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–Summary in Dutch–

Koper (Cu) gebaseerde nanodeeltjes (NP’s) of nanokristallen (NC’s) vor-

men een kostenefficiënt alternatief voor het gebruik van zilver (Ag) in ge-

printe elektronica. Koper heeft een gelijkaardige bulkgeleidbaarheid als die

van zilver, maar de kostprijs bedraagt slechts 1% van die van Ag. In dit

proefschrift behandelen we eerst de state-of-the art, met name de produc-

tiemethoden voor Cu nanodeeltjes en strategieën om oxidatie te vermjiden.

Vervolgens ontwikkelden we een synthesestrategie voor Cu nanokristallen

die gebaseerd is op een thermische ontbinding. Dit liet ons toe om de

grootte van de nanokristallen af te stemmen. We hebben onderzocht hoe

verschillende liganden interageren met het oppervlak van de Cu nanodeel-

tjes. Hieruit besloten we dat zowel het ligand als de deeltjesgrootte een

effect heeft op het sinteren van de deeltjes in een continue film. Uiteinde-

lijk ontwikkelden we een formulering om de Cu nanokristallen te printen en

verkregen we geleidende RFID-antennes.

Allereerst hebben we een uitgebreid onderzoek ondernomen naar de meest

aangewende methoden om Cu nanodeeltjes te synthetiseren. Hierbij heb-

ben we de methoden onderverdeeld in 3 categorieën, met name, chemische,

fysische en biologische productiemethoden. Chemische productiemethoden

worden het meest aangewend in de literatuur vanwege hun toegankelijkheid

en het gemak om op een eenvoudige manier de deeltjeseigenschappen aan

te passen. Het nadeel van de chemische methoden is het frequente gebruik

van gevaarlijke reductiemiddelen en de hoeveelheid afvalproduct die tijdens

de synthese vrijkomt. Substitutie van het reductiemiddel door ascorbine-

zuur lijkt een veelbelovende aanpak om de milieu-impact van de synthese

te verminderen en tegelijkertijd de Cu NP’s tegen oxidatie te beschermen.

Als alternatief zijn methoden op basis van de thermische ontbinding van een
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koper precursor veelbelovend omdat er hier geen extra reductiemiddel nodig

is. Fysische methoden maken massaproductie mogelijk, maar vereisen veel-

eer dure apparatuur. Eveneens is er een gebrek aan controle op een aantal

cruciale deeltjeseigenschappen, zoals de grootte en de collöıdale stabiliteit.

Biologische syntheses van Cu NP’s zijn gebaseerd op dezelfde mechanismen

als de chemische methoden, maar dit in een milieuvriendelijker perspectief.

Hier onderscheidt de synthese op basis van plantenextracten zich van de

rest als een groene methode die toelaat om goed gedefinieerde Cu NP’s te

bereiden. De lage reactietijden en opbrengsten van een dergelijke synthese

veroorzaken echter nog steeds geen kosteneffectieve manier om Cu NP’s te

vervaardigen. Als strategie om oxidatie te voorkomen, zorgde een inbedding

in silica en koolstof dat het oxidatieproces op Cu-oppervlakken stopte, dit

echter ten koste van een drastische afname van de geleidbaarheid. Omge-

keerd bleek het groeien van een zilverlaag op het oppervlak van de NP’s,

door transmetallatie, de geleidende eigenschappen te behouden terwijl de

Cu-kern tegen oxidatie werd beschermd. Een meer economische benadering

is gebaseerd op de adsorptie van organische liganden en polymeren op het

oppervlak van de NP’s. Naast het verlenen van collöıdale stabiliteit, ver-

traagde hun aanwezigheid op het oppervlak het oxidatieproces voldoende

om uiteindelijk de Cu NP’s in geleidende films te transformeren.

In hoofdstuk 3 hebben we onze methode gëıntroduceerd om Cu NC’s te

synthetiseren op basis van de thermische ontleding van koperformiaat in

oleylamine. Deze methode maakt gebruik van een economische precursor

en een snelle één-pot synthese om Cu NC’s te verkrijgen. Door het initiële

reactievolume te verzadigen met koperformiaat en door implementatie van

een specifiek temperatuurprofiel te, laten we een zelfreinigend effect zien.

Zuurstof heeft tijdens de reactie geen toegang tot de nanokristallen, wat

ons toegang heeft tot niet-geoxideerde nanokristallen te verkrijgen. Dit

is echter alleen mogelijk als de reactiesnelheid hoog genoeg is, wat ervoor

zorgt dat zuurstof een beperkte toegang heeft tijdens de vorming van Cu0

monomeren. We hebben aangetoond dat de grootte van de deeltjes kan

worden aangepast van 4 tot 200 nm door de beginconcentratie van precursor

en de verhoudingen precursor / oleylamine aan te passen.

In hoofdstuk 4 tonen we aan dat we, mits een aanpassing aan de synthese,

4 nm Cu NC’s kunnen vormen – deze zijn ideaal voor oppervlaktechemie-

studies vanwege hun hoge oppervlakte tot volumeverhouding. We hebben
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aangetoond dat de initieel gebonden OlNH2 kan worden vervangen door

een carbonzuur door middel van massa-actie. Op basis van een thermody-

namische beschrijving van de titratiecurven van amine / carbonzuur argu-

menteren we aan dat carbonzuren OlNH2 rechtstreeks vervangen en bin-

den aan extra oppervlaktesites die weinig affiniteit vertonen voor OlNH2.

We hebben bewezen dat carbonzuren dissociëren bij binding op dergelijke

oppervlakken en een X2 bindend motief vormen. Aangezien een dergelijk

bindend motief een amfoteer oppervlak vereist met zure en basische bin-

dingsplaatsen, stellen wij dat ligandbinding aan Cu-nanokristallen wordt

bepaald door de aanwezigheid van oppervlakte-oxiden, in plaats van door

de eigenschappen van het ongerepte metaaloppervlak.

In hoofdstuk 5 hebben we het effect geanalyseerd dat liganden hebben op

de oxidatie en reductie van de NC’s en hebben we het sintergedrag van de

Cu NC’s bestudeerd. We toonden aan dat de Cu NC’s in polaire oplos-

middelen kon worden gedispergeerd door het aanvankelijk gebonden OlNH2

te vervangen door MEEAA, een vluchtig carbonzuur. We toonden aan dat

carbonzuren, ook al zijn ze licht gebonden, niet in staat zijn om oxidatie

van de NC’s na blootstelling aan lucht te voorkomen. We hebben echter be-

wezen dat oxidatie kan worden teruggedraaid door te sinteren onder N2 en

we hebben onderzocht hoe het passiverend ligand en de deeltjesgrootte de

reductietemperatuur bëınvloeden. Met MEEAA bedekte deeltjes vertoon-

den de laagste reductietemperatuur onder de bestudeerde liganden en een

verbeterde korrelgrootte van 50 nm, wat MEEAA vooropsteld als een veelbe-

lovende ligand voor Cu NC’s in geleidende inktformuleringen. We toonden

een duidelijke relatie aan tussen deeltjesgrootte en Cu2O-Cu overgangstem-

peratuur. Films bestaande uit grotere deeltjes (≥ 113 nm) vertoonden een

verbeterde geleidbaarheid zowel voor als na het thermisch sinteren, ondanks

de hoge temperatuur. Over het geheel genomen benadrukken deze conclu-

sies de relevantie van het passiverend ligand en de deeltjesgrootte bij het

nastreven van geleidende films en wijzen ze op de relevante deeltjesparame-

ters om een geleidende inkt te formuleren en af te drukken.

Tot slot hebben we een aanpassing van de synthesemethode gepresenteerd,

waarbij ∼ 6 g per 100 ml niet-geoxideerde Cu NC’s in een hoge concentratie

werden geproduceerd. De geproduceerde Cu NC’s maakten de optimalisa-

tie van een inktformulering met behulp van een definitive screening design

(DSD) mogelijk. We hebben de significante factoren bepaald die invloed
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hebben op de soortelijke weerstand en de aanhechting van de inkt. Optimale

verwerkingscondities leverden hooggeleidende films op, met een weerstand

van 2,57 µΩ · cm, een waarde die overeenkomt met 66 % van de bulkge-

leidbaarheid van Cu. Vervolgens verhoogden we het volume van de reactie

verder tot 1 L, waarbij in een enkele synthese licht geoxideerde ∼ 60 g Cu

NC’s werden geproduceerd. We hebben zeefdrukken en geleidende RFID-

antennes geproduceerd door de optimale formulering aan te passen met een

thixotroop middel, hierdoor werd weerstand van 0,52 Ω/� te verkregen.
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Introduction

1.1 Problem definition

1.1.1 Internet of Things

Historically, computers, and by extension, the Internet, have been almost

fully dependent on people for information. Humans actively coded, typed,

recorded or photographed most of the data available on the Internet. We

created and established the protocols to process this data and we acted

accordingly. This human dependency in gathering the data of our environ-

ment and transferring it to the Internet is associated with imperfection due

to lack of attention or inaccuracy inherent in our human condition.

What if we had devices that could gather information from the environment,

interact with other devices and act on it? We could avoid flaws, spare time

and save resources by having interconnected devices that sense the sur-

roundings and inform or react unambiguously. This reflection was made in

1999 by Kevin Ashton, founder of the MIT Auto-ID Center, who dubbed

the Radio-frequency identification (RFID) and sensor technology that en-

able computers to observe, identify and understand the world without the

limitations of human-entered data as Internet of Things (IoT).1
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Today, 20 years after IoT was mentioned for the first time, the term evolved

as the technology did and it could be generally defined as the extended

network between everyday objects and electronic devices.2 Some IoT ap-

plications are already present in our daily life, for example, temperature

sensors interacting with the heating system and precisely adapting the tem-

perature of the house to our liking or sensors informing us of empty spots in

parking lots and detecting automatically the car license to relieve the traf-

fic.3–6 The possibilities are uncountable and the development of technology

will have an impact in different fields like healthcare, smart cities, retail,

security, etc.7

1.1.2 Radio Frequency Identification (RFID)

RFID is an automatic technology that enables distant identification of ob-

jects through radio waves. A RFID system consists of a reader (or inter-

rogator) and a tag.8 The tags have several advantages compared to tradi-

tional bar code identification: it can incorporate additional data such as the

manufacturer or product type; it can measure environmental factors such as

temperature; it does not require physical orientation towards the reader and

the readers can discern many different tags located in the same area. These

perks link IoT to RFID technology due to its ability to identify objects and

interconnect them with the internet without human assistance.9

Figure 1.1: Printed RFID tag (Reprinted from reference. 10)

RFIDs are generally classified in two classes depending on their energy

source: active and passive. Active tags require an autonomous power source

to propagate their signal to the reader and their lifetime, size, applications

and cost is usually limited by the battery. On the bright side, they usually
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have a stronger signal and longer range making them useful to track high-

value assets or vehicles. Active tags represent the smallest market segment

within the RFID technology with over 150M tags sold in 2017 - compared

with 16B of passive RFID tags.11

As the name implies, passive tags do not require an internal power source,

drawing their power from the reader radio signal. Then, only two compo-

nents are imperious in a passive RFID tag: the conductive antenna receives

the signal, powers the circuit and transmits a response to the interrogator;

and the chip or integrated circuit provides identification and coordinates

that response (see Fig 1.1).9;12 The growth and spreading of RFID tech-

nology will depend in large measure on providing the adequate materials

to reduce the production costs whilst maintaining performance as well as

on the establishment of a suitable method to fabricate the tags, integrating

both components in a scalable manner.13;14

Table 1.1: Conductivity (σ), redox potential for the redox couple indicated

(E◦), earth abundance and price of common metals used in conductive ap-

plications. 15 Metal prices retrieved from www.metalprices.com (June 2019)

Metal σ (S/m) Redox couple E◦(V) Ab. (ppm) Price ($/kg)

Ag 6.3 · 107 Ag+/Ag +0.80 0.075 468.76

Cu 6.0 · 107 Cu2+/Cu +0.34 60 5.93

Al 3.8 · 107 Al3+/Al −1.66 82300 1.74

Zn 1.7 · 107 Zn2+/Zn −0.76 70 2.71

Ni 1.4 · 107 Ni2+/Ni −0.23 84 11.97

Fe 1.0 · 107 Fe2+/Fe −0.41 56300 0.09

Sn 9.2 · 106 Sn2+/Sn −0.14 2.3 19.64

Ti 2.4 · 106 Ti4+/Ti −0.88 5600 56.99

1.2 Printing of conductive inks

A recurrent method to manufacture RFID’s antennas is based on the pho-

tolitography of a metal film (typically aluminum) to form the antenna, a

tedious process that involves several successive steps and produces a lot of

acid-base waste in the etching process. Moreover, Al-based antennas have

a limited performance compared to silver or copper-based ones due to their

bulk conductivity being ∼ 50% lower (see Table 1.1). Other traditional

manufacture methods, such as vacuum deposition or electroless plating can
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deposit a high-resolution layer though they require a time-consuming step-

wise process that require high-cost equipment and hazardous chemicals.16

An alternative, quick and clean approach consists of depositing the conduc-

tive material directly in the desired shape, i.e., the printed electronics (PE)

approach (see Fig. 1.2). PE comprises all the devices fabricated with differ-

ent traditional printing techniques such as screen or ink-jet printing and its

advantages in respect to conventional electronics fabrication are their low-

cost, high-throughput and the possibility to print on flexible surfaces.17

Figure 1.2: The traditional photolitography procedure compared to the

PE approach for producing RFID antennas. (Reprinted from reference. 18)

To enable electric conductors to be printed, so-called conductive inks are

needed that contain, for example, a conductive precursor or metallic par-

ticles, just like a regular ink contains pigment particles. At present, the

most widely used material in conductive inks is silver, which has the high-

est conductivity of all metals while suffering little from oxidation (see Table

1.1).19 However, one of the key trends for IoT is a progressive reduction

of the device footprint and cost which can hardly be achieved with the use

of high-priced raw material. At almost the same bulk conductivity value

though far more abundant and economical, copper appears as an intuitive

cost-effective solution to replace silver as the material required to mass-print

conductive features.13



Introduction 5

1.3 Copper in conductive inks

An ink is a multi-component system composed of a liquid carrier, i.e. a sol-

vent; a filler, i.e. a pigment or nanoparticles; and additives (such as rheology

and surface tension modifiers, wetting agents or binders). The function of

the additives is to enable optimal printing, adhesion and performance of

the whole system. Inks can be separated in graphic and conductive inks

depending on the type of filler used. Graphic inks are made from pigments

capable of providing color whereas conductive inks are made of conductive

materials such as copper to provide the desired electrical characteristic of

conductivity.20 Copper, like most metals, is encountered in a solid state at

room temperature. Therefore, in order to incorporate it into a printable ink

formulation as the conductive filler, it must be dispersed as nanoparticles

or dissolved as an organometallic compound.16

Copper-based organometallic or metal-organic inks are composed of com-

pounds consisting in copper in the cuprous (+1) or cupric (+2) oxidation

state coordinated to different organic ligands. The stability of such copper

complexes prevents the formation of undesired copper oxide or precipitation

of the metal source during ink formulation or storage, a recurrent problem

encountered in nanoparticle-based inks.21 Despite the aforementioned ad-

vantages, there have been limited studies on copper-based organometallic

inks, and these inks have two shortcomings that make them hard to apply

commercially. First, most of them require a reducing atmosphere to reduce

the copper complex from the monovalent or divalent state into the metallic

state (e.g., hydrogen gas or formic acid gas), which should be avoided for

the industrial production of printed electronics because of safety and cost

concerns. Second, these inks have an inherent limited copper-loading and

performance. Each copper atom is required to coordinate with at least a

ligand, which establishes an upper limit in the weight of copper that can be

incorporated per volume of ink. Also, the presence of the ligands restricts

the density of the printed layer due to the volume of organic molecules, neg-

atively affecting the continuity of the film and hence the conductivity.16;22

A nanoparticle could be defined as a conglomerate of atoms in the diameter

range of 1-100 nm.23;24 Nanoparticles can be also referred as nanocrystals

if they are composed of atoms in a crystalline arrangement.25 Dispersion of

nanoparticles in the ink vehicle is enabled by ligands attached to the surface

of the colloids granting stability in the media - typically by steric hindrance

- avoiding agglomeration and preventing precipitation. Nanoparticle-based

copper inks are gaining a greater deal of attention due to their properties

and they are particularly more suited as fillers for conductive inks than
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organometallic complexes due to two main features:

1. A precursor already in the metallic state. The convenience of deposit-

ing copper atoms in the metallic state results in saving energy because

treatment in reducing atmosphere is not required.

2. A larger copper atoms/organic ligands ratio compared to organometal-

lic inks. Nanoparticles are composed of thousands of atoms whereas

only the surface is covered by organic molecules, thus less non-conductive

species are present in the ink and higher solid-loadings can be achieved.

On the negative side, copper is intrinsically prone to oxidation, which if not

dealt with, results in considerable loss of conductivity. A simple extrapo-

lation of typical oxidation rates of bulk copper, even if they amount to a

mere one micrometer per annum,26 indicates that nanometer-sized Cu crys-

tallites can be expected to oxidize completely within a few hours or days.27

This issue demands a strategy to prevent or reverse the oxide formation in

order to obtain conductive and functional devices. A strategy to protect

or reverse particles oxidation (i), a suitable sintering method to form inter-

connected particles (ii) and a cost-efficient approach to synthesize copper

nanocrystals (iii) constitute the essence of this thesis and will be addressed

in the upcoming pages. In the next chapter, we will present a comprehen-

sive literature study in the field of synthesis of copper nanoparticles as well

as strategies to prevent or counter the oxidation tendency.

1.4 Thesis outline

This thesis discusses the development of a copper nanocrystals-based con-

ductive ink. The manuscript covers the synthesis of copper nanocrystals, a

detailed characterization of the surface chemistry of the colloids, the analysis

of the sintering properties of the particles depending on different properties

and an optimization of an ink in order to obtain an economical and efficient

conductive ink suitable for printed electronics.

In the second chapter, a literature overview of the synthesis of Cu nanopar-

ticles is given. Different synthesis methods to materialize in a pristine unox-

idized material that can yield to a conductive pattern are reviewed. Strate-

gies to protect the colloids by a shell against corrosion are investigated and

compared.

In the third chapter, we propose a synthesis of metallic copper nanocrystals

based on copper formate, which does not need an additional reducing agent
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nor a protective atmosphere to yield metallic copper. By saturating the ini-

tial solution with copper formate and implementing a specific temperature

profile, we demonstrate a self-cleaning effect. Oxygen cannot access the

nanocrystals during the reaction with non-oxidized nanocrystals as result.

A clear influence of the reaction rate was established and the mechanism

of oxygen exclusion is discussed. Furthermore, the size of the NCs can be

tuned by adjusting precursor and ligand concentrations.

In the fourth chapter, we perform an in-depth study of the surface chem-

istry of the Cu NCs, focusing on the synthesis of 4 nm Cu colloids as a

study model due to their high surface/volume ratio. We demonstrate that

oleylamine is initially capping the surface as a tightly bound ligand. We

illustrate that addition of undecylenic acid triggers an exchange reaction

on the surface of the colloids. We propose and discuss different models to

describe this exchange reaction.

In the fifth chapter, we analyze the sintering behavior of the Cu NCs de-

pending on different particle properties. In the first part we study the

transformation into films of 4 nm particles capped with different ligands

upon thermal sintering with different gases. We analyze the grain size and

reduction temperature of the resulting layer depending on the capping lig-

and. In the second part we evaluate different particle sizes and the effect

that the sintering temperature has on the conductivity of the patterns.

In the sixth chapter, we introduce an upscaled synthesis with potential to

be taken in industrial facilities. We use a design of experiments to optimize

an ink formulation in terms of adhesion and resistivity. We formulate an

ink paste for screen printing, producing conductive RFID antennas.

1.5 Scientific output

1.5.1 Publications in international journals

This work is based on the following publications:

1. Arnau Oliva Puigdomènech, Jonathan De Roo, Jakob Kuhs, Chris-

tophe Detavernier, Jose C. Martins, Zeger Hens. Ligand Binding to

Copper Nanocrystals: Amines and Carboxylic Acids and the Role of

Surface Oxides. Chemistry of Materials, 31 (6), 2058–2067, 2019.

2. Arnau Oliva Puigdomènech, Jonathan De Roo, Hannes Van Aver-

maet, Klaartje De Buysser, Zeger Hens. Oxidation Prevention of Cop-

per Nanocrystals Synthesized in Ambient Atmosphere. Submitted De-

cember 2019.
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1.5.2 Patents

1. Arnau Oliva Puigdomènech, Zeger Hens. A method to form copper

nanoparticles. Priority filled November 2019 (EP19210653.2.)

1.5.3 Conference contributions

1. Arnau Oliva Puigdomènech, Jonathan De Roo, Jose C. Mar-

tins, Zeger Hens. Self-reducing Copper Nanocrystals -How Surface

Chemistry affects Sintering, 2017 E-MRS Spring Meeting, Strasbourg

(France), May 22-26 (Presentation).

2. Arnau Oliva Puigdomènech, Jonathan De Roo, Jose C. Mar-

tins, Zeger Hens. Self-reducing Copper Nanocrystals -How Surface

Chemistry affects Sintering, 2017 E-MRS Spring Meeting, Strasbourg

(France), May 22-26 (Poster).

3. Arnau Oliva Puigdomènech, Filip Geenen, Christophe Detavernier,

Zeger Hens. From the synthesis of Cu Nanocrystals to the formation

of conductive layers, 2018 SIM User Meeting, Gent (Belgium), May

16 (Poster Award).

4. Arnau Oliva Puigdomènech, Jonathan De Roo, Filip Geenen,

Christophe Detavernier, Jose C. Martins, Zeger Hens. In-situ analy-

sis of conductive films formation by adaptable Cu nanocrystals, 2018

MRS Fall Meeting, Boston (MA,USA), November 25-30 (Poster).
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2
Copper Nanoparticles Synthesis:

State-of-the-art

Copper nanoparticles (Cu NPs) have generated a great deal of interest due to

their versatility and properties. The advantage of Cu-based systems is their

lower cost compared to alternative noble metals. Here, we give a literature

overview of the synthesis of Cu nanoparticles. Different synthesis methods

are reviewed, with a focus on unoxidized particles that are suitable for con-

ductive patterns. We also investigate and compare strategies to protect or

shell the colloids against oxidation.

2.1 Introduction

In the last 20 years, reports dealing with the synthesis and characteriza-

tion of copper-based nanoparticles were prevalent in the scientific literature.

This growing attention is ascribed to their size-dependent unique magnetic,

electrical, chemical, physical and optical properties.1–5 For instance, Cu

NPs-based catalysts can be used in the reduction of nitrates from drinking

water.6 Here, high surface-to-volume ratios are of utmost importance for

the selection of a metal catalyst. By using Cu NPs, the cost of the cata-
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lysts, which commonly consist of rare noble metals such as Pd or Pt, can

be greatly reduced.7 Other potential applications of the Cu NPs are based

on its unique localized surface plasmon resonance (SPR).8 For example, the

SPR oscillations can enhance the local electromagnetic field, enabling the

use of surface-enhanced spectroscopy for single-molecule detection.9 In the

field of electronics Cu NPs are also gaining a great deal of attention.10 As

seen in table 1.1 of this thesis introduction, the electrical conductivity of Cu

is almost on a par with the most conductive metal, Ag, whilst being ∼ 1%

of its cost, advocating its case as the material of choice for cost-efficient con-

ductive applications. Even in terms of thermal conductivity, the presence

of Cu NPs in fluids was proven to enhance thermal conductivity.11

For all that, Cu NPs have been proven valuable in a wide variety of applica-

tions such as antimicrobial agent,12 sensing,13;14 heat transfer,11 light emis-

sion,15;16 surface-enhanced Raman scattering,17;18 catalysis,19 and electron-

ics.20;21 In this chapter, different routes to achieve copper nanoparticles will

be listed and compared. The assessment of the known methods will serve

as preamble to the synthesis method developed in the context of this PhD

which will be described in chapter 3. With a focus on preserving the elec-

trical properties of the NPs, we will also provide an overview of different

strategies to prevent or protect the metallic Cu from oxidation.

In this chapter we divided the synthesis methods for Cu NPs in three cat-

egories depending on the nature of the process: chemical, physical and

biological.

2.2 Chemical methods

Chemical synthesis methods of colloids is a bottom-up process, meaning

that the particles are grown from its elemental metallic atoms. This process

is divided in three stages by the LaMer model (see figure 2.1). First, the

precursor is either reduced or decomposed to its metallic state, increasing

the concentration of the monomers that will constitute the particles. Once

the concentration reaches the supersaturation point, seeds are formed by

clustering of the monomers into nuclei. Finally, the seeds grow rapidly,

thereby causing the concentration of metal ions in solution to drop. The size

and morphology of the colloids are affected by the binding of the stabilizer

during the growth stage.22;23
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Figure 2.1: Schematic representation of the LaMer model in a plot of

atomic concentration against time, illustrating the generation of monomer,

nucleation, and subsequent growth of colloidal nanoparticles. Cnu
min indi-

cates the saturation point for atoms in solution, when nucleation events

start to occur. Cs indicates the equilibrium state reached between the

atoms in the nanoparticles and the atoms in solution. Reprinted from

reference 22

2.2.1 Chemical reduction

Back in 1857, Michael Faraday published the first synthesis of metal col-

loids when he reported the formation of gold colloids and observed different

optical properties from the bulk material. In his work, he formed Au col-

loids by the wet chemical reduction of chloroauric acid in the presence of

phosphor.24 Currently, the chemical reduction of metal salts has become

the most used technique to synthesize a large variety of metal nanoparti-

cles, including copper. Here, the driving force for the copper salt reduction

is the difference in the redox potentials of the reagents which correlate with

the Gibbs’ free energy of the reaction.3 Compared to Au and Ag, Cu has

a relatively low redox potential (see table 1.1) offering a challenge to the

production of Cu NPs by this method.

Typically, strong reducing agents such as hydrazine8;17;25;26 or sodium boro-

hydrate27;28 are used to reduce the copper to its metallic state. Despite the
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hazards, these methods benefit of good control of the particle growth and

morphology upon reducing agent injection and can be carried out at low

or even room temperature. Similarly, Lee et al. patented a method to

manufacture Cu NPs from different copper salts in the presence of a fatty

acid and a reducing agent.29 Some researchers proved that unoxidized Cu

NPs could also be formed by employing a milder reducing agent, sodium

hypophosphite.30;31 All these aforementioned methods are usually coupled

with the addition of poly(vinylpyrrolidone)(PVP) or poly(allylamine)(PA)

to control the growth and stabilize the NPs by steric hindrance. Alter-

natively, more environmentally-friendly synthesis procedures used ascorbic

acid as reducing agent.2;32;33 Besides having the role of reducing agent,

ascorbic acid also binds to the Cu surfaces, removing the need of adding an

extra stabilizer. Polyol methods are also included in the chemical reduction

subcategory; here, the glycol-based solvent serves as solvent, capping agent

and sometimes, reducing agent.34 Overall, methods based on chemical re-

duction are simple and straight-forward to carry out in a laboratory-scale

and at the same time they allow adaptation of particle size and morphol-

ogy.35 Note that some of the techniques mentioned in this section are based

on a chemical reduction even if included in another category.

2.2.2 Electrochemical

In an electrochemical synthesis, a current is passed between the electrodes

in an electrolyte solution of a copper salt. The voltage difference triggers

reduction of copper onto the surface of the cathode.36 This method has a

lower cost and environmental impact than most, owing to the fact that is

a flow process that occurs at room temperature. However, size control and

re-dispersion of the NPs becomes more difficult due to lack of surfactant.37

For example, Zhang and co-workers studied how the electrode potential and

temperature affect nucleation and growth of the Cu NPs, demonstrating

that size of the colloids can be tuned from 36 to 130 nm by adapting those

parameters .38

2.2.3 Microemulsion

A microemulsion is a synthesis route for nanoparticles that consists of form-

ing a thermodynamically stable solution of two immiscible fluids such as

water-in-oil or viceversa. To achieve miscibility, a surfactant is added to

bridge the interfacial surface tension between the two fluids. For instance,

in Ahmed et al.39 copper nitrate is dissolved in aqueous media and mixed
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with the octane oil phase containing the surfactants, cetyltrimethyl ammo-

nium bromide and 1-butanol. Upon addition of the reducing agent, micelles

of Cu are formed between 7-30 nm. In another work, Solanki and co-workers

studied in detail the ratio water-to-surfactant required to form different sizes

of Cu NPs by a similar method.40 Salzemann et al 41 presented an in-depth

study on the anisotropic growth and morphology of the particles obtained

via a reverse micelles method, observing cubes, flat triangles, pentagons and

elongated forms.

2.2.4 Microwave

In a microwave synthesis, microwave radiation is used to trigger the reac-

tion to form Cu NPs (i.e. reduction, thermal decomposition). By using

microwaves as heating method, large volumes can be heated rapidly and

uniformly resulting in shorter reaction times and improved size-control. In

Yamauchi et al. Cu, Ni and Cu-Ni NPs are formed by irradiating a solu-

tion of metal formate/oleylamine complexes at 1.25 kW, yielding monodis-

perse metallic particles and alloys between 13 and 22 nm.1 Polyol methods

are widely used in microwave synthesis. Zhao and co-workers presented

that different morphologies of Cu NPs could be obtained by this method.42

Similarly, Blosi et al. used polyol chemistry to synthesize Cu NPs under

microwave radiation.43 In this work, different range of Cu colloid diame-

ters (90-260 nm) were obtained by studying in detail the different parame-

ters that have an effect on the size. Different range of particles sizes were

achieved by Kawasaki et al..44 In their work, an ethylene glycol solution of

copper chloride was reduced with sodium hydroxide to produce 2 nm Cu

NPs via a microwave-assisted polyol method.

2.2.5 Photochemical

Formation of Cu NPs can be triggered by light absorption of a photoreactive

copper precursor. For example, bis(2,4-pentanedionate)copper(II) under-

goes photoreduction upon light irradiation at 254 nm. This phenomenon,

coupled with the addition of a stabilizer such as PVP can be used to ob-

tain colloidally stable Cu NPs without the use of a reducing agent or high

temperatures.45 Similarly, a solution of copper sulphate with PVP can be

photoreduced in the presence of benzophenone by irradiation at 253.7 nm,

producing polydisperse Cu NPs.46
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2.2.6 Solvothermal

In a solvothermal (hydrothermal for aqueous systems) synthesis of Cu NPs

the process takes place in a sealed reactor or autoclave. Here, the reaction

mixture is brought to a temperature above the boiling point of the solvent,

increasing the pressure of the system and facilitating solvent-precursor in-

teraction. For example, Chen et al.47 prepared a solution of copper chloride,

hydrazine and dodecyl benzenesulfonate in water and transferred the reac-

tion mixture to an autoclave, where the temperature was raised to 100◦C.

By adapting the synthesis parameters, particles with a variety of shapes

and diameters from 40 to 300 nm were obtained. Another report by Shi

and co-workers described the hydrothermal synthesis of Cu nanowires with

an aspect ratio of 105 by using octadecylamine as surfactant.48

2.2.7 Sonochemical

Sonochemical synthesis of colloids is based on the radiation of ultrasonic

waves into the reaction solution (see figure 2.2). These waves generate

bubbles in solution, a phenomenon known as cavitation. The collapse of

these cavities results in an increase of the local energy of the sonicated liquid,

enhancing the chemical reactivity of the solution.49 By this principle, Dhas

et al,50 formed a copper hydrazine carboxylate and exposed it to ultrasound

radiation, forming 50-70 nm Cu metallic particles with catalytic activity.

In another report, amorphous Cu NPs were formed and embedded in a

polyaniline matrix.51

Combining both sonochemistry and electrochemistry, increased mass trans-

port and reaction rates can be achieved. Several sonoelectrochemistry syn-

thesis methods for Cu NPs are reported. For example, Haas and co-workers

synthesized copper nanoparticles from an aqueous solution of copper sulfate

using PVP as ligand.52 Monodisperse Cu NPs with a diameter range be-

tween 25 and 60 nm were obtained by applying a current density between

55 and 100 mA cm-2.

2.2.8 Thermal Decomposition

Thermal decomposition synthesis of Cu NPs are based on the decomposition

upon heating of a copper precursor in the presence of ligands. Thus, this

method differs from chemical reduction in the choice of a precursor that

can decompose in reducing entities. This results in a cleaner and simpler

process since no extra reducing agents are required to be added separately.53
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Figure 2.2: Schematic representation of a typical laboratory rig for sono-

chemical reactions using a high intensity ultrasonic horn. Reprinted from

reference 49

It has also been reported that some surfactants such as oleylamine, PVP or

ascorbic acid play a double role and aid in the reduction process.2;54;55.

For example, Sun et al. first reported the thermolysis of metal formates in

the presence of oleylamine and oleic acid to form metal and metal oxides

NPs.56 Other precursors such [bis(2-hydroxy-1-naphthaldehydato)copper(II)],

[bis(salicylaldiminato)copper(II)] or copper oxalate were succesfully em-

ployed by Salavati-Niasari and co-workers to synthesize Cu NPs of different

diameters.53;57;58. Similarly, copper(II) 2-ethylhexanoate was employed by

Kim et al. to form 70-80 nm Cu NPs further shelled with copper formate to

stall oxidation.59 Alternatively, other researchers first synthesized copper

oleate, which can be thermally decomposed into Cu NPs without adding

extra stabilizers.60;61 Overall, long alkylamines or carboxylic acids play a

large role in the aforementioned syntheses, where its complexation with

the copper precursors both lowers the decomposition temperatures of the

precursors and stabilizes the resulting Cu NPs in apolar solutions.
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Figure 2.3: Schematic representation of a laboratory experimental set-up

for a laser ablation system in solvent. Reprinted from reference 64

2.3 Physical methods

Physical methods of nanoparticle synthesis are typically based on a top-

down approach. Here, the material (i.e. metallic bulk copper) is reduced

to smaller entities to produce nanoparticles by structured decomposition

with different techniques. However, NPs formed by some physical methods

such as wire discharge or laser ablation follow a growth profile similar to

the chemical methods yet in different media. Even if energetically efficient,

physical methods are considered in general less suitable for mass produc-

tion than the chemical ones due to the high cost of the equipment and

expensiveness of the process.62

2.3.1 Laser ablation

To produce nanoparticles by laser ablation, a high-power beam is focused in

a vacuum chamber, towards a metal plate of the desired material. At high

laser flux, plasma is formed at the surface of the material. By perform-

ing this process in solution, the plasma condenses in the liquid, forming

nanoparticles (see Figure 2.3).63;64

This method has been used by some researchers to synthesize Cu NPs.

For example, colloidal Cu NPs were synthesized by pulsed Nd:YAG laser

ablation.65 In this report, colloids of 30 nm were synthesized in water and 3

nm in acetone, only the later being stable for months. Colloidal stability in
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water was achieved by Muniz-Miranda et al. by incorporating ligands such

1,10-phenanthroline or 4,4’-bipyridine to stabilize the NPs.66 However, Cu

NPs dispersed in water media oxidize quickly. To avoid it, Saito and co-

workers successfully synthesized colloidally stable Cu NPs in polysiloxane

oil, obtaining a wide size dispersion between 2 and 20 nm.67

2.3.2 Mechanical milling

Milling has been historically used to form uniform dispersions of powders.68

Currently, micron and nano-powders can be obtained by milling and are

commercialized and used in a wide variety of applications. The process

consists of grinding the powdered material in a rotary milling bowl in the

presence of ceramic or steel balls lined with an abrasion-resistant material

such as manganese steel or rubber. This method is suitable for industrial-

ization, allowing mass-production, however, size control is problematic and

generation of sub-100nm particles is laborious and costly. Besides straight

synthesis of the material, high-energy ball milling is a way of modifying the

conditions in which chemical reactions usually take place either by induc-

ing reactions during milling or changing the reactivity of as-milled solids.69

This has been used by some researchers to form nanocrystalline Cu metal

alloys, achieving adaptability in mechanical properties of the solids such

hardness.70;71

2.3.3 Pulsed wire discharge

In a pulsed wire discharge synthesis method (or electric explosion of a wire),

a wire of the metal of choice is placed in a chamber filled with ambient

gas. Then, a discharge current is passed through the wire, initially flowing

through it. At a given time, hot points are created and develop quickly

along the wire. Within 100 ns after the first hot points appeared, the entire

wire is evaporated and becomes a plasma. The expansion of the plasma

results in a large volume of hot metal vapor that further condenses into

nanoparticles.72 This method for the synthesis of NPs was first reported

by Jiang and Yatsui, who successfully synthesized metallic Cu NPs of 62

nm among other materials.72 Later, Suematstu and co-workers developed

a pulsed wire discharge apparatus for the mass production of Cu NPs, pro-

ducing up to 2 g in 90 s.73 Lee and fellow researchers investigated the effect

of the ambient air pressure on the size of the produced Cu NPs, demon-

strating that size tuning from 23 to 31 nm was possible when pressure was

changed from 50 mbar to 1 bar.74 To protect the particles from oxidation,

Murai and co-workers carried out the process in the presence of oleic acid
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vapor. By doing that, 25 nm Cu NPs coated with an organic shell of a few

nanometers were obtained and the oxidation successfully stalled after for at

least 2 months.75 In another report by Kawamura et al., the chamber was

filled with deionized water and ascorbic acid before placing the copper wire

between the electrodes. When the discharge was triggered, Cu NPs were

formed in solution facilitating collection and processing into a conductive

ink. Moreover, they demonstrated that increasing presence of ascorbic acid

as a mild reducing agent decrease the oxidation of the Cu NPs.76 Overall,

pulsed wire discharge has been proved to be an energy efficient method that

allows for a high production rate of pure Cu NPs. On the negative side,

particles monodisperse in size are difficult to produce by this method.62;76

2.3.4 Alternative methods

The amount of reports in literature dealing with the synthesis of Cu nano-

material is uncountable. In this subsection we will introduce the work of

some researchers that successfully synthesized Cu NPs by an innovative

physical method not exemplary enough to include it in a new category yet

worth mentioning.

Li et al. reported the production of Cu NPs by a flow-levitation method

(see Figure 2.4).77 First, the solid metal is heated by a high-frequency elec-

tromagnetic induction coil forming a metal liquid droplet. The droplet

is levitated and heated continuously under its interaction with the mag-

netic field generated by another reverse electromagnetic induction coil. The

continuous heating start to evaporate atoms at the surface of the droplet.

These evaporated atoms are quickly cooled through their collision with the

inert gas and form nanoparticles. The inert gas gradient pressure guides the

formed nanoparticles towards the collector in a definite direction preventing

adherence to the reactor wall. This results in the formation of high yield

and purity nanoparticles.

Nasibulin and co-workers designed and built a vertical laminar flow reactor

for the investigation of Cu acetylacetonate2 thermal decomposition under

controlled conditions to form Cu NPs.78 In their work, they claim that

precursor decomposition is followed by dimerization of the copper atoms

at high temperatures prior to nucleation. They developed a semi-empirical

model to account for the elemental copper dimer reaction with carbon diox-

ide caused the formation of Cu2O NPs. Alternatively, low partial pressure

of carbon dioxide resulted in the formation of metallic Cu NPs from 4 to 27

nm depending on the experimental conditions.
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Figure 2.4: Schematic representation of the flow-levitation synthesis

method for Cu nanoparticles. Reprinted from reference 77

Similar to the laser ablation synthesis method, an electron beam can be

utilized to evaporate a copper plate into NPs. This has been reported by

Zavjalov et al. who used the beam of an industrial linear accelerator of

electrons with a power up to 5 MW/cm2 to irradiate a copper ingot.79 The

evaporated copper particles are collected by an argon flux (20 L/min) at

a rate of >500 g of nanopowder per hour. Characterization of the NPs

however shows that a polydisperse range of sizes from 15 to 700 nm were

formed and that precise control of argon flux rate is necessary to avoid

oxidation.

2.4 Biological methods

Biological synthesis of Cu NPs comprehends all the synthesis methods based

on the use of plants, plants extracts, enzymes or bacteria with the help of

biotechnological tools. Other biological methods based on yeast or algae

are known for Ag NPs synthesis and could possibly be adapted for Cu

NPs.80Biological methods, often labeled as green, blossomed in literature

due to the need of finding a more economical and environmentally-friendly

alternative to the chemical methods. Biological-based synthesis resembles

chemical methods by both being bottom-up methods that rely on a reduc-

tion agent and stabilizer to produce Cu0 colloids.81

2.4.1 Bacteria

Bacteria-mediated synthesis of NPs are of interest due to their abundance

in the environment, fast-growing times and low cost. Compared to well-

known Ag NPs, bacterial synthesis of Cu NPs is still an unexplored field
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with just a few reports present in literature. A pioneer article by Saif Hasan

and co-workers reported that the incubation of CuSO4 with Serratia sp., a

gram-negative bacterium, resulted in an intracellular synthesis of Cu and

Cu2O NPs.82 More recently, an innovative approach to synthesize Cu NPs

from bacteria was reported by Varshney et al..83 A non-patogenic bacteria

strain, Pseudomonas stutzeri, was isolated from soil and incubated with the

effluent waste-water around the sewage outfall of an electroplating industry.

The researchers characterized the product with XRD, SEM, UV-Vis and

EDX, confirming that it produced 50-150 nm sized cubical Cu NPs.

2.4.2 Fungi

Compared to bacteria, the use of fungi for the synthesis of NPs offers a

priori some advantages: ease of scaling up and a downstream processing,

an economical process and an increased surface area due to the presence of

mycelia. Also, fungi secrete significantly higher amounts of proteins than

bacteria, amplifying in that manner the NP productivity.84;85 For example,

Pavani et al. synthesized ∼ 600 nm Cu NPs by growing the fungus strain

Aspergillus in an aqueous CuSO4 solution for 96 hrs at pH-5 in an incuba-

tor.86 Likewise, Honary and co-workers synthesized Cu2O NPs incubating

different strains of the fungus Penicillium with CuSO4 for 24 h, obtaining

a range of particle sizes from 80 to 300 nm depending on the experiment

conditions.84

2.4.3 Plants

Here copper nanoparticles are synthesized using plant leaf extract which

acts as both reducing and capping agent. For example, Cu NPs were suc-

cessfully synthesized by using novel Capparis zeylanica plant leaves extract

as a reducing agent in aqueous CuSO4 solution. The NPs were fabricated for

12 h and resulted in nanocubes in the size range 50–100 nm. Then, the Cu

NPs were used in an antimicrobial study to determine their zone of inhibi-

tion against both gram positive (Staphylococcus aureus) and gram negative

(Escherichia coli and Pseudomonas aeruginosa), showing an improved in-

hibition in the gram negative bacteria.87 Similarly, Subbaiya and Selvam

published that Hibiscus rosa-sinensis leaf extract can reduce a CuNO3 so-

lution and form Cu NPs with antimicrobial activity against Bacillus subtilis

and Escherichia coli.88 Shorter reaction times (8-10 min) were reported by

Kulkarni and Kulkarni with the use of Ocimum sanctum leaf extracts to

reduce CuSO4. However, the metallic state of the NPs is doubtful and

the reaction times variable along the article.89 Overall, a large number of
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plant extracts are reported to successfully reduce Cu precursors and pro-

duce metallic NPs in generally long reaction times. An extensive review on

this trending topic has been published in 2017 by Rafique and co-workers,

presenting a large number of plant-based synthesis methods for Cu NPs.90

2.5 Oxidation prevention strategies

The inherent oxidation tendency of Cu in ambient conditions is a well-known

phenomenon.91 In the case of nanoscale Cu, this process is accelerated to a

great extent.92 Yanase and Komiyama studied the oxidation kinetics of Cu

NPs in different atmospheres and found that the oxidation involves a fast

reaction of Cu to CuOx, (x=0.67) with Cu2O structure and afterwards, a

slow reaction from CuOx, (x=0.67) to CuOx, (x=1).93 Cure et al. tracked

the oxidation of 7 nm Cu NPs capped with hexadecylamine by the surface

plasmon resonance and determined that the oxidation process is divided in

three regimes: a first - in the seconds range - corresponding to O2 adsorp-

tion, a second - in the minutes range - where a complete Cu2O monolayer is

formed and a third - in the hours/day range - corresponding to the full oxi-

dation of the colloid.94 The presence of copper oxides on the surface of the

NPs has two negative effects towards conductive applications: the sintering

temperature is increased and the electrical conductivity is reduced.3

Since the scope of this thesis is to produce conductive inks, avoiding the ox-

idation during storage becomes crucial to ensure proper performance of the

printed patterns. Here, we explore the literature in the search of approaches

that are meant to achieve air stable metallic Cu NPs. The strategies to

protects the colloids by a shell can be classified according to the coating

material in: carbon, ligand, metal, polymer and silica.

2.5.1 Carbon-based shell

Protecting the Cu NPs with a carbon shell has been proven to prevent

oxidation. For example, Li et al. presented a solid-state synthesis of Cu

NPs from copper carbonate and glucose, which carbonizes at high tempera-

tures.95 They found out that carbon could simultaneously reduce and shell

Cu NPs, protecting them from oxidation. In another example, Athanassiou

et al. produced air-stable Cu NPs with a coating of carbon by a reducing

flame spray synthesis.96

As presented in the works of Chen et al. or Luechinger et al., graphene can

also successfully passivate Cu surfaces, preventing the diffusion of O2.97;98
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More precisely, Luechinger and co-workers synthesized graphene-coated Cu

NPs in a one-step process and utilized such particles to formulate a con-

ductive ink. Despite, the achieved conductivity was very low (1.56 S·cm-1),

graphene seems an economically attractive route to the use of Cu nanopar-

ticles in ambient conditions.

2.5.2 Ligand adsorption on the surface

Molecules are usually present on the surface of colloids enabling dispersion

in solvents and preventing aggregation. These molecules, generally known

as ligands, are typically long organic molecules present at the surface at a

density of about 1-5 ligands·nm-2.99 Several reports have been published

studying the effect of the ligands on the oxidation of the Cu NPs.

For example, Ziegler and co-workers showed that hexanethiol, a well known

ligand for metal nanocrystals, made copper nitrate react to form Cu instead

of CuO nanocrystals, an observation these authors attributed to the forma-

tion of a hexanethiol capping at the NP surface.100 A similar conclusion

followed from the work of Kanninen et al.101 who studied the oxidation of

Cu NPs capped by aliphatic carboxylic acids and thiols and found that the

oxidation rate differed depending on the type of ligand and the length of

the aliphatic chain, as the oxidation resistance improved with increasing

chain length. Glaria et al.102 analyzed Cu NPs synthesized in the presence

of either alkyl amines or phosphonic acids, and showed that stabilization by

alkylamines lead to a marked reduction of the oxidation rate. The authors

followed the study with a detailed analysis of the oxidation regimes of Cu

NPs capped with hexadecylamine, also demonstrating a stalled oxidation

rate with increasing concentration of ligand.94 Shi and co-workers103, on the

other hand, synthesized Cu NPs capped with mercaptocarboxylic acids and

studied the reactive oxygen species generated during the oxidation process

to assess the cytotoxicity related to this process. In line with the aformen-

tioned studies, these authors found that a longer ligand length prevented

the formation of oxygen radicals that lead to cell damage; an indirect in-

dication of the suppression of Cu oxidation. In general, long ligand chains

and increased surface coverage have been proven to improve the oxidation

resistance of the Cu NPs. However, to the best of our knowledge, long-term

protection in ambient conditions has not been demonstrated so far.
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2.5.3 Metal-based shell

The formation of a metallic shell on metallic NPs has been established by

different methods such as pulsed wire evaporation,104 seeded growth,105

electroless plating,106;107, thermal evaporation under ultrahigh vacuum,108

self-assembly109 or galvanic displacement/transmetallation.110;111 Here, the

interest is to shell the Cu NPs with a metal that is both resistant to oxidation

and conductive (i.e. Au or Ag). For example, Stewart et al. synthesized

Cu/Ag, Cu/Au and Cu/Pt nanowires by a room-temperature, non-etching

process with the aid of ascorbic acid, which removed the superficial oxide

and protected the Cu core while reducing the other metal precursors on the

surface of the Cu nanowires.112 The importance of nanowires is normally

associated with the formation of transparent conductors as an alternative

to Indium Tin Oxide.

Formation of Cu/Ag core-shell NPs has been widely studied by the research

group of Professor Magdassi.113–115 They developed two-step transmetalla-

tion process based on the work of Lee et al. to shell the Cu NPs with Ag.116

First, Cu NPs are formed in aqueous solution by the reduction of copper

nitrate with hydrazine or sodium formaldehyde sulfoxylate dihydrate in the

presence of polyacrylic acid sodium salt as stabilizer. Then, the particles

were washed and redispersed in a solution of ascorbic acid and silver ammo-

nia to form the Cu/Ag NPs. The resulting NPs were formulated, printed

and sintered, resulting in layers that reached a conductivity 16% of bulk

Cu.113 In a simpler and cleaner process, Lee et al. produced Cu NPs by

thermal decomposition of copper acetylacetonate in oleylamine at 235◦C,

then the solution was cooled down to 80◦C and silver nitrate added and left

stirring for 2 hours, resulting in monodisperse Cu/Ag of 13.5 nm.110 Even

if some oxidation species were present after some months of storage, the

particles were coated and sintered at 350◦C, resulting in a conductive layer

with a resistivity of 12 µΩ · cm. An improved conductivity was achieved

by Kim and co-workers with Cu/Ag NPs synthesized by coupling a pulsed-

wire discharge synthesis of Cu NPs with a surface transmetallation to Ag

on solution. In their synthesis no organic stabilizer was utilized, reducing

in that manner both the required sintering temperature to 200◦C and the

resulting resistivity to only 8.2 µΩ·cm. Overall, the use of an Ag shell seems

a promising solution to protect the Cu core from oxidation while keeping

conductive properties intact. Despite the longer processing time and higher

costs of shelling Cu cores with Ag, companies like Samsung already are the

assignee of patents regarding this strategy.117

Kim et al. introduced an alternative method to protect the colloids based
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Figure 2.5: Transmission electron microscopy image showing the

Cu/Cu(HCO2)2 core–shell particles. Inset: selected area electron diffrac-

tion pattern of a high resolution image showing the presence of crystalline

Cu(HCO2)2. Reprinted from reference 59

on the formation of a Cu(HCO2)2 shell around the as-synthesized NPs.59

First, Cu NPs were synthesized by thermal decomposition of copper(II) 2-

ethylhexanoate in oleylamine. Then, the capping oleylamine was exchanged

by pyridine to alter the compatible solvents for the NPs, enabling dispersion

in polar solvents such as acetonitrile. By injecting formic acid to the NPs,

this reacted with superficial oxides and hydroxides, forming copper formate

in the surface of the NPs (see figure 2.5). The Cu(HCO2)2 shell could,

besides avoiding oxidation, cleanly decompose to metallic Cu upon sintering

at low temperatures (150◦C). The resulting sintered layers presented a low

resistivity of 13.5 µΩ · cm.

2.5.4 Polymer embedding/surface adsorption

As seen previously, a commonly used practice in the synthesis of Cu NPs

is the addition of a polymeric stabilizer. Polymer ligands have also been

observed to retard the oxidation of NPs.118 Among the polymeric stabi-

lizers, PVP is the most widely used to control the size growth of Cu NPs

during synthesis and stabilize and protect them during storage.55 Jeong et

al. studied the effect of the molecular weight of PVP on the oxidation of

Cu NPs.119 In their work, they demonstrated that the molecular weight of

PVP determines their conformation when chemisorbed on the Cu surface.
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This has a significant effect on the formation of the surface oxide layer, with

higher molecular weight PVP yielding thinner oxide shells. They correlated

this results with the conductivity of the layers manifesting that the thinner

the initial oxide shell of the NPs is, the lower is the resistivity of the printed

layer, attaining a minimum resistivity of 11 µΩ · cm after sintering at 275◦C

by using the highest molecular weight PVP (40,000 g/mol). In another re-

port by Lee et al., Cu NPs were synthesized through a relatively large-scale

(5 L) in the presence of PVP.30 The resulting Cu NPs presented slight oxi-

dation after 20 days under ambient storage conditions and the printed layers

reached a surprisingly low resistivity at 3.6 µΩ · cm after 60 min of sintering

at 200◦C in reducing atmosphere. Similarly, Kobayashi and co-workers used

another polymer, polypyrrole, to stabilize and coat the Cu NPs, showing

just slight presence of Cu2O after 50 days of storage under ambient condi-

tions.120 Alternatively, Pham et al. embedded Cu NPs in a conductive com-

posite of poly(3,4-ethylenedioxythiophene)/poly(styrenesulfonate).121 De-

spite obtaining an air stable paste and successfully print it, the measured

conductivity of the layers was orders of magnitude far from the bulk value.

2.5.5 Silica encapsulation

Just a few reports dealing with Cu/SiO2 NPs are present in literature. In

a prior work, Kobayashi and Sakuraba reported the growth of a silica shell

around Cu NPs in aqueous media by reaction of (3-aminopropyl)trimethoxy-

silane with sodium silicate.122 The shelled Cu NPs maintained their SPR

and were stable after air exposure in aqueous media. Later, Shiomi et al.

reported the synthesis of Cu NPs in ammonia with gelatin as dispersant

and hydrazine as reducing agent.123 Then rapidly, a solution of tetraethy-

lorthosilicate in ethanol was added to the particles, forming stable Cu/SiO2

NPs by a sol-gel method. These particles featured a ∼30 nm Cu core and

a ∼40 nm SiO2 shell. Similar to carbon coating, addition of silica can effi-

ciently stall the oxidation. However, as an insulating material, a silica shell

would hamper the conductivity of the printed films and render sintering

more difficult.

2.6 Assessment

In this chapter we divided the synthesis methods for Cu NPs in three cat-

egories: chemical, physical an biological. Even if most synthesis methods

allow adaptation within, a general trend depending on the nature of the

process can be distinguished.
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Chemical methods are the most frequently used since they offer the most

control on the synthesis. In general, energy is supplied to the system to trig-

ger the reduction of copper to its metallic state and facilitate their growth

into NPs following the LaMer model. Size, morphology, oxidation state,

yield and processing can easily be overseen and manipulated depending on

the desired properties of the Cu NPs. Moreover, chemical methods usually

require shorter reaction times, increasing the productivity. The downsides

of the chemical methods are the frequent use of hazardous reducing agents

and the amount of waste-product from the synthesis. There are also few

articles reporting a large-scale production of Cu NPs. Substitution of the

reducing agent by ascorbic acid seems to be a promising approach to reduce

the environmental impact of the synthesis and at the same time protect

the Cu NPs from oxidation. Alternatively, shifting to methods based on

thermal decomposition of copper precursors are promising since no extra

reducing agent is required.

Physical methods stand out as rapid and clean processes to obtain pure

Cu NPs. Especially, mechanical milling and pulsed wire discharge methods

offer a productivity unachievable by other means. The negative aspect of

the physical methods is the lack of control on the size and morphology of the

NPs and the high cost of the equipment. Therefore, Cu NPs produced by

such methods typically find their spot in mass-production of nanopowders

yet not for applications were precise particle properties are desired.

Biological methods are considered an alternative to chemical methods. Such

methods are based on the use of more environmentally-friendly and non-

toxic reagents as compared to conventional methods. In spite of that, bi-

ological synthesis of Cu NPs is still a novel field of research. Especially in

microorganism-mediated synthesis, the reaction mechanisms are completely

unknown and the produced NPs are of dubious condition. Plant-based syn-

thesis are gaining emphasis and are widely reported in the last years. More

controlled sizes and reproducible synthesis are accomplished via plant ex-

tract reduction. The main downside of the method is still the low produc-

tivity due to the long reaction times.

Different strategies to deal with the oxidation tendency of Cu NPs are de-

scribed in the literature. Shelling the Cu NPs with a carbon or silica layer

has been proven to fully halt the oxidation. However, due to to the low

conductivity or insulating properties of such shells, the resistivity of the

printed patterns is concomitantly increased. An alternative to maintain

the oxidation resistance while keeping the electrical properties intact is in

the usage of noble metal shell. Here, several shelling methods are already

widely reported and conductivity of layers close to bulk values of Cu are
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already reported. The issue with this strategy is economical. The low-cost

advantage of Cu against other metals is forfeited by adding extra processing

steps and using costly reagents or methods. A trade-off solution dwells in

the use of ligands or polymers. Since both are frequently used during syn-

thesis to control particle growth and stabilize the NPs in solution no extra

means are required to implement them. Organic ligands are typically thiols,

phosphates, amines or carboxylic acids with an aliphatic chain in the range

of C10-C20. Careful choice of these ligands has been proven to somewhat

decrease the oxidation rate yet not protect the NPs for a long time in am-

bient conditions. Polymer-based stabilizers, especially PVP, are established

as an excellent method to stabilize and decently stall oxidation for some

weeks. The downside of polymer stabilizers is their low volatility, which

demands harsher sintering conditions to obtain conductive layers. Nonethe-

less, since the oxidation is mainly superficial, different sintering strategies

such as thermal sintering under inert atmosphere have demonstrated to

reverse the oxidation. Hence, highly conductive films have been printed

with both ligand or polymer-capped Cu NPs, supporting a cost-effective

approach to obtain conductive patterns not specifically based on oxidation

protection.
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3
Synthesis of Copper Nanocrystals:

A cost-effective approach

We propose a synthesis of metallic copper nanocrystals based on copper for-

mate, which does not need an additional reducing agent nor a protective

atmosphere to yield metallic copper. By saturating the initial solution with

copper formate and implementing a specific temperature profile, we demon-

strate a self-cleaning effect. Oxygen cannot access the nanocrystals during

the reaction with non-oxidized nanocrystals as result. A clear influence of

the reaction rate was established and the mechanism of oxygen exclusion

is discussed. Furthermore, the size of the NCs can be tuned by adjusting

precursor and ligand concentrations.

3.1 Introduction

In chapter 2, we presented an overview of different methods to synthesize

Cu NCs. A common issue encountered in most of the published research on

Cu NCs synthesis is the limited amount of conductive material produced

per unit reaction volume and the questionable scalability of the described

methods. Both factors cast doubts on the economical feasibility of imple-
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menting Cu NCs in industrial processes. Some researchers tackled these

issues; for instance Lee et al.1 introduced a large scale (5 L), relatively high

concentration (0.2 M) method of producing 30-65 nm Cu NCs by the chem-

ical reduction of copper sulfate with sodium hypophosphite in the presence

of polyvinylpyrrolidone. In another publication,2 Li et al. produced 2.1 g

of copper nanowires in a 4 L reaction by reducing copper chloride with glu-

cose in the presence of oleic acid and oleylamine using an electrical-pressure

cooker. Although these proposed methods produced valuable material for

conductive applications, the scale is still insufficient to consider them rele-

vant to raise industrial interest.

In this chapter, we propose an economic synthesis with a high solid content

per reaction volume. The process is based on the low-temperature decompo-

sition of copper(II) formate, an inexpensive precursor bearing the reducing

agent within (formate). Oleylamine is present as the sole surfactant. By

saturating the reaction with precursor, we achieved two significant benefits.

First, we greatly increased the amount of Cu NCs produced per volume of

reaction (>50 g/L). Second, we suppressed the need of a protective atmo-

sphere to perform the reaction. Metallic Cu NCs were obtained under air.

The size of the Cu NCs could be conveniently tuned from 10 nm to 200 nm

by adjusting the reagent ratios.

3.2 Experimental Section

Chemicals. Copper(II) formate tetrahydrate (Alfa Aesar, 98%), oley-

lamine (Acros Tech, 80-90%), n-dodecane (Merck Millipore, ≤99%), diace-

tone alcohol (Sigma-Aldrich, ≤99%), disperbyk 180 (BYK)

Synthesis of Cu NCs. Copper nanocrystals were synthesized by revising

a method originally introduced by Sun et al.3 and adapted in recent pub-

lications4;5. A solution of copper(II) formate in an oleylamine:dodecane

mixture was formed by heating the mixture at 60◦C until the copper(II)

formate was fully dissolved. Unless mentioned otherwise, the temperature

was raised to 140◦C in a constant heating rate of 10◦C/min and kept at

this temperature for 10 minutes before cooling down. Cu NCs where ex-

tracted from the reaction mixture and further purified by repetitive precipi-

tation/resuspension cycles using toluene as solvent and ethanol or methanol

as non-solvent.

Quantification of Cu+ and Cu0. The amount of Cu+ and Cu0 was

quantified by taking aliquots from the reaction mixture at different stages
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of the reaction. For the quantitative analysis of Cu+, these aliquots were

weighted, diluted in hexane and loaded in a small glass vial. Right after,

a known concentration of bicinchoninic acid dissolved in DMSO was added

to the vial, which resulted in a 2-phase system. Upon shaking, the Cu+

could be extracted from the reaction mixture, and an intensely colored Cu+

complex with bicinchoninic acid was formed in the DMSO phase. Sub-

sequently, the amount of Cu+ was determined colorimetrically, from the

absorbance of the DMSO phase at 562 nm using a molar extinction coeffi-

cient of 7.7 103l/(mol ·cm).6 For the quantification of Cu0, the aliquots were

diluted in hexane and the absorbance spectra of the resulting dispersion was

directly recorded. The intrinsic absorption coefficient of Cu0 at 400 nm in

hexane was calculated using its optical constants: n = 1.32, k = 2.12.7 From

the combination of the intrinsic absorption coefficient and the absorbance of

the Cu NC dispersions at 400 nm, the volume fraction of Cu in the disper-

sion was obtained, a number that directly yields the amount of Cu0 formed

in the reaction.8

Structural Characterization. Transmission electron microscopy (TEM)

images were recorded on a Cs-corrected JEOL 2200-FS TEM operated at

200 kV. X-ray diffraction (XRD) analysis was conducted on a Thermo Sci-

entific ARL XTra diffractometer, operated at 40 kV/30 mA using Cu-Kα

radiation (λ = 1.5406 Å) and a Peltier cooled Si(Li) solid-state detector.

Scanning electron microscopy (SEM) images were recorded on a JEOL JSM-

7600F Schottky Field Emission.

Rietveld refinement. The XRD data were collected on a Thermo Sci-

entific ARL X’tra Diffractometer equipped with a Peltier cooled detector.

Samples were measured in θ-2θ geometry over an angular range of 20-80

d2θ (CuKα radiation) using a 0.02 d2θ step size and 1 s/step counting

time. The Rietveld method for whole-powder pattern fitting was used and

the Topas Academic V4.1 software was used for Rietveld refinement. The

refined parameters were the measurement specific or sample displacement

error, a cosine Chebyshev function of 10 polynomial terms for background

correction, phase specific scale factors, unit cell parameters and Lorentzian

peak shape broadening parameters.
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3.3 The Standard Synthesis

3.3.1 Protective and Ambient Atmosphere

As described in the Experimental Section, any synthesis described in this

work starts with the formation of a solution of copper formate (Cu(HCO2)2)

in oleylamine (OlNH2) and dodecane. Here, OlNH2 is used to as a com-

plexing agent to bring the copper precursor in solution. Moreover, OlNH2 is

known to reduce the overall decomposition temperature of the

Cu(HCO2)2:OlNH2 complex, originally around 200◦C for pure Cu(HCO2)2,

to only 120◦C.9;10 Different hypotheses have been presented to explain this

decrease in reduction temperature. Here, the work from Marchal et al.

shown that the in-situ reduction mechanisms of copper formate proceed

via a transient Cu(I) intermediate.11 Compared to other Cu(II) complexes,

it was inferred that the decrease on the Cu(HCO2)2 reduction temperature

arose from the low stability of the Cu(I) intermediate and the structural dif-

ferences between Cu(II) and Cu(I) species along the thermal decomposition

route.

Figure 3.1 presents the characterization of the products obtained from the

decomposition of a Cu(HCO2)2 solution containing 2 g/L of Cu and fea-

turing a 2:1 molar ratio of OlNH2 : Cu(HCO2)2. The difference between

Figure 3.1a and 3.1b is the synthesis atmosphere, where the former was

run under ambient and the second under inert atmosphere. The bright field

transmission electron microscopy (TEM) images show that the morphology

and size of the NCs are similar, regardless of the synthesis environment. As

can be seen, these specific synthesis conditions lead to a polydisperse dis-

tribution of NCs, with an average size of 240± 40 nm and 280± 150 nm for

syntheses under ambient and nitrogen, respectively. One sees that in both

cases, the NCs exhibit a projected hexagonal shape, suggesting that the

crystallites are cuboctahedrons.12;13 The fact that such large NCs maintain

a cuboctahedral shape points towards a similar growth rate of both (100)

and (111) facets, suggesting a non-preferential binding of OlNH2 to either

facet.14;15

Despite the similar morphology, a very different crystallographic structure

is obtained depending on the synthesis atmosphere. Figure 3.1c shows that

the X-ray diffraction pattern of NCs synthesized under ambient conditions

corresponds to that of Cu2O (JCPDS 05-0667) and features a diffraction

peak characteristic to the (111) lattice plane of CuO at 38.75° (JCPDS

80-1268). The oxidized nature of the NCs is not unexpected since an inert

atmosphere is typically used to prevent oxidation during the formation of Cu

NCs.16 On the other hand, the NCs obtained through a synthesis performed
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Figure 3.1: Low-resolution, brightfield TEM image of Cu NCs formed

by a 2 g/L, 2:1 oleylamine:Cu(HCO2)2 synthesis under (a) ambient and

(b) nitrogen atmosphere; (insets) Size histograms determined based on

the analysis of 200 NCs in TEM images. XRD pattern of pristine NCs

synthesized under (c) ambient and (d) nitrogen atmosphere. The mixture

for the synthesis under nitrogen was degassed prior to the reaction.

under inert conditions exhibit the X-ray diffraction pattern of metallic Cu0

in its cubic structure (JCPDS 04-0836), confirming that formate and OlNH2

can fully reduce Cu2+ to Cu0 under inert conditions without the addition

of an extra reducing agent.17

3.3.2 Two-Step Reduction of Copper Formate

To study the decomposition of copper formate in more detail, we performed

a synthesis while taking aliquots after regular time intervals. Under nitrogen

atmosphere, a 0.2 M (12.7 g/L) solution of Cu(HCO2)2 in a 1:1 mixture of

OlNH2 and dodecane was heated to 140◦C and kept at that temperature
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Figure 3.2: Development of the yield of (black) Cu1+ and (red) Cu0 during

a Cu NC synthesis based on heating of a 0.2M copper formate solution

in an 1:1 oleylamine:dodecane mixture up to 140◦C. All datapoints at

intermediate temperatures were obtained by analyzing aliquots taken from

the reaction mixture during the temperature sweep. In the case of the

datapoint at 140◦C, the reaction was kept at that final temperature for 5

minutes before the aliquot was taken.

for 5 minutes. Upon heating at a rate of approximately 10◦C/min, the

deep blue color of the initial solution first became transparent at around

120◦C, after which the reaction mixture quickly turned dark red; a color

typical of dispersions of Cu NCs. We hypothesized that these color changes

reflect the successive reduction of Cu2+ into Cu1+ and, finally, metallic

Cu0. To confirm this, we quantified the amount of Cu1+ and Cu0 in the

reaction mixture at different stages of the reaction using colorimetry, where

we quantified Cu1+ through selective complexation with bicinchoninic acid,

and Cu0 by means of the absorption coefficient of metallic Cu NCs (see

Experimental Section).

Figure 3.2 represents the composition of the reaction mixture obtained in

this way. In line with our hypothesis and the study from Marchal et al.,

metallic Cu is indeed formed in a two-step process.11 The initially present

Cu2+ is first reduced at temperatures between 100 and 120◦C to form Cu1+,

which only gives way to metallic copper at temperatures above 130◦C.

When keeping the reaction mixture at 140◦C for 5 minutes, we estimate

that ∼65% of the Cu2+ originally present is converted into metallic Cu.

Such a yield is similar to what was reported by Sun et al.,3 yet the reac-

tion is carried out at only 140◦C during 5 minutes instead of 250◦C for 20
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minutes. We project that longer reaction times would lead to almost full

yield.

3.4 Oxidation Suppression During Cu

Nanocrystal Synthesis

3.4.1 The Impact of Initially Dissolved Oxygen

In an effort to reduce the synthesis complexity, we aimed at defining synthe-

sis conditions for which Cu0 NCs are formed under ambient. In principle,

this would require us to strictly avoid exposure to oxygen at all stages of the

synthesis. As a first oxygen source, we considered all oxygen initially dis-

solved in the OlNH2-dodecane solvent mixture at the start of the reaction.

In chemical laboratories, it is common practice to protect oxygen-sensitive

compounds during a reaction by degassing the initial reaction mixture under

vacuum. However, degassing is a time-consuming process that is impracti-

cal for large volumes. Moreover, if a reaction under ambient atmosphere is

envisaged, initial degassing seems futile since oxygen can dissolve back into

the solvent prior to the reaction.

To evaluate the impact of dissolved oxygen on the formation of Cu NCs,

we estimated the concentration of dissolved oxygen in the initial OlNH2-

dodecane solvent mixture. According to published data,18 the solubility of

oxygen in n-dodecane amounts to 54.9 mg/L at 35◦C and atmospheric pres-

sure. Using that value, we calculated that for the 2 g/L synthesis described

in the previous section, the molar ratio between Cu formate and dissolved

O2 amounts to ∼18. To interpret the consequence of such an equivalence,

we considered the formation of Cu2O from Cu and O2:

4Cu(s) + O2(sol) 
 2Cu2O(s) (3.1)

According to Equation 3.1, 4 moles of Cu are oxidized by 1 mole of O2.

Therefore, a sizable fraction of about 20% of the reduced copper could be

re-oxidized by the oxygen initially dissolved in the reaction mixture of that

2 g/L synthesis. This suggests that further increasing the Cu(HCO2)2 con-

centration in the reaction mixture could be an efficient strategy to suppress

oxidation. Indeed, such reaction mixtures would have an increased initial

Cu/O2 ratio and, consequently, a smaller fraction of re-oxidized Cu as a

final product. For example, an increase of the Cu content to 40 g/L could

decrease the expected fraction of re-oxidized copper to less than 1% of the

total amount of Cu formed. Using such an approach, the initial oxidation
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Figure 3.3: XRD patterns of Cu NCs synthesized with different con-

centrations of Cu without protective atmosphere. The molar ratio of

OlNH2:Cu(HCO2)2 has been kept at 2:1 and the heating rate at 20◦C/min

for all syntheses. The NCs were purified and dried in ambient conditions

prior to measurement.

Table 3.1: Copper ratios extracted from Rietveld refinement analysis of

the XRD data from Figure 3.3.

[Cu] Cu (%) Cu2O(%)

2 g/L 8.8± 0.5 91.2± 0.5

5 g/L 43.9± 0.5 56.1± 0.5

10 g/L 73.5± 0.6 26.5± 0.6

20 g/L 92.7± 0.7 7.3± 0.7

40 g/L 97.3± 0.6 2.7± 0.6

of this small amount of Cu may lead to an oxygen-free reaction mixture;

a self-cleaning effect that creates the inert environment necessary for the

formation of metallic Cu NCs.

We tested this possible self-cleaning of the reaction mixture by running the

Cu(HCO2)2 decomposition under ambient conditions in reaction mixtures

with a different solid loading. Figure 3.3 presents the XRD patterns of the

thus obtained NCs, for Cu loadings increasing from 2 to 50 g/L. As can be

seen, the initial concentration of the copper precursor has a large impact on

the oxidation state of the resulting NCs. At low precursor concentration,

the NCs mainly consist of Cu2O. In synthesis conditions expected to pro-

duce 2 g/L of Cu, the XRD pattern obtained is similar the data presented

in 3.1c since the synthesis conditions are equivalent. As the concentration

of the initial precursor is increased, the crystallographic phases gradually

shift from Cu2O to Cu0. Table 3.1 summarizes the results of a Rietveld
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refinement of these diffractograms, showing that the metallic Cu content

increases from 8.8% to 97.3% by increasing the concentration from 2 g/L to

40 g/L. Note that the oxidized fraction is about 2 % for the 40 g/L synthe-

sis, close to the estimated value based on the room temperature solubility

of oxygen in dodecane. As an additional benefit, a larger concentration of

precursor results in a higher amount of material produced per volume of

reaction; synthesis conditions that reduce the overall cost of producing Cu

NCs and limit the generated waste.

3.4.2 Oxygen intake during synthesis

Apart from the initially dissolved oxygen, the influx of oxygen from the

ambient surroundings can be a second oxygen source in an open reaction

vessel, which we succinctly describe as a transition from gaseous to dissolved

oxygen:

O2(g) 
 O2(sol) (3.2)

This process will promote redissolution of oxygen as already dissolved oxy-

gen is consumed by the oxidation of Cu0 as described by Eq 3.1. Hence, to

prevent further formation of copper oxide, the influx of oxygen in the reac-

tion mixture should be restricted during the decomposition of the precursor

and the nucleation and growth of Cu NCs. However, the flask cannot simply

be sealed to block any gas inflow since the decomposition of Cu(HCO2)2
releases water, carbon dioxide and hydrogen:9

Cu(HCO2)2 · 4H2O(sol) → Cu(s) + H2(g) + 2CO2(g) + 4H2O(g) (3.3)

Clearly, such gas evolution would result in a problematic pressure increase

in a closed flask.

To evaluate the impact of redissolved oxygen on the reaction, we started

from the idea that gasses released from the reaction mixture as Cu(HCO2)2
decomposes can suppress oxygen redissolution in the reaction mixture. In-

deed, considering that the reaction occurs in an open flask exposed to ambi-

ent atmosphere, the total pressure in the headspace must remain constant.

When the decomposition of Cu(HCO2)2 starts, evaporation of water and

the generation of hydrogen and carbon dioxide from the solution increase

the partial pressure of such gases above the liquid and decrease the oxygen

partial pressure to keep the total pressure constant. According to Henry’s

law, a lower partial pressure of oxygen implies that less oxygen will dissolve

in the reaction mixture, thus protecting the Cu NCs formed from oxidation.
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Figure 3.4: (a) XRD patterns of Cu NCs synthesized at different heating

rates without protective atmosphere, to a final temperature of 140◦C. (b)

XRD patterns of Cu NCs synthesized without protective atmosphere, at

10◦C/min to different final temperatures and held at these temperature

for 10 min. The concentration of copper was set at 20 g/L and the molar

ratio of OlNH2:Cu(HCO2)2 2:1 for all syntheses. The NCs were purified

and dried in ambient conditions prior to characterization.

Importantly, the formation of such an oxygen-poor atmosphere in the reac-

tion vessel will strongly depend on the reaction rate, where slow reactions

will have hardly any impact, whereas fast reactions may strongly influence

oxygen redissolution.

We evaluated the impact of the reaction rate on the formation of copper

and copper oxide during Cu(HCO2)2 decomposition by either changing the

rate at which the a final reaction temperature of 140◦C is reached, or by

changing that reaction temperature. Figure 3.4 illustrates the x-ray diffrac-

togram recorded on the reaction product obtained for these different syn-

theses, which give evidence of an increased copper oxide content for slower

heating rates or lower reaction temperatures, i.e., conditions in which the

overall reaction rates is lowest. This qualitative picture is confirmed by a

Rietveld analysis, the results of which are summarized in Tables 3.2 and

3.3. One sees that at the lowest heating rate used, a mixed copper/copper

oxide product is obtained whereas a heating rate at 20 ◦C/min leads to a
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Table 3.2: Copper ratios extracted from Rietveld refinement analysis of

the XRD data from Figure 3.4a.

Heating rate (◦C/min) Cu (%) Cu2O(%)

2.5 43.5± 0.7 56.5± 0.7

5 77.6± 1.2 22.4± 1.2

10 82.5± 0.8 17.5± 0.8

20 92.4± 1.6 7.6± 1.6

Table 3.3: Copper ratios extracted from Rietveld refinement analysis of

the XRD data from Figure 3.4b.

Final temperature (◦C) Cu (%) Cu2O(%)

120 8.5± 0.7 91.5± 0.7

140 82.5± 0.8 17.5± 0.8

160 90.1± 4.4 9.9± 4.4

NC product composed for ∼92% of Cu0. Note that the latter result is in

close agreement with the data listed in Table 3.1 for the same precursor

concentration. Similarly, Table 3.3) indicates that changing the reaction

temperature from 120◦C to 160◦C induces a shift of the end product com-

position from 90% copper oxide to 90% copper. Hence, we conclude that a

lower reaction rate strongly promotes the formation of copper oxide, proba-

bly by enabling redissolution of ambient atmosphere in the reaction mixture.

On the other hand, high reaction rates can effectively suppress the redisso-

lution of oxygen, which lead to an oxygen-poor reaction mixture in which

Cu NCs can be formed, even under ambient conditions.

3.5 Size-Tuning During Cu Nanocrystal Syn-

thesis

The size of Cu NCs is an important characteristic of a conductive ink based

on a copper nanocolloid. For example, NCs with sizes larger than 50 nm can

clog the nozzles of an ink-jet printer. On the other hand, smaller NCs have

large surface-to-volume ratios. This makes that larger amounts of organic

ligands are needed to stabilize a conductive ink, which limits the maximum

solid loading of such inks.19 For these reasons, a synthesis method that
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Figure 3.5: Low-resolution, brightfield TEM images of Cu NCs synthesized

with different concentrations of copper: (A) [Cu]=10 g/L, (B) [Cu]=20

g/L, (C) [Cu]=40 g/L and different molar ratio between OlNH2 and copper

formate: (1) OlNH2:Cu(HCO2)2=1:1, (2) OlNH2:Cu(HCO2)2=2:1, (3)

OlNH2:Cu(HCO2)2=3:1.

enables the nanocrystal size to be varied by minimal changes to the com-

position of the reaction mixtures is of high interest. To obtain such a level

of control, we explored the influence of the reagent ratios, most notably the

OlNH2:Cu(HCO2)2 equivalence and the Cu(HCO2)2 concentration, on the

reaction outcome while keeping other relevant parameters such as heating

rate, synthesis time and reaction temperature constant. This approach is

inspired by literature results on the synthesis of CdSe NCs, where both the

reaction rate and the surfactant concentration proved useful knobs to tune

the resulting nanocrystal size.20 Figure 3.5 and Table 3.4 present the differ-

ent nanocrystal sizes we obtained in this study, where we either modified the

OlNH2 equivalence (left to right) or changed the Cu(HCO2)2 concentration

(top to bottom).
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Table 3.4: Particle size and standard deviation of the Cu NCs from Fig-

ure 3.5. Sizes are determined based on the analysis of 200 NCs in the

images.

[Cu]
OlNH2:Cu(HCO2)2

1:1 2:1 3:1

10 g/L 197.6± 182.8 nm 34.1± 16.9 nm 19.3± 2.9 nm

20 g/L 100.9± 54.4 nm 27.2± 9.2 nm 13.7± 1.3 nm

40 g/L 107.6± 85.3 nm 10.0± 1.4 nm 9.4± 1.4 nm

As can be seen, a low concentration of OlNH2 concurs with the formation

of large NCs, whereas a high ligand concentration leads to small NCs. A

similar observation was made in parallel by Dai et al.4, confirming our

results. In the case that the OlNH2 equivalence is further increased to

8/1, the particle size is reduced to 4 nm; a figure in line with results we

published previously.5 Note that these trends are different from what is often

found in semiconductor NC synthesis, where larger ligand concentrations

typically lead to larger NCs.21 Possibly, the impact of ligand concentration

on the size of Cu NCs reflects the lower growth rate of facets covered with

a high surface density of ligands. It is also noteworthy that lower ligand

concentration yield broader size distributions, a relation that complicates

the determination of the average NC size. For instance, using 1 equivalent

of OlNH2 yields an end product in which the NC diameter varies between 20

and 400 nm. Note that these trends are different from what is often found

in semiconductor NC synthesis, where larger ligand concentrations typically

lead to larger NCs.21 However, this argumentation is only valid if the ligand

has no interaction with the solvent and no effect on the overall reaction

rate. In this case, the difference in particle growth can be linked to the

solubility of Cu(HCO2)2, which is only soluble in non-polar solvents when

complexed with OlNH2. Since Cu2+ can coordinate with six donor atoms,

the 1 equivalent reaction mixture will comprise Cu(HCO2)2 complexed by

0,1 or 2 OlNH2 ligands. Possibly, this diversity leads to a heterogeneous

mixture in which Cu(HCO2)2 reacts at different rates and NC with a broad

range of sizes are formed.

Similarly, the initial concentration of Cu(HCO2)2 in the reaction mixture

has an effect on the nanocrystal size. In that case, we find that a lower

concentration of copper precursor in the reaction mixture leads to larger

NCs, as can be seen in Figure 3.5 and Table 3.4 from top to bottom. This

relation between NC size and precursor concentration is in line with previ-
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ous results on the formation of CdSe NCs.20 In that study, the link between

higher precursor concentration and larger NCs was assigned to the under-

lying relation between the reaction rate and the NC size, where more rapid

reactions promote nucleation over growth and lead to the formation of more,

albeit smaller NCs.

3.6 Conclusion

We demonstrated an economic route to produce copper nanocrystals based

on the thermal decomposition of copper formate in oleylamine. Based on

a self-cleaning effect, saturation of the initial reaction mixture with the

precursor leads the exclusion of oxygen and thus the production of metallic

copper nanocrystals. We showed that a high reaction rate is crucial to

ensure that oxygen has little access during the formation of the monomers

of Cu0. By adapting the synthesis conditions, a wide range of sizes was

obtained granting flexibility to the printing method of choice. Ultimately, we

proved that metallic Cu NCs can be obtained by using low-cost reagents and

conditions, a fundamental step towards the development and capitalization

of Cu NCs as a cost-effective filler for conductive inks.
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4
Surface Chemistry of Copper

Nanocrystals: Amines and Carboxylic

Acids and the Role of Surface Oxides1

We perform an in-depth study of the surface chemistry of the Cu NCs.

We focus on the synthesis of 4 nm Cu colloids as a study model due to

their high surface/volume ratio. We demonstrate that oleylamine is initially

capping the surface as a tightly bound ligand. We illustrate that addition of

undecylenic acid triggers an exchange reaction on the surface of the colloids.

We propose and discuss different models to describe this exchange reaction.

4.1 Introduction

In chapter 3, we presented how to prevent oxidation and modify the size

of the Cu nanocrystals from a synthesis perspective. However, in order to

1Adapted from: Arnau Oliva Puigdomènech, Jonathan De Roo, Jakob Kuhs,

Christophe Detavernier, Jose C. Martins, Zeger Hens. Ligand Binding to Copper

Nanocrystals: Amines and Carboxylic Acids and the Role of Surface Oxides. Chem-

istry of Materials, 31 (6), 2058–2067, 2019.
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preserve the conductive properties oxidation must be prevented during all

stages. An interesting approach to suppress or control oxidation involves

capping Cu NCs by surface-bound ligands.1 An important step towards

designing a surface termination that protects Cu NCs from oxidizing is un-

derstanding how ligands bind and pack on the surface of Cu NCs. This is by

no means straightforward. Several methods have been developed to analyze

the binding of ligands to NCs, such as thermogravimetry, infrared spec-

troscopy, mass spectrometry or nuclear magnetic resonance (NMR) spec-

troscopy.2 Among these different methods to study the surface chemistry

of NCs, solution NMR spectroscopy stands out due to its unique capability

to identify and quantify NC ligands, and study ligand exchange reactions

in-situ.3

In this chapter, we address the binding of amines and carboxylic acids to

Cu NCs, two commonly used ligands in NC research, by combining solu-

tion NMR spectroscopy with judicious ligand exchange experiments. As a

study object, we use ∼ 4 nm Cu NCs synthesized by the decomposition of

Cu formate in the presence of oleylamine. We show that the crude reac-

tion product can be purified by means of standard purification protocols

to obtain dispersions that contain, next to the solvent and the Cu NCs,

almost exclusively surface-bound ligands. Using a set of 1D and 2D 1H

NMR techniques,3 we demonstrate that oleylamine is a tightly bound lig-

and and we estimate a sample-dependent surface concentration in the range

1.4 − 2.5 nm−2. A most remarkable finding is that addition of undecenoic

acid to oleylamine-stabilized Cu NCs results in the nearly 1 equivalent ex-

change at the Cu surface, which again results in a tightly-bound ligand shell.

Importantly, this surface reaction results in the binding of a dissociated acid

on the Cu surface, a reaction similar to what was described by De Roo et al.

in the case of metal oxide nanocrystals.4 We therefore propose that ligands

such as amines and carboxylic acids mostly interact with Cu NCs through

surface bound copper oxide.

4.2 Experimental Section

Chemicals. In this work, the following chemicals were used: copper(II)

formate tetrahydrate (Alfa Aesar, 98%), bicinchoninic acid disodium salt

hydrate (Sigma-Aldrich≤98%), oleylamine (Acros Tech, 80-90%), n-dodecane

(Merck Millipore, ≤99%), acetonitrile (VWR, ≤99.5%), n-hexane (VWR,

98%), methanol (VWR, ≤99.8%), undecenoic acid (Sigma-Aldrich, 98%),

deuterated toluene (Sigma-Aldrich, ≤99.6%). All the solvents utilized dur-

ing synthesis and purification were degassed prior to use by freeze-thawing
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method to remove dissolved oxygen.

Synthesis of copper nanocrystals. Copper nanocrystals were synthe-

sized by an adaptation of the method originally introduced by Sun et al.5.

In brief, a solution of copper(II) formate tetrahydrate (0.2 mol/L) in an

20 mL oleylamine:dodecane mixture (1:1 by volume) was formed by heating

the mixture at 60◦C until the copper(II) formate was fully dissolved. Next,

the solution was held at 60◦C under vacuum for 1 hour to remove excess

water. Upon raising the temperature to 140◦C, the color of the reaction

mixture changed from blue to dark red, indicating the reduction of cop-

per(II) to metallic copper. This reaction mixture was kept at 140◦C for 5

minutes, cooled down and diluted with hexane to prevent nanocrystal ag-

gregation. Finally, the resulting solution was washed multiple times using

acetonitrile and methanol as non-solvents and hexane as a solvent.

NMR analysis. Samples for NMR analysis were prepared by drying the

purified reaction product under a nitrogen flow and redispersing the result-

ing powder in toluene-d8. To prevent oxidation, all purification and sample

preparation was performed under an inert atmosphere in a nitrogen-filled

glovebox and the samples were loaded in air-tight screw-capped NMR tubes.

NMR spectra were recorded either on a Bruker Avance III Ascend Spec-

trometer operating at a 1H frequency of 500.13 MHz and equipped with

a BBI-Z probe or on a Bruker Avance II Spectrometer operating at a 1H

frequency of 500.13 MHz and equipped with a TXI-Z probe. The sample

temperature was set at 298.15 K. Quantitative 1H spectra were recorded

with 20 s delay between scans to ensure full relaxation of all NMR signals

and concentrations were determined using the Digital ERETIC method.

Diffusion-Ordered Spectroscopy (DOSY) experiments were performed us-

ing a double stimulated echo sequence for convection compensation and

with monopolar gradient pulses. The diffusion decay was recorded in 64

steps of squared gradient strength from 95% to 2% of the probe’s maximum

value. The gradient pulse duration and diffusion delay were optimized so

as to guarantee at least a 10-fold attenuation of the signal throughout the

gradient strength scan.

Structural Characterization. Transmission electron microscopy (TEM)

images were recorded on a Cs-corrected JEOL 2200-FS TEM operated at

200 kV. FTIR samples were prepared under inert atmosphere by dispers-

ing a solution of Cu NCs in tetrachloroethylene and measuring them in-

side a KBr coated cuvette using a Nicolet 6700 FTIR. UV/Vis measure-

ments were performed using an Avantes Ava-Spec-2048 spectrometer using
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Avantes Avalight-DH-S-BAL as a light source.

Ligand Surface Concentration. The surface concentration of bound

ligands was estimated by combining (1) the overall concentration of bound

ligands as determined using NMR spectroscopy (see paragraph on NMR

analysis), (2) the average surface area of the Cu NCs as determined using

TEM imaging, and (3) the concentration of Cu NCs in the dispersion. For

the latter, we used spectrophotometry to determine the total amount of Cu

in the dispersion (see paragraph on quantification of Cu+ and Cu0) and

TEM to determine the average NC volume. The ligand surface concentra-

tion is then obtained as the ratio between the number of ligands in the

dispersion and the total area of the Cu NCs in the dispersion.

Ligand Exchange to UDA. In an oxygen-free environment, excess UDA

(5-fold to OlNH2) was added to a dispersion of OlNH2 capped Cu NCs in

hexane. After keeping the dispersion at room temperature for 30 minutes,

the Cu NCs were precipitated by addition of acetonitrile and methanol

as non-solvents and the thus obtained Cu NC powder was redispersed in

hexane. This process was repeated a second time, followed by multiple

purification cycles.

Titration of OlNH2-capped Cu NCs with UDA. A solution of UDA

and dibromomethane was prepared in toluene-d8. A quantitative 1H spectra

was recorded with 60 s delay between scans to ensure full relaxation of

all NMR signals and concentrations and ratios were determined using the

Digital ERETIC method. Then, a known volume of the previous solution

was added to a purified solution of OlNH2-capped Cu NCs with known

OlNH2 concentration. The sharp signal of dibromomethane at 4ppm was

integrated to know the total amount of added UDA. Then, the concentration

of bound OlNH2 and UDA was deduced from the integration of the free

ligand signal.

4.3 Results

4.3.1 Copper Nanocrystals, Synthesis and Characteri-

zation

Copper NCs were synthesized by the thermal decomposition of copper for-

mate (Cu(HCO2)2) in a mixture of dodecane and oleylamine (OlNH2), an

approach inspired by the method proposed by Sun et al.5 and developed
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Figure 4.1: (a) Low-resolution, brightfield TEM image of a typical synthe-

sis of Cu NCs; (inset) Size histogram determined based on the analysis of

300 NCs in TEM images. (b) Selected Area Electron Diffraction (SAED)

pattern of a sample of pristine (i.e., no air exposure) Cu NCs. (c) UV-Vis

spectra of a sample of Cu NCs, (red) pristine, (black) after 120 seconds

of air exposure. Spectra have been normalized at the maximum intensity

of the plasmon resonance. (d) Selected Area Electron Diffraction (SAED)

pattern of a Cu NCs sample exposed to air for 5 days.

in the previous chapter. In practice, a 0.2 M solution of Cu(HCO2)2 in

a 1:1 mixture of OlNH2 and dodecane was heated to 140◦C and kept at

that temperature for 5 minutes. Figure 4.1a represents a typical bright

field transmission electron microscopy (TEM) image of the reaction prod-

uct obtained from the decomposition of Cu(HCO2)2. As can be seen, the

synthesis method resulted in quasi-spherical particles with an average di-

ameter of 3.95± 0.64 nm and a size dispersion of ∼ 20%. According to the

selected area electron diffraction (SAED) pattern shown in Figure 4.1b, the

particles are crystalline and feature lattice spacings characteristic of metallic
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Cu. The formation of Cu NCs is further confirmed by the UV-Vis spectra of

the purified reaction product (in red), which feature the absorbance max-

imum at 560 nm that is characteristic of the surface plasmon resonance

(SPR) of spherical Cu NCs (see Figure 4.1c).6 In line with previous stud-

ies,7;8 exposing the Cu NCs to air resulted in a gradual redshift of the SPR,

which reached 605 nm after 120 seconds of permanent air exposure for the

example shown in Figure 4.1c. Further air exposure resulted in the complete

disappearance of the SPR. Such a variation of the absorbance spectrum is

typically attributed to the progressive oxidation of the Cu NCs, an inter-

pretation we confirmed by means of an SAED analysis of the NCs after air

exposure. As can be seen in Figure 4.1d, the SAED patterns of a sample

exposed to air for 5 days indeed features four diffraction rings that can be

assigned to diffraction from the (111), (200), (220) and (113) lattice planes

of Cu2O, corroborating the conclusion that the 4 nm copper NCs studied

here rapidly oxidize when exposed to air.

4.3.2 Surface Chemistry of As-Synthesized Cu Nanocrys-

tals

Figure 4.2a shows a 1D 1H NMR spectrum recorded on a purified dispersion

of Cu NCs in toluene-d8, synthesized as described above. As the Cu NCs

studied here are prone to oxidation, air exposure was avoided during all

stages of the synthesis, sample preparation and analysis. In practice, this

means that all work was carried out in a nitrogen-filled glovebox, until

samples were loaded in air-tight NMR tubes. Next to the narrow resonances

of residual toluene at around 7.0 and 2.1 ppm, the spectrum is dominated

by broad resonances that are assigned to the different protons in the oleyl

chain, as indicated. The resonance of the alkene protons 4 is retrieved at

around 5.5 ppm, whereas most of the methyl protons 2 contribute to the

broad resonance that peaks at around 1.5 ppm and the methyl protons 1

yield a minor shoulder at 1.0 ppm. Line broadening reduces the resonance

of the protons 3 to a slight shoulder at around 2.2 ppm and makes that

the resonance of the α-proton 5 cannot be discerned at all. In addition,

the spectrum features resonances of methanol and hexane, which were used

as non-solvent and solvent in the purification process. For a more detailed

account of the resonance assignment, see Appendix (A.1.1).

Figure 4.2b represents the DOSY spectrum of the same sample, which shows

that the broad oleyl resonances are linked to species with a diffusion coeffi-

cient that is markedly smaller than the self-diffusion coefficient of toluene.

A detailed analysis of the signal intensity as a function of the field gradient
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Figure 4.2: (a) 1D 1H NMR spectrum of Cu NCs capped with OlNH2 in

toluene-d8. (b) (top) DOSY NMR spectrum of the same Cu NC dispersion

and (bottom) decay of the signal intensity as a function of the square of

the field gradient strength as obtained at chemical shifts as indicated with

dashed lines in the DOSY spectrum. (c) 1D 1H NMR spectrum of Cu NCs

capped with OlNH2 after air exposure. Labeled resonances are identified as

(1-5) OlNH2 resonances, (�) residual methanol, (¶) hexane, (�) toluene-d8

and (§) silicon grease.

strength at around 1.7 ppm – a chemical shift where only the broad OlNH2

resonance is observed – yields a diffusion coefficient of 103.3 ± 0.1 µm2/s

(see Figure 4.2b). In toluene, such a diffusion coefficient corresponds to a

solvodynamic diameter of 7.16± 0.01nm. Since this number corresponds to

the sum of the NC diameter (4.0 nm) and twice the estimated length of an

oleyl chain (1.5− 2.0 nm), we conclude that in the case of Cu NCs, OlNH2

acts as a tightly bound ligand.

As shown in the inset of Figure 4.2a, the signal of the alkene protons feature

next to the broad resonance of bound OlNH2 a more narrow resonance.

According to the DOSY spectrum, this latter resonance comes with a larger

diffusion coefficient than bound OlNH2. This point can be clearly seen in

the decay of the resonance intensity with increasing field gradient strength

as shown in Figure 4.2b. As shown in the bottom section of Figure 4.2b,

fitting the intensity decay to a bi-exponential, yields a diffusion coefficient

of the slow and the fast component of 105± 10µm2/s and 870± 180µm2/s.

Since the latter value is only slightly smaller than the diffusion coefficient of
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Table 4.1: Full width at half maximum of 3 selected resonances of the

oleyl chain as measured on dispersions of as-synthesized and oxidized Cu

NCs, and a dispersion of CdSe NCs in toluene-d8.

Resonance Cu Cu CdSe

as-synthesized oxidized as-synthesized

2 400 Hz 145 Hz 140 Hz

4 235 Hz 85 Hz 75 Hz

1 NA 50 Hz 42.5 Hz

OlNH2 in toluene (1022±4µm2/s), we conclude that this resonance pertains

to free OlNH2 in the Cu NC dispersion.

The most striking feature of the spectrum shown in Figure 4.2a is the ex-

cessive broadening of the oleyl resonances, in line with the previous study

of Glaria et al.8. As shown in Table 4.1, the alkene proton resonance 2 at

5.58 ppm has a full width at half maximum of 235 Hz, whereas the bulk

methylene resonance 1 and the methyl resonance 3 yield one broad reso-

nance that is 400 Hz wide. These numbers are about 3 times larger than the

corresponding resonances in the case of semiconductor NCs, such as CdSe

(see Appendix A.1.2). Possibly, this line broadening results from both the

different magnetic environments experienced by OlNH2 when bound to Cu

NCs and the paramagnetic contribution of the Cu NCs.9 Even if Cu0 is

considered diamagnetic, the presence of an unpaired electron can result in

frequency shifts due to chemical shielding.10 A study with electron param-

agnetic resonance spectroscopy might have been appropriate to assess the

paramagnetic nature of the nanocrystals.

Despite the pronounced line broadening, the alkene proton resonance 4

remains well resolved, and based on its integrated intensity, we estimated

that the sample analyzed here has a surface concentration of bound OlNH2

of 1.4 nm−2. As compared to semiconductor NCs, which often have ligand

surface concentrations in the range 3.0 − 5.0 nm−2, this number is rather

low. Possibly, this is due to the significant line broadening, which can make

that the resonance intensity is partially lost in the background noise. On

the other hand, such surface concentrations are not unrealistic, since they

suffice to preserve colloidal stability.2

Figure 4.2c displays the 1H NMR spectrum of a dispersion of Cu NCs in

toluene-d8 that was opened to air after sample preparation. As compared to

the spectrum shown in Figure 4.2a, one sees that oxidation results in a sig-

nificant narrowing of the resonances of bound OlNH2, which now feature line
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Figure 4.3: (a) 1D 1H NMR spectrum of Cu NCs after addition of UDA in

toluene-d8. (b) DOSY NMR spectrum of the same Cu NCs dispersion. La-

beled resonances are identified as (a-g) UDA signals, (1-5) OlNH2 signals,

(*) dibromomethane, (§) residual grease, (�) methanol and (�) toluene-d8.

widths comparable to what is typically recorded for semiconductor NCs (see

Table 4.1). Importantly, we proved that oxidation does not affect the diffu-

sion coefficient of the OlNH2 resonances as shown in the Appendix A.1.3,

i.e., OlNH2 remains a tightly bound ligand even in Cu2O NCs. This sug-

gests that the narrowing of the OlNH2 resonances upon oxidation is not

caused by bound OlNH2 assuming a different physical state. However, it

may reflect the loss of the specific magnetic environment of Cu NCs upon

oxidation, with the resulting Cu2O NCs being a diamagnetic material sim-

ilar to the CdSe NCs we used as a reference in Table 4.1.

Among the signals assigned to methanol and hexane, the behavior of the

methanol (MeOH) resonance stands out. The resonance is broadened and

shifted from its expected position, which suggests that it interacts with

the NC surface. Support for this hypothesis comes from the DOSY spec-

trum, where the MeOH resonance comes with a diffusion coefficient of

166 ± 18 µm2/s. That changes after oxidation of the particles, which re-

sults in a marked increase of the diffusion coefficient, up to a value of

D = 1046±145µm2/s. As this number remains well below the diffusion co-

efficient of MeOH in toluene, which was determined at 2834±41µm2/s, this

indicates that the MeOH still interacts, albeit more weakly, with oxidized

Cu NCs.

4.3.3 Carboxylic Acids as Ligands for Cu Nanocrystals

To have more versatility to design the ligand shell of Cu NCs, we analyzed

the exchange of the originally present OlNH2 ligands for carboxylic acids,

a class of ligands widely used with semiconductor and metal oxide NCs.
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Figure 4.4: Evolution of the bound ligands in the surface of Cu NCs during

the progressive addition of UDA on OlNH2-capped NCs.

To monitor the possible exchange of OlNH2 for carboxylic acids, we used

undecenoic acid (UDA) as the carboxylic acid of choice since it features

two distinct alkene resonances that show little overlap with the resonances

of OlNH2 (detailed resonance assignment available in the Appendix A.1.4).

As shown in Figure 4.3a, addition of UDA gave rise to several new signals

in the 1H NMR spectrum of as-synthesized Cu NCs. The multiple narrow

resonances in the aliphatic region can be attributed to protons of both UDA

and OlNH2, as indicated. Interestingly, upon adding the carboxylic acid,

the appearance of the alkene resonance of OlNH2 at 5.58 ppm changed

dramatically. The initially broad resonance has been mostly replaced by a

narrow resonance at 5.47 ppm. Such a change points towards the release

of the bound OlNH2 from the Cu surface. Finally, the characteristic alkene

resonances of UDA show up as narrow signals 4.98 and 5.78 ppm on top

of a broad background feature. The DOSY spectrum shown in Figure 4.3b

confirms that the signals of the alkene resonances of both UDA and OlNH2

come with two distinct diffusion coefficients; a small diffusion coefficient

characteristic of surface-bound ligands, and a larger diffusion coefficent that

is consistent with a pool of free ligands. Interestingly, also the diffusion

coefficient of MeOH markedly increases after UDA addition, up to a value

characteristic of free MeOH. We thus conclude that addition of a carboxylic

acid such as UDA induces the release OlNH2 from the Cu NC surface and

suppresses the interaction of MeOH with this surface.

To evaluate in more detail the relation between UDA addition and OlNH2

release, we titrated a purified dispersion of as-synthesized, OlNH2-capped

Cu NCs with UDA. As shown in Figure 4.4, we started in this case with Cu

NCs having a bound OlNH2 surface concentration σOlNH2 of 2.3 nm−2, and
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added up to 3 equiv of UDA, relative to the initial OlNH2 concentration. It

can be seen from Figure 4.4 that in the initial stages of the titration, UDA

exchanges almost quantitatively for OlNH2. Further increasing the amount

of UDA in the dispersion leads to a progressive enrichment of the ligand

shell in bound UDA, yet adding 1 equiv of UDA does not suffice to remove

all OlNH2. Nevertheless, it can be seen from Figure 4.4 that the increase of

bound UDA in the ligand shell resembles reasonably well the loss of bound

OlNH2 across the entire titration curve.

4.3.4 Model 1, One-by-one Ligand Exchange

4.3.4.1 Description of the Thermodynamic Equilibrium

A first model to describe the effect of UDA addition on the bound OlNH2

involves a one-to-one exchange in which bound OlNH2 is substituted for

bound UDA:

(Cu)[OlNH2] + UDA 
 (Cu)[UDA] + OlNH2 (4.1)

Using subscripts b and f to indicate bound and free ligands and denoting

both ligands by L and M, respectively, this equilibrium can be written more

compactly as:

Lb + Mf 
 Mb + Lf (4.2)

Table 4.2: Mass balance for the exchange between bound L and bound M

as described by Eq 4.2, assuming an initial concentration of bound L and

free M.

Extent of Reaction [Lb] [Lf ] [Mb] [Mf ]

0 [L0] 0 0 [M0]

α −α α α −α
Concentration [L0]− α α α [M0]− α

Assuming ideal dilute solutions and Langmuir adsorption, we take molar

concentrations as the activity of the free ligands and fractional surface oc-

cupations as the activity of bound ligands. Since we have equal numbers

of bound species at both sides of Eq 4.2, the ratio of the fractional sur-

face occupation will be identical to the ratio of the overall concentration of

the respective bound ligands in the sample. Accordingly, we can write the

equilibrium equation as:
[Mb][Lf ]

[Lb][Mf ]
= K (4.3)
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Figure 4.5: (a) Representation of (markers) the experimental titration

of OlNH2-capped Cu nanocrystals with UDA and (full lines) a simula-

tion of the OlNH2/UDA titration according to the one-by-one exchange

model. The annotation provides the initial surface concentration σ0 of

bound OlNH2 and the equilbrium constant K as determined from a best

fit of the surface concentration of bound OlNH2 to Eq 4.4. (b) Graphical

representation of the one-by-one exchange model.

Finally, assuming initial conditions for the different species and the cor-

responding mass balance as indicated in Table 4.2, this equation can be

written in terms of the extent of the reaction α as:

K =
α2

([L0]− α)([M0]− α)
(4.4)

By solving Eq 4.4 for α and using the mass balance, the concentrations

[Lb] and [Mb] of bound ligands can be obtained as a function of the total

concentration of M in the dispersion.

By identifying [L0] with the initial concentration of bound OlNH2 and [M0]

with the total concentration of UDA added, we used this model to simulate

the concentration of bound OlNH2 and bound UDA throughout the titration

of a dispersion of OlNH2-capped Cu nanocrystals by UDA additions. The

result is represented in Figure 4.5. Here, we converted concentrations into

surface concentrations and we used an equilibrium constant K as obtained

from fitting the evolution of the bound OlNH2 concentration to Eq 4.4. Us-

ing the mass balance (see Table 4.2), the concentration of bound UDA can

be calculated at each states of the titration from the bound OlNH2 con-

centration. As can be seen, this yields a good description of the release of

UDA in the initial stages of the titration. However, the approach underes-

timate the amount of bound UDA with increasing additions of UDA to the
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dispersion. This is intrinsic to Eq 4.1, which describes an exchange process

where the total concentration of bound ligands remains constant. For the

experimental titration, this is not the case.

4.3.4.2 The Ligand Shell Composition at Low UDA Concentra-

tions

Although the one-to-one exchange model failed to describe the experimental

data at higher UDA concentration, it does account for the quantitative ex-

change between bound OlNH2 and added UDA at low UDA concentrations.

To show that this initial behavior is an intrinsic property of the one-to-one

exchange model, we analyzed the solutions to Eq 4.4 in the limit [M0]→ 0.

In this case, also the extent of the reaction α will go the zero, such that we

can expand α as a Taylor series in [M0] without constant term:

α = α1[M0] +
α2

2
[M0]2 (4.5)

Entering this expansion in Eq 4.4 and keeping only terms that contribute

up to second order in [M0], we obtain:

α2
1[M0]2

([L0]− α1[M0])((1− α1)[M0]− α2

2 [M0]2)
= K (4.6)

In Eq 4.6, the numerator of the reaction quotient scales with [M0]2. To ob-

tain a non-zero, finite equilibrium constant, the denominator in the reaction

quotient must scale with [M0]2 as well. Hence, we have:

α1 = 1 (4.7)

Since for small UDA concentrations, the linear term in Eq 4.5 will dominate,

the extent of the reaction becomes based on Eq 4.7:

α = [M0] (4.8)

Using the mass balance (Table 4.2), we thus obtain:

[Mb] = [M0] (4.9)

[Lb] = [L0]− [M0] (4.10)

In agreement with the isotherms shown in Figure 4.5, we thus find that

at low concentration of UDA, the one-by-one exchange model predicts a

quantitative exchange between bound OlNH2 and free UDA.
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4.3.5 Model 2, Competition for Homogeneous Binding

Sites

4.3.5.1 Description of the Thermodynamic Equilibrium

The increase in ligand coverage throughout the UDA titration suggests that

the Cu nanocrystals offer binding sites for UDA that were initially not

occupied by OlNH2. Since UDA can quantitatively displace OlNH2, one

could assume that OlNH2 can also bind to these initially empty surface

sites. Taking this perspective, the variation of the ligand shell composition

during a UDA titration can be described by a set of two coupled adsorption

equilibria, a first describing OlNH2 binding and a second describing UDA

binding, that involve a single type of surface site. Hence our description of

this model as a competition for homogeneous binding sites.

UDA + (Cu)[◦] 
 (Cu)[UDA] (4.11)

OlNH2 + (Cu)[◦] 
 (Cu)[OlNH2] (4.12)

Writing again the two ligands as L and M and indicating free surface sites

as S, the competition for homogeneous binding sites can be expressed by

the following set of reaction equations:

Lf + S 
 Lb (4.13)

Mf + S 
 Mb (4.14)

Referring to the coupled mass balance outlined in Table 4.3, these equilib-

Table 4.3: Mass balance in the case of competition between homogeneous

binding sites as expressed by Eqs 4.13 and 4.14. The extent of these

respective reactions have been written as α and β, respectively.

Extent of Reaction [Lb] [Lf ] [Mb] [Mf ] [S]

0 0 [L0] 0 [M0] [S0]

α α −α 0 0 −α
β 0 0 β −β −β
Concentration α [L0]− α β [M0]− β [S]− α− β
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Figure 4.6: (a) Representation of (markers) the experimental titration of

OlNH2-capped Cu nanocrystals with UDA and (full lines) a simulation of

the OlNH2/UDA titration assuming competition for homogeneous surface

sites. Here, the parameters were set so as the fit the surface concentration

of bound UDA. (b) Graphical representation of the homogeneous exchange

model.

rium reactions yield a set of 2 coupled equilibrium equations:

KL =
α

([L0]− α)([S0]− α− β)
(4.15)

KM =
β

([M0]− β)([S0]− α− β)
(4.16)

This set of equations can be numerically solved for α and β, which yields

in combination with the mass balance the variation of [Lb] and [Mb] as a

function of [M0].

Figure 4.6 represents the evolution of the surface concentration of bound

OlNH2 and bound UDA as a function of the amount of UDA added to a

dispersion of OlNH2 stabilized Cu nanocrystals. Here, KL was determined

from Eq 4.15 using the initial concentration of bound and free OlNH2 in

the absence of any additional UDA – so taking α as the intial bound OlNH2

concentration and β as 0 – while we used the limiting concentration of bound

UDA to estimate [S0]. Next, we adjusted KM such that the binding of UDA

as a function of the total UDA concentration agrees with the experimental

data. As can be seen in Figure 4.6, this approach can account for the

eventual increase in ligand surface concentration, yet it fails at describing

the initial quantitative displacement of bound OlNH2 by UDA.
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4.3.5.2 The Ligand Shell Composition at Low UDA Concentra-

tions

To understand better the evolution of the ligand shell composition at low

UDA concentrations with the competition for homogeneous binding sites

model, we again looked at the equilibrium equations 4.15 and 4.16 in the

limit [M0]→ 0. Also in this case, this analysis starts from an expansion of

the extent of both reactions as a function of [M0]:

α = α0 + α1[M0] +
α2

2
[M0]2 (4.17)

β = β1[M0] +
β2
2

[M0]2 (4.18)

Here, we took L for OlNH2 and M for UDA and took into account that

reaction 4.13 is shifted towards bound OlNH2 prior to UDA addition (so

α0 6= 0) whereas reaction 4.14 cannot proceed in the absence of UDA (so

β0 = 0).

Using the above expansions, and keeping only terms that will contribute up

to second order in [M0], Eq 4.16 can be rewritten as:

KM =
β1[M0]

(1− β1)[M0]([S0]− α0 − α1[M0]− β1[M0])
(4.19)

Looking at the term that is zero order in [M0], Eq 4.19 yields β1 as:

β1 =
KM ([S0]− α0)

1 +KM ([S0]− α0)
(4.20)

In the same way, Eq 4.15 can expressed using the expansion of α and β as:

KL =
α0 + α1[M0]

([L0]− α0 − α1[M0])([S0]− α0 − α1[M0]− β1[M0])
(4.21)

Here, we have retained all the terms in the reaction quotient that will con-

tribute up to first order in [M0]. Since α0 must take the value that solves

Eq 4.15 in the absence of any M, Eq 4.21 can be rewritten as:

KL = KL

1 + α1[M0]
α0(

1− α1[M0]
[L0]−α0

)(
1− α1[M0]

[S0]−α0
− β1[M0]

[S0]−α0

) (4.22)

Since the right hand side of Eq 4.22 must be constant, the contribution first

order in [M0] must vanish. This condition enables us to express α1 as a

function of β1:

α1 = − β1

1 + [S0]−α0

α0
+ [S0]−α0

[L0]−α0

(4.23)
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According to Eq 4.23, |α1| will always be smaller than |β1|, which implies

that more UDA will bind than OlNH2 will release upon increasing the con-

centration of UDA. Moreover, we typically start from dispersions where

most of the OlNH2 is bound, i.e., [L0] ≈ α0. Accordingly, the denominator

at the right hand side of Eq 4.23 will be signficantly larger than 1, which

implies that |α1| � |β1|. This is indeed what we see in the simulations repre-

sented in Figure 4.6, where the initially added UDA binds without inducing

any significant release of the originally bound OlNH2. This behavior at low

UDA concentration is not in agreement with the experimental observation,

which suggests that a model implementing a competition for homogeneous

binding sites does not accurately describe the exchange of OlNH2 for UDA

at the surface of Cu nanocrystals.

4.3.6 Model 3, Heterogeneous Binding Sites

4.3.6.1 Description of the Thermodynamic Equilibrium

The exchange models developed in section 4.3.4 and 4.3.5 both lead to a

partial description of the actual OlNH2/UDA titration. Whereas the one-

by-one ligand exchange does account for the initial quantitative exchange

between bound OlNH2 and added UDA, it fails to describe the increase in

overall ligand surface concentration when more UDA is added. The model

based on competition for homogeneous binding sites, on the other hand,

does allow for an increase of the ligand surface concentration, yet it fails to

describe the initial release of bound OlNH2 upon addition of UDA. Both

aspects can be, however, comprehensively described under the assumption

that the additional binding sites can bind UDA, yet have no affinity for

binding OlNH2.

Table 4.4: Mass balance in the case of competetion between homogeneous

binding sites as expressed by Eqs 4.13 and 4.14. The extent of these

respective reactions have been written as α and β, respectively.

Extent of Reaction [Lb] [Lf ] [Mb] [M?
b ] [Mf ] [S?]

0 [L0] 0 0 0 [M0] [S?0]

α −α α α 0 −α 0

β 0 0 0 β −β −β
Concentration [L0]− α α α β [M0]− α− β [S?0]− β
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UDA + (Cu)[OlNH2] 
 (Cu)[UDA] + OlNH2 (4.24)

UDA + (Cu)[◦] 
 (Cu)[UDA] (4.25)

Sticking to the L and M notation, this model can be again expressed by a

set of two chemical equilibrium reactions:

Mf + Lb 
 Mb + Lf (4.26)

Mf + S? 
 M?
b (4.27)

Here, the superscript ? denotes the additional binding sites that show affin-

ity for M but not for L.

The equilibrium expressed by Eqs 4.26 and 4.27 can once more be translated

into a set of two coupled equilibrium equations. Using the coupled mass

balance (see Table 4.4), these read:

K1 =
α2

([L0]− α)([M0]− α− β)
(4.28)

K2 =
β

([S?0]− β)([M0]− α− β)
(4.29)

Taking into account that the surface coverage only increases from 2.3nm2 to

3.0 nm2 upon addition of UDA and that the initial stage of the titration is

well described using the one-by-one exchange model, we will look at Eqs 4.28

and 4.29 under the condition β � α. Under these conditions, the equilbrium

equations become:

K1 =
α2

([L0]− α)([M0]− α)
(4.30)

K2 =
β

([S?0]− β)([M0]− α)
(4.31)

Note that in this case, [Lb] is decoupled from the binding of UDA to the

additional sites S?. Moreover, as Eq 4.30 is identical to Eq 4.4, [Lb] will

follow the same evolution with increasing UDA concentration as in the one-

by-one exchange model.

Figure 4.7 shows the result of a simulation of the experimental titration

to this heterogeneous binding site exchange model. Here, we determined

K1 from a best fit of the bound OlNH2 concentration to Eq 4.30, using

the UDA concentration as the independent variable and taking [L0] is the

initial bound OlNH2 concentration. Next, K2 was determined from a best
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Figure 4.7: (a) Representation of (markers) the experimental titration of

OlNH2-capped Cu nanocrystals with UDA and (full lines) a simulation

of the OlNH2/UDA titration according to the model assuming additional

sites that exclusively bind UDA. Here, K1 was chosen so as the fit the

surface concentration of bound OlNH2 and the other parameters, notably

K2 and [S?
0] were fitted to the experimental variation of the bound UDA

concentration. (b) Graphical representation of the heterogeneous exchange

model.

fit of the excess of bound UDA, i.e., β or the part of bound UDA that did

not replace bound OlNH2, to Eq 4.29. Here, we used the concentration of

free UDA, i.e., [M0] − α − β as the independent variable, and took [S?0] is

a second fitting parameter. The different fitting parameters thus obtained

have been listed in Table 4.5.

Table 4.5: Best fit values for the parameters K1, K2 and [S?
0] as obtained

from fitting the experimental bound OlNH2 and bound UDA concentration

during a UDA titration using the heterogeneous binding site model. [S?
0]

has been expressed as a surface concentration σS?
0

.

Parameter K1 K2 σS?
0

(nm−2)

Best fit 1.6± 0.1 (4± 1) 105 0.75
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4.3.6.2 The Ligand Shell Composition at Low UDA Concentra-

tions

We formulated the condition β � α based on the observation that the

number of additional binding sites is considerably smaller than the number

of sites binding OlNH2. This, however, does not warrant that the same

condition applies at low UDA concentration. To verify this, we return to

the original set of equilibrium equations (Eqs 4.28 and 4.29) and solve them

again in the limit [M0]→ 0 by introducing series expansions for α and β:

α = α1[M0] +
α2

2
[M0]2 (4.32)

β = β1[M0] +
β2
2

[M0]2 (4.33)

Entering these expressions in Eqs 4.28 and 4.29 and keeping terms that

contribute up to second order in [M0], we obtain:

K1 =
α2
1[M0]2

([L0]− α1[M0])
(

(1− α1 − β1)[M0]− α2+β2

2 [M0]2
) (4.34)

K2 =
β1[M0] + 1

2β2[M0]2

([L0]− α1[M0])
(

(1− α1 − β1)[M0]− α2+β2

2 [M0]2
) (4.35)

To avoid the reaction quotient in Eq 4.34 from diverging or reaching 0 in

the limit [M0]→ 0, we have:

α1 + β1 = 1 (4.36)

Combining this relation with the same requirement that the reaction quo-

tient in Eq 4.35 yields a finite, non-zero number, we have:

β1 = 0 (4.37)

Hence, we find that in the limit [M0]→ 0, α will scale proportional to [M0],

whereas β will scale with [M0]2. Hence, the condition β � α will always

apply in the limit [M0] → 0. This means that one-by-one exchange as ex-

pressed by Eq 4.26 will always describe the first stages of the heterogeneous

model developed in this section; a point in agreement with the experimental

OlNH2/UDA titration.

We thus conclude that the addition of a carboxylic acid such as UDA to

OlNH2-capped Cu NCs has two effects; as described by the equilibrium re-

actions 4.24 and 4.25, UDA both exchanges with bound OlNH2 and binds to

empty sites at the Cu NC surface. From the equilibrium constants obtained
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Figure 4.8: Schematic representation of the covalent bond classification.

X-type ligands are one-electron donors, L-type ligand are Lewis bases and

Z-type ligands are Lewis acids. Reprinted from reference 11

from a best fit of this so-called heterogeneous binding site model to the ex-

perimental titration curves, we estimate that the free energy change of the

UDA/OlNH2 exchange is a mere −1.1 kJ ·mol−1, whereas the free energy

of UDA adsorption amounts to ∼ −30 kJ ·mol−1. This was estimated Note

that the increased coverage of binding sites after UDA addition may also

account for the observation that UDA addition suppresses the interaction

between MeOH and the Cu NC surface.

4.3.7 Binding motif of UDA ligands

Understanding the ligand-surface interaction remains a key question for

metal NC research.12 In the case of semiconductor and metal oxide NCs,

significant progress resulted from the introduction of the covalent bond clas-

sification to describe ligand binding motifs.11;13 Here, ligands are classified

as L, X or Z depending on the number of electrons the equivalent neutral

compound contributes to the ligand-NC bond as shown in Figure 4.8. In

this respect, L-type and Z-type ligands are Lewis bases and Lewis acids,

that contribute 2 electrons or take two electrons to form the ligand-NC

bond, respectively. X-type ligands, on the other hand, are radicals that

form a two-electron bond with a NC by bringing in one electron and tak-

ing one electron from a NC surface atoms. In practice, this makes X-type

ligands often appear as cations or anions, such as aliphatic carboxylates,

phosphonates or thiolates.

Since the entire NC-ligand object must be charge neutral in apolar disper-

sions,14;15 the negative charge acquired by the X-type ligands is compen-

sated by an excess of metal cations in the case of NCs of binary compounds

such as CdSe, PbS or InP.16–18 A different behavior was reported for metal

oxide NCs such as HfO2. Here, it was found that the binding of a car-

boxylate was accompanied by the adsorption of a proton at the NC surface,



82 Chapter 4

4000 3000 2000 1000

wave number (cm
-1

)

 UDA
 Cu NCs

(UDA ligand)

Figure 4.9: Solution FTIR spectra of UDA (red) and Cu NCs after addition

of UDA (black).

forming a neutral pair of X-type ligands.19 In a rare study on binding of

secondary phosphine oxide X-type ligands (R1R1PO•) to gold NCs on the

other hand, it was demonstrated that charge neutrality was ensured by the

formation of Au1+ surface atoms.20

A key difference between the binding of a pair of X-type ligands and a single

X-type ligand is the exchange behavior with respect to an L-type ligand

such as an alkylamine. The need to preserve charge neutrality prevents

such a direct exchange in the case that single X-type ligands are bound

to metal-rich binary compounds or, for one thing, partially oxidized pure

compounds. As a result, exposure of CdSe or PbS to alkylamines leads to

the displacement of entire metal carboxylate moieties.21 A pair of X-type

ligands, on the other hand, can associate to form a neutral moiety that can

be exchanged for or displaced by a neutral L-type ligand.4 Keeping that

finding in mind, we investigated the binding of UDA to Cu NCs in more

detail.

Figure 4.9 represents the IR spectrum of UDA and of a dispersion of Cu NCs

passivated with UDA. As expected, the UDA reference spectrum shows the

characteristic signatures of the carboxyl group, including the C=O stretch

vibration at 1720 cm−1, the in-plane C-O-H bend vibration at 1420 cm−1,

and the C-O stretch vibration at 1300 cm−1. In addition, a broad fea-

ture ranging from 3500 to 2500 cm−1 can be seen, which can be assigned

to the O-H stretch vibration. In the case of the Cu NC dispersion, how-

ever, the C=O stretch vibration and the broad feature assigned to the O-H
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stretch vibration are notably absent. In addition, new features appear at

around 1500cm−1 that are often assigned to both asymmetric and symmet-

ric stretching of a metal-bound carboxylate. Given the requirement that the

exchange reaction 4.1 be charge neutral in apolar media, we thus conclude

that UDA dissociates upon binding to Cu NCs in a carboxylate and a pro-

ton, not unlike the binding motif carboxylic acids feature upon interaction

with metal oxide NCs.

4.4 Surface chemistry model

Figure 4.10 summarizes the conclusions of the above sections in a surface

chemistry model of Cu NCs. As synthesized Cu NCs have a capping con-

sisting of tightly bound OlNH2 that interacts as an L-type ligand with

acidic surface sites, which we interpret as surface-bound Cu1+. This re-

sult is not unlikely, Cu is a known oxygen scavenger and little presence

of O2 in solvents or environment can result in slight superficial oxidation.

While alkylamines are weak, dynamic ligands for binary compounds such

as CdSe and PbS,3 octadecyalamine and oleylamine were shown to bind

tightly to Cu1+ compounds such as CuInS2.22 As outlined in Figure 4.4,

exposure of OlNH2-capped Cu NCs to UDA results in the replacement of

OlNH2 by dissociated UDA at these copper oxide surface sites. This out-

come agrees with previous studies on ligand binding to Cu2O, where it was

shown that the interaction of oleic acid with Cu2O leads to the formation of

strongly bound oleate.23 Finally, the surface chemistry model represented

in Figure 4.10 also includes the addition of UDA to unoccupied copper ox-

ide sites, a process that accounts for the observed increase in ligand surface

concentration upon UDA exposure. This latter point suggests that, in line

with recent studies on CdSe NCs,24–26 Cu NCs offer a heterogeneous set of

binding sites, where some have little affinity for OlNH2 while still binding

UDA. This miscellaneous surface composition is allegedly causing the poly-

dispersity of the NCs size distribution that provides a set of facets where

organic ligands can bind with different affinities.27

As most metals are prone to oxidation, controlling the concentration of

oxides at the surface of a metal NCs such as Cu is difficult. In a recent study,

for example, Cure et al. reported that even if alkylamines can strongly

suppress the full oxidation of copper NC, initial surface oxidation occurs

rapidly.28 The finding that the surface chemistry of Cu NCs depends on the

presence of surface oxides therefore implies that the surface concentration of

ligands and the occurrence or not of ligand exchange reactions can strongly

depend on synthesis and processing conditions. This conclusion highlights
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+R'COOH

Figure 4.10: Surface chemistry model of the Cu NCs before and after

addition of a carboxylic acid. The binding of the carboxylate to the metal

is indicative and not meant to represent a specific binding mode.

the case for in-depth surface chemistry studies, where surface termination

by ligands is studied as a function of the composition of the NC surface as

exemplified by recent work on silver NCs.29

4.5 Conclusion

We have presented a comprehensive study of the surface of Cu NCs. We

demonstrated that the initially bound OlNH2 can be replaced by a car-

boxylic acid through mass-action. Based on the thermodynamic description

of the amine/carboxylic acid titration curves, we argue that carboxylic acids

directly replace OlNH2 and bind to additional surface sites that show little

affinity for OlNH2. We proved that carboxylic acids dissociate upon binding

on such surfaces, forming an X2 binding motif. Since such a binding motif

requires an amphoteric surface that offers acidic and basic binding sites, we

argue that ligand binding to Cu nanocrystals is determined by the presence

of surface oxides, rather than by the properties of the pristine metal surface.
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5
Sintering of Copper Nanocrystals:

From Particles to Conductive Films1

We analyze the sintering of Cu nanocrystals as a function of two differ-

ent nanocrystal properties. In the first part we study the transformation

into films of 4 nm particles capped with carboxylic acid ligands upon ther-

mal sintering in different gases. We analyze the grain size and reduction

temperature of the resulting layer depending on the capping ligand. In the

second part we evaluate the transformation of a range of particle sizes and

the effect that the sintering temperature has on the conductivity of the final

patterns.

5.1 Introduction

In chapter 4, we demonstrated that oleylamine (OlNH2) caps the surface

of as-synthesized Cu NCs, which facilitates the formation of stable disper-

1Adapted from: Arnau Oliva Puigdomènech, Jonathan De Roo, Jakob Kuhs,

Christophe Detavernier, Jose C. Martins, Zeger Hens. Ligand Binding to Copper

Nanocrystals: Amines and Carboxylic Acids and the Role of Surface Oxides. Chem-

istry of Materials, 31 (6), 2058–2067, 2019.
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sions in apolar solvents. We proved by means of NMR spectroscopy that

OlNH2 can be replaced by a carboxylic acid, undecenoic acid (UDA), by

mass-action. Such exchange reactions are most useful since they enable us

to modify the chemical properties of Cu NCs by changing the surface termi-

nation. In view of applications in printed electronics, ligand exchange could

be used for example to make the NCs compatible with more polar solvents.

In addition, we showed in chapter 3 that metallic Cu NCs of different sizes

can be obtained through simple changes to the reaction chemistry.

In this chapter, we aim at understanding the relation between NCs proper-

ties such as particle size and surface chemistry and the conversion of Cu NCs

into conductive layers by thermal annealing. First, we introduce 2-[2-(2-

methoxyethoxy)ethoxy]acetic acid (MEEAA) as a ligand that can stabilize

Cu NCs in polar media. We then study the relation between the oxidation

rate of 4 nm Cu NCs and the surface termination. While different ligands

have little impact on the oxidation rate, we find that oxidized Cu NCs

can be reduced to metallic Cu by thermal sintering in inert atmosphere.

Subsequently, we evaluate the influence of different carboxylic acid ligands

on the reduction temperature and on the grain size of the sintered films.

Finally, we investigate the relation between the NC size and the transfor-

mation behavior during thermal annealing. We find that larger particles are

passivated by an initial oxide layer that protects the core from further oxi-

dation, remaining mainly metallic. However, this surface oxide layer is only

reduced at higher temperature than small copper oxide NCs. On the other

hand, after annealing, films with larger Cu NCs attain a higher conductiv-

ity. Such observations highlight the trade-offs involved when changing the

Cu NC size, where an improved conductivity is only attained at the expense

of a higher conversion temperature.

5.2 Experimental Section

Chemicals. In this work, the following chemicals were used: copper(II)

formate tetrahydrate (Alfa Aesar, 98%), oleylamine (Acros Tech, 80-90%),

n-dodecane (Merck Millipore, ≤99%), acetonitrile (VWR,≤99.5%), n-hexane

(VWR, 98%), methanol (VWR, ≤99.8%), undecenoic acid (Sigma-Aldrich,

98%), 2-[2-(2-methoxyethoxy)ethoxy]acetic acid (Sigma-Aldrich, technical

grade), oleic acid (Sigma-Aldrich, technical grade), deuterated methanol

(Sigma-Aldrich, ≤99.8%).

NMR analysis. Samples for NMR analysis were prepared by drying the

purified reaction product under a nitrogen flow and redispersing the result-
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ing powder in toluene-d8. To prevent oxidation, all purification and sample

preparation was performed under an inert atmosphere in a nitrogen-filled

glovebox and the samples were loaded in air-tight screw-capped NMR tubes.

NMR spectra were recorded either on a Bruker Avance III Ascend Spec-

trometer operating at a 1H frequency of 500.13 MHz and equipped with

a BBI-Z probe or on a Bruker Avance II Spectrometer operating at a 1H

frequency of 500.13 MHz and equipped with a TXI-Z probe. The sample

temperature was set at 298.15 K. Quantitative 1H spectra were recorded

with 20 s delay between scans to ensure full relaxation of all NMR signals

and concentrations were determined using the Digital ERETIC method.

Diffusion-Ordered Spectroscopy (DOSY) experiments were performed us-

ing a double stimulated echo sequence for convection compensation and

with monopolar gradient pulses. The diffusion decay was recorded in 64

steps of squared gradient strength from 95% to 2% of the probe’s maximum

value. The gradient pulse duration and diffusion delay were optimized so

as to guarantee at least a 10-fold attenuation of the signal throughout the

gradient strength scan.

Ligand Exchange to UDA or OA. In an oxygen-free environment, ex-

cess carboxylic acid (5-fold to OlNH2) was added to a dispersion of OlNH2

capped Cu NCs in hexane. After keeping the dispersion at room tempera-

ture for 30 minutes, the Cu NCs were precipitated by addition of acetonitrile

and methanol as non-solvents and the thus obtained Cu NC powder was re-

dispersed in hexane. This process was repeated a second time, followed by

multiple purification cycles.

Ligand Exchange to MEEAA. In an oxygen-free environment, an hex-

ane solution of OlNH2 capped Cu NCs was dried under N2 flow. After, 2-[2-

(2-methoxyethoxy)ethoxy]acetic acid (MEEAA) and methanol were added

and the solution was left under stirring until the NCs were fully dispersed

in the methanol solution. The resulting solution of MEEAA capped NCs

was washed of excess MEEAA and released OlNH2 using a combination of

methanol, isopropanol and hexane where the first and second act as solvents

and the last as non-solvent.

In-situ XRD. In-situ X-ray diffraction (XRD) was used to monitor the

sintering of the Cu nanocrystals as a function of temperature. While linearly

increasing the temperature of the sample in a controlled ambient, XRD

patterns were obtained using a Bruker D8 Discover equipped with a Cu Kα

x-ray source and a linear detector. The series of diffractograms were plotted

as a function of temperature and diffraction angle using a color-scale map



92 Chapter 5

for the recorded intensities, where red represents a higher intensity. Cu2O to

Cu transition temperature has been determined at the maximum derivative

of the integrated intensity of the Cu plane (111) at 43.3°.

In-situ Resistance In-situ resistance measurements were performed in

a sealed chamber equipped with a 4-point probe and a heating plate. The

chamber was flushed and the temperature of the sample increased regularly

under a constant flow of N2. I-V was continuously recorded to fit resistance

which was normalized a posteriori by an ex-situ 4-point probe.

5.3 Principles of Sintering

Sintering is a processing technique in which metal or ceramic powders are

compacted without melting by applying thermal energy. The driving force

of this process is the reduction of the total interfacial energy of the system,

a phenomenon achieved by coarsening - reducing the solid/solid interfacial

area - and densification - reducing the solid/gas interfacial area - (see Fig-

ure 5.1).1;2 The sintering of nanocrystals has unique characteristics that

differ from micron-sized powders, such as lower sintering temperature and

more pronounced grain growth.3;4 Moreover, in the nanoscale, the grain

growth is usually intertwined with the densification of the coating, result-

ing in the loss of the singular NC properties. This phenomenon is usually

considered a drawback in light of catalysis applications when individual

nanoscale effects needs to be preserved,5 yet proves beneficial for conduc-

tive applications when the goal is to obtain a continuous, dense metallic

coating where electrons can travel without much resistance.6

The presence of an oxide shell plays an important role on the sintering of

metals. Whilst some oxide-coated metals such Al, Mg or In will not even

undergo densification when sintered at temperatures close to their melting

point,7 a Cu2O oxide shell increments the necessary energy to sinter the

particles and results in the formation of weaker junctions.8 However, a re-

port from Ramakrishnan et al 9 claims that an oxide layer promotes the

formation of a more dense layer in micron-scale particles. In this report,

it is argued that the reduction of the oxide shell exposes a highly reactive

metallic surface which increase the speed of surface migration. Neverthe-

less, sintering of micron-scale Cu particles under a N2 atmosphere require

temperatures close to 800°C to fully reduce the cuprite shell.7–9

The effect of an oxide shell becomes more relevant when sintering nano

copper due to the densification occurring at much lower temperatures (150-

400°C). This enhanced reactivity may be related to the higher curvature of



Sintering of Copper Nanocrystals 93

Figure 5.1: Graphical representation of an arrangement of particles under-

going densification and coarsening, the two basic phenomena that lead to

sintering.

the NCs, which exposes a large extent of reactive surface defects.4 Cham-

pion et al 10 studied the sintering under hydrogen gas of 35 nm copper

nanocrystals with a 3 nm oxide shell and concluded that the sintering of

the particles starts right after the oxide shell has been reduced, in other

words, the presence of oxide controls the densification of the layers. Hence,

controlling the reduction of the oxide shell becomes primordial in order to

obtain sintered, conductive films. In this chapter, we evaluate the effect of

both ligands and particle size on the reduction temperature and we estab-

lish a benchmark for the optimal thermal sintering conditions depending on

such particle properties.11

5.4 Transfer of Cu Nanocrystals to Polar Sol-

vents by Ligand Exchange

Recently, 2-[2-(2-methoxyethoxy)ethoxy]acetic acid (MEEAA) was put for-

ward as a versatile ligand that enables dispersions of semiconductor and
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Figure 5.2: (a) 1D 1H NMR of Cu NCs after ligand exchange to MEEAA

and dispersed in methanol-d4. (b) DOSY spectra of the same Cu NCs

dispersion. (c) Hydrodynamic diameter distribution by Dynamic light scat-

tering (DLS) of Cu NCs capped with MEEAA in different solvents. Labeled

resonances are identified as (1-6) MEEAA resonances, (‡) methanol and

(†) residual methanol-d4.

metal oxide NCs to be stabilized in a variety of solvents, ranging from

toluene to water.12 The replacement of the original OlNH2 ligands by UDA

as demonstrated in the previous chapter suggests that MEEAA could be

an equally versatile ligand for Cu NCs. As outlined in the Experimental

Section, we found that a solution of MEEAA in methanol indeed disperses

a dry powder of OlNH2-capped Cu NCs; a dispersion that can be purified

using hexane as the non-solvent and methanol or isopropanol as the solvent.

Figure 5.2a-b represents the 1H 1D and DOSY spectrum of a dispersion

of Cu NCs in methanol-d4 prepared as outlined above. It can be readily

seen that no resonances of the originally present OlNH2 remain in the 1D
1H NMR spectrum. Instead, a broad signal ranging from 6 to 1.5 ppm is

obtained, together with a few superimposed narrow resonances. The lat-

ter could be assigned either to MEEAA, methanol or residual methanol-d4
(see Appendix A.2.1). According to DOSY, the narrow resonances have a

diffusion coefficient D = 805±18µm2/s, which agrees with the diffusion co-

efficient of MEEAA in methanol. The broad background resonance, on the

other hand, features a markedly smaller diffusion coefficient of 139±1µm2/s,

a number corresponding to a hydrodynamic diameter of 5.76 ± 0.01 nm in

methanol. Since this figure agrees with the expected for MEEAA-capped

Cu NCs, we assign the broad resonance to tightly bound MEEAA. Note

that similarly as seen in chapter 4, the resonance is significantly broader

than the reported resonances of MEEAA bound to HfO2 or CdSe NCs.12

To highlight the versatility of MEEAA as a ligand to stabilize Cu NCs in
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polar solvents, we assessed the particle distribution of nanocolloids made

by dispersing MEEAA-capped Cu NCs in ethyl acetate, isopropanol and

1-methoxy-2-propanol using dynamic light scattering (DLS). Figure 5.2c

represents the particle size distributions as recorded on dispersions of the

same batch of Cu NCs in each of these solvents. A monomodal size distri-

bution is obtained in each case, that systematically attains a maximum at

around 7 nm. As this solvodynamic diameter agrees with the value deter-

mined using DOSY for MEEAA-capped Cu NCs dispersed in methanol, we

conclude that in each of these solvents, a MEEAA capping results in stable

dispersions of individual Cu NCs. In this respect, it is worth mentioning

that MEEAA has a boiling point of a mere 140°C, as compared to the 360°C

of OlNH2. This suggests that upon annealing films of MEEAA stabilized

Cu NCs, dense Cu films without organic impurities could be obtained at a

relatively low temperature.

5.5 Sintering and Surface Termination

5.5.1 Ligand-Dependent Oxidation of Cu Nanocrystals

We investigated the impact of the different surface ligands introduced in the

previous and current chapter on the oxidation of 4 nm Cu NCs studied here.

To assess the oxidation rate, unoxidized Cu NCs capped with different lig-

ands were exposed to ambient conditions, after which we regularly recorded

the absorbance spectrum of the dispersion. As shown in Figure 5.3a, perma-

nent air exposure induces a rapid redshift of the surface plasmon, a shift we

already assigned to Cu oxidation in Figure 4.1c of chapter 4. Similarly, as

depicted in Figure 5.3b, the SPR peak area starts decreasing approximately

1 minute after air exposure, indicating a reduction in the size of the metallic

Cu core. Probably, this delayed drop of the SPR area results from a trade-

off between an increase in the local field – which enhances the absorption

coefficient – and a reduction of the Cu volume. Indeed, the initial growth of

a Cu2O shell with a dielectric constant higher than the solvent, n-hexane,

(9 and 2.0 respectively) will reduce dielectric screening and thus promote

an increase of the SPR area. This effect may compensate for the decrease of

the metal Cu core volume during the first instances of the oxidation upon

air exposure.13–15

Interestingly, oxidation is somewhat slower with Cu NCs capped with car-

boxylic acids than with oleylamine, yet the difference is small. Possibly,

this difference in oxidation rate reflects the higher ligand surface concen-

tration of carboxylic acids, which may render the Cu surface less accessible
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Figure 5.3: (a) Peak wavelength and (b) peak area of the surface plasmon

resonance after starting the permanent exposure of a dispersion of Cu NCs

to air. The different data sets pertain to Cu NCs capped by (red circles)

OlNH2, (blue squares) UDA, and (green triangles) oleic acid.

to oxygen. Even so, the rapid shift of the surface plasmon in both cases

indicates that neither an OlNH2 nor a carboxylate ligand shell effectively

protects 4 nm Cu NCs from oxidation in the long term, in line with current

literature.21

5.5.2 Sintering of Cu Nanocrystals capped with differ-

ent ligands

To address the relation between surface ligands and sintering behavior, we

cast different dispersions of 4 nm Cu NCs on glass substrates and monitored

the x-ray diffraction pattern of the films thus formed during sintering under

inert or reductive atmospheres. Figure 5.4a depicts the evolution of the

crystallographic phases of the film sintered under ambient atmosphere. At

temperatures lower than 280°C, a single broad signal at 36.4°attributed

to the (111) planes of Cu2O is present in the plot. Hence, in line with

the results shown in Figure 5.3, we find that air exposure of the dropcast

films lead to the oxidation of the initial Cu NCs to Cu2O. After reaching

280°C the peak at 36.4°gives way to several signals at 35.6°, 38.8°and 48.8°,

characteristic of CuO, indicating further oxidation of the particles.

Figure 5.4b represents the outcome of an annealing experiment on UDA-

capped Cu NCs sintered under N2. At temperatures below 200°, the diffrac-

togram is once more dominated by a diffraction peak centered at 36.4°cha-

racteristic of the (111) planes of Cu2O. In the temperature range between

200 and 300°C, the diffraction signatures of Cu2O disappear and two new
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Figure 5.4: Contour plots of x-ray diffractograms of films of dropcast,

UDA-capped Cu NCs recorded in-situ during annealing under ambient (a)

and N2 (b). Equivalent plots of OlNH2, oleic acid (OA) and MEEAA-

capped Cu NCs are available in the appendix section A.2.3.

diffraction peaks appear at around 43.3°and 50.4°, which correspond to the

(111) and (200) planes of Cu. Hence, mild thermal sintering suffices to re-

duce 4 nm Cu2O NCs and form metallic Cu. This conclusion points to the

benefit of utilizing nanocrystals instead of bulk-like material, which cannot

be reduced unless a reducing gas is introduced at high temperatures (see ap-

pendix A.2.4). Just recently, a study from Dai et al.16 illustrated the same

phenomena. In their work, OlNH2-capped Cu NCs with an oxide shell were

reduced upon sintering under N2 without aid of any external reducing agent.

According to their report, the driving force for the reduction of the Cu2O

shell was the H2 released from OlNH2 decomposition catalyzed by the Cu

surface. The reducing effect of carboxylic acids on Cu2O surfaces was also

already observed in the literature albeit in that case they were added in

the ink formulation or vaporized during sintering.17;18 We also point this

reduction to the thermodynamics of the equilibrium between of Cu2O/Cu

at lower concentrations of O2. An Ellingham Diagram of this equilibrium

is shown in the appendix demonstrating the impact of oxygen concentra-

tion on the thermodynamics of the process.A.2.2 In practice, we observed

the same reduction phenomena both in amine and carboxylic acid capped

Cu NCs (see appendix A.2.3) and the results are summarized in figure 5.5,

where we compare the reduction temperature and the grain size for different

ligands.

Comparing sintering of Cu NCs with three different carboxylic acid ligands

under N2, we find that more volatile ligands give rise to somewhat lower

transition temperatures, from ∼280°C in the case of oleic acid (OA) to
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Figure 5.5: (a-b) Transition temperature characterizing the reduction of

Cu2O NCs to Cu, depending on the ligand and the annealing atmosphere.

(c-d) Grain size of the crystallites as obtained from the diffractogram

recorded at 300°C, depending on the ligand and annealing atmosphere.

Each bar represents a different ligand: (red) OlNH2, (green) oleic acid,

(blue) UDA and (orange) MEEAA.

∼260°C in the case of MEEAA (see Figure 5.5a). The same trend appears

during sintering in a reducing N2 : H2 environment, where MEEAA-capped

Cu2O NCs reduce to form Cu at a transition temperature of only ∼240°C

(see Figure 5.5b). Comparing OlNH2 with its equivalent carboxylic acid,

OA, we can observe that the transition temperature is somewhat reduced

for the amine under N2 (∼262°C). We attribute this difference to the Cu

surfaces catalyzing the decomposition of OlNH2 and generating reducing

gas H2 (see equation 5.1).16 This is confirmed by sintering already under H2

flow, where NCs capped by either oleyl ligands exhibit a similar transition

temperature of around ∼255°C.

OlNH2 → H2 ↑ +OlNH2fragments (5.1)
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While the difference in sintering temperature upon changing ligands is mod-

est, sintering leads to considerably larger crystallites in the case of MEEAA

ligands. This finding can be signficant. Films with smaller grains typi-

cally have a lower conductivity since grain boundaries enhance the scatter-

ing of electrons, a process that reduces the conductivity.19 Analysing, for

example, the various diffractograms recorded at 300°C by means of the De-

bye–Scherrer equation, we estimate that sintering OA or UDA capped Cu2O

NCs under a reductive atmosphere results in a grain size of ∼9 and ∼14

nm, respectively. In the case of MEEAA-capped NCs, on the other hand,

we obtain a grain size close to 50 nm. Possibly, this difference is related to

MEEAA being the only assessed ligand with a boiling point lower than the

transition temperature. This implies that sintering occurs in a layer from

which most of the organic fraction has evaporated; an aspect that seems to

facilitate the formation of larger crystallites.

When comparing OlNH2 to OA we do not observe representative differences

in the grain size when sintered under N2 atmosphere. Differently, presence

of H2 in the mixture resulted in larger grains of the sintered OlNH2-capped

NCs (∼26nm). We argue that since the decomposition of OlNH2 is already

triggered between 150°C and 290°C,16 H2 can access and reduce the Cu2O

shell at lower temperatures than in the long carboxylic acid cases, facili-

tating in that manner the formation of connections between particles.8;10

Note that the crystallite size of the films has been estimated by the De-

bye–Scherrer method, which does not account for strain-induced broaden-

ing. We tried performing a Williamson-Hall analysis to account for the

internal stress; however, since only two Cu signals are visible in the 33°-

53°region the plot could not be reliably fitted.20

5.6 Sintering and Cu Nanocrystal Size

To analyze the effect of the particle size on the sintering temperature and

conductivity of the films, we deposited 3 different size ranges of Cu NCs

and monitored the x-ray diffractogram during a thermal treatment under

a controlled atmosphere. The left column in Figure 5.6 represents TEM

images of washed solutions of Cu NCs. By modifying the molar ratio

OlNH2/Cu(HCO2)2, different sizes of Cu NCs have been obtained: (a)

112.8 ± 65.4 nm, (b) 30.3 ± 13.9 nm and (c) 14.8 ± 1.9 nm. As exem-

plified in chapter 3 figure 3.5, the reduction of the equivalence of OlNH2

in the reaction mixture leads to larger and more polydisperse particle size

distributions. At the right of each TEM image, the evolution of the crystal-

lographic phases upon thermal annealing under N2 or N2:H2 (10%) is shown.
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Differently from the previous section, unsintered films present mainly crys-

tallographic planes of metallic Cu as visible by the signals at ∼43.3°(111)

and ∼50.4°(200). This is confirmed by observing the XRD spectra in an

extended 2θ range (see appendix A.2.5). That is, even if the NCs are syn-

thesized and processed in contact with oxygen, it appears that an initial

oxide shell passivates the NC surface and stalls further oxidation. An esti-

mation from high-resolution TEM images establishes a 1.5-2 nm oxide shell

thickness two weeks after synthesis and air exposure of the metallic particles

(see appendix A.2.6); agreeing with a recent study on the oxidation rate of

Cu NCs capped by alkylamines.21

By subjecting the films to a constant increase of temperature, we observe

two phenomena: a shift of the diffraction peaks to smaller diffraction angles

and the disappearance of the Cu2O peak at ∼36.4°(111). The shift of the

peaks results from the thermal expansion of the crystal lattices of the film.22

The difference between the thermal expansion coefficient of copper and sili-

con also caused the films to peel off after sintering.23;24 In Figure 5.6, we can

also perceive a relation between the temperature at which the oxide shell is

reduced and the particle size. At a constant heating rate of 10°C/min, the

temperature range where the reduction occurs is proportional to the size

of the particles. This is visible in the in-situ XRD plots. In the case of

annealing in a N2 atmosphere, for example, 113 nm Cu NCs are reduced

between 300-380°C and 15 nm between 260-290°C. Differently from figure

5.4, where 4 nm NCs rapidly reduced at a specific temperature; larger and

more polydisperse particle distributions are reduced through a prolonged

temperature range.

In a second set of experiments, we tracked the resistance of the Cu NC films

during sintering. In figure 5.7, we present the evolution of the resistivity

of the films (in red) in combination with the intensity of the diffraction

peak attributed to the (111) plane of Cu2O as extracted from figure 5.6

(in blue). In general, both curves behave similarly. At low temperatures

a more or less constant value indicates that neither the composition nor

the resistivity of the films show a significant change with temperature. At

higher temperatures, the amount of oxide exhibits a sudden drop, and so

does the resistivity. Considering the low temperature resistivity first (figure

5.7c), it can be seen that the smallest NCs yield the most resistive films.

Probably, this reflects the combined effect of more grain boundaries, a larger

fraction of copper oxide and higher concentration of organic ligands; three

characteristics that reduce the conductivity of a layer. Interestingly, films

made of the larger NCs are somewhat conductive even before sintering. At

125 µΩ · cm for the 113 nm and 175 µΩ · cm for the 30 nm Cu NCs, such
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Figure 5.6: Low-resolution, brightfield TEM images of Cu NCs synthesized

in an open atmosphere according to the protocols described in chapter 3:

0.4M Cu(HCO2)2 and (a) 0.4M: 113 nm, (b) 0.8M: 30 nm, (c) 1.2M:

15 nm OlNH2. Contour plots of x-ray diffractograms of films of dropcast,

OlNH2-capped Cu NCs recorded in-situ during annealing under N2 or N2 :

H2 at a constant heating rate of 10°C/min. Average particle diameter was

determined by sizing of 200 different particles

films may be promising for cut-rate, lower performance applications that

use temperature-sensitive substrates such as PET or paper.

Upon increasing temperature, both the oxide content and the resistivity

exhibit a sudden drop in a temperature range that depends on the size

of the NCs comprising the film. Interestingly, however, both changes do

not occur at exactly the same temperature. A closer look shows that the

disappearance of the oxide phase precedes the drop in resistivity of the

film. This result suggests that pure metallic Cu NCs are formed before
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Figure 5.7: Resistivity (red) and integrated intensity of the peak attributed

to the diffraction plane (111) of Cu2O (blue) of films undergoing thermal

treatment in N2. The coatings were performed with a drawdown bar with

theoretical wet film of 6 µm. The solutions contained toluene and a specific

range of Cu NCs: 113 nm (a), 30 nm (b) and 15 nm (c). Heating rate was

kept at 10°C/min, equal as in figure 5.6. Thickness and ex-situ resistance

was measured before and after sintering to calculate the residual resistivity

of each film and correct the increase due to temperature effects during

thermal treatment.

densification. This is a key factor that can promote the formation of Cu films

with bulk-like conductivities. Indeed, if sintering and reduction would occur

simultaneously, the oxide could diffuse into a dense layer, and hampering

electronic conduction by impurity scattering. This argument is supported

by a prior work from Champion et al., where a dilatometric analysis detected

that shrinkage of a layer of Cu/Cu2O nanocrystals only occurs at the end

of the cuprite reduction.10

The absolute resistivity achieved by the 30 nm and 113 nm films after

sintering to 500°C was 31 and 25 µΩ · cm respectively, values in line with

similar studies in literature.25;26 Despite an abrupt reduction in resistivity

at lower temperature, the layer consisting of 15 nm NCs achieved only 142

µΩ · cm, a value comparable to the unsintered films of the larger NCs.

Probably, this difference reflects the larger fraction of organic ligands in the

dispersions of smaller NCs, which hinders a clean densification of the layers.

Alternatively, an ink comprising both 115 nm and 15 nm NCs could benefit

of the advantages of both sizes, where smaller particles are reduced first

and act as a bonding material to connect the larger and more conductive

ones.27

Although the reduction temperatures observed in the films suggests a clear

limitation to only temperature resistant substrates, alternative sintering

methods could open a window to the application of Cu NCs in low-cost

plastics. Here, tape lamination followed by a flash lamp procedure, could
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facilitate curing of a continuous copper film on temperature sensitive sub-

strates.28 Other strategies to enable the production of conductive films at

low temperature involve a post-treatment with a densification promoter

such as poly(diallyldimethylammonium chloride)29 or the formation of the

metastable compound CuH after treatment with hypophosphorus acid.30

Besides sintering, the final properties of the film depend on parameters such

as solvent of choice, additives, printing method, etc., which are not opti-

mized for this study.31 In fact, the work presented in this chapter focused

on the relation between particle properties (size and ligand coverage) and

transformation properties – temperature range and eventual conductivity.

A further optimization of more practical parameters involved in ink formu-

lation is discussed in chapter 6.

5.7 Conclusion

We analyzed the effect that ligands have on the oxidation and reduction

of the NCs and studied the sintering behavior of the Cu NCs. We demon-

strated that a dispersion in polar solvents could be obtained by exchanging

the ligand to a MEEAA, a volatile carboxylic acid. We showed that even

if slightly stalled, carboxylic acids are not able to prevent oxidation of the

NCs after air exposure. Nonetheless, we proved that oxidation can be re-

versed by thermal annealing in a N2 atmosphere and we studied how the

capping ligand and particle size affect the reduction temperature. In the

case of 4 nm Cu NCs, MEEAA-capped particles presented the lowest re-

duction temperature amongst the studied ligands and an enhanced 50 nm

grain size, featuring its case as a promising ligand for Cu NCs in conductive

ink formulations. Using OlNH2-capped NCs, we showed a clear relation

between particle size and Cu2O-Cu transition temperature. Films consist-

ing of larger particles (≥113 nm) presented improved conductivity both

before and after thermal sintering despite requiring a higher temperature

to achieve copper oxide reduction. Overall, these conclusions highlights the

relevance of the capping ligand and particle size in the pursuit of conductive

films and pinpoints the relevant particle parameters to formulate and print

a conductive ink.
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6
Formulation of a

Copper-Nanocrystal-based Conductive

Ink

Using a design of experiments, we develop a nano copper conductive ink.

This ink is based on Cu nanocrystals made using a high solid-loading syn-

thesis that yields unoxidized Cu NCs at a 50 g scale. We create a definitive

screening design and evaluate the effect of processing conditions and addi-

tives on ink properties such as adhesion and conductivity to formulate a

nano copper screen printing ink. Conductive RFID antennas are printed

with this ink, demonstrating its value for applications in printed electronics.

6.1 Introduction

Until now, we presented a holistic characterization of the Cu NCs. We stud-

ied from a synthesis perspective how parameters such heating rate, precursor

or ligand concentration affect the crystallographic state or size of the parti-

cles; we analyzed the surface ligands and the effect they have in the chemical
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properties of the NCs and finally we studied how the NCs transform into

metallic and dense films depending on the previously tuned particle prop-

erties. To capitalize on a conductive ink other study elements such as ink

formulation or printing method are equally important to evaluate.1;2

In this chapter, we introduce an adaptation of the synthesis method. By

increasing the precursor concentration, we produce up to ∼6 grams of unox-

idized Cu NCs in a 100 mL reaction volume. We use the produced conduc-

tive material to optimize an ink formulation using Design of Experiments

(DOE) as a method of study. We use a definitive screening design to op-

timize quantitatively the ink additives in terms of resistance and adhesion.

By this means we obtain a conductive pattern with a resistivity of 2.57

µΩ ·cm, a value corresponding to 66% of Cu bulk conductivity. We increase

further the volume of the reaction to 1 L, producing 60 g of slightly oxidized

Cu NCs in a sole synthesis. We adapt the formulation for screen printing

by adding a thixotropic agent. We print RFID antennas on both PET and

glass.

6.2 Experimental section

Chemicals. In this work, the following chemicals were used: copper(II)

formate tetrahydrate (Alfa Aesar, 98%), oleylamine (Acros Tech, 80-90%),

n-dodecane (Merck Millipore, ≤99%), 4-hydroxy-4-methyl-2-pentanone, re-

ferred as diacetone alcohol (Merck Millipore, 99%), Disperbyk-180 (Byk),

Byk-333 (Byk), Polyvest HT (Evonik), Tixogel-MP (Byk).

Design of experiments. A Definitive Screening Design (DSD) experi-

ment was set around five factors (k = 5), sintering temperature (χ1), particle

size (χ2), disperbyk-180 (χ3), polyvest-HT (χ4), byk-333 (χ5). The factor

levels (minimum, center, maximum) were chosen according to previous data

in chapter 5 (χ1, χ2) and according to recommended levels in the technical

data sheets (χ3, χ4, χ5). By including a qualitative factor (χ2), an expanded

design comprised of 18 experiments (instead of 13) was chosen to identify

the factors causing a significant nonlinear effect. Two main responses are

examined: adhesion (Y1) and log(resistivity) (Y2).

Ink preparation. To prepare 1 g of ink, we first prepared the vehicle

by mixing the solvent, 4-hydroxy-4-methyl-2-pentanone (diacetone alcohol),

with the additives according to the table 6.2. The volume of added diacetone

alcohol varied up to reach a 0.5 g total weight of the vehicle. Then, 0.5 g Cu

NCs were added to the solution thus obtaining an ink consisting of 50% solid
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loading. The solution was stirred and sonicated for 1 h to ensure maximum

dispersion of the NCs.

Responses characterization. Adhesion was determined by a tape-test

standard method ASTM D3359, 2010. In this test method, an X-cut is

made through the film to the substrate, then pressure-sensitive tape is ap-

plied over the cut and removed; adhesion is assessed qualitatively on the

0 to 5 scale.3 Thickness was determined by scratching a sample and mea-

suring the step height between sample and coating with a Taylor-Hobson

Talystep mechanical profilometer. The square resistance was measured us-

ing a custom-build 4-point probe with equal spacing between probes. In a

4-point probe set-up, a current is passed through the outer probes and it

induces a voltage in the inner voltage probes. The measured voltage is inde-

pendent of the resistance of the probe tips and determines the resistance of

the film by Ohm’s law. The absolute resistivity of the layers was calculated

by multiplying the square resistance by the thickness and the correction

factor.4

6.3 Design of Experiments

Formulating an ink is an optimization task in which multiple factors, such

as the solvent, the additives, and the printing method play a role. Moreover,

the modification of a single parameter is a time-consuming effort that does

not even guarantee that an optimal result is achieved because of possible

interdependencies of the different factors. A common approach for formula-

tors to analyze and optimize inks is the use of design of experiments (DOE).5

Designing an ink formulation experiment by DOE allows researchers to in-

vestigate interactions among variables in a limited amount of runs. The

data obtained is fitted to a mathematical model that relates the factors

with the results and predicts responses for any combination of factors. In

that manner, the optimal experimental conditions can be outlined without

any prior knowledge of the outcome of the programmed experiments.

To estimate the relations between the factors, a regression analysis is typi-

cally usually to describe the data. Mainly, an empirical model is fitted to the

data in a polynomial linear regression equation. For example, a first-order

model consisting of two variables x, a response y, regression coefficients

parameters β and error ε is expressed by the following relation:6

y = β0 + β1x1 + β2x2 + ε (6.1)
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Clearly, such a model puts forward x1 and x2 as independent factors and can

only accounts for the main effects of these factors. Non-linear effects such

interactions between factors and quadratic relations between the outcome

and a factor can be included in more involved relations such as:

y = β0 + β1x1 + β2x2 + β12x1x2 + β11x
2
1 + β22x

2
2 + ε (6.2)

To study all the factors and their interactions, a full factorial design is

needed to describe the system. However, most experiments involve more

than two factors in the design. In a full factorial design all main effects and

interactions are studied, and the number of runs increase exponentially with

the number of factors. For example, a two-level experiment with 5 factors

consists in 32 runs where only 5 degrees of freedom account for the main

effects and 17 for 3-factor interactions or more, which are usually negligible

according to the sparcity-of-effects principle. Two-level experiments are

perilous because a linear effect of the factors is assumed. If three levels

are considered then the number of runs increases to 243, which results in a

workload overkill.6

The amount of runs required to obtain information on the main effects and

low-level interactions can be reduced by using fractional factorial designs.

Fractional factorial designs are typically used in screening experiments -

where many factors are studied with the objective of identifying those that

have an effect. However, as the number of runs decreases, some effects

cannot be distinguished from each other (i.e. interactions are confounded).

An important property of fractional factorial designs is their resolution,

defined as the ability to separate main effects and interactions from one

another or, in other words, to avoid confounding. Then, the most common

designs can be classified according to the resolution as:

1. Resolution III: Main effects are not confounded with any other main

effect, but may be confounded with two-factor interactions. Example:

A one-half fraction design of a two-level, 3 factors, experiment: 23−1

2. Resolution IV: Main effects are not confounded with any other main

effect nor two-factor interactions. Two-factor interactions may be

confounded with other two-factor interactions. Example: 24−1

3. Resolution V: Main effects are not confounded with any other main

effect nor two- or three-factor interactions. Three-factor interactions

may be confounded with other two-factor interactions. Example: 25−1

Once the main factors contributing to a response are screened and narrowed

down, response surface methods are usually used to optimize those factors
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to obtain an ideal response. A typical design used by formulators to op-

timize an ink formulation is a mixture experiment. Mixture designs are a

special class of response surface experiment in which the factors are com-

posed of several ingredients of a product wherein the measured response is

assumed to depend only on relative proportions of the factors.7 However,

classic mixture experiments can only account for ingredients contributing to

the mixture properties. To include process variables such as temperature,

we need to create an experiment where the mixture design is included at

each location generated by the process variables. Mixture–process variable

experiments are frequent in the pharmaceutical industry, yet these types of

experimental designs become considerably large as the number of mixture

components and process variables increase.8

Recently, a new three-level design for screening in the presence of second-

order effects was introduced by Jones and Nachtsheim.9;10 This method,

dubbed Definitive Screening Design (DSD), allows assessment of the curva-

ture in the factor–response relationship and is able to estimate the model

coefficients of the main effects, two-factor interactions and quadratic ef-

fects with only twice as many runs as there are factors plus one.11 A DSD

experiment structure is shown in table 6.1.

The proposed design has several advantages compared to full or fractional

factorial designs:9

1. Only 2k+1 runs are required, with a minimum of 13 runs.

2. Main effects are independent of two-factor interactions.

3. Two-factor interactions are not completely confounded with other two-

factor interactions though might be correlated.

4. Quadratic effects are estimable.

5. Quadratic effects are orthogonal to main effects and not completely

confounded though might be correlated.

6. For six factors or more, quadratic models involving three or fewer

factors are estimable.

In summary, a DSD permits, in a low number of runs, the unambiguous

identification of active main effects, quadratic effects and two-way interac-

tions with a moderate level of sparsity. This represents an advantage in

respect to resolution III, where main effects can be confounded with two-

factor interactions as well as resolution IV, where two-factor interactions can

be confounded with other two-factor interactions. Moreover, the explicit use
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Table 6.1: General structure of a definitive screening design with k factors

and 2k+1 runs. 9

Foldover Run Factor levels

pair (i) xi,1 xi,2 xi,3 · · · xi,k

1
1 0 ± ± · · · ±
2 0 ∓ ∓ · · · ∓

2
3 ± 0 ± · · · ±
4 ∓ 0 ∓ · · · ∓

3
5 ± ± 0 · · · ±
6 ∓ ∓ 0 · · · ∓

...
...

...
...

...
...

...

k
2k-1 ± ± ± · · · 0

2k ∓ ∓ ∓ · · · 0

Centerpoint 2k+1 0 0 0 · · · 0

of three levels throughout the experiment results in unique identification of

curvature effects unlike resolution III, IV or V even with added center runs.

For all that, DSD situates itself in the middle ground between fractional fac-

torial designs, which lead to ambiguous effects, and full-factorial or response

surface designs, which require a large number of runs.12

6.4 Synthesis of Cu nanocrystals for ink for-

mulation

A high-concentration synthesis was develop to produce pristine conductive

material to test ink formulation. In a 250 mL flask, a 1 M solution of

Cu(HCO2)2 was formed by dissolving the precursor in a 100 mL solution of

dodecane and OlNH2 while vigorously stirring at 50◦C. Then, the mixture

was heated up to 140◦C and soaked at the same temperature for 10 minutes,

cooled down and washed multiple times using a toluene and ethanol as sol-

vent and non-solvent respectively. Particle size was tuned by modifying the

equivalence of OlNH2 with respect to Cu(HCO2)2. A 1 equivalent synthesis
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resulted in a polydisperse set of Cu NCs (a phenomenon already discussed

in chapter 3) with an average diameter of 117.3± 62.4 nm as visible in Fig-

ure 6.1a. A 2 equivalent synthesis resulted in an ensemble of Cu NCs with

an average diameter of of 21.3± 10.9 nm diameter (see Figure 6.1b). Most

importantly, the XRD diffractograms only presented peaks of the metallic

phase of Cu, indicating that such reactions conditions lead to unoxidized

particles. The washed powders were dried and weighted, yielding 6.26 g for

the ∼120 nm and 5.64 g for the ∼20 nm, equivalent to 98.5% and 88.8%

respectively of the expected Cu weight.

1 10 100 1000
Size (nm)

1 10 100 1000
Size (nm)

80604020
2θ (°)

80604020
2θ (°)

a b

Figure 6.1: Low resolution, brightfield TEM images of Cu NCs synthesized

at 1M Cu(HCO2)2 concentration and different OlNH2 concentrations: (a)

1M OlNH2 or (b) 2M OlNH2. Average particle diameter was determined

by sizing of 200 different particles. The XRD patterns under each histogram

show the presence of only metallic Cu phases. The small peaks left to each

signal are artifacts caused by the Cu filament.

6.5 Definitive screening design for ink formu-

lation

In the thesis introduction we described the components that compose a

conductive ink. Until now, we studied the properties of the filler, Cu NCs,

and how to produce and modify to our liking this essential part of the

ink. Even if the Cu NCs are the main responsible for the properties of the

films, a careful choice of solvent and additives is vital to ensure the proper

application of the ink to the substrate.13 Thus, we searched for a method to

study how the concentration of each additive and the processing conditions

affect the conductivity and adhesion of the films. Design of experiments

(DOE), and more precisely, a definitive screening design (DSD), is the tool

that allowed us to study such in a minimal time.

Here, we set a DSD experiment with 5 factors: sintering temperature (χ1),
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particle size (χ2), dispersing agent: disperbyk-180 (χ3), binder: polyvest-

HT (χ4) and wetting agent: byk-333 (χ5). Other relevant factors such as

solvent (diacetone alcohol), solid loading (50%), application method (k-bar)

and sintering time (1h) were kept constant throughout the experiments.

Then, 2 responses were evaluated: adhesion (Y1) and resistivity (Y2). Even

if the main goal of a conductive ink is to achieve minimal resistivity, proper

adhesion is crucial to ensure integration and long-term performance of the

coatings.14 Adhesion is defined as the interatomic and intermolecular inter-

action at the interface of two surfaces.15It depends on several factors such

as surface chemistry, physics, rheology... and identifying the mechanisms

that explain the adhesion is an intricate task out of the scope of this thesis.

Even so, the evaluation of adhesion can be straightforward. Following the

standard test method ASTM D3359 (see experimental section), adhesion is

quantified from 0 to 5 by assessing the adhered surface on the tape after

scratching and placing/removing the tape on the film.3

We monitored the absolute resistivity of the films by independently analyz-

ing its two components: thickness and resistance. We formulated the inks

with a theoretical constant solid loading which should result in a constant

dry film thickness. However, due to the variable concentration of dispersing

agent and possible experimental inconsistency we determined the thickness

in an empirical manner. Thickness was determined by finely scratching

the film until the substrate was visible and measuring the height step dif-

ference with a mechanical profilometer. Resistance was measured with a

4-point probe to neglect the inherent resistance of the tips as described in

the experimental section.4

DSD is a three-levels design, therefore -1,0 and 1 factor levels had to be

determined. These factor levels should be as broad as possible, yet at the

same time, they need to ensure that all responses are still measurable. For

instance, in the case of large Cu NCs, the OlNH2 capping may not suffice

to keep the particles from agglomerating and precipitating, limiting the

achievable solid loading. Hence, a minimal amount of added dispersant is

imperative to ensure that the NCs are incorporated into the dispersion and

effectively deposited. Based on the transformation temperatures of super-10

nm NCs upon sintering under N2 (see chapter 5), a minimum temperature of

300◦C(-1,χ1) and maximum of 500◦C(1,χ1) were selected. For the particle

size, only two levels were selected corresponding to the NCs synthesized at

high concentrations (Figure 6.1), corresponding to∼120nm (L1 χ2) and∼20

nm (L2 χ2). This implies, that the factor had to be considered qualitative

since a 0 level was not used, causing the experiment to include extra runs

to compensate for the increment of confounding generated by a qualitative
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Table 6.2: Definitive screening design of 5 factors: Sintering temperature,

χ1, average diameter of the Cu NCs, χ2, disperbyk-180, χ3, polyvest HT,

χ4 and byk-333, χ5. 2 responses are measured in the definitive screening

design: adhesion (Y1) and log(resistivity) (Y2).

Run
χ1 χ2 χ3 χ4 χ5 Y1 Y2

◦C nm % % % a.u. log(µΩ · cm)

1 400 20 4 4 0.3 4.5 1.181

2 400 120 1 0 0 1 1.101

3 500 120 2.5 4 0.3 2 1.383

4 300 20 2.5 0 0 4.5 2.419

5 500 20 1 2 0.3 0 1.415

6 300 120 4 2 0 5 2.068

7 500 20 1 0 0.15 1 1.733

8 300 120 4 4 0.15 5 2.217

9 500 20 4 0 0 3.5 1.360

10 300 120 1 4 0.3 5 1.698

11 500 120 1 4 0 3.5 1.602

12 300 20 4 0 0.3 2.5 1.652

13 500 120 4 0 0.3 0.5 0.411

14 300 20 1 4 0 5 2.108

15 500 20 4 4 0 4 2.304

16 300 120 1 0 0.3 0 0.651

17 400 120 2.5 2 0.15 4.5 1.280

18 400 20 2.5 2 0.15 1.5 1.317

factor.16

The levels of the additive factors were selected according to the recom-

mended values from the technical data sheets and preliminary tests. In

that way, the levels of the dispersing agent, Disperbyk-180 were situated at

1% (-1,χ3) and 4% (1,χ3); for the binder, Polyvest HT, the levels were 0%

(-1,χ4) and 4% (1,χ4); and for the wetting agent, Byk-333 the chosen levels

were 0% (-1,χ5) and 0.3% (1,χ5). The experiment was designed by JMP®

software as if six continuous factors and one categorical were to be studied

and subsequently dropping two of the continuous factors as suggested by

the inventors.16;17 The different runs of the experiment and their responses

are listed in table 6.2. Note that the logarithm of the response resistiv-
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ity (Y2) is used instead of the real value. We did this adjustment because

we observed that the residuals of the resistivity tended to higher values as

the nominal value of the response increased. By fitting the model to the

logarithm we confirmed that the goodness of the fit greatly improved. A

comparison of both models and residuals is included in the appendix A.3.1

showing a simplified relationship with the predictor variable and simpler

model in the case of the logarithmic response.

The adhesion of the film to the substrate varied strongly throughout the

experiments: whilst some films had absolutely no adhesion, 0, others showed

perfect adherence after sintering, 5. In terms of resistivity, the absolute

values ranged between 262.7 and 2.56 µΩ ·cm. This latter value represented

a remarkable improvement as compared to the results of chapter 5, where

25 µΩ · cm was the lowest resistivity obtained. Furthermore, 2.56 µΩ · cm

is equivalent to 66% of the bulk conductivity of Cu, a promising result

at par with the finest state-of-the-art Cu NCs-based conductive films.18;19.

The coefficients of the significant factors for each response are listed in

Table 6.3. The model of choice was selected based on the Akaike information

criterion, where the preferred model is chosen based on a trade-off between

the goodness of the fit and the number of independently adjusted parameters

within the model.20–22

The model equations for each response are expressed according to the coef-

ficient parameters listed in table 6.3:

Y1 =2.944− 0.893(
χ1 − 400

100
) + 0.679(

χ3 − 2.5

1.5
)+

+ 1.143(
χ4 − 2

2
)− 0.857(

χ5 − 0.15

0.15
)

(6.3)

Y2(120nm) =1.335− 0.213(
χ1 − 400

100
)+

+ 0.486(
χ4 − 2

2
)− 0.299(

χ5 − 0.15

0.15
)

(6.4)

Y2(20nm) =1.713− 0.213(
χ1 − 400

100
)+

+ 0.020(
χ4 − 2

2
)− 0.299(

χ5 − 0.15

0.15
)

(6.5)

Equation 6.3 shows that adhesion is largely effected by the % of Polyvest HT

present in the formulation (χ4), proving that the binder of choice fulfills its
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Table 6.3: Model coefficients of the significant factors for each of the

measured responses with their respective p-values. A p-value ≤0.05 is an

indicator that the measured factor has a significant effect on the response.

p-values were computed by the software. 120 nm NCs are considered for

the coefficients related to χ2; 20 nm NCs coefficients are of the opposite

sign.

Significant factors Y1 Adhesion Y2 log(ρ)

R2 0.77 0.80

Constant 2.944 1.524

p <0.0001 <0.0001

χ1 Sintering T -0.893 -0.213

p 0.0064 0.0186

χ2 Size NCs -0.189

p 0.0193

χ3 Disperbyk-180 0.679

p 0.0283

χ4 Polyvest HT 1.143 0.253

p 0.0011 0.0072

χ5 Byk-333 -0.857 -0.299

p 0.0082 0.0240

χ2·χ4 0.233

p 0.0116

purpose. Temperature (χ1) has an unfavorable effect probably due to organ-

ics molecules that benefit adhesion volatilizing at higher temperatures. The

other two additives have an opposite effect. Byk-333 (χ5), a silicone-based

surfactant, hampers the adhesion of the films whilst disperbyk-180 (χ3), an

alkylol ammonium salt of a copolymer, favors an improved adhesion. These

last effects highlight the potential of a DOE, where effects from unexplored

factors can be predicted and modeled without premises or expected out-

comes. It is worth noting that particle diameter has no significant effect on

the adhesion, illustrating that such ink property is determined by processing

and a minor, but important, fraction of the formulation components.

Equations 6.4 and 6.5 present the effect of the significant factors on the re-

sistivity. Two separated equations are taken for each level of the qualitative

factor, particle size χ2, thus simplifying the expression. The difference in
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the constant factor indicates that larger NCs have in general terms a lower

resistivity, in line with the observed trend of figure 5.7 of chapter 5. Also, the

effect of sintering temperature was anticipated from the data of the previous

chapter, where higher sintering temperature promoted oxide shell reduction

and sintering of the NCs, hence obtaining less resistive films. Byk-333 (χ5)

has a startling favorable effect in the resistivity of the films. This additive

is a polydimethylsiloxane-based surfactant added at most in a 0.3% of the

total formulation weight. Its limited presence proves to be clearly beneficial

to the formation of the films whilst not hindering the conductivity what-

soever. The effect of the last factor, Polyvest HT (χ4), is interacting with

the effect of particle size (χ2). This interaction results in two completely

different effects depending on the particle diameter. Films consisting of 120

nm NCs become largely more resistive as the % of the binder increases:

β(χ4)=0.486. This is not an unexpected result since Polyvest HT structure

entity is a hydroxyl-terminated unsaturated polymer with electrical insulat-

ing properties. However, in equation 6.5 the coefficient for χ4 is only 0.020,

meaning that the resistivity films deposited from the 20 nm NCs is barely

affected by the amount of binder in the formulation.

Given the above, films obtained with 120 nm NCs can attain lower resistiv-

ity, however, the presence of the binder limits greatly this potential minimal

resistivity. In contrast, 20 nm-based coatings, despite being generally less

conductive, are hardly insulated by the binder meaning that a trade-off be-

tween low resistivity and proper adhesion can be achieved with such smaller

Cu NCs.

6.6 Upscaled synthesis for screen-printing ink

formulation

A large-scale reaction was carried out to test the industrialization potential

of the synthesis method and formulate an ink for screen printing applica-

tions. In an open 3 L flask, a 1 M solution of Cu(HCO2)2 was formed

by dissolving the precursor in a 1 L solution of dodecane and 1 M OlNH2

while vigorously stirring with a mechanical stirrer at 50◦C (see Figure 6.2a).

Then, the mixture was heated up to 140◦C and soaked at the same temper-

ature for 10 minutes, cooled down and washed multiple times in toluene,

decanting after centrifugation.

The washed powder was characterized via TEM and XRD as shown in Fig-

ure 6.2b. The particles presented an average diameter of 240 ± 39 nm, a

larger and narrower particle size distribution than the analogous synthe-
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Figure 6.2: (a) Initial solution mixture prior to large-scale synthesis. An

open 3 L round-bottom flask was used as vessel and a corresponding heating

mantle was used as heating method. (b) Low resolution, brightfield TEM

image of Cu NCs synthesized at 1M Cu(HCO2)2 concentration and 1M

OlNH2 in a 1 L volume. Average particle diameter was determined by

sizing of 100 different particles. The XRD diffractogram shows mainly

presence of crystalline Cu and minor presence of Cu2O. RFID antennas

screen-printed by Quad Industries in (c) glass and (d) PET.

sis in 100 mL, where precursor concentration and precursor-OlNH2 ratio

were identical. We attribute this difference to the larger reaction volume,

which caused a decrease in the heating rate of the solution to approximately

3◦C/min. A slower heating rate induced a slower reaction. In slow reactions

less nucleation events occur, hence promoting the formation of larger parti-

cles.23 This also implied that the synthesis could not evolve rapidly enough

to prevent oxygen intake during nucleation and growth, a phenomenon dis-

cussed in chapter 3 (figure 3.4), thus resulting in slightly oxidized Cu NCs as

visible in the XRD pattern with the peaks at 37.0, 42.6 and 62.4° attributed

to Cu2O.

To formulate an ink for screen printing, we followed the optimal conditions

for resistivity according to the DSD experiment. Then, 50 g of Cu NCs were

incorporated to a constantly stirring vehicle containing diacetone alcohol

(45.7%), byk-333 (0.3%) and disperbyk-180 (4%) and sonicated for an hour

to ensure full dispersion. Screen printing of the ink was performed by an

external partner, Quad Industries, a company specialized in screen-printing

techniques for PE. Unfortunately, rheological properties were not studied

and the delivered ink viscosity was too low for screen printing, which re-

sulted in ink dripping and sagging. To adapt our ink formulation for screen

printing, a rheological additive that increased the viscosity and provided a

thixotropic behavior was required to be incorporated to the formulation.
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Thixotropy is a shear thinning property which implies a time-dependent

decrease of the viscosity induced by flow - a property common in everyday

products like yogurts.24 Thixotropic inks can be pushed through the screen

(under pressure of the squeegee) while dripping of the ink is avoided when

there is no squeegee pressure. This thixotropic behavior also ensures there

is no flow of the ink after it has been printed reducing the smearing effect.

Therefore, to the previous ink formulation we added 2% of Tixogel-MP,

a thixotropic agent based on silicate platelets with a hydrophobic coating

which drastically improved the printability.

Well-defined RFID antennas were printed both in glass (figure 6.2c) and

PET (figure 6.2d). The PET-printed antenna showed that the formulated

ink was printable onto a plastic substrate. However, no characterization

was performed since no adequate sintering method for temperature sensitive

substrates was available at the time of the experiments. Further work should

involve the study of alternative sintering methods such as IR or laser curing

to determine if the developed ink is compatible with plastic substrates. The

glass-printed antenna was sintered in a nitrogen-filled oven at 400◦C for 1

hour and the resistance measured in the edges of the squared tracks as the

one shown in the bottom of figure 6.2d. The resulting thickness-independent

resistance of the tracks was 0.52 Ω/�, a sufficiently low value to power a

chip and generate an inductive response to the interrogator.

6.7 Conclusions

We introduced a high-concentration adaptation of the synthesis method,

producing ∼6 g per 100 ml of unoxidized Cu NCs. The produced Cu NCs

enabled the optimization of an ink formulation using a definitive screening

design (DSD). We determined the significant factors that impact on the

resistivity and adhesion of the ink. Optimal processing conditions yielded

to highly conductive films, attaining a resistivity of 2.57 µΩ · cm, a value

corresponding to 66% of Cu bulk conductivity. We then increased further

the volume of the reaction to 1 L, producing slightly oxidized ∼60 g of

Cu NCs in a sole synthesis. We enabled screen printing and production of

conductive RFID antennas by adapting the optimal formulation adding a

thixotropic agent.
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7
Summary and perspectives

7.1 Summary

Copper nanoparticles (NPs) or nanocrystals (NCs) emerged as a cost-efficient

alternative to silver in printed electronics applications. Cu features a bulk

conductivity almost at the same level as silver while costing only 1% of Ag’s

price. In this thesis we first assessed the known synthesis methods for Cu

NPs and the strategies to prevent oxidation. We then developed a synthe-

sis method based on thermal decomposition to form size-tunable Cu NCs.

We studied how different ligands interact with the surface of the Cu NCs.

We learnt that both the capping ligand and particle size have an effect on

the sintering of the particles into continuous films. We finally developed a

formulation to print the Cu NCs and obtained conductive RFID antennas.

First, we realized an extensive investigation on the known methods to syn-

thesize Cu NPs. We divided the methods in 3 categories, chemical, physical

and biological. Chemical methods are the most common in the literature

due to their accessibility and straight-forward adaptation of particle proper-

ties. The downside of the chemical methods is the frequent use of hazardous

reducing agents and the amount of waste-product from the synthesis. Sub-

stitution of the reducing agent by ascorbic acid seems to be a promising ap-
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proach to reduce the environmental impact of the synthesis and at the same

time protect the Cu NPs from oxidation. Alternatively, shifting to methods

based on thermal decomposition of copper precursors are promising since no

extra reducing agent is required. Physical methods allow mass-production

yet they usually require a more costly equipment. Their other issue is the

lack of control on particle crucial properties such as size and colloidal sta-

bility. Biological synthesis of Cu NPs is based on the same mechanisms

as the chemical methods but in a more environmentally-friendly perspec-

tive. Here, plant-extract based synthesis stand out from the rest as a green

method to prepare well-defined Cu NPs. However, the low reaction times

and yields of such synthesis causes that is still not a cost-effective manner

to manufacture Cu NPs. In terms of oxidation prevention strategies, silica

and carbon-based encapsulation proved to halt the oxidation process on Cu

surfaces at the expense of a drastic conductivity decrease. Oppositely, Ag

shelling through transmetallation on the surface of the NPs proved to pre-

serve the conductive properties while protecting the Cu core from oxidation.

A more economical approach is based on the adsorption of organic ligands

and polymers on the surface of the NPs. Besides granting colloidal stability,

their presence on the surface delayed the oxidation process sufficiently to

eventually transform the Cu NPs into conductive films.

In chapter 3, we introduced our method to synthesize Cu NCs based on

the thermal decomposition of copper formate in oleylamine. This method

features an economical precursor and a one-pot, rapid synthesis to obtain

Cu NCs. By saturating the initial solution with copper formate and im-

plementing a specific temperature profile, we demonstrate a self-cleaning

effect. Oxygen cannot access the nanocrystals during the reaction with

non-oxidized nanocrystals as result. This is only possible if the reaction

rate is high enough to ensure that oxygen has limited access during the

formation of Cu0 monomers. We demonstrated that size of the particles

can be tuned from 4 to 200 nm by adjusting the initial concentration of

precursor and the ratios precursor/oleylamine.

In chapter 4, we first presented a synthesis adaptation to form 4 nm Cu NCs,

ideal for surface chemistry studies due to their high surface/volume ratio.

We demonstrated that the initially bound OlNH2 can be replaced by a car-

boxylic acid through mass-action. Based on the thermodynamic description

of the amine/carboxylic acid titration curves, we argue that carboxylic acids

directly replace OlNH2 and bind to additional surface sites that show little

affinity for OlNH2. We proved that carboxylic acids dissociate upon binding

on such surfaces, forming an X2 binding motif. Since such a binding motif

requires an amphoteric surface that offers acidic and basic binding sites, we
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argue that ligand binding to Cu nanocrystals is determined by the presence

of surface oxides, rather than by the properties of the pristine metal surface.

In chapter 5, we analyzed the effect that ligands have on the oxidation and

reduction of the NCs and studied the sintering behavior of the Cu NCs.

We demonstrated that a dispersion in polar solvents could be obtained by

exchanging the initially bound OlNH2 to a MEEAA, a volatile carboxylic

acid. We showed that even if slightly stalled, carboxylic acids are not able

to prevent oxidation of the NCs after air exposure. Nonetheless, we proved

that oxidation can be reversed by sintering under N2 and we studied how the

capping ligand and particle size affect the reduction temperature. MEEAA-

capped particles presented the lowest reduction temperature amongst the

studied ligands and an enhanced 50 nm grain size, featuring its case as a

promising ligand for Cu NCs in conductive ink formulations. We showed

a clear relation between particle size and Cu2O-Cu transition temperature.

Films consisting in larger particles (≥113 nm) presented improved conduc-

tivity both before and after thermal sintering despite requiring higher tem-

peratures. Overall, these conclusions highlights the relevance of the capping

ligand and particle size in the pursuit of conductive films and pinpoints the

relevant particle parameters to formulate and print a conductive ink.

Finally, we introduced a high-concentration adaptation of the synthesis

method, producing ∼6 g per 100 ml of unoxidized Cu NCs. The produced

Cu NCs enabled the optimization of an ink formulation using a definitive

screening design (DSD). We determined the significant factors that impact

on the resistivity and adhesion of the ink. Optimal processing conditions

yielded to highly conductive films, attaining a resistivity of 2.57 µΩ · cm,

a value corresponding to 66% of Cu bulk conductivity. We then increased

further the volume of the reaction to 1 L, producing slightly oxidized ∼60 g

of Cu NCs in a sole synthesis. We enabled screen printing and production

of conductive RFID antennas by adapting the optimal formulation adding

a thixotropic agent, obtaining a resistance of 0.52 Ω/�.
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7.2 Perspectives

From my point of view there are 3 main elements that are needed to be

taken into consideration in order to capitalize on Cu NCs-based inks for

printed electronics: (i) a synthesis protocol to produce metallic Cu NCs,

(ii) a method to prevent or stall oxidation while not hindering conductivity

and (iii) a processing method to sinter the particles into conductive films.

These elements are markedly connected with each other, for example, if

oxidation is not avoided, harsher sintering conditions will be required to

attain conductive patterns. Essentially, the crucial point in question is

that the whole process must remain cost-effective at all stages; only in

that manner will Cu replace Ag as the material of choice for conductive

applications.

An extensive list of synthesis methods to produce Cu NCs is presented in

chapter 2. Yet, there is no absolute answer for what is the best method, it

depends on other factors such as equipment availability, post-processing or

printing method. However, an essential factor that is barely treated in the

scientific literature is the upscalability of the process which by no means is

straightforward. Here, new challenges appear and a promising synthesis in

a lab-scale can result in failure when performed in a larger scale. I could

tell first hand these struggles when performing the developed synthesis in a

1 L scale. Our method features a low-cost precursor, rapid reaction times,

high-solid loading and even the ability to be performed under oxygen pres-

ence. When we performed the synthesis in a 1 L scale we faced a dilemma,

open-flask synthesis resulted in slightly oxidized particles due to the lower

attainable heating rate and closed-flask synthesis was not feasible due the

large amount of produced gases. This exemplifies that no synthesis is per-

fect, and that even if it improves known methods in some way, new prob-

lems can always appear when upscaling. Nevertheless, the known literature

is thoroughly complete and I do not personally consider synthesis protocols

to be the stalling element for the application of Cu-based conductive inks.

For example if the goal is to produce large, irregular Cu NPs (>100 nm),

ball-milling seems a cost-effective method of choice due to the large volume

of material that can be produced. For ink-jet printing suitable NPs (<50

nm), chemical methods such chemical reduction and thermal decomposi-

tion still have the upper hand due to control of the size and morphology

and rapid reaction times.

Oxidation is usually referred as the main contention point that stops Cu

from becoming the preferred material for conductive applications. Two

strategies can be follow to deal with the oxidation: prevention and reversion.
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In the first, Ag-shelling has proven to greatly improve oxidation resistance

while maintaining the electrical properties yet at expenses of a higher cost

and processing time. A lower-cost remarkable strategy consisted of shelling

the NCs with a copper formate layer. This layer prevented oxidation and

decomposed into metallic Cu, H2 and CO2 upon sintering at 250◦C under

N2 atmosphere. However, the objective of shelling the Cu NCs should be to

avoid using high temperature sintering, which limits the range of substrates,

or special atmospheres, that raises the cost of the process. A similar case

occurred with our process, which focused on oxidation reversion. Even if

we managed to synthesize pristine metallic Cu NCs and control the surface

chemistry, highly conductive layers were only obtained after sintering at

≥300◦C, which limited the substrates to glass and polyimide and increased

the processing costs. To reduce this sintering temperature we introduced

MEEAA, a promising low boiling point ligand, yet we did not success in

formulating concentrated inks solely dispersed by MEEAA. Nevertheless,

I honestly believe that our contributions to the fields of synthesis, surface

chemistry and sintering of Cu NCs are significant and can be of consider-

able interest for future research. I would like to finish the perspectives by

mentioning a promising alternative to obtain conductive films developed by

Dr. Michael Grouchko. In his work he formulated Cu NCs with hypophos-

phorous acid (H3PO2), which react forming CuH, a metastable compound

that decomposes into metallic Cu and H2. The advantage of the method is

that sintering can be performed with an office laminator in 1 minute, thus

greatly reducing the processing expenses. I personally believe that research

oriented towards the understanding and developing of this strategy are of

great interest for future research in Cu-based conductive inks.

Finally, I would like to use this final section to express my personal view

on science communication. During the last years I have heard so many

times that a successful researcher should know how to “sell” his or her work

in order to make it more appealing for the audience, creating a story by

introducing a problem and developing how your data solves it. Although I

agree that this helps in terms of structure and comprehension, and that is

something I have been intending to improve upon as a scientist; one must

be careful to not carry it too far. Even an ignorant like me realized that

in some occasions authors tend to oversell their results to make their work

more appealing. What the reader never knows is which unwanted results

and data that weakens the story are discarded or ignored. Hence, valuable

scientific contributions are probably foregone because “they did not fit into

the story”. The point I am trying to make is that we would all benefit

if we would be critical with all obtained results rather than just the ones

that fit our story. I do not pretend to give any kind of lesson with these
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statements. This is just a reflection expressed as a reminder to myself and

whoever wants to embrace it, just some values to always keep in mind. To

summarize it, I would like to end this manuscript with this citation from

Prof. Feynman autobiography:

“The first principle is that you must not fool yourself—and you are the

easiest person to fool. So you have to be very careful about that. After

you’ve not fooled yourself, it’s easy not to fool other scientists. You just

have to be honest in a conventional way after that.”

— Richard P. Feynman, Surely You’re Joking, Mr. Feynman!
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A.1 Supporting Information of Chapter 4

A.1.1 Oleylamine, 1H NMR Resonance Assignment

Assignment of the different resonances in the 1D 1H NMR spectrum of oley-

lamine (OlNH2) was done through Homonuclear Correlation Spectroscopy

(COSY). Whereas the 1D 1H spectrum already indicated a distinct signal

for the alkene resonance 4 and the bulk of the oleyl chain 2, COSY provided

a definitive assignment of all the resonances, where neighboring protons can

be identified by cross peaks between the corresponding resonances. In the

case of free OlNH2, the resonances of the α-CH2 protons 5 and the protons

3 next to the alkene group appear clearly resolved in the spectrum.
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Figure A.1: (a) 1D 1H NMR spectrum of a solution of 10 µl of OlNH2 in

toluene-d8. (b) Correlation Spectroscopy (COSY) spectrum of the same

solution.
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A.1.2 A NMR Linewidth Benchmark, Oleate Bound to

CdSe Nanocrystals

To benchmark the resonance linewidths measured for OlNH2 bound to Cu

nanocrystals before and after oxidation, we use the 1D 1H NMR spectrum

of oleate-capped CdSe NCs published by Fritzinger et al. (see Figure A.2).1

From this spectrum, we obtain the full widths at half maximum as listed

in Table 4.1 of the main manuscript. This numbers attest to the larger

than usual line broadening for OlNH2 bound to Cu nanocrystals; an exces-

sive line broadening that disappears after oxidation of the Cu nanocrystals.

This suggests that OlNH2 bound to Cu nanocrystals experiences a differ-

ent magnetic environment than OlNH2 or oleate bound to a diamagnetic

semiconductor nanocrystal such as Cu2O or CdSe.
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Figure A.2: 1D 1H NMR spectra of a dispersion of 3.5 nm CdSe nanocry-

tals in toluene-d8 as previously published by Fritzinger et al.. We obtained

the full width at half maximum of the oleate resonance listed in Table 4.1

from this spectrum.
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A.1.3 DOSY of Oxidized Cu Nanocrystals

We used diffusion ordered spectroscopy (DOSY) to verify the binding of

OlNH2 to oxidized Cu nanocrystals. Also here, the overview DOSY spec-

trum indicates that OlNH2 has the small diffusion coefficient typical of a

bound ligand. This is confirmed by analyzing the decay of the signal inten-

sity as a function of the square of the field gradient strength, which yields

a diffusion coefficient of 103µm2/s. This number is all but identical to that

of OlNH2 bound to pristine Cu nanocrystals, which indicates that OlNH2

remains tightly bound ligand upon oxidation of the Cu to Cu2O.
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Figure A.3: (top) DOSY spectrum of a dispersion of Cu nanocrystals

stabilized by OlNH2 after 1 hour of air exposure. (bottom) Decay of the

intensity of the alkene resonance at 5.5 ppm with increasing field gradient

strength. Fitting the decay to a single exponential yields the diffusion

coefficient as indicated.
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A.1.4 Undecenoic Acid, 1H NMR Resonance Assign-

ment

To assign the different resonances of undecenoic acid (UDA), we used the

same procedure as outlined in section A.1.1. Combining the 1D 1H and

the COSY spectra of UDA, all the UDA resonances can be unambiguously

assigned to specific protons in UDA. The chemical shift of these different

protons is different from what is measured for OlNH2 protons, which makes

that all the signals in an UDA-OlNH2 mixture can be assigned. As com-

pared to the pure compounds, resonances g and f of UDA and resonance

5 of OlNH2 exhibit a downfield shift in the UDA-OlNH2 mixture. This

shift can be interpreted as caused by the formation of an UDA-OlNH2 ion

pair that provokes deshielding of the protons next to the interacting func-

tional groups.2 Most interestingly, the alkene resonances are well separated,

which is useful to obtain separate concentrations for both species from the

integrated signal intensity. This approach was used to monitor the concen-

tration of bound and free ligands during a titration of an OlNH2 capped Cu

nanocrystal dispersion with UDA as shown in Figure 4.3c of the main text.
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Figure A.4: (a) 1D 1H NMR spectrum of UDA in toluene-d8. (b) COSY

spectrum of UDA in toluene-d8, in which the different cross peaks have

been assigned to couples of neighboring protons. (c) 1D 1H NMR spectrum

of OlNH2 and UDA in toluene-d8. Labeled resonances are identified as (1-

5) OlNH2 resonances, (a-g) UDA and (�) toluene-d8.
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A.2 Supporting Information of Chapter 5

A.2.1 2-[2-(2-Methoxyethoxy)ethoxy]acetic acid, 1H NMR

Resonance Assignment

We assigned the different proton resonances of 2-[2-(2-Methoxyethoxy)ethoxy]acetic

acid (MEEAA) by 1D 1H NMR. The position attributed was based on the

assumption that protons closer to the terminal carboxylic acid present larger
1H chemical shifts due to the deshielding effect from the carboxylic acid

group. This assignment concurs with published work by De Roo et al.3.

Due to its technical grade, signals at 4.18 and 4.27 are assumed to be minor

impurities.
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Figure A.5: 1D 1H NMR spectrum of a solution of 10 µl of MEEAA

in methanol-d4. Labeled resonances are identified as MEEAA (1-6) and

residual methanol (�)
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A.2.2 Ellingham diagram of the oxidation of Cu0 to

Cu2O

We calculated the free energy of the reaction A.1 at O2 concentration of

1ppm to simulate the conditions of the Cu NCs when sintered in a glovebox.

4Cu(s) + O2(g) 
 2Cu2O(s) (A.1)

Here, the gibbs free energy of the reaction is affected by both the partial

pressure of the gases and the total pressure of the system:

∆G = ∆G◦ +RT lnQ (A.2)

where Q is:

Q =
1

PO2

(A.3)

As seen in figure A.6, the reduction becomes thermodynamically favorable

around ∼420◦C, indicating that the reduction observed upon sintering is

greatly affected by the oxygen gas concentration during the process.
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Figure A.6: Ellingham diagram of the reaction A.1 at a O2 concentration

of 1 ppm and a total pressure of 3 mbar.



136 Appendix

A.2.3 Ligand effect on sintering of Cu NCs

Figure A.7: In-situ XRD plots of Cu NCs capped either with OlNH2,

OA, UDA and MEEAA sintered under different atmospheres (air, N2 and

N2 : H2.)
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A.2.4 CuO XRD planes evolution upon heating

We deposited CuO powder on glass substrate and monitored the x-ray

diffraction patterns of the films thus formed during sintering under inert

or reductive atmospheres. Differently from Cu2O NCs, thermal treatment

in N2 up to 700◦C is not enough to reduce the material to Cu2O or Cu0.

Presence of a reducing agent, H2, suceeded in reducing the CuO powder

first to Cu2O and subsequently to Cu0 yet at a high temperature >500◦C.

N2 N2/H2

Figure A.8: In-situ XRD plot of comercial CuO heated up under different

atmospheres (N2 and N2 : H2.)
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A.2.5 XRD spectra of the pristine Cu NCs synthesized

under ambient conditions

As visible in figure A.9, sole presence of the metallic phase of Cu is proven

by the peaks at 43.3°and 50.5°. No diffraction peak is visible at 37°or 42.6°,

confirming the absence of Cu2O. Signal at ∼41°is a common satellite orig-

inated by the Cu coil. Large peaks at ∼62°,∼66°and ∼69°arise from the

poorly chosen substrate for the measurements, Si.
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Figure A.9: XRD plot of as-synthesized Cu NCs described in Figure 5.6b.

A.2.6 High resolution TEM of Cu NCs 2 weeks after

storage under ambient conditions

Figure A.10: (a) High-resolution, brightfield TEM image of Cu NCs syn-

thesized in an open atmosphere 2 weeks before the imaging. The reagents

concentrations were set at: 0.63M Cu(HCO2)2 and 1.26M OlNH2. The

synthesis proceeded with a heating rate of 10◦C/min. until 140◦C and

then held at this temperature for 10 min. (b) Fast Fourier Transform of

image (a), showing their indexed lattice planes.
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A.3 Supporting Information of Chapter 6

A.3.1 Comparison of the linear regression models for

the response resistivity

The coefficient of determination of the resistivity model is showing a low

goodness of the fit (0.53). Also, the residuals distribution are showing a

trend to higher absolute residuals as the value of the response increases

suggesting that the response can be transformed to improve the fit. Trans-

forming the response to the logarithm simplifies its relationship with the

predictor variables and lead to a better description of the model. Right

column of the figure plots the residuals after a transformation on the re-

sponse variable to logarithm of the resistivity. Plotting the residuals versus

the value of a fitted response produces a distribution of points with a more

random scattering around 0 and model with a better fit to the experimental

values (0.80).

Resistivity log(Resistivity)

Figure A.11: Experimental data versus predicted in the model for both

resistivity and log(resistivity), and residuals of the plots.
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