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Résumé

L'électrochimie bipolaire est un phénoméne générant une réactivité asymétrique a la surface
d’objets conducteurs, sans contact électrique direct. Ce concept est basé sur le fait que lorsqu’un
objet conducteur est localisé dans un champ électrique, il se polarise. Par conséquent, une différence
de potentiel est générée entre ses deux extrémités, et peut étre utilisée pour induire des réactions
redox localisées. Dans cette these, l'utilisation de I’électrochimie bipolaire pour la science des

matériaux et pour la locomotion d’objets est présentée.

Jusqu’a présent, la plupart des méthodes ou procédés utilisés pour générer des objets asymétriques,
appelés aussi objets « Janus », nécessitent I'introduction d’une interface pour briser la symétrie.
Nous avons développé une nouvelle approche basée sur I'électrodéposition bipolaire pour générer
ce type d’objet en grande quantité. Grace a cette technologie différents matériaux tels que des
métaux, des polymeres et des semi-conducteurs ont pu étre déposés sur diverses particules

conductrices. Il a été aussi démontré que I'électrochimie bipolaire pouvait étre utilisée pour la

microstructuration de substrats conducteurs.

Nous avons induit des mouvements a des objets conducteurs en exploitant le phénomeéne
d’électrochimie bipolaire. Certains objets Janus synthétisés par I'approche précédente ont pu étre
utilisés comme micronageurs. La brisure de symétrie qui est générée par I'électrochimie bipolaire
peut étre aussi utilisée directement pour générer un mouvement de particules isotropes. En
employant ce concept, nous avons pu provoquer des mouvements de translation, rotation et

|évitation pour des particules de carbones ou métalliques.

Mots-clés:

Asymétrie, Electrochimie bipolaire, Electrodéposition, Particules Janus, Micromoteurs






Abstract

The phenomenon of bipolar electrochemistry generates an asymmetric reactivity on the surface of
conductive objects in a wireless manner. This concept is based on the fact that when a conducing
object is placed in an electric field, it gets polarized. Consequently, a potential difference appears
between its two extremities, that can be used to drive localized redox reactions. In the present

thesis, bipolar electrochemistry was used for material science and the locomotion of objects.

So far, the majority of methods and processes used for the generation of asymmetric objects, also
called “Janus” objects, is based on using interfaces to break the symmetry. We developed a new
approach based on bipolar electrodeposition for generating this type of objects in the bulk. Using this
technology, various materials like metals, polymers and semiconductors could be deposited on
different types of conducting particles. We also showed that bipolar electrochemistry can be used for

the microstructuration of conducting substrates.

Motion generation by bipolar electrochemistry has also been demonstrated. Some of the Janus
objects synthesized by the previous approach can be used as microswimmers. The asymmetric
reactivity that is induced by bipolar electrochemistry can also be used directly to generate motion of
non-hybrid objects. With this concept we induced translations, rotations and levitations of carbon

and metal particles.

Keywords:

Asymmetry, Bipolar Electrochemistry, Electrodeposition, Janus particles, Micromotors
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Symbols

Symbol Meaning Usual units
A absorbance none
A amplitude cm

C concentration M

D diffusion coefficient cm?s?
d diameter or length of a bipolar electrode cm
Aeep deposit length cm

E potential Vv

E polarization potential Vv

E° standard potential of the redox couple Vv

E. anode potential Vv

E. cathode potential Vv

Eimp potential imposed between anode and cathode Vv

En mixed potential \Y

4 imposed electric field Vem®t
eff measured electric field Vem™®
F Faraday constant C mol™
Farive driving force generated on the surface of a particle N

Fret sum of the driving forces N

f frequency Hz
Gops cell conductance at the bipolar electrode vicinity S

h height cm

i current A

ie faradaic current flowing through the bipolar electrode A

ibps by-pass current A

it total current flowing through the cell A

j current density Acm?
Jo exchange current density Acm?
Ks solubility constant none
k cell constant cm™
Ko Boltzmann constant JK?t

L distance between the feeder electrodes cm

L distance between the microelectrodes cm

n stoichiometric number of electrons involved in a redox reaction none
n number of mole mol

R gas constant JK mol™
Rpe resistance of the bipolar electrode Q

Rops cell resistance at the bipolar electrode vicinity Q

Req equivalent resistance Q

r n (1 - o) for oxidation reactions or na for reduction reactions none
r radius of the bipolar electrode cm

T temperature K



Symbols

Symbol Meaning Usual units

T period s

t time s

o initial time s

ty time at which the swimmer is in its highest position s

ty time at which the swimmer is in its lowest position s

U measured potential difference Vv

AV maximum polarization potential Vv

AVnin minimum potential value to trigger electrochemical reactions at a \
bipolar electrode

V. volume of the reaction compartment mL

v speed bl st

w ring width pm

X position on the bipolar electrode m

Xa position of the anodic extremity m

Xe position of the cathodic extremity m

Xo position of the bipolar electrode where E = E, m

a charge transfer coefficient none

Y faradaic current divided by the total current none

¢ zeta potential mV

c conductivity Scmt

® angular position rad

A wavelength nm

) rotation angle rad

) angular speed rpm

e electric field transmission efficiency none

Q virtual plane none



Abbreviations

Abbreviation

Meaning

a.c.
AFM
AgNW
ATP
AP
APP

BE

BEF

bl
BODIPY
bp
CABED
CBJn]
CE
CMT
CNF
CNP
CNT
CP

CT

Ccv

d.c.
DLS
DMSO
E. coli
ECL
EDP
EDX
EG
EOF
e-paper
EPF
EPOC

FBER
GC
HAADF
HLB
HQ
HRP
ICP-MS

alternating current

atomic force microscopy

silver nanowire

adenosine triphosphate
asymmetric particle

asymmetric patchy particle
bipolar electrode

bipolar electrode focusing
bodylength

boron dipyrromethene

base pair

capillary-assisted bipolar electrodeposition
cucurbit[n]uril

capillary electrophoresis

carbon microtube

carbon nanofiber

carbon nanopipe

carbon nanotube

conducting polymer

carbon tube

cyclic voltammetry

direct current

dynamic light scattering
dimethyl sulfoxide

Escherichia coli
electrochemiluminescence
electrophoretic deposition paint
energy dispersive X-ray spectroscopy
ethylene glycol

electroosmotic flow

electronic paper
electrophoretic flow
electrochemical promotion of heterogeneously catalyzed
reaction

fluidized bed electrode reactor
glassy carbon

high angle annular dark field
hydrophilic-lipophilic balance
hydroquinone

horseradish peroxidase
inductively coupled plasma mass spectrometry



Abbreviations

Abbreviation

Meaning

ITO

JP

LED
MOON
MTMOS
MWCNT

NEMCA

NP
NT
NW
oX
PAni
PBS
PDMS
PEDOT
PEG
PEM
PEO
PMMA
PMT
PP
PPy
PS
PTFE
SAM
SC
SCBE
SDP
SEM
SEP
SERS
SFM
SPR

STEM-EDX

STM
SWCNT
red
TEM
TMAOH
TMP
TEOS
TrPA
TTIP
XRD

indium-tin oxide

Janus particle

light emitting diode

modulated optical nanoprobe
methyltrimethoxysilane
multi-wall carbon nanotube
non-faradaic electrochemical modification of catalytic
activity

nanoparticle

nanotube

nanowire

oxidant

polyaniline

phosphate buffer saline
polydimethylsiloxane
poly(3,4-ethylenedioxythiophene)
polyethylene glycol
polyelectrolyte multilayer
poly(ethylene oxide)
poly(methylmethacrylate)
poly(3-methylthiophene)

patchy particle

polypyrrole

polystyrene
polytetrafluoroethylene
self-assembled monolayer
semiconductor

spatially coupled bipolar electrochemistry
seeded dispersion polymerization
scanning electron microscopy
seeded emulsion polymerization
surface-enhanced Raman spectroscopy
surface force microscopy

surface plasmon resonance
scanning transmission electron microscopy-energy dispersive
X-ray spectroscopy

scanning tunneling microscopy
single-wall carbon nanotube
reductant

transmission electron microscopy
tetramethylammonium hydroxide
tetramethylbenzidine
tetraethoxysilane

tripropylamine

titanium(IV) tetraisopropoxide
X-ray diffraction



Preface

Bipolar electrochemistry is a phenomenon which generates an asymmetric reactivity on the surface
of conductive objects in a wireless manner. Even though this concept has been known for a very long
time, it has not been very popular for a few decades. Recently it has regained considerable attention,
especially in the field of micro- and nanoscience. The aim of the present thesis is to introduce bipolar
electrochemistry, its state of the art and to present novel applications of this phenomenon in two

domains where asymmetry is crucial.

In the first chapter, a general introduction to bipolar electrochemistry will be given, exploring
concepts such as thermodynamics and kinetics on bipolar electrodes. The theoretical aspects will be

illustrated by experimental data.

Historical aspects of bipolar electrochemistry will be briefly presented in chapter two and recent

applications in domains like analytics, electronics and material science will be reviewed.

The two following chapters, three and four, are independent and constitute the experimental part of
the thesis. The third chapter concerns the use of bipolar electrochemistry for material science and
especially for the bulk synthesis of asymmetric structures, so called “Janus” or asymmetric patchy
particles. These objects, which are generally synthetized in a one or two dimensional reaction space,
are of great importance for various applications. The interface-based synthetic approaches existing in
the literature will be briefly discussed and illustrated by the example of electron beam-induced
asymmetrical reduction. New bulk techniques, based on bipolar electrodeposition, will be presented.
The diversity in terms of structuration and material combination offered by these new techniques
will then be illustrated by different examples. Finally, we will discuss the use of bipolar

electrochemistry for the micro- and nanostructuration of substrates.

The fourth chapter deals with the development of micromotors. Asymmetry is critical in this field
which is currently a major research axis. After a brief discussion about biomotors present in nature

and the main approaches used to mimic them by synthetic concepts, we will present two approaches



Preface

using bipolar electrochemistry. The first strategy consists in using asymmetric objects that were
synthetized in chapter 3 as motors. In this strategy bipolar electrochemistry is indirectly used when
compared with the second approach, which consists in using it directly to propel isotropic objects.
Concerning the direct use of bipolar electrochemistry, two mechanisms have been developed. The
first one relies on the generation and release of bubbles and was used for translation, rotation and
levitation of bipolar electrodes. We will also present the integration of a light emitting process into
this mechanism. The second mechanism is based on a dissolution/deposition mechanism and was

named bipolar self-regeneration.

A general conclusion will be given in chapter five. Middle and long term perspectives going beyond

the two fields developed in the two previous chapters will be also discussed in this final chapter.

10



1.1. Bipolar electrode: definition

Chapter 1

Introduction to bipolar electrochemistry

1.1. Bipolar electrode: definition

The term “bipolar electrode” (BE) is employed for any object exhibiting at the same time oxidation
and reduction reactions, that is, being an anode and a cathode at the same time.? This is the first
difference with respect to conventional electrochemical experiments, where cathodes and anodes
are physically separated. BEs do not have to be mixed up with other bipolar objects that one can find
in different areas of electrochemistry, such as bipolar membranes® (membranes composed by anion
and a cation exchange parts, generally used for electrodialysis) or bipolar plates® (used for fuel
distribution in fuel cells). BEs can be objects exhibiting a chemical anisotropy, designed in order to
promote oxidation and reduction reactions at the same time under certain conditions. This concept
has been widely used with bimetallic nanorods that can be used as self-propelling particles (see
section 4.1.2. for more details),>® or enzyme-modified carbon fibers.” The bipolar behavior of this
kind of hybrid objects has also been used for unassisted photosplitting®® or as recently reported, in
fuel cells.’® In these cases, bipolar electrochemistry originates from the hybrid composition of the
objects. It is important to note that, unlike in these examples, our interest here is focused on objects
which are, in most of the case chemically isotropic and exhibit a BE behavior when exposed to an
external electric field. This kind of BE can also be found in the literature under the name of “floating

electrodes”.

11



Chapter 1. Introduction to bipolar electrochemistry

1.2. Polarization of a conducting object in an open configuration

In this section, the simple case of a conducting object immersed in a homogeneous electrolytic
solution and exposed to an electric field (between two feeder electrodes) will be considered. By
definition it is not in contact with one or both feeder electrodes (Figure 1.1a). It is important to
mention, that in this case the object is not obstructing the cell dividing it into two different distinct
electrolytic compartments. This latter case, referred to “closed” configuration as defined by

Ndungu,™* differs from the considered “open” configuration and will be discussed later in section 1.5.

a feeder electrodes ——p b E |

conducting

\ object

electrolyte

Figure 1.1 Polarization of a conducting object. a) Scheme of the considered system, a conducting
object is localized between two feeder electrodes in an electrolyte solution. b) Scheme showing the
polarization of a linear conducting object. c) Scheme showing the polarization on the 2D projection of
a spherical conducting object.

In the absence of electric field, the immersed conducing object is at a mixed potential E,,. A potential
difference Ejmp = Ea — E¢ is applied between the feeder electrodes, E, and E. being the potential of
the anode and the cathode respectively. Considering the distance between the two feeder electrodes

L, the electric field value ” is given by:

. Ea — Ec (1.1)
L

If in a first order approximation the drop of potential, which may occur at the feeder
electrode/electrolyte interfaces, and electric field distortions due to the reactions at the feeder
electrodes are neglected. The imposed potential E,; — E. drops then linearly through the electrolytic
solution. Figure 1.1b and c¢ show the solution potential distribution in the cell for two object

morphologies, one linear and one spherical, respectively. As a consequence of the presence of the
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1.2. Polarization of a conducting object in an open configuration

electric field, a polarization potential E, which is given by the difference of the solution potential
value with respect to the conducing object arises. The value of E varies along the object/solution

interface and can be calculated at a position X as: 2

E=x (1.2)

for a linear object (Figure 1.1b) and:

d
E= = cos® (1.3)
2
for a spherical object (Figure 1.1c), d being the object diameter. As shown in Figure 1.1b and c, the

maximum polarization potential difference occurs between the extremities of the object, its value,

AV can be calculated as:

AV = “d (1.4)
This value is directly related to the reactivity at the extremities of the polarized interface. Let us now
consider the same system than previously, but in the presence of electroactive species, red 1 and

ox 2, which can undergo the following reactions:

redl>ox1l+n;e (1.5)

and

ox2+n;e->red?2 (1.6)
n; and n, being the number of electron involved for each electrochemical reactions and the two
redox couples red 1/ox 1 and red 2/ox 2 having a standard potential Ef and Eg, respectively. One
can assume that the minimum potential value AVy, needed to induce reaction (1.5) and (1.6) at
both side of the polarized interface, has to be, in a first order approximation at least equal to the

difference of standard potentials of the two involved redox couples

AVpin = | EY — E3| (1.7)
(AVnin can be considered to be proportional to the energy required for red 1 to give an electron to ox
2). Indeed, if the condition AV > AV, is fulfilled, i.e. ¢ is important enough for a conducting object
with a given size (Equation 1.4), electrochemical reactions 1.5 and 1.6 can happen simultaneously at
both extremities of the object. The oxidation reaction 1.5 will occur at the anodic pole together with

the reduction reaction 1.6, at the cathodic pole. This is depicted in Figure 1.2.
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Chapter 1. Introduction to bipolar electrochemistry

bipolar electrode

Figure 1.2. Scheme showing the bipolar electrode behavior of a cylindrical conducting object
immersed in a solution containing the electroactive species red 1 and ox 2, exposed to an electric
field. In this case, the thermodynamic threshold condition AV > AV, is fulfilled.

We can say that above the polarization potential threshold value AV, the conducing object is
exhibiting a bipolar electrode behavior, promoting electrochemical reactions at localized areas on its
interface in a wireless manner. We will then always refer to it as bipolar electrode (BE) in the
following. The driving force of these reactions being the potential drop within the solution, that is,
the applied electric field between the feeder electrode, this represents another difference compared

|ll

to “conventional” electrochemistry, where the driving force of a reaction is directly controlled by the
potential of an electrode linked to a potentiostat. We are now going to discuss qualitatively these

thermodynamic aspects of BE reactions using experimental data.

In order to directly visualize the effects of the two key parameters that control the driving force of
the BE, the electric field value “and the BE length d, we decided to perform a set of experiments on
carbon graphite bars. The first series of experiments consisted in performing bipolar
electrodeposition on different graphite rods with the same length but at different ¢ values during 20
min in a 1 mM AgNO; aqueous solution. As one can see from Figure 1.3a, this led to the silver
deposition at one extremity of some rods (at the cathodic pole, which faced the feeder anode).
Figure 1.3b shows a plot of the silver deposit length dgep, as a function of AV (calculated using
Equation 1.4). Up to AV ~1.25 V no silver deposit is observed. Above this threshold, silver deposits
are formed at the cathodic pole of the BE. dgep increases linearly until 5 V, corresponding to the
polarization for which the cathodic and anodic areas reached their maximum (this aspect will be
further developed in section 1.4.). The value for which the first metal deposit is observed, AV *1.25
V, should correspond to AVpin and this can be verified by changing the length of the BE at a given ¢

value, as we will discuss in the following.
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1.2. Polarization of a conducting object in an open configuration
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Figure 1.3. Polarization of graphite rods in silver nitrate aqueous solutions. a) Optical micrographs of
carbon rods with the same length, showing in some cases a silver deposit, obtained by bipolar
electrodeposition at different electric field values. b) Graph showing the length of the deposits dgep as
a function of the polarization potential between the object extremities AV. c) Optical micrographs
showing carbon graphite rods of different lengths with a silver deposit, obtained by bipolar
electrodeposition at the same electric field value, "= 0.80 V cm™. d) Plot of the deposit lengths as a
function of the rod length. e) Cyclic voltammogram obtained using a glassy carbon working electrode
in an AgNO; 1 mM aqueous solution at 100 mV s™ (0.1 M KNO,).

For the second set of experiments, carbon rods with different lengths d were used with the same
solution than previously and ¢ was set to 0.80 V cm™. This resulted, as it can be observed in Figure
1.3¢, in different measurable lengths of dgep. Figure 1.3d shows the evolution of dgep as a function of
d. Before reaching d ~1.5 cm, no silver is observable on the rod, but after this threshold is reached,

daep increases linearly. Indeed, increasing the d value for the same ¢ will lead to a linear increase of
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Chapter 1. Introduction to bipolar electrochemistry

AV, as it is shown by Equation 1.4. The threshold rod length of 1.5 cm should then correspond to

AVnin. Application of Equation 1.4 gives the value AV ~1.2 V for this length.

Equation 1.7 states that AVpi, can be roughly estimated from the standard potential difference of the
redox couples involved in the bipolar mechanism, but a more accurate way (in terms of experimental
conditions) to determine this value, would be to perform a cyclic voltammetry (CV) experiment in the
bipolar electrochemistry conditions, using as working electrode a comparable material than the one
used as a BE. Even if it is difficult to reproduce exactly the bipolar electrochemistry conditions with
CV measurements (mainly due to the need of supporting electrolyte), one can assume that this is the
method of choice for the determination of AVni,. The obtained cyclic voltammogram is shown in
Figure 1.3e, and three waves are observable corresponding from left to right to the reduction of
silver nitrate into silver metal, followed by the stripping of the metallic silver previously deposited
and finally, the water oxidation. The oxidation occurring at the polarized carbon rod in a BE regime is
the latter one, a fact that was confirmed by the visualization of bubbles at the anodic pole (the
extremity facing the feeder cathode) during the experiments. The potential difference between this
reaction and the silver nitrate reduction corresponds to AV, and can be directly determined from

the CV. Its value, 1.26 V, is in very good agreement with the previously determined AV, values.

Pz

Bjorefors et al. studied potential distributions on millimeter long gold BEs electrodes for different -
values." The authors proposed an optical characterization of the potential gradient in a solution
containing a redox active probe. This characterization, based on surface plasmon resonance (SPR)
measurements relies on the fact that at sufficient AV, redox reactions can be induced, and thus the
local refractive index along the gold surface must change and lead to a different SPR answer linked to
the potential value at different points.’ Electrochemical characterizations of the potential gradient
were also proposed. It consisted in measuring the potential between the bipolar electrode and a
reference electrode in solution placed at different points along the BE and calculating the relative
current density in the vicinity of the bipolar electrode, proportional to the potential measured
between two microelectrodes positioned very close to the BE. Plotting the relative current and the
solution potential as a function of the BE distance was possible, leading to results in good agreement

with a simulation based on a conductivity model.*?

As we discussed, the two main important points for bipolar reactions to occur are: i) the external
electric field /“and ii) the size of the object d. The electric field is an easily controllable parameter,
which allows a fine control of the localization of the electrochemical reactions along a BE surface.
The size aspect is clearly demonstrated by Equation 1.4. A smaller object will require a more

important “value than a bigger object to become a BE, and this becomes a problem when trying to
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1.3. Estimation and measurement of faradaic and by-pass currents

achieve electrochemical reactions on nanosized objects (a topic that will be further detailed in
Chapter 3). Now that we explored some thermodynamic aspects of BEs, and we discussed the
possible methods for estimating AV, with bipolar electrochemistry and a conventional

electrochemical method, we will consider in the following some kinetic aspects of BEs.

1.3. Estimation and measurement of faradaic and by-pass currents

Let us consider an experiment where a BE is immersed into an electrolyte solution. As shown in
Figure 1.4a, the total current flowing through the cell iy is divided into two parts in the vicinity of the
BE. One fraction, iy, flows through the BE via electronic conduction to ensure the bipolar
electrochemical reactions that occur at both BE poles (Figure 1.2), and will be called faradaic current.
The other fraction, called the by-pass current ipys flows through the solution via migration of charged

species. The following relation has to be fulfilled:

itot = lpe T lbps (1.8)

We define the ratio y as the fraction of faradaic current divided by the delivered current:
v=i2 (L9)
Looking at the equivalent resistance circuit in Figure 1.4b, it is obvious that the resistance of the BE,
Rye, directly influences y. Using a high resistance solution and a very conducting BE, will minimize the

by-pass current value, ipps. Also the cell design, allowing a local resistivity increase around the BE can

help decreasing ipps.

By-pass currents have been investigated in detail, especially for the design of bipolar electrochemical
reactors (see section 2.1.). Models based on equivalent circuits™>** or current-potential curves™ have
been developed in order to estimate them. The determination of iy, can be achieved by a direct
measurement of iy using split BEs."®*” As shown in Figure 1.4c, a split BE is composed of two
conducting parts, partially exposed to the electric field and electrically connected outside the cell by
means of electrical wires. As an example, the set-up that we use is composed of two gold wires
folded by 90° with one part inside the cell and the other outside. The separation of the two wires is
ensured by fixing them with silicon paste. One can consider that the split BE experiences the same
polarization than a gold wire having a length corresponding to the distance between the extremities
of the metal wires immersed in the solution. This set-up allows a connection with an ampermeter in
series in order to easily probe iy and thus ipys (Equation 1.8). This configuration can be used for the

rapid screening of a set of different experimental conditions, which can be very useful to determine
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Chapter 1. Introduction to bipolar electrochemistry

the best operating conditions for bipolar electrochemistry. In order to illustrate the influence of

different parameters on ie and ipps, the following set of experiments has been carried out.
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Figure 1.4. Faradaic and by-pass currents. a) Scheme of the currents flowing through the cell during a
bipolar electrochemistry experiment. b) Resistance equivalent circuit for the situation depicted in
figure 1.4a. c) Scheme showing the split BE set-up used for recording currents flowing through a BE.
d) Plot of ine, obtained using a split BE (gold wire, 1 mm diameter, d = 2.7 cm), as a function of the
applied external electric field positioned in a 1 mM KNO; aqueous solution. e) Cyclic voltammogram
obtained using a gold working electrode in a 0.1 M KNO; aqueous solution at 100 mV s™.

First, the electric field influence will be discussed. Figure 1.4d shows i values obtained with a gold
bipolar split electrode immersed in an aqueous 1 mM KNOs; solution as a function of applied electric
field . Below 0.75 V cm™, no faradaic current is measured, meaning that no reaction happen at the
BE poles. When the electric field is strong enough to promote the electrochemical reactions, the
faradaic current, iy begins to flow through the BE. After reaching 0.9 V cm™, iy increases linearly
with % A linear fit of the data obtained for “> 0.9 V. cm™ intersects ip.= 0 A at /= 0.85V cm™, which
correspond to a AV of 2.3 V (d = 2.7 cm) according to Equation 1.4. As it can be seen on the CV

presented in Figure 1.4e, this value is in very good agreement with the threshold value AVy,
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1.3. Estimation and measurement of faradaic and by-pass currents

required for inducing water oxidation and water reduction at the anodic and cathodic pole
respectively (see section 1.2.). The small increase in iy, measured at ~0.75V cm™, is due to the
reduction of water coupled with the oxidation of the gold surface at the anodic pole, which occurs at

a smaller AV, as it is confirmed by the shoulder-like gold oxidation wave on the CV.
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Figure 1.5. Measurements of faradaic and by-pass currents. a) Graph showing iy and ipe as a function
of the applied electric field , obtained with and without split BEs (BEs are gold wires with different
radius r and the same length d = 2.7 cm) in an aqueous solution of 1 mM KNOs. Inset. graph showing
Ior - Ipe (black: BE with a 1 mm diameter, red: BE with a 0.1 mm diameter) as a function of applied
electric field. b) Graph showing y as a function of the solution conductance Gy,

Figure 1.5a shows polarization curves of the total current iy and the faradaic current i, determined
with and without BE in the cell. First we can note that i, obtained without BE, increases linearly with
¢, as it is controlled by the cell resistance. When a conducing object is in the cell, and ¢ is strong
enough to make it a BE, it becomes more important.'®*® Indeed, as the BE provides an easier current
pathway, the cell conductivity is increased in the presence of a BE. In this framework, Eardley et al.
developed a lumped parameter model for describing the effective conductivity of BEs.” As it is
shown on the two bottom polarization curves of Figure 1.5a, less faradaic current flows through a BE
having a smaller section because of its higher resistance, Ry.. Consequently, iy values are more
important when using a BE having a 1 mm section diameter compared to a 0.1 mm section diameter.
From the curves obtained with BE, the by-pass current ips can be determined as the difference
between iy and ie (Equation 1.8). As it is shown in the inset of Figure 1.5a, ipps is in the same order of

magnitude for the two BE sections and matches qualitatively with iy obtained without BE.

Let us now discuss the influence of ionic strength on the current ratio y, defined by Equation 1.9. As
it was previously described, increasing the solution resistance should induce an increase of y. In

order to confirm this, using a similar set-up based on a split BE, we measured iy and iy at the same
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Chapter 1. Introduction to bipolar electrochemistry

electric field value (+ = 3 V cm™) with different concentrations of supporting electrolyte (KNO5 from
0.1 mM to 1 M). For simplifying the model predicting the evolution of y, we make the hypothesis that
d ~ L (the BE extremities are almost in contact with the feeder electrodes), in this case we can write

the following relation:

1 1 1

= + —
Req Rbps Rbe

(1.10)

Where Rgq is the equivalent resistance corresponding to the parallel combination of the by-pass
resistance Ryps and the BE resistance Ry, as defined in Figure 1.4b. Combining Equation 1.9 with the

latter one gives:

1

Y= 1+ Roe (1.11)
R
bps

Using Gpps as the by-pass conductance, i.e. the cell conductance at the BE vicinity, Equation 1.11

gives:

1

= 1.12
1+ Rbe * GbpS ( )

Y

Figure 1.5b shows the evolution of y as a function of Gy (calculated after measuring the electrolytic
solution conductivities, o, using a geometrically determined cell constant, k = 1.2 cm™). As it is
expected, working with a higher ionic strength (i.e. increasing Gyps) leads to an increase of by-pass
current and thus a decrease of y. Moreover, the global trend follows very roughly a fit of Equation
1.12 setting Rep = 250 Q. This resistance value, being orders of magnitude higher than that of the BE
and the ampermeter impedances, can be explained by the charge transfer resistances of the anodic

and cathodic reactions occurring at both extremities of the BEs.

1.4. Qualitative determination of the faradaic current profile along a

bipolar electrode: the case of electron-transfer limited reaction

Kinetic aspects concerning the faradaic current that occurs along the BE are of primary importance.
Many papers have been devoted to this question and different models have been developed in order
to simulate the current profile along BEs. The model that will be used here is based on the one
published by Duval et al. for describing aluminum wafer bipolar corrosion.'® Using assumptions such
as electron-transfer limited reactions, irreversible electrochemical reactions and electric field
homogeneity around the BE, this model is in some cases far from the real experimental situation,

especially when dealing with strong electric fields and/or big BEs, but provides a straightforward and

20



1.4. Qualitative determination of the faradaic current profile along a bipolar electrode

simple method for qualitatively understanding the faradaic current profile along the BE. Let us
consider a cylindrical BE, as depicted in Figure 1.6a, with a length d and a radius r, immersed in a
solution containing two electroactive species red 1 and ox 2, which can undergo the reactions 1.5
and 1.6 at the anodic and cathodic pole of the BE, respectively. We define j; and j, as the anodic and
cathodic pole current densities. Assuming that these reactions are limited by the electron-transfer,
Butler-Volmer should apply. We define the parameters r; and r, for reaction 1.5 and 1.6,

respectively, as:

rn=n(1—-ay) (1.13)

and

T, =Ny 0y (1.14)
with a; and o, being the charge transfer coefficients for reaction (1.5) and (1.6), respectively, and n;
and n, the number of exchanged electrons, as defined in section 1.2. The dependence of the faradaic
currents on the polarization potential E can be expressed considering the two following Tafel

expressions for the anodic process (1.5) and the cathodic one (1.6),%° respectively:

J1(E) = jo1 exp [7”1 (E - Ef)] (1.15)

J2(E) = —joz exp[ "2 RT (E ES)] (1.16)
F being the Faraday constant, R the ideal gas constant, T the temperature, jo; and jo; the apparent
exchange current densities for reaction 1.5 and 1.6, respectively, the other terms have been defined
in section 1.2. E;, being the mixed potential of the BE, we define Xy as the position where the net

faradaic current is zero:

E(x¢) = Ep, (1.17)

and

jl(Em) = _jZ(Em) (1.18)

We can define now the polarization potential at X as:

E(x) —E(xg) = “(x —xg) (1.19)
Because there is no charge accumulation on the BE, the number of charges exchanged at the anodic

pole has to be exchanged also at the cathodic pole. Thus the following general condition is fulfilled:

il = - iz = ibe (1.20)
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i1 and i, being the total anodic and cathodic pole currents, respectively. As we show in Figure 1.6b
and Figure 1.6¢, Xg is the frontier between the anodic and cathodic domain of the BE. iy is then the
integral of j; over the BE section from X = Xo to x = d:

d

d
F
ij = f 2nrr jy (E(x)) dx = j 2mrjo, exp [r1 ﬁ(Em + (x —xo) —ED)|dx (1.21)
X

0 X0

and i, is the integral of j, over the BE section diameter from X = 0 to X = Xg:

i, = fx02nrj2(E(x)) dx
0

. . (1.22)
0
= —j 2Mrjo, exp [— ry—(Ep + «(x — xo) — ES)] dx
0 RT
The integration of Equations 1.21 and 1.22 gives:
) 27rjoq F F
ip = o exp [r1 ﬁ(Em — E{’)] (exp [r1 RT ¢ (d - xo)] — 1) (1.23)
rlﬁ o
and
2= 2o [ = 8] (1 e [ 7 )
by = exXp [~ T2 o= Em — L2 —exp(rz “Xo (1.24)
T g o RT RT

From these equations one can deduce that the position of X depends among others on ry, Iy, jo; and
joz'® In the special case of r1=r; and jo1 = joz the position of X, will be exactly in the middle of the rod,
that means at d/2. For every other situation, the transition from the anodic zone to the cathodic zone
is shifted in one or the other direction. An illustration of such a shift can be found in the bottom part
of Figure 1.3a where the silver deposit can be observed beyond the middle of the graphite bar. Even
if the above model provides a first understanding of the current distribution, one has to keep in mind
that it can be applied only in very rare experimental cases. Indeed, when dealing with big BEs and/or
high electric fields, the current will not be controlled by electron transfer everywhere along the BE,
but will rather be a competition between electron and mass transfer. Mass transfer will then play an
important role and in this case diffusion and/or migration of electroactive species (depending on
experimental conditions) will have to be taken in account. Finally, in practice, one has also to
consider the field distribution in the vicinity of the BE, that can be influenced by the generated
concentration gradients. More complicated models are required to predict the combined influence of

all these parameters.
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Figure 1.6. Current profiles along a cylindrical BE. a) Scheme of the cylindrical BE and the
electrochemical reactions considered in section 1.2. b) Current profile along the BE for r; = r, and
jo1 = Joz- €) Current profile along the BE for ry > r; and jor > joo.

Others models than the one developed here have been proposed in the literature. Alkire reported
the current study at a porous BE, for a reversible reaction, under convection and without migration
of the electroactive species.”! Yen et al. proposed a Butler-Volmer current distribution for a single
bipolar sphere.”” Demonstrating that the reactions at their interface are limited by the
electron-transfer, Fleischmann et al. developed a model for diffusing bipolar spherical

ultramicroelectrodes.”***

Duval et al. also developed a current model for planar BEs undergoing
reversible and irreversible reactions, taking into account diffusive mass-transfer of electroactive
species.” In the framework of electrokinetically driven bipolar electrochemistry (a topic that will be
further developed in section 2.2.5.), they added the convection to this system and were able to

simulate concentration profiles in the vicinity of the BE.”® Later, a quantitative study for the analysis

23



Chapter 1. Introduction to bipolar electrochemistry

of an electrophoretic conducting channel acting as a BE in the presence of a reversible redox couple
was also proposed.”’ Finally, a semi-empirical method based on classic chronoamperometric

measurements for determining the current density profile along a BE was proposed by Mavré et al.?®

1.5. The case of closed bipolar electrochemistry

Ill

In constrast to all previously described situations, we will call “closed bipolar electrochemistry” the
situation when the BE totally obstructs the cell in such a way that it is divided into two independent
compartments (Figure 1.7a).***® Although the situation is rarely encountered in the field of
nanoscience, it differs from the “open” configuration and has several advantages. First, the fact that
no by-pass current can exist is very advantageous especially in domains where high efficiencies are
required. Secondly, playing with parameters such as the BE material®® or its geometry,” the ratio
between the polarization potential between the BE extremities, AV and the potential difference
imposed at the feeder electrodes can be strongly increased when compared to the open
configuration. In the extreme case almost the entire potential drop will occur between the BE
extremities. Finally, the cell being separated into two independent compartments, the closed

configuration can be used to physically separate the bipolar reduction mixture from the oxidation

one if one wants to insulate reaction products or reactants.
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Figure 1.7. Closed bipolar electrochemistry. a) Scheme of a closed bipolar electrochemical cell.
b) Scheme of the bipolar nanoelectrode used by Guerrette et al.in reference (29).
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In the context of closed bipolar electrochemistry, Guerrette et al. recently described the use of
bipolar micro- and nanoelectrodes for voltammetric studies.”’ As depicted in Figure 1.7b, their
bipolar nanoelectrode was made of a carbon fiber sealed in a capillary tip. Different electroactive
species where introduced inside the capillary and in the outside reservoir. One can consider that the
total applied potential difference between the reference electrodes is restituted between the carbon
BE extremities. The obtained steady-state current-potential curves have been interpreted by the
coupling of reactions 1.5 and 1.6.”° The closed configuration has also been used for probing
molecular mechanisms. Indeed, this kind of cell can be used to study electron exchange between an
oxidant and a reductant when physically separated and/or solubilized in different media. The
current-voltage curves obtained with such a set-up coupled with a bipotentiostat was used to obtain

31,32

information about electroless plating mechanisms and interfacial electron-transfer.®
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Chapter 2

State of the art of bipolar electrochemistry

2.1. Well-established applications of bipolar electrochemistry

2.1.1. Technologies for electrochemical reactors

Since the seventies, bipolar electrochemistry has been used intensively for designing electrochemical
reactors. The development of this area generated a strong gain of knowledge in this field and is still
until now the most relevant industrial application of BEs (with the bipolar batteries, see next
section). Due to a number of advantages that BEs offers with respect to monopolar electrodes, many
electrochemical reactors based on bipolar electrochemistry concepts have been patented. We will

now explore some strategies explored for the design of such reactors.

Even if in some cases, by-pass currents can decrease the reactor efficiency, the high active area and
the wireless aspect that provides bipolar electrochemistry makes bipolar electrochemical reactors
powerful tools for many industrial applications. The most conventional bipolar electrochemical
reactors are based on BE stacks between feeder electrodes in open or closed configurations, as
shown in Figure 2.1a. A strong advantage of this configuration resides on the absence of by-pass
current (see section 1.5.). Until 30 BEs can be found in industrial stacks' and the BE morphology can
vary from simple plates,” and perforated plates® to porous conductive membranes’. The spatial
arrangement of BEs has been adapted for specific applications such as gas-liquid electrosynthesis® or
fused salt electrolysis.® These bipolar reactors have been used for different purposes, among which

one can cite electrodegradation of organic compounds? and zinc electrowinning from chloride melts.’
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Figure 2.1. Bipolar cells. a) Scheme of a typical stack of a bipolar cell, inspired from reference (1).
b) Scheme of a bipolar trickle bed, inspired from, inspired from reference (8).

In order to further increase the active surface area, bipolar packed-bed reactors, have also been
developed. In this case, the BEs are usually composed of millimeter or sub-millimeter sized
conducting objects packed in an arranged or a random manner.’ These “packs” are most of the time
electrically insulated from each other, as shown in Figure 2.1b, by using insulating spacers such as
polymer nets for example.®™® The individual bipolar particles themselves can also be insulated one
from another by covering them partially with an insulating material (Figure 2.2a) or totally covered
by an insulating mesh (Figure 2.2b). Another interesting approach, illustrated in Figure 2.2c, is based
on the use of a bed of conducting spherical particles separated with insulating ones."" It has been
shown that in some cases, bipolar electrochemical effects can arise for single packed particles when
in physical contact with each other and with the feeder electrodes,'® this has been shown for

2 Most likely the high electrical resistance at

example with manganese alloy particle stacks.
interparticle contacts is the cause of their bipolarity. The reactors using this technology, combined
with circulating fluid, such as the one depicted in Figure 2.1b, are called bipolar trickle bed reactors.
Their use for applications such as production of potassium permanganate,’? epoxydation of

propylene,** furan methoxylation® and removal of metal cations from water™ have been reported.

28



2.1. Well-established applications of bipolar electrochemistry

non-conductive
mesh

a conducting b

particle

bEdiol conducting

particle

2 W
QQ@'g 592
» @ @ #
Q } Qg graphite particles
E»' ~ @
Sguo RS
Bl

Figure 2.2. Bipolar beds. a) Bipolar particles insulated from each other using a band of non-
conductive material. Adapted from an original drawing of patent (10). b) Bipolar particles insulated
from each other using a non-conductive mesh. Adapted from an original drawing of patent (10).
¢) Graphite conductive beads separated by insulating glass beads. Adapted from an original drawing
of patent (11).

The example of fluidized bed reactors (FBERs) is very interesting within the context of bipolar
electrochemistry. Those beds are suspensions of particles (usually conductive) in motion, as shown
in Figure 2.3b. The particles are then in intermittent contact with the feeder electrodes and with
each other. Research on this reactor type has been widely developed in the seventies, since their use
provides advantages for several industrial electrochemical processes,*® such as electrodeposition on
powders (see Figure 2.3a).”” Plimley and Wright studied theoretically and experimentally the bipolar

18

mechanism for FBERs,”™ which were previously mainly considered as monopolar reactors. This

mechanism allowed to explain anomalous results, and was experimentally confirmed by Lee et al."
Before those reports, Fleishmann et al. already took advantage of bed bipolarity for designing bipolar
FBERs.?®* It is interesting to note that one of the special features of this system is that due to the BE

rotation, the anodic poles become cathodic and vice versa, leading to a self-cleaning action®*** that
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could be very useful for certain uses in electrosynthesis. Applications of bipolar FBERs can be found

in sea water electrolysis for hypochlorite production,®** hypobromite production,’®** dimethyl

secabate synthesis,”* and copper deposition.”

electrolyte outlet

b
feeder
electrodes I

bipolar
electrode

electrolyte inlet

Figure 2.3. Fluidized bed electrochemical reactor. a) Optical micrograph of AgSns particles coated
with silver in a monopolar FBER, reprinted from reference (17). b) Scheme of a bipolar FBER.

It seems interesting to note that, unlike in all the previously reported applications where BEs are just
a way to increase the active surface, BEs can act in some cases as an important part of the process
from a chemical or a physical point of view. This is the case in applications such as defluorination of

26,27

water by electrocoagulation using aluminum BEs in a bipolar reactor, copper dissolution in a

bipolar FBER?® and dissolution of packed nuclear fuels.?

The last part of this section differs fundamentally from the previous ones from a purely mechanistic
point of view. Non-faradaic electrochemical modification of catalytic activity (NEMCA),* also called
electrochemical promotion of heterogeneously catalyzed reaction (EPOC)* is a process involving a
solid electrolyte (usually yttria-stabilized zirconia or SAl,03) modified at one extremity by one
catalyst metal layer and a non-catalyst metal layer at the opposite extremity. In conventional NEMCA
processes, the metal layers are connected to a generator which makes the catalyst layer a working
electrode and the non-catalyst layer a counter-electrode. In the presence of adequate reactants, it
has been shown that the catalytic efficiency could be enhanced several hundred times, when
compared with the open circuit one,** which cannot be explained by the faradaic currents. Up to
now, NEMCA has been tested on hundreds of reactions, and even if the mechanism is still under

investigation, it seems mainly due to the electrochemically induced spillover of the transported ionic
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species from the solid electrolyte to the catalyst interface.>*** The NEMCA protocol has been
transposed to bipolar electrochemistry, where isolated metal catalysts disposed on solid electrolytes
act as BEs. The NEMCA effect in a bipolar configuration was first observed for the oxidation of
ethylene using a single Pt bipolar catalyst.>* Several spatial configurations were then tested to use
several bipolar catalysts at the same time.*® The same reaction was also achieved with dispersed
RuO, bipolar catalysts.>* More recently, Xia et al. reported the use of Pt nanoparticles (NPs) dispersed

on yttria-stabilized zirconia as bipolar catalysts for the promotion of CO combustion.*>*

2.1.2. Bipolar batteries
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Figure 2.4. Scheme of the electrode arrangement in a bipolar battery.

Decreasing the number of electrical connections in batteries by using BE stacks instead of using
monopolar electrodes allows minimizing power losses due to ohmic drop (especially in a closed
configuration, see section 1.5.). In this context, many battery technologies have been adapted to the
bipolar configuration. This has been the case for lead-acid,*”® nickel-metal hybrid,>***° Li-ion,** Li-

434 7n-polyaniline® and metal-air* technologies. As it is shown in Figure 2.4, the

polymer,** metal-H,,
BEs are generally composed by sandwiching a negative electrode plate, an electrically conductor
plate and a positive electrode plate, and are electrically insulated from each other using separators.
Many battery designs, BE morphologies and spatial arrangements have been proposed, as it can be

seen in several patents.*’®
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2.2. Recent applications of bipolar electrochemistry

2.2.1. Corrosion and bipolar electrochemistry

The anodic pole of a metal BE can obviously be oxidized, leading to its localized dissolution, especially
for a non-noble metal. Duval et al. studied this phenomenon on centimeter-sized and few hundred
nm thick aluminum wafers submitted to external electric fields.”” The reported polarization curves
exhibited two regimes corresponding to two different behaviors of the aluminum wafers. Indeed,
similar to our data reported in section 1.3. (Figure 1.5), for the lowest " values, the currents were
found to be proportional to the electric field, showing the ohmic contribution of the cell. Above a
certain threshold value the current increased exponentially with /~ due to the apparition of the
faradaic current flowing through the BEs. This threshold value of * corresponds to a AV of
approximately 1.5 V between the poles of the bipolar electrode, which is in good agreement with the
AVnin for water reduction at one side and the aluminum oxidation at the other side. Of course,
because of this dissolution, AV, that is dependent on the length of the bipolar electrode (see section
1.2., Equation 1.4) decreases with time, leading to a logarithmic decrease of the wafer length as a
function of time.* Direct industrial applications of this metal-dissolution process induced by bipolar
electrochemistry have already been proposed for copper®® and nuclear fuels® a few decades ago,
and have been used recently for optical sensing (see section 2.2.3.2. for description and related

references).

Instead of being directly used for the dissolution of BEs, the polarization of metal objects can give
very useful information about their intrinsic resistance towards corrosion. The polarization resistance
method is a commonly used technique for measuring the resistance of a metal towards corrosion but
it requires a direct electrical contact of the studied object. Andrade et al. reported the contactless
determination of the polarization resistance of a centimeter-sized metal BE immersed in an
electrolyte under d.c. conditions.”® Their proposed resistance equivalent circuit allowed extracting

this value from chronopotentiometric measurements in a four electrode cell.”

More recently,
Keddam et al. reported the simulation of potential and current fields for a bipolar piece of metal in
an a.c. regime and demonstrated experimentally the utility of impedance spectroscopy
measurements for extracting corrosion characteristic data in a wireless manner.”* The technique was
used to probe the polarization resistance of carbon steel in different media with various ionic

51,52

strengths including mortar, and gave results close to those obtained with the classic three-

electrode method where the metal was electrically connected. This new technique might be of
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primary importance for building new-generation probes for the non-contact sensing of steel-bar

corrosion in concrete.
2.2.2. Concentration and separation in miniaturized devices

Separation, preconcentration or concentration enrichment techniques are often required for
increasing the sensitivity of detection systems. One of the most used separation system,
electrophoresis, requires the use of high electric fields, so provides a good environment for
performing bipolar electrochemistry. In electrophoresis, the solution containing a mixture of charged
species is submitted to an electric field within a capillary or a microchannel, (see section 3.5.1. for
more details). The ion motion is controlled by the synergetic action of two forces, one being due to
the electrophoretic flow (EPF) and the other due to the electroosmotic flow (EOF). Their combination
drive the separation of the species. Applications of BE in such miniaturized systems for concentrating
and separating analytes have been the subject of numerous recent papers that are discussed in the

following.

Concentrating analytes using a BE in a capillary electrophoresis (CE) set-up was first reported by Wei
et al.>® In their process, Pt wires were inserted in a CE fused silica capillary and CE experiments using
fluorescence detection were carried out either with cationic or anionic analytes. The presence of the
Pt wire led to a concentration increase of the analyte and improved the fluorescence detection signal
intensity. On-capillary fluorescence imaging experiments were performed in the vicinity of the Pt
wire. It has been shown that the flow of a neutral species such as coumarin 334 was not influenced
at the Pt wire. In contrast, the flow of a negatively charged fluorophore was very much affected at
the wire, leading to an increase of its concentration. This phenomenon was explained by a
mechanism based on the pH variation caused by water electrolysis half-reactions occuring at the Pt
wire extremities.>® Consequently, an acid gradient at the anodic pole appears, simultaneously with a
hydroxide gradient at the cathodic pole (see section 3.6.4. for more details about the mechanism).
The analyte charges being strongly affected by pH, their electrophoretic mobility is influenced by
these gradients at the bipolar electrode edges, leading to their accumulation.”® Because this method
strongly depends on parameters such as the analyte’s pK, and the pH of the medium, its versatility is

limited.>*
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Figure 2.5. Bipolar electrode focusing. a) Schematic representation of the local axial electric field
adjacent to the BE cathodic pole when the BE is active (solid line) and when inactive (dashed line).
The net velocity vectors are shown at three locations for an anionic species under the combined
force of electromigration and convection, adapted from reference (55). b) Top: fluorescent
micrograph showing the separation of three anionic species, BODIPY disulfonate (BODIPY®), 8-
methoxypyrene-1,3,6-trisulfonic acid (MPTS?*) and 1,3,6,8-pyrene tetrasulfonic acid (PTS*), in 5 mM
TRIS buffer within a pluronic acid-modified channel. Bottom: Plot of enrichment factor vs axial
location corresponding to the top picture; reprinted from reference (56).

Another concentration and separation method based on the use of a BE has been recently reported

°*%%% In this technique, namely bipolar electrode

and intensively developed by Crooks’ group.
focusing (BEF), a gold BE or a split-BE (see section 1.3.) is located in a glass-polydimethylsiloxane
(PDMS) microchannel filled with a low-concentrated buffer solution of the analyte. The first
experiments were performed with boron dipyrromethenedisulfonate (BODIPY disulfonate) in Tris—
HCl buffer. Electric fields were applied between two external compartments and the BODIPY
disulfonate flow along the microchannel was recorded, revealing its concentration close to the BE's
cathodic pole.** The latter molecule being highly acidic, Wei’s>> mechanism could not explain this
phenomenon, which was rather rationalized in terms of electric field redistribution at the BE vicinity.
Indeed, neutralization of TrisH" ions close to the cathodic pole by the OH™ produced by water
reduction leads to a conductivity decrease and thus a local electric field increase at the cathodic pole
as demonstrated by simulation.® The tracer flow, which is initially dominated by the EOF, driving it
from the reservoir containing the anode to the cathode, will be strongly influenced at the cathodic
side of the bipolar electrode due to the locally increased electric field. As it is represented in Figure
2.53, in this microchannel region, the EPF will increase, which decreases the BODIPY mobility, until
stopping it at the point where the EOF is fully balanced by the EPF.>® The effect of parameters such as
applied electric field, flow rate, buffer concentration, tracer concentration and surface treatment of

the microchannel walls, on the local electric field profile, the enrichment position and the
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55
l.

amplification factor have been studied in detail.” As shown in Figure 2.5b, using this technique,

three anionic dyes having different electrophoretic mobilities could be separated from a mixture.>®

This concept has also been adapted for the filtration of charged species.”® In this application, no
buffer is used, which results in an increase of the conductivity at the BE edges. The resulting electric
field gradient has been used to deplete anions and is expected to be effective for any charged
species: molecules, biomolecules or NPs.*® Concentrating and separating analytes with BEs is a new
concept, and due to its efficiency and simplicity, this process seems very competitive compared to
other classic separation and concentration procedures, especially for applications in microfluidic
devices. Moreover, it has been shown that electrochemical monitoring of the enrichment can directly
be coupled to BEF, which makes it even more attractive.® Indeed, the conductivity depletion at the
BE cathodic pole during BEF, directly increases the polarization voltage AE between the BE
extremities. This driving force amplification, which corresponds to the enrichment process, leads to
an increase of the faradaic current iy, that can be directly measured using a split BE connected to an

amperemeter (see section 1.3.).%°
2.2.3. Sensing with bipolar electrochemistry

2.2.3.1. Electrochemical detection

As discussed above, due to the intrinsic requirement of high electric fields, electrophoresis provides
very favorable conditions for bipolar electrochemistry, and in addition to the applications concerning
analytes separation, it can also be used for their detection. Amperometric detection of redox active
molecules under CE conditions has been shown by Klett et al.®* They used two 10 pm-spaced gold
microbands located at the capillary outlet, positioned perpendicular to the field direction and set in a
split BE configuration. The influence of the applied electric field on AE was studied. It was found that
electric fields superior to 3 kV m™ were sufficient to reach mass-transport controlled conditions for
K,sFeCNg oxidation and simultaneous K;FeCNg reduction at the microband extremities in a solution
containing these two analytes. At this electric field, the measured currents were found to be
proportional to the redox couple concentration for solutions having the same conductivity. A 100 uM

detection limit was reached using this set-up.®

Ordeig et al. reported a similar technique using a microfluidic channel.®

The set-up consisted in a
PDMS microchannel, that was positioned on an array of several 20 um wide microbands. The
microbands could be set as split BEs by a connecting two of them. The liquid flow within the
microchannel was controlled by a syringe pump and the electric field was imposed between two

external feeder electrodes. Simulations and preliminary studies of the influence of flow rate on the
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current were performed and the procedure was tested with analytes such as ferrocyanide,
ferricyanide and ascorbic acid. For the same ascorbic acid concentration, similar limiting currents
were observed for distances between the electrodes ranging from 50 to 260 um, which leads to the
conclusion that in these three configurations, the current value is driven by the electroactive species
concentration. These limiting currents were found to increase with increasing the ascorbic acid
concentration and the electrochemical detection was possible for concentrations down to at least 50

uM.&2

2.2.3.2. Optical detection based on dissolution

Crooks’ team reported an original optical sensing method based on BEs.**%

The concept is based on
the indirect detection of an electrochemical reaction based on the dissolution of the anodic pole of a
BE. As previously discussed in section 1.4., the faradaic cathodic and anodic rates must be equal.
Estimating the electrodissolution of a metallic anodic pole of a BE, one can then detect an analyte
that is reduced at the cathodic pole.®*® First, the Ag dissolution caused by the reduction of a
sacrificial oxidant, p-benzoquinone was studied using a split bipolar electrode configuration (see
section 1.3.). The charge passing through it could be measured and was found to be correlated to the
remaining length of the bipolar electrode.®® As shown in Figure 2.6a, a more complex DNA sensing
platform has then been set up. The cathodic pole of a Au/Ag BE was modified with an oligonucleotide
exposed to the complementary biotin-modified oligonucleotide tagged with an avidin-
functionnalized horseradish peroxidase (HRP). In presence of H,0, and tetramethylbenzidine (TMB),
the HRP catalyses the H,0, conversion, while simultaneously oxidizing the reduced form of TMB.
Under the influence of a sufficient external electric field, the oxidized TMB can be reduced at the BE
cathodic pole while Ag gets oxidized at the anodic pole, probing the hybridization step (Figure
2.6b).%
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Figure 2.6. Dissolution for detection. a) Scheme of the DNA sensing platform using silver at the
anodic pole of a BE. Adapted from reference (63). b) Optical micrograph showing the sensing
platform composed by a set of three BEs after 90 s in the electric field: only the middle one has been
modified with the oligonucleotide, while the two others are covered with 6-mercaptohexanol.
Adapted from reference (63). c) Scheme of the sensing platform used for screening oxygen reduction
electrocatalysts. Adapted from reference (64). d) Optical micrograph showing the sensing platform
composed by a set of three BEs that contain different electrocatalysts at their cathodic poles (right
side) after 730 s under the electric field. The width of each silver microband is 15 um. Adapted from
reference (64).

As depicted in Figure 2.6c, the technique can also be adapted for screening electracatalysts as it was
very recently reported for oxygen reduction reaction.® In these experiments, the sensing platforms
were composed of three indium-tin oxide (ITO)-based BEs, containing at their respective cathodic
poles different electrocatalysts of interest, and their anodic poles were composed of silver
microbands physically separated but electrically connected. The catalytic activity of dendrimer-
encapsulated Au and Pt particles and bulk ITO were compared using this platform. After exposure for

a certain time to the electric field, the efficiencies can be compared just by counting the number of
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remaining silver microbands (Figure 2.6d). The results were found to be in very good agreement with
data obtained by CV experiments and the number of dissolved microbands was found to be
proportional to AVnin (see section 1.2.).°* This simple technique provides an efficient way for
detecting electrochemical events visually and because no special optical readout is required, very
simple and cheap equipment can be used. Moreover, the sensitivity can be easily tuned by playing

with the silver layer thickness.®

2.2.3.3. Optical detection based on electrogenerated

electrochemiluminescence

Electrochemiluminescence (ECL) is a light emitting process generated by electrochemical means. ECL
systems often use ruthenium trisbipyridyl (Ru(bpy)s;**) as the light-emitting species and an amine,
such as tripropylamine (TrPA), as a co-reactant. ECL is based on the following mechanism: at

approximately 1.1 V vs Ag/AgCl, Ru(bpy)s>" and TrPA get oxidized to form Ru(bpy)s*" and TrPA™.

+

TrPA™* deprotonates and a subsequent electron transfer from TrPA" to Ru(bpy);®* causes the
formation of the excited state Ru(bpy)s®*. Its high specificity, sensitivity and the fact the direct
optical readout can be performed with a CCD camera, makes this technique a tool of choice for
analytical detection. ECL is generally performed in conventional, three-electrode electrochemical
cells, but its convenience makes it powerful for collecting information on processes occurring at BEs.

> microfluidic integrated circuits®® (see

ECL BEs have been employed for electric field mapping,®
section 2.2.4.), and analytics as described below. It has also been used in the framework of this

thesis, as it will be presented in section 4.4.

The first report of an ECL-detection technique based on bipolar electrochemistry was presented by
Arora et al.®’ As shown in Figure 2.7a, their approach consisted in integrating an U-shaped platinum
BE in the separation channel of a glass chip for electrokinetic chromatography. During the separation
process, that occurred with electric fields in the kV m™ range, one leg of the Pt BE was the cathodic
pole where reactions such as O, or H,0 reduction occurred, while the other leg was the anodic pole
where the ECL took place. The detection of two ECL-active ruthenium complexes was achieved by
observing the emitted light at the BE anodic pole. Detection limits in the pM range could be
obtained. Another experiment consisted in separating and detecting three amino acids (ECL co-
reactants, as discussed previously) from a mixture.”’” Wu et al. used similar systems for cell

68,69

analysis. They demonstrated the inhibition of ECL by folic acid, which was explained by a

2+* 68

qguenching of Ru(bpy)s; As a consequence, ECL signal at the cathodic poles of BEs could be used
for the study of folate receptors on cell membranes.®® More recently, DNA strands tagged with silica

NPs containing Ru(bpy)s>* were covalently attached to the anodic pole of a bipolar electrode that was
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used for the detection of a specific gene in breast cancer cells.®® In this system, the reporter DNA
strands which are released in the presence of the specific analyte gene, conjugates with the DNA
strands of the BE, moving away the ECL active tag from the BE surface which resulted in a decrease of

the ECL signal.®

a  direct detection of A, O B b indirect detection of C,
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Figure 2.7. ECL for detection. a) Direct detection of analytes participating in ECL mechanism, using an
ECL BE, as reported by Manz’ group. b) Indirect detection of an oxidant, as reported by Crooks’
group.

The latter approach consists in a direct use of ECL mechanism for detection, which limits the panel of
potential analytes to the range of molecules which can actively participate in the light emitting
mechanism. Indirect detection based on ECL emission at BEs has been proposed by Crooks’ team. In
this case the ECL generated at the anodic pole of individual BEs or BE arrays located in microfluidic
systems is used to probe the reduction that occurs at the cathodic pole, as shown in Figure 2.7b.
Indeed, similar to the optical detection (section 2.3.3.2.), there is a direct correlation between
number of electrons involved in the reduction and the ECL photon flux. The first report concerned
the detection of benzyl viologen using a ECL BE.”” The effects of the length and the geometry of the
bipolar electrode were studied and the reported detection limit was in the nM range. As shown in
Figure 2.8a and b, the process was then adapted to a BE array and it has been shown that ECL could
be generated simultaneously at the cathodic poles of 1000 BEs.”* A DNA sensing plateform, based on
a 1 mm long gold microband covered with a specific oligonucleotide, was designed using this
concept.”” The hybridization with the Pt NP-labelled complementary oligonucleotide led to O,
reduction at the cathodic pole of the bipolar electrode and simultaneous ECL emission at the
opposite side (Figure 2.8c). Under the same experimental conditions, no ECL emission was observed
without hybridization.”” A theoretical framework for further understanding ECL generation at bipolar

electrodes has been reported by Mavré et al.”
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Figure 2.8. Indirect ECL detection. a) Optical micrograph of a BE array. Adapted from reference (71).
b) ECL intensity emitted at 4 kV m™. Adapted from reference (71). c) Scheme of a bipolar
electrochemical DNA sensor. Adapted from reference (72).

Another very original analytical concept, so called “Snapshot voltammetry”, based on a ECL BE has

I”* The technique consists in using a triangular-shaped bipolar

been developed by Chang et a
electrode, the BE’s tip being the anodic pole where ECL can be visualized, while the opposite edge is
the cathodic pole. This BE geometry was chosen in order to make sure that ECL is not limited by the
reduction (equivalent to using a bigger counter electrode in conventional voltammetry) and to
minimize shifting of the frontier between the anodic and cathodic sections (Xg,see section 1.4.) that
could happen when increasing the electric field. After being determined experimentally by varying
the electric field values, this position can be used as a reference point for evaluating the potential
gradient along the electrode. It has been demonstrated that half wave potentials and number of
transferred electrons can be extracted from the measurement of the ECL intensity.”* The authors

showed that values obtained with snapshot voltammetry are in good agreement with those obtained

using a classic three-electrode set-up.”
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2.2.4. Elaboration of integrated circuits and electronic devices

Bradley et al. reported the generation of electrical contacts and electronic devices based on the use
of BEs.””® Indeed, making contacts using bipolar electrochemistry instead of classical industrial
processes such as photolithography is an interesting alternative, especially when dealing with the
conception of three-dimensional microcircuits. The principle of the technique consists in applying
electric fields in a parallel fashion with respect to the alignment of two millimeter-sized copper
particles immersed in pure water.” As depicted in Figure 2.9a, the copper particles act as BEs where
reduction of water occurs at the cathodic poles and copper dissolution takes place at the anodic
poles leading to a local enrichment of copper ions in the solution. These ions migrate towards the
cathodic pole of the neighboring particle where they undergo subsequent reduction into metallic
copper. The metal growth, directed by the electric field direction leads to dendritic electric wires
connecting the two particles (Figure 2.9b).”” This technique was named spatially coupled bipolar
electrochemistry (SCBE).”® Due to their larger electrochemical windows, the replacement of water by
organic solvents allowed increasing the range of accessible electric fields.”® It was also shown that
the wire’s solidity can be increased using an electroless plating procedure after the SCBE. The
generation of connections on commercial circuit boards with this technique allowed the illumination
of light emitting diodes.®’ The process has been downscaled using micrometer-sized Cu particles’®
and a study at the sub-micrometer scale with silver revealed that, due to a lack of driving force, the
SCBE process reaches a practical limit for particles in the range of few hundreds of nanometer.®* In a
more recent publication, SCBE was employed to create diodes when allowing the electric connection

between two external copper rings with a central n- or p-doped silicon chip.®*

a cCubead Cu bead b

electric field

Cu contact

Figure 2.9. Spatially coupled bipolar electrochemistry. a) Schematic illustration of the SCBE
mechanism on copper particles. b) Optical micrograph showing the electric contact between copper
particles created by SCBE. Adapted from reference (77).
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Due to the increasing interest in microfluidic systems, signal processing in such devices is an
attractive research area and adapting classic logic-gates in a chemical way is generating a lot of
attention. After having shown that BEs could be used for coupling reactions occurring in two
different fluid channels in order to design microelectrochemical logic circuits,® Crooks’ team
developed bipolar electrochemistry-based micro-electrochemical gates and integrated circuits.?® In
this work the new notion of “active BEs” was introduced. In fact, a split BE, connected to a power
supply, allows to shift the polarization potential between the extremities of the object with respect
to the initial AV value (that is, the potential between the BE when in a “passive mode”). Considering
the generator potential as an input parameter and the ECL (see section 2.2.3.3. and 4.4.) as an output
parameter, OR, AND, NAND, and NOR logic gates have been designed.®® Because of the use of very
low voltages as input parameters, this approach might find attractive applications in lab-on-chip

devices.

2.2.5. Pressure-driven bipolar electrochemistry

This section differs from all the others in this chapter in a fundamental aspect: here the electric field
necessary for the generation of a BE is not induced by external feeder electrodes, but by an
electrokinetic phenomenon. The so-called “streaming potential” can be seen as the opposite of
electroosmotic flow (EOF). Indeed, a liquid driven through a thin layer cell or a microfluidic device
having charged walls induces a counter ion motion in the electric double layer which generates this
potential.®* Under classic conditions, the streaming potential is given by the Smoluchowski

equation.®

Duval et al. studied intensively electrokinetic phenomena arising at the interface of conducting

objects from a theoretical and an experimental point of view.*®’

It was shown that in presence of a
reversible redox couple, the streaming potentials expected from the Smoluchowski relation are far
from those experimentally determined.® This has been explained by the electrochemical behavior of
the metal substrate which, by being a BE, develops a current that flows in the opposite direction with
respect to the liquid flow. Thus, the Smoluchowski equation cannot be employed to predict
streaming potentials under such conditions.*® The nonlinear relationship between the streaming
potential and the applied pressure was quantitatively interpreted by a modified Smoluchowski
expression.®® Using this new relation with streaming potential measurements allows getting
information about the zeta potential { of the metal surface.® This has been experimentally achieved
using pyrite grains with different surface coverages of humic acid.?” Recently, using a similar concept,

Dumitrescu et al. reported the pressure-driven dissolution of the anodic silver pole of a BE immersed

in a microfluidic channel.®
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2.2.6. Macroscopic bipolar electrodes for synthetizing material gradients

Material and molecular gradients are important in applications such as biosensors, spectroscopy and
optics. Taking advantage of the polarization potentials gradient along a BE, the easy and wireless
generation of material or molecular gradients on a BE surface is straightforward. Different examples

that have been recently reported will be discussed now.
2.2.6.1. Formation of solid-state gradients

Shannon’s group developed the concept of synthesizing solid-state gradient libraries on BEs. Their
first work showed bipolar deposition of Cd, CdS and S gradients on a gold wire.® Since the deposition
potentials of Cd, CdS and S are very different, their deposition takes place at different locations on
the wire surface, in a solution containing cd** and S,0,% ions. The surface was then characterized by
Raman spectroscopy and Auger electron spectroscopy. The reduction of Cd** to Cd° started at the
cathodic pole, followed by the deposition of a stoichiometric CdS layer when moving towards the
anodic pole and finishing with an elemental S layer at even more positive anodic overpotentials.®
Using a similar mechanism, they also reported the formation of Ag-Au alloy gradients on stainless
steel substrates.” The surfaces were investigated by scanning electron microscopy (SEM) and energy
dispersive X-ray (EDX) spectroscopy, which revealed that the Ag content in atom percent at the
cathodic pole varied from 55 to 100. After the formation of a benzene thiol monolayer, surface-
enhanced Raman scattering (SERS) was evaluated along the BE, revealing its maximum effect for an

Ag atom percent of about 70, using an excitation wavelength of 514.5 nm.*
2.2.6.2. Gradients on conducting polymers

Conducting polymers (CPs, see section 3.5.3. for more information) have usually a high conductivity,
and their oxidation or reduction (coupled with the integration of counter ions present in the
medium) affect the material band gap, changing significantly their color. Inagi et al. reported the

992 |n the first publication, centimeter-long films of poly(3-

gradient doping of CP films.
methylthiophene) (PMT) were used as BEs, resulting in their asymmetric doping that could be
followed visually (see Figure 2.10a) and spectroscopically by probing the counter ions by EDX
measurements at different position on the film.” The reversibility of the process on the same
polymer was demonstrated and, as shown in Figure 2.10a, the process was extended to two other
polymers, poly(3,4-ethylenedioxythiophene) (PEDOT) and poly(aniline) (PAni).?* The local application
of the electric field on CP films was then used for their patterning.”® It was recently shown that azide-

functionalized CP BEs can be gradually modified by “click” chemistry in the presence of Cu** and an

alkine.”* As shown in Figure 2.10b, the local generation of Cu* at the cathodic pole catalyzes the
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grafting. This strategy was used for the production of polymer films with hydrophobicity and

fluorescence gradients.**

| s
M
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Figure 2.10. a) Optical micrographs showing different conducting polymers that were asymmetrically
doped by bipolar electrochemistry. Reprinted from reference (92). b) Sheme showing the “electro-
click” reaction of PEDOT-N; film and alkyne using cathodically generated Cu® species. Adapted from
reference (94).

2.2.6.3. Formation of molecular gradients

Bjorefors et al. used the polarization potential gradients at BEs for creating self-assembled

monolayer (SAM) gradients that were post-functionalized with proteins.”®

Figure 2.11. Top: line profiles obtained by ellipsometry measurements, showing the thickness of
molecular gradients obtained by bipolar electrochemistry. Line 1 shows the result of the first
desorption, line 2 is obtained after backfilling with a PEG, and line 3 represents the resulting protein
gradient. Bottom: thickness map of the protein gradient. Reprinted from reference (96).
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Millimeter long gold wafers, functionalized with thiolated mPEG SAMs were used as BEs. Under the
influence of the electric field, the SAM was toposelectively desorbed from the cathodic pole, leading
to a molecular gradient at the gold surface, which was characterized by ellipsometry. The naked gold
surface was then backfilled with another functionalized PEG, which promoted the formation of a
lysozyme gradient. As depicted in Figure 2.11, the thickness gradient values were measured by
ellipsometry and the values obtained were found to be in good agreement with the theoretical

values of the thiol and protein SAM thickness.?®

2.3. Asymmetric electrodeposition on micro- and nanoparticles

2.3.1. Monopolar electrodeposition on microparticles

One important research axis of this thesis that will be developed in the following chapter is devoted
to bipolar electrodeposition on micro and nano-particles for the generation of asymmetric particles.
The asymmetric deposition on particulate BEs was not envisaged in the early developments of
bipolar electrochemistry. Even if Lashmore et al. used a vibrating FBER for achieving metal
electrodeposition on powders®’ (section 2.1.1.) it seems that the bipolarity that could be offered by
such a system was not considered. Indeed, in this case, the reactor being mainly monopolar (the bed
being in contact with the cathode), with high particle convection rates, core shell particles were

obtained (see Figure 2.3a).

The only technique allowing the production of asymmetric particles, based on a monopolar

mechanism has been recently reported by Gong et al.”’

As shown in Figure 2.12, this technique is
based on the immobilization of Sn**-modified SiO, beads on an ITO electrode surface. After a partial
masking of the bead with a conducting polymer, ZnO wires were grown electrochemically on the
unprotected part and the asymmetric particle could be recovered after the polymer dissolution (inset

of Figure 2.12).%’
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Figure 2.12. Scheme showing the synthesis of PS microspheres with ZnO nanowires by an
electrochemical method. Inset: SEM picture of a PS/ZnO asymmetric particle, reprinted from
reference (97).
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2.3.2. Earlier works on bipolar electrodeposition with micro- and

nanoelectrodes

2.3.2.1. Interfacial bipolar electrodeposition

Prior to this thesis, several publications concerning the asymmetric bipolar electrodeposition on
micro- and nanoelectrodes have been published. It seems important to discuss those reports in order

to clearly position the work of this thesis in the context of the literature.

As discussed previously, the asymmetric reactivity that is offered BEs is a unique feature. Using it at
small scales, can allow the regioselective modification on micro- and nanoparticles, leading to the
generation of asymmetric particles. Asymmetric bipolar electrodeposition on microparticles has been
first reported by Bradley’s group, in 1999.% As shown in Figure 2.13a, their concept consists in
applying an electric field perpendicular to track etched membranes or cellulose papers with one layer
of adsorbed particles. These surfaces being used to ensure the particle immobilization during the
bipolar electrodeposition. The first publication reported the modification of micrometer-sized
amorphous graphite particles with Pd.”® In this case a Pd salt was reduced at the cathodic pole and
the solvent oxidized at the anodic pole of the particulate BEs. The modified particles exhibited a
higher catalytic activity when previously modified which a higher electric field. The same technique
has also been used to create hybrid Au/carbon/Pd micro-objects (Figure 2.13b) by exposing the
membranes to two different plating baths for two bipolar electrodeposition runs.”® Pulsed bipolar
electrodeposition was also performed for depositing Pd onto graphite powders. Field magnitudes
from 50 to 300 kV m™ and with frequencies varying from 0.5 to 10 kHz were used.” The Pd
percentage and the average surface area per gram of Pd on the modified particles was determined;
the amount of deposited Pd increased with the ¢ value, but no significant correlation between the
amount of Pd and the frequency was obtained. The particles were observed by transmission electron

microscopy (TEM) showing different types of growth.

This team also focused their attention on the modification of anisotropic carbon substrates'® such as
carbon nanofibers (CNFs), carbon nanotubes (CNTs) and carbon nanopipes (CNPs). A similar set-up
was used, but, in this case, the cellulose paper was placed parallel with respect to the electric field.
Commercial CNFs and CNTs were modified at one end with Pd using electric field values of 300 and
1000 kV m™ respectively with d.c. or pulsed fields."® In a more recent publication, CNPs were
modified with d.c. fields leading to CNPs modified with polypyrrole (PPy) at both sides, as shown in

Figure 2.13¢.'®
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Figure 2.13. Interfacial bipolar electrodeposition. a) Schematic representation of the setup used for

expanded region

bipolar electrodeposition of Pd on graphite particles. Adapted from reference (98). b) TEM of an
isolated graphite particle with Pd and Au introduced sequentially at opposite ends by bipolar
electrodeposition with opposite field directions for each metal. Adapted from reference (98).
¢) Environmental SEM image of a CNP modified at both extremities with PPy by bipolar
electrodeposition. Adapted from reference (100).

2.3.2.2. Bipolar electrodeposition in a capillary

Bradley’s work has been of major importance for the development of the technology; however, the
process had a couple of disadvantages, such as the use of organic solvents and especially the fact
that the particles had to be immobilized on a surface. As a direct consequence of this latter aspect,
the process can only lead to monolayer equivalents of modified objects, thus making an upscale to
an industrial level very difficult. Another bipolar electrodeposition technique developed by Kuhn's
group, has been reported by Warakulwit et al. in 2008.*'® This technique is based on a capillary
electrophoresis (CE) equipment and is called capillary assisted bipolar electrodeposition (CABED). As
this work was used as a starting point in the early stage of this thesis, the technique will be fully
described in section 3.5. The first reported experiments were achieved at the macroscopic level and

showed that using this technology, it was possible to selectively deposit gold at one end of a carbon
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fiber, as shown in Figure 2.14a. Bubble formation coming from water oxidation was observed at the

104
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Figure 2.14. Capillary assisted bipolar electrodeposition. a) Optical micrographs of a carbon fiber
inside a glass capillary during asymmetric deposition of gold by bipolar electrochemistry. Adapted
from reference (104). b,c) TEM pictures of MWCNTs modified by CABED with gold. Adapted from
reference (104).

Similar experiments were carried out successfully using multi-wall carbon nanotubes (MWCNTs).***

As shown in Figure 2.14b and c, the gold-modified asymmetric objects were observed by TEM and
characterized by EDX spectroscopy. The sizes of the deposit were in the order of 10 nm and
increased with the length of the MWCNT (Figure 2.14c), confirming that the deposits are due to
bipolar electrochemistry (indeed a long tube will experience a higher AV than a shorter tube,
resulting in different driving forces for the deposition). In this experiment, the MWCNTs were not
immobilized; this constituted the first bulk bipolar electrodeposition method, effective at the

nanoscale, leading to high value-added asymmetric particles.
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Chapter 3

Bipolar electrodeposition for material science: Janus particle

synthesis, micro- and nanostructuration

3.1. Asymmetric particles: definitions

Janus was one of the major roman gods and was usually represented with two faces looking in
opposite directions (Figure 3.1). Being the god of time, beginnings, endings and transitions, he was
also the god of gates and doors, hence we can still find his presence in the words “January” or
“janitor” (gatekeeper). In reference to the god’s facial features, De Gennes coined in the late eighties
the term “Janus grains”.™* He used it for describing particles that, similarly to amphiphilic molecules,
were composed of two different parts, one being hydrophilic and the other being hydrophobic. After
De Gennes’ introduction, the term “Janus particle” was usually employed for describing objects with
sizes ranging from the micro- to the nanoscale owing two different chemistries or polarities and thus,
structures exhibiting a chemical break of symmetry.** As shown in Figure 3.2a, the scientific interest
for these structures has been exponentially growing in the last decade. Asymmetry at the nanoscale
can be found in nature, a good example being hydrophobins. These proteins that are produced by
filamentous Fungi, possess a hydrophobic patch composed by chain residues of leucine, valine and
analine which occupy 20 % of their surface.> As a result of this chemical asymmetry, these proteins
exhibit a surfactant behavior which can induce their self-assembly at the water/air interface.® This
property has already been exploited for stabilizing emulsions.” In the last few years the term Janus is
increasingly employed beyond the frontiers of micro- and nanochemistry. One can find in the recent
literature publications dealing for example with “Janus macro-molecules” such as dendrimers® and
fullerenes.’ As the following chapter is focused on asymmetric particles at the micro- and nanoscale,

this topic will not be developed.
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Figure 3.1. Several representations of the roman god Janus. a) Janus on a roman coin. b) Engraving of
a bust of Janus. c) Stain glass window from Notre Dame de Paris cathedral, showing Janus. d) Statue
of Janus and Bellona in Schénbrunn palace, Vienna.

A very wide range of particles owning different chemistries and shapes are now available and their
complexity is increasing due to the variety of synthetic procedures that emerge as nanotechnology is
developing. It therefore becomes necessary to establish a precise classification that is likely to be
accepted by the scientific community.™ In this context, even if the term “Janus particle” was widely
used, Du et al. recently clarified the description of asymmetric particles.'! Based on their definitions,
we will distinguish between “Janus” and “patchy” particles. “Janus particles” (JPs) will be employed
when the object is composed of equally separated domains Figure 3.2b) in contrast to “asymmetric
patchy particles” (APPs) for systems with non-equally separated domains (Figure 3.2c). The generic

term “asymmetric particles” (APs) will be used when describing both of them.
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Figure 3.2. Janus particles and their applications. a) Histogram showing the evolution of the number
of citations concerning Janus particles during the past twelve years (data extracted from ISI web of
knowledge). b) Janus particles (JPs), isotropic (top) and anisotropic (bottom). c) Asymmetric patchy
particles (APPs). d) JPs as emulsion stabilizers. e) Electrophoretical rotation of a JP between two
transparent electrodes. f) Janus swimmer propelled by bubble generation at one side of the object.
g) Electron-hole photogeneration at a metal-semiconductor Janus interface for water splitting.
Adapted from reference (12).

Although increasing efforts are made to create different types of patchy particles (PPs),"***

symmetrical patchy particles will not be discussed, as the main focus of the present chapter is the
physico-chemical asymmetry of the particles. JPs and APPs can be isotropic or anisotropic (Figure
3.2b), they can have plenty of different shapes and be constituted of many materials, that can be
either hard or soft. A straightforward approach for producing APs, introduced by Casagrande in
1988, that is still used in many laboratories consists in immobilizing particles at an interface for
breaking the symmetry. Even if these interface-based techniques allow a very good regularity in
functionalization, they make the preparation of large quantities rather difficult because they usually

lead to monolayer equivalents of material as the modification occurs in a two-dimensional reaction

55



Chapter 3. Bipolar electrochemistry for material science

space. In its 1992 Nobel prize lecture, De Gennes already mentioned the importance of scaling-up
the production of assymmetric objects®. Obviously, for their commercialization and their use at an
“industrial scale”, bulk techniques for producing APs need to be developed. Consequently, one can

4310121526 |y the second section

notice in the recent literature intensive efforts made in this direction.
of this chapter, the properties and applications of APs will be discussed. The synthetic techniques
reported in the literature will be briefly presented in section 3.3. The experimental results will be

reported in the following sections.

3.2. Applications of asymmetric particles

3.2.1. Adsorption at interfaces and self-assembly

Because of their intrinsic heterogeneities, one of the first properties of Janus and asymmetric patchy
particles that naturally comes into one’s mind is their assembly at interfaces, and intensive work has
been carried out to observe and understand this phenomenon. De Gennes illustrated the assembly of
JPs at interfaces using the expression: “The skin can breathe”, imagining a monolayer of “Janus
grains” like a membrane with “pores” between the grains, allowing the exchanges between the two
separated media.? Organization of poly(methyl methacrylate) (PMMA) and polystyrene (PS) JPs at the
water-air interface has been observed by Xu et al.”’ and several theoretical studies have been
performed for predicting JP behavior at liquid-liquid interfaces. Binks et al. performed calculations in
order to compare the adsorption of homogeneous spherical silica particles to asymmetric ones at the
oil-water interface. It was found that by maximizing the amphiphilicity of particles, desorption
energies can be increased by a factor of three.”® Nonomura et al. estimated the adsorption energy
for ~10 um diameter Janus disks at a liquid-liquid interface as about 10%-10° kg T.” Considering these
data, in addition to the Pickering effect, which generally is related to particles in emulsions, the
strong potential for APs to be used as particulate surfactants becomes obvious (Figure 3.2d).*°
Comparable to the hydrophilic-lipophilic balance (HLB) for amphiphilic molecules, the notion of
“Janus balance” was introduced by Jiang et al. as the ratio of work to transfer a JP from the oil-water
interface into the oil phase and the work needed to move it into the water phase.? This value (that
can also be applied to homogeneous particles) is calculated with simple parameters and gives
information about the particle adsorption which can help designing efficient asymmetric particle
emulsifiers. Hirose et al. studied theoretically the adsorption of spherical submicron APs at curved
interfaces, and concluded that liquid droplets surrounded by Janus particles may be stable and can
be considered as a soft solid.>* Ruhland et al. measured interfacial tensions at liquid-liquid interfaces

using submicrometer and micrometer-sized PMMA/PS Janus disk stabilizers.*® A very nice practical
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study of micrometer-sized spherical JPs at the oil-water interface was carried out by Park et al.** It
has been shown that, in contrast to homogeneous particles, JPs were attracted to each other due to
capillary interactions generated by the irregular shape of the Janus boundary. A control of the inter-
particle interactions based on electrostatic repulsions was also demonstrated.** Adams et al. also
insisted on the importance of the quality of the Janus boundary as well as its roughness for the
adsorption at air-water and water-oil interfaces.®®> Cheung et al. used Monte-Carlo simulations with
nanometer-sized JPs and emphasized the fact that at these scales, the particles get more affected by
Brownian motion, and one has to carefully consider their orientational freedom.*® Glaser et al.
measured a considerable decrease of water-hexane interfacial tension using ~10 nm APPs compared
to homogeneous particles of similar size and chemical nature.’” The binding of Pt/Fe;0, asymmetric
nanodumbbells to WS, nanotubes was recently studied.*® Sahoo et al. showed that the soft Pt block
has a higher sulfur affinity than the harder magnetite face, driving the binding proceeds
preferentially through the Pt face. This binding preference can be reversed by masking the Pt face

with an organic protecting group.38
3.2.1.1. Particulate surfactants

Several groups used Janus and APPs as particulate surfactants. Polymeric and silica micrometer and
submicrometer-sized APPs with different morphologies were used for stabilizing emulsions (Figure
3.2d).>** Recently, more complex and very interesting systems were developed. Firstly, Tanaka et al.
showed the control of the Janus balance on mushroom-like asymmetric particles upon stimuli such as
temperature and pH, resulting in stabilization/destabilization of emulsions.*”* Secondly, Liang et al.
used tailored Janus nanosheets as particulate surfactants; modification of one side of the sheets with
paramagnetic particles allowed manipulation of the droplets with a magnetic field.*> Particulate
surfactants owning catalytic parts make them very attractive catalysts for reactions where reactants
and products are soluble in different phases.”* Such a system was elegantly presented by Crossley et

al. for improving biofuel upgrade reactions.**
3.2.1.2. Stabilizers in polymer systems

Advanced materials can be obtained by blending non-miscible polymers. In order to be successful,
the blending requires the use of compatibilizing agents, often block copolymers, which generates
several problems such as micellisation and non-specific adsorption of the agent.” In order to
overcome the problems, Walter et al. demonstrated the use of JPs as very efficient stabilizers for
PMMA and PS blends.”” Simulations were also recently performed in order to predict the

incorporation of JPs into macroscopically oriented structures of diblock copolymers.*® Interestingly, it
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was recently observed that JPs can be spontaneously generated in quaternary polymer blends.* In a
similar way JPs have been used for emulsion polymerization of PS, styrene and n-butylacrylate
without additives.”” The size of the monodisperse PS latexes that can be obtained are controlled by

the amount of added JPs.*
3.2.1.3. Water repellent

Morphologies and wetting properties of silica wafers coated with micrometer-sized spherical
asymmetric polymeric particles (hydrophilic/hydrophobic) were recently studied and compared to
the one obtained with homogeneous particles.”® Surfaces coated with homogeneous particles
showed a hydrophobic behavior, while, due to APs self-assembly into aggregates, surfaces coated
with them were super-hydrophobic.”® Kim et al. prepared microstructured JPs that were used for
conceiving flexible hydrophobic surfaces and liquid marble that can be manipulated with tweezers.*

The possibility to use JPs for making water repellent textiles has also been demonstrated recently.”
3.2.1.4. Janus particles for membranes

Based on computer simulations, Axeleev et al. predicted that combining a lipid membrane and APs
could lead to a new kind of membrane.” When the membrane is stretched, pores can open, that
close again when the tension is released. As shown in Figure 3.3, In the presence of APs, which will
locate at the inner pore wall, the pore is stabilized letting an “open door” for exchanges through the

membrane.>’

Figure 3.3. Simulated snapshots of a lipid bilayer membrane in the presence of JPs, showing the top
(top) and the side view (bottom) of a pore that was formed by stretching a membrane.
Adapted from reference (51).
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3.2.1.5. Self-assembly of asymmetric particles

APs, like amphiphilic molecules, have the ability to self-assemble into superstructures. This
phenomenon is very interesting from an intellectual as well as from a practical point of view and
could be used to mimic molecular behavior.’®* Experimentally, Park et al. showed that micrometer-
long gold/polypyrrole (PPy) nanorods arrange themselves in solution, giving rise to fascinating
structures (from bundles to core-shell hollow spheres) that can be controlled by tailoring the rod
morphology.>? Walter et al. studied the assembly of PMMA/PS Janus cylinders, showing that above a
certain critical concentration or in certain solvents fiber-like superstructures constituted of cylinders
with a PS domain at the centre are formed.>® Theoretically, first simulations of the patterns that can

1.>* Granick’s

be formed by the self-assembly of JPs were performed using a very simplified 2D mode
team carried out very important work based on simulations and experimental observations to further
understand JPs assembly.”® Simulations and experiments revealed that dipolar spherical JPs form
clusters with a preserved charge anisotropy (in the case where the particle diameter is higher than
the electrostatic screening length).>> A second approach, based on experiments and a model
considering charged/hydrophobic spherical JPs, also predicted the formation of small clusters.”® A
very interesting element revealed in this case is that the size of the cluster can be controlled by the
salt concentration. At low ionic strength, the electrostatic repulsion between JPs will dominate the
hydrophobic interactions, leading to small clusters. Increasing the salt concentration will lead to
bigger clusters with very interesting morphologies such as worm-like structures or a chiral triple

56,57

helix. The self-assembly of Janus ellipsoids has also been recently predicted with a primitive

model using Monte Carlo simulations.®®
3.2.2. Dynamics in magnetic and electromagnetic fields

3.2.2.1. Orientation control of Janus particles in d.c. electric and magnetic

fields-towards pixels for e-paper

Electronic paper (e-paper) is a display technology designed to imitate the paper appearance for
objects such as mobile phones and e-book readers. The majority of e-paper technologies are based
on electrophoretic screens. The display is constituted of vesicles, acting as pixels, which are filled
with black and white particles owning opposite charges. Each vesicles being sandwiched between
transparent electrodes, switching their polarity results in attracting particles with different charge
and colour towards the reader’s eye.>® One can easily imagine that JPs are very suitable objects to
increase the performance of such a technology. This would avoid the use of vesicles and allow to

increase the display resolution since in this case each JP can act as a pixel (Figure 3.2e). Indeed,
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dipolar JPs will orientate in d.c. electric fields as it has been demonstrated with gold/latex JPs*® and
with gyricon balls.®* This phenomenon has been already used for conceiving electrophoretic screens
with electrically anisotropic 100 pum black/white® and 300 pwm black/green®® Janus beads. Very
recently, colored magneto-driven displays have been introduced, with Janus beads containing
magnetic nanoparticles (NPs) at one side and fluorescent quantum dots®* or a colloidal photonic

crystal at the opposite side.®
3.2.2.2. Motion and assembly in a.c. electric fields and magnetic fields

Velev’s group carried out pioneering work by studying experimentally the behavior of JPs in external
fields.®® As it was predicted by Bazant and Squires,®”®® APs composed of materials with different
polarisability move in homogeneous a.c. electric fields.*® Micrometer-sized PS/gold JPs have been
studied in low-frequency a.c. electric fields. First, due to the largest induced dipole orientation in the
field direction, they orientate with the boundary being parallel with respect to the ACEF direction.

Then, submitted to induced charge eIectrophoresis,67’68

they move normal to the electric field
towards the PS part (Figure 3.4a). In fact, the induced double layer of the metal part being composed
of much more counter-ions than at the insulating part, the ions will move tangentially to the electric
field direction, dragging liquid and thus generating the motion (Figure 3.4a, inset).”’ Due to the
electric-field-induced dipole interactions between the same JPs, at higher field frequencies, they
assemble in staggered chains, 3D bundles or 2D crystals (Figure 3.4b and c) and disassemble when
the field is switched off.”> Micrometer-sized PS/iron JPs can assemble in a.c. electric fields as well as
in magnetic fields.”* Depending on the coating thickness, different JP chain morphologies can be
formed, which persist when the magnetic field is removed and can be disassembled by
demagnetisation.”* APs containing a p-type material/metal junction exhibit a diode like behavior.”
Chang et al. have shown that diodes can be moved in a controlled way an a.c. electric fields.”
Indeed, the rectifying effect of the diode generates an electroosmotic flow in the electric double

layer which directs the motion.”® Recently, Calvo-Marzal et al. propelled cadmium-polypyrrole APs in

a.c. electric fields at a micrometer-scale.”*
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Figure 3.4. Janus particle dynamics in a.c. electric fields. a) Optical images illustrating motion of
PS/gold JPs in an a.c. field of 140 V.cm™ and 1 kHz frequency, JP positions at t = 0 s are represented
by drawings. Inset: induced charge electrophoresis scheme responsible for the motion. Adapted from
reference (69). b) Optical micrograph of staggered chains of PS/gold JPs formed at 56 V cm™ at 40

kHz; the scale bar equals 70 um. Reprinted from reference (70). c) Optical micrograph of a
metallodielectric 2D lattice of confined staggered chains formed at 27 V cm™ at 40 kHz with a higher
JP concentration; the scale bar equals 50 um. Reprinted from reference (70). The field direction for
the three figures is indicated by the upright arrow.

3.2.2.3. Manipulation with optical, optomagnetic traps and motion in a laser

beam

In contrast to dielectric micro/nanoparticles and metallic NPs that can be manipulated in three
dimensions in optical traps, metallic microparticles and micro JPs owning a metal part can be only

controlled in two dimensions due to the inhibition of the light transmission by the metal coating.”
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This lowers their spatial control in optical traps, but can also provide an original way to generate a JP
rotational motion above a certain laser power.” Erb et al. showed for the first time that micrometer-
sized spherical APPs with a metal patch can be controlled in three dimensions by optical tweezers.”
Using a cobalt patch, they were able to control two additional degrees of freedom in an
optomagnetic trap.”” Besides the context of the optical tweezers, Jiang et al. used a defocused laser
beam to propel silica/gold micrometer-sized Janus beads by self-thermolysis, the motion being

directed by the temperature gradient generated due to the laser absorption by the gold.”’
3.2.3. Chemically and magnetically-driven micro- and nanoswimmers

Autonomous microswimmers are of enormous interest for practical applications such as drug
delivery,’”® DNA detection,” isolation of cancer cells®® and writing of microstructures.®' The swimmers
are APPs with patches that can be used to generate a linear motion. Several strategies have been
developed and the motion can be generated using magnetically and/or chemically active patches

1,884 enzymes®® or enzyme mimics.®® The most developed

containing a ferromagnetic materia
strategy consists in using the hydrogen peroxide decomposition reaction at a metal catalyst patch for
generating the motion by self-electrophoresis®’ or a bubble propulsion mechanisms®*° (Figure 3.2f).
This research area becomes very attractive and a lot of efforts are made by different groups,®®®
among which one can cite Wang et al.,’**° Mallouk et al.,****** sen et al.’**'* and Ozin et al.****®,

Since Chapter 4 is dedicated to dynamic systems, this area will be further developed in section 4.1.
3.2.4. Asymmetric particles for sensing

As it was discussed previously, APs orientate in a d.c. electric field. As this orientation ability depends
on the surfaces charges, one can use APs functionalized on one part with a pH dependent charged
molecule to make a pH sensor.’> 5 nm magnetic APPs owing pH or temperature sensitive polymer
patches have been synthesized. Since these parameters affect the agglomeration state of the PPs by
hydrophobic forces and electrostatic repulsions, their precipitation can be considered as an output
signal.’® Himmelhaus et al. conceived an optical detector with arrays of ~100 nm spherical PS/gold

JPs having a homogeneous alignment (the PS half facing the substrate).’®’

The maximum wavelength
of the array’s extinction peak depending on the refractive index of the media and on the compounds
binding to the gold half spheres, these systems can be used for in situ sensing of self-assembled
monolayer (SAM) formation and binding of biomolecules.®” Microsized fluorescent/metal JPs
spheres in suspension exhibit fluorescent patterns, looking like the moon phases, from which

information about the four degrees of freedom can be deduced.'® Magnetic fluorescent metal JPs

(MagMOONSs) rotating in an external magnetic field, can be very useful for detection in biological
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environments, since the periodic blinking of the JPs allows an easy in situ background

subtraction. 9113

The free motion, due to Brownian motion, of similar systems in solution can be
used for conceiving modulated optical nanoprobes (MOONSs). The autocorrelation function of the
fluorescence fluctuation of the blinking MOONSs allows precise detection of parameters such as

temperature, pressure, viscosity, chemical interactions and influences of the environment,#11>116

3.2.5. Interaction with light: plasmon materials, anti-reflecting surfaces

and photocatalytic applications

Wang et al. studied experimentally plasmonic properties of arrays made of *200 nm dumbbell-like

117

gold nanoshell APs.”™" The polyvinylpyridine coated parts of the AP are embedded into PDMS, so that

each AP side faces different dielectric environments, leading to non-similar plasmon modes that

117

hybridize.”™" In another context, it was reported that PS snowman-like AP arrays on glass show a

transmittance increase compared to glass with a single layer of spherical PS particles, this so-called

motheye effect can be very useful for designing anti-reflective coatings.™®

Photogeneration of
electron-hole pairs upon photoexcitation of semiconducting (SC) material can be used for exciting
applications such as depollution, synthesis, particle modification (see section 3.3.) and water
splitting. However, photocatalytic activity of sole SC particles is usually poor and leads to high charge
recombination rates. Adding a metal junction to the SC particles is a strategy that can be used to
increase the photocatalytic yields. Indeed, because the metal part generally acts as an “electron
sink”, due to its larger electric double layer capacitance compared to the SC one, a SC/metal junction

19 Gold/TiO, snowman-shaped APs with sizes

decreases the probability of charge recombination.
around 10 nm have been studied for photocatalytic applications. This system showed an increased
activity for methanol oxidation compared to TiO, NPs."'® AP arrays were also more active for
methylene blue degradation compared to TiO, and gold/TiO, composite NPs.'?° These results suggest
that SC/metal APs can be photocatalysts of primary importance. This was recently confirmed by Seh
et al. who reported the first use of nanosized APs (gold/TiO,) for hydrogen photogeneration.?! The
proposed mechanism for this system, used in isopropyl alcohol, involves the surface plasmon
resonance (SPR) generation on the gold part under visible light that is converted into electron-hole
pairs at the metal/SC interface, driving alcohol oxidation at the gold surface and proton reduction at

121

the TiO, surface.” Based on these results, one can imagine that photon-induced water splitting may

be achieved in a near future by engineering the JPs components (Figure 3.2g).
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3.2.6. Medical applications

Even if, to the best of our knowledge, no in vivo medical application has already been developed, it is
straightforward to imagine the strong potential of APs for in vivo drug delivery since one part of the
particle can play the role of the recognition unit (targeting the part of the body affected by the
disease) whereas the other part being the drug carrier. Hu et al. recently reported the imaging and
the magnetolytic therapy using JPs."*? Fluorescent magnetic APPs of 100 nm have been magnetically
directed for staining cells. Once the cells are stained, they can be imaged and destroyed under the
action of a rotating magnetic field."”® Recently, biocompatible hydrophilic/hydrophobic
submicrometer JPs have been used to encapsulate a hydrophilic drug on one side and a hydrophobic
drug on the other side.®® Hu et al. also have shown that a magnetically-induced DNA release from
polymeric asymmetric nanocapsules containing magnetic NPs could be achieved without affecting

cell viability."**

Nanosized Ag/Ag,S APs were shown to be efficient photocatalysts for the inactivation of E Coli

cells.*>1%

The experimental evidence that this activity came from a synergetic effect of the two
compounds, allowed a mechanism to be postulated. UV-lighting of the APs anchored to the cell
creates an intracellular circuit loop due to separation, transport and recombination of the
photogenerated charges. This generates oxidative free radicals on the surface of the bacteria, leading

to the improvement of the antibacterial efficiency.'”

3.3. Synthetic procedures for breaking the symmetry

Many techniques for the production of APs can be found in the literature. Because of the diversity of
the employed techniques, a full description of them goes beyond the scope of the present thesis, and

only a brief overview will be given here. For more information, we refer the interested reader to

4,3,11,12,17-26

recent reviews. The classic approaches involves the use of a single interface and, as a

consequence, the synthesis is carried out in a one or two dimensional reaction space which strongly
limit the production by low space-time yields. Even if they usually lead to APs with a good
homogeneity with sufficient quantities for a use at the laboratory scale, up-scaling these processes to
an industrial level is quite difficult to imagine. A straightforward technique that is depicted in Figure

3.5a consists in modifying objects that are immobilized at an interface, so that a part of the objects is

1,127-145
d.

screened and cannot be modifie Other two dimensional approaches are based on the use of

52,104,146-150 151,152

templates, colloidal crystallization or droplet coalescence.”*** Microfluidics devices

62-65,123,155-158

based on hydrodynamic channels (Figure 3.5d), multi barreled capillaries™® or

electrospinning setup®®™®? have also been used to generate APs.'®® During this thesis, a two
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dimensional in situ transmission electron microscopy (TEM) technique, allowing at the same time to
break the symmetry on NPs and to visualize the formation of AP formation was developed. Even if
this process does not involve bipolar electrochemistry, it is directly related to the scope of this
chapter and will be developed in the next section. Few low-dimensional methods seem to be quite
attractive since they show that in some cases the inherent disadvantages can be balanced by high

turnovers, leading to higher production rates.®*®**¢’
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Figure 3.5. Synthesis of asymmetric particles. a) Janus particle synthesis by modification of
immobilized spherical particles. b) Scheme of the wax-based Pickering emulsion method. c) Scheme
of the solvent evaporation in emulsion droplets. d) Formation of Janus particles based on
microfluidics. Adapted from reference (12).

Bulk methods for the generation of APs have also been reported. The interfaces in Pickering

168-182

emulsions (Figure 3.5b) or in suspensions'®**% have also been used for breaking the symmetry.

Other processes such as seeded emulsion polymerization (SEP),"***** seeded dispersion

195-201 122,202-208

polymerization (SDP) or solvent evaporation in droplets (Figure 3.5c) use emulsions as

bulk templates. Several techniques that does not involve interfaces also exists among which we can

209-215

cite copolymer self-assembly, crystalline transformation of the core part of core-shell

216,217 220-222

particles, crushing of core-shell particles,>***®?' ligand segregation or preferential

deposition on NPs.??*%¥
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Figure 3.6. Asymmetric particles. a) Fluorescence microscopy picture showing JPs containing
fluorescent beads, obtained by a microfluidic process. Adapted from reference (159). b) TEM
micrograph of magnetic spherical APs obtained by solvent evaporation in emulsion droplets.
Reprinted from reference (122). c) SEM image of PS-gold PPs obtained by polymerization in the
presence of gold NPs. d) TEM picture of gold/SiO, APs obtained by ligand segregation. Reprinted
from reference (220). e) TEM picture of mushroom-like PS/SiO, APs with an embedded Fe;O, NP.
Reprinted from reference (248). f) TEM micrograph of APs containing a gold-silver core shell particle
and a spherical polyaniline part obtained by aniline polymerization with AgNO; in the presence of
gold nanorods. Reprinted from reference (249). g) TEM picture of Co-tipped CdS nanorods. Reprinted
from reference (225). h) TEM image of Te nanowires with gold tips. Reprinted from reference (231).
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0

Besides electricity, other electromagnetic fields such as radio-frequencies,”® micro-waves®' and

250

light™" can be used to polarize SC or conducting objects and trigger their toposelective modification.
Moreover, the light-induced electron-hole pair generation on SCs can be used for their modification.
Light adsorption by SC materials can promote electrons from their valence band to the conduction
band. Even if the recombination rate is most of the time very important, the photogenerated hole
and electron can react with electron donors and acceptors respectively. Some cases of localized
deposition on SC particles upon irradiation with light leading to APs can be found in literature. Reiche
et al. showed that dark areas of illuminated TiO, particles can be the place for Cu** reduction while
the light exposed area is an oxidation site.?*> SC nanorods were also selectively modified with metals
upon light exposure. Single tip modification of ZnO nanorods with silver,”* and CdS nanorods with
gold has been reported.”*** Even if the single-tip modification mechanism is still unclear it has been
suggested that once a metal nuclei is created at one of the tips (usually the nucleation occurs
preferentially here because of a higher surface energy compared to the rest of the nanorod surface),
the metal due to its large capacitance attracts the photoinduced electrons for the growth of the rest
of the metal NP. Duque et al. deposited metals at the tips of surfactant-coated single wall carbon
nanotube (SWCNTs) by exposing them, in the presence of metal salts, to microwaves®* and radio-
frequencies.” Indeed, similar to the bipolar electrochemistry approach, under the influence of these
fields, the SWCNTSs are affected by polarization which causes their modification. This approach seems
also very attractive for the bulk formation of APs, even if a precise control of the obtained particle

morphology has not been clearly demonstrated.

3.4. Electron beam-induced asymmetrical reduction

During this thesis, an in situ transmission electron microscopy (TEM) technique, allowing at the same
time to break the symmetry of NPs and to visualize the formation of AP formation was developed.
Even if this process does not involve bipolar electrochemistry, it is directly related to the scope of this

chapter and will be developed in this section.

As discussed in section 3.2.5., metal/SC APs are of importance for photocatalysis and Au/TiO, APs

121

have been already used for the photogeneration of hydrogen.””" Because it has been recently

reported that silver-silver halides (Ag-AgX) are very efficient plasmonic photocatalysts,***’ one can
also expect Ag/AgX APs to show important efficiencies. Moreover, on account of the antimicrobial

28 and the remarkable synergetic effect observed with silver-based

properties of Ag NPs, AgX NPs
nanometer-sized APs for the photo-inhibition of E Coli (see section 3.2.6.), Ag/AgX APs are very

promising for therapeutics. Only one publication reports the synthesis of such asymmetric NPs. In
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this work, Banin et al. synthetized surfactant-capped Ag/AgBr dimer nanocrystals in the presence of

methanol.”®

The colloidal stability of suspension of NPs is most of the time induced by a stabilizing agent, usually
a charged molecule or a polymer, which, by coating the NPs promote their steric or electrostatic

260 \vas used

stabilization. In this work, an original type of organic molecules, cucurbit[n]urils (CB[n]s),
as stabilizing agents. CB[n]s are pumpkin-shaped symmetric macrocycles composed of glycoluril sub-
units (Figure 3.7a). The molecular construct of CB[n]s consists of a highly symmetric hydrophobic
cavity with two tighter carbonyl portals. CB[n]s can act as supramolecular hosts that selectively form
inclusion complexes with a wide variety of small organic guest molecules.?®® Recently, native CB[n]s
were shown to have significant binding interactions with the surfaces of noble metals.?**%
Meanwhile, CB[n]s have been utilized as stabilizing ligands for noble metal nanoparticles (NPs), such

267,268

as that of gold,zsg'266 silver, and palladium.269

Visualizing chemical transformation on NPs is of first interest. Events at the nanoscale such as the
growth of carbon nanofibers?’® or graphene®”* formation and isomerization?’? has been reported
previously, however direct visualization of Janus NPs formation has never been demonstrated.
Mulvaney and coworkers reported a TEM evidence for a spontaneous symmetry breaking induced
through the generation of Agl by |, penetration in silver-silica core-shell particles.’*® In their work, the
JP formation is not induced by exposure to an electron beam and therefore cannot be monitored in

real-time by the electron microscope.
3.4.1. Synthesis of monodisperse CB[n]-capped nanoparticles

Precipitation from aqueous solution of AgNO; and CB[5] takes place over 24 hours in the dark with
the nagnoa/Nces; Molar ratio equal to one (experimental details are given in appendix 1), and leads to

stable suspensions exhibiting white reflection and orange transmission (Figure 3.7c).

The white color is typical for silver-halide NP suspensions and is attributed to the presence of a small
amount of bromide ions present in CB[5] batches reminiscent of the CB[5] purification process, which

involves an ionic liquid containing bromide.?’*

The total bromine amount in CB[5] was determined by
ICP-MS analysis to be 3.01 x10™ % wt. A typical UV-visible spectrum of this suspension (Ccgjs; = Cagnos
=0.34 x10™ M) can be seen in Figure 3.7b (red line). The strong peak around A = 200 nm corresponds
to AgNOs absorption, while the shoulder-like absorption in the visible region is attributed to that of
silver halide NPs, as previously reported for AgBr NPs by Ray et al.>”> The assignment of these peaks

to silver-halide NPs was further confirmed by a decrease of the absorption upon addition of

ammonia to the quartz cuvette, which leads to the dissolution of the silver halide (Figure 3.7b). No
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characteristic Ag® NP plasmon peak (around 400 nm) is observed before or after the dissolution by
ammonia, which suggests the absence of Ag’ NPs in solution. Atomic force microscopy (AFM)
measurements shown in Figure 3.7d revealed the shape of the AgBr NPs to be spherical with a
diameter of 47 £3 nm. The bromide content in solution was governed by the CB[5] batch employed,
but even when using different CB[5] batches, similar NPs were obtained in every case. It is
noteworthy that addition of sodium bromide to the solution (from 5 to 50 mM) did not affect the
shape and size of the NPs. No NPs were obtained when using a specific CB[7] batch that did not
contain any Br. However, addition of potassium bromide at concentrations as low as 1.2 x10° M in

this CB[7]-AgNO; mixture induced the formation of CB[7]-capped AgBr NPs.
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Figure 3.7. Characterization of CB[5] capped AgBr NPs. a) Scheme of AgBr NP precipitation in CBI[5,7]
presence. b) UV-visible absorption spectrum of AgBr NPs (red spectrum) and sequential particle
dissolution with ammonia (black spectra). c) Reflection (left) and transmission (right) images of a
CB[5]-capped AgBr suspension. d) AFM height image of the CB[5]-capped AgBr NPs. e) Raman spectra
of unwashed (black) and washed (red) CB[5]-capped AgBr suspensions. Inset: enlargement of the
normalized CB[5] Raman signal. Reprinted from reference (273).
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In order to investigate the NP composition in more detail, liquid phase Raman spectroscopy was also
performed with the initial and the centrifuged suspensions (Figure 3.7e). The presence of a silver
halide is observed with a characteristic Raman fingerprint below 300 cm™,*® the presence of CB[5] is
also confirmed by its characteristic Raman peaks at 450 and 828 cm™ in both spectra.’®® The
centrifugation/washing process, which allows the isolation of AgBr NPs by removal of soluble
compounds, results in a significant decrease in the intensity of the CB[5] peaks in the Raman
spectrum compared to the unwashed sample. This means that CB[5] is not a component of the bulk
NPs, but rather acts as a stabilizing ligand on the surface of AgBr NPs. A further confirmation of this is

the fact that without CB[n] in solution, AgBr precipitation leads to the formation of big particles, that

settle at the bottom of the vial (Figure 3.9d, Inset).

This control experiment indicates that CB[5] promotes the formation of monodisperse and stable
AgBr NPs by binding to their surface. Because it is well documented that CB[n] macrocycles have a

2’7 pg* should bind the portal carbonyls by electrostatic interactions (see

strong affinity to cations,
Figure 3.7a). This is consistent with Zeta potential measurements of the colloidal suspensions, which
revealed a surface potential of +43 mV for the NPs. The hydrodynamic diameter of the colloidal
particles, determined by DLS, was found to be 90.6 0.2 nm, which correspond to an aggregate
containing three to four nanoparticles based on the NP diameters obtained from AFM data. The
colloidal diameter value does not vary significantly when the sample is diluted by a factor of up to 20,
meaning that the observed aggregates are not a result of the non-specific aggregation of charged
colloids, which typically is concentration-dependent. The result suggests that the aggregates are
bridged by CB[5], similar to what has been shown for CB-gold NP aggregates in previous

263,264

publications, confirming the capping role of CB[5]. CB[n]s are already known to have an affinity

261262 3nd the synthesis of CB[n]-capped metal nanoparticles has been previously

for certain metals,
reported.”®*?*° Our finding constitute the first example of CB[n]-stabilized metal halide NPs, which

may be extended in the near future to a larger family of hybrid NPs.
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3.4.2. In-situ TEM synthesis of AgBr/Ag? asymmetric particles
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Figure 3.8. Direct visualization of the symmetry breaking of AgBr/Ag’ NPs. a) Scheme of the
mechanism. b) TEM pictures showing the morphological evolution of CB[5]-capped AgBr/Ag’ NPs as a
function of time. c) Kinetics data showing the size evolution of the Ag’ and AgBr parts for each
particle numbered in Figure 3.8b. d) STEM-EDX analysis of the different parts of a AgBr/Ag® NP. Top,
STEM-EDX analysis of the AgBr feeder part. Bottom, STEM-EDX analysis of the Ag® bulb part. Insets:
HAADF images of the analyzed NP, the red spot shows the area analyzed by EDX analysis, the scale

bars equal 200 nm. The Cu signal originates from the Cu grid support.

reference (273).

Reprinted from
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The obtained NPs exhibit a high reactivity when visualized in the TEM. Indeed, when exposed to the
electron beam, they demonstrate a clear asymmetric evolution of their composition and
morphology, which resulted in APs composed of a black and a grey part (Figure 3.8b). Scanning
transmission electron microscopy-energy dispersive X-ray spectroscopy (STEM-EDX) analysis, carried
out on an untypically big object, revealed the black part to be silver and the grey part to be AgBr
(Figure 3.8b). We attributed this evolution to the direct reduction of the AgBr component by the
electron beam as shown in Figure 3.8a. The generation of a black seed occurs very quickly so that it
was impossible to record a TEM micrograph of the AgBr NP without any Ag’. It has been therefore
necessary to employ AFM to image the initial AgBr NPs and then follow the subsequent seed growth
in real time under the e-beam, which is used simultaneously for imaging and to deliver the electrons
for Ag* reduction (Figure 3.8b). It is important to note that the phenomenon was more pronounced
in parts of the samples where the beam was focused, but was also effective on a much larger area of
the TEM grids. For instance, imaging a grid area at magnification of 49,000 x induced the generation
of black silver seeds over at least a 100 um x 100 um square of the grid mesh. Similar results were
observed using two different TEM instruments (FEI Tecnai 12 and Technai G2), confirming clearly that
the phenomenon is related to an inherent property of the NP material. Analyzing the growth process
in more details (shown in Figure 3.8c), one can clearly note that the grey AgBr is the “feeder” part for
the Ag° seed, which grows while the AgBr decreases in size until its complete consumption (55 min
for the NPs with a typical size around 30 nm). Therefore, the Ag® component can grow by more than

5 nm in size, while the AgBr is being consumed (Figure 3.8c).

In order to investigate the mechanism, we also studied nanoparticles of AgCl and AgBr synthesized
without any CB[n], (experimental details are given in appendix 2). Although the AgCl NPs showed an
observable reactivity on account of TEM-induced reduction, no symmetry breaking could be
observed. On the other hand, an asymmetric growth of a silver component was observed for the
unstabilized AgBr NPs leading to APs, but with a less well-defined morphology (Figure 3.9d). Owing to
the absence of the CB[n] stabilizing agent during the AgBr precipitation, most of the material settled
at the bottom of the vial (Figure 3.9d, inset), and only a few AgBr NPs with ill-defined shape were
observed. The size distribution was estimated by measuring the length of the particles from one
extremity of the metal bulb to the opposite extremity of the AgBr component. As shown in Figure
3.9¢, the particles obtained without CB[n] are significantly larger compared to those that are CB[n]-
capped. The silver growth observed on these larger particles is also very different since the AgBr
component appears to be darker than the AgBr of the CB[5]-capped NPs, suggesting the formation of
a Ag® layer all around the AgBr. The silver components grown under the influence of the electron

beam can still be identified and are indicated by arrows in Figure 3.9d. While the silver, grown on the
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3.4. Electron beam-induced asymmetrical reduction

CB[5]-capped AgBr NPs, is spherical in nature, the silver growth of the uncapped NPs appears much
less defined, and in some cases multiple bulbs can grow on a single AgBr particle (Figure 3.9d, left
bottom). We conclude that the asymmetric growth of Ag® is a phenomenon related to the presence
of AgBr, which is strongly enhanced by the presence of CB[5] on the AgBr NPs surfaces. Beyond
promoting the monodispersity of the AgBr NPs, the CB[5] layer protects the AgBr part from a

complete, TEM-induced reduction.

It was found that the nagnos/Ncs) Molar ratio strongly influences the AgBr NP morphology and shape,
which in turn has an impact on the final appearance of the resulting APs. We illustrate this structural
versatility in Figure 3.9. As already discussed above, when the nagnos/nces) molar ratio is 1, the AgBr
NPs are spherical. Figure 3.9b shows a picture of well separated AgBr/Ag’ NPs. The vyield of
conversion of NPs into APs was found to be superior to 75 %. The average JP size is around 25 nm
(Figure 3.9¢). Using a smaller relative CB[5] concentration in solution favours the formation of bigger
NPs, since fewer CBs are available for surface stabilisation, as shown for the case of nagnos/Ncas) = 2
in Figure 3.9c¢. Interestingly, most of these NPs prepared from ratios greater than one exhibit cubic or
rectangular morphologies, and a majority of the resulting JPs are about 45 nm across. The Ag’ patch
grows in some cases at an AgBr NP face and in other cases at a NP edge. This suggests that the
nucleation mechanism of the reduction does not necessarily happen at energetically favoured sites.

Probably due to its larger outer diameter compared to CB[5],%”®

the use of CB[7] with a molar ratio of
1 leads to smaller AgBr NPs, as shown in Figure 3.9a and Figure 3.9e. When CB[7] is used, APs of
about 10 nm size are observed with a very good synthetic yield. Notably, in all cases where CB[n] is

present as a capping agent, the Ag® bulbs have a similar spherical morphology.
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Figure 3.9. TEM pictures of AgBr/AgO asymmetric particles. a) Particles obtained using Nagnos/Nes = 1
(the left scale bar equals 100 nm, the right one equals 20 nm). b) Particles obtained using
Nagnos/Ness= 1 (the left scale bar equals 100 nm, the right one equals 20 nm). c) Particles obtained
using Nagnos/Nees) = 2 (the left scale bar equals 100 nm, the right one equals 20 nm). d) Particles
obtained without CB[n] (the left scale bar equals 100 nm, the right one equals 20 nm). e) Size
distributions of the JPs obtained with the different mixtures. Reprinted from reference (273).
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As a conclusion of this section, we presented for the first time the straightforward aqueous-phase
synthesis of CB[n]-stabilized AgBr NPs with a narrow size distribution. CB[n]s, acting as stabilizing
agents, promote the formation of monodisperse AgBr NP suspensions, which are stable for over a
month. The AgNOs/CB[n] molar ratios and the CB[n] type were found to be key parameters for
controlling the NP morphologies and sizes. Most importantly, we showed that the asymmetric
reduction of these NPs, leading to the growth of Ag® patches, can be achieved and directly observed
under the influence of electron irradiation. Depending on the shape of the AgBr particles, the

generated AP morphology can be tuned.

3.5. Capillary-assisted bipolar electrodeposition

As mentioned in section 2.3.2., thanks to the asymmetric reactivity that it provides, bipolar
electrodeposition is a powerful technique for the bulk generation of APs and JPs, as illustrated in
Figure 3.10. The use of bipolar electrochemistry in an electrophoresis set-up has already been
reported several times but mainly for analytical purposes (section 2.2.2. and 2.2.3.). The Capillary-

Assisted Bipolar ElectroDeposition (CABED) technology, developed by Warakulwit et al.?”***

prior to
this thesis (see section 2.3.2.2.), is the first technique using an electrophoresis set-up for bipolar
electrodeposition and constitutes the first example of bipolar electrodeposition in the bulk. As this
process was used at the early stage of the present thesis for synthesizing asymmetric CTs, the
technology will now be described and the obtained results will be presented in the following

sections.

&: reduction site
8": oxidation site

~ & ]

substrate in an electric field

Janus particle

Figure 3.10. Scheme of principle of the bipolar electrodeposition used for the generation of Janus
particles. Adapted from reference (281).
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3.5.1. Technology description

Capillary electrophoresis (CE) is a commonly used technology for separating chemicals. The
separation phenomenon is driven by the difference of the charge and hydrodynamic radius of the
species. The operating principle consists in submitting to an electric field a solution containing
charged entities that can be ions, DNA or NPs in a capillary. The motion of the charged species is
directed by the competition of two forces. The first force is induced by the electrophoretic flow
(EPF), which is the attraction of a charge to the electrode of the opposite charge. The second force is
generated by the electroosmotic flow (EOF), induced by the motion of charges along the electric
double layer of the capillary wall. In our case, the capillary material being glass (owning silanol
surface groups), the proton flow at this interface directs the EOF towards the cathode. A photograph
of the CE equipment used during our experiments is given in Figure 3.11a. In a classical CE
experiment, after being filled with a solution of interest, the capillary is inserted into the capillary
chamber where its two extremities are dipped into the electrode compartments containing the
solvent. The electrodes, Pt wires, are located outside the capillary in such a way that the bubbles
generated by the solvent cannot enter it. The maximum voltage that can be applied with our
apparatus is 30 kV, which gives for typical capillaries with a length of around 20 cm, electric field in
the order of 150 kV m™. A UV-vis detection system, in the capillary chamber allows monitoring the

characteristics of the flow leaving the capillary at the cathodic compartment.

The CE equipment provides several important advantages for bipolar electrodeposition on
suspensions of particles. The first one resides in the very high values of electric field that it provides,
which is a crucial parameter for the polarization of small objects (see section 1.2.). A second very
attractive point is the presence of the liquid flow, generated by the EOF within the capillary. This flow
automatically drives the substrates from one compartment to another in a “continuous” way. Finally,
using a capillary as a reaction compartment also provides a high surface area for heat dissipation and
a resistive current pathway which is useful for decreasing by-pass currents (see section 1.3.). As
shown in Figure 3.11b and c, the CABED concept is based on the modification of particles during their
journey through the capillary. A suspension of conducting particles (to be modified), CTs in our case,
together with electrodeposable compounds (typically a metal salt) is inserted into the anodic
compartment or directly into the capillary. As depicted in Figure 3.11b, when the electric field is
applied, the water flow, generated by the EOF drives the CTs towards the cathodic compartment.
The bipolar electrodeposition occurs during the residence in the capillary with the cathodic pole of
the BE being the place for the metal deposition and the anodic pole the place of solvent oxidation.

The CT flow can be monitored at the capillary outlet using the UV-vis detector. After the experiment,
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the modified CTs can be collected directly at the outlet or in the cathodic compartment for further

characterization.

a computer for
detection monitoring ™

capillary chamber

UV lamps

silica capillary

Pt electrode

suspension containing
CTs and a metal salt

- 02‘\’1‘;6 — — — 4 S-CM"+ > +
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Figure 3.11. Capillary-assisted bipolar electrodeposition technology. a) Photograph of the CE set-up
(SpectraPHORESIS ULTRA, TSP). b) Schematic illustration of the CE set-up (only the capillary and the
electrode compartments are represented) during the CABED process. ¢) Schematic illustration of a CT
in the capillary, being asymmetrically modified by a metal during CABED.
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3.5.2. Metal deposition on carbon microtubes

3.5.2.1. Single point metal electrodeposition

In order to demonstrate the versatility of the CABED process, we decided to use it for synthesizing
other APs than MWCNT/Au hybrids (section 2.3.2.2.).2”>?%° The choice of carbon microtubes (CMTs)
as substrate was driven by the fact that due to their length, in the range of few tenth of um, and
their width of a few hundreds of nm (Figure 3.12b), these objects are easily observable individually

by optical microscopy and SEM.
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Figure 3.12. Carbon microtubes. a) SEM picture of the CMT sample after dissolution of the Al,03
template. Reprinted from reference (282). b) TEM picture of typical tubes obtained after suspension
in water. Reprinted from reference (282). ¢) UV detection of the CMTs leaving the capillary at the
cathodic compartment using an electric field of 125 kV m™, the absorbance peaks are attributed to
the passage of CMT aggregates in front of the detector, (the polarization is stopped at 5 min).

These CMTs are produced by chemical vapor deposition with a porous aluminum oxide membrane

279

serving as a template.””” After the acid digestion of the template (Figure 3.12a) the quite
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homogeneous tubes were recovered as a powder. Suspensions of CMTs were produced by adding
~0.1 mg of CMTs to absolute ethanol (1.5 mL). In order to accelerate the formation of a suspension,
the mixture was sonicated, but only for a short time (1 min) to avoid excessive breaking of the tubes.
After 3 h of sedimentation, 0.5 mL of the supernatant containing well dispersed CMTs were taken

and added to an aqueous solution containing a metal salt with a concentration in the mM range.

Because the addition of salt increases the ionic strength, it can result in the aggregation of the CMTs,
and therefore the suspensions were sonicated for a short time in an ultrasound bath before
introduction into the capillary. The capillary used was a fused silica capillary with a length of 24 cm
and an inner diameter of 100 um. For typical CABED experiments, the solutions or suspensions were
introduced into the capillary by filling it manually with a syringe. The applied voltage was 30 kV for 5
min. For the employed salt concentrations, the typical currents delivered by the electrophoresis
setup were around 1 pA. The CMT flow can be monitored by the UV-vis detector at the capillary
outlet, as shown in Figure 3.12c, which presents the absorption of the solution leaving the capillary
as a function of time. The peaks are attributed to the passage of CMT aggregates in front of the
detector, a phenomenon which directly stops after the electric field is switched off at t = 5 min. The
sample leaving the capillary at the cathodic side was collected at the outlet and transferred onto a

metal plate, rinsed, and dried. The objects were then characterized by optical microscopy and SEM.

redox couples metal salt  E° (V vs NHE)  AVpin (V) C (mM)

AU® / [AU"Cl) HAu"Cl, +0.99 0.24 5
cathodic pole cu’/cu' Ccu'l +0.52 0.36 10
Ni° / Ni" Ni'so, -0.26 1.49 5
cu'/ cu" cu'l +0.16 - 10
anodic pole
H,0/ 0, - +1.23 - solvent

Table 3.1. Characteristics of the redox couples involved during CABED experiments for the
E0,283

modification of CMTs. The standard potentials of the redox couples the minimum potential

value to trigger the electrodeposition reaction at a BE AV, and the concentrations C are given.

The deposition of three metals, copper, gold and nickel was tested on CMTs. Table 3.1 shows some
characteristics of the redox couples employed for the bipolar electrodeposition processes. In this
table, a separation is made between the processes happening at the cathodic pole (the reductions of
the metal salt) and at the anodic poles (the oxidation of solvent or another molecule). The theoretical
minimum potential value to trigger the electrodeposition reaction at a BE, AV, was calculated as

the difference between E° values of the individual reactions, as described in section 1.2. For solubility
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reasons, the modification with copper by the reduction of Cu' was carried out in acetonitrile. The

reactions that occur at the CMT extremities in this case are:

cu'(l) + e=> cu’(s) (3.1)
at the cathodic pole and:

cu'(l) > cu'(l) +e (3.2)

at the anodic pole. The E° values of the two processes given in Table 3.1, reveals that the overall
reaction resulting from a combination of reactions 3.1 and 3.2 should occur spontaneously via the

following dismutation reaction:
2 cu'(l) > cu'(l) + cu’(s) (3.3)

However, the Cul species is sufficiently stabilized because of the presence of I ions so that no
spontaneous reaction was observed, showing that a potential difference is still needed between the

two ends of the tube to drive the reaction.
Gold deposition was carried out in aqueous solution, involving the following reactions:
[AU"CLI (1) + 3 e > Au®(s) + 4 CI(l) (3.4)
at the cathodic pole and:
H,O(l) > 2 H'(I) + ¥ O,(g) + 2€” (3.5)

at the opposite extremity of the CMT. Table 3.1 indicates that in this case the combination of (3.4)
and (3.5) is not a spontaneous reaction and therefore a minimum potential difference AV, = 0.24 V
between the two tube ends has to be generated in order to achieve an asymmetric deposition.
CABED experiments for the deposition of nickel were also achieved in water and also involve half-
reaction (3.5) at the anodic pole. Nickel is deposited at the cathodic pole by the following reduction

reaction:
Ni"(1) + 2 e > Ni°(s) (3.6)

In this case, AVyin = 1.49 V (Table 3.1), showing that the nickel modification requires the highest
driving force. Obviously, because the experiments are carried out in far from standard conditions in
terms of pH, concentrations, and partial gas pressures, deviations from the theoretical values of the
potential threshold AV, are expected. For all these experiments the same external electric field

value /"= 125 kV m™ was applied, which gives typically for an object with a length of 30 um a AV of

80



3.5. Capillary-assisted bipolar electrodeposition

3.75 V. This value is definitely high enough, compared to the theoretical AV, values previously

calculated, to drive all these redox reactions.

Figure 3.13. Single point-modified carbon microtubes. SEM micrographs of CMTs: a) without
modification; modified at one side with b) copper, c) gold, and d) nickel. Inset: optical microscope
pictures of the modified CMTs. The scale bars for a), b), and d) equal 20 um; the scale bar for c)
equals 10 um. Reprinted from reference (284).

Looking at the SEM pictures of the CMTs collected at the capillary outlet presented in Figure 3.13 it is
obvious that the corresponding metal has been deposited. Because we used the same  value for all
the experiments, the same capillary length, and an identical experiment time, the variation in deposit
size can be roughly understood via the different kinetics of growth which depends essentially on i)
the required AVpi, and ii) the salt concentration. Nickel modification, which requires the highest
driving force, results in the smallest deposit size because for the given overall electric field the driving
force is smaller and therefore the reaction proceeds more slowly. As stated above, copper deposition
should occur almost spontaneously and therefore the required minimum voltage is the smallest one
compared to the other metals. This means that in this case the external field generates the highest

driving force and leads to the biggest deposit. Another parameter that is important for the apparent
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deposit size is the growth morphology and its density. Copper is growing in a much more ramified
structure, which leads for the same amount of reduced metal to a much bigger deposit compared to

what is obtained for nickel and gold.

This new family of monofunctionalized asymmetric particles could be locally functionalized with
organic molecules (for instance using a thiol-based chemistry), the metal patch might be also
employed for binding the CMTs to a surface. A direct application of such materials can imagined in
the field of micromotors, because the orientation of tubes modified with a ferromagnetic material

(such as nickel) can be controlled with a magnetic field, 2

and a decomposition reaction producing
bubbles can be driven by a catalytically active metal present at one tube end (see sections 4.2.1. and

4.2.2. for application of these concepts).*
3.5.2.2. Synthesis of dumbbell-like structures

During these bipolar electrodeposition experiments, the end of the tube opposite to the one where
the metal deposition takes place is positively polarized and therefore cannot be a site for a reduction.
If one wants to modify in a single experiment both ends with the same metal, polarization has to be
reversed after the first deposition step so that the side that was the oxidation site becomes the
reduction site. Since a classic CE set-up does not allow reversal of the polarization between the
electrodes, we employed another approach consisting in the introduction of a relaxation time
(without applied potential) after a first polarization to induce a statistical reversal of the CMTs in the
capillary, as shown in Figure 3.14a. The optical microscope pictures in Figure 3.15 were obtained with
the same dispersions of CMTs and the same value of electric field as for the previous asymmetric
deposition of copper, but with a regular interruption of the potential. When the potential is
continuously applied or when the relaxation time between the pulses is short (Figure 3.15 (2) and
(4)), the CMTs do not have the possibility to turn around in the capillary. Actually, once these
anisotropic objects are polarized in the electric field, it would cost too much energy for them to flip in
the opposite direction. This means that the tubes are all aligned parallel to the electric field and will

not tumble or turn during their journey through the capillary.
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Figure 3.14. Pulsed CABED for the synthesis of dumbbell-like structures. a) Scheme showing the
principle: when the electric field is off, the CMTs are affected by Brownian motion and when the
electric field is on, the CMTs are oriented and acts as BEs. The schematic orientation of the CMTs at
different times is depicted on the graph. b) Optical micrograph showing three dumbbell-like
structures (indicated by the arrows and circles). ¢) and d) SEM micrographs showing two types of
Cu/CMT/Cu dumbbell-like structure.
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Therefore, this results in obtaining exclusively objects with deposits at one extremity. In contrast,
when the pulses are sufficiently separated in time (Figure 3.14, Figure 3.15 (1) and (3)), the tubes are
no longer polarized during the relaxation period and therefore have time to statistically change their
orientation, which leads to a deposition at both sides of the CMTs. In this case, after the first pulse,
only one end of the tube is modified with copper, but during the 5 min without polarization the tubes
are allowed to reorientate in the capillary. Statistically, half of them will do so. Therefore, when the
second pulse is applied, for half of the tubes the end where previously the oxidation of Cu' into Cu"
took place becomes the reduction site where metal is formed. For these tubes, the counter reaction,
which is the oxidation of Cu' into Cu", now takes place at the end of the tube that had been already
modified with copper during the first potential pulse. Another possible counter reaction could be the
oxidation of the already present copper deposit. However, it is more difficult to oxidize Cu® than Cu'
because the oxidation potential is more positive (Table 3.1) and therefore the dominating counter
reaction is reaction 3.2, which preserves the already existing metal deposit. If this long relaxation is
repeated many times, statistically all tubes have turned around several times and consequently are
modified on both sides. Striking evidence for the symmetric deposition of copper at both ends of the
CT is shown in the optical picture of Figure 3.14b and the SEM micrograph of Figure 3.14c. The pulse
time also directly influence the deposit size. As clearly shown in Figure 3.15, 12 s pulses gives
deposits that are much smaller (dgep 1.2 pm in (1) and dgep 2.3 pm in (2)) than when using 30 s
pulses (dgep 2.4 um in (3) dgep 4.4 um in (4)). For an experiment having an even number of pulses, a
given extremity of a CMT should statistically act the same number of times as cathodic pole and
anodic pole but this is not 100 % true. For example, in an experiment with four pulses, one extremity
of a CMT might act only once as a cathodic pole so the other extremity will act three times as a
cathodic pole. This leads to a small percentage of dumbbell-like structures owning deposits with
different sizes, as shown in Figure 3.14d. As a conclusion, the morphology can be controlled by the
relaxation times and the deposit size by the pulse time. These proof-of-concept experiments were
achieved with copper, but the bipolar symmetric functionalization can be extended to other
deposable materials and substrates to generate new particles that could find applications for self-

assembly.?*
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Figure 3.15. Effect of pulse and relaxation times on the structures obtained using 10 mM Cul in
acetonitrile. The electric signal imposed between the electrodes is reported at the top and the
corresponding optical microscope images of the modified CMTs at the bottom. The potential pulses
are 12 s (1 and 2) and 30 s (3 and 4); the time between the pulses is 5 min (1 and 3) and 10 s (2 and
4). Reprinted from reference (284).

3.5.3. Deposition of conducting polymers

Conducting polymers (CPs) are organic polymers that conduct electricity. Since their discovery by A.
MacDiarmid, A. Heeger, and H. Shirakawain in 1970 (awarded by a Nobel prize in 2000 for this
discovery), CPs have been a hot research area either for academic topics or for the industrial sector.

Electrochemical polymerization of such materials has been widely investigated®®*?® and is used for
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87 The most usual

many applications, such as the elaboration of electrochromic or sensing devices.
CPs, such as polypyrrole (PPy), polyaniline (PAni) or polythiophenes, are commonly deposited using
classical monopolar electrochemistry at an electrode surface via the anodic oxidation of the soluble
monomer. Due to its good water solubility, its biocompatibility and a good conductivity, PPy
appeared as the most extensively studied CP over the past thirty years. A scheme of its
electrodeposition mechanism is shown in Figure 3.16a. We studied the deposition of PPy by bipolar
electrochemistry. Using electric fields of 7.3 kV m™, we synthetized Au/PPy JPs by PPy
electrodeposition at the anodic pole of a gold micrometric bead, in acetonitrile. The photograph of

such a JP is shown in Figure 3.16b, the color difference between the two materials is clearly

observable demonstrating that the modification has been successfully achieved.
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Figure 3.16. Electropolymerization of polypyrrole. a) Mechanism of PPy electropolymerization.
Adapted from reference (288). b) Optical micrographs showing a Au/PPy Janus bead obtained by
bipolar electropolymerization in two different orientations.

In the experiments described in section 3.5.2., the oxidation that occurs at the anodic end of the
CMTs produces gas or other oxidation products, but the involved reactions do not lead to a

modification. We were therefore looking for an additional strategy, which would make use of this

86



3.5. Capillary-assisted bipolar electrodeposition

oxidation reaction to deposit also a material on the positively polarized side, concomitant with the
reductive metal deposition on the negatively polarized side. Because of their intrinsic reactivity, the
metal salt and the monomer have to be chosen carefully. A mixture of Cu' and pyrrole was found to
be stable in acetonitrile for at least 12 h. For longer times a brownish color, that is due to the
spontaneous polymerization of pyrrole appeared. CMTs were added to this fresh solution and the
bipolar electrodeposition was achieved using exactly the same parameters that were applied for the
asymmetric deposition of Cu® except the fact that a pyrrole concentration of 50 mM was also
present. A SEM picture of a typical modified CMT is shown in Figure 3.17a, the metallic end being
clearly visible due to the very high color contrast between the metal and the CMT. The PPy end is less
conductive than copper and thus exhibits a weaker contrast with respect to the CMT. In order to get
a second evidence of the composition the objet we performed in addition EDX experiments. The
analysis has been carried out at the two opposite ends of the CMT. Figure 3.17b shows that the
upper left end of the tube is characterized by a strong Cu signal around 1 keV compared to a much
weaker carbon signal which originates most likely from the underlying CMT and the supporting grid.
At the other end of the tube the carbon signal is much more prominent due to the presence of the
CP. When both peaks are compared to the background oxygen signal, it becomes clear that their
ratio is significantly different for the two ends of the tube, demonstrating the presence of the two
different materials. However, on the PPy side there is still a small contribution of Cu. This signal can
be assigned to ionic copper species that get trapped in the polymer matrix during the pyrrole
oxidation, as it is known that copper forms stable complexes with PPy, based on Cu-N bonds.?** This
result opens up the way to a new family of bifunctional APs that can be created by bipolar
electrodeposition. Indeed, one can easily imagine that various material combinations can be
generated at both ends of a conducting particle, leading to structures that could show interesting

features for different applications such as photocatalysis or micromotors.®®
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Figure 3.17. Copper/carbon microtube/polypyrrole asymmetric particle. a) Asymmetric dumbbell-like
object with one copper end (circle 1) and one PPy end (circle 2). b) EDX spectra recorded for the
copper end (1) and for the PPy end (2). Reprinted from reference (284).
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3.6. Upscaling the production with a new cell design

Even if the CABED is a bulk process which allows the production of sufficient quantities of APs for a
lab scale use, it has several disadvantages. First, an unattractive aspect of the CABED resides in the
necessity of using a CE equipment that is usually expensive and cumbersome (see Figure 3.11a).
Secondly, the use of this equipment has the strong disadvantage that field reversal is not possible,
which eliminates some attractive openings for bipolar electrochemistry. Finally, the strongest
restriction of the CABED technology is due to the fact that the modification takes place in a capillary
with an inner diameter in the range of 100 um. This parameter makes the process not well suited for
a scaling-up of the production to amounts that might be interesting for industrial applications. One
main objective of this thesis was thus to develop a new technology allowing a scale-up of the

production of AP by bipolar electrochemistry.

3.6.1. Technology description
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Figure 3.18. Scheme showing the bipolar electrodeposition cell. Adapted from reference (281)
and reference (290).

The present technology consists in using a cell composed of one reaction compartment, in which the
substrates and the reagents are located, separated by two membranes from the two electrode
compartments (Figure 3.18).%° The feeder electrodes, which are immersed in solvent containing no
reactants or only supporting electrolyte, are connected to a high voltage power supply. Gold,

platinum or carbon plates were used as electrodes. Two different classes of materials, polymer and
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sintered glass membranes, were tested as separators due to their different properties in terms of
mechanical stability, permeability and conductivity. These separators are needed in order to limit
problems that might occur when using intense electric fields (bubble formation, solvent evaporation
and convection due to ohmic heating). As a consequence the electrodes are separated from the
reaction chamber, containing the reactants and the objects that should be modified, and their
compartments are filled with cold ethanol. Using this configuration, the electric field can be imposed
for relatively long periods of time (in the order of few minutes) before observing the first bubbles at

the electrode surfaces.

The bipolar electrodeposition experiments that will be described in the following sections were
achieved in different cells. Various sets of materials for cell and separator with different dimensions
were employed. Many cells were conceived in the framework of this thesis, illustrative examples are
given in Figure 3.19. In order to ensure the visualization of important phenomena that can happen
during the experiment such as bubble production in the electrode compartments or the variation of
the solution levels caused by the electrokinetic flows, transparent materials such as glass, PMMA or
PDMS were used. Glass cells with sintered glass separators (thickness 3 mm, porosity 2), such as the
one of Figure 3.19a, gave a good insulation between the different compartments since the
separators were directly welded to the cell’s body, but showed usually the highest EOFs. The design
of PMMA/polypropylene cells, like the one shown in Figure 3.19b allows to change easily the position
of electrodes and/or the separators, which allows a certain versatility in terms of volume of the
reaction compartment and electric field tuning (by changing the distance between electrodes). Due
to its malleability, PDMS was found to be very convenient for making cells with a small reaction
compartment (see appendix 3 for details about fabrication), an important factor when the
modification has to be achieved with a very small amount of substrate. The polymer membrane
separators were fixed to the cell body using polytetrafluoroethylene (PTFE) tape (Figure 3.19b) or
silicon paste (Figure 3.19c). Membranes were always stored in mQ water in order to avoid their
shrinkage, which could induce their detachment. Prior to the experiments, the solutions were
inserted into the compartments, the feeder electrodes were connected via crocodile clips to the high
power supply (Consort E 862 6000 V — 150 mA or Heinzinger PNC 30,000 — 20 ump), and the electric

field was applied for a certain time.
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Figure 3.19. Cells used for bipolar electrodeposition. a) Glass cell. b) PMMA/polypropylene cell. c)
PDMS cell.
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In order to get useful information about the electric field losses within different cell configurations,
we decided to evaluate the total potential drop at the compartment interfaces. The electric field
inside the reaction compartment was measured in deionized water as shown in Figure 3.20a.
Measurements of electric field values were performed with two microelectrodes (platinum wires
with a diameter of 100 um sealed in glass pipettes) connected to an electrometer (Keithley, 6517B).
The measuring electrodes were placed at an equal distance from the outer electrodes (see Figure
3.20a) and various measurements were performed using different distances between them.
Measurements were performed at room temperature, in mQ water, by applying 120 V between the
external feeder electrodes with the power supply. The external electrodes were platinum and gold
plates for anode and cathode, respectively. Reinforced cation exchange membranes are Nafion®
perfluorinated membranes (N115) with a thickness of 0.13 mm. and the sintered porous glass has a
thickness of 3 mm and a porosity of 2. The distance between the feeder electrodes was 3 cm for
measurements without separators, 6.7 cm with reinforced cation exchange membranes and 4.2 cm

with sintered glass separators. The fixed electric field ¢ is given by the following equation:

o= Eimp (3.7)

with Ejy, being the imposed potential between the anode and the cathode and L the distance
between the feeder electrodes (see section 1.2.). The potential difference U between two
microelectrodes connected to an electrometer was measured for various distances between the two
microelectrodes L. The electric field transmission efficiency, ¢, a dimensionless ratio that allows
defining the efficiency of the set-up for the restitution of the imposed external electric field in the
reaction compartment is given by:

= ﬁ (3.8)

- -
<

with /g¢ being the electric field measured in the compartment between the separators. It follows

that:
UL
X=7F (3.9)
Lm Eimp
and
L., E;
U= X% (3.10)
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m Eimp

L
Equation 3.10 shows that when plotting U as a function of one can extract a value for ¢ from

the slope of the curve. Figure 3.20b presents results obtained for three cell configurations. The
separatorless configuration leads to a y of 0.99, this means that particles in solution would be
exposed to 99 % of the applied external electric field during the bipolar electrodeposition
experiment. The two other cell configurations show clearly that the separators have an impact on the
electric field. Indeed, y values of 0.65 and 0.62 were obtained in pure water when using a reinforced
proton exchange membrane (Nafion®) or sintered porous glass membranes as separators

respectively.

However, in the electrodeposition experiment the solution in the reaction compartment contains the
metal salt and therefore has a higher conductivity compared to the electrode compartments, which
leads to a major potential drop in the latter ones. In order to avoid this situation, inert salt needs
therefore to be added to the electrode compartments. In this case y values around 0.5 can be
maintained during a certain time, typically in the order of minutes, as presented in Figure 3.20c
which shows the variation of 3 as a function of time for an electric field /"= 26.2 kV m™ in a cell
containing sintered porous glass membranes (Ejmp = 1.1 kV, L = 4.2 cm). This is sufficient to generate
the potential difference in the reaction compartment required for the modification of particles with
dimensions in the micrometer and sub-micrometer range. For longer periods, % is changing due to
the migration and consumption of ions as well as the formation of bubbles at the feeder electrodes.
However this does not affect the result of the experiment, as the modification is usually
accomplished in shorter periods of time. Depending on the electric field value, the cell and the
separator material, a more or less important EOF might be generated, affecting the filling levels of
the different compartments. Because of the material porosity, this flow is more pronounced when
using sintered glass separators. Having a slightly more filled anodic compartment allows
circumventing this problem. These optimizations in terms of restitution of electric field in the
reaction chamber allowed imposing a bias voltage of up to several kV with few centimeters of
separation between the feeder electrodes, leading to electric fields of more than 100 kV m™ during

the bipolar electrodeposition experiments.
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Figure 3.20. Study of different cell configurations. a) Scheme showing the measurement of the
electric field inside the reaction compartment. b) Graph showing the evolution of the measured
potential between the sensing electrodes as a function of the imposed electric field between the
feeder electrodes and the distance between the measurement electrodes. The three curves
correspond to three different cell configurations (black: without separators, green: with reinforced
Nafion® membranes, purple: sintered glass membranes). ¢) Time evolution of the electric field
transmission efficiency y for a cell containing an ethyl cellulose gel with 0.5 mM HAuCl, in the
reaction compartment and a 1 mM NH,Cl ethanol solution in the two electrode compartments,
"= 26.2 kV m™. Adapted from reference (281).
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3.6.2. Metal deposition

3.6.2.1. Metal deposition on anisotropic structures

At first we decided to perform similar experiments to those previously achieved with CABED (see
section 3.5.2.1.) to test our technology, and therefore studied the metal deposition on CMTs. Due to
their anisotropic nature, these substrates are preferred to isotropic ones (the latter case will be
presented in section 3.8.2.2.), since in this case, they will orientate in the field (their longitudinal axis
aligned parallel to the field lines). This means that no experimental precautions have to be taken in
order to ensure their orientation and/or immobilization during the bipolar electrodeposition run.
These experiments were achieved with gold and platinum. About 0.1 mg of the CMT powder was
added to a HAuCl, solution in EtOH:H,0, 95:5 % vol. or H,PtCl, in mQ water (the metal salt
concentration being in the mM range). The resulting mixture was sonicated for 1 min. A cell similar to
the one shown in Figure 3.19a, with sintered-glass separators spaced by 1.4 cm and feeder gold
electrodes separated by 4 cm was used (the volume of the reaction compartment V, is about 2.2 mL).
The reaction compartment of the cell was filled with the prepared mixture and the electrode
compartments with absolute ethanol. Voltage biases were imposed during more than one minute.
After the modification, the solution in the reaction compartment was recovered; a drop of it was

evaporated and rinsed on a conductive substrate for SEM characterization.

Figure 3.21a shows optical pictures of CMTs recovered after the bipolar electrodeposition of gold
using 37.5 kV m™ and 1 mM HAuCl,. The gold particles at one extremity of the CMTs very clearly
shown in Figure 3.21b and ¢, that the asymmetric modification has been successfully performed.
Furthermore, these CMT/Au APs have a similar shape to those obtained by CABED (Figure 3.13c).
Careful examination of the samples with SEM highlights two slightly different topologies. The tube
shown in Figure 3.21b is modified in a symmetrical way with the Au particle being centered with
respect to the long axis of the tube. On the other hand, the tube shown in Figure 3.21c has been
modified in a non-symmetrical fashion as the particle is positioned slightly off the longitudinal axis of

the tube.
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Figure 3.21. Carbon microtubes asymmetrically modified with gold. a) Series of optical micrographs
showing CMT/Au APs recovered after bipolar electrodeposition experiments. b) SEM picture of a
CMT/Au AP with a centered deposit. c) SEM picture of a CMT/Au AP with a non-centered deposit.
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Analog experiments were performed with platinum. In this case, the bipolar electrodeposition was
carried-out under identical conditions but with a PtCl¢> concentration of 10 mM. The following

reaction is supposed to occur at the CMT cathodic pole:
PtClZ (1) +4 e > Pt%s) +6 CI() E°=0.73V vs NHE (3.11)

As shown in Figure 3.22 the metal deposits are also clearly observable by optical and electronic
microscopy. Due to the salt concentration, being one order of magnitude higher than the one used
for the gold modification, the platinum deposits are significantly bigger than the ones obtained for
gold. As an example, the Au deposit size presented in Figure 3.21b is around 950 nm while for the Pt
modification, shown in Figure 3.22c, the size is about 3.5 um (3.7 times larger). As it was the case for
gold, the observation of the deposit also revealed the presence of two types of objects. Figure 3.22a
shows a CMT with a centered Pt deposit whereas in Figure 3.22b the Pt deposit is non-centered, a

detail of a non-centered platinum particle can also be seen on the inset of in Figure 3.22c.

a b

Figure 3.22. Carbon microtubes asymmetrically modified with platinum. a) Optical micrograph
showing a CMT/Pt AP with a centered deposit. b) Optical micrograph showing a CMT/Pt AP with an
non-centered deposit. c) SEM picture of a CMT/Pt AP with a non-centered deposit. Inset: detail on
the Pt deposit.
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As we will discuss in section 4.2.2., the latter APs can be used as micromotors in the presence of a
chemical fuel. It was found that the AP morphology plays a crucial role in this application; thus it
seems important to understand the mechanism leading to a centered or a non-centered deposit
location. As shown in Figure 3.23, this difference might be explained on the basis of a mixed
influence of two competing parameters, which are the time needed for the electromechanical
alignment compared to the activation of the bipolar reaction. Indeed, a linear potential sweep is
applied in order to reach the electric field value where AV > AV,,;,, and thus the CMTs behave as BEs
(see section 1.2.). Theoretically, this potential ramp should last for a time long enough to allow an
alignment of the tubes along the direction of the electric field before reaching the threshold value
where the bipolar reaction starts to occur. In this case the experiment should lead theoretically to
the formation of a centered electrodeposit of the metal (Figure 3.23a) with respect to the
longitudinal axis of the tube, because the nucleation point is located at the point of maximum
polarization. But the reality is more complicated and the alignment of a CMT at the moment where
the electrodeposition starts depends on several parameters such as its initial orientation, its length,
its diameter and the solvent viscosity. For some CMTs, the condition 4V > AV,,,;, is fulfilled before the
tube is perfectly aligned parallel to the electric field lines. In this case, the deposition also occurs at
the point of highest polarization, which in this case is not located at the center of the tube end, but
at the edge. Consequently the metal deposits at the most favorable nucleation site and generates a
non-centered metal particle, as illustrated in Figure 3.23b. The interesting aspect of this is that these
experimental conditions can be adjusted in order to tune the electrodeposition morphology. For
example, one can easily imagine applying a very quick and high potential sweep for inducing almost
instantaneously the deposition and thus obtaining non-centered deposits on CMTs with quantitative
yields. Also, imposing first an electric field that is lower than the one required to induce the metal
deposition but sufficient enough to align the CMTs followed by an increase of the electric field to a
sufficient value for achieving metal deposition could allow to get quantitatively CMTs with centered
deposits. Although non-centered deposition may exist in the CABED technology (see section 3.5.) this
morphology has not been observed. This is surely due to the use of the capillary which, because of its
shape and the electrokinetic flow induces a more efficient orientation of the CMTs parallel to the

electric field lines.
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Figure 3.23. Schematic illustration explaining the origin of the different deposit locations obtained for
CMTs as a function of their orientation in the electric field at the beginning of the electrodeposition
process. a) CMT aligned parallel to the electric field. b) CMT non-aligned with the electric field.
Adapted from reference (89).

3.6.2.2. Metal deposition on isotropic structures

Spherical JPs are of primary importance for different applications such as e-paper (section 3.2.2.1.) or
particulate surfactants (section 3.2.1.1.). One can easily imagine their synthesis to be achieved at a
large scale by bipolar electrodeposition of a material on one side of a conducting bead. In practice,
one important issue for these experiments is the possible rotation of the objects, while exposed to
the electric field. Unlike CTs, because of the isotropic nature of these objects, no preferential
orientation in the electric field is expected. Electrodeposition on moving particles can be an efficient
way to produce core shell particles (see section 2.1.1., Figure 2.3a),”" but this is not the topic of
interest in this chapter. As in the present technology no interfaces are involved, which could allow
immobilizing the particles, another way had to be used in order to avoid or at least slow down this
rotational movement. This has been achieved here by increasing the viscosity of the solution in the
reaction compartment via the addition of gelling agents. Experiments were carried out with various
kinds of carbon beads with sizes covering two orders of magnitude. Because of the presence of
gelling agent, the resulting modified particles have to be extracted from the gel by a washing process.
Two different kinds of gels were used in the reaction medium. With agarose as a gelling agent, the
modification can be performed in water. Although this approach seems attractive from an industrial

point of view, in this case the washing process requires a heating step to recover the APs, which can
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lead to an undesired spontaneous reduction of strong oxidants like tetrachloroaurate. For this
reason, agarose can be replaced by an ethanol-based gel using ethyl-cellulose. Besides avoiding the
heating step for recovering the particles, working with this gel reduces osmosis effects between the

cell compartments, since usually ethanol is used in the electrode compartments.

For the modification of the biggest glassy carbon (GC) beads, an ethanol based gel was first prepared
by dissolving ethyl cellulose in absolute ethanol at a concentration of 200 g.L’". The mixture was
sonicated for at least an hour until a homogenous gel was obtained. 30 mg of 200-400 um GC beads
(inset of Figure 3.24a), previously washed and sonicated in absolute ethanol, were then added to 6
ml of the ethyl cellulose gel. 1 mM HAuCI, was added and the mixture was stirred until a well
dispersed suspension was obtained. 2 ml of the resulting mixture were introduced into the reaction
compartment of a glass cell (similar to the one shown in Figure 3.19a) with two sintered-glass
separators having a thickness of 3 mm and a porosity of 2. These separators were spaced by 1 cm
and the outer gold electrodes were separated by 3.5 cm (V, =2 ml). Ethanol, containing in this case 1
mM NH4Cl as supporting electrolyte in order to limit the potential drop in the electrode
compartments, was cooled for 1 min in liquid nitrogen and then added to the electrode
compartments. A voltage bias of 1.5 kV was imposed for one minute. After the modification, the gel
was taken out from the reaction compartment in order to isolate the modified beads. For this step,
the gel containing the modified beads was dissolved in 50 ml of absolute ethanol under stirring. The
resulting solution was then centrifuged at 3000 rpm for 2 min. The supernatant was removed and
this washing process was repeated 3 times. Finally, the modified beads were kept in a small volume

of ethanol for conservation.

Figure 3.24 a and b show GC beads recovered after a bipolar electrodeposition run. The modification
with gold is clearly observable under the SEM due to the high electronic contrast of the different
materials. The polydispersity of the commercial beads allows illustrating the consequences of
Equation 1.4., which describes the maximum potential polarization arising between the two sides of
a particle with a given characteristic size. Indeed, since the biggest ones experience a higher
polarization, they have bigger deposits compared to smaller beads. Modification yields of up to 80 %
were achieved (Figure 3.24a). This value has been determined as the ratio between the number of
Janus beads and the total number of beads by simply counting them on SEM pictures. Because beads
are sometimes positioned in a way that their deposit is hidden (facing the substrate) this can be

considered as a lower limit of the estimated yield.
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Figure 3.24. Sub-millimeteric carbon/gold Janus beads synthesized by bipolar electrodeposition. a)
SEM picture of GC beads with diameters ranging from 200 to 400 um asymmetrically modified with
gold. Inset: unmodified GC beads with diameters ranging from 200 to 400 um (the scale bar equals
200 pum). b) SEM picture showing a detailed view of one Janus bead.

For the synthesis of Janus beads with intermediate sizes, first, an agarose-based hydrogel was
prepared by mixing 20 mg of agar and 5 mL of a 1 mM HAuCl, aqueous solution or 5 mL of a 1 mM
AgNO; aqueous solution in a glass tube. The glass tube was quickly heated at the bottom with a heat
gun until the first gas bubbles appeared on the glass walls. 6 mg (for gold modification) or 1.5 mg (for
silver modification) of spherical GC powder (20 -50 um, inset of Figure 3.25a) were incorporated into
the hot gel. The gel was then rapidly cooled down by putting the glass tube in room-temperature
water while stirring and sonicating it regularly during the cooling process to prevent the particle
agglomeration during the gelling process. When room temperature was reached, the gel was added
to the reaction compartment of the cell. The same cell than the one used for the CMT modification
was used for the modification with gold (see section 3.6.2.1.). For modification with silver, a PMMA
cell (similar to the one shown in Figure 3.19c) containing cation exchange membranes as separators.
The separators were spaced by 1 cm and the outer gold electrodes were separated by 2 cm (V, =3
mL). Ethanol cooled for 1 min in liquid nitrogen was then added to the electrode compartments. A
voltage bias of 1 kV (for gold modification) or 1.5 kV (for silver modification) was imposed for more
than two minutes. After the polarization, the gel was removed from the reaction compartment for
the isolation step. The gel containing the modified beads was inserted in an Erlenmeyer flask and
diluted with 50 mL of mQ water. It was then heated from below with a heat gun until bubbles on the
glass walls were seen and the black particles settled at the bottom of the flask. The hot mixture is
then centrifuged at 3000 rpm for 2 min. After centrifugation, almost all the supernatant is taken out

and the beads were redispersed in 50 mL mQ water, sonicated and centrifuged again for 2 min at the
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same speed. This step was repeated once again and the modified beads were finally dispersed in a

small volume of water for conservation.

Figure 3.25. Micrometric carbon/gold Janus beads synthesized by bipolar electrodeposition. a) SEM
picture of GC beads with diameters ranging from 20 to 50 um modified asymmetrically with gold.
Inset: unmodified GC beads with diameters ranging from 20 to 50 um (the scale bar equals 5 um). b)
SEM picture showing a detailed view of one Janus bead.

Since the overvoltage needed for the gold deposition is rather low, an electric field of 25 kvV m™ leads
to a sufficient polarization for electrodeposition on the total half sphere, as clearly proved by Figure
3.25. Theoretically, the deposit can be more or less dense depending on the gold concentration and
the electric field value. As previously mentioned, the use of an agarose gel can lead to the
spontaneous reduction of tetrachloroaurate, this explains the unspecific deposition of small gold

dots on areas of the particles that were not modified by bipolar electrodeposition (Figure 3.25).
Silver deposition can be achieved at the cathodic pole of the GC bead through the following reaction:
Ag'NOs(l) + e > Ag® E°=0.80V vs NHE (3.12)

In contrast to gold, the silver reduction reaction needs a higher AV, (section 1.2.), because silver is
a less noble metal with a more negative E. Thus, higher electric field values (75 kV m™) are needed
to trigger electrodeposition. In the case illustrated in Figure 3.26, only the extremity of the beads was
sufficiently polarized to allow the reduction of silver ions, leading to single point modified particles.

The silver coverage could be in principle increased by using higher electric field values.
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Figure 3.26. Micrometric carbon/silver asymmetric beads synthesized by bipolar electrodeposition. a)
SEM picture of GC beads with diameters ranging from 20 to 50 um modified with silver. b) SEM
pictures showing detailed views of one asymmetric bead.

The bipolar modification has also been tested on particles with sizes around 1 um. First a separation
procedure was used in order to isolate the smallest GC beads (Inset of Figure 3.27a) from a spherical
GC powder containing beads with diameters ranging from 0.4 to 12 um. For this, 0.2 g of powder was
then inserted into a vial containing 4 mL of mQ water, stirred and sedimented. When a black
aggregate is seen at the bottom of the vial, 1 mL of the supernatant is taken and dispersed into 4 mL
mQ water. The sedimentation step was repeated for 10 min and 0.2 mL of the supernatant is added
to 2.3 mL of a 1 mM HAuCl, solution, 1 mL of water and 30 mg of agar. The gel and the modification
is obtained in a similar way as described previously for 20-50 um GC beads, in the same cell,
imposing a voltage bias higher than 1 kV for two minutes. After modification, the gel was removed

from the reaction compartment and the same washing procedure was performed.

103



Chapter 3. Bipolar electrochemistry for material science

Figure 3.27. Micrometer and submicrometer-sized carbon/gold assymetric beads synthesized by
bipolar electrodeposition. a) SEM picture of GC beads with diameters around 1 um modified with
gold. Inset: unmodified GC beads with diameters around 1 um (the scale bar equals 5 um). b) SEM
picture showing a detailed view of one asymmetric bead.

Figure 3.27 shows the evidence that the modification of micrometer (Figure 3.27a) and
submicrometer-sized (Figure 3.27b) is also possible with this technology. Because of the typical size
of these objects, using the same electric field values than for the previous ones (25 kV m™), leads
now to a modification that is smaller and localized at the very extremity of the particles. As an
example, the gold patch present on the GC bead of Figure 3.27b (d =750 nm) is about 200 nm. This
demonstrates that when playing with the two crucial parameters that control the maximum
polarization potential AV (Equation 1.4), namely the characteristic dimensions of the objects and the
applied external voltage, one can control the portion modified by the metal on the particles, from

metal hemispheres (Figure 3.25b) to single points (Figure 3.27b).

JPs or PPs offer the possibility to use two different surface chemistries on the same particle. Due to
their reactivity difference, each material can be selectively functionalized. As a proof-of-principle
experiment, we decided to use a thiol-based chemistry in order to selectively tag the gold surface of
20-50 um GC/Au JPs previously synthesized by bipolar electrodeposition. In these experiments the
JPs were prepared as previously described and analyzed with SEM, showing similar features than the
one of Figure 3.25. The functionalization protocol is shown in Figure 3.27a. Basically, 100 pL of the JP
suspension was inserted in a vial containing 0.5 mL of an aqueous solution of cysteamine (10 mM).
Thiol groups having a strong affinity for bare gold,”®? it is then expected that a cysteamine SAM is
formed after the incubation, which was carried out for 24 H. The JPs were then washed 4 times by
centrifugation with mQ water. After the washing step, the supernatant was removed and 80 puL of a

water/dimethyl sulfoxide (DMSQ) (50:50 % vol.) together with 0.4 mg of bis(2,2'-bipyridine)-4'-
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methyl-4-carboxybipyridine-ruthenium N-succinimidyl ester-bis(hexafluorophosphate) was added
and let react overnight. The succinimidyl moiety activating the ester, a peptide coupling is obtained

with the surface-bonded cysteamine, grafting the Ru" complex on gold moiety of the JPs.
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Figure 3.28. Selective fluorescent tagging of a carbon/gold Janus particle. a) Scheme showing the
functionalization steps for tagging the gold surface of a GC/Au JP. b) Optical micrograph obtained by
transmission microscopy, showing an individual GC/Au JP after its functionalization. c) Fluorescence
micrograph showing the same GC/Au JP that was presented in Figure 3.34b.

Ru" complexes, such as ruthenium(ll)tris(2,2-bipyridine) (Ru(bpy)s**), own very interesting optical
properties®®® like photoluminescence, chemiluminescence and ECL (see section 3.2.2.2. and 4.4., for
more information about ECL). We have chosen to use this fluorophore, because of these optical
characteristics as well as the commercial availability of the activated ester variant, but many other
molecules might be selectively grafted following the same principle. The JPs, in suspension with
DMSO, were characterized by transmission (Figure 3.28b) and fluorescence microscopy (Figure 3.28c)
after the functionalization. The fluorescence of the Ru" complex can be clearly seen on only one half
of the particle shown in Figure 3.28c, demonstrating that the asymmetric grafting has been
successfully achieved. In our case, the GC surface remains naked, but one can easily imagine its

subsequent functionalization using, for instance, a chemistry based on diazonium salts*** in order to
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get two different properties at each hemisphere of the particles. We here demonstrated the
selective molecular functionalization on APs, that could be of importance in applications such as drug

delivery (section 3.2.6.), e-paper (section 3.2.2.1.) or sensing (section 3.2.4.).
3.6.3. Single point precipitation of a metal halide

In addition to bipolar electrodeposition which involves a direct electron transfer like metal
electroreduction or electropolymerization (section 3.5.3.), we have also explored other concepts that
could be used for the bulk generation of Janus nanoobjects. These deposition mechanisms could be
grouped under the name of “indirect bipolar electrodeposition” since, in these cases, the deposition
is not achieved by a direct electron transfer from the BE to a soluble precursor. The deposits are
triggered indirectly by local reactions occuring at one reactive pole of a BE. They can be the
consequence of a local pH change (see section 3.6.4.) or induced by the dissolution of the BE itself, as
we will now describe. This section presents proof-of-concept experiments for generating silver-silver
halide Janus objects by bipolar electrochemistry, that involve the use of silver nanowires (AgNWs) as

BEs.

AgNWs were synthesized by a modified polyol process** inspired by the one reported by Zhang et
al.?®® In a double necked round bottom flask equipped with a reflux system, 15 mL of ethylene glycol
(EG) were heated at 170 °C for 2 hours under stirring. Then, 4.5 mL of a 0.1 mM Na,PtClg solution in
EG was injected into the flask. The reduction of PtCls> by EG generates Pt° seeds in the solution. 5
min later, 18 mL of an EG solution containing 0.05 M AgNOs and 0.1 M polyvinylpyrrolidone (in terms
of repeating units), was added dropwise with a syringe pump at a rate of 0.5 mL min’. This reaction
mixture was then heated up to 170 °C for 40 min, during which silver nucleates exclusively on certain
favored facets of the Pt® seeds, which induces the AGNW growth, stabilized by PVP. The suspension
was collected and washed two times with ethanol and once with mQ water by centrifugation for 10
min at 3000 rpm in order to isolate the AgNWSs from other NPs present in the initial mixture. A TEM

picture with representative AgNWs as well as a photograph of a dispersion are shown in Figure 3.29.
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Figure 3.29. TEM image of silver nanowires. Inset: photograph showing a suspension of silver
nanowires.

For the bipolar modification of AgNWs, 0.1 mL of the NW suspension, 0.1 mL of an aqueous solution
of hexaamineruthenium(lll) chloride (5 mM) and 0.15 mL of mQ water, were mixed and inserted into
the reaction compartment of a PDMS cell (similar to the one shown in Figure 3.19c). The cell owns
two membrane separators, which are spaced by 1 cm and feeder platinum electrodes, separated by
2 cm (V; =0.5 mL). Few milliliters of cold ethanol (dipped for 2 min in liquid nitrogen), were added to
the electrode compartment. During these experiments, electric field values of 75 kV m™ were
imposed for 30 s. After the modification, the middle compartment suspension was recovered for
further TEM characterizations. Figure 3.30a describes the mechanism of the modification: at the
cathodic pole of the AgNW, hexaamineruthenium(lll) is reduced to hexaamineruthenium(ll), and
simultaneously, Ag® is oxidized to Ag" at the anodic pole. The presence of the chloride counterions in
the medium and the weak solubility of AgCl (Ks = 1.6 10™ at 25 °C) causes therefore AgCl
precipitation at the positively polarized extremity of the NW. Figure 3.29 shows the AgNWs before
the modification and Figure 3.30b and c show typical modified AgNWs. The modification is clearly
visible in the form of AgCl deposits located only at one end of the wire. Due to the partial reduction
of AgCl under the electron beam during imaging, the deposits are covered by a silver layer, which

makes them appear black.?”?
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Figure 3.30. Precipitation of silver chloride at one tip of silver nanowires by bipolar electrochemistry.
a) Deposition mechanism. b,c) TEM pictures of typical AgNWs/AgCl APs. Inset: detail of the AgCl
deposit (the scale bars equal 100 nm and 200 nm respectively). d) Plot of the deposit length dgep, as a
function of the nanowire length d. Reprinted from reference (281).

The employed AgNW suspensions were mainly composed of wires with lengths below 10 um, but
some were also much longer (Figure 3.29). This allowed us to study the AgCl deposit size dgep as a
function of the nanowire lengths d. Figure 3.30d indicates that the correlation is roughly linear,
which is in agreement with the theoretically expected variation of the driving force for the
modification. As can it be concluded from Equation 1.4, the length of the substrate directly
influences the object polarization and thus the kinetics of the Ag® dissolution and the size of the AgCl
deposit. The proof-of-principle experiment was carried-out with AgNWSs and AgCl, but this concept
can be used theoretically to generate a wide range of Ag/AgX APs with many shapes that could have

256,257

interesting properties for photocatalysis and medical applications.”®

3.6.4. Deposition of semiconducting and insulating layers

Attractive materials can also be deposited by mechanisms involving their precipitation triggered by a
local pH change at the electrode surface. Deposition of organic layers such as electrophoretic
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deposition paints (EDPs), r inorganic layers can be performed electrochemically using

precipitation of soluble polymersm'299

or sol-gel procedures. Besides being attractive due to their
electrical insulating properties, these materials are biocompatible and porous so they can be used as
encapsulating matrices and consequently trap a wide variety of species such as dyes’® or
biomolecules.**% |n this section, we report the local modification with silica, silicone, titanate,

titanium dioxide, and EDP by means of indirect bipolar electrodeposition and we finally exploit the
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encapsulating properties of these materials in section 3.6.5. for the generation of functional Janus

objects.
The half-reactions involved in water electrolysis:

H,0 > %0,+2e +2H" E%=1.23Vvs NHE (3.13)
and

H,0+e = %H,+O0H E°=-0.83Vvs NHE (3.14)

can be induced at both extremities of a conducting object by bipolar electrochemistry if, in a first
approximation, the applied electric field induces a polarization potential AV between the two
extremities of the object that is superior to the difference of the formal potentials of the involved
redox couples, AV, = 2.06 V (see section 1.2.). As shown by Equations 3.13 and 3.14, these
reactions involve pH changes, the oxidation of water produces an acidic gradient whereas water
reduction produces an alkaline gradient. In order to directly visualize the phenomenon, we carried
out a proof-of-principle experiment in a cell containing a pH indicator, as it was proposed by Arora et
al*® The cell was composed of two feeding electrodes and one carbon disc in the center, which
acted as a BE. In this experiment the carbon disc diameter d is 6 mm and the electric field value “is
equal to 8.1 V cm™. Figure 3.31b shows the pH gradients at the vicinity of the feeder electrodes and
the BE. The color changes at the feeding anode and cathode, are due to reactions 3.13 and 3.14,
respectively, which are expected to occur at this potential value (Ejnp = 19 V). Using Equation 1.4, AV
is found to be equal to 4.9 V, a value that is superior to the thermodynamic threshold of 2.06 V and
thus allows half-reactions 3.13 and 3.14 to occur at both extremities of the BE. Strong pH variations
are also observed at the extremity the BE. These pH changes are due to water oxidation (reaction
3.13) at the anodic pole and the simultaneous water reduction (reaction 3.14) at the cathodic pole
that generate acid (pink color) and alkaline (purple color) gradients, respectively. Based on this
experiment, which shows clearly that pH can be controlled at the reactive pole of BEs, the indirect
bipolar electrodeposition triggered by pH changes becomes straightforward, as depicted in Figure

3.31a.
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Figure 3.31. Principle of the pH-triggered bipolar electrodeposition. a) Scheme of the reactions. b) pH

5 mm

evolution in the vicinity of a BE visualized by using a universal pH indicator. Blue corresponds to a
basic pH and pink corresponds to acid pH.

3.6.4.1. Deposition of silica and silicone

Ill

The “sol-gel” terminology is commonly used to describe a class of processes in which a solid phase is

304

formed through gelation of a colloidal suspension (sol).”" The first developed and probably the most

used sol-gel processes are based on the polymerization of silicon monomers. In such procedures, a
sol is first formed by the hydrolysis of an alkoxysilane precursor (n = 1-3, R is a general organic group

and R’ an alkyl group):
RnSi(OR’)4.n + 4-n H,0 — R,Si(OH),4., + 4-n R'OH (3.15)

Polycondensation of the hydrolyzed precursor, catalyzed by hydroxyl ions, can then be achieved by

increasing the pH:
2 RSi(OH)4.n — Rn(OH)3.4Si-0-Si(OH)3.4R,, + H,0 (3.16)

This polymerization leads to the final polysiloxane material. Changing the functional groups R and

their number allows controlling the reticulation degree and the material properties. Working with
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various precursors at the same time is also possible and allows to the synthesis of a large variety of
polysiloxane materials ranging from silica, using a precursor like tetraethoxysilane (TEOS), to much

more sophisticated materials which can possess very different chemical and physical properties.

For these experiments, two sols were used. The first one was composed of 1 g of TEOS (see top of
Figure 3.32a), 6 mL of ethanol, 6 mL of an aqueous solution of 0.1 M NaNO; and 72 uL of 0.1 M HCI.
The second one was composed of 1 g of methyltrimethoxysilane (MTMOS) (see bottom of Figure
3.32a), 10 mL of methanol, 10 mL of an aqueous solution of 0.1 M NaNO; and 120 pL of 0.1 M HCI.
They were stirred for few hours for the hydrolysis to occur (reaction 3.15), and were used directly as
deposition bathes. Several GC particles (with diameters ranging from 630 to 1000 um, see inset of
Figure 3.32b) were placed in the reaction compartment of a PDMS cell similar to the one shown in
Figure 3.19c. The two membranes are spaced by 2 cm and the outer electrodes are separated by 2.8
cm (V; =2 mL). The electrode compartments were filled with mQ water. 300 V during 40 s and 400 V
during 1 min were imposed for the modification with TEOS and MTMOS respectively. After the

modification the beads were carefully taken out with tweezers and rinsed.

Figure 3.32. Bipolar electrodeposition of silica and silicone on glassy carbon beads. a) Molecular
structure of the two sol-gel precursors used. Top: tetraethoxysilane (TEOS) and bottom:
methyltrimethoxysilane (MTMOS). b) SEM picture of a GC bead modified with silica using a TEOS
based sol-gel. Inset: SEM picture of an unmodified GC bead (the scale bar equals 200 um). c) SEM
picture of a GC bead modified with a silicone using a MTMOS based sol-gel.

Polycondensation occurs at the cathodic pole of the bipolar electrode, where the pH at the interface
is strongly increased. The SEM micrograph in Figure 3.32b, shows a sub-millimeter carbon bead
which has been modified using an electric field of 107 V cm™ and a sol containing the TEOS precursor.
The silica modification is clearly visible as the brightest part of the Janus object. The cracks present
on the deposit are due to the bad adherence and poor flexibility of the silica material on such a
surface. As mentioned above, these properties that can be tuned by controlling the polysiloxane

reticulation degree (by adding functional groups R to the precursor, see reaction 3.16). Figure 3.32b
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shows a similar bead modified in the same conditions than previously but using a
methyltrimethoxysilane (MTMOS) precursor. The methyl group on the silicon restricts the
polycondensation, which leads to a less reticulated polysiloxane with a higher flexibility than silica

that covers the substrate more smoothly (Figure 3.32c).
3.6.4.2. Deposition of titanate and titanium dioxide

Other types of materials than those based on silicon can be electrodeposited by a mechanism
involving a pH change. Because of the importance of TiO, in major fields such as photovoltaics®® or
water splitting®®® we chose to work on the bipolar electrochemical preparation of Janus objects
containing a TiO, part. Ohya et al. reported the preparation of a stable transparent titanate colloidal
solution by mixing Ti(IV) tetraisopropoxide (TTIP) and tetramethylammonium hydroxide (TMAOH).>*’
This solution contains colloids of layered poly-Ti(IV)oxoacid species stabilized by the TMA™ bulky
counter ions. The solution remains clear and stable and can be stored at room temperature for long
periods of time. It forms amorphous precipitates when alkali ions such as Na* and K" are added or

when the pH of the solution is lowered. This solution can be used as a bath for the anodic deposition

of titanate films.3%®

For the preparation of the titanate bath, 0.355 g of TTIP was added to 25 mL mQ water. The

hydrolysis of TTIP instantaneously occurs, following the reaction:*%’
m Ti(OPr'), + (2m+1) H,0 — H,TiOzms1 + 4m PrOH (3.17)

generating white precipitates of polymeric titanic acids. 0.453 g of TMAOH was then added to the

mixture for the following acid-base reaction to occur:*%’
HzTim02m+1 +2 Me4N+OH> = [Me4N+]2 [Tim02m+12>] + Hzo (317)

which generates the colloidal layered poly-Ti(IV)oxoacid species. The solution was sonicated for 30
min and stirred during hours until it became fully transparent. This bath was directly used for bipolar
electrodeposition, with a similar cell and procedure than the one used for silica modification (section
3.6.4.1.). During bipolar electrodeposition, the decrease of pH produced by the water oxidation at

the BE anodic pole (reaction 3.13) induces the following cation exchange for the poly-Ti(IV)oxoacids:
[MesN'T, [TimOomin™] +2 H = [H'], [TimOame™] + 2 MeuN’ (3.18)

leading to the precipitation of the titanate film at the surface of the anodic pole.
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Figure 3.33. Bipolar electrodeposition of titanate on carbon beads. a) SEM picture of a GC bead
modified with titanate using an electric field of 71 V cm™. b) SEM picture of a GC bead modified with
titanate using an electric field of 214 V ecm™.

The bipolar electrodeposition was carried out using two electric field values . First experiments were
carried out with /= 71 V cm™, a typical resulting asymmetric object is shown in Figure 3.33a, which
shows a small titanate deposit at one extremity of the particle. As it is clearly demonstrated in Figure
3.33b, the use of a higher electric field value, in this case /"= 214 V cm™, leads to bigger deposits
which cover a more important area on the GC particle. This demonstrates again that when playing
with the two crucial parameters of Equation (1.4), i.e. the characteristic dimensions of the objects

and the applied external voltage, one can control the portion of the modified area on the particles.

Since it is known that amorphous titanate can be converted into crystalline TiO, by calcination,*® we
tested this on our deposits. In order to collect as much powder as possible for the X-ray diffraction
(XRD) analysis, the bipolar electrodeposition was carried out as previously described on 1 cm long
carbon-doped polycarbonate sheets in a PDMS cell (similar to the one shown in Figure 3.19c) with
two membranes spaced by 2 cm and imposing 22 V between the outer electrodes, separated by 2.8
cm, during 12 min. The deposits present on two modified sheets were recovered as a powder by
scratching, and were heated at 450 °C during 4 hours. After the calcination, the powder was collected
for XRD analysis. Figure 3.34 presents the obtained diffractogram. The characteristic TiO, anatase
peaks are clearly present, demonstrating that the calcination of the titanate deposit leads to TiO,
with an anatase crystalline structure. A XRD control analysis on an unmodified polycarbonate sheet
revealed the unattributed peak at 28° to be a crystalline component coming from the substrate.
These preliminary results are promising since they open the way for the bulk synthesis of APs

modified with crystalline TiO,.
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Figure 3.34. X-ray diffraction spectrum of TiO, after calcination. The positions of TiO, anatase peaks
are shown by vertical lines.

3.6.4.3. Deposition of electrophoretic deposition paints
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Even though EDPs have been widely used for a long time in car,”®’ tin and can industries® as

corrosion protection layers, a new type of application emerged recently, because they can be used as

391312 The anodic EDP that was used in this

efficient matrices for the encapsulation of biomolecules.
work (Resydrol AY498w/35WA), is a mixture of micellar polyacrylates. Due to the presence of
carboxylate groups, the water-soluble form of the polymer is negatively charged. As shown by Figure
3.35a, a pH drop induced by water oxidation at the anodic pole of the BE (reaction 3.13) leads to

neutralization of the carboxylate groups and precipitation of the polymer on the surface of the bead.

Prior to use, Resydrol was diluted ten times in mQ water and used for bipolar electrochemistry as is.
The bipolar electrodeposition was realized with the same cell and a similar procedure than the one
used for silica modification (section 3.6.4.1.) with Ejn, =600V ("= 71V cm™) during 20 s. Figure
3.35b shows a SEM picture of the swowman-like asymmetric structure obtained by modifying a GC
bead with EDP. The reflectivity contrast between the two materials is revealed by the optical
micrograph presented in Figure 3.35c. In all these proof-of principle experiments, modifications
triggered by pH were achieved at the macro- and sub-millimeter scale. We show now that this

strategy can be transposed to much smaller particles using our new technology (see section 3.6.1.).
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insoluble

Figure 3.35. Bipolar electrodeposition of an electrophoretic deposition paint on carbon beads. a)
Deposition mechanism of Resydrol EDP. b) SEM picture of a GC bead asymmetrically modified by
EDP. c) Optical micrograph of a GC bead asymmetrically modified by EDP.

Two types of metal particles, amorphous Pt (Figure 3.36a) and spherical Ni (Figure 3.36¢), were used.
In order to ensure a good dispersion and to avoid the motion of the particles during the experiment,
the dispersion viscosity was increased using a water-based gel. First, the agarose-based hydrogel was
prepared by mixing 10 mg of agar, 250 mL of Resydrol, 2.25 mL of water and 5 mg of Pt or 9 mg of Ni
micropowders in a glass tube and following the procedure used for the modification of 20-50 um GC
beads described in section 3.6.2.2. The gel was inserted into the reaction compartment of a
PMMA/polypropylene cell similar to the one shown in Figure 3.19b, with two membranes spaced by
1 cm and the outer electrodes separated by 2 cm (V, =3 mL). Ethanol cooled for 1 min in liquid
nitrogen was then added to the electrode compartments. Voltage biases of 2 kV (for Pt particles) or
2.5 kV (for Ni particles) were imposed for one minute. After modification, the gel was removed from
the reaction compartment, inserted in an Erlenmeyer flask and diluted with 50 mL of mQ water. It
was then heated from below with a heat gun until bubbles on the glass walls developed and particles
sedimentated at the bottom of the flask. The hot mixture is then centrifuged at 3000 rpm for 2 min.
After centrifugation, almost all the supernatant is taken out and the beads are redispersed in 50 mL
of mQ water, sonicated and centrifuged again for 2 min at the same speed. The modified particles

were finally dispersed in a small volume of water for conservation.
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Figure 3.36. Metal microparticles asymmetrically modified with electrophoretic deposition paint by
bipolar electrochemistry. a) SEM picture of an unmodified amorphous Pt particle. b) SEM picture of
an amorphous Pt particle modified with EDP. ¢) SEM picture of an unmodified spherical Ni particle. d)
SEM picture of a spherical Ni particle modified with EDP.

The modification of Pt particles (Figure 3.36a) leads to Janus-type Pt particles with an EDP part as it is
shown in Figure 3.36b, where the darkest part is the EDP deposit capping the Pt particle. One can
easily imagine interesting applications for these particles in heterogeneous catalysis in double phase

*43 Finally, Ni spherical particles with a diameter of a few micrometers (Figure 3.36c) were

systems.
also modified with EDP to generate magnetic JPs, as it is demonstrated Figure 3.36d. As expected
from Equation 1.4., the EDP deposit is much smaller in this case. A possible application for these
objects is to use them as magnetic swimmers that could be used for drug delivery or cargo transport

in microfluidic chips (see section 4.1.3.).
3.6.5. Trapping matrices

The bulk production of bicolored JPs is attracting a huge interest since these objects could be used as
pixels for new technologies of colored electrophoretic screens (see section 3.2.2.1.) or sensors.*® Due
to their porosity, the previously deposited materials (silica, titanate and EDP, see section 3.6.4.) are

300-302

also known to be very efficient for trapping various types of substrates. Optically, the as-

deposited silica and titanate layers were found to be transparent whereas EDP deposits exhibited a
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grey color. In order to obtain a series of bicolored Janus objects, we decided to use the encapsulating
properties of silica, titanate and EDP deposited by bipolar electrochemistry for trapping pigments,
dyes and NPs. The two pathways shown in Figure 3.37 were used to trap colored compounds within
the porous matrices. The first strategy involves two steps and consists in i) deposing the entrapping
layer on the conducting particle and ii) infiltrating the layer with the colored compound. The second
approach only requires one step as it consists in trapping the colored compound while the matrix

grows during bipolar electrodeposition.

bipolar electrodeposition . infiltration of the matrix
of the trapping matrix Janus particle by the colored compound

conducting particle/y o H I ) I ) %Iored Janus particle

bipolar electrodeposition
of the trapping matrix in presence
of the colored coumpound

Figure 3.37. Scheme showing two possible pathways for synthesizing bicolored Janus particles, using
spherical particles as an example.

First, black/white Janus objects were obtained by bipolar electrodeposition of titanate on carbon
rods in the presence of alumina NPs having an average size of 50 nm. In a typical experiment, 1.8 g of
alumina NPs were added to 1.5 mL of the titanate bath (see section 3.6.4.2. for the bath
preparation). This mixture was inserted between the two membranes of a PDMS cell (similar to the
one shown in Figure 3.19c) spaced by 2 cm, the feeder electrodes being separated by 2.5 cm. The
graphite rod was located at the bottom of this compartment and mQ water was then added into the
electrode compartments. 300 V were applied for 2 min and the rod was then extracted from the cell
and washed with mQ water. The photograph a of Table 3.2 shows that this procedure yields graphite
rods with a strongly opaque white color at the anodic pole, which is due to the encapsulation of the
Al,O; NPs into the transparent titanate layer. A dye infiltration step can be used to color the hybrid
titanate-Al,0; coating. This was achieved by dipping the modified rod for three minutes into a
solution of rhodamine 101 in EtOH and washing it several times with water and ethanol. The
resulting black/purple Janus object is shown in the photograph b of Table 3.2. The colored part
revealed a strong fluorescence under a UV-lamp, which is clearly observable in the inset of this

picture.
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coating composition

photograph
matrix colored compounds
a
titanate Al,O3; NPs —
2 mm
-‘.‘ ?K.’l‘u- . e
A|203 NPs + pe- . e - ‘1
titanate
rhodamine 101
2}nm
C
silica fluorescein -
2mm
d

2 mm

Table 3.2. Bicolored Janus rods obtained by entrapping colored compounds into matrices by bipolar
electrodeposition. The insets of the photographs b and c show the fluorescence of the rod
extremities revealed under the UV-lamp.

Instead of using a chromophore infiltration step, the molecule can be directly trapped inside the
matrix during the bipolar electrodeposition, following the bottom scheme of Figure 3.37. We
illustrated this possibility with fluorescein entrapped in a silica coating. For these experiments, 1 mL
of the TEOS-based sol (see section 3.6.4.1.) and 100 pl of a fluorescent solution (3 mg of fluorescein
in 1 mL of water) were introduced into a plastic cell without membranes (the outer electrodes being
separated by 2.5 cm). The graphite rod was located at the bottom of the cell between the electrodes
and a potential of 22 V was applied. After the experiment, the rod was taken out and washed several
times with water. The resulting black/green Janus object, as well as its fluorescence are shown in the

photographs c of Table 3.2.
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Figure 3.38. Fluorescence micrograph of a sub-millimeter glassy carbon bead modified with a silica
matrix trapping TiO, NPs and rhodamine 101.

Anisotropic sub-millimeter sized JPs with one fluorescent part were also synthesized (Figure 3.38). In
these experiments, TiO, NPs were first trapped in a silica matrix, which was finally infiltrated by a
fluorophore. In a typical experiment, 0.2 g of TiO, powder (anatase, < 25 nm), were added to 2 mL of
the TEOS-based sol (see section 3.6.4.1.). The reaction compartment of the cell (the same like the
one used for the synthesis of black/white Janus rods) was filled with this mixture and few GC beads
were placed at the bottom of this compartment. The electrode compartments were filled with water
and a potential of 400 V was imposed. After modification, the beads were carefully taken out with
tweezers and rinsed with mQ water. For the chromophore infiltration, the beads were dipped for a
few minutes in a rhodamine 101 solution in ethanol. Figure 3.38 shows a fluorescence micrograph of
the GC bead modified by the described procedure. Even if the fluorescent area is clearly localized on
one half of the bead, some parts in this area do not show luminescence. This fact is surely due to

cracks present in the silica matrix, as previously discussed in section 3.6.4.1.

Finally, AuNPs were encapsulated in EDP by deposing the polymer from a mixture containing AuNPs
(Figure 3.39a), synthesized by the Turkevich method (experimental details are given in appendix 4).
For these experiments, 0.2 mL of the AuNPs colloidal solution and 1 mL of the EDP bath (see section
3.6.4.3.) were mixed and inserted into the cell (the same like the one used for synthesizing
black/green Janus rods). The graphite rod was placed at the bottom of the cell between the
electrodes and a potential of 22 V was applied. After the experiment, the rod was removed and
washed several times with water. One typical substrate is shown in the photograph d of Table 3.2.

The pink color at one extremity of the rod is attributed to the plasmon absorption of the =15 nm
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AuNPs (A around 600 nm) incorporated in the matrix. AUNP aggregates located at the outer surface

of the matrix are observable by SEM as it is shown in Figure 3.39b.

Figure 3.39. Gold nanoparticles in electrophoretic deposition paint. a) TEM picture of the AuNPs
before their encapsulation in EDP. b) SEM picture showing the EDP deposit on the object presented
in the photograph d of Table 3.2. Inset: SEM picture showing a detailed view of the material.

These experiments demonstrate the utility of bipolar electrodeposition for encapsulation purposes
and open the way for the synthesis of a large family of anisotropically-colored and/or fluorescent JPs,
which may be of strong interest for creating e-paper pixels and for biosensing technologies. A
drawback of this process lies in the weak bonding between the colored compounds at the surface
when compared to SAMs, based for example on Au-S bonds (see Figure 3.28). Nevertheless high
color intensities can be achieved due to the occupation of a large quantity of the colored species into

the porous structures as compared to a classical SAM.
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3.7. Micro- and nanostructuration

Micro- and nanostructuration of surfaces are of importance in many domains ranging from
electronics to detection systems. Substrate patterning is in the majority of the cases realized by
means of costly technologies and time-consuming procedures such as photolithography, scanning
probe lithography,® soft lithography®** or electrodeposition through templates.?*>*' In all previous
sections of this chapter we discussed in detail the use of bipolar electrodeposition for the partial
coating of particles. We will demonstrate now that bipolar electrodeposition can be used for the

straightforward micro- and nanostructuration of conductive substrates of different sizes.

E

a

E

¢

Figure 3.40. Scheme of the 2D projection of a bipolar electrode, showing the polarization potential
AV, arising between the points of the surface located on the vertical plane comprising X and the
anodic extremity, X,.

The polarization potential AV, represented in Figure 3.40, is related to the reactivity of the BE
surface points defined by the vertical plane passing at the position X, located on the BE equatorial

plane between X, and X, (the positions of the anodic and cathodic extremities, respectively).

The BEs of Figure 3.41 are in solutions which only contains a charged metal species which can
undergo electrodeposition at its cathodic pole. The AV, gradient along the BE divides its surface into
two distinct areas separated by a vertical plane. In the red area of Figure 3.41a AV, < AV, which
makes the deposition of the metal impossible. For the green area, AV, > AV, which implies that
thermodynamically the metal can be deposited in this zone. The boundary between these two areas
can be controlled by varying the applied electric field  (see section 1.2). Considering the

conventional experimental conditions of bipolar electrochemistry, i.e. working at room temperature,

no external stirring, very high electric fields, and low ionic strength in the solutions, the migration of
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metal ions becomes and important component of the mass-transfer. The simplest case, depicted in
Figure 3.41a, describes the deposition of metal cations such as Ag’. The ions migrate towards the
feeder cathode, and arrive “in front” of the cathodic pole of the BE, directly reaching the area where

AVy > AVphin. Therefore electrodeposition occurs and leads to the generation of a spherical JP.

a

Figure 3.41. Bipolar electrodeposition of metal cations and anions on spherical bipolar electrodes,
the arrows represent the migration of ions and the green surface represents the area where the
reduction takes place. a) Scheme showing the reduction of Ag®. b) Scheme showing the reduction of
AUC|4-.

The case of a negatively charged metal complexes such as AuCl, is more complicated since in this
case the direction of migration is reversed, as shown in Figure 3.41b. The metal anions migrate

towards the feeder anode, pass the anodic pole of the BE and reach the cathodic pole of the particle
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“from the backside”. As a consequence, instead of reaching the extremity of the cathodic pole, their
first contact where reduction can occur is the boundary between the cathodic and anodic zone.
Depending on the overall concentration of electroactive species they are consumed in a more or less
large band at this boundary. Metal ions that were present in the pole region of the cathodic area are
rapidly depleted and can’t be replaced because the supply is impossible due to a shadow effect. This
leads to the generation of a metal ring at the boundary location. In order to qualitatively confirm this
mechanism, simulations showing the hot-spots on a spherical BE during electrodeposition of a metal
cation and an anion, respectively, were performed by a collaborator using Comsol Multiphysics 3.4
(see appendix 5) This will be experimentally confirmed and used in the following for the

microstructuration on macroscopic and microscopic BEs.

ajbcc d e f

F O

Figure 3.42. Scheme showing the process used to fabricate the gold spheres, which were used for
microstructuration.

This mechanism was experimentally first tested on home-made macroscopic gold BEs, produced
following the steps depicted in Figure 3.42. First, the tip of a Pasteur pipette was melted until a glass
bead with a diameter of d =3 mm was formed (step a and b in Figure 3.42). After the solidification of
the bead and its separation from the rest of the pipette (step c), gold was sputtered on it by cathodic
pulverization (step d and e) and the bead was directly used for the bipolar electrochemistry
experiment. The bead was positioned by its shank in the middle of a cell with two feeder electrodes
spaced by 2.3 cm (step f) and containing a solution of the metal salt (from 5 to 2 mM). Bipolar
electrodeposition was performed for several minutes (typically five minutes) until the metal deposit
could be observed with naked eyes. Photographs of various metal deposits, obtained using different

experimental conditions are shown in Figure 3.43. The photographs of the beads were taken with
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their shanks at the back, in such a way that it does not appear on the final picture. In order to avoid
reflection effects on the gold surface as much as possible, the photographs were taken in a white
box. The black spots in the middle of each picture correspond to the camera reflection on the bead, a

phenomenon that cannot be avoided.

0 1 2 3 4 5
C (mM)

Figure 3.43. Controlled electrogeneration of Au rings on spherical bipolar electrodes (d =3 mm). a-f)
Photographs of Au beads modified by bipolar electrodeposition using different sets of experimental
conditions (the scale bars equal 500 um). a) 5 mM HAuCl,, 12 V. b) 5 mM HAuCl,, 8 V. ¢) 5 mM
HAuCl,, 7 V. d) 4 mM HAuCl,, 12 V. e) 2 mM HAuCl,, 12 V. f) 5 mM AgNO3, 9 V. g) graph showing the
variation of the gold ring width w as a function of HAuCl, concentration C.

The two oppositely charged metal salts AuCl, and Ag* were used in these experiments. Apparently,
the use of AuCl, induces the formation of a gold ring around the sphere (Figure 3.43 a-e) while Ag"
produces a hemispherical deposit (Figure 3.43 f). This observation presents an experimental support
of the hypothesis shown in Figure 3.41, which was furthermore confirmed by the simulation
presented in appendix 5. Figure 3.43 a-c were obtained using exactly the same conditions (5 mM
HAuCl,), but using three different electric field strengths , by applying 12, 8 and 7 V, respectively,
between the feeder electrodes. One can clearly see that the potential decrease leads to a
displacement of the generated gold from the center of the BE (for high ) towards the extremity of

the cathodic pole (for the small ). This is directly related to a decrease of the cathodic pole area
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with decreasing polarization (see section 1.2.). This phenomenon allows to control the location of the
ring on the BE and in the following we furthermore show that the ring width w can be tailored. The
deposition time was found not to influence significantly w, but an intensification of the ring color was
observed as a function of time which suggests an increase of the deposit thickness. The photographs
of Figure 3.43a, d and e show gold beads obtained applying 12 V and using decreasing AuCly
concentrations, from 5 mM to 2 mM. One can clearly see a decrease of w with decreasing AuCl,
concentration, the two parameters being proportional, as demonstrated by the graph in Figure 3.43.
These results show for the first time that bipolar electrodeposition of negatively-charged metal
species can be used for the controlled micro-structuration of conductive substrates. In Figure 3.44,

this phenomenon is used for the generation of more complex structures.

1

Figure 3.44. Microstructured gold beads. a-f) Photographs of gold beads modified by one or several
bipolar electrodeposition runs (the scale bars equal 500 um). a) 5 mM HAuCl,, 7 V and 15 V. b) 5 mM
HAuCl,, 12 V and 12 V, the bead has been turned with an angle ¢ = 90° between the two runs. c) 5
mM HAuCl,, 8V, 15V and 7 V, the bead has been turned with an angle ¢ =~ 180° between the second
and the third run. d) 5 mM HAuCl,;, 12 V, 8 V and 7 V, the bead has been turned with an angle
¢ = 180° between the second and the third run. €) 5 mM HAuCl,, 8V, 12 V and 5 mM AgNO3 9 V, the
bead has been turned with an angle ¢ = 180° between the second and the third run. f) 20 mM
HAuCl,, 15 V.

a

The series of photographs shown in Figure 3.50 has been obtained by modifying the experimental
conditions, namely the electric field strength and the number of electrodeposition runs. Typically,
two gold rings can be produced on the cathodic pole by two runs with different values of potential

(Figure 3.44a). The ring can be generated at any place on the bead and turning the bead around its
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shank between two runs allows the generation of rating gold crosses (Figure 3.44b) or more complex
structures. In an analogue manner, three runs were used for creating three gold rings (Figure 3.44 c
and d). For generating the structure shown in Figure 3.44e, which has two gold rings at one extremity
and one silver hemispherical coating at the other one, both mechanisms of Figure 3.41 were
employed. The two gold rings were obtained by performing two runs in the HAuCl, solution and the
silver coating with one run in the AgNOs solution. The barcode structure shown in Figure 3.44f is the
only one that has been obtained in just one run. This experiment was performed with a
concentration of gold salt four times higher than in all the other experiments (C = 20 mM) and in this
case, the mechanism which produces the rings is different from the one previously discussed. Since
such a salt concentration is high enough to partially screen migration phenomena, the mechanism of
Figure 3.41b is not any more valuable and the deposition of gold occurs over the whole cathodic
pole, certainly controlled by the diffusion of AuCl, species. It is well known that metal gold
electrodeposits can have different colors depending on different parameters such as their surface
oxidation state, the layer porosity as well as its thickness. The existence of colored rings at the
cathodic pole (right half of the bead) is a direct consequence of the porosity and thickness gradients
of the deposit. The dark ring at the anodic pole is in contrast attributed to the generation of specific
gold oxides which are known to have strong colors.*’” The complexity level which has been achieved
in the presented experiments demonstrates strong application potential of bipolar electrodeposition

for structuring conductive substrates at the microscale.

We demonstrated in section 3.6.2.2. that instead of gold rings, gold hemispheres were obtained on
sub-millimeter and micrometer-sized GC beads by bipolar electrodeposition. Due to the recent
interest in optical properties of metal micro- or nanorings318 which are very attractive for sensing
application®* we tried to generate metal rings on submillimeter and micrometer GC beads. Different
experimental conditions were tested in order to optimize the conditions for generating gold rings on
these substrates. For an easy comparison, the discovered optimal conditions for the specific
generation of JPs or ringed particles for sub-millimeter and micrometer GC beads are given in Table
3.3. The parameters reported for the synthesis of Janus particles are the one that were previously
described in 3.6.2.2. For the synthesis of ringed particles, the experimental conditions were exactly
the same except for the parameters reported in this table. Different factors are responsible for
switching from gold Janus coatings to gold rings. First, the use of lower ionic strengths as well as a
smaller Cpaucia/ Coc ratio should favor the ring formation, which is actually the case when looking at
the conditions reported in Table 3.3. More importantly, a crucial parameter was the type of
separator (see section 3.6.1.), since the yield of ring formation was found to dramatically decrease

when using sintered glasses as separators instead of cation exchange membranes. This can be easily
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understood based on the difference in convection rates in both configurations. As explained in
section 3.6.1., sintered glass creates a stronger EOF, which induces convection and by this directs
AuCl, ions to the cathodic pole. This decreases considerably the effect of the migration and favors

the production of JPs instead of rings.

diameter Janus particles ringed particles
Chaucis = 1 mM a Craucis = 0.25 mM
Csc=5mg mL? Csc=2.5mg mL*
400-200
pm gel : ethyl cellulose gel : ethyl cellulose
separators : separators :
sintered glasses cation exchange
membrane
Chauca =1 mM C Chauca = 0.5 mM
Csc=1.2mg mL? Csc=6.4mg mL*
50-20
pm gel : agarose gel : agarose
separators : X separators :
sintered glasses 2-&-" cation exchange
membrane

Table 3.3. Experimental conditions (HAuCl; concentration, Cyaucs; GC bead concentration, Cg, gel
type and used separators) for obtaining Janus particles or ringed particles, respectively, by bipolar
electrodeposition of gold on GC particles of two different sizes. The corresponding structures are
illustrated by SEM micrographs.

Another negatively charged metal complex, PtCl¢>, has been tested for the generation of ringed
particles on 200-400 um GC beads. A similar cell (PMMA/polypropylene cell with cation exchange
membranes, see Figure 3.19b) than the one used for the generation of ringed gold particles (SEM
picture b of Table 3.3) was used, the beads were trapped in an ethyl cellulose gel and exposed to a
field of 42 kV.m™. As shown in Figure 3.45a, Pt rings were successfully obtained, which again
confirms the mechanism requiring a negatively-charged species. Both SEM pictures of Figure 3.45
demonstrate that ringed particles can be obtained with relatively good yields when applying
conditions described in Table 3.3. Nevertheless, it seems important to point out that the mechanism
based on migration (Figure 3.41b) may be not the only mechanism responsible for the modification

of the 20-40 um GC particles, since in this case the used agarose gel may have a certain influence on
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the final particle structure due to the undesired spontaneous reduction of tetrachloroaurate

(previously discussed in section 3.6.2.2.).

100 pm

Figure 3.45. Ringed particles. a) SEM picture of GC beads with diameters ranging from 400 to 200 um
modified with a platinum ring. Inset: SEM picture a showing detailed view of one ringed particle. b)
SEM picture of GC beads with diameters ranging from 50 to 20 um modified with a gold ring. Inset:
SEM picture showing a detailed view of one ringed particle.

To summarize, we have shown in this section that in the case where the mass transfer is controlled
by migration, bipolar electrodeposition of negatively charged species can be very attractive for
micro- and nanostructuration at different scales. This mechanism opens up many opportunities for
the electrochemical design of very complex structures ranging from microstructured barcodes to

optically-active nanostructures.
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Chapter 4

Bipolar electrochemical motors

4.1. Synthetic motors: concepts, fabrication and applications
4.1.1. Inspiration from nature

Nature offers wonderful examples of autonomous microsystems which operate at dimensions where
viscosity effects predominate (at low Reynolds numbers) and Brownian motion is considerable. As
examples at the micro-scale, we can cite eukaryote cells such as spermatozoa, which propel
themselves generating a mechanical wave with their flagella. Some prokaryotic entities such as the
bacteria Escherichia coli (E.coli) or Salmonella (Figure 4.1a) use the corkscrew motion of their flagella
to direct themselves at extremely high speeds of up to 60 bodylengths s™. At a smaller scale, within
the cell, one can see the latter flagella motion being driven by the action of a remarkable rotary
nanomotor powered by the action of a proton flux."? Other biomolecular nanomotors are active in
cells, for example kinesin and dynein travel along microtubule “tracks” in the cytoplasm to deliver
required vesicles, organelles and other cargos at specific locations (Figure 4.1b).>> Most of these
motors are powered by the spontaneous reactions of energy rich biomolecules, such as the
hydrolysis of the biological fuel adenosine triphosphate (ATP). Inspired by the remarkable
performances of these systems, and encouraged by the visionary talk of Feynman,® biologists,
chemists and physicists have developed in the last decades different strategies in order to try to

compete with natural biomotors.””®
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Figure 4.1. Examples of biomotors. a) TEM micrograph of a Salmonella bacterium. Adapted from
reference (10). b) Scheme showing the cargo transport by kinesin and dynein along a microtubule.
Adapted from reference (11).

A first approach consists in using directly the biosystems given by nature as active parts. Several

| 12-14

publications from Whitesides’ group illustrate this concept at the cell leve Controlling the

morphology of filamentous E.coli by making them grow in shaped microchambers results in specific

motions."® Cargo transport and release was realized using flagella-propelled unicellular algae, which

14
l.

were steered by phototaxis within a microchannel.”™ Bacteria attached to the surface of particles can

transfer their motion as demonstrated by Behkam et al.™* At a smaller scale, a lot of effort has been

719 1 this

devoted to the motion of nano- and microobjects using biomolecular nanomotors.
context, Montemagno used ATPase to rotate a biochemically bonded nickel nanorod in the presence
of ATP.”® The effect of viscosity on the rotation of a microbead attached to ATPase has also been
reported.”* Vogel’s group presented the use of kinesin-modified surfaces for directing the ATP-
powered motion of microtubules within miniaturized systems.””?* This system has recently been

24,27

applied in biosensing,>>*®cargo transport and release. Even though such biological systems are
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remarkably efficient, they have a very limited lifetime due to their rapid degradation in a wide range
of experimental conditions. This major drawback has led to many efforts for conceiving more stable

synthetic motors with comparable performances.

4.1.2. Chemically powered motion

829 ysing DNA or smaller

Important developments in the area of synthetic molecular motors
molecules are currently in progress, but exceed the scope of this chapter. The most developed
strategy is directly inspired by biological systems and is based on the use of a chemical fuel. This fuel
induces motion, by reacting at a precise area on the motor.*®* Two main mechanisms, namely self-
electrophoresis and bubble-propulsion have been discussed in this context. After a strong scientific
debate,*! the first one has been widely adopted for explaining the motion of bimetallic nanorods
(also referred to as nanosubmarines)® in the presence of hydrogen peroxide. As shown in Figure
4.2a, these objects are usually synthetized by electroplating through alumina membranes containing
cylindrical pores and are isolated after the dissolution of the membrane. They are typically several
micrometers long and a few hundreds of nanometers wide (Figure 4.2c). Different metal
combinations can be used with one metal being the cathodic pole, where H,0, is reduced and the
other one the anodic pole, where H,0, is oxidized. The respective locations of the spontaneous and
simultaneous reactions can be deduced from the mixed potential values of each metal in the fuel

13! The metal with the more positive mixed potential acts

solution, as demonstrated by Mallouk et a
as the cathode and the other one as the anode. In the presence of the fuel, the nanorods are then
bipolar electrodes but in this case the bipolarity is induced by the composition of the object and the
solution and not by an external electric field. Classical rod compositions employ a good catalyst for
H,0, dismutation such as Pt** or Ni** as the cathodic pole and Au as the anodic pole. As illustrated in

Figure 4.2b, the electron flow at the rod/solution interface is balanced by a proton flow in the

electrical double layer, inducing the motion in an opposite direction.
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Figure 4.2. Self-electrophoretic swimmers. a) Synthetic procedure for obtaining Ni/Au nanorods. (a)
Gold sputtering onto an alumina membrane. (b) Electrodeposition of gold plugs. (c) Electrodeposition
of a sacrificial layer of copper. (d) Electrodeposition of a nickel segment. (e) Electrodeposition of a
gold segment. (f) Selective dissolution of alumina. (g) Selective dissolution of copper. Adapted from
reference (34). b) Scheme showing the self-electrophoresis mechanism on a Pt/Au nanorod. c) SEM
micrograph showing a Ni/Au nanorods. Reprinted from reference (31). d) Optical micrograph
showing the motion track of an Pt-CNT/Au/Ni/Au nanomotor which is steered around the central
portion of a PDMS microstructure. Reprinted from reference (35).

A lot of work, mainly presented by the groups of Wang and Ozin, has been performed with the aim to
enhance the speed of these objects by material engineering and tuning the medium composition. For

example, the porosity of the Ni surface can be increased to boost the speed.*® A shown strong speed
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enhancements has also been demonstrated by the incorporation of carbon nanotubes (CNTs) into
the Pt matrix,?’ the presence of Ag" ions® and hydrazine®” in the solution and the use of an Au-Ag
alloy instead of a pure Au.* Using this improved system, speeds in the order of ~150 pm st
equivalent to ~75 bodylenght s™ have been reached.®® The speed responds to different stimuli*® such
as electrogenerated concentration gradients** and temperature.*? Coupled with magnetically active
parts, the nanorods can be steered using magnetic fields, as shown in Figure 4.2d.** Recently several
applications for writing microstructures on surfaces,* transporting cargos,45 delivering cargos in

3348 and sensing.*”*® have been presented. Interestingly, Sen et al. have shown

microfluidic channels
that these objects exhibit chemotaxis,” i.e. when exposed to a chemical gradient, they will drive to
the fuel rich area, similarly to biological entities. Rotational motions have been reported for Ni/Au
rods with one part attached to a substrate®®, Au rods with a non-centered Pt catalyst*® and a sub-
millimeter gold gear-like structure with platinum strips in the tooth regions.”® Using a self-
electrophoresis mechanism, Sen et al. recently reported the use of Pt/Cu rods powered by aqueous
Br, or 1,.>* Mano et al. designed biochemical swimmers which operate involving a similar mechanism.
Composed of a carbon fiber “body” carrying at both extremities glucose oxidase and bilirubin oxidase
respectively, they use biofuels such as glucose and 0,.>* Sen’s group recently reported the interesting
concept of polymerization powered motors.” In this system a submicrometer-sized spherical Janus
particle, half-coated with a Grubb’s catalyst, is immersed into a solution containing the monomer

fuel. The increase of the particle diffusion coefficient was attributed to the osmosis generated by the

asymmetric ponmerization.53

The bubble propulsion mechanism was first introduced by Whiteside et al.>* They directed
millimeter-sized floating objects on the surface of a solution of H,0, by means of the hydrodynamic
flow generated by the bubble formation and release on a Pt surface during the fuel decomposition.”
This mechanism, which is independent from the ionic strength of the medium, constitutes a very
interesting alternative to the previously discussed self-electrophoresis.>® This concept has been then

6

used at the micro- and submicroscale for moving Pt/SiO, Janus spheres,® stogmatocytes (bowl-

shaped polymers) loaded with Pt NPs>’ and silica beads tethered with a synthetic manganese

catalase.”®*®

A strong interest is currently focused on tubular micro-engines driven by bubble
production (also referred in the literature as microbots,®® microrockets®™ or microjets®). These
objects are microsized tubes containing one outer surface that is inactive towards the fuel and a
catalytically active inner surface. In the presence of the H,0, fuel, O, bubbles nucleate and grow at
the catalyst surface until they are expelled through the larger opening inducing the motion towards

the opposite opening (Figure 4.3b).
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Photoresist layer

Substrate

Figure 4.3. Bubble-propelled swimmers. a) SEM image of an array of rolled-up nanomembranes.
Inset: scheme illustrating the roll-up process of a nanomembrane into a tube on photoresist.
Reprinted from reference (61). b) Optical micrograph showing a rolled-up microengine flowing
against the flow within a PDMS microchannel. Reprinted from reference (63). c) Preparation of
bilayer PAni-Pt microtubes using polycarbonate membranes: (a) deposition of the PAni, (b)
deposition of the Pt, and (c) dissolution of the membrane and release of the bilayer microtubes,
reprinted from reference (64). d) Optical micrograph showing the circular motion of a tubular PAni-Pt
microengine. Inset: SEM picture showing the smaller opening of a PAni-Pt microtubes. Reprinted
from reference (64).

Schmidt’s group developed the use of rolled-up nanotechnologies based on photolithographic

methods for the synthesis of tubular miroengines.®*®

First, a pre-stressed inorganic nanomembrane
is deposited on a photoresist onto which other layers can be deposited (such as ferromagnetic ones)
with the final one being the catalytically active layer. As shown in Figure 4.3a, the selective

underetching of the sacrificial layer rolls-up the membrane, creating the final microswimmer shape.

142



4.1. Synthetic motors: concepts, fabrication and applications

Wang's group developed alternative strategies based on electrodeposition. The chemical etching of
an Ag wire followed by the successive electrodeposition of metal layers can lead to tubular
microengines after Ag dissolution and dicing.®® As shown in Figure 4.3c, the successive
electrodeposition of a conducting polymer, such as polypyrrole (PPy), poly(3,4-
ethylenedioxythiophene) (PEDOT) or polyaniline (PAni), and the catalytic layer through the conical
pores of a polycarbonate membrane can also lead to tubular microengines after removal of the
template.®*®” The catalyst is usually Pt but can also consist in a layer of an enzyme such as catalase.®®
Striking speeds up to 1400 bodylenghts s* have been recently reached at physiological
temperature.®’” Coupled to a magnetic active layer, they showed an impressive degree of motion
control in lab-on-chip microchannels (Figure 4.3b).* Their great potential for bioanalytics has been

8950 hycleic acids,’® proteins’* and

demonstrated”’ in applications such as dynamic isolation of cells,
bacteria.”” They have also been used for transporting,®®> assembling particles’”® and microdrilling
biomaterials.”* Recently, Zn-PAni tubular microengines have been propelled in strongly acidic

media.”

4.1.3. Externally powered motion

However, the intrinsic problem of these approaches is the requirement of a fuel molecule. Indeed,
typical media being strongly acidic or containing H,0,, they are not adapted for certain applications.
Thus, alternative swimmers that can be used without fuel are attracting a lot of attention. In this
context, the use of external electromagnetic fields seems to be an appealing approach. Some objects,
namely surface walkers, require the use of a surface to break the spatial symmetry for generating a
controlled motion. Doublets of paramagnetic beads,’® superparamagnetic chains’’ and ferromagnetic
nanowires’® have been propelled in rotating magnetic fields using this approach. An increasing
interest is focused on biomimetic approaches. Flagella like motion has been mimicked using

centimeter’”” and micrometer-scaled (Figure 4.4)%%!

rigid helical propellers in rotating magnetic
fields. These objects are usually obtained by multistep laser writing®® or vapor deposition
techniques.®® Propellers having a flexible magnetic tail have also been proposed. Wang’s group

developed flexible metal motors that can be steered by a rotating field. 82

Their synthesis was
achieved by electrodeposition through alumina templates (similar to the bimetallic nanorods
discussed previously) and a subsequent partial dissolution of the silver segment, which produces its

83,84

flexibility. Dreyfus et al. reproduced the spermatozoa flagella’s motion to drive a red blood cell
attached to a chain of magnetic particles in an alternating magnetic field.2> Magnetic rigid helical

motors have already been used for the transport and delivery of microparticles.®
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Figure 4.4. Magnetically-propelled swimmers. a) SEM image of a wafer section with a nanostructured
film containing SiO, helical structures. Inset: detail on a SiO,/magnetic helical structure. Adapted
from reference (80). b) Trajectory of an individual nanoswimmer in solution that navigates along a
preprogrammed track of the @ symbol. Reprinted from reference (80).

Electric field-driven motion is also a very promising area. Different electrokinetic phenomena are
known to occur on particles when being exposed to an electric field, which can be used to induce
object motion.® In uniform d.c. fields, well-known electrophoresis makes charged particles migrate
towards the electrode of opposite charge. In uniform a.c. fields, diodes can be propelled in a

controlled way, like first demonstrated by Velev et al.¥’

As depicted in Figure 4.5a, the current
rectification within the diode induces an electroosmotic ion flux on its electric double layer that
propels the diode in the direction of either the cathode or the anode, depending on its surface
charge. This phenomenon was used to drive translational (Figure 4.5b)*®® and rotational motions
(Figure 4.5¢)¥’. The interaction of the induced dipole of a particle with the gradient of a d.c. or a.c.

field generates a dielectrophoretic force.®*®

The force intensity and direction depends on the
particle size as well as the dielectric properties of the particle and the surrounding medium. This
leads to the attraction or repulsion of the particle from the region of highest electric field intensity.*
It has been used for sorting of nanotubes,” cell separation,”® colloidal crystal assembly®> and many
other applications.® Electrowetting can also be used to move objects. Takei et al. recently used this
phenomenon to rotate a millimeter-sized capillary motor floating on a liquid drop.”® Finally, as

previously discussed in section 3.2.2.2., also Janus particles can be moved in a.c. fields.**
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Figure 4.5. Diodes propelled in a.c. electric fields. a) Scheme illustrating the origin of the motion of
diodes in an a.c. electric field. b) Two LEDs floating on the solution surface light up and move towards
the top or bottom depending on the orientation of their anodes (marked with white paint).Reprinted
from reference(87). c) Floating rotor ring with diodes attached to its periphery spins around when an
external a.c. field is applied. Reprinted from reference (87).

While all the presented examples show the motion of objects differing in various characteristics, they
have in common that one relevant parameter is asymmetric. Asymmetry is either incorporated in the
structure of the swimmer, indeed bacteria (Figure 4.1a), magnetic swimmers (Figure 4.4) and
microjets (Figure 4.3) are asymmetric in shape, and bimetallic nanorods (Figure 4.2) and diodes
(Figure 4.5) are asymmetric in composition. Asymmetry can also be introduced by an electric like for
example in the case of dielectrophoresis. With this, asymmetry appears to be crucial for the
generation of a controlled motion. In order to understand the importance of asymmetry for the
controlled motion of an object isolated from the influence of other parameters we propose the
scheme shown in Figure 4.6. There we consider the model system of an isotropic particle which is
submitted to the driving forces m inducing the object’s motion. m can be generated, for
example, by the release of a bubble. In the situation shown in Figure 4.6a, the forces acts at points of
action which are distributed statistically over the particle surface, whereas in Figure 4.6b, the points

of action are asymmetrically distributed over the particle by being localized only on one hemisphere.
In each case, the object’s motion is directed by F,,.¢, which results from the addition of all F ;.4

vectors. In Figure 4.6a, the vectors Fj,.,,. cancel each other out and no net motion results. In Figure
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4.6b, in contrast, the asymmetric distribution of Fj,,,. provokes that F,.; > 0 and a net motion is

induced, perpendicular to the equatorial plane of asymmetry. In a real scenario, the simultaneous

application of m is less likely than a successive application, provoking a displacement from the
center of mass and resulting in an erratic or Brownian motion (Figure 4.6a). In an analogous manner,
oscillations around the motion axis can be provoked for the swimmer in Figure 4.6b. The
morphological or chemical asymmetries are usually introduced to micromotors by means of synthetic
techniques, often multistep procedures which require a complex equipment. In this context, the
reactivity asymmetry offered by bipolar electrochemistry is a very appealing approach for motion

generation that we will present in the following.
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Figure 4.6. Asymmetry controls particle motion. a) Scheme representing the net force F,,,; and the
motion track of a particle resulting from the driving forces F;,,,. being statistically distributed over
the surface of an isotropic particle. b) Scheme representing the net force F,,.; and the motion track

of a particle resulting from the driving forces Fgj,,e being asymmetrically distributed over one
hemisphere of an isotropic particle.

4.2. Patchy motors synthetized by bipolar electrochemistry

As described in Chapter 3, bipolar electrodeposition is a very attractive approach for the synthesis of
Janus and patchy particles. The highly asymmetric structures that can be obtained are appealing

objects for a use as synthetic motors, as we discuss in the following.

4.2.1. Magnetically-controlled motion

CMTs with a Ni patch at one extremity have been synthesized using the CABED process (section
3.1.2.1.). These asymmetric structures, recovered at the capillary outlet after the modification, were
suspended in a water droplet on a transparent glass slide that was positioned in front of the

objective of a transmission optical microscope. Using this set-up, the motion of isolated Ni/CMTs has
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been observed and recorded. The challenge of this lies in following the object simultaneously in the
X, y and z direction, with the additional problem that not the entire object is in the same focal plane.
The effect of an external magnetic field was studied and we observed that the presence of a
permanent magnet in close proximity to the droplet orientates the asymmetric object with the Ni
“head” towards the magnet position. A circular motion of the magnet around the microscope
objective induced the object rotation around its normal axis.” This is demonstrated by a series of
optical micrographs in Figure 4.7, showing the controlled counterclockwise rotation of a Ni/CMT
particle in the rotating magnetic field. Triggering a well-controlled rotation of the object would be
difficult using homogeneously modified tubes, but can be easily carried out with the present objects

due to their asymmetric nature.
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Figure 4.7. Series of optical micrographs showing the manipulation of a nickel modified CMT
suspended in water by applying a counterclockwise rotating magnetic field. Reprinted from reference
(95).

This proof-of-principle experiment shows that bipolar electrodeposition can be used to fabricate

magnetic microswimmers. As this is a straightforward process, bipolar electrodeposition can strongly
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compete with other usual synthetic procedure employed to produce magnetic swimmers (vapor
deposition or laser writing, see section 4.1.3.). The versatility offered by this technique is also an
advantage. Indeed, the strategy of using a Ni patch was chosen, but several other routes could have
been taken. As an example, the incorporation of magnetic NPs within an electrodeposited matrix
(see section 3.6.5.) could also be possible. This concept could also be adapted to sort conducting,
semiconducting, and insulating carbon tubes. As the latter ones will not be modified with metal,
whereas the two first categories of species will undergo a potential-dependent metal modification,
they can be separated easily from a bulk mixture using a magnetic field and eventually post-purified,

by acidic dissolution of the magnetic patch.
4.2.2. Chemically controlled motion
Platinum is a well-known catalyst for the decomposition of the hydrogen peroxide:

H,05(1) > H,0(1) + % Os(g) (4.1)

e
O, bubbles

Figure 4.8. Optical micrograph showing the production of O, bubbles at the surface of a Pt wire
immersed into a 30 wt.% aqueous solution of hydrogen peroxide.

An evidence of its reactivity is given by the intense spontaneous production of O, bubbles at the Pt
surface when observed while being immersed into an H,0, solution, (Figure 4.8). Due to this
chemical activity, Pt has been intensively used in order to power swimmers at different sizes by a
bubble propulsion mechanism (see section 4.1.2.). This propulsion mechanism is here explored using
Pt/CMTs with centered and off-centered deposits. The procedure employed for obtaining such

particles has been described in section 3.6.2.1. We first tested their ability to decompose hydrogen
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peroxide. The production of O, bubbles was immediately observed as soon as the Pt/CMT hybrids
were in contact with the reactant solution. The bubble generation can be tuned by the hydrogen

peroxide content.
a b
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Figure 4.9. Schematic illustrations of the propulsion mechanism of Pt modified carbon tubes. a)
Centered Pt deposit. b) Non-centered Pt deposit.

Figure 4.9a and b gives a schematic representation of the propulsion mechanisms causing the
motions of CMT with a centered Pt deposit and an non-centered Pt deposit, respectively. At a CMT

functionalized with a symmetric Pt particle at one extremity, the local mechanical perturbations due

to the O, bubble formation and release generate a driving force F,,,; opposite to the direction of the

translation motion.”® In this ideal situation, a translation parallel to the longitudinal axis of the CMT in

direction of its unmodified end results. In the case of an CMT with a non-centered deposit, m is
parallel to the normal axis of the CMT, acting at its modified end and drives the rotation of the
object.”® The experimental observation of the movement of modified CMTs was achieved using the
following procedure. One drop of the suspension was dried on a glass slide and the CMT-Pt objects
were observed with the transmission optical microscope. 5 pl of a solution of 30 wt.% hydrogen
peroxide in water was then added onto the CMTs. The imaging is experimentally very challenging for
several reasons. i) The generation of a large quantity of bubbles is necessary to move the
microhybrid, but these bubbles disturb the optical resolution by changing the nature of the local
environment of the CMT. ii) The propulsion usually takes place in a three dimensional system, (x,y,z),
and focusing with the optical microscope is only possible in the x,y plane. iii) The rate of bubble
formation and the CMT acceleration do proceed with different time scales and it is therefore very
frequent that the CMT moves out of the focal plane of the microscope. However, using the described
protocol, several videos of propelled swimmers could be recorded, as shown in Figure 4.10 and

Figure 4.11.
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Figure 4.10 shows an optical picture of a CMT during motion. The four dioxygen bubbles were
formed successively from right to left, resulting in an efficient propulsion of the carbon tube towards
the bottom-left corner of the image. As mentioned above, this linear mode of motion can be
explained by a CMT morphology with a centered Pt deposit and the related propulsion mechanism

which is shown in Figure 4.9a.
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Figure 4.10. Linear motion of a microswimmer leaving a bubble train behind, as observed with the
optical microscope. Reprinted from reference (96).

In addition to this linear mode of motion, rotation has also been observed. Figure 4.11 shows a
selection of six optical images of a particular CMT performing a counterclockwise turn. These data
are extracted from a large set of images in which the microhybrid is spinning several times. A time
interval of 2.01 +0.14 s/turn was estimated from 10 full turns which allows calculating an angular
speed o =29.9 + 2.1 rpm corresponding to a frequency f ~0.50 Hz. The sequence of images in Figure
4.11 is in good agreement with the rotational motion of a CMT with a non-centered Pt deposit,
depicted in Figure 4.9b. Therein, the CMT is rotating in the opposite direction with respect to the

bubble evolution.

Whereas the majority of the literature approaches used for the generation of chemical
microswimmers are multistep procedures, bipolar electrodeposition is straightforward and well
adapted to generate such objects. Especially for rotational motion, complex synthetic procedures

have usually to be employed to generate the appropriate particles.*>*%%’

In the presented study, it
was possible to generate swimmers that can perform both, rotational and linear motion as a function
of the position of the Pt cluster with respect to the CMT longitudinal axis. Moreover, due to the
process versatility, other strategies might be explored in order to generate bubble-propelled

microswimmers. For example, the encapsulation of Pt nanoparticles or enzymes (such as catalase)
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within porous matrices (see section 3.6.5.) could be alternatives to the direct deposition of Pt. Tuning
the porosity of Pt by introducing surfactants® in the bipolar electrodeposition mixture can also be

considered as a way to enhance the bubble production rate, and thus the swimmer speed.*
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Figure 4.11. Series of optical micrographs of a counterclockwise rotating microswimmer. Reprinted

from reference (96).
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4.3. Bubble induced motion on chemically isotropic objects

As discussed previously in section 4.1. and experimentally illustrated by the two previous sections,
the key concept for the propulsion of particles is asymmetry (see Figure 4.6). The great majority of
the techniques used for generating controlled motion of particles requires the use of intrinsically
asymmetric swimmers. Because bipolar electrochemistry directly provides a chemical break of
symmetry, which can be induced on any kind of conducting object, it is an appealing alternative to
the existing propulsion mechanisms.” We will now present its direct use for the propulsion of

isotropic objects.
4.3.1. Translation

As shown in section 3.6.4., water splitting can be carried out at both extremities of a bipolar object.

In an acidic aqueous solution, the following reactions take place (Figure 4.12a):
2H'(I)+2e >Hy(g) E’°=0VvsNHE (4.2)
2H,0(l) > O,(g) +4H(I) +4e E°=1.23V vs NHE (4.3)

At the cathodic and anodic pole of the object, gas bubbles are produced that can be visualized with
the optical microscope, as presented by Figure 4.12b which shows a 1 mm sized metallic bead
located in a 1.6 kV m™* electric field. To maintain electroneutrality at the bipolar electrode, the
electron production and consumption must be equal at both sides. As a result, considering reactions
(4.2) and (4.3), the produced H, volume (left side) is twice the produced O, volume (right side). In
analogy with bubble-powered nanomotors (see section 4.1.2. and 4.2.2.) this asymmetric bubble
production is responsible for a directional motion. Figure 4.12c shows a conductive microswimmer
observed with the transmission microscope that is propelled by using this mechanism. The 285 um
sized bead is moving towards the cathode in a polydimethylsiloxane (PDMS) microchannel shown in
Figure 4.13a (see appendix 3 for details about its fabrication) at a speed v = 20 um s !, which

corresponds to one bodylength every 14.2 s.
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a motion

Figure 4.12. Competing bubble production. a) Scheme of water splitting, induced by bipolar
electrochemistry. b) Optical micrograph of a 1 mm stainless steel spherical bead exposed to a 1.6 kV
m™ electric field in aqueous 24 mM H,S0,. The left part of the bead is the cathodic pole where H,
bubbles are produced and the right part is the anodic pole where O, bubbles are produced. c) Series
of optical micrographs showing the translational motion generated on a 285 um glassy carbon sphere
in a PDMS microchannel exposed to a 5.3 kV m™ electric field in aqueous 7 mM H,S0,. Reprinted
from reference (99).

As the produced O: bubbles hinder this motion, one can increase the speed by suppressing this
reaction, like illustrated in Figure 4.14a. The lower redox potential of the hydroquinone
(HQ)/benzoquinone (BQ) redox couple, compared to the one of H,0/0, (reaction 4.3), makes it an
ideal couple for suppressing the O, production. In an aqueous HQ solution the following reactions

occur at the cathodic and anodic poles of the bipolar object, respectively:
2H'(I)+2e >Hy(g) E°=0VvsNHE (4.2)
HQ(l) > BQ(g) + 2 H'() +2 e E®=0.7 V vs NHE (4.4)

In this case the bubble formation takes place only at the cathodic side of the object, leading to a
higher speed (Figure 4.14a). In the experiment that is reported in Figure 4.14b the motion of a metal

bead (d = 1 mm) was recorded using a digital camera placed at the top of the cell depicted in Figure
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4.13b. The bipolar electrode is propelled over a distance of 1.5 cm with a speed v = 512 um s (about
1 bodylength every 2 s) in an electric field of 1.3 kV m™. The polarization potential difference AV that
is generated between the two sides of the bead is 1.3 V, a value that is in agreement with the
thermodynamic value AVp, corresponding to the combination of both reactions (see section 1.2.).
These coupled redox reactions can be used to move the object under various pH conditions, because
the potential of proton reduction and HQ oxidation will shift by 60 mV per pH unit in the same
direction, which means that the overall polarization, needed to drive the two reactions

simultaneously, will remain the same, no matter which pH.
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Figure 4.13. Description of the electrochemical cells. a) Cell used for the propulsion of micrometer-
sized GC beads. b) Side view of the setup used for the propulsion of 1 mm stainless steel beads.
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a motion
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Figure 4.14. Quenching of O, bubble production. a) Scheme of proton reduction and HQ oxidation. b)
Translational motion generated on a 1 mm stainless steel bead exposed to a 1.3 kV m™ electric field
in 24 mM HCl and 48 mM HQ. c) Translational motion generated with a 275 um GC sphere in a PDMS
microchannel with a 4.3 kV m™ electric field in an aqueous solution of 7 mM HCl and 14 mM HQ.
Reprinted from reference (99).

For micrometer-sized objects, as in the experiment reported Figure 4.14c, a higher electric field is
required to induce a AV of the same order of magnitude. An electric field of 4.3 kv m™ was applied in
the cell reported in Figure 4.13a, which corresponds to a AV of 1.18 V across the 275 um-sized GC
bead. We used in this case GC to illustrate that it is a quite general phenomenon that not only occurs
on one type of conducting material. On the basis of the data of Figure 4.14a, the bead velocity is v =
62 um s, or 1 bodylength every 4.4 s. Watching the imperfections on the bead surface, one can
easily note that the bead is rolling inside the microchannel while moving. These imperfections are
certainly also responsible, like surface roughness in general, for the bubble nucleation and release.

No attempts were made to control this parameter, except that a surfactant (GOJO NXT) has been
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added to the solution to decrease the size and the adherence of the bubbles to the surface. This
leads to a more homogeneous release and thus also to a more regular motion of the objects. It
becomes also clear from the observations that the motion is due to the hydrodynamics produced by
the local bubble release as a consequence of the bipolar reaction, and not due to other electrokinetic
phenomena. In addition, a control experiment carried out using an isolating glass bead did not lead
to any movement. From this, one can conclude that under the present conditions, electroosmotic
flow (EOF) is not playing a significant role; however, it might become important when going to higher
electric fields or for objects of smaller dimensions. The difference of measured velocity in the two
experiments is mainly due to three parameters, that is, the difference in the generated AV values,
the difference of hydrochloric (HCI) acid and HQ concentrations, which influences the reaction
kinetics and thermodynamic parameters, and the different composition of the objects. This latter
point is crucial, because different materials have different overpotentials/activation energies for
carrying out a certain redox reaction. In particular it is more difficult to reduce protons on the carbon
beads compared with the metal beads. Therefore, one can expect that in the latter case the local
current that results in H, production will be higher compared to the one on carbon. This means that
for the same external driving voltage more bubbles will be produced per time unit on the metal
bead, leading in fine to more efficient propulsion and thus a higher speed. This shows that the speed
of the objects can be controlled by using different experimental parameters. The concept has
nevertheless some limits in terms of particle size. First of all when the objects become too small
(typically in the micrometer or submicrometer range), viscosity effects become very important and
therefore momentum-based propulsion is increasingly difficult. The friction that the particle has to
overcome in order to move is amplified, due to the disadvantageous evolution of the surface to
volume ratio. Second, the particles are more and more subjected to Brownian motion and therefore
more force/energy has to be applied to fight against this. Finally, the external driving force, necessary
in our experiment to generate a sufficient polarization, scales inversely with the particle diameter
(Equation 1.4). This means that for moving smaller objects one needs larger fields, which is

somewhat counterintuitive, because usually bigger objects need a bigger external driving force.

These experiments showed that bipolar electrodeposition can directly induce a controlled motion of
conductive objects by a bubble-propulsion mechanism. Control experiments showed that this motion
is not due to one of the usual propulsion mechanisms, it is therefore a new concept for chemical
locomotion. The advantage of this mechanism compared to most of the existing ones (see section
4.1) resides in the fact that theoretically every kind of conducting object can be propelled without

the need of any synthetic procedure for breaking the symmetry of the system.
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4.3.2. Rotation

Besides allowing translations, the described concept can be adapted to generate rotational motion.
We designed two kinds of bipolar electrochemical rotors, the first one rotating in a horizontal plane
(Figure 4.15) and the second one in a vertical plane (Figure 4.18). The schemes of the rotors are
represented in the insets of Figure 4.15 and Figure 4.18a. The rotors were made by cutting
polycarbonate sheets doped with carbon particles. To concentrate the bubble production on specific
sites, the rotor surface has been shielded with an insulating polymer (blue parts in Figure 4.15 and
Figure 4.18a), except the extremities (red parts in Figure 4.15 and Figure 4.18a). Glass parts were
made by melting glass capillaries and adjusting them to the desired shapes. In the center of the cross,
a small glass cup was fixed and positioned on top of a very thin glass stick axis. The motions were
recorded by a digital camera. Figure 4.16b shows the rotation of a horizontal rotor powered by

bipolar electrochemistry-induced water splitting.
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Figure 4.15. Scheme of a horizontal rotor powered by bipolar electrochemistry-induced water
splitting; red areas represent the conductive parts exposed to the solution, whereas the blue areas
have been shielded with an insulating polymer. Inset: description and dimensions of the horizontal
rotor, the rotor was placed in the middle of the cell shown in Figure 4.13b. Reprinted from reference
(99).

Bubble production on the rotor blades can be observed with the naked eye (Figure 4.16b) or by
optical microscopy, as shown in Figure 4.16a. The water-splitting reactions are induced at the
extremities of the object by imposing an electric field "= 0.5 kV m™, corresponding to a AV of 8.5 V.

While rotating, the electroactive parts of the cross invert their polarization, when passing the virtual
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plane Q (Figure 4.15) which is parallel to the external electrodes and includes the rotor axis. The
conducting parts of the cross are positioned in such a way that an anticlockwise motion is generated.
An average angular speed ® = 1.9° s has been calculated, which correspond to 0.32 rpm. However,
this speed is not completely constant in time as can be seen on the graph presented in Figure 4.17b.

This can be understood by considering the theoretical polarization of the object as a function of time.
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Figure 4.16. Horizontal bipolar rotor. a) Optical micrographs showing the production of H, bubbles at
the cathodic blade (left) and the production of O, bubbles at the anodic blade (right) of the rotor. b)
Series of photographs showing the rotational motion of a horizontal bipolar rotor in an electric field
of 0.5 kV m™ in 50 mM HCI. In order to help visualization, one white spot has been made on a blade.
c) Series of photographs showing an insulating polypropylene cross in an electric field of 0.5 kV m™ in
50 mM HCI. In order to help visualization, one white spot has been made on a blade.

Figure 4.17a illustrates that when the cross is exposed to the external electric field, the polarization

voltage of the rotor arm 1 can be expressed as:
V= “dcos¢ (4.5)
and the one of the arm 2 as:
AV = “dsin¢ (4.6)

Therefore, the overall polarization voltage, which is the driving force for propulsion, can be

expressed as the sum of 4.5 and 4.6:
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AV = “d(sin ¢ + cos ¢) (4.7)

This induces an acceleration of the rotor, and will lead to a maximum speed with a theoretical shift of
90° with respect to the maximum of the driving force. The experimentally obtained variation in speed
is qualitatively in agreement with this theoretical function (see Figure 4.17c). In the beginning of the
experiment there is indeed a good correlation between the theoretical maximum of the driving
force, which appears at an angle of ¢ = 45°, and the maximum of experimental rotor speed which is
located around 140°. The further velocity oscillations are slightly shifted with respect to the
theoretically expected values, most likely because the size of the bubbles and the time when they
detach from the blade is subject to random fluctuations. A control experiment with a completely
insulated cross, shown in Figure 4.16c, resulted in no motion, demonstrating that the rotation is

exclusively due to bipolar electrochemistry.
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Figure 4.17. Polarization and rotation. a) Scheme illustrating the variation of driving force for the
whole object as a function of the angle ¢ with respect to the external electrodes. L is the distance
between the electrodes and d the rotor diameter. b) Graph showing the evolution of the rotation
angle ¢ as a function of time t. c) Graph showing the evolution of the experimental rotor speed w
(red curve), as well as the theoretical variation of driving force (black curve) as a function of the
rotation angle ¢. Reprinted from reference (99).
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A vertical rotor can also be designed and is a very good option to enhance the rotational speed, as
this configuration takes advantage of the buoyancy of the bubbles generated below the rotor blade.
In general, when gas is released from the object, and while the resulting bubble is still attached to
the object, the expansion of the gas bubble in the liquid exerts a force on the object, which pushes
the latter one in the opposite direction. In the particular case of the vertical rotor, the gas bubbles
are sticking to the rotor blade and are located below the rotor blade because the rotor has been
designed on purpose in that manner. This means that in addition to the above mentioned force, the
buoyancy of the gas exerts a second type of force on the rotor blade (Figure 4.18a, left side), leading
in principle to a higher speed. However, if the bubbles adhere too strongly to the blade they will slow
down the motion once they are dragged downwards (right side of the rotor). Therefore, one has to
make sure that they will detach from the rotor when the blade is in the vertical position, essentially
by the addition of small amounts of surfactant. The speed can be further optimized by suppressing
again the O, evolution, occurring at the opposite blade, by adding HQ, because generated O, bubbles
might stick to the blade, and in this case the buoyancy slows down the rotation, as the forces are
orientated in the wrong direction. A beneficial side-effect of using HQ, which leads to a higher
velocity, is an increase of the H, bubble production at the cathodic pole for the same external
electric field, because a lower AV, is required for the combination of these two redox reactions (see
section 1.2.). Figure 4.18b shows the motion of a vertical rotor experiencing a AV of 8.5 V. The
motion seems to be slightly more homogeneous in time (Figure 4.18c) than for the horizontal
configuration and the extrapolated average angular speed is 4.2° s™ (0.70 rpm), more than two times
higher compared to the previous speed. Although in this case the rotor is submitted to a sigmoidal
variation of the driving force (Figure 4.17a), the angular speed is leveled out by the buoyancy effect,

specific to this setup.

These experiments showed that bipolar electrochemistry can be directly used for the rotation of
objects. The induced motion is not homogeneous in time, on the one hand due to the random
detachment of the bubbles from the object and on the other hand due to intrinsic variations in
polarization of the rotors. In the latter case an increase of the number of rotor blades can make this
kind of variations smoother. The angular speed can be tuned by changing different parameters such
as the solution composition and the electric field strength. One can imagine that this kind of rotors
could be used for producing additional mechanical energy in a setup where electric fields are used

anyway, such as in electrolysis reactors.*
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Figure 4.18. Vertical rotor. a) Scheme of a vertical bipolar rotor powered by the reduction of protons
coupled with HQ oxidation. Inset: description and dimensions of the vertical rotor. b) Series of
photographs showing the rotational motion of a vertical bipolar rotor, in an electric field of 0.5 kV
m™ with 50 mM HCl and 100 mM HQ. c) Graph showing the evolution of the rotation angle ¢asa
function of time t. Reprinted from reference (99).
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4.3.3. Levitation

The translation motion presented in section 4.3.1. has been achieved in an horizontal plane. We will
now discuss the vertical ascension of bipolar electrodes using a similar bubble propulsion
mechanism. For these experiments U-shaped glass capillaries (Figure 4.20a), that were made by
manual shaping of Pasteur pipettes with a Bunsen burner were used as cells. A few drops of
surfactant were added to 10 mL of an aqueous solution containing HCl (25 mM) and HQ (48 mM).
The solution was carefully injected into the cell to prevent the formation of air bubbles. The cell was
maintained with its arms in a vertical position and the GC bead (with a diameter around 1 mm) was
then inserted into one arm of the cell. Due to the slightly conical shape of the capillary the bead
dropped until it was stopped by the surrounding capillary walls. Movies showing the BE motion were

recorded using a digital camera.
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Figure 4.19. Scheme of the levitation mechanism for a conducting bead in a U-shaped cell.

Like previously, the proton reduction (reaction 4.2) at the cathodic pole of the object, coupled with
the HQ oxidation (reaction 4.4) at the anodic pole induces the asymmetric production of bubbles at
the object surface. If the external electrodes, localized at the capillary entrances, are polarized in
such a way that the H, flow is generated underneath the bead, this bipolar mechanism can lead to
the levitation of a conducting bead as illustrated in Figure 4.19. GC has been chosen as the swimmer
material because of its low density (1.4 g cm) compared to many other conducting materials. This

decreases the force needed to overcome gravity for an object with a given volume. Figure 4.20b
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shows the motion of a GC bead with a diameter around 1 mm (mass = 0.7 mg) in a glass capillary. The
applied voltage being 270 V with a distance of 11.5 cm between the two feeder electrodes, the
overall electric field  is 23.5 V cm™. One can calculate that this corresponds to a polarization
voltage AV of 2.3 V between the top and the bottom part of the bead. This value, that is more than
three times higher than the theoretical value 0.7 V, needed for inducing reactions (4.2) and (4.4) at
both extremities of the object in standard conditions, shows that these two reactions are highly
favored. The resulting bubble production leading to the bead levitation can be clearly observed at
the bottom of the bead in Figure 4.20b. Stopping the electric field directly induces a dropping of the

bead, but a new ascension can be triggered by re-applying the electric field.
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Figure 4.20. Levitation of a GC bead. a) Photograph showing a typical U-shaped cell used for the
levitation experiments, the diameter of the GC bead is about 1 mm. b) Series of optical micrographs
showing the rise of a carbon bead in a glass capillary. ¢) Graph showing the height h evolution as a
function of time t. Reprinted from reference (100).

The graph presented in Figure 4.20c shows the evolution of the bead height during the rising period.
This profile can be divided into three distinct parts from which the speed v can be extracted based on
the curve slope. In the first part of the curve, the bead does not move significantly (v = 0.1 mm s™).
This part corresponds to the period of bubble accumulation underneath the bead for the generation
of a sufficiently high buoyancy force to overcome gravity. After this initial phase, at around t =6 s,
the height evolution starts to be linear for 8 s with v = 0.9 mm s™. Finally, because the shape of the
cell arm is slightly conical, some space between the bead and the glass walls becomes available for
bubbles to escape from below the bead, which induces a decrease of the speed during the third
phase (v = 0.4 mm s™). One can easily imagine using this approach of bipolar electrode levitation for

stirring, cleaning or unblocking microchannels.
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4.3.3.1. Yo-Yo motion

Based on the observation, that the swimmer motion can be controlled by changing the capillary
shape, we will demonstrate in the following that a Yo-Yo type motion can be generated on purpose
when using a conical capillary. For these experiments a well pronounced conical shape was

intentionally given to the cell arms.
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Figure 4.21. Scheme of the Yo-Yo motion mechanism induced by a cone-shaped capillary. Reprinted
from reference (100).

Figure 4.21 describes the origin of the Yo-Yo motion. At the initial time to, the capillary cross-section
at the bead location forces the H, bubbles to stay below the bead, resulting in a levitation of the
bead in the same manner like previously described. Because the capillary cross-section gradually
increases during the particle elevation, the amount of bubbles that are able to escape from
underneath the bead increases simultaneously. The ascension continues until the extreme case, att =
ty,, where the bead is located in a part of the capillary with a cross-section that is sufficiently large so
that a majority of the produced H, can escape. This stops the bead rising and finally leads to its fall.
The dropping occurs until the bead reaches, at t = ty, a capillary cross-section small enough to trap
enough bubbles underneath, inducing another ascension. In theory, this cycle can be repeated
indefinitely. Figure 4.22a and b show the evolution of the bead position as a function of time, the
applied electric field being 27 V cm™. Until t = 22 s, the elevation profile is similar to the one observed
in Figure 4.20. At t = 21 s in Figure 4.22a, the H, flow escaping from under the bead is clearly

observable. After the bead reaches h = 1.6 cm at t,; = 22 s, the H, production that occurs under the
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bead is not sufficient to maintain the elevation, which causes a drop of the bead over about one
bodylength before the capillary cross-section is again small enough to induce another elevation
period at ty; = 26 s. This up and down cycle can be observed several times in a row, describing a signal
that is sinusoidal in a first order approximation. The signal amplitude A, calculated as the average
amplitude of the four falling segments from t,, to tg, and the three ascensions from tg, to tyn+1 is A =
1.5 mm (=1.5 bodylengths). The period calculated as the average time between t,, and typ+1 is T =
10.7 s which results in an oscillation frequency f = 0.09 Hz. Since the amplitude and frequency
characteristics depend strongly on the capillary shape, the applied electric field, the density of the
bead as well as the viscosity of the medium, they can be easily tuned by playing with these
parameters. Such a system might be used for designing devices like miniaturized microchannel

viscosimeters or self-regulating valves and pumps.
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Figure 4.22. Height profile during the Yo-Yo motion. a) Series of optical micrographs showing the Yo-
Yo motion of a GC bead in the glass capillary. b) Graph showing the height h of the bead as a function
of time t. Inset: zoom of the Yo-Yo height profile. Reprinted from reference (100).

4.3.3.2. Cargo lifter

We will demonstrate in the following that the conductive bead can be used as a lifting motor moving
through the capillary with a cargo attached to it. This cargo consisted in a piece of polymer attached
to the bead via a very thin polymer wire with a tiny drop of glue. The wire extremity was coated with
black nail varnish in order to facilitate its visualization. The GC bead is the only conductive part and
the total mass of the object is 0.9 mg. Figure 4.23 shows the cargo lifting with an electric field " = 23
V cm™. The motion which drives the cargo over 2.7 cm is very clearly due to the bubbles being
generated only underneath the GC bead motor and not at the cargo or at the wire surface, because

of their insulating character. The height profile presents the same characteristics as the one obtained
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without cargo in Figure 4.20. The whole object moves with a maximum speed v = 2 mm s. This
value, which is more than two times higher than the one obtained previously without cargo (section
4.3.3.) for a comparable electric field and bead size, is due to the capillary shape. Indeed, in the
present case the conical character is much less pronounced than in the first case, generating a higher
driving force, thus a faster motion. This proof-of-concept experiment shows for the first time, that
cargo lifting in fluid channels is possible using bipolar electrochemistry, and this phenomenon might
be used as an alternative concept for moving particles in microfluidic systems. The towing speed of
the cargo can be controlled by the applied external voltage, the length of the bipolar motor and most

importantly the distance between the motor and the capillary walls.

Figure 4.23. Series of optical micrographs showing the cargo lifter composed of the cargo (red circle)
and the bipolar motor (blue circle). Inset: height position h of the cargo as a function of time t.
Reprinted from reference (100).
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4.4. Integrated light emission from bipolar motors

Tracking moving objects in real time is a challenge and therefore intensive effort has been made to
design particles with specific optical, in many cases fluorescent, properties. For example, the
observation of most of the microswimmers presented en section 4.1. requires efficient microscopy
set-ups®’ or a functionalization of the swimmers with a fluorophore®® in order to monitor them while
moving. In this context it would be very helpful if the swimmer could act at the same time as an
autonomous light source with the photon emission being intrinsically coupled to the motion. Here
we will present an original approach, where the moving object is simultaneously emitting light,
produced by electrogenerated chemiluminescence (ECL). In this section, bipolar electrochemistry is
not only the asymmetric driving force for the particle propulsion but is also responsible for the light

emission, combining in a synergetic way both redox reactions on the same object.

Like in the previous sections, the motion is here induced by the produced H, bubbles due to the
reduction of water at the GC anodic pole, which proceeds according to the following equation at a

neutral pH:
H,O(1) + & = 7% Hy(g) + OH (1) (4.8)

Because of charge neutrality during bipolar electrochemistry, in the previous sections water or a
sacrificial reductant such as hydroquinone was simultaneously oxidized at the anodic pole,
generating oxidation products such as O, (reaction 4.3) or benzoquinone (reaction 4.4). These
unavoidable anodic processes were not useful in the context of propulsion, and can therefore be
replaced by electrochemical reactions leading to ECL emission. As discussed in section 2.2.3.3., ECL is
an electrochemical process which produces light. The ECL mechanism of the reaction of TPrA with
Ru(bpy)s** is an active area of investigation and it depends on several experimental parameters like

101

the surface hydrophobicity,” the electrode material, the concentration ratio, the pH or the presence

102

of surfactant.” “ All the reported mechanisms involve the following oxidation reactions:

TPrA(l) > TPrA™(l) + e (4.9)
Ru(bpy)s**(1) - Ru(bpy)s* (1) + & (4.10)

The generated reactive radical cation TPrA™* fastly undergoes reaction of deprotonation forming a

highly reactive reducing agent TPrA". TPrA*and TPrA™* react with ruthenium complexes to generate

103

the excited state Ru(bpy)f”producing the ECL."™ As depicted in Figure 4.24, the asymmetric

electroactivity induced by bipolar electrochemistry can induce the synergetic reduction of H,0 at the
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cathodic pole and oxidation of the ECL reagents at the anodic pole of the BE which should

theoretically generate simultaneously motion and light emission of the bipolar swimmer.

Figure 4.24. Scheme showing the synergetic reduction of H,0 at the cathodic pole and oxidation of
the ECL reagents at the anodic pole which induces simultaneous motion and light emission. P
corresponds to a side-product of the tripropylamine radicals formed during the ECL process.

In order to estimate the AV, which is required to generate simultaneously the gas bubbles and ECL,
the corresponding redox reactions have been first characterized by cyclic voltammetry with a normal
working electrode composed of the swimmer material, as described in section 1.2. This
electrochemical measurement has been combined with a simultaneous monitoring of the ECL
intensity by using a photomultiplier tube. Typical voltammetric and ECL responses are presented in

Figure 4.25.
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Figure 4.25. Cyclic voltammogram (black) and ECL emission (orange) of 0.5 mM Ru(bpy)s®* in the
presence of 100 mM TPrA with 100 mM phosphate buffer saline (pH = 7.4) on a home-made glassy
carbon working electrode at a scan rate of 100 mV s™.

From these curves, the potential values for which the different redox reactions are occurring at the
swimmer surface can be easily extracted. Water reduction (reaction 4.8) takes place at - 1.1 V vs
Ag/AgCl and ECL emission occurs at 1 V vs Ag/AgCl. Based on these experimentally determined
values, one can conclude that the coupling of water reduction and ECL emission at the reactive poles
of a BE is possible only if the polarization potential AV between both extremities of the BE is at least
equal to AV, = 2.1 V. Equation (1.4) thus states that for a BE having a diameter d of about 1 mm,

the electric field +“has to be, in a first order approximation, at least equal to 21V cm™.

The bipolar electrochemistry experiments were achieved using a similar protocol like for the
levitation presented in section 4.3.3. A phosphate buffer saline (PBS) solution containing 0.5 mM of
tris(2.2’-bipyridyl)dichlororuthenium(ll) hexahydrate, 100 mM TPrA and a few drops of surfactant
were injected into a U-shaped cell (Figure 4.20a). A GC bead with a diameter d ~1 mm was inserted
into one arm of the cell. The electrodes were inserted into the top part of the cell and were polarized
in such a way that the H, flow is generated underneath the bead, as illustrated in Figure 4.24. The
ECL was recorded using a digital camera (Sony, Cyber-shot). The distance between both electrodes
was 9.8 cm and the applied voltage was equal to 250 V, corresponding to a global electric field of "=
25.5V cm™. The value is above the previously calculated theoretical threshold value of 21 V cm™ and
therefore leads to the synergetic levitation/ECL emission of the GC bead under these conditions, as

demonstrated by Figure 4.26.
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Figure 4.26. Series of optical pictures showing the levitation of a glassy carbon bead emitting ECL at
different times. The left image presents the bead position under white light and the other images
where taken in the dark. Inset: plot showing the height evolution h as a function of time t.

The left picture of Figure 4.26, obtained under ambient light, shows the GC bead in the capillary. The
bead is spherical, but appears slightly stretched along its equatorial axis due to an optical effect of
the cylindrical capillary. The light was then turned off and the electric field applied. The ECL
generated at the anodic pole of the BE, as presented in Figure 4.26, was extremely bright and could
be instantaneously observed with the naked eyes. The initial time t = 0 s is defined as the time when
the camera has been focused on the ECL signal, allowing its correct visualization. After 6 s, the
levitation starts due to H, bubble production underneath the bead, a phenomenon that could be
clearly observed when the ambient light was turned on during the bead motion. The inset of Figure
4.26 shows the height evolution of the ECL bead as a function of time. h was defined as the distance
between the equatorial axis of the immobilized bead on the left picture and the center of the ECL
emitting area during the motion. As it was the case for the levitation without ECL (section 4.3.3.), this
curve can be divided into three distinct parts. In the first part of the curve, the bead does not move.
This part corresponds to the period of bubble accumulation underneath the bead for the generation
of a sufficiently high buoyancy to overcome gravity. After this initial phase, the height evolution is
linear for 7 s at a speed V= 2 mm s™ or ~2 bodylengths per second. Finally, because the shape of the
cell arm is slightly conical (see left picture of Figure 4.26), the space between the bead and the glass

walls becomes larger when the bead rises, thus allowing the bubbles to escape from below the bead,
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which leads to a decrease of the speed during the third phase (v = 0.6 mm s*). The levitation, as well
as the ECL emission can be stopped by switching off the electric field. The height evolution and the
levitation speed is comparable to the ones reported without ECL (see section 4.3.3.2.), showing that
the ECL mechanism does not influence the bead propulsion. According to Figure 4.24, one would
expect the ECL profile to follow the shape of the anodic pole, leading to a lightened hemisphere at
the top of the bead. This is actually the case at certain moments of the experiment, but during the
run one can also observe an ECL shape looking rather like a ring. In order to understand these

changes we further investigated parameters affecting the ECL profile at GC beads in more details.

a HO 1204+2H
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Figure 4.27. pH control of the ECL shape. a) Mechanism responsible for the shape of the ECL-emitting
region on the bead. b) Optical micrograph of a GC bead in the U-shaped cell filled with 100 mM PBS
containing 0.5 mM Ru(bpy)s>*, 100 mM TPrA and a universal pH indicator under the influence of a
25.5V cm™ external electric field.

pH is a crucial parameter for the ECL mechanism to occur. Indeed, ECL is known to be effective at
pH > 5.5, with a maximum intensity at pH 7.5. TPrA is insoluble at higher pH and is protonated at
lower pH (as well as TPrA**) which inhibits the ECL mechanism.'®* This is the reason for using PBS
buffer in the reported experiments, ensuring a constant pH value of 7.4 under normal conditions.
But, depending on the applied potential, water may also be oxidized at the anodic hemisphere of the
bead following reaction 4.3. The oxidation wave corresponding to this reaction can be observed on
Figure 4.25. It starts at more anodic potential than the ECL reactions, around 1.5 V vs. Ag/AgCl. The
theoretical polarization voltage required for achieving simultaneously water reduction (reaction 4.8)
at the cathodic pole and ECL emission and water oxidation (reaction 4.3) at the anodic pole
corresponds then to 1.5 4+ 1.1 = 2.6 V. This value fits with the value of AV applied for Figure 4.26.
This suggests that water oxidation occurs at the very top of the bead where the polarization potential

is the highest, inducing therefore a local pH decrease.
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To check such a pH variation, experiments were performed in the presence of a pH indicator. A GC
bead was submitted to the same electric field than previously. The medium was also identical except
that no surfactant was added and a few drops of a universal pH indicator were added to the solution.
Figure 4.27b shows clearly that, during these experiments, pH variations are occurring at the reactive
poles of the BE. Indeed, one can observe that water reduction which produces the H, gas bubble also
induces an expected pH increase (reaction 4.8) up to a value about 9. It is worth noting that in this
particular case, the absence of surfactant caused the H, accumulation, producing the bubble that can
be seen at the bottom of the bead. At the top of the bead, the pH reaches a value of 4, confirming
that water oxidation (reaction 4.3) also takes place at the anodic pole. This experiment confirmed
that ECL reactions are in competition with water oxidation at the anodic pole of the bead. As
depicted in Figure 4.27a, this reaction directly influences the ECL process since it induces locally a pH
decrease, leading to TPrA protonation, which finally causes the ECL quenching at the top part of the

bead, thus creating an ECL ring instead of the hemispherical shape.

To precisely capture the ECL profile around the GC bead during bipolar electrochemistry, additional
experiments were performed with the BE placed in front of a microscope (objective x5) equipped
with a CCD camera. To avoid bead motion, which is useless for these experiments, they were also
carried out in the absence of surfactant. We investigated the influence of parameters such as applied
voltage and buffer capacity which directly affect the pH gradient around the bead and thus the ECL
profile. Surprisingly, ECL has been observed at global electric fields as low as 6.2 V.cm™. This is due to
the fact that, in this particular case, the bead is touching the capillary walls, leaving only a very thin
layer of liquid between the bead and the walls. The configuration present here is intermediate
between the classical case of open bipolar electrochemistry and the closed bipolar electrochemistry,
presented in section 1.5. The electrical resistance of the liquid thin layer is much higher than the
resistance of the solution in the rest of the capillary, leading to a locally increased potential drop that
can drive the two redox reactions. During these experiments, the desired voltage was applied,
directly generating the initial ECL shape. As shown in Figure 4.28, the ECL-emitting region does not
expand into the solution surrounding the bead. It is confined to the bead surface by the high TPrA
concentration which limits the thickness of the ECL reaction layer. This initial shape changes rapidly
to a transient state (typically after a few seconds). Two representative times are now considered, as
they correspond to the two characteristic ECL shapes. The first one is the initial time t; which
corresponds to the initial ECL shape obtained once the desired voltage is reached. The second, t;,
corresponds to the transient shape. The images obtained at ty and t; for two buffer concentrations for

applied voltages Ein, of 60 V, 75 V and 100 V are shown on Figure 4.28.
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Figure 4.28. CCD pictures showing the ECL intensity profiles on a GC bead in a U-cell filled with PBS
containing 0.5 mM Ru(bpy)s>* and 100 mM TPrA, at t =ty applying 60 V, 75 V and 100 V between the
feeder electrodes. The six top pictures were obtained using a PBS concentration of 100 mM and the
six bottom ones with a PBS concentration of 200 mM.

As expected, the direct consequence of the increase of the potential between the feeder electrodes
is a shift of the ECL boundary towards the equatorial axis of the bead. Indeed, the region where the
potential is anodic enough to generate ECL expands towards the middle of the bead. As shown by
Figure 4.28a, ¢, g and i, hemispherical ECL shapes are generated at the initial stage t, with
experimental conditions such as 100 mM PBS and Ej,, = 60 V or 75 V. With 60 V, this shape remains
roughly the same during the whole experiment but with 75V, it changes quickly to an ECL ring that is

shown in Figure 4.28d. Such a behavior can be rationalized by means of the mechanism previously
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discussed and illustrated in Figure 4.27a. At 60 V, the driving force is not sufficient to generate a pH
change at the top of the bead, so the ECL shape remains hemispherical. On the contrary, an external
voltage of 75 V is high enough to induce proton formation at a sufficient rate to decrease the pH
after a given time (t;) at the anodic pole when using a 100 mM PBS solution. Therefore the formation
of an electrogenerated pH gradient limits the ECL region to a ring shape. This general trend is
confirmed by Figure 4.28e which shows that when applying 100 V the ring is instantaneously
generated at t,. The influence of the buffer capacity on these experiments was also investigated. At
higher buffer capacity (200 mM PBS), the ECL shape remains hemispherical up to a voltage of 75 V
even after a few seconds (Figure 4.28j). Under these conditions, no ECL ring was observed because
the buffer capacity is strong enough to avoid TPrA protonation, promoting ECL emission all over the
anodic pole. Also at this buffer concentration, the initial ECL (at ty) shape using 100 V is hemispherical
(Figure 4.28k), which was not the case at 100 mM PBS (Figure 4.28e), confirming once again a pH-

based mechanism.

These experiments demonstrate clearly that the control of the ECL shape on a BE in these static
experiments can be fine-tuned using easily controllable parameters such as electric field or buffer
concentration. In this case, the ECL ring corresponds ideally to the area of the anodic pole where the
polarization potential is strong enough to generate ECL emission, but where the water oxidation rate
is not efficient enough to protonate TPrA or its radicals. In the case of swimmer motion the situation
becomes more complicated, because proton diffusion, convection due to bubble formation and
motion of the bipolar swimmer have a strong impact on the concentration gradients of the involved
species and thus on the final ECL shape. Nevertheless, the mechanism inducing the ECL profile
changes from hemispherical to ring shapes can be rationalized in terms of local pH variations, which

occur in the vicinity of the swimmer during its motion.

This work presents the first synergetic action of bipolar electrochemistry in terms of simultaneous
propulsion and ECL generation, leading in fine to the first example of a swimmer which is intrinsically
coupled with a chemical light source. In the reported experiments, ECL provides a direct monitoring
of the object motion, which is very useful when dealing with autonomous swimmers. The versatility
of bipolar electrochemistry coupled to ECL allows imagining using the same principle with other
types of swimmers and at smaller scales. It therefore opens up the door to a new class of dynamic
experiments with multifunctional objects. For instance, dynamic detection in a sample solution by
using ECL as an analytic output signal. Finally, such an ECL swimmer resembles biological systems and

may be considered as an artificial analogue of bioluminescent fishes or marine creatures.
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4.5. Dynamic bipolar self-regeneration

The previously presented motion was based on bubble propulsion. In this section, we demonstrate
that bipolar electrochemistry can also be used to propel macroscopic or microscopic metallic objects
by a completely different mechanism called dynamic self-regeneration process. This original
approach consists in the simultaneous combination of deposition and dissolution of an electroactive
material. The deposition occurs at the cathodic pole of the object and the dissolution at the opposite
pole, which leads to a linear motion of the object (Figure 4.29). A deposition/dissolution mechanism
has also been previously employed by Bradley’s team in the context of spatially coupled bipolar
electrochemistry (SCBE) for creating electrical contacts between copper particles'®

(see section 2.2.4.), but never before for the propulsion of objects.

Figure 4.29. Dynamic bipolar self-regeneration principle.

In our experiments, metal objects in the form of zinc dendrites were positioned within capillaries
previously filled with an aqueous ZnSQO, solution. When an external electric field is applied across the

capillary, the two following reactions proceed:

Zn*()+2e >2Zn%s) E°=-0.76V vs NHE (4.11)
at the cathodic pole of the zinc object and

Zn’(s) > Zn*(l) +2 e E°=-0.76 V vs NHE (4.12)

at the anodic pole. Since one and the same redox couple (Zn**/zn°) is involved in the bipolar process
on both sides of the object, AV, is almost equal to zero (see section 1.2.) and theoretically the

application of low electric fields should be sufficient for triggering reactions 4.11 and 4.12.

As a proof of principle, first experiments were carried out at a macroscopic level. Under the
employed experimental conditions zinc grows electrochemically following a dendritic morphology*®
as it can be seen on the SEM micrographs of Figure 4.30. This property was used to generate
freestanding zinc dendrites. Therefore, as depicted in Figure 4.30b, zinc was electrodeposited at the

extremity of a metallic wire inside a glass tube (inner diameter: 0.6 mm) filled with a 0.1 M ZnSO,
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solution. As soon as a Zn deposit of a few millimeters length was obtained, the zinc dendrites were
disconnected from the zinc cathode by carefully pulling the wire out of the capillary in order to
isolate the freestanding dendrite. This is the most difficult step of the procedure since in the majority
of the cases the dendrite is also pulled out together with the wire. Finally, a potential difference of
125 V between two external electrodes separated by 10 cm was imposed, leading to an electric field
with a value of 1.25 kV m™. As discussed above, a smaller electric field could be imposed for

triggering reactions 4.11 and 4.12 but the latter “value was set in order to reach sufficient speeds.
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Figure 4.30. Electrodeposited zinc dendrites. a) SEM pictures of electrodeposited zinc dendrites. The
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scale bars equal 20 um. b) experimental process: (a) dendrite growth; (b) dendrite detachment; (c)
dynamic bipolar self-regeneration.

Figure 4.31 shows a series of optical micrographs recorded at different times during the experiment.
The object dissolution at its anodic pole according to 4.12 and its simultaneous regeneration at its
cathodic pole according to 4.11, leads to a visible motion (from left to right) with a speed
v 60 um s*. This value represents an average speed, calculated using the distance covered by the
object during the full run. It seems hardly convertible to bodylenght s*, because due to the
nonhomogeneous density of the object, its length permanently changes during the bipolar

regeneration.
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Figure 4.31. Pictures of a zinc macroswimmer in a glass tube filled with a ZnSO, solution under the
influence of an external electrical field, recorded at various times during the experiment. Reprinted
from reference (107).

As expect, turning off the electric field stopped the motion. In these pictures, depending on the local
pH conditions, the presence of a thin zinc oxide layer behind the moving object can be noticed, this
suggests that the technique might be used for printing surfaces with a conducting or semiconducting

“ink” which could be engineered by adjusting the swimmer composition.

The presented experiment encouraged us to perform analogous experiments at a microscopic scale.
As in the previous experiments, a zinc dendrite was isolated in a capillary (inner diameter: 100 um)
filled with a ZnSQ, solution whose pH was adjusted by the addition of a small amount of acid in order
to prevent zinc oxide formation during the experiment. The swimmer was then exposed to an

external electric field of 7 kv m™, which propelled it with a speed v *80 um st (Figure 4.32).

The change of the swimmer morphology clearly shows that the motion was induced by the dynamic
bipolar self-regeneration process and not by electrokinetic phenomena. Electroosmotic flow
becomes relevant at the micrometer scale, but was oriented in the opposite direction of the
movement and therefore cannot explain it. We verified that inert particles indeed moved in the
direction of the electroosmotic flow. The dendrite could be propelled for several minutes over
distances in the centimeter range. The travelled distance can be increased by using a longer
experimental time, and the speed can also be controlled by tuning the electric field value. The
observed movement was restricted to one dimension, due to the use of a capillary, but we also
performed similar experiments under open conditions (no capillary), in which however the objects

were more difficult to follow under the microscope.
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137 s

137.82s

138.64 s

139.46 s

140.28 s

141.10s

| 141.92s

142.74 s

Figure 4.32. Optical micrographs of a zinc dendrite in a glass capillary filled with a zinc sulfate
solution at pH =5 under the influence of an external electric field at various times during the
experiment. Reprinted from reference (107).

It seems important to note that the object is constantly reconstructing itself during the run,
rendering its atomic composition at the end different from that in the beginning. This raises the
philosophic question whether the object keeps its identity after replacement of all its components, as

1% The notion of “motion”, “propulsion” and

it is discussed in the paradox of the ship of Theseus.
“swimmer” can then be critically regarded and one can think of describing these experiments as the

propagation of a kind of chemical wave.

The process can be generalized to other metals, as we made similar observations using copper. In the
future, dynamic bipolar self-regeneration could potentially be used for wireless localized deposition,
fabrication of electrical microcontacts or surface patterning, since the process is very robust with

respect to changes in experimental conditions.
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Chapter 5

Conclusion and perspectives

5.1. Conclusion

In the frame of the present PhD thesis we studied and employed the asymmetric reactivity that can
be generated on the surface of electrically conducting objects when exposing them to electric fields.
This phenomenon of bipolar electrochemistry has been introduced theoretically in the first chapter
with experimental results obtained on macroscopic bipolar electrodes. Historical aspects of bipolar

electrochemistry and its recent applications have been presented in Chapter 2.

The bulk synthesis of asymmetric particles, so-called “Janus particles” is of great scientific interest,
and was the main topic of Chapter 3. The common routes employed in the literature for generating
such objects require an interface, as it has been illustrated by our example of the electron beam
induced breaking of symmetry. This technique has been used to generate snowman-like silver/silver
bromide dimers. Since such procedures are occurring only in a two dimensional reaction spaces, they
often lead to weak production rates. As a consequence, we proposed bipolar electrochemistry for

the bulk generation of Janus particles.

First, capillary-assisted bipolar electrodeposition, a technology based on the use of a capillary
electrophoresis set-up, which allows reaching electric fields in the order of 100 kV m™, has been
used. Micrometer long carbon tubes could be modified at one extremity with different metals such
as gold, copper or nickel. By employing electric field pulses, these carbon tubes could be modified
with the same metal at both extremities. It was also shown that simultaneous to a metal reduction
occurring at the cathodic pole of the carbon tube, a conducting polymer (polypyrrole) can be
electrodeposited at the anodic pole, which leads to metal/carbon tube/conducting polymer hybrid

structures.
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Chapter 5. Conclusion and perspectives

A strong drawback of this technique lies in the use of a capillary, which limits the reaction volume. In
order to solve this problem, a new technology has been developed which allows the modification of
much higher volumes with electric fields of the same order of magnitude. This process could be used
for obtaining asymmetric carbon tube/metal (gold, platinum) structures. By using a gelling agent in
order to stop the motion of isotropic carbon particles during the modification, carbon/metal
(gold, silver) Janus beads with different sizes have also been produced with this process. The
selective functionalization of the gold layer of the carbon/gold Janus microbeads has been

demonstrated using a thiolated fluorophore.

Bipolar electrodeposition is not limited to the formation of a combination of conductive materials.
The substrate where the modification happens must be conductive enough to be polarized by the
electric field, but materials such as semi-conductors and insulators can be deposited. We used our
technology for the formation of silver nanowire/silver chloride structures by a mechanism involving
the localized precipitation of the silver halide compound. Depositions triggered by local pH changes
around a bipolar electrode have also been used to generate Janus beads (carbon/silica,
carbon/silicone, carbon/titanate and carbon/electrophoretic deposition paint). The titanate coating
can be converted into crystalline titanium dioxide by annealing. The encapsulation properties of
these materials have been used to entrap mineral dyes, organic fluorophores and metal

nanoparticles for the generation of bicolored and fluorescent Janus objects.

When mass-transfer is controlled by migration, bipolar electrodeposition of a negatively charged
species can lead to the formation of very attractive microstructures such as metal rings on spherical
bipolar electrodes. This phenomenon has been studied by theoretical simulations and experiments at
different scales. It has finally been used to generate barcode structures on gold beads as well as

platinum and gold rings on carbon microbeads.

Asymmetry is a crucial parameter for the generation of controlled motion. The use of bipolar
electrochemistry for the development of miniaturized motors has been developed in the fourth
chapter of this thesis. A first strategy consists in using the asymmetric particles generated by bipolar
electrodeposition and employing them directly as micromotors. In this context, carbon tube/nickel
particles could be turned in rotating magnetic fields and carbon tube/platinum particles could be
propelled using the oxygen generation occurring at the platinum surface when exposed to hydrogen

peroxide solutions.

Since bipolar electrochemistry intrinsically allows a break of symmetry, it can be used also as a direct
trigger of motion for isotropic particles. Based on a bubble propulsion mechanism, we showed that

water splitting reactions, induced at the reactive poles of a bipolar electrode can induce translational
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motion of millimeter and micrometer-sized conducting objects. The speed can be strongly enhanced

in the presence of a sacrificial reductant such as hydroquinone.

By using this concept, the rotation of centimeter-sized objects could also be achieved. Furthermore,
bubble accumulation under a swimmer can be used for the levitation of bipolar electrodes and cargo-
lifting in fluid channels. It was also demonstrated that such a motion can be coupled to

electrochemiluminescence at the anodic pole.

Finally, we developed a motion mechanism based on the simultaneous deposition/dissolution of a
bipolar electrode. In this case, a zinc dendrite can be dynamically self-regenerated in a capillary filled

with a zinc sulfate solution.

5.2. Perspectives

5.2.1. Material science and micromotors

Many perspectives for the use of bipolar electrochemistry in material science can be imagined.
Considering all the applications of Janus particles described in section 3.2., pushing the limits of
bipolar electrodeposition, in terms of available material combinations, the size of particles and the
obtainable yields, is of strong interest from an academic as well as an industrial point of view.
Various other materials besides those described in the present thesis can be considered for
deposition. The list is extremely long since theoretically all electrodeposable materials can be also
deposited by bipolar electrochemistry, ranging from insulating organic thin films to complex metal
alloys. Controlling the morphology and the porosity of the deposits should also be possible by
adjusting the experimental conditions and/or using additives such as surfactants or colloids.
Asymmetric modification of particles with monolayers by using underpotential deposition or a
covalent grafting of organic molecules or biomolecules on nanoparticules is also of strong interest,
since it could offer wonderful tools for self-assembly and sensing. As described in Figure 5.1, much
more complex structures than simple Janus particles could be obtained by varying the reactor
structure, the number of feeder electrodes, their position in the cell and the type of imposed electric
field. Convection can be introduced into the reactor in such a way that the particles are moving
during their polarization. If the experiment is long enough, each point of the particle surface can
temporarily be a part of the cathodic pole, which could be an interesting alternative approach for the
generation of core-shell particles. Electrodeposition is not the only way for modifying or structuring
materials. Processes such as anodization or dealloying could be used to create objects with an

anisotropy in structure or porosity, which might be very interesting for optical or sensor applications.
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Figure 5.1. Scheme showing the fabrication of a series of patchy particles by bipolar
electrodeposition.

The possibilities with respect to the field of micromotors are also very promising. A first challenge
concerning bubble-propulsion and dynamic self-regeneration will be to decrease the microswimmer
size (and, as a consequence, using higher electric fields). This will allow to test these mechanisms at
low Reynold numbers, in the presence of significant Brownian motion and with competing
electrokinetic phenomena. In the case of the levitation experiment discussed in section 4.3.3,, the
bubbles were confined under the bipolar electrode by the cell walls, but one could also imagine a
swimmer structure which can trap the bubbles, to make it levitate without any contact with the cell
walls. By engineering the swimmer shape, a three-dimensional motion based on these mechanisms
may also be envisioned. Furthermore, an electrochemically-triggered cargo release, induced by an
electric field pulse or reversal could be considered. Beyond the academic interest, these mechanisms
have to be tested for practical applications such as cargo delivery in a lab on chip device, or
unclogging of fluid channels. Finally, the behavior of the metal swimmer in the bipolar self-
regeneration is also very interesting from an intellectual point of view. The trajectory of the swimmer
could be studied in different environments such as a microchannel with a Y-junctions or in a

labyrinth.
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5.2.2. Bipolar electrodeposition beyond the frontiers of material science

Bipolar electrochemistry can also contribute to many other fields. In particular, it can serve as a tool
for the investigation of electrical properties of diverse substrates. Conductivity measurements on
molecules or supramolecular assemblies is of major importance for many domains ranging from
molecular electronics to biology. In the last few decades, a strong scientific debate on the charge
transfer through DNA emerged.”* DNA conductivity is a crucial parameter, which certainly plays a
major role in biological processes and could be exploited for medical applications® and
nanoelectronics. Many complicated approaches based on the use of conductive AFM,* scanning
tunneling microscopy (STM),” nanogap junctions® or low-energy electron point source microscope’
have been employed in order to investigate DNA conductivity. In this context, bipolar

electrochemistry might be used as a straightforward technique for studying DNA conductivity.
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Figure 5.2. Bipolar electrochemistry with double stranded DNA. a) Scheme showing double stranded
DNA acting as a bipolar electrode. b) Scheme showing the possible results of DNA polarization
(with AV > AV,in), depending on the conductivity of DNA with respect to its environment.

One crucial property for a substrate to act as a bipolar electrode is to have a better conductivity than
the surrounding medium (see section 1.3.). This condition can be used to estimate the conductivity of
certain objects, for instance DNA. If DNA is polarized and the following conditions are fulfilled: i) AV >
AVnin and ii) DNA conductivity opya is superior to the conductivity of the surrounding medium o;,
then DNA should behave as a bipolar electrode and undergo reduction and oxidation reactions at its
reactive poles, as shown in Figure 5.2a. One can then use the experiment depicted in Figure 5.2b in
order to estimate DNA conductivity. The polarization of DNA in the presence of metal cations M™
should lead to the deposition of a metal cluster at its cathodic pole only if opys > 6. In the following,

we present preliminary results concerning DNA modification by bipolar electrodeposition.
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In order to prove this concept, preliminary experiments were carried out. A commercially available
and long double stranded DNA was chosen in order to facilitate its polarization and its visualization
by TEM. A TEM picture of the DNA, which was not submitted to the electric field, is presented in
Figure 5.3a. Regarding the width of the middle strand that is in the order of 100 nm, it seems clear
that this DNA can pack into bundles (the width of a single DNA strand is about 2 nm). The
polarization experiments were carried out in the capillary electrophoresis set-up (see section 3.5.1.).
Nickel sulfate was chosen among other metal salts due to its low reduction potential. No aggregation
phenomenon was observed when the salt was added to a solution of DNA. A similar procedure like
the one used for single point modification of CMTs with Ni (section 3.5.2.1.) was used. Taking into
account the length of one double stranded DNA, one can calculate that AV = 2.1 V, which shows that
the thermodynamic condition AV > AV, is fulfilled (AVmin = 1.49 V for Ni deposition, see section
3.5.2.1.). The electric field was applied for 1 to 2 min, during which the DNA motion could be

followed by UV-detection.

Figure 5.3b and c show TEM pictures of the DNA strands collected at the capillary outlet after the
polarization. One can see that after its journey through the capillary, the strands are generally less
curved than before the experiments (Figure 5.3a), which can be related to a stretching during the
experiment. The widths of the strands, which are present in the middle of Figure 5.3b and c are
around 4 nm, which seems compatible with the widths of double stranded DNA, when taking into
account the TEM resolution. It is very clear that a spherical cluster, much darker than the rest of the
object, is present at the extremities of the strands. This shape, as well as the color contrast between
the DNA “body” and the cluster “head”, suggests strongly the presence of a nickel metal nanoparticle
at the extremity of the DNA. Unfortunately, imaging the other extremity of the DNA strands was not

possible due to their lengths and experimental difficulties.
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Figure 5.3. Bipolar electrochemistry on DNA. a) TEM picture showing DNA prior to its exposure to the
electric field. b,c) TEM pictures showing DNA after its polarization using capillary electrophoresis in
the presence of NiSO,.
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Figure 5.4. DNA bundles. a) TEM pictures showing the DNA after its polarization in a capillary
electrophoresis set-up in the presence of NiSO,. Inset: TEM picture showing a detailed view of the
nanoparticles. b) Scheme showing a DNA bundle with several metal nanoparticles at the extremities
of the double strands.

Another type of morphology that can be observed after the modification is shown in Figure 5.4a. In
this figure, a DNA strand containing 4 nanoparticles is presented. In the detailed view presented in
the inset of this figure, one can clearly see the DNA width decreasing from the top of the picture
(=10 nm) to the bottom (=4 nm). This seems to indicate the presence of a bundle of double strands,
confirmed by the fact that this DNA can arrange itself into such structures, as observed in Figure 5.3a.
The existence of several nickel nanoparticles at these spots can be explained by the bipolar
electrodeposition of the metal at each end of an individual double strand of the bundle, resulting in

the structure depicted in Figure 5.4b.

These preliminary results are really promising, since they suggest that DNA can be modified by
bipolar electrochemistry. Besides being a concrete proof that charge-transfer can occur along these
DNA strands, these experiments might be used to probe its conductivity by varying the ionic strength
of the solution. The so-generated metal/DNA objects are also unprecedented tools that can be used
for nanotechnology. However, these results are still at an early stage and more experiments are
needed in order to get the definite proof that DNA can be modified by bipolar electrochemistry. The
use of spectroscopy, intercalators or DNA strands with mismatches® constitute short and medium

term perspectives for confirming these results.
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1. Preparation of CB[n]-capped AgBr nanoparticles

CB[7] and CB[5] were synthesized,® separated and purified’ according to already published
procedures by our collaborators at the University of Cambridge. The bromide-free CB[7] was purified
according to reported procedures by Kim et al.' The typical procedure for preparing CB[5]-capped
AgBr NPs using a ratio of nagnos/Ncss; = 1 consisted in mixing 0.36 mL of a 16 mM aqueous CB[5]
solution and 0.48 mL of a 12 mM aqueous AgNO; solution in a vial. A typical procedure for preparing
CB[7]-capped AgBr NPs consisted in mixing 0.36 mL of a 8 mM aqueous CB[7] solution and 0.48 mL of
a 6 mM aqgueous AgNOs; solution in a vial. The vials were then placed in the dark for 24 h. White
solutions with orange reflectivity were obtained (Figure 3.7c). Decreasing the CB[5]-AgNO;

concentrations by a factor of 4 was found to lead to the same results.

2. Preparation of uncapped AgBr and AgCl particles

AgBr and AgCl were respectively prepared by precipitating 0.5 mL of an 11.7 mM aqueous AgNO;
solution with 0.36 ml of 24 mM HCIl, and 0.16 mL of a 6 mM AgNOs aqueous solution with 0.12 mL of
6 mM NaBr during 24 h in the dark. Although the majority of the precipitate settled at the bottom
of the vials, the supernatant contained a sufficient amount of NPs that were transferred and

observed on the TEM grids (Figure 3.9d).

3. PDMS preparation and molding

A PDMS kit containing the pre-polymer and a curing agent (RTV-615, Momentive Performance
Materials) was used. The pre-polymer and the curing agent were inserted together in a centrifuge
tube with a respective 9 to 1 mass ratio and mixed intensively. This mixture was then centrifuged for
releasing air bubbles. As shown in Figure A.1, the mold was usually constituted of a vessel

(preferentially hydrophobic and flexible) and a PTFE or a rubber shape for the superior part. The
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mixture containing the pre-polymer and the curing agent was added slowly to the mold to prevent
the formation of air bubbles. The whole system was then baked at 90 °C for several hours and the

final shape was recovered after removal of the other parts.

1 I 1 ]
A= cast filling
vessel —_— e I | —
liquid PDMS
|
PDMS curing
— —
PDMS removal
from the vessel PTFE removal
+— - I L
solid PDMS

Figure A.1. Scheme showing the PDMS molding procedure.

4. Synthesis of spherical gold nanoparticles

AuNPs were synthesized following the Turkevich protocol.®> 50 mL of an aqueous solution of 0.5 mM
HAuCl, was heated in an Erlenmeyer flask under magnetic stirring. When boiling is reached, 0.7 mL of
an aqueous solution of 0.1 M sodium citrate was added to the mixture. After a few minutes the color
changed from purple to red indicating the presence of metallic gold nanocolloids. When a stable
color was obtained, the solution was cooled down to room temperature. A suspension droplet was
placed on the TEM grid and was sucked from bellow with a paper tissue. The grid was then rinsed
three times with mQ water following the same procedure. As it is shown by Figure 3.39a, TEM

imaging revealed roughly spherical AuNPs with sizes ranging from 10 nm to 25 nm.

5. Theoretical prediction of the hot spots on a spherical bipolar

electrode

In order to qualitatively illustrate the two different situations corresponding to the bipolar
electrodeposition of anionic or cationic metal precursors, simulations involving a competition
between transport and reduction kinetics were performed. Simulations were obtained with the
commercially available program Comsol Multiphysics 3.4, which allows the resolution of the partial
differential equations based on finite elements. In our study, we consider a simple monoelectronic
and fast redox couple undergoing the reduction reaction 1.6. Initially, exclusively the oxidized form is

present in the solution (1 mM). The mass transport depends on diffusion (D = 1 10° cm” s™) and
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migration. The bead boundary condition was programmed using the Butler-Volmer formalism to
evaluate the flux towards it. Figure A.2 shows the concentration gradients of the reductant,
generated by the reduction of the oxidant at the reactive areas of the BE using ~ =1 kV m™" at
t = 10 s after the electric field was on. In this model the reductant is neutral (unaffected by
migration). Figure A.2a shows the simulated concentration profile of the reduced species around the
2D projection of the BE in a system containing a positively charged (+1) oxidant. One can clearly see
in this case that the oxidant is reduced over the whole cathodic pole surface. When the oxidant is
negatively charged (-1), as it is the case in Figure A.2b, the reduced species concentration gradient is
totally different. The maximum concentrations are clearly localized at two spots on the BE projection,
these two spots corresponding to the position of the boundary between the areas where AVy > AVpin
and AV, < AV,n. Because for electrodeposition, the reduced species does not diffuses but stays on
the BE surface, these gradient profiles are not representative of the one of the practical experiments,
nevertheless, these simulations show very clearly the BE hot-spots and qualitatively confirm our

hypothesis schematically depicted in Figure 3.41.
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Figure A.2. Simulated concentration profiles of a reduced species around the 2D projection of a
spherical bipolar electrode at 10 s after the electric field was applied. a) Simulated concentration
profile of a reduced species, the oxidant being positively charged (this case corresponds to the
situation depicted in Figure 3.41a). b) Simulated concentration profile of a reduced species, the
oxidant being negatively charged (this case corresponds to the situation depicted in Figure 3.41a).
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6. Collaborations

The following co-workers contributed in collaborations in different projects of this thesis. The
majority of the work has been performed at the University of Bordeaux and if not, the co-worker
affiliation is specified.

Pr. Alexander Kuhn contributed in all the parts as the supervisor of this thesis.
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University of Cambridge (England) contributed to section 3.4.

Dr. Tung-Chun Lee reproduced the experiments presented in section 3.4. at the Melville Laboratory
for Polymer Synthesis (University of Cambridge).

Dr. Sumeet Mahajan and Richard W. Taylor, from the University of Cambridge, performed the Raman
spectroscopy measurements presented in section 3.4.

Dr. Olivia Nicoletti, from the University of Cambridge, performed the STEM-EDX and HAADF analysis
presented in section 3.4,

The AFM picture presented in section 3.4. was realized in collaboration with Patrick Garrigue.

Pr. Jumras Limtrakul and Dr. Chompunuch Warakulwit from the Kasetsart University (Thailand)
synthetized and provided the carbon microtubes used in section 3.5. and 3.6.

Dr. Marie-Hélene Delville (ICMCB) recorded the EDX spectra presented in section 3.5.3.

Dr. Jérome Roche performed to the modification of the 200-400 um GC beads presented in sections
3.6.2.2.and 3.7.

Dr. Dodzi Zigah collaborated to the selective molecular grafting on spherical Janus particles
presented in section 3.6.2.2. and performed the simulations presented in appendix 5.

The X-ray spectrum presented in section 3.6.4.2. was recorded by Eric Lebraud (ICMCB).

Dr. Stephane Arbault contributed in the recording of the photographs shown in Figure 3.43 and
Figure 3.44.

Guillaume Larcade contributed to section 4.2.1.

Dr. Laurent Bouffier collaborated in section 4.2.2.

Zahra Fattah recorded the movies from which the pictures of Figure 4.10. and 4.11. were extracted.
Section 4.4. was realized in collaboration with Pr. Neso Sojic.

Milica Sentic performed the cyclic voltammetry of figure 4.25, recorded the movie from which the
pictures of Figure 4.26. were extracted and the CCD pictures presented in Figure 4.28.

Véronique Lapeyre contributed in the recording of the TEM pictures presented in section 5.2.

All these collaborators are warmly acknowledged for their inputs and support.
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