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CHAPTER 1

Introduction

1.1 Colloidal Assembly

1.1.1 Recon�gurable and Directed Assembly

Colloids are objects with size ranging from a few nanometers up to 10 microns. Two of

the most commonly studied and used colloids are nanoscale and microscale droplets and

particles. Colloidal objects are typically distributed throughout a liquid phase and this mul-

tiphase system is referred to as colloidal dispersions. Once dispersed in a liquid, an electric

double layer (EDL) is formed near the particle's surface. The �rst layer is called the ”Stern

layer” which consists of immobile ions that are adsorbed onto the particle surface. The sec-

ond layer is composed of ions that are attracted to the Stern layer and electrically screens

the �rst layer. Unlike the Stern layer, the second layer is loosely associated with the par-

ticle's surface and can be dragged or deformed under external �elds. This second layer is

thus called the ”diffuse layer”. The EDL is not only important in terms of colloidal stabil-

ity, but also in colloidal functionalization and assembly. Precise control over particle shape

(15; 16), and colloidal forces (17; 18) has produced superlattices with sophisticated struc-

tures (19; 20; 21) in colloidal assembly. However, the traditional self-assembly of colloids

has two major limitations. First, the static structures produced by the self-assembly process

are hard to switch from one state to another. Second, the kinetic bottleneck may trap the

assembly system far from the desired phase (22). To overcome the �rst limitation, an al-

ternative approach called ”recon�gurable assembly” which features a reversible transition

between equilibrium states (23) was proposed. Colloidal recon�gurable assembly has been

demonstrated in the forms of phase separation (24; 25), active colloidal molecules (26),

and synchronization of large number of particles (27; 28). To bypass the kinetic bottle-

neck, directed assembly, which implies a form of control over the assembly process while

still maintaining the advantages of self-assembly, can be applied. (29). For example, ac
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electric �elds can be applied to align the colloidal building block in diluted suspension. By

taking this path before concentrating, the glassy arrest at higher volume fractions can be

circumvented and the desired close packed crystals can be formed.

1.1.2 Tools for Recon�gurable Assembly

In principle, there are three major tools that can be exploited to control recon�gurable as-

sembly of colloids: entropy, interaction potential and phoretic motion. Each are described

below.

Reversible volumetric (30; 31), and shape change (32; 33) are good demonstrations of

entropy-controlled recon�gurations. The changes in colloidal shape and size yield control

in the number of available con�gurations in the system, which results in shift in system's

phase boundaries. A phase transition may take place if this shift causes the system to

move into a new region in the phase diagram. This phase transition is recon�gurable if the

volumetric/size change of the building block is reversible. The expansion and contraction

of colloidal volume change the lattice spacing in crystals, (Figure 1.1A) (1), while shape

shifting of colloids induces reversible transitions between different crystal structures (1).

For charged colloids, the interaction potential can be adjusted by tuning the the Bjerrum

length, the surface potential, and the Debye length (34). One way to control the interaction

potential is through application of electric �elds (35), as they induce dipolar interactions

between polarizable colloidal particles. When isotropic particles are subjected to uniform

electric �elds, chain assembly (36) or colloidal crystals (37; 38) can be produced. For

anisotropic colloids, the induced polar interactions can produce various assembly structures

including staggered chains (39), chain-links (Fig.1.1B) (40), and sheets (41). For dielectric

particles under high frequency ac electric �elds, the dipolar interactions induce forces 5-10

times the thermal energy (38). These forces generate sheets and tubular structures (42).

Phoretic motion can be generated by transport phenomena like sedimentation, elec-

trophoresis (EP) and diffusiophoresis (DP). These transport mechanisms can either ex-

ert forces directly on colloidal bodies (eg, sedimentation, radiation pressure, and dielec-
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trophoresis) (34) or on EDL (eg, EP and DP) (43). EP acts that the application of electric

�eld shears away the counterions in diffuse layer. This shear force leads to osmosis �ow of

liquid near the particle surface dragging particles moving towards the electrode of opposite

charge (Figure 1.1C) (44). Dielectrophoresis (DEP) is present when a dielectric particle

is subjected to a non-uniform electric �eld. Unlike EP, DEP does not require the colloidal

particle to be charged. The non-uniform electric �eld polarizes the particle, and the induced

poles experience a force which can be either attractive or repulsive depending on the orien-

tation of the dipole. The orientation of the dipole is a function of the relative polarizability

of the particle and medium. When the particle moves in the direction of higher electric �eld

strength, the behavior is called positive DEP (pDEP). On the other hand, if particles move

away from high �eld regions, the behavior is referred to as negative DEP (or nDEP). Since

the relative polarizabilities of the particle and medium are dependent on frequencies, vary-

ing the signal frequencies can be an ef�cient way to control DEP forces. In contrast to EP

and DP, which are induced by electric �eld, DP is the transport of colloids driven by a con-

centration gradient of solute (43). An example of the diffusiophoretic driven recon�gurable

assembly is the segregation of platinum coated Janus particles. When dispersed in a fuel

like hydrogen peroxide, the platinum side of the Janus particle catalyzes the decomposi-

tion reaction of the fuel giving rise to a concentration gradient. This induced concentration

gradient drives particles active motion and ultimately causes particle segregation. (45).

1.1.3 Field Directed Assembly

To circumvent the kinetic bottleneck of colloidal self-assembly, external �elds can be ap-

plied. These externally applied �elds induce transport of colloidal particles and modulate

interaction potential, driving colloids to the desired equilibrium phase. One of the most

important �elds to direct colloidal assembly are electric �elds. Using electric �elds has

two major advantages. First, the electrochemical cell can be readily fabricated and modi-

�ed by various techniques including thin �lm coatings, and lithographies (46). Second, the

characterizing parameters of electric �elds including magnitude, frequencies, waveforms
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Figure 1.1:Classi�cation of recon�gurable assembly by tools. (A) Entropy-induced recon�gurable assem-
bly: particle shape variation generates recon�gurations from simple cubic (SC) to face centered cubic (FCC)
crystals (1). (B) Interaction potential induced recon�gurable assembly: the length of Janus ellipsoid chains
can be controlled by external ac electric �elds (2). (C) Phoretic-induced recon�guration: ellipsoids display a
reversible order–disorder transition by light-assisted EP (3).

and phases allow a precise control over the forces exerted on the particle and the induced

interparticle interactions. Depending on the frequencies of the applied �elds, particles may

present different assembly phases due to different responses to the applied �elds, as in

Figure 1.2.

When subjected to dc �elds, charged particles experience EP, which drives them to-

wards an oppositely charged electrode ultimately forming a deposition of particles. Once

deposited on the electrode surface, the counterionic environment surrounding the particles

disturbs the concentration polarization layer near the electrode surface. This disturbance

results in electrohydrodynamic �ows (EHD) around the particles that attract particles to-

wards each other and form 2D crystals at the electrode surface (47; 48; 49). The 2D crystals

can develop into 3D structures under EP deposition when the dc �eld strength increases.

The formed 3D structures even appear in different colors based on the colloidal size (5).

Under strong enough �eld, the deposition of particles can be permanently attached to the

electrode surface. Barbee et al. reported a method of robustly binding protein-conjugated

microbeads on electrode surfaces with the help of electrode-medium electrochemical re-

actions. The binded microbeads assemble into arrays on the electrode surface (50). By
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introducing homogeneity on electrode surface, the unevenly distributed current densities

on the electrode surface induces EHD �ow towards the position where current density is

higher. Rinstenpart et al. observed that particles accumulate around the scratches on the

electrode surface which provides a possibility for guided assembly (4). The competition

between EP and other phoretic motions like sedimentation provides a handle to control the

speed of crystalline growth. Holgado et al. applied vertical dc �elds in a cylinder with

sedimenting spheres. The vertical electrophoretic mobility can add up to the Stokes sedi-

mentation velocity to accelerate the growth of crystals. When the �eld direction is reversed,

the electrophoretic mobility offset the sedimentation velocity. As a result, particles slowly

assemble into ordered structures (51). Although EP has been used to form either 2D or

3D crystals after deposition, EP directed assembly has two major complications. First, the

dielectric wall of devices almost always develops surface charges. These surface charges

and associated conterionic double layer are attracted towards the oppositely charged elec-

trode, dragging the liquid leading to electroosmotic �ow. This electroosmotic �ow drags

the particles in random directions and may distort assembled structures. Another compli-

cation stems from the electrolysis of the medium. During the electrolysis, gas bubbles may

be produced near the electrodes disturbing the colloidal assembly process. The application

of ac �elds (especially high frequencies) may prevent the above complications.

One of the most important tools of �eld directed assembly is DEP. Across different ac

frequencies, DEP leads to different structures and can be used in distinct applications. At

frequencies below 100 Hz, particles are patterned at the electrode surface in colloidal chains

(6). At frequencies of 100-5000 Hz, gold nanoparticles have been reported to be assembled

into microwires. The gold nanoparticles are attracted to the electrode edges where the �eld

strength reaches its maximum. The attracted particles form porous cylindrical or semi-

cylindrical structures with the length scale of a few micrometer diameters (8; 52). When

the ac signal frequencies increase to 104- 105 Hz, colloidal particles display a transition

from disordered monolayer to oriented monolayer to ordered 2D arrays (7). At frequencies
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higher than 100k Hz, DEP can be used to separate streams of cells in �ow-through devices.

By precisely adjusting the frequencies, different types of cells can be ef�ciently seperated

in the areas of minimum and maximum �eld strengths between electrodes (9).

In addition to DEP, the application of ac �elds of different frequencies may induce

other forms of manipulation of colloids. At low frequencies (< 100 Hz), a long-range local

electric �eld- asymmetric recti�ed electric �eld (AREF) will be induced provided that the

ionic mobilities for cations and anions are unequal. AREF stems from the inharmonious

oscillation of cations and anions. When the ac �eld is applied vertically, a force balance

between AREF and gravity occurs promoting particles to levitate (53; 54). When two or

more charged spherical particles are placed in an oscillating external electric �eld, the col-

loids will experience an induced polarization of their electric double layer, which induces

positive or negative accumulation of charges on either side of the particle. In the case of

identical colloids, whether the induced force is attractive or repulsive depends solely on

the relative placement of the colloids with respect to the ac �elds. When the particles are

aligned parallel to the ac �eld, the partial positive accumulating charges will be attracted

to the partial negative accumulating charges, thus, the induced dipole force is attractive. In

contrast, when the particles are placed perpendicular to the applied �eld, the same particle

charges on the neighbouring sides of the colloids result in a repulsion force. For systems

with unlike particles, the attraction/repulsion determination can be complicated and de-

pends on the zeta potential and the real part of the Clausius-Mossotti factor. Since the

transition from repulsion and attraction is possible for binary particle systems, superlattice

has been reported as in �ower-like (3 kHz), triangle (10 kHz), and coloumnar structures (1

MHz) for particles placed align the electric �eld (11; 12).

In addition to electric �elds, concentration gradients and the associated diffusiophoreis

also haven shown great potential in directed assembly. One of the most studied topics is

the self-propelled active colloids. Most active colloids require the synthesis of Janus parti-

cles having an asymmetric catalyst surface to generate a chemical gradient and propel the
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colloids to migrate. However, a mixture of catalytic active and passive colloids may be a

good alternative for self-propulsion. Yu et al. demonstrated that by mixing titanium diox-

ide colloids (catalytic active component) with silica particles (passive component), DP can

be triggered under light illumination. The diffusiophoretic attraction between the two com-

ponents leads to the formation of dimers. The self-propulsion of these dimers can be fully

controlled by adjusting the illumination parameters (55). Additionally, externally applied

chemical gradients can also be used in directed assembly. Ziemecka et al. demonstrated

that a wave of propagating acids can cause the orientation and alignment of hydrogel �bers

in a solution of dibenzoyl-L-cystine. Taking advantage of the known gelation of DBC be-

low pH of 5, the hydrogel �bres can be assembled at the front of the acidic wave (56).

Chiappisi et al. observed that nonconjugatedp-donorp-acceptor monomer assemble into

a rigid rods which is triggered by a NaCl gradient. The mechanical stiffness of these rods

can be adjusted by controlling the local salt concentration (57).

Although the electric/chemical gradient directed assembly produces fruitful structures

and phases, which have great potential in applications including polymeric porous mem-

branes synthesis (56); biosensing (58) and consumer elecctronics (59), assembly solely

triggered by electric �elds is restricted by the cell geometry and mainly occurs on the elec-

trode surface (50; 60; 61; 62). On the other hand, concentration gradient assisted assembly

usually presents slower kinetics (56). In recent years, a new phoretic motion electrodiffu-

siophoresis (EDP) (which can be seen as the coupling of EP and DP) has attracted extensive

attention since it may lead to assembly states that are not available in assembly systems di-

rected by single �eld (63).
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Figure 1.2:Summary of directed assembly induced by electric �elds as a function of �eld frequencies.
Under dc �eld, EP promotes particles to deposit on the oppositely charged surface and EHD attracts particles
and assemble them into 2D (A), (4) and 3D (F), (5) crystals. Under ac �eld, DEP drives particles forming
chains under low frequencies(B) (6), microwires (C) , (7) and cylinders (D), (8) at intermediate frequencies
and can be used for bioseperations at really high frequencies. (E), (9). Besides DEP, ac �elds can also
induce AREF at really low frequencies, EHD at intermediate frequencies and dipole-dipole interactions at
high frequencies. These mechanisms make particles levitate (G), (10), and form different superlattices (H-J),
(11; 12).

1.2 EDP and its Potential in Particle Assembly

1.2.1 Theoretical Studies of EDP

The current density (id) in an electrochemical cell results from the convection, diffusion

and electromigration of ionic species,

Id = Fuå zini � F å ziDiÑni + s Ñf ; (1.1)

whereF, u, f andni are the Faraday constant, the �uid velocity, electrical potential and

concentration of ions;zi , Di ands are the valence, diffusivity of ionic species and con-

ductivity, respectively (64). In the absence of chemical gradients and convection, the pas-

sage of an electrical current through a liquid electrolyte results in uniform electric �elds

(E = � Id=s ) that drive the motion of charged particles under EP. The slip velocity for

a thin double layer with small zeta potentials is given by the Smolowchowski equation
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(VEP = ezE
h ), in which the velocity of the particles (VEP) is proportional to the zeta poten-

tial (z ) and the electric �eld (E) (65; 66); h ande are the viscosity and dielectric con-

stant of the medium. On the other hand, even in the absence of a current, gradients of

ionic species of different diffusivity produces an electric �eld whose magnitude is given by

Ñf = E = � F
s å ziDiÑni . Charged particles respond to such electric �eld by moving up or

down the chemical gradients under DP. In the case of a binary electrolyte and thin double

layer, the slip velocity under DP (VDP) is given by,

VDP =
3
2

DB

"

z̃pb + 4ln

 

cosh
z̃p

4

!#

Ñln(n0); (1.2)

wherez̃p = ( ze=kbT)zp is the zeta potential scaled to the thermal voltage andb = D+ � D�

D+ � D� .

D+ andD� are diffusivities of the positive and negative ions in the solution, andDB is

the diffusivity of a sphere with radius equal to the Bjerrum length (67; 68). The �rst term

within brackets in eq 1.2 accounts for electrophoresis, whereas the second term is due to

chemiphoresis. Ultimately, a charged particle can move up or down a gradient depending

on the sign ofz̃pb and the magnitude of the chemiphoretic term. In the presence of direct

(or alternating) currents and concentration gradients, a charged particle will experience a

combination of electrophoresis and diffusiophoresis: electrodifussiophoresis (EDP).

There have been signi�cant advances in the study of EDP, especially in theoretical �elds

(69; 70; 71). For example for a thin double layer colloidal particle in binary electrolyte

under dc �elds, the EDP velocity can be calculated as (63):

UEDP =

"

U(a + b)z̃p + 4lncosh(
z̃p

4
)

#2

4 12C̃g + ( 9C̃g
2 � 16)tanh� 13C̃g

4

9C̃g
2

3

5 (1.3)

whereC̃g = 2ag0
C0

, a = (1� b2) j0
2g0De f f

, U = ere0
ah

kBT
ze ,ere0,h , kBT, Z and e are the permittivity,

viscosity, thermal energy, valence of ionic species, and electron charge; a is the particle

radius; andDe f f = 2D+ � D�

D+ + D� ;z̃p = ze
kBT z is the zeta potential scaled to the thermal voltage,

j0 is the current density (�ux of ionic species), g0 is the ion concentration gradient, and c0

is the background concentration of ionic species.
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Although extant theories describe EDP for a single particle under different conditions

(69; 70; 71; 72), possibilities for fundamental contributions exist in the context of dynamic

assembly and manipulation of colloids within electrochemical cell.

1.2.2 Potential of EDP in Colloidal Assembly

The coupling of electric �eld and concentration gradients may give rise to a closely related

phenomenon -ion concentration polarization (ICP). ICP refers to a local redistribution of

ions, with a region of depleted concentrations of ions (the ion depletion zone, IDZ) and

another region of enriched concentration of ions (the ion enrichment zone, IEZ). This ion

distribution can be achieved by either including a permselective membrane that transits

only cations or by Faradaic reactions (FICP). Figure 1.3A shows a typical FICP setup in

micro�uidic channels with bipolar electrodes (BPE). During the continuous �ow of solu-

tions, a neutral species like water is reduced producing OH- (red circle in Figure 1.3A)

at the cathode. If the solution contains a buffer cation (blue circle), the produced OH-

will be neutralized, thereby forming an IDZ near the BPE cathode. The loss of ions in

the IDZ increases the solution resistance, thus a corresponding electric �eld gradient will

be generated. As a result of this local electric �eld gradient, colloids experience electro-

migration. Figure 1.3B shows how particles interact with opposing electromigration and

�ow convection in the micro�uidic channel. At position A, the local electric �eld is at its

peak, electromigration dominates convection, thus the negatively charged particle moves

from left to right. When the particle reaches position B, the �eld strength decreases dra-

matically. Therefore there is an force balance between electromigration and convection,

and the particle is focused at this position. If the particle should move to position C where

the �eld strength is the lowest, then convection dominates and particle moves back to po-

sition B. Based on this scheme, (ICP) has been used in micro�uidics to focus, sort, and

concentrate synthetic colloids (73; 74; 75; 76; 77) as well as biomolecules, such as DNA

and proteins (78; 79).

Recently, some studies have shown directly the potential of EDP in controlling parti-
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Figure 1.3:(A) Scheme of how the IDZ is formed near the BPE cathode in micro�uidic channel. (B) The
competition between convection and electromigration leads to particle's focusing at the IDZ.

cle's motion. In 2015, Sidelman et al. found that by dropping an aqueous liquid suspension

between two circular gold electrodes, particles surprisingly accumulate near the surface of

the cathode (Figure 1.4A). Preliminary qualitative analysis supported the author's hypoth-

esis that accumulation of particles results from the applied dc �elds and the pH gradients

induced by electrolysis of water (13). In 2017, Silvera Batista et al. observed levitation

of particles between two planar electrodes under dc �elds (Figure 1.4B). Preliminary cal-

culations based on eq 1.3 successfully predict the particle levitation. Based on that, the

authors hypothesized that particles experience EDP because of the applied dc �elds and the

induced concentration gradients through electrolysis of DMSO (14).

Although the above studies suggest that EDP may result in unexpected particle motion

that is normally not available under either EP or DP, there are important limitations in these
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Figure 1.4: (A) Top: The formation of two pH zones at 2.0 V due to water electrolysis. A basic, green
region is produced near the cathode and an acidic orange zone is observed near the anode. Bottom: Particles
patterning near the pH transition zone as indicated by the white arrow (13). (B) Colloidal particles levitating
between two plannar electrodes (green slabs) after only dc �eld is applied. Top row and bottom row show 3D
confocal images of the device before and 60 s after the application of dc �led of 0.82 kV/m (14).

studies:

1. In both studies, direct quantitative evidence of the resulting concentration gradients

was not provided. The authors of the �rst paper used a universal pH indicator which is only

able to distinguish between acidic and basic conditions (Figure 1.4A) (13). The authors

in the second paper did not provide mapping of the ionic concentration pro�les due to

complex reactions of the medium used (14). Since the concentration gradients cannot be

mapped in both studies, the hypothesis could not be validated.

2. Prior studies mainly focus on EDP under dc �elds, however, ac �elds are more

versatile in colloidal assembly due to the large number of adjustable parameters (eg, �eld

amplitudes, phases, frequencies, and wave forms).

3. Recent studies mainly focus on studying particles electrokinetic response, the parti-

cle assembly under EDP is rarely discussed in literature.

Based on the above gaps of the literature in the �eld, the overall goal of this thesis

includes:
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1. Develop strategies to measure concentration gradients and study colloidal dynamics

under EDP.

2. Using the developed strategies to study if concentration gradients are still produced

under ac �elds and how the particles respond to the aperodic EDP.

3. Investigate the assembly under EDP and understand the mechanical mechanisms of

interparticle interactions.

1.3 Objectives and Outline

In this thesis, I studied the concentration gradients induced by both dc and ac electric

�elds and how the particles respond to the combination of electric �elds and concentration

gradients.

In Chapter 2, I report a strategy to quantitatively map the pH pro�les induced by water

electrolysis reactions. By using a ratiometric pH indicator, we are able to calculate the pH

distribution accurately throughout the electrochemical cell. We then study the electokinetic

response of collodial particles to the induced pH pro�les through simultaneous visualiza-

tion of both the ratiometric dye and particles using laser-scanning confocal microscope

(LSCM). We discovered that particles migrate and focus at the position of maximum pH

gradient. The results in Chapter 2 suggest that the induced pH pro�le governs the electroki-

netic response of particles.

In Chapter 3, we study the particle's behavior under low frequency ac �elds using the

same strategy. A steep pH gradient can be produced even at low frequency ac �elds and

particles accumulate at the maximum pH position. I also performed a transport based simu-

lation that supports the hypothesis that the pH gradient is produced from water electrolysis.

Velocity calculations based on EDP theory agree with the experimental results, which pro-

vides further support for EDP as the dominant mechanism. I also observed that particles

show an outstanding transition from disorder to ordered structures at the focusing position

In Chapter 4, we study the mechanism behind aggregation and assembly of particles.

The results reveal that EDP at low frequency induces pairwise interparticle potential in the
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scale of a few KBT. More interestingly, the charged colloidal particles induce a local pH

gradient surrounding the particle's surface giving rise to an EDP force in the XY plane.

This EDP force determines the rate of assembly.

Finally, this dissertation concludes with a proposal of future directions based on the

�ndings in Chapters 2-4.
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CHAPTER 2

Visualization of Concentration Gradients and Colloidal Dynamics under

Electrodiffusiophoresis

2.1 Abstract

In this chapter, I present a study of the dynamics of charged colloids under EDP at dc �elds.

The approach simultaneously visualizes the development of concentration polarization and

the ensuing dynamics of charged colloids near electrodes. With the aid of confocal mi-

croscopy and �uorescent probes, I found that the passage of current through water con�ned

between electrodes, separated about a hundred microns, results in signi�cant pH gradients.

Depending on the current density and initial conditions, steep pH gradients develop, thus

becoming a signi�cant factor in the behavior of charged colloids. Furthermore, I show that

steep pH gradients induce the focusing of charged colloids away from both electrodes. The

results provide the experimental basis for further development of models of electrodiffu-

siophoresis and the design of non-equilibrium strategies for materials fabrication.

2.2 Introduction

Gradients in electrical potential (electric �elds), along with gradients in concentration of

ionic species, are a principal way to control the motion of colloids. The surface and body

forces (80; 81) that electric �elds exert on anisotropic colloids have opened new applica-

tions in self-propulsion (81), transport of cargo (82), dynamic assembly (83), and directed

assembly (5; 84). Similarly, DP —the motion of colloids induced by gradients of chemi-

cal species—has catalyzed the �eld of active colloids (85; 86) with profound implications

in our understanding of the collective behavior of colloidal materials (24; 87; 88; 89; 90).

More speci�cally, strategies involving chemical gradients currently underlie efforts to pu-

rify water (91; 92), separate colloidal particles (93), deliver drugs effectively (94), and im-

prove �ow through porous media (95; 96). In biology, concentration gradients determine

15



cellular communication, quorum sensing and chemotaxis (97; 98; 99; 100). Independently,

motion via these two gradients, EP and DP, is well understood. However, motion generated

from the combination of these two gradients is considerably less studied and offers another

potentially useful mode of transport for the manipulation of colloidal systems (69; 70; 71).

Recently, pH gradients generated in the vicinity of planar electrodes led to the pattern-

ing of particles (13). Similarly, Silvera Batista et al. proposed EDP as the mechanism

behind the levitation of charged colloids in DMSO (14). However, the use of DMSO as a

medium imposed an important limitation due to its complex electrochemical behavior, and

raised questions on the generality of the observed focusing phenomenon. Therefore, from

an experimental point of view, the ability to visualize and quantify the gradients of elec-

troactive species, as well as the ensuing response of charged particles, becomes a crucial

element in the study of EDP.

As a medium, water offers the possibility to study many known electrochemical re-

actions. An interesting subset are those reactions that result in pH gradients due to the

production or consumption of hydronium or hydroxide ions, such as the electrolysis of

water. Monitoring products of electrochemical reactions or pH—simultaneously with the

electrokinetic response of charged particles—requires high temporal and spatial resolu-

tion in systems with fast dynamics. In this sense, Laser Scanning Confocal Microscopy

(LSCM) becomes a powerful tool. LSCM has enabled the visualization of electrochemical

systems in-operando, to study mechanisms of reactions as well as transport phenomena

(101; 102; 103; 104; 105). However, the fast scanning needed for high temporal resolution

leads to low signal-to-noise ratios, complicating analysis, and the transition from visualiza-

tion to quanti�cation.

In this chapter, I present an experimental study of the dynamics of charged colloids un-

der electrodiffusiophoresis. The approach relies on the ability to simultaneously visualize

the development of concentration polarization (gradients of pH in this case) and the en-

suing dynamics of charged particles through LSCM. Ratiometric analysis offers a reliable

16



strategy to map local pH with high spatiotemporal resolution by accounting for inherent

variability in emission intensity, caused by scattering, probing depth, and photobleaching

of �uorescent probes. We study the response of �uorescent particles with tunable surface

charge, under different current density, initial pHs and concentration of background elec-

trolyte. The results demonstrate that the passage of current through water con�ned between

transparent electrodes, separated by� 120 mm, results in signi�cant pH gradients. These

large gradients, I argue, alter the forces experienced by charged particles and induce their

focusing away from both electrodes. Qualitative analysis, based on the theory of diffusio-

phoresis for multicomponent systems, offers insight into the origin of the forces leading

to focusing. These results provide the experimental basis for the development of mod-

els of electrodiffusiophoresis that can enable the design of non-equilibrium strategies for

materials fabrication.

2.3 Methods

2.3.1 Model Systems

The model systems used to study EDP were �uorescent polystyrene particles with carboxy-

late surface groups (CB-PS) and nominal diameter of 1.0mm (Bangs Lab, FCGB006). All

particles were initially dispersed in ultrapure deionized water (18 MW�cm) with a volume

fraction of approximately 1� 10� 3 %. Measurements ofz were performed in a Litesizer

500 (Anton Paar) through electrophoretic light scattering. The CB-PS particles were neg-

atively charged, with an average zeta potential (z ) of � 46:8 � 1:1 mV. To change thez ,

particles were modi�ed by cross-linking PEG chains (Sigma Aldrich) of different molec-

ular weights (5, 10, 20 and 30 kDa) to the carboxylate groups (PEG modi�ed particles,

PEG-PS), following the same procedure as in Reference 14. The attachment of PEG re-

sults in particles with less negativez , with the magnitude of the change modulated by the

molecular weight of the PEG. For example, thez for the 30 kDa PEG-PS particles was

� 29� 1:1 mV in contrast to� 43:2� 2:3 mV for 5 kDa PEG-PS particles.
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2.3.2 Experimental Set-up

The electrochemical cells were built by con�ning� 20mL of suspension between two ITO-

coated glass slides (SPI supplies, 70-100W) that are separated by a dielectric spacer with

nominal thickness of 120mm (9 mm, Grace Biolabs, Cat. # 654002), as in Figure 2-1.

The ITO coatings are positioned so as to be in contact with the water. The slides were

cleaned by sequentially sonicating in acetone, isopropanol and DI water for 10 min in each

solvent. Then, right before assembly of the devices, the slides were exposed to a UV-ozone

treatment (UVO Cleaner Model 30, Jelight) for 5 min. The electric �elds were applied by

connecting the device to a potentiostat operated in galvanostatic mode. Current densities

ranged from 0.15 to 4.5 A/m2. Imaging of the particles and the concurrent pH gradients was

performed using a Leica SP8 confocal laser scanning microscope (CLSM) with 40� , 1.10

NA, water immersion objective and the pinhole set to 1 Airy unit. Multi-channel detection

enabled the simultaneous imaging of the emission from particles and pH indicator, as well

as the re�ection from the bottom and top electrodes. Nonetheless, re�ection mode was

mainly used to check the exact position of the electrodes. The optical properties of the

particles and ratiometric dye (SNARF™-1) were selected so their emission did not overlap.

The particles were excited at 405 nm and their emission was collected between 420 and

450 nm. A high-speed resonant scanner (8 kHz) enabled high acquisition rates of up to 28

frames per second, at 512� 512 pixel resolution.

2.3.3 Measurements of pH While in Operation

5-(and-6)-carboxy SNARF™-1 is an organic molecule whose �uorescence emission changes

from yellow-orange at acidic pHs to deep red at basic pHs (ThermoFisher, C1270). The

ratiometric capabilities of SNARF stems from the different emission properties of the pro-

tonated and deprotonated species. Deprotonation of the phenolic substituent of SNARF-1

changes the emission from 583 nm to 627 nm, which enables the measurement of the rel-

ative concentration of the protonated and deprotonated species. In the ratiometric method,

the pH of the medium is linked to the dissociation equilibrium of the dye—characterized
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by the dissociation constant (pKa)—using the following formula:

pH = pKa� log
�

Rb � R
R� Ra

�
Ib;2

Ia;2

�
; (2.1)

whereR is the ratio of intensities at two detection points,I1 andI2, while Rb andRa are the

ratios of intensities at the basic (Ib) and acidic (Ia) end points. Using the ratio of signals at

two different wavelengths, minimizes the effect of �uctuations in focus, excitation inten-

sities and concentration of the dye. In my experiments, SNARF (100mm) was excited at

514 nm, while the emission windows forI1 andI2 were centered at 580 nm and 640 nm.

All the experiments were performed with the same settings, using a detection window of 5

nm for the two detectors. To determine the value of the pKa of carboxy SNARF-1 and the

acidic and basic end points, I measured the ratio R at different pHs. The solution pH was

ajusted by adding 0.01 M NaoH or HCl solution. For the calibration, I measured a value

for the pKa of carboxy SNARF-1 similar to those reported by the vendor (� 7.3), whereas

the acidic and basic end points were measured at approximately pH 9 and 4, respectively.

The measurements of pH in my experiments were performed within the limits of the end-

points. Images were converted to pH maps using an algorithm developed in Igor Pro. The

algorithm relies on the calibration data and Equation 2.1. Experiments with sodium �uo-

rescein, another pH sensitive dye, followed a similar procedure as when using SNARF-1,

with the necessary adjustments for excitation and emission wavelengths.

2.3.4 Analysis: Transient pH under dc Fields.

A simpli�ed model provides insight into the pH pro�le within the cell. I solve the Poisson-

Nernst-Planck equations in the liquid domain for the OH-, H+, and SNARF-1 species,

¶ni=¶t + Ñ j i = Ri ; (2.2)

j i = � DiÑni � nimiÑf + niu; (2.3)

with the mobilities given by the Einstein-Smoluchowski equation,m� = D� ez=kBT. The

model solves the transient equation for conservation of ionic species. Diffusion, migration,
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Figure 2.1: (A) Imaging the emission from SNARF-1 and �uorescent particles through confocal mi-
croscopy enables the simultaneous visualization of pH gradients and particle dynamics under dc �elds. The
device (electrochemical cell) consisted of two ITO slides separated by a dielectric spacer (� 120mm thick).
Particles and SNARF-1 were excited at 405 nm and 514 nm, respectively. (B) Emission spectrum of SNARF-
1 changes with pH; the graphs show the normalized emission intensity at different pH values. (C) Ratio R
between emission at 580 and 640 nm decreases at higher pH; R provides the means to probe the pH in aque-
ous media.The red line represents the �t under the calibration equation

and convection determines the �ux, ji , of ionic species. The reaction term, Ri , accounts

for the equilibrium reaction of water (H2O 
 OH- + H+) and dissociation of SNARF

(HSNARF-1 
 SNARF-2 + H+) within the liquid domain. The dissociation equilibrium

of the SNARF molecules occurs between species holding either one or two net negative

charges. The electroneutrality condition applies in the liquid domain because the size of

the electrical double layer is of the order of tens of nanometers. As a �rst step, the model

does not describe the electrode kinetics. Therefore, the exact potential drop at the electrode

and, consequently, the potential within the electrolyte are not known. Instead of modeling

the electrode kinetics, the voltage in the electrolyte is accounted as an externally imposed
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parameter. Given the low conductivities in the experiments, it is necessary to include the

migration term. On the other hand, constant �uxes at the boundaries account for the reac-

tions at the electrodes. Water electrolysis constitutes the most dominant faradaic reaction

in the system, which produces protons at the anode and hydroxyl ions at the cathode, when

carried out at neutral pH values,

anode: 2H2O 
 4H+ + O2 + 4e� ; (2.4)

cathode: 4H2O+ 4e� 
 4OH� + 2H2; (2.5)

Therefore, the boundary conditions at the anode are: jH+ = Id/F and jOH- = 0, while at

the cathode, they are jOH- = Id/F and jH+ = 0. Although it is not possible to keep current

and potential constant in real experiments, this strategy provides approximations to the

behavior of the system. The coupled equations were solved using the �nite-element method

as implemented in COMSOL Multiphysics, using the modules for the transport of dilute

species and the tertiary current distribution.

2.4 Results and Discussion

2.4.1 Visualization of pH Gradients

The 3D confocal images in Figure 2.2A-C show the volume within the electrochemical

cell before and after applying a current of 4.5 A/m2 through an aqueous medium contain-

ing SNARF-1. The images show the view from the x-z plane of the volume between the

electrodes. Although not shown, the electrodes are located immediately below and above

the colored section, as illustrated in Figure 2.2D. The images combine the intensity col-

lected at 580 nm (I1, yellow) and at 640 nm (I2, red). Initially, the color throughout the

cell is uniform, indicating a constant pH at the value of� 7.2. When the current is ap-

plied between the cathode (top electrode) and anode (bottom electrode) for 65 s, the ratio

of intensity (R= I1=I2) from the two detection channels changes. The intensity collected

at the red channel becomes much higher near the cathode (R � 0:4), while it decreases

near the anode (R� 2:6), in comparison to an initialR � 1. The lower value of R near the
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cathode indicates an increase in pH, while the opposite occurs near the anode. Analysis

based on the calibration equation reveals the pH ranges from approximately 8.5 to 6.5. The

system is dynamic since the zone of higher pH spans half the cell after 104 s. To summa-

rize, the images demonstrate that signi�cant and measurable pH gradients form within the

electrochemical cell with the passage of current.

The qualitative results follow the trends expected from the electrolysis of water (Figure

2.2D ). At the cathode, reduction of water occurs, resulting in the evolution of hydrogen

and the formation of hydroxide ions. In contrast, at the anode, oxidation of water takes

place, resulting in the evolution of oxygen and the formation of hydronium ions. Con-

sequently, as the electrical current passes through the cell, the accumulation of hydroxide

ions near the cathode and hydronium ions near the anode results in basic and acidic pHs, re-

spectively. Experiments with another pH sensitive dye, �uorescein, also show two distinct

zones, one where the emission is quenched (indicating lower pH) and another where the

intensity increases (indicating higher pH). Although the pKa of SNARF-1 and �uorescein

are different, the experimental results in Figure 2.2 and Figure A.1 in Appendix A suggest

general features about the electrochemical behavior of the system.

2.4.2 Modulation of pH Gradients Through Current Density and Initial pH

Current density and initial pH are two readily available parameters to set the electrochem-

ical conditions within the experimental cells. To better appreciate the evolution of the

system, the �rst row in Figure 2.3 shows heat plots that condense the temporal and spatial

distribution of pH during a single experiment, while the second row shows the pH pro�le

for a single time (53 seconds), denoted by the black-dashed lines in the respective heat plot.

The values of pH reported in the heat plots were calculated using calibration equation and

the ratio of intensities from the two detection channels, after image analysis and processing

of data through a routine in Igor Pro. The color scales in these plots range from bright red

(pH 6) to bright blue (pH 9).

The panels in Figure 2.3 show the response of the system to different current densities
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Figure 2.2:Imaging of the emission from SNARF-1 through confocal microscopy enables the visualization
of pH gradients during electrolysis of water. (A-C) Confocal images of the volume between the electrodes
before and after applying a current density of 4.5 A/m2 for 65 and 104 seconds. (D) Schematic of the device
(electrochemical cell) and accompanying reactions for a typical experiment. The reduction and oxidation of
water leads to regions of higher and lower pH, respectively, in comparison to the initial value of� 7:2. The
images report volumes of cross section area equal to 106 × 106mm2, electrode gap of 120mm and detection
from two channels at 580 nm (yellow-orange) and 640 nm (red).

(0.15, 0.2, 0.5, 4.5 A/m2). For the lowest current density (0.15 A/m2), the map and pro�le

at 53 seconds indicate the pH does not change signi�cantly from the initial value (� 7:2)

throughout an experiment. As the current density increases to 0.2 A/m2 (Figure 2.3B,F),

the pH remains relatively uniform during the �rst half of the experiment. However, after

53 s, the pH begins to increase rapidly near the cathode, and a clear region of basic pH

develops, as evidenced by the light blue color. When 0.5 A/m2 is applied, clear regions

characterized by acidic and basic pHs develop soon after turning on the electric �eld (Fig-

ure 2.3C). The pro�le in Figure 2.3 G shows the pH decreases below 7 near the anode, but
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it begins to increase slowly towards the cathode until there is a jump to values that plateau

near 8. The process is dynamic; initially the basic region extents 50mm into the cell, but it

steadily decreases in size until becoming 20mm in width, by the end of the experiment. At

the current density of 4.5 A/m2 (Figure 2.3D), the plot shows that two diffusion fronts, one

acidic and the other basic, form from the anode and cathode, respectively. Interestingly,

the position at which the two diffusion fronts meet results in a noticeable sudden change in

pH that resembles a sigmoidal function (Fig 2.3H). These results demonstrate that, depend-

ing on the experimental parameters, signi�cant concentration polarization occur within the

whole electrochemical cell, not only close to the electrodes. It is important to notice that

the Sigmoidal shape of the pro�le is not due to the limitations of the dye since the mea-

sured values were ensured to be safely between the acidic and basic endpoints. In addition

Figure 2.3:The value of current density impacts the observed pH pro�les. Panels (A-D) are 2D heat maps
that condense the pH pro�les for all times in a single experiment, while panels (E-H) represent the pH pro�le
for a single time (52 s), indicated by the dashed lines in panels A-D. The applied current densities were 0.15
(A,E), 0.2 (B,F), 0.5 (C,G) and 4.5 (D,H) A/m2.

to current density, the formation of two distinct acidic and basic regions also depends on

the starting pH of the solution (pHi ). While the maps for pHi 7.2 and 8.5 contain distinct

regions of basic and acidic pHs, those for pHi 6.5 remain uniform throughout the exper-

iments (Figure A.2-3 in Appendix A). Therefore, the trends in these experiments suggest

the distinct regions of pH form more easily when the pHi is basic or close to neutral.
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2.4.3 Response of Charged Particles under EDP

To study the behavior of charged particles under the generated electrochemical conditions,

the �uorescence intensity from PEG-PS particles and from the SNARF-1 were recorded

simultaneously, as a current density �ows through the system. Particles were selected with

emission and excitation that do not overlap with those of SNARF; therefore, the model

system has an emission peak at 440 nm, with excitation at 405 nm. Experiments at different

current densities illustrate the effect of pH gradients on the response of particles. Figure

2.4 compares maps of pH and �uorescence intensity from particles, for all times in a single

experiment. The corresponding pH maps (Figures A.4-5 in Appendix A) resemble those

already described in Figure 2.2, suggesting that at the low volume fraction used in these

experiments, the pH pro�le is not signi�cantly affected by the presence of the particles.

However, the accumulation of particles does affect the emission from SNARF. For the

maps describing the intensity from particles, the white color indicates the highest relative

intensity—and consequently, concentration of particles—while the dark blue indicates the

lowest relative intensity. At the lowest current density (0.15 A/m2), the intensity from the

particles progressively increases at the bottom, indicating unidirectional motion towards

and accumulation at the anode. The pro�le in Figure 2.4C shows that, after 86 seconds,

concentration of particles is 5� higher at the anode in comparison to the cathode.

The response of the particles under 4.5 A/m2 is quite different; particles migrate away

from both electrodes, and after 40 seconds, they focus in a narrow band (see intensity

pro�le as well as the images in Figures 2.5B and D). Most importantly, comparing the

pH and intensity maps (Figure 2.4) and the images (Figure 2.5), it is evident that particles

accumulate exactly at the position where the steepest change in pH occurs. The peaks

in the intensity maps trace the same trajectory as the boundary between the regions of

basic and acidic pH. Also, particles move more easily down the gradient (from cathode to

anode) than up the gradient (from anode to cathode). Consequently, the concentration of

particles is usually higher near the anode. The data in Figure 2.4, and the corresponding
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Figure 2.4:The current density and the accompanying pH gradients determine the response of charged
particles. Panels (A-B) are 2D heat maps that condense the �uorescence intensity from the particles for all
times in a single experiment, while Panels (C-D) represent the intensity pro�le for a single time (86 s). The
applied currents were 0.15 (A,C) and 4.5 (B,D) A/m2, while the average zeta potential of the particles (30
kDa PEG-PS) was -28.8� 1.0 mV.

images, suggest the focusing of particles results from the steep pH gradients produced by

the electrolysis of water. Even at high currents, if a steep pH gradient does not form (see the

case for pHi 6.5 in Appendix A Figure A.2), particles do not experience focusing. Focusing

is generally observed when current densities above 0.9 A/m2 are applied. Later, we will

see that the presence of steep pH gradients is a necessary, but not a suf�cient condition, to

achieve signi�cant accumulation of particles away from the electrodes. It is notable that the

accumulation of particles does affect the emission from SNARF (Figure 2.5). Nonetheless,

the ratiometric analysis accounts for those variations since it does not rely on absolute

intensity to obtain local pH. These experiments show that particles respond appreciably to

both the electric �elds and the concentration gradients generated by the electrochemical

reactions that sustain the passage of current.
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Figure 2.5: Simultaneous imaging of SNARF-1 and charged particles enables linking electrokinetic re-
sponse to the developing pH gradients. The images correspond to the experimental data represented in Figure
4.4 at the beginning (A-B) and at the end of the experiment (C-D). The images report volumes of cross section
area equal to 106 × 106mm2, electrode gap of 120mm and detection from three channels centered at 435 nm
(blue), 580 nm (yellow-orange) and 640 nm (red).

The permanent surface charge of the particles strongly impacts their response under

EDP. Figure 2.6 shows intensity maps for particles of different zeta potential under 4.5

A/m2, and consequently, in the presence of pH pro�les similar to those in Figures 2.2.

The particles with the highest zeta potential (-46.8� 1.1 mV) rapidly accumulate away

from the electrodes, but the focused band of particles drifts downwards and away from

the point where the maximum gradient in pH occurs. Eventually, after 50 seconds, all

particles deposit on the anode. As the zeta potential decreases to -43.2� 2.3 mV, particles

do not move upwards as readily, but all particles deposit on the anode, as in the previous

case. Once the zeta potential decreases to -34.6� 1.6 mV (10 kDa PEG-PS), particles

accumulate at the position where the largest gradient in pH is taking place—that is, at

the boundary between the basic and acidic zones—although a portion of them remained
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dispersed in the region near the anode. As the zeta potential decreases further (-31.9�

1.0 mV, 20 kDa PEG-PS), particles move upwards more readily, and as a result, most

of the particles join the focused band at the end of the experiment. Even when a high

current is applied and a large pH gradient is induced, particles' response depends on the

zeta potential, and their behavior falls in the spectrum from deposition to focusing far from

the electrodes. If focusing is the desired outcome of an experiment, in addition to the

presence of a large pH gradient, particles must have low enough zeta potential to move

easily down and up the pH gradient.

Figure 2.6:The rate of migration towards the position of steepest pH gradient increases as absolute zeta
potential decreases. Panels A-D are 2D heat maps that condense the �uorescence intensity from the particles
for all times in a single experiment, while Panels E-H represent the intensity pro�le for a single time (40 s).
The average zeta potential for the samples was -46.8� 1.1 (A,E), -43.2� 2.3 (B,F), -34.6� 1.6 (C,G) and
-31.9� 1.0 (D,H) mV. The applied current was 4.5 A/m2.

Concentration of a background electrolyte constitute another important variable to con-

trol the response of particles. The background electrolyte affects both electrochemical

conditions and electrokinetic response of the particles, �rst by changing the distribution of

current among the ions, and second, by setting the Debye length. We chose NaSCN as a

supporting electrolyte because, for the range of concentrations in the experiments, it did

not change the zeta potential of the particles substantially, increasing from -28.8� 1.0 to

-23.0� 1.1 from at 90 mM NaNO3. In contrast, NaNO3 adsorbs to polystyrene particles

due to ion-speci�c effects, which leads to substantial changes in zeta potential (106). For

example, the zeta potential of the PS particles changed from -46.8� 1.6 to -5.4� 1.0 when
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the concentration of NaNO3 changed from 0 to 90 mM. At 0.9 mM NaSCN, which sets

the Debye length to 10 nm, particles move rapidly from the cathode to the anode and accu-

mulate at the position of maximum pH gradient (Fig. 2.7A). On the other hand, particles

closer to the anode move upwards. As a result, Figure 2.7C shows the particles accumulate

into one broad peak close to the anode, and on a another one, at the point where gradient is

steepest. Increasing the concentration of NaSCN to 90 mM, which sets the Debye length

to 1 nm, induces a signi�cant change in the response of the particles; the velocity of the

particles decreases substantially, to the extent that accumulation is minimal at any point

within the cell, except at the anode. However, some particles do focus close to the cathode

by moving downwards at a rate of approximately 0.4mm/s. The slight accumulation of

particles 20mm below the cathode is a manifestation of the different distribution of pH

at higher concentrations of NaSCN, see Appendix A Figure A.6 for the corresponding pH

maps.

2.4.4 Insights on Generation of pH Gradients and the Motion of Particles

Ratiometric analysis and fast imaging with LSCM enables the visualization of local pH

and particle distributions with high resolution in space and time. This approach overcomes

important challenges related to changes in transmittance of the conductive slides, photo-

bleaching of the dye, and changes in intensity due to scattering from the particles. For

the range of applied current density (0.15–4.5 A/m2), pH gradients are substantial. For

example, when a current of 4.5 A/m2 is applied, pH changes by more than two units from

the anode to the cathode. Using LSCM and a variety of pH-sensitive dyes (�uorescein,

LysoSensor, carboxynaphtho-�uorescein, and BCECF), other studies have reported similar

changes in pH near electrodes after applying a wide range of current densities (0.1–1600

A/m2) to affect water electrolysis (32; 107; 108). A distinctive feature of the results in

Figure 2.3 is the shape of the pH pro�le; when current densities above 0.5 A/m2 are ap-

plied, pH does not change smoothly from the anode to the cathode. Instead, there was a

sharp transition from acidic to basic regions. Figure 2.8 shows the steady-state pH pro�le
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Figure 2.7:The concentration of background electrolyte dampens the effect of pH gradients. Panels A-
B are 2D heat maps that condense the �uorescence intensity from the particles for all times in a single
experiment, while Panels (C-D) represent the intensity pro�le for a single time (72 s). The applied current
was 4.5 A/m2, while the average zeta potential of the particles (30 kDa PEG-PS) was -28.8� 1.0 mV.

obtained by solving the transport model after applying current densities between 0.1 and

4.5 A/m2. At low current densities, the pH increases toward the cathode, similar to what is

observed in the experiments. As the current density increases, the sigmoidal shape of the

pH pro�le emerges. When Id = 0.5 A/m2, the pH pro�le shows acidic and basic regions,

with a sharp gradient at 90mm. The model did not account for convection due to changes

in buoyancy. However, low ionic conductivity and absence of dense ions limit the effects of

buoyancy. In fact, convective transport due to changes in buoyancy throughout the cell will

reduce the likelihood that such a pro�le will form, as detailed in the recent work by Obata

et al (109). Therefore, the observed pH pro�les result from the transport due to diffusion

and migration. Nonetheless, there are noteworthy discrepancies between the experimental

results and the predictions from the model. First, the range of values is wider in the model.

The model predicts pH values near the anode that are at least one unit lower than the exper-

30



imental values. In the model, the steady state is reached rapidly, within 10 s. However, in

the experiments, the pro�le continuously evolves and only levels off after 80 s. These dif-

ferences presumably stem from not accounting for the electrode kinetics and other possible

reactions.

Figure 2.8:Solution of the Poisson–Nernst–Planck equations captures the dependence of the pH pro�le on
current density. The graph shows the pH pro�les at a steady state for each current density. The sigmoidal pH
pro�le emerges when the current density reaches values close to 0.5 A/m2, which is in agreement with the
experimental observations in Figure 2.3

The experimental results in Figures 2.3 and 2.4 show that a reproducible point of zero

velocity, and therefore focusing, occurs at the transition from acidic to basic regions. Con-

sequently, the point of highest particle concentration coincides with the position at which

the gradient in pH is the largest. The lack of focusing in the absence of pH gradients either

when using a buffer or when the starting pH is highly acidic, (Appendix Figure A.2) con-

�rms the hypothesis that electrochemically generated gradients of ionic species are needed

to affect focusing of charged particles under uniform electric �elds. When gradients of

redox species are superimposed on electric �elds, EDP governs the transport of particles

(63). Focusing of charged particles under EDP has been reported using ion-selective mem-

branes, although direct visualization of electroactive species was not presented. Ulberg

and Dukhin observed that particles accumulated away from ion-selective membranes (71)

and formed non-equilibrium structures, which they termed “�uid deposits” (71). In their
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experiments, the �uid velocity tangential to the surface of the membrane sets the thickness

of the diffusion layer and, therefore, the position of focusing.

An alternative mechanism to explain the behavior of particles is isoelectric focusing

(IEF). In IEF, particles migrate under the in�uence of an electric �eld and across a pH gra-

dient until they reach their point of zero charge. IEF requires that particles hold negative

and positive charges. Although the carboxylate–polystyrene particles show zero charge

at low pH (� 3), they do not acquire positive charges at any of the observed pH val-

ues, consequently ruling out IEF as the mechanism. Dielectrophoresis is another potential

mechanism; however, because the applied electric �eld is uniform in our experiments, the

dielectrophoretic force does not provide a signi�cant contribution.

As a �rst approximation, EDP can be described by the addition of an electrophoretic

and a diffusiophoretic term (71)

VEDP = VEP+ VDP; (2.6)

For a thin double layer, VEP is calculated using the Smoluchowski equation, so for neg-

atively charged particles, VEP points toward the anode. As a result, the upward velocity

needed to observe focusing must stem from the VDP term. VDP can be directed toward the

anode or the cathode depending on the zeta potential, as well as the diffusivity and gradi-

ents of ionic species. Because more than two ions are present in the system, the theories

developed for binary electrolytes do not apply, but a qualitative analysis is possible using a

theory recently developed by Squires and collaborators for multicomponent systems. The

theory provides an expression for VDP that depends on the �uxes (ji), the diffusivity of the

ions (Di), and the zeta potential (z̃p)
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wherenB
0 represents the bulk electrolyte concentration. To calculate VDP, the �uxes for all
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species must be known.

The theory reveals that there are two important physical conditions that must be met

in order to achieve focusing through pH gradients and DP. First, the concentration pro-

�le must be divergent. Particles accumulating away from the electrodes must experience

positive and negative VDP, which implies having different �uxes on either side of the fo-

cusing point, according to eq 2.6. A change of sign in VDP is possible when divergent

�uxes (5 j i 6= 0) are established due to reactions ionic, dissociative, or aggregative. The

Nernst–Planck equations provide the �uxes of charged species by adding contributions

from diffusion, electromigration, and convection. Except near the electrodes, the electrical

potential will vary linearly with distance, and therefore, its second derivative will be zero

throughout the cell. Consequently, in the absence of convection, a �nite divergence implies

5 j i s ¶2ni=¶2t 6= 0. The pro�les for the experiments at 4.5 A/m2 and pHi 7.2 con�rm

that the �uxes for H+ and OH- are indeed divergent because the second derivatives of the

concentration pro�les are nonzero. The relevant reactions are the faradaic reactions at the

electrodes and the dissociation of water. The second constraint involves the diffusivity for

H+ and OH– as well as the zeta potential of the particles,

DOH�

DH+
<

ezp + 4ln
�

cosh
ezp
4

�

ezp � 4ln
�

cosh
ezp
4

� : (2.9)

All of the particles used in the experiments comply with the second criterion. Although the

particles with the highest zeta potential show a mixed behavior of focusing and deposition,

experiments in Figure 2.6 follow the trends predicted, where focusing becomes less likely

as the zeta potential increases. In addition, calculations of velocity (see Appendix A Fig-

ure A.7) using eqs 2.7 and 2.8 show that points of zero velocity do emerge far from both

electrodes, leading to focusing. As a summary, the pH pro�les that are produced electro-

chemically in our experiments ful�l the conditions necessary to induce focusing in charged

colloidal particles, according to the theory of diffusioresis for multicomponent systems.

33



The experimental results demonstrate that measurable gradients in pH induce motion

that balance and counteract traditional electrophoretic motion. Except for the seminal work

of Dukhin and a few recent theoretical and experimental studies, most treatments of col-

loidal electrokinetics ignore the effects of electrochemically induced gradients. Therefore,

by providing the means to simultaneously map concentration gradients and the ensuing col-

loidal dynamics, this work provides tools to further the understanding of charged particles

under electric �elds, especially near electrodes. On the other hand, EDP has potential for

performing practical tasks in micro�uidic devices such as focusing, trapping, and separa-

tions.

2.5 Conclusions

The strategy presented in this chapter allows the simultaneous visualization and quanti�-

cation of local pH and colloidal dynamics within the electrochemical cells. Fast imaging

with LSCM enables visualization of pH and particle distributions with high resolution in

space and time. The measurements of pH reveals the formation of steep gradients when

currents between 0.15 and 4.5 A/m2 are applied to electrochemical cells with characteristic

size of approximately 100mm. Images of charged �uorescent particles and pH sensitive

dye shows that particles accumulate at positions where the pH gradients are largest. Quali-

tative analysis supports the hypothesis that focusing of particles away from the electrodes is

mainly due to the diffusiophoretic contribution through the shape of the electrochemically

generated pH pro�les.
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CHAPTER 3

Long-range Transport and Directed Assembly of Charged Colloids under Aperiodic

Electrodiffusiophoresis

3.1 Abstract

Faradaic reactions often lead to undesirable side effects during the application of electric

�elds. Therefore, experimental designs often avoid faradaic reactions by working at low

voltages or at high frequencies, where the electrodes behave as ideally polarizable. In

this chapter, I show how faradaic processes under ac �elds can be used advantageously

to effect long-range transport, focusing and assembly of charged colloids. Herein, I use

confocal microscopy and ratiometric analysis to con�rm that ac �elds applied in media of

low conductivity induce signi�cant pH gradients below and above the electrode charging

frequency of the system. At voltages above 1 Vpp, and frequencies below 1.7 kHz, the

pH pro�le becomes highly nonlinear. Charged particles respond to such conditions by mi-

grating towards the point of highest pH, thereby focusing tens of microns away from both

electrodes. Under the combination of oscillating electric �elds and concentration gradi-

ents of electroactive species, particles experience aperiodic electrodiffusiophoresis (EDP).

The theory of EDP, along with a mass transport model, describes the dynamics of parti-

cles. Furthermore, the high local concentration of particles near the focusing point leads to

disorder-order transitions, whereby particles form crystals. The position and order within

the levitating crystalline sheet can be readily tuned by adjusting the voltage and frequency.

These results not only have signi�cant implications for the fundamental understanding of

ac colloidal electrokinetics, but also provide new possibilities for the manipulation and

directed assembly of charged colloids.
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3.2 Introduction

Electric �elds are useful external inputs of energy because of the large parameter space

available—amplitude, frequency, wave form—to tune colloidal transport and interactions.

Upon application of an ac electric �eld, the charges inside and outside particles shift with

time, leading to multipoles and induced �ows (110; 111; 112). Electric �elds induce a va-

riety of surface and body forces that have facilitated applications such as pumping (113),

separations (114), and electrodeposition (115). Recently, electric �elds have been instru-

mental in advancing new paradigms in directed (116; 117; 118), dynamic (83; 119),and

recon�gurable assembly (40), as well as in colloidal propulsion (120; 121) and directed

transport (122).

In directed assembly, external �elds—usually of high frequency—are used to tune

dipole-dipole interactions between particles to bias the system towards more favorable and

desired con�gurations (29). Field-directed assembly of anisotropic building blocks has

produced structures with attractive photonic and phononic properties (e.g., structural col-

ors (5), anisotropic bandgaps(123)). On the other hand, tuning the temporal application of

the �elds, either through feedback control or toggling, produces colloidal crystals free of

defects (124; 125; 118; 126; 127; 128). In addition to dipolar interactions, �elds at lower

frequencies induce electrohydrodynamic and electroosmotic �ows (129; 113). In the vicin-

ity of polarized electrodes, these �ows mediate the assembly of particles into 2D structures.

Moreover, if the symmetry of the particles is broken, such �ows result in self-propulsion

and dynamic assembly (80; 81; 120).

Faradaic reactions often lead to detrimental side effects, such as the formation of bub-

bles or the degradation of electrodes, when applying electric �elds. Therefore, experimen-

tal designs often avoid faradaic reactions by using low voltages or high frequencies, so

the electrodes behave as ideally polarizable (130; 131). Low voltages guarantee working

within the electrochemical window of the solvent, whereas high frequencies do not provide

enough time for the charging of the double layer. In this context, high frequencies refer
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to values much higher than the electrode charging frequency (fc). Typical values forfc

are in the order of hundreds of Hertz. However, studies have shown that even abovefc in

water, faradaic reactions can still take place (132; 133). This �nding has important implica-

tions for the �eld of colloidal electrokinetics, for two reasons. First, an increasing number

of experiments use frequencies near 1 kHz, or combine steady and oscillating potentials,

to control collective dynamics and propulsion (81; 120; 116; 119; 134). By balancing

hydrodynamic and dipolar interactions, these experiments produce 2D colloidal materials

with rich structural and dynamical behavior. Second, effects associated with faradaic reac-

tions, such as gradients of electrolytes near electrodes caused by the depletion/generation

of electroactive species, with some exceptions (69; 70) , do not feature extensively in the

mechanistic description of colloidal electrokinetics. Take as an example the intriguing the-

ory of asymmetric recti�ed electric �elds (AREF) (135; 136).This theory predicts that an

oscillating electric potential can induce a steady electric �eld within the liquid when ions

have unequal mobilities. The long-range steady electric �eld has been proposed as the

mechanism inducing the levitation of charged particles near planar electrodes (54). How-

ever, in its present form, the AREF theory assumes no �ux for all ions at the electrodes;

essentially, it does not account for faradaic reactions (electrochemistry), which will take

place at frequencies below 1 kHz in water.

Recent experimental observations highlight the potential of coupling electric �elds

with induced gradients of electroactive species to control the assembly and transport of

charged particles (13; 14; 134; 137). In chapter 2, we con�rmed that electrodiffusiophore-

sis (EDP)—phoretic motion under diffusiophoresis and electrophoresis—was the mecha-

nism responsible for the focusing and levitation of charged particles under uniform dc �elds

(138). With the aid of confocal microscopy and ratiometric analysis, we observed that the

passage of current through water induces signi�cant pH gradients. Under those conditions,

the diffusiophoretic contribution becomes large enough to balance and overcome the elec-

trophoretic contribution. Moreover, the experimental results af�rm the generality of EDP
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as an electrokinetic phenomenon that is not limited to a single solvent, as suggested by

the initial experiments in DMSO (14). the goal in this chapter is to extend the experimen-

tal regime to low frequency ac �elds. Andrei S. Dukhin and collaborators in the former

Soviet Union established the framework for understanding EDP under ac �elds (aperiodic

EDP) (71; 139; 140). In aperiodic EDP, time-dependent electric �elds and gradients of

electrolytes lead to directional motion of charged particles. It is important to highlight

that, in contrast to dielectrophoresis (110), a nonuniform electric �eld is not needed to

achieve directional motion under aperiodic EDP; an important fact that was supported by

the initial experimental results on the subject (71; 141). In this work, we will show how

faradaic processes under ac �elds, and the motion of particles induced by EDP, can be used

advantageously to effect long-range transport, focusing and assembly of charged colloids.

Herein, we use confocal laser scanning microscopy (CLSM) and ratiometric analysis to

con�rm that ac �elds of low frequency (below 1.7 kHz), and applied in media of low con-

ductivity, induce signi�cant pH gradients that can persist above the electrode charging fre-

quency for the system. Charged particles respond to the electrochemical conditions within

the cell by migrating and focusing tens of microns away from the surface of the electrodes.

By measuring the velocity of migration, we deduce the potential landscape experienced by

the particles. These measurements demonstrate that signi�cant wells in potential energy

(� 100 kBT) can be induced with moderate electric �elds. On the other hand, transport

analysis provides further insights on the dynamics of charged particles. Afterwards, we

turn the attention to the structural features of the aggregates in the focusing position. The

large local concentration of particles near the focusing point leads to a disorder-order tran-

sition, whereby particles form crystals. We show that frequency and voltage readily tune

the position and crystalline order within the levitating crystalline sheet.
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3.3 Methods

3.3.1 Model Systems

The model systems used to study aperiodic EDP were carboxylate-functionalized �uores-

cent polystyrene particles (CB-PS) of 1.75mm nominal diameter (Polyscience, 17686-5).

All particles were dispersed in ultrapure deionized water (18 MW�cm) with a concentra-

tion of approximately 0.05 w/v %. The zeta potential (z ) of particles was measured via

electrophoretic light scattering, using a Litesizer 500 (Anton Paar). The averagez of the

negatively charged CB-PS particles was� 65:4� 3:1 mV.

3.3.2 Experimental Set-up

The same device was used in aperiodic EDP experiment, as disssued in Chapter 2. In a

typical experiment, approximately 15mL of suspension was con�ned in the device (elec-

trochemical cell). The particles, the �uorescent dye Snarf, and the electrodes were simulta-

neously imaged using a Leica SP8 CLSM. Water (40� , 1.10 NA) and oil (100� , 1.47 NA)

immersion objectives were used. The particles were excited at 405 nm and their emission

was collected at wavelengths between 420 and 470 nm. A high-speed resonant scanner

(8 kHz) enabled high acquisition rates of up to 28 frames per second, at 512� 512 pixel

resolution. Two imaging modes were adopted. XZYT mode was used when a high time

resolution was desired, whereas XYZT mode was used to capture the motion of all parti-

cles within a given imaging volume. The accumulation of particles at the focusing position

scatter or block a substantial amount of the excitation light. Therefore, the intensity of

excitation was adjusted during a scan, according to the position within the device, using

Z-compensation. Adjustment of the laser intensity was particularly useful when imaging in

the XYZT mode. Nonetheless, the ratiometric analysis enables the reliable quanti�cation

of pH, even when the excitation and emission intensity vary throughout the cell.

The center of the particles in the images was found by using the circle detection function

(im�ndcircles) in MATLAB. To quantify the crystallinity of an ensemble of particles, we

calculated the six-fold bond orientational order parameter,Y 6; j = 1
Nj

å
Nj
k= 1ei6q jk . For each
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spherical particlej, Y 6; j is computed based on the number of nearest neighbors,Nj , where

q jk is the angle between nearest neighbor spheresj and k, with an arbitrary reference

direction. Using the center for each particle, we also calculate the Voronoi diagram for an

image.

3.3.3 Analysis: Transient pH under Low Frequency ac Fields.

A transport model provides insight on the pH pro�le within the electrochemical cell. We

solve the Poisson-Nernst-Planck equations in the liquid domain for the OH-, H + and

SNARF-1 species,
¶ni

¶t
+ Ñ � j i = Rj ; (3.1)

j i = � DiÑni � nimiÑy + niu; (3.2)

with the mobilities given by the Einstein-Smoluchowski equation,m� = D� ez=kBT. Di

andni stand for the diffusivity and concentration of ionic species;u andy are the velocity

and electrical potential. The model solves the transient equation for conservation of ionic

species (134; 142). Diffusion, migration and convection determine the �uxes,j i , of ionic

species. The reaction term,Ri , accounts for the equilibrium reaction of water (2H2O 
 H+

+ OH-) and dissociation of SNARF (SNARF-1
 SNARF2 + H+) within the liquid domain.

The dissociation equilibrium of the SNARF molecules occurs between species holding ei-

ther one or two net negative charges (143). Due to the oscillations in the �eld, we assume

the average displacement due to electromigration is insigni�cant. Essentially, this assump-

tion simplify the physics to a diffusive mass transport problem. The oscillating voltage

leads to an oscillating current at the electrodes. Therefore, the induced electrochemical

reactions will be accounted using linearized Butler-Volmer kinetic expressions at the elec-

trodes. Water electrolysis constitutes the most dominant faradaic reaction in the system,

which produces protons at the anode and hydroxyl ions at the cathode, when carried out at
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neutral pHs:

anode: 2H2O 
 4H+ + O2 + 4e� ; (3.3)

cathode: 4H2O+ 4e� 
 4OH� + 2H2; (3.4)

At the bottom electrode, the other boundary condition is an oscillating potential (versus

reference),V = V0sin(2pt fr ), while the top electrode remains grounded. In these calcu-

lations, the equilibrium potentials (Eeq) for the anodic and cathodic reactions are 0.80 and

-0.41; these values were estimated using a Pourbaix diagram for water. The anodic transfer

coef�cients are the same for both reactions (aa = 0:5). For the reference exchange current

densities, we use values equal to 3:98� 10� 3 and 1:38� 10� 3 A/m2. These values were

measured using linear sweep voltammetry. We solved the coupled transport equations us-

ing the �nite element method as implemented in COMSOL Multiphysics, as well as the

respective modules for the transport of dilute species and the tertiary current distribution.

3.4 Results and Discussion

3.4.1 Low Frequency ac Fields Induce pH Gradients

Figure 3.1A-B shows 3D confocal images of the volume within the electrochemical cell

before and after applying an ac signal of 5 Vpp and 100 Hz, through an aqueous medium

containing SNARF-1 and with conductivity (s ) of approximately 2 mS/m. The images

show the view from the x-z plane of the volume between the electrodes (green slabs). The

images combine the intensity collected at 580 nm (I1, yellow-orange) and at 640 nm (I2,

red). Initially, the color throughout the cell is uniform, indicating a constant pH of� 7.1.

However, after turning on the �eld, the color within the cell becomes non-uniform, with

the intensity from the red channel increasing substantially near the bottom electrode. The

changes in relative intensity indicate that signi�cant and measurable gradients in pH are

taking place within the electrochemical cell.

Figure 3.1C shows heat plots that condense the temporal and spatial distribution of pH

during a single experiment, while Figure 3.1D shows the pH pro�le for a single time (220
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seconds). The values of pH reported in the heat plots were calculated using the calibration

equation and the ratio of intensities from the two detection channels near 580 and 640

nm. The color scales in these plots range from bright red (pH 6) to purple (pH 7.6). The

pH maps show that a pro�le forms within 10 s. Once established and until the �eld is

turned off, the pH pro�le remains steady. From Figure 3.1D, we can appreciate that the pH

near the bottom electrode decreases to approximately 6.7. Moving further into the liquid

medium, the pH rapidly increases until reaching a peak at 17mm. At this position, the pH

is 7.4. Then, the pH begins to decay linearly to reach values as low as 6.4 near the top

electrode. Therefore, the pH near both electrodes decreases below the initial values, prior

to the application of the ac signal.

Figure 3.1:Application of low frequency ac �elds leads to noticeable changes of pH in aqueous electrolytes
of low conductivity. (A-B) Confocal images of the volume between the electrodes (green slabs) before and
after applying the �eld (5 Vpp, 100 Hz) for 130 seconds. Notice how application of the ac signal leads to
changes in the emission of SNARF-1, indicating changes in pH. Panel C is a 2D heat map that condenses the
pH for the entire experiment and at all positions. Panel D shows the pH pro�le at 220 s. After 10 s, the pH
pro�le becomes highly nonlinear, and a peak emerges at approximately 17mm from the bottom electrode.

Figure 3.2 shows the steady state pro�les for �elds generated by applying different
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