
Chair of Functional Materials and Materials Systems 

Doctoral Thesis 

Pathways Towards the Functionalization of 

Three-Dimensional Substrates 

Dipl.-Ing. Florian Knabl, BSc 

April 2024 

 



I declare on oath that I wrote this thesis independently, did not use any sources and aids other than 

those specified, have fully and truthfully reported the use of generative methods and models of 

artificial intelligence, and did not otherwise use any other unauthorized aids. 

I declare that I have read, understood and complied with the "Good Scientific Practice" of the 

Montanuniversität Leoben. 

Furthermore, I declare that the electronic and printed versions of the submitted thesis are identical in 

form and content. 

Date 22.04.2024 

Signature Author 

Florian Knabl 

AFFIDAVIT 

 

 



Acknowledgments 

My deepest gratitude goes out to Christian Mitterer, an exceptional supervisor who 

has guided me tirelessly. His trust and the opportunity to prove myself at such a challenging 

level have been invaluable, pushing me to become a better scientist. I am also profoundly 

grateful to my mentor, Oskar Paris, for his unwavering support that continued from master’s 

thesis into this current work. His guidance was vital in both our experimental work and data 

analysis, as well as in enriching our Porous Materials Group discussions. 

I would also like to acknowledge my fabulous colleague, Nikolaos Kostoglou, who has 

set an outstanding example with his scientific rigor and work ethics. More than just a 

colleague, Nikolaos has been a good friend and a cornerstone of support, making this phase 

of my life both challenging and enjoyable. 

I extend my gratitude to my colleagues at the Chair of Functional Materials and 

Materials Systems, whose invaluable support made this thesis possible and brought joy to my 

work. Special thanks to Fabian Konstantiniuk, Velislava Terziyska, Anna Hofer-Roblyek, Karl- 

Heinz Pichler, Aydan Cicek, Lukas Kölbl, Christian Saringer, Michael Tkadletz, Stefan Zeiler, 

Alexander Blocher, Nafsika Mouti, and Serena Naicker. I am also grateful to Maximilian 

Koravitsch and Alessandro Togni for their pioneering work in the early stages of this 

dissertation. My thanks extend to Christine Bandl and Thomas Grießer from the Department 

of Polymer Engineering and Science for their support. Furthermore, I am profoundly thankful 

to collaborate with Dominik Gutnik and Barbara Putz from both the Chair of Structural and 

Functional Ceramics and EMPA, whose expertise has been invaluable. 

I would also like to extend my appreciation to my cooperation partners at other 

universities, highlighting the valuable contributions and collaborations towards this work. 

Special thanks to Steven Hinder and Mark Baker at the University of Surrey, Etienne Bousser 

and Ludvik Martinu at Polytechnique Montréal, Claus Rebholz at the University of Cyprus, 

Prathamesh Patil and Christian M. Pichler at the CEST Centre for Electrochemistry and Surface 

Technology GmbH, Tijmen Vermeij from Empa, Afshin Tarat from Loginns GmbH, and Ram K. 

Gupta at Pittsburg State University, and to my colleagues at the University of West Bohemia 

in Plzeň. Finally, I appreciate the fierce scientific debates with Jochen Schneider and his team 

at the RWTH Aachen, which have been immensely stimulating and rewarding. 

Lastly, my sincere thanks go to my family and my girlfriend’s family for their 

unwavering support, and a big shoutout to my friends for always being there. Most 

importantly, to my girlfriend Alexandra, whose endless love has been my anchor. You are the 

best partner I could ever wish for, making this journey not just possible but meaningful. 

II 

 



“Plus one minus one equals zero. 

That’s a defeatist attitude.” 
Jack White. Musician. Potential mental coach. Not a scientist. 

III 

 



Abstract 

Materials science has always been on the forefront of human progress, with a current 

focus on developing functional materials. These materials are designed to perform 

sophisticated tasks beyond mere structural applications. This necessitates advanced synthesis 

strategies that synergistically combine the properties of various constituent phases into high- 

performance nanocomposite material systems. 

This thesis explores three distinct physical surface modification methods to develop 

advanced material systems: dielectric barrier discharge plasma treatment on a mixture of few- 

layer graphene and cobalt powder, conventional magnetron sputtering on nanoporous carbon 

cloth, and magnetron sputter inert gas condensation for nanoparticle deposition on silicon 

substrates. The first method produces a cobalt-graphene nanocomposite with enhanced 

electrochemical performance, with potential scalability to three-dimensional substrates when 

employing an additional binder phase. The second method creates a nanocomposite of 

activated carbon cloth with palladium islands, showcasing successful functionalization of 

flexible three-dimensional substrates with potential applications as energy materials and 

sensing. The third approach enhances process control and deposition rates for nanoparticle 

depositions via magnetron sputter inert gas condensation. Initially, quadrupole mass 

spectrometry is employed for in situ measurements to advance process control. Subsequently, 

applying a substrate bias voltage significantly increases the output of nanoparticles from the 

source, thus incrementally improving this method for future research and applications. 

To summarize, this thesis presents significant advancements in three physical surface 

modification methods, highlighting their respective capabilities in functionalizing surfaces and 

showing pathways towards the functionalization of three-dimensional substrates, marking an 

important step forward towards the industrial application of advanced high-performance 

nanocomposite materials. 
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Kurzfassung 

Die Materialwissenschaft stand schon immer an vorderster Front des menschlichen 

Fortschritts, mit einem aktuellen Forschungsschwerpunkt auf der Entwicklung funktionaler 

Materialien. Diese Materialien sind darauf ausgelegt, anspruchsvolle Aufgaben jenseits bloßer 

struktureller Verwendung hinaus zu erfüllen. Das erfordert fortschrittliche 

Synthesestrategien,  die  die  Eigenschaften  verschiedener  Materialen  synergetisch  in 

leistungsfähigen Nanokompositmaterialien kombinieren. 

Diese Dissertation erforscht drei unterschiedliche Verfahren der physikalischen 

Oberflächenmodifikation zur Entwicklung solcher fortschrittlicher Materialsysteme: 

Dielektrische Barriereentladungs-Plasmabehandlung einer Mischung aus Graphen und 

und 

auf 

Kobaltpulver, konventionelles Magnetronsputtern auf Aktivkohle-Fasergewebe 

Nanopartikelabscheidung Magnetronsputter-Inertgas-Kondensation für die 

Siliziumsubstraten. Das erste Verfahren produziert einen Kobalt-Graphen-Nanokomposit mit 

verbesserter elektrochemischer Leistung und mit potenzieller Skalierbarkeit auf 

dreidimensionale Substrate unter Verwendung einer zusätzlichen Binderphase. Das zweite 

Verfahren erzeugt einen Nanokomposit aus Aktivkohle-Fasergewebe mit Palladium-Inseln. 

Damit wird die erfolgreiche Funktionalisierung flexibler dreidimensionaler Substrate 

demonstriert, mit potenziellen Anwendungen als Energiematerialien und für Sensorik. Das 

dritte  Verfahren  verbessert  die  Prozesskontrolle  und  die  Abscheidungsraten  für 

Nanopartikelabscheidungen durch Magnetronsputter-Inertgas-Kondensation. Zunächst wird 

die Quadrupol-Massenspektrometrie für in-situ-Messungen zur Verbesserung der 

Prozesskontrolle eingesetzt. Anschließend führt das Anlegen einer Substratspannung zu einer 

signifikanten Erhöhung der Nanopartikelausbeute aus der Quelle, was diese Methode 

schrittweise für zukünftige Forschung und Anwendungen verbessert. 

Zusammenfassend demonstriert diese Dissertation bedeutende Fortschritte in drei 

Methoden der physikalischen Oberflächenmodifikation, hebt ihre jeweiligen Fähigkeiten zur 

Funktionalisierung von Oberflächen hervor und zeigt Wege zur Funktionalisierung 

dreidimensionaler Substrate. Damit stellt sie einen wichtigen Schritt in Richtung der 

industriellen Anwendung fortschrittlicher Hochleistungs-Nanokompositmaterialien dar. 
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1 lntroduction 

Materials science has always been on the forefront of human progress, giving rise to 

the name of eras such as the Stone Age, the Bronze Age, the Steel Age, the Polymer Age, and 

the current era, often referred to as the Silicon Age. Further progress in materials science is 

conducted by creating advanced nanocomposite materials, combining the beneficial 

properties of two or more materials, resulting in functional materials which serve roles beyond 

structural support. This advancement has led to the practice of functionalization, that is the 

modification of the surface of a given material with the goal of fulfilling a certain 

functionality [1]. Such applications are found in energy storage [2], adhesive materials as 

found in geckos [3] and frogs [4], superconductors [5], and perhaps most importantly, 

semiconductors [6]. 

Surface properties can be tailored by directly changing its physical properties or by 

applying additional materials, such as thin films, to significantly enhance the material system's 

capabilities. Such surface modifications can be performed by a wide variety of physical and 

chemical methods. Among the various physical methods explored in this thesis, plasma 

treatment stands out for its ability to create pore structures and dope surfaces with specific 

elements. Two examples of physical vapor deposition techniques, conventional magnetron 

sputtering (MS) and the more sophisticated magnetron sputter inert gas condensation (MS- 

IGC), allow for functionalization of a given substrate surface under vacuum conditions, 

obtaining a unique microstructure of the material with high purity. Simultaneously the pitfalls 

associated with chemical methods are avoided, such as the need for wet chemistry steps and 

possible sample contamination through chemical remnants. This thesis explores multiple 

physical functionalization pathways, stretching from powder to three-dimensional substrates, 

to unlock new applications and understandings in materials science. 

The thesis is organized into the following chapters. Chapter 2 presents a variety of 

substrate materials used for surface functionalization investigations. Chapter 3 introduces the 

physical methods employed, including (a) plasma modification, (b) conventional MS, and (c) 

MS-IGC. Chapter 4 explores the most important characterization methods employed within 

the four publications. Chapter 5 discusses the findings in the context of the wider field, and 

Chapter 6 offers an outlook on future research directions, transcending the scope of the 

individual publications included. 

Chapter 8 compiles the four constituting publications developed over the course of 

this thesis, each contributing uniquely to the field of surface functionalization. Publication I 

deals with the functionalization of a powder-like cobalt-carbon nanocomposite used for 

advanced electrochemical applications. Publication II investigates magnetron sputtering on 
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Florian Knabl Introduction 

short time scales, achieving small palladium islands on the surface of the three-dimensional 

nanoporous carbon substrate with an outlook highlighting its potential applications. 

Publication III provides insights into the first steps of nanoparticle (NP) deposition on 

conventional two-dimensional silicon substrates, highlighting a newly developed method 

capable of determining in situ the NP size distribution and NP flux using specific MS-IGC 

synthesis parameters. This enables future researchers to conduct depositions with increased 

confidence on the quantity and properties of deposited NPs. Publication IV builds upon the 

fundamentals developed in Publication III, demonstrating that the output of NPs from the NP 

source is increased by applying a substrate bias voltage, thereby enhancing process efficiency 

and taking a step towards a breakthrough in large-scale surface modification via MS-IGC. 

Together, these publications represent a significant advance in surface 

functionalization techniques, offering novel insights and methodologies that contribute to the 

field. This thesis enhances the current scientific understanding of physical surface 

functionalization methods and successfully highlights pathways towards the functionalization 

of three-dimensional substrates. 
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2 Substrates 

The term substrate refers to the base material on which processing is conducted [7]. 

The substrate, and in particular the substrate surface, has a strong influence on the thin film 

deposited on top. For instance, a hard coating applied to a soft underlying material may not 

perform effectively if it fractures due to the deformation of the substrate when subjected to 

stress. The type of substrate that can be functionalized by a given technology strongly affects 

possible large-scale industrial applications. Physical vapor deposition processes are line-of- 

sight processes and thus are primarily used for covering two-dimensional substrates. 

However, this issue can be partially remedied by rotating substrates along multiple axes for a 

more uniform three-dimensional coating [7]. Given this significant influence, the choice of 

substrate—be it powders, conventional 2D substrates, or nanoporous 3D substrates—plays a 

crucial role in the technology's application and scalability. 

2.1 Powders 

A powder is a dry, bulk solid composed of many very fine particles that may flow freely 

when shaken or tilted. Powders are particularly relevant for activated carbon (AC), a class of 

carbon materials characterized by very large specific surface areas up to 3000 m2/g [8]. It is 

commonly synthesized by means of physical or chemical activation of a wide variety of 

precursor materials [9]. While AC is commonly synthesized as a powder, this is a rather 

unfavorable morphology for multiple practical applications. Thus powders can be transformed 

into more practical shapes such as granules [10], pellets [11], and monoliths [12] by a variety 

of different techniques, typically involving the addition of a binder. Furthermore, extruded 

activated carbon is synthesized in the shape of cylinders, also using an additional binder 

phase [13]. Few-layer graphene, a variant of graphene, is based on two-dimensional individual 

graphene layers. Macroscopically such materials commonly exist as powders [14]. 

Publication I investigates a mixture of a nanoporous few-layer graphene with cobalt 

particles, with a macroscopic powder appearance. While the characterization of the material 

system was carried out as a powder, one can easily imagine a process inspired by nanoporous 

activated carbon to create three-dimensional functionalized materials of a desired shape. 

2.2 Conventional 2D Substrates 

The most commonly used substrate in thin film depositions on the laboratory scale are 

single crystal silicon wafers. Silicon is synthesized from a molten state into single crystals on 

industrial scale with an outstanding chemical purity required for integrated circuits. To 

produce the silicon substrate, the single crystals are cut into slices using a diamond saw and 

then finely polished to create wafers with minimal surface roughness. Wafers are commonly 
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cut into small pieces in the laboratory scale [7]. The native SiO2 top layer may be removed by 

additional chemical cleaning or plasma etching steps prior to surface functionalization. 

Beyond the conventional silicon substrates, a large variety of substrates was reported 

for depositing NPs by means of MS-IGC. Examples include highly ordered pyrolytic 

graphite [15–17], glass substrates [18], glassy carbon [16], and unspecified graphite [19]. 

Furthermore, quasi-2D textile substrates such as nonwoven viscose fabric [20] and carbon 

cloth [20] were reported. 

In Publications 3 and 4 conventional silicon substrates are used. 

2.3 Nanoporous 3D Substrates 

Materials with a highly developed pore structure, such as AC, embody three- 

dimensional substrates because their extensive porosity effectively turns their entire volume 

into active surface area. Graphene, another prominent carbon allotrope heavily investigated 

since its initial discovery in 2004 [21], yields a theoretical specific surface area of 

2630 m2/g [22], assuming a single infinitely long sheet. This number can be further enhanced 

by adding holes into the sheet structure. Furthermore, such materials, much like real-life 

paper, can be crumbled; thus yielding a three-dimensional structure out of a two-dimensional 

state [23]. The apparent specific surface area is typically presented based on calculations 

following the Brunauer–Emmett–Teller (BET) method [24], which tends to overestimate the 

specific surface area for materials with a strongly developed pore structure. 

Pores are small openings in a solid substance. If their sizes reach below 100 nm, they 

are referred to as nanopores. According to the standard by the International Union of Pure 

and Applied Chemistry (IUPAC), nanopores can be further subdivided according to their size 

or width into (1) macropores (> 50 nm), (2) mesopores (2 – 50 nm), and (3) micropores 

(< 2 nm), with another subdivision available for the smallest category into (a) super- 

micropores (0.7 – 2 nm) and (b) ultra-micropores (< 0.7 nm) [25]. Furthermore, pores can be 

classified according to their accessibility (e.g. open, closed) and their shape (e.g. slit-shaped, 

cylindrical). If all pore sizes are present, the material may be described as hierarchically 

porous [26]. Pore structures can be characterized using gas sorption analysis (see chapter 0). 

Carbon fibers can be arranged in a textile-like manner, forming woven or non-woven 

carbon cloth materials, with SEM micrographs of the later depicted in Figure 1. Such flexible 

3D carbon cloth materials are highly relevant due to their combination of unique properties 

such as a high electric conductivity, good flexibility, a self-standing structure that can be 

handled much more easily compared to powders, as well as strong mechanical properties [27]. 

Carbon fiber cloths with an internal pore structure are a highly hierarchical material, bridging 

4 

 
 



Florian Knabl Substrates 

multiple length scales from a macroscopic level down to ultra-micropores in the sub- 

nanometer regime. Recent research examples of such materials include the application of 

flexible 3D carbon cloth as high-performing electrode for energy storage and conversion [28] 

as well as a versatile material for hydrogen adsorption, selective gas separation and 

electrochemical energy storage [29]. Commercial carbon cloth was suggested as a substrate 

material for lithium metal batteries [27]. 

Figure 1: Collection of exemplary SEM micrographs of non-woven activated carbon cloth, 

unpublished results. 

In Publication II a flexible activated carbon cloth substrate is functionalized on its 

surface using short-time magnetron sputtering, thus creating a three-dimensional carbon- 

palladium nanocomposite material with the potential for large-scale industrial applications. 
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3 Physical Surface Modification Methods 

A multitude of physical surface modification methods is currently used in both 

academia and industry. This includes plasma treatments [14], spark discharge [30], as well as 

various physical vapor deposition (PVD) methods [7] such as cathodic arc evaporation, 

electron  beam  evaporation,  and  magnetron  sputtering,  MS-IGC,  and  atomic  layer 

deposition [31]. In addition to physical techniques, NP synthesis also utilizes chemical 

methods, including chemical vapor deposition [32], sol-gel methods [33], 

electrodeposition [34], and thermal decomposition [35]. 

PVD techniques involve the evaporation of material atoms or molecules from a solid 

or liquid source. These vaporized particles then travel through a vacuum or a low-pressure gas 

environment before condensing on a substrate, forming a thin film, which is defined as having 

a thickness below 1000 nm. Beyond this threshold the deposited material is often referred to 

as a coating [7]. PVD methods are versatile, allowing for the deposition of elemental, alloy, 

and compound materials, as well as selected polymeric materials. These methods are able to 

deposit a wide range of inorganic and some organic materials through environmentally 

friendly processes. The resulting coatings can be single-layered, composed of graded layers, 

multilayered thin films, or even thick coatings, showcasing the method's adaptability for 

various applications [36]. The most important PVD process as of now is magnetron sputtering, 

an atomistic deposition process carried out in a vacuum chamber with outstanding versatility. 

The material is deposited atom-by-atom. A more detailed description of magnetron sputtering 

is given in chapter 3.2. MS-IGC represents an additional development step based on 

magnetron sputtering, in which NPs are created within the gas phase of a vacuum chamber. 

The NPs are guided onto a substrate and deposited on the surface, possibly forming a thin film 

depending on deposition conditions, one nanoparticle at a time. A detailed description of MS- 

IGC is given in chapter 3.3. 

3.1 Plasma Treatments 

A plasma is a quasi-neutral gas consisting of a mixture of positively or negatively 

charged ions, negatively charged electrons, as well as neutral species. The presence of charged 

species makes a plasma electrically conductive. Plasma treatments are employed for various 

types of surface modifications, including surface activation [37], surface modification [38], 

surface doping [39], surface etching [40], and cleaning surfaces of adventitious carbon and 

other organic compounds [41]. 

A common plasma treatment method for surface functionalization is called dielectric 

barrier discharge, representing an electric discharge between two electrodes separated by an 
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insulating dielectric barrier, first reported in 1857 by Ernst Werner von Siemens [42]. Recently 

this method was employed for creating highly dispersed catalysts, defect-rich catalysts and 

heteroatom-doped catalysts [43]. Such processes can be easily used for surface modifications 

on the large industrial scale, as they combine the ease of atmospheric pressure operation and 

the advantageous properties of non-equilibrium plasma with outstanding scalability [44]. 

In an earlier study performed by the group at Montanuniversität Leoben [14] and 

within Publication I of this thesis, powders are subjected to both an argon and an oxygen 

plasma treatment step for enhancing material surface properties in a dielectric barrier 

discharge reactor. Furthermore, plasma cleaning steps were performed for Publications III and 

IV to ensure surface cleanliness prior to depositions within a vacuum chamber and prior to 

measurements such as scanning electron microscopy and X-ray photoelectron spectroscopy 

to minimize the influence of adventitious carbon on characterization results [45,46]. 

3.2 Magnetron Sputtering 

Sputtering describes a process in which a target is bombarded by energetic ions 

generated in a glow discharge plasma, situated in front of the target. The bombardment 

causes the ejection of individual target atoms into the gas phase, which then condense onto 

the substrate in a thin film. Sputtering can be most effectively achieved through the exposure 

of a cathode target to a gas discharge, which could be either a direct current (DC) discharge 

or a magnetron sputtering discharge [47]. The sputtered neutrals and ions (typically only a 

small fraction of the ejected particles are ionized — on the order of 1 percent) can travel 

ballistically from the target in straight lines and impact energetically on the substrates or 

vacuum chamber, forming a thin film. Sputter deposition usually uses noble gases, as those 

will not react with the target material. Ar is particularly common, as it is easily available and 

comparatively cheap while allowing a high sputter yield due to an efficient momentum 

transfer during collision processes. In reactive magnetron sputtering, a mixture of noble gases 

and reactive gases such as O2 or N2 are used for creating oxide and nitride thin films [48]. 

Within Publication II, magnetron sputtering is used on short time scales of a few 

seconds to functionalize the surface of a flexible activated carbon cloth substrate. 

3.2.1 Direct Current Glow Discharge 

Historically, the DC glow discharge has been significant for analyzing plasma properties 

and for its use in applications that require a weakly ionized plasma. Due to its straightforward 

geometry, the DC glow discharge method has been frequently utilized in generating plasma 

for basic research and serves as the first example before moving on to the more complex 

magnetron sputtering process [47]. A glow discharge occurs when electric current flows 
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through a gas, creating a plasma. This is typically achieved by applying a voltage across two 

electrodes within a glass tube filled with gas at low pressure. Once the applied voltage 

surpasses the so-called striking voltage, the ionization of the gas maintains itself, causing the 

tube to emit a colored glow. The specific color of the light emitted is determined by the type 

of gas present. Such a system is depicted in Figure 2, showing a DC glow discharge within a 

0.5 m long tube filled with Ne gas at a pressure of 133 Pa [47]. It consists of multiple light- 

emitting regions (cathode layers, negative glow, positive column, anode glow) and multiple 

dark spaces (abbreviated with “DS” within the diagram) without light emission. 

Figure 2: A schematic illustrating the DC glow discharge reveals various distinct zones located 

between the cathode and the anode, with the coloration of these areas representing a Ne 

discharge. The dark regions lack emissions of visible light and are denoted as “DS” for Dark 

Space. Reprinted from [47]. 

The dimensions, brightness, and color of the regions mentioned previously are 

influenced by the type of gas used, the pressure of the gas, and the voltage applied. 

Additionally, certain features might not be present across specific ranges of these parameters. 

The electric field, the electric potential, electron and ion densities, and other parameters are 

not equally distributed between cathode and anode, with more detailed descriptions available 

in the literature [47]. 

Fundamental work on the glow discharge was carried out by Paschen already in 

1889 [49]. Paschen's law describes an equation linking the breakdown voltage   — the 

required voltage to initiate a discharge or electric arc — between two electrodes in a gas, with 

the product of the pressure p and the distance L between the electrodes. The breakdown 

voltage as a function of pL follows a “U” shaped curve (Paschen curve), with a minimum 

breakdown voltage at intermediate pL values [48]. 

VB 

The DC glow discharge can be operated as a sputter source, referred to as DC glow 

discharge sputter deposition. The shortcomings encompass a reduced sputtering and 

consequently deposition rate, contamination of the target by reactive substances, heating of 

the substrate caused by electrons being accelerated away from the cathode target, and the 

8 

 
 



Florian Knabl Physical Surface Modification Methods 

limitation that only materials with sufficient electrical conductivity can serve as sputter 

targets [47]. 

3.2.2 Fundamentals of Magnetron Sputtering 

The fundamental principal of magnetron sputtering was first proposed by Penning in 

1936 with the goal of extending the lifetime of the electrons escaping from the cathode, and 

trapping them in the vicinity of the cathode target [50]. The addition of a magnetic field 

increases ionization, resulting in enhanced deposition rates and enabling operation at 

comparatively low working gas pressures. 

A schematic drawing of a state-of-the-art conventional magnetron sputter head is 

given in Figure 3. In the planar circular setup, the magnetron sputtering discharge is enhanced 

by the inclusion of two concentric cylindrical magnets located directly behind the cathode 

target, which is kept at a negative potential typically between -300 and -700 V, and cooling 

water is employed to avoid overheating of the target material and the magnets. Surface 

erosion caused by the impinging Ar+ ions occurs preferentially at regions with the magnetic 

field parallel to the target surface due to the enhanced electron density in this region. This 

causes the development of a “race track” along the target surface, which in turn affects the 

sputter yield and thus the deposition rate. The plasma density in the vicinity of the target is 

significantly higher compared to the glow discharge [51]. 

Different types of gases can be introduced beyond noble gases, e.g. N2 and O2 in the 

case of reactive magnetron sputtering, allowing to synthesize nitride and oxide thin films [48]. 

The target is surrounded by a grounded ring serving as the anode. In the case of conventional 

magnetron sputtering, the sputter target is kept at a constant negative potential. The working 

pressure is typically kept in a range of 0.1 to 1.5 Pa, allowing for a sputter deposition process 

largely free of collisions, in which the deposition rate is restricted by the target power [47]. 

Consequently, the atoms sputtered from the target largely retain their initial energy of a 

few eV received during the sputtering event. The sputtered material exhibits a very low 

degree of ionization, frequently around 0.1 % or even less [52]. 
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Figure 3: Cross-sectional schematics of a conventional magnetron sputter head, illustrating the 

setup for sputter deposition. The sputter target is bombarded with Ar+ ions, causing the 

ejection of individual target atoms along with secondary electrons. These electrons are trapped 

by the magnetic field lines, depicted here running parallel to the target surface, contributing 

to the formation of a "race track" erosion pattern due to increased atom removal. Reprinted 

from [51]. 

Multiple  different  magnetron  sputter  processes  were  developed  based  on 

conventional direct current magnetron sputtering. Radio-frequency magnetron sputtering 

greatly reduces the build-up of electrical charges and features a wider race track and thus 

larger target utilization [7]. Reactive magnetron sputtering allows to deposit compound thin 

films by incorporating the reactive gas atoms into the thin film structure [53]. High-power 

impulse magnetron sputtering (HiPIMS) utilizes high power pulses with low duty cycles to 

create a dense plasma and a high degree of ionization of the sputtered material, thus creates 

thin films with exceptional density [53]. 

3.2.3 Thin Film Growth and Development 

Thin film growth and development is a topic of ongoing research in the thin film 

scientific community. Mechanisms were already investigated in the 1920s. Many observations 

within the thin film community resulted in three basic growth models: (1) island growth 

(Volmer-Weber) growth, (2) layer (Frank-Van der Merwe) growth, and (3) mixed layer and 

island (Stranski-Krastanov) growth, which are summarized in Figure 4 [48]. 
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Figure 4: Basic growth mechanisms in thin films. (1) island (Volmer-Weber) growth, (2) layer 

(Frank-Van der Merwe) growth, and (3) mixed layer and island (Stranski-Krastanov) growth. 

Reprinted from [54] and redrawn from [48]. 

In island growth small clusters form which preferentially grow in three dimensions. 

This occurs when the deposited atoms are more strongly bound to each other compared to 

the substrate. Layer growth describes the opposite scenario, in which the deposited atoms 

preferentially bond with the substrate, thus forming a sheet structure on the surface and 

terminating with a quick monolayer formation. This typically occurs for homoepitaxy. The 

mixed layer and island growth mechanism is an intermediate step, with initial growth 

occurring in layers, and after completed monolayer formation commences with island mode 

growth characteristics [48]. 

The growth mode depends on a wide variety of factors, in particular the substrate 

material, the substrate temperature, as well as the deposition rate [48]. To provide a coherent 

framework for the diverse experimental observations, structure zone models have been 

proposed [55]. Various theoretical models were developed for describing the nucleation and 

growth processes. Cluster coalescence was attributed to various mechanisms, such as Oswald 

ripening, sintering, and cluster migration [48]. Further important factors are surface diffusion 

and bulk diffusion [56]. 

3.3 Magnetron Sputter Inert Gas Condensation 

Magnetron sputter inert gas condensation (MS-IGC) is a process that uses the high 

sputter rate of magnetron sputtering to generate NPs via atom-by-atom condensation 

facilitated by collisions with inert gas. Within this unique method, collisions between 

sputtered atoms and inert gas molecules occur much more frequently compared to 

conventional MS due to a higher pressure (typically tens of Pa) and thus smaller mean free 

path of sputtered atoms. This promotes effective cooling and thus facilitates the coalescence 

into nanoclusters and subsequent growth into NPs [51]. In the next subchapters, the basic 

operating principle of a state-of-the-art MS-IGC deposition system is given, followed by a 

description of NP formation and growth mechanisms described in the literature. 
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In Publication III, MS-IGC is employed for the first time at Montanuniversität Leoben, 

successfully establishing an in situ methodology for measuring the NP flux, NP size 

distribution, and total NP output of a given MS-IGC process based on quadrupole mass 

spectrometry. In Publication IV, this developed methodology is employed to successfully 

enhance the output of NPs from the NP source using an applied substrate bias voltage. In both 

cases, Cu NPs on silicon substrates are utilized, the most commonly reported material system 

within this research community. 

3.3.1 Fundamentals of Magnetron Sputter Inert Gas Condensation 

The first MS-IGC source was reported by Haberland et al. in 1991 [57]. It sparked 

increased interest in this research topic, as it offers an increased deposition rate compared to 

earlier inert gas condensation methods employed for the gas phase synthesis of NPs. 

Figure 5 shows a state-of-the-art MS-IGC system as reported by Johnson et al. [16], 

with a comparable system used for the research within this thesis [58]. It consists of a main 

deposition chamber, a load-lock for rapid sample exchange, as well as an NP source, which is 

attached on the left-hand side of the main deposition chamber. The system achieves base 

pressures in the ultra-high vacuum region. The NP source itself consists of a magnetron head 

situated within an aggregation region, in which NP formation occurs. A more detailed 

description of processes occurring within the aggregation region is given in chapter 3.3.2. The 

NPs leave the high-pressure aggregation region (pressure range of 10 – 200 Pa) through an 

orifice into a differentially pumped expansion zone. NP formation is assumed to stop after 

leaving the aggregation region, with NPs experiencing an adiabatic cooling. Many modern NP 

deposition systems contain a quadrupole mass spectrometer situated within the expansion 

zone that allows size filtration of NPs according to their mass-to-charge ratio. The NPs leaving 

the quadrupole filter are focused on the substrate using Einzel lenses. Substrates may be 

rotated and heated throughout the deposition process. Furthermore, an electric substrate 

bias may be applied to accelerate NPs onto the substrate. The magnetron sputter head in the 

presented system contains three cylindrical targets, allowing for simultaneous sputtering of 

three different metals. 
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Figure 5: State-of-the-art magnetron sputter inert gas condensation system, illustrating the 

main deposition chamber with a load-lock mechanism for sample introduction. The 

nanoparticle source is attached on the left side of the deposition chamber and contains three 

targets within the aggregation region. Nanoparticles can be size-selected using a quadrupole 

mass spectrometer/filter. The QMS signal is detected at the wire mesh. Reprinted from [16]. 

Quite significant fractions of the sputtered material are lost, and only a small fraction 

reaches the substrate. Losses may be attributed to multiple effects, such as re-deposition onto 

the target [59], loss of material onto the aggregation chamber walls [60], as well as rejection 

within the quadrupole mass filter [51]. The gas flow within the aggregation chamber was 

investigated as a culprit of NP losses as well. Beyond that, in situ small-angle X-ray scattering 

experiments were applied to determine the growth mechanisms [61]. 

Multiple studies were carried out in order to understand all relevant process 

parameters affecting the MS-IGC deposition process. The most typically studied synthesis 

parameters include the sputter power/sputter current, the gas flow, the gas composition, and 

the aggregation length, with many studies available on different material systems. More 

sophisticated process parameters studied within literature include the orifice diameter [62], 

NP velocities of charged NPs were investigated [63], the speed of all nanoparticles including 

neutrals was assessed by a rotating mechanical time-of-flight filter [64], race track formation 

affecting both the total NP output, as well as the NP size distribution obtained by the MS-IGC 

process [65]. Furthermore, additional sputter techniques beyond conventional direct current 

MS-IGC was employed, including radio-frequency MS-IGC [66] and reactive MS-IGC [67]. Some 

studies investigated the influence of the addition of bimolecular or larger molecules to the gas 

flow, reporting on increased deposition rates. Polonskyi et al. reported that flushing the 
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aggregation chamber with an Ar/O2 gas mixture significantly enhanced the deposition rate for 

Al NPs [68]. Marek et al. reported on a significant influence even of small additions of O2 to 

the gas stream for depositing Cu NPs and Ti NPs [69]. 

Multiple studies investigated multi-elemental nanoparticle formation within MS-IGC 

systems, employing sputtering from multiple targets simultaneously or sputtering compound 

targets. Pérez-Tijerina et al. sputtered a compound target for achieving AuPd NPs [70], and 

Shelemin et al. reported on sputtering a complex compound target In2O3/SnO2 target to 

achieve indium tin oxide NPs [71]. Johnson et al. reported on bimetallic PtRu NPs [72], and 

Yang et al. reported on bimetallic AuCu NPs [73], both obtained from simultaneously 

sputtering separate metal targets. Mattei et al. reported on trimetallic Au-Pd-Pt NPs by 

sputtering three metal targets simultaneously [74]. Furthermore, in-flight modification of 

nanoparticles was conducted by placing a conventional magnetron within the flight path of 

the NP beam. Kretková et al. successfully demonstrated such an attempt on Ni NPs covered 

with Cu [75]. Another direction of research consists of embedding NPs into a thin film. Kylián 

et al. reported on Cu/polymer nanocomposites obtained by combining MS-IGC with radio- 

frequency sputtering of a given polymer [18], and Vaidulych et al. reported on a 

nanocomposite consisting of Cu NPs and a thin film deposited using plasma enhanced 

chemical vapor deposition [20]. 

The charge state of the nanoparticle beam is a subject to ongoing research, as it 

consists of a mixture of positively charged, negatively charged, and neutral particles. 

Haberland et al. reported that 80 % or more of all nanoparticles leave the NP source in a 

charged state [57]. Polonskyi et al. reported on the relative fractions of positively charged, 

negatively charged, and neutral fractions within the NP beam [68,76]. Popok et al. reported 

that most nanoparticles synthesized by MS-IGC carry a single electric charge [77], which was 

later confirmed by an additional study by Zamboni et al. [78]. 

Different landing conditions of nanoparticles were investigated in the literature. The 

Haberland et al. paper already applied a substrate bias voltage to accelerate NPs onto the 

substrate and referred to this as energetic cluster impact as a new method for thin film 

formation [79]. Multiple studies were carried out on the effect of substrate bias voltage on 

the thin film deposition process [80–82]. Popok et al. classified the deposition conditions 

based on the kinetic energy per atom, differentiating between soft landing (< 0.1 eV/atom), 

an intermediate region, as well as nanoparticle pinning [83], with strong implications on thin 

film morphology and adhesion obtainable by means of MS-IGC. 

Quantification of the NP beam was carried out with various techniques. Quartz crystal 

microbalances were used on multiple occasions to directly assess the mass flux [61,84]. As 
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most nanoparticles are electrically charged, they are subject to manipulation through electric 

fields. This allows to affect the NP beam by means of quadrupole mass spectrometers [85,86] 

and time-of-flight mass spectrometers [87,88], both of which are capable of determining the 

NP mass distribution as well as acting as a filter, allowing only selected NPs of a given mass to 

pass through. 

3.3.2 Nanoparticle Formation and Growth 

Nucleation in MS-IGC occurs in a system mainly containing buffer gas (inert gas) with 

an admixture of a metal vapor. If the partial pressure of the atomic metal vapor exceeds the 

saturated vapor pressure at the given temperature, nucleation and growth of clusters is 

possible [89]. 

Recent research has increasingly concentrated on the influence of diatomic moles, 

referred to as dimers [90]. The start of NP growth was thought to be caused by a three-body 

collision M + M + Ar → + Ar, between metal atoms (M) and Ar, with a corresponding M2 

= [M]2[Ar], in which corresponds to the rate constant of the reaction rate d[M2]∕dt kn kn 

reaction [51]. However, it is argued here that a much more effective scenario is the initial 

formation of the molecular ion Ar2
+.This ion has a much larger binding energy than the neutral 

Ar2 and plays an important role in gas discharges [91]. As the density of argon atoms is much 

higher than that of the sputtered metal atoms, the condensation process probably starts by 

Ar+ + Ar + Ar → Ar2
+ + Ar with a corresponding rate constant d[Ar2

+]∕dt = ki [Ar]2[Ar+], and the 

ratio ki/kn ∼100, which makes the second process much faster than the first one [51]. To 

summarize, diatomic molecules are very helpful to start the clustering process. It has been 

covered in multiple experiments, that the addition of diatomic (or larger) molecules increases 

the NP yield for a given process [92]. 

Following the initial nucleation step, four mechanisms of NP growth are reported in 

the literature and are presented in Figure 6, consisting of (a) attachment of atoms, (b) 

coagulation, (c) coalescence (also known as Oswald ripening), and (d) aggregation. 

Attachment of atoms refers to the conversion of an atomic vapor into clusters. Coagulation 

describes the merging of two clusters into a single one. Coalescence or Oswald ripening 

describes the growth of larger particles on the expanse of smaller ones. Aggregation refers to 

particles that are joined together, yet retain at least parts of their initial physical shape [89]. 
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Figure 6: The growth mechanisms in clusters and nanoparticles. a) conversion of an atomic 

vapor in a gas of clusters; b) coagulation; c) coalescence (Ostwald ripening); d) aggregation. 

Reprinted from [89]. 
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4 Selected Characterization Techniques 

Within this thesis multiple characterization techniques were employed to study the 

properties of the synthesized materials. Characterization techniques employed in the thin film 

community are well-established. For MS-IGC, a detailed literature review consisting of 116 

scientific publications published between 1991 and 2024 revealed popular characterization 

techniques employed to investigate NP depositions. The results are depicted in Figure 7. 

Characterization techniques marked in green are particularly relevant for the publications 

within this thesis and are therefore treated in more detail in subsequent chapters, along with 

gas sorption analysis, which is particularly relevant for nanoporous materials. 

Figure 7: Systematic investigation of characterization techniques used in conjunction with 

materials synthesized by MS-IGC. Selected techniques investigated in subsequent chapters are 

marked in green color. 

Electron microscopy techniques were the most popular choice, with scanning electron 

microscopy and transmission electron microscopy in the shared top spot. This can be easily 

understood; as high-quality micrographs are the cornerstone of any high-impact publication 

in materials science. The quartz crystal microbalance (QCM) technique and QMS were 

commonly used as well, with both methods within the top 5. QCM and QMS appear to be 
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particularly obvious choices for researchers, as they are applied in situ and thus are used for 

real-time analysis, while all other methods are typically employed ex situ, thus yielding results 

that are subjected to environmental influences on the substrate, such as adventitious carbon. 

The lack of any MS-IGC publications involving gas sorption analysis stands as a testament to 

the difficulties associated with applying this technique to complex substrates. 

4.1 Scanning Electron Microscopy 

Scanning electron microscopy is an imaging technique that works by scanning a 

focused electron beam over the surface of a given sample. The electron interaction with the 

material surface yields multiple signals, in particular secondary electrons and backscattered 

electrons, which may be used to create micrographs using topography contrast and chemical 

contrast, respectively. Detection of secondary and backscattered electrons is performed using 

different specialized detectors. The energy level of the electrons within the beam, denoted as 

E0, is generally chosen to fall between 0.1 and 30 keV [93]. 

High quality SEM micrographs depend on a multitude of factors, including SEM 

hardware, SEM operating parameters, operator experience, operator motivation, vacuum 

quality, sample preparation, and sample cleanliness. More details on this well-established 

93characterization technique are given in an outstanding textbook by Goldstein et al. [93], 

and an illustrative collection of SEM micrographs taken from Publication II is presented in 

Figure 8. 

Figure 8: Collection of SEM micrographs of a palladium-doped activated carbon cloth 

(topography contrast) in different magnifications, showing bright palladium islands sprinkled 

on the dark carbon cloth surface. Reprinted from [94]. 

Furthermore, a scanning electron microscope is capable of measuring the elemental 

composition of a given sample by energy-dispersive X-ray spectroscopy (EDX). The interaction 

of the electron beam with the specimen yields two distinct types of X-rays, (1) a continuous 

X-ray background occurring for all X-ray energies below or equal to the incident beam 

energy E0 and (2) characteristic X-rays with their specific energies associated to individual 

elements. The characteristic X-rays can always be used in a qualitative way to identify the 

elements present in the sample, and under certain conditions a quantification of the chemical 
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composition is possible. Most elements can be detected (exceptions: H, He), but reliability is 

low when light and heavy elements are measured simultaneously (e.g. metal-doped carbon 

materials) [93]. 

4.2 X-ray Photoelectron Spectroscopy 

X-ray photoelectron spectroscopy (XPS) is a quantitative spectroscopic method 

sensitive to surface characteristics, utilizing the photoelectric effect to determine the 

elemental composition and assess bonding states of a given element. The fundamental 

operating principle of XPS is connected to the photoelectric effect, famously reported in 1905 

by Albert Einstein [95], suggesting that light must be quantized – now referred to as photon. 

Einstein reported that photoelectron emission from a solid can only take place when a photon 

with sufficient energy strikes a material. This is referred to as the work function. Otherwise, 

no electron is able to escape independently of the applied light intensity. 

A summary of XPS is given in Figure 9. Key elements of a state-of-the-art XPS system 

are the X-ray source, the monochromator, the sample, and the electron energy analyzer. The 

latter is relevant for the obtainable signal-to-noise ratio and the detected intensities, with 

both parameters related to the pass energy of the measurement. Particularly important topics 

for experimental 

carbon [45]. 

work with XPS are chemical shifts, sample charging, and adventitious 

Figure 9: Summary of XPS, showcasing the approximate probed volume, as well as an XPS 

spectrum associated with copper, showcasing contributions from different atomic shells. 

Reprinted from [96]. 
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Analyzing surfaces using XPS entails exposing a solid material in a vacuum to 

monochromatic soft X-rays (typically Mg Kα at 1253.6 eV or Al Kα at 1486.6 eV) and examining 

the energy of the electrons that are emitted. These processes are summarized in Figure 10. In 

more colloquial terms, XPS employs the inverse measurement principle of EDX, for which the 

material is irritated with electrons, and the resulting X-ray spectrum is measured. The resulting 

spectrum in XPS is presented as a graph, displaying the count of electrons detected within 

each energy interval against their kinetic energy. This process reveals a unique spectral 

fingerprint for each element [97]. It is customary to plot an XPS spectra with the binding 

energy decreasing from the left to the right. 

Figure 10: A schematic depiction illustrates the concept of X-ray monochromatization as used 

for XPS, where an X-ray source, a monochromator crystal, and a sample are positioned along 

the circumference of the Rowland circle. Reprinted from [45], with original inspiration 

from [98]. 

The mean free path of electrons in solids being quite short means that the electrons 

detected come exclusively from the uppermost atomic layers, rendering XPS an exceptionally 

surface-sensitive method for chemical analysis. Quantitative information can be derived from 

the heights or areas of peaks, while the identification of chemical states is frequently achieved 

through precise measurements of peak positions and their separations, in addition to specific 

spectral characteristics [97]. The basic equation governing XPS measurements is referred to 

as Einstein relation. It is given as: 

𝐸𝑏𝑖𝑛𝑑𝑖𝑛𝑔 = ℎ𝜐 − 𝐸𝑘𝑖𝑛 ( 1 ) 

With Ebinding as the core-level binding energy, which can be calculated based on the 

incident energy of the photons (calculated as product from the Planck constant h and the X- 

ray frequency ν) and subtracting the measured kinetic energy Ekin of the detected 

photoelectrons [45]. This simplified equation is only valid for gas-phase measurements. 
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The notation used for identifying core-level signals follows the format “X nlj”, where X 

represents the element. The principal quantum number is given by n (where n can be 1, 2, 

3, …), and l indicates the angular quantum number, which is labeled as s, p, d, f for values of 

l = 0, 1, 2…, n−1, respectively. The j refers to the total angular momentum quantum number, 

which is the sum of the angular quantum number and the spin projection quantum number 

(s = ±1/2), thus j = l + s [45]. 

In elemental analysis, a wide range spectrum, often referred to as a survey spectrum, 

is commonly captured, covering a binding energy (BE) range from 0 to greater than 1000 eV 

using a high pass energy. This approach ensures the detection of signatures from all species 

existing within the sample. After conducting the initial survey, a detailed analysis of the 

fundamental core-level signals of the targeted elements can be performed. This detailed 

analysis involves performing scans with high energy resolution across specific narrow binding 

energy areas, where a low pass energy is utilized. In doing so, a trade-off between the full 

width at half maximum and the overall duration of data acquisition has to be performed [45]. 

Quantitative analysis of the chemical composition of a sample surface can be 

performed by analyzing the measured areas under the main core-level lines of all elements 

presented within the sample. This requires an additional factor referred to as the relative 

sensitivity factor, which is an experimentally determined value specific for each core-level. 

The molar concentration x of an element i out of n elements present in the sample is calculated 

according to the following empirical equation 

 𝐴𝑖/𝑠𝑖  ,
 

𝑥 = ( 2 ) 𝑖 ∑𝑛 
(𝐴𝑗/𝑠𝑗) 𝑗=1 

with Ai as the integrated area under the corresponding core-level spectrum and si as 

the relative sensitivity factor [45]. Practically attainable detection limits are in the range of 0.1 

to 1 at%. The molar concentration of a given element is strongly affected by the chosen 

background type. A particularly common choice is the Shirley background [45]. 

4.3 Quadrupole Mass Spectrometry 

In the landscape of mass spectrometry, the quadrupole mass spectrometer, first 

presented by Paul and Steinwedel in 1953 and advanced in additional publications in 1955 and 

1958 [99–101], stands as a testament to precision analysis of ions by their mass-to- 

charge (m/Q) ratio. It consists of an arrangement of four parallel rods as depicted in Figure 11, 

with charged species of a specific m/Q ratio allowed to pass through. The introduction of an 

ionization step prior to the rod arrangement extends the analytical capability to neutral 

species, allowing for a comprehensive analysis of a sample's ionic constituents. Following the 

rod arrangement, a detector converts the flux of ions or NPs into an electric signal. 
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Quadrupole mass spectrometers may be operated either in filter mode or scan mode. 

The former employs a constant set of the operating parameters, that is direct current 

voltage U, alternating current voltage V, and a frequency f with the corresponding angular 

frequency ω = 2π f. Another important parameter is the inscribed radius between the four 

rods r0, as depicted in Figure 11a. For scan mode, the voltages are kept constant while the 

frequency is swept through the desired range, thus ensuring a constant mass resolution 

throughout the whole scan range. This setup creates a dynamic electric field, which selectively 

stabilizes or destabilizes the paths of ions passing through based on their m/Q ratios. Only ions 

with specific m/Q values, determined by the applied voltages and frequency, are allowed to 

reach the detector, enabling the precise separation and analysis of ions within a sample. 

Historical use of quadrupole mass spectrometers focused on the detection of lighter species; 

however, technological advances have extended its capabilities, enabling the characterization 

of NPs [102]. Guided by the comprehensive textbook on quadrupole mass spectrometry by 

Dawson [103], the following section outlines the theoretical background of quadrupole 

operation. 

Figure 11: Quadrupole mass spectrometer with (a) a front view of the four parallel rods and 

the applied electric potentials and (b) 3D view of four parallel rod arrangement. Ions and NPs 

that match the quadrupole’s filtering conditions based on their mass-to-charge ratio progress 

along the z-axis, while those that do not are expelled radially. Reprinted from [104]. 

The applied electric field within the quadrupole rods affects the charged species 

traversing through it. Newton’s second law of motion, F = m × a, with force F, mass m, and 

acceleration a, can be used to express the motion of charged species within the quadrupole 

field as follows: 

𝑑2𝑥 
+  

𝑒 𝑥 
[𝑈 + 𝑉 cos(𝜔 𝑡)] = 0 ( 3 ) 

𝑑𝑡2 𝑚 𝑟2 0 

𝑑2𝑦 
−  

𝑒 𝑦 
[𝑈 + 𝑉 cos(𝜔 𝑡)] = 0 ( 4 ) 

𝑑𝑡2 𝑚 𝑟2 0 

𝑑2𝑧 
= 0

 
( 5 ) 

𝑑𝑡2 
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This indicates that charged species are subject to forces acting upon them in x and 

y direction, without causing acceleration along the transverse z direction. The complex 

equation presented above depends on multiple variables, but may be simplified into two 

equations by introducing the parameters a and q [100]: 

4𝑒𝑈 
𝑎  = 𝑎  = −𝑎  = ( 6 ) 𝑢 𝑥 𝑦 𝑚 𝜔2𝑟2 0 

2𝑒𝑉 
𝑞  = 𝑞  = −𝑞  = ( 7 ) 𝑢 𝑥 𝑦 𝑚 𝜔2𝑟2 0 

In this case u represents either x or y directions. A further simplification is achieved by 

substituting ξ = ωt/2, thus arriving at the Mathieu equation in its canonical form with well- 

established mathematical properties [99,103]: 

𝑑2𝑢 
+ (𝑎  − 2𝑞 cos(2𝜉)) 𝑢 = 0 ( 8 ) 𝑢 𝑢 𝑑𝜉2 

The ion trajectories within a quadrupole mass filter, governed by the Mathieu equation 

parameters a and q, are independent of initial conditions. These trajectories can result in 

stable, confined paths, or unstable ones leading to ejection of charged species from the 

system [103]. Whether a set of given parameters is stable, is graphically depicted in the a-q 

stability diagram presented in Figure 12. Multiple stability regions are possible, however, only 

the first region is of practical importance [105]. 

Figure 12: A comprehensive stability diagram illustrates the behavior of ion motion within the 

quadrupole field. Stability regions where motion in x- and y-direction are concurrently stable, 

are labelled with roman numerals from I to VI. Region I represents the commonly used 

operating regime. Reprinted from [105]. 

Figure 13 illustrates the first stability region of a quadrupole mass filter, characterized 

by its triangular shape. Within this diagram, ions with a specific mass-to-charge ratio 

correspond to a unique point defined by the (a, q) coordinates, which are in turn determined 

by the fixed values of r0, ω, U, and V. The relationship between a and q is directly proportional 
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to the U/V ratio and no other parameters, allowing the construction of a mass scan line or 

operating line from the origin to the operating point in the stability diagram. 

Figure 13: The stability region I commonly utilized in mass filter operations. Due to symmetry 

reasons only the upper half of the stability diagram is presented. Reprinted from [103]. 

Notably, when this line intersects the top of the triangle (a = 0.23699 and q = 0.70600), 

the system is theoretically capable of discriminating ions with infinite resolution. At this point, 

the mass of ions m passing through the filter can be calculated from the quadrupole’s 

operational parameters V, f, and r0 as [83]: 

𝑉 
𝑚 = ( 9 ) 

7.219 𝑓2 𝑟2 0 

All presented calculations implicitly assume an infinitely long quadrupole mass 

spectrometer [100]. Further uncertainties are introduced by the simultaneous presence of 

multiple charged species within the quadrupole mass spectrometer, as well as collisions with 

uncharged inert gas molecules. Publication III heavily utilizes quadrupole mass spectrometry 

for in situ characterization of NPs synthesized by MS-IGC, and Publication IV continuous the 

developed approach. 

4.4 Gas Sorption Analysis 

Gas sorption analysis is a characterization technique used to measure the specific 

surface area and the pore size distribution of a given material. The term adsorption refers to 

the enrichment of molecules, atoms or ions in the vicinity of an interface and outside of the 

solid structure. If the uptake takes place into the volume of the material, it is referred to as 

absorption. As both effects cannot always be strictly distinguished, sorption is used, describing 

both processes simultaneously [25]. 
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In the process of adsorption, the substance that gets attached to the surface is referred 

to as the adsorbate, whereas in its fluid phase form, it is called the adsorptive. The solid 

material capable of performing adsorption is referred to as adsorbent. Adsorption occurs 

through two primary mechanisms: physical adsorption, known as physisorption, which 

involves weak van der Waals forces, and chemical adsorption, or chemisorption, which entails 

the formation of a chemical bond between the adsorbate and the surface [25]. 

Experimental work is performed either using the manometric method or the 

gravimetric method. In both cases, a sample is subjected to vacuum within a confined volume 

of space. In the manometric method, a known amount of pure gas is introduced to the volume. 

Gas molecules start to adsorb to the surface, thus lowering the pressure inside the confined 

volume. Once an equilibrium pressure is established, the amount adsorbed on the sample 

surface can be calculated based on the drop in pressure. Conversely, in the gravimetric 

method the mass change of the sample caused by the gas adsorption is measured directly 

using a vacuum microbalance [25]. This process is incremental, beginning with measurements 

at low pressures and gradually increasing to the maximum pressure. Figure 14 illustrates the 

progression of gas adsorption on a surface. Initially, adsorption occurs at energetically 

favorable sites. As pressure rises, a complete monolayer 

pressure increases, multilayer coverage is achieved. 

covers the surface. For further 

Figure 14: Stages of physisorption during gas sorption analysis as a function of pressure. 

Reprinted from [106]. 

Experimental data is typically presented as adsorption-desorption isotherms, which 

depict the volume of gas adsorbed by a material as a function of relative pressure P/P0 or 

absolute pressure P under equilibrium conditions. The adsorption branch of the isotherm is 
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measured under increasing pressure, while the desorption branch is measured under 

decreasing pressure. A mismatch between these branches is known as adsorption hysteresis 

and is associated with a phenomenon referred to as capillary condensation. The choice of 

pressure scale – relative or absolute – depends on the adsorption conditions. When the 

adsorption temperature is below the critical point, the relative pressure P/P0 is typically used, 

with P representing the equilibrium pressure and P0 denoting the saturation vapor pressure 

at the adsorption temperature. Conversely, at adsorption temperatures exceeding the critical 

point, where condensation does not occur and a saturation vapor pressure P0 is not defined, 

the equilibrium pressure P must be employed [25]. The shape of the adsorption isotherm is 

strongly related to the pore structure of the given sample, with a summary of different 

adsorption types given in Figure 15. Type I(a) isotherms are found for microporous materials, 

exhibiting a strong increase in adsorbed gas at low pressures. Type I(b) isotherms describe 

materials with a broader pore size range, incorporating both micro and mesopores. Type II 

isotherms are observed in nonporous or macroporous materials, with point B marking the 

completion of monolayer formation. Type III isotherms lack a defined monolayer formation 

point. Type IV isotherms are indicative of mesoporous materials. Type IV(a) isotherms show a 

distinct hysteresis behavior associated with capillary condensation. Type IV(b) isotherms occur 

for materials with mesopores featuring a sharp pore size distribution. Type V isotherms are 

obtained by weak adsorbent-adsorbate interactions. Type VI isotherms represent a layer-by- 

layer adsorption on highly uniform non-porous surfaces [25]. 

Figure 15: Classification of physisorption isotherms based on their respective isotherm shape. 

Reprinted from [25]. 
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Specific surface area is commonly reported based on the BET method [24]. The 

micropore volume is sometimes assessed using the Gurvich rule [107]. Density functional 

theory and molecular simulations such as Monte Carlo simulations are employed for 

conducting micropore size analysis [25,108]. Within Publication I and Publication II, 

nanoporous materials are investigated using gas sorption analysis, and the BET method as well 

as quenched-solid density functional theory are employed. 
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5 Discussion 

Publication I introduces a cobalt-doped nanoporous graphene nanocomposite, 

synthesized via a plasma treatment process from a few-layer graphene substrate originally 

derived from natural graphite. Structural analysis showed a reduction in specific surface area 

from 780 m2/g to 480 m2/g while simultaneously retaining the overall pore structure, and no 

detectable influences on the microstructure, including the defect density and the number of 

layers present within the carbon phase. Electrochemical assessments focused on 

supercapacitor performance and the oxygen evolution reaction in water splitting, revealing 

enhanced supercapacitor performance at high scanning rates and current densities. The 

oxygen evolution reaction performance was quantified by a Tafel slope of 110 mV/dec and an 

overpotential of 290 mV at a current density of 10 mA/cm2 [109]. Despite not reaching the 

peak performance of similar material systems, this publication confirms that cobalt-doped 

nanoporous graphene nanocomposites can be effectively produced through physical 

synthesis methods alone, yielding a competitive electrochemical performance. 

Within Publication II a novel approach for synthesizing Pd-decorated activated carbon 

cloth is presented. The nanocomposite is created by sputtering of a Pd target in a conventional 

magnetron sputter system for a short period of time in the length scale of seconds. Pd islands 

of various sizes and shapes were obtained, distributed around the fiber diameter, while 

retaining the nanoporous structure of the underlying substrate, with a moderate decrease 

from 1365 to 1202 m2/g [94]. The study highlights the feasibility of functionalizing three- 

dimensional nanoporous substrates through a straightforward magnetron sputtering 

technique. It underscores the potential scalability of this approach for industrial applications, 

particularly through the use of large-area sputtering [110] and roll-to-roll deposition 

methods [111]. 

Publication III showcases the successful development of a method capable of 

determining the NP size distribution and total mass of deposited NPs for a given material 

system using MS-IGC in conjunction with quadrupole mass spectrometry. The methodology 

advances the operating principle of the quadrupole mass spectrometer to convert the 

measured grid current signal into an NP flux. The spatial distribution of the deposited NPs is 

measured using scanning electron microscopy and X-ray photoelectron spectroscopy, 

revealing a Gaussian distribution of the deposited Cu NPs [58]. 

Building upon the in situ methodology developed in the preceding publication, 

Publication IV identifies a notable increase in the quadrupole mass spectrometry signal, when 

a positive substrate bias voltage is applied in the MS-IGC system. The observed signal increase 

suggests that applying a substrate bias voltage increases the NP output from the NP source. 
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This hypothesis is successfully proven, showing that the in situ QMS signal correlates well with 

the surface coverage of Cu NPs on the silicon substrate. Beyond increased NP output, the 

publication reports a significant morphological evolution in the deposited thin films, 

attributed to the additional kinetic energy charged NPs acquire from the electric field. While 

these two effects cannot be obtained independently of each other, I conclude that the 

increased extraction of NPs from the NP source represents a meaningful step towards 

enhanced process efficiency for MS-IGC. 

Within this thesis multiple pathways for successfully functionalizing substrates of 

various types such as powders, conventional two-dimensional substrates, as well as advanced 

nanoporous three-dimensional substrates, were highlighted. Challenges persist in uniformly 

functionalizing three-dimensional substrates, and the available technologies have to be well- 

suited for the specific task. As of now, the highly sophisticated magnetron sputter inert gas 

condensation is an excellent tool for performing fundamental research on high-purity NPs and 

the developed methodology allows for improved assessment of process stability and output. 

Yet, with current available systems, complex three-dimensional substrates cannot be 

successfully functionalized with a homogenous three-dimensional distribution. Conventional 

magnetron sputtering has shown promise, particularly with flexible carbon cloth substrates, 

hinting at the possibility of scaling up through roll-to-roll deposition techniques for broader 

application. The potential of plasma treatment methods remains largely untapped, presenting 

a fertile ground for future research and development towards innovative functionalization 

techniques. 
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6 Conclusions 

This thesis underscores the critical role of synthesis methods in determining the range 

of substrates that can be effectively functionalized owing to limitations within the current 

techniques. Particularly MS-IGC is hindered by its inability to perform large-scale depositions 

along with poor process control and reproducibility, as well as its inappropriateness to 

penetrate complex materials like activated carbon cloth – a challenge highlighted by both the 

MS-IGC community's lack of gas sorption analysis investigations and unpublished findings by 

the group at Montanuniversität Leoben. Given these limitations, MS-IGC's application in 

functionalizing three-dimensional substrates appears constrained to very low 

functionalization depths and/or substrate thicknesses. The current state of MS-IGC suggests a 

strategic orientation towards utilizing this technology for fundamental NP formation research 

and the analysis of simple material systems on a lab scale, leaving wet chemistry methods as 

the predominant option for industrial-scale applications of functionalized nanomaterials. 

Nonetheless, the dielectric barrier discharge plasma treatment and the short-time magnetron 

sputtering process, as detailed in Publications I and II, demonstrate promising methods for 

functionalizing powders and woven materials through clean, wet-free vacuum processes, 

setting the stage for their potential scale-up and broader industrial adoption. 

The journey of scientific discovery is both ongoing and never-ending. This thesis lays a 

foundation for future advancements, underscoring the importance of relentless pursuit and 

creativity in venturing into unexplored scientific territories where no one has gone before. 
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Abstract 

Metal–carbon nanocomposites are identified as key contenders for enhancing water 

splitting through the oxygen evolution reaction and boosting supercapacitor energy storage 

capacitances. This study utilizes plasma treatment to transform natural graphite into 

nanoporous few-layer graphene, followed by additional milling and plasma steps to synthesize 

a cobalt–graphene nanocomposite. Comprehensive structural characterization was 

conducted using scanning and transmission electron microscopy, X-ray diffraction, Raman 

spectroscopy, gas sorption analysis and X-ray photoelectron spectroscopy. Electrochemical 

evaluations further assessed the materials’ oxygen evolution reaction and supercapacitor 

performance. Although the specific surface area of the nanoporous carbon decreases from 

780 to 480 m2/g in the transition to the resulting nanocomposite, it maintains its nanoporous 

structure and delivers a competitive electrochemical performance, as evidenced by an 

overpotential of 290 mV and a Tafel slope of 110 mV/dec. This demonstrates the efficacy of 

plasma treatment in the surface functionalization of carbon-based materials, highlighting its 

potential for large-scale chemical-free application due to its environmental friendliness and 

scalability, paving the way toward future applications. 
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1. Introduction 

The ever-increasing global demand for energy, coupled with the climate crisis from 

emissions of carbon dioxide and other greenhouse gases, underscores the urgent need for 

solutions to ensure a more sustainable future. Significant efforts are underway to develop 

materials that facilitate efficient and environmentally friendly energy conversion and storage. 

Hydrogen, as a clean energy carrier synthesized ideally through water electrolysis, holds 

promise for a sustainable future. Electrolytic water splitting, encompassing both the hydrogen 

evolution reaction (HER) and the oxygen evolution reaction (OER) [1], requires an effective 

catalyst to enhance kinetics and cost-effectiveness. Meanwhile, supercapacitors are 

considered to be another important cornerstone of advanced clean energy technologies. They 

offer substantial power densities for energy storage and rapid charging and discharging, 

utilizing the formation of electric double layers and electrochemical pseudocapacitance [2]. 

Carbon-based nanoporous materials are prime candidates for both OER [3] and 

supercapacitor applications [4,5] due to their superior properties, such as high chemical and 

mechanical stability, excellent electrical conductivity and expansive specific surface areas with 

adjustable pore size distributions. Enhancing these intrinsic properties through surface 

functionalization is a key area of current research [6], offering the potential for even more 

optimized performance in energy-related applications. Cobalt nanoparticles [7] and cobalt 

oxides [8] have been used for the OER in previous studies, with multiple reports on bimetallic 

and mixed oxide systems containing cobalt listed in [9]. Multiple studies investigated cobalt- 

based materials for supercapacitor applications [10]. 

Nanocomposites that integrate carbon with cobalt present an attractive approach 

toward harnessing the beneficial properties of both constituents and potentially achieving 

synergistic effects. Multiple cobalt-doped graphitic materials were investigated with respect 

to their OER performance, including cobalt-embedded nitrogen-doped carbon 

nanotubes [11,12], as well as composites containing porous carbons [13,14]. Supercapacitor 

applications of cobalt oxide with graphene nanosheets were presented by Naveen et al. [15] 

and Lakra et al. [16]. Furthermore, Liu et al. [17] designed a composite using mesoporous 

carbon nanospheres decorated with cobalt-based nanoparticles that showed enhanced 

supercapacitor performance, demonstrating ongoing research in those topics. 

The graphene-based materials discussed in the literature are synthesized using a 

variety of methods, such as the mechanical exfoliation of graphite [18], the reduction of 

graphene oxide [19] and chemical-vapor-deposition-based synthesis [20], among 

others [21,22]. However, purely physical techniques like plasma-assisted exfoliation of natural 

graphite are rarely employed. Our previous work pioneered this approach, transforming 
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natural graphite into nanoporous few-layer graphene (FLG) with a markedly high specific 

surface area that was used for hydrogen storage [23], followed by a study on water 

purification and supercapacitor performance [24]. Hence, this method not only highlights the 

potential for a more efficient synthesis process but also suggests improved performance 

characteristics for energy-related applications. 

In this work, we introduce an innovative approach by implementing an additional 

plasma processing step after mixing FLG with cobalt powder, yielding cobalt-enriched few- 

layer graphene (Co-FLG). This composite is compared to its pure FLG counterpart through a 

series of structural and electrochemical characterization methods, including scanning electron 

microscopy (SEM), energy-dispersive X-ray spectroscopy (EDX), transmission electron 

microscopy (TEM), X-ray diffraction (XRD), Raman spectroscopy, gas sorption analysis (GSA) 

and X-ray photoelectron spectroscopy (XPS). The electrochemical analyses specifically assess 

the oxygen evolution reaction and supercapacitor performances. This study marks the first 

demonstration that a purely physical method can effectively create carbon–cobalt composite 

materials exhibiting enhanced electrochemical performance compared to the pure 

nanoporous graphene. The method stands out for its dry/chemical-free, cost-efficient and 

environmentally friendly character, presenting a scalable solution for industry. The findings of 

this study not only advance the understanding of metal–carbon composites but also open new 

avenues for the development of green energy technologies based on these novel materials. 

2. Materials and Methods 

2.1. Material Synthesis 

The FLG material was synthesized by subjecting natural flake graphite (Asbury Carbons, 

Ashbury, NJ) to plasma treatment using a multi-electrode dielectric barrier discharge plasma 

reactor, operating under the conditions outlined in [23]. The graphite was subjected to an 

argon flow of 600 sccm (corresponding to a pressure of 0.1 mbar) with a power of 6 kW for 

60 min. Following this, the resultant FLG powder underwent a further 30 min oxygen plasma 

treatment to add oxygen-containing functional groups aimed at decreasing particle 

agglomeration. 

A total of 100 g of the FLG material was then mixed with 5 g of cobalt powder (Thermo 

Scientific Chemicals, Waltham, MA, USA) of 99.8% purity and a 1.6 μm average particle size, 

using mechanical stirring for 5 min to ensure uniformity. This mixture was then subjected to 

an additional argon plasma treatment step for 60 min within the same reactor using the same 

gas flow and power values as above. These specific conditions/process parameters were 

determined in preliminary studies and were chosen to promote the uniform distribution of 
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cobalt particles within the FLG matrix and to optimize the composite’s physical and 

electrochemical characteristics. 

2.2. Structural and Morphological Characterization 

The SEM micrographs were collected by an FEI Quanta 200 microscope (Hillsboro, OR, 

USA) using a 20 kV acceleration voltage and a working distance of 10 mm. EDX elemental maps 

were collected with an EDVAC Genesis X-ray analysis probe mounted on the SEM instrument 

using the same 20 kV acceleration voltage. 

The TEM micrographs were recorded by employing a Philips CM-20 (Eindhoven, 

Netherlands) transmission electron microscope with high-resolution capabilities equipped 

with a LaB6 filament and operated at 200 kV acceleration voltage. The powders were first 

ultra-sonicated in ethanol and then placed onto holey carbon-only support films mounted on 

copper grids. 

The XRD investigations were performed on a Bruker-AXS D8 Advance diffractometer 

(Karlsruhe, Germany) in a Bragg–Brentano configuration. The diffractograms were recorded 

using Cu Kα radiation with a wavelength of ~0.154 nm operating with a voltage of 40 kV and 

a current of 40 mA. The scans were recorded from diffraction angles of 15°–60° in a continuous 

scan mode with a step size of 0.02° and a time of 1.2 s per step. Bragg’s law was used to 

calculate the interplanar spacing d between the individual graphene layers from the (002) 

reflection. Scherrer’s equation was used to calculate the crystallite size from the (002) 

reflection [25]. The number of graphene layers n was estimated by dividing the Lc value by the 

d value (n = Lc/d). 

Lc 

Micro-Raman spectroscopy was conducted utilizing an inVia Reflex spectrometer 

(Renishaw, Wotton-under-Edge, UK), equipped with a 514.5 nm solid-state laser for 

excitation. The laser beam, focused to a 4.5 mm diameter spot, was directed through an 

objective lens featuring ×20 magnification and a numerical aperture of 0.14. A power density 

of 0.02 W/µm2, following guidelines from a prior study [26], was applied. 

The GSA studies were performed on an Autosorb iQ3 gas sorption analyzer (Anton Paar 

QuantaTec, Boynton Beach, FL, USA) using high-purity (99.999%) and He gases for the N2 

adsorption measurements and void volume calculations, respectively, with liquid N2 at 77 K as 

a cryogen. The samples (~ 50 mg) were degassed at 250 °C under vacuum for 24 h prior to 

performing the GSA measurements. To determine the specific surface area, the multi-point 

Brunauer–Emmett–Teller (BET) method [27] was utilized, adhering to the BET consistency 

criteria outlined in ISO 9277:2022. This calculation was based on adsorption data at relative 

pressures (P/P0) ranging from 0.01 to 0.05. The values for the micropore surface area and 
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micropore volume were calculated using the t-plot method for carbon black in the relative 

pressure (P/P0) interval from 0.2 to 0.5. The pore size distributions were estimated using the 

quenched solid density functional theory (QSDFT). This method employed the 

adsorption branch kernel at 77 K for analyzing mixed slit and cylindrical pores. 

N2–carbon 

The XPS analysis was conducted on a Theta Probe system (Thermo Scientific, Waltham, 

MA, USA) featuring a monochromated Al Kα X-ray source with 1486.6 eV photon energy. The 

X-ray spot was focused to approximately 400 μm in diameter. The wide-scan survey spectra 

were collected at a pass energy of 200 eV, and the high-resolution core level spectra for 

various elements were obtained with a pass energy of 50 eV. 

2.3. Electrochemical Characterization 

The electrochemical properties were assessed using a three-electrode configuration in 

a 1 M KOH solution (pH value 13.89–14.06 [28]) for a catalytic activity analysis (using OER) and 

a 3 M KOH solution (pH value 14.56–14.74 [28]) for the energy storage studies (using 

supercapacitors). The setup consisted of a saturated calomel electrode as the reference, a 

platinum wire as the counter and custom-made electrodes as the working electrodes. These 

electrodes were fabricated by blending 80 wt.% FLG or Co-FLG with 10 wt.% acetylene black 

and 10 wt.% polyvinylidene difluoride in N-methyl pyrrolidinone, applied onto nickel foam 

substrates with a total working electrode area of 0.25 cm2. For the OER studies, linear sweep 

voltammetry (LSV) and a Tafel slope analysis were employed to assess the kinetics and 

efficiency of the catalytic process. For evaluating the supercapacitive behavior, cyclic 

voltammetry (CV) and long-term durability tests, extending over 5000 cycles, were performed 

to assess the charge storage efficiency and electrode stability. These tests were conducted 

using a VersaSTAT 4-500 electrochemical workstation (Princeton Applied Research, Oak Ridge, 

TN, USA), allowing for a comprehensive analysis of both the catalytic activity and energy 

storage capabilities. 

3. Results and Discussion 

3.1. Structural and Morphological Investigations 

The field-emission SEM micrographs of both the FLG and Co-FLG samples reveal a mix 

of individual spherical particle agglomerates, with sizes typically below 1 µm in diameter, at 

lower magnifications (Figure 1a,d). At higher magnifications (Figure 1b,e), a platelet-like 

structure is visible. The high-resolution TEM micrographs of the FLG (Figure 1c) reveal 

individual thin flakes with various structural defects. In contrast, the Co-FLG TEM micrographs 

(Figure 1f) display a mixture of carbon flakes and spherical particles, the latter appearing 
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darker and indicating cobalt’s presence. The EDX analysis of the FLG identifies a high oxygen 

content alongside carbon, indicative of successful functionalization. For the Co-FLG sample, 

EDX confirms the presence of cobalt. The EDX mappings of the spherical agglomerates were 

conducted for carbon (Figure 1g), oxygen (Figure 1h) and cobalt (Figure 1i), revealing that 

carbon is uniformly distributed throughout the sample, while cobalt is 

predominant and concentrated along specific surface sites of the sample. 

significantly less 

Figure 1. (a,b) SEM and (c) TEM micrographs for FLG. (d,e) SEM and (f) TEM micrographs for 

Co-FLG. EDX mappings of Co-FLG for (g) carbon, (h) oxygen and (i) cobalt. 

XRD experiments were conducted, with the diffractograms depicted in Figure 2a. The 

FLG sample reveals a distinct (002) peak at a diffraction angle 2θ of 26.3° and a broad (100) 

peak located around 43.3°, both associated with the graphitic structure (International Centre 

for Diffraction Data card no. 75-1621). The Co-FLG sample reveals graphitic peaks as well as 

strong contributions attributed to both the face-centered cubic (fcc) and hexagonal close- 

packed (hcp) phases of cobalt. While the hcp phase is thermodynamically stable at room 

temperature, the two phases are known to coexist at room temperature [29]. Notably, there 

are no peaks indicating the presence of cobalt oxides (i.e., CoO and Co3O4) in the XRD patterns. 

Applying Bragg’s law, the interplanar spacing d between the individual graphene layers is 

calculated as 0.338 nm for both samples, slightly higher than the theoretical graphite 

interlayer spacing of 0.335 nm [30]. Applying Scherrer’s equation allows for calculating the 

crystallite size Lc of 5.7 and 5.4 nm and correspondingly an average number of layers of ~17 

and 16 layers for the FLG and Co-FLG, respectively. The striking similarities between both 
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samples imply that the additional plasma treatment step does not cause significant structural 

changes to the carbon phase of the Co-FLG sample. 

Raman spectroscopy was conducted and the results are shown in Figure 2b, revealing 

three distinct features known as the D, G and G’(2D) bands of carbons [31] located at 1353, 

1576 and 2695 cm−1, respectively. All the peak positions and integrated peak areas are virtually 

identical for both samples, with the presence of a strong D band suggesting a high defect 

density in the carbon structure. The shape and position of the G’(2D) band indicates a 

graphene-based structure with a few layers, rather than graphite [32]. The extensive 

similarities between both Raman spectra suggest that the incorporation of cobalt does not 

alter the carbon structure. The anticipated peaks for the cobalt oxides, which would typically 

appear at 690 cm−1 for Co3O4 [33] and a broad band around 1060 cm−1 for CoO [34,35], are 

absent, supporting the findings from the XRD. The defect density is calculated for both 

samples as ~1.88 × 1011 cm−2 following a procedure outlined by Cançado et al. [36]. The results 

of this investigation show that no significant structural evolution of the nanoporous graphene 

phase was found after conducting the second plasma treatment step. 

The results of the gas sorption analysis are depicted in Figure 2c,d. Figure 2c shows the 

gas adsorption (filled symbols) and desorption (empty symbols) isotherms using N2 at 77 K. 

The sharp increase at low relative pressures can be attributed to microporosity (i.e., pore 

widths below 2 nm). The isotherms are similar in shape, with the FLG sample displaying a 

significantly higher adsorption amount throughout the full pressure range. For the N2 

concluding point of the adsorption isotherms (P/P0 ~0.99), the Co-FLG exhibits a reduced N2 

adsorption of roughly 37% compared to the FLG. The desorption branch for both samples 

shows a small hysteresis, indicating the presence of mesopores (i.e., pore widths between 2 

and 50 nm). The adsorption isotherms do not end with a plateau; thus, the Gurvich rule cannot 

be applied to determine the total pore volume [37]. The isotherms are classified as a mixed 

Type I and Type IV(a) according to the classification of the International Union of Pure and 

Applied Chemistry, as both a contribution from the micropores in the low pressure range and 

the mesopores in the intermediate pressure range is visible [38]. A small step-down in the 

desorption branch in the P/P0 range between 0.5 and 0.4 is visible for both samples. This is 

commonly reported in the literature and is attributed to cavitation-induced N2 evaporation 

from the mesopores [37,39]. Thus, the adsorption branch is used for extracting the pore size 

distribution depicted in Figure 2d. Using the desorption branch would yield an artifact in the 

pore size distribution in the range between 3 and 4 nm, associated with the cavitation-induced 

evaporation mechanism [39]. The pore size distribution for both samples is virtually identical, 

exhibiting a bimodal distribution with peaks at 0.93 and 4.22 nm, thus revealing super- 

micropores (i.e., pore widths between 0.7 and 2 nm) and small mesopores, respectively. It 
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seems that there are no pores in the size range of 2 to 2.8 nm present within the investigated 

samples. The inset in Figure 2d reveals the cumulative pore size distribution for both samples. 

The BET method reveals apparent surface areas of 780 m2/g for the FLG and 484 m2/g for the 

Co-FLG, which corresponds to a reduction of roughly 38% upon cobalt addition. The t-plot 

method was employed to extract the micropore surface area and the micropore volume of 

the given samples. The overall contribution of the micropores is roughly 35% for both samples. 

The remaining surface area Sext consists of contributions from mesopores, macropores and 

the external surface. However, a more precise quantification cannot be performed, as the 

isotherm lacks a plateau in the high-pressure range. Consequently, no mean pore width value 

can be reported. The results of the GSA are summarized in Table 1. To conclude, both samples 

show a virtually identical pore size distribution, while Co-FLG displayed a decrease of roughly 

38% with respect to both the specific surface area and the micropore volume. This effect is 

attributed to pore blocking, as previously described in literature [26]. 

Figure 2. Results of structural characterization of FLG (black) and Co-FLG (blue): (a) X-ray 

diffractograms with the positions of the main diffraction peaks of the allotropic fcc and hcp 

phases of cobalt and (b) Raman spectra with indications for the D, G and G’(2D) bands. (c) Gas 

adsorption/desorption isotherms for N2 at 77 K and corresponding (d) QSDFT-derived pore size 

distributions with an inset showing the cumulative pore volume. 
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Table 1. Results of the gas sorption analysis conducted using N2 at 77 K. 

SBET: Brunauer–Emmett–Teller (BET) specific surface area. Smicro: Specific surface area calculated by the statistical 

thickness t-plot method. Sext: Specific surface area contributed by mesopores, macropores and external surfaces, 

calculated as difference between SBET and Smicro. Vmicro: Specific micropore volume calculated by the t-plot 

method. 

XPS measurements were performed to analyze the elemental composition of the 

samples. Figure 3a presents the wide-scan survey spectra, showing carbon and oxygen in both 

samples and additionally cobalt in the Co-FLG. A quantitative analysis from the survey scans 

determines the chemical compositions to be 94.1 and 91.9 at.% of carbon, 5.6 and 6.7 at.% of 

oxygen, small quantities of nitrogen (0.3 and 0.6 at.%) for the FLG and Co-FLG, respectively, 

and 0.8 at.% of cobalt for the Co-FLG. This translates to 3.3 wt.% of cobalt, which is slightly 

lower than the anticipated 4.8 wt.% based on the synthesis procedure. 

Figure  3b  displays  the  high-resolution  spectra  of  carbon,  where  the  peak 

deconvolution reveals the presence of sp1, sp2, sp3, C-O and C=O bonds, along with a π-π* 

satellite peak in the 290–292 eV region [40]. The spectra are predominantly characterized by 

sp2-hybridized carbon bonds associated with the peak position at 284.5 eV, which represent 

the largest fraction of the carbon content, accounting for ~56% in both examined samples. 

Contributions from sp3-hybridized carbon are also significant, comprising ~21% and ~16% for 

the FLG and Co-FLG samples, respectively, with small contributions from the remaining carbon 

bonds. 

High-resolution oxygen spectra are depicted in Figure 3c, with a peak shape indicative 

of the presence of OH- species and adsorbed H2O. The additional peak at low binding energies 

corresponds to cobalt oxide formation [41]. Figure 3d confirms cobalt’s presence in the Co- 

FLG, in good agreement with the EDX-derived elemental map for cobalt (see Figure 1i). The 

Co 2p3/2 peak occurs at a binding energy of 779.8 eV. This binding energy together with only a 

weak satellite structure at around 790 eV between the 2p3/2 and 2p1/2 peaks is characteristic 

of Co3O4, [41–43], as expected for the native oxide [41]. Based on the theoretical work, cobalt 

and cobalt oxides are expected to transform into CoOOH under the conditions present during 

an OER [44]. 
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[m2/g] 

Smicro 

[m2/g] 

Sext 

[m2/g] 

Vmicro 

[cm3/g] 

FLG 780 279 501 0.123 

Co-FLG 484 175 309 0.077 

Change −37.9% −37.3% −38.4% −37.4% 
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Figure 3. Results of XPS investigations on FLG (black) and Co-FLG (blue) consisting of a 

(a) survey scan and high-resolution spectra for the elements (b) carbon, (c) oxygen and 

(d) cobalt. 

The incorporation of cobalt into the FLG, as indicated by Figures 1i, 2a and 3d, leaves 

the carbon structure unaltered, as evidenced by the Raman spectroscopy and gas sorption 

analyses. The TEM observations reveal mostly spherical cobalt particles, with their presence 

further validated by EDX mapping, XRD and XPS. The overall pore size distribution remains 

consistent despite the cobalt addition. However, a notable reduction in the specific surface 

area by 38% is observed. The incorporation of cobalt might enable tuning the material’s 

functionality. In the next step, the electrochemical performance differences between FLG and 

Co-FLG were investigated by means of OER and supercapacitor energy storage applications. 

3.2. Electrochemical Characterization 

The electrochemical performance of FLG and Co-FLG in terms of the OER was analyzed 

using LSV, as shown in Figure 4a. As the potential increases, the current density for both 

materials also increases, which is typical for catalytic processes, as the overpotential provides 

additional driving force for the reactions. Notably, the Co-FLG exhibits a higher current density 

than the FLG at potentials beyond approximately 1.55 V, suggesting that cobalt doping 

enhances the electrocatalytic activity of the graphene material. At a benchmark current 

density of 10 mA/cm2, overpotentials of 280 mV for FLG and 290 mV for Co-FLG are observed, 

comparable to the 300 mV/cm2 reported by Dou et al. [13] for a porous carbon doped with 

cobalt nanoparticles in 0.1 M KOH media and mirroring the 290 mV/cm2 reported by Jia et 
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al. [45] for cobalt nanoparticles embedded in nitrogen-doped carbon on carbon cloth in a 1 M 

KOH solution. 

A further analysis of the OER kinetics reveals that Co-FLG has a lower Tafel slope 

(110 mV/dec) compared to FLG (117 mV/dec), as seen in Figure 4b. This suggests that Co-FLG 

requires a smaller increase in potential to achieve a tenfold increase in current density 

compared to FLG, which indicates that Co-FLG has a better catalytic efficiency for the OER. 

The lower Tafel slope of the Co-FLG sample indicates a higher electrocatalytic surface area. 

The Tafel slope of 117 mV/dec for the FLG sample implies that an electrochemical step is 

determining the rate-limiting step rather than chemical reactions based on the theoretical 

works [46,47]. For the case of Co-FLG, the reported Tafel slope of 110 mV/dec is not directly 

covered by the theoretical calculations in the literature, which also applies for subsequent 

experimentally derived Tafel slope values. Jia et al. reported various Tafel slopes of 73 and 

88 mV/dec for two different types of N-doped carbon cloth materials also doped with cobalt 

and 253 mV/dec for the N-doped carbon cloth without cobalt addition under a 1 M KOH 

solution. The synthesis procedure consisted of electrochemically deposited Co3O4 nanosheets 

on the carbon cloth surface [45]. Dou et al. reported a significantly lower Tafel slope of 

96.9 mV/dec for a cobalt nanoparticle-doped porous carbon and a lower Tafel slope of 

73 mV/dec for a more advanced material system incorporating carbon nanotubes [13], 

however with no reasons given for the differences in the Tafel slopes. It has to be noted that 

the cobalt nanoparticles were significantly smaller compared to this work and a 0.1 M KOH 

solution was used. Mao et al. reported on 3D crumpled graphene–cobalt oxide nanohybrids 

with an overpotential of 340 mV at 10 mA/cm2 and Tafel slopes of 71 and 75 mV/dec for N- 

doped and non-doped versions of the material system [48]. Su et al. reported Tafel slopes 

between 61.4 and 116.1 mV/dec for cobalt nanoparticles embedded in N-doped carbon with 

values depending on different synthesis parameters of the material system [49]. 

The current density was studied as a function of the scan rate (see Figure 4c). Co-FLG 

is characterized by consistently higher current densities compared to FLG, culminating in a 

22% higher current density at the highest tested scan rate of 30 mV/s. This enhancement in 

electrochemical activity underscores Co-FLG’s potential for high-current-density applications. 

To summarize, the presented material system is capable of achieving a competitive 

overpotential at 10 mA/cm2 while only obtaining intermediate Tafel slopes. The material 

system could be further enhanced by N-doping the few-layer graphene [3]. This could be 

performed within the plasma reactor using an additional plasma treatment step with nitrogen 

gas. 
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Figure 4. Characterization of OER performance. (a) LSV curves, (b) corresponding Tafel slopes 

and (c) current density as a function of the scan rate. 

Figure 5a presents a comparative evaluation of the specific capacitance as a function 

of the current density for FLG and Co-FLG in supercapacitor applications. Both curves exhibit 

a decrease in specific capacitance with increasing current density. At a current density of 

0.5 A/g, FLG achieves a significantly higher specific capacitance (125.8 F/g) compared to Co- 

FLG (99.6 F/g), marking a 26% increase. The specific capacitance of FLG decreases significantly 

with the current density, achieving roughly equal values of 62 F/g at 3 A/g compared to Co- 

FLG and terminating with 3.6 F/g at the highest measured current density of 20 A/g. In 

contrast, Co-FLG retains a significantly higher specific capacitance at elevated current 

densities, i.e., 24.6 F/g at 20 A/g, thus outperforming the conventional FLG by a factor of 6.8. 

The results for the specific capacitance as a function of the scan rate are depicted in Figure 5b. 

In a similar fashion to Figure 5a, Co-FLG starts at a lower specific capacitance at low scan rates 

and outperforms the FLG at higher scan rates, despite a less pronounced difference of 27%. 

This indicates that Co-FLG might be particularly useful for applications requiring rapid charge– 

discharge cycles, where maintaining the energy storage capacity is crucial. Benchmarking the 

performance of supercapacitors is complex, as standardized benchmarks, similar to those for 

the OER, are absent. Lu et al. addressed this complexity in their recent review, showcasing a 

range of cobalt-based graphene materials [50]. The Co3O4/graphene nanosheets composite 

prepared by Naveen et al. performed significantly better with 175 F/g at 10 A/g in a 1 M KOH 

solution (compared to 37.9 F/g for Co-FLG) and with 650 F/g at 5 mV/s (compared to 283 F/g 

for Co-FLG) in a 1 M KOH solution [15]. Dong et al. reported on a 3D graphene foam–cobalt 

oxide nanowire electrode achieving 768 F/g at a current density of 10 A/g (compared to 38 F/g 

for Co-FLG) combined with outstanding cycling stability [51]. Yan et al. reported on a similar 

nanocomposite synthesized using a plasma-assisted process, achieving 243 F/g at 5 mV/s 

(compared to 236.7 F/g for Co-FLG) in a 6 M KOH aqueous solution [52]. 

When the specific capacitance is normalized by the BET specific surface area, yielding 

values in F/m2, Co-FLG consistently outperforms FLG. At a current density of 0.5 A/g, Co-FLG 
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achieves a notable specific capacitance of ~0.21 F/m2, compared to ~0.16 F/m2 for FLG. This 

performance gap widens with increasing current densities; at the highest tested current 

density of 20 A/g, Co-FLG exceeds FLG by a factor of 11, demonstrating specific capacitances 

of ~0.051 and ~0.005 F/m2, respectively. This underlines the enhanced electrochemical 

performance achieved by the addition of cobalt despite the reduction in the available surface 

area. 

The cycling stability tests (Figure 5c) reveal a gradual decline in capacitance retention 

for both Co-FLG and FLG over 5000 cycles. FLG performs more favorably, retaining 76% of its 

original capacitance, while Co-FLG retains 68% after 5000 cycles. The lower capacitance 

retention of Co-FLG indicates more pronounced degradation from cycling, potentially due to 

microstructural changes, or the instability of cobalt dopants. Yan et al. reported a slight 

increase in cyclic capacitance for their nanocomposite within the first 250 cycles and a 

subsequent decrease to 95% after a total of 2000 cycles, compared to 84% for Co-FLG and 

87% for FLG [52]. Vilian et al. reported a retention of 80.5% after 5000 cycles for hexagonal 

Co3O4-anchored reduced graphene oxide sheets [53]. Liu et al. reported an excellent cycling 

retention of 96% after 5500 cycles for a material system consisting of hierarchical porous 

carbon frameworks containing ultrafine metallic cobalt nanoparticles [17]. Naveen et al. 

reported a cycling retention of 92% after 1000 cycles, matching the performance of Co- 

FLG [15]. Assessing cycling stability suffers from non-uniform testing conditions and the 

reasons for degradation are rarely discussed within the literature. 

To summarize, Co-FLG enhances the supercapacitor performance of the given FLG 

material and delivers reasonable performance while falling short of matching the best 

currently available materials. Further optimization of the sample morphology and the length 

scale of the cobalt phase is suggested to further enhance supercapacitor performance [50]. It 

has to be noted that the presented performance was achieved by means of physical methods 

only, thus allowing for a wet-free synthesis procedure, with no comparable results yet 

published to the best of the authors’ knowledge. 
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Figure 5. Supercapacitor performance. (a) Specific capacitance as a function of the current, 

(b) specific capacitance as a function of the scan rate and (c) capacitance retention over 5000 

cycles. 

4. Conclusions 

Within this work, we pioneered the synthesis of a nanocomposite of cobalt and 

nanoporous graphene synthesized by purely physical plasma treatment methods without the 

need for chemicals and cobalt precursors. We demonstrated for the first time that such 

processes can be successfully employed to obtain innovative material systems with a 

competitive oxygen evolution reaction and supercapacitor performance while retaining the 

advantageous properties of nanoporous graphene. However, the presented method does not 

yet allow for achieving an electrochemical performance on the same level as the best cobalt– 

carbon nanocomposites available in the literature. Looking forward, the incorporation of 

nitrogen into the carbon structure via plasma treatment processes emerges as a potential area 

for further research, promising to further optimize electrochemical performance. 
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Abstract 

In recent nanomaterials research, combining nanoporous carbons with metallic 

nanoparticles, like palladium (Pd), has emerged as a focus due to their potential in energy, 

environmental and biomedical fields. This study presents a novel approach for synthesizing 

Pd-decorated carbons using magnetron sputter deposition. This method allows for the 

functionalization of nanoporous carbon surfaces with Pd nano-sized islands, creating metal– 

carbon nanocomposites through brief deposition times of up to 15 s. The present research 

utilized direct current magnetron sputtering to deposit Pd islands on a flexible activated 

carbon cloth substrate. The surface chemistry, microstructure, morphology and pore structure 

were analyzed using a variety of material characterization techniques, including X-ray 

photoelectron spectroscopy, X-ray diffraction, Raman spectroscopy, gas sorption analysis and 

scanning electron microscopy. The results showed Pd islands of varying sizes distributed 

across the cloth’s carbon fibers, achieving high-purity surface modifications without the use 

of chemicals. The synthesis method preserves the nanoporous structure of the carbon cloth 

substrate while adding functional Pd islands, which could be potentially useful in emerging 

fields like hydrogen storage, fuel cells and biosensors. This approach demonstrates the 

possibility of creating high-quality metal–carbon composites using a simple, clean and 

economical method, expanding the possibilities for future nanomaterial-based applications. 
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1. Introduction 

Recent research in nanoscience and nanomaterials has increasingly focused on 

creating efficient and cost-effective nanoscale composites. In particular, nanocomposites 

composed of nanostructured and/or nanoporous carbons, such as activated carbons, 

templated mesoporous carbons, carbon nanotubes, few-layer graphene and others and 

metallic and/or inorganic nano-sized particles, clusters or thin films, have gained significant 

attention for emerging energy [1,2], environmental [3] and biomedical applications [4]. This is 

due to the attractive properties of the individual phases and also because of potential 

synergistic effects [5]. 

In this respect, palladium (Pd), a member of the platinum group metal family, has 

shown promising catalytic activity with a variety of uses, e.g., as an essential component in 

catalytic converters to reduce harmful emissions in the transport sector. Switching from 

bulk Pd to nanostructured Pd can offer numerous advantages, e.g., reduced use of scarce and 

costly resources or resulting from changes in physical and chemical properties, largely 

influenced by the higher surface area-to-volume ratio. Pd-based nanomaterials, like 

Pd nanoparticles (NPs), are used in various emerging fields, including biomedicine for 

antibacterial activity and anticancer therapy [6]. In energy sectors, they find roles in fuel 

cells [7] and hydrogen storage [8,9]. Additionally, these nanomaterials are used in electronics 

for sensor applications [10]. 

Pd NPs can be synthesized via a plethora of physical, chemical and biological methods. 

Physical methods include magnetron sputter inert gas condensation [11–13] and laser 

ablation [14], while chemical methods include electrochemical deposition and wet chemistry 

(e.g., sol–gel methods) [10]. In the field of biology, naturally occurring biomolecules or 

metabolites from different organisms are used, with a recent summary given by Joudeh et 

al. [10]. Growth of Pd thin films was, to the best of the authors’ knowledge, already studied in 

1972 by Sing and Murr [15] and the interest increased significantly with the development of 

magnetron sputtering [16]. A first study on the morphology of sputter-coated Cu, W and Pd 

was reported by Haas and Birringer in 1992 [17]. 

Referring to possible substrates, nanoporous carbon-based fabrics, cloths and felts 

composed of activated carbon fibers have been proposed as promising hosts for NPs, mainly 

because of their lightweight nature, increased mechanical integrity/flexibility, good thermo- 

chemical stability, large surface area and high porosity [1–3,18]. These types of materials offer 

additional benefits in terms of practicality and ease of handling compared to others 

(e.g., fine/volatile powders), thus being more likely to be employed as functional components 

in devices and systems where mechanical robustness plays an important role. In this respect, 
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Pd-decorated activated carbon cloths have been suggested in the literature to be employed 

in high-tech applications such as sorbents for hydrogen storage [19,20], cathodes for the 

oxygen reduction reaction [21], biosensors [22] as well as hydrogen sensing [23,24]. 

Within this work, it is shown for the first time that conventional magnetron sputter 

deposition processes may be utilized for the functionalization of nanoporous carbon cloths 

with Pd nano-sized islands to develop metal–carbon composite materials through brief 

deposition times (in a matter of seconds). Pd island-decorated carbon cloths were synthesized 

by varying the deposition times. Under the applied conditions and with the expected stronger 

interaction between Pd–Pd compared to Pd–C atoms, three-dimensional island growth can be 

expected to dominate (Volmer–Weber growth) [25]. Sample morphology, surface chemistry, 

microstructure and pore structure of the synthesized Pd-island-decorated carbon cloths were 

assessed using a series of materials characterization methods, including X-ray photoelectron 

spectroscopy (XPS), X-ray diffraction (XRD), Raman spectroscopy, gas sorption analysis 

(N2@77 K), and scanning electron microscopy (SEM). These studies revealed coverage with 

Pd islands of varying rates and sizes “sprinkled” on the surface of the carbon fibers. The 

proposed approach combines the key advantages of a clean, physical synthesis procedure, 

free of chemical precursors with high-purity surface modifications, while avoiding the high 

costs and lack of accessibility associated with dedicated magnetron sputter inert gas 

condensation systems used for gas-phase NP synthesis. The larger NP size range synthesized 

by this method is not readily achieved with magnetron sputter inert gas condensation, as the 

latter usually yields comparatively smaller NPs (i.e., <20 nm). 

2. Materials and Methods 

2.1. Synthesis of Activated Carbon Cloth Substrates 

For this study, a woven activated carbon cloth (ACC) was employed as the substrate 

material. Viscose rayon cloth (VRC) was used as the precursor material for the ACC. At first, 

the VRC was impregnated into a mixture of zinc chloride (ZnCl2) and ammonium chloride 

(NH4Cl) aqueous solution, with remnants of those chemical compounds confirmed via XPS 

during subsequent characterization steps. The soaked VRC sample was then air-dried and 

carbonized up to 630 °C under N2 atmosphere. A final activation step using CO2 was performed 

up to 930 °C. The ACC obtained after additional washing and drying steps retains the cloth 

structure of the VRC and is thus both flexible and mechanically stable. The ACC substrate and 

its possible applications were previously presented by our research group [26] and more 

details about the synthesis procedure can be found in earlier studies by Babic and co- 
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workers [27,28]. The ACC substrates used within this study were cut to square pieces with 

approximate dimensions of 14 mm × 14 mm, with each piece weighing around 100 mg. 

2.2. Synthesis of Carbon–Palladium Nanocomposites 

The deposition experiments were conducted using a custom-made laboratory-scale 

unbalanced direct current (DC) magnetron sputtering system, already described in detail in 

earlier studies [29]. This system is equipped with three 50.8 mm diameter unbalanced 

AJA A320-XP magnetrons focused towards a rotating substrate holder. While two of these 

magnetrons were not used for this work, a Pd target (99.99% purity, 6 mm in thickness), 

supplied by Kurt J. Lesker (Jefferson Hills, PA, USA), was employed for sputtering using the 

third magnetron. Prior to deposition, the vacuum chamber was evacuated to a base pressure 

10−5 below 2 × mbar. Pumping was carried out using a turbomolecular pump backed by a 

rotary vane pump. The substrates were positioned on a rotating substrate holder within the 

deposition system and rotated at 50 rpm during etching and deposition. Samples were kept 

under vacuum for 2 h prior to etching with no additional heat being applied during both 

etching and deposition. Substrate etching was carried out for 60 s with a closed shutter using 

an etching current of 0.1 A, an asymmetrically pulsed DC voltage of −500 V with 50 kHz and 

an Argon (Ar) gas flow of 200 sccm (corresponding to a pressure of 3 × 10−2 mbar) in order to 

clean the substrate surface. Simultaneously, the Pd target underwent sputter cleaning with 

closed shutters. Prior to the deposition, the Pd target was pre-sputtered for 5 min to ensure 

a clean target surface as well as stable sputtering conditions. 

The deposition process was conducted in constant-current mode set at 0.1 A, with an 

Ar gas flow of 30 sccm, corresponding to a pressure of 5 × 10−3 mbar, and a target-to-substrate 

distance of 45 mm. Process parameters were determined in preliminary, unpublished studies 

and chosen to ensure a low deposition rate while maintaining a stable plasma throughout the 

deposition. During deposition, no external heating was employed, and the substrates were 

maintained at a floating potential as no bias voltage was applied. The deposition time was 

controlled using a shutter. Three samples were prepared with varying deposition times of 5, 

10 and 15 s on each side of the ACC substrates. These samples were subsequently labeled as 

Pd-ACC-5s, Pd-ACC-10s and Pd-ACC-15s, respectively, for the purpose of this work, with the 

pristine/uncoated reference sample labeled as ACC. 

2.3. Characterization Methods 

XPS measurements were conducted with a Thermo Scientific Theta Probe system 

(Waltham, MA, USA), which uses a monochromated Al Kα X-ray source (1486.6 eV photon 

energy) and a ~400 μm in radius X-ray spot. Wide-scan survey spectra and high-resolution core 

level spectra for the different components were collected with a pass energy of 300 eV and 
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50 eV, respectively. To compensate for potential charging effects that might occur during the 

measurement process, all acquired spectra were charge referenced to the C1s peak at 

284.5 eV (sp2 hybridized carbon). For the quantitative analysis of the chemical compositions, 

the high-resolution core level spectra were adjusted by instrument-modified Wagner 

sensitivity factors, upon applying a non-linear Shirley background subtraction. 

XRD studies were carried out using a Bruker-AXS D8 Advance diffractometer (Billerica, 

MA, USA), which utilizes Cu Kα radiation (~0.154 nm wavelength), operating at a 40 kV voltage 

and a 40 mA current. Diffraction patterns were obtained using the Bragg–Brentano 

configuration with a continuous scan speed between the diffraction angles 2θ 10–90°, 

advancing at a 0.01° step width and a 0.5°/min scanning rate. 

Raman spectra were recorded using a Jobin–Yvon LABRAM confocal spectrometer 

(Lille, France), which is equipped with a frequency-doubled Nd-YAG laser (532.2 nm emission 

wavelength) and a Peltier-cooled slow-scan charge-coupled device matrix detector. The laser 

beam was focused using an Olympus BX 40 microscope, fitted with a ×50 long-working 

distance objective lens, using a 0.1 mW/μm2 power density and a 1.5 cm−1 spatial resolution. 

The spectroscopic data were collected in the wavenumber region of 500–2000 cm−1. 

Nitrogen (N2) gas adsorption and desorption isotherms were collected at 77 K (−196 °C) 

with an Anton Paar QuantaTec Autosorb-iQ3 manometric gas sorption analyzer (Boynton 

Beach, FL, USA) by employing ultra-pure (99.999%) N2 gas as adsorbate, ultra-pure (99.999%) 

helium (He) gas for void volume calculations and liquid N2 as cryogen. Prior to the tests, cloth 

samples of ~40 mg were degassed under vacuum (10−6 mbar) at 250 °C for 24 h to remove 

physisorbed surface species and make the nanopore structure more accessible. The specific 

surface area was calculated by applying the multi-point Brunauer-Emmett-Teller (BET) 

method, following the BET consistency criteria (ISO 9277:2022) in the adsorption data for 

relative pressures (P/P0) between 0.01 and 0.05. The specific pore volume for pores smaller 

than 57 nm was estimated using the single-point Gurvich rule at P/P0 ~0.96. The micropore 

surface area and micropore volume values were determined by applying the Carbon Black 

statistical thickness (t-plot) method in the P/P0 range 0.2–0.5. The pore size/width distribution 

and mean pore size/width were deduced using the quenched solid density functional 

theory (QSDFT) method based on the N2-carbon equilibrium transition kernel at 77.35 K for 

slit-shaped pores. 

SEM investigations were performed using a Zeiss Merlin ultra-high-resolution field 

emission gun scanning electron microscope (Oberkochen, Germany) equipped with a 

Gemini II column. Secondary electron images using an InLens detector and back-scattered 

electron images were acquired at 4 kV acceleration voltage. The elemental maps for carbon 

65 

 
 



Florian Knabl Publication II 

and palladium were collected with two parallel integrated Oxford Instruments XMAX 150 mm2 

energy dispersive X-ray spectroscopy (EDX) detectors using the same acceleration voltage. 

3. Results and Discussion 

3.1. Surface Chemistry and Elemental Composition 

In the first step of the investigation, XPS measurements of all samples (pure and Pd- 

decorated) were conducted to determine the surface chemical composition. The XPS survey 

spectra revealed that all samples contained the elements of C, O, N, as well as small traces of 

Zn and Cl, with the latter stemming from the carbon cloth synthesis process (i.e., impregnation 

into an aqueous mixture of NH4Cl and ZnCl2 prior to carbonization). This is consistent with 

earlier reports on the chemical composition of the carbon cloth substrate [26]. The average 

Pd content was determined as 0, 0.8, 1.8 and 2.6 at % for the pure ACC reference and the 

subsequent samples ranging from 5 s to 15 s of deposition time, thus revealing maximum 

Pd content at 15 s. To facilitate characterization, subsequent investigations were focused on 

this particular Pd-rich sample. A comparison of the XPS survey spectra of pure ACC and Pd- 

ACC-15s samples is given in Figure 1a, revealing a distinct Pd peak for the Pd-decorated 

sample, among multiple other elements. High-resolution spectra in the binding energy range 

of Pd are depicted in Figure 1b, showing the presence of a peak doublet of the Pd 3d orbital 

in the Pd-ACC-15s sample and a lack thereof in the pure ACC sample. The Pd 3d5/2 spectrum in 

Figure 1b shows the presence of two peaks at binding energies of 335.6 eV and 337.5 eV, 

corresponding to Pd metal and its native oxide, respectively. These binding energies are 

generally in good agreement with those presented in other studies [30–32], but shifted to a 

slightly higher binding energy. Such positive electron binding energy shifts have been 

previously reported for nano-sized particles on surfaces, including Pd on amorphous 

carbon [33]. 
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Figure 1. (a) Wide-scan X-ray photoelectron survey spectra and (b) high-resolution Pd spectra, 

(c) X-ray diffractograms, (d) Raman spectra, (e) adsorption and desorption isotherms 

recorded at 77 K and (f) pore size distribution analysis derived by the quenched solid density 

functional theory method for slit-shaped pores for the pure ACC and Pd-ACC-15s samples. 

N2 

3.2. Microstructural Characterization 

Subsequent structural characterization studies were carried out using XRD with the 

respective diffractograms shown in Figure 1c. For both samples, a broad peak roughly 

centered at 2θ ~23° and with a full width at half maximum of ~15° was observed. An additional 

peak of much lower intensity was recorded between 43° and 44°. These peaks are commonly 

reported in carbons with a low structural order, such as turbostratic carbons, and are related 

to the (002) and (100) reflections of graphite, respectively [26]. Even for the highest Pd content 

among the investigated samples, no obvious structural changes were visible from the X-ray 

diffractograms before and after Pd deposition. In addition, no other peaks were recorded at 

positions related to Pd or corresponding Pd oxides, being in good agreement with the 

obtained low Pd content determined by XPS and/or indicating amorphous growth. 

Furthermore, Raman spectroscopy studies (Figure 1d) revealed distinct defect-activated D and 

graphitic G bands of identical appearance in the exact same Raman shifts (i.e., ~1350 cm−1 and 

~1605 cm−1, respectively) and with comparable D/G intensity ratios (i.e., 0.78 vs. 0.77, 

respectively), thus implying that no structural changes are caused in the carbon cloth 

substrate due to the Pd deposition process. 
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3.3. Pore Structure Properties 

A follow up investigation in terms of gas sorption analysis was carried out by recording 

N2 adsorption and desorption isotherms at 77 K, as depicted in Figure 1e. Both materials 

demonstrate characteristic fully reversible Type I isotherm shapes according to the 

classification of the International Union of Pure and Applied Chemistry (IUPAC) [34], 

associated with the dominant presence of micropores (i.e., pore sizes/widths below 2 nm). 

Both isotherms indicate a significant and comparable uptake of N2 already at very low relative 

< 10−5) due to enhanced gas–solid interactions in sub-nanometer pores, pressures (P/P0 

followed by the formation of a clear saturation plateau due the complete filling of the 

accessible micropore volume [34]. The overall   uptake at higher relative pressures is 

reduced by ~12% for the Pd-decorated sample. This might be explained by a limited pore 

blocking effect caused by the Pd decoration procedure, a phenomenon commonly reported 

in the literature [35,36]. The pore size/width distribution was extracted from the desorption 

branch of the isotherm, as seen in Figure 1f, and revealed a trimodal pore size distribution 

with the strongest contributions stemming from pores with widths of ~0.6, ~0.8 and ~1.1 nm, 

N2 

thus further confirming the presence of both ultra-micropores (<0.7 nm) and super- 

micropores (i.e., 0.7–2 nm), as classified by the IUPAC. 

Table 1 highlights the changes in the pore structure features, including specific surface 

area, specific pore volume, micropore surface area/volume and mean pore size/width, before 

and after the 15 s sputtering procedure. The BET surface area of the pure ACC (1365 m2/g) 

decreased by ~12% upon Pd deposition, while similar trends were also found for the change 

in the total pore volume, micropore surface area and micropore volume. The   value, 

corresponding to a pore width of the 50% of the QSDFT-derived pore volume, slightly shifted 

from 0.77 to 0.67 nm upon Pd deposition. This implies that most of the change in pore volume 

occurs at larger pore widths while smaller pores are not significantly affected. This is also 

supported by the fact that the percentage of microporosity (i.e., ratio of micropore volume to 

total pore volume) remains the same after deposition, i.e., ~88% for both pure ACC and Pd- 

ACC-15s samples. The findings of the gas sorption analysis confirm that the nanopore 

structure of the Pd-decorated sample is not significantly affected by the magnetron sputter 

deposition process, despite the small reduction of the available surface area and pore volume. 

d50 

68 

 
 



Florian Knabl Publication II 

Table 1. Comprehensive results of the gas sorption analysis deduced by 

adsorption/desorption data recorded at 77 K for the ACC and Pd-ACC-15s samples. 

N2 

SBET: Brunauer–Emmett–Teller (BET) specific surface area. Smicro: micropore specific surface area calculated by 

the Carbon Black statistical thickness (t-plot) method. VGurvich: total specific pore volume at P/P0 ~0.96 for pores 

smaller than 57 nm in width calculated by the single-point Gurvich rule. Vmicro: specific micropore volume 

calculated by the t-plot method. d50: the pore width corresponding to 50% of the cumulative specific pore 

volume, as determined by the quenched solid functional theory (QSDFT) method for slit-shaped pores. 

3.4. Surface Morphology 

Finally, high-resolution SEM and EDX investigations were carried out. A representative 

collection of the SEM images and elemental maps for the Pd-ACC-15s sample is given in 

Figure 2. In detail, Figure 2a shows an individual carbon fiber of the cloth, showing a 

corrugated circumference with a width/diameter of roughly 10 µm. Higher magnifications 

(Figure 2b,c) reveal the development of particles appearing brighter in contrast on the dark 

carbon fiber surface. The morphology may be described as nano-sized islands or clusters 

sticking to the surface of the carbon cloth, ranging from smaller, typically spherical islands 

with a size of ~10 nm to larger, elongated features stretching up to 200 nm in length, with a 

width of ~80 nm. EDX mappings were performed in the area depicted in Figure 2d and were 

conducted for the elements of carbon (C) (Figure 2e) and Pd (Figure 2f). These elemental 

mappings confirm that the islands detected on the carbon cloth surface consist of Pd, while 

the non-decorated areas show a significantly increased carbon content. These results agree 

well with the findings of the XPS studies. However, it cannot currently be determined whether 

these nano-sized islands are amorphous, or their content is too small to be detected by XRD. 
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ACC 1365 1279 0.57 0.50 0.77 

Pd-ACC-15s 1202 1131 0.50 0.44 0.67 
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Figure 2. (a–c) In-lens field emission scanning electron microscopy micrographs (topography 

contrast) in different magnifications and (d) backscatter electron micrograph (chemical 

contrast) for the Pd-ACC-15s sample. Energy dispersive X-ray spectroscopy mappings were 

recorded for (e) carbon and (f) palladium elements. 

3.5. Discussion on Growth Mechanisms 

In contrast, the development of a continuous Pd film would require significantly longer 

deposition times to achieve the coalescence of the islands and nano-rods, as demonstrated in 

fundamental works on thin film growth [25,43]. Growth of small Pd islands consisting of, on 

average, 60 atoms on Au(111) surfaces was reported by Stephenson et al. using Pd 

evaporation under low deposition rates [44]. To the best of the authors’ knowledge, no 

comparable surface morphology has been previously obtained for Pd deposited on carbon 

fibers using the DC magnetron sputtering processes. It should also be noted here that the 

applied DC magnetron sputtering technique offers excellent scalability to large area 

deposition [45], where the flexible ACC substrate even enables the high-throughput synthesis 

of such nanocomposites via roll-to-roll sputter deposition processes [46]. The flexible nature 

of the ACC substrate may even enable achieving a relatively homogeneous distribution of the 

Pd islands, when coating deposition is performed from both sides of the ACC substrate passing 

the magnetrons with varying bending radii and thus exposing shaded areas to the incoming 

flux of sputtered Pd atoms. 

4. Conclusions 

Within this work, we demonstrated for the first time that a laboratory-scale 

conventional direct current magnetron sputtering process could be effectively used for 

synthesizing Pd nano-sized islands, clusters or nanoparticles for the functionalization of 
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activated carbon cloths, thus obtaining a metal–carbon nanocomposite material. The 

advantages of this synthesis method include the high purity of the deposited material due to 

the high purity of the metal target and the lack of chemical precursors, as is required for wet 

chemistry methods. Furthermore, more expensive and complex methods such as magnetron 

sputter inert gas condensation can be avoided. The suggested nanocomposite material 

concept could be potentially employed in emerging technologies, including cathodes for the 

oxygen reduction reaction in fuel cells, sorbents for materials-based hydrogen storage and 

sensing applications as well as detectors and sensors for biomolecules. In addition, sputter 

deposition methods are known for their scalability, enabling the large-scale synthesis of such 

complex Pd–carbon nanocomposites. 
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Abstract 

Magnetron sputter inert gas condensation was coupled with quadrupole mass 

spectrometry for the in situ characterization of a nanoparticle beam. The proposed method 

allows us to determine the size distribution and the mass flux of the nanoparticles. The 

measured quadrupole mass spectrometer grid current is converted into a nanoparticle flux 

and subsequently into a mass flux. Cu nanoparticles were deposited onto Si substrates using 

different filtering modes of the quadrupole mass spectrometer. Characterization was carried 

out using a combination of x-ray photoelectron spectroscopy and scanning electron 

microscopy. Quantitative analysis of the elemental composition of the Si surface revealed a 

Gaussian distribution of the deposited nanoparticles over the diameter of the rotating 

substrate holder with a good quantitative agreement with the predictions made from the 

in situ quantification method. 
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1. Introduction 

Nanoparticles (NPs) are defined as particles with dimensions typically ranging from 1 

to 100 nm, exhibiting unique properties and behaviors compared to bulk materials.1 NPs find 

wide-ranging applications across multiple disciplines. They contribute to the development of 

composite materials employed for hydrogen storage through surface-based hydrogen 

adsorption.2 Environmental applications encompass the utilization of NPs in sensors,3 water 

purification,4 and pollutant remediation.5 Additionally, nanoparticles enhance the 

functionality of materials and coatings, e.g. by offering antibacterial/-microbial properties6,7 

and acting as catalysts8,9 to improve efficiency and selectivity in chemical reactions. For the 

synthesis of nanoparticles, various methods are employed, including chemical precipitation, 

sol-gel synthesis, and physical techniques such as laser ablation and magnetron sputter inert 

gas condensation (MS-IGC).10,11 Each method offers distinct advantages in terms of particle 

size control, composition, and scalability. 

MS-IGC combines magnetron sputtering, which involves bombarding a target material 

with ions to release atoms or clusters, with the controlled condensation of these species in an 

inert gas environment. This method was first reported by Haberland et al.12 in 1991 and 

subsequent papers.13,14 NP nucleation, growth and agglomeration occur within a high pressure 

aggregation chamber with pressure of a few 10 mbar. Then, the inert gas carries the NPs 

through an orifice and into a low-pressure expansion zone with a pressure of a few 0.1 mbar. 

This causes rapid cooling and NP development ceases. NPs leave the aggregation chamber, 

where the majority of NPs carries a single charge as reported by Popok and Gurevich15 and by 

Zamboni et al.16 While the fraction of neutral particles is typically low for MS-IGC,12 the 

fractions of positively and negatively charged particles vary quite significantly depending on 

used.17–21 the synthesis parameters and the material NPs synthesized via MS-IGC exhibit a 

sharp NP size distribution, a defined chemical composition, and in most cases spherical 

morphology. To further enhance the versatility of the technique, in-flight coating of NPs can 

be achieved by incorporating a linear magnetron after the expansion zone.22 MS-IGC is a clean 

technique when compared to wet chemical methods, as chemical remnants are fully avoided. 

Various filtering techniques are used to obtain even sharper NP size distributions. 

Mass spectrometry, which is often used in combination with MS-IGC, is an analytical 

technique that measures the mass-to-charge ratio of ions. It involves the ionization of species, 

generating ions that are subsequently separated based on their mass-to-charge ratio using 

electric and/or magnetic fields. The separated ions are then detected and analyzed, allowing 

for the identification and quantification of the components present in the gas phase. Mass 

spectrometer techniques successfully applied for the characterization and filtering of 

NP beams include time-of-flight13,14,23,24 and quadrupole mass spectrometry (QMS).19,25–29 
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Quadrupole mass spectrometers can be used to filter for certain NP masses as well as for 

determining the overall NP mass distribution depending on the mode of operation. NP sizes 

can be calculated out of NP masses assuming single-charged NPs of spherical shape and bulk 

crystal density. NP mass and size are linked explicitly and the two terms may thus be used 

interchangeably. 

The characterization of NP fluxes synthesized by MS-IGC involves several techniques, 

including but not limited to the following examples: Quartz crystal microbalances30 are 

employed to determine the deposition rate, while time-of-flight mass spectrometry and QMS 

are utilized for mass filtering. Additionally, the fractions of neutral and charged NPs can be 

analyzed using electrostatic deflection plates,31 and NP beams can be guided onto the 

substrate holder using einzel lenses.27 

As schematically visualized in Fig. 1, we apply a quantitative method for the in situ 

characterization of NP beams synthesized by MS-IGC using QMS. First, a methodology for 

quantitatively assessing the total NP flux (in NPs/s) and the mass flux (in kg/s) of the 

NP deposition process was developed. In a subsequent step, the quantitative method was 

successfully applied within a case study to Cu NPs and confirmed by X-ray photoelectron 

spectroscopy, enabling to translate the NP flux into a spatial distribution of NPs on the surface. 

The suggested method enables the determination of the total mass of deposited nanoparticles 

and allows for the optimization of deposition parameters based on mass flux. This novel 

approach enables improved process control over nanoparticle deposition by means of 

magnetron sputter inert gas condensation. 

Fig. 1. In situ quadrupole mass spectroscopy is applied for counting NPs and determining 

their size distribution as synthesized by magnetron sputter inert gas condensation. Ex situ 

X-ray photoelectron spectroscopy is used to determine the spatial distribution of the 

deposited NPs. 
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2. Materials and Methods 

A. Magnetron Sputter Inert Gas System 

A schematic illustration of the MiniLab 125 deposition system from Moorfield 

Nanotechnology, and the NL-DX3 nanoparticle deposition source from Nikalyte is presented 

in Fig. 2. The deposition chamber contains an additional 50.8 mm diameter planar magnetron 

for thin film deposition (not used in this work) and a rotatable substrate holder. A load-lock 

chamber allows for rapid sample 

manipulator for sample handling. 

exchange and features a gate valve and a magnetic 

Fig. 2. A schematic of the NP deposition system used within this work consisting of 

(1) NP source by Nikalyte, (2) deposition chamber, (3) load-lock chamber, (4) three 25.4 mm 

diameter magnetrons, (5) aggregation chamber terminated by the (6) orifice, (7) expansion 

zone with the (8) quadrupole mass filter, (9) mesh grid, (10) 50.8 mm diameter magnetron for 

thin film deposition, (11) substrate holder, (12) heating, (13) gate valve, (14) pumping systems, 

(15) view port, (16) sample manipulator, (17) linear translator, and (18) feedthroughs for 

water, gas, and power. 

The NP source is mounted to the deposition chamber at an angle of 45°. It consists of 

a water-cooled aggregation chamber for NP synthesis and a differentially pumped expansion 

zone for mass filtering. The cylindrical aggregation chamber (diameter 125 mm) contains three 

water-cooled planar magnetrons with a diameter of 25.4 mm. The targets are connected to 

separate DC power supply units (3× TDK Genesys GEN600-1.3 DC PSU), enabling 

independently controlled and simultaneous sputtering. The aggregation chamber terminates 

in a hemispherical shape containing a flat exchangeable plate with orifice diameters from 

2 mm to 5 mm. The aggregation length, defined as the distance between the targets and the 
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orifice, strongly influences the residence time of the NPs within the aggregation chamber. It 

can be adjusted simultaneously between 50 mm and 150 mm for the three targets using a 

linear translator. Ar and He may be introduced in the vicinity of the metal targets using 

calibrated mass flow controllers. Aggregation length, orifice diameter, gas flow, gas 

composition, pumping speed, and sputtering power determine the overall pressure and affect 

both the mean free path and the residence time of the NPs within the aggregation chamber. 

NPs leave the high-pressure aggregation chamber through the orifice into the low-pressure 

expansion zone. When leaving the aggregation chamber, most of the NPs carry a single charge 

and are thus susceptible to electromagnetic manipulation. 

The differentially pumped expansion zone contains the NL-QMS quadrupole mass 

spectrometer by Nikalyte, representing a section with a total length of 300 mm. It contains an 

assembly of four parallel rods referred to as quadrupole mass filter (QMF). The entrance and 

opening apertures of the QMF have a diameter of 25 mm. The charged NPs travel through an 

electric field created by four parallel rods. A DC voltage U is applied to all four rods, and an 

AC voltage V with a frequency f is applied to each pair of opposing rods, using opposite 

polarities. The applied electric field affects the NPs traveling through the QMF, allowing only 

NPs of a certain mass-to-charge ratio to pass through the filter. All other species are ejected 

from the beam. The quadrupole mass spectrometer can be operated in filter or scan mode. In 

filter mode, a constant set of U, V, and f is applied to the QMF, resulting in an electric field 

that allows only NPs of a certain mass to pass through. In scan mode, the QMF continuously 

iterates through NP masses or NP sizes using a fixed step size, thereby detecting the 

contributions from different NP sizes. In scan mode, the overall NP flux is the average of the 

recorded steps. NP detection is performed by measuring the grid current I obtained from a 

wire mesh grid located after the rod assembly. Each NP is assumed to contribute a single 

charge. The mesh grid operates with a bias voltage of ±22 V, referred to as “positive” (thus 

primarily detecting negatively charged NPs) and “negative” (vice versa). The coverage rate of 

the grid, determined to be roughly 30 % based on photogrammetric analysis of a scale 

reference photograph using the software ImageJ, implies a ratio of 3:7 for detected to 

transmitted NPs. 

The deposition chamber contains shutters for both the substrate holder and the 50.8- 

mm-diameter magnetron for thin film deposition. The substrate holder is located ~210 mm 

from the mesh grid of the NP source and ~145 mm from the 50.8 mm diameter magnetron. 

The substrate holder can be rotated, heated up to 500 °C, and biased up to +1000 V using a 

DC power supply (Magna Power SL series 1kW DC). A gas inlet is located in the vicinity of the 

50.8 mm diameter magnetron for thin film deposition (powered by a TDK Genesys GEN600- 

1.3, 800W DC power supply), allowing to introduce up to three different gases (Ar, O2, N2) 
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simultaneously using three independent mass flow controllers. Pressure measurements in the 

deposition chamber and load lock chamber were performed using wide-range gauges 

(Edwards WRG-S14.5-36V). A high-resolution temperature-compensated capacitance 

manometer (Inficon type CDG045D) situated in the deposition chamber allows for accurate 

pressure measurement within the deposition chamber. 

B. Nanoparticle Synthesis 

Within this work, Cu NPs were synthesized using a Cu target (Kurt J. Lesker 

Company Ltd, 99.999 % purity) with 25.8 mm diameter and 3.2 mm thickness. Sputtering was 

performed using a constant current of 250 mA (roughly 80 W), an aggregation length of 

90 mm, an orifice diameter of 3 mm, and a deposition time of 15 min. Ar was introduced into 

the system via the feedthrough depicted in Fig. 2, maintaining a constant flow rate of 40 sccm. 

Pressures of 5 × 10-7 mbar and 1.1 × 10-3 mbar were recorded before and during deposition 

within the deposition chamber, and 4.5 × 10-1 mbar were recorded inside the aggregation 

chamber during deposition. Single crystal Si (100) substrates with dimensions of roughly 

21 mm × 7 mm and a thickness of 325 µm were used. The substrates were ultrasonically 

cleaned in an isopropanol bath for 10 min and dried using hot air prior to fixing them to the 

substrate holder, which was rotated at 10 rpm and kept at ground potential throughout the 

deposition. No additional heating was applied. Under these conditions, the depositions were 

thus carried out in the soft landing regime with kinetic energies well below 1 eV/atom.27,32 

The quadrupole mass spectrometer scan mode was used to record the NP size 

distribution prior to the NP deposition in a NP size range from 1 nm to 20 nm and a step size 

of 0.1 nm. An AC voltage V of 250 V and a DC voltage U of 2.5 V were used, resulting in a 

U/V ratio of 0.02. The operational range of the frequency f extends from 500 kHz to 1 Hz. For 

performing scans, the frequency was swept in a range from 77.54 kHz to 0.87 kHz. For the two 

samples deposited in filter mode, the filter was set to 2.67 × 106 amu (NP diameter 6.5 nm, 

frequency 4.68 kHz, see section 3 for details). 

NP size distributions were recorded three times in both positive and negative scan 

mode prior to performing the actual deposition. A self-written Python code was used to 

average the obtained recordings and for subsequently calculating both the NP flux and the 

mass flux as a function of the NP mass. The equations used are given in section 3. Mass flux 

data was smoothed using a Savitzky–Golay filter. 

C. Characterization Techniques 

Scanning electron microscopy (SEM) micrographs were recorded using a Tescan Clara 

scanning electron microscope. Before the SEM analysis, all samples underwent plasma 

cleaning using a Diener electronic Tetra 30 plasma cleaner. The plasma cleaning process 
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involved an N2 flow rate of 80 sccm, operating at 10 % power, and a cleaning duration of 

20 min. X-ray photoelectron spectroscopy (XPS) measurements were carried out with a 

Thermo Scientific Nexsa G2 X-ray photoelectron spectrometer system, which employs a 

monochromatic, micro-focused, low-power Al K X-ray (1486.7 eV) source. The X-ray beam 

was focused to a spot size of 100 µm. XPS spectra were collected using a pass energy of 

200.0 eV with a step size of 1.0 eV. Scanning was performed in a rectangular grid with 

measurements of 7 points along the sample width and a distance of 0.5 mm between points, 

for which homogenous chemical composition is expected due to the rotational symmetry of 

the deposition. All measurements were conducted on samples without previous baking or 

sputter-cleaning. 

3. Method Development 

Expanding  upon  the  fundamental  operation  principles  of  quadrupole  mass 

spectrometry,33–35 a quadrupole mass filter was used within this work to characterize a beam 

of charged nanoparticles. This section offers a comprehensive description suitable for those 

who are not thoroughly familiar with NP deposition. In particular, to facilitate wide-spread use 

of the suggested methodology, a full description is provided, including equations 3 – 5, which 

have – despite their apparent simplicity –not been published to the best of the authors’ 

knowledge. The developed methodology may be generalized for other magnetron sputter 

inert gas condensation sources and various materials. 

The motion of charged ions or NPs within the applied electric field is described by the 

Mathieu equations, which reveal certain stability regions within the space of operating 

parameters (U, V, and f). These regions allow particles of a certain mass-to-charge ratio to 

pass through. All other species experience accelerations that grow beyond all limits, resulting 

in those species being ejected from the NP beam.36 While the quadrupole field affects the 

movement of the ions in radial direction, the NPs experience no acceleration along the 

transverse axis and thus leave the QMF with the same transverse speed, assuming that no 

further electrostatic potentials are present. 

In the context of MS-IGC, it is widely accepted that NPs are predominantly single- 

charged. A study by Popok and Gurevich demonstrated that, across different deposition 

parameters, the fraction of single-charged particles never fell below 72 %.15 If a single charge 

is assumed, the mass filtered by the QMF for a U/V ratio of 0.16784 (located at the edge of a 

region of stability36) can be calculated as 

𝑉 
𝑚 = , ( 1 ) 

7.219 𝑓2 𝑟2 0 
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where m is the NP mass in amu, V is the AC voltage in V, f is the AC frequency in MHz, 

and r0 is the inner distance from the center of the QMF to the outer rods in cm.35 It has to be 

noted that in literature various equations are provided, using different pre-factors and in some 

cases not mentioning the units used for calculation. Operating the QMF can be described using 

the equation 

𝑉 
𝑚 = 6.77409 ∙ 104 ∙ , ( 2 ) 

𝑓2 

empirically determined from different sets of U, V, and f. It uses the same units as in 

equation (1). It is important to highlight that the U/V ratio has a significant impact on the mass 

resolution.37 Maintaining a constant U/V ratio ensures a consistent mass resolution for all 

detected species. The NP flux j can now be calculated using 

𝐼 
𝑗 = , ( 3 ) 

𝑒 

where e is the elementary charge (as each NP contributes a single Coulomb to the grid 

current), and I is the current measured at the wire mesh grid. The mass flux 𝑚 

mass can be calculated using 

̇ for a given NP 

𝐼 
𝑚 ̇ = 𝑗 ∙ 𝑚 = ∙ 𝑚 , ( 4 ) 

𝑒 

as the mass of the NP m is known due to the choice of the parameters U, V, and f. In a 

final step the total deposited mass Mtotal can be calculated using 

𝐼 
𝑀 = 𝑚 ̇ ∙ 𝑡 = 𝑗 ∙ 𝑚 ∙ 𝑡 = ∙ 𝑚 ∙ 𝑡 , 

𝑒 
( 5 ) 𝑡𝑜𝑡𝑎𝑙 

where t is the deposition time. This equation can be used to calculate the mass flux 

contribution for each fraction of NP mass. Equations (3)–(5) account for the situation at the 

grid itself. For establishing the corresponding values of the NP beam leaving the quadrupole 

mass spectrometer, the given values must account for the coverage rate of the grid. For the 

particular setup presented within this work, all values would need to be multiplied by a 

constant factor of 7:3. 

An example for Cu NPs synthesized by the MS-IGC process used in this work is given in 

Fig. 3. The peak of the grid current curve corresponds to the most commonly synthesized 

fraction of NPs for the given set of conditions. The mass flux curve is calculated by 

equation (4). The peak of this curve corresponds to the NP fraction contributing the largest 

fraction of mass flux. As a result of equation (4), the peak is shifted to higher NP masses 

compared to the curve determined by measuring the QMS grid current. Detected grid currents 

are in the range of nA, calculated NP fluxes are in the range of 109 NP/s, and the mass flux is 

in the range of ng/s. 
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Fig. 3. In situ QMS data and calculated mass flux ratios for Cu NPs deposited using an Ar flux 

of 40 sccm, an aggregation length of 90 mm, and a constant magnetron sputter current of 

250 mA. The tail in the mass flux curve for masses beyond 107 amu is an artifact caused by 

minimal grid currents multiplied by large NP mass values. This artifact can be discarded. 

3. Results and Discussion 

A. In Situ Quadrupole Mass Spectrometry 

Our developed methodology was applied to Cu NPs deposited onto Si substrates using 

four distinct operational modes of the mass filter: positive and negative scan modes, as well 

as positive and negative filter modes. To characterize the NPs synthesized via MS-IGC, we 

employed the QMF to capture the NP size distribution. In Fig. 4a, we present the NP size 

distribution at the start of the deposition, while Fig. 4c illustrates the distribution at the end 

of the process. The evolution of the grid current over the deposition time is detailed in Fig. 4b. 

For scan mode, the grid current was averaged over the steps, whereas in filter mode, we 

recorded it at the specific filter setting. 

For mass flux calculations, we applied Eq. 4 to estimate the mass fluxes at both the 

start and the end of the deposition process. These values are shown in Fig. 4d and 4f, 

respectively. Fig. 4e tracks the evolution of mass flux during the deposition time. In scan mode, 

the mass flux was calculated as the mean value of the corresponding mass flux values from 

the individual scan steps, while in filter mode, the mass flux was derived directly from the grid 

current value set by the filter. 

The recorded NP size distributions in Fig. 4a and 4c revealed a log-normal distribution 

of NP sizes when the QMF was operated using a negative grid bias. Log-normal distributions 

are commonly reported in literature for NPs synthesized by MS-IGC.14,17,38,39 The positive grid 
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current curves showed a bimodal log-normal distribution of NP sizes, occasionally observed in 

the synthesis of different monometallic NPs through MS-IGC.40,41 The most common NP size 

shifted from a small diameter (~3 nm or 8 × 104 amu) to a larger diameter (~5.5 nm or 

4 × 105 amu) over the course of the deposition. The peak of the negative grid current curves 

in Fig. 4a was detected at a NP diameter of 6.5 nm. This was used as the filter setting for both 

positive and negative filter mode depositions, as there was a significant NP flux for both 

modes. 

Fig. 4. In situ QMS grid current (a-c) and mass flux data (d-e) for different samples using 

identical deposition parameters (sputtering current of 250 mA, Ar flow of 40 sccm, aggregation 

length of 90 mm). Graphs (a) and (d) show the recorded nanoparticle distributions at the start 

of the deposition. Graphs (b) and (e) show the development over the deposition time of 30 min. 

Graphs (c) and (f) show the recorded nanoparticle distributions at the end of the deposition. 

Please note that for filter mode the actual distribution of deposited NPs is much sharper due 

to filtering. The total mass flux in filter mode was determined by the mass flux at the set filter 

position, while the total mass flux in scan mode was calculated by averaging over all data 

points. As it is the case in Fig. 3, the tail in mass flux above 107 amu is an artifact caused by 

close-to-zero grid current data. 
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Applying a positive bias to the mesh grid yields a stronger grid current (see Fig. 4a 

and 4c), indicating a larger fraction of negatively charged NPs. Furthermore, a significant 

number of small (< 4 nm), negatively charged NPs was detected using a positive grid bias. In 

comparison, there were no small positively charged NPs present, as concluded from the lack 

of a detectable grid current for the negative grid bias measurements. 

All mass flux curves (Fig. 4d, Fig. 4f) followed a log-normal distribution with the peak 

shifted to larger NP masses compared to the QMS grid current curves. However, the presence 

of small (< 4 nm) NPs introduced a deviation from the log-normal distribution when a positive 

grid bias was applied. The blue and red horizontal lines represent the time-averaged mass flux 

for depositions carried out in the positive and negative scan modes, respectively. These mass 

fluxes were calculated as the averages of the individual scan steps. At the beginning of the 

deposition, the positive scan mode exhibited a slightly higher overall mass flux, despite having 

a lower peak grid current. This was attributed to a broader distribution. As the deposition 

progressed, this distinction became even more pronounced. 

Fig. 4b and 4e reveal the trend of deposited NPs over the deposition time. We found a 

minor decrease and a stable NP output in case of the negative and positive scan mode 

deposition, while an increase was recorded in both filter modes. 

A decrease in deposition rate for various NP materials synthesized by MS-IGC is 

literature21,26,29,42,43 extensively covered in and attributed to both a gradual decrease of 

oxygen impurities21 in the aggregation zone, as well as on target race track formation43 over 

its lifetime. The decrease is commonly remedied by introducing small quantities of oxygen to 

the inert gas. Adding oxygen to the NP beam adds uncertainty to the characterization step. 

Assuming that oxidation stops after the NPs leave the aggregation chamber, the mass would 

be determined accurately by the QMF. The crystal density would be unknown, however, as 

the copper oxides have different crystal densities compared to the bulk phase (6.0 g/cm³ for 

Cu2O, compared to 9.0 g/cm³ for Cu), and the extent of oxidation is not known. Consequently, 

the NP diameter could only be estimated with larger uncertainties. Furthermore, there is 

uncertainty about the time of oxidation, i.e. does this process continue after the NPs passed 

the QMF? All these effects considered, the introduction of oxygen was not investigated any 

further within this work. A shift in the NP size distribution towards larger NP sizes was reported 

in literature for Cu targets.43 When depositions are carried out in filter mode, the total mass 

of deposited NPs is assumed to be proportional to the mass flux value of the filtered NP mass. 

In scan mode, the total mass of deposited NPs is assumed to be proportional to the average 

of the individual mass flux values for each scan step. 
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B. Ex Situ Characterization 

The SEM micrograph in Fig. 5 shows the Cu NPs deposited on the Si substrate after 

depositing in positive filter mode. The micrograph indicates a surface coverage clearly below 

a single layer of NPs. This is in good agreement with the peak Cu content of ~5 at% determined 

via XPS, as shown later. It is important to note that while SEM micrographs serve to visualize 

the deposited NPs, they are limited in their capacity for precise quantification. To obtain 

comprehensive data regarding NP size distribution with the meaningful statistical significance, 

more sophisticated techniques such as transmission electron microscopy and small-angle X- 

ray scattering would be required. 

Fig. 5. SEM micrograph of NPs deposited in positive filter mode. Note that several NPs formed 

larger agglomerates. 

XPS measurements were conducted to verify the correlation between the detected NP 

flux and the quantities of NPs found on the substrate. XPS is used to assess the homogeneity 

and spatial distribution of deposited Cu NPs, as SEM showed submonolayer coverage of NPs. 

Given the information depth of a few nm, XPS allows to probe the volume of deposited NPs, 

which correlates with the deposited Cu NPs’ mass — data not readily obtained through 

alternative methods like energy-dispersive X-ray spectroscopy. The radial symmetry of the 

spatial distribution of NPs deposited using the rotating substrate holder was confirmed, with 

a maximum Cu content recorded at ~2 mm from the center of the substrate holder. To simplify 

the analysis, we recorded data from one side of the symmetric distribution, excluding data 

points within 2 mm of the deposition center. Subsequent samples were prepared under 

identical sputter parameters but with different QMF deposition modes. Fig. 6a displays 

Cu content as a function of the deposition radius, showing the highest content for the positive 

filter mode, approximately ~5 at% Cu. The error bars in Fig. 6a represent the standard 

deviation calculated from the seven measured data points at each radial position. 

87 

 
 



Florian Knabl Publication III 

Fig. 6. Chemical composition of the sample surface determined by XPS as a function of 

deposition radius from the center of the substrate holder, using the atomic concentration of 

Cu (a) and the atomic ratio Cu/(Cu+Si+O) (b) as the relevant key parameter. Gaussian functions 

were fitted through the data as indicated by the continuous light-colored lines. Error bars 

represent standard deviations in (a) and maximum errors based on the standard deviations of 

the three elements in (b). 

Cu, Si, O, and C were identified on the surface via XPS analysis. The determined 

Si:O ratio was remarkably constant throughout all samples, suggesting that characterizing 

oxidized NPs is sufficient. Comprehensive investigations on the oxidation dynamics of Cu NPs 

were already conducted elsewhere.16,44 The samples showed a significant variation in carbon 

content across the surface, typically falling in the range of 30 – 40 at%. Higher C content was 

observed at the outer edges of the samples. This is attributed to sample handling via tweezers, 

both during the cleaning process prior to deposition as well as during sample transfer from 

the deposition system to the XPS system, as adventitious carbon can only be avoided via in situ 

XPS measurements.45 

Based on the XPS results, we propose that the Cu content alone is less meaningful for 

assessing the spatial distribution of NPs. Since C can be discarded here, the atomic ratio 

Cu/(Cu+Si+O) was calculated and is depicted in Fig. 6b. Error bars were determined using a 

maximum error approach, employing the standard deviations of Cu, Si, and O atomic 

concentrations as maximum error values. 

The Cu/(Cu+Si+O) ratio reveals distinct similarities between the predicted NP output 

(Fig. 4e) and the spatial distribution of NPs on the substrate. The spatial distribution of the 

deposited NPs was described using a Gaussian distribution, as reported in the literature.17,30 
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Positive and negative filter modes showed a wider NP distribution, with standard deviations 

of 25 mm and 22 mm, while the standard deviations for positive and negative scan modes 

were significantly smaller with 16 mm and 12 mm, as seen in Fig. 6b, with all calculated 

standard deviations having large uncertainties. It can be speculated that the width of the NP 

beam was influenced by the operational modes of the QMF, resulting in two distinctively 

different beam widths for the scan and the filter mode. Furthermore, it can be speculated that 

the integrated area over the fitted Gaussian distribution of the Cu/(Cu+Si+O) parameter 

plotted in Fig. 6b might be used as a proxy parameter to assess to overall deposited NP sample 

mass. As XPS is highly surface-sensitive, this approach can only be valid for small NPs (to 

ensure probing the whole NP volume) and a low NP density (clearly below a single layer of 

NPs). We would like to highlight that the proposed method based on QMS is capable of 

performing this task in situ, thus allowing to make more accurate predictions of total 

NP output, which is not possible for other methods such as the established quartz crystal 

microbalances.30 This could be useful for the dynamic experimental conditions present within 

MS-IGC requiring real-time data. 

An additional sample was prepared with the positive filter mode set to 1.63 × 107 amu, 

corresponding to a NP diameter of 18 nm, as there was a close-to-zero grid current (see 

Fig. 4a) under the given sputtering conditions. Both XPS measurements and SEM 

investigations did not detect any Cu NPs, thus confirming that filtering works and that the tail 

in the mass flux curve (see Fig. 4b) is an artifact. It has to be noted that a minor quantity of 

NPs is expected to be neutral and thus unaffected by the QMF – despite the zero grid current. 

As the reference samples in positive filter mode yielded a peak Cu content of 5 at%, and traces 

below 0.5 at% cannot be detected with reasonable accuracy by XPS, we conclude that the 

fraction of neutral NPs must be below 10 % for the particular deposition settings used within 

this work. However, additional SEM investigations failed to find any evidence of NPs present, 

thus implying that virtually all NPs leaving the aggregation chamber are charged. Kashtanov 

reported roughly 40 % of neutral Ti NPs,19 Polonskyi et al. reported even larger fractions of 

neutral Ag NPs for a given set of deposition conditions.31 To the best of the authors’ 

knowledge, there is no report of neutral Cu NP fractions for MS-IGC found in the literature. 

Despite these uncertainties, comparing the data in Fig. 4e and Fig. 6b we conclude that 

a reasonable qualitative agreement between predicted and experimentally determined 

NP quantity was obtained. This confirms that the quantitative in situ assessment of the NP 

beam proposed in this work can serve as a tool to estimate size and quantity of NPs deposited. 
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4. Conclusions 

Within this work, a convenient methodology for the quantitative in situ assessment of 

a beam of Cu nanoparticles synthesized by magnetron sputter inert gas condensation was 

applied. Based on the operating principle of a quadrupole mass spectrometer, the detected 

grid current was used for characterizing the nanoparticle size distribution obtained for the 

applied sputter conditions. Furthermore, the methodology allows to assess the total quantity 

of the deposited nanoparticles. X-ray photoelectron spectroscopy was employed to verify the 

quantity of Cu nanoparticles deposited onto Si substrates with further confirmation obtained 

by scanning electron microscopy. The spatial distribution of the deposited nanoparticles 

follows a Gaussian shape with standard deviations in the range of 12 to 25 mm depending on 

the operational mode of the quadrupole mass filter. Further investigations confirmed that 

filtering for nanoparticles with a size that was not actually produced within the aggregation 

chamber effectively blocks the transfer of all nanoparticles, thus implying that virtually all 

nanoparticles leaving the aggregation chamber are charged. The developed method enables 

future researchers to deposit nanoparticles of various materials in both the desired size and 

quantity. 
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Abstract 

Large-scale synthesis of high-purity nanoparticles is an intense topic of scientific 

research, with magnetron sputter inert gas condensation recognized as a promising, 

environmentally friendly technique avoiding wet chemical processes. This study explores the 

deposition of size-selected nanoparticles under varied substrate bias voltages and reports on 

a consequent increase in deposition rates up to 32 %. These alterations in substrate bias 

voltage induce a progressive change in the morphology of the resulting nanoparticle thin films, 

attributable to the increased kinetic energy of the nanoparticles. Comprehensive 

characterization via quadrupole mass spectroscopy of the nanoparticle flux, scanning electron 

microscopy, X-ray photoelectron spectroscopy, and low-energy ion scattering spectroscopy of 

the deposited nanoparticles corroborates the enhanced nanoparticle yield associated with 

increased substrate bias voltage. These findings signify a methodological advancement, 

enhancing the efficiency of magnetron sputter inert gas condensation and moving the 

technology a step further towards feasible industrial production. 
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1. Introduction 

The exploration 

science, with practical 

of nanoparticles (NPs) has become an integral part of materials 

applications ranging from catalysis[1], photocatalysis[2], hydrogen 

oil-water  separation[5]  to sensing[3],  hydrogen  storage,[4]  functionalized  textiles  for 

antibacterial[6] and antiviral[7] surfaces. Such applications are possible as NPs exhibit distinct 

physical and chemical properties, which can significantly differ from their bulk counterparts 

due to their small size and thus high surface-to-volume ratio. This has led to an increased 

research focus on the controlled synthesis and characterization of NPs to better understand 

their synthesis-structure-property behavior. 

Magnetron sputter inert gas condensation (MS-IGC) is a physical vapor deposition 

technique for NP synthesis, offering a pathway to generate high-purity particles via a dry 

process. Initially presented by Haberland et al. in 1991,[8] it combines NP formation by inert 

gas condensation with enhanced deposition rates achieved by magnetron sputtering. The 

process commences with the sputtering of atoms from a target material within an aggregation 

chamber, typically maintained at a pressure between 10 to 100 Pa. Still in the vapor phase, 

these atoms then undergo condensation, beginning with the formation of diatomic clusters 

through a three-body collision step involving an inert gas, often argon. As these nascent 

clusters migrate through the aggregation chamber, they accumulate additional atoms, leading 

to progressive growth. Upon entering a differentially pumped high-vacuum chamber, the 

growth of these NPs is considered to stop and a beam of NPs with a sharp size distribution is 

obtained. The NPs comprise a mixture of positively charged, negatively charged, and neutral 

particles, with their individual fractions being according to literature largely different.[9–11] The 

dominant NP fraction carries a single charge,[12] making them susceptible to electrostatic 

manipulation. For instance, insertion of a biased grid enables to measure an electrical current, 

which allows to determine the NP flux in situ.[13] For the Cu NPs addressed in this work, we 

know from an earlier study that the predominant contributions originate from negatively 

charged nanoparticles.[13] This allows the selection of NPs based on their mass-to-charge ratio, 

utilizing either time-of-flight or quadrupole mass spectrometry (QMS). Specifically, a 

quadrupole mass filter can be employed to isolate NPs of a desired mass — and by inference, 

assuming a known crystal density and spherical geometry, a specific size — resulting in a 

refined size distribution. At the time of writing, MS-IGC did not yet achieve a commercial 

breakthrough and a subsequent large-scale application in industry, in particular due to a still 

insufficient deposition rate.[14] 

Advancements in the MS-IGC technique have focused on enhancing the efficiency and 

stability of NP synthesis. Notably, the introduction of trace amounts of reactive gases such as 

O2,[15] H2/CH4,[16] and water vapor[14] into the inert gas stream has shown promise in increasing 
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the yield and process stability. From an engineering point of view, the development of a full- 

face erosion magnetron[14] aims to optimize target material utilization, addressing the 

prevalent issue of a decreasing deposition rate associated with race track formation during 

sputtering[17] and optimization of the gas flow within the aggregation chamber through 

computational fluid dynamics models can reduce nanoparticle losses to chamber walls.[18] 

Separately, in his early work MS-IGC pioneer Haberland already applied a substrate bias 

voltage to accelerate metallic NPs towards the substrate.[8,19] This was later-on studied by 

various authors, reporting smoothening or roughening phenomena of initially rough or 

smooth surfaces, respectively,[20] flattening of individual nanoparticles with increasing bias 

voltage[21] or the formation of thin film structures with varying degrees of porosity[22]. These 

works identify three principal deposition regimes for nanoparticles, namely soft landing, 

pinning, and implantation, which are distinguished by their respective kinetic energy per 

atom.[23] However, none of the authors discussed if applying a substrate bias voltage could 

increase the NP deposition rate and thus the efficiency of the process. 

In this study we demonstrate for the first time how the application of a substrate bias 

voltage enhances the extraction of NPs up to 32 % from a source operating with the MS-IGC 

principle, by monitoring both the in situ QMS signal of the entire nanoparticle flux and the 

amount and morphology of nanoparticles arriving on the substrate, as visualized in Figure 1. 

Figure 1. Synthesis schematic of Cu nanoparticles using the magnetron sputter inert gas 

condensation (MS-IGC) principle; substrate bias voltages between 0 and 1000 V are used in 

this work. When the substrate bias is applied, we detect an increase in the NP flux (expressed 

by an increase in the QMS signal), enhancing the NP yield of the fabrication process. The 

additional kinetic energies of impinging NPs markedly influence the NP-surface interaction and 

resulting thin film morphology. 
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Two different NP sizes, namely 8 nm and 1.8 nm, are studied in detail, to investigate 

the influence of particle energy and landing condition. The morphology of the resulting NP 

thin films is characterized by scanning electron microscopy (SEM), as well as X-ray 

photoelectron (XPS) and low-energy ion scattering spectroscopy (LEIS). Our findings indicate 

that applying a substrate bias voltage does allow to extract an increased quantity of NPs out 

of the NP source, while simultaneously affecting the morphology of the thin film formed by 

NP deposition. 

2. Results & Discussion 

2.1. Nanoparticle synthesis 

As shown in Figure 2, an increase in the positive bias voltage (300 V and 1000 V) applied 

to the substrate during NP deposition causes a corresponding rise in the QMS grid current, 

which serves as an indicator of the NP flux within the system[13] and thus implies an increase 

in extracted NPs. This effect was consistently evident across the overall NP size distribution, 

as demonstrated in Figure 2a, as well as in the QMS grid current signal obtained when 

monitoring a specifically filtered NP size during deposition, as shown in Figure 2b. 

Figure 2. In situ QMS data revealing an apparent increase in NP flux with applied substrate 

bias voltage. This increase is visible in the (a) NP size distribution as determined by the QMS 

and the (b) time-resolved QMS grid current for a selected NP size (e.g. 4 nm, filter position 

indicated in a) by dashed line in (a)), with increases corresponding to the application of 300 V 

and 1000 V bias voltage, illustrating the reversible nature of the substrate bias voltage effect 

on the NP flux. 

Substrate bias variation to enhance the NP yield was performed for two different 

nanoparticle sizes: 8 nm and 1.8 nm diameter. Figure 3a shows representative NP size 
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distributions, measured before and after deposition (dark/lighter shade, respectively, 0 V 

bias), which exhibit either 

deposition parameters. 

a Gaussian or a bimodal Gaussian shape, depending on the 

Figure 3. In situ QMS analysis of NP deposition dynamics. (a) Size distribution of NPs before 

(darker shade) and after (lighter shade) deposition. Filter positions are indicated by vertical 

lines. (b) Temporal evolution of QMS grid current, indicative of the NP flux during deposition. 

Both in panels (a) and (b) up-pointing (▲) and down-pointing (▼) triangles indicate the QMS 

grid current at the beginning and end of the deposition time. (c) Temporal evolution of the 

calculated mass flux, showing the impact of the substrate bias voltage on the deposition rates 

for NPs of both sizes. (d) Relationship between applied substrate bias voltage and the resulting 

NP deposition mass, taking the deposition time into account 

These distributions were selected for our experiments, given that they yielded robust 

QMS grid current signals (indicative of the NP flux in NPs s-1) for our targeted NP sizes of 8 and 
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1.8 nm. The filter positions are indicated with vertical lines in Figure 3a and the corresponding 

QMS grid currents recorded at the start and end of the depositions are marked by up-pointing 

(▲) and down-pointing (▼) triangles, respectively. We opted not to select the peaks from the 

NP size distributions in favor of achieving a more substantial difference in NP mass. By 

comparing NP size distributions before and after deposition, we confirmed that the process 

maintained a comparable NP size range consistently across all experiments. 

During deposition, the QMS was operated in filter mode, allowing only size-selected 

NPs of either 8 nm or 1.8 nm to deposit on the substrate and the QMS grid current was 

monitored to assess the size-specific NP flux, as shown in Figure 3b. Notably, the 1.8 nm NPs 

without substrate bias experienced a significant 50.7 % reduction in deposition rate over the 

45 min time, the most substantial change observed within the investigated time-period. 

Depositions at 300 V and 1000 V for 1.8 nm NPs showed similar, albeit less dramatic, 
[10,15,17,24–26] decreases, aligning with documented behavior in MS-IGC literature. This 

pronounced effect at 0 V for 1.8 nm NPs is likely due to the shorter aggregation length used 

in their synthesis, rendering the MS-IGC process more sensitive to subtle variations, such as 

target erosion. The 8 nm samples display a significantly lower absolute grid current and thus 

NP flux. This is, however, offset by the difference in mass with an 8 nm NP possessing 

approximately 90 times more mass than a 1.8 nm NP. As depicted in Figure 3b, the QMS 

results indicate that an elevated substrate bias voltage leads to an increase in the grid current 

signal for 8 nm NPs as well, implying a greater deposition rate of NPs. 

In Figure 3c, the QMS grid current, which reflects the nanoparticle flux in NPs s-1, is 

converted into the corresponding mass flux in ng s-1.[13] Due to the significant mass disparity 

between 8 nm and 1.8 nm NPs, fewer 8 nm NPs can generate a substantially greater mass flux. 

This is because the mass flux 𝑚 ̇ is obtained by multiplying the NP's mass 𝑚 by its flux, the 

latter being directly proportional to the QMS grid current 𝐼𝑄𝑀𝑆, thus 𝑚 ̇ ∝ 𝐼𝑄𝑀𝑆 × 𝑚. 

With increasing substrate bias voltage, there is an anticipated rise in the mass of 

deposited 8 nm NPs. While two of the three recorded curves adhere to the commonly 

observed trend of decreasing NP flux throughout the deposition process, the curve at 300 V 

deviates, exhibiting a slight uptick in deposition rate over time — rising from 9.0 to 9.5 ng s-1 

and then approximating the initial value after a 30 min deposition period. The observed 

phenomenon can be attributed to two competing effects; firstly, a reduction in the deposition 

rate originating from a decrease in oxygen impurities in the aggregation chamber;[10] and 

secondly, a gradual shift in the NP size distribution towards larger mean sizes, a consequence 

of ongoing race track formation.[17] Integration of the data from Figure 3c yields the total 

deposited  mass,  as illustrated  in  Figure  3d. Consistent with the already discussed 

99 

 
 



Florian Knabl Publication IV 

observations, these results underscore the trend that the deposited mass escalates with an 

increase in substrate bias voltage for both NP sizes. 

2.2. Nanoparticle thin film morphology 

SEM micrographs captured near the NP beam center (position indicated in Figure 5d), 

where NP loading reaches its maximum, are presented in Figure 4, for both NP sizes. These 

images indicate a more pronounced coverage with NPs with higher substrate bias voltage, 

thus indicating enhanced material deposition and thin film thickness. 

Figure 4. SEM micrographs of thin films created from size-selected 8 nm (left side) and 1.8 nm 

(right side) NPs deposited at substrate bias voltages of 0 V (a-b), 300 V (c-d), and 1000 V (e-f). 

The micrographs indicate an increase in deposited material and distinct morphological 

changes with rising substrate bias voltage. Micrographs were captured near the NP beam 

center to highlight the region of maximum NP loading. 
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The film thickness of our sample series ranges from 10 nm for 1.8 nm NP samples to 

40 nm for 8 nm NP samples, as determined by cross-sectional focused ion beam (FIB) analysis. 

Additionally, the morphology undergoes a notable transformation with increasing substrate 

bias voltage. Specifically, size-selected 8 nm NPs (Figure 4a, 4c, 4e) transition from a semi- 

dense distribution to larger agglomerates as the substrate bias voltage increases, leading to 

less pronounced surface features and fewer open channels separating the agglomerates. At 

1000 V, the thin film becomes denser with larger agglomerates and a reduction of channels. 

In summary, the application of a substrate bias voltage not only increases NP loading but also 

induces significant morphological changes, resulting in a denser thin film. 

For the 1.8 nm size-selected NP thin films, a uniform distribution of finely dispersed 

NPs characterizes the morphology at 0 V (see Figure 4b, 4d, 4f). As the substrate bias voltage 

increases, a higher NP loading is evident, where the surface of the formed thin film transitions 

from small, finely distributed agglomerates to slightly larger, possibly patterned 

morphologies. At 1000 V, the morphology markedly shifts to even larger agglomerates, 

separated by clearly defined channels. In conclusion, increasing the substrate bias voltage 

enhances NP loading and promotes the coarsening of the surface topography. 

Image analysis of the presented high-resolution SEM micrographs was conducted to 

assess the prevalence of channels or pores on the sample surface, showing a decrease in the 

area attributed to channels or pores with increasing substrate bias voltage for both NP sizes. 

An examination of the morphological evolution from the center of the NP beam 

outward reveals a notable decrease in NP loading. This observation is in agreement with 

subsequent findings from XPS and LEIS investigations, detailed in the following paragraphs, 

and an earlier study by our group.[13] 

2.3. Nanoparticle coverage 

To quantify NP deposition, XPS analysis was conducted, investigating the surface 

chemical composition within the topmost 5 – 10 nm layer of the deposited NP thin films. 

Figure 5a summarizes representative wide-scan XPS spectra near the beam center, confirming 

the presence of Si, C, O, and Cu elements. Notably, the Cu peak intensity demonstrates a 

positive correlation with substrate bias voltage, suggesting an increased copper accumulation 

at higher substrate bias voltages. This trend is confirmed by the high-resolution Cu spectra 

shown in Figure 5b, which indicate a progressive rise in Cu content for both NP diameters as 

the substrate bias voltage is increased. In contrast, high-resolution Si scans reveal only minor 

Si signals, which diminish as the substrate bias voltage increases. Peak fitting indicates that 

the Si signals comprise both covalently bonded Si0 (99.4 eV) and Si4+ (103.5 eV),[27] the latter 

of which are indicative of the native SiO2 oxide layer on the substrate. 
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Figure 5. Results from XPS analysis comparing thin films of size-selected 8 nm (black) and 

1.8 nm (red) NPs deposited on Si substrates, showing the influence of substrate bias voltage 

on chemical composition and distribution. (a) XPS survey spectra highlighting the presence of 

elemental peaks for Cu, O, C, and Si. (b) High-resolution Cu spectra, showing an increase in Cu 

content with increasing substrate bias voltage. (c) High resolution O spectra, revealing 

contributions from organic compounds and copper oxides. (d) Quantitative analysis of Cu 

loading (in at%) plotted against the distance from the center of nanoparticle beam, illustrating 

the spatial distribution of NPs on the substrate. Approximate positions of SEM micrographs 

and LEIS measurements are indicated by the shaded regions. Data points overlapping with 

sample clamps were omitted to avoid skewed results. 

Due to inherent difficulties in performing an accurate peak fitting of Cu 2p 

photoemission spectra,[28] we performed peak fitting on the O 1s spectra (Figure 5c). This 

revealed contributions from both organic carbon-oxygen bonds most likely associated with 

adventitious carbon as well as copper oxide bonds.[29,30] For the 8 nm NP samples, an increase 

of copper oxide content with substrate bias voltage is clearly visible. 1.8 nm NP samples 

showed higher organic compound contributions alongside copper oxide, and no clear trend in 

copper oxide levels with bias voltage was observable. It has to be noted that organic 

compounds and possible contributions from SiO2 cannot be discriminated due to their similar 
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peak positions. However, based on the survey scans as well as the negligible high-resolution 

Si signal, peaks at higher binding energies are likely tied to organic compounds. Detailed 

investigations on the NP oxidation behavior are not within the scope of this manuscript and 

were already performed by other authors.[31,32] 

Quantitative XPS analysis revealed a gradual decrease in Cu content (representative of 

NP loading of the Si substrate surface) with increased distance from the beam center, shown 

in Figure 5d. This is consistent with SEM observations and a prior study.[13] Additionally, also 

here the Cu content demonstrates a positive correlation over the whole distance from the 

beam center with substrate bias voltage, with Cu loading in size-selected 8 nm depositions 

rising from 26 at% to 32 at% at the beam center. A similar pattern was observed for the 1.8 nm 

samples. Notably, the lateral spread of NPs remained consistent across varying substrate bias 

voltages, suggesting that the electric field does not significantly influence the lateral 

distribution of NP deposition. Carbon contamination was present, accounting for 20 to 35 at% 

of the surface composition for 8 nm and 1.8 nm NPs, respectively. Silicon and oxygen levels 

rose with distance from the beam center, with silicon showing an increment from 15 at% to 

20 at% for the 8 nm NPs, and from 5 at% to 20 at% for the 1.8 nm NPs. Oxygen displayed a 

similar pattern, increasing from about 25 at% to 40 at% some 20 mm away from the beam 

center. In summary, the XPS results corroborate the trends observed in the in situ QMS data, 

with a higher Cu NP loading for 8 nm depositions compared to 1.8 nm NPs, albeit the 

difference is small. However, the increase in Cu loading with rising substrate bias voltage is 

clearly evident, while the lateral NP distribution remains unaffected by the substrate bias 

voltage. 

2.4. Surface chemistry 

LEIS offers even greater surface sensitivity than XPS, owing to its reliance on the 

scattering of low-energy ions, which probes only the outermost atomic layer.[33] This 

technique provides insights from the surface with minimal penetration depth, with 

representative 3 keV He+ LEIS spectra depicted in Figure 6a, which predominantly reveal Cu 

and O on the sample surface, alongside a minor Si presence. A gentle sputter cleaning using 

Ar ions, conducted before measurements within the vacuum chamber, effectively removed 

organic contaminants from the surface, as evidenced by the absence of a C signal and the low 

background noise. 

Figure 6b illustrates an increase in the Cu signal as the substrate bias voltage rises, with 

all spectra captured at an intermediate distance of 10 mm from the NP beam center. Spatially 

resolved LEIS measurements confirmed a decrease in the Cu signal with increasing distance 
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from the NP beam center. LEIS data does not allow to distinguish between the oxidation states 

of Cu,[33] or assign the detected oxygen to either the copper oxide or SiO2. 

Figure 6. Results from LEIS analysis comparing thin films of size-selected 8 nm (black) and 

1.8 nm (red) NPs deposited on Si substrates, showing the influence of substrate bias voltage 

on chemical composition of the top atomic layer. (a) LEIS 3 keV He+ spectra highlighting the 

presence of elemental peaks for Cu, O, and Si. (b) Cu spectra, showing an increased Cu signal 

with increasing substrate bias voltage. 

LEIS provided a stronger Cu signal for 1.8 nm samples than for 8 nm samples at the 

same substrate bias voltage. This is not the case for XPS, implying that the greater number of 

small Cu NPs are capable of achieving a greater surface coverage compared to the lower 

number of large 8 nm NPs. Thus, in summary, LEIS not only corroborates the XPS findings but 

also underscores the ability to enhance surface coverage — and consequently, the 

NP deposition rate — with increased substrate bias voltage. 

Conducting a quantitative analysis of thin NP deposits, especially those with a 

thickness below 10 nm, presents notable challenges. XPS encounters its own limitations with 

an informational depth capped at approximately 10 nm. From comparison and agreement 

between our XPS and LEIS data, we can conclude that our Cu NP deposits are equal or thicker 

than 10 nm in the center of the NP beam. This is in good agreement with the findings derived 

by FIB cross-sectional analysis. 

2.5. Enhanced nanoparticle source efficiency 

The observed increase in the QMS grid current signal as a function of the substrate 

bias voltage suggests a rise in NP flux. To confirm that this signal indeed represents a true 

increase in NP yield and is not an artifact of the measurement process, we undertook a 

validation exercise. 
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One could argue that the applied substrate bias voltage affects the electric circuit of 

the quadrupole mass spectrometer grid, where small currents in the range of nA are 

measured. However, this is unlikely as the quadrupole mass spectrometer grid operates on a 

battery-powered circuit, ensuring it remains isolated and independent from the deposition 

system's power supply. Furthermore, one could speculate that the applied substrate bias 

voltage affects the plasma present within the deposition chamber, therefore affecting the 

QMS grid current signal due to the detection of plasma-derived charged species. Such a 

substrate bias voltage, in particular if pulsed, would certainly affect the plasma properties. 

However, in the case of MS-IGC, the plasma is confined within the aggregation zone. If any 

plasma-derived charged species, such as electrons or charged Ar ions, were to leave the 

aggregation chamber and reach the expansion zone containing the quadrupole mass 

spectrometer, they would be ejected within the quadrupole field due to their incorrect mass- 

to-charge ratio, thus not affecting the detected QMS grid current signal. 

The presence of a plasma within the deposition chamber renders the QMS grid current 

signal useless due to charged species arriving at the grid. This was confirmed by performing a 

co-deposition of NPs along with conventional cobalt sputtering using the planar 50.8 mm 

magnetron sputter target located within the main deposition chamber.[13] Once the 

conventional sputter process commences within the deposition chamber, the QMS grid 

current signal becomes non-viable. 

Curda et al. simulated an electrostatic field within a MS-IGC deposition chamber under 

comparable conditions using a potential of ±100 V, proving that NPs are affected in a distance 

of few cm.[34] This suggests that the provided substrate bias voltage is of sufficient strength to 

affect NPs traversing through the quadrupole and possibly even within the aggregation 

chamber. However, the latter is less likely, as the aggregation chamber is grounded and the 

orifice has an opening of only 3 mm. 

The reason for the increased NP deposition cannot clearly be pinpointed as of now. 

We suggest that it is not associated with a higher NP production rate, but rather with reduced 

losses. This could be associated either with an increased ratio of NPs leaving the aggregation 

chamber rather than being lost to the chamber walls, or a reduced filtering resolution of the 

quadrupole mass spectrometer, with the latter as the more likely reason. 

The QMS records in situ the entire NP flux passing from the NP source into the main 

chamber. Only a fraction of these recorded NPs land on different positions of the substrate 

holder for subsequent analysis. The application of a substrate bias voltage clearly enhanced 

the QMS grid signal, a direct measure of the amount of extracted NPs. Within the tested range, 

the maximum increase was recorded at 32 % for the case of 8 nm samples. However, no 
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general statements can be made, as the increase is likely to depend on various synthesis 

parameters and appears to be NP-size-dependent. Furthermore, MS-IGC suffers from a low 

repeatability. The phenomenon of enhanced NP flux was reversible, with the magnitude of 

the observed effect substantially exceeding the well-known decrease in deposition rate over 

time (see Figure 3b) due to erosion-induced race track formation on the target[17] and a 

decrease in oxygen impurities in our system's aggregation chamber.[10] 

The notion of an improved NP efficiency of the NP source is in contrast to the well- 

established fundamentals of thin film growth on biased substrates,[35] which lead to a 

densification of the film morphology and to reduced growth rates due to re-sputtering effects. 

In MS-IGC in conjunction with QMS, such an electric field is unlikely to significantly change the 

sputter conditions around the sputter target due to the de-coupled nature of the individual 

highly functionalized process chambers. 

2.6. Discussion on nanoparticle thin film formation mechanisms 

Increasing the kinetic energies of single-charged NPs by 300 eV and 1000 eV 

constitutes a considerable addition to the NPs’ total energy, significantly influencing the NP- 

surface interaction. In literature, three principal deposition regimes, namely soft landing, 

pinning, and implantation, are distinguished by their respective kinetic energy per atom.[23] 

This is particularly relevant when considering the vast difference in atom numbers 

between small (approximately 260 atoms for spherical 1.8 nm NPs) and large NPs (about 

23,000 atoms for 8 nm NPs). With an assumed speed of 100 m s-1[36] and thus a kinetic energy 

below 0.01 eV atom-1 for non-accelerated NPs, the application of a 1000 V substrate bias 

voltage to 1.8 nm negatively charged NPs results in an energy of approximately 4 eV atom-1, 

surpassing the threshold for soft landing[23] and reaching beyond the intermediate pinning 

regime into the implantation regime, as the binding energy of small Cu clusters can be 

expected to be in the range of 2 eV atom-1.[37] The chosen range of substrate bias voltages in 

this work thus provides a comprehensive spectrum of nanoparticle landing conditions. 

In his early work, Haberland et al. already applied a positive substrate bias voltage to 

accelerate metallic NPs towards the substrate, resulting in the formation of highly reflective 

and strongly adhering Mo NP films on polished Cu substrates.[8,19] Size-selected Ag NPs were 

studied by Shyjumon et al. under substrate bias voltages ranging from -500 to -2500 V to 

attract positively charged NPs, noting an increasing flattening of NPs with increasing kinetic 

energy.[21] These findings are in line with our own, where we noted a densification in the thin 

film's structure corresponding with an increase in substrate bias voltage. The underlying 

mechanism can be attributed to the high-velocity impacts (e.g., single-charged 1.8 nm NPs 

with a kinetic energy of 1000 eV at a 1000 V bias voltage reach speeds of 3500 m s-1), which 
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create localized high-temperature spots upon each NP's impact.[19] In the case of the non- 

accelerated NPs forming thin films, only negligible NP deformation is expected for both small 

and large NPs.[23] With rising impact energy, increased flattening and plastic deformation is 

expected. In the case of 8 nm NP samples deposited at 1000 V, despite a low total impact 

energy of around 0.05 eV atom-1, this still represents an increase of more than 1000 % in 

impact energy compared to the non-accelerated deposition, with an impact velocity of 

~ 400 m s-1, thus explaining the observed changes in the morphology as a function of the 

substrate bias voltage. 

al.[20] Regarding morphological changes, Rattunde et reported two opposing effects 

related to the application of a substrate bias voltage up to 30 kV to Cu NPs: For initially rough 

substrate surfaces, a smoothening is observed, while impinging NPs logarithmically increase 

al.[22] the roughness of an initially smooth surface. Michelakaki et demonstrated that by 

adjusting the substrate bias voltage to alter the kinetic energy of Hf NPs, one can produce 

porous thin films, whose mechanical properties increasingly resemble those of conventionally 

sputtered ones as the substrate bias voltage rises. This mechanical similarity to dense 

sputtered films is in agreement with our observations of increased density with increasing bias 

voltage. 

3. Conclusions 

In this study, we have demonstrated that the application of a substrate bias voltage 

can significantly increase the deposition rate of size-selected nanoparticles by magnetron 

sputter inert gas condensation coupled with quadrupole mass spectrometry. This enhanced 

nanoparticle yield was monitored in situ for different nanoparticle sizes and subsequently 

verified through scanning electron microscopy, X-ray photoelectron spectroscopy, and low- 

energy ion scattering spectroscopy. Our results indicate a significant enhancement of up to 

32 % in surface coverage by NPs with increasing substrate bias voltage, along with a distinct 

evolution in surface morphology, illustrating the beneficial impact of the kinetic energy on film 

characteristics. The advancements in process efficiency detailed in this work mark a step 

forward in the optimization of magnetron sputter inert gas condensation for industrial 

applications. 
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4. Experimental Section 

4.1. Materials 

Cu NPs were produced by magnetron sputter inert gas condensation using Cu targets 

supplied by Kurt J. Lesker Company Ltd, with a purity of 99.999 %, a diameter of 25.4 mm, and 

a thickness of 3.2 mm. Cut single-crystal Si (100) wafers with a thickness of 525 μm 

(MicroChemicals GmbH) were employed as substrates. 

To ensure a clean substrate surface for the deposition of NPs, a two-step cleaning 

process was implemented. Initially, samples were ultrasonically cleaned for 10 min in an 

isopropanol bath and subsequently dried using hot air. The substrates were then exposed to 

a low-pressure plasma environment using a Tetra 30 plasma system by Diener electronic. 

During this stage, an Ar gas flow was maintained at 80 sccm, and the plasma was generated 

at 20 % of the system's full power capacity of 1 kW for a duration of 10 min, effectively 

removing any remaining contaminants and preparing the substrate surface for NP deposition. 

4.2. Nanoparticle synthesis 

Cu NPs were synthesized using an NL NL-DX3 nanoparticle deposition source (Nikalyte 

Ltd) attached to a MiniLab 125 deposition system (Moorfield Nanotechnology Ltd), with an 

extensive description of the system available in an earlier work.[13] NP nucleation and growth 

occurs within an aggregation chamber containing three individual metal targets, where only 

one Cu target was sputtered within this work. The length of the aggregation chamber, which 

we define as the distance between the metal targets and the 3 mm orifice terminating the 

aggregation chamber, can be tuned using a linear translator, thus influencing the NP growth 

conditions within the chamber. After terminating the aggregation chamber, the NPs arrive in 

a differentially pumped expansion zone, and further growth is assumed to stop. NPs leaving 

the aggregation chamber are assumed to be fully developed, roughly spherical, carrying 

mostly a single electric charge. In the subsequent expansion zone, a QMS is situated. With the 

assumptions of a spherical nanoparticle shape, a single electric charge, and a crystal density 

equivalent to that of bulk copper (9.0 cm3 g-1), the NP size distribution can be calculated. The 

NP flux is measured using the current detected at a grid located at the exit of the QMS. As 

outlined in an earlier study, the recorded data can be used to calculate the mass flux and the 

total deposited NP mass.[13] 

Substrates were mounted on the sample holder and subjected to a constant rotation 

speed of 10 rpm during deposition to ensure uniform coverage, without the application of 

external heating. The deposition processes were conducted under a base pressure below 5 × 

10-5 Pa, with operational pressures reaching 0.17 Pa for 8 nm NPs and 0.13 Pa for 1.8 nm NPs 

within the deposition chamber. 
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For the 8 nm size-selected NPs, deposition parameters were set to a 30 min duration, 

an argon gas flow rate of 70 sccm, an aggregation length of 90 mm, and a sputter current of 

200 mA. For 1.8 nm size-selected NPs, an Ar flow of 40 sccm, an aggregation length of 60 mm, 

and a sputter current of 200 mA was used for a total deposition time of 45 min. Deposition 

parameters were chosen to achieve robust QMS grid current signals, as detailed in Section 2.1. 

For all samples, the same target was utilized to maintain consistency across all samples. 

Prior and after deposition, the quadrupole mass spectrometer was used to determine 

the NP size distribution, operating in positive grid bias mode. Throughout the deposition 

process, nanoparticles were filtered by size (specifically 8 or 1.8 nm, equivalent to 

1.44 × 106 amu and 1.64 × 104 amu, respectively) and continuously monitored throughout the 

deposition. The chosen positive substrate bias voltage (0 V, 300 V, 1000 V) was applied, then 

the substrate shutter was opened, resulting in a distinct step in the detected grid current. 

NP size distributions were recorded with a closed shutter and at 0 V for all samples, to ensure 

comparable measurement conditions and to allow for direct comparison of the deposition 

process without taking the effect of the substrate bias voltage into account. 

4.3. Characterization methods 

SEM micrographs were recorded using a Hitachi S4800 scanning electron microscope. 

All micrographs were recorded using a secondary electron detector for surface topology with 

an acceleration voltage of 3 kV. FIB cross-sections and corresponding SEM micrographs to 

estimate the NP thin film thickness were made in a Tescan Lyra3. The NP thin film was 

protected by electron and ion beam deposited Pt layers. Cross-sectional FIB milling was 

conducted by step-wise reduction of the ion current from 2 nA to around 25 pA. The 

corresponding film thicknesses were measured by tilting of the sample and using the built-in 

tilt correction. 

Image analysis of SEM micrographs for assessing the morphological development was 

performed in ImageJ. For this purpose, a Gaussian blur filter was used to reduce noise in the 

micrographs. Three greyscale thresholds were used to distinguish and quantify unfilled 

portions or groves of the NP films. Trends in the development of mean size and total number 

of those pores and the relative unfilled area were evaluated for all depositions. 

XPS measurements were carried out with a Thermo Scientific Nexsa G2 x-ray 

photoelectron spectrometer system, which employs a monochromatic, microfocused, low- 

power Al Kα x-ray (1486.7 eV) source. The x-ray beam was focused to a spot size of 300 μm. 

Wide-scan XPS spectra were collected using a pass energy of 100.0 eV with a step size of 

1.0 eV. High-resolution XPS spectra were collected using a pass energy of 20.0 eV with a step 

size of 0.1 eV. Scanning was performed in a rectangular grid with measurements of three 
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points along 

homogenous 

the sample width and a distance of 0.5 mm between points, for which 

chemical composition is expected due to the rotational symmetry of the 

deposition. All measurements were conducted on samples without previous baking or 

sputter-cleaning. To compensate for potential charging effects during the measurement 

process, all acquired spectra were charge referenced to the C1s peak at 284.8 eV 

(sp2 hybridized carbon). 

The LEIS spectra were obtained using an ionTOF Qtac100 spectrometer, employing He 

ions as the probing species with an energy of 3 keV. The primary ion beam was directed at the 

sample surface with a perpendicular incidence angle, and scattered ions were detected at a 

scattering angle of 145°. Prior to each measurement, the samples were cleaned in situ by 

sputtering with an Ar ion beam of 1 keV for 25 s. A time of flight filter was used to reduce the 

background signal from lighter elements. 
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9 Appendix: Declaration of the Use of AI-Based Tools 

The purpose of this appendix is to outline the areas within this thesis where AI tools 

have been utilized in order to comply with the “Richtlinie des Vizerektors für Lehre und 

Internationales sowie des Studiendekans für den Einsatz KI-basierter generativer Werkzeuge”, 

as published in "Mitteilungsblatt 108" on April 4, 2024, only a few days before thesis 

submission. 

The author would like to point out that the percentages indicated in the “AI 

contribution” column represent an estimated extent of the AI-assisted work. This is distinct 

from “fully AI-generated work”, which does not apply to this thesis. 

Table 1: AI contribution to different subjects of this thesis 
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Subject 
 

AI 
contribution 

Tool/ 

Version 
Comments 

 

Prompts 
 

 

Software code 
 

 

50 % 
 

 

ChatGPT 3.5, 
ChatGPT 4.0 

 

Mainly used for writing code with respect 
to data handling for quadrupole mass 
spectrometry and X-ray photoelectron 
spectroscopy 

 

 
 

Analysis and 
interpretation of 
data 

 

20 % 
 

ChatGPT 3.5, 
ChatGPT 4.0 

Minor contribution as a side effect of AI- 
generated feedback on text provided by 
the author. 

Discussions, 
descriptions, 
conclusions 

 

20 % 
 

ChatGPT 3.5, 
ChatGPT 4.0 

Minor contribution as a side effect of AI- 
generated feedback on text provided by 
the author. 

Conceptualization, 
brainstorming, and 
idea collection 

 

20 % 
 

ChatGPT 3.5, 
ChatGPT 4.0 

Minor contribution as a side effect of AI- 
generated feedback on text provided by 
the author. 

 

 

 

Enhancement of 
language clarity 

 

 

 

 

20 % 
 

 

 

 

ChatGPT 3.5, 
ChatGPT 4.0 

 

Main application of AI within this thesis. 

Common prompts used include: 

• Review this text 
• Provide suggestions for 

improvement 
• Suggest three alternative phrases to 

(mediocre phrase) 

Paraphrasing 
 

20 % 
 

ChatGPT 3.5, 
ChatGPT 4.0 

 

“Paraphrasing” and “enhancement of 
language clarity” cannot be separated 
from each other, thus the same 
statements applies. 

Structuring the 
thesis 

 

5 % 
 

ChatGPT 3.5, 
ChatGPT 4.0 

 

No relevant contributions, but prompts 
were used occasionally to ensure 
completeness. 
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The author declares that no AI was used in creating research questions, summarizing 

text, and translating text. Furthermore, no AI was applied for literature review tasks such as 

AI-generated suggestions on important literature, extraction of key statements out of 

scientific publications, or creating excerpts out of scientific publications. Furthermore, no AI 

support was utilized for creating diagrams, figures, schematic drawings, tables, or any other 

type of illustration. 
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