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Résumé

Ce projet de recherche s’inscrit dans le parcours international de la maitrise de Physique (option
plasma) de I’'Université de Montréal en collaboration avec I’Université Paul Sabatier de Toulouse
(France). Il concerne la caractérisation des décharges électriques (Sparks) dans les liquides
diélectriques et ses applications dans la synthése de nanoparticules. L'objectif est d’amélioré la
connaissance des conditions de formation des nanoparticules. Cela implique de caractériser
I’ensemble du systeme expérimental et de développer sa métrologie d’une part, et d’autre part

d’obtenir I’évolution des paramétres plasma lors de la synthese.

Dans un premier temps, sur le site du LAPLACE (UMR5213), Toulouse, il a fallu développer une
alimentation électrique impulsionnelle destinée a réaliser des décharges dans les liquides. En se
basant sur un dispositif existant qui fit amélioré, le fonctionnement a été caractérisé du point
de vue électrique (courant - tension). L'application a la synthése de nanoparticules a été ensuite
abordée pour différentes conditions expérimentales, en considérant I'aspect énergétique (bilan

d’énergie, caractéristiques de la décharge...).

Les travaux se sont poursuivis a I’'Université de Montréal, ou un circuit électrique équivalent du
systeme expérimental est réalisé afin de visualiser I'évolution temporelle des parametres
plasma (température et densité électronique) en fonction des parametres électriques choisis.
Aussi, la synthése de nanoparticules de Co et Ni par la décharge a été évaluée et les
nanoparticules formées sont caractérisées a I'aide du microscope électronique a Transmission

de Polytechnique Montréal..

Mots-clés : Nanoparticules, Décharges Spark, Circuits équivalents, Nickel, Cobalt, Générateur

haute-tension impulsionnelle, Cavitation.



Abstract

This research project is part of the international master's program in Physics (plasma option)
between Université de Montréal and Université Paul Sabatier - Toulouse (France). It concerns
the synthesis of nanoparticles by pulsed electrical discharges in liquids. The objective is to
develop the synthesis process while improving the knowledge of the formation conditions of
nanoparticles. This involves characterizing the entire experimental system and developing its
metrology on the one hand, and on the other hand obtaining the evolution of plasma

parameters during synthesis.

Initially, at the LAPLACE lab (UMR5213), Toulouse, it was necessary to develop a pulsed
electrical supply to produce discharges in liquids. Based on an existing device that, after being
improved, the discharge process is characterized from the electrical point of view (current,
voltage). The application of the device in the synthesis of nanoparticles was tested under
different experimental conditions, considering the energy aspect (energy balance,

characteristics of the discharge, etc.).

The second part was conducted at Université de Montréal, where the synthesized nanoparticles
are characterized using the transmission electron microscope of Polytechnique Montreal. Also,
the electrical circuit equivalent to the experimental system was determined to visualize the time
evolution of the plasma parameters (Temperature and Electron Density) based on the electrical

characteristics.

Keywords: Nanoparticles, Spark discharge, Equivalents circuits, Nickel, Cobalt, High Voltage

Pulsed power supply, Cavitation
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Introduction

Les premieres nanoparticules n’ont pas été créées de facon volontaire, les moyens de les
observer ou de les étudier étant alors inexistants. D’ailleurs, les hommes utilisent leurs
propriétés depuis plus de 4 500 ans en renforcant la céramique par ajout de nanofibres
naturelles ou en utilisant le sulfure de plomb (PbS) comme teinture en les synthétisant par un
processus chimique. La premiere description scientifique de la synthése de nanoparticules a été
réalisée par Michael Faraday en 1854 qui a également comparé leurs caractéristiques optiques

[1].

Les nanoparticules sont, aujourd’hui, utilisées dans de nombreuses applications
modernes telles que dans I'alimentation (conservateurs, ...), les cosmétiques (pigment, teinture,
...) ou encore l'industrie (piles a combustibles, panneaux solaires, détection de polluants ...) par
changement des propriétés des matériaux. Par exemple, les propriétés bactéricides des
nanoparticules d’argent sont utilisées dans les textiles pour lutter contre les mauvaises odeurs

ou encore des nanoparticules d’or sont ajoutées dans le verre afin de le rendre bichromatique

[2].

Ces applications variées, inquietent de nombreux organismes, car leurs effets est encore
mal connu sur la santé d’autant plus qu’il existe une grande variété de nanoparticules, que ce
soit par leur taille, mais aussi par leurs constituants. Des études de I’Agence nationale de
sécurité sanitaire de l'alimentation, de I'environnement et du travail (ANSES) font I'inventaire
des effets connus de certains nanomatériaux, en premier lieu, il est montré que les
nanoparticules ont la capacité de passer les barrieres physiologiques et que certaines sont
toxiques [3]. L'exemple le plus récent est le dioxyde de titane (E171) qui est interdit depuis le 1¢
janvier 2020 en France dans les denrées alimentaires pour donner suite a un rapport de
I'Institut national de la recherche agronomique (INRA) qui démontre que des rats exposés a

cette substance ont développé des cellules cancéreuses [4].

La synthese et l'utilisation sécuritaires de ces nanoparticules est donc un enjeu de
société. Comprendre leurs processus de formation et identifier leurs caractéristiques sont donc

trés importants pour optimiser leurs fabrications.
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1.Etat plasma et Nanoparticules

A. L’état plasma (Généralités)
Le plasma peut étre défini comme le quatrieme état de la matiere. Il représente I'état ou les
particules s’ionisent, se dissocient, il est par conséquent composé d’atomes, d’ions, d’électrons
et de molécules. Electriquement neutre a une échelle macroscopique, il est I’état de la matiére

visible le plus commun dans I'univers (étoiles, nébuleuses...).

Il doit résulter d’'un apport important d’énergie électrique, thermique ou électromagnétique. De
ce fait, il est plus rare de trouver un plasma a I'état naturel. Cependant, certains événements,
tels que le vent solaire, peuvent générer un état plasma dans notre atmospheére sous la forme
d’aurore polaire. Un autre exemple couramment observé est la foudre causée par la décharge

d’un nuage chargé (tel que le cumulonimbus).

Les caractéristiques physiques et chimiques particulieres du plasma, synthétisé de facon

artificielle, lui permettent d’étre utilisé dans des domaines variés, tels que :

e La métallurgie pour son caractére thermique et de transfert de chaleur, principalement
pour fondre les métaux dans des fours a arc. [5]

e La sécurité électrique avec les disjoncteurs qui permettent d’ouvrir un circuit électrique
en opération : cette ouverture crée alors un arc électrique qui sera par la suite coupé par
le dispositif. [6]

e La fabrication de composants électroniques (microprocesseurs...) par des procédés, qui
par dépdt ou gravure, déposent ou enlévent de la matiére a des échelles nanométriques.
[7]

e Le traitement de surface (dépot de film, nettoyage de surface ...) par des méthodes
similaires avec des plasmas ayant peu de transfert thermique contrairement a la
métallurgie. [8]

e Dans le domaine de la santé (stérilisation du matériel médical, traitement de plaie ...)
avec des procédés qui utilisent les sous-produits des plasmas tels que le rayonnement
UV ou encore la dissociation de certaines molécules afin d’obtenir soit des milieux

activés par plasma, soit des effets directs sur les plaies. [9]
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Les plasmas et leurs compréhensions sont donc un enjeu important pour de nombreux aspects
de notre société afin de comprendre et se protéger de phénomenes naturels tels que le
foudroiement, mais également de développer de nouvelles technologies et procédés tels que

celui de ce mémoire qui est de générer des nanoparticules.

1. Types de plasmas

Les applications industrielles des plasmas sont donc tres diverses et cela est d{ a la variété des
plasmas qui peuvent étre généré avec différentes sources d’énergies sous différentes conditions

de pressions. (Figure 1)
Il est possible de classer ces différents plasmas en fonction de leur degré d’ionisation :

o = —=¢ (1)

Net+ny

avec 1, : la densité électronique et ny : la densité des atomes neutres.

Celle-ci peut étre trés faible (de I'ordre de 1071°) ou égale 1 dans le cas de milieux totalement

ionisés (étoiles).
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e importants (> 0,1) et, par conséquent, les
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Figure 1. — Classifications des plasmas en moyenne) est différente de celles des atomes

que la température des électrons (ou énergie

fonction de Ieur§ (?nergies rr.moyennes et de et des ions.[10], [11]
leurs densités de particule [11]
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2. Conductivité du milieu plasma
Le milieux plasma est constitué de particules chargées. Ces particules, en présence d’'un champ
électrique, vont subir la force de Coulomb et se déplacer dans le milieu créant ainsi un courant
électrique dans le plasma. Seules les collisions de ces particules chargées, entre elles et avec les
particules neutres vont limiter ce courant. Il peut étre étudié afin de déterminer les
caractéristiques microscopiques, telles que la conductance, qui sont liées aux propriétés

plasmas [12]. (Figure 2)

Dans un cas simple, constitué d'un cylindre — £
homogéne de plasma soumis a un champ électrique N & /s
v v q. v.
[13], la relation reliant la conductivité électrique avec . Q'T n
L A A NN
v, v,

les densités des espéces chargées et leurs mobilités :

dans le milieu s’écrit :

¥

Figure 2.— Déplacements des charges
dans le plasma [13]

o = epen, + e (2)

Avec e : la charge de I’électron, 1, et y; : la mobilité des électrons et des ions, n, et n; : la

densité des électrons et des ions.

Il est important de noter que la mobilité des ions étant tres inférieure a celle des électrons (a
cause de leur masse plus importante), le terme ionique est souvent négligé. La mobilité ionique
et électronique reste a déterminer en fonction de la fréquence moyenne de collision d’un

électron, soit la formule suivante :

e

He = (3)

meVe
Avec m, : la masse de |’électron et v, : la fréquence moyenne de collision d’un électron.
Afin de déterminer cette fréquence, des hypotheses sur les fonctions de distributions en vitesse

des ions et des électrons doivent étre prise en compte ; il faut également connaitre les sections

efficaces de collision pour les collisions prise en compte.
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Il est possible de considérer de multiple cas [14] :

e Un plasma totalement ionisé ou les collisions électrons-ions et électrons-électrons sont
majoritaires. (Collisions coulombiennes)

e Un plasma peu ionisé ou les collisions électrons-atome sont majoritaires. (Collisions
non-coulombiennes)

e Ou une combinaison des deux.

A la suite de la prise en compte ou non de certains types de collisions et du choix de la fonction
de distributions, il est alors possible de trouver des formules de conductivité en fonction de la

température (moyenne) des espéces considérées et de leurs densités.

Ainsi avec une distribution maxwellienne et en considérant une approximation a deux termes

de la fonction de distribution des électrons :

f) = fo(v) +8f = fo(v) + cos(6)f1(v) (4)

Avec

2
fow) = (2nv3,) 73 %exp (— =
ZVTe

) (5)
Avec vr, : la vitesse thermique moyenne des électrons

Et par la résolution de I'’équation de Boltzmann pour un état stationnaire et homogéne : [15]

- B = 1.(5) (6)

me Ov -
Avec E : le champ électrique appliqué, f(v) : la fonction de distribution des électrons et I,

I'intégrale de collision. Ici : 1.(6f) =v(v)6f (v) (7)

il est possible de déterminer la vitesse de dérive des électrons (qui détermine le courant et donc

la résistivité du plasma):

7= [vf()dv = [v6f(v) = —pE (8)
. __cos(8)eEvfy(v)
Soit: 6f = ) (9)
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Le calcul de la mobilité électronique est alors réalisé :

%fo(v)
Ue = %fvvf(—‘;)vcos(e)dv do (10)

En fonction du type de collision réalisée, on obtient alors des fréquences de collision
différentes, par intégration sur I’ensemble des angles et des vitesses. Dans le cas des collisions

électron-neutre :

3vV2m

ven(v) = TnaQ(T)vTe (11)

Avec q(T) la section efficace de collision de I'atome et n, la densité de I'espéce neutre.
Dans le cas des collisions électron-ion :

3
T2 (Ze2

2
Vel (V) = 5 ﬁ) nivre In4 (12)

Avec T, : la température électronique et In A: le logarithme coulombien, n; la densité de
I'espéce ionisée et Z le niveau d’ionisation.
Dans notre cas, pour des décharges d’'une centaine de nanosecondes, on négligera les collisions
électrons-neutres a cause de la densité électronique importante présente dans le milieu (voir
plus loin, chapitre 3 p43). Cela revient donc a obtenir I’équation de résistivité de « Spitzer » en

considérant les espéces une fois ionisées [16] :

n(!).m)= 1 InA

153e—4 @ (13)

3. Les types de claquage

Afin d’atteindre I'énergie nécessaire a la création d’un plasma, de nombreuse méthodes sont
disponibles telles que générer des micro-ondes concentrées en un point de I'espace [17] ou
encore de focaliser des impulsions laser sur une cible [18], mais nous allons nous attarder sur les

méthodes électriques.

Un apport d’énergie électrique suffisant doit étre obtenu. Il est alors possible de soit utiliser un

matériau conducteur auquel on fournira un courant important afin que celui-ci se vaporise et
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s’ionise par effet Joule, soit d’appliquer une tension importante aux bornes d’un diélectrique

afin qu’un canal conducteur soit créé : il s’agit d’'un claquage électrique.

Un claquage peut se produire de deux fagons distinctes :

e Par claquage de Townsend

e Par claquage Streamer

Ces deux mécanismes sont trés différents I'un de I'autre et conduisent a des types de décharges

différentes [19], [20]. (Figure 3)

décharge
non-entretenue décharge entretenue
T 1r 1

claquage de

clagquage

Townsend  "streamer”

décharge =

Tension

sombre

normale

ab-normale

de Townsend ;

2 sub-n

v . ! . décharge
: CC h%u ge lllllllll('h( cnte N ¥
d'arc

Courant

Figure 3.— Régimes de décharge :
Courbes courant-tension [19]

a. Claquage de Townsend

Le claguage de type Townsend se déroule
généralement a basse pression ou la densité atomique
est faible, de ce fait, la charge d’espace créée par le
front d’ionisation est faible et n’a que peu d’influence
sur le champ électrique appliqué. Au contraire, a plus
haute pression, la charge d’espace est non négligeable

et doit étre prise en compte [20].

Lors de l'application d’une tension aux bornes d’un espace gazeux, un champ électrique est

créé. La présence d'un électron libre (celui-ci peut avoir différentes origines telles que

I’échauffement de la cathode, ou le rayonnement cosmique...[21]) dans cet espace enclenche

alors le processus de claquage.
Anode

Q

e

Cet électron libre va alors étre accéléré par le
champ électrique présent, en direction de I'anode

en réalisant des collisions avec des

atomes/molécules présents dans I'espace inter-

électrodes. Ces atomes vont s’ioniser (si I'énergie

transmise par ces électrons dépasse le seuil

Cathode
Figure 4.— Claguage de Townsend :
Avalanche électronique [22]
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d’ionisation de I'atome) et créer des ions et des électrons. Les électrons, plus mobiles que les
ions, vont continuer a ioniser le milieu jusqu’a atteindre I'anode (avalanche électronique) tandis
que les ions, se dirigeant alors vers la cathode, vont créer des électrons secondaires a son

contact et le processus se répéte alors avec les électrons secondaires [20], [22]. (Figure 4)

On appelle alors le 1°" coefficient de Townsend (nommé «), le nombre qui exprime la quantité
moyenne d’électrons formés dans le gap par un électron par unité de longueur. Tandis que le
second coefficient de Townsend (hommé y) correspond au nombre moyen d’électrons émis a la

cathode par collision d’un ion avec celle-ci.

La décharge est entretenue si le nombre d’électron généré (par processus a ou y) est supérieur
au nombre d’électrons perdu par recombinaison a I'anode (ou dans le gap), soit la condition

suivante :

y(exp(ad) —1) =1 (14)

o étant relié aux parametres fondamentaux du gaz, il est possible d’obtenir une courbe donnant
la tension minimale de claguage en fonction du produit pression-distance [23], [24]. Cette

courbe est appelée courbe de Paschen et comporte un minimum (Figure 5) :

Bpd
= 1
Vclaquage In (1 —(f+1))+ln (pd) ( 5)
ity

A et B sont des constantes propres au gaz tandis que y dépend du matériau de la cathode [25].

Voltage (V)

107! I 10 102 10?
pd (cm Torr)
Figure 5. — Courbe de Paschen (tension de claquage en fonction du produit
pression distance) pour différents gaz [23]
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b. Claguage de type Streamer

Pour le claquage de type streamer, le début de la décharge est similaire qu’un claquage de type
Townsend : un électron libre va déclencher une avalanche électronique, les électrons étant plus
rapides que les ions, ils sont rapidement absorbés par I'anode tandis que les ions lents forment
une charge d’espace positive. Cette charge d’espace produit un champ qui peut étre du méme
ordre de grandeur que le champ appliqué et va alors contribuer a son amplification la ou les

électrons ont disparu.

Ce type de claquage est décrit par la théorie streamer-leader proposé par Meek et Loeb [26],
[27] et par Reather [28] en 1940. Ce type de décharge est obtenu par augmentation du champ
afin d’atteindre exp(ad) > 108 (avec a le 1°" coefficient de Townsend et d la distance inter-
électrode). La charge d’espace n’est alors plus négligeable et la photoionisation joue un réle

important.

Des électrons secondaires sont également émis par photo ionisation a I'abord de la charge
d’espace. Ces électrons forment alors d’autres avalanches électroniques. La charge d’espace
renforce ainsi le champ dans le gap. Les avalanches secondaires (causées par la photoionisation)
permettent de multiple front d’ionisation qui se propage dans |'espace inter électrodes. Lorsque

le streamer touche la cathode, le claquage se produit [20], [29]. (Figure 6)

anode +

t2> 4

streamer

secondary
avalanches

cathode -

Figure 6. — Claquage de type streamer [29]
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¢. Claguage sous tension de choc (impulsionnel)

Dans le cas ou le champ appliqué n’est pas continu, mais impulsionnel, d’autres éléments sont a
considérer. En effet, la présence d’un électron libre a un endroit précis de I'espace est aléatoire
car créée arbitrairement par le rayonnement cosmique ou la radioactivité terrestre. Par
conséquent, si le temps d’une alternance est suffisant pour I'apparition d’un électron libre (et la

tension appliquée suffisante) alors le claquage aura lieu.

Dans le cas contraire, si I'impulsion est bréve (< 1 us), la probabilité qu’un électron libre soit
présent est faible et il se peut que le claquage ne se produise pas méme si la tension appliquée

est supérieure a la tension de claguage « en continu » [20].

Il est donc possible d’appliquer une tension supérieure a la tension de claguage théorique sans
que le claquage ait lieu immédiatement, il peut étre visualisé avec un retard ou ne pas étre

observé si I'impulsion est d’une largeur trop courte.

En figure 7,des études montrent I'influence de certains parameétres sur ce délai avant claquage
et sur la probabilité de celui-ci [21], [30]—-[32] dans différents milieux tels que les gaz ou les

liquides diélectriques.

250 T T T T T s 210
) 2
el Stainless steel| o
o o ; | > \
[} 2 =@ Brass o 190 T &2 -
S0 = 200} e W-Cu alloy - { o~ ]L-0318cm
Breakdown ! 5} Graphite g 1
== denny | 8 ==Graphite _ g +
i = X ° \
[HEAWAN gy $ \
- \v = T 150
-20 30 80 130 18h| \/ %o 280 S 150} 4 5
T(us) > 2 A
-10 = 2 10 ==
- r,=0,15¢cm
6 5 g
! 2 100 4 110 =
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= H
__2 2 E :: 50 | - & \ ry=0,05cm
- thi N s -
- 2
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H

Figure 7.— Variation du délai de claquage (a) [30] : Avec différentes électrodes sous N2 (0.1MPa
/ gap =1mm ) (b)[32] et en fonction du rayon de courbure et de la tension appliquée dans I'huile
[20] (c)
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En fonction de la durée de I'impulsion, il est également possible de limiter le passage a I'arc ou
la thermalisation du plasma. Ainsi, pour des impulsions inférieurs a 1 ps, la température
électronique et la température des atomes et ions ne seront pas les mémes [33] car les

électrons ne parviennent pas a transférer leurs énergies dans le temps imparti.

B. Les plasmas dans les liquides diélectriques

Bien qu’étudiés dans les phénomeénes liés a I'électrolyse depuis plus d’un siecle a la suite de leur
découverte lors de ce processus, les plasmas dans les liquides sont encore assez mal compris et
modélisés du fait de la difficulté d’obtenir des données fiables dans ces milieux [34]. La raison
est que la pureté du liquide et la quantité de gaz dissous a une grande influence sur le processus

de claguage [35].

Les études des décharges dans les liquides diélectriques ont été ensuite poursuivies dans le
cadre de leurs applications dans les disjoncteurs. Le disjoncteur a huile, par exemple, est un

moyen simple et économique de couper des tensions allant de 5 a 150 kV [36].

Des activités et procédés ont été alors mis en pratique, a la suite des observations réalisées sur
ces décharges, tels que I'électroérosion, la fracturation des roches, ou encore la synthese

d’explosifs [37].

Nous nous focaliserons sur les

o |

e
\

décharges impulsionnelles d’une

L e centaine de nanosecondes. (Figure 8)
<20 <10 0 10 20
i Prebreakdown .-~
iand streamer.--~"~ 3§ ® indiqué i
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rise  i,-” Spark = discharge oscillations , ,
ol ® o 3 ® précédente, le claguage d’un
154! ‘ , : ) .. .
] Continuum 100 Line | diélectrique gazeux est dans le cas
e i ‘ emission ! emission
< L ik, 5 § - d’'une décharge électrique issu de
LAEHIE M ] E |
A ey “iasspiagy. 8 | - I'application d’'un fort potentiel
04 i . { H
: ' : : électrique. Le gaz a alors perdu ses
T + T T T T T Srrer pr——
-100 0 100 200 300 500 ns 1us 10 us 100 ps
Time (ns) caractéristiques isolantes. Il se passe

Figure 8.— Evolution temporelle d'une décharge dans

un phénomeéne similaire lors des
un liquide diélectrique [34] P



décharges dans les liquides diélectriques, cependant des différences sont a préciser :

e Une étape de pré claquage est nécessaire afin d’initier le streamer, durant cette étape
d’injection de charge, la tension appliquée oscille avec une amplitude faible (centaines

de volts) juste avant de s’effondrer.

e Lors de la décharge, le liquide environnant, absorbe et réémet un rayonnement. Le

milieu ne peut pas étre considéré optiquement « mince ».

e La présence d’une bulle gazeuse peut étre observée, celle-ci ayant une dynamique bien

plus lente que celle de la décharge.

1. Montée en tension
Les milieux liquides étant bien plus denses que les milieux gazeux, le libre parcours moyen des
particules chargées est plus faible et conduit a I'impossibilité pour les charges de gagner assez

d’énergie pour ioniser les autres particules [35].

Le temps en montée (ou «rise time » en anglais) de la tension a une importance sur les
processus mis en jeu lors du claguage du liquide [38], il existe alors deux mécanismes qui

provoquent ce claquage :

e La formation de microbulles de gaz par effet thermique de chauffage du liquide
environnant, la densité des espéces est alors plus faible et le claquage peut avoir lieu

[39]. (Temps de montée de la tension > 100 ns)

e Ou bien la formation d’'une onde de pression par électrostriction (Déformation d’un

diélectrique a I'aide d’un champ électrique) qui change la densité du liquide localement

[40].
Tableau 1.— Mécanisme de diminution de la densité du liquide
Temps de montée Mécanisme de diminution de
la densité du liquide
Dispositif du LAPLACE =107°s Microbulle
Dispositif de L'UdeM = 108s Electrostriction
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Le tableau 1, ci-dessus, montre alors que les dispositifs du LAPLACE et de I'UdeM auront des
mécanismes de claquage différents. D’autres phénomeénes sont également proposés tels que la

dissociation des molécules du liquide par le champ électrique appliquée [34].

La polarité de la tension appliquée a également une importance sur les parts de chaque
phénomeéne : la géométrie du streamer est également modifiée, le retard avant la décharge
change. Ainsi, la tension de claquage est plus faible pour une tension appliquée positive que

négative dans une configuration pointe plan. [13]

2. Préclaquage et streamer

Les streamers peuvent étre subdivisés en plusieurs catégories selon leur vitesse et leur polarité

(Figure 9) :

Figure 9.— Visualisation des modes de propagation d'un streamer [33]

e Les streamers lents appelés également « streamer primaire » apparaissent a des
amplitudes faibles. lls ont une longueur typique de |'ordre de la centaine de micromeétres
qui peuvent étre trés arborescente (Figure 9, image M2) ou hémisphérique (Figure 9,

image M1). lls ont une vitesse de propagation d’une centaine de m/s a quelques km/s.

e Les streamers rapides appelés également « streamer secondaire » apparaissent au-dela
d’un certain seuil de tension (déterminé par la géométrie de chaque systeme). Ils sont
plus rapides (10 a 100 km/s) et ont souvent des structures arborescentes (Figure 9,

images M3 et M4).
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Figure 10.— Evolution de la vitesse
moyenne des modes de propagation
des streamers dans les liquides en
fonction de la tension appliquée [20]

Une classification en quatre modes a été réalisée par
Hebner et Lesaint [21] en catégorisant leur vitesse de
propagation plus finement et leurs nombre de fronts

ionisants (arborescence). (Figure 10)

Ce streamer est issu du transport des charges
déposées durant le préclaquage par différents
mécanismes d’injection de charge tels que I'émission
d’électrons d’Auger [34]. Ces charges injectées, dans
le cas d’un streamer lent, provoquent des avalanches
électroniques dans les différentes bulles de gaz

présentes ou directement dans le liquide.

Ce phénomene continue jusqu’a ce que la tension

appliquée soit suffisante pour que la succession de bulles claque ou que le champ appliqué soit

assez grande pour qu’un streamer rapide soit formé.

Le streamer rapide se propage par vaporisation de I'eau autour de lui jusqu’a atteindre 'autre

électrode, ainsi des distances plus importantes peuvent étre parcourues comparativement aux

streamers lents [35].

3. Spark

Pour donner suite a cette décharge, la formation de plusieurs types de plasmas sont alors

possibles :

e Une décharge partielle (semblable a une décharge corona) ol seuls des streamers sont

visibles.

e Une étincelle, « Spark» ou décharge électro hydraulique (canal conducteur sans

équilibre thermique)

e Un arc (canal conducteur en équilibre ou proche de I'équilibre thermique)
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Si la tension appliquée est insuffisante pour que le streamer puisse franchir I'espace inter

électrodes, on se trouve dans le premier cas, la décharge ne peut pas créer un canal ionisé entre

les deux électrodes [37].

Sinon, ce canal se crée et une étincelle est alors présente entre les deux électrodes, si ce canal

est soumis a une impulsion de plus de 1 ps avec un courant important alors le plasma

transitionne dans le régime d’arc.

Un

continuum lumineux est alors observable

causé par la désexcitation des especes du

plasma. Ce continuum est issu, en grande partie

de
de

la recombinaison électrons-ions, I'émission

Bremsstrahlung et I’émission de corps noir

tandis que les raies d’émission atomique sont

noyées dans le fond continue. [41] (Figure 11)
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Figure 12.— Evolution de pression pour des
décharges corona de 40ns (6kV) dans I'eau
déionisée. [43]
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Figure 11.— Evolution de I'émission en
fonction du temps pour des décharges de
200ns avec des électrodes en zinc dans de

I'azote liquide [41]
La puissance instantanée recue (de I'ordre
du kW) ionise le milieu ce qui génére des
ondes de pression par l'expansion du
plasma dans le milieu [34]. Ces ondes de
pression peuvent étre étudiées afin de
déterminer la pression au moment de la
décharge. Ainsi, des estimations de
guelques centaines de MPa sont obtenues

dans I'eau déionisée. [42]

Cependant, il faut noter que cette pression évolue tres rapidement par |'expansion et le

refroidissement de la décharge : il est possible de passer d’une pression initiale de plusieurs

centaines de MPa a quelques MPa en 200 ns. [43] (Figure 12)

26



4. L’apres décharge

A la suite de la décharge, la tension devient nulle et le courant ne circule plus a travers le plasma
d’une facon ordonnée, le plasma va se refroidir. Un puit de métal liquide s’est formé par effet
joule a la surface des électrodes et par transfert thermique du plasma. La matiére ablatée (sous
forme de vapeur ou par éjection de gouttelette) est alors refroidie par expansion de la bulle de

vapeur et se solidifie, une partie de la masse est alors redéposée sur les électrodes.[44]

En ce qui concerne la radiation, son intensité chute et le rayonnement observable passe d’un

continuum a un spectre de raie issu des éléments du liquide et des électrodes (Figure 11) [34].

5. Cavitation

Pression Lors de la décharge dans un liquide, le plasma issu du

Point
critique claguage vaporise une partie du liquide présent et une
Liquide

Solide

v partie des électrodes. Ce gaz partiellement ionisé est donc

1atmefeeenenmenaaban

entouré de liquide, une bulle est formée. Cette bulle de

Gaz gaz a une pression supérieure a la pression ambiante avec

i (vapeur)

un rayon faible de I'ordre de la centaine de micrometres :

b q : Température
: } .
0 20 100 $7%)

cette bulle est nommeée bulle de cavitation [45] car elle va

Figure 13.— Diagramme de phase caviter (s’expandre puis se contracter) autour de la

de I'eau (Etat en fonction de Ia

) - pression environnante. (Figure 13)
pression et de la température)

La bulle sous pression va donc s’étendre et sa pression diminue jusqu’a ce qu’elle soit égale a
celle exercée par le liquide extérieur. Cependant, compte-tenu de l'inertie du phénomeéne, la
bulle continue son expansion et sa pression diminue encore et devient inférieure a celle du
liquide. L’expansion cesse finalement et la bulle va se contracter d{i a sa sous-pressurisation, ce
qui va avoir pour effet d’augmenter a nouveau la pression a l'intérieur. De méme, du fait de
I'inertie, la pression va a nouveau dépasser celle du liquide, causant une nouvelle expansion et
ainsi de suite. Evidemment, le phénomeéne est amorti et le diamétre maximal de la bulle apreés
chaque expansion va progressivement diminuer jusqu’a que sa pression interne soit a I'équilibre

avec le milieu externe. (Figure 14)
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Figure 14.— Cavitation d'une bulle crée par pulse laser E= 9mJ, dt=5,56us [46]
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Figure 15.— Dynamique de la bulle de cavitation vitesse du son dans le liquide [37], [46], [47].
dans I’heptane avec des décharges de 500ns

(10kV) [47] (Figure 15)

La dynamique de cette bulle est trés lente par rapport a celle de la décharge (quelques
centaines de microsecondes versus quelques centaines de nanosecondes) ce qui limitera la
fréguence de répétition utilisable a 1 kHz lors de la synthése des particules afin d’avoir des

conditions de décharge similaire pour chaque décharge.
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C. Les nanoparticules

Le terme « nanoparticules » désigne des objets dont les trois dimensions se situent a I'échelle
nanométrique (entre 1 et 100 nm). IIs font partie de la catégorie des nanomatériaux définis par

la Commission européenne en 2011 et par la norme ISO TS 8004-1.
Les nanomatériaux sont répartis en deux catégories [48] :

++ Les nano-objets qui regroupent :
o Les nanoparticules
o Les nanofibres, nanotubes, nanofilament
o Les nano-feuillets, nano-plaquette

+* Les matériaux nanostructurés :
o Les agrégats et agglomérats de nano-objet
o Les nanocomposites

o Les matériaux nanoporeux

Leurs applications dans de nombreux domaines sont liées a deux avantages: malgré leurs
petites tailles, ces particules peuvent garder des propriétés similaires a celle de leurs matériaux
massifs correspondant, mais en offrant un rapport surface/volume beaucoup plus important.
Cela permet, par exemple, de réduire I'épaisseur d’un traitement de surface et par conséquent

d’utiliser moins de matiéres premieres [49].

Le second avantage est I'apparition de nouvelle propriété si le diamétre des nanoparticules est

assez faible (propriétés catalytiques, des températures de fusion plus faible, ...) [50].

Malgré leurs larges utilisations dans la vie quotidienne, celles-ci peuvent se révéler toxiques;
cependant chaque nanomatériau, méme pour une composition identique, a un profil

toxicologique propre. Il n’est pas possible d’émettre une hypothése générale [48].
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1. La synthése des nanoparticules

La génération de nanoparticules est donc un enjeu, c’est pourquoi de nombreuses recherches
sont réalisées dans ce domaine. De nombreux procédés existent, souvent efficaces sur un type
précis de nanoparticules ou pour une composition fixée. Des procédés physiques, chimiques ou
encore biologiques sont donc en compétition, dans I'exemple des nanoparticules d’argent [51],
des méthodes telles que I'ablation laser, l'irradiation gamma/électronique, la réduction

chimique ont été développées.

Nous prendrons I'exemple des nanoparticules d’argents qui sont les particules les plus étudiés

d aux nombreuses applications qui leurs sont attribuées. [52]

a. Réduction chimique

La réduction chimique est I'approche la plus commune pour générer des nanoparticules
d’argent, elle s’effectue par des agents de réduction organique et inorganique tels que

I’hydrogene ou le NaBHasavec du nitrate d’argent. (Figure 16)
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Figure 16.— Etapes de synthése de nanoparticules de taille contrélée par
réduction au NaBH4 [53]
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Dans le procédé ci-dessus, le NaBH4 est utilisé comme réducteur primaire du nitrate d’argent
tandis que le Trisodium Citrate (TSC) est utilisé comme réducteur secondaire et comme agent

stabilisant.

Des étapes postérieures en changeant le PH de la solution peuvent étre ajoutées afin de

controler la taille et la forme des nanoparticules [53].

b. Irradiation

Des nanoparticules peuvent également étre obtenues par différentes méthodes d’irradiation

telles que l'irradiation laser/UV, par rayonnement micro-ondes ou par rayonnement gamma.

Les techniques basées sur l'irradiation, comme I’ablation laser, fonctionnent sans |'ajout de
produits chimiques, potentiellement dangereux pour I'environnement (e.g. NaBH4). Cependant

la problématique de purification/récupération de ces particules est toujours présente.

Dans I'exemple de l'irradiation UV, il est possible de réaliser des nanoparticules d’argent a I'aide

de chloramine T et de nitrate d’argent. (Figure 17)
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Figure 17.— Syntheése de nanoparticules d'argent par
irradiation UV du nitrate d’argent et de chloramine T [53]

La concentration de chloramine T permet alors soit de générer des nanoparticules d’argent

(basse concentration), soit une structure cristalline de AgCl (haute concentration). [55]
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L’ablation laser fonctionne par l'irradiation d’'un matériau désiré a partir d’un laser qui vaporise
une partie du matériau dans la solution. Le principal avantage de cette méthode est I'absence

d’agent chimique, ce qui permet d’obtenir des nanoparticules d’une grande pureté. (Figure 18)

Le rendement de cette méthode est influencé par de nombreux
parametres tels que la longueur d’onde du laser ou encore la durée

de l'impulsion. Ainsi avec des impulsions lasers femtosecondes, le

rendement est plus faible, mais le diametre des particules est moins

dispersé que pour des impulsions lasers nanosecondes.

Figure 18.— Synthése Le choix du solvant est également important, cela a un effet sur
de nanoparticules par
impact laser sur une
cible constituée qui peuvent avoir lieu entre les particules créées [55].
d’argent [55]

I'efficacité du processus, mais également sur les réactions chimiques

c. Décharges électriques

D’autres méthodes existent également, telles que les décharges hydroélectriques que nous
étudierons ici. Ces décharges, comme les méthodes d’ablation par irradiation laser, ont pour
avantage la possibilité de choisir le liquide dans lequel les particules seront déposées et ainsi
permettre leurs récupérations ou leurs utilisations dans d’autres procédés simplement.
Cependant, I'accessibilité de ces méthodes et leurs colts sont également a prendre en compte
pour démocratiser un procédé, c’est pourquoi, le choix de réaliser des décharges électriques
dans les liquides s’est imposée : il est, en effet, relativement simple et moins colteux de

produire des nanoparticules par des décharges dans les liquides.

Dans un milieu gazeux, des éléments de réponse peuvent étre trouvés sur l'influence des
parameétres électriques sur les particules créées tels que la variation de la distribution en taille
des particules par rapport a I'énergie déposée [56], le type de décharge [57], le type

d’électrodes ou gaz [58]. Si dans les liquides le nombre de parametres étudiés rend difficile
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I’établissement d’une loi générale, pour de nombreux travaux, on note des similitudes avec les

décharges dans les gaz.[59]

Bien que la synthese de nanoparticule soit admise dans ce type de décharge (dans les liquides
ou les gaz) et réalisé de fagon relativement simple, I'étude des phénomenes de formations et les
parametres nécessaire a la synthése de particules complexes de fagon systématique reste
encore mal maitriser. Cependant, des nanoparticules complexes, telles que des alliages
métalliques [60] (Figure 19), des particules « core-shell » ou encore des particules ayant une

nouvelle phase cristallographique, sont réalisables [61].
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Figure 19.— Alliage cobalt-nickel d’'une particule synthétisée a I'aide d'électrodes
successivement en nickel puis en cobalt dans I'azote liquide [61]
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Objectifs spécifiques du mémoire

A la suite de la revue scientifique réalisée a Toulouse (qui f(t par la suite complété), I'objectif
initial du projet de recherche ft de réaliser un dispositif expérimental économique et simple a
mettre en ceuvre afin de réaliser des décharges « Spark » dans un liquide diélectrique ; il s’agira
du chapitre 2 p.35. Il s’agissait de réaliser des analyses élémentaires, a Toulouse, afin de lancer
la collaboration sur le sujet de la synthese de nanoparticules par ce type de procédée. Ainsi, il a
été possible de réaliser des décharges similaires a ce qui se faisait déja a l'université de

Montréal.

Puis a la suite de mon arrivée a Montréal et a I'accés a un dispositif expérimental plus stable
(dans I’énergie injectée ou la durée des décharges), des études plus poussées sur les parameétres
plasma des décharges réalisées ont pu étre réaliser. Ainsi, l'influence des paramétres
électriques sur les caractéristiques du plasma sera mise en évidence par observation indirecte a
I"aide d’un circuit équivalent du dispositif expérimental et par spectroscopie d’émission optique.
Il est alors possible de remonter a une évolution temporelle de la température électronique : il

s’agira du chapitre 3 p.43.

En annexe B (p.62.), grace a des résultats préliminaires, il sera possible de constater que ces
paramétres électriques n‘ont que peu d’influence, sur la plage de variation choisie, sur les
caractéristiques morphologiques des particules de cobalt et de nickel synthétisées par décharge
« Spark » dans de l'eau déionisée. Les particules synthétisées sont alors analysées par
microscope électronique a transmission et par spectroscopies d’absorption UV-Visible. Ces
équipements sont facilement utilisable grace a la proximité de I’école polytechnique de

Montréal et de L’'UdeM.
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2.Alimentation impulsionnelle pour la génération de nanoparticules

Dans le premier chapitre, les décharges « Sparks » et les phénomeénes de claquages ont été
introduits. Dans ce chapitre, nous caractériserons les décharges produites par I'alimentation
développée au LAPLACE par des mesures électriques et optiques. Le fonctionnement de cette
alimentation, les schémas électriques et les améliorations réalisé sont disponibles dans I'annexe

A de ce mémoire.

A partir de ces mesures électriques, le rendement de I'alimentation sera déterminé sur
plusieurs points de fonctionnement. Tandis que les observations des changements sur les
électrodes et la formation d’une bulle de « cavitation » nous permettrons de remonter a la
masse ablatée et a la pression dans le milieu, respectivement. Les résultats sont présentés sous
la forme d’une publication scientifique faisant I'objet d’'une soumission au journal IEEE

Transaction on Plasma Science. (TPS13044)

Dans cette publication, T. Merciris a participé a la mise au point du systeme expérimental, a
réalisé I'ensemble des mesures, la majorité de I’analyse et la réaction du premier jet de I'article.
Les co-auteurs ont participé a l'analyse des résultats et a la mise en place du systeme

expérimental, a I'analyse des résultats et a la rédaction de I'article.
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Simplified Spark Pulser for Nanoparticles
Generation

Thomas Merciris, Ahmad Hamdan, Audren Dorval, and Flavien Valensi

Abstract— This paper studies the possibility to design high
voltage pulser to sustain spark discharges in dielectric
liquid using cheap and simple design. A spark pulser based
on a zero voltage switch oscillating circuit is used to power
a high voltage transformer. Sparks are ignited between
copper electrodes in deionized water. The influence of input
voltage and electrode gap on voltage and delay before
breakdown, deposited charge, and energy is discussed. The
effect of a spark gap device is also studied. Discharge
electric characteristics are wused to determine the
capacitance and inductance of generator, through
modelling of the equivalent electrical circuit. The utilization
of the pulser in nanoparticles synthesis is evaluated by
estimating the electrode erosion rate. In addition, the
cavitation bubble generated by the spark is used to
determine pressure of the medium in which the spark and
nanoparticles formation occur. Results show that the
operation is similar to other setups.

Index Terms— zero voltage switch (ZVS), spark discharge,
nanoparticles, deionized water, discharge circuit.

I. INTRODUCTION

Electrical discharges in dielectric liquids are studied since
multiple decades, but their understanding is difficult and
depends on numerous parameters [1]. The generation of
nanoparticles by sustaining DC arcs in liquids is efficient and
low-cost. Multiple electrical circuit architectures can be used to
generate high voltage spark discharges. The use of a capacitive
discharge allows to produce high voltage pulses shorter than
one microsecond at few hundreds of Hertz ([2], [3]). On the
other hand, DC power supplies with the assistance of a high
voltage switch permit to have pulses of few nanoseconds ([4],
[5S]) with frequency up to the kHz range. Then the initial
investment for nanosecond discharge can be high due to
constrain on high voltage switch [6]. The possibility to use low
cost components and simple architecture generator is studied in
this paper. High voltage is produced using a Zero Voltage
Switching (ZVS) flyback converter to drive a high voltage
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transformer. The cost of this system is limited thanks to not use
a commercial high voltage power supply. Some components
can be issued from recycled parts. The performances in terms
of output signal, discharge energy, and synchronization are
discussed. The utilization of the pulser in nanoparticles
synthesis is considered from electrode erosion rate, and
pressure estimation in the cavitation bubble generated by the
spark is made.

II. EXPERIMENTAL SETUP

A. Power Supply

High voltage pulses are obtained using a high voltage
transformer which primary coil is driven by an oscillating
circuit, powered with DC voltage (Figure 1). The high voltage
transformer T1 is a recycled part from a cathode ray tube power
board (the cost of a new part, such as the model fbt40734
manufactured by Thomson, is about 40 $). The primary winding
is remade with insulated cable with two 6 turn coils connected
with a central point. Both parts of the winding are made in
opposite orientation so the magnetic field have the same
direction.

L1200,
G- R,
R3
470 '
DC input MV 4 7Y TI
e IRFP250 et
5 BZX65C
==C1
=k é 680
R2 D2 IRFP250| |
R4
470 < 10 BZX%Cp—}Dz
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D3 BY29x
N
L

D4 BY28x

Fig. 1. Shematic representation of Zero Voltage Switch (ZVS) including
oscillating circuit (at the left) and high voltage transmformer T1 (at the right)

The working frequency of the oscillator has to match that of
the high voltage transformer. In order to tune easily this
frequency, a ZVS flyback driver is used. Initially developed by
Vladimiro Mazzilli [7], it is based on two MOSFETs (IRFP
250) and a LC oscillating circuit. The choice of the inductance
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L; and the capacity Ci, setting the oscillation frequency, is set
to L1 =200 pH and C; = 680 nF. This circuit, thanks to
MOSFET switching at 0 V, does not have significant Joule loss.
The cost of electronic components is about 10 $

For this study, a tunable DC power supply from AIM &
Thurlby Thandar Instruments (model QPX600DP) is used to
power the oscillating circuit. DC input voltage Upc is adjustable
between 15 and 50 V. Since the first oscillations after powering
up the oscillator produce more energetic discharges, the power
is repetitively commutated by a switch, with adjustable
frequency.

B. Setup

The global setup is presented in Figure 2. The formation of
the cavitation bubble by the discharge (as reported in [8]) is
observed by shadowgraph method with a high speed camera
Photron AX100 (up to 500 000 frames/s). Current and voltage
are measured at the input of the ZVS using a LF 205-S current
probe manufactured by Lem and a 10073C voltage probe
manufactured by Agilent, respectively. For the high voltage
output a TT HVP 2739 voltage probe from Testec and a 4100
Pearson current probe are used. Data are recorded using a 250
MHz oscilloscope (DSO6054A) with the software Keysight
BenchVue 3.7; the oscilloscope is also used to trigger the high-
speed camera.

High-speed camera

Photron AX 100 : I
Signal Generator DC < 1§
TGA 12104 P QPXs00DP
TT]H\'P _\7519 | Transformer | e
voltage probe | Pearson current probe - 3
n cur }4]100 3 lOsc_lllaFmg ‘ le
A H curet |
{ ; 3 || Switch
Point to plan electrodes mlhe Dic.l_ﬁmjf_,\:,- I
B =< |
=) °
23S

Synchromization ® A
| LF 205-S current probe |
10073C voltage probe

Fig. 2. The schematic diagram of the global setup

A pin to plane configuration is used. Both electrodes are
made of copper. The ground plane electrode, which is the
cathode, consists in a cylinder with radius of 1.75 cm, polished
using abrasive paper (up to P2400). Electrode surface erosion
is observed using a Keyence VHX 1000E microscope. The
anode is also cylindrical with a diameter of 6 mm (length of 4
cm) but has a conical end, as shown on the left part of Figure 3.
The electrode gap e, can be adjusted using micrometric
displacement tables. Discharges are realised in deionized water.
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< >

I
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Fig. 3. The schematic diagram of electrode system
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C. Data processing

The data from the oscilloscope are processed with numerical
filters to remove all electromagnetic high frequency noise. The
bandwidth is chosen to correspond to that of the probes.

For each experimental condition, ten acquisitions are made due
to the low repeatability of measurement. An average of these
measurements is done, the obtained variance is used to
determine our uncertainties. They are mainly associated to the
stochastic variation of breakdown voltage (and thus breakdown
delay), but includes also measurement uncertainties.

III. RESULTS

A. Breakdown process

When electrodes are separated by an insulating material (such
as air), voltage increases gradually after each pulse of the
circuit, until breakdown voltage is reached. But for electrodes
in water some charges can leak between them and the voltage
decreases notably on the fall edge. Even if this charge leak can
reduce the voltage breakdown of water (that is higher than that
of air) the voltage drop is so strong that the result is a
detrimental effect. In addition, conductivity measurements after
10 tests show no clear modification. Since the voltage remains
higher than at the beginning of the pulse, when the next pulse
delivered by the generator occurs, the maximal voltage is
higher. The result is an oscillating voltage (with frequency
corresponding to the oscillating circuit frequency), the maximal
value increasing gradually from one pulse to another.
Breakdown occurs when voltage becomes sufficient, but unlike
in air the value is not constant for a given configuration. An
example is shown in Figure 4 for five tests (Test O to Test 4)
executed in the same experimental conditions.

For a given pulse the high voltage is sustained only during a
short period (a few ps). It is even possible that no breakdown
occurs although the voltage is relatively high; this is due to the
random presence of seed electrons to initiate the discharge [8].
They are produced by cosmic radiation, natural radioactivity
(that cannot be predicted for the experiment duration), and can
also come from the random presence of low-density regions or
ions (from impurities) close to the pin electrode.This explains
why variable number of pulses (from 2 to 6 in fig 4) is needed
to have breakdown. Such a stochastic process results in variable
breakdown voltage (from 4.2 to 5.6 kV). In order to quantify
this variable duration, the time between the first voltage rise
(first oscillation) and the breakdown is calculated for each test.
This parameter is later called “breakdown delay”.

After the first discharge (at t = 0), the conditions change
strongly since a cavitation bubble (see part G) is formed and
discharge can take place in a gaseous environment. Excited
species are present and no high voltage (below 1 kV) is needed
for breakdown. As a result, successive voltage rises and drops
can be visualized, corresponding to low voltage discharges. The
frequency of these secondary discharges (> 1 Mhz) is not
constant, it corresponds to oscillation of a circuit including the
strongly variable impedance of the gas/liquid medium. Indeed,
the discharges lead to increase of the conductivity of the
medium and current flow is possible. This low current leak
(below 0.1 A) leads to low erosion rate: when no discharge
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occur, the only ablation process is electrochemical reactions
(metal atoms turn into ions and leave the electrodes) that cause
negligible effect for the considered duration. In addition, joule
heating from the resulting ionic current in water is too low to
cause metal melting or vaporization. This erosion mode is not
the goal of the developed setup is type of process. On the other
hand, the secondary discharges can cause erosion through
plasma etching, but their contribution will be far much smaller
than that of the first discharge.
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Fig. 4. Evolution of the high voltage output before and after the discharge.

Once breakdown occurs, current oscillation in a pseudo
periodic damped mode occurs, with a frequency of 24 MHZ
corresponding to the RLC discharge circuit including the
plasma impedance. The corresponding discharge then occurs
with oscillating current. With comparable circuit impedance,
one can observe that the higher the breakdown voltage, the
higher the resulting current. Current maximal values varies
from 2.4 to 3.7 A, as seen in Figure 5. As a result, some
variations in discharge energy can be observed. Discharge
maximal power can be estimated to 200 W but the uncertainty
is high, due to the low precision of the voltage probe at low
voltage (below 100 V).
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Fig. 5. Measured current for underwater discharges (Upc = 50V / e, = 0.2mm)
before and after breakdown (at t = 0).

One can observe that the discharge will be sustained during
~ 500ns, however the plasma changes a lot due to the large
variation of current (and pressure). The plasma density,
electronics density and temperature are not constants. [5][13]

B. Characterization of the discharge circuit

In order to study the pulser characteristics, the high voltage
part has been modelled, as seen in Figure 6.

GND

Fig. 6. Discharge equivalent circuit
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The discharge equivalent circuit includes the secondary coil
of the high voltage transformer Ti, the wires connecting the
transformer to the electrodes, and the electric discharge itself.
The transformation ratio of T is 122. The resistance Rw and the
inductance Lw correspond to the connecting wires. Since the
inductance of the discharge (a few nH) is negligible when
compared to that of the cables (a few pH), only a resistive
component Zp is considered for the discharge. The transformer
secondary coil can be modelled by only a parasite capacity Csp,
the inductance being neglected due to its high impedance. It
corresponds not only to the capacitance between each spire of
the secondary coil of the transformer, but also to the capacitance
of the high voltage probe (= 4pF), and the capacitance between
the aluminum support and the high voltage electrode. Csp
should be in theory a fixed value for a given transformer and
setup. It is not directly measured but is calculated from
measured deposited energy.

According to previous works [9], the deposited charge on the
electrode is the most relevant factor for nanoparticle synthesis
efficiency. It can be calculated from integration of
instantaneous current i(t) over discharge time. On the other
hand, it can be related to the energy E stored in the capacitance
(Csp) according to the relation E = %2 Csp* Vg2, with Vg is the
breakdown voltage. In order to check if Csp was dependent of
experimental parameters, it has been calculated for different
experimental conditions (air and deionized water, various
electrode gap e, and DC input voltage Upc), using values for
deposited energy averaged over 10 measurements in each case.
It appears that for all conditions, the value does not significantly
change: 12 + 3 pF, as shown in Figure 7. Some variation is
always present due to moment when the breakdown appends
(when the transformer primary supplies current). Also, one can
note that the uncertainties in water are larger than those reported
in air. However, those calculations show that the pulses are
relatively stable in time after successive discharges for all cases.
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Fig. 7. Evolution of the calculated capacitance over successive disharges:
(a) air, e; = 0.5mm, Upc =20 V; (b) air, e, = 1.0 mm, Upc =20 V; (c) water,
e, =0.2mm, Upc =50 V
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From these results, one concludes that the capacitance Csp
depends mainly on the transformer characteristics, while it has
low influence on the deposited charge. The considered
capacitance corresponds in each case to the average value
(indicated by the grey line in Figure 7).

On the other hand, by a least-square method (Figure 8), it is
possible to estimate the inductance needed to obtain a similar
discharge current with the theoretical response of an RLC
circuit from a step input:
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Fig. 8 Least-square method to determined RLC parameter on current
discharge : (a)air, e, = 0.5mm, Upc = 20 V; (b)air, e, = 1.0 mm,
Upc =20 V; (c) water, e, = 0.2mm, Upc =50 V

A value of = 4 pH is deducted for the inductance cable. The
capacitance deduced from the least-square method (10 to 12 pF)
is in good agreement with the results calculated from deposited
energy (see Fig. 7), which confirms the validity of the
calculation. However, the breakdown voltage seems to be less
than expected (15 kV vs. 17 kV, measured for air discharge with
e; = Ilmm) and may be justified by an attenuation from the
current probe used.

Moreover, in air discharge, the high voltage part of the pulser
cannot be approached by the same value of RLC due to a large
variation of resistance during discharge extinction causing a
loss in the plasma channel temperature [10].

The determination of the RLC parameters is then not perfect
since it is not possible to get simulated current that match
exactly experimental data. This is mainly due to the non-
stationary behaviour of the plasma, with variable RLC values.
While simulated maximal current exceeds measured current,
the three first simulated oscillations fit reasonably real current
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shape. In the case of discharge in water strong discrepancy only
occur after the fifth half pseudo period.

C. Influence of input voltage Upc.

The influence of input voltage Upc on deposited charge,
deposited energy, breakdown voltage, and breakdown delay is
presented in Figure 9.
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Fig. 9 Influence of circuit input voltage Upc on discharge electric parameter:
a) deposited charge; b) breakdown voltage; ¢) deposited energy; d) breakdown
delay with a 0.2mm gap

The deposited energy is calculated using the following
formula:

E= fu(t)i(t)dt

Error bars correspond to uncertainties due to the
probabilistic aspect of the breakdown that occurs differently for
the same experimental conditions. In spite of these high
uncertainties a pattern seems to appear. All parameters decrease
as input voltage increases from 35 to 45 V, but they increase
again for the voltage of 50 V. This could be interpreted as
follows. For an input voltage around 35 V, there is not enough
energy to reach the breakdown voltage after the first oscillation
of the ZVS driver. The delay is then always superior to 25 us
(corresponding the first pulse duration). Then voltage increases
slowly, cycle after cycle until the discharge can occur. Voltage
at breakdown can be then high. For higher input voltage the
probability of breakdown at first cycle increases.

For Upc =45 V, average breakdown delay is minimal (a
duration of 10 to 15 ps corresponds to the half of one pulse, thus
maximal voltage and optimal initiation). Since the discharge
initiates at the first cycle, breakdown voltage remains low.
When the input voltage further increases (Upc= 50 V), the
probability of breakdown failure at first cycle can be high again.
This could be due to a sharper voltage rise (higher maximal
value for similar pulse duration), hence a shorter time when the
voltage is maximal. The first oscillation can then fail to lead to
breakdown, requesting a second pulse to get it. As a result,
delay can again be high, and since higher voltage is obtained
for each single pulse, breakdown voltage can reach much higher
value.

In terms of synchronization and operation duration, the value of
Upc =45 V could be preferable, since only one pulse is needed
to reach breakdown. But if one wants to maximize the deposited
charge, which is an essential factor for nanoparticle synthesis,
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the value of 35 V is preferable, since higher charge (and energy,
see figures 9b and c) can be reach while the input energy is
minimal (42 mJ in a period of 350us). At higher voltage (Upc
= 50 V) deposited charge is also high, but the input energy is
higher (83 mJ in a period of 350us) thus a smaller efficiency
than with Upc=35V. The voltage range [35-45 V] is considered
more interesting for nanoparticles synthesis.

D. Influence of electrode gap e,

The increase of e; induces an increase of the liquid total
resistance between the two electrodes and thus higher voltage
is needed to reach breakdown. To study this effect, two gap
values (0.2 mm and 0.3 mm) are studied. The influence on
deposited charge, deposited energy, breakdown voltage, and
breakdown delay is presented in Figure 10.
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Fig. 10 Influence of circuit electrodes gap e, on discharge electric parameter:
a) deposited charge; b) breakdown voltage; ¢) deposited energy; d) breakdown
delay for Upc =50 V.

It appears that for the studied range, the higher the electrode
gap, the higher the efficiency and the deposited charge. When
the gap is increased by 50%, the deposited charge (and thus, the
deposited energy), the breakdown voltage, the breakdown delay
and the efficiency are respectively increased by 500%, 100%,
300%, and 30%.

At longer e, the breakdown delay is relatively long since more
alimentation cycles on the primary side of the transformer are
needed to obtain sufficient voltage on the secondary side to
allow the discharge to happen. A longer delay implies a greater
accumulation of energy and charges before the breakdown.

E. Voltage control using a spark gap

In order to limit the power loss in the medium separating the
electrodes, the influence of a spark gap (in air) has been studied.
It is constituted of two metallic screws in an insulating holder
placed in air, connected in serial with the high voltage pulser.
The position of the screws can be changed to set the gap g..
Breakdown must occur first in air before the circuit is closed
and current can flow in the liquid between the electrodes. By
adjusting the gap g; it is possible to set variable threshold values
for this to happen. The noticeable effect observed was the
augmentation of the deposited charge for an augmentation of
the spark gap length. The deposited charge increases
proportionally with the gap, from 0.1 to 0.4 uC when gap
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increases from 4 to 15 mm. For larger gap however saturation
occurs, with no more charge increase. This can be due to the
limitation of the high voltage supply that can deliver up to 20
kV with the chosen parameters. These results show that the use
of a spark gap is an easy way to increase breakdown voltage
and thus deposited charge, which is favorable to high
nanoparticles generation yield.

F. Ablated mass

The utilization of the pulser in nanoparticles synthesis is
studied through the measurement of electrodes erosion rate.
Since the ablated mass was not large enough to be measured
directly with a precision balance, a volume estimation is made
from geometric characteristics of impact craters on the cathode
surface. Mass is calculated considering density of copper. Since
such measurement is not possible on the anode (it is not possible
to get well enough polished surface on a conical tip) the total
ablated mass is estimated considering that the erosion at the
anode corresponds to 70% of the ablated mass on the cathode
[11]. This difference is due to the fact that positive ions
impacting the cathode has stronger etching effect than elections
impacting the anode. The cathode ablated volume is calculated
considering that impacts correspond to spherical cups. The
depth is set at 0.5 pm for all impacts: this average value is
consistent with observed structures and the depth reported
previously for comparable discharge energy [8]. The repartition
of impact diameters for 26 discharges is presented in Figure 11.

An average mass of 0.30 ng is ablated on the copper cathode,
leading to total ablation of 0.51 ng considering both electrodes.
According to thermodynamic calculation, the energy needed to
cause total fusion of this mass corresponds to 0.5% of the
available electrical energy (0.06 mJ for the considered
experimental conditions). This includes energy for heating up
to melting temperature, and fusion energy per mass unit. And if
one consider total vaporization (adding energy for heating to
boiling temperature and vaporization energy) the ratio rises up
t0 5.1%.
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Fig. 11 Distribution of impacts diameters (Upc = 50V — e, =0.2mm)

Current results do not allow determination of the part of
vaporized part out of melted part. However, results from
literature indicate values of a few percent [12]. If one assumes
that all ablated mass is melted and 10% of it is vaporized, one
can estimate that 4% of electric energy is dissipated through
material erosion. The other 96% of electric energy are
dissipated through material heating and radiation losses. In term
of nanomaterial production, this can be considered as the
efficiency of the system. In order to get more information about
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this, future work will focus on nanoparticle size and shape
distribution study.

G. Determination of the discharge pressure

The formation of a cavitation bubble by the spark provides a
way to estimate its pressure, which is an important parameter to
characterize the process. The size of the bubble (growth and
collapse, with successive oscillations) can be measured as a
function of time through high speed imaging. An extract of an
obtained sequence of images is showed in Figure 12.

Fig. 12 Bubble shadowgraphy: At = 10 us, image size: 3 by 2 mm (e, = 0.2 mm,
Upc=50 V). Discharge is visible second picture.

The shape of the bubble is not spheroidal due to the proximity
of the electrodes. However to facilitate the study the volume is
determined considering a sphere of an equivalent volume,
yielding the corresponding radius. The Rayleigh-Plesset
equation is then used to determine the initial pressure of the
bubble [5]:

. ) 3y ;
RR +2R? %(PO ()" +p -2 -4z - P(t)) (1)

R,R, R are respectively the radius of the bubble, the first, and
second derivative over time of the radius. p is the mass density
of the liquid. o is the surface tension and u is the viscosity. P,
P,, and P(t) are the pressure at a long distance from the bubble,
the saturated vapor pressure and the pressure of the liquid on
the bubble over time. Here, the bubble is treated as an adiabatic
system. The pressure inside the bubble can be therefor written
as follows:

Vo

Pa(©) = Py (%)

v(t)

2

Vo, and V(t) are respectively the volume of the bubble at
equilibrium, and the volume of the bubble over time. y is set
equal to 1.4 to represent a diatomic gas. The assumption of an
adiabatic system does not consider the energy losses with the
environment, and the remanence of the spark discharge during
the first tens of nanoseconds. To estimate the solution of the
differential equation, a fourth- and fifth-order Runge-Kutta
method is used with the following set of parameters:
p=997kg.m™3 o6=08N.m™', P,=2300Pa, P,=
P(t) = 10°Pa, u = 425 mPa.s, Ry, = 255 um, R(t = 0) =
78 um, R(t = 0) = 268 m.s ™. The results of the calculation
of radius, pressure, and experimental data are represented in
Figure 13.
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Fig. 13 Bubble radius (experimental and calculated) and calculated pressure (e,
= 0 3rr1m, UDC: 50 V)

The simulation is in a good agreement with the experiment.
Some uncertainties are present due to the non-spherical shape
of the bubble and the fact that the Rayleigh-Plesset model does
not consider energy transfers. The initial pressure obtained is
15.9 MPa, which is in the same range of value reported in
heptane (dynamics of bubbles created by plasma in heptane for
micro gap conditions) [8].

This estimation of pressure shows that our design recreates
condition of pressure compatible with the generation of
nanoparticles.

Those particles are created inside this gas bubble, thus the
pressure inside will have an influence on the distribution size of
the particles [14, 16] or the crystal composition, for example
anisotropic growth of particles [15]. The bubble size and
behaviour are also related to discharge parameters, size is larger
with higher DC input Upc and electrode gap e,. In general, the
higher the deposited energy, the higher the bubble size.

IV. CONCLUSION

The utilization of a ZVS driver to power a high voltage
transformer connected to immerged electrodes showed the
possibility to get erosion pattern similar to what is observed in
literature. This confirms the interest of this cheap and simple
configuration for study of nanoparticles synthesis conditions.
Further work will be needed to get a complete comparison with
other setup (such commercially available spark pulser), in
particular concerning the possibility to control the deposited
energy and the performances optimization.

The study of the equivalent discharge circuit show that it can be
simplified as a capacitive discharge, and the inductive aspect of
the high voltage transformer is not dominant. Optimal working
conditions are found for input voltage Upc in the range 35-45 V.
Estimation of ablated mass yields to an efficiency of 4% from
total input energy.

As expected, the less efficient part is the high voltage
transformer, which is not designed to work at this frequency and
have a high iron losses (due to its ferrite core). Moreover, only
one of the secondary windings is used: unused windings may
lead to additional losses.

Further investigations will be needed to better characterize the
erosion pattern and the obtained nanoparticles. The influence of
other electrode materials (aluminum, molybdenum) and
dielectric liquids will also be considered.
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3.Détermination d’un circuit équivalent pour les décharges dans l’eau :
Evolution temporelle de la densité et température électronique

Dans le chapitre précédant, une simulation RLC permettait de réaliser une reproduction
approximative du courant traversant le milieu plasma. A la suite du changement de systéme
expérimental pour la suite de la collaboration entre 'UdeM et UT3 et afin d’améliorer le modele
du canal plasma pour comprendre les conditions de synthéses des nanoparticules, un nouveau

circuit équivalent flt développé.

Dans ce chapitre, nous allons donc réaliser un circuit équivalent pour reproduire le courant de la
décharge en utilisant un modeéle de la conductivité de la colonne plasma et des mesures
spectroscopiques afin d’obtenir une image de la température et de la densité électronique en
fonction du temps. Les résultats seront présentés sous la forme d’une publication scientifique

qui fait I'objet d’'une soumission dans le journal IEEE Transaction on Plasma Science. (TPS13269)

A la différence du systéme toulousain, la haute tension va monter trés rapidement (= 5 ns) ce
qui ne va pas permettre la formation de microbulle dans I’eau déionisée. Cette différence va
avoir une influence sur la dynamique du signal électrique mesuré (inductance plus grande). Le
reste de décharge peut étre trés similaire avec des durées de décharges aux alentours de 500 ns

et de 5 kV.

Dans cette publication, T. Merciris a réalisé la conception et la programmation du script Julia
utilisé, la majorité de I'analyse ainsi que la rédaction initiale de I'article. Les co-auteurs ont

participé a I'analyse des résultats et a la rédaction de I'article.
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Determination of the electrical circuit equivalent
to a pulsed discharge in water: assessment of the
temporal evolution of electron density and
temperature

Thomas Merciris, Flavien Valensi, Ahmad Hamdan

Abstract— Pulsed electrical discharges in dielectric liquids are
intensively studied due to the wide range of applications in which
they are implicated. Despite the simplicity of the experimental
manipulation of these discharges, the underlying fundamental
physics is relatively complex. In this study, we use the electrical
characteristics, voltage and current, of pulsed discharges in water
(various applied voltage and pulse width conditions) to determine
the equivalent electrical circuit of the plasma. Based on a Mayr-
type model, the plasma resistance is time dependent, but the
inductance is not. Considering that plasma resistivity also depends
on electron density and temperature (Spitzer formula), the
temporal evolution of these two parameters were also determined.

Index Terms— Electron density, electron temperature,
equivalent electrical circuit, plasma inductance, plasma in-water,
spark discharge.

I. INTRODUCTION

VER the past few decades, electrical discharges in

dielectric liquids have been extensively studied [1-3] due
to their effectiveness in several applications, including water
treatment [4—6], electrical discharge machining (EDM) [7-9],
nanomaterial synthesis [10—12], and high voltage breakers and
transformers [13—15], among others. The fundamentals and
mechanisms underlying dielectric breakdown have been
investigated experimentally [16,17] and theoretically [18,19].
In general, two theories have been proposed to describe plasma
ignition in dielectric liquids: the bubble theory and the direct
ionization theory. The former is based on the assumption that
the discharge is generated within gaseous bubbles formed in the
vicinity of the electrode needle. These bubbles are produced
due to the local evaporation of the liquid under the effect of
Joule heating [20,21], or due to the electrostrictive forces in the
inhomogeneous electric field [16,22]. The direct ionization
theory, on the other hand, assumes that the ionization process
in liquids is similar to that in dense gas-phase plasma [18].
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Knowing that the physical phenomena implicated by the two
theories are highly sensitive to the waveform of the applied
voltage (mainly the rise time and the magnitude) and to the
properties of liquid (mainly its polar or non-polar nature), some
discharges conform to the bubble theory, while others are better
described by the direct ionization theory.

The temporal and spatial dynamics of dielectric liquid
breakdown are relatively rapid, resulting in initiation and
propagation times of the plasma channel that are in the range of
pico and nanoseconds, respectively [23-25]. Moreover,
discharges in liquids are characterized by low reproducibility
due to the modification of the electrode’s characteristics
(geometry and local chemical composition) as well as the
solution properties (electrical conductivity and composition)
[26,27]. This impedes the study of temporal plasma evolution,
even using equipment with (sub-)nanosecond resolution. To
overcome this limitation, the temporal evolution must be
studied using various discharges at different delays. Despite its
advantages, this method cannot be used to reliably assess the
variations in plasma properties (dimension, electron
temperature, density, etc.). Instead, it provides average values
during a particular temporal period [23,24].

On the other hand, the evolution of the electrical
characteristics of the plasma, such as current and voltage, may
be precisely and easily resolved using one single discharge. As
such, the electrical properties of discharges in dielectric liquids
are often reported in literature [19,28,29]. In general, authors
use these properties to estimate the energy, power, or charge of
the discharge [26,32]. However, they usually do not comment
on certain common features, such as the oscillation behaviors
of current and voltage [23,30,31,33].

This study investigates the current and voltage characteristics
of electrical discharges (spark mode) generated in water using
high voltage pulses with varying amplitudes and widths. Using
the acquired data, the equivalent electrical circuit of the plasma
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is determined, and the relation between plasma channel
resistance and electron density or temperature is assessed.
Finally, the temporal evolution of the plasma properties is
provided.

1. EXPERIMENTAL SETUP AND DATA PRE-PROCESSING

A. Experimental setup

The experimental setup used herein (Figure 1) is composed of
two copper electrodes (10 cm length, 2 mm diameter, and
99.99% purity; Goodfellow) vertically mounted on a
micrometer positioning system (gap distance fixed at ~50 pm)
and immersed in 10 mL deionized water (initial conductivity ~3
uS/cm) contained within a quartz cell (inner and outer
diameters of 8 and 10 mm, respectively). The upper electrode
is mechanically polished to a curvature radius of ~10 um, and
it is connected to a pulsed positive-polarity power source (NSP
120-20-P-500-TG-H, Eagle Harbor Technologies) that supplies
voltage with adjustable magnitudes and pulse widths. In this
study, the tested magnitude and pulse width were 5, 10, 15, and
20 kV and 100, 200, 300, 400, and 500 ns, respectively. The
lower electrode is polished to a plane surface and connected to
the ground. The voltage and current of the discharge generated
between the two electrodes were measured using a high-voltage
probe (P6015A, x1000, 75 MHz; Tektronix) and a current
monitor (6585, 0.5 V/A, 200 MHz; Pearson), respectively.
Finally, the voltage and current waveforms were acquired using
an oscilloscope (MSO54, 2 GHz, 6.25 GS/s; Tektronix).

We used a monochromator (Acton 2750) to acquire emission
spectra, and the intensity of each optical transition was recorded
by an ICCD camera (PI-MAX from Princeton Instruments).
Light emission measurements were carried out using the
600 lines/mm grating blazed in the visible range. The
synchronization between the ICCD camera and the voltage
pulse is ensured using delay generator (Quantum Composers
Plus 9518 Pulse Generator). The camera integration time was
fixed to 20 ns and, to ensure high signal-to-noise ratio, each
spectrum is an average of 250 events. Note that the emission is
not spatially resolved but averaged over the gap.

B. Data pre-processing

HU-meter positioning\

HV probe Oscilloscope

Power Current probe
Pl
supply Copper asma
X electrodes — Optical
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@ 060
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Fig. 1. Scheme of the experimental setup.
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The use of pass-band probes to record electrical waveforms
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results in the generation of appreciable noise due to
electromagnetic  perturbations. Such noise implicates
significant error in the numerical solutions of differential
equations (see Section 3). To overcome this problem, the
experimental raw data was filtered using a low-pass, third order,
Butterworth filter with a cut-off frequency of 75 MHz. A typical
example of filtered current and voltage waveforms is presented
in Figure 2. Although the application of this filter slightly
modifies the data, in particular during the abrupt change of
current and voltage (i.e., breakdown), such modifications do not
significantly influence the determined values of different
parameters.

To correct for the temporal delay between current and
voltage waveforms, the data corresponding to a misfired
discharge (20% of all discharges in this study) were also
acquired. The term misfired discharge describes the situation
wherein a discharge does not occur between the electrodes even
though the system is supplied with a high voltage pulse. This
happens when free electrons, ions, and voids are lacking in the
gap. Under such conditions, the inter-electrodes distance may
be treated as capacitance, and the measured current is only
capacitive, i.e., proportional to the time derivative of the
voltage. In this case, the temporal delay between voltage and
current waveforms aligns the current with the derivative of the
voltage.

III. DETERMINATION OF THE EQUIVALENT ELECTRICAL
15 4
a) —— Mesured waveform
o~ -== Filtered waveform
< 104
B
S 51
S
©
>
o
g ]
o
0.2 0.3 0.4 0.5 0.6 0.7
Time ( US)
40 b) — Mesured waveform
-== Filtered waveform
< 30
€ 204
o
5
O 101
0 -——/I\—'d
0.2 0.3 0.4 0.5 0.6 0.7
Time ( uSs)

Fig. 2. Typical (a) voltage and (b) current waveforms with and without
filtration (applied voltage = 15 kV and pulse width = 300 ns).

CIRCUIT

A. Equivalent circuits of various parts in the setup

To determine the equivalent electrical circuit of a
nanosecond discharge in water, it is important to consider all
the components of the setup, including the pulser, the
electrodes, and the probes. The circuit corresponding to the
pulser is given by the manufacturer, and it is presented as C1 in
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Fig. 3 (Ry,« and C, are the resistor and the capacitance of the
pulser). The electrical cables connecting the power supply to
the electrodes and the voltage probe connected to the pin
electrode are referred to as C2 and C3, respectively. R,, and L,,
in C2 are respectively the resistor and inductance of the cables,
while R, and Cp, in C3 are respectively the resistor and the
capacitance of the voltage probe. Meanwhile, the electrode and
gap circuit are referred to as C4. The symbols L. and R.
correspond to the electrode inductance and resistor,
respectively, whereas C, is the capacitance of the water-filled
gap separating the two electrodes. C5 presents the plasma
circuit that is composed of an inductance (L,) and a resistor (R))
connected in series. The resistor R; represents liquid resistance,
and it is connected in parallel to the plasma channel equivalent
circuit.

B. Mathematical description of the circuit using Kirchhoff's

Model (C6)

Pulser (C1) Cables (C2) Electrodes (C4)
R Plasma Channel (C5)
11300 Al R, I L R
L AAA ——3 HAAAUANAA
15

1.5

p

A\ L3

- GND GND

Voltage Probe (C3)

Fig. 3. Equivalent electrical circuit of the experimental setup.

laws

To complete the mathematical description of our system,
Kirchhoff’s laws, mesh and nodal rules, were applied to the
equivalent circuits C1-C6. Considering that our primary goal is
to describe the plasma channel, the mesh rule was first applied
to C5. The resulting relationship between Rp, Lp, Ip, and Ug is
given in (1),

Ug(t) = Rp ()1, () + Lpd, (I (1)) ey

where d; is the time derivation operation, I, is the plasma
current, and U, is the plasma voltage across the gap. The
successive application of the nodal and mesh rules to other
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circuits in the system lead to various differential equations, as
shown in Fig. 4.

The coupled differential equations presented in Fig. 4
comprise several unknown parameters, some of which can be
determined indirectly. For instance, Cy is estimated based on
the acquired current and voltage waveforms of a misfired
discharge (15.6 pF). The same waveforms are also used to
determine V,(¢) according to (2),

Vp(t) = Ua(t) + Rsa(le(t) + Cadt(Ua(t))) 2)
where U,(?) is given by:
Ug(t) = Vprobe(t) + Ly, del.(t) 3)

Ry, and C, are constants that depend on the pulser, whereas L,,
is the inductance of the wire. These parameters, along with L.,
are needed to determine R, and L,; however, other parameters
such as R, (> 1 MQ), R, (< 10 mQ), and R, (< 10 mQ) are
assumed to be too high or too low, and thus, their influence on
R, and L, is neglected.

To simplify the problem, we suppose that L, and C, do not
change with time, and that only R, is time dependent. This
assumption is commonly applied in the development of a model
that describes the plasma channel of an electrical arc [37-39].
Previously, several models [30,40] had been developed to
describe the temporal dynamics of plasma resistance in
nanosecond gas discharges, based on the Braginskii theory [41].
This theory suggests that the discharge creates a narrow channel
heated by Joule effect. Under the effects of rapidly increasing
temperature and pressure, this channel expands. Eventually, the
temperature stabilizes due to hydrodynamic (associated with
expansion) and radiative cooling, resulting in an approximately
constant electrical conductivity of the conducting channel.
Braginskii’s theory applies well to the channel dynamics
observed initially during discharge. However, it fails in
predicting plasma behavior over long periods of time,
particularly during the extinction phase. In this study, a Mayr-
type [42] model was used to study R, based on the temporal
evolution of plasma conductance (G,(?)) given in (4),

Unknown : Unknown :
B ¥ ID ra B Ug i
Mesh rule (C5): £ Nodal rule (C6): Mesh rule (C4):
Ug = Rplg+Lpdi(lp) L le = Cqdi{(Ug)+lp+Ug/R, Vprobe = Le.di{le)+Rele+Ug
o A JLI k A
nknown :
Unknown : I
Ug .
Unknown Unknown :
V robe |E m -
H Unknown - Unknown -
k4 V |C
i ik A Nodal rule (G1)
Nodal rule (C3): A Mesh rule (C2): a2 Iy = Ic+Cs dt”—'-a-} Unknown :
Ic = le+Cob.9{Vprobe) L Uz = Ly dillc)+RwletVorobe e : e V
€ +€',,|-0?,9mpbpm © §p L an e verTpm ej__ (Vp-Ua)/Rea = 1c+C5.0{{Ug) B
Unknown : Unknown :
le Uz

Fig. 4. Flowchart diagram of the differential equations determined for the equivalent circuits shown in Fig. 3.
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Gp(t)
T

( Ip©*
Gp(HP

d; Gp ) =

1)

where P and 7 refer to the “cooling power” and “time constant”,
respectively.

“4)

C. Description of the numerical method

The numerical values of the model parameters were
determined by solving the system of differential equations
based on the DifferentialEquation.jl module of Julia 1.2 [43].
Considering that the problem is “stiff”, it is not recommended
to use the computationally expensive explicit methods. The
Rosenbrock?23 solver [44] was used to calculate the parameters
under the condition that the callback on G, cannot be negative.

The recorded current waveform of the plasma discharge was
used to validate the values of the calculated parameters. By
minimizing the difference between the simulated and measured
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Fig. 5. Flowchart of the program and resolution pathways.
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currents, the model parameters, particularly L, and G,(f), were
optimized. Considering the non-smooth aspect of the
minimization function (oscillating pattern) and to ensure that a
global minimum is reached, the ‘Particles Swarm”
minimization method was used instead of the traditional least
square gradient-based method. Figure 5 presents a descriptive
flowchart of the program and resolution pathways applied
herein.

IV. RESULTS

A. Determination of the equivalent circuit parameters

The electrical characteristics of discharges generated at
various voltage and pulse width conditions were analyzed. The
electrical connections, electrode geometry, and gap distance
were kept relatively constant during each experiment, with
minor variations in the latter two parameters due to electrode
erosion. These variations do not affect the electrical waveforms,
and thus, they can be neglected. L,, and L. were estimated
theoretically and calculated using our model. The optimal
calculated values (L, = 3.73 pH and L. = 0.28 pH) were found
to be similar to the theoretically ones (L, = 3.01 uH and L. =
0.21 pH), which confirms the accuracy of our model. As for Cy,
its optimal value was found to be 15.6 pF, irrespective the
investigated discharge conditions. The R,, value determined
herein (0.94 kQ) is slightly lower than that available in the
pulser datasheet (1.1 kQ).

Compared to the measured current waveforms, the
waveforms simulated at an applied voltage of 15 kV and at
pulse widths of 200 and 400 ns are similar, with analogous
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<
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o
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0 <N
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Fig. 6. Simulated and measured current waveforms: a) applied voltage = 15

kV, pulse width = 200 ns and b) applied voltage = 15 kV, pulse width = 400

ns.

0.2 0.3 0.7

capacitive currents between 0.2 and 0.3 ps (Fig. 6). Globally,
the model yields good prediction of the discharge current. The
first discharge peak is slightly underestimated, but the
oscillating patterns are correctly predicted, especially for longer
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pulse widths.

The model developed herein was also used to predict
discharge voltage. Figure 7b compares the measured and
simulated voltage waveforms determined using the current
parameters optimized at 15 kV applied voltage and 300 ns pulse
width (Fig. 7a). In general, the predicted voltage profile agrees
well with the experimental counterpart. It is worth noting that
the voltage waveform can also be used as model input. When
tested under several conditions, the voltage values predicted
using this waveform were improved; however, the current
predictions were of inferior quality. Considering that the
plasma-related values R, and L, are not significantly affected
by voltage, only the current waveforms were used as an input
parameter in the model, which renders the simulation more cost
effective.

The plasma inductance values determined using simulated
data collected under varying discharge conditions are presented
in Table 1. Note that only the applied voltage was varied, since

{a) —— Mesured current
~-== Simulated current
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S 8 8

-
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02 03 0.4 05 0.6 0.7
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Fig. 7. a) Simulated and measured current waveforms at an applied voltage of
15 kV and pulse width of 300 ns. b) Comparison between the measured voltages
and those predicted using the model parameters optimized in a).

plasma inductance is independent of discharge pulse width. The
obtained results demonstrate that inductance decreases with
increasing voltage up to 15 kV. Beyond this value, the
inductance of the plasma remains constant at 1.27 uH. The
highest inductance of 1.66 uH is recorded at 5 kV. Compared
to previously reported values of plasma inductance for
discharge in air (order of nH) [34,45], the inductance values
determined herein are relatively high (order of uH). The
discrepancy may be related to variations in the plasma
properties of gas and liquid discharges. Indeed, discharges in
liquid are characterized by high pressures (tens of bars) and
electron densities (10'7-10" cm™), compared to atmospheric
pressure discharges (electron density < 10'7 cm™). Since L, is
assumed to be time-independent, the calculated values are taken
to be the temporal averages. In addition to applied voltage,
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plasma inductance also depends on the geometric dimensions
of the plasma channel, especially its diameter [45].

Figure 8 presents the temporal evolution of plasma
conductance under varying conditions of applied voltage and
shows that it exhibits an oscillating pattern similar to that of the

TABLEI

PLASMA INDUCTANCE PREDICTED BY THE MODEL AT VARYING
CONDITIONS OF APPLIED VOLTAGE.

Applied voltage (kV) 5 10 15 20

Plasma inductance (1uH)

166 136 127 127

current waveform. Initially, conductance rapidly increases to
0.1 S, then it oscillates with an overall slight decrease, until it
reaches ~0.01 S. Upon discharge extinction, plasma
conductance falls exponentially to zero. The oscillating
behavior of plasma conductance may be attributed to temporal
variations in plasma properties (plasma diameter, electron
temperature, or electron density). This aspect is further
discussed in a subsequent section of the study. As in the case of
inductance, the conductance of the plasma is independent of
discharge pulse width.

Plasma conductance is also dependent on two unknown
parameters 7 and P. The calculated values of these parameters
are summarized in Table II. P and 7 increase significantly from
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Fig. 8. Temporal evolution of plasma conductance under varying conditions of
applied voltage (pulse width = 500 ns). The dashed line indicates the
breakdown.
~1 to ~20 kW and from 3.9 to 13.6 ns, respectively, with
increasing applied voltage between 5 to 20 kV. Parameter P
represents the average power of the plasma during the discharge
period, and thus, it is expected to increase under higher applied
voltage conditions. As for 7, it corresponds to the time required
for the plasma to reach equilibrium, and so, it is also expected
to increase with increasing discharge voltage, due to higher
current peaks. The 1 values determined at 5 and 20 kV are ~10
ns different, which is indicative of fast plasma dynamics and
high sensitivity to the applied voltage.
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TABLEII
VARIATION OF P AND T, PARAMETERS USED IN THE PLASMA
CONDUCTANCE MODEL, AS A FUNCTION OF APPLIED VOLTAGE.

Applied voltage (kV) 5 10 15 20
P (W) 1003 4589 11852 19943
7 (ns) 39 88 102 136

B. Plasma properties derived from the model

The plasma conductance (or resistance) predicted by the
model was used to estimate certain properties that could not be
determined experimentally, such as the temporal evolution of
electron temperature. Assuming that the plasma is a
homogeneous cylinder, G, is related to plasma resistivity (pp)
via (5) [48],

®)

where r, and & are the radius (m) and length (m) of the
plasma, respectively. The resistivity is also related to electron
temperature (7,) and density (n.), and assuming a Maxwellian
distribution, this relation can be expressed using the Spitzer
formula given in (6) [49],

_ 2mee?+Zopp 1,3/2
Pe = 121323132 \Vme3nl/? * F(Zesr) (6)

where m is the electron mass (kg), e is the electron charge (C),
Zeyis the effective ionic charge (Zy= 1), and F(Z,f¢) is given
by:

1+1.198+Zgf+0.222+Z o f
1+2.966+Z¢ff+0.753%Z o f2

F(Zegs) = (7

It is worth noting that Spitzer formula implies Coulomb
collisions, and therefore electron-neutral collisions are
neglected. This assumption could be valid once the breakdown
is reached, but not in the ignition phase. where the electron
neutral collisions are of importance.

So far, it is not clear whether the r, parameter in (5)
corresponds to the impact radius (evidence of plasma surface
interaction) or to the plasma emission radius. In general, the
impact radius depends on discharge parameters [46, 47], and
under conditions similar to those investigated herein, this radius
is typically 10 um [26]. The plasma emission radius, on the
other hand, is estimated at 100 um, based on time resolved
imaging [23]. In this study, the calculations were performed
using both radii, 7, = 10 and 100 pm.

As for the electron density, it was experimentally measured
using optical emission spectroscopy. The emission profiles are
highly sensitive to plasma conditions, including temperature
(Doppler broadening), pressure (van der Waals broadening),
and the density of charged species (Stark broadening).
Considering that the Ha line is clearly evident in the spectra
recorded herein, and that the Stark broadening of this line is
well documented [50-52], the temporal evolution of Ha
emission (integration time = 20 ns, 250 averaged discharges)
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was used to determine the electron density of the plasma. The
results illustrated in Fig. 9a show that the Ha line exhibits
relatively strong broadening (> 5 nm), with the Stark
broadening (AAgtqr,) being the most dominant contributing
factor. To estimate AAgqqk, the spectral data was fitted to a
Lorentzian profile, as shown in Fig. 9b. Finally, the estimated
value of AAg; 4 Was used to calculate n. at various times during
discharge, according to (8) [50],

ne(m=2) 0.67965
Adgpqre (M) = 0.549( . ) (8)
100 ns
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Fig. 9. a) Evolution of Ha line as a function of time. b) Lorentzian fit of the
700 ns Ha line.
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Considering that during the first 300 ns of discharge the
spectra are dominated by continuum radiation, n. was
determined based on data collected between 400 and 900 ns
only. Overall, the electron density continuously decreases from
271x10% m™ at 400 ns to 15x10% m™ at 900 ns. Such relatively
high values can only be achieved under high pressure
conditions, which further supports our assumption that the
pressure is in the order of tens of bars; these values are in
agreement with values already reported in literature [7-8].
However, since the contribution of n. to p, is determined
according to ln(ne_l/ 2 ) then high electron densities will have
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an insignificant influence on plasma resistivity, as shown in
Table III, for n, values in the range of 15.1-271.6 x10?* m™,
In(n, /2 ) varies between -29.3 and -27.8. This indicates that
influence of n. temporal-variation can be neglected. The value
considered in further calculations is 271x10% m™,

TABLEI

TEMPORAL VARIATION OF ELECTRON DENSITY.
Time (ns) 400 500 600 700 800 900
ne(x10%m™) 2716 1471 839 441 266 15.1
In(n,™"?) 293 289 287 -284 281 -278

The electron temperature was calculated at different times
using the two values of plasma radius discussed above (10 and
100 um), and the resulting temporal evolution of 7, is presented
in Fig. 10. Initially, T, rapidly increases to a peak value of ~25
eV (10 pm radius) or 1.2 eV (100 um radius). Considering that
previous studies on similar discharges report electron
temperatures less than 5 eV [31, 53, 54], it seems that the
emission dimension of the plasma (100 um) is more suited for
T, calculation than the impact dimension (10 um). This is
consistent with experimental studies on plasma emission
imaging, e.g., [23], as well as on simulation study, e.g., [55],
showing that the plasma radius is about 100 pm, relatively
larger than the impact radius (about 10 um). After the initial
increase, 7. exhibits an oscillating behavior with a decreasing
slope, a dynamic that is similar to the current waveform. The
temporal evolution of the plasma radius was assessed using a
constant 7, value of 0.75 eV ((5) and (6)). As shown in Fig. 10c,
rp increases rapidly to a maximum of 115-145 pm at ~0.32 ps
(i.e., 20 ns after breakdown), then it decreases while oscillating,
like Te.
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Fig. 10. Temporal evolution of electron temperature at a) r, = 10 um and b)
r, =100 pm (applied voltage = 5, 10, 15, and 20 kV, pulse width = 500 ns). c)
Temporal evolution of plasma radius at 7, = 0.75 eV (applied voltage =5, 10,
15, and 20 kV, pulse width = 500 ns). The dashed line indicates the breakdown.

Interestingly, the acquisition of the plasma radiation using a
photomultiplier (PM), simultaneously with the electrical
characteristics, shows oscillation behavior that is synchronized
with the current (shifted by ~25 ns), Fig. 11. Such an oscillation
of the radiation clearly indicates that the plasma kinetics
(excitation, deexcitation, etc.) change, and such a change can be
related to oscillation of the electron temperature already
observed in Fig. 10b; the oscillation of electron temperature can
be associated to the formation of space charge in the plasma.

8 applied voltage = 5 kV; pulse width = 500 ns

1.0
—— Current (A) (shifted + 25 ns)
— Normalized PM signal
+0.8
0.6
L0.4
+0.2
T T T T T _00
100 200 300 400 500
Time (ns)

Fig. 11. Electrical current waveform and its correspondence PM signal
acquired for a discharge at an applied voltage of 5 kV and pulse width of 500
ns.

Considering that the parameters of pulsed plasmas, such as
radius, electron temperature, and electron density, vary with
time, it is extremely difficult to study these plasmas
experimentally or theoretically. Moreover, the assumption of
cylindrical symmetry in the plasma channel is far from real,
seeing that plasma emissions are generally spherical-like [23].
The homogeneity of 7. and n. inside the plasma is also doubtful
due to the coexistence of multiple interfaces (plasma-electrode,
plasma-water, plasma-vapor, etc.), as well as to space charge,
electron-ion recombination, and nanoparticles. In light of these
limitations, the Spitzer formula (7) that assumes a Maxwellian
distribution is probably not well adapted for the analysis of
discharges in liquid. At this stage, our study shows that the
equivalent electrical circuit of a spark discharge in water maybe
of interest as it provides temporal evolution of plasma
properties at a time-scale unachievable experimentally.
Therefore, to further develop this field of research, it becomes
crucial to establish a plasma model that considers the various
physical phenomena reported in spark discharges, such as
streamer ignition, branching, charge creation, and dynamic
changes in the distribution function. On the other hand, the
exclusion of high electron temperature corresponding to r, = 10
um from our calculations is yet another limitation, especially
considering that the electron energy distribution acquired under
micro gap conditions shows electrons with energies as high as
~35 eV [56]. To the best of our knowledge, the temporal
evolution of electron temperature in plasmas in liquid has not
yet been reported, and only the average values are available.
However, Inoue et al. [31] have recently demonstrated that the



TPS13269

spatial distribution of electron temperature varies with time.
Despite the differences in experimental setups and discharge
conditions, the study reports 7. values around 1 eV, with
oscillating behavior during discharge. This agrees well with our
results.

V. CONCLUSION

In this study, we investigate the equivalent electrical circuit
of a spark discharge in water induced by a pulsed high voltage.
The electrical characteristics of this discharge (current and
voltage) were experimentally determined under various
conditions of applied voltage and pulse width and used to
theoretically calculate plasma properties such as inductance and
resistance. These properties were optimized by minimizing the
difference between the simulated and experimental electrical
current values.

The inductance of the cylindrical plasma channel was
assumed to be time independent, and its average value was used
to study the temporal evolution of plasma resistivity, according
to a Mayr-type model. Considering that resistivity depends on
electron temperature and density (Spitzer formula), the
evolution of these parameters as a function of time was also
assessed. However, the influence of electron density (measured
experimentally) on plasma resistivity was taken to be
insignificant, and so, only the temporal variation in electron
temperature was analyzed. The obtained results demonstrate
that electron temperature is highly dependent on plasma radius,
with the impact radius (~10 pm) yielding a peak value of
approximately ~25 eV. The plasma emission radius (~100 um),
on the other hand, results in an electron temperature of ~1.2 eV;
this value is more realistic because it is comparable to values
reported in literature. Electron temperature oscillates as a
function of time, probably due to the formation of space
charges. Similar oscillations are also detected in the radiation
emitted by the plasma acquired using a PM.

Our approach in determining some plasma properties based
on an equivalent electrical circuit is approximative, at best.
Nevertheless, the results reported herein demonstrate that the
temporal evolution of electrical current can be directly related
to variations in plasma properties, mainly to -electron
temperature.
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Conclusion

Ce mémoire s’est principalement intéressé aux décharges « Spark» dans les liquides
diélectriques. La caractérisation électrique de ces décharges, leurs analyses détaillées, couplées
et la réalisation d’un circuit équivalent, nous permet de déterminer des parametres plasma tels
que I’évolution temporelle de la température électronique. Cependant, la physique de ces
plasmas est trés complexe et nécessite des études simultanées sur les conditions de pression,
température et densité. Ceci est un 1°" pas dans la connaissance des conditions expérimentales
lors de la synthese de nanoparticules par décharges impulsionnelles dans des liquides

diélectriques.
Les contributions apportées durant cette maitrise sont les suivantes :

o Le développement d’une alimentation pulsée a bas prix permettant des décharges dans
I’eau distillée avec des tensions appliqués = 2.5 kV et une dynamique RLC durant la

décharge d’une durée d’environ 500 ns.

e Le développement d’un circuit équivalent pour le systeme électrique a I'Université de
Montréal expliquant les signaux électriques observés par une inductance plasma non-
négligeable et une résistance qui évolue dans le temps. Apres avoir lié la résistivité du
plasma a la température et a la densité électronique, nous étions capables de proposer
une évolution temporelle de la température électronique, sachant que la densité

électronique est déterminée expérimentalement.

Ce projet qui porte sur la compréhension des décharges électriques dans les liquides et leurs
applications a la synthése de nanoparticules est terminé pour ma part, cependant des étudiants

successifs vont continuer a explorer la physique des plasmas dans ces conditions particuliere.

Il est également a noter que |'étude des particules ainsi créées avec des conditions
reproductibles (systeme a I’'UdeM) est présente en annexe et porte sur la capacité a produire

des oxydes de cobalt ou de nickel via des décharges dans I'eau.
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ANNEXES

A. « Pulser » Laplace

Le dispositif de base disponible au LAPLACE est réalisé a base d’un circuit résonnant constitué
d’une bobine haute tension « THT » alimentée par un circuit oscillant, lui-méme alimenté par
une source continue (tension secteur redressée et lissée). Un autotransformateur permet de

régler la valeur de la tension en entrée, et donc la tension de sortie.

Autotransformateur Redresseur Circuit oscilllant THT

OOOOOO {47 - 200) UH 108

+ Primaire | Secondaire

0-50V =

ezl T o

(065 oF
a0y

Bornier

Fastdicde
BY29x400V

Figure 1.— Circuit électronique initialement présent au LAPLACE

L'alimentation étant déja sur le site du Laplace et fonctionnelle, les composants utilisés sont
connus a I'exception de la bobine THT qui est issue du recyclage. Les caractéristiques mesurées
de la bobine THT sont récapitulées dans le Tableau 1 et la Figure 2 présente le schéma

électrique du transformateur équivalent (Schéma de Kapp) :

Tableau 1.— Caractéristiques de la bobine THT

Imperfections Valeurs a 250kHz

Reluctance du circuit magnétique (L1) | 750uH

Fuites de flux (ls) Non mesurable : considéré nul
Pertes fer 128,9 Q (Trés importante)
Pertes cuivre (Effet Joule) Non mesurable : considéré nul
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-
-—
=

transformateur parfait
Figure 2.— Schéma de Kapp (Equivalent a un transformateur réel)
Le principe de fonctionnement de ce circuit oscillant repose sur les oscillations du circuit LC

composé par une capacité et le bobinage primaire d’un transformateur.

Les oscillations démarrent quand la tension est appliquée, le courant traverse les deux
bobinages du primaire et passe dans le drain des mosfet. Au méme moment, une tension
supérieure a Vgs est appliquée sur la base (« gate ») des mosfets. Ceux-ci sont alors passant.
Cependant, les composants n’étant pas identiques, I'un des deux commute plus rapidement que
le second, et par conséquent plus de courant passe par ce mosfet et par son enroulement
primaire associé. Moins de courant est alors disponible pour le second mosfet et son
enroulement : celui-ci se bloque. Le circuit LC vient alors d’étre alimenté et la tension aux

bornes de la capacité va devenir sinusoidale [62].

Si Q1 est le premier a étre devenu passant alors la tension au

L1 point Y est proche de 0 tandis que la tension au point Z
N augmente puis diminue sur la 1° période d’oscillation du
- i circuit LC. Quand la tension atteint Z, le courant dans le
mosfet Q1 est drainé et il se ferme.
—
az| H___‘L Sa fréquence de fonctionnement est donc donnée par la

Soit, dans notre montage, f =

formule suivante : f = 2
T anvIc

Figure 3.— Schéma simplifié de
fonctionnement 30kHz.

Sa conception permet la commutation des mosfet a une tension Vg nulle, ce qui permet de

limiter les pertes électriques de commutation par effet Joule.
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Son désavantage est le fait qu’il s’agit d’un circuit en résonance et par conséquent la fréquence
des impulsions générées est fixée par les valeurs de la capacité et de I'inductance des bobines.

Cependant, vu que la charge du secondaire n’est pas stable, celle-ci va varier.

Le montage est alimenté par un pont de diode qui redresse le signal de 50 V (pic) issue d’un

transformateur 220 V/35 V et vient charger le condensateur de lissage de 470 uF.
1. Modification du systéme expérimental

Le service électronique du LAPLACE a réalisé une commande actionnant un commutateur afin
de limiter le nombre de décharges. Cela permet de couper I'alimentation en courant continu du
circuit résonant afin de I'arréter aprés un délai réglable avec précision. De plus, il est apparu que
la premiere impulsion étant plus énergétique, c’est celui-ci qui est la plus intéressante pour
I'application souhaitée. En effet plus I'énergie déposée (et la puissance instantanée) est grande

plus la vaporisation des électrodes est importante [58].

Le circuit est donc composé de deux parties (puissance et commande) reliées entre elles par

une fibre optique afin de limiter les interférences électriques.

La partie commande et constituée d’'un module Arduino qui fut remplacé par la suite par un
générateur de signaux (le rayonnement électromagnétique perturbant la commande de
I’Arduino). Celui-ci alimente un émetteur pour fibre optigue commandant un commutateur par

réception du signal lumineux (voir Figure 4).

AFER-26247
u3 1 g

Figure 4.— Circuit électronique de commutation développée par le service électronique du
LAPLACE et Gilles Charles (GREMI de I'Université d’Orléans, site de Bourges)
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Pour finir, I'alimentation continu du circuit
oscillant est changée par une alimentation
de laboratoire afin de garantir une tension
d’alimentation constante. (Précédemment
le filtrage de la tension « secteur » f(it sous-
estimée  causant

périodigue a 50Hz (fréquence secteur

Europe).

un

fonctionnement

Commutateur

0-50v --
3 t [
141 %S
T Circuit
e oscillant
=
GND

Bobine
THT

L1

L2

Figure 5.— Schéma simplifié de la
commutation

Alimentation
de laboratoire

(]

|

Commutation

Circuit oscilllant

dicdes Zen

47043

Q00000 @7-200 208

Fast dicde

BY29:x400V

[06auF
400

Frimaire

THT

Secondaire

—t—

=

Bornier

Figure 6.— Schéma du systéme actuel présent au LAPLACE (Toulouse)
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B. Synthese d’oxide de Cobalt et de Nickel dans un film d’oxide de

Cobalt par décharge « Spark » dans I'’eau déionisée

Les décharges dans les liquides étant maintenant mieux comprises, la synthése de

nanoparticules complexes a I'aide de décharge « Spark » dans les liquides peut étre envisagée.

Dans ce chapitre, nous allons démontrer la possibilité de réaliser des complexes nanostructurés
de nickel et de cobalt ainsi que leurs oxydes. Le choix de ces métaux est d( a leurs propriétés
magnétiques qui leurs permettent des utilisations moderne dans I'imagerie médical ou des
formes de stockage magnétique de données. La composition de ces structures sera analysée a

I'aide d’un microscope électronique a transmission et par spectroscopies.

Dans cette publication, T. Merciris a réalisé la synthése des particules a I'aide du montage
expérimental précédemment étudiée dans le chapitre 3, la majorité de I'analyse ainsi que la
rédaction initiale de l'article. Les co-auteurs ont participé a I'analyse des résultats et a la

rédaction de l'article. Cette publication n’est pas complétement terminée.
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ABSTRACT

Synthesis of nanoparticles by efficient and ecological techniques is highly needed. Among various
synthesis techniques, electrical discharges in liquids exhibit high potential to efficiently produce
nanoparticles based on a controlled erosion of the electrodes. In this study, by sustaining spark
discharges in water between Co-Co or Ni-Ni electrodes, Co or Ni (and their oxides) nanoparticles
are synthesized. The use of Co-Ni or Ni-Co produced Co and Ni nanoparticles with a majority
dominated by the nature of the anode pin. The produced nanoparticles are thoroughly characterized
using transmission electron microscope. Although the synthesis of Co-Ni nanoalloys was not
confirmed under the various investigated discharge conditions of pulse width (100 and 500 ns) and
voltage amplitude (5 and 20 kV), core-shell nanoparticles are observed among the Ni-and Co
nanoparticles. The as-synthesized nanoparticles are also characterized by UV-VIS absorption

spectroscopy, and direct optical band gaps of the nanomaterials are determined.
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1. INTRODUCTION

During the last few decades, the field of nanoscience is rapidly expanding, as it gets
involved more and more in many areas of everyday life, such those of food science [1,2], data
storage [3,4], medical [5,6], and many others [7,8]. One of the challenges in nanoscience field is

the development of ecological, efficient, and selective synthesis processes.

There are multiple processes to produce nanomaterials that can be classified in two
categories: top-down and bottom-up. Top-down approach implicates the breaking down of
macroscopic material to nanoscale level (miniaturization), and they include mechanical ball
milling, laser ablation, electrical discharge machining, etc. [9-14]. Meanwhile, the bottom-up
approach relies on building nanomaterials from atoms and molecules, such as molecular self-

assembly [15], atomic layer deposition [16], and other techniques [17-21].

Pulsed electrical spark discharges in dielectric liquids, which can be considered as top-
down process, seem to fulfill the requirements of an ecological and efficient process [22,23]. Such
a process is based on the application of pulsed high voltage between metal electrodes immersed in
a dielectric liquid. The plasma created by a pulsed electrical discharge dissociates the liquid and
locally heats the electrode surfaces, leading to the evaporation of matter in the plasma, as well as
the ejection of melted droplets in liquid. The potential of such a synthesis technique is
demonstrated over the last decade, and various nanomaterials were synthesized. Briefly,
discharges in water produced oxides [24], while nanocomposite materials are produced when
discharges are sustained in hydrocarbon liquids [13]. Metal nanomaterials are also produced when
discharges are sustained in liquid nitrogen [25,26]. The unique plasma properties of spark
discharges in liquids, such as high temperature, high pressure, and reduced lifetime [27] are the

unique keys of the process as compared with other physical or chemical processes. Moreover,
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novel phase of nanomaterial, synthesized by discharges in liquid nitrogen between lead electrodes,

is recently reported [28,29].

Several reports have investigated the potential of in-liquid discharges to synthesize
nanoalloys. For example, Kabbara et al. [30-32] have studied the capacity of synthesising several
alloys, such as Cu-Ag, Cu-Zn, and Si-Sn, by sustaining discharges in liquid nitrogen. The reported
results show that mixture of individual nanomaterials, particles of an element decorated by other,
or nanoalloys with small quantity, are produced. Other recent study [33] that deals with discharges
between Co and/or Ni electrodes in liquid nitrogen has showed the feasibility to synthesize Co-Ni
nanoalloys, but such nanoparticles were found very scarce, as compared with others Ni and Co

nanoparticles synthesized in the process.

In this study, we investigate the production of Co and Ni nanomaterials (and their oxides)
by sustaining discharges in deionized water. This system of material is chosen because it has
potential in various fields, such as catalysis [34—39], magnetic material [40—42], semi-conductor
[43-45], and bio-sensor [46-50]. Four electrode configurations are tested: Ni-Ni, Co-Co, Ni
(anode) - Co (cathode), and Co (anode) - Ni (cathode). Moreover, in each electrode configuration,
several set of applied voltage and pulse width are tested. The produced nanoparticles are

characterized by transmission electron microscope as well as by UV-Vis absorption spectroscopy.

2. EXPERIMENTAL SETUP AND CHARACTERIZATIONS

2.1. Discharge cell and conditions

A schematic of the experimental setup is shown in Figure 1. We used a nanosecond positive
polarity pulsed power supply (NSP 120-20-P-500-TG-H, Eagle Harbor Technologies) to generate

spark discharges between two electrodes immersed in deionized water. The power supply is
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adjustable in magnitude and pulse width, and the tested values of magnitude were 5 and 20 kV,
while the tested values of pulse width were 100 and 500 ns. The discharge is sustained during 10
minutes at a repetition rate of 50 Hz.

M-meter positioning\
HV probe

Current probe

Ni, Co
electrodes —

j Q”\\
¢ ~

Water————

Plasma

Power supply

Oscilloscope

Ground——_ =

Figure 1 : Experimental setup

To produce Co and Ni nanostructures, four electrode configurations (anode-cathode) are
tested: Ni-Ni, Co-Co, Ni-Co, and Co-Ni. Nickel electrodes have a length and diameter of 10 cm
and 2 mm, respectively, and cobalt electrodes have a length and diameter of 5 cm and 2 mm,
respectively; both electrodes have purity of 99.99% (from Goodfellow). In each configuration, the
electrodes are vertically mounted on a micrometer positioning system and are distanced by ~50
um. The anode is mechanically polished to have a curvature radius of ~10 pm, and the cathode
(the ground) is also mechanically polished to have a plane surface. The discharges are conducted
in a quartz cell with a length of 5 cm and an inner / outer diameter of 8 /10 mm. The cell is filled

with 10 mL of deionized water (initial water conductivity ~3 pS/cm).
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2.2. Nanostructures characterization

The synthesized nanostructures are analysed using TEM (Transmission Electron
Microscopy) JEOL JEM-2100F operated at 200 kV. Samples of water solution in which the
synthesized nanostructures are collected, sonicated for 5 minutes, and dropcasted in TEM Cu-grids
endowed with a lacey C-film (from Electron Microscopy Science). Information on the
nanostructures were derived via bright field TEM imaging, Electron Dispersive Spectroscopy

(EDS), and Selected Area Electron Diffraction (SAED).

The SAED patterns were analyzed using a radial integration technique based on the use of
an ImagelJ plugin to generate the Radial Profile Plot [51] [24]. Briefly, the plugin integrates the
pixel intensities of the diffraction pattern over concentric circles of different radii, defined from
the center of the diffraction pattern, before dividing the resulting sum by the number of pixels
forming each respective circle. This plot generates a spectrum equivalent to an XRD spectrum. To
compare the measured distances with the theoretical ones, we used the NBS circular 539 [52] or
the NBS monograph 25 [53]. Figure 2a and b respectively shows typical SAED pattern (acquired

for nanostructures synthesized by discharges in Ni-Ni) and the generated spectrum.
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Figure 2: a) SAED pattern from TEM measurement from a Ni sample at 5kV_100ns and identification of
the crystal from circular ring corresponding to the crystal D_Space. b) Relative intensity of the different
crystals (Ni and NiO) from the NBS circular 539 volume 1. c) Radial profile of the experimental SAED

pattern.

As we will refer to interplanar distances along the manuscript, a list of the theoretical
interplanar distances of the expected material (Ni, NiO, Co, CoO, and Co304) are shown in Table

1.

Table 1: theoretical interplanar distances of the expected material (Ni, NiO, Co, CoO, and C0304).

Ni NiO Co CoO Co304
d(A)) plan dA) plan d@A) plan d(@A) plan d(A) plan
2.03 111 2.09 200 2.05 111 2.13 200 | 244 311
1.76 200 2.41 111 1.77 200 2.46 111 | 286 220
1.25 220 1.48 220 1.07 311 1.51 220 | 143 440
1.06 311 1.26 311 1.25 220 0.95 420 | 156 511
0.81 331 0.93 420 1.02 222 1.28 311 | 202 400
0.79 420 0.85 422 1.23 222 | 093 751

We also used UV-VIS absorption spectroscopy (Agilent, Cary 5000 UV-Vis-NIR) to
identify the surface plasmon resonance of the as-synthesized particles in solution. We applied Tauc
plot method on the UV-VIS spectra to evaluate the direct band gap energy of the synthesized

material and its dependence on the various discharge conditions.

3. RESULTS

3.1. Ni-Ni configuration

Discharges between Ni electrodes in water are expected to produce Ni and NiO
nanostructures. We explored the two-limit conditions of discharge conditions: high voltage / long

pulse width (20 kV / 500 ns) and low voltage / short pulse width (5 kV / 100 ns). A low-resolution
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TEM image of the synthesized Ni-based nanostructures are shown in Figure 3a. In this figure, one
identifies three distributions of nanoparticles: the first one accounts the particles that have diameter
between 50 and 150 nm (Figure 3a), the second one accounts the particles that have diameter
between 10 and 50 nm (Figure 3d) , and the third one accounts the particles that have diameter <
10 nm (Figure 3e). A typical individual particle of the first distribution is shown in Figure 3b. Such
a particle has a shell of a few nanometers and, furthermore, one identifies a sheet-like at the
nanoparticle’s surface (see the zoom in Figure 3b). Figure 3¢ shows another similar particle, on
which we performed atomic-resolution scan as well as EDS analysis in two zones: close to the
core (edsl) and close to the shell (eds2). The EDS spectra are dominated by Ni lines, although
other lines (O, Cu, and C) are detected; Cu originates from the copper TEM grid, C originates from
the carbon film on the grid, and O can originate from the grid as well as from the nanoparticle’s
shell that is expected to be oxidized. On the other hand, the measurement of the distances
performed on atomic-resolution TEM shows that the interplanar distance is around 1.78 A that

corresponds to (200) reflection plan of Ni.
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Nickel-Nickel — V, = 20 kV; t = 500 ns

$ S,

-
-
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S

Figure 3 : Nickel and nickel oxide nanoparticles formed with 20kV-500 ns pulses.

As for the nanoparticles with diameter between 10 and 50 nm, shown in Figure 3d-e, the
electron diffraction pattern (inset) as well as the measured interplanar distances converge towards

NiO structure.

In the case of the 5 kV / 100 ns discharge, although the same distributions (mentioned
previously) are identified, the overall synthesis yield is reduced, which is expected. A typical
particle of the larger distribution is shown in Figure 4a. In the same figure, one can also identifies
a square-shape nanoparticle that has a length of about 60 nm. In Figure 4b, one shows an object
that seems to be an agglomeration of ultrasmall nanoparticles. In Figure 4c, we show a sample of
the smaller nanoparticles. The insets of this figure show zooms on particles that have diameters
about 10 nm: particle 1 seems not to have a shell, but tiny particles around; particle 2 is a particle

with a square shape, and the core-shell appearance seems to be a superimposition of two particles;
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particle 3 has a typical core-shell structure. As compared with the case of 20 kV / 500 ns, one
remarks that the probability to produce nanoparticles that have diameter < 10 nm, regarding the
others, is relatively high at low voltage and short pulse width. This may provide a hint on the

control of size distribution using the current discharge technique.

Nickel-Nickel — V, = 5 kV; 1 = 100 ns

\J/L‘AM 0 aa 2

1 C R R R
Energy (keV

Figure 4 : Nickel and nickel oxide nanoparticles formed with 5kV-100 ns pulses

SAED patterns are further processed to produce a spectrum using the method describes in
Section 2.2. Overall, the spectra of SAED pattern performed on large areas, such as Figure 3a, are
very well fitted using the N1 and NiO lines. However, the particles that exhibit a film-like, such as
Figure 3b, show an additional peak (Figure 5) at ~2.5 A that can be attributed to nickel hydroxide
a-Ni(OH)2 [39,54,55]. Under our discharge conditions, it is not surprising to synthesize such nickel
hydroxide particles, because discharge in water effectively produce oxidative species including

OH, O, H, and H;0,.
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Ni-Ni — V, = 20 kV; t = 500 ns
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Figure 5: SAED pattern of the nickel sample (20kV / 500ns)

3.2. Co-Co configuration

In the case of Co-Co discharges under 20 kV / 500 ns, one identifies three particles
distributions (50-150 nm, 10-50 nm, and < 5 nm), similar to the case of Ni-Ni discharges. A low-
resolution TEM image in Figure 6a indicates that the smallest particles are dominating, and the
EDS analysis performed on the same area shows Co and O, among the other elements coming
from the grid. Similar EDS spectrum is obtained after local analysis on a particle of 150 nm
diameter (Figure 6b). High resolution imaging of such a particle shows that it exhibits on its right-
bottom a shell of a few nanometers, while at the top-left of the particle is surrounded by the smaller
particles. Such kind of nanoparticles decorating a relatively larger particle are already observed
and referred as gauzes [56] [33]. The non-homogeneity of the gauze (right-bottom vs. top-left) can
be related to the dynamics of the ejected particles in solution, while the pressure at the front is
relatively higher that that at the rear. High resolution TEM performed on the particle’s core leads

to an interplanar distance of 1.05 A which represent the plan (222) of Co, while the interplanar
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distance measured on the particle peripheral is 1.56 A, which may be attributed to the (511) plan

of C0304.

Figure 6e shows a typical particle of a diameter of 40 nm that appears to have a core-shell
structure. High-resolution imaging on this particle shows that both the core and the shell have close
interplanar distances (1.31 and 1.32 10%) which may be related to (220) plan of Co and (201) plan
of Co(OH)2 [57]. Finally, Figure 6g shows the typical very small nanoparticles that are Co3O4 as

the SAED shows (see below).

Cobalt-Cobalt - V, = 20 kV; t = 500 ns
T i o) T

ax(1.32x2f A

Figure 6 : Cobalt and cobalt oxide nanoparticles formed with 20kV-500 ns pulses

Co-based nanoparticles synthesized at 5 kV / 100 ns are shown in Figure 7. Nanoparticle
distributions similar to those reported in the case of 20 kV / 500 ns are identified, but because the
synthesis yield is smaller, the very small particles appear as porous film (Figure 7b-c). Unlike the

previous conditions, the larger particle (Figure 7b) does not exhibit a shell. This may be related to

74



the dynamic (e.g., lower speed) of the ejected particle. However, the particle with diameter of 10

nm (Figure 7d) show an important shell of about 5 nm that is probably composed of Co(OH)s.

Cobalt-Cobalt -V, =5 kV; =100 ns

5

Figure 7 : Cobalt and cobalt oxide nanoparticles created formed with 5kV-100 ns pulses

Similar to the case of Ni nanoparticles, the spectra of SAED pattern performed on large
areas, such as Figure 7a, are very well fitted using the Co and Co3O4 lines. The presence of a

Co(OH)2 (001) reflection plan at 4.7A is also confirmed [58].
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Figure 8 : SAED pattern of the cobalt sample (5kV_100ns)

3.3. Ni (anode) -Co (cathode) configuration

The use of two different electrodes, Ni anode and Co cathode, is to investigate the
feasibility of synthesizing Ni-Co nanoalloys. In Figure 9 we show various nanoparticles
synthesized at 20 kV / 500 ns. Global EDS analysis (Figure 9a) shows signatures of Co and Ni,
among others. This confirm that erosion of both electrodes has occurred. Other EDS analysis is
locally performed on various particles, and the results are shown in Figures 9b-c. The EDS analysis
was performed on four individual particles that have diameter between 50 and 100 nm, and the
corresponding spectra are shown in Figure 9c. Spectrum of particle #1 shows Ni but not Co.
Particles #2, #3, and #4 show an intense Ni peak and low intensity of Co peak. Analysis on zone
#5, where particles have a diameter < 10 nm, shows great Co peak and small Ni peak. From these
analyses, one deduces that, under this condition of 20 kV / 500ns, the particles that have a diameter
< 10 nm are made of cobalt oxide, while the particles that have a diameter > 10 nm are made of
nickel oxide. Also, it was possible to identify particles with diameter > 10 nm that are made of Co,

but they are very scarce.

76



Nickel (anode)-Cobalt (cathode) — V, = 20 kV; T = 500 ns
2R ot & ‘Z b S R “('P, % e Cu Ni
8, ) * 5,9) Co
RN\ # St A
#2
#3
#4
#5
1 6 7 8 9 10
Energy (keV)

Figure 9 : Nanoparticles formed by nickel (anode) and cobalt (cathode) electrodes with 20kv_500ns
discharge

Figure 10 shows various nanoparticles synthesized at 5 kV / 100 ns. Similar to the previous
case, the EDS analysis on a large area (Figure 10a, area #1) shows signatures of both elements Co
and Ni, among others. Particles #2 and #3, that has a diameter between 50 and 100 nm, are mainly
composed of Ni and Co, respectively. It is worth noting that despite the statistical analysis of the

particles, it was possible to find more Co particles, unlike the previous case of 20 kV / 500 ns.

Nickel (anode)-Cobalt (cathode) — V, = 5 kV; t = 100 ns
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Figure 10 : Nanoparticles formed by nickel (anode) and cobalt (cathode) electrodes with 5kv_100ns
discharge



Further discharges at high voltage / short pulse width (i.e., 20 kV / 100 ns) are conducted,
and the results are summarized in Figure 11. The EDS analysis on area #1, that is dominated by
particles that have a diameter < 10 nm, shows that these nanoparticles are composed of Ni and Co
oxides. The particles that have diameter of 50-100 nm are made of Ni, as the results observed in
the case of 20 kV / 500 ns. At this stage, it seems that at higher voltage the larger particles are
made of nickel oxide while the smallest particles are made of cobalt and nickel oxides, although

few large Co nanoparticles can be found with very small quantity.

Nickel (anode)-Cobalt (cathode) — V, = 20 kV; t = 100 ns
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Figure 11 : Nanoparticles formed by a cobalt (anode) nickel (cathode) with 20kv_500ns discharge.

Because the erosion rate of anode and cathode can be different, we changed the polarity of
each electrode regarding the previous conditions, i.e., cobalt-anode and nickel-cathode, and
sustained discharges at 5 kV / 100 ns. The nanoparticles synthesized under this condition are shown
in Figure 12. An EDS analysis of a large area of nanoparticles shows the presence of both Ni and
Co peaks (Figure 12a). It is worth noting that the probability to produce nanoparticles that have
diameter > 20 nm is strongly reduced (Figure 12b). EDS analysis on individual particles shows
three types of compositions: only nickel oxide, only cobalt oxide, and core-shell like nanoparticle,

as the one shown in Figure 12c.
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Figure 12 : Nanoparticles formed by a cobalt (anode) nickel (cathode) with 5kv_100ns discharge.

From the above TEM observations, one concludes that spark discharges between Ni and/or
Co electrodes in water produce three distributions of nanoparticles. The first distribution is
characterized by particles diameter larger than 50 nm composed of nickel or cobalt, depending on
the nature of the electrodes, with an oxide shell of few nanometers. The shell was found
inhomogeneous around the particles, because it probably growths during particle ejection in water.
The second distribution counts the particles with size typically between 10 and 50 nm that are
composed of nickel oxide or cobalt oxide depending on the electrode’s configuration. It seems that
surface of some particles from this distribution exhibit at their surfaces Co(OH)2 or Ni(OH); if Co
or Ni electrodes were used, respectively. The third distribution is composed of nanoparticles that
have a diameter smaller than 10nm and they are composed of nickel or cobalt oxides. In the case
of Ni-Co or Co-Ni electrodes, nanoalloys were not found, but rather a core-shell structure in

addition to individual Ni and Co nanoparticles.

4. UV-VISIBLE ABSORPTION SPECTROSCOPY
UV-Visible absorption spectroscopy was performed on the as-synthesized nanoparticles in
solution. The advantage of such a characterization technique is about its statistical approach on a

large number of particles present in solution, unlike TEM, which is rather a local analysis. The
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absorbance curves of nanoparticles synthesized in the case of Ni-Ni discharges at a pulse width of
500 ns and for various voltages are shown in Figure 13a. The absorbance curves are similar to
those reported in other studies [20,59,60]. The trend of absorbance values acquired under various
conditions of applied voltage are expected, as the production rate is higher at high voltage.
However, the normalized spectra (shown in the inset of Figure 13a) do not present significant
differences, indicating thus that the synthesized nanoparticles under various applied voltages are
similar. This fact is further confirmed by reporting the direct optical band gap energy by
performing the Tauc plot, as shown in Figure 13b. The measured energy gap is ~4 eV, which also

agrees with the values reported elsewhere [59][60].
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Figure 13 : UV-visible spectrum and Tauc plot of Ni and NiO nanoparticles (Pulse width 500ns)

Similarly, the UV-Visible absorbance spectra of nanoparticles synthesized in the case of
Co-Co discharges at a pulse width of 500 ns and for various voltages are shown in Figure 14a; the
absorbance curves are very similar to those reported for Co3O4 nanoparticles [61,62]. Similar to
the pervious case of Ni-Ni discharges, the production rate of Co-based nanoparticles increases with

the applied voltage (increase of the absorbance value), but there is no significant variation in the
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peak shape and position as shown by the normalized spectra (inset of Figure 14a). The application
of Tauc plot method on the absorbance spectra reveals two direct optical band gaps at ~2.6 eV and
4 eV, regardless the amplitude of the applied voltage. These two gaps are also already reported in
other studies on Co304 [63] and their presence is attributed to charge transfer in Co3O4. It was
reported that the first transition (2.6 eV) is due to charge transfer between Co**(n*t) = Co**(c*t2),
which is attributed to the internal oxidation-reduction process inside the unit cell. Meanwhile, the
second transition (4 eV) is due to charge transfer involved between Oy (n*I") = Co®*(c*t2), which

is the real band gap of Co304 that corresponds to interband transitions [61][64].
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Figure 14 : UV-visible spectrum and Tauc plot of Co and Co304 nanoparticles (Pulse width 500ns) x

On the other hand, the band gap energy of the nanoparticles (Eg nqn,) depends on the
bandgap energy of the bulk material (Eg pqx) and on the nanoparticles’ diameter (D) through

Brus’s equation [65]:

. . .\ h2 1 N 1 1.882 1
gnano — *“g,bulk ZDZmO mZ/mO m’;l/mo 27T€o€rD ( )
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where m, = 9.109x1073! kg is the electron mass, and m}, and m}, are the electron and hole effective

masses, respectively. h is Planck’s constant, and e is the electron charge.

In the case of NiO (respectively Co304), Eg pye = 3.8 €V [66] (respectively 1.8 eV and
3.35 eV [67]), my,/my = 0.8 [68] (respectively 0.4 [69]), m;/my = 0.8 [70] (respectively
my,/my = 0.2 [61]), and relative permittivity &, = 11.5 [71] (respectively 12.6 [61]). Considering
the values of Ej4n, found from Tauc plot, the main unknown in equation 1 is the particle’s
diameter. We found this latter being ~3.4 nm for particles synthesized in Ni-Ni discharge and 3.5
or 3.8 nm for particles synthesized in Co-Co discharges, if we consider the two band of Co30s4,

respectively, which is in great agreement with the size of the smallest particles observed in TEM.

We also performed the UV-Visible absorption on the nanoparticles synthesized using
different electrodes, and the absorbance curves acquired in the case of Ni (anode)-Co (cathode)
are shown in Figure 15a for different voltages. In a first approximation, the curves behavior is
close to that of nanoparticles synthesized in Ni-Ni discharges. However, the Tauc plots performed
on these curves, as shown in Figure 15b, reveal two direct optical band gaps, at 2.6 and 4 eV. The
presence of these two bands indicate that Co3O4 nanoparticles are present together with NiO
nanoparticles. The insignificant dependence of the energy bands on the discharge voltage indicate

that the nature of nanoparticles does not appreciably change with the discharge condition.
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Figure 15 : UV-visible spectrum and Tauc plot of Ni /Co nanoparticles inside the cobalt oxide layer

(Pulse width 500ns) (Anode: Nickel / Cathode: Cobalt)

In an opposite electrode configuration, i.e., Co (anode)-Ni (cathode), the absorbance
spectra, shown in Figure 16a, reveal a behavior different from the previous configuration, where
the spectra are closer to those obtained in Co-Co configurations. Tauc plots, shown in Figure 16b,

also reveals the presence of the two optical bands those at 2.6 and 4 eV.
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Figure 16 : UV-visible spectrum and Tauc plot of Ni /Co nanoparticles inside the cobalt oxide layer
(Pulse width 500ns) (Anode: Cobalt / Cathode: Nickel)

Because that the UV-Vis absorption spectroscopy is a global analysis, unlike TEM which
is local, the insignificant dependence of the applied voltage on the general behavior of the
absorbance spectra and the band gap energies, indicate that the produced nanoparticles are very
similar, i.e., the process is highly reproducible and selective to produce nanoparticles. This is true
for the case of similar electrodes, Ni-Ni or Co-Co, as well as for the case of different electrodes,
Ni-Co and Co-Ni. However, the fact that the electrodes configuration is pin-to-plate may explain
the behavior of the absorbance spectra that, in the case of Co-Ni, is close to that of Co-Co, and
that, in the case of Ni-Co, is close to that of Ni-Ni. In this context, we used the absorbance spectra
acquired in Co-Co and Ni-Ni to rebuild those obtained in Ni-Co and Co-Ni, under similar
experimental conditions of applied voltage and pulse width, and the results are depicted in Figure
17. In the case of Co-Ni (at 5 kV/100 ns), the reproduction of the absorbance spectrum was
optimum for 39% of Co-Co and 28% of Ni-Ni spectra. Meanwhile, in the case of Ni-Co (at 5
kV/100 ns), the reproduction of the absorbance spectrum was optimum for 46% of Ni-Ni and 19%

of Co-Co. Although the reproduction is not perfect, it provides several information: i) in the case
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of Co-Ni, the content of Co-Co is relatively higher than Ni-Ni; ii) in the case of Ni-Co, the content

of Ni-Ni is relatively higher than Co-Co; iii) the reproduction of the absorbance spectra is not

100% achieved, which means that particles others than Ni and Co may be present, such as core-

shell structure or nanoalloys; these latter are not found among the particles analyzed in TEM,

however, in a discharge conditions close to ours [71], nanoalloys are clearly observed.
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Figure 17 : Reconstitution of the alloy absorbance with the pure metal absorbance in the same

experimental conditions

7. CONCLUSION

In this study, by sustaining discharges in water between different configuration of Co and

Ni electrodes, Co or Ni particles (and their oxides) are synthesized. The electrode configuration

has an impact on the concentration of the nanoparticles, as the use of Co-Ni or Ni-Co produced Co

and Ni nanoparticles (and their oxides) with a majority dominated by the nature of the anode pin.

However, no measurable evidence of the influence of the discharge parameters on the

characteristics of the synthesized nanoparticles.

The produced nanoparticles are thoroughly characterized using TEM and SAED. Although

the synthesis of Co-Ni nanoalloys was not confirmed under the various investigated discharge

conditions of pulse widths (100 and 500 ns) and voltage amplitude (5 and 20 kV), core-shell
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nanoparticles are observed among the Ni and Co nanoparticles. The as-synthesized nanoparticles
are also characterized by UV-VIS absorption spectroscopy, and direct optical band gaps of the
nanomaterials are determined. The found band gap energies were used to confirm the average size

of the dominated nanoparticles, which is found ~ 3-4 nm.
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