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En vue de l’obtention du

DOCTORAT DE L’UNIVERSITÉ DE TOULOUSE
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Abstract

This study concerns the coupling of the ultrasounds with the electrodeposition process

for the synthesis of zero-valent iron nanoparticles; it is structured in two sections. The

first focuses on the material of the electrode substrate used for the iron electrodeposition

and aims to determine its influence on both the deposit growth and its dispersion by

ultrasonication. The interfacial and the adhesion energies of the deposit on the substrate

are controlled by both the surface energy and the roughness of the substrate, therefore

a particular focus is put on the influence of these two properties. Two materials of

different surface energies (gold and vitreous carbon), as well as various roughnesses,

are tested. The affinity of the gold and vitreous substrates with the metallic iron deposit

is correlated with the energy required for its formation. The voltamperometric studies

reveal, indeed, that a higher overpotential is necessary to produce the iron deposit on the

vitreous carbon substrate than on the gold substrate. This difference impacts the deposit

morphology (on the gold substrate the iron deposit forms a thin and continuous layer

whereas, a 3D growth is favored on the vitreous carbon substrate) but also the deposit

adhesion. Indeed, experiments performed to study the effect of ultrasound on the iron

electrodeposit, reveal its progressive and complete dispersion for the vitreous carbon

case while no dispersion (no removal of the deposit from the electrode) is obtained with

the gold substrate. Finally, results show that the substrate roughness is also a control

parameter for the deposit adhesion and thus for its dispersion by ultrasonication. To

sum up, this first part of the study has enabled to determine the optimal parameters

(ultrasounds power and duration, roughness and surface energy of the substrate) for a

fast and complete dispersion.

The second section of the present study deals with the synthesis of iron nanopar-

ticles; to this end, the electrodeposition of branched deposits has been investigated in



a Hele-Shaw cell integrating a vibrating element (piezoelectric diaphragm), expected

to allow both the deposit formation and its fragmentation. Experiments reveal that the

hydrogen bubbles, formed by the co-reduction of free protons during the iron electrode-

position, strongly influence the fragmentation process. Using high frequencies and high

amplitudes vibrations, the bubbles oscillate with surface deformations, inducing inter-

face velocity sufficiently high (≈ 4 m/s) to allow the fragmentation of the deposit into

particles of sizes ranging between 1 µm and 100 nm. These particles have a high spe-

cific surface due to their dendritic morphology. The understanding and the optimization

of the synthesis in the vibrating Hele-Shaw cell, coupled with the possibility to apply a

flow of iron precursor solution, and an in-situ magnetic separation allow the proposal of

a new electrochemical synthesis of micro/nanoparticles in microchannels.
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Introduction

For the last 50 years, research has shown significant interest in the nanomaterials which,

thus, have been developed for a wide array of novel technologies: medical, cosmetic,

energy, electronic, environmental. The interest of nanoparticles lies in their small size.

In general, a particle (assumed as spherical) is considered as a nanoparticle if its diam-

eter is ranging between 1 and 100 nm; 2D structures like fiber or tube are considered

as nanostructures if one of their dimensions is lower than 100 nm. By decreasing the

size of a particle, its specific surface area, and consequently the proportion of atoms

located at its surface, increase. This results in an enhancement of the particles ability to

interact, adsorb, react with other atoms [1]. Thus, nanoparticles show unique properties

in various field such as: catalytic, chemical, magnetic, optical, electronic [2].

Industrial production of nanomaterials saw its origins in the twentieth century, since

then, the market of nanoparticles is in constant expansion. By 2016, the global con-

sumption of nanocomposites should reach 333043 metric tons which represent a value

of $2.4 billion. Titanium dioxide nanoparticles, for example, are manufactured world-

wide in large quantities for both industrial and consumers products. They can find

application as additives in the food, cosmetic, sunscreen, building sectors, but also they

are used for the production of rubber compounds. Besides, metal oxides nanoparti-

cles also attract considerable interest. For example, iron oxide nanoparticles have been

investigated for their magnetic properties in the medical field, for MRI or cancer treat-

ment. However, zero-valent iron nanoparticles (nZVI) have proven more efficient due

to better magnetic properties than iron oxides. In addition nZVI are increasingly inves-

tigated in the treatment of contaminated water and soil [2] [1] [3] due to their reductive

properties. Indeed, due to both the low standard potential of iron (E0 = −0.44V ) and

the high specific surface of nanoparticles, nZVI show a high reactivity. Also their small

1



size allows their injection and dispersion in contaminated subsurface [1]. Thus nZVI

has been proven effective for the treatment of a wide range of pollutants such as heavy

metals or chlorinated organic compounds.

Generally, nanoparticles can be synthesized through two approaches: top-down or

bottom-up. Based on this two global approaches, various physical or chemical syntheses

have been explored to produce nZVI (ball milling, thermal reduction of iron salt, iron

salt wet-chemical reduction). Among the wet chemical syntheses, the production of

nZVI by reduction of iron salt by borohydride salt is a method commonly employed at

the laboratory scale.

2FeCl3 +6NaBH4 +18H2O −−→ 2Fe0 +6B(OH)3 +6NaCl+21H2

Nevertheless, the scaling up of this synthesis, to produce large quantities, requires

specific security conditions, first, because of the risk of gaseous hydrogen production

and secondly due to toxicity, corrosiveness, and flammability of the borohydride reduc-

tant.

The direct electrochemical nZVI synthesis appears to be a promising alternative for

an economical and safe production process, particularly on a large scale; the reducing

reagent is replaced by the electron and, under controlled conditions, hydrogen produc-

tion is avoided. Also, the reaction rate and the electrodeposited particles size can be

controlled by the current applied. Nevertheless, metallic iron, produced at the cathodic

surface, must be removed from the electrode and dispersed in the liquid at the required

size. Various works involve the dispersion of electrodeposited iron by ultrasounds, si-

multaneously or sequentially with iron-precursors reduction, allowing the renewal of

the cathode surface. These techniques combining electrochemical and ultrasonication

processes are known as sonoelectrochemical syntheses and consist of producing elec-

trochemically iron deposits and to disperse it from the substrate by ultrasonication (see

Figure 1). The effects induced by ultrasound waves are attributed to the generation

of cavitation bubbles which, during their violent collapses, create strong enough fluid

motion to remove solid deposits from the electrode surface. Even if, various authors

propose parametric studies to optimize and control the size of the obtained nanopar-

ticles, the electrodeposit growth and the mechanism of its dispersion are not yet well

2



understood.

This thesis expects to provide a better understanding of the whole sonoelectrochem-

ical process, by investigating each phase of the synthesis: the electrodeposition and the

deposit dispersion. The first objective is to analyze the iron salt reduction as well as

the influencing parameters affecting the deposit electrodeposition and its morphology

(electrolyte composition, pH, concentration, substrate material and roughness). Then

the focus is put on the effect of ultrasonication on the obtained electrodeposit and the

parameters controlling the deposit dispersion are discussed (iron salt, work of adhesion

of the deposit on the substrate, size of the electrodeposited iron particles, ultrasounds

power).

Figure 1: Schematic representation of the first procedure investigated: dispersion by
ultrasound of electrodeposited iron particles.

In a second part of the thesis, a new approach for the synthesis of nZVI is investi-

gated. It combines the iron electrodeposition with acoustic vibrations and thus, can be

classified as acoustofluidic synthesis. It consists of exploiting the high aspect ratio of a

microchannel (Hele-Shaw cell) to achieve the growth and the fragmentation of ramified

electrodeposits in a confined space and under controlled conditions (see Figure 2). The

technique is expected to enable:

• to reach high conversion rates of the iron precursor due to the high surface to

volume ratio of the microcell,

• the set up of a multistep synthesis combining the production of iron, the fragmen-

tation and the rinsing of the deposit, before collecting the particles.

3



Figure 2: Schematic representation of the second procedure investigated: fragmentation
assisted by acoustic waves of ramified iron branches.

To present the context for this study and allow the understanding of the sonoelectro-

chemical synthesis, Chapter 1 provides the state of the art of this technique as well as

the theoretical background required to comprehend both the metal electrodeposition and

the dispersion by ultrasonication processes. Chapter 2 deals with the electrodeposition

of iron. The FeII reduction is studied and the parameters influencing the electrodeposit

growth and its morphology are discussed (iron salt, pH, concentration, substrate). A

particular focus is put on the influence of the substrate surface energy and roughness.

Chapter 3 describes the dispersion process of the electrodeposits obtained for various

operating conditions: iron salts, substrates, quantity and size of the electrodeposited iron

particles. The efficiency of the deposit dispersion process is correlated with the work

of adhesion of iron on the substrates, enabling the investigation of the substrate effect.

Chapter 4 deals with the acoustofluidic synthesis of iron particles in a Hele-Shaw cell.

The electrodeposition of ramified iron deposit is studied, and the influence of both the

current and iron salt concentration on the iron growth is highlighted. Then the fragmen-

tation of the iron deposit under acoustic vibration is analyzed, and the behavior of the

bubbles trapped into the microchannel is discussed. A parametric study is carried out to

optimize the efficiency of the deposit fragmentation.

4
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CHAPTER 1

This chapter presents the state of the art of the sonoelectrochemical synthesis of zero

valent iron nanoparticle (nZVI)s. After a brief, a presentation of both the nZVI proper-

ties as well as the current synthesis routes, the focus is put on the sonoelectrochemical

synthesis, particularly on the different procedures and experimental devices used.

The sonoelectrochemical synthesis consisting of the coupling between metallic elec-

trodeposition and ultrasonication processes, the theoretical knowledge about both fields

is required for the understanding of the whole process. Thus, the second section of this

chapter presents the theoretical concepts reported by the bibliographic research on the

electrochemical nucleation and growth of the metal deposit. The last section focuses

on the deposit dispersion/fragmentation induced by acoustic waves propagation. The

effects of the ultrasonication and their impact on both the electrochemical process and

on the electrodeposit dispersion are discussed.

1.1 Iron nanoparticles

Iron is a very abundant material in the earth’s crust; in its metallic form, it has catalytic,

chemical (as a reducing agent, E0
Fe2+/Fe

= −0.44 V/SHE 1) and magnetic properties.

At the nanoscale, these properties are truly enhanced due to the large surface to vol-

ume ratio, S/V [3]. Concerning the use of nZVI for their magnetic properties, iron

oxide nanoparticles were somewhat preferred to nZVI because of their easier synthe-

sis, however, even if the high reactivity of nZVI leads to difficulties in their handling,

their performances for magnetic and also catalytic and chemical applications are more

interesting than that of iron oxide [1] [4]. That is why, for the past 15 years, research

has shown an increasing interest for nZVI and their application for both environmental

remediation and medical treatment (contrast agent for MRI [4] [5] [6], cancer treatment

by hyperthermia [7] [6]).

1.1.1 nZVI structure

Before starting to describe the various properties and application of the nZVI, let’s be-

gin with a short presentation of the nZVI structure. This step is necessary because the

1Standard hydrogen electrode
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CHAPTER 1

specific properties of the zero-valent iron nanoparticles are directly related to their struc-

ture (see Figure 1.1) and composition, therefore their characterization is essential for the

understanding of their chemical and magnetic activity.

Figure 1.1: core-shell structure of the nZVI [8]

Because of their chemical reactivity the nZVI are practically always covered by a

core-shell structure (see Figure 1.1) constituted of an iron oxide or hydroxide layer sur-

rounding the iron core [9]. Generally speaking, this oxide layer presents a mixed of

Fe(II) and Fe(III) oxides phase, and the Fe(III) oxide phase predominates at the nanopar-

ticle surface [2]. However, the composition of the oxide shell depends both on the syn-

thesis method employed to produce the nZVI and on the environmental conditions. For

example, nanoparticles produced by vapor-phase deposition contain a shell consisting

of γ−Fe2O3 and Fe3O4 whereas nZVI produced by the reduction of goethite (FeO(OH))

and hematite (Fe2O3) particles using dihydrogen, only present a Fe3O4 shell. For nZVI

prepared by aqueous reduction, the oxide shell is mainly constituted of FeO(OH) due to

its hydration [10]. Indeed, in aqueous solution, iron reacts with water to form a layer of

hydroxide [11]:

Fe(s)+2H2O → FeOOH+
3
2

H2 (1.1)

In this particular example, the thickness of the oxide/hydroxide layer has been esti-

mated to be around 2-4 nm [8] [12]. However, it is not possible to determine an exact

thickness since the oxide shell thickens as the iron oxidation progresses. Indeed, Wang

et al. observe that the shell thickness had roughly double after being exposed during

one month to the atmosphere (85 % humidity). These examples show that spontaneous
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CHAPTER 1

corrosion (air, acids...) of nZVI occurs, but its rate can be controlled depending on the

conditions, and last but not the least, the Fe0 core stays accessible during the growth of

the oxide layer because of its porous nature.

Let’s focus now on the application of the nZVI as reducing agent for the contami-

nants remediation and medical treatments. The impact of the core-shell structure, com-

position, and shell thickness on the efficiency of the nZVI is also developed.

1.1.2 Applications of the nZVI

Contaminants removal and degradation by nZVI

The main application of nZVI is undoubtedly the removal of contaminants from ground-

water and wastewater. Since the 1990s, the zero-valent iron material was employed

in the form of granular ZVI for groundwater treatment in permeable reactive barrier

(PRBs) systems [2]. This technique consists of a ZVI powders wall through which

groundwater flows to be decontaminated. However, the efficiency of this technique de-

creases with time due to the deposition of iron oxidation products and biofilm growth.

The use of ZVI for pollutants removal has been extended by the development of nanoscale

ZVI. Indeed, their nanometric scale allows:

• a direct injection of the nZVI which will disperse by convection only into the

contaminated area (contaminated soils),

• a higher reactivity than ZVI thanks to a high surface to volume ratio (see Figure

1.2).

The number of studies focusing on the reductive properties of nZVI, to degrade

various kinds of pollutants (in less toxic or non-toxic species), continuously increases.

However, the reduction reaction is not the only mechanism enabling to degrade the

contaminants; other pathways have to be taken into account. Indeed, as explained in the

previous section, the nZVI are covered by iron oxide (in a core-shell structure) which

can also have a beneficial effect in the pollutant degradation. The zero valent iron core

acts as an electron donor, and the oxide layer can [2]:
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Figure 1.2: Surface to volume ratio of a spherical nanoparticle as a function of its radius.

• enable the electron transfer either by direct transfer through the defects and pin-

holes or thanks to the semiconducting nature of the oxide layer,

• act as a protective barrier to avoid rapid oxidation of the Fe0 (by H+, O2 and H2O),

• facilitate the adsorption of various contaminants and provides coordinative sites.

Thus, through the combined properties of iron and iron oxide, the nZVI enable vari-

ous removal mechanisms of pollutants, like reduction, adsorption, and precipitation. W.

Yan et al. [13] proposed the reaction mechanisms for four different metallic contami-

nants (see Figure 1.3).

HgII : The reduction of HgII is achieved by a reduction transformation. Indeed, be-

cause E0
FeII/Fe

=−0.44 V/SHE <E0
FeII/FeIII =+0.77 V/SHE <E0

HgII/Hg
=+0.86

V/ESH, the reduction of HgII should be spontaneous, Equation 1.2. However, the

metallic liquid Hg0 formed, spreads on the nZVI surface and decrease the nZVI

reductive behavior.

HgII +Fe0 → Hg0 +FeII (1.2)
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HgII +FeII → Hg0 +FeIII (1.3)

NiII : NiII is first adsorbed on the oxide shell of the nZVI and then reduced (E0
NiII/Ni

=

−0.25 V/SHE) by the zero valent iron Equation 1.4.

NiII
ads +Fe0 → Ni0 +FeII (1.4)

H2S : The H2S can be reduced by nZVI via two different pathways. H2S can react

directly with the zero valent iron (Equation 1.5) to forms FeS; or can also react

with the oxyhydroxide shell (FeOOH) of the nZVI (Equation 1.6) and forms FeS

and FeS2

H2S+Fe0 → FeS+H2(g) (1.5)

2FeOOH +3H2S ↔ FeS+FeS2 +4H2O (1.6)

Other reaction mechanisms for Cr(VI) and ZnII removal, by reduction-precipitation for

the first one and adsorption-precipitation for the second, are proposed by these authors

(see [10] for more information); all of these reaction pathways reveal the high reactivity

of nZVI and explains why the nZVI enable to degrade a large variety of pollutants.

Concerning the organic compounds, the most treated contaminants by nZVI during the

last decade are the trichloroethylene (TCE), phenol and nitrobenzene [14] but many

other pollutants such as nitrate ions, for example, are concerned (see Table 1.1).
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Figure 1.3: Different reaction pathways for contaminants removal by nZVI (extracted from
[13]).

Heavy metals

Cr(VI) [14]
Hg(II) [13]
Cu(II) [1]
Ni(II) [1] [13]
Pb(II) [1]
Zn(II) [13]

Halogenated hydrocarbons

Trichloroethylene (TCE) [15]
Trichloroethylene (PCE) [16]
Polychlorinated Biphenyls (PCBs) [17]
1,1,1-trichloro-2,2-bis(4-chlorophenyl)ethane (DDT) [18]

Nitroaromatic compounds Nitrobenzene [14]

Dyes
Methyl orange dye [14]
Methylene blue dye [14]

Other contaminants

Phenol [14]
Perchlorate [13]
Nitrate [14]
Uranium [19]

Table 1.1: Non exhaustive list of contaminant degraded by nZVI
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However, the nZVI efficiency for decontamination can vary over time because of

changes in their composition. Indeed, exposed to aerated water or air, nZVI are likely to

develop a maghemite or hematite oxide layer, which presents a more passivating char-

acter than a Fe3O4−like shell [10]. Therefore the corrosion of nZVI particles implies a

modification of the core-shell composition which impacts their properties and their ef-

ficiency to remove contaminants. That is why the conditioning of the nZVI is important

to maintain their efficiency.

V. Smuleac et al. [20] study the dechlorination of TCE and highlighted the ag-

ing of the nZVI. Using aqueous borohydride as reductant, authors reduce FeII into

PAA/PVDF2 membranes and synthesize nZVI immobilized within these membranes.

The as prepared nZVI membranes are stored in water. TCE is dechlorinated by cutting

into small pieces the PAA/PVDF membranes containing the immobilized nZVI, and

then immersing the pieces in a 20 mL TCE solution (30 mg/L) during 24 h. Then sam-

ples are collected at different times to analyze the evolution of the TCE concentration.

Authors observe an exponential decrease of TCE with time. Furthermore, the degra-

dation rate increases linearly with the nZVI quantity. They propose a pseudo first kinet-

ics order dC
dt

= kobs ×C and express the apparent kinetics constant as follows:

kobs = kSASspeρm (1.7)

Where C is the concentration of TCE, kobs the observed constant rate (h−1), kSA the

surface normalized rate constant, Sspe (m2/g) the surface rate area and ρm the nanopar-

ticles loading (g/L).

Results allow determining an observed constant rate of 0.03 h−1, and a surface nor-

malized rate constant of 0.005 L.m−2.h−1.

The authors observe that the initially black membrane turns to orange after 5 h

dechlorination reaction, highlighting a rapid corrosion of the particles. To demonstrate

the impact of the nZVI aging on their efficiency, several dechlorination experiments are

proceeded with the same nZVI membrane which is stored in water and tested period-

ically during 3 months. Results reveal a loss of the nZVI membrane activity for TCE

2PAA: Polyacrylic acid, PVDF: polyvinylidene
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degradation above 80 % after 4 cycles3 (see blue diamonds of Figure 1.4).

Different capping agents can be used to protect nZVI from corrosion, like PAA

(polyacrylic acid), PSS (polystyrene Sulfonate), carboxymethyl cellulose (CMC) [10].

They enable to limit iron oxidation but also nZVI aggregation. Instead of borohydride

as FeII reductant, V. Smuleac et al. use tea extract, which both acts as reducing and

capping agent. They compare the efficiency of nZVI prepared with tea extract (pink

squares in Figure 1.4) with the results mentioned above (blue diamonds of Figure 1.4)

for nZVI prepared following the classical borohydride reaction. For the tea extract case,

the loss of activity after 4 cycles is below 20 %. This highlights a real improvement in

nZVI stability allowed by tea extract.

Figure 1.4: Normalized nZVI activity for TCE degradation [20]

3One cycle represents one experiment of TCE dechlorination (duration = 24h).
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nZVI for medical applications

Zero-valent iron nanoparticles are also of great interest for a medical field such as mag-

netic cell separation, hyperthermia treatment of cancer and contrast enhancement for

MRI. Their use for hyperthermia is based on the fact that when nZVI are subjected to an

alternating magnetic field, the resulting hysteresis losses provide heat than can damage

and kill cancer cells with, theoretically, a minimal injury to normal cells. Concerning

the application of nZVI for MRI, the principle is based on the fact that the nanostructure

of the particles reduces the relaxation times of the surrounding water molecules. The

shorter is the relaxation times, the greater the MRI contrast is.

Currently, magnetic nanoparticles such as magnetite and maghemite (Fe3O4 and

α−Fe2O3, respectively), have been used for biomedical applications but their use is

limited by their magnetic properties. Indeed, nZVI have a higher saturation magneti-

zation than iron oxide nanoparticles (see Figure 1.5) and thus interact more with the

applied magnetic field. This induces that the relaxation time of water molecules is fur-

ther reduced using nZVI than using iron oxide nanoparticles.

Figure 1.5: Magnetization (emu.g−1) curves as a function of the applied field (kOe) for iron
and iron oxide nanoparticles (extracted from [4]).
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Concerning the hyperthermia application, the difference in magnetization induces

that for an nZVI, a lower excitation frequency is needed to reach the desired temper-

ature. This is advantageous for biological application since the applied frequency has

to be lower than 1.2 MHz, the safe biological frequency limit. Figure 1.6 (extracted

from [4]) shows that with a magnetic field of 500 kHz and 4 Oe 4, the heat provided

by nZVI is suitable for hyperthermia treatments, whereas a much higher frequency is

needed to reach the same temperatures for the iron oxide nanoparticles.

Figure 1.6: Normalized temperature for iron and iron oxide nanoparticles submitted to an
alternating magnetic field (500 MHz, 4 Oe) (extracted from [4]). Temperature measurements
are normalized per unit mass for comparison.

1.1.3 Zero-valent iron nanoparticles syntheses

Main syntheses routes

Techniques enabling the synthesis of iron nanoparticles can be classified in two global

categories depending on whether it employs a "bottom-up" or a "top down" approach

[2]. In bottom-up synthesis, atoms clusters or even molecules are used as building

4Oersted is the unit used to measured the magnetic field: 1 Oe= 103

4π A.m−1
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blocks which are self-assembled to produce the nanostructures. For the top down ap-

proach, the process is reversed, and nanoparticles are produced by the chemical or phys-

ical break-up of a large size material (micrometric particles for example). Within these

two major categories, many different techniques exist; a brief presentation and classifi-

cation of some of these techniques are proposed here.

Among the top down approaches, high energy ball milling is one of the most repre-

sentative techniques [3]; this is a mechanical method which has the advantage of being

easy to scale up and economical, but it provides polydisperse nanoparticles with an ir-

regular shape. Regarding bottom-up approaches, various synthesis ways exist; among

them the gas-phase syntheses (which differ from each other by the technique used to

vaporize the solid material or the precursor), the thermal reduction of iron salts or ox-

ides and finally the syntheses by aqueous reduction of iron salts. Table 1.2 gives a

non-exhaustive classification of these syntheses methods.
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Top down
/Bottom up

General Category Synthesis technique Brief description

Top down Mechanical [21] High energy ball-milling Micrometric particles of the starting material are introduced in a vibratory mill
which by a shaking and rotation motion enables their grinding.

Bottom up

Vapour phase [22]

Inert gas condensation This gas-phase method employs a solid precursor which is vaporised into an
inert gas leading to the growth of metal clusters; the vapor is then mixed with
a cold gas to reduce the temperature.

Pulse laser ablation A pulse laser ablates targets that contain the desired element and thus enables
to produce a plume (jet of vapor) of the material.

Spark discharge generation An electrode made of the desired metal in the presence of an inert gas is submit-
ted to a high voltage. When the breakdown voltage is reached, the arc formed
across the electrodes leads to the evaporation of a small amount of metal. This
is followed by a rapid cooling which leads to the formation of nanoparticles.

Ion sputtering Vaporization is managed by bombarding the surface of the desired material
with a high-velocity beam of inert gas ions.

Chemical vapour condensa-
tion

A chemical precursor in a carrier gas is brought into a hot-wall reactor to induce
gas-phase reactions and procude nanoparticles.

Thermal reduction [1] Carbothermal reduction of
iron (II) or (III)

The thermal decomposition of carbon-based materials is used to produce the
following gases H2, CO2 and CO, which act as reducing agents enabling the
reduction of iron oxide nanoparticles or of aqueous Fe(II) or Fe(III) into Fe0.

Aqueous reduction

Reduction by NaBH4 [2] The method consists of reducing iron (II) or (III) (usually chloride or sulphate)
to zero-valent iron using sodium borohydride.

Reduction by NaBH4 in mi-
croemulsion [3]

The reduction is carried out inside the reversed micelles of a water-oil emulsion
which act as nanoreactors.

Reduction by polyphenolic
plant extract [20]

Green syntheses have been proposed, replacing NaBH4 by polyphenolic plant
extract (green tea, coffee) which can both reduces Fe(II) into zero-valent iron
and acts as a capping agent.

Electrolysis [1] Fe(II) or Fe(III) is reduced electrochemically by applying a direct current be-
tween two electrodes diving in a Fe(II) salt solution and a method to dispersed
the iron nanoparticles formed at the cathode.

Table 1.2: Main synthesis routes for the production of nZVI.
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Aqueous reduction of an iron salt

Next part focuses on aqueous syntheses which constitute the main objective of this

study.

• Reduction by NaBH4

The reduction of iron salt by sodium borohydride is the most common method em-

ployed for the synthesis of nZVI at the laboratory scale due to its simplicity. The syn-

thesis is typically performed at ambient temperature [23] and under stirring, by adding

an excess of sodium borohydride aqueous solution into a ferric chloride solution. The

reaction 1.8 occurs [24]:

2FeCl3 +6NaBH4 +18H2O −−→ 2Fe0 +6B(OH)3 +6NaCl+21H2 (1.8)

As mentioned above, iron ions reduction by NaBH4 can also proceed in a Water/Oil mi-

croemulsion which consists of nanosized water droplets stabilized by a surfactant and

dispersed in a continuous oil phase. This technique leads to nanometer-sized nanoparti-

cles with narrow size distribution and uniform morphology [24].

Despite the simplicity of the reduction by NaBH4 methods, scaling-up, to produce

large quantities of nZVI, requires expensive reagents and specific security conditions

because of the gaseous hydrogen production [2].

• Sonoelectrolysis

This technique combines the electrolysis for the formation of the iron deposit with

ultrasounds to dispersed it into fine particles. The major advantage of this technique is

that it enables a good control of the electrodeposited nanoparticles size and morphology

by adjusting the operating parameters (current density and duration of the electrolysis)

and bath composition (iron salt and supported electrolyte).

A typical synthesis consists of applying a direct current between two electrodes

immersed in the iron salt solution so as, the FeII is directly reduced at the cathode

according the following reaction:
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Fe(II)+2e− −−→ Fe0(s) (1.9)

The zero valent iron electrodeposited on the cathode, requires specific conditions to

be dispersed in the bulk solution. Ultrasonication is the commonly used technique to

remove the electrodeposit from the substrate or to fragment it, so as the whole synthesis

can be classified as sonoelectrochemical synthesis.

Two different operating modes can be used to combine electrodeposition and ultra-

sonication. The first one consists in applying a current and ultrasounds simultaneously.

In this case, there is a competition between electrodeposit growth and its dispersion,

depending on both the applied current and the ultrasounds power [25].

Another method, called pulsed sonoelectrochemical technique, is proposed by some

authors: the electrodeposit growth and the dispersion by ultrasonication are driven se-

quentially, in a succession of current and ultrasound pulses (see an example in Figure

1.7 [26]. The general principle is that a "massive" nucleation is generated by a high-

intensity current pulse and directly followed by an ultrasound pulse, which enables the

removal of the metallic nuclei. This technique allows a better control of the nanoparti-

cles sizes by the current pulse parameters: pulsation duration and current density. In-

deed, a short pulse enables to limit the growth of the nuclei and therefore to provide

small nanoparticles sizes, while a high current density provides a high nucleation rate.

The ultrasound intensity pulse also has an influence on the nanoparticles size; indeed,

if the nuclei freshly electrodeposited are not removed by the first ultrasound pulse, they

can continue to grow during the following current pulse and became bigger. A high

ultrasound intensity enables to remove all the nuclei by a single pulse, the following

current pulse is therefore executed on a renewed electrode surface [27]. This allows

reproducible growth/dispersion cycles and thus a narrow distribution of particle sizes.
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Figure 1.7: Sequence of ultrasonic and current pulses. Experimental values of Tnucleation, TUS

and TO f f are extracted from [26].

1.1.4 State of the art and principle of sonoelectrochemical devices

The sonoelectrochemical techniques have been increasingly employed in the last decade

but the first application of ultrasound to the electrochemistry field, dates to the 1930s

[28]. Since then, ultrasounds have been used in electrochemical applications like elec-

troplating, electropolymerisation, and also, activation of electrodes by ultrasonic pre-

treatment [28].

Different sonoelectrochemical processes are proposed in the bibliography, some of

them are briefly presented. Generally, the sonoelectrochemical devices fell into two

major categories: 1) the ultrasonic baths 2) the ultrasonic horns [29].

• Ultrasound bath

For the first category, a conventional electrochemical cell is immersed in an ultra-

sonic bath containing water. This is a simple method, but the intensity of the ultrasound

waves inside the electrochemical cell is lower than that produced by an ultrasonic horn,

directly immersed into the electrochemical cell. An ultrasonic bath consists of several

transducers positioned along the bath walls. Therefore the ultrasound field is not ho-

mogeneous. To keep a constant ultrasonic intensity during experiments, special care
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must be taken with the cell positioning into the bath [29], the electrochemical cell has

to be placed into a fixed position. In their sonovoltammetric studies, Walton et al. [30]

examine the effect of the location of the cell into the ultrasonic bath to benefit of the

maximum ultrasonic intensity, before starting experiments. Despite this drawback, sev-

eral authors use the ultrasonic bath successfully as ultrasonic source [30] [31]: Chen

et al. [31] synthesize iron nanoparticles from iron (III) salt precursor using a simple

two-electrodes reactor immersed into a 20 kHz ultrasonic bath. The electrodeposition is

achieved by applying a current of 17 mA/cm2 between the two platinum electrodes, si-

multaneously with ultrasonication. After an optimization of the surfactant concentration

(0.2 g/L CPC5) iron nanoparticles of 1-20 nm are observed.

• Ultrasonic horn

Generally, an ultrasonic horn tip is placed in front of the cathode, to generate ultra-

sonic waves close to the cathodic surface. This technique provides higher ultrasound

intensity but leads to an increase of the temperature inside the electrochemical cell, and

this may cause changes in electrodeposit growth. Moreover, the horn tip (generally

made of titanium alloy) can be subjected to erosion during ultrasonication, causing a

contamination of the cell solution [29]. Despite these drawbacks, this technique is em-

ployed in many sonoelectrochemical studies for its efficiency. Compton et al. present

a typical apparatus, which consists of a classical three-electrodes cell in which an ul-

trasonic horn is introduced, in front of the cathode [32]. A more sophisticated system,

proposed by Khachatryan et al. [33], combines two different sources of ultrasound: the

ultrasonic horn dived into the cell and oriented to the electrodes (Figure 1.8), and also

the cathode which acts both as a second ultrasonic source and as a source of current for

iron(II) reduction. This configuration was used to study three different operating modes:

1. the cathode is vibrating with a frequency of 200 kHz and a power density of 1.5

W/cm2.

2. the ultrasonic horn is activated with a frequency of 20 kHz and a power density

of 50 W/cm2.

5CPC: cetylpyridinium chloride
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3. the two vibrating sources are activated simultaneously with the same frequencies

and power densities as before in 1 and 2.

Note that, for each case, ultrasonication is activated continuously during the elec-

trolysis. The average size of the obtained iron nanoparticles for these three modes are

respectively: 29, 18, and 7 nm.

Figure 1.8: Apparatus with two sources of ultrasound proposed by Khachatryan [33]

The bibliography reveals another arrangement widely employed: the ultrasonic tita-

nium horn (referred as sonotrode), is also used as the working electrode. This device is

used by J. Delplancke et al. [26] (see Figure 1.9) to prepare magnetic nanopowder. With

this operating mode, the ultrasonication and the electrodeposition are not achieved si-

multaneously, but separately from one another, in a succession of current and ultrasonic

pulses, as it was explained in Section 1.1.3.
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Figure 1.9: Apparatus for sonoelectrochemical pulse synthesis with a sonotrode [26]

To sum up, there are many ways to achieve the sonoelectrochemical synthesis:

• by coupling or not the electrodeposition and dispersion steps,

• using an ultrasonic bath, an ultrasonic horn or a sonotrode

Through these different sonoelectrochemical syntheses, many authors propose para-

metric studies to optimize the production of nanoparticles [34]. However, the under-

standing of both the metal electrodeposit growth and dispersion, as well as how these

two steps are combined, need further studies. To allow a better understanding of the so-

noelectrochemical synthesis, the focus is put in this thesis on two different procedures

which are investigated separately:

• the removal by ultrasounds of iron electrodeposit,

• the fragmentation of branched electrodeposits (long growth duration) by acoustic

vibrations.

While the first one has recently been a growing focus of metallic nanoparticles re-

search, the second one is a new way for metallic nanoparticles synthesis that we propose

to explore in this thesis. Both procedures are detailed below.
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• First procedure: dispersion by ultrasound of electrodeposited iron particles

This procedure is similar to the typical sonoelectrosyntheses presented above: the

electrodeposit consisting of small nuclei is directly removed from the electrode surface

to the liquid phase by ultrasonication (either by ultrasonic bath or by ultrasonic horn,

either sequentially or simultaneously with the electrodeposition) (see Figure 1.10).

Figure 1.10: Mechanisms for iron deposit dispersion

• Second procedure: acoustofluidic synthesis

A new technique has been developed in this thesis (Figure 1.11), employing an

acoustofluidic process which combines the electrodeposition of branched iron in a Hele-

Shaw cell 6, its fragmentation under the effect of acoustic vibrations. Unlike the first

procedure, the idea is to fragment larger iron structures (longer growth duration) instead

of removing the electrodeposited particle. Thus, the interest of this new technique is

based on several aspects:

• the adhesion between the deposit and the substrate has no effects, neither on the

electrodeposition process, nor on the deposit fragmentation, contrary to the sono-

electrochemical synthesis,

• the metallic ramified branches, exhibiting high porosity, are easily breakable

• the use of the Hele-Shaw cell, which exhibits a high surface to volume ratio

enables to obtain higher particles concentrations (than the sonoelectrochemical

method).

6A Hele-Shaw cell is a thin gap cell with a high aspect ratio (thickness « lateral dimensions).
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• The Hele-Shaw cell configuration enables to produce, to rinse, and to fragment the

particles, keeping the produced suspension inside the electrolytic compartment,

before collecting the particles.

Figure 1.11: Schematic representation of the fragmentation of ramified iron electrode-
posits under acoustic vibrations.

Despite their differences, both procedures couple the growth of the iron electrode-

posit with its dispersion (its removal from the electrode for the first procedure or its

fragmentation for the second) by the action of an acoustic field. Therefore to under-

stand and control these two phases, the theoretical knowledge required is developed in

the following sections.

The second section of this chapter focuses on the metal electrodeposition process,

by developing the thermodynamical and kinetics aspects of:

• a typical electrochemical reaction,

• the metal nucleation and growth process.

This section also focuses on the particular case of the metal electrodeposition in a Hele-

Shaw cell, which concerns specifically the second procedure (Figure 1.11).

Then the last section of this chapter develops the effect induced by the propagation

of an acoustic field in aqueous solutions, in the case of:

• ultrasonication on the electrochemical process,

• acoustic vibrations in the microfluidic devices.

26



CHAPTER 1

1.2 Electrodepostion of metallic deposits

1.2.1 Theory of the electrodeposition and influencing parameters

This section focusing on the formation of metallic electrodeposits, expects to provide

the theoretical knowledge required to understand the different processes involved:

• the metallic ions reduction

• the nucleation and growth of a metallic deposit.

The metallic electrodeposition involves the reduction of a metallic ion Mz+ at an

electronic conducting substrate in an electrolytic solution. Therefore, before presenting

the case of metal electrodeposition, some theoretical concepts about the global process

of a typical heterogeneous reaction (Equation 2.14) are presented.

Thermodynamic and kinetics aspects of an electrochemical reaction

A typical electrochemical reaction can be expressed as follows:

Ox+nge− ⇋ Red (1.10)

With ng, the global electrons exchanged number.

First, it is necessary to consider thermodynamic aspects which enable to predict

whether the electrochemical reaction is possible or not. Each Red/Ox system is charac-

terized by an equilibrium potential known as Nernst potential:

EOx/Red = E0
Ox/Red +

RT

ngF
ln

(

aelectrode
Ox

aelectrode
Red

)

(1.11)

with EOx/Red the Nernst potential, E0
Ox/Red

the standard potential of the Ox/Red sys-

tem, aelectrode
Ox and aelectrode

Red , the interfacial activities of the oxidant and reductant respec-

tively.

The externally applied potential, E, determines the direction of the reaction 1.10, the

oxidant can be reduced if E < EOx/Red . Thus, the overpotential η = E −EOx/Red has to
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be below zero for the reduction to take place.

Now let’s focus on the kinetics aspects, to understand how the reaction rate evolves

with the applied overpotential. The reaction rate r, is proportional to the current flowing

through the electrochemical cell:

r =
I

ngFS
= kc.C

α
ox − ka.C

β
Red (1.12)

S being the surface area of the electrode.

That is why the current I is used to characterize the reaction rate for the rest of the

discussion.

A global heterogeneous reduction is composed of different steps leading to the con-

version of the dissolved oxidant into its reduced form:

• mass transfer of the electroactive species from the bulk to the electrode by diffu-

sion, migration, and convection,

• adsorption of the reactant,

• electron transfer from the cathode to the reactant

• mass transfer of the remaining species to the bulk.

The slowest step of the reaction dictates the global reaction rate. Therefore different

regimes exist, and it is necessary to understand how the current evolves as a function of

the applied η for each of these regimes. A good way to represent these regimes is to

analyze a typical voltamperometric curve (I-E curve) obtained at the steady state.

The steady-state voltammetry on a rotating disk electrode consists in applying a lin-

ear potential sweep to the working electrode and to monitor and analyze the evolution

of the resulting current. The rotation of the working electrode generates a convective

mass transfer of reactants and enables a continuous supply to the electrode. This con-

vective mass transfer maintains all species concentration constant beyond a distance δ

from the electrode, which corresponds to the thickness of the diffusion layer. A typical

voltammogram (I-E curve) obtained by the reaction of dissolved species on an RDE,

exhibits a sigmoïd shape (see Fig. 1.12) and can be divided into three different zones:
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1. The electron transfer controlled region

2. The mixed controlled region

3. The diffusion controlled region

Figure 1.12: Sketch of the sigmoïd shape on a typical voltammogram

The electron transfer controlled region (region 1, Figure 1.12) occurs for low over-

potentials η ; to increase the reaction rate, the electrode requires more energy. The mass

transfer does not limit the overall rate and the concentrations of the electroactive species

at the electrode surface are close to their concentrations in the bulk. In this case, the cur-

rent can be modeled by the Butler-Volmer law, which expresses the current versus the

applied potential [35] [36].

I = ngFS

[

k0
aCel

Red exp

(

αnlFE

RT

)

− k0
cCel

ox exp

(

−βnlFE

RT

)]

(1.13)

With:

• k0
a and k0

c the intrinsic heterogeneous rate constants for oxidation and reduction

respectively

• α and β the electronic transfer coefficients for anodic and cathodic processes

respectively
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• Cel
Red and Cel

ox the interfacial concentrations of the red/ox species

• ng, the global electrons exchanged number

• nl , the electron exchanged number at the limiting step

A more useful form of the Butler-Volmer law is given below:

I = I0

[

Cel
Red

Cbulk
Red

exp

(

αnlF(E −Ei=0)

RT

)

− Cel
Ox

Cbulk
Ox

exp

(

−βnlF(E −Ei=0)

RT

)

]

(1.14)

Where:

• k0, the intrinsic heterogeneous electronic transfer constant of the electrochemical

system ox/red

• Cbulk =Cbulk
Red =Cbulk

Ox

• Ei=0, the zero current potential

• I0, the exchange current defined as:

I0 = ngFSk0
c

(

Cbulk
Ox

)α
= ngFSk0

a

(

Cbulk
Red

)β
= ngFSk0Cbulk, (1.15)

if Cbulk
Ox =Cbulk

Red and, α = β = 1.

The diffusion control region (region 3) corresponds to a pure mass transfer limitation

(fast electronic transfer). At the interface, the electroactive species concentration is

considered to be zero. Thus, there is a concentration gradient and the maximal current

Ilim is reached. Simple film model assumes a linear variation of the concentration in this

diffusion layer (thickness = δ ) and enable to obtain the following simplified expression

of the limiting current:

Ilim =+
ngFSDCbulk

Red

δ
=−ngFSDCbulk

Ox

δ
(1.16)

Van Caraman and Cochran solve the Navier Stokes equation in the case of a rotating

disk electrode and get the fluid velocity profile. Levich solves the mass balance at
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the steady-state (convection flux + diffusion flux = 0) and provides the expression of

the current versus the applied potential, which enables to obtain the expression of the

cathodic limiting current:

Ilim =−0.62ngFSD
2/3
Ox ν−1/6Cbulk

Ox ω0.5 (1.17)

with ω the angular velocity of the RDE, ν the kinematics viscosity and DOx the

diffusion coefficient of the oxidant.

Finally, the mixed control region (region 2) corresponds to a transition zone between

the electron transfer and the mass transfer limitations. In this region, the current is

expressed by the following equation:

I = I0
[

Ilima
− I

Ilima

exp

(−αnlF(E −Ei=0)

RT

)

− Ilimc
− I

Ilimc

exp

(−βnlF(E −Ei=0)

RT

)]

(1.18)

Thermodynamic and kinetics aspects of nucleation

The electrochemical deposition of a metal follows several steps:

• mass transfer of the metal ions from the bulk to the electrode by diffusion, migra-

tion and convection,

• adsorption of the reactant,

• electron transfer to the reactant,

• nucleation and crystal growth of the metallic bulk phase.

Let’s focus on the nucleation and growth phases, which are critical steps of the

electrodeposition process. The nucleation starts with the birth of small clusters of metal

atoms leading to the formation of a new metallic crystal. The generation of a cluster of

N metal atoms is associated with changes in the Gibbs energy of the system, ∆G(N),

which corresponds to the energy required for the formation of the cluster. This energy

is associated to both the transfer of metallic ions from the solution to the electrode
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under the influence of the overpotential, as well as, to the energy Φ(N) needed for the

formation of the new interfaces: cluster/solution and cluster/substrate. Therefore, the

energy of formation of a cluster, ∆G(N), consists of two components:

∆G(N) =−Nze|η |+Φ(N) (1.19)

With N the size of a cluster (number of atoms), z the charge number, e the elementary

charge and η the overpotential. The second term Φ(N) can be expressed as follow [37]:

Φ(N) = ∑
i6= j∗

γiSi +S j∗(σ j −W ) (1.20)

With γi and Si the surface energies and the surface areas of the cluster faces, i. j∗

corresponds to the contact face between the cluster and the substrate, which is parallel

to the crystal face j. Thus γ j and S j∗ are the surface energy of the face j and the surface

area of the contact face j∗ respectively. W is the work of adhesion.

It can be noticed that both terms of Equation 1.19 are a function of the size, N, of

the cluster. The first term is proportional to N and makes the metal deposition possible

(negative term), while the second is positive and proportional to the surface of the new

cluster. The representation of ∆G(N) as a function of N is presented Figure 1.13. For

small clusters, the second term Φ(N) of the Equation 1.19, which is proportional to

N2/3, dominates. For larger clusters, the first term of Equation 1.19 becomes higher

and the slope of ∆G(N) function becomes negative. Thus the crystal begins to grow

spontaneously. The transition between small cluster and large cluster is defined by a

critical size, Ncrit at which the function ∆G(N) reaches its maximum value d∆G(N)
dN

=

0: ∆Gcrit . This critical size is characterized by the equal probability for growth and

dissolution of the cluster. Therefore, if by an energy fluctuation a crystal of size N >

Ncrit is formed, the crystal can begin to grow spontaneously. These critical values Ncrit

and ∆Gcrit can be expressed as follows [37]:

Ncrit = 8BV 2
mγ3/27(ze|η |)3 (1.21)

and:
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∆Gcrit = Ncritze|η |/2 (1.22)

where:

• B is a constant related to the cluster geometry, B = S3/V 2 (S and V the surface

area and volume of the cluster)

• γ , the average surface energy

• Vm is the volume occupied by one atom of the cluster, V =Vm ×N

The critical size and energy to reach for the formation of a cluster depend on the

overvoltage (Equations 1.21, 1.22), on the surface energy and also on the geometry of

the cluster.

Figure 1.13: Gibbs energy as a function of the cluster size (N) [38]

Excluding the kinetics aspects, the description of the deposition process at nearly

thermodynamic equilibrium is a good starting point for the understanding of both the

whole electrodeposition process and the morphology of the obtained deposits. The elec-

trodeposition of a metal M on a foreign substrate T (M 6= T ) can be described by three

different mechanisms (see Figure 1.14) [37]. The parameters determining the mecha-
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nism of growth are the binding energy between the metal adatoms Mads and the substrate

T, as well as the crystallographic misfit7 between the metal and the substrate [37] [38]:

1. For the first case, the binding energy between the adatoms of metal, and the metal

itself ψ(Mads/M) is higher than the binding energy between adatoms of metal

and atoms of the substrate T ψ(Mads/T ). Then, the metal does not spread on

the substrate and a 3D metallic bulk phase consisting of islands (crystallites) is

formed. In this case, the metallic growth follows the "Volmer-Weber" mode.

For the second case and third cases, the binding energy between the adatoms of the

metal, and the metal itself ψ(Mads/Me) is lower than that between the adatoms of the

metal and the substrate T, ψ(Mads/T ). These two cases differ from one another by the

crystallographic misfit.

2. If the crystallographic misfit between the electrodeposited metal and the substrate

is negligible, the metal spreads on the substrate, and the deposition follows a layer

by layer mode, also called the "Frank-van der Merwe" mode.

3. If there is an important crystallographic misfit between the metal and the sub-

strate, the deposit growth follows the Stranski-Krastanow mechanism, meaning

that a first 2D layer of metallic adatom is formed, on top of which, metallic crys-

tallites will grow. This growth mode is an intermediate case between the "Volmer-

Weber" and the "Frank-van der Merwe" modes.

This highlights the importance of the substrate in the metal electrodeposition process

and its influence on the deposit morphology.

7Valid for the electrodeposition of metal on a substrate presenting a crystalline structure.
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Figure 1.14: Schematic representation of the three different growth models of the deposition
of a metal on a foreign substrate, T: a) Volmer-Weber mode b) Frank-van der Merwe mode c)
Stranski-Krastanow. The classification was made as a function of the binding energy ψ(Mads/T )
and ψ(Mads/T ) and of the crystallographic misfit characterized by the interatomic distances l0
(adapted from [37]).

Only thermodynamical aspects were considered above to describe the electrodepo-

sition process. Let’s consider now, the kinetics aspect of nucleation process and more

precisely the description of the growth of nuclei. Usually, the formation of a new metal-

lic phase by electrodeposition is studied by applying a constant potential (a constant

η) and analyzing the current transient (chronoamperometry) without solution stirring.

Under such conditions, the nuclei growth is limited by diffusion. A theoretical model,

the Scharifker model [39], enables to simulate the evolution of the recorded current as
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a function of time, a rapid description of this model is proposed below.

Just after the polarization of the electrodes (constant E applied) allowing the nucle-

ation, metallic nuclei appears randomly on its surface, either following an instantaneous

mode or a progressive mode 8. The analysis here is restricted to the instantaneous mode.

Then, immediately following t=0 s, N nuclei appear on the electrode surface.

The recorded electric current is proportional to the electroactive surface (the nuclei

surfaces) and also, varies with time (no stirring of the solution). Thus two effects have

to be considered:

• first, the growth of the nuclei induces an increase of the electroactive surface and

consequently an increase of the current,

• then, the thickness of the diffusion layer increases with time inducing a decrease

of the current for a long time (Cottrell effect)

The Sharifker model takes into account these two effects. The total current is as-

sumed to follow the Cottrell equation:

I(t) =
zF

√
DC∞

√
πt

×S(t) (1.23)

where S(t) is the electroactive surface varying with time (growth of the nuclei).

Each nucleus is considered as an hemispherical particle surrounded by an hemi-

spherical diffusion layer (see Figure 1.15) of which the external radius R(t) is given

by:

R(t) =
√

kDt (1.24)

where k is a parameter equal to
√

8πC∞M
ρ [39]. The surface, S′ crossed by the current

streamlines to reach the surface of one nuclei is defined as:

S′(t) = πR(t)2 = πkDt (1.25)

8The instantaneous nucleation corresponds to the process where all the nuclei are formed simulta-
neously at the beginning of the chronoamperometric measurement while for the progressive mode, the
nuclei are continuously formed during the crystal growth.
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At short times, the electroactive surface S can be writtens S = NS′(t) = NπkDt.

During their growth, the diffusion zones overlap, thus, S is no longer equal to NS′(t).

A relation (Avrami theorem [39]), allows the estimation of the actual surface, S, taking

into account the overlap of the diffusion zones:

S(t) = S0

(

1− exp

(

− N

S0
πkDt

))

, (1.26)

where S0 is the surface area of the electrode. Therefore, for instantaneous nucleation

the transient current can be modeled with the following expression:

I(t) =
zD

√
DC∞

√
πt

S0

(

1− exp

(

− N

S0
πkDt

))

(1.27)

Figure 1.15: Representation of nuclei as hemispherical growing centers randomly distributed
on the electrode and growing under spherical diffusion.

A typical potentiostatic transient, obtained experimentally, is shown in Figure 1.16

[38]. Three different sections, corresponding to the different stages of the nucleation

process, can be observed in the current time curve:

• The first section (1), very short, corresponds to the double layer charging current

(capacitive current).

• The rise in current (2) is observed due to the growth of each independent nucleus

or due to an increase in the number of nuclei which induce an increase of the
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electroactive surface. During this stage, the nuclei develop diffusion zones around

themselves (3).

• The diffusion zones overlap, changing the hemispherical mass transfer to a linear

mass transfer. Thus, the current decreases (4) and reaches the evolution described

by a linear diffusion model (Cottrell).

Figure 1.16: Temporal evolution of the cathodic current during nucleation under a constant
applied potential [38]

Parameters influencing the electrodeposition

The control of the electrodeposition requires the optimization of many parameters hav-

ing an influence on the deposit appearance and its morphology; their effects are devel-

oped in this section.

The first influencing parameter is the power (voltage or current) supplied to the

cathode. Indeed, the overpotential (for a chronoamperometry) or the current (for a gal-

vanostatic electrolysis) strongly influence the deposit growth and particularly the critical

nucleus size (see Equation 1.19). Increasing the overpotential leads to a reduction in the

critical nucleus size. Therefore a larger number of nuclei is created. Grujic et al. provide
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in their study [40] AFM pictures of copper electrodeposited obtained at three different

potentials and highlight that, the overpotential increase generates a higher population

density and smaller nuclei (see Figure 1.17). A.M. Rachid et al. [41] also demonstrate

that increasing the current density, during a galvanostatic electrolysis, leads to decrease

the size of the nuclei. The first influencing parameter is the power (voltage or current)

supplied to the cathode. Indeed, the overpotential (for a chronoamperometry) or the

current (for a galvanostatic electrolysis) strongly influence the deposit growth and par-

ticularly the critical nucleus size (see Equation 1.19). Increasing the overpotential leads

to a reduction in the critical nucleus size. Therefore a larger number of nuclei is cre-

ated. Grujic et al. provide in their study [40] AFM pictures of copper electrodeposited

obtained at three different potentials and highlight that, the overpotential increase gen-

erates a higher population density and smaller nuclei (see Figure 1.17). A.M. Rachid

et al. [41] also demonstrate that increasing the current density, during a galvanostatic

electrolysis, leads to decrease the size of the nuclei.

Figure 1.17: AFM pictures of copper nuclei for three different potential of electrodeposition:
a) E = -300 mV, b) E = -400 mV, c) -500 mV, in a 0.01M CuSO4 solution. [40]

Other factors related to the solution composition, like the metallic ions concentra-

tion, the pH and the electrolyte, also affect the number and size of the nuclei. Grujic

et al. [40] study the copper nucleation, at three different concentrations of the copper

precursor, and highlight that increasing the concentration generates an increase of the

nuclei size and a decrease in the nuclei population density. For low concentrations, at

the beginning of the electrodeposition, a low number of copper atoms are generated,

and they are dispersed at the cathode surface. Then, increasing the electrolysis duration,
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enables the copper atoms to group together to minimize the surface energy; due to the

large distance to travel, they only group together with the nearest atoms. Thus a large

number of small nuclei is formed. At high concentration, the close proximity between

metallic atoms induces the formation of large nucleus. The electrolyte composition also

affects the nuclei shape [42]. Finally, the decrease in the pH could cause the hydrogen

production rate to increase and by the way impacts the iron nucleation. Grujic et al. [43]

show that a narrow sizes distribution of the nuclei (ranging between 50-75 nm) is ob-

tained for a pH of 2, due to the shielding of the electrode by hydrogen bubbles, while at

pH=5, the nuclei size lies in the range 50-150 nm (see Figure 1.18 extracted from [43]).

Figure 1.18: Size distribution of iron nuclei electrodeposited using a constant potential E=-
1150 mV, in 0.1 M FeSO4 a) pH=2, b) pH=5.

1.2.2 Electrodeposition in a thin layer cell

This section aims to present the Hele-Shaw cell and to explain the mechanisms leading

to the electrodeposit growth as well as the morphology of the obtained deposits (metallic

ramified branches).

The different stages of the deposit growth

The typical setup employed for an electrodeposition experiment in a Hele-Shaw cell,

described in Fig. 1.19, is constituted by two electrodes, sandwiched by two glass slides,

which determine the thickness of the electrolytic compartment. The electrolytic solution

fills the gap left free between the two electrodes. Generally, no supporting electrolyte
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is used contrary to the classical electrodeposition processes, and the solution is kept

stagnant.

Figure 1.19: Picture of a Hele-Shaw cell

The applied current enables the reduction of the metallic ions at the cathode surface

and subsequently to the formation of a ramified deposit, which grows across the thin

layer cell. The obtained deposits are quasi 2D, and the glass walls enable to monitor the

growth by direct visualization. The anode is made of the same metal than the deposit

(sacrificial anode), to limit the formation of foreign species such as O2 bubbles gener-

ated by H2O oxidation. The electrodeposition process takes place in three steps: the

depletion, the destabilization and the growth phase [44], and the evolution of the cell

voltage, at constant applied current, enables to identify these different phases (a, b, c in

Figure 1.20) [44].

• Depletion phase

When the current is applied to the Hele-Shaw cell, the metal ions concentration

decreases at the cathode interface and simultaneously increases at the anode. During this

depletion phase and until the cathodic interfacial concentration reaches zero, the voltage

measured between the two electrodes stays almost constant, (see region a, Figure 1.20).

Simultaneously, the induced concentration gradient generates density gradients, which

may result in the formation of convective rolls. The use of very thin cell (50µm thick)

enables to avoid this effect. Thus, only diffusion and migration govern the cations mass

transfer.
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Figure 1.20: Dimensionless time dependance of the cell voltage during the deposit growth [44]

• Destabilization phase

After the cathodic depletion phase, the interfacial concentration of metallic ions

tends toward zero and the voltage between the two electrodes increases (region b of the

curve Figure 1.20). The time required to reach this phase is known as the Sand time. To

ensure the current flow through the cell two options are possible:

1. The cathode interface becomes unstable, and a ramified and porous deposit starts

growing through the cell. In fact, the deposit front has to advance across the cell

to reach zones concentrated in metal ions.

2. A second electrochemical reduction occurs (H+ → H2).

The bibliography suggests various explanations for the ramification of the cathode

interface. The Chazalviel model [45] describes that the cathodic depletion leads to the

disrupt of the electroneutrality (to avoid the divergence of the electric field), implying

the formation of a "space-charge" depleted in anions along the cathode. The model pre-

dicts that the deposit will grow at the same velocity than the anions migration, to avoid
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the growth of this space charge. Thus a highly porous deposit has to be formed. Ac-

cording to Sundström et al. [46], the cathode interface becomes unstable as soon as the

current is applied and this does not depend on the interfacial concentration. They per-

form a linear stability analysis of the growing front, assuming the electroneutrality and

taking into account the electrode kinetics. They show that the front is always unstable,

but this destabilization increases rapidly when the concentration reaches zero. Finally,

this diffusion model predicts the same grow velocity than the Chazalviel’s model.

• Growth phase

After the ramification, the deposit grows and crosses the cell toward the anode induc-

ing a linear decrease of the voltage because of the decrease of the electrolyte resistance

(electrodes get closer) (see the phase c of Figure 1.20).

Morphology of the electrodeposits obtained in Hele-Shaw cell

The obtained ramified deposit exhibits different kind of morphologies, depending on the

applied current and on the metallic ion concentration. Many of these morphologies (see

Figure 1.21) have been described by Grier et al. [47] [48] and Sawada et al. [49]. These

morphologies fall into three classes:

• the branched and disorderly fractal morphology (DLA),

• the dense branching morphology (DBM),

• the ordered dendritic morphology.
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Figure 1.21: Various morphologies obtained in thin layer cell (extracted from [47]): a) DLA,
b) Radial dense branching (DBM), c) dendritic, d) needle crystal in the extreme dendritic limit

The branched and fractal deposits are commonly known as DLA-like deposits, due

to their similarity with aggregates obtained numerically by the diffusion limited aggre-

gation model [50].

The principle of the DLA model can be described as follows:

• a first particle is generated and acts as a seed for the growth of the aggregate,

• a second particles is generated far away from the seed particle (from a distance

Ld 9) and walks randomly (by Brownian motion),

• when this random walker reaches one of the lattice sites adjacent to the seed par-

ticle it stops.

After a succession of 105 iterations of this process, a DLA aggregate is obtained (see

Figure 1.22). This model corresponds to the limiting case of 1) a purely limited growth,

9Ld is the diffusion length defined as the ratio between the diffusion coefficient and vg the deposit
growth velocity
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and 2) an extremely slow growth: vg → 0 and hence Ld → ∞. This morphology has

been obtained experimentally using the electrodeposition of Zn [51].

Figure 1.22: Picture extracted from [44] of a DLA aggregate obtained in linear geometry by
numeric DLA model.

The DBM-like consists of a large number of thin branches which fill space uniformly

in the thin cell. Another particularity of this type of morphology is that when they grow,

the fine branches of the deposit advance within a smooth, stable envelope [48] [49].

The deposit forms a flat (or circular for radial deposits) front, advancing at a constant

velocity [44] (see Figure 1.21, b).

According to Grier et al. [47], the deposit morphology can vary from a fractal to a

DBM growth by varying the applied potential (or current) and the precursor concentra-

tion (Figure 1.23). It is generally recognized that the deposits have a DLA morphol-

ogy for low growth velocity and a dense branching morphology for high growth veloc-

ity [44] [47] [52]. Some authors suggest that this transition is induced by phenomena of

electroconvection [53] [54].
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Figure 1.23: Predominance chart (extracted from [48]) of the different morphology classes as
a function of the voltage and the concentration of the precursor.

Fleury et al. have observed the presence of electroconvection vortices at the tip of the

iron branches [53]. They suggest that, at low growth velocity, these electroconvective

vortices induce the splitting of the tip (see Figure 1.24), causing the ramification of the

deposit. At high growth velocity, the magnitude of the vortices increases and thus the

nip of the funnel becomes thinner. Therefore, the splitting of the branches is limited by

the thinning of the nip. Indeed, when a splitting of a branch occurs, the two tips formed

at the top of the branch cannot be feed equally by the fluid flow. One of the branches

remains in the concentrated zone and continues to grow, while the second one is pushed

in the depleted zone and stop growing. Therefore, the electroconvective vortices induce

the ramifaction of the branches at low current densities, favoring the DLA morphology,

whereas at high current densities, the increase of the electroconvection effects hinders

the branching and leads to a DBM-like deposit.

Conversely, Wang et al. [54] claim that the DBM-like deposit is obtained in the

absence of electroconvection.

To get a better understanding of the transition between the DLA and DBM deposits,
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Figure 1.24: Pictures and schematic representation of the splitting of a branch induced by the
electroconvective vortices.

several authors propose variants of the DLA model, that would lead to a DBM deposit.

The variant proposed by Smith et al. [55] and Brower et al. [56] is described as a Finite

Diffusion Length model (FDL), beginning as the DLA model described previously, and

assuming that the random walkers are released at a finite distance Ld of the aggregate.

Smith et al. [55] apply this modified DLA model for a planar geometry instead of a radial

geometry, which means that the planar surface acts as the substrate for the aggregates

growth, instead of a seed particles as it was said previously. Smith et al. [55] showed that

by decreasing the diffusion length Ld, the deposit becomes denser and loses its fractal

property. Furthermore, the obtained deposits are similar to a DBM deposit obtained

experimentally. To conclude, the transition from DLA to DBM could also be explained

considering only a finite value of Ld.

Finally, the dendritic morphology is described as having a needlelike crystal shape

[47] or snowflakes [48] when the growth is radial (see Figure 1.25). The main differ-

ence between the dendritic morphology and the DLA and DBM-like deposit is that the

deposit shows preferred axes of growth whose orientation is determined by crystalline
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anisotropy [49]. This morphology is generally observed at high overvoltages/current

and high concentrations (see Figure 1.23).

Figure 1.25: Picture (extracted from [49]) of a zinc dendritic deposit obtained with a 0.03M
ZnSO4 and ∆V = 6V.

Contrary to most of the studies, which present a large-scale approach to understand

the deposit growth in a thin layer, Fleury [57] puts the emphasis on the nucleation and

the deposit growth on a microscopic scale. Thus, he tries to correlate the deposit growth

velocity with the internal structure of the metal deposits. To this end, he first highlights,

in [57], the granular texture of the electrodeposits by presenting copper deposit (see

Figure 1.26) which consists of small grains between 10 and 1000 nm. He proposes

then, an oscillatory model for the nucleation based on Chazalviel’s theory. As explained

above, according to Chazalviel, when a constant current flow through the cell, the metal

ion concentration decreases along the cathode surface and goes to zero, which induces

high local field. Fleury assumes that a critical surface field E* is necessary to generate

the formation of a new grain. Furthermore, under constant current, the grain grows at

a constant rate, which means that its diameter increases with time as t1/3: the radial

growth speed of the grain decreases as its surface increases10. When the growth speed

of the grain becomes slower than the migration velocity of the anion, a space charge

region is formed in the vicinity of the grain surface and thus, the potential rises (in

absolute value). When the critical surface field is reached, a new grain is created and

grows with a velocity higher than the migration velocity of the anion. Thus, the growing

grain invades the space charge region, which inhibits new nucleation events.

10For simplicity, in a first approximation, the grains are assumed to be spherical.
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Figure 1.26: Internal grain structure of a DLA-like copper deposit. Magnifications a) × 45, b)
× 1780, c) × 7580 [57]

This oscillatory model is based on the competition between the nucleus growth

speed and the migration velocity of the anions, both depending on the current applied

to the system. According to Fleury, the grain appears smaller for high current density

(high growth speed). Therefore, this model enables to explain the branch microstructure

currently observed, but also highlights that the small-scale structure is also affected by

the local deposit growth speed.

Growth speed for a DBM deposit

As it was described previously, the dense branching aggregate consists of a densely

ramified deposit, which fills the cell uniformly. All branches are growing at the same
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speed and thus, the DBM-like deposit is bounded by a flat front which crosses the cell

with a constant rate. The model proposed by Léger et al. [44] to describe this stationary

growth is presented below, and corresponds to the use of a binary electrolyte11 (without

supporting electrolyte). υ+ and υ− are the stoichiometric coefficients of the salt used;

the salt concentration is:

C =
C+

υ+
=

C−
υ−

(1.28)

C+ and C− being the concentrations of cations and anions respectively.

As mentioned above, diffusion and migration control the mass transfer in a Hele-

Shaw cell (thickness < 50 µm), therefore, the mass conservation equation for the cation

and the anion can be written as follows (assuming diluted solutions):

∂C+

∂t
= z+u+F

→
∇ ·(C+

→
∇ Φ)+D+∆C+ (1.29)

∂C−
∂t

= z−u−F
→
∇ ·(C−

→
∇ Φ)+D−∆C− (1.30)

where z+, z− are the charge numbers (valence) of the cations and anions respectively,

u+ and u− their mobilities12 ( cm2.mol
J.s ), D+ and D− their molecular diffusion coefficients,

and Φ represents the electrical potential (V).

Assuming the electroneutrality in the whole cell:

z+C+ =−z−C− (1.31)

C+ and C− can be replaced by C in Equation 1.29:

∂C

∂t
= z+u+F

→
∇ ·(C

→
∇ Φ)+D+∆C (1.32)

∂C

∂t
= z−u−F

→
∇ ·(C

→
∇ Φ)+D−∆C (1.33)

The subtraction of Equations 1.32 and 1.33 enables to deduce the relationship be-

11A binary electrolyte is an electrolyte that contains only one solvent and one salt.
12The mobility ui of the ion i is related to its diffusion coefficient by the Nernst-Einstein equation

ui =
Di
RT

.
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tween ∆C and
→
∇ ·(C

→
∇ Φ):

F
→
∇ ·(C

→
∇ Φ) =−(D+−D−)∆C

z+u+− z−u−
(1.34)

By combining Equation 1.34 and 1.32,
→
∇ Φ can be eliminated:

∂C

∂t
=

z+u+D−− z+u+D+

z+u+− z−u−
∆C+D+∆C (1.35)

Therefore it can be concluded that:

∂C

∂t
= D̄∆C (1.36)

D̄ is the apparent diffusion coefficient of the binary electrolyte; it represents a com-

promise between the molecular diffusion coefficients of the anion and the cation [58]

and is expressed as follows:

D̄ =
z+u+D−− z−u−D+

z+u+− z−u−
(1.37)

Equation 1.36 shows that the mass transfer problem in the electrolyte solution could

be simplified as a diffusion problem.

As already said above, for a DBM deposit, the growth front is flat and move forward

at a constant velocity, vg (for galvanostatic conditions). Then, as represented in Figure

1.27, the 2D transfer problem could be reduced to a 1D transfer problem.

∂C

∂t
= D̄

∂
2C

∂x2 f or x ≥ x f (t) (1.38)

Using the coordinate system relative to the growth front x′ = x− x f (t) (the concen-

tration corresponding to this system can be written C′(x′) = C(x, t)) and using the fact

that vg =
dx f

dt
is constant, leads to:

∂C

∂t
=

∂C′(x′(x, t))
∂t

=
dC′

dx′
× (−vg). (1.39)
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Figure 1.27: Schematic representation of a DBM deposit growth

Using this last result in Equation 1.38 leads to a 1D advection diffusion equation:

−vg
dC′

dx′
= D̄

d2C′

dx′2
, f or x′ ≥ 0 (1.40)

which could be easily solved using the following boundary conditions:

C′(x′ = 0) =C0 (1.41)

C′(x′ → ∞) =C∞. (1.42)

The concentration profile is given by:

C′(x′)−C0

C∞ −C0
= 1− exp

(

− x′

Ld

)

(1.43)

where, as said previously Ld = D̄
vg

.

This expression can be written in terms of C(x,t):

C(x, t)−C0

C∞ −C0
= 1− exp

(

x f − x

Ld

)

. (1.44)

At the front location, the flux of anions is equal to 0:
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−z−u−Fυ−C
∂Φ

∂x

∣

∣

∣

∣

x f

−D−υ−
∂C

∂x

∣

∣

∣

∣

x f

= 0, (1.45)

whereas the flux of cations depends on the applied current density i (i=I/S):

−z+u+Fυ+C
∂Φ

∂x

∣

∣

∣

∣

x f

−D+υ+
∂C

∂x

∣

∣

∣

∣

x f

=
i

z+F
. (1.46)

Combining these two equations leads to:

i

z+υ+F
=− D

1− t+

∂C

∂x

∣

∣

∣

∣

x f

(1.47)

where ∂C

∂x

∣

∣

∣

x f

= C∞

Ld
(from Equation 1.44) and t+ is the transference number of the

cation obtained for a binary electrolyte:

t+ =
z+u+

z+u+− z−u−
(1.48)

Using Equation 1.43 (concentration profile), the concentration gradient at the front

location ∂C

∂x′

∣

∣

∣

0
= C∞−C0

Ld
and setting C0 = 0, the following expression is obtained for vg:

vg =−i
1− t+

υ+Fz+C∞
(1.49)

This equation enabling to predict the growth speed of a DBM deposit has been

verified experimentally in various studies [59] [60].

1.3 Dispersion of the iron electrodeposit by acoustic waves

This section expects to study the phenomena generated by the acoustic waves propaga-

tion in an aqueous solution enabling the deposits removal or fragmentation.

53



CHAPTER 1

1.3.1 Physical aspects of phenomena induced by the ultrasounds

propagation

Ultrasounds refer to sound waves transmitted at a frequency greater than the limit of hu-

man hearing, typically, higherthan 20 kHz. The propagation of ultrasounds in aqueous

media generates various effects, the two prominent ones are the acoustic streaming and

the cavitation.

Acoustic cavitation

The acoustic cavitation is defined as the growth and collapse of bubble nuclei, under

the action of an ultrasonic field passing through a liquid media. The growth of a bubble

nuclei starts if the pressure, applied by the acoustic field, is lower than the critical tensile

strength 13, which depends on the liquid and on the concentration of dissolved gas [61].

The origin of the bubbles nuclei is still not well understood (microbubbles trapped into

the defects of the solid surfaces, microbubbles population stabilized by traces of organ-

ics adsorbed on the liquid/gas interface) [61].

During ultrasonication, the sound waves pass through the liquid and induce a suc-

cession of compression and rarefaction cycles. When a microbubble is submitted to a

rarefaction phase, in comparison with the average hydrostatic pressure, its volume in-

creases, leading to the creation of cavities which are bubbles containing a small quantity

of gas or solvent vapor [62]. Bubble volume decreases during the compression phase

and increases during the rarefaction (see Figure 1.28). However, during the successive

cycles (compression/rarefaction) the bubble volume increases due to a phenomenon

known as rectified diffusion14 [62] [28] [61]. Then, the growing bubble can reach a

critical size (resonance size) leading to its collapse.

13The critical tensile strength corresponds to the pressure required to apply to rupture the liquid either
by the growth of a vapor bubble (if no dissolved gas is present) or by the growth of bubble consisting of
vapor and gas being initially dissolved in the liquid.

14This is because the gas diffusion across the bubble wall depends on the bubble surface. During the
compression phase, the gas pressure in the bubble is high, and gas diffuse from the bubble surface to the
liquid. During the rarefaction phase, the pressure in the bubble is low, and the gas dissolved in the liquid
diffuse inside the bubble. The bubble surface being lower during the compression phase than during the
rarefaction phase; this means that the gas transfer does not balance during both phases.
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Figure 1.28: Compression and rarefaction phases of a liquid submitted to ultrasounds, leading
to the bubble collapse [63]

Several effects are generated by acoustic cavitation like turbulence, microjet, shock

waves or microstreaming [64]. The collapse of cavitation bubbles releases enough en-

ergy to enable the removal of particles from the substrate provided that cavitation takes

place in the vicinity of the electrode.

Acoustic streaming

In addition to the effects generated by acoustic cavitation, the propagation of ultra-

sound through a liquid induces a steady flow in the fluid due to the absorption of the

ultrasonic field [64]. This phenomenon is known as acoustic streaming and is responsi-

ble of the enhancement of the mass transfer. The acoustic streaming velocity increases

by increasing the frequency and the power of ultrasound, and decreases by increasing

the kinematic viscosity.

These different effects of ultrasonic propagation (turbulence, microjet, shock waves,

and acoustic streaming) lead to an increase of the mass transfer to the electrode. The

mass transfer enhancement induced by acoustic streaming is weak, in comparison with

other effects, but this increase occurs even if there is no cavitation in the vicinity of the

electrode surface [64]. Conversely, turbulence, microjets, and shock waves, resulting

from cavitation, induce more violent fluid motions. The most efficient action to remove

a particle from a surface is the microjet which appears when cavitation occurs nearby
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the surface [64] (see Figure 1.29). Indeed, when a bubble collapse in the vicinity of

a surface, the compression is not symmetric, the bubble deforms, and the collapse of

the bubble leads to a violent microjet of liquid projected at high speed onto the surface.

This microjet can reach the surface with a velocity of 200 m/s, enabling the removal of

electrodeposited particles [64] [65].

Figure 1.29: Schematic representation extracted from [66] of a microjet formation by cavitation
bubble collapse.

1.3.2 Influence of ultrasounds on the electrochemical process

Let’s focus now on the two major effects of ultrasound on the electrodeposition pro-

cess, which are the enhancement of mass transfer and the removal of electrodeposited

particles.

Mass transfer enhancement

To highlight the enhancement of mass transfer induced by ultrasonication, J. Klima

[64] applied ultrasounds during voltammetrics measurement and compare the obtained

voltammograms with the one performed by steady-state voltammetry with a rotating

disk electrode (RDE) (technique presented in Section 1.2.1).

The author compares the voltammograms of methyl viologen (C14H14Cl2N2) reduc-

tion (see Figure 1.30) obtained on a platinum RDE (80 RPS) without ultrasound b), with

the one obtained on a platinum foil with ultrasounds a). Both voltammograms present

two waves exhibiting limit currents characteristic of mass transfer limited process. The

limiting current measured for both waves (see Figure 1.12 Section 1.2.1) is about three
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times higher with ultrasonication than the one obtained with an RDE at 80 RPS (un-

der silent conditions). As explained in Section 1.2.1, the limiting current is inversely

proportional to the diffusion layer thickness δ (see Equation 1.16). Therefore, the en-

hancement of the mass transfer induced by ultrasonication leads to a decrease of δ and

thus, to the increase of the limiting current. For the case presented in [64], it means that

the diffusion layer is three times thinner with ultrasonication than without using a RDE

angular velocity of 80 RPS.

Figure 1.30: Voltammograms (adapted from [64]) of 0.5 mM methylviologen in acetonitrile
with: a) a platinum foil electrode under ultrasonication, b) a platinum RDE at 80 RPS with no
ultrasound. Scan rate = 0.1 V/s

Particle removal

The second effect of ultrasound is the removal of particles from a surface. The ob-

jective of this section is to give a better understanding of the electrodeposited particles

removal mechanisms, to identify the parameters affecting their dispersion from an elec-
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trode submitted to ultrasonication. The most efficient effect of ultrasound for particles

removal is known to be the action of microjet, induced by the collapse of cavitation

bubbles. Indeed, as mentioned before, the fluid velocity reached in a microjet, can be

estimated to be about 200 m/s [64] [65]. According to Gale [67] the acoustic stream-

ing does not have a direct effect on particle detachment but enables to take away the

detached particles from the surface. To give a most detailed analysis of the removal

mechanism, it is necessary to identify the forces acting on the particles subjected to a

fluid flow (see Figure 3.13); first, the focus is put on the particle adhesion force to the

surface.

The adhesion force of a spherical particle on a surface T could be estimated consid-

ering Van der Waals attraction [65] [68]; in the case of a spherical particle adhering on

a smooth surface this adhesion force FA can be expressed as follows [69]:

FA =
Apart/T/LRp

6.d2
0

(1.50)

where: Apart/T/L, is the Hamaker constant for the particle/surface system in a liquid

L; Rp the radius of the particle, and d0 is the separation distance between the particle

and the substrate.

On another hand, the forces acting for the particles removal are [65]:

• the shear force (N/m2) σ = µdv/dy, µ is the dynamic viscosity, v is the fluid

velocity and y, the coordinate perpendicular to the surface T,

• the lift force FL = 6.46R2
pv(ηρdv/dy)1/2 where Rp is the particle radius, and ρ is

the liquid specific gravity,

• the drag force FD = 6πηRpv.

Maisonhaute et al. [65] admit that for small particles, the shear force causes the

stronger force. Therefore, the removal of the particles from the surface is controlled by

the ratio χ , between the shear force and the adhesion force:

χ =
µ(dv/dy)R2

p

Apart/T/LRp

6d2
0

=
6d2

0 µ(dv/dy)Rp

Apart/T/L

(1.51)
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Figure 1.31: Spherical particle adhering on a smooth surface and subjected to a shear flow

Considering the work of adhesion between two flat solids interacting across a liquid

layer, W = A

12πd0
2 J/m2, the last equation could be rewritten:

χ =
1

2π

µ dv
dy

Rp

W
(1.52)

Increasing this removal coefficient χ , enables an easier removal of the particle from

the surface. The expression of χ allows the identification of important parameters for

the particles removal:

• the work of adhesion of the particle material on the electrode material, which

depends on both materials,

• the shear stress close to the electrode surface µ dv
dy

which depends on the hydrody-

namics ,

• the size of the particle; for small particles the shear stress needed to remove them

has to be increased.

1.3.3 Electrodeposit fragmentation in a Hele-Shaw cell

In the previous paragraph, dealing with the effects induced by ultrasonication, it has

been seen that the dispersion process is mainly induced by bubble cavitation inside the

cell volume. In a Hele-Shaw cell, the characteristic dimensions are so small that it is dif-

ficult to reach the cavitation threshold. Indeed, cavitation (and also acoustic streaming)

appears with the propagation of the acoustic wave in the liquid. The wave propagates if

the wavelength, λ , is lower than the dimensions of the system. Furthermore, cavitation
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appears using "Power ultrasounds" which the frequency f, is around 20 kHz; the corre-

sponding wavelength in water (c = 1497 m/s), λ = c/ f , is around 7.5 cm. This quite

high length is generally higher than the typical sizes of a Hele-Shaw cell, length ≈ 5

cm, width ≈ 1 cm, and depth ≈ 50 µm (as the sizes of the Hele-Shaw cell used in this

work). Therefore, no cavitation is expected to appear in a Hele-Shaw cell subjected to a

"Power ultrasounds" signal.

To overcome this situation, several authors have integrated bubbles in microfluidics

devices to exploit their oscillations when they are subjected to an acoustic signal; that is

why several studies propose to use the bubble based acoustic streaming [70] [71] [72].

The principle of this technique is to use an air bubble as acoustic actuator inside the

microdevice. Indeed, when a bubble is subjected to an acoustic field, its surface acts as

a vibrating interface which induces an acoustic streaming in the vicinity of the particle

[72].

The typical set-up, for bubble based acoustic streaming in microfluidic device, con-

sists of connecting a PZT diaphragm to a mixing chamber filled with two liquids, usu-

ally deionized water and fluorescent dye water, inside which a bubble or several bubbles

have been trapped. Bibliography reports several configurations of this device which dif-

fer from each other by 1) the method involved to trap the bubble, 2) the PZT position and

3) the mixing chamber configuration. A short description of these devices is proposed

below.

Ahmed et al. [71] use a classical Y-microchannel cell to introduce the two liquids

in a side-by-side laminar flow. To trap a bubble, a "horse-shoe" shaped microstructure

is created inside the microchannel (Figure 1.32). The aperture of the "horseshoe" is

oriented backward the liquids flow, so as when the liquids filled the microchannel, a

bubble is formed inside the horseshoe due to surface tension. In this configuration, the

PZT is bonded adjacent to the microfluidic device on the same plastic plate and activated

at a frequency of 70 kHz and a voltage of 8 Vpp.
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Figure 1.32: Microfluidic device (one channel), using the oscillations of a bubble trapped inside
the horse-shoe structure [71].

Another example of micromixer, proposed by Liu et al. [72] consists of a circular

chamber (Figure 1.33); the half of this chamber is filled with DI water, and the rest with

red dye water. The chamber is made of polycarbonate plate which presents cavities on

its surface to create air pockets. Thus, the number and the size of the bubble trapped

in the mixing chamber can be adjusted. The PZT diaphragm is positioned under the

circular chamber and employed at a frequency of 2kHz with a voltage of 5Vpp.

Figure 1.33: Microfluidic channel device and bubble trapped inside cavities [72]

Wang et al. [70] propose a more complex experimental set-up: a circular mixing

chamber is connected to an exponentially expanded nozzle. A Y-Channel is used to

introduce into the mixing chamber DI water, and fluorescent dye water, in a side-by-

side laminar flow. The PZT is located under the mixing chamber and employed for a
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range of frequency from 0.5 to 10 kHz with a voltage of 5 Vpp. The particularity of this

device is that no bubble is trapped in the micromixer before the chamber is filled. The

bubble is generated inside the chamber by "cavitation" for frequencies ranging from 1 to

5kHz. The authors suppose that cavitation threshold can be reached , due to the specific

shape of the microchamber which present a decreasing cross section of the channel;

the high liquid velocity obtained would lead to a very large pressure drop allowing to

locally reach the critical tensile strength.

Even if some differences are noted between these experimentals set-up, the observa-

tions resulting from the experiments are quite similar: all authors agree on the need to

have a bubble in the microchamber to induce a significant mixing enhancement. Wang

et al. [70] observe that for frequencies lower than 1 kHz, no bubble is generated and thus

no mixing enhancement is observed. This confirms that, in the absence of a bubble, the

acoustic wavelength is too small for the acoustic field to contribute to the mixing.

All these studies agree with the fact that when the PZT is activated, the bubble

strongly interacts with the acoustic field and generates churning motions which allow

efficient mixing enhancement. Wang et al. [70] calculate the mixing efficiency based on

the fluorescence intensity of a mixture of two liquids, and observe a mixing efficiency as

high as 90% for a frequency of 1.5 kHz. Ahmed et al. also obtain an efficient mixing of

the two liquids and evaluate the time required for a complete mixing at approximately 7

ms. The different studies also highlight the importance of the frequency of the acoustic

field. Indeed, the acoustic streaming of the bubble is most efficient when the bubble is

excited at its resonance frequency which is proportional to 1/R0 (R0 being the bubble

radius). Liu et al. [72] also investigated the effect of other acoustic parameters on the

mixing and highlight, on the one hand, that a square sound wave provides faster mixing

than a sinusoidal acoustic wave, and on the other hand, they also proved that increasing

the voltage amplitude leads to decrease the mixing time. Thus, with a 10 Vpp and 5

kHz square acoustic wave, a complete mixing was obtained after 35 s instead of 1.75

minutes for a 5 Vpp and 5 kHz sinusoidal acoustic wave.

According to these studies, the acoustic streaming pattern generated by the excited

bubble presents recirculation flow pattern, like rotating vortices (see Figure 1.34) ; Liu

et al. [72] describe this streaming motion as a "tornado" pattern. The shear stress, in-
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duced by this acoustic streaming, can be considered as a promising way to fragment

iron dendrites produced during the electrodeposition step.

Figure 1.34: Acoustic streaming flow pattern [71]

Therefore, the last objectives of this thesis (Chapter IV) will be first to achieve a

ramified iron deposit growth inside a Hele-Shaw cell and, in a second time, to optimize

the acoustic field parameters, in order to introduce strong enough shear stress to break

the ramified deposit into fine iron particles.

1.4 Conclusion

This chapter presents, in a first instance, the interest of the zero valent iron nanoparticles

by a presentation of the most interesting nZVI properties and their main applications:

• environmental remediation

• medical field

Then, the different synthesis routes are presented, and the focus is put on the so-

noelectrochemical synthesis which, in comparison with others techniques, present the

advantages of requiring basic equipment, cheap reagents, and consists of a fast eco-

nomic and safe synthesis route. Indeed, it only requires an iron salt solution, conductive

substrates, a power supply and an ultrasonic device to disperse the electrodeposit.

63



The sonoelectrochemical synthesis of nZVI couples two different processes detailed

in this chapter: the electrochemical formation of iron deposits and the deposit dispersion

by ultrasonication. Even if the sonoelectrosynthesis has been increasingly investigated

during the last decades, the understanding of both the metal electrodeposit growth and

the mechanism of electrodeposit dispersion, as well as how these two steps are com-

bined appears not so clear yet. Also, even if the bibliography proposes various studies

of the sonoelectrochemical synthesis to optimize the influencing parameters, few con-

siderations have been given to the influence of the substrate on the sonoelectrochemical

process. It has been shown in this chapter that the substrate can play a role in both the

deposit nucleation (Section 1.2.1) and the deposit removal processes, through its surface

energy (Equation 1.19) and its influence on the deposit adhesion (Section 1.3.2).

Therefore, one of the objectives of this study is to provide a better understanding of

the sonoelectrochemical process by:

• studying the simultaneous coupling of the electrochemical process with the ultra-

sonication for different iron salt solutions and substrates,

• investigating the influence of the electrodeposited particles size on the efficiency

of the dispersion process,

• analyzing the influence of the electrodeposited particles adhesion on the disper-

sion efficiency, via the investigation of the role of the electrode material.

A new approach for the nZVI synthesis is also investigated, it consists of exploring

the possibility of exploiting the microstructure of ramified branches by their fragmen-

tation in a Hele-Shaw cell. This acoustofluidic synthesis constitutes a new approach

for the synthesis of nZVI, and to the best of our knowledge, no similar study has been

proposed. Therefore, to carry out the electrodeposit fragmentation in a Hele-Shaw cell,

this study is based on the state of the art of microdevices used for mixing enhancement

(Section 1.3.3).
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2 Study of iron electrodeposition process
and influence of the substrate
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2.1 Objectives

The sonoelectrochemical synthesis of iron nanoparticles is the combination of two dif-

ferent processes, the metallic electrodeposition and its dispersion by ultrasounds. There-

fore, the understanding of the laws and parameters, governing both steps of the synthe-

sis, is necessary.

Various parameters have been investigated to control the whole synthesis process.

For example, the influence of the ultrasound intensity, the temperature, or the dura-

tion of the electrodeposition and ultrasonication steps (when both steps are achieved

sequentially), have been studied [34]. However, little consideration has been given to

the choice of the electrode used as a substrate for the metallic electrodeposition.

In response to this lack, the objective of this chapter is to provide a better under-

standing of the influence of the electrode substrate, on the iron electrodeposition step.

To that end, the focus is put on two properties of the substrate:

• the surface energy, dictated by choice of the material,

• the roughness.

As a first step, this chapter provides a preliminary study of the Fe(II)/Fe system, neces-

sary to understand and control the iron electrodeposition process. This will be achieved

by a voltammetric study with a rotating disk electrode (RDE), which allows to choose

the optimum operating parameters for iron electrodeposition such as the reduction po-

tential of iron ions, or the pH of the solution for examples.

Then, a detailed description of both the voltammetric curves and the obtained iron

deposit morphologies, will allow highlighting the effect of the substrate on the elec-

trodeposition process. These results will be related to the surface energies of the dif-

ferent material used as the substrate, to understand its influence on the deposit/substrate

interface properties. At the same time, the influence of the substrate roughness will also

be discussed.

Finally, the conclusions drawn from the voltammetric study about the influence of

the substrate will be compared to results obtained with another electrodeposition tech-

nique, the galvanostatic electrolysis, to confirm or invalidate our statements.

67



CHAPTER 2

2.2 Materials and methods

2.2.1 Experimental set-up

Experimental device

A detailed presentation of the experimental device is presented Figure 2.1 .

Figure 2.1: Pictures and schematic representation of the experimental device used.
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Preparation of the solutions

All solutions are prepared using ultrapure water (18.2 MΩ.cm) and are deaerated with

argon (1 bar), before each experiment, during at least 15 minutes.

Solutions containing iron(II) are prepared by dissolving Normapur solid FeCl2 sup-

plied by Sigma-Aldrich in a 0.1 M KCl supporting electrolyte. In the same manner,

(NH4)2Fe(SO4)2 solution (Mohr’s salt) is supplied by Sigma-Aldrich and dissolved in a

0.05 M K2SO4 solution (see Table 2.1 for an overview of the chemical products used).

The pH of the iron salt solutions is adjusted to 4.0, by the addition of hydrochloric

acid or sulphuric acid. The choice of this pH will be explained later, in the experimental

section.

Chemical products Purity (%)

Iron Chloride (II) FeCl2 ·4H2O ≥ 99.0
Mohr’s salt (NH4)2Fe(SO4)2 ·6H2O ≥ 99.0

Potassium Chloride KCl ≥ 99.0
Potassium Sulfate K2SO4 ≥ 99.0

Table 2.1: Chemical products and their purity

Preparation of the electrodes surfaces

Electrodes are polished using alumina aqueous suspension of 9, 5, 1 and 0.3 µm on

a rotating pad. The electrodes are sonicated for 5 minutes in a 50:50 ethanol/water

mixture between each polishing and, 5 minutes more in ultrapure water to remove the

remaining alumina particles. For studying the influence of the substrate roughness, the

VC2 electrode is polished with paper grid P1200 and P800.

2.2.2 Characterization of the electrode surfaces

The vitreous carbon electrodes show slight differences in their chemical compositions:

VC1 contains 0.04 % ash, 50 ppm sulfur and bore traces, VC2 contains 0.0042 % ash

and 13.5 ppm metal traces (data provided by suppliers).
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Determination of the electrodes surface energy

Three different electrodes are employed (Au, VC1, VC2, see the experimental device

Figure 2.1) to study the effect of their substrate material on the iron electrodeposit mor-

phology. The value of the surface energy of each substrate material is determined ex-

perimentally using the Owens-Wendt "one liquid" method [73]. This technique enables

to determine the dispersive γD
elect and polar γP

elect components (Equation 2.1) of the sur-

face energy γelect of a solid (the electrode here) from contact angle measurements. To

that end, contact angles, formed by liquids on the studied surface, are measured using a

series of liquids of known surface energy components (dispersive, γD
L and polar, γP

L see

equation 2.2). A representation of the measurement is proposed Figure 2.2.

γelect = γP
elect + γD

elect (2.1)

γL = γP
L + γD

L (2.2)

Where: γelect and γL are the surface energy of the electrode and of the liquid respec-

tively, γP
S and γP

L their polar component, γD
S and γD

L their dispersive components.

The liquids employed for this measurement and their surface energy components are

presented in Table 2.2.

Surface energy (mN/m)
Liquid γL γd

L γP
L

Decane 23.4 23.4 0.0
Dimethylsulfoxide 44.0 36.0 8.0

Glycerol 63.4 37.0 26.4
Water 72.8 21.8 51.0

Table 2.2: Surface energy, dispersive and polar components, of the four liquids used for contact
angle measurements.

According to Owens and Wendt [73], the interfacial energy γelect/L is considered

as the sum of surface energy of the individual phases (γelect and γL), reduced by the
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Figure 2.2: Schematic representation of the contact angle measurement for the determination
of the electrodes surface energies

geometric mean values of the dispersive and polar contribution:

γelect/L = γelect + γL −2
√

γD
electγ

D
L −2

√

γP
electγ

P
L (2.3)

The interfacial energy γelect/L can also be expressed by Young’s equation:

γelect/L = γelect − γL cosθ (2.4)

By combining equation 2.3 and equation 2.4, the following expression is obtained:

γL(1+ cosθ) = 2
√

γD
electγ

D
L +2

√

γP
electγ

P
L (2.5)

With θ , the contact angle formed by the liquid on the solid surface.

This equation can also be written:

γL(1+ cosθ)

2
√

γD
L

=
√

γP
elect

√

γP
L

γD
L

+
√

γD
elect (2.6)

Therefore, by plotting γL(1+cosθ)

2
√

γD
L

versus

√

γP
L

γD
L

, the slope and the intercept of the

linear regression are respectively
√

γP
elect and

√

γD
elect , enabling to determine the surface

energy of the electrode from Equation 2.1.
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Contact angles are measured with four different liquids: ultrapure water, glycerol,

dimethylsulfoxide and decane (of known surface energy, presented in table 2.2). Liquid

droplets of ≈ 2µL are formed in ambient conditions with a GBX Digidrop goniometer

DGD fast 60. The results obtained are shown in Figure 2.3 and the resulting surface

energy values are indicated in Table 2.3.

Figure 2.3: Evolution of γL(1+cosθ)

2
√

γD
L

as a function of

√

γP
L

γD
L

for three different electrodes mate-

rial a) VC2 and b) VC1 and c) Gold surface, obtained from the contact angle measurement of
ultrapure water, glycerol, dimethylsulfoxide and decane, and analyzed according to the Owens-
Wendt method.
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γd (mJ/m2) γp (mJ/m2) γelect (mJ/m2)

VC2 21±1 13±3 34±3
VC1 19±1 10±2 29±2
Gold 19±1 8±2 27±2

Table 2.3: Measured surface energies of VC1 and VC2 electrodes; γP and γP are respectively
the polar and dispersive component of the total surface energy γelec

Measurement of the electrodes roughness

The surface roughness of the two vitreous carbon electrodes, VC1 and VC2, polished

with 0.3 µm alumina suspension, are visualized by an optical microscope (Zeiss Ax-

iolab) and surface profiles are measured by an interferometric surface profiler (Zygo

3D). This apparatus operates with light interferences generated by reflections on the ex-

amined surface. The distance between the fringes allows determining the local height.

The obtained pictures and roughness profiles are presented in Figure 2.4. It can be seen

in this figure that both electrodes show regular stripes on their surface, which are due

to the polishing. The VC1 surface appears to be not as smooth as the VC2 surface.

Indeed, small holes, with diameters in the range of 1-10 µm, are visible on the VC1

surface. In addition to surface profiles, the interferometric surface profiler provides in-

formation on the surface roughness like the arithmetic roughness Ra. This value is the

most commonly used parameter to characterize a surface roughness and is expressed by

the equation 2.7.

Ra =
1
S

∫

S
|y(x,z)|dS (2.7)

With y(x) the local height, and S the surface of the sample.

The Ra obtained for the VC1, and VC2 surfaces polished with the finest alumina

suspension (0.3 µm) are respectively 35 nm and 8 nm (± 3 nm).

Additionally, the VC2 electrode is polished with paper grid P1200 and P800. The

VC2P1200 and VC2P800 roughness are measured in the same manner as previously.

The obtained picture and roughness profile are presented in Figure 2.5.
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Figure 2.4: Optical images and surface profiles of the polished (alumina suspension 0.3 µm)
vitreous carbon electrodes ; for VC2: a) optical image and 1) surface profile; for VC1: b) optical
image and 2) surface profile.

Figure 2.5: Surface profiles of the VC2 electrode obtained by an optical surface profiler (Zygo
3D) and their one-dimensional profiles (perpendicular to the stripes), a) VC2 P800, b) VC2
P1200, VC2 0.3µm.

An overview of the obtained surface roughnesses is presented in table 2.4. These

measurements will serve as a basis for the discussion about the influence of the rough-

ness on the iron electrodeposition.
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Electrode Ra (nm)

VC1 0.3 µm 35 ± 3
VC2 0.3 µm 8 ± 3
VC2 P1200 162 ± 3
VC2 P800 345 ± 3

Table 2.4: Electrode surface properties: surface roughness

2.2.3 Characterization of the deposit morphology

Morphology of iron electrodeposits is observed by scanning electron microscopy (SEM)

with an MEB FEG JEOL JSM 7100F TTLS or an MEB FEG JEOL JSM 780 0F Prime-

EDS. Before observations, the sample is rinsed with ultrapure water (to avoid electrolyte

crystallization) and dried under ambient conditions. The whole sample surface is coated

with a nanometric layer of gold by vapor deposition, to avoid electrons beam deviation

(due to the presence of insulating material surrounding the disk electrode) if it is neces-

sary. An electric connection between electrodes and the SEM support is ensured by a

brass stud adapted to the electrode.

2.2.4 Electrochemical methods

Voltammetry

In the present study, steady-state voltammetry experiments (see Section 1.2.1 Chapter

I, for the voltammetry theory) are achieved by varying the potential from the zero cur-

rent potential, Ei=0 to the cathodic potentials to induce the iron ions reduction, until E

reaches a set value, Ereverse. Then, the potential is swept in the opposite direction, to

study the behavior of the modified electrode and also to examine the oxidation of the

freshly deposed iron (see Figure 2.6). At the end of the cyclic voltammograms, the

iron deposit is totally reoxydized. The choice of the potential Ereverse will be developed

in the experimental section. The cyclic voltammograms are recorded under an angular

velocity of the RDE of 1000 RPM.
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Figure 2.6: Cyclic potential sweep

Galvanostatic electrolyses on an RDE

The procedure followed for the galvanostatic electrolysis is detailed below:

• Before each galvanostatic electrolysis, three cyclic voltammograms are achieved

to check the repeatability of the electrocatalytic properties of the electrode.

• Then, a pretreatment step, which consists of applying an anodic potential, is

achieved to recover the initial state of the electrode (possible traces of iron re-

mained on the surface after the first step are oxidized). It enables a better repro-

ducibility.

• The galvanostatic electrolysis is carried out with a constant current I = 90%Ilim

to avoid secondary reactions to occur.

• As a final step, the iron produced is oxidized by linear voltammetry starting from

the open circuit potential (Ei=0), OCP, obtained after iron formation to 0 V/SCE,

so as to remove the deposit and recover the initially bare surface of the working

electrode. Note that this new OCP corresponds to the Nernst potential of the

Fe(II)/Fe, all the involved species are present at the electrode.

The angular velocity is maintained at 1000 RPM during the whole procedure.
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Determination of the amount of iron deposited

The iron quantity produced at the cathode can be determined from the charge QFe passed

through the electrochemical cell during the iron ion reduction (forward and backward

scans) thanks to the Faraday’s law:

QFe = nFniron (2.8)

And Q could also be expressed as follows:

QFe = yF ×
∫ t

0
I(t)dt (2.9)

Where: niron is the iron quantity produced, t the duration of the electrolysis, and

n the number of electrons exchanged (here n=2), and with y f , the percentage of the

applied current allotted to the iron ions reduction. The Voltamaster 4 software enables

the numerical integration of the I = f (t).

When a constant current is applied:

Q = I.t (2.10)

Thus the iron quantity produced is:

niron =
I × t × y f

nF
(2.11)

2.3 Study of electrochemical behavior of the Fe(II)/Fe sys-

tem, in different electrolytes, and choice of operat-

ing conditions for iron electrodeposition

2.3.1 Study of the redox system Fe(II)/Fe

The electrochemical behavior of Fe(II) salts used (FeCl2 and Mohr’s salt) is examined

by voltammetry, in presence of two supporting electrolytes, on a gold RDE electrode
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(ω = 1000 RPM). Voltamperometric curves are shown in Figure 2.7. In both media

(chloride and sulfate) the scan starts at the OCP (-0.2 V/SCE), shifts toward the cathodic

potentials until Ereverse =−1.30 V/SCE and then it is reversed until 0 V/SCE.

Figure 2.7: Cyclic voltammetry scans (steady-state conditions) obtained on a RDE for the gold
material, υ = 20 mV/s, T = 25 ◦C, ω = 1000 RPM. a): In a 0.01 M FeCl2 solution + KCl 0.1
M, b): in 0.01 M Mohr’s salt solution + 0.05 M K2SO4. Inset:zoom of the curves including the
residual current curves (dashed lines). All solution pH are adjusted to 4.0.

During the forward scan, a first reduction reaction is highlighted, by a slight increase

in the current density (absolute value) and the formation of a diffusion-limited wave

starting at ≈ -0.7 V/SCE for FeCl2 and Mohr’salt is observed. An enlarged view of this

signal is presented in the inset of each graph (Figure 2.7, a) for FeCl2, and Figure 2.7,

b) for Mohr’s salt media). Voltamperometric curves of the residual currents obtained

with the supporting electrolyte alone, without Fe(II) (KCl or K2SO4 with a pH adjusted

to pH=4.0) are also presented in the inset (dotted lines); they reveal a signal exhibiting

a diffusion-limited wave. This signal is attributed to the reduction of the free proton

at pH=4.0 (see equation 2.12). This is confirmed by the Figure 2.8 which shows that

by changing the pH value, the diffusion-limited wave varies in a similar way with or

without the presence of iron ions. By varying the pH from 4.0 to 3.0, the diffusion-

limited wave obtained with both the FeCl2 solution and the KCl solution, is multiplied

by 10; i ( ≈−0.3 mA/cm2 −→≈−3 mA/cm2). The limiting current being proportional

to the electroactive species concentration, this increase is consistent with the increase of
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the H+ concentration from 10−4 to 10−3 mol/L.

H++ e− → 1/2H2 (2.12)

Figure 2.8: Voltammetric scans (solid lines) obtained with an RDE ω = 1000 RPM, υ = 200
mV/s, on a gold electrode in a 0.01 M FeCl2 solution with pH fixed to 4.0 in a) and to 3.0 in b),
and their residual current (dotted line): a) 0.1 M KCl at pH=4 and b) 0.1M KCl at pH=3.

Comparison of the limiting currents obtained in KCl (0.34 mA/cm2) and in K2SO4

(0.65 mA/cm2) leads to a ratio of 2, attributed to the di-acid nature of H2SO4 compared

to the mono-acid nature of HCl (see Figure 2.7). Indeed, a solution of sulfuric acid and

K2SO4 at pH=4.0 contains the following species: H+, HSO –
4 , SO 2 –

4 and K+, so after

the consumption of the free H+, HSO –
4 dissociates and supplies additional H+ which

could be reduced. This leads, for the sulfate system, to an apparent H+ concentration

two times higher than the one for the chloride system, and explains the ratio of the

limiting current observed. Values for limiting current density of H+ reduction, ilim,

can be estimated using the Levich’s equation 1.17. Calculations leads to ilim = 0.33

mA/cm2 (the values for D, CH+ , and ν are respectively 9.3×10−9 m2/s [74], 10−4 M,

and 10−6 m2/s) which is consistent with the measured value of ilim for the chloride

system (0.34 mA/cm2 , CH+ = 10−4 M).

Concerning the more cathodic potentials of the forward scans in Figure 2.7, a) and

b), an additional signal is observed between -1.1 and −1.3 V/SCE, it is attributed to

the Fe(II) reduction (Equation 2.13) on the initially bare electrodes. It clearly indicates a

slow red/ox system: Ei=0.1mA/cm2 −Ei=0 ≈−0.9 V. The corresponding electrochemical
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reaction is:

Fe(II)+2e− → Fe0 (2.13)

During the forward scan, the gold electrode is partially covered by zero valent iron,

so once the reverse potential is reached, the substrate tends to act as an iron electrode.

Indeed with the potential scan rate used, the cathodic curve obtained during the return

scan (−1.4 to −0.4 V/SCE), exhibits a resolute diffusion-limited wave, corresponding

to the Fe(II) reduction on the native iron surface. The reduction of Fe(II) on the Fe0

deposit appears to be less irreversible compared to the reduction on the gold electrode

(Ei=0 −Ei=0.1mA/cm2 decreases by 150 mV). The limiting current of the Fe(II) reduction

measured experimentally (see Figure 2.9) increases linearly with the square root of the

angular velocity (ω0.5). The slope of the linear regression (according to the Levich’s

equation), enables to determine the diffusion coefficient of the Fe(II) species: 8.6×10−6

cm2/s (T = 20 ◦C ±5 ◦C), a value higher but consistent with the diffusion coefficient of

Fe(II) at infinite dilution found in [75]: 5.82×10−6 cm2/s for T = 18 ◦C and 7.19×10−6

for T = 25 ◦C.

Figure 2.9: Evolution of limiting current for the Fe(II) reduction against the square root of the
angular velocity of a RDE (Gold electrode). Squares represent experimental data obtained in a
0.01 M FeCl2 at ambient temperature (20 µC ±5 µC), the solid line is the linear regression of
the experimental curve.
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It can be noticed that for Mohr’s salt solutions (Fig. 2.7 b), the diffusion-limited

wave is not well defined due to the co-reduction of free protons on electrodeposited iron

followed by water reduction. This distinction between chloride and sulfate systems for

iron electrodeposition has already been observed by Grujicic and Pesic [43].

For the backward scans, the cathodic current is canceled at the equilibrium potential

which lie in the range [≈−0.8 to ≈−0.75 V/SCE] for both media. These potentials are

consistent with the Fe2+/Fe Nernst’s law E = −0.44− 0.25+ 0.03× (log(10−2/1)) =

−0.74V/SCE.

The anodic curve obtained during the backward scan for potentials higher than -

0.8 V/SCE (Figure 2.7 a and b), exhibits a peak attributed to the iron electrodeposit

oxidation, for both media (chloride and sulfate).

Fe0 → Fe(II)+2e− (2.14)

The sharp decrease in current clearly indicates the complete oxidation of the elec-

trodeposit and the regeneration of the initially bare surface of the working electrode

(gold). This is the end of one complete cycle of the operated experiments.

2.3.2 Effect of the pH on the Fe(II) reduction and the deposit corro-

sion

The analysis of the obtained voltammograms is achieved and presented below, to help

the selection the optimum operating parameters allowing to get a zero valent iron deposit

zero valent. The co-reduction of the free proton during iron electrodeposition that has

been demonstrated above, already enables to consider the pH as a crucial parameter for

the electrodeposition of iron. The lower the pH, the more the cathodic charge devoted to

the H+ reduction will be large, simultaneously, the Faradaic yield of the Fe(II) reduction

decreases.

Moreover, the pH decrease induces a corrosion reaction 2.15 which is an important

aspect to consider.

Fe+2H+ → Fe2++H2 (2.15)

The rate of this corrosion is evaluated for different pH values in FeCl2 solutions. To that
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end, a first electrodeposition step is proceeded by linear voltammetry on a rotating gold

electrode, in deaerated 0.01 M FeCl2 solution. The electrode is depolarized during a

certain time t, and an anodic scan is carried out to electrooxidize the residual iron deposit

not corroded chemically. A rotation speed of 1000 RPM is applied during the different

steps of the procedure. The comparison of the cathodic and anodic charge enables to

estimate the quantity of iron lost by corrosion, nFe(lost) during the depolarization step

thanks to the following equation:

nFe(lost) =
QcFe −QaFe

2F
=

Qctotal −QcH+ −QaFe

2F
(2.16)

With:

• QcFe and QaFe, the cathodic and anodic charge for the iron production and oxi-

dation respectively

• QcH+ , the cathodic charge of hydrogen reduction 1

• Qctotal , the total cathodic charge

Figure 2.10 presents the calculated nFe(lost) as a function of the depolarized time of

the electrode, for experiments achieved at various pH; each point is a mean of at least

two experiments. The linear curves obtained suggest an iron corrosion with a chemical

kinetic order for Fe0 of zero. This implies first, that the surface of the iron deposit in

contact with the solution remains constant during the corrosion process (the iron deposit

is consumed layer by layer). It also means that the corrosion reaction is not limited by

the H+ mass transfer; the electrode is indeed continuously supplied in H+ by the rotation

of the RDE ω = 1000 RPM. Consequently a simplified expression of the chemical rate

reaction (reaction 2.15) can be proposed:

dnFe(lost)

dt
= rcorr =Cst (2.17)

This constant, Cst depends on the H+ concentration, and the activity of the zero

valent iron:

1QcH+ is estimated by multiplying the limiting current of H+ by the duration of the cathodic scan.
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Figure 2.10: Measurement of the loss of the iron electrodeposit by corrosion as a function of
time in a 0.01 M FeCl2 using three different pH: 3.0, 4.0, and 5.3. ω = 1000 RPM

pH rcorr (mol/s)

3.0 7.5×10−11 ±2×10−13

4.0 1.3×10−11 ±4×10−13

5.3 2.9×10−12 ±5×10−13

Table 2.5: Corrosion rate estimated experimentally for different pH of the FeCl2 solu-
tion

dnFe(lost)

dt
= rcorr = kaα

FeC
β
H+( f (ω)) (2.18)

So:

rcorr = k′Cβ
H+ (2.19)

To sum up, the corrosion rate obtained experimentally and indicated in Table 2.5

enables to estimate the coefficient β (see Figure 2.11):

ln(rcorr) = ln(k′)+β ln(CH+) (2.20)
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Therefore rcorr can be expressed:

rcorr(mol/s) = k′×C1.63
H+ (mol/L) (2.21)

Figure 2.11: Evolution of ln(rcorr) as a function of ln(CH+); results extracted from table 2.5

These experimental estimations of the corrosion rate have to be taken into account

for the rest of our experiments, to know if the corrosion can be neglected in regards

to the duration of the experiment and the iron quantity deposed. For example for pH

= 4.0, an electrode depolarization of 15 s, induces a loss of iron of corresponding to

approximately 40 µC when ω = 1000 RPM. A higher pH would reduce the corrosion

rate. Indeed, for a pH value of 5.0, the corrosion rate is around 26 times lower than for

pH=3.0 and around four times lower than for pH=4.0. However, results show that an

increase of the pH also has a negative impact on the iron formation. Changing the pH

from 4.0 (natural pH of a 0.01 M FeCl2) to 4.9 affects the shape of the cyclic voltammo-

grams (see Figure 2.12). The cyclic voltammogram, obtained in a solution of pH=4.9,

exhibits three oxidation peaks (low resolution) during the backward scan for potentials

higher than -0.8 V/SCE; they probably correspond to the oxidation of iron oxides or
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hydroxides.

Grujic et al. [43] obtained similar results in sulfate and chloride media for a pH equal

to 5.0 in a 0.005 M Fe2+ solution. They described "wavy and ill-defined" anodic peaks

attributed to the presence of iron hydroxide species forming a passivation layer. This

also explains why the iron seems to be hardly oxidized (slow decrease of the anodic

peak which cancels at ≈ 0 V, instead of -0.4 V in Figure 2.7).

In conclusion, pH < 3.0 would cause an increase in the corrosion rate and a loss of

the faradaic yield, while a pH > 5.0, even though it is advantageous for the corrosion,

could induce the formation of iron hydroxide that disturbs the measurements. In the rest

of the study the natural pH of the FeCl2 solution (pH=4.0) will be use. However, as it

has been mentioned, for this pH value, the corrosion rate is not negligible (a loss of iron

corresponding to 40 µC, in 15 s, for ω = 1000 RPM) and will be taken into account in

our calculations.

Figure 2.12: Cyclic voltamperometric scan obtained on a gold RDE ω = 1000 RPM, υ = 200
mV/s, in a 0.01 M FeCl2 solution at pH=4.9; KCl 0.1M; N2=1 bar.

Another important parameter for the formation of an iron electrodeposit is the ap-

plied current or potential (see Chapter 1.2.2). A too high overpotential (η < 0) is not

appropriate because the possible water reduction and the basification of the solution

in the vicinity of the interface induce the formation of iron hydroxides (see Figure
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2.13). Indeed, Figure 2.13 shows voltamperometric scans obtained for cathodic poten-

tials Ereverse equal to -1.2 and -1.3 V/SCE. The resulting graph shows that by changing

the limit cathodic potential the composition of the deposit changes. Indeed, several ox-

idation peaks are observed during the anodic scan highlighting once again the presence

of iron hydroxides. For each electrodeposition method (voltammetric, galvanostatic) the

potential or the constant current must be selected to avoid the reduction of the solvent.

Figure 2.13: Cyclic voltamperometric scans recorded on a gold RDE for two different reverse
cathodic potentials: Erev = −1.3 V/SCE (solid line) and Erev = −1.2 V/SCE dotted line. ω =
1000 RPM; υ = 20 mV/s, in 0.01M FeCl2 at pH = 4.0.

2.4 Influence of the substrate characteristics on the iron

electrodeposition

This section presents voltammetric studies, expecting to highlight the influence of the

electrode material on the iron electrodeposition, and its morphology. Thus different

electrode materials are used:

• a gold electrode,

• a vitreous carbon VC1 showing irregularities on its surface,
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• another vitreous carbon VC2 showing a smooth surface.

The substrates characteristics (surface energy and roughness) have been detailed in

section 2.2.2 and serve as a basis for the following discussion. The influence of the

substrate on the electrodeposition process is evaluated by both the analysis of the cyclic

voltammograms and the study of the electrodeposit morphology. Iron electrodeposits

obtained on the three substrates and for both chloride and sulfate media, are observed

by SEM at the end of the cathodic cycle (Figures 2.14 and 2.15).

2.4.1 Study of the Fe(II) reduction by cyclic voltammetry, in two

different electrolytes

Analysis of the voltammograms provides information on the influence of substrate on

the iron electrodeposition: as mentioned before, the effects of both the substrate material

and its roughness are investigated. The curves indicated in Figure 2.14 and 2.15, show

that the overpotentials η required for iron reduction on the initially bare gold electrode

(the first forward scan) ηAu are systematically lower than those of the vitreous carbons

1 and 2 (ηVC1 ≈ ηVC2)for both media used. Indeed, in chloride medium for the forward

scan (Figure 2.14), the half wave potential E1/2 of the Fe(II) reduction is around -1.17

V/SCE on the gold electrode and around -1.24 V/SCE on the both vitreous carbon sub-

strates. The same observation can be done in sulfate medium (Figure 2.15) since the

E1/2 is around -1.18 V on the gold electrode and around -1.26 V/SCE and -1.3 V/SCE

on the VC2 and VC1 substrate respectively (EFe2+/Fe =−0.74 V/SCE). These observa-

tions lead us to conclude that a lower energy (lower cell voltage) is required to create

and increase the Fe/Au interface than the Fe/VC interface.

The electrolyte also seems to have an effect on the limiting current value. Indeed,

in sulfate medium, similar magnitudes of the pseudo limiting current are measured for

gold and VC electrodes (cathodic backward scans in Figure 2.15), corresponding to the

reduction of Fe(II) on the substrate covered by the iron electrodeposit). Conversely, in

chloride medium (Figure 2.14) the limiting current density is higher on the gold elec-

trode than on the vitreous carbon substrates. This difference in the limiting current value

will be discussed afterward (section 2.4.3), some information about the iron morphology
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(section 2.4.2) are necessary for its understanding.

Concerning the effect of the substrate roughness, the difference between VC1 (Ra =

35 nm) and VC2 (Ra = 8 nm) does not seem to influence the electrodeposition, since the

cyclic scans on VC1 and VC2 are almost identical on both chloride and sulfate media.

2.4.2 Influence of the substrate characteristics (surface energy and

roughness) on the iron morphology

The morphology of the electrodeposited iron on the three substrates and in the different

media is analyzed by SEM (pictures 1 to 3 of Figure 2.14 and Figure 2.15) to evaluate

the influence of the substrate.

Figure 2.14: Cyclic voltammetric scans obtained in chloride medium and the corresponding
SEM pictures. Curves (forward and backward) obtained on a RDE for: VC1, VC2, and gold.
Inset: Residual currents (forward curve). SEM pictures with a 40Â◦ tilt angle (taken at the
end of the cathodic cycle): 1) to 3) iron electrodeposited on respectively VC1, VC2 and gold
electrodes.
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In chloride medium, a clear morphological difference can be noticed between iron

electrodeposits obtained on vitreous carbon and gold electrodes (Figure 2.14, pictures

1-3). Indeed, on the gold electrode (picture 3), the SEM image reveals iron electrode-

posit as a compact layer that covers well the electrode surface. This layer consists of

cubic structures sized in the range of a few hundred nanometers. Conversely, on the

VC substrates (pictures 1) and 2)) iron electrodeposits consist of micrometric dendritic

structures with heights not exceeding 1 µm.

Figure 2.15: Cyclic voltammetry scans obtained in Mohr’s salt and the corresponding SEM
pictures. Curves (forward and backward) obtained on an RDE for: VC1, VC2, gold. Insets:
Residual currents (forward curve). SEM pictures (taken at the end of the cathodic cycle): 1) to
3) iron electrodeposited on respectively VC1, VC2 and gold electrodes.

In the sulfate medium, iron electrodeposited on gold (Figure 2.15, picture 3) and VC

substrates (Figure 2.15, pictures 1-2) presents quite similar morphologies: a thin layer

of iron covers the surface (verified by Energy Dispersive X-Ray Spectroscopy) with
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iron micrometric structures on it. However, a more detailed analysis of this thin layer

of iron (Figure 2.16) shows that on the gold electrode, the deposit forms a continuous

layer which offers a total coverage of the substrate (Figure 2.16 a)). Conversely, on the

VC2 substrate (Figure 2.16 b)), some holes are visible in the iron layer revealing the

substrate; the thin layer of iron is not as continuous as on the gold electrode.

Figure 2.16: SEM pictures of iron electrodeposits, formed at the end of the cathodic part of the
voltamperometric scan (starting at 0.2 V/SCE, reversed at -1.3 V/SCE, stopped at -0.8 V/SCE)
using Mohr’s salt solution, for the gold electrode a) and for the VC2 electrode b) respectively.

Iron spreads better on gold than on VC during its electrodeposition for both media

used (the influence of the iron salt solution on iron deposit morphology will be discussed

afterward). These observations show that the electrodeposited iron has more affinity

with gold than with vitreous carbon electrodes. This is in agreement with the analysis

of the cyclic voltammetric scans (Section 2.4.1) which has revealed that a higher energy

is required to create the iron/VC interface than to create the iron/gold interface.

It has to be noticed that no difference is observed between electrodeposits on VC1

and VC2, which also confirms that the difference in roughness between these two elec-

trodes does not affect the iron electrodeposition (neither the energy required for the iron

formation nor its morphology). This is consistent with the similar shape of the cyclic

voltamperogram obtained for VC1 and VC2 (Figures 2.14 and 2.15).

These results highlight the influence of the substrate on both the energy required for

the iron electrodeposition and its morphology. The affinity of the iron deposit for the

substrate material appears to be the key parameter.
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Determination of the interfacial energy of the deposit/substrate interface

This affinity can be characterized by the interfacial energy of the deposit/substrate in-

terface, γFe/elect . The interfacial energies for the gold and the vitreous carbon substrates

are estimated using the following theoretical development. The first step consists of

estimating the work of adhesion of iron on the electrode, considering only the Van der

Waals interactions and following the theory developed in [69]. Regarding the Van der

Waals interactions potential profile (see Figure 2.17) for iron interacting with electrode

across the liquid phase, the work of adhesion corresponds to the lowest value of this

profile, it is found for a separation distance, d0
2. The work of adhesion can then be esti-

mated by the summation of molecular interaction between all the atoms of one medium,

with all the atoms of the other medium; this leads, for two planar media, to the following

equation 2.23:

WFe/elec =
Aelec/L/Fe

(12πd0)2 (2.22)

where Aelect/L/Fe is the Hamaker constant for iron and electrode interacting across

the liquid (L). Aelect/L/Fe is computed thanks to the following equation [69]:

Figure 2.17: Van der Waals interactions potential, d0 represents the separation distance between
both interacting media (iron and substrate).

2The value d0 to use in this equation is not known and gave rise to many questions. However, surface
and adhesion energies estimated for various compounds with a value d0 = 0.165 nm, yields values in good
agreement with those measured [69].
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Aelect/L/Fe = (
√

Aelect −
√

AL)(
√

AFe −
√

AL) (2.23)

Where Aelect , AL and AFe are the computed Hamaker constants from the Lifshitz the-

ory of respectively electrode material, water and iron; the following Hamaker constants

values are used: AAu = 45.3× 10−20 J [76], AL = 3.7× 10−20 J (Hamaker constant of

water, [69]) and AFe = 26.0× 10−20 J [77]. The value of AVC can be estimated us-

ing the measured surface energy of the VC electrodes, γVC = 31.5 mJ/m2 (averaged

value of surface energies measured for VC1 and VC2, see Table 2.3), via the following

calculation.

From Dupré’s equation 3:

WVC/VC = γVC + γVC − γVC/VC = 2γVC (2.24)

The equation 2.22 can be applied for the VC/VC case 4:

WVC/VC =
AVC

12πd2
0

(2.25)

Therefore, from Equation 2.25 and 2.24:

AVC = 24πd2
0γVC (2.26)

Finally, the combination of Equations 2.22 and 2.23, leads to the work of adhesion

of iron on each electrode material: WFe/Au = 149 mJ/m2 and WFe/VC = 19 mJ/m2.

These estimations of the work of adhesion will be further exploited in Chapter III; here

they are used as the first step for the interfacial energies determination.

On the basis of these values of the work of adhesion, interfacial energies γFe/elect

can be estimated. Indeed, the work of adhesion can be expressed as a function of the

interfacial energies involved in the system using the Dupré’s equation:

WFe/elect = γFe/L + γelec/L − γFe/elec (2.27)

3γVC/VC =0 mJ/m2

4AVC = AVC/VC
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Where γFe/L, γelec/L and γFe/elec are the interfacial energies of respectively the iron/liquid

(the liquid, L is the electrolytic solution), of the electrode/liquid and iron /electrode in-

terfaces.

WFe/elect corresponds to the energy per unit area required to separate the iron surface

from the electrode surface in the electrolytic solution. Using Equation 2.27, γFe/VC -

γFe/Au can be expressed as:

γFe/VC − γFe/Au = γVC/L − γAu/L +WFe/Au −WFe/VC (2.28)

Girifalco and Good [78] have shown that interfacial energies can be approximately

computed as a function of the surface energies by:

γa/b = γa + γb −2φa/b

√
γaγb (2.29)

Where γa/b is the interfacial energy between phase a and phase b, γa and γb are the

surface energies of respectively phase a and b, φa/b is an adjustment parameter which

depends on interactions between a and b.

The relation 2.29 is applied for the VC electrode and for the gold electrode inter-

faces:

γVC/L = γVC + γL −2φVC/L

√
γVCγL (2.30)

γAu/L = γAu + γL −2φAu/L

√
γAuγL (2.31)

γL is taken as the pure water surface energy, 73 mJ/m2 at 20 µC (i.e. neglecting salts

content). As previously, the value 31.5 mJ/m2 is chosen for γVC. For the gold surface

energy, the value of γAu, determined by contact angle measurement in section 2.2.2, is

also used: γAu = 27 mJ/m2 (measured at ±2 mJ/m2). The adjustment parameters φAu/L

and φVC/L are generally close to 1. Indeed, according to the experiments of Girifalco

and Good [78], carried out with a lot of material combinations (including mercury as

metal), the adjustment parameter lies in the range [0.31, 1.17].

Using extreme values (0.31 and 1.17), interfacial energies γVC/L and γAu/L are es-

timated as being within the wide range [75 mJ/m2 ; 0 mJ/m2] and [73 mJ/m2 ; 0
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mJ/m2] respectively (restricting to positive values). Finally, applying equation 2.29,

γFe/VC − γFe/Au lies in the range of positive values [204 mJ/m2 ; 57 mJ/m2] meaning

that γFe/VC > γFe/Au.

Thus, this theoretical development confirms our previous observations on the de-

posit morphology, since it highlights that more energy is needed to create the iron/VC

interface than the iron/gold interface (γFe/VC > γFe/Au). It is also consistent with the

overpotential needed for Fe(II) reduction: ηFe/VC > ηFe/Au.

Furthermore, these results can also be correlated to the electrodeposition theory (ex-

posed in section 1.2.1), which considers that the initial stage of metal deposition de-

pends on the affinity between the deposit and the substrate, and more precisely to the

binding energy and the crystallographic misfit between the two materials. This theory

is only valid for metal electrodeposition on another foreign metal. Therefore, it can-

not be applied to the vitreous carbon case, since it is not a metal and does not have a

crystallographic structure contrary to iron and gold. Regarding the internal structure of

the vitreous carbon (see Figure 2.18), it can be justified to say that the misfit between

the crystallographic structure of the iron deposit and the structure of vitreous carbon is

important. This misfit can explain the higher energy required to create the iron/VC inter-

face and the less regular deposit obtained on VC in comparison with the gold substrate

case (Figure 2.14 and Figure 2.16).

Regarding the iron electrodeposition on gold (thin iron layer, see Figure 2.14 picture

3 and Figure 2.15 picture 3), the deposit mechanism followed does not seem to be

the Volmer-Weber mode, which leads to a 3D island growth, but rather the Frank-van

der Merwe or the Stranski-Krastanov models (see Chapter I) revealing a good affinity

between iron and gold.

To conclude, these results have highlighted the influence of the substrate on the

iron electrodeposition, particularly on its morphology but also on the energy required

for its formation. The key parameter seems to be the substrate material and not the

substrate roughness. As mentioned above, no significant effect of the roughness has

been revealed. Therefore, it can be concluded that the substrate material and more

precisely the interfacial energy of the deposit/substrate material is a control parameter

for the iron electrodeposition.
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Figure 2.18: Structural model proposed by [79] for the network of ribbon stacks in glassy
carbon

However, this interfacial energy value only drives the first stage of iron electrode-

position. Others factors, such as the iron salt, impact the growth of the deposit af-

terward. Indeed, for the VC substrates, the morphology obtained in sulfate medium

is really different from the one obtained in chloride medium (Figure 2.15, picture 1-2

and Figure 2.14 picture 1-2). The effect of the composition of the electrolytic solu-

tion, on the deposit morphology, have already been observed and investigated by differ-

ent authors [42] [80]. Trompette et al. [42] show that the morphology of iron deposit

changes from cubic to round shape as a function of the nature of the supporting elec-

trolyte. These observations can be correlated to the Wulff’s law, which predicts that the

crystal shape depends on the growth rates of the different crystallographic faces. The

presence of some ions in the solution can modify the morphology of a crystal, by the

preferential adsorption of these ions on specific crystal faces. This induces the reduc-

tion of the growth of the crystal faces affected, leading to a modification of the crystal

shape. This phenomenon can explain the difference of morphology observed between

iron electrodeposited in sulfate and chloride media on the same substrate. Therefore, the

electrodeposit morphology is dictated both by the electrode material and the electrolyte
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composition.

2.4.3 Influence of the electrodeposit morphology on the cyclic voltam-

metric scan

Identification of the different morphologies obtained on each substrate, in both chloride

and sulfate media, enables now to have a better understanding of the differences ob-

served (in section 2.4.1) between the voltammetric scans. It has been mentioned before

(section 2.4.1), that the limiting current in chloride medium is higher on the gold than

on the VC electrodes (Figure 2.14). The great difference in iron morphology observed

for gold and VC electrodes, can explain this slight but systematic difference of limiting

current value, measured for both substrates (cathodic backward scan).

As previously mentioned, on the gold electrode, the SEM image reveals a quasi-total

coverage of the electrode surface by a thin iron layer (90 nm). Therefore, the electroac-

tive surface area for the gold can be considered as the geometrical surface area (see

a schematic representation of the electrodeposits in Figure 2.19 a) for gold and b) for

VC). On the VC electrodes (Figure 2.14, pictures 2 and 3) iron electrodeposits consist

of relatively small dendrites of which heights (< 1 µm) are lower than the thickness

of the diffusion layer δ , deduced from the Levich Law (δ = 1.61D1/3ν1/6ω−1/2 ≈ 14

µm). Therefore, the diffusion layer can still be considered as linear (no deformation

of the diffusion layer induced by the deposit morphology). However, the deposit being

constituted of dendrites, the electroactive surface area may be limited to the sum of sur-

face areas of the growing dendrites tops (projected surface area), which is lower than

the geometrical surface area of the electrode (see Figure 2.19 b). Thus, the difference of

limiting currents observed between the gold and the VC substrate, for the Fe(II) reduc-

tion in chloride medium can perhaps, be simply explained by a reduced electroactive

surface area associated with iron dendritic growth on the VC electrodes, while on the

gold electrode, a fine iron layer is formed.

In sulfate medium, similar magnitudes of the pseudo limiting current are measured

for gold and VC electrodes (cathodic backward scans, Figure 2.15), corresponding to the

reduction of Fe(II) on the substrate covered by the iron electrodeposit). This is consistent

with the similar iron morphology observed on the different substrates in Mohr’s salt
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medium (Figure 2.15, pictures 1−3).

Figure 2.19: Schematic representation of the iron electrodeposit morphologies obtained in
chloride medium and the corresponding electroactive surface. a): on the gold electrode, b): on
the VC1 and VC2 electrodes

In addition to the observations made about the limiting current, differences also ap-

pear between gold and VC electrodes, on the backward cathodic curves (Fe(II) reduction

on electrodeposited iron). While the curves obtained overlap in sulfate medium (Fig-

ure 2.15), they do not in chloride medium (Figure 2.14). Indeed, the backward curves

for VC1 and VC2 in chloride medium (Figure 2.14), overlap and exhibit lower over-

potential (activation area starting at ≈ −0.9 to ≈ −1.05 V/SCE in comparison to the

backward curve obtained using the gold electrode (higher overpotential, activation area

starting at ≈ −0.95 to ≈ −1.15 V/SCE). The iron electrodeposits morphology (Figure

2.14, SEM pictures 1-3) could explain the surprising lower overvoltage observed on

VC electrodes; indeed, the iron electrodeposit on the gold electrode (picture 3 in Figure

2.14) is more uniform but consists of a really thin layer (thickness = 80 nm), while iron

electrodeposited on VC electrodes (pictures 1 and 2 in Figure 2.14) presents micromet-

ric dendrites of ≈ 1 µm. Therefore, the thickness of the iron deposit seems to be the

cause of the difference observed in the cyclic scans.

To check this theory, a higher quantity of iron on the gold electrode will be produced.

To that end, the potential scan rates are decreased (20 −→ 8 −→ 2 mV/s) in order to

increase the cathodic charge passing through the electrochemical cell (5.7 −→ 14.7 −→
62.7 mC), leading to a higher quantity of iron electrodeposited. The results are shown

in Figure 2.20. The SEM pictures (Figure 2.20 b and c) of iron deposit produced on the
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gold substrate during a cathodic scan, show that increasing the amount of iron deposit

leads to a change in its structure.

Figure 2.20: a) Potential scan rate dependence of the voltamperometric curves (forward and
backward) obtained on a rotating gold disk electrode, immersed in the FeCl2 solution. SEM
pictures of iron electrodeposit obtained on gold after a cathodic cycle (starting at 0.2 V/SCE)
reversed at -1.25 V/SCE, and stopped at -0.8 V/SCE at b) 8 mV/s and c) 20 mV/s.

As previously mentioned, iron deposits produced for a scan rate of 20 mV/s on

gold, during the cathodic scan, spread on the electrode surface as a thin layer. The SEM

picture (Figure 2.20c) reveals that for a scan rate of 20 mV/s, the thickness of the deposit

is about 80 nm which is closed to the equivalent compact layer thickness:

e = (MFe

∫

Idt)/(2FρFeSdisk) = 67nm (2.32)

With MFe and ρFe respectively the molar mass and density of iron.

This confirms the spreading of iron and a 2D growth of the deposit on the gold

electrode. A 3D growth of the deposit is obtained only when a larger quantity of iron is

deposited (Figure 2.20b), e.g for low scan rates 8 mV/s and 2 mV/s. Indeed, decreasing

the scan rate from 20 mV/s to 8 mV/s leads to a change from a homogeneous and

ultrathin deposit (Figure 2.20c) to a micrometric and dendritic deposit 5. The I = f (E)

5Iron spreads on the gold surface and once the surface is totally covered, deposit starts to growth
following a 3D growth mode and dendritic morphology appears. As mentioned, this dendritic structure
may be favored by the chloride medium, as it is the case for the electrodeposition on vitreous carbon.
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curves obtained for the three scan rates (Figure 2.20a) are similar to those indicated

in Figure 2.14; the forward cathodic scans exhibit a diffusion-limited plateau at -1.2

V/SCE for which the magnitude of the limiting current is not affected by the potential

scan rate. This means that the system operates in a steady-state for the three curves;

the limitation of the current is due to the mass transfer which remains constant under

a constant agitation applied. Concerning the backward cathodic scan, the curves show

that, decreasing the potential scan rate (20 −→ 8 −→ 2 mV/s) causes the half-wave

potential of the Fe(II) reduction on native iron, to shift to the anodic values (−1.014 −→
−0.992 −→−0.938 V/SCE).

This confirms the assumption that the shape of the cathodic curves is dictated by the

structure of iron deposited and therefore by the quantity of iron produced: the greater

the quantity produced, the more reversible the system becomes. This fact suggests that

a certain quantity of iron is required for the deposit to behave as a "bulk iron" electrode.

It can be thought that the electrodeposit obtained at 20 mV/s is so thin (80 nm) that its

electrocatalytic properties are affected by the electronic collector (gold), and the Fe(II)

reduction appears as a slower system; for slower scan rates bigger iron structures are

formed (dendrites) and can act as a "bulk iron" electrode.

This effect is not observed on VC electrodes because, even at 20 mV/s, the corre-

sponding iron electrodeposits consists of micrometric iron dendrites, which behave as

massive iron form (Figure 2.14, SEM pictures 1 and 3).

2.5 Iron electrodeposited by galvanostatic electrolysis

The study of the iron electrodeposits obtained by cyclic voltammetry has enabled to

highlight the influence of the substrate on both, the energy required for its formation and

its morphology. It also appeared that the main control parameter is, in fact, the substrate

material. Indeed, the difference in the roughnesses of the VC substrates (VC1 and VC2,

see Figure 2.4) does not induce significant effects on the iron electrodeposition (neither

on the cyclic scans nor the iron morphology). To confirm the statements obtained by

cyclic voltammetry, iron galvanostatic electrodeposition is performed, and the effect of

both the electrode material and the electrode roughness are examined.
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SEM pictures of iron electrodeposited in chloride medium, during 30 s 6 at a con-

stant current of 90% Ilim on the gold , VC1 and VC2 substrates are presented in Figure

2.21.

Figure 2.21: Iron electrodeposited under constant current I=90% Ilim in 0.01 M FeCl2, during
30s, with a rotating speed of 1000 RPM on a) a gold, b) VC2 and c) VC1 substrates.

As for cyclic voltammetry, iron electrodeposited on the gold electrode under con-

stant current electrolysis consists of a thin film which offers a relatively uniform cov-

erage of the electrode Figure 2.21 a). By contrast, the electrodeposit on the VC sub-

strates consists of spherical and micrometric iron particles, isolated form one another

(Figure 2.21 b) c)). It can be noticed that on the VC2 substrates, some iron particles

6The duration of the electrolysis ∆t is chosen in order to obtain an equivalent iron-compact layer
of 85 nm for each electrode.
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seems to have coalesced forming bigger plates Figure 2.21 b). Therefore these results

are consistent with the conclusion of the cyclic voltammetric study: the iron deposit

tends to spread in a thin 2D layer on the gold electrode, whereas on the VC substrates

a 3D growth is favored. Results confirm that the interfacial energy γFe/elect controls the

growth mode of the iron deposit (2D or 3D mode).

Besides, even if the tendency is almost the same in voltammetry and galvanostatic

electrodeposition, the morphologies of the deposits, obtained with these two methods,

differ from one another on the VC substrates: iron electrodeposits have a dendritic

structure with cyclic voltammetry, whereas round shape particles are observed under

galvanostatic electrolysis. This difference in the morphology of the electrodeposited

iron could be attributed to the electrodeposition mode and the cathodic current applied:

with voltammetry, electrodeposition is conducted under continuous evolution of the ap-

plied voltage and the resulting current continuously increases to its limiting value, while

galvanostatic electrolysis is carried out with a current close (90 %) to the limiting cur-

rent. As often observed in galvanostatic electrodeposition, electrodeposit tends to be

dendritic/powdery when the applied current is equal to, or higher than the limiting cur-

rent [81] [82]. Even when the applied current is just below the limiting current, a "less

rough" and "less dendritic" electrodeposit morphology could be obtained [83] [82].

On another hand, some iron plates seem to be partially detached from the VC2

electrode, probably with the effect of the electrode rotation; this can be related to the

low values of the adhesion work estimated in the previous section: WFe/VC < WFe/Au.

However, it can be noticed that this observation is only valid for the VC2 substrate;

no detachment of the deposit is observed on VC1. Both substrates (VC1 and VC2)

presenting surface energies quite similar, this difference between the two deposits may

be attributed to the electrode roughness (Ra = 35 nm for VC1 and Ra = 8 nm for VC2).

To confirm this assumption, iron electrodeposits are produced on the VC2 P1200 and

VC2 P800 electrodes (VC2 electrode polished with paper grid P1200 and P800, section

2.2.2) which show arithmetic roughnesses of 162 nm and 345 nm respectively.
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Figure 2.22: SEM images of the galvanostatic electrodeposits produced on VC2 polished with
a) P1200 and b) P800 paper grids. c) SEM image with 40 ◦ tilt angle of the iron electrodeposit
on VC2 P800.

Deposits obtained on these rough surfaces (Figure 2.22) can be compared with de-

posits obtained on a smooth VC2 electrode (polished with 0.3 mm alumina suspension,

Figure 2.21 b) where iron is deposited randomly, forming rounded particles and mi-

crometric plates/flakes (Figure 2.21 b)). On the rough surfaces (VC2 P800 and VC2

P1200), micrometric plates are also observed, but they grow along the stripes, follow-

ing the topography of the substrates (Figure 2.22). Furthermore, SEM pictures, taken

with 40 ◦ tilt, show that iron preferentially grows at the bottom of the stripes (Figure

2.22 c)). This behavior does not correlate with the classical phenomenology of galvano-

static electrodeposition on rough substrates. When the thickness of the diffusion layer

(≈ 14 µm here) is greater than the height of the stripes (2 µm here, macroprofile), metal

should be preferentially deposited at the top of the stripes [83]. This observation can not

be explained at this time. However, linear voltammetry conducted on these three sur-

faces reveals that the greater the roughness, the lower the overpotential of initial Fe(II)

reduction is (Figure 2.23). By analogy with the analysis undertaken in section 2.4.2,

this fact suggests that polishing stripes offer an area where γFe/VC is lowered, facilitat-

ing iron deposition. γFe/VC should, therefore, be lower at the bottom of the stripes than

at the top, leading to an improved adhesion of these "anchored" deposits.

To conclude, the iron deposit morphologies obtained under galvanostatic electroly-

sis confirm the conclusion established in the cyclic voltammetric study. The interfacial

energy of the deposit/electrode interface induces preferentially a 2D growth on the gold

substrate and a 3D growth on VC substrate. Concerning the influence of the rough-

ness, even if no difference of morphology between iron deposited on VC1 and VC2 is
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Figure 2.23: Influence of the substrate roughness on cyclic voltamperometric scans. The cyclic
voltammetry is performed in a 0.01 M FeCl2 solution, υ = 20 mV/s, ω = 1000 RPM, on
VC20.3µm, VC2P1200 and VC2P800.

observed by the cyclic voltammetric study, the iron deposited by galvanostatic electrol-

ysis highlights that the roughness can have an influence on the adhesion of the deposit;

surface defects could act as anchorage points.

2.6 Conclusion

This chapter, focusing is on influence of the electrode substrate on the the iron elec-

trodeposition, provides a better understanding of the laws and parameters governing

this process.

As a first step, a preliminary analysis is conducted to study the Fe(II)/Fe system and

to define the main influencing parameters for the formation of the iron deposit. To that

end, steady-state voltammetry is performed on a gold electrode by varying the pH of the

solution and the reverse potential of the scans.

This analysis enables to demonstrate that the proton H+ reduces before, or simul-

taneously to the Fe(II) reduction. The pH of the solution is a parameter to consider

for the iron electrodeposition because of a pH< 2.0 induces both the decrease of the

Faradaic yield as well as the corrosion of the deposit. Higher pH (pH> 5.0) appears to
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be more advantageous, but the voltammetric study reveals the formation of iron hydrox-

ides. Therefore, the study was carried out with the natural pH of the FeCl2 solution (pH

= 4.0). The voltammetric study also highlights the importance of choosing the appro-

priate potential for ion electrodeposition. Indeed, a too cathodic potential induces also

the formation of hydroxides.

The influence of the different substrate materials (gold, and vitreous carbon) at vari-

ous roughnesses (VC1, VC2, VC2 P1200, VC2 P800) are tested, and a detailed analysis

of the cyclic voltammetry scans enables to highlight that the energy required to create

the iron/VC interface, is higher than this for the iron/gold interface. Simultaneously,

the analysis of the deposits morphology obtained (during the cathodic part of the cyclic

voltammetry scans) confirms the previous observation, showing that the iron deposit

tends to spread in a continuous 2D layer on the gold substrate, while a 3D growth is

favored on the VC substrates. This confirms a better affinity between iron and gold than

between iron and vitreous carbon.

These results are correlated with estimations of the interfacial energy of the de-

posit/substrate interface for both substrates (gold and VC) which are determined from

surface energies measurements. The results of these calculations show that γFe/VC −
γFe/Au lies in the range of positive values [204 mJ/m2 ; 57 mJ/m2] meaning that:

γFe/VC > γFe/Au.

Concerning the substrate roughness, the slight difference observed between both

VC substrates (Ra is about 35 nm for VC1 and 8 nm for VC2) does not have a signif-

icant effect on iron electrodeposition. In fact, higher roughnesses values are necessary

to observe the influence of the substrate roughness. Indeed, electrodeposition by gal-

vanostatic electrolysis on the VC2, VC2 P1200, VC2 P800 substrates show that the

iron electrodeposit tends to grow along the stripes, because the polishing creates stripes

which offer areas exhibiting lower γFe/VC, favoring the iron deposition.

To conclude, this chapter enables to demonstrate the influence of the substrate on

both the energy required for the formation of an iron electrodeposit and its morphol-

ogy. The substrate material, through its effect on the interfacial energy of the de-

posit/substrate interface, appears to be the most influencing parameter.
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3.1 Objectives

The sonoelectrochemical synthesis of metallic particles is the combination of two differ-

ent processes: the metallic electrodeposition and the deposit dispersion by ultrasounds;

both steps can be carried out simultaneously or sequentially. This chapter focuses on the

second step of the sonoelectrochemical synthesis, the deposit dispersion by ultrasoni-

cation, and expect to define and optimize the influencing parameters, specifically, the

two substrate properties (surface energy and roughness). The obtained results will be

correlated with the iron electrodeposit morphology as well as with the work of adhesion

values studied in Chapter II.

First, the iron electrodeposition by cyclic voltammetry is performed under ultrason-

ication, and experiments are carried out using three different substrates.

Then, the electrodeposition and dispersion phases are performed separately. The

iron electrodeposits are produced by galvanostatic electrolysis under silent conditions

and the dispersion by ultrasound of the obtained deposits is discussed.

In addition to the influence of the substrate, the effect of the electrodeposited parti-

cles size on the dispersion process is also investigated, with the aim of determining the

size of the smallest particle removable by the ultrasonic device employed.

3.2 Material and methods

3.2.1 Experimental device

The experimental device consists of the electrochemical cell presented in chapter II

which is immersed into an ultrasonic bath. Special care is always taken to put the cell in

the same place so as to generate the same ultrasound intensity into the cell. A schematic

representation is proposed in the Figure 3.1

3.2.2 Electrodes involved and their physical properties

The electrodes used in this chapter, and their preparation, are the same as the ones

employed in the previous chapter (section 2.2.1 and 2.2.2).
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Figure 3.1: Three electrodes electrochemical cell immersed into an ultrasound bath (two types
of baths are used)

Electrode materials surfaces energies

From the obtained values of the electrodes surface energy, the theoretical development

presented in section 2.2.2 has enabled to estimate the work of adhesion of the de-

posit/substrate interfaces. These values serve as a basis for the discussion proposed

in this chapter. Therefore a summary table 3.1 is proposed.

Surface energy Adhesion work
Electrode γelect mJ/m2 WFe/elect (mJ)

Gold 27 ± 3 148
VC1 29 ± 2 16
VC2 34 ± 2 22

Average value for VC 31.5 ± 2 19

Table 3.1: The used electrode materials (from Chapter II: Surface energy and adhesion work
values.
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The theoretical development (section 2.2.2) has also enabled to compare the inter-

facial energies of the deposit/substrate interfaces obtained with gold and VC substrates,

it has been concluded that the difference γFe/VC − γFe/Au lies in the range of positive

values [204 mJ/m2 ; 57 mJ/m2] meaning that a higher energy is required to create the

Fe/VC interface.

Electrodes surfaces roughness

The influence of the substrate roughness on the electrodeposit dispersion is also dis-

cussed in this chapter. Therefore a summary table 3.2 of the roughness values measured

for the different VC substrates in Chapter II section 2.2.2 is reminded.

Electrode Ra (nm)

VC1 0.3 µm 35 ±3
VC2 0.3 µm 8±3
VC2 P1200 162 ±3
VC2 P800 345 ±3

Table 3.2: Roughness values of the electrodes used (from Chapter II)

3.2.3 Electrochemical techniques coupled with ultrasonication

Cyclic voltammetry

Cyclic voltammetry at the steady state, coupled with ultrasonication, is used here to plot

the I/E curves on the gold, VC1 and VC2 substrates polished with a 0.3 µm alumina

suspension, in both chloride and sulfate media. The ultrasonication is activated during

the cyclic scan measurement, e.g., the electrodeposition.

Procedure

Typical experiment consists of the following steps:

1. Three cyclic scans are carried out under silent conditions, to check repeatability

of the voltammogram of the electrode.

2. Cyclic voltamperometry is performed with a continuous stirred solution (ω =

1000 RPM potential scan rate = 20 mV/s), under ultrasonication or under silent
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conditions (for a reference scan measurement). Forward scan starts from the

open circuit potential (OCP ≈ +0.2 V/SCE and goes to the cathodic direction

(to −1250 mV/SCE for the gold electrode and to −1360 mV/SCE for the VC

electrodes), then the scan is reversed to potentials of around 0 V/SCE.

Evaluation of the deposit dispersion

The integration of both the cathodic wave (forward and backward) and the anodic

peak of each cyclic scan, achieved with and without ultrasounds, enables determining

the ratio of the cathodic and anodic charges Qc/Qa. The total cathodic charge Qc

corresponds both to the FeII and the H+ reduction (see Chapter II section 2.3.1) while

the anodic charge Qa only corresponds to the oxidation of the iron freshly produced and

remained on the electrode surface. Without ultrasounds, the ratio Qc/Qa is expected to

be slightly higher than 1.0. With ultrasounds, if a portion of the iron deposit has been

removed from the electrode during the process, the resulting ratio Qc/Qa increases and

can reach infinite. Thus, the comparison of the obtained Qc/Qa values allows discussing

the effect of ultrasounds.

Galvanostatic electrolyses

The electrodeposition and ultrasonication steps are carried out separately:

• first, the iron is electrodeposited by galvanostatic electrolysis under silent condi-

tions,

• then, ultrasonication is activated.

Procedure

The experiments are achieved in both chloride and sulfate media.Typical experiment

consists of the following steps:

1. Before each galvanostatic electrodeposition, three cyclic voltammograms are achieved

to both check the repeatability of the voltammogram and to determine the limiting

current value.

2. Then, a pretreatment step consisting of applying a potential E = 0 mV/SCE during

20 s is achieved, it expects to remove possible traces of iron remained on the
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surface and to regenerate the surface of the bare electrode. It enables a better

reproductivity.

3. The galvanostatic electrolysis is carried out under stirring (ω = 1000 RPM) with

a current I = 90%Ilim in order to have a fast conversion of the FeII into Fe and,

at the same time, to avoid a secondary reaction to occur (formation of hydroxides

see Chapter II section 2.3.2). The duration of the electrolysis ∆t is chosen in

order to obtain an equivalent iron-compact layer of 85 nm (see Equation 3.4)

which corresponds, for example, to a cathodic charge of ≈ 16.5 mC for the VC

substrates (Φ = 3 mm).

4. Once the iron is electrodeposited, the depolarized working electrode is immedi-

ately subjected to ultrasonication for a specific duration. During this step, the

rotation of the working electrode is maintained.

5. To evaluate the effect of ultrasonication on the deposit dispersion, an anodic scan

is immediately carried out after the ultrasonication phase (from the measured OCP

to +0.2 V/SCE at 20 mV/s, with ω = 1000 RPM) and without ultrasound).

Evaluation of the deposit dispersion

The integration of the anodic peak obtained during the step n◦5 of the procedure

leads to the anodic charge Qa, corresponding to the oxidation of the iron electrodeposit,

remained on the electrode after the ultrasonication (step n◦4).

The corrosion rate of the iron electrodeposit immersed in an iron salt solution at

pH=4 has been estimated, in chapter II section 2.3.1 to 1.3×10−11 mol/s. The quantity

of Fe0 oxidized by the corrosion in 60 s is around 7.8×10−10 mol, which corresponds

to a charge of 0.15 mC and represents a loss of ≈ 1% of the total cathodic charge. To

separate the effect of the corrosion from the effect of ultrasonication (step n◦4), the

Qa value is compared to a reference value Qare f , obtained using the same conditions

(same procedure followed) except that the step n◦4 is achieved without activation of

ultrasound. Thus, only the effect of ultrasonication is considered.
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Chronoamperometric electrolysis

The last section of this chapter is dedicated to the study of the influence of the electrode-

posited particles size on the deposit dispersion. The chronoamperometric electrolysis

without stirring is employed, because it enables a good control of the deposit growth.

Indeed, as explained in Chapter I (section 1.2.1), the current-time curve obtained during

a chronoamperometric electrolysis can be divided into three different zones correspond-

ing to different phases of the growth:

• The double layer charge

• The growth of each single nucleus

• The overlap of the nuclei diffusion zone

The electrolysis is interrupted during the second part of the current-time curve to allow

the formation of iron particles, while avoiding their overlapping. Therefore by analyzing

the obtained current-time curve, this technique allows the control of the nuclei growth.

The same kind of procedure as for the galvanostatic electrolysis presented above is

carried out here, the expected aim is to form a smaller quantity of iron electrodeposits.

Procedure

• Steps 1 2, 4, and 5 are identical to the three described above.

This technique differs to the previous one by step 3:

• A constant potential (corresponding to ≈ 90 % of the limiting current observed

on the cyclic voltammogram achieved with ω = 1000 RPM) is applied without

stirring of the solution. The electrolysis time is fixed to apply a certain cathodic

charge; two electrolyses are carried out with a cathodic charge of 50 and 25 µC.

Evaluation of the deposit dispersion

The same procedure as for the galvanostatic method is employed to evaluate the

dispersion of the iron electrodeposit, and the Qa/Qare f value is determined for different

durations of the ultrasonication (from 0 to 60 s).
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3.3 Iron electrodeposition by cyclic scan voltammetry

under ultrasonication

The effect of ultrasound on the iron electrodeposition process is studied by cyclic voltam-

metry achieved under ultrasonication. The cyclic voltammograms are carried out in

chloride and sulfate media, on the three electrodes (Gold, VC1 and VC2), and compared

with the ones obtained under silent conditions (see Figure 3.2. Solid lines represent the

cyclic scan under ultrasonication, dashed lines the one achieved under silent conditions).

The objectives of this analysis are first, to investigate the effects of ultrasounds on the

electrochemical process and then, to estimate the influence of the substrate on the de-

posit dispersion.

3.3.1 Effect of ultrasound on mass transfer during iron electrode-

posit growth

Several effects of ultrasonication on the cyclic voltamperometric scans can be observed

on the Figure 3.2. The first one to be discussed here is the increase of the mass transfer

and consequently of the limiting current value. Indeed, the current-potential curves ob-

tained under ultrasonication (Figure 3.2) exhibit higher FeII reduction limiting currents

(obtained during the backward scan) than those obtained under silent conditions (ex-

cept the current-potential curves in Figure 3.2c which will be discussed below). These

observations are in line with results of Klima [64] and Walton et al. [30] among oth-

ers, already discussed in the bibliographic chapter. Indeed, as mentioned in Chapter I,

section 1.3.2 Klima [64] obtains under sonication (and without rotation of the RDE)

a current-potential curve similar to those obtained under steady-state voltammetry per-

formed under stirring (see Figure 1.30). The author claims a limiting current three times

higher than those obtained with an RDE (80 RPS). This increase in the mass transfer

arises because ultrasounds induce cavitation bubbles and acoustic streaming, causing

additional convection near the electrode and then increasing the mass transfer flux of

the electroactive species. Current fluctuations observed (Figure 1.30 and mentioned

in [30] [64]), are visible in the voltamperometric scans, especially on the diffusion lim-
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Figure 3.2: Cyclic voltammetric scans (forward and backward, see arrows in a)) obtained on
a rotating disk electrode ω = 1000 RPM, for three different materials: gold (a) and d)), VC1
(b) and e)) and VC2 (c) and f)). Curves in a), b) and c) obtained with Mohr’s salt solution;
curves in d), e) and f) obtained with FeCl2 solution. Dashed lines: silent conditions, solid lines:
ultrasound activated. The ratio, Qc/Qa is indicated in the graph. Ultrasonic bath 1, P=750 W.
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ited plateau of FeII reduction (see Figure 3.2 a, b, e and f). They are attributed to

successive collapses of the cavitation bubbles. It can be noticed that no fluctuation is

observed in the activation zones of the voltammograms, confirming that ultrasounds

affect the electrochemical processes mainly via mass transfer enhancement. The elec-

tronic transfer kinetics appears to be slightly affected [30] [25].

It can be noticed that the increase in the limiting current of FeII reduction on the

gold electrode in chloride medium, when ultrasounds are activated (Figure 3.2 d), is

low (relative increase of 7%), compared to the other ones corresponding to the curves

in Figure 3.2 a, b, e and f (relative increase from 15 to 60%). On the basis of electrode-

posited iron morphology (observed by SEM imaging Chapter II, pictures 1-3 of Figure

2.14 2.15), it appears that the electrodeposit obtained on the gold electrode in chloride

medium and under silent conditions (Chapter II, Figure 2.14, pictures 3) is the only one

to grow as a thin film. For all other FeII salts and electrode material combinations, elec-

trodeposited iron presents micrometric dendrites reaching about 1 µm height in chloride

medium (Chapter II, Figure 2.14, pictures 1 and 2) or micrometric structures in Mohr’s

salt medium (Chapter II, Figure 2.15, pictures 1-3). To explain this difference, different

assumptions can be made.

First, one can think that changing the deposit morphology affect the quantity of cav-

itation bubble created by the ultrasonication. Indeed, as mentioned before, the bubbles

nuclei (origin of the cavitation bubbles) can be microbubbles trapped into the defects of

the solid surface. Thus, one can think that more bubbles nuclei (and so more cavitation

bubbles) are obtained for rough deposits. Finally, a higher quantity of cavitation bubble

will lead to an increase in the mass transfer.

Another assumption can be made, indeed, one can think that submitting the solution

to ultrasounds causes an increase in the limiting current associated with the decrease in

diffusion layer thickness [84]. Consequently, the increase of the iron growth induced can

leads to taller dendrites than the one obtained without ultrasounds (heights > 1 µm). If

the dendrites reach a height similar to the thickness of the diffusion layer, this can induce

an increase of the electroactive surface area leading to a higher current magnitude (see

the schematic representation in Figure 3.3 a2) and b2)). For electrodeposits growth as

"a film," the electroactive surface area remains equal to the geometrical surface area of
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the electrode and the current augmentations is only due to the enhancement of mass

transfer by ultrasounds (Figure 3.3 a1) and b1)). This analysis provides an explanation

for the observed differences in the limiting current increases with ultrasounds, between

the thin film growth mode and the dendritic growth mode.

To conclude, the main effect of the ultrasounds on the electrochemical process is

the enhancement of the mass transfer induced by the successive cavitation events in the

vicinity of the electrode surface. The increase of the mass transfer induces the decrease

of the diffusion layer and thus the increase of the limiting current.

Figure 3.3: Schematic representations of diffusion layer configurations for the two main types
of iron electrodeposit morphology encountered, a1)-b)1: thin film without and with ultrasounds,
a2)-b2):

3.3.2 Effect of ultrasounds on iron electrodeposits dispersion

The second effect highlighted by the cyclic voltamperometric scan is the loss of iron

electrodeposit revealed by the Qc/Qa ratio (see Figure 3.2). The value of the ratio

Qc/Qa, higher than 1 in all cases, are used below as criterion to discuss the compet-

itive effects of adhesion and ultrasounds on the iron electrodeposits dispersion from the

electrode.

In absence of ultrasonication, Qc/Qa obtained in FeCl2 (≈ 1.10) is lower than those

obtained in Mohr’s salt (≈ 1.35), because of the co-reduction of H+ during the FeII

reduction. Note that the charge allotted to H+ reduction represents, in chloride medium
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9 % of the total cathodic charge Qc passed, and 13 % in sulfate medium (Ilim is about

-0.34 mA/cm2 in FeCl2 and about -0.65 mA/cm2 in Mohr’s salt medium, see Chapter

II section 2.3.1).

Concerning the adhesion/dispersion of the iron electrodeposit on the gold electrode

(Figure 3.2 a and d), the effect of the ultrasounds appears minor in both FeCl2 and

Mohr’s salt media. Indeed, comparison of the ratio Qc/Qa (see legends in Figure 3.2

a and d) with ultrasonication (1.31 in Mohr’s salt; 1.08 in FeCl2) and without (1.36 in

Mohr’s salt; 1.08 in FeCl2) shows very similar values, demonstrating that all the iron

electrodeposited during FeII reduction, remains on the gold surface and oxidizes totally

during the backward anodic scan. Conversely, for VC electrodes (see Figure 3.2 b, c, e

and f), iron electrodeposits dispersion is observed in every case, Qc/Qa obtained with

ultrasound is at least equal to 1.6, and it is always higher than Qc/Qa values obtained

under silent conditions (Figure 3.2 b, c, e, and f). These experiments show that the

substrate material as an important influence on the dispersion process.

Iron electrodeposit appears to adhere much more on the gold electrode surface than

on the VC electrodes surfaces, because of the high adhesion energy between both ma-

terials; the solid deposit requires higher ultrasonication power to be removed and dis-

persed in the liquid. These results are in agreement with the work of adhesion deter-

mined in Chapter II (section 2.4.2),

• For iron on gold, WFe/Au = 149 mJ/m2

• For iron on VC, WFe/VC = 19 mJ/m2

and clearly demonstrate the importance of the deposit/substrate interface on the de-

posit dispersion by ultrasonication. Decreasing the surface energy of the substrate en-

ables to minimize the work of adhesion of the deposit (Equation 2.22 2.23 2.26) in-

ducing the enhancement of its dispersion. Similar observations were made by Hyde et

al. [25] for cyclic voltammetry performed under ultrasonication for the deposition of

different metals (zinc, cobalt, lead, mercury) on a vitreous carbon electrode: the result-

ing Qa/Qc ratio appears to decrease as the ultrasound intensity increases, highlighting

a loss of metal. Authors also show that the deposit dispersion highly depends on the

metal electrodeposited: lead and mercury can be dispersed by ultrasound, whereas no
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significant loss in zinc and cobalt are obtained. The theoretical development presented

Chap II (section 2.4.2) is applied to the metals studied in [25] to check conclusions

deduced above. Thus, using Equation 2.22, 2.23, and 2.26, the work of adhesion of

the Zn/VC, Co/VC, Pb/VC and Hg/VC interfaces are estimated from the surface energy

values obtained from the bibliography [85] and presented in Table 3.3.

γmetal (mJ/m2) Wmetal/VC (mJ/m2)

Zn 990 67
Co 2200 105
Pb 540 47
Hg 580 49

Table 3.3: Work of adhesion of Zn, Co, Pb and Hg on a VC substrate estimated from surface
energy values (extracted from [85]) using Equation 2.22 2.23 2.26.

The results of these calculations show that the work of adhesion of lead and mercury

are the lowest. This is consistent with results presented in Figure 3.4 by [25] which show

that only lead and mercury are dispersed by ultrasonication. The fast dispersion of the

mercury, in comparison with lead, occurs because mercury is a liquid forming drops and

its contact area with the substrate is thus reduced. The non-dispersion of zinc and cobalt

is explained by their higher work of adhesion with the VC substrate (67 and 105 mJ/m2

respectively). However, even if the work of adhesion of zinc is lower than the one of

cobalt, results of [25] show a better adherence of zinc under ultrasonication (Figure 3.4)

and this could be due to the morphology of the obtained deposit.

In addition to the influence observed between both substrate materials (gold and

VC), differences of dispersion efficiency also appear between the two VC substrates

(VC1 and VC2). Concerning the VC1 electrode (Figure 3.2 b and e), results reveal that

a portion of the iron deposit is dispersed during the cyclic voltammetry. In the Mohr’s

salt solution, Qc/Qa reaches 1.6 with ultrasound, and the main part of the iron deposit

(62.5%) remains on the VC1 electrode surface. Note that the anodic peak (and thus the

anodic charge), when ultrasounds are activated, is higher than the one obtained under

silent conditions. As discussed in the studies of M. Hyde et al. [25] and S. Floate et al.

[86], this is due to the competition between the removal of iron deposit (which induces

the decrease of the anodic charge) and the enhancement of mass transfer (induced by
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Figure 3.4: Ratio of the anodic charge to the deposition charge obtained for various metals,
during cyclic scan voltammetry started by the reduction of the corresponding ion on a VC sub-
strate (extracted from [25]). (a) zinc, (b) cobalt, (c) lead, (d) mercury. Metallic solutions used
are 1 M ZnBr2, 0.4 M CoSO4, 1 M Pb(NO3)2, 50 mM Hg(NO3)2 respectively.

ultrasound, and leading to larger quantity of iron formed on the electrode in comparison

to the silent conditions case). In FeCl2, ultrasonication appears to be more efficient,

Qc/Qa reaches 3.45. Nevertheless, ultrasonication effect on iron deposit dispersion

appears less efficient on VC1 than on VC2 (see Figure 3.2 b, c, e, and f).

Indeed, VC2 electrode leads to the most interesting results (Figure 3.2 c and f) par-

ticularly with Mohr’s salt solutions (Figure 3.2 c). The anodic peak corresponding to

the oxidation of the remaining iron, electrodeposited during the cathodic scan, is miss-

ing, indicating that all the iron has been removed from the electrode surface and Qc/Qa

reaches 240 (instead 1.4 without ultrasound). Also, the backward cathodic scan (Figure

3.2 c) tends to overlap the cathodic forward scan, meaning that FeII reduction takes

place on an almost clean/bare VC2 surface, where iron electrodeposits are continuously

removed thanks to ultrasounds. Iron electrodeposits adhesion on the VC2 electrode sur-

face is very weak, and they are dispersed easily during their formation. The removal

of the deposit from the electrode under ultrasonication is also observed with FeCl2 on

VC2 (Figure 3.2 f), Qc/Qa reaches 4.56 under ultrasonication. However the effect is

less pronounced than in Mohr’s salt.

In their study, M. E. Hyde et al. [25] also obtain loss in the metallic deposit; how-
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ever, conversely to the present study (Figure 3.2 c), no overlapping of both the cathodic

backward and forward scans are observed on their cyclic voltammograms (see Figure

3.5 extracted from [25]). The analysis of their cyclic scans indicates primarily that no

loss of metal deposit is observed for zinc and cobalt (Figure 3.5 A and B) confirming

what has been said before. Besides, for the lead and mercury cases, decrease (or disap-

pearing) of the anodic peak is obtained, but the cathodic forward and backward scans

do not overlap, indicating that a portion of the metal still remain on the electrode during

the cathodic backward scan (even for higher ultrasound intensity).

Figure 3.5: Cyclic voltamperometric scans (extracted from [25]) obtained under sonication and
silent consitions for various metal systems on a VC substrate. (A) Zinc, scan rate 50 mV/s, (a)
silent, (b) 37 W.cm2, c) 64 W.cm2, (d) 238 W.cm2. (B) Lead, 10 mV/s, (a) silent, (b) 42 W.cm2,
(c) 64 W.cm2, (d) 238 W.cm2. (C) Cobalt, 100 mV/s, (a) silent, (b) 37 W.cm2, (c) 78 W.cm2,
(d) 238 W.cm2. (D) Mercury, 20 mV/s, (a) silent, (b) 42 W.cm2, (c) 64 W.cm2, (d) 238 W.cm2.
Metallic solutions used are 1 M ZnBr2, 0.4 M CoSO84, 1 M Pb(NO3)2, 50 mM Hg(NO3)2.

The overlap of the cathodic forward and backward scans, obtained in the present
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study, shows that it is possible to drive the electrodeposition of iron simultaneously

with its total dispersion. This continuous dispersion of the iron deposit enable to limit

its growth and thus can lead to the continuous synthesis of fine iron particles.

Furthermore, because of the continuous removal of the electrodeposit (Figure 3.2

c), the cathodic charge is lower than that passed in the other cases, leading to a lower

synthesis rate (only valid for deposition under variable applied potential). As discussed,

in [25] and [86], the competitive effect of metal deposition and its dispersion could be

adjusted by the control of the FeII concentration, the applied current and the ultrasound

intensity.

To sum up, main differences in the dispersion of iron electrodeposited on gold and

VC electrodes, are due to the work of adhesion of the iron on the used substrates. How-

ever, differences can also be observed between apparently similar VC electrodes: VC1

and VC2. Dispersion by ultrasonication is more efficient on VC2 than on VC1, suggest-

ing that iron adheres lesser on VC2 than on VC1. However, the surface energy values

for VC1 and VC2 are very similar γVC1 ≈ γVC2 (see Table 3.1), consequently, another

parameter is responsible for this observed difference, for example, the roughness of the

substrate. VC2 has a smooth surface with an arithmetic roughness Ra = 8 nm, whereas

VC1 shows a porous structure with a Ra = 35 nm the material and method. Even if the

roughness does not appear to have a significant influence on the iron electrodeposit mor-

phology on VC1 and VC2 electrodes (see Chapter II), it affects its adhesion. Therefore,

the influence of this parameter will be further discussed in the following section.

To conclude, the voltammetric study performed under ultrasonication demonstrates

the importance of the substrate material; choosing the unappropriated substrate could

make the deposit dispersion impossible. Thus, it has been proven that decreasing the

surface energy of the substrate, enables to minimize the work of adhesion of the deposit

and thus, induces the enhancement of its dispersion. The roughness of the substrate

also seems to influence the dispersion, but further analysis is needed to confirm that

(see the following section). The voltammetric study does not enable the control of the

iron quantity electrodeposited, due to the competition between the enhancement of mass

transfer and the removal of the deposit (as explained previously). That is why the study

of the iron deposit dispersion, and its influencing parameters, will be carried out in the

121



CHAPTER 3

following section, by separating the electrodeposition and the ultrasonication phases.

3.3.3 Dispersion by ultrasound of iron electrodeposited by galvano-

static electrolysis under silent conditions

As indicated in the last section, the iron deposit on the gold electrode is not removed

by ultrasounds. For this reason, this section focuses on the vitreous carbon electrodes

only. The first objective of this section is to investigate the influence of the substrate

roughness on the deposit dispersion. To that end, iron electrodeposits are produced by

galvanostatic electrolysis under silent conditions, on VC1 and VC2 substrates, for the

two iron salt solutions (FeCl2 and Mohr’s salt). The influence of the ultrasonication on

the resulting electrodeposits is then discussed.

The method employed to estimate the loss of iron induced by ultrasound has been

described in the material and method section. The resulting Qa/Qare f value represent-

ing the proportion of iron remained on the substrate in comparison with silent conditions

experiments, is plotted for VC1 and VC2 substrates in both FeCl2 and Mohr’s salt pre-

cursor (see Figure 3.6). Points on each curve correspond to the average values Qa/Qare f

measured for at least three experiments; error bars correspond to standard deviations.

Ultrasound action for two VC substrates and two salt precursors

The effect of the substrate (VC1 and VC2) on the iron dispersion, for both FeCl2 and

Mohr’s salt precursors are examined and all the obtained curves (Figure 3.6) exhibit a

decrease of the ratio Qa/Qare f as a function of tUS(except curve b). For all experiments,

an ultrasonication duration of 60 s allows the removal of most (≈ 90 %) of the iron

deposit, and disperses it into the liquid. The standard deviation of the ratio Qa/Qare f

has been determined in both media and with both substrates. The low reproducibility,

obtained for short ultrasonication times, is improved for longer durations. In addition,

the Qa/Qare f evolution highlights that the quantity of the iron deposit remaining on the

substrate decreases progressively with tUS (except curve b); this is particularly visible

for the VC1 electrode where exponential decreases are observed (Figure 3.6 a and c).

For the VC2 electrode, the dispersion is too fast for both iron salt; the iron deposit is
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Figure 3.6: Dimensionless iron quantity Qa/Qare f remaining on the electrode as a function
of the ultrasonication duration (tUS). Experiments a) VC1 and b) VC2 were achieved in the
FeCl2 solution. Experiments c) VC1 and d) VC2 were achieved in the Mohr’s salt solution.
Points correspond to the average values Qa/Qare f measured for at least three experiments; error
bars correspond to standard deviations. Insets: SEM images of the electrodeposits just after the
electrolysis (not exposed to ultrasonication )

totally dispersed after 15 s (and even after 5 s in FeCl2). In this case, it can be thought

that the progressive decrease of Qa/Qare f could be observed for shorter ultrasonication

durations (tUS < 5s)) (Figure 3.6 b)).

The progressive removal of iron from the VC1 electrode can be explained by the

operated mode of ultrasonic dispersion. Indeed, constant power ultrasound produces a

constant rate of cavitation bubbles, per unit of volume in the liquid. However, only the

collapses of cavitation bubbles in the vicinity of the iron deposit surface, can cause its

dispersion. The flux of removed particles should then be proportional to the quantity of

iron deposit presents on the electrode surface. Thus, decreasing the iron quantity at the
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surface, reduces the removed particles flux, as observed experimentally (see schematic

representation Figure 3.7). A simple first order kinetics model can be built to quantify

this behavior:

d

dt

[

Qa

Qare f

]

=−s
Qa

Qare f

(3.1)

s represents the dispersion rate constant (s−1) that depends on 1) the ultrasound power,

2) the adhesion energy Eadh =WFe/VC×SFe/VC (SFe/VC is the surface area of the iron/VC

interface) and 3) the size of the electrodeposited iron particles. Equation 3.1 leads to the

exponential decrease: Qa/Qare f (tUS) = exp(−s.tUS).

The plots of ln
(

Qa/Qare f

)

versus tUS, using data from Figure 3.6 a and c show (in

Figure 3.8) that the removal of the iron deposit from the VC1 fits acceptably the first

order kinetics model described above, even if a certain dispersion around the linear re-

gression is observed. Nevertheless, it should be pointed out that this very simple model

captures the overall dynamic of the phenomenon. It can be noticed that the dispersion

rate constants, determined for both iron salts using the VC1 substrate (Figure 3.8) are

quite similar (0.0608 s−1 in FeCl2 and 0.0661 s−1 in Mohr’s salt). This suggests that

the iron salt does not influence significantly the deposit dispersion. The influencing

parameter appears to be, once again, the substrate. As mentioned above, even if the

exponential decrease of the Qa/Qare f ratio could not be easily measured (too fast) for

the VC2 substrate, one can expect that the same behavior is obtained for short ultra-

sonication duration (tUS < 5s)) and the corresponding dispersion rate constant must be

higher than those obtained for the VC1 substrate.
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Figure 3.7: Schematic representation of the iron deposit dispersion under ultrasonication with
a removed particles flux proportional to the iron quantity remained on the electrode

The difference in the dispersion rate obtained for both vitreous carbon substrates

suggests a better adhesion of the iron deposit on the VC1 substrate which confirms

results obtained the cyclic voltammetry study (section 3.3.2). This difference in the

deposit adhesion has already been highlighted by the study of the substrate influence

on the iron electrodeposition (section 2.5, Figure 2.21). Indeed, it has been seen that
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the iron electrodeposited on the VC2 substrate appears to be already partially detached

during the electrolysis by the rotation speed (SEM pictures of the obtained deposit are

presented in the insets of Figure 3.6).

Figure 3.8: ln(Qa/Qare f ) versus ultrasonic time tUS on VC1 (circles) for a) FeCl2 and b)
Mohr’s salt, from data of Figure 3.6 a and c. Solid lines correspond to best linear fits

The above-observed differences in iron adhesion on VC1 and VC2 cannot only be

explained by the work of adhesion between iron and VC substrates (WFe/VC2 = 22 J/m2

and WFe/VC1 = 16 J/m2). Their surface roughness could be probably another factor,

indeed micrometric holes on VC1 (Figure 2.4), that induce a higher roughness (Ra = 35

nm on VC1 and 8 nm on VC2), may act as "anchors" for the electrodeposited iron.

Effect of different polishing level on deposit dispersion

To confirm the effect of the electrode roughness on iron deposit adhesion, three different

polishings were applied to the VC2 electrode surface. The substrate was polished with

paper grid P800 (electrode VC2 P800), P1200 (electrode VC2 P1200) and with 0.3

mm alumina suspension (electrode VC20.3 mm) as it was explained in the material and

method section.

Iron electrodeposits obtained after galvanostatic electrolysis on VC2, polished with

P800 and P1200 paper, are presented in the insets of Figure 3.9 a. The effect of the ultra-

sonication duration on iron dispersion was examined by plotting of the ratio (Qa/Qare f )

as a function of tUS (Figure 3.9 a), for the three different polishing levels. As for VC1

(Figure 3.6 a and c, and Figure 3.8), a practically exponential decrease is observed, that
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validates the fact that iron electrodeposit dispersion by ultrasonication follows a first

order kinetics (Equation 3.1). The lowest dispersion efficiencies are obtained for elec-

trodes that present the highest roughness. For example, after 5 s of ultrasonic duration,

the quantity of iron deposit remaining on the VC2 substrate, decreases from ≈ 45% to

15% and < 5% when polishing was achieved respectively with paper grid P800, P1200

and 0.3 mm alumina suspension. This confirms the effect of the roughness on the dis-

persion kinetics.

For the VC different substrates (VC2 0.3µm, VC2 P1200 and VC2 P800), the same

quantity of iron was deposited during the electrolyses, but a higher roughness induces a

higher surface area of the iron/VC interface, SFe/VC. The roughness of VC2 P800 being

higher than those of VC2 P1200 and VC2 0.3µm (RaFe/VC2P800 > RaFe/VC2P1200 >

RaFe/VC20.3µm, see Table 3.2), SFe/VC is larger for VC2 P800 than for VC2 P1200 and

VC2 0.3µm (SFe/VC2P800 > SFe/VC2P1200 > SFe/VC20.3µm. A higher surface area of the

Fe/VC interface induces a higher adhesion energy:

Eadh =WFe/VC ×SFe/VC (3.2)

Therefore, the energy required to remove the deposit from the electrode is higher

for a rough surface. The ultrasonic power PUS being constant, this suggests that the

duration tUS necessary to disperse the deposit is higher for high electrode roughness:

E = PUS × tUS

As discussed in Chapter II (section 2.5), the morphology of the iron electrodeposited

on the rough surface (VC2 P800 and VC2 P1200) is similar to the one obtained on a

smooth surface. No influence of the roughness on the deposit morphology has been

observed except that on a rough surface, the deposit grows following the topography of

the substrate, preferentially at the bottom of the stripes (see inset of Figure 3.9 a) and

Figure 3.9 b)). These observations also explain the better adhesion obtained on rough

surfaces; indeed, iron deposited onto the stripes is protected against the fluid stream and

ultrasonic perturbation that can cause its detachment of the deposit. Indeed, the same

quantity of iron is deposited on the rough substrates (VC2 P800 and VC2 P1200) as that

on the smooth one, but iron deposited inside the stripes of the rough substrates has an

iron/liquid interface less exposed to cavitation bubbles. These results clearly confirm
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the major importance of VC electrode surface roughness on the adhesion of iron deposit

and demonstrate that the dispersion kinetics effectively slows down as the electrode

surface roughness increases.

Figure 3.9: Dimensionless iron quantity (Qa/Qare f ) remaining on the electrode as a function of
the ultrasonication duration (tUS) for VC2 in FeCl2 solution for various polishing levels. Points
correspond to the average values Qa/Qare f measured for at least three experiments; error bars
correspond to standard deviations; insets show SEM images of the electrodeposits just after the
electrolysis (not exposed to ultrasonication ) on VC2 polished with P800 and P1200 paper grids.
b) SEM image with 40◦ tilt, of the iron electrodeposit on VC2 P800; iron deposits located at the
stripes bottom are visible in the red ellipse.

To conclude, the influence of the substrate has been demonstrated through the effect

of both its surface energy and its roughness. The best substrate for the iron electrode-

posit dispersion appears to be a vitreous carbon substrate with a smooth surface, that

is why the VC2 electrode polished with an alumina suspension of 0.3 µm will be em-

ployed for the rest of this study.

Influence of the iron particles size electrodeposited on the dispersion efficiency

The objective of this section is first to estimate the influence of the particles size on

the dispersion process and then to determine the smaller iron particles size removable

with our ultrasonic device, indeed, according to Maisonhaute et al. [65], the smaller the

particle, the harder the removal from the substrate will be.

The iron particle size is decreased, in a first instance, by reducing the iron quantity

deposited during the galvanostatic electrolysis (15.6 mC → 7.2 mC → 3.4 mC) in order
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to obtain iron compact layer of 81 nm, 37 nm and 18 nm thick (estimated from Equation

3.4). To that end, the electrolysis duration (28 s) is kept constant but the concentration

of iron salt (FeCl2) is varied from 0.01 M to 0.0025 M (0.01 M → 0.005 M → 0.0025

M) (see Table 3.4). The current I applied is set to 90% of the corresponding limiting

current, Ilim and the angular velocity of the RDE is fixed to 1000 RPM.

C (mol/L) QFe (mC) e (nm)

0.01 15.6 81
0.005 7.2 37

0.0025 3.4 18

Table 3.4: Cathodic charge employed for the three different deposits obtained using three con-
centrations of FeCl2 and the corresponding compact layer thickness, e, calculated from Equation
3.4. A constant current I = 90%Ilim is applied during 28 s in FeCl2 solution. ω = 1000 RPM.
Working electrode = VC2.

SEM pictures of the iron electrodeposits obtained for these different concentrations

are shown in Figure 3.10. The deposit obtained in 0.01 M FeCl2 (Figure 3.10, a) has

already been described in Chapter II (Figure 2.21 b) section 2.5); it consists of rounded

particles and little plates around 5 µm in length (resulting from the coalescence of the

rounded particles). As mentioned in Chapter II some of these iron plates are already

partially detached at the end of the electrolysis. The deposit obtained in 0.005 M FeCl2

(Figure 3.10, b) is similar to the previous one except that the iron plates are more nu-

merous and smaller (≈ 1 µm). The decrease of the concentration to 0.0025 M (Figure

3.10, c) causes significant changes to the iron deposit which consist of rounded particles

of about 1 µm even if some plates are observed. Finally, these electrolyses always lead

to the same deposit morphology: starting by the formation of rounded particles which

coalesce more or less depending on the amount of charge passed.

The dispersion of these three different deposits is performed by an ultrasonic bath of-

fering the possibility to vary the ultrasound power (see Materials and methods section).

Three different ultrasound powers can be applied corresponding to 30 %, 60 % and 100

% of the maximal ultrasound power allowed by its apparatus (Pmax = 820 W). The dis-

persion process resulting from the three deposits are represented by the Qa/Qare f value

plotted as a function of the ultrasonication duration, tUS in the Figure 3.11. Changing

the ultrasound power from 0.3Pmax to 1Pmax induces an increase in the acoustic pressure
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leading the growth of the population of cavitation bubbles. Therefore, increasing the

ultrasound power will allow a faster deposit dispersion.

Figure 3.10: SEM images with 40 ◦ tilt iron electrodeposited on VC2 substrate (polished with a
0.3 µm alumina suspension), with a constant current of 90%Ilim, ω = 1000RPM, in FeCl2 with
a) 0.01 M, b) 0.005 M and c) 0.0025 M

The Figure 3.11, a) demonstrates that an ultrasound power of 30 % is not high

enough to remove any of the three different deposits. Indeed, for each ultrasonication

duration, the Qa/Qare f value remained constant (between 70 and 100 %) indicating a

constant iron quantity on the electrode surface and so, no dispersion of the deposit.

Using an intermediate ultrasonic power, 60 % of Pmax, the dispersion of the deposits

becomes appreciable (0 < Qa/Qare f < 50%) and a certain order is observed between

the different deposits. Indeed, the bigger deposit (obtained for the 0.01 M case) is totally

dispersed after 15s of ultrasonication while the other two deposits (0.005 M and 0.0025

M) require longer sonification to be "partially" dispersed. After 60 s, around 20 % and

50 % of iron deposit still remained on the electrode for the 0.005 M and 0.0025 M
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Figure 3.11: Dimensionless iron quantity Qa/Qare f remaining on the VC2 electrode (polished
with a 0.3 µm alumina suspension) as a function of the ultrasonication duration tUS in FeCl2
solution for three different iron quantities electrodeposited (15.6 mC → 7.2 mC → 3.4 mC),
a) ultrasound power = 30 %, b) ultrasound power = 60 %, c) ultrasound power = 100 %. ω =
1000RPM, I = 90%Ilim,

deposits respectively. On the other hand, it can be noticed that the Qa/Qare f evolution

for these two deposits does not show the classical exponential decrease discussed above
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and the Qa/Qare f values seem to be more randomly distributed.

Finally, for the last case using an ultrasound power of 100 %, Figure 3.11 c) shows

that the deposits are rapidly and totally dispersed. The dispersion appears to be a little

bit slower for the 0.0025 M FeCl2 concentration for which 40 s of ultrasonication is

required to remove the whole deposit. Here, the classical exponential decrease can be

observed for the three cases.

These results confirm that the dispersion appears to be easier for the bigger deposits.

Indeed, with ultrasound powers of 30 and 60 %, the deposit obtained with a 0.01 M

iron solution is each time the first to be dispersed. Then, the dispersion by an ultrasound

power of 100 % has highlighted that the deposit prepared with a 0.005 M solution is also

dispersed, more easily than the thinnest deposit (0.0025 M). These results are consistent

with the theory proposed by [65] which predicts that the smaller the particles, the harder

their removal will be (see Chapter I section 1.1.2).

The exponential decrease of Qa/Qare f versus tUS is observed for the three iron de-

posits (ultrasound power of 100 %), confirming that the dispersion follows a first order

kinetics model (see the discussion section 3.3.3). For the dispersion achieved under

an ultrasound power of 60 %, the Qa/Qare f decrease, appears to be exponential only

for the deposit obtained with a 0.01 M FeCl2 solution. For the two other deposits, the

dispersion process is too slow to distinguish the exponential decrease (for tUS < 60s).

Therefore, in order to estimate the dispersion rate constant, s, ln(Qa/Qare f is plotted

as a function of tUS (see Figure 3.12) for the three deposits and for the three ultrasound

power used (in the manner as in section 3.3.3). The obtained dispersion rate constants

are presented in Table 3.5.
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Figure 3.12: ln(Qa/Qare f ) versus ultrasonication duration tUS, on VC2, for three deposits
obtained in three different FeCl2 concentrations (0.01 M, 0.005 M, and 0.0025 M, and three
ultrasound powers a) 30 %, b) 60 %, 100 %. Results extracted from Figure 3.11

The value of the dispersion rate constants increases with the precursor concentration

and consequently with the size of the iron particles. It also increases with the ultra-
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[FeCl2] (M)
US Power (%)

30 60 100

0.01 2.8×10−3 1.86×10−1 1.99×10−1

0.005 1.5×10−4 2.18×10−2 2.11×10−1

0.0025 7.3×10−5 1.04×10−2 8.85×10−2

Table 3.5: Values of the dispersion rate constants, s (s−1), determined for three iron deposits.
Results extracted from Figures 3.11 and 3.12

sound power, for a given deposit. As mentioned in section 3.3.3, the dispersion rate

constant depends on the ultrasound power, on the adhesion energy and on the size of

the electrodeposited iron particles. In fact, the dispersion rate can be likened to a ratio

between the forces acting for the particles removal and forces acting for their adhesion.

In [65], Maisonhaute et al. propose a ratio χ to represent the balance between forces

acting on a spherical particle in contact with a plate under ultrasonication (see Chapter

I section 1.3.2). They conclude that the main forces acting on the particles are the shear

forces and the adhesion force resulting from Van der Waals attraction. If the iron de-

posit obtained in the present study are considered as consisted of spherical particles, the

ratio χ , expressed by Equation 1.51 (Chapter I) depends on the particles radius which

is consistent with the value of the dispersion rate constants determined previously.

However, the iron deposits do not really consist of spherical particles. Indeed, for

experiments achieved with 0.01 M FeCl2, the obtained deposit can be likened to iron

plates and in this case the equation of χ becomes:

χ =
Fs

Fadh

=
24πd3

0

A
µ × dv

dy
(3.3)

With Fs the shear force Fs = η × dv
dy

e2 and Fadh the adhesion force Fadh =
Aplate/T/Le2

24πd0
3 ,

e the length of the iron plates (see Figure 3.13), Aplate/T/L the Hamaker constant of the

plate in contact with the substrate T, in a liquid L and, d0 is the separation distance

between the deposit and the substrate.

It can be noticed that in this case, the balance between forces acting on the iron

plates does not depend on their size. Therefore, it can be concluded that even if the iron

deposit does not really consist of spherical particles, the first model (determined for
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spherical particles) appears to represent better the mechanism of the deposit removal in

our case.

Figure 3.13: Iron deposit subjected to a shear flow. The iron deposit is considered as consisted
of a) spherical particles b) iron square plates.

To conclude, these experiments enable to demonstrate the significant effect of the

size of the electrodeposited iron particles in their dispersion. It has also been observed

that by increasing the ultrasound power, the dispersion rate becomes faster and for a 100

% ultrasound power the dispersion is complete for all the deposits meaning that the 1

µm rounded particles can also be detached from the electrode.

To determine the smallest particle size, that can be removed from the electrode by

the ultrasonication, the iron nucleation is achieved by chronoamperometric electroly-

ses under silent conditions and the iron quantity electrodeposited is decreased (via the

amount of charge passed) to 50 µC and 25 µC. SEM picture of the iron electrodeposit,

corresponding to a cathodic charge of 25 µC (0.3 s of a chronoamperometric electroly-

sis) is shown in Figure 3.14. It can be seen in the SEM picture that the deposit consists

of iron particles of about 100 nm in diameter.

The ultrasonication of the two deposits corresponding to the cathodic charge of 50

µC, and 25 µC is achieved with an ultrasound power of 100 % to enable the removal of
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Figure 3.14: SEM picture of an iron deposit obtained by chronoamperometric electrolysis
under silent conditions without stirring, for a cathodic charge Qc = 25 µm, in a 0.005 M FeCl2
solution. E = -1360 mV. Working electrode : VC2 polished with an alumina suspension (0.3
µC).

the small particles.

Figure 3.15: Dimensionless iron quantity Qa/Qare f remaining on the VC2 electrode as a func-
tion of the ultrasonication duration tUS, in 0.005 M FeCl2 solution, for two different iron quan-
tities electrodeposited (50 µC →25 µC), ultrasound power = 100%, E=-1360 mV.

The resulting Qa/Qare f values as a function of the ultrasonication duration are pre-

sented Figure 3.15, for the two iron deposits (50 µC, 25 µC). The dispersion is almost

complete after 45s of ultrasonication for every case, even if for the 25 µC case, 20 % of

the iron deposit still remained on the electrode. As already said, the iron particles size
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obtained for the lowest iron quantity (25 µC) have a diameter of approximately 100

nm. Therefore, it is possible to remove from the electrode, particles having a diameter

around 100 nm.

To conclude, this analysis enables to demonstrate the influence of the size of the

electrodeposited iron structures on the dispersion rate. The smaller the electrodeposited

particles, the harder the removal is. The dispersion rate constant s appears to depend on

the force balance acting on the iron deposit which is (mainly):

• shear forces,

• adhesion force resulting from Van der Waals attraction.

Considering that the iron deposit consists of spherical particles, the ratio between

both forces is found to be dependent on the particles radius which is in line with our

experimental results. Finally last results show that using the smoothest vitreous car-

bon electrode (VC2 polished with a 0.3 µm alumina suspension) with an ultrasound

power of 820 W (Pmax), particles about 100 nm in diameter can be removed (for the

experimental conditions employed in this study).

3.4 Conclusion

This chapter deals with the effect of ultrasounds on the iron electrodeposits and expect to

determine the parameters controlling the deposit dispersion process, the focus is mainly

put on the influence of the substrate on the iron deposit dispersion.

As a first step, cyclic voltammetry is performed under ultrasonication and using

various substrates (gold, VC1, and VC2) of different surface energy and roughness.

The comparison of cyclic voltammetric scans obtained with and without ultrasounds,

enables to observe the effect of ultrasound on the electrochemical process. Thus it

has been demonstrated that ultrasounds increase the mass transfer through successive

cavitation events. Current fluctuations are also observed, specifically on the diffusion

wave of FeII reduction, confirming that ultrasounds affect the electrochemical process,

mainly via the enhancement of the mass transfer and only slightly via the electrode

kinetics [25] [30] .
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Then the cyclic voltammetry performed under ultrasonication also highlights the ef-

fect of ultrasounds on the deposit dispersion. The comparison of cyclic voltammetric

scans obtained using different substrates, clearly demonstrates the influence of the sub-

strate material on the dispersion process. Indeed, on the gold electrode, no dispersion is

observed while on the VC substrates, the iron deposits are partially or totally dispersed

in every case. This is explained by the work of adhesion of the deposit/substrate inter-

face, which is 19 mJ/m2 for the VC substrate and 149 mJ/m2 for the gold. In fact,

through its surface energy, the choice of the substrate material impacts the adhesion

of the deposit on its surface and affects the dispersion process. Results highlight that

differences in the dispersion efficiency are also observed between the VC1 and VC2

substrates, suggesting an influence of the roughness. On the VC2, having the smoothest

surface (Ra ≈ 8 nm), the dispersion appears to be more efficient than on VC1 (Ra ≈
35 nm). Indeed, cyclic scan obtained on VC2 in Mohr’s salt shows a complete dis-

persion of the deposit and, also, the overlapping of the forward and backward curves.

This suggests that the deposit is continuously dispersed from the electrode during its

formation.

Cyclic scans, performed under ultrasonication, reveal the competition between the

enhancement of mass transfer (which induces a higher production of iron) and the re-

moval of the iron deposit, induced by cavitation events.

The dispersion by ultrasounds of electrodeposits produced during galvanostatic elec-

trolysis under silent conditions enables as a second step, to confirm the influence of the

electrode roughness on the dispersion efficiency and also to have a better understanding

of the deposit removal mechanism. Indeed, the Qa/Qare f ratio dependence on the ultra-

sonication duration tUS highlights a progressive dispersion of the iron deposit which can

be simulated by a simple first order kinetics model: Qa/Qare f (tUS) = exp(−stUS). The

experimental evolution of the Qa/Qare f as a function of tUS demonstrate that increasing

the substrate roughness slow down the dispersion process, because the dispersion rate

constant s depends on the adhesion energy, the ultrasound power and the size of the par-

ticles electrodeposited. Increasing the roughness leads to increase the contact surface

between the deposit and the substrate which induces a higher adhesion energy of the

deposit.
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Finally, the influence of the electrodeposited particles size on the dispersion effi-

ciency is discussed. Estimation of the dispersion rate constant, highlights that decreas-

ing the iron particles size leads to a more difficult removal. Indeed, the dispersion rate

constant decreases with the particle size. To explain this behavior, the dispersion rate

constant can be likened to the ratio between forces acting for the deposit removal (shear

forces) and forces acting for its adhesion (adhesion forces). The balance between these

forces is found to be proportional to the radius of the electrodeposited particle (if the

deposit is considered as rounded particles). Experiments have shown that the ultrasonic

device used in this study enables to remove particles of about 100 nm in diameter.

To conclude, the optimum operating conditions allowing a fast and complete dis-

persion of the deposit has been determined. It has been shown that using a substrate

material of low surface energy enables to minimize the adhesion of the deposit on the

substrate and thus enhances the dispersion process. Also, it has been proven that a

smooth surface should be preferably used. Therefore, a vitreous carbon substrate pol-

ished with the finest alumina suspension (0.3 µm), appears to be a good candidate for

the sonoelectrochemical synthesis of iron nanoparticles.
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4 Growth and dispersion of an iron deposit
inside a Hele-Shaw cell

141



142



CHAPTER 4

4.1 Objectives

The purpose of this chapter is to propose a new synthesis way for the production of

iron nanoparticles, by the coupling of acoustic vibrations and electrodeposition. The

synthesis is performed in a microdevice which consists of a Hele-Shaw cell integrating

a piezoelectric diaphragm acting as acoustic waves generator (Figure 4.1). The idea

is thus to fragment the electrochemically formed metallic iron branches into fine iron

particles via the vibrations induced by the piezoelectric element. The Hele-Shaw cell

is an electrochemical reactor of which the electrolytic compartment exhibits specific

dimensions: the thickness of the electrolytic compartment (9 mm width and 2.5 cm

length) is defined by the thickness of the electrodes (50 µm). This aspect ratio enables

a control of the growth and morphology of the deposit. Another advantage of the Hele-

Shaw cell is its transparency (thanks to the two glass walls) allowing to observe both

the iron growth and its fragmentation. Two fluidic connections enable:

• the supply in the FeCl2 solution

• the rinse off the iron particles for the purpose of their storage

• the recovery of the suspension of particles.

The first part of this chapter aims to study the growth of iron electrodeposits in-

side the Hele-Shaw cell, to define and optimize the operating parameters of the iron

formation. The influence of these parameters on the deposit morphology is also investi-

gated. Thus, several experiments are carried out, under aerated or deaerated conditions

by varying both the concentration of the iron salt, and the current density; the resulting

deposits morphology and microstructure are analyzed.

The second part of this study consists, in the setting up of the fragmentation step

and expects to define the parameters allowing a fast and effective fragmentation of the

deposit. Then a deeper analysis is performed to understand the mechanism leading to

the break up of the iron branches and thus, to predict the size of the iron particles that

could be obtained. Finally, the obtained particles suspension are characterized, and their

size, shape, and specific surface are discussed.
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4.2 Materials and methods

The experimental device employed in this section to achieve the growth and the disper-

sion of an iron deposit consists of a Hele-Shaw cell integrating a PZT (see Figure 4.1).

The experimental device consists of two iron electrodes of 50 µm (purity ≥ 99.5%)

width (number 1 and 2 in the Figure 4.1) distant of 9 mm and sandwiched between a

glass plate (number 3 in Figure 4.1) and a PZT disk (number 5). The PZT disk (number

5) is a piezoelectric transducer which is used as a vibrating element, expecting to enable

the fragmentation of the deposit. More information about the PZT disk are given in the

section (4.2.1). The length of the electroactive zone is equal to 2.5 cm (Figure 4.1).

The cell is filled with the ferrous ion solution using a gastight microsyringe (number

11 on the Figure 4.1) via two microtubes (number 10) connected to the cell by fluidic

connections (inlet/outlet) (4). Special care is taken to limit the introduction of atmo-

spheric oxygen inside the channel. The fluidic connections are realized by drilling holes

in the glass plates and by gluing Nanoport connectors on them.

The face of the glass plate exposed to the channel is entirely covered by a plastic

paraffin film (number 6) acting as a gasket to avoid leakages. Also, to protect the PZT

disk from the corrosion, an adhesive tape (number 7) is applied to the metallic surface

of the PZT in contact with the solution. Finally, the contours of the microchannel are

closed by applying an adhesive paste (number 8). Two clamps (number 9), pressing on

the glass plate and on the PZT, are used to hold the assembly.

The cell can easily be dismantled to be cleaned before each assembly, the electrodes

sides, exposed to the solution, are manually polished using a paper grid (P1200) to

operate with reproducible state of the surface of the electrodes.
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Figure 4.1: Experimental device: Hele-Shaw cell with a PZT integrated.
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4.2.1 PZT diaphragm

The PZT disk (or LZT for Lead/Zirconium/titanate), used as a vibrating element in the

present experiments, is a piezoelectric diaphragm, composed by a (perovskite made)

ceramic plate, sandwiched between two electrodes and attached to a metal plate (see

Figure 4.3). The piezoelectric materials have the characteristic either to generate an

electrical field in response to applied mechanical stress, or to deform when submitted

to an electrical field. This second effect, known as the converse piezoelectric effect, is

used here: when the two electrodes are polarized, the piezoelectric ceramic contracts,

causing the metal plate to bend (see Figure 4.2 b)), and by reversing the polarization,

the PZT ceramic expands and the metal plate bends in the opposite direction (see Figure

4.2 c)). Therefore, when an alternating voltage is applied across the electrode, the PZT

diaphragm alternates the bending in the two directions, and thus acts as a vibrating

element.

Figure 4.2: Distortions (exaggerated for emphasis) of the PZT disk: a) no polarization,
b) and c) bendings of the disk in opposite direction as a function of the direction of the
polarization.

The PZT disk used in the present study, operates with a resonance frequency of

approximately 4 kHz (maximal frequency: fmax = 4.7kHz). A low-frequency generator

(Figure 4.3, 2) enabling to change the waveform, the voltage amplitude but also the

frequency of the signal, is used, and the electrical signal generated is amplified by an

amplifier (Figure 4.3, 3).
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Figure 4.3: Schematic representation of a PZT diaphragm and pictures of the electrical
devices used to supply the piezoelectric diaphragm.
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4.2.2 Preparation of the ferrous ion solution

All solutions were prepared by dissolving Normapur solid FeCl2 (Purety ≥ 99.0 %)

supplied by Sigma aldrich in ultrapure water (18.2MΩ.cm). To avoid the presence of

dissolved O2 (and so, its co-reduction during the electrodeposition of the metals), these

solutions are kept deaereted by N2 bubbling during at least 15 minutes, before to be

collected by the gastight syringe (Figure 4.1). The natural pH of the FeCl2 solutions

varies from 3.3 to 3.9 depending on the FeCl2 concentrations used (from 0.1 M to 0.02

M respectively).

4.2.3 Growth, rinse and dispersion procedure

The procedure followed to prepare a suspension of iron particles is a succession of four

steps:

• Growth of the iron deposit in the Hele-Shaw cell.

• Rinse of the deposit by ultrapure water.

• Fragmentation of the deposit by activation of the PZT disk.

• Collection of the suspension of iron particles.

The Electrodeposition is driven by applying a constant electrical current between

the electrodes using a potentiostat (Autolab PGSTAT302n).

After the formation of the metallic branches, the system is rinsed by a flow of deaer-

ated ultrapure water to decrease the concentration of the metallic salt. This step is

necessary to limit the corrosion of the iron branches. Moreover, the presence of salt is

undesired for SEM measurements because it induces the formation of crystals when the

sample dries which disturb the visualization of the deposit. Thus, the rinse of the cell is

performed with a low flow rate of 1 µL/s, to avoid damaging the iron branches, during

10 min (see Figure 4.4); the corresponding injected total volume is equal to approxi-

mately 50 times the volume of the microchannel.
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Figure 4.4: schematic representation of the set-up used to rinse of the iron deposit.

To fragment the deposit, an electrical signal is applied to the PZT (as explained

above) during about 15s. Then the suspension is collected by drawing out the content

of the cell using the microsyringe.

4.2.4 Observation of the growth and the dispersion of the deposit -

video equipment

The growth of the iron deposit is observed by a camera PCO pixelfly connected with a

105 mm macro lens. A picture of the deposit is taken every 5 seconds to monitor the

evolution of the growth. A led panel is used to adjust the luminosity of the video.

The fragmentation is a fast process. Therefore a high-speed camera (Photron APX/RS

3000) equipped with a 105 mm macro lens is necessary to visualize the fragmentation

process. The videos of the fragmentation are taken with a frame rate of 1500 fps (frame

per seconds) or 30 000 fps (for a deeper analysis). Since the high-speed camera is less

sensitive than the camera PCO pixelfly, a more powerful lighting is used, it is an optical

fiber illuminator with two light guides.

To analyze the videos, a specific image processing is applied using Matlab.
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4.2.5 SEM observation and preparation of the sample

The iron dendrites, obtained after the electrodeposition step, are observed by scanning

electronic microscopy (SEM) with an MEB FEG 7800F Prime-eds.

The recovery of the iron dendrites for the SEM analysis requires special caution.

Indeed, the iron electrodeposit is fragile, and the opening of the cell will induce its

breakage. Moreover, as mentioned above, it is necessary to rinse the electrodeposit with

ultrapure water, to remove the iron salt, which can crystallize, and so disturb the SEM

observations. That is why the following procedure is applied:

• Electroformation of the iron deposit, using the Hele-Shaw cell.

• Rinse of the electrodeposit (see Section 4.2.3).

• Cooling of the Hele-Shaw cell during 10 h to solidify the obtained dendrites (T=-

10 ◦C).

• Dismantling of the cell, trying to keep the deposit intact.

• Recovery of the iron dendrites on a conductive carbon tape.

4.3 Growth of iron electrodeposit inside a Hele-Shaw

cell

4.3.1 The stages of iron deposit growth

The polarization of the electrodes induces the growth of the iron deposit through differ-

ent steps (a, b, b) already detailed in Chapter I Section 1.2.2:

1. Phase a: the depletion phase where the concentration of metal ions at the cathode

interface decreases toward zero.

2. Phase b: the destabilization phase which starts when the metal ions concentration

reaches zero, at the Sand time T s [44]. The electrode becomes unstable, and a

ramified, and porous deposit starts to grow (detailed in Chapter I Section 1.2.2).
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3. Phase c: the growth phase, where the iron branches grow and cross the cell.

This succession of steps can be detected by analyzing the evolution of the cell volt-

age, measured between the anode and the cathode (see Chapter Section 1.2.2):

1. Phase a: the concentration of metal ions decreases at the cathode surface and

increases at the anode (sacrificial anode). However, the ohmic drop due to the re-

sistance of the electrolyte is not modified and thus the voltage measured between

the two electrodes stays almost stable.

2. Phase b: the concentration of metal ions reaches zero inducing an increase of the

voltage

3. Phase c: the iron branches start to grow inducing the decrease of the resistance

between the growth front and the anode: R = κL/S (with L the distance between

the growth front and the anode and κ the resistivity). Consequently, the voltage

increases.

As the first step, the temporal evolution of the cell voltage during a deposit growth,

is compared with the one expected (theory detailed above). The Figure 4.5 shows the

cell voltage, measured during an electrolysis achieved with a current of 80 mA/cm2

with an iron (II) concentration of 0.1 M, in the present study. It can be seen that first,

the cell voltage increases from ≈ 3.8 V to ≈ 4.3 V after 5 s of polarization, which should

correspond to the phase b) of the deposit formation: the destabilization phase. Then the

voltage decreases from 4.3 V to 4 V after ≈ 100 s; this decrease should describe the

phase c) corresponding to the growth of the iron branches. Thus, the obtained evolution

of the cell voltage is in line with the theory, except that only two (b,c) of the three phases

can be detected on this curve (Figure 4.5). To understand why the phase a) is not visible,

the Sand time has to be estimated from the following expression [44]:

T s =

(

FC∞
√

D̄π

2×|i|(1− t+)

)2

(4.1)

where D̄ and t+ are expressed from Equations 1.37 and 1.48 (Chapter I Section

1.2.2). Using for D+ and D− the values of 7.19× 10−10 and 2.032× 10−9 m2/s [75]
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respectively, leads to T s = 0.37s which is lower than the time step imposed for the

cell voltage measurement: 1 s. Thus is why the phase a, for which the cell voltage is

approximately constant, is not observed here.

Figure 4.5: Evolution of the cell voltage versus time, during the different stages of the
iron electrodeposition (i= 80 mA/cm2, 0.01 M FeCl2).
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4.3.2 Conditions for the growth of the iron deposit

The bibliography shows that the studies on electroformation of metallic deposits in thin

layer cells focus mainly on the electrodeposition of zinc, copper, and silver. Few works

have been found on the electrodeposition of iron [87] [88], due to the difficulty to pro-

duce an iron deposit. Indeed, the reduction of protons requires lower overpotentials

(in absolute value) than the reduction of iron(II); thus hydrogen bubbles are produced

before or during the growth of iron. In such confined device, the presence of bubbles

can hinder or totally inhibit the iron electrodeposition. However, Heresanu [87] shows

that in some specific conditions the iron growth becomes possible. He produces iron

deposits, using precursors of iron with concentrations ranging between 0.01 M and 1

M, and cell voltage ranging between 5 and 60 V. Wang et al. [88], just mention the

hindrance of iron growth by hydrogen bubbles for high voltages.

For now, the operating conditions inducing the generation of hydrogen bubbles and

so, the inhibition of the iron growth, are not well understood yet. Heresanu deduces

from his results that the influencing parameters are: the concentration of the precursor

and the current density applied.

To determine the optimum conditions allowing the growth of the iron, in the Hele-

Shaw cell used, various electrolyses are performed in the present study, by varying

the concentration of the iron precursor, from 0.02 M to 0.1 M (the natural pH varying

from 3.9 to 3.3, see Table 4.1 for an overview of the FeCl2 concentration with the

corresponding H+ concentrations) and the current from 4 to 240 mA/cm2. The obtained

results can be classified into three different groups (see Figure 4.6):

• Only hydrogen bubbles are produced, there is no reduction of FeII (Figure 4.6 a).

• The main fraction of the current is used for H+ but some iron ramified branches

grow between the bubbles (Figure 4.6 b).

• Ramified iron branches grow and hydrogen bubbles are formed between the branches

(same flux of H2 is produced at constant current applied) (Figure 4.6 c).

It has to be noticed that hydrogen bubbles, are observed for all the experiments

conducted (see the zoom in on picture c in Figure 4.6).
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Figure 4.6: Various galvanostatic electrolyses carried out in the present study for var-
ious concentrations of the iron precursor (FeCl2) without supporting electrolyte. For
each FeII concentration, different current densities are applied and the phenomena oc-
curing in the Hele-Shaw cell are observed; green circles: only hydrogen bubbles are
formed; yellow squares: presence of iron, and generation of hydrogen which hinders
the growth; grey diamonds: hydrogen bubbles and ramified iron branches. For each
case, an example of the picture of the microchannel obtained after an experiment is
shown in a) 0.02 M - 4 mA/cm2 b) 0.06 M - 12 mA/cm2 and c) 0.1 M - 80 mA/cm2.

The Figure 4.6 proposes an overview of all the results obtained during galvanostatic

electrolyses, in the examined range of concentrations and current densities applied (0.02
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CFeII mol/L (CH+ ×104) mol/L Ilim for H+

0.02 1.23 8
0.03 1.77 12
0.04 2.23 15
0.06 2.63 17
0.07 3.76 21
0.10 4.57 30

Table 4.1: Summary table of the different concentrations of precursor used with the cor-
responding theoretical limiting current of H+ (that would be obtained at the stationary
state).

M - 0.1 M and 4 - 240 mA/cm2). For one concentration of the precursor, various current

densities are applied and reported in the graph (3 to 6 experiments).

The results presented in Figure 4.6 reveal that for low current densities (below ≈ 8

mA/cm2), only hydrogen bubbles are produced (green circles in Figure 4.6); meaning

that almost 100 % of the cathodic charge passed during the experiment is allotted to the

H+ reduction. For intermediate current densities (8 to 16 mA/cm2), mainly generation

of hydrogen bubbles with some iron ramified branches (yellow squares in Figure 4.6) are

observed. In this case, it can be thought that the total cathodic charge is divided between

the H+ and FeII reduction. For current density higher than 16 mA/cm2, the third case

is obtained: hydrogen bubbles appear between, and on the ramified iron branches (gray

diamonds in Figure 4.6). In this case, the current applied is enough to carry out both

cathodic reactions, the main part is used to reduce FeII .

These results highlight that, as mentioned by Heresanu, there is a range of operating

conditions (current-precursor concentrations) for which the iron growth is possible. In

our case, it seems that for each FeII concentration, there is a threshold current above

which the iron formation is possible.

A representation of the problem could be made regarding the theoretical limiting

currents (that would be obtained at the steady state) for the H+ and FeII reductions, in

order to get a better understanding of the results observed in the Hele-Shaw cell (even

if the FeII reduction is carried out in the transient state and without stirring). Table

4.1 and the corresponding curve, CH+ versus CFeII (Figure 4.7), demonstrate that the
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Figure 4.7: Evolution of the proton concentration as a function of the precursor FeCl2
concentration.

concentration of H+ increases linearly1 with that of FeII (at the examined range of pre-

cursor concentrations) and consequently the limiting current corresponding to the H+

reduction increases with the precursor concentration. Thus, for two concentrations of

FeII , (C1 >C2), the I/E curves corresponding to the H+ and FeII reductions, separately,

can be represented as shown in Figure 4.8 (a’,b’ and a,b respectively) .

Based on this I/E curves representation, it can be seen for each FeII concentration,

that the current applied must be higher than the limiting current of the H+ reduction,

IlimH+ for the FeII to take place. Considering the increase of the H+ concentration with

the precursor concentration, this threshold current to apply, increases both with the H+

and FeII concentrations. Taking for example the case of a 0.02 M FeII concentration, the

formation of iron in this case takes place for i ≥ 8 mA/cm2. Thus it can be assumed that

this current density corresponds to the limiting current of H+ for 0.02 M FeII solution.

Based on this limiting current value and using Equation 1.16 (Chapter I Section 1.2.1),

the corresponding diffusion thickness is estimated at ≈ 1.4 µm 2. Assuming that this

1Considering the linear evolution of CH+ with FeCl2 concentration, it can be thought that the following
reaction (not complete) takes place: FeCl2 +H2O → Fe(OH)++H++2Cl−

2In fact this value is underestimated since at i ≥ 8 mA/cm2, the formation of iron takes place already
meaning that 8mA/cm2 > ilim
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Figure 4.8: Schematic representation of the theoretical I/E curves for the H+ (solid
lines) and FeII (dashed lines) reductions (at the stationary state) corresponding to two
different concentrations of FeII , C1 (red lines) and C2 (green lines) for C1 > C2 (con-
sidering the reduction of H+ and FeII alone).

diffusion thickness, δ , is stable for the different FeII concentrations, a relation can be

established between ilimH+ and the precursor concentration, as explained below.

Figure 4.7 shows that CH+ increases linearly with CFeII :

CH+ = 5×10−5 +4.1×10−3CFeII (4.2)

and according to the Equation 1.16:

ilimH+ =
FD

δ

(

5×10−5 +4.1×10−3CFeII

)

= 2.5×10−3 +0.2CFeII (4.3)

Thus, thanks to this equation, the threshold current to apply to allow the formation

of the iron deposit could be estimated for any FeCl2 concentration.

According to this reasoning, the threshold current above which the formation of iron

is possible, should vary from 8 to 30 mA/cm2, for FeII concentrations ranging from
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0.02 to 0.1 M (Table 4.1). However, Figure 4.6 shows that even if the threshold current

is of the same order of magnitude than those predicted (between 8 and 16 mA/cm2),

no significant effect of the FeII concentration on this value can be observed. In fact,

the problem is more complex and cannot be fully described by the followed reasoning

first, because the experiment is carried out at transient state but also due to migration

transfer. In addition, for low current values, as mentioned above, the hydrogen bubbles

cover the cathode surface progressively (Figure 4.9). Therefore, the active surface of

the cathode decreases and so, the area of the cathode uncovered by hydrogen bubbles

received increasing current densities. This means that for low current density, i (A/m2)

applied to the system is not stable and cannot be predicted. Figure 4.9 shows a deposit

obtained with a 0.02 M FeII solution, under an applied current density of 8 mA/cm2 at

the first step of its growth. Picture shows that the cathode surface is almost completely

covered by hydrogen bubbles, and some iron branches are growing between the bubbles.

In this example, the iron branches receive a current density higher than the 8 mA/cm2

applied, due to the reduction of the electroactive surface.

Figure 4.9: Coverage and reduction of the electroactive surface during the iron deposit
growth after 80 s: i= 12 mA/cm2, C=0.06 M.

To conclude even if the reasoning regarding limiting current cannot fully describe

the transition between the H2 bubbles and the iron branches formation, it enables a better

understanding of the phenomena observed in the Hele-Shaw cell, for the different oper-

ating conditions. For the range of iron precursor concentrations used in this study (0.02
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M to 0.1 M) and taking into account the dimensions of the Hele-Shaw cell, the applied

current density has to be higher than 16 mA/cm2 to enable the deposit formation.

4.3.3 Morphology of the iron electrodeposit in the Hele-Shaw cell

When the conditions for the FeII reduction are respected (i > 16 mA/cm2), the flow of

an electrical current through the cell induces the growth of iron branches, which can lead

to various distinct morphologies, depending on the operating conditions. As detailed in

Chapter I Section 4.6 these morphologies fall into three classes [47] [48] [49]:

• the dendritic morphology,

• the dense branching morphology (DBM),

• the branched and disorderly fractal morphology (DLA).

According to Grier et al. [47], the deposit morphology can vary from a fractal to

dendritic growth, by varying the applied voltage and the precursor concentration. To

identify the operating conditions favoring each class of morphology, various electrode-

positions are performed, for current densities varying from 4 to 240 mA/cm2 and con-

centrations precursor ranging between 0.02 M and 0.1 M. The obtained deposits, shown

in the Figure 4.10, exhibit two different morphology classes: the DLA morphology and

the DBM.

It can be seen on the Figure 4.10 that two different morphology classes are obtained:

the DLA morphology and the DBM. No dendritic structures are observed in this range

of operating conditions. The DBM structure is obtained mainly for current densities

higher than 24 mA/cm2: increasing i leads to a columnar structure which fills the cell

homogeneously. Each iron branch grows with the same velocity, enclosed in a flat

envelope. However, regarding the DBM-like deposits, some differences can be observed

between the highest current densities (240 mA/cm2) and the lowest current densities of

this class (24 mA/cm2). It can also be noticed that, the higher the current density,

the shorter the distance between two thin branches is, so it can be concluded that the

deposits are denser for the highest current densities.
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Figure 4.10: Pictures of the different deposit morphologies, obtained in the present study, using a Hele-Shaw cell for the
galvanostatic electrolyses indicated in Figure 4.6. 4 ≤ i(mA/cm2)≤ 240 and 0.02 ≤ FeCl2(M)≤ 0.1.
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When the current is decreased below (i<24 mA/cm2), deposits corresponding to

the DLA morphology are obtained, typically at 8 mA/cm2, the deposits show open

structures with fewer branches, and its structure is also less regular to the one obtained

for DBM-like deposits.

However the limit between the DLA-like and the DBM-like deposits is not so clear,

the deposits obtained at 24 mA/cm2 and 12 mA/cm2 appears to be in a transition zone.

These results are consistent with the predominance chart proposed by Grier [48] (see

Chapter I, Figure 1.23), which shows that the dense branching morphology is obtained

for the higher voltages (and so the higher current densities). As explained in Chapter I

Section 2.4.2, it is generally recognized that the deposits obtained under low growth rate

have a DLA morphology and conversely, a dense branching morphology is obtained for

high growth velocities [44] [47] [52] [53] [54]. Therefore the transition of morphology

(DLA to DBM) obtained by varying the operating conditions in the present experiments

are consistent with the bibliography.

4.3.4 Small scale morphology of the iron electrodeposits obtained

in the Hele-Shaw cell

Bibliography shows several studies focusing on the large-scale structure of the deposits

produced in a thin layer. Fleury [57] tries to correlate the "small scale" structure of

the deposit, to the branched structure at "large scale." He shows that the branched elec-

trodeposit consist of small grains with almost regular size (see Chapter I, Figure 1.26).

Fleury correlates this granular structure to the oscillatory character of the nucleation

kinetic (see Chapter I, Section 2.4.2 for more details), and claims that the size of the

grains is dictated by the growth speed (and so by the current density): the higher the

growth speed, the smaller the grains are.

Among the various deposits obtained in this study (and presented Figure 4.10), five

deposits, obtained for current ranging between 8 and 24 mA/cm2, has been analyzed by

SEM. They exhibit, at the large scale, different morphologies going from DBM to DLA.

Note that the deposits obtained for i > 24 mA/cm2 (see Figure 4.10) were not analyzed

due to their great fragility. The deposits obtained at low current densities appears to be

more mechanically resistant.
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SEM pictures of these 5 deposits are shown in Figure 4.11 with 3 different magnifi-

cations in order to see the large and small scale structures. The three deposits a-b-c) are

electrodeposited using a 0.02 M FeCl2 solution under current densities of 24, 12 and 8

mA/cm2 respectively; and the deposits d-e) are obtained using a 0.1 M FeCl2 solution

under current densities of 12 and 8 mA/cm2 respectively.

Decreasing the current density from 24 to 8 mA/cm2 (for deposits a-b-c, in Figure

4.11) causes the large-scale morphology to vary from DBM to DLA (the concentration

is kept equal to 0.02 M). The small-scale structure of the deposit a (picture in the middle)

appears like a carpet of ferns. At the nanometric scale (zoom on the right) the deposit

appears to be consisted of several rows of regular grains, with a size about 10 nm, which

is in agreement with the observations of Fleury.

The deposit b, Figure 4.11, does not show at large-scale the same columnar structure

than the deposit a; however at the small-scale (picture in the middle) the structure of the

deposit is similar to the one of the deposit a. At the nanometric scale, the size of the

deposit appears slightly different: for the a, grains ranging between 10 and 20 nm are

observed while grains lying in the range 50-100 nm constitute the deposit b).

Regarding the apparent growth speed 3 (vg ≈ 4× 10−5 m/s for the deposit a and

vg ≈ 2× 10−5 m/s for the b), these observations are consistent with the assumption of

Fleury [57] who said that a higher growth speed leads to smaller grains size.

The DLA deposit, (c, Figure 4.11), shows a small-scale structure less regular than

the deposits a and b; it is constituted by fine branches (fern-like branches), and exhibits

big grains ranging between 200 ad 500 nm. This difference of grains size in the same

deposit may be explained by its DLA morphology. Indeed, for a DLA-like deposit, the

growth speed is not the same for all the branches (contrary to the DBM-like deposit),

the growth of some branches can slow down and stop in favor of the growth of other

branches. The estimation of the growth speeds of some branches leads to values from

1.2 ×10−5 m/s to 1.9×10−5 m/s (see Figure 4.11 c). This variation of growth speed, ob-

served in the formation of a DLA deposit, can explain the various grains sizes observed

in the small-scale structure.

3The apparent growth speed is estimated by dividing the distance covered by the deposit with the
duration of the growth.
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The deposits d and e presented in Figure 4.11 are obtained under the same current

densities (12 and 8 mA/cm2) than the ones used for deposits b and c, but using more

concentrated solution (0.1 M instead of 0.02 M). At large scale (picture on the right),

the deposit d shows thicker branches than the other deposits. This is confirmed by SEM

pictures, which show at small scale, really ordered structures. The size of the grains

composing the branches ranges between 500 nm and 1 µm, and is consistent with the

apparent growth speed estimated for most of the branches of this deposit, ≈ 3.6×10−6

m/s; this last value is slower (≈÷ 4) than the rate observed in the previous case.

Finally, the deposit e shows at large scale a DLA morphology, but it can be noticed

that large hydrogen bubbles have been formed during its growth. Regarding the SEM

pictures (Figure 4.11 e), it can be observed that the deposit shows a really complex

small-scale structure. Some thin branches can be identified, but a wide variety of struc-

ture is observed (rough structures, smooth iron blocks...), probably because during its

formation, the generation of hydrogen bubbles strongly disturbs its growth. Indeed, the

growth of the "first" branches of the deposit, labeled "1" in Figure 4.11, e, has been

stopped by the presence of a hydrogen bubble. Considering the branch labeled "2" in

Figure 4.11, e, the observations made during the electrolysis, show that, the grow of the

right branch is stopped for the benefit of the left branch. Then, the left branch growth is

stopped by the presence of a bubble, which reactivates the growth of the right branch.

Thus, the growth of one branch is achieved in several steps with different growth speeds.

To conclude, the SEM observations of the deposits have shown that iron branches

are composed of small grains, whose size depends on the growth speed. Our results are

in agreement with those exposed by Fleury [57], but clearly, demonstrate that the size of

the grains composing a deposit, is not always regular. Indeed, for DLA-like deposit, the

growth speed of the branches is not uniform inducing changes in the size of the grains

composing the deposit. This effect is even more pronounced when hydrogen bubble

hinders the deposit growth by stopping the growth of some branches.
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Figure 4.11: SEM pictures of iron electrodeposits obtained in thin cell under various current
densities and using various precursor concentrations. a, b, c: 0.02 M FeCl2, and i of 24, 12 and
8 mA/cm2 respectively; d, e: 0.1 M FeCl2, and i of 12 and 8 mA/cm2 respectively.
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4.3.5 Dense branching morphology

The study of the electrodeposit morphology has highlighted that the deposits produced

at high current density have a more regular shape both at large scale and small scale.

Indeed, by increasing the current density, the grains composing the branches become

smaller but also more homogenous in size. This change in the small scale structure,

also induces that the deposit obtained at high current is more fragile than the DLA-like

deposit. This point is important here, since the objective is to fragment the deposit in

order to obtain a suspension of nanoparticles. Thus, the fragmentation of the DBM-like

deposit is expected to be easier than that for the DLA-like deposit. Also, the use of

high current densities enables to favor the iron growth against the hydrogen bubbles

formation as it was highlighted earlier. For all of these reasons, we will now focus on

the electrodeposition of DBM-like deposit.

As it was described previously, the dense branching aggregate consists of a densely

ramified deposit which fills uniformly the cell. All branches are growing at the same

speed and thus, the DBM-like deposit is bounded by a flat front which shifts the anode

with a constant velocity. As detailed in Chapter I in Section 1.2.2, Léger et al [59] and

[44] have modeled this velocity (Equation 1.49): vg =
i(1−t+)
z+υ+FC

(where vg is the growth

velocity, t+ the transference number, z+ = 2 the valence and υ+ = 1 the stoichiometric

coefficient of the cationic species of the precursor, i the current density corresponding

to the metal ions reduction.)

Several iron DBM deposits are produced, and their apparent growth speed (distance

covered by the deposit divided by the duration of the electrolysis), determined using a

camera, is compared with the theoretical one, thanks to the equation (Equation 1.49).

To that end, the apparent velocity vg is plotted as a function of the ratio i
2FC

. The DBM-

like deposit are obtained under current densities ranging between 24 to 240 mA/cm2

and with concentrations FeCl2 varying from 0.02 M to 0.1 M. It can be assumed that,

for this range of current density, the fraction of i allotted to the H+ can be neglected,

therefore the ratio i
2FC

is determined from the total current density applied (the H+ is

not taken into account).

The Figure 4.12 shows that the apparent velocity (blue squares) increases linearly

with the ratio i
2FC

. The slope of the curve, which represents the difference (1− t+),
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Figure 4.12: Apparent growth speed of DBM-like deposit (determined experimentally
in the present study) as function of the ratio i

2FC
. Blue square: experimental data; blue

line: linear regression.

is found to be equal to 0.56. The comparison of the apparent velocity with the one

expected from Equation 1.49 can be achieved by the comparison of the theoretical and

experimental transference number of the cation t+, expressed by the equation 1.48: t+ =
z+µ+

z+µ+−z−µ−
4 [58]. At infinite dilution, the mobility µ of the ions is related to their

diffusion coefficient by µ = D/RT , D+ and D− are taken to 7.19× 10−10 [75] and

2.03×10−9 m2/s−1 [90]. The equation 1.48 enables to obtain a t+ value of 0.41 which

is close to the t+ determined with the experimental data: 0.44. These results show that

the experimental growth velocity, obtained for the DBM deposits in the present study,

can be predicted from Equation 1.49. This suggests that only a small portion of the

cathodic current density i is allotted to the H+ reduction. Even if hydrogen bubbles are

generated at the same time that the iron elelectrodeposit, the growth speed of the iron

4According to Zhao et al. [89], for low chloride concentration (under 1 mol/kg), the iron ions is
uncomplexed.
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DBM deposits does not seem to be affected.

4.3.6 Influence of impurities on the deposit growth

It has also been observed in the present study that when the DBM-like deposits reach

approximately the half of the distance between the anode and the cathode, changes in

its morphology appear (see Figure 4.13), it seems to become denser and darker after

crossing a certain distance.

Figure 4.13: DBM-like deposit obtained from a 0.06 M FeCl2 solution under i=80
mA/cm2.

This effect, known as the Hecker effect, is described in the bibliography by many

authors as a sudden change in the deposit morphology, characterized by changes in

color, roughness, shape, the number of branches of the deposit, but also by the formation

of bubbles which can destroy the deposit [91] [92]. In the present experiments, a change

in the number of branches can be observed. In fact, after the transition zone, most of the

branches appear to ramify, and consequently the number of branches increases (see the

zoom-in Figure 4.13, each branch forms two new branches).

Most of the authors agree that this change in morphology is due to the arrival of an

impurity front against the deposit [91] [93] [92] [88]. According to Fleury et al. [91] this

could be a flow of cationic species and a flow of protons coming from the opposite elec-

trode. In fact, the position of the transition zone is strictly defined by the transference
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number of the cation and anions. In the present study, FeII moves toward the cathode,

and the corresponding depletion front move in the opposite direction. Simultaneously,

the FeII electroformed at the sacrificial anode move toward the cathode. The transition

area appears when the depletion front meets the front of the concentrated iron solution

coming from the anode.

4.4 Fragmentation of an iron electrodeposit in a Hele-

shaw cell

This section focuses on the second step of the studied synthesis process which consists

of the fragmentation of the ramified iron deposit in the "vibrating" Hele-Shaw cell.

4.4.1 Parametric study of the fragmentation efficiency

Influence of the hydrogen bubbles on the fragmentation process

Bibliographie reveals that the dimensions of the thin layer do not allow the acoustic field

generated by a PZT element to generate a significant effect on the fluid (see chapter

I). To induce strong mixing in microfluidic devices, several studies propose to use air

bubbles, trapped into the microdevice, as actuators. Indeed, when the surface of the

bubble is subjected to acoustic vibration, it starts to vibrate and induces an acoustic

streaming around it.

In the current study, the hydrogen bubbles, induced by the reduction of the free pro-

ton, are expected to acts as a vibrating element inside the microchannel and to induce an

acoustic streaming, able to fragment the iron branches. To verify this assumption, after

the electrodeposition of an iron DBM-like deposit (0.1 M, 80 mA/cm2), the PZT is acti-

vated during few seconds (square signal with f = 4 kHz and Vpp = 250 V). To understand

the influence of the hydrogen bubbles in the resulting fragmentation, this experiment is

compared with the one obtained with a copper deposit (0.1 M, 80 mA/cm2) where no

hydrogen bubbles are formed 5.

5The reduction potential of hydrogen in the copper system is more cathodic than electrodeposition
potential of copper. Therefore no hydrogen bubble are produced during the growth of the copper deposit
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The efficiency of the fragmentation is evaluated, using an image processing on Mat-

lab, which consists of binarizing each picture of the videos and counting the number of

black pixels. The binarization threshold is determined by measuring the gray level cor-

responding to the iron branches. Therefore, after the binarization, the resulting amount

of black pixels is representative of the number of unfragmented branches. When the

size of an iron fragment becomes lower than the size of one pixel, it can no longer

be defined. Consequently, the gray level of the pixel decreases under the binarization

threshold. Knowing that a pixel corresponds to ≈ 20 µm, the deposit branches are con-

sidered as being fragmented (by the image processing) if their size is lower than 20

µm.

Thus, when the deposit is dispersed, the number of black pixels decreases as a func-

tion of time. The lighting equipment can slightly vary from one experiment to the other.

Thus, to enable the comparison of the different results, the number of black pixels is

normalized by the maximum amount of black pixels measured during the dispersion.

The evolution of the amount of unfragmented branches (AUB) as a function of time

is thus represented in the Figure 4.14 for the iron and the copper deposits, e.g., in the

presence and in the absence of H2 bubbles. The idea is to observe the influence of

the hydrogen bubbles on the fragmentation efficiency. This graph reveals that for the

iron electrodeposit (blue solid line), the AUB decreases of ≈ 90% in one second and

stabilizes around 3 %. Three pictures of the fragmentation video, taken at 0, 1 and 2 s

confirm the fragmentation of the deposit between 0 and 1 s. It can be noticed that after

2s, only some small (< 200 µm) fragments of branches are still visible. This enables to

explain why the AUB does not decrease to zero.

A different evolution of the AUB is observed for the copper case (Figure 4.14 red

dotted line). Indeed, in a first instance, the deposit seems to be stable during 0.3 s.

Then a perturbation induces the decrease of the AUB to approximately 70-60 in ≈ 0.5

s, then the AUB stays almost stable until the end of the experiment. To understand

this evolution, the pictures taken at 0, 0.4 and 2 s are shown. After 0.4 s, the copper

deposit appears to be quite similar to the initial deposit, but it can be seen that a bubble,

probably trapped under the cathode during the filling of the Hele-Shaw cell, slips from

the cathode to the channel under the influence of the PZT vibration. This bubble seems
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to induce a vortex, which breaks the branches that are in the vicinity of its surface.

However, the presence of this single bubble does not enable to achieve a fragmentation

as efficient as for the iron deposit.

To conclude, these experiments highlight that the fragmentation of an iron deposit,

in the presence of hydrogen, is possible and fast (almost complete after 2 s). In absence

of bubbles, the experiment performed with the copper shows that no fragmentation oc-

curs. Indeed, the AUB is stable during the first 0.4 s of the fragmentation (before the

bubble get into the channel) and then remains high ≈ 60% and stable. This experiment

also confirms that the bubbles are responsible for the fragmentation, since the decrease

of the AUB, in the copper case, is only due to the release of a trapped bubble in the

channel which, by creating a vortex under the vibration of the PZT, breaks a part of the

deposit. These results confirm the bibliographic statements: the presence of bubbles is

essential for the vibration of the PZT to induce strong enough fluid motion to enable the

fragmentation of the deposit.
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Figure 4.14: Top: Evolution of the amount of unfragmented branches as a function of time, for
an iron deposit submitted to acoustic vibrations, in the presence of hydrogen bubbles (blue solid
line) and for a copper deposit without bubble (red dotted line). Bottom: Pictures the copper and
iron deposit captured at various durations of the fragmentation process, in a Hele-Shaw cell. The
PZT is activated with a square signal: f= 4 KHz and Vpp = 250 V (peak to peak voltage).
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Influence of the electrical signal parameters applied to the PZT

The electrical signal driving the PZT vibration can be modulated according to the fol-

lowing ways:

• its waveform: triangular, sinusoidal, square.

• the voltage and the frequency applied.

The previous section confirms that the presence of bubbles is a necessary condition

to achieve the fragmentation of the deposit. This section is devoted to the influence of

the electrical signal properties on the fragmentation efficiency of a DBM deposit (0.1

M, 80 mA/cm2) by the PZT vibrations, induced for different waveforms, frequencies,

and voltages.

As previously, the number of unfragmented branches is represented as a function of

time, for sinusoidal, triangular, and square waveforms of the electrical signals (Figure

4.15). Curves show similar results for the sinusoidal and triangle signals; the AUB

decreases to 0.5-0.4 after 4 seconds of activation of the PZT. Pictures of the iron deposit,

taken at 0, 1 and 4 seconds (Figure 4.15, Bottom), highlight that the activation of the

PZT with a sinusoidal signal enables to break the iron branches into blocks of sizes

ranging between 100 and 1000 µm. Moreover, the bubbles network, formed during the

deposit growth, is not affected by the activation of the PZT. In fact, the PZT induces the

vibration of the hydrogen bubbles, leading to the regrouping of the iron branches into

small blocks, which are then trapped in the bubbles network. However the deposit is

not fragmented (no cloud of fine particles is visible) but compacted6 and therefore, the

surface occupied by the deposit decreases. This leads to a decrease in the number of

black pixels on the pictures, and consequently, to the decrease of the AUB, which does

not reflect the dispersion of the iron branches. Thus, the small blocks of compacted iron

branches are present until the end of the experiment explaining why the AUB does not

decrease to zero.

6Note that the iron branches are porous and flexible.
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Figure 4.15: Top: Evolution of the AUB obtained during the fragmentation of a DBM-like
deposit (0.1 M, 80 mA/cm2). The PZT diaphragm is driven with an electrical signal of 4 kHz,
Vpp = 250 V, and different waveforms : triangular, sinusoidal and square. Bottom: pictures
captures during the deposit fragmentation for the sinusoidal and square electrical signals.

In comparison, the AUB obtained with the square signal (blue solid line, Figure

4.15, Top) decreases from 1 to almost zero, in 2 s, as it has been described previously.

The picture taken after 2 s only, shows small iron blocks (<200 µm) and a cloud of iron

particles hardly distinguishable.
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To sum up, only the square signal enables the fragmentation of the deposit into a

suspension of fine iron particles. Liu et al. [72] also found that square sound wave leads

to a faster mixing than a sinusoidal sound wave but no further explanation was given.

According to Murata application manual, a square wave produces higher sound levels

than sinusoidal or triangular signals due to the instantaneous rise and fall time of the

signal which leads to a more brutal displacement of the PZT disk (further discussed in

the following sections). Indeed, under a square electrical signal, the displacement of

the PZT interface ε can be represented as in Figure 4.16, a. The resulting theoretical

displacement speed of the PZT interface dε
dt

becomes infinite during the voltage step.

Nevertheless, the temporal resolution of the signal generator is a finite value, implying

that the displacement speed of the PZT interface is also a finite value (Figure 4.16, b).

Therefore, the square wave signal should induce higher displacement speeds of the PZT

than sinusoidal or triangular signals. The effect of the PZT displacement speed, on

the bubbles oscillations, will be further discussed in the following section enabling to

explain the very efficient fragmentation observed using a square electrical signal.

Figure 4.16: Schematic representation of the PZT interface displacements a) and the
resulting interface displacement speed, when submitted to a square wave signal.

The temporal evolution of the AUB is determined for four different peak to peak

voltages: Vpp = 125, 200, 237, and 250 V (see Figure 4.17, top). The obtained results

show that, the higher the voltage of the electrical signal, the faster (and more efficient)

the fragmentation is. For a signal of 250 V: the AUB decreases to ≈ 30 % after 0.2

s and reaches ≈ 5 % after 2 s, while it decreases to ≈ 70 % in 1 s and stabilizes at
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≈ 45 % when Vpp = 125 V. Pictures showing the evolution of the dispersion for the

fastest and the slowest fragmentation (250 and 125 V respectively) are also presented.

It appears that applying the lower voltage, the deposit is not fragmented but compacted

into several blocks, in the same way as explained previously. Once again, the AUB

decreases because the surface occupied by the deposit is reduced, but this does not

reflect the efficiency of the fragmentation. For the intermediate voltages (200 and 237

V), the dispersion occurs, but it is slower than for the highest voltage (250 V) and not

totally completed after 3s.

The effect of three different frequencies (4 kHz, 1 kHz, and 500 Hz) of a square

signal (250 V peak-to-peak voltage) is examined. The temporal evolution of the AUB

(Figure 4.18) shows that the higher the frequency of the signal, the faster the fragmen-

tation is. However, the influence of the frequency appears to be low compared to the

effect of the voltage or of the waveform of the electrical signal. Indeed, even if the frag-

mentation is faster at 4 kHz, complete fragmentations are also obtained at 1 kHz and

500 Hz for longer durations of the PZT activation.

Besides, for applied frequencies of 1 kHz and 500 Hz, the evolution of the AUB

starts by a sudden and quasi-instantaneous decrease (around 0.034 s), followed by a

high increase (around 0.34 s) (squared area, Figure 4.18). This strong variation is not

representative of the progress of the fragmentation and can be explained by analyzing

both the pictures of the deposit taken at these times, and the corresponding binarized

images, resulting from the images processing program (Figure 4.19). The picture taken

at 0.034 s shows that the iron branches are regrouped and compacted into numerous iron

blocks, and as it was explained previously, this induces a reduction of the surface occu-

pied by the deposit, but does not reflect its fragmentation. The picture taken at 0.34 s

shows that, the iron blocks formed are fragmented into a dark cloud of particles, but the

suspension of iron particles is not yet well dispersed into the channel. Therefore, some

part of the dark cloud formed by the suspension are still above the binarization thresh-

old and are considered as a part of unfragmented branches by the images processing

program. This induces the fast increase observed between 0.034 and 0.4 s. Therefore

this anomaly in the evolution of the AUB is not relevant.
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Figure 4.17: Top: evolution of the AUB of a DBM-like deposit (in a Hele Shaw’s cell, FeCl2 at
0.1M, 80 mA/cm2) during the activation of the PZT. The PZT diaphragm is driven with a square
electrical signal of 4 kHz with a peak to peak voltages of: 125, 200, 237, and 250 V. Bottom:
pictures captures at various times of the deposit fragmentation for the highest and lowest voltage
are shown.
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Figure 4.18: Top: evolution of the AUB obtained during the fragmentation of a DBM-like
deposit (FeCl2 at 0.1 M - 80 mA/cm2). The PZT diaphragm is driven with a square electrical
signal of 250 V and frequencies of: 4 kHz, 1 kHz and 500 Hz. Bottom: pictures (captured at
various times) of the deposit fragmentation for the lowest and highest frequencies.
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Figure 4.19: Pictures captured at various times of the deposit fragmentation (shown in the
Figure 4.18) achieved with a square electrical signal of Vpp = 250 V and f = 500 Hz, and the
corresponding binarized pictures obtained after the images processing. Pictures are taken at
0.034, 0.34 and 2 s.

To sum up, on the one hand, this parametric study highlights the importance of

the bubbles in the deposit fragmentation. Without bubbles, the vibrations of the PZT

induce, by the variation of the microchannel depth, a global fluid motion inside the cell
7; however, the branches are neither fragmented nor dispersed (copper case). Under the

vibrations of the PZT diaphragm, the bubbles induce strong fluid motions which enable

the fragmentation of the deposit. On another hand, the efficiency of the fragmentation

varies in function of the parameters of the electrical signal driving the PZT. It can be

concluded that, the effects induced by the hydrogen bubbles, depend on the applied

signal, and are stronger for a square signal with high voltage and frequency (250 V

and 4 kHz). Therefore, a deeper analysis of the bubbles behavior as a function of the

operating conditions is necessary to understand the effects leading to the break of the

iron branches.

7Note that one the fluidic connections of the cell is open, allowing the variation of the liquid volume
contained by the channel.
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4.4.2 Behaviour of the bubbles under the effect of the PZT diaphragm

vibrations

The careful observation of all the videos of the deposit fragmentations reveals three

different behaviors of the bubbles, when they are subjected to the vibrations of the PZT

(see Figure 4.20).

Figure 4.20: Pictures showing behaviours of the hydrogen bubbles (formed during the
electroformation of an iron deposit) under the vibration of the PZT diaphragm in a Hele-
Shaw cell: a) Breathing mode; b) Shape oscillation mode (SOM); c) splitting mode.

The first "kind" of bubble, oscillates with a radial pulsation, meaning that it expands

and contracts radially and periodically, with no transformation of its circular shape (Pic-

ture a, Figure 4.20). Bibliography shows that this type of bubble oscillations is known

as radial oscillation mode or breathing mode [94] [95] [96].

Another H2 bubbles population shows a very different behavior, bubbles expand and
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contract with deformation of their initial spherical surface. Indeed, Picture b, Figure

4.20 shows that the liquid/gas interface of the bubble is corrugated and shows 6 "fin-

gers" distributed along its interface. This kind of bubble oscillation is known as shape

oscillation mode (SOM) [94] [96].

Finally, a last behavior has been observed (see Figure 4.20 c)) for which bubbles

oscillate and split into multiple fragments which periodically coalesce and split again.

The analysis of the fragmentation pictures reveals that only the bubbles oscillating

with the shape oscillation mode (SOM) or splitting mode induce the fragmentation of

the deposit. The fragmentation by SOM bubbles is presented in the Figure 4.21 which

shows that some iron branches are brought by microstreaming to the surface of the SOM

bubbles (red arrow). When the branches reach the unstable bubble surface, the deposit

is fragmented into fine particles which are ejected away (green arrow). It can be noticed

that the deposits in the vicinity of the stable bubbles (breathing mode bubbles) do not

seem to be affected by the breathing oscillation.

The splitting bubbles induce similar effects than the SOM bubbles. Indeed, the

deposit appears to be attracted by the unstable bubbles oscillations and expelled away.

The blocks of iron deposit (around 0.5 mm width), brought to the unstable bubble, are

totally dissociated into a cloud of particles (Figure 4.21).

These experiments demonstrate that only bubble oscillating with SOM or splitting

mode are actually responsible for the fragmentation. Therefore, the following section

expects to correlate the parameters of the signal driving the PZT vibration with the

behavior of the bubbles.
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Figure 4.21: Pictures showing the fragmentation of the iron deposits (obtained under
i=80 mA/cm2 and with a 0.01 M FeCl2 solution, in a Hele-Shaw cell), induced by a)
SOM bubbles, b) Splitting bubbles. The PZT diaphragm, submitted to a square signal,
vibrates under a) f= 4 kHz, Vpp =125 V; b) f= 4 kHz, Vpp = 250 V.

4.4.3 Parameters influencing the behavior of the oscillating bubbles

It has been demonstrated in the Section 4.4 that, the efficiency of the deposit fragmen-

tation varies in function of the parameters of the electrical signal applied to the PZT.

To understand the influence of the electrical signal parameters on the bubbles behavior

(breathing mode, SOM, splitting mode), various experiments are carried out.

Three H2 bubbles of similar sizes (≈ 600 µm) have been subjected to the PZT

vibration for different values of the electrical signal voltage (Figure 4.22). The videos

of the bubbles oscillation show that, by increasing the voltage, the oscillation mode of

the bubbles changes from the breathing mode to the shape oscillation mode. Indeed,

at low voltages (72-96 V) each of the three bubbles shows a rounded shape, whereas
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surface waves appear for Vpp > 216 V. However, the threshold voltage enabling surface

deformation is different for each bubble. For the first and second cases the surface

deformations appear around 140-168 V and 168-192 V respectively. For the third case,

surface deformations only appear above 192 V. This difference can be explained by

the position of the bubbles into the Hele-Shaw cell. Indeed, as explained in the section

Materials and methods, the PZT disk bends alternately (see Figure 4.2) in a concave and

convex position; therefore, its displacement is more important at the center of the disk

than at the edges, meaning that the vibrations inside the channel are not homogeneous.
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Figure 4.22: Pictures showing the behaviour of three H2 bubbles trapped in a Hele-Shaw cell, as a function of the voltage of
the electrical signal applied to the PZT (f= 4 kHz , Vpp varying from 72 to 250 V.
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The behavior of three bubbles (having almost the same size), submitted to various

frequencies (at constant voltage Vpp= 250 V), are examined, and show that shape oscil-

lations occur for sufficiently high frequencies values. It can indeed be observed on the

Figure 4.23, that a frequency of 100 Hz is not high enough to induce surface deforma-

tions on bubbles of ≈ 1 mm diameter.

Figure 4.23: Pictures showing three different hydrogen bubbles, trapped in a Hele-Shaw
cell, and submitted to vibrations of a PZT driven by an electrical signal of various fre-
quencies (Vpp= 250 V; f varying from 100 Hz to 4 kHz).

In summary, the surface deformations of the bubbles, which are responsible for the

fragmentation of the iron deposit, are induced when threshold values of peak to peak

voltage and frequency are reached. This conclusion is in line with the parametric study

of the fragmentation efficiency, which reveals that the fragmentation process is faster

when increasing the voltage and the frequency.

The size of the bubbles also impacts their oscillating behavior (Figure 4.24). It

appears that large bubbles are more easily deformed by shape oscillations, than small

bubbles and that explains for example, why the fragmentation is still efficient with low

frequencies (500 Hz for example).

Indeed, the analysis of the video of the deposit fragmentation carried out with a

square signal of 500 Hz frequency and 250 V (Figure 4.25), shows that during the

early stage of the process, the bubbles are too small to undergo surface deformations.

However, the vibrations generated by the PZT induce the coalescence of the bubbles

which become larger: e.g., after 0.258 s bubbles diameter reach ≈ 3 mm for the largest,

instead of ≈ 1 mm at the beginning ( Figure 4.25, c). After 0.353 s, only the largest

bubbles (1.5-2 mm of diameter) undergo surface deformations (Figure 4.25, d). Finally,

at the end of the fragmentation process (Figure 4.25, e), almost all the bubbles have
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Figure 4.24: Picture of three hydrogen bubbles of different sizes, trapped in a Hele-
Shaw cell and subjected to acoustic vibration of a PZT (f= 4 kHz, Vpp= 200 V). The
picture reveal the influence of the bubble size on its oscillation mode

coalesced and formed a single big bubble oscillating with a SOM.

In comparison, applying to the PZT a square signal of 4 kHz and 250 V (Figure

4.26), enables the rapid coalescence of bubbles: after 0.082 s it can be seen that some

bubbles (on both sides of the cell) have already coalesced forming bigger bubbles of ≈
1 mm diameter which oscillate with SOM. This demonstrates that, by increasing the fre-

quency, the size of the bubbles showing surface deformations decreases. Therefore, the

fragmentation is faster (see the section 4.4) for higher frequencies signals both because

shape oscillations appear for smaller bubbles and because coalescence of the bubbles is

faster. After 0.25 s, most of the bubbles have coalesced, and at the end of the fragmen-

tation (1.62 s) one single bubble, oscillating with SOM, is present in the cell. In fact,

the process is quite similar than for lowest frequencies except that at 4 kHz, the unstable

bubbles appears quicker.

To simplify the following discussion, the SOM bubbles and the splitting bubbles

will be qualified as unstable bubbles and the bubbles oscillating with breathing mode

will be named stable bubbles.

To get a better understanding of the joint effects of the voltage, the frequency, and

the size of the bubbles, on the efficiency of the fragmentation, the proportion of stable

and unstable bubbles has been determined as a function of their size and for the different
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operating conditions 8 (Figure 4.27 and Figure 4.28).

As explained above, due to the coalescence process, inducing the increase of the

bubble size, there are more unstable bubbles at the end of the fragmentation than ini-

tially. Furthermore, due to the coalescence process, the number of small stable bubbles

initially present into the cell, is higher than the number of big unstable bubbles obtained

at the end (see Figure 4.25 and Figure 4.26). Therefore, the stable and unstable bubbles

are counted on the basis of several pictures taken at different moments of the fragmen-

tation; the idea here is not to compare the number of stable and unstable bubbles but to

determine a critical size above which bubbles become unstable.

Regarding the obtained histograms (Figures 4.27 4.28), it appears that, for almost

every operating condition applied, the ratio "unstable bubbles/stable bubbles" is higher

than 1 for the large size, and, lower than 1 for small bubbles. This confirms the assump-

tion made above. Moreover, for almost every case, there is a critical bubble size above

which only unstable bubbles are found.

For example for Vpp = 120 V (Square signal with f = 4 kHz) the critical size is about

1380 µm, above this value, the bubbles become unstable (Figure 4.27). Furthermore,

increasing the peak to peak voltage causes the critical size to decrease. Typical values

are 786, 982 and 393 µm for voltages of 168, 228 and 250 V respectively. Therefore,

increasing the voltage causes more hydrogen bubbles to exhibit surface deformation,

thus, enabling the fragmentation of the deposit. Also, as it was explained for the influ-

ence of the frequency, increasing the voltage also leads to a faster coalescence of the

bubbles and thus to increase the number of unstable bubbles.

In the same way as for the effect of the voltage, increasing the frequency of the

electrical signal also leads to decrease the critical size of bubbles, above which sur-

face deformations appear (Figure 4.28). Indeed, for frequencies of 100 Hz and 500 Hz

(square signal and Vpp = 250 V), no critical size is found. For the first case (100 Hz)

only few unstable bubbles are found even at the end of the fragmentation. It can also

be noticed that few big bubbles are found. This suggests that the PZT vibrations are

not strong enough to allow the coalescence of the bubbles, which consequently, can not

reach the critical size required to become unstable. For an applied frequency of 500 Hz,

8The procedure followed to count the stable and unstable bubble is detailed in the Annexe 1.
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even if no critical value is found, the majority of the bubbles are unstable above 982

µm. Finally, for higher frequency (4 kHz), the critical size decreases to 393 µm.

To conclude about the parameters influencing the bubbles deformation (and conse-

quently the deposit fragmentation), it has been demonstrated that only unstable bubbles

induce the dispersion of the deposit. To become unstable, the bubble must reach a

critical size which depends on the parameters of the electrical signal driving the PZT vi-

bration. Increasing the voltage and the frequency leads to a decrease of the critical size

(for f= 4 kHz, Vpp= 250 V: critical size ≈ 400 µm). The hydrogen bubbles produced

during the DBM deposit growth are too small to exhibit surface deformation ≈ 50 µm.

That is why the coalescence of the bubbles is also a key phenomenon conditioning the

fragmentation of the deposit. Indeed, if the PZT vibrations are strong enough (high volt-

age and frequency), they allow the coalescence of the initial bubbles which can, thus,

exhibit surface deformations. The higher the voltage and the frequency, the faster the

coalescence is (for f= 4 kHz, Vpp= 250 V, all the bubbles have coalesced in one single

bubble after 1.62 s Figure 4.26). Therefore, increasing the voltage and the frequency

enables both to decrease the critical size above which a bubble become unstable and to

make the coalescence of the bubbles faster. Thus, more hydrogen bubbles are unstable,

and the fragmentation becomes faster than for lower voltages and frequencies.
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Figure 4.25: Pictures showing the coalescence of the hydrogen bubbles (formed during
the growth of DBM deposit i= 80 mA/cm2, in a 0.1 M FeCl2 solution) trapped in a Hele-
Shaw cell and submitted to acoustic vibrations by a PZT diaphragm: Square signal, f =
500 Hz, Vpp = 250 V

188



CHAPTER 4

Figure 4.26: Pictures showing the coalescence of the hydrogen bubbles (formed during
the growth of DBM deposit, i= 80 mA/cm2, in a 0.1 M FeCl2 solution), trapped in
a Hele-Shaw cell, and submitted to acoustic vibrations by a PZT diaphragm: Square
signal, f = 4 kHz, V = 250 V
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Figure 4.27: Histograms providing the number of bubbles obtained as a function of their size (classified in size domains) for
various voltages and frequencies of the electrical signal applied to the PZT. The histograms indicate the fraction of stable
and unstable bubbles as a function of the applied voltage.
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Figure 4.28: Histograms providing the number of bubbles obtained as a function of their size (classified in size domains)
for various voltage and frequencies of the electrical signal applied to the PZT. The histograms indicate the fraction of stable
and unstable bubbles as a function of the applied frequency.
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4.4.4 Origin of the bubbles surface deformation

This section focuses on the reasons for the generation of surface oscillations, at the

bubble surfaces. The change from volume oscillation to shape oscillations has already

been the subject of several studies [95] [97] [98]. According to Franscecutto et al.

[95], the bubbles keep their spherical shape surface for small amplitude pulsations, but

when this amplitude becomes too large, the spherical surface becomes unstable and

small disturbances lead to its deformations. Thus, Franscecutto et al. predicted the

amplitude threshold of bubble pulsation (above which the bubble becomes unstable)

as a function of the bubbles radius for a given frequency. Unfortunately, this study

deals with the oscillation of free bubbles in water (the bubbles are not in contact with

any surface), and cannot be directly applied to determine the amplitude threshold for

the experiments performed in the present study (where the bubbles are confined in a

microchannel). Nevertheless, the work of Franscecutto can serve as a basis for the

following discussions.

Figure 4.29: Schematic representation of a Hele-Shaw cell including a PZT disk and
a bubble into the microchannel. a) initial state of the bubble in the microchannel; b)
contraction of a bubble after the bending of the PZT disk.

For the experiments achieved here, the bubbles contract and expand under the PZT

disk vibration, which bends alternatively in a concave and convex position, leading to

the variations of the channel depth, e 9. The amplitude of the bubble pulsation ∆R,

9Note that one of the microfluidic connections is opened allowing the variation of the liquid volume
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therefore, depends on both its volume and the PZT displacement (Figure 4.29). As-

suming the bubble incompressible and having a cylindrical shape10, its volume can be

considered as constant and expressed as follows:

V = πR0
2e0 = πR(t)2

e(t) (4.4)

With, R0 and e0, the initial bubble radius and cell thickness respectively (PZT not

activated). R(t) and e(t), the radius and cell thickness when the PZT is activated.

The radius of the bubble during the vibrations of the PZT can be expressed as fol-

lows:

R(t) = R0

√

e0

e(t)
(4.5)

And the velocity of the bubble interface is:

v(t) =
dR

dt
=−1

2
R0.

√
e0.e(t)

−3/2 de

dt
(4.6)

where e(t) = e0 − ε(t), and ε(t) is the amplitude of vibration of the PZT.

Therefore:

v(t) =
1
2

R0.
√

e0.e(t)
−3/2 dε

dt
(4.7)

Assuming that ε(t)<< e0: e(t)≈ e0.

Thus the velocity of the bubble interface can be expressed as:

v(t) =
R0

2e0
.
dε

dt
(4.8)

The term dε
dt

of Equation 4.8 represents the displacement speed of the PZT interface;

it is assumed that dε
dt

depends linearly on Vpp. For a sinusoidal signal it also depends

on the frequency and can thus be expressed as follow:

dε

dt
= ψ(t).V pp. f (4.9)

inside the microchannel.
10In the present experiments, the surfaces of the microchannel are covered with adhesive tape and

plastic paraffin film showing low wettability. Therefore, the angle θ formed by the liquid on the channel
surfaces ≈ 90◦, and the bubbles are considered as cylindrical.
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ψ(t) being a function which incorporates properties of the PZT as well as the prop-

erties of the signal generator (temporal resolution) and the amplifier (see the discussion

about the efficiency of the square electrical signal in Section 4.4.1) The maximal dis-

placement speed of the PZT interface can be written:

dε

dt

∣

∣

∣

∣

max

= ψmax.V pp. f (4.10)

And finally, the maximal displacement speed of the bubble interface is:

vmax =
R0

2e0
ψmax.V pp. f (4.11)

e0 being a constant in the present study (50 µm), vmax can also be expressed:

vmax = a.R0.V pp. f (4.12)

In addition, the experiments are carried out with a square signal, thus the frequency

is not expected to affect the displacement speed of the PZT interface dε
dt

, which means

that vmax is:

vmax = a′.R0.V pp (4.13)

In order to have a better description of the coefficient a′, the displacement speed of

the bubble interface as a function of the applied voltage, is determined experimentally
11, for a given frequency (f = 4 kHz) and for the three bubbles presented in Figure 4.22

(≈ 600 µm diameter).

11The method used to determine the displacement speed of the bubble interface is detailed in the
Annexe 2
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An overview of the maximal displacement speed (average of the maximal speed

determined for both bubble expansion and contraction) obtained for the three bubbles

is given Figure 4.30. For low voltages (under 200 V), the displacement speed of the

bubbles interface increases linearly with the voltage, with a slope, p, equals to 5.95×
10−3 m/s

V
. Therefore, for this range of voltages, the coefficient a′ can be expressed as

follows:

a′ =
p

R0
(4.14)

Figure 4.30: Maximal displacement speed of bubbles interface as a function of the
applied voltage. The electrical signal is a square signal with f = 4 kHz, the bubble
diameter is about 600 µm.

As mentioned already, for this range of voltages (0-200 V), the bubbles oscillate

with breathing mode oscillations and no deformation of the surface is observed. For

higher voltages (V pp > 200V ), the bubbles show surface oscillations; the resulting dis-
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placement speed of the bubbles interface increases strongly and a non-linear dependence

of the applied voltage is observed. It can, therefore, be concluded that above a certain

displacement speed, the interface of the bubble oscillates too fast to keep its rounded

shape.

As it was mentioned by Francescutto [95], the spherical shape of the bubble (rounded

shape in this work) is maintained at low-amplitude pulsations, because of the surface

tension. Therefore, the destabilization of the bubble shape occurs when external forces

overcome the surface tension of the bubbles. The surface tension force of a bubble be-

ing stronger for small bubble sizes [99], it explains that smaller bubbles are more hardly

destabilized than larger bubbles. To characterize the destabilization of the bubble shape

we propose, to use the Weber number, We, which describes the ratio between the liquid

inertia force and the surface tension of the bubble:

We =
∆PDynamic

∆Pcapillarity

=
ρv2

γ
R0

(4.15)

Where, ∆PDynamic = ρv2 is the dynamic pressure, and ∆Pcapillarity is the capillary

pressure, assumed to be γ
R0

, ρ and γ are the density (1000 kg/m3) and the surface tension

of water (71.97 ×10−3 N/m) respectively at T= 20 ◦C.

In fact, for a non spherical bubble, the capillary pressure ∆Pcapillarity takes into

consideration the two radii of curvature and is expressed as follows:

∆Pcapillarity = γ

[

1
R0

+
1
R′

]

(4.16)

where R’ is the second radius of curvature, expressed as 1
R′ =

2cosθ
e0

, θ being the

contact angle formed by the liquid on the surfaces of the microchannel. As mentionned

before, in the present experiments, the surfaces of the microchannel are covered with

adhesive tape and plastic paraffin film showing low wettability. Therefore, θ ≈ 90◦,

which means that 1
R0

>> 1
R′ and ∆Pcapillarity ≈ γ

R0
.

Using Equation 4.15, the obtained values of the Weber number range between 1.5

and 7.5 for Vpp < 200 V (linear part of the curve Vmax = f (V pp), Figure 4.30); and

after the transition zone (Vpp>200 V), the Weber number increases and reaches values

between 35 and 141. This demonstrates that, the liquid inertia force becomes higher
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than the surface tension of the bubble, for low voltages. The maximal Weber number

reached, just before the destabilization of the bubbles surface, can be defined as a critical

Weber number, Wec; here Wec = 7.5. This critical Weber number describes the change

from volume oscillation mode to SOM, for bubbles of 600 µm diameter; under this

value, the surface tension is sufficiently high, compared to the inertia forces, to keep the

bubble rounded; above this value, the surface of the bubble becomes unstable and show

shape oscillations. Applying the critical Weber number to our experimental results, en-

ables the determination of the critical bubble radius as a function of the applied voltage.

Combining equations 4.12 and 4.15, the critical Weber number can be expressed:

Wec =
ρa′2Rc

3V pp2

γ
(4.17)

Thus:

Rc =
3

√

Wecγ

ρa′2V pp2 (4.18)

The coefficient a′ is determined using data obtained with bubbles of R0 = 600 µm,

as explained above (Figure 4.30).

The evolution of the obtained critical bubble radius (determined from the critical

Weber number) as a function of the voltage is compared to the experimental data ob-

tained from the histograms of Figure 4.27, and the results has been reported on the

graph, Figure 4.31. Each range of size of the histograms (we choose the average of the

size range) is represented on the graph by a colored squares:

• blue, if only stable bubbles are observed for this size range.

• violet, if both stable and unstable bubbles have been reported.

• red, if all the bubbles of this size range are unstable.

Figure 4.31 shows that the values of the critical radius determined from the critical

Weber number are in satisfactory agreement with the experimental data. Indeed, below

the critical radius, experiments show that most of the bubbles are stable; when the size of

the bubble slightly overcomes the critical radius value, a portion of the bubbles becomes
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Figure 4.31: Critical radius of bubbles (determined from the critical Weber number)
evolution against the peak to peak voltage (dashed line). Squares correspond to the
experimental data extracted from Figure 4.27.

unstable, and finally, for radius significantly higher than the critical radius, only unstable

bubbles are reported.

It has to be noticed that this interpretation of the results based on the critical Weber

number does not take into account the effect of the frequency since it should not affect

the bubbles interface speed for a square signal. However, as described before, the his-

togram showed in Figure 4.28 highlights that increasing the frequency leads to decrease

the critical radius above which the bubbles are unstable. Thus, this suggests that the

frequency also influence the bubbles oscillation. This can be explained by the fact that,

when a bubble is submitted to a PZT pulse (square signal), the bubble contract or expand

as mentioned before, but the position of the bubble interface is not immediately stable

after the PZT pulse. In fact, there is a relaxation time during which the bubble keeps
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showing slight volume oscillations until the bubble radius stabilizes. Thus, by increas-

ing the frequency of the PZT pulse, the time separating two pulses will become lower

than the relaxation time, which could lead to the destabilization of the bubble interface.

The splitting of the bubbles requires stronger destabilization of their interface. In-

deed, visualizations of a bubble oscillations at the early stage of the PZT activation

(see Figure 4.32) shows that bubbles exhibit surface shape oscillations, before to break

up into several smaller bubbles. This is in agreement with Movassat et al. results [99],

which show that bubbles splitting occurs at higher amplitude and frequency oscillations,

than for SOM. The break up of the bubble is due to a further increase of the liquid iner-

tia. In fact, the transition from SOM to splitting mode may be characterized by a second

critical Weber number, higher than the one described above.

Figure 4.32: Pictures showing the splitting of an oscillating hydrogen bubble, at the
early stage of the PZT activation. The PZT is driven with square signal, f = 4 kHz and
Vpp = 250 V

The chaotic behavior of the splitting bubbles, does not enable the determination

of the resulting surface displacement speed. It is likely that this displacement speed

(reached by the splitting bubbles) is higher than the ones determined previously for the

SOM bubbles (≈ 4 m/s).

4.4.5 Characterization of the obtained iron particles suspension

The suspensions of iron particles obtained after the fragmentation, are analyzed by a

morphological optical analyzer, which reveals a size distribution (in number) varying

from 200 nm to several micrometers (Figure 4.33). The morphological optical analyzer

does not allow to determine particle sizes under 200 nm, that is why the size distribution

seems to be cut off. However, this analysis enables to demonstrate that a significant
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proportion of submicrometric particles are obtained, even if large particles still remained

unfragmented.

Figure 4.33: Size distribution (in number) determined by analyzing the suspension of
iron particles obtained after the fragmentation, using a morphological optical analyzer.

The iron particles are also analyzed by TEM (transmission electronic microscopy),

enabling the size and the shape of iron particles to be determined. The TEM analysis

reveals that iron particles consist of fragmented dendrites of various sizes, from several

micrometers (Picture a, b, c of Figure 4.34) to hundreds of nanometers (Picture e, f of

Figure 4.34). Pictures a, b, c show fragments of dendrites which are secondary arms

of bigger iron branches, which have been cut off at their root. In picture a and b the

micrometric fragments of dendrite, seem to be unaffected by the fragmentation process

while on Picture c, the secondary arm seems to have been peeled off on its right side.

This suggests that smaller fragments (around 200 nm) are broken by the stress induced.

It can be seen on picture d, a pile of dendrites along with a group of smaller entities.

They consist of needle-like fragments which appear to be the small branches of the

secondary branches.
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Figure 4.34: TEM pictures of fragments of iron dendrites obtained after the fragmen-
tation of DBM-like deposits (i = 80 mA/cm2, 0.1 M FeCl2 solution) under acoustic
vibrations of a PZT (f=4 kHz, Vpp = 250 V).

It can be concluded from these analyses that, the coupling "electrodeposition" and

"fragmentation" of ramified deposit in a "vibrating" Hele-Shaw cell, enables to obtain

a suspension of micro and submicroparticles exhibiting sizes varying from hundreds of

nanometers to few micrometers. This process has not enabled to synthesize a suspension

of monodispersed iron nanoparticles. However, the interest of using nanoparticles is due

to their high specific surface and even if the fragments of dendrites obtained are about 1

µm their dendritic shape gives them a high surface to volume ratio.

To compare the specific surface of the dendrite fragments with the one of the nanopar-

ticles, the fragment showed in picture b, Figure 4.34, is analyzed via an image process-

ing software which enables to determine the surface and the contours (perimeter) of the

dendrite (see Figure 4.35). Thus, a perimeter to surface ratio P/S, of 7.7× 107 m−1

is obtained which corresponds to the P/S of nanoparticles of approximately 30 nm in

diameter. Therefore, the catalytic properties of the suspension of iron dendrites ob-

tained from our experiments should be comparable to that obtained with a suspension

of nanoparticles.
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Figure 4.35: Image processing of the picture of a dendrite fragment : a) initial TEM
picture of the dendrite; b) estimation of the perimeter, c) estimation of the surface.

4.4.6 Fragmentation of the iron dendrites by oscillating bubbles

This section aims to understand why the fragmentation of the iron branches is possible

with the SOM bubbles (maximal displacement of the interface ≈ 4 m/s) and not with

the bubbles undergoing breathing mode (maximal displacement of the interface ≈ 1

m/s, Figure 4.30).

To fragment electrodeposits (dendrites), it is required to induce mechanical stress

within the triphasic mixture. This stress can be induced by the motion of the fluid or/and

by the bubbles oscillations/splitting. The aim of this section is to examine if the stress

resulting from the bubble displacement (e.g., the values of the displacement speed) is

strong enough to fragment the dendrite and, if so, which size of dendrite fragments can

be obtained. The results will be based on the TEM pictures of the particles suspension

presented above.

Shu et al. [100] use a model enabling to estimate the instantaneous stress, resulting

from a convective flow, acting on a dendrite "attached" to a wall, and perform this cal-

culation to estimate the stress induced by a cavitation bubble on a dendrite, to compare

it with the strength of the material (failure stress 12).

In the present work, the dendrites are not attached to a wall, they are in suspension

in the liquid, and submitted to a vigorous oscillatory flow, close to the bubbles surface

(the local flow velocity oscillates between ≈+ 4 m/s and ≈− 4 m/s, when bubbles are

12Maximal tensile, compressive or shearing stress that a given unit of area of a material can bear
without failing.
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Figure 4.36: Scheme of a secondary arm of a dendrite (attached to the central trunk of
the dendrite by its root) in interaction with an oscillating bubble which induces a flow
velocity perpendicular to the dendrite

unstable). The use of the Shu model here implies that, the still unfragmented branches,

arriving at the bubbles surface, are considered as immobile compared to the vigorous os-

cillatory flow close to the bubbles surface. Such a situation occurs, if the unfragmented

branches piles are so heavy that, the time required for matching their displacement ve-

locity with the oscillatory flow velocity, is well higher than the characteristic time of the

oscillatory flow (≈ 1/4000 s). The estimation of this time is possible but complicated,

mainly because the mass of the arriving branches piles is undetermined (the piles of

branches could be more or less compressed during their transport by microstreaming

that renders difficult the estimation of their density as well as their thickness inside the

channel). However, this assumption is made here to enable, in a first order approxima-

tion, the estimation of the mechanical stress acting on the dendrites. Thus, the same

approach as used by D. Shu is applied here to determine if the oscillating bubbles can
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theoretically fragment the deposit branches.

As seen in the Section 4.3.4 Figure 4.11, most of the iron branches are constituted

of a central trunk and secondary arms. The stress acting on a secondary arm (connected

to the central trunk) by a fluid flow of velocity v (Figure 4.36) can be estimated by the

following expression:

σ(x) =
−M(x)R(x)

I(r(x))
(4.19)

With M (N.m) the bending moment, I (m4) the moment of inertia of the secondary

arm section and R(x) is the radius of the secondary arm section (the coordinate axis "x"

being parallel to the dendrite):

M(x) =
−Fx2

2
(4.20)

I(R(x)) =
π(R(x))4

4
(4.21)

and F is the force per unit length acting perpendicularly on the secondary arm:

F = 3πµv (4.22)

with µ the viscosity of the liquid. Considering a secondary arm of length (L) show-

ing a root of radius (Rroot), the stress induced by a fluid velocity (v) can be expressed as

follows:

σ(L) =
6µvL2

Rroot
3 (4.23)

The ultimate failure stress of iron is σ f = 350 MPa [101]; if the stress acting on

the secondary arm is higher than this value (σ > 350 MPa), the secondary arm will be

dissociated from the trunk of the dendrite.

Section 4.4.5 has revealed that micrometric fragments of dendrites (probably sec-

ondary arms of bigger iron branches) have been obtained. Considering the fragment of

dendrite shown in Figure 4.34, b, the stress induced by fluid flows of 1 m/s (correspond-

ing to the breathing mode bubbles) and 4 m/s (for the SOM bubbles) on a secondary arm
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of similar dimensions (L = 2.88 µm and Rroot = 56 nm) can be estimated. The obtained

results show that, if v = 1 m/s, σ = 283 MPa, while, if v = 4 m/s, σ = 1100 MPa which

is five times higher. This demonstrates that the stress induced by a SOM bubbles on

secondary arms is strongly higher than the one induced by breathing mode bubbles.

To conclude this simple model enables to understand why, for the breathing mode,

the displacement speed of the bubbles interfaces does not allow the fragmentation of the

deposit: a displacement speed of 1 m/s induces a stress (σ = 283 MPa) lower than the

failure stress of iron (σ f = 350 MPa). Conversely, for a SOM bubbles, the displacement

speed of the bubbles interfaces (v= 4 m/s) induces a stress (σ = 1100 MPa) higher than

the failure stress of iron (σ f = 350 MPa), allowing the deposit fragmentation.

4.5 Conclusion

In this chapter, a new process using the coupling of the electrodeposition and acoustic

waves for the synthesis of iron nanoparticles is proposed and studied. The electrodepo-

sition of ramified electrodeposits and their fragmentation are carried out in a high aspect

ratio device consisting of a Hele-Shaw cell (50 µm depth, 2.5 cm length) integrating a

piezoelectric element. Parameters for both the iron growth and its fragmentation are

studied and optimized.

It has been found that, due to the early reduction of the free proton, (E0
H+/H2

=

0 V/SHE E0
FeII/Fe

= −0.44 V/SHE), the growth of an iron deposit requires to use a

current density, higher than the one attributed to the H+ reduction (this latter being

function of the FeII precursor concentration). Electrodeposition experiments performed

with various operating conditions show that the iron growth is not affected by hydrogen

bubbles, for current densities higher than 16 mA/cm2. Furthermore, the current density

also controls the morphology of the iron electrodeposit. High current densities (above

24 mA/cm2) favor the formation of dense branching deposits, while at low current

densities (under 12 mA/cm2) DLA-like deposits are obtained.

The focus is then put on the growth of DBM-like deposits. This kind of deposit is of

particular interest, because of its regular shape and its well-controlled growth velocity.

Also, experiments show that, this type of deposit is more fragile than the DBM-like
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deposits and thus, more easily breakable and dispersible, which is interesting for the

expected catalytic applications. Comparison of the obtained experimental data of the

growth velocity of DBM-like deposit with the theoretical predictions from [44], leads

to a good agreement. This confirms that the co-production of hydrogen during the FeII

reduction does not disrupt the growth of the deposit. However, other impurities like

cationic species (Hecker’s effect) can affect the deposit morphology.

The second part of this chapter present the study of the deposit fragmentation. As

a first step, the optimum operating conditions for the complete fragmentation of the

deposit are determined. Results show that the presence of hydrogen bubbles is a sine

qua non condition for the deposit fragmentation (for the applied electrical signals). Then

the study of the parameters applied to the PZT shows that:

• a square electrical signal is more efficient (final AUB ≈ 3 %) than a triangular

(final AUB ≈ 50 %) and a sinusoidal signal (final AUB ≈ 40 %);

• the higher the frequency, the more efficient the fragmentation is (AUB < 10 % in

1s for f= 4 kHz, in 3s for f= 1 kHz, in 4s for f= 0.5 kHz);

• the higher the voltage, the more efficient the fragmentation is (final AUB ≈ 3 %

for Vpp = 250 V, 10 % for Vpp = 200 V and 40 % for Vpp = 125 V.

A better understanding of the fragmentation process is then gained by the analysis

of the bubbles behavior by high-speed camera visualizations. Experiments reveal that

under the PZT vibration, the bubbles undergo different oscillating modes: breathing,

shape oscillation or splitting modes. However, only SOM and splitting bubbles are

found to induce the fragmentation of the deposit. Study of the bubbles behavior reveals

that the control parameters are:

• the frequency of the electrical signal,

• the voltage,

• the size of the vibrating bubbles.

It has been demonstrated that there is a critical radius, depending on the frequency

and the voltage (200 < Rc<500 µm for f= 4 kHz and 100 < Vpp < 300 V), above which
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the bubbles oscillation changes, from the breathing mode to the surface shape mode

(splitting mode is reached for even higher frequencies and voltages). This critical radius

decreases by increasing the frequency and the voltage of the electrical signal. This

explains why the fragmentation of the iron deposit is more efficient for high frequencies

and voltages. This destabilization from the breathing mode to the surface shape mode is

due to high displacement speeds of the bubble interface which changes the ratio between

the surface tension of the bubble (that keeps the bubble rounded) and the inertia force

of the liquid. Indeed, the Weber number ranges between 1.5 and 7.5 when the bubbles

surface is stable, and reaches values ranging between 17 and 48 for destabilized bubbles.

The displacement speed of the interface reaches a value of ≈ 4 m/s, which is high

enough to enable the fragmentation of iron branches into particles ranging from hun-

dreds of nanometers to few micrometers. TEM characterization of these particles shows

that they consist of small fragments of iron dendrites of various size. Estimation of their

specific surface reveals that despite their micrometer sizes, the specific surface is com-

parable to one of the nanoparticles of 30 nm diameter (the ratio perimeter/surface is

about 7.7×107 m−1). Therefore, one can expect that, due to their high specific surface,

the obtained suspension of iron particles shows interesting catalytic properties. It would

be interesting to test the reductive properties of this suspension of iron particles for the

decontamination of pollutants (like organic compounds or heavy metals) and to com-

pare it with the suspension of iron nanoparticles obtained by the chemical reduction of

FeII by NaBH4.

Finally, this microdevice offers interesting outlook since it offers the possibility to

apply a flow of iron precursor solution and an in situ magnetic separation. Therefore the

optimization of this process could lead to a new way for the electrochemical synthesis

of micro/nanoparticles in microchannels.
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Conclusion

The zero valent iron nanoparticles (nZVI) have been increasingly investigated in the last

20 years, particularly for their use as reducing agent in the treatment of contaminated

soil and water. They are also of great interest for the medical field due to their magnetic

properties. Among the various synthesis ways explored to produce nZVI, the sonoelec-

trochemical aqueous synthesis appears to be a promising, ecological, economic and safe

aqueous technique, specifically because it does not require any reagent. Its principle is

based on the electrochemical formation of zero valent iron on a conductive substrate;

the ultrasonication is then used to remove the deposit from the substrate, and disperse

it into the liquid, as a suspension of particles. The cavitation phenomenon, induced by

ultrasound, is expected to induce a sufficient shear stress to overpass the adhesion of the

deposit. This specific phase of the synthesis (the removal of the electrodeposited iron)

implies the control of the balance between the forces acting on the electrodeposit adhe-

sion and those acting on its removal. Various studies have investigated the influence of

some parameters, such as the ultrasound power, the duration of the ultrasonication, the

current density and the size of the electrodeposited particles, on the deposit dispersion

as well as on the size of the nanoparticles in the resulting suspension. However, few

considerations has been given to the effect of the substrate on the deposit dispersion

process. For these reasons, the first objective of this thesis was to study the influence of

the substrate on the global sonoelectrochemical synthesis, e.g. , on the iron electrode-

position and on its dispersion under ultrasonication.

The electrochemical formation of iron has been studied under various operating con-

ditions: the electrodeposition was achieved by steady-state voltammetry and galvano-

static electrolyses, using two different precursors (FeCl2 and Mohr’s salt), at different

pH. Results highlight:
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• the early reduction of the proton H+, (E0
H+/H2

= 0 V/SHE and, E0
Fe2+/Fe

=−0.44

V/SHE)

• the spontaneous chemical corrosion of iron by H+, H2O, eventually O2.

• the formation of iron hydroxides.

The early reduction of the proton H+ affects the overall process on various points

(decrease of the Faradaic yield, formation of hydrogen bubbles, basification of the inter-

facial solution...). In addition, the proton concentration also induces the iron corrosion:

Fe+2H+ → Fe2++H2 (4.24)

Corrosion rates, ranging between 2.9× 10−12 and 7.4× 10−11 mol/s have been esti-

mated for pH varying from 3.0 to 5.3. Higher pH solutions (pH≥ 5.0) were used to

decrease the corrosion rate, however, voltammetric analyses reveal the formation of

iron hydroxides on/within the iron electrodeposit. The voltammetric study also high-

lights the importance of choosing the appropriate potential for iron electrodeposition:

electrolyses at low potentials (E< -1.4 V/SCE) also lead to the formation of iron hy-

droxides.

The electrodeposition of iron was performed on two substrate materials, gold and

vitreous carbon, exhibiting different surface energies (γAu = 27 mJ/m2 and γVC = 31.5

mJ/m2) and different roughnesses (Ra varying between 8 and 345 nm, for the VC sub-

strates). Results reveal that the substrate material, by affecting the deposit/substrate

interfacial energy, controls both the energy required for the iron deposit formation as

well as its morphology. Indeed, voltammetric study shows that a lower overpotential (≈
100 mV lower) is needed for FeII reduction on gold than on VC substrates; in parallel

SEM analyses clearly show that iron forms a 2D layer on gold, while a 3D growth is

obtained on the VC substrates. No significant effect was observed concerning the in-

fluence of the roughness, except that the deposit grows following the topography of the

substrate surface.

The second part of this study focused on the electrodeposit dispersion process. A

steady-state cyclic voltammetry has been performed under ultrasonication, using sub-

strates (Gold and VC) of different surface energies and roughnesses. Two effects of
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ultrasonication have been highlighted: the increase of the mass transfer and the disper-

sion of the iron electrodeposit induced by successive cavitation events. The crucial role

of the substrate on the dispersion efficiency was clearly established. Comparison of the

cathodic and anodic charges passed during the cyclic scans was used as tool to quan-

tify the dispersion of the deposit. Typically, on the VC substrates, Qc/Qa varies in the

range 1.6-240 when ultrasounds were applied, against 1.14-1.4 under silent conditions.

Conversely, no dispersion was observed on the gold substrate: the same ratios were

obtained under silent conditions or by applying ultrasounds, 1.08 ≤ Qc
Qa

≤ 1.31. These

results were correlated to the work of adhesion of the deposit/substrate interface, which

is 19 mJ/m2 for VC and 149 mJ/m2 for gold substrates. In fact, through its surface

energy, the substrate material controls the adhesion of the deposit on its surface and

consequently affects the dispersion process.

The dispersion of the iron electrodeposited by galvanostatic electrolyses performed

under silent conditions, has been also studied. A simple first order kinetic model

Qa/Qare f (tUS) = exp(−s.tUS) was proposed to simulate the dispersion of the electrode-

posits which appears to be a progressive process. These results also demonstrate a

significant influence of the substrate roughness on the deposit dispersion: after 5 s of

ultrasonication, 50 % of the deposit was dispersed on a rough VC substrate (Ra = 345

nm), while dispersion of the deposit was complete from a smooth VC substrate (Ra = 8

nm). In fact, increasing the roughness leads to increase the contact surface between the

deposit and the substrate, which induces a higher adhesion energy of the deposit.

To conclude, this first part of the thesis highlights the influence of the substrate on

both, the growth of the iron electrodeposit and its dispersion by ultrasonication. It has

been shown, among other, that using a substrate material of low surface energy enables

to minimize the adhesion of the deposit on the substrate and consequently enhances the

dispersion process. Thus, the best operating conditions to obtain a fast and complete

dispersion has been determined allowing the application of the sonoelectrochemical

synthesis at the large scale under satisfactory energy consumption.

This thesis also proposes a new approach for the synthesis of nZVI, using the cou-

pling of the iron electrodeposition with acoustic vibrations induced by a PZT. Instead

of removing electrodeposited iron particles (as it is the case in a typical sonoelectro-
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chemical synthesis), the idea is to form an electrochemically ramified electrodeposit,

by longer growth duration and then, to fragment it by acoustic vibrations. In this case,

the substrate has no major effect, neither on the growth nor on the fragmentation. This

acoustofluidic synthesis, performed in a high aspect ratio microchannel (Hele-Shaw

cell) enables to carried out both steps (growth and fragmentation) in a confined space,

and under controlled conditions.

The study of the iron growth in the Hele-Shaw cell has been investigated by varying

the current density and the precursor concentration. It has been highlighted that, due to

the early reduction of the proton, the growth of the iron deposit is only possible above a

certain current density (16 mA/cm2, for 3.3 <pH< 3.9 and 0.02M <CFeII < 0.1M) cor-

responding to the one required by the H+ reduction. Hydrogen bubbles are produced in

all cases, but below this threshold only hydrogen bubbles are observed. Besides, increas-

ing the current density leads to change the iron morphology from DLA to DBM. SEM

analysis reveals that, at small-scale, the granular structure of the iron branches is also

affected by the current density. More precisely, the size of the nanometric grains com-

posing the iron branches decreases by increasing the growth speed (and consequently

the current density), typically: from 500 nm to 1 µm for a growth speed of ≈ 3.6×10−6

m/s, and from 10 to 20 nm for a growth speed of ≈ 4× 10−5 m/s. The velocity of the

iron branches being homogeneous for DBM deposits, they show a regular structure.

Consequently, DBM deposits were prepared to study the fragmentation process be-

cause of their:

• well controlled shape and growth velocity

• regular structure

• fragility.

Analysis of the deposit fragmentation clearly highlights that the hydrogen bubbles

produced by the side reaction during the iron growth, is a condition sine qua non for

the deposit fragmentation. Indeed, under the vibrations of the PZT, bubbles undergo

different oscillations modes: breathing mode, surface oscillation mode (SOM), splitting

mode, depending on the frequency and the voltage of the electrical signal but also on

212



the size of the bubbles. SOM and splitting modes enable to reach high velocities of the

bubbles interface (≈ 4 m/s), inducing the fragmentation of the iron branches into a cloud

of fine particles. The parameters of the electrical signal enabling a fast fragmentation

are resumed in the following tables:

• Waveform of the electrical signal Square Triangular Sinusoidal

Final AUB 13(%) 3 50 40

• Vpp (V) 250 200 125

Final AUB (%) 3 10 40

• Frequency (kHz) 4 1 0.5

Duration of the fragmentation to reach AUB < 10 % (s) 3 10 40

Suspensions of dendrite fragments of sizes ranging between the hundred of nanome-

ters to few micrometers, were obtained. Higher voltage and fragmentation durations

could enable to reach nanosized. The dendrite fragments obtained here, show a high

specific surface: 7.7×107 m−1, which is comparable to the one of nanoparticles of 30

nm diameter.

Future prospects

• The stability and the catalytic properties of the obtained iron suspension requires

further investigation. Typically, their ability to reduce pollutants (TCE, CCl3-

CCl3, ...) could be another field to study.

• The addition of a stabilizer to the solution used for the rinse of the iron deposit,

before its fragmentation, would enable to limit the aggregation and sedimenta-

tion of the submicrometric dendrites fragments without affecting the iron growth.

However, a stabilizer could also affect the efficiency of the deposit fragmentation

by changing the viscosity of the precursor solution or the surface tension of the

bubbles. Thus, it can modify the critical size above which the bubbles undergo

SOM under acoustic vibrations.
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• Investigating the possibility to apply a flow of iron precursor and an in situ mag-

netic separation, would allow achieving a continuous production of iron particles

and could lead to the proposal of a new continuous electrochemical synthesis of

micro/nanoparticles in microchannels.
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Appendix 1

Procedure followed to count the number of stable and unstable bub-

bles as a function of their size

The procedure followed to construct the histograms shown in Figure 4.27, and 4.28,

Chapter 4, is described below.

• For each operating condition (f = 4 kHz - 120V<Vpp<250V or Vpp = 250 V -

100Hz<f<4kHz), six pictures of the fragmentation video, representative of the

whole process, are selected as it was shown in Figure 4.25, Chapter 4 (picture

shown below as reminder)

• For each picture, the number of stable and unstable bubbles are counted, and their

size determined. If the bubbles do not show a rounded shape, their maximal and

minimal diameter are measured, and, the average of these two values is used.

• For each operating condition, the portion of stable and unstable bubbles are clas-

sified by their size domains.
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Figure 37: Six pictures representative of the fragmentation process of a DBM deposit
(i = 80 mA/cm2, 0.1 M FeCl2), induced by the PZT vibrations (f = 500 Hz, Vpp = 250
V, Square signal).
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Appendix 2

Estimation of the maximal displacement speed of the bubble inter-

face

The displacement speed of a bubble interface is determined by an image processing

using the grey level of the bubble pictures throughout the oscillation.

1. An axis, from the middle of the bubble and crossing the bubble interface is set

(Figure 38, 1).

2. The evolution of the grey level along this axis enables to determine the position

of the bubble interface, R(t): it corresponds to the minimal value (Figure 38, 2).

3. Thus, the position of this minimal value is recorded and plotted as a function of

time (Figure 38, 3).

4. The displacement speed is determined plotting dR(t)
dt

as a function of time (Figure

38, 4); the maximal displacement speeds correspond to the maximal values of this

curve: max
(

dR(t)
dt

)

= vmax
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Figure 38: Process to determinate the displacement speed of the bubble interface during its oscillation: 1) picture of a bubble
trapped in the Hele-Shaw cell and, in red, the axis along which the bubble interface displacement is measured, 2) grey level
measured along the red axis allowing to determine the bubble interface position (minimal value), 3) position of the bubble
interface along the axis as a function of time, 4) Displacement speed of the bubble interface as a function a time.
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Electrosynthèse assistée par ultrasons de nanoparticules de fer zéro-valent : étude de la croissance de dépôts 

et de leur dispersion par ondes acoustiques  

La synthèse de nanoparticules de fer zéro-valent, paƌ le Đouplage des pƌoĐĠdĠs d’ultƌasoŶiĐatioŶ et 
d’ĠleĐtƌodĠpositioŶ,  est ĠtudiĠe seloŶ deuǆ appƌoĐhes. La pƌeŵiğƌe paƌtie de l’Ġtude s’iŶtĠƌesse à  l’iŶflueŶĐe 
du suďstƌat, utilisĠ pouƌ l’ĠleĐtƌodĠpositioŶ, suƌ la ĐƌoissaŶĐe des dĠpôts de feƌ et suƌ leur dispersion par 

ultƌasoŶiĐatioŶ. L’ĠŶeƌgie iŶteƌfaĐiale aiŶsi Ƌue l’ĠŶeƌgie d’adhĠsioŶ du dĠpôt suƌ le suďstƌat ;𝛾𝐹𝑒/௦௨௕௦௧௥௔௧  

et 𝑊𝐹𝑒/௦௨௕௦௧௥௔௧  ƌespeĐtiveŵeŶtͿ ĠtaŶt ƌeliĠes à l’ĠŶeƌgie de suƌfaĐe et à la ƌugositĠ du substrat, un intérêt 

particulier a été porté à ces deux propriétés. Ainsi, deux matériaux présentant des énergies de surface 

diffĠƌeŶtes, l’oƌ ;AuͿ et le ĐaƌďoŶe vitƌeuǆ ;VCͿ, aiŶsi Ƌue des rugosités différentes ont été testés. Un 

développement théorique basé sur les interactions de Van der Waals a permis de démontrer que  𝛾𝐹𝑒/𝑉𝐶 >𝛾𝐹𝑒/𝐴௨ Đe Ƌui suggğƌe uŶe ŵeilleuƌe affiŶitĠ du dĠpôt de feƌ aveĐ l’oƌ Ƌu’aveĐ le VC. Cette diffĠƌeŶĐe iŶflueŶĐe 
la ŵoƌphologie ;ĐƌoissaŶĐe ϮD suƌ oƌ et ϯD suƌ le VCͿ ŵais aussi l’adhĠsion des dépôts. En effet, les expériences 

ƌĠalisĠes pouƌ Ġtudieƌ l’effet des ultƌasoŶs suƌ le dĠpôt de feƌ ƌĠvğleŶt uŶe dispeƌsioŶ du dĠpôt pƌogƌessive et 
Đoŵplğte pouƌ le Đas du VC aloƌs Ƌu’auĐuŶ dĠtaĐheŵeŶt du dĠpôt Ŷ’est oďteŶu eŶ utilisaŶt l’oƌ. La seĐoŶde 

paƌtie de l’Ġtude est ĐoŶsaĐƌĠe à la sǇŶthğse de ŶaŶopaƌtiĐules de feƌ par une nouvelle approche : 

l’ĠleĐtƌodĠpositioŶ de dĠpôts de feƌ ƌaŵifiĠs est ĠtudiĠe daŶs uŶe Đellule de Hele-Shaw intégrant un élément 

vibrant (diaphragme piézoélectrique) permettant à la fois la formation de dépôts de fer et leur fragmentation. 

Les eǆpĠƌieŶĐes ŵeŶĠes ƌĠvğleŶt Ƌue les ďulles d’hǇdƌogğŶe, foƌŵĠes loƌs de la Đo-réduction des protons libres 

duƌaŶt l’ĠleĐtƌodĠpositioŶ du feƌ, iŶflueŶĐeŶt foƌteŵeŶt le pƌoĐessus de fƌagŵentation. En utilisant des hautes 

fréquences et amplitudes de vibration du PZT, les bulles d’hǇdƌogğŶe oscillent avec des déformations de 

surface. Celles-ci génèrent des vitesses d’iŶteƌfaĐe suffisaŵŵeŶt hautes ;≈ ϰ ŵ/sͿ pour permettre aux bulles de 

fragmenter des dépôts ramifiés en particules de fer, de tailles comprises entre 1 µm et 100 nm, et présentant 

une grande surface spécifique due à leur morphologie dendritique. Cette deuǆiğŵe paƌtie de l’Ġtude permet 

d’ouvƌiƌ la voie à uŶe Ŷouvelle teĐhŶologie de fabrication des nanoparticules. 

Mots clés: nanoparticules de fer zéro-valent, sonoélectrochimie, énergie interfaciale, croissance ramifiée, 

oscillations de bulles 

Ultrasounds assisted electrosynthesis of zero valence iron nanoparticles: study of the deposit growth and 

dispersion by acoustic waves 

This study concerns the coupling of the ultrasounds with the electrodeposition process for the synthesis of 

zero-valent iron nanoparticles; it is structured in two sections. The first focuses on the electrode substrate used 

for the iron electrodeposition and aims to determine its influence on both the deposit growth and its 

dispersion by ultrasonication. The interfacial and the adhesion energies of the deposit on the substrate 

(𝛾𝐹𝑒/௦௨௕௦௧௥௔௧𝑒 and 𝑊𝐹𝑒/௦௨௕௦௧௥௔௧𝑒  respectively) being related to the surface energy and the roughness of the 

substrate, a particular focus is put on the influence of these two properties. Thus, two materials of different 

surface energies, gold (Au) and vitreous carbon (VC), as well as various roughnesses, are tested. Considering 

only the Van der Waals interactions, a theoretical development has enabled to determine that 𝛾𝐹𝑒/𝑉𝐶 > 𝛾𝐹𝑒/𝐴௨ 

which suggests a better affinity of the iron deposit with the gold than with the VC substrate. This difference 

impacts the deposit morphology (2D growth on the gold and 3D growth on the VC substrate) but also the 

deposit adhesion. Indeed, experiments performed to study the effect of ultrasounds on the iron electrodeposit 

reveal its progressive and complete dispersion for the vitreous carbon case while no dispersion (no removal of 

the deposit from the electrode) is obtained with the gold substrate. The second section of the present study 

deals with the synthesis of iron nanoparticles; to this end, the electrodeposition of branched deposits has been 

investigated in a Hele-Shaw cell integrating a vibrating element (piezoelectric diaphragm), expected to allow 

both the deposit formation and its fragmentation.  Experiments reveal that the hydrogen bubbles, formed by 

the co-reduction of free protons during the iron electrodeposition, strongly influence the fragmentation 

process. Using high vibration frequencies and high amplitudes, the bubbles oscillate with surface deformations, 

inducing interface velocity sufficiently high (≈ 4 m/s) to allow the fragmentation of the deposit into particles of 

sizes ranging between 1 µm and 100 nm and showing a high specific surface due to their dendritic morphology. 

Thus this work opens the way for a new particles manufacturing technology. 

Keywords: Zero-valent iron nanoparticles, sonoelectrochemistry, interfacial energy, ramified growth, 

bubbles oscillations 
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