced co-reduction of Ag+ and Au3+. Preferential 

incorporation of Ag over Au is observed for the bimetallic samples given that only a single 

electron is needed to reduce Ag-ions. 
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Figure 4.12: Schematic of the DOM-mediated formation of Ag, Au, and Ag-Au bimetallic alloy 

NPs under natural sunlight. 
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4.5 Conclusions and Environmental Significance 

In this contribution, we have sought to understand the role of natural sunlight in the DOM-

mediated reductive formation of Ag-Au bimetallic alloy NPs in aqueous media. In our 

previous work, we noted that DOMs such as HA and FA behave as reducing agents in the 

synthesis of monometallic Ag and Au NPs. In the presence of both Ag+ and Au3+ in 

aqueous media, Ag-Au bimetallic alloy NPs can be formed via galvanic replacement (the 

Ag-Au bimetallic alloy NPs were observed to be stable up to at least 120 days).23 

Superoxide anion radicals are formed from dissolved oxygen in water upon 

photoactivation of phenol and hydroquinone groups of HA.25 These superoxide anion 

radicals in solution form Ag and Au nuclei, which exhibit characteristic surface plasmon 

resonances upon visible light illumination. Plasmon-generated holes are abstracted by HA 

leaving behind plasmon-generated electrons to reduce additional Ag+ and Au3+ in solution. 

In mixed aqueous solutions of Ag and Au ions, alloy formation under natural sunlight 

proceeds through a plasmon-induced pathway. Co-reduction of Ag+ and Au3+71 results in 

the DOM-mediated formation of Ag-Au bimetallic alloy NPs, with Ag as the dominant 

species; illumination with natural sunlight serves to accelerate the mineralization process 

and increases the predilection for Ag incorporation. The bimetallic species are stabilized 

by Au→Ag charge transfer as observed in high-resolution Ag 3d and Au 4f XPS. 

Knowledge of growth mechanisms of NPs under conditions emulative of natural aquatic 

media allows for better understanding of their transport and toxicological properties. 

While the toxicological properties of bulk metals are known, there is a knowledge gap on 

how their toxicity scales as a function of size. Given the high surface-area-to-volume ratio 
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of metallic nanocrystals, there has been considerable concern about their impact on aquatic 

fauna and on humans72 (since these NPs can potentially be transported to potable water 

sources). The toxicological properties of Ag-Au bimetallic alloy NPs are a function of the 

elemental composition of Ag and Au, wherein greater toxicity is observed with greater Ag 

incorporation.32  
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CHAPTER V 

POSTSYNTHETIC ROUTE FOR MODIFYING THE METAL—INSULATOR 

TRANSITION OF VO2 BY INTERSTITIAL DOPANT INCORPORATION* 

 

5.1 Summary 

The thermally driven orders-of-magnitude modulation of resistance and optical 

transmittance observed in VO2 makes it an archetypal first-order phase transition material 

and underpins functional applications in logic and memory circuitry, electromagnetic 

cloaking, ballistic modulation, and thermochromic glazing to provide just a few 

representative examples. VO2 can be reversibly switched from an insulating to a metallic 

state with an equilibrium transition temperature of 67°C. Tuning the phase diagram of 

VO2 to bring the transition temperature closer to room temperature has been a 

longstanding objective and one that has tremendous practical relevance. Substitutional 

incorporation of dopants has been the most common strategy for modulating the metal—

insulator transition temperature but requires that the dopants be incorporated during 

synthesis. Here we demonstrate a novel post-synthetic diffusive annealing approach for 

incorporating interstitial B dopants within VO2. The post-synthetic method allows for the 

transition temperature to be programmed after synthesis and furthermore represents an 

entirely distinctive mode of modulating the phase diagram of VO2. Local structure studies 

                                                 

* Reprinted with permission from “Postsynthetic Route for Modifying the Metal—Insulator Transition of 

VO2 by Interstitial Dopant Incorporation” by Alivio, T. E. G.; Sellers, D. G.; Asayesh-Ardakani, H.; 

Braham, E. J.; Horrocks, G. A.; Pelcher, K. E.; Villareal, R.; Zuin, L.; Shamberger, P. J.; Arróyave, R.; 

Shahbazian-Yassar, R.; Banerjee, S. Chem. Mater. 2017, 29, 5401-5412. © 2017 American Chemical 

Society. All rights reserved. 
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in conjunction with density functional theory calculations point to the strong preference 

of B atoms for tetrahedral coordination within interstitial sites of VO2; these tetrahedrally 

coordinated dopant atoms hinder the rutile → monoclinic transition by impeding the 

dimerization of V—V chains and decreasing the covalency of the lattice. The results 

suggest that interstitial dopant incorporation is a powerful method for modulating the 

transition temperature and electronic instabilities of VO2 and provides a facile approach 

for post-synthetic dopant incorporation to reach a switching temperature required for a 

specific application. 

 

5.2 Introduction 

The binary vanadium(IV) oxide (VO2), has been known for over five decades to be an 

archetypal metal—insulator transition material and exhibits an abrupt orders-of-

magnitude first-order insulator → metal transition at ca. 67°C.1–7 Considerable debate still 

exists as to whether the transition is underpinned by electron—phonon coupling (with an 

accompanying Peierls’ distortion) or a modification of electron—electron correlation (as 

is characteristic of Mott insulators).1,4,7,8 Below the transition temperature, the insulating 

phase of VO2 has an optical bandgap estimated to be 600 meV, which is eliminated upon 

temperature-, voltage-, photoexcitation-, or strain-induced metallization.9,10 Whether or 

not a specific crystal structure gives rise to a specific (insulating or metallic) electronic 

structure or is a consequence of such electronic structure, below the transition temperature, 

the monoclinic (M1) phase (P21/c) of VO2 is preferentially stabilized, whereas above the 

transition temperature, the tetragonal/rutile (R) phase (P42/mnm) represents the 
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thermodynamic minimum.1,10–12 The M1 phase of VO2 has alternating V—V distances of 

2.65Å and 3.12Å along the crystallographic a axis and presents a canted, zigzag 

configuration along the cation sublattice. In contrast, the R structure is a higher symmetry 

phase with a linear periodic arrangement of vanadium atoms along the cation sublattice 

characterized by uniform V—V lengths of 2.85Å (along the c axis).1,11,13,14 The abrupt and 

massive switching of conductance and optical transmittance in close proximity of room 

temperature in response to external stimuli such as temperature (and also strain, 

photoexcitation, and voltage) makes this compound of great interest for functional 

applications in logic and memory circuitry, electromagnetic cloaking, ballistic 

modulation, and thermochromic glazing to provide just a few representative 

examples.2,4,15–17  

 A major challenge in studies of correlated systems, which also has widespread 

practical resonance for applications of these materials in devices requiring room-

temperature operation, is to devise methods to modulate the transition temperature of the 

electronic instability. In VO2, one approach for tuning the metal—insulator transition 

temperature involves scaling to finite size, wherein supercooling or superheating of the R 

and M1 phases, respectively, is thought to arise from kinetic impediments to nucleating 

the phase transition as the volume density of potential nucleation sites is decreased with 

decreasing size.18,19 Alternatively, the thermodynamic stabilities of the different phases 

can be altered by substitutional doping, resulting in elevation or depression of the 

transition temperature. The incorporation of early transition metals on the vanadium 

sublattice has been extensively explored as a means of modifying the phase transition 
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temperature using various synthetic methods spanning the range from hydrothermal 

reaction to chemical vapor deposition, sol—gel synthesis, and sputtering; the 

incorporation of tungsten, molybdenum, and titanium on the vanadium sublattice is 

particularly well explored and clear correlations between dopant incorporation and the 

depression of the transition temperature have been established for these homovalent and 

aliovalent species.13,20–26 Trivalent dopants such as Al3+,27 Cr3+,28 and several lanthanide 

cations29 have further been incorporated on the cation sublattice and allow for stabilization 

of M2 and triclinic phases of VO2 in addition to elevating the transition temperature of the 

M1 to R transition. The introduction of oxygen vacancies by electrochemical reaction with 

ionic liquids (originally thought to be an electrostatic gating effect) has been developed 

recently as a means of modulating the phase transition temperature and has relevance for 

defining phase coexistence regimes wherein the conductance of the material provides a 

non-binary multistate variable.30–33 Hydrogen incorporation through a catalytic spillover 

mechanism has also been explored as a means of modulating the transition temperature of 

VO2.7,34 Given the close-packed structure types involved, not much attention has focused 

on the use of interstitial dopants as a means of modulating the metal—insulator transition 

of VO2. However, a computational study by Zhang et al. notes that small atoms such as B 

can be accommodated in tetrahedral holes of R-phase VO2; these authors predict that 

selective stabilization of the R phase could result in as much as a 83 K/at.% decrease of 

the transition temperature, more than three-fold the value obtained for tungsten, the most 

widely explored substitutional dopant.35 From a practical perspective, post-synthetic 

intercalation of dopants further holds promise as a means of adjusting the transition 
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temperature of highly crystalline VO2 after synthesis, enabling unprecedented tunability 

of the phase diagram. 

 In this work, we have explored the incorporation of B within high-crystalline-

quality VO2 nanocrystals using a diffusive annealing approach. Ensemble and local 

structure methods suggest that B is indeed incorporated in interstitial sites wherein it 

strongly modifies the relative phase stabilities, thereby greatly decreasing the metal—

insulator transition temperature. Diffusive doping of precursors initially deposited as 

surface ad-layers has proven to be successful for incorporation of dopants within Si, Ge, 

and complex III-V semiconductors and has emerged as a viable alternative to conventional 

ion-implantation and solid-state diffusion methods albeit, for the examples reported thus 

far, the dopants are still incorporated in substitutional sites.36–39 The ex situ diffusive 

doping process developed here provides a robust and facile method for incorporating 

dopants and selectively tuning the transition temperature of VO2. A linear correlation is 

established between dopant concentration and the critical transition temperature, TMIT. The 

phase transformations of the B-incorporated VO2 nanocrystals have been studied by 

temperature-dependent Raman spectroscopy and powder X-ray diffraction (XRD). The 

local structure of B within the VO2 has been examined by X-ray photoelectron (XPS), 

electron energy loss (EELS), and X-ray absorption near-edge structure (XANES) 

spectroscopies. 
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5.3 Methods 

5.3.1 Synthesis of VO2 Nanobeams 

VO2 nanobeams with dimensions of 210±70 nm in width and 4.0±3.0 μm in length were 

prepared as reported in our previous work based on the hydrothermal reduction of V2O5 

by small aliphatic molecules.9,40 In brief, 2-propanol-reduced VO2 (nanowires were 

synthesized hydrothermally in a 125 mL autoclave reactor (Parr Instrument Company, 

Moline, IL). 1.6000 g of V2O5 (Sigma-Aldrich, St. Louis, MO) was reduced to VO2 with 

10 mL of 2-propanol (Fisher, Fair Lawn, NJ) and 65 mL of deionized water (prepared with 

a Barnstead International NANOpure Diamond ultrapure water system ρ = 18.2 MΩ cm-

1), at 210°C for 72 h. The supernatant was discarded and the precipitates were rinsed with 

acetone (Macron Fine Chemicals, Center Valley, PA). The samples were then placed 

within a quartz tube, which in turn was annealed using a tube furnace at a temperature of 

550°C (ramping at a rate of ca. 45°C/min) for 3 h under an ambient of Ar gas flowed at a 

rate of 800 mL/min. 

 Thinner and smaller VO2 nanobeams with dimensions of 180±70 nm in width and 

1.6±0.9 μm in length were also prepared hydrothermally in a 23 mL autoclave reactor 

(Parr Instrument Company). In brief, 0.3000 g of V2O5 was reduced to VO2 with 9 mL of 

acetone (Macron, Center Valley, PA) and 7 mL of deionized water at 210°C for 18 h. The 

samples were washed with acetone and annealed at 550°C for 3 h as noted above. 

 VO2 nanoparticles with dimensions of 100±50 nm (measured across the longest 

axis) were prepared by ball-milling. In a typical synthesis, 0.1000 g of the acetone-reduced 
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VO2 was subjected to ball-milling with methacrylate polymer beads (Spex SamplePrep, 

St. Metuchen, NJ) for 2.5 h. 

 

5.3.2 Incorporation of B by Diffusive Doping 

2-Allyl-4,4,5,5-tetramethyl-1,3,2-dioxaborolane (97%) was purchased from Sigma-

Aldrich (St. Louis, MO). In a typical reaction, 20 mg of VO2 nanoparticles were dispersed 

in 1.00 mL of mesitylene (Sigma-Aldrich) by ultrasonication and 200 μL of 2-allyl-

4,4,5,5-tetramethyl-1,3,2-dioxaborolane was added to the reaction mixture. The reactants 

were allowed to stir for 2.5 h at 120°C under an Ar ambient in a Schlenk flask. The VO2 

nanowires were then recovered by centrifugation then rinsed with toluene. Next, the 

nanowires were annealed using a 2-mL porcelain combustion boat (VWR, Sugar Land, 

TX) to a temperature of 900—950°C for 1 min under an Ar ambient in a quartz tube 

furnace (rapidly ramping at a rate of ca. 45°C/min). Figure 5.1 plots the thermal profile 

used for the reaction. Control samples were prepared by subjecting unmodified VO2 to 

annealing under the same conditions without addition of the boron precursor. 

 

 

Figure 5.1: Rapid thermal annealing diagram for the diffusive doping process. 
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5.3.3 Characterization 

5.3.3.1 Differential Scanning Calorimetry (DSC) 

DSC measurements were performed using a Q2000 TA Instruments calorimeter. 

Measurements were performed under a flowing argon atmosphere in the temperature 

range from -20 to 100°C at a ramp rate of 15°C/min to examine the latent heat change 

given that the phase transition of VO2 is first-order in nature. 

 

5.3.3.2 Transmission Electron Microscopy (TEM) 

The nanowire samples before and after dopant incorporation were imaged by high-

resolution transmission electron microscopy (HRTEM) using a JEOL-2010 electron 

microscope at an operating voltage of 200 keV. Samples for HRTEM analysis were 

dispersed in ethanol (Koptec, King of Prussia, PA) drop-cast onto 400-mesh carbon-

coated copper grids (Electron Microscopy Sciences, Hatfield, PA), and air-dried. 

 

5.3.3.3 In Situ Temperature-Dependent Powder XRD 

A Bruker-AXS D8 Vario X-ray powder diffractometer, using Cu Kα radiation (λ = 

1.5418Å) and Ni filter was used for characterization of the samples by powder XRD. The 

samples were heated within a MTC oven mounted within the diffractometer; the samples 

were heated under a N2 ambient from 30 to 100°C at a heating rate of 0.17°C/s. The sample 

was likewise cooled in situ from 100 to 30°C at the same ramp rate. 
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5.3.3.4 Variable Temperature Raman Spectroscopy 

Raman spectra were acquired using a Jobin-Yvon Horiba Labram HR instrument coupled 

to an Olympus BX41 microscope using 514.5 nm laser excitation from an Ar-ion laser. 

Raman spectra were acquired using a 1800 lines/mm grating and an acquisition time of 

300 s. The laser power was kept below 300 μW to minimize local heating and oxidation. 

A Linkam Scientific Instruments THMS 600 thermal stage was used for the in situ thermal 

cycling experiments, and the samples were allowed to equilibrate for at least 300 s, under 

a flowing N2 ambient upon increasing/decreasing the temperature. 

 

5.3.3.5 XPS 

XPS analyses were performed on an Omicron XPS/UPS system with an Argus detector 

using Mg Kα X-rays (source energy of 1253.6 eV) and with charge neutralization of the 

samples (using a CN10 electron flood source). The instrument resolution was 

approximately 0.8 eV. All high-resolution spectra were collected at a pass energy of 100 

eV (in constant analyzer energy (CAE) mode) and at an energy step size of 0.05 eV. All 

high-resolution spectra were calibrated using the C 1s line of adventitious carbon at 284.8 

eV. Calculations of relative atomic concentrations were performed with the CasaXPS 

2.3.16 software, using the Marquardt-Levenberg optimization algorithm. 

 

5.3.3.6 High-Angle Annular Dark-Field Imaging (HAADF) and EELS 

A probe-side aberration-corrected JEOL JEM ARM200CF with a cold field-emission gun 

and post-column Gatan Enfina spectrometer operated at 200 keV were used for HAADF 
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imaging and acquisition of EELS spectra, respectively. The collection angles for the 

HAADF detector were set to 90 mrad -370 mrad and the EELS spectra were acquired 

using a 45 mrad collection angle and 0.1 eV/channel dispersion. 

 

5.3.3.7 XANES Spectroscopy 

B K-edge XANES spectra were acquired in the energy range of 185—210 eV at the 

Variable Line Spacing-Plane Grating Monochromator (VLS-PGM) beamline (E/ΔE > 

10,000) of the Canadian Light Source in Saskatoon, SK. The samples were mounted in a 

UHV chamber at a pressure of at a pressure of 1 × 10−8 Torr. The XANES spectra were 

measured using the high-energy grating of the beamline yielding a spectral resolution of 

ca. 0.1 eV with entrance and exit slit widths of 100 μm. A microchannel plate detector 

was used to collect the fluorescence yield (FLY) signal. All spectra recorded were 

normalized to the intensity of the photon beam as measured by the drain current of a Ni 

mesh (transmission 90%) situated upstream of the sample. 

 

5.3.4 DFT Calculations 

First principles calculations were performed within the framework of density functional 

theory (DFT), as implemented in the Vienna ab initio simulation package (VASP),41 

applying the linear density approximation (LDA) exchange-correlation potential. The 

electronic configurations of the relevant elements were realized using the projector 

augmented wave (PAW) pseudo-potentials formalism.42 All possible interstitial sites were 

identified using symmetry operations. Multiple structural relaxations were performed on 
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all the irreducible interstitial sites of the tetragonal cell. Convergence of the electronic 

structure was assumed, when changes between two consecutive steps fell below 10-7 eV. 

To assess the thermodynamic stability and obtain the formation enthalpies at infinite 

dilution, results obtained from calculations with supercells comprising 12, 24, 48, and 96 

atoms were extrapolated. 

 

5.4 Results and Discussion 

The incorporation of B within tetrahedral holes of R-phase VO2 has been explored using 

2-allyl-4,4,5,5-tetramethyl-1,3,2-dioxaborolane as the precursor given previous reports of 

its ability to cleanly cleave B—C bonds at high temperatures, which has allowed for facile 

substitutional p-type doping of Si.36 The diffusive annealing doping approach is a 

particularly attractive alternative to the in situ incorporation of dopants during synthesis 

since it allows for post-synthetic modification of previously prepared high-quality VO2 

crystals. In previous work, we have demonstrated that by controlling the reduction of V2O5 

during hydrothermal growth by using the appropriate reducing agent in the correct 

concentration, the oxygen stoichiometry of the prepared VO2 nanomaterials can be 

precisely controlled, yielding high crystalline quality materials that are unprecedented by 

other methods as characterized by the abruptness of the metal—insulator transition (within 

1°C), the magnitude of the modulation of conductance (four orders of magnitude or 

greater), and the consistency of the electrical bandgap with the optical bandgap.9,40 Using 

different reducing agents in hydrothermal synthesis allows for considerable control over 

the morphology and dimensions of the obtained nanomaterials.13,40 Given that diffusive 
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doping is a surface-limited phenomenon, we have explored B-incorporation within three 

different size distributions of VO2 nanocrystals. 

 The use of 2-propanol as the reducing agent yields VO2 nanobeams that are 210±70 

nm in width and 4.0±3.0 μm in length, whereas VO2 nanobeams prepared using acetone 

are 180±70 nm in width and 1.6±0.9 μm in length.43 To evaluate a further size distribution, 

acetone-reduced nanowires have been milled using polymer beads, which reduces the 

dimensions to 100±50 nm measured across the longest axis. Figure 5.2A—C depicts TEM 

images of as-prepared 2-propanol-reduced, acetone-reduced, and ball-milled acetone-

reduced VO2 nanobeams. Histograms of nanobeam and nanoparticle dimensions are 

shown in Figure 5.3. Overall, nanobeams synthesized with 2-propanol produce a large 

distribution of lengths spanning microns, whereas nanobeams synthesized with acetone 

are thinner and smaller. Ball-milling greatly reduces the dimensions of the nanowires, 

yielding nanorods. The DSC plots in Figures 5.2D and E illustrate heating and cooling 

transitions for each of these samples. As a first-order transition, the metal—insulator 

transition of VO2 is characterized by a substantial latent heat and a pronounced 

discontinuity of the specific heat capacity. The latent heat has a lattice enthalpy component 

arising from the structural distortion induced as a result of the M1 → R (or reverse) phase 

transition which is compensated for by a shift in phonon entropy and conduction entropy 

of the electrons induced as a result of charge ordering/delocalization.44–46 The sharp and 

well-defined peaks observed for the heating and cooling transitions, respectively, attest to 

the high crystalline quality of the as-prepared VO2 nanowires.9,40 The observed elevation 

of the heating transition (to 73°C) and depression of the cooling transition (to 58°C) for 
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the ball-milled samples are thought to be derived from an extended kinetic stabilization of 

the phases induced as a result of a diminished density of nucleation sites available upon 

scaling to nanometer-sized dimensions.18,19,47 

 

 

Figure 5.2: TEM micrographs of VO2 nanobeams prepared by reduction of V2O5 by A) 2-

propanol, B) acetone, and C) acetone, followed subsequently by ball-milling. The corresponding 

size distribution histograms are provided as Figure 5.3. DSC (D) heating and (E) cooling traces 

measured for the VO2 nanobeams. 
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Figure 5.3: Size distribution histograms for 2-propanol-reduced, acetone-reduced, and acetone-

reduced with ball-milled VO2. The dimensions are derived from TEM images. 
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Figure 5.4 schematically illustrates the diffusive doping process adapted from 

monolayer doping of Si and III-V semiconductors.36 As a surface-limited reaction, it is 

anticipated that the extent of doping will vary greatly with dimensions of the free-standing 

nanobeams.36,38,39 An initial surface adsorption step is followed by diffusive annealing, 

which promotes the simultaneous cleavage of bonds within the anchored precursor and 

either 1) the thermal diffusion of dopant molecules (and residual products) into the 

substrate and 2) the removal of products with Ar flow. As the surface-area-to-volume ratio 

increases with decreasing particle size, it is expected that smaller particles will incorporate 

greater amounts of the dopant and that the dopant will be uniformly distributed within 

smaller particles. Infrared spectroscopy does not show establishment of covalent linkages; 

physisorption is the presumed adsorption process given the lack of functionality in 2-allyl-

4,4,5,5-tetramethyl-1,3,2-dioxaborolane that can be grafted onto VO2. 
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Figure 5.4: Schematic illustration of the diffusive boron doping of VO2 nanobeams. Greater B 

incorporation is expected for smaller particles as a result of their greater surface-area-to-volume 

ratio. 

 

 The effect of substitutional incorporation on both the cation and the anion 

sublattices is to greatly modify the relative phase stabilities of the M1 and R phases as well 

as to potentially stabilize the metastable M2 and triclinic phases.1,48 The close coupling of 

lattice, orbital, and spin degrees of freedom renders these polymorphs energetically quite 

accessible with minor perturbations. In the best studied case of W as a substitutional 

dopant, substitutional incorporation of hexavalent tungsten cations on the vanadium 

sublattice increases the stabilization of the R phase as a result of (a) an electronic effect 

arising from two electrons being added to the band structure per dopant cation (resulting 

in an increased carrier density); and (b) a structural effect involving a pronounced 
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anisotropic strain normal to (122̄) planes of the M1 phase and an increase of local 

symmetry around the incorporated W atoms resulting in de-pairing of V—V dimers of the 

M1 phase.48–50 

 Figure 5.5 examines the influence of diffusive B doping on the phase stabilities 

and metal—insulator transition temperatures of the three size distributions of VO2 

nanobeams noted above. Figure 5.6 shows TEM images of the nanobeams suggesting 

substantial sintering upon diffusive annealing at 950°C. We have previously noted that 

annealing at temperatures greater than 600°C promotes the sintering of nanostructures into 

larger grains.40 In each case, three DSC traces are depicted corresponding to the sample 

treated by diffusive annealing (labeled 1), a control sample that is annealed under the same 

conditions without the B precursor (labeled 2), and the as-prepared sample (labeled 3). 

Figure 5.7 suggests that the control samples have similarly been sintered into larger 

grains.  
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Figure 5.5: DSC traces acquired during a heating ramp for samples derived from A) reduction of 

V2O5 by 2-propanol; C) reduction of V2O5 by acetone, and E) reduction of V2O5 by acetone 

followed by ball-milling. Panels B, D, and F plot the cooling traces corresponding to A, C, and E, 

respectively. In each panel, the following samples are compared: 1: VO2 sample prepared by 

diffusive B doping; 2: VO2 sample annealed without exposure to the molecular B precursor; and 

3: as-prepared samples. 
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Figure 5.6: TEM images of B-incorporated samples of VO2 nanowires reduced from A) 2-

propanol, B) acetone, and C) acetone, subsequently ball-milled. 

 

 

Figure 5.7: TEM images of VO2 nanowires reduced from A) 2-propanol, B) acetone, and C) 

acetone, subsequently ball-milled annealed without exposure to the molecular B precursor. 

 

 Table 5.1 provides a summary of the transition temperature values derived from 

the DSC traces in Figure 5.5. For the samples prepared by hydrothermal reduction of 

V2O5 by 2-propanol and acetone, no substantial alteration of the transition temperatures is 

observed for the control samples that are annealed without first depositing the molecular 

B precursor. The observed hysteresis between the endothermic heating and exothermic 

cooling transition is indeed characteristic of first-order transitions. For the ball-milled 

sample with initial dimensions of 100±50 nm, the heating and cooling temperatures are 

decreased and increased, respectively, and become closer to the equilibrium transition 

temperatures of bulk VO2. This behavior is thought be a result of sintering and grain 

growth (as evidenced in Figure 5.7C), which once again makes available a large density 
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of potential nucleation sites precluding kinetic stabilization of the M1 and R phases beyond 

the equilibrium transition temperatures. Interestingly, upon B-incorporation by diffusive 

annealing, the large 2-propanol derived VO2 samples are characterized by a substantial 

depression of both the heating and cooling transition temperatures. A bimodal distribution 

centered at 44 and 49°C is observed for the heating transition, whereas the cooling 

transition exhibits an anisotropic spread centered at ca. 27°C (Figures 5.5A and B). The 

bimodal spread is attributed to inhomogeneous or gradient incorporation of B as a result 

of the larger initial dimensions of these nanobeams. Indeed, for thinner acetone-derived 

nanobeams, a greater and relatively more homogeneous depression of the heating and 

cooling transition temperatures to 37 and 17°C, respectively, is observed (Figures 5.5C 

and D). For the smallest samples derived from ball-milling, the modulation of the heating 

and cooling temperatures is much more pronounced, down to 27 and 4°C, respectively, 

indicative of much greater B incorporation (Figures 5.5E and F). In both the heating and 

cooling plots, contributions from pristine VO2 are still discernible (ca. 67 and 62°C), 

indicative of a small amount of undoped VO2 within the sample. The increased 

homogeneity with smaller initial grain size is characteristic of diffusive doping or ion 

implantation processes and reflects a greater probability of dopant incorporation at shorter 

diffusion lengths.38 It is also noteworthy to mention that all the B-incorporated samples 

exhibit an increased hysteresis, which has also been previously observed for W doping, as 

compared to the as-prepared and control samples (which have a value of ca. 7—15°C). In 

particular, the 2-propanol-derived doped sample has a hysteresis of 17—22°C, the 

acetone-derived doped sample has a hysteresis of 20°C, and the ball-milled acetone-
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derived doped sample has a hysteresis of 23°C. Notably, dopant incorporation appears to 

be stable up to temperatures of 950°C unlike hydrogen incorporation where annealing to 

a temperature of 130°C results in elimination of interstitial hydrogen.34 

 

Table 5.1: Transition temperatures of VO2 samples doped by diffusive annealing contrasted to 

controls that are annealed without exposure to the molecular B precursor and the as-prepared VO2 

nanowires. 

Dimensions of VO2 Nanobeams and Mode 

of Processing 

Transition Temperature (°C) 

Heating 

(M1 → R) 

Cooling 

(R → M1) 

210±70 nm, 4.0±3.0 μm 

(2-propanol) 

as-prepared 70 63 

control 67 62 

doped 44, 49 27 

180±70 nm, 1.6±0.9 μm 

(acetone) 

as-prepared 71 58 

control 71 62 

doped 37 17 

100±50nm 

(acetone, ball-milled) 

as-prepared 73 58 

control 69 61 

doped 27 4 

 

 Given the ability to tune the extent of incorporation of B based on dimensions of 

the particles and temperature, Figure 5.8 depicts DSC traces acquired upon diffusive B 

incorporation within acetone-derived VO2 nanobeams. Table 5.2 lists atomic percentages 

for B as determined from high-resolution XPS scans by integrating the areas of spectral 

peaks assigned to V 2p, O 1s, and B 1s (assigned as per the NIST XPS Database).51 Figure 

5.9 depicts high-resolution B 1s XPS spectra. The B 1s peaks are centered in the 191—

192 eV range, which Quesada-González et al. have attributed to interstitial B in the case 

of doped TiO2.52 The spectra can be fitted to a single chemical species suggesting 

homogeneous incorporation at these concentrations. A clear monotonic correlation is 

evidenced between the amount of B incorporation and the depression of both the cooling 
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and heating transition temperatures. The concentration of B incorporated was primarily 

modulated by changing the surface-to-volume ratio of the initial VO2 sample due to the 

surface limiting adsorption reaction of the B-precursor. 

 

 

Figure 5.8: DSC (A) heating and (B) cooling traces for VO2 samples with increasing B 

incorporation via diffusive doping. The B content is derived from XPS measurements shown in 

Figure 5.9. 

 

Table 5.2: Correlation between atomic concentrations of B incorporated as determined from XPS 

studies and heating and cooling transition temperature as determined by DSC. 

B at.% (at 95 % 

confidence level) 

Transition Temperature (°C) 

Heating Cooling 

3.8±2.0 23 1 

3.3±1.6 35 16 

2.8±1.4 37 17 

1.9±1.0 43 24 
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Figure 5.9: High-resolution B 1s XPS spectra of B-incorporated VO2 samples with increasing B 

content. All fits (shown in red) are plotted as B-spline functions. 
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 Figure 5.10 shows that an approximately linear correlation can be drawn between 

the depression of heating and cooling temperatures and the incorporation of B within this 

range of B concentrations. An approximately 10°C/at.% of B depression of the transition 

temperatures is observed. The linear correlation of the transition temperature with B 

content and the singular boron species suggests that B resides within a consistent local 

environment across these concentrations. Interestingly, the hysteresis is not strongly 

modified with increasing incorporation of B. Adventitious carbon detected by XPS did 

not notably increase upon B incorporation and no carbides were observed. 

 

 

Figure 5.10: Linear relationship between B at.% and VO2 transition temperatures. 

 

 The phase transition of B-incorporated VO2 has been examined by temperature-

dependent powder XRD and Raman spectroscopy in order to examine the influence of 

doping on the phase stabilities. Figure 5.11 depicts in situ powder XRD patterns (A, C) 

and Raman spectra (B, D) of the 2.8 at.% B-doped VO2 sample acquired upon heating and 
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cooling. The in situ heating and cooling XRD patterns shown in Figures 5.11A and C, 

respectively, have been collected in the temperature range from 30 to 100°C and are 

indexed to the M1 (Joint Committee on Powder Diffraction Standards (JCPDS) 43-1051) 

and R (JCPDS 79-1655) phases of VO2. A minority Magneli phase of V8O15 (JCPDS 18-

1448) is also detected at higher B concentrations and is thought to arise from increased 

VO2 reduction (it does not however contribute to the observed metal—insulator transition 

since the transition temperature for this phase is 70 K).53 No evidence is observed for the 

orthorhombic VO2 phase stabilized by hydrogen incorporation.7,54 Figures 5.11A and C 

highlight the 2θ range from 54—70°, which corresponds to reflections that are most 

greatly altered across the phase transition. Figure 5.12 depicts the same powder XRD 

patterns across an extended 2θ range from 20 to 70°. Figure 5.13 and Table 5.3 present 

results of a Rietveld refinement to the room temperature pattern. Upon heating, Figure 

5.11A indicates a pronounced splitting of the reflection indexed to the (013) planes of the 

M1 polymorph at 2θ = 65° to reflections that can be indexed to the (310) and (002) planes 

of the R phase.55 The splitting characteristic of the R phase is most clearly discernible at 

50°C at which point the sample is predominately in the R phase. However, between 30—

45°C the XRD patterns exhibit reflections associated with both M1 and R phases, for 

instance, the (002) reflection (2θ = 65.2°) of the R phase appears alongside the broader 

reflections indexed to the (4̄02) (2θ = 64.8°) and (013) (2θ = 65.0°) reflections of the M1 

phase. Similarly, between 30°C—45°C, broader reflections at 55° and 57° correspond to 

overlapping reflections attributed to the M1 and R phases until 50°C, at which point the 

reflections shift and narrow to the characteristic reflections of the R phase. The 
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coexistence of the M1 and R phases is in agreement with the dispersion of the phase 

transition temperature range shown in the DSC trace for the same sample in Figure 5.8A. 

In contrast, upon cooling Figure 5.11C depicts that the R phase is retained down to 30°C 

corresponding to the substantial hysteresis noted in Figure 5.8 wherein the M1 phase is 

not recovered until temperatures below 17°C. 

 

 

Figure 5.11: In situ heating (A) and cooling (C) powder XRD patterns measured for a VO2 sample 

incorporating 2.8 at.% B collected at 5°C increments in the temperature range from 30 to 100°C. 

The vertical bars indicate positions and relative intensities of reflections derived from JCPDS XRD 

patterns. XRD patterns are shown in the 2θ range from 54—70°. Reflections of VO2(M1) are 

indicated in blue (JCPDS # 43-1051) and VO2(R) in red (JCPDS # 79-1655). In situ heating (B) 

and cooling (D) Raman spectra acquired for the same sample collected in the temperature range 

from -10 to 60°C. The crystal structures of the M1 and R phases are depicted as insets; the green 

spheres represent V atoms whereas the blue spheres represent O atoms. 
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Figure 5.12: XRD patterns corresponding to in situ heating (a) and cooling (c) of a B-incorporated 

VO2 sample collected at 5°C increments from 30 to 100°C. Vertical bars indicate positions and 

relative intensities of reflections derived from JCPDS XRD patterns. Reflections of VO2(M1) are 

indicated in blue (JCPDS # 43-1051) and VO2(R) in red (JCPDS # 79-1655). 

 

 

Figure 5.13: Rietveld refinement of powder XRD pattern of 2.8 at.% B-doped VO2 nanocrystals 

acquired at 295 K (see Table 5.3 for details). Pink tick marks indicate the position of reflections 

corresponding to the P21/c monoclinic space group of VO2 whereas green tick marks indicate the 

position of reflections corresponding to the 𝐏�̅� triclinic space group of V8O15. 
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Table 5.3: Tabulated parameters from a Rietveld refinement of 2.8 at.% B-doped VO2 structure. 

Refinement statistics, including goodness of fit (χ2), weighted goodness of fit (wRp) and the 

individual point residuals (Rp) show good agreement between the observed and calculated 

patterns. 

Phase 1: VO2 (M1) // Space Group: P21/c // Weight. Fraction: 0.55810 // Volume: 

118.70(3)Å3 

α = 90.000(0)° β = 122.31(2)° γ = 90.000(0)° 

a = 5.7424(8) b = 4.539 (1) c= 5.388(2) 

Χ2 = 4.511 wRp = 0.1040 Rp = 0.0834 

Phase 2: V8O15 (triclinic) // Space Group: 𝐏�̅� // Weight Fraction: 0.44190 // 

Volume: 916.095(0)Å3 

α = 98.90(4)° β = 128.46(3)° γ = 109.12(3)° 

a = 5.450(3) b = 7.011(2) c = 37.04(1) 

Χ2 = 4.511 wRp = 0.1040 Rp = 0.0834 

 

 Figures 5.11B and D show in situ Raman spectra of the same 2.8 at.% B-doped 

VO2 sample collected at various temperatures upon heating and cooling. Based on 

symmetry considerations, the insulating M1 phase has 18 Raman-allowed modes, nine of 

which are of Ag symmetry, whereas the other nine are of Bg symmetry.56–59 In contrast, 

the metallic R phase exhibits a broad featureless spectrum, and does not show any Raman-

allowed modes as a result of its highly reflective metallic character and high carrier density 

(which also greatly diminishes the laser penetration depth).56,58 Figure 5.11B shows that 

the B-doped sample remains in the M1 phase in the range from -10 to 40°C; the Raman 

signal is substantially attenuated at 40°C and then greatly diminished starting at 45°C 

indicating nucleation and substantial conversion to the R phase (these temperatures thus 

correspond to a phase coexistence regime as also observed by powder XRD);55,56 complete 

conversion to the R phase is observed at temperatures beyond 50°C. The observed 

transition behavior is concordant with the DSC profile for this sample plotted in Figure 

5.8. Analogously, Figure 5.11D indicates that upon cooling, modes corresponding to the 
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M1 phase are recovered only at 15°C. Importantly, the Raman and XRD measurements 

indicate interconversion between M1 and R phases without stabilization of the metastable 

M2 phase, which is known to be stabilized by trivalent doping and upon the application of 

strain.27,60 The M2 polymorph of VO2 is thrice more insulating than the M1 phase and is 

characterized by distinctive Raman modes that are blue-shifted from the 189 and 607 cm-

1 Ag modes of the M1 phase (the 221 cm-1 Ag mode of the M1 phase is further split into 

two distinct modes in the M2 phase).1,61–63 In other words, both Raman and powder XRD 

results suggest that the interconversion of M1 and R phases (and the accompanying 

metal—insulator transition) is not mediated by stabilization of the M2 phase despite the 

potential trivalency of the incorporated B atoms. 

 Further examination of the mode of dopant incorporation has been explored using 

HAADF STEM imaging (Figure 5.14A—C), EELS (Figure 5.14D and E), and XANES 

spectroscopy (Figure 5.15). Figures 5.14A and B indicate an atomic resolution HAADF 

STEM image and fast Fourier transform (FFT) acquired along the [111] zone axis for the 

same 2.8 at.% B-doped VO2 doped sample. The atomic-resolution image and the FFT 

match well with a simulated diffraction patterns for VO2(R) along the [111] zone axis 

(Figure 5.14C and D), suggesting stabilization of the R-phase. The stabilization of the R-

phase is indeed concordant with the DSC traces shown in Figure 5.8, which indicate that 

as a result of the pronounced hysteresis (outside of the systematic temperature-controlled 

DSC experiment) samples at room temperature contain a mix of the M1 and R phases as a 

result of the pronounced depression of the transition temperature brought about by B 

doping. While low-atomic-number B is not directly observed, the HAADF images do not 
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show any systematic intensity variations along the atomic columns and furthermore no 

evidence of strain is observed in these images. Notably, W atoms were distinguishable in 

substitutional sites and strong localized strain gradients were clearly discernible even at 

relatively low W concentrations in previous HAADF STEM studies of W-doped VO2.48 

 

 

Figure 5.14: Scanning transmission electron microscopy (STEM) analysis of a VO2 sample 

incorporating 2.8 at.% B. A) Atomic-resolution HAADF image (the inset shows a low-

magnification view of the analysis area) and B) Fast-Fourier Transform (FFT) of (A) acquired 

along the [111] zone axis of the nanowire. C) Solid sphere reconstruction of the R structure 

corresponding to the [111] zone axis and D) simulated diffraction pattern based on (C), both 

confirming the R structure of the sample. E) V L-edge/O K-edge and F) B K-edge EELS spectra 

acquired for the B-doped VO2 sample. 
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 Figure 5.14F shows an averaged core-loss B K-edge EELS spectrum acquired for 

the same B-doped sample; a broad absorption centered at ca. 194 eV confirms the presence 

of B in VO2. The presence of a singular B absorption feature further suggests homogeneity 

in terms of the mode of dopant incorporation. A core-loss EELS spectrum has also been 

collected at the V L- and O K-edges, as shown in Figure 5.14E. The oxidation state of V 

has been deduced from the V L3- and O-K-edges,64 by calculating the energy difference 

ΔE.48 This value is found to be 10.3 eV, which corresponds to a vanadium oxidation state 

of +4. The overall retention of the oxidation state of vanadium is consistent with the 

retention of the VO2 structure.13,20,48 No interstitial carbon is detected in EELS 

measurements. 

 The local structure of the incorporated dopants has been further probed by B K-

edge XANES spectroscopy. XANES involves the excitation of core-level electrons to 

partially occupied and/or unoccupied states and thus serves as a sensitive element-specific 

probe of the local electronic structure.65,66 Fleet and Liu have extensively explored the 

electronic structure of tetrahedrally- and trigonally-coordinated boron in various 

compounds and have compiled a valuable and extensive compendium of B K-edge 

spectra.67 Figure 5.15A shows the XANES B K-edge spectra of 3.3 at.% B-doped VO2, 

along with spectra acquired for various B-containing compounds wherein the 

crystallography of the B sites is well established. Several prominent absorption features 

for the model compounds are labeled in the graph and are assigned to specific electronic 

transitions as listed in Table 5.4. The feature labeled a centered at 191.3 eV is assigned to 

excitation of a B 1s core electron to π* states (derived primarily from unoccupied B 2pz 



 

198 

 

orbitals) of a C—B—C bond.68 The absorption labeled b centered at 192.3 eV corresponds 

to the B 1s → π* transition of sp2-hybridized planar boron compounds.66,69 This peak is 

thus notably absent in tetrahedrally-bonded (sp3) compounds of boron. The feature labeled 

c centered at 194.4 eV denotes the B 1s → π* transition to final states corresponding to 

anti-bonding B—O interactions in trigonally-coordinated boron compounds.66,67,70 The 

feature labeled d centered at 198.0 eV corresponds to B 1s → σ* transitions of sp3-

hybridized tetrahedral geometries, usually associated with B—O bonds such as within the 

BO4 group.67 Finally, the feature labeled e centered at 203.0 eV corresponds to excitation 

of B 1s core electrons to σ* states of trigonal B—O bonds.67,70 

 

 

Figure 5.15: A) B K-edge XANES spectra of a VO2 sample with ca. 3.3 at.% B incorporated by 

diffusive annealing alongside spectra acquired for various boron standards, cubic BN, hexagonal 

BN, rhombohedral B4C, B2O3 and H3BO3. The crystal structures of these compounds are shown 

next to the plots and highlight the local bonding geometry of B atoms in each case; the colors of 

the spheres represent the following atoms: red: B, blue: O, white: H, gray: C, and orange: N. B) 

Raman spectra of B-doped VO2 and two control samples, as-prepared VO2 and VO2 after diffusive 

annealing but in the absence of the B precursor. In this instance diffusive annealing led to 

incorporation of ca. 1.3 at.% B. The spectrum of as-prepared VO2 is also shown. 
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Table 5.4: Assignment of spectral features in B K-edge XANES spectra to specific electronic 

transitions. 

Label Incident Photon Energy (eV) Assignment 

a 191.3 B 1s → π* C—B—C 

b 192.3 B 1s → π* (planar) 

c 194.4 B 1s → π* B—O (trigonal) 

d 198.2 B 1s → σ* B—O (tetrahedral) 

e 203.0 B 1s → σ* B—O (trigonal) 

 

 The absorption feature labeled a is only observed in the spectrum for B4C, a 

rhombohedral compound. This compound has another feature at 192.3 eV, which can be 

attributed to excitation of B 1s electrons to anti-bonding states of inter-icosahedral B—B 

bonds within B4C.68 This feature is strongly overlapped with the 1s → π* transition of h-

BN. The absorption labeled c is observed for H3BO3 and B2O3, which have a trigonally-

coordinated B central atom. Peak e is likewise seen in these two compounds, characteristic 

of their sp2 hybridization and corresponding to transitions to higher energy σ* B—O 

states. Finally, the spectrum for c-BN begins with a dominant absorption edge at ca. 193.8 

eV, corresponding to transitions from B 1s to σ* continuum states in the conduction 

band.66,69 A broad resonance at d observed for c-BN corresponds to transitions to B—N 

σ* states. Peak b is also present in the spectrum acquired for c-BN, and is likely due to the 

presence of h-BN impurities within the standard. 

 Figure 5.16 depicts the evolution of the B K-edge spectra for VO2 with surface 

deposited 2-allyl-4,4,5,5-tetramethyl-1,3,2-dioxaborolane after diffusive annealing. The 

XANES spectrum for the B-doped VO2 shows a prominent peak at 198.2 eV, which is 

well aligned with the featured labeled d (Figure 5.15); the prominence of this feature 

suggests tetrahedral coordination of B such as within BO4 groups67 of the mineral sinhalite 
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(MgAlBO4). The R phase of VO2 does have tetrahedral sites that can accommodate B 

atoms wherein they can hybridize with four adjacent oxygen atoms, giving rise to B—O 

σ* states that serve as the final state for the absorption feature labeled d. The feature 

centered at ca. 194.2 eV observed for B-doped VO2 can then be assigned to excitation of 

a B 1s electron to a hybrid B—O π* state. A broader feature centered at ca. 200 eV is also 

observed in the spectrum. Fleet and Liu note that additional bands within the 197—200 

eV range are characteristic of tetrahedral B, as observed in their experiments with 

MgAlBO4 and monoclinic metaboric acid (HBO2(II)).67 The relative intensities of the π* 

and σ* transitions confirm a strong distortion from trigonal symmetry for the X-ray excited 

B atom. These measurements and the assignment of B as being interstitially incorporated 

are further entirely consistent with preferred sites for B incorporation deduced from DFT 

calculations. The hybridization of the anion sublattice with the interstitial Lewis acidic B 

atoms suggests concomitantly decreased V—O hybridization, which further translates to 

stronger V—V interactions and a higher degree of ionicity and an increased predilection 

for metallicity.71 
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Figure 5.16: B K-edge XANES spectra of an acetone-reduced B-doped VO2 sample before and 

after thermal annealing. 

 

 As another probe of dopant local structure, Figure 5.15B contrasts the Raman 

spectra of as-prepared and VO2 annealed without exposure to the molecular B precursor 

with that of a sample that has been diffusively annealed with the molecular B precursor to 

incorporate 1.3 at.% B. Raman spectra have been acquired in the range from 580 to 1,080 

cm-1. For the diffusively annealed sample, we note the emergence of three additional 

modes at 888, 912, and 945 cm-1 that are not observed for as-prepared VO2 and the sample 

annealed without reacting with the molecular B precursor. The appearance of these modes 

is intriguing especially since Pan and co-workers have suggested three possible interstitial 

sites in VO2 that B can occupy after doping, each of which give rise to distinctive 

vibrational modes.35 The peaks that we have observed in our Raman measurements are in 

close proximity with two of the calculated modes. The emergence of these modes in 
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Raman spectra of B-doped VO2 thus provides compelling evidence for the B atoms being 

situated in interstitial sites after diffusive annealing.  

 In order to further examine the preferred location of B atoms, DFT calculations 

have been performed to determine the most thermodynamically favorable location of a B 

atom within the tetragonal VO2 lattice. Formation energies (Ef) of all 10 possible 

interstitial sites (identified through symmetry operations) along with V and O 

substitutional sites were calculated using a 12-atom tetragonal supercell such that Ef is 

defined as: 

Ef = E(BVO2) – E(VO2) – E(B)                 Eq. 5.1 

where E(BVO2) is the total energy of a VO2 supercell containing one B atom, E(VO2) is 

the energy of a pure VO2 supercell, and E(B) is the energy of a single B atom calculated 

to be -6.67713 eV based on a 36 atom unit cell. The three most thermodynamically viable 

interstitial locations are shown in Figure 5.17A, and are designated as I1, I2, and I3. All 

three sites are characterized by a tetrahedral coordination of the neighboring O atoms. 

Atomic positions of each of the interstitial sites are given in Table 5.5. 
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Figure 5.17: A) Calculated unit cell for B-doped VO2, with the most thermodynamically favorable 

interstitial sites for B incorporation labeled I1, I2, and I3. All of the sites are characterized by a 

tetrahedral coordination of oxygen atoms. The colors of the spheres represent the following atoms: 

red: B, blue: O, green: O. B) Formation energy plotted as a function of B at.% for both 

substitutional and interstitial locations of VO2. 

 

Table 5.5: Fractional atomic coordinates of viable interstitial and substitutional sites for B 

placement within a tetragonal VO2 assessed using DFT calculations. 

Site x Y z 

I1 0.875000 0.000000 0.500000 

I2 0.250001 0.411638 0.121699 

I3 0.240321 0.875014 0.606839 

V 0.500000 0.500000 0.250000 

O 0.500000 0.779781 0.250000 

 

 In the high-symmetry tetragonal phase, V and O atoms each have one Wyckoff 

position possible for substitutional doping of a B atom, which was evaluated in 

conjunction with interstitial sites for comparison. Finite-size scaling using 12, 24, 48, and 

96-atom supercells was employed in order to obtain Ef approaching infinite dilution for 

each interstitial and substitutional location and is plotted in Figure 5.17B. We find for a 

B atom substitutionally doped into a V or O site the change in Ef is positive, indicating 

thermodynamic instability of supercell, which does not change significantly when 
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extrapolating to infinite dilution. Conversely, for all three interstitial sites, Ef is negative 

indicating that B incorporation is thermodynamically favorable but is slightly decreased 

with increasing B content. The most stable interstitial locations I1, I2, and I3 are quite 

similar in structure and energy. The calculations thus corroborate the pronounced 

energetic preference for the interstitial placement of B atoms within a tetrahedral 

geometry. The influence of B-doping on the transition temperature and relative phase 

stabilities is not reliably accessible from DFT calculations given the confounding effects 

of electron correlation.8,72 Competing DMFT models can accurately predict the phase 

behavior of VO2 but have yet to be extended to large supercells with low dopant 

concentrations. 

 The overall picture that emerges based on characterization of average and local 

structure and modification of the phase stabilities along with DFT calculations is that the 

molecular precursor is decomposed to yield B atoms that diffuse inwards from the surface 

of VO2. Based on observation of distinctive Raman modes, B K-edge XANES 

measurements suggesting a tetrahedral local geometry for the B atoms, the constancy of 

electron density along vanadium columns in HAADF STEM images, and the strong 

thermodynamic preference deduced from DFT calculations, the B atoms are posited to 

occupy tetrahedral holes of R-phase VO2, thereby forming interstitial dopants.35 Such 

interstitial incorporation of B thermodynamically stabilizes the R phase of VO2 based on 

the observed depression of the M1 → R and R → M1 phase transitions (Figures 5.5 and 

5.8). The increased stabilization of the R phase is explicable based on both structural and 

electronic arguments. In the former case, in R-phase VO2 corner-sharing VO6 octahedra 
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align linearly (with slight Jahn-Teller distortions) along the crystallographic c-axis with 

uniform V—V distances of 2.85Å.1 When the structure transitions from R → M1, the VO6 

octahedra dimerize and tilt along the c-axis resulting in alternating short and long V—V 

bond distances of 2.65Å and 3.12Å, respectively.1,11 The canting of the VO6 octahedra 

would reduce the volume of some interstitial sites while increasing the volume of others. 

The filling of interstitial sites with B atoms can thus destabilize dimerization of pairs of 

VO6 polyhedra required for stabilization of the M1 phase. Such an “obstructed volume” 

results in stabilization of the R-phase to substantially lower temperatures as compared to 

undoped VO2. From an electronic structure perspective, B incorporation induces 

renormalization of electron density within the VO2 lattice as a result of B—O interactions 

evidenced in B K-edge XANES spectroscopy. While the precise bonding geometry of B 

is unknown, B—O σ and π hybridization results in increased electron density on B, which 

in turn will reduce V 3d—O 2p hybridization. The subsequent weakening of V—O bonds 

results in decreased covalency and improved V—V overlap along the c-axis of the crystal 

structure making the lattice more metallic, and thereby stabilizing the R phase of VO2. 

 

5.5 Conclusions 

In this contribution, we introduce a novel method for post-synthetic introduction of 

dopants within VO2 based on diffusive annealing of surface-deposited molecular species. 

As a surface-limited method, the concentration of the dopant is controllable by tuning 

particle size of the VO2 precursor. Local structure tools indicate that B is incorporated 

within interstitial sites, specifically the tetrahedral holes of the R phase of VO2. The 
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preference for interstitial rather than substitutional incorporation is further corroborated 

by DFT calculations. The incorporation of B stabilizes the R phase preferentially to the 

M1 phase and thereby decreases the phase transition temperature. A linear, ca. 10°C/at.%, 

depression of the transition temperature is observed with increasing B content. The 

thermodynamic stabilization of the R polymorph is attributed to the incorporation of B 

atoms impeding the 1D dimerization of [VO6] octahedra required to stabilize the M1 phase 

and the reduced covalency of V—O bonds and increased metallicity induced by B—O 

hybridization. The developed method provides a means to precisely “dial in” the transition 

temperature for pre-synthesized VO2 as required for specific functional applications. The 

ability to access interstitial sites of VO2 further provides a new structural and electronic 

tool for modulating the properties of this canonical metal—insulator transition material. 

Future work will focus on exploring a broader palette of interstitial dopants. 
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CHAPTER VI 

CONCLUSIONS AND FUTURE OUTLOOK 

 

6.1 General Remarks 

In three disparate examples delineated in Chapters II—V, my dissertation research 

demonstrates that the surface chemistry of nanomaterials profoundly influences their 

properties and reactivity. When materials are confined to the nanoscale, surface energy 

contributions outweigh the bulk free energy, providing the thermodynamic basis for the 

observed amplification of surface control.1,2 Tuning these properties allows for the design 

of materials which can be useful for specific applications; the examples delineated in this 

dissertation suggest a myriad of applications such as for a) tunability of the electronic 

structure of graphene upon interfacing with gate dielectrics, for use in the semiconductor 

industry, b) knowledge of surface properties of nanomaterials for e design of effective 

environmental remediation strategies, and c) programmability of the metal—insulator 

transition temperature of VO2 for thermochromic fenestration. In these concluding 

remarks, important findings from each of our studies are again highlighted, and potential 

future research directions are outlined. 

 

6.2 Towards the Programmable Design of Metal Oxide/Graphene Heterostructures 

In Chapter II, the electronic structure evolution of graphene oxide as an atomic layer 

deposition (ALD) substrate was monitored during the early stages of HfO2 growth. Both 

X-ray photoelectron (XPS) and near-edge X-ray absorption fine structure (NEXAFS) 
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spectroscopies show that in the initial ALD step, water-treatment results in the elimination 

of basal hydroxyl and epoxide groups, which can be attributed to the reaction of these 

functional groups with water and mobile carbonyl groups, liberating CO2.3 The removal 

of these functional groups on the surface of graphene oxide results in the partial restoration 

of the π-conjugated network of graphene. Upon treatment with 

tetrakis(dimethylamido)hafnium(IV) (TDMH), pendant carboxylic acid groups on the 

edges of graphene oxide play a more prominent role in the ALD process by serving as 

nucleation sites for the growth of amorphous HfO2. The growth is accompanied by the 

sharing of electron density from the carboxylic acid groups of graphene oxide to Hf4+, 

forming Hf-carboxylates in the process.3 Hole-doping, which was previously reported 

following the plasma vapor deposition (PVD) of HfO2 on graphene4 is not observed, thus 

suggesting an entirely different mechanism when the said dielectric is grown by ALD on 

the surface of graphene oxide. 

 Our results for the ALD of HfO2 on graphene oxide underline the importance of 

how surface functionalization can be used to tailor the electronic properties of materials. 

Understanding the mechanism of interfacing HfO2 with graphene oxide finds immediate 

significance in the design of metal oxide/graphene heterostructures which can be used for 

graphene-based field-effect transistors (FETs). Graphene has been reported to be a good 

candidate in replacing Si as an active element in FETs.5 However, it is imperative to 

modulate its semimetallic properties with high-κ gate dielectrics. The imminent issue in 

interfacing metal oxides on graphene is the lack of functional groups, which can serve as 

nucleation sites for the growth of these oxides. On the other hand, introducing functional 
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groups by the simultaneous oxidation and exfoliation of graphite renders graphene 

insulating. Our work on the ALD of HfO2 on graphene oxide addresses both fundamental 

issues: a) graphene oxide is partially reduced during the early stages of the ALD process 

through the removal of basal hydroxyl and epoxide groups and b) carboxylic acid groups 

serve as anchoring points for the growth of HfO2. Fundamental knowledge of the roles of 

these functional groups at the interface of metal oxides and graphene oxide serves as an 

important guide in the rational construction of such graphene-based FETs and similar 

devices. Graphene-based FETs are reported to have a cutoff frequency greater than 100 

GHz, which remarkably outperforms traditional Si/SiO2 FETs.6–8 Figure 6.1 shows a 

schematic cross-section of a graphene-based FET fabricated by IBM in 2008. In this 

device, Al2O3 is deposited by ALD onto graphene/SiO2/Si to serve as the gate insulator 

for the FET. The use of graphene oxide (over unfunctionalized graphene) introduces 

multiple nucleation sites (carboxylic acid groups) for the ALD of gate dielectrics such as 

Al2O3 and HfO2. Moreover, the ALD of dielectrics on graphene oxide simultaneously 

restores the π-conjugated network of graphene by thermal defunctionalization.3 
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Figure 6.1: Cross-section schematic of a graphene-based FET. The device fabricated by IBM in 2008 

was noted to have a cutoff frequency of 26 GHz. Image from reference 5. Reprinted with permission 

from reference 5. Copyright 2009 American Chemical Society. 

 

 Metal oxide/graphene assemblies can likewise be used as cocatalysts in the 

photodegradation of persistent organic compounds (POPs).9 Among POPs, 

pharmaceutical compounds (as non-metabolized parent compounds or metabolites after 

digestion and secretion10) like antibiotics, anticonvulsives, and endocrine disruptors, to 

name a few representative examples, are released into the environment through effluents 

from wastewater treatment plants (WWTPs) 11,12 and hospitals.13 Alarming concentrations 

of pharmaceutical compounds have been reported, for example in 2011, Ventura and 

coworkers have measured 1,200 ng/L of valsartan, an antihypertensive drug, in surface 

water from the Llobregat River in Spain.14 These pharmaceuticals can eventually find their 

way into drinking water and back into the human body. Unintentional intake of exogenous 

drugs poses various human health risks—Jones et al. note that pharmaceuticals of 

sufficient quantity interfere with the regulation of metabolic systems (and can be fatal).12 

Antibiotics, such as amoxycillin and penicillin, have been reported to promote the 
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development of resistant bacteria.11,15 Another important concern is the synergistic 

adverse effects of these pharmaceutical compounds.15 Conventional water treatment 

processes such as filtration, chlorination, and in some cases, ozonization, have been 

reported to be inefficient in the removal and degradation of these persistent pharmaceutical 

compounds.14 Research studies have been developed into looking for alternative methods 

to degrade these persistent compounds. Wide-band gap semiconductors, including TiO2 

and ZnO, have been studied as catalysts for the degradation of various organic compounds 

such as dyes and pesticides.16,17 In past work, we have used ZnO tetrapods as catalysts for 

the photodegradation of PFOA and fluorotelomer carboxylic 5:3 acid in aqueous 

solutions.18 TiO2 and ZnO have been used as catalysts in the photodegradation of 

pharmaceutical compounds.19,20 An issue however, is that the insulating/semiconducting 

nature of wide-band gap transition metal oxides limits the mobility of photogenerated 

charge carriers. By using transition metal oxide/graphene interfaces, graphene—a highly 

conductive semimetal—can behave as a “non-innocent” catalyst support to mitigate the 

poor ionic and electronic conductivity of transition metal oxides.4,21 Graphene not only 

serves as an electron reservoir/shuttle for preventing charge carrier recombination22 

(thereby driving direct and indirect hole-mediated photooxidation forward16), but it can 

likewise provide a high surface area for the local accumulation of organic compounds near 

active sites. The mechanism we have derived from understanding the atomic layer growth 

of HfO2 on the surface of graphene oxide serves as an important model in interfacing 

commonly used transition metal oxide catalysts, such as ZnO and TiO2, with graphene. 

Various studies in literature reporting the hydrothermal growth of ZnO and TiO2 in the 
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presence of graphene oxide observed an increase in catalytic activity from using as-

prepared ZnO and TiO2.23 For example, Balkus and coworkers report ca. 75% degradation 

of malachite green with TiO2 nanotubes after 60 minutes which increased to a value of ca. 

90% with TiO2/graphene oxide composites.24 Zhou et al note ca. 80% degradation of 

methylene blue with ZnO/N-doped graphene oxide composites after 130 minutes versus 

ca. 10% degradation with just ZnO nanorods within the same time.25 In the hydrothermal 

syntheses of these heterostructures, graphene oxide is partially reduced as the metal oxide 

subsequently nucleates and grows its surface. The study of such heterostructures has so 

far been limited to dyes and pesticides and therefore, it should be noteworthy if these 

materials can be used with various persistent pharmaceutical compounds in surface and 

drinking as well. As a literature precedent, the photocatalytic activity towards caffeine and 

carbamezepine of P25 TiO2/reduced graphene oxide heterostructures developed by Linley 

et al. exceeded that of commercial P25 TiO2 by a factor of 1.2.10 

 

6.3 Towards Understanding the Surficial Properties of Natural Nanomaterials for 

Environmental Remediation Efforts 

In Chapters III and IV, we turn our attention to the surface-mediated growth of natural 

nanoparticles in the environment. Herein, we note that in the presence of dissolved organic 

matter (DOMs) such as fulvic or humic acids, Ag-Au bimetallic alloy nanoparticles can 

be formed and stabilized in natural aqueous media. Previous studies have investigated the 

growth and stabilization of monometallic Ag and Au nanoparticles in aquatic systems,26,27 

but it is only now that the mechanism of DOM-mediated Ag-Au bimetallic alloy 
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nanoparticle formation has been elucidated. The growth of Ag-Au bimetallic alloy 

nanoparticles is highly dependent on the solution pH and the molar mass of the DOM. In 

the absence of sunlight, there is a preferential reduction of Au over Ag due to the former 

having a higher redox potential over the latter. Ag- and Au-ions are first complexed by 

Lewis basic groups (carbonyls, carboxyls, thiols, etc.) in fulvic and humic acids, after 

which they are reduced to their zerovalent form by single-electron transfer events 

mediated by quinone, hydroquinone, and semiquinone groups in the DOM. Ag0 on the 

surface of the DOM reacts with AuCl4
- in solution via galvanic replacement reactions, 

depositing Au0 on the DOM surface and releasing Ag+ back into the aqueous solution. The 

newly formed Au0 reacts with unreacted Ag0 on the surface of DOMs, initiating the growth 

through interdiffusion of Ag-Au bimetallic alloys, given that both face-centered cubic 

metals have well-matched lattice constants. In general, the yield of Ag-Au bimetallic alloy 

nanoparticles increases with increasing solution pH. The bimetallic alloys are stabilized 

by a charge transfer from Au to Ag, as seen in shifts to lower and higher binding energies 

in XPS for Ag and Au, respectively.28 Agglomeration and twinning are observed in the 

crystalline samples, which appear to more prominent for humic acid-grown alloys, given 

that this DOM has a higher molar mass and therefore more functional groups for ion-

complexation than fulvic acid. On the other hand, natural sunlight seems to play a role in 

the preferential photoreduction of Ag over Au, given that only one electron is needed for 

Ag+ to be reduced to its zerovalent form. In the presence of sunlight, superoxide anion 

radicals (formed upon the photoactivation of DOMs) in solution reduce Ag-and Au-ions 

initially form Ag and Au seeds in solution, respectively, after which, the nanocrystals are 
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further grown via plasmon-induced reduction The same surficial interactions 

(complexation of metals with Lewis basic groups and Au→Ag charge transfer) are also 

observed for the Ag-Au bimetallic alloy nanoparticles grown upon visible light 

photoexcitation. 

 As previously emphasized, another important task at hand is determining the 

toxicity of the Ag-Au bimetallic alloy nanoparticles. It has been noted in a previous lead 

study that the toxicity of citrate-reduced Ag-Au bimetallic alloy nanoparticles in Daphnia 

magna is dependent on the alloy elemental compisition.29 In our work, we have noted that 

fulvic and humic acids not only serve as reducing agents, but also act as surface-

passivating ligands on Ag-Au bimetallic alloy nanoparticles, which promotes their 

colloidal stability in aquatic systems for at least 120 days. Studies on Group 1B 

monometallic nanoparticles show that their toxicity is a function of their size and the type 

of the passivating ligand,30,31 thereby underscoring the importance of understanding the 

interfacial chemistry and mechanistic formation of these natural nanomaterials. Surface-

capping ligands have been reported to dictate the size and morphologies not just of 

metallic nanoparticles,32 but also of oxychloride nanoplatelets,33,34 quantum dots,35 and 

many others. Moving forward, it is equally important to determine the fate of these 

bimetallic alloy nanoparticles when they are further transported into aqueous systems with 

a different chemistry, given that their colloidal stability can result in long-range transport. 

In past work, our group in collaboration with the group of Dr. Virender Sharma and Dr. 

Mary Sohn has noted that in hard water systems such as hot springs, estuarine ecosystems, 

and other areas with high limestone deposits, the presence of other metal cations, including 
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Na+, K+, Mg2+, and Ca2+, promotes the aggregation, agglomeration, and eventual 

sedimentation and removal of Ag nanoparticles. This effect is more pronounced for Ca2+, 

which is a divalent ion with a larger ionic radius than Mg2+.36 In particular, Ca2+ can form 

stable complexes with the carboxylic acid groups in DOMs,37 which leads to the 

destabilization and sedimentation of Ag nanoparticles. This suggests that Ag nanoparticles 

are strategically easier to remove in harder water streams than in freshwater systems. It 

will be imperative to extend this study to our Ag-Au bimetallic alloy nanoparticles. 

Understanding the chemistry at the surface of DOMs and nanomaterials opens up 

possibilities for the design of careful remediation efforts not only of Ag and Ag-Au 

bimetallic alloy nanoparticles but also for other precious metals polluting aquatic 

environments. A recent phytoremediative process developed by Olkhovych et al reports 

partial (30%) to total (100%) removal of Mn, Cu, Zn, and Ag nanoparticles with various 

submerged and free-floating aquatic plants.38 

 Our mechanistic studies discussed in Chapters III and IV also provide insight on 

the DOM-mediated reductive mineralization of other precious metal ions in aquatic 

systems. Examples of precious metals that have been detected at overwhelming 

concentrations in groundwater are Pt and Pd. In 2012, 602,000 μg/L Pt and 710,000 μg/L 

Pd were detected in sewage ash from incinerators in the United Kingdom.39 Under relevant 

conditions, silver bi- and trimetallic alloys, such as Ag—Pt, Ag-Au—Pd, Ag-Au—Pt, and 

Ag—Pd—Pt, can be synthesized via single and/or sequential galvanic replacement 

reactions.40 Mechanistic understanding derived from our studies with Ag-Au bimetallic 

alloy nanoparticle stabilization and formation in aqueous media will guide understanding 
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of the toxicity of other precious monometallic and alloyed nanoparticles released in the 

environment. Zimmermann et al. note that Pd and Pt are significantly more toxic to 

Daphnia magna than other metals such as Rh, and the effect is magnified considerably 

when Pd and Pt are both present in solution.41 It is therefore important to determine 

whether or not other alloyed metal systems can be formed naturally in the presence of 

DOMs in aquatic systems via the mechanism we have outlined. Elucidating the 

mechanism behind alloy formation and identifying surficial interactions on the metallic 

nanoparticles are integral in determining the stabilization and toxicity of these 

nanomaterials in natural aquatic media. 

 

6.4 Towards Temperature Tunability of Close-Packed Systems for Memory and 

Thermochromic Applications 

In Chapter V, we developed a novel two-step surface-limiting technique for introducing 

dopant atoms into the VO2 lattice, which leads to the stabilization of its R phase at lower 

temperatures. The first step includes the physisorption of the molecular precursor, 2-allyl-

4,4,5,5-tetramethyl-1,3,2-dioxaborolane, onto the surface of freestanding VO2 nanowires. 

In the second step, the precursor/VO2 assembly is subsequently annealed at 900—950°C 

temperatures to promote the decomposition of 2-allyl-4,4,5,5-tetramethyl-1,3,2-

dioxaborolane as well as the diffusion of B atoms into the VO2 lattice. We note a linear 

correlation between dopant concentration and the extent of modulation of the metal—

insulator transition temperature (TMIT). In other words, the greater the amount of B atoms 

incorporated, the lower the temperature of the metal—insulator transition. This is evident 
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in decreasing particle size of VO2 nanowires, wherein more B dopant atoms are 

incorporated as a result of increasing surface-area-to-volume ratio, further emphasizing 

the surface-limiting nature of the diffusive doping process. In stabilizing VO2(R) at lower 

temperatures, the novel ex situ diffusive doping process developed shows a more tunable 

route for the modification of the phase diagram of VO2 by introduction of diffusive 

dopants into the VO2 lattice. Aside from the R phase, the introduction of B atoms into the 

VO2 lattice does not promote the stabilization of other metastable phases of VO2. We 

observe no evidence of strains along the crystallographic columns of VO2 and overall 

retention of the +4 oxidation state of V. X-ray absorption near-edge spectroscopy 

(XANES) and density functional theory (DFT) calculations show that B atoms reside in 

tetrahedral interstitial sites of VO2.42 Two arguments can be posited for the stabilization 

of the R phase as a consequence of B-doping. First, from a structural perspective, the 

dimerization of V—V pairs as VO2 undergoes the R→M1 transition causes some 

interstitial sites in the lattice to expand and some to contract. With B atoms residing in 

interstitial sites, there is an obstruction to the phase transition owing to the decrease in 

volume of some of the interstitial holes, thereby stabilizing the R phase below the TMIT of 

undoped VO2. Second, from an electronic structure perspective, B—O bonds are formed 

upon the introduction of B atoms in the interstitial sites of VO2. This causes a shift of 

electron density towards B, thus weakening V—O bonds and subsequently strengthening 

V—V bonds, rendering the material more metallic. In contrast, for W- and Mo-doped 

VO2, the strain which arises from dopant substitution at a V site and the donation of 

electrons (two for W6+ and one for Mo5+) to the electronic structure of VO2 stabilize the R 
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phase at lower temperatures.43,44 Diffusive annealing provides the ability to “dial in” the 

TMIT of VO2 after first synthesizing high-quality materials. This programmable doping 

feature offers a greater advantage over hydrothermal syntheses, which are prone to “trial-

and-error.” Diffusive doping in close-packed systems, such as VO2, has hitherto been 

relatively underexplored. It is envisioned that this technique can be extended to other 

close-packed metal oxides in which the metal—insulator transition is fairly accessible, 

such as NbO2, which transitions from a body-center tetragonal distorted rutile structure to 

a regular undistorted rutile structure at 807°C.45 Other ex situ doping methods can likewise 

be used with other diffusive dopants. For example, it has been calculated that Be-doping 

can likewise stabilize VO2(R) at lower temperatures.46. H-doping has been shown to 

stabilize the orthorhombic and metallic O1 and O2 phases of VO2, which will be useful 

for applications requiring cryogenic conditions.47 Moreover, the ex situ diffusive doping 

process also opens opportunities for co-doping of VO2 and other close-packed structures.48 

 We note that aside from lowering the TMIT of VO2 as a function of dopant 

concentration, the introduction of B atoms into its lattice also increases its hysteresis (ca. 

19—23°C). The emergence of such large hysteresis values can be useful for designing 

hybrid memory devices. Metamaterials undergo changes in electromagnetic properties in 

response to the introduction of external stimuli, such as heat and voltage.49 However, in 

order to retain these altered properties, the external stimulus must be continuously 

supplied, otherwise its removal causes the metamaterial to revert back to its original 

properties. Such metamaterials can be more beneficial if the altered properties were to be 

retained after the removal of the stimulus. Given that the metal—insulator transition of 
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VO2 can be triggered by the introduction of heat, voltage, or an external electric field, VO2 

can be interfaced with metamaterials for memory devices in various switching 

applications. Driscoll et al have designed a hybrid architecture of a gold spin-ring 

resonator array, patterned over a thin film of VO2 in which, upon application of voltage, 

local heating of VO2 is promoted. In effect, the resonance frequency of the gold spin-ring 

resonator array redshifts by ca. 20%, which is retained even after the removal of the 

voltage.49 It is important to note that the VO2 used by the authors are undoped films which 

a) have a smaller hysteresis (ca. 5°C) versus W-, Mo-, and B- doped VO2 and b) may not 

be practical for ambient applications. The introduction of B-dopants into VO2 via diffusive 

annealing therefore not only allows for the generation of a large hysteresis, but it also 

promotes the operation of hybrid memory devices at other highly specific working 

temperatures. 

 It was also envisioned that B-doped VO2 could be used for thermochromic glazing. 

However, the annealing process that promotes the diffusion of dopant atoms into the VO2 

lattice results in the inevitable sintering of nanowires. Optical studies have noted that 

particle sizes less than 50 nm are ideal for thermochromic glazings50,51 (larger 

nanoparticles promote Mie scattering52). Therefore, post-processing, such as ball-milling, 

is necessary in order for the doped samples to be useful for thermochromic applications, 

after which, further assessment of their optical properties can be performed.  
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