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A BSTRACT  
Noble metal nanoparticles exhibit pronounced plasmonic features that enable a wide 

range of applications in medicine, catalysis, nanoelectronics, imaging and sensor 

technology. However, the commercial adoption of these nanoparticles is hampered by 

difficulties in reproducibility, stability and precise control of parti cle size, shape and 

dispersity. Cold atmospheric pressure plasma (CAP) has emerged as a promising  

synthesis method that offers unique ways to generate nanoparticles due to its ability to 

initiate complex chemical reactions without conventional reducing agents or stabilisers. 

Despite considerable advancements, CAP synthesis of noble metal nanoparticles 

continues to experience reproducibility issues due to the inherent non -linearity and 

sensitivity of plasma processes. Slight variations in voltage, gas flow or electrode 

positioning can significantly alter the discharge dynamics, leading to considerable 

variations in nanoparticle properties. In addition, the volatile and highly reactive species 

formed at the interfaces between plasma and liquid make precise control and scale-up 

difficult.  

In this work, it is hypothesised that the integration of machine learning (ML) methods 

with real -time diagnostics can effectively model, predict and control the stochastic 

dynamics of CAP processes, enabling reproducible, tailored nanoparticle synthesis. To 

prove this suitable CAP electrode geometries were evaluated, synthesis parameters to 

nanoparticle outputs were mapped, ML -based control strategies tailored to CAP 

optimisation were evaluated and ML-driven CAP synthesis with control of nanoparticle 

properties was illustrated.  
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1 I NTRODUCTION  

Noble metal nanoparticles are emerging functional materials offering exotic plasmonic 

functionality that excel in medical (theranostics, antibacterial, drug delivery), catalytic 

(isotropic and anisotropic reactions), nanoelectronics, imaging and sensing applications 

[1], [2], [3], [4], [5]. The physical and chemical properties of metals change when moving 

from the bulk to the nanometre scale, especially the photon-electron interactions. In the 

range of about 10ς150 nm, the surface-to-volume ratio of the particles increases, so that 

surface effects become increasingly important . When light strikes a noble -metal 

nanoparticle smaller than its wavelength, the incident electromagnetic field can drive a 

collective oscillation of conduction electrons, known as localised surface plasmon 

resonance (LSPR), creating size-dependent colours and strong local electromagnetic 

fields that are not observed in the same form in  bulk metal . Plasmonic functionality 

depends not only on size but also on shape, with non-spherical geometries, such as rods, 

prisms, stars or branched particles, often providing stronger field localisation and 

enhanced optical responses compared with simple spherical nanoparticles (Figure 1.1).  
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Figure 1.1. Overview of the multifunctional applications of nanomaterials  in modern 

medicine. By engineering the structure of materials like gold nanorods and semiconductor 

nanocubes, scientists can harness their unique properties. Reproduced from [6].  

 

Metallic plasmonic nanoparticles can be synthesised using a variety of methods, which 

can be roughly divided into top-down and bottom-up approaches. In top-down methods, 

larger materials are broken down into nanoparticles, while in bottom -up methods 

nanoparticles are built up from smaller components  [7]. Common techniques include 

chemical reduction, physical vapour deposition, laser ablation and variety green 

synthesis which involve bacteria, plant extracts and fungi. Top-down methods, such as 

high-energy mechanical milling or ball milling, laser ablation  of a bulk target and 

nanoscale lithographic patterning, involve cutting or breaking larger solids into nanoscale 

objects. Bottom-up approaches build particles atom by atom or molecule by molecule: 

chemical reduction of metal salts in solution, chemic al vapour deposition, sol -gel 

processes, hydrothermal or solvothermal synthesis, green (biological) processes, vapour 
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condensation, microwave-assisted reactions, self-assembly by non-covalent forces and 

electrodeposition of metal ions on an electrode [8]. Each method offers different control 

over size, shape and purity, allowing researchers to tailor nanoparticles for specific 

applications. 

The size and shape of nanoparticles can be adjusted by adapting the chemical 

concentrations and reaction parameters such as temperature and pH value. However, as 

soon as these materials are used in real applications, several hurdles arise: maintaining 

stability in harsh environments, incomplete understanding of underlying mechanisms 

and modelling, potential bioaccumulation and toxicity, costly analytical requirements, 

dependence on skilled personnel, difficulties in device integration and structural design, 

and challenges in recycling, reuse or regeneration. The further development of 

nanomaterials therefore requires systematic improvements in their properties, behaviour 

and production to overcome these limitations. The reliable large -scale synthesis, 

regulatory compliance and the growing drive for greener processing all place stringent 

constraints on the manufacture of nanomaterials.  

Plasma technology is gaining increasing interest in sustainable chemistry, by replacing 

some chemical reactions , which offers fast and facile reduction and growth of 

nanomaterial with great options for size/shape and performance improvements [9]. In 

particular cold atmospheric pressure plasma -assisted synthesis, have proven to be 

uniquely multipurpose contenders in this field. The cocktail of energetic electrons, 

radicals, and ions generated by CAPs unlocks reaction pathways that remain inaccessible 

ǘƻ ŎƻƴǾŜƴǘƛƻƴŀƭ ƭƛǉǳƛŘ  ƻǊ ǾŀǇƻǳǊ ǇƘŀǎŜ ŎƘŜƳƛǎǘǊƛŜǎ (Figure 1.2). 
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Figure 1.2. Air plasmaςwater interactions and typical reactions and chemistry involved 

at different stages for the formation of ROS and RNS. Recreated from [10]. 

 

1.1 State of the art: Plasmas in nanoparticles synthesis  

Over the past decade, cold-plasma synthesis of noble-metal nanoparticles has progressed 

from bench demonstrations to early continuous-flow devices. Maguire et al. coupled an 

atmospheric-pressure RF plasma torch with aerosolised HAuCl 4 microdroplets, giving 

~4 nm particles suitable for ink-jet printing  [11]. Building on that, Vasudevan etal. kHz 

plasma jet deposited Au nanoparticles (100 -150nm) to form nanostructured films in 

under 5 minutes, while Bjelajac et al. used an ethanol-based solution aerosol-fed through 

kHz DBD torch that immobilises carbon -based matrix 3 -12 nm AuNPs directly on 

substrates [12], [13]. Sun et al. utilised an microplasma in water to make antibacterial 

AgNP-chitosan composites, and Hossain et al. compared three non-thermal geometries 

(coaxial DBD, grounded DBD and corona all at 20 kHz, with NP sizes of ~6 nm, ~19 nm 

and ~10 nm, respectively) for AgNP synthesis, finding reactor-dependent dispersity [14], 

[15]. Nam et al. showed that adjusting solution pH in plasma -driven electrochemistry 

controls particle size (10-60 nm) [16]. Collectively, these studies confirm that CAPs can 

produce nanoparticles of diverse sizes, shapes, and noble metals, however, gaps in 

understanding and control remain. 
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1.2 Challenges of atmospheric -pressure plasmas -assisted 

nanomaterial synthesis  

/ƻƭŘ ŀǘƳƻǎǇƘŜǊƛŎ ǇǊŜǎǎǳǊŜ ǇƭŀǎƳŀ ό/!tύ ǎȅƴǘƘŜǎƛǎ ƛǎ ŦǊŜǉǳŜƴǘƭȅ ǇǊƻƳƻǘŜŘ ŀǎ ŀ άƎǊŜŜƴέΣ 

ǎƻƭǾŜƴǘ ŦǊŜŜ ǊƻǳǘŜ ǘƻ ƴŀƴƻƳŀǘŜǊƛŀƭǎ ōŜŎŀǳǎŜ ŜƴŜǊƎŜǘƛŎ ŜƭŜŎǘǊƻƴǎΣ ƛƻƴǎ ŀƴŘ ǇƘƻǘƻƴǎ Ŏŀƴ 

replace conventional chemical reductants and surfactants. In practice, however, the 

literature reveals that precise control over particle diameter, morphology and dispersity 

is infrequently validated through repeatable measurements and repeatability statistics 

[13], [17], [18], [19]. If a narrowly defined size distribution or anisotropic shape is targeted, 

the introduction of organic capping agents, radical scavengers or viscosity modifiers, is 

ŎƻƳƳƻƴΣ ǘƘŜǊŜōȅ ƴǳƭƭƛŦȅƛƴƎ ǘƘŜ ƻǊƛƎƛƴŀƭ ŎƭŀƛƳ ƻŦ ŀŘŘƛǘƛǾŜ ŦǊŜŜ ǇǊƻŎŜǎǎƛƴƎ [20]. The same 

ŀŘŘƛǘƛǾŜǎ ŀǊŜ ǘƘŜƴ ƴŜŜŘŜŘ ǘƻ Ƴŀƛƴǘŀƛƴ Ǉƻǎǘ ǎȅƴǘƘŜǎƛǎ ǎǘŀōƛƭƛǘȅΣ ōŜŎŀǳǎŜ /!t generated 

colloids, especially those produced at high precursor concentrations, continue to evolve 

ŀǎ ƭƻƴƎ ƭƛǾŜŘ ƻȄƛŘŀƴǘǎ όŜΦƎΦΣ I2O2, ClO -) and reductants remain in solution. Ostwald 

ripening, aggregation or etching during the first hours after plasma exposure can shift 

ƳŜŀƴ ŘƛŀƳŜǘŜǊǎ ōȅ ǘŜƴǎ ƻŦ ƴŀƴƻƳŜǘǊŜǎΣ ǊŜƴŘŜǊƛƴƎ ǘƘŜ ŀǎ ǎȅƴǘƘŜǎƛǎŜŘ ǎǇŜŎƛŦƛŎŀǘƛƻƴ 

unreliable [21]. 

A second limitation comes from the inherent sensitivity of CAP discharges to : small 

perturbations, minor drifts of ±50 V in applied voltage, ±0.1 slm in argon flow, or 

ǎǳō ƳƛƭƭƛƳŜǘǊŜ ŎƘŀƴƎŜǎ ƛƴ ŜƭŜŎǘǊƻŘŜ ƎŀǇ Ŏŀƴ ŎƘŀƴƎŜ ŘƛǎŎƘŀǊƎŜ ǇǊƻǇŜǊǘƛŜǎ ŎƻƴǎŜǉǳŜƴǘƭȅ 

ǇƭŀǎƳŀ ƭƛǉǳƛŘ ŎƘŜƳƛǎǘǊȅ ŀƴŘ ǇǊƻŘǳŎƛƴƎ Ǌǳƴ ǘƻ Ǌǳƴ ǎǘŀƴŘŀǊŘ ŘŜǾƛŀǘƛƻƴǎ [22]. Comparisons 

between research groups are consequently rare. Contamination further compounds 

ǊŜǇǊƻŘǳŎƛōƛƭƛǘȅΥ ŜǾŜƴ άƳƛƭŘέ ŘƛǎŎƘŀǊƎŜǎ ŜǊƻŘŜ ŜƭŜŎǘǊƻŘŜ ŀƴŘ ŘƛŜƭŜŎǘǊƛŎ ǎǳǊŦŀŎŜǎΦ 

All of these experimental challenges are worsened by ƴƻƴ ƭƛƴŜŀǊ ŜƴǾƛǊƻƴƳŜƴǘ (physical 

and chemical) at the plasma ςƭƛǉǳƛŘ ƛƴǘŜǊŦŀŎŜΦ {ƘƻǊǘ ƭƛǾŜŘ ǎǇŜŎƛŜǎ ǎǳŎƘ ŀǎ ǎƻƭǾŀǘŜŘ 

electrons, H· and OH· are ƎŜƴŜǊŀǘŜŘ ƛƴ ōǳǊǎǘǎ ǘƘŀǘ Ŧƻƭƭƻǿ ǎǳō ƳƛŎǊƻǎŜŎƻƴŘ ǾƻƭǘŀƎŜ 

ǘǊŀƴǎƛŜƴǘǎΣ ǿƘŜǊŜŀǎ ƭƻƴƎŜǊ ƭƛǾŜŘ ƳƻƭŜŎǳƭŜǎ όI2O2, O3) and solvated ions accumulate over 
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milliseconds, concurrent with local heating and bubble formation. Their concentrations 

therefore oscillate rather than reach steady state, so nucleation and growth occur under 

Ŏƻƴǘƛƴǳƻǳǎƭȅ ǎƘƛŦǘƛƴƎ ǊŜŘƻȄΣ ǇI ŀƴŘ ƘŜŀǘ ǘǊŀƴǎŦŜǊ ŎƻƴŘƛǘƛƻƴǎ [23]. Numerical models that 

try to reproduce this behaviour must solve equations for mass, charge, and heat 

transport, making the simulations highly complex and computationally demanding. For 

example, the complexity can be seen with gold. The reduction of HAuCl 4 proceeds 

through Au3+ҦAu2+ҦAu1+ҦAu0 steps, solvated electrons reduce Au3+ efficiently, yet 

Au1+ accumulates and can persist for seconds [11]. Sustained nucleation therefore requires 

either a surplus flow of strong reductants to suppress Au1+ ōǳƛƭŘ ǳǇ ƻǊ ŀ ǎŜŜŘ ǎǳǊŦŀŎŜ ƻƴ 

which Au1+ can rapidly finish the reduction sequence. 

!ǘ ǇǊŜǎŜƴǘ ǘƘŜ ǇǊƻǎǇŜŎǘǎ ŦƻǊ ƛƴŘǳǎǘǊƛŀƭ ǎŎŀƭŜ ǳǇ ŀǊŜ ƭƛƳƛǘŜŘ ōŜŎŀǳǎŜ ƻŦ ǘƘŜ ŘŜǎŎǊƛōŜŘ 

technical hurdles. The presented CAP and CAP  nanoparticle (NP) synthesis related 

ƛǊǊŜƎǳƭŀǊƛǘƛŜǎ ǘƘŀǘ ǇƭŀƎǳŜ ōŜƴŎƘ ǎŎŀƭŜ ŘŜǾƛŎŜǎ ƛƴǘŜƴǎƛŦȅ ƛƴ ƛƴŘǳǎǘǊƛŀƭ Ƴǳƭǘƛ ƭƛǘǊŜ ǊŜŀŎǘƻǊǎΦ 

¦ƴƭŜǎǎ ǘƘŜ ŎƻƳƳǳƴƛǘȅ ŘŜǾŜƭƻǇǎ ǊŜŀƭ ǘƛƳŜ ǇƭŀǎƳŀ ƳŜǘǊƻƭƻƎȅ ŀƴŘ ŎƭƻǎŜŘ ƭƻƻǇ ŎƻƴǘǊƻƭ 

capable tuning plasma conditions, the very features that make CAP attractive in 

ǇǊƛƴŎƛǇƭŜ ǿƛƭƭ ǊŜƳŀƛƴ ƛƳǇŜŘƛƳŜƴǘǎ ǘƻ ǊŜƭƛŀōƭŜΣ ƭŀǊƎŜ ǾƻƭǳƳŜ ƴŀƴƻǇŀǊǘƛŎƭŜ ƳŀƴǳŦŀŎǘǳǊŜΦ 

 

1.3 Hypothesis and thesis aims  

The literature suggests that the main obstacle to push plasma -assisted nanomaterial 

synthesis is not the ability of plasmas to synthesise high quality NPs, but consistency. 

Therefore, it is hypothesised that a machine learning data driven technique, coupled 

with in situ  diagnostics, can learn, predict and control the stochastic dynamics of CAP, 

enabling reproducible, user-programmable NP synthesis at atmospheric pressure.  

To test this hypothesis, four interconnected aims were devised: 
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1. System identification: Evaluate CAP electrode geometries (surface discharges 

and jet systems) for their intrinsic suitability for gold-NP generation and the 

possibilities for their real time diagnostic and control. 

2. Synthesis parameter space mapping: Sample the multidimensional parameter 

space: (input power, carrier-gas composition, electrode configuration, precursor 

concentration) to link plasma parameters to NP outputs (size, shape, size 

dispersity). 

3. Control-strategy evaluation: Compare and evaluate data-driven machine 

learning (ML) methods suitable for CAP control and optimisation. 

4. Implement ML driven CAP NP synthesis: Integration of in-situ diagnostics to 

demonstrate data driven ML for precise control of NP properties. 

 

1.4 Thesis structure  

This thesis contains seven chapters including the current one. Chapter 2 summarises the 

essential background in relation to CAP and nanomaterials synthesis: including 

fundamentals of plasmas, overview of CAP systems, various applications of CAP 

including nanotechnologyΣ ŀƴŘ ǘƘŜ ǘƻƻƭƪƛǘ ƻŦ Řŀǘŀ ŘǊƛǾŜƴ ŎƻƴǘǊƻƭ ŀƭƎƻǊƛǘƘƳǎΣ ǇƛƴǇƻƛƴǘƛƴƎ 

gaps that motivate the present work. The materials and methods used in the study are 

included in Chapter3, with a detailed description of the two reactor architectures, direct 

jet like ǇƭŀǎƳŀ ŀƴŘ ƛƴŘƛǊŜŎǘ ǎǳǊŦŀŎŜ ōŀǊǊƛŜǊ ŘƛǎŎƘŀǊƎŜΣ ǘƻƎŜǘƘŜǊ ǿƛǘƘ ǘƘŜ ŘƛŀƎƴƻǎǘƛŎ ǎǳƛǘŜ 

that feeds the control loops. Observing and presenting the problematic interference of 

cold atmospheric plasma (CAP) on gas phase diagnostics measurements, followed by a 

thorough investigation of its underlying causes. Chapter 4, explores the parameter space 

ǳǎƛƴƎ ŀ ǇƭŀǎƳŀ ǘƻ ǎȅƴǘƘŜǎƛǎŜ ƳƛȄŜŘ ƳƻǊǇƘƻƭƻƎȅ gold NPs that form robust plasmon 

enhancing substrates and their application with improved  classification via a ML 

pipeline. Chapterр ŦƻŎǳǎŜǎ ƻƴ ǘƘŜ ŘŜǾŜƭƻǇƳŜƴǘ ƻŦ ŀƴ ŜƴǾƛǊƻƴƳŜƴǘ ŀŘŀǇǘƛǾŜ .ŀȅŜǎƛŀƴ 

optimiser that actively adjusts discharge voltage, gap and O 2 admixture to lock on a 

target OH/Ar ratio. Building on this, Chapter6 transfers the same optimiser to 

chemistry, tuning plasma power and gas flow to improve delivery of gold colloids with 
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specific size, polydispersity and yield. Finally, Chapter7, provides a discussion on the 

key findings of the stu dy, highlighting the advantages and disadvantages of the 

technology in general and of the approaches investigated, as well as some suggestions for 

future work.   
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2 B ACKGROUND ON PLASMA , PLASMA 

ASSISTED METALLIC NANOPARTICLE 

SYNTHESIS AND MACHINE LEARNING 

IN PLASMA  

 

2.1 Plasma as the Fourth State  

Plasma, is often referred to as the fourth state of matter, occurs when sufficient energy 

is supplied to a gas to ionise neutral particles and generate a collective population of 

charged and neutral species. Since the resulting medium is globally quasi-neutral but 

still permeated by long -range Coulomb forces, its behaviour differs significantly from 

that of solids, liquids and conventional gases [24]. The plasma state is characterized by 

parameters such as the Debye length ɚd and the plasma frequency ɤp. A gas is generally 

considered plasma-like if the condition is met:  

 ὲ‗ ḻ ρ (2.1) 

 

where each Debye sphere contains numerous electrons (ne) and collective oscillations are 

sustained [25]. Moreover, plasmas can span vast temperature and density ranges, from 

ultracold magneto-optical plasmas to glow discharges in the laboratory to fusion cores 

and the interiors of stars, and yet they all share the principles of charge neutrality, self-

consistent fields, and rich wave particle dynamics. 
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2.1.1 Plasma Classification 

Plasmas are commonly classified along two orthogonal axes: thermodynamic equilibrium 

and ionisation fraction. High -temperature plasmas are near local thermodynamic 

equilibrium, the energy is evenly distributed among electrons, ions and neutrals 

T e  T i  T g, the degree of ionisation Ŭ approaches unity and radiative transfer is 

strongly coupled to matter, as seen in stellar photospheres or electric arcs  [26]. Low-

temperature plasmas, on the other hand, are not in thermodynamic equilibrium: 

electrons have high kinetic energies (T e Ḑ 1ς10 eV, corresponding to 

10,000 ς 100,000 K), while heavy particles remain close to their surroundings 

(T g Ṃ 600 K). The degree of ionisation: 

 ‌
ὲ

ὲ ὲ
 (2.2) 

 

Where ni is the number density of all positive ions and n n number density of neutral 

atoms/molecules. Usually lies between 10-6 and 10-3, where quasi-neutrality is maintained 

since ne ḗ ni everywhere outside thin boundary sheaths [27].  

Low-temperature non-equilibrium plasmas may also be classified according to pressure 

regime, source geometry, power coupling and discharge morphology. Low-pressure radio 

frequency and microwave discharges are often spatially diffuse and electron heating may 

occur through sheath interactions, collisional bulk heating, inductive coupling or wave 

absorption depending on the operating conditions. Atmospheric pressure non-equilibrium 

plasmas include dielectric barrier discharges, corona discharges, pin-to-plane or pin-to-

liquid discharges, and atmospheric-pressure plasma jets. These sources are commonly 

non-thermal, but depending on gas composition, electrode geometry, excitation 

waveform, flow and power density they may be filamentary, streamer-like, diffuse, glow-

like or jet -like. 



26 

 

Interestingly, even in the low -temperature class, vibrational and rotational modes of 

molecules can be strongly excited, opening up a variety of inelastic reaction pathways 

that enable surface modification, ozone generation and plasma medicine  [28]. These 

chemical pathways resulting from the non-equilibrium conditions in cold atmospheric 

plasmas (CAP) are briefly outlined in chapter 2.2.4. 

2.1.2 [29]tŀǎŎƘŜƴΩǎ [ŀǿ ŀƴŘ /ǳǊǾŜ 

The voltage required to trigger the breakdown follows the Paschen law, which states 

that for a given gas and electrode material, the breakdown voltage VB is a single valued 

function of the pressure distance product pϽd: 

 
ὠ  

ὄὴὨ

ὰὲὰὲ ὃὴὨ ὰὲὰὲρ
ρ
‎

 
(2.3) 

 

where A and B are empirical constants related to the first Townsend coefficient, and ɔse 

denotes the secondary electron emission coefficient of the cathode. The Paschen curve 

has a minimum whose position reflects a trade-off: at lower pϽd, electrons cross the gap 

with few collisions and rarely ionise, requiring a high field , at higher pϽd, frequent 

collisions dissipate energy before ionisation can occur, again requiring a higher voltage 

(Figure 2.1) [25], [30]. Since the pressure (p) is fixed and high in atmospheric plasmas, 

the electrode gap (d) must be kept very small or noble gases (He, Ar) should be used to 

avoid impractically high breakdown voltages. Consequently, the required breakdown 

voltages must be carefully considered when designing plasma sources and selecting 

electrode compositions. 
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Figure 2.1 Predicted breakdown voltage VB as a function of the product of gas pressure 

and electrode separation (pϽd) for four different gases (air, argon, helium, and hydrogen). 

Coefficients taken from [25]. 
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2.2 Atmospheric pressure plasma systems  

2.2.1 Dielectric-Barrier Parallel-Plate Sources 

Dielectric barrier discharges (DBD) are non -equilibrium plasmas sustained at 

atmospheric pressure by placing a dielectric layer on one or both electrodes. The concept 

dates back to {ƛŜƳŜƴǎΩǎ мурт ƻȊƻƴƛǎŜǊΣ ōǳǘ ƳƻŘŜǊƴ ƛƴǾŜǎǘƛƎŀǘƛƻƴǎ ǎƛƴŎŜ ǘƘŜ ƳƛŘ-1990s 

have transformed DBDs into multifunctional  cold plasma sources [31], [32]. In particular, 

Okazaki et al. (1993) demonstrated that a stable glow discharge at atmospheric pressure 

could be achieved in a parallel  plate DBD using a 50  Hz voltage source [33]. This 

ƭŀƴŘƳŀǊƪ ǊŜǎǳƭǘ ǎƘƻǿŜŘ ǘƘŀǘΣ ŎƻƴǘǊŀǊȅ ǘƻ ǘƘŜ ǳǎǳŀƭ ŦƛƭŀƳŜƴǘŀǊȅ άǎƛƭŜƴǘέ ŘƛǎŎƘŀǊƎŜΣ ŀ 

diffuse Townsend-like plasma was possible in air with careful control of conditions. 

Subsequent studies through the late 1990s explored the transition between filamentary 

and glow regimes in kHz driven DBDs [34]. Atmospheric pressure DBD reactors, often 

in parallel  plate geometry, have been widely adopted for ozone generation, pollution 

control, surface treatment, and plasma medicine [35]. 

A kHz DBD parallel  plate source typically operates with sinusoidal or pulsed high 

voltages in the 1 ς 100 kHz range. Driven voltages of several kV (up to tens of kV) are 

applied across gaps of a few mm, resulting in transient breakdown twice per AC cycle 

[36]. Besides sine waves, modern setups use square waves or nanosecond pulse excitation 

to improve uniformity. Nanosecond pulsed DBDs can produce large  area uniform 

plasmas even in air by suppressing filament formation through very short voltage rise 

times [37]. Typical electrode configurations (Figure  2.2) may use a double dielectric 

barrier (both electrodes insulated) or a single barrier (one electrode bare, one insulated). 

The double barrier design inherently limits the charge on both sides, yielding symmetric 

microdischarges and is common in ozone reactors. Single-barrier DBDs, by contrast, 

concentrate the discharge near the insulated electrode and are often used in surface 
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plasma actuators and open-air plasma jets. This self -limiting mechanism is crucial for 

stable operation at atmospheric pressure, preventing transition into a thermal arc. 

 

Figure 2.2. Basic planar configurations of DBDs: (a) volume DBD, (b) surface DBD and 

(c) coplanar discharge. Reproduced from [36]. 

 

Depending on operating conditions, atmospheric pressure DBDs exhibit two primary 

modes: filamentary and diffuse [38]. The filamentary mode is the classical and most 

common way a DBD operates, especially in molecular gases like air. It is not a single, 

uniform plasma but is instead composed of many individual, short-lived plasma channels 

called filaments or microdischarg es. This happens because the electrical breakdown 

occurs through a "streamer" mechanism, where electron avalanches create localised, high-

density plasma channels that rapidly bridge the electrode gap. The charge on the 

dielectric surface quenches each filament, preventing it from becoming a full arc. These 

filaments appear randomly over the electrode area on each half -cycle, forming a 

ǇŀǘǘŜǊƴŜŘ άŦƻǊŜǎǘέ ƻŦ ƳƛŎǊƻǇƭŀǎƳŀǎ [35]. The transient cold plasma formed in the 
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microdischarges is highly reactive and efficient at producing chemical species. For 

example, atmospheric air DBDs are well known for generating ozone (O 3) from the 

available oxygen. The diffuse mode is a less common mode where the plasma appears as 

a smooth, uniform glow that covers the entire electrode surface without any visible 

filaments. This mode requires specific conditions, with the type of gas used  being an 

important factor. Typically, noble gases are used. In these gases, the breakdown 

mechanism is slower and more controlled (like a Townsend or glow discharge), avoiding 

the rapid streamer formation that causes filaments  [39]. The result is a more stable 

discharge with a much lower current density, characteri sed electrically by a single, 

smoother current pulse per cycle instead of many individual spikes. 

2.2.2 Surface -Barrier Discharges  

Surface-barrier discharges (SBDs) are a class of CAP DBD distinguished by a plasma 

that spreads along a dielectric surface rather than filling a gap volume. In a typical SBD, 

both electrodes are in contact with a single dielectric sheet (often exposed to the gas), 

alternatively one electrode can be buried just beneath the dielectric. This configuration 

forces the discharge to remain surface-bound like a sheet over the dielectric. SBD devices 

can be categorised by geometry: 1D SBD actuators with linear or st rip electrodes 

ƎŜƴŜǊŀǘƛƴƎ ŀ ǇƭŀǎƳŀ ǎǘǊƛǇ ƻǊ Ǝƭƻǿ ŀƭƻƴƎ ǘƘŜ ŜƭŜŎǘǊƻŘŜΩǎ ŜŘƎŜ, 2D plasma sheet discharges, 

in which extended or co -planar electrodes create a wider planar plasma region , and 

sliding discharges, a multi-electrode variant wherein an auxiliary electrode (often DC 

biased) is added to a standard SBD [40], [41].  

In all DBD systems, the dielectric material must withstand repeated discharges, typical 

materials include ceramics like alumina (Al2O3) and quartz glass, as well as polymer films 

(Kapton) for their flexibility and ease of fabrication. For instance, one common design 

uses a thin Kapton layer to cover a buried electrode, preventing plasma formation on 

the reverse side. Electrode materials are typically metals (copper, brass, aluminium, and 
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stainless steel) attached to or embedded in the dielectric. SBD systems are also known 

as plasma actuators and can be driven by alternating current (AC, low kHz sinusoidal, 

nanosecond pulsed voltages), and sometimes with a DC bias.  

SBDs exhibit several distinguishing traits relative to conventional volume DBDs [42]. As 

the plasma moves across the special surface, it leaves behind a charge that acts like a 

temporary shield, forcing the plasma to explore other positions. This is what keeps the 

whole process stable and cool. In a volume DBD, this charge build up quenches a micro-

discharge filament in a given spot, after which new filaments appear elsewhere in the 

volume. By contrast, in a surface discharge the accumulating charge can deflect the 

plasma along the dielectric instead of quenching it outright. The result is a streamer or 

diffuse plasma that can expand over the surface, yielding a wider discharge far beyond 

the immediate electrode vicinity [43]. Finally, SBD plasmas often appear more uniform 

than the numerous filamentary micro -discharges seen in volume configurations at 

atmospheric pressure. The 2D like topology of SBD plasma is advantageous for treating 

surfaces uniformly even across contoured substrates, avoiding filamentary chemistry of 

DBDs. However, the very architecture that brings these benefits also limits performance. 

An SBD is inherently surfacŜ ōƻǳƴŘΣ ǘƘŜ άǿƻǊƪƛƴƎέ ŘƛǎǘŀƴŎŜ ƛǎ ƻƴƭȅ ŀ ŦŜǿ ƳƛƭƭƛƳŜǘǊŜǎΦ 

Only long-lived species overcome the άǿƻǊƪƛƴƎέ distance, short-lived radicals and ions 

are quenched before they can escape. The depth and speed of functionalisation is limited 

in comparison to those achieved in volume discharges.  

 

2.2.3 /ƻƭŘ !ǘƳƻǎǇƘŜǊƛŎ tǊŜǎǎǳǊŜ tƭŀǎƳŀ WŜǘǎ 

/ƻƭŘ ŀǘƳƻǎǇƘŜǊƛŎ ǇǊŜǎǎǳǊŜ ǇƭŀǎƳŀ ƧŜǘǎ ŀǊŜ ǘȅǇƛŎŀƭƭȅ ƳƳ-scale discharges in which a 

ƴƻōƭŜ Ǝŀǎ ƛǎ ŎƻƳƳƻƴƭȅ ǳǎŜŘΦ ¢ƘŜ ǳǎŜ ƻŦ ŀ ŦƭƻǿƛƴƎ Ǝŀǎ ŜƴŀōƭŜǎ ǘƘŜ ǊŜƎƛƻƴ ƻŦ ƛƻƴƛǎŀǘƛƻƴ ǘƻ 

be separated from the region of target interaction driven primarily by the gas flow. Such 

systems allow for plasma generation within a noble gas filled capillary that extends into 
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the surrounding air in a jet  ƭƛƪŜ ǎǘǊǳŎǘǳǊŜΣ ǘƘǳǎ ōŜƛƴƎ ƴŀƳŜŘ ŀ ΨǇƭŀǎƳŀ ƧŜǘΩ ŘŜǾƛŎŜǎΦ 

¦ƴƭƛƪŜ ƭŀǊƎŜ ǾƻƭǳƳŜ Ǝƭƻǿ ŘƛǎŎƘŀǊƎŜǎ ƻǊ ŀǊŎǎΣ /!t ƧŜǘǎ ŀǊŜΥ 

 Spatially constrained: The active plasma region is only a few millimetres wide, 

enabling localised surface treatment. 

 Electrically flexible:  Operation has been demonstrated from a few hundred 

hertz to the microwave regime, as well as with unipolar nanosecond pulses. 

 Chemically rich: The working gas mixes with ambient O2, N2 and H2O within 

the first few centimetres beyond the jet capillary, producing a cocktail of 

reactive oxygen and nitrogen species (RONS) [44], [45]. 

 

The electrode configuration in CAP jets is a vital  design choice that dictates the jet's 

safety, power, and ideal applications. These configurations mostly fall into three main 

categories as seen in Figure 2.3. 

DBD jets are characterised by the fact that at least one electrode is separated from the 

plasma-forming gas by a dielectric material, such as the glass or ceramic tube itself. 

Common designs utilise two external ring electrodes or an internal powered electrode 

with an external ground ring (Figure 2.3a). This separation is the key to their operation. 

The dielectric barrier prevents the transition to a high current arc, making these jets 

inherently safe. They operate at low power (a few watts) at gas temper atures close to 

room temperature, which is ideal for treating sensitive surfaces and biological tissue [46]. 

In the DBD -like jet configuration, the high voltage (HV) electrode is in direct contact 

with the gas, while an external ring electrode may still be present (Figure 2.3b). When 

the plasma plume is not touching anything, it behaves like a DBD. However, if the 

plasma jet touches a conductive object, this object becomes the ground electrode. This 

allows for a higher power output than true DBDs, which can be advantageous for 

material processing [47]. The primary disadvantage is the significant risk of arcing. A 

notable feature is the use of hollow electrodes for mixing different gases, a noble gas and 

a reactive gas such as O2 [48]. 
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Figure 2.3. a) DBD, b) DBD-like, c) Single electrode jet geometries. Edited from [49]. 






















































































































































































































































































































































