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Abstract 

Ionic current through a microchannel has drawn significant attention not only for 

fundamental electrokinetic researches but also for the development of novel 

micro/nanofluidic applications. Among various ion transport mechanisms, surface 

conduction, which is a predominant mechanism in micro/nanofluidic devices, has 

been theoretically characterized based on two-dimensional analyses. However, its 

infinite axis assumption has become a barrier for being directly applicable in 

practical micro/nanochannel networks. In this work, we conducted rigorous 

experiments to include all three-dimensional length scales. There, L/A, the perimeter-

to-area ratio of the microchannel cross-section, came up as a single parameter to 

quantitatively interpret the surface conductive ion transportation. Overlimiting 

conductance of the devices increased with a larger perimeter, which is equivalent to 

a specific surface area, even with the same cross-sectional area. A micro/nanofluidic 

diode with different L/A values on its forward and reverse channel was demonstrated 

as a simple application. Furthermore, the stability of the overlimiting current was 

experimentally investigated in connected geometries. Accumulation of particles or 

byproducts formed inside a fluidic compartment may cause irreversible failure in a 

flow-based system. In particular, when the feed water contains calcium ions as in 

natural seawater, calcium hydroxide can form crystals that can grow up to the size 

of the fluidic channel, which eventually blocks the current path. It was demonstrated 

in this part that such crystallization is effectively controlled when a geometrical non-

uniformity is installed into a microchannel network. Compared to the uniform arrays 

of parallel microchannels, recirculation flow was enhanced in a predictable pattern 

when the microchannels have a non-uniform variation in their width. The flow loops 

induced between the microchannels minimized local ion concentration which feeds 

the crystals thus the system gained current stability. Presenting analysis would 

provide a practical guideline to design a micro/nanofluidic application and to 

passively control the inter-microchannel flow to guarantee the operational life of 

fluidic systems. 

Keywords : Ion concentration polarization, Surface conduction, Non-uniformity, 

Anti-crystallization. 

Student Number : 2018-20846  
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1. Introduction 

1.1. Research Background 

1.1.1. Electrical double layer (EDL) 

Due to the fixed surface charge at the solid interface, an oppositely charged region 

of counterions develops in the liquid to maintain the electroneutrality of the solid-

liquid interface [1]. For instance, if a solid surface is negatively charged, negative 

free ions in the electrolyte are expelled whereas positive free ions in the vicinity of 

the interface are attracted and form an electrical double layer (EDL). This screening 

region consists of bound or mobile charges which are in turn named as Stern layer 

and diffuse layer, respectively. In the scheme of Helmholtz plane, the Stern layer is 

defined as the layer between the inner and outer Helmholtz planes where specifically 

adsorbed cations reside. Here the potential and the charge distribution depend 

linearly on the distance from the surface. The complete picture can be further 

constructed following the Gouy-Chapman theory [2] as in Figure 1. In this figure, 

the surface is negatively charged therefore has a negative potential ψs. The potential 

at an imaginary plane separating the two layers is referred to as ζ potential. Assuming 

that the potential near the surface is relatively small, the distribution can be 

simplified as linearized Poisson-Boltzmann equation: 

 ∇2𝜓 =  
𝑑2𝜓

𝑑𝑧2 =  𝜅2𝜓(𝑧)  (1) 

with the Debye-Hückel parameter 𝜅 = (
𝐹2𝑧2𝑐0

𝜀0𝜀𝑟𝑅𝑇
)

1/2

. 

Where ψ is the electric potential due to the surface charge, z is the distance from the 

surface, ε0 is the permittivity of free space, εr is the relative permittivity of the 

electrolyte, R is the gas constant, T is absolute temperature, F is the Faraday constant, 

z is the valence of ionic species, and c0 is the molar concentration. Since Equation 

(1) implies that the potential decays exponentially in the diffuse layer near a flat 

surface, the characteristic thickness of EDL, λ, can be defined as the inverse of the 

Debye-Hückel parameter: 

 𝜆 =  𝜅−1 =  (
𝜀0𝜀𝑟𝑅𝑇

𝐹2𝑧2𝑐0
)

1/2
  (2) 

For a 1 mM electrolyte where each ion is singly-charged and the ionic strength is 
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equal to the concentration, λ is ~10 nm at room temperature. 

When the geometric scale of a certain fluidic system is comparable to its EDL 

thickness, the EDL can expand and entirely covers the channel interior. Therefore, 

the fluidic channel has a preference for a specific charge species. In case the surface 

is negatively charged, the charge selective nature operates on positive ions while 

negative ions are repelled by the electrostatic potential of the overlapped EDL. This 

imbalanced ion transportation may significantly impact the ion distribution on both 

sides facing the nanostructure, which leads us to the following section. 

 

1.1.2. Ion concentration polarization (ICP) 

Earlier experimental studies reported that fluidic channels of ~50 nm in thickness 

exhibit ion-selectivity (or perm-selectivity) due to the EDL overlapping [3, 4]. 

Assuming that a nanomembrane immersed in the electrolyte is composed of an array 

of cation-selective nanochannels and an external electric field is applied in the 

direction perpendicular to the nanomembrane, the ions in the bulk solution are 

provided the driving force to move in the direction normal to the membrane. Under 

such bias, only positive ions (cations) can penetrate through the membrane from 

anodic to cathodic side whereas negative ions (anions) cannot. As the cations escape 

from the anodic side, the anions should decrease its population to meet the 

electroneutrality, which in turn results in the ion-depleted zone at the anodic side of 

the membrane. Contrarily, anions are transported toward the cathodic side and build 

up an ion enrichment zone. The overall situation is schematically illustrated in Figure 

2. This typical behavior under the electric field gradient is called ion concentration 

polarization (ICP). The concept of local ion removal has been widely applied for 

desalination strategies [5-8]. 
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Figure 1. Schematic description of the electrical double layer with corresponding 

potential distribution. The surface has a negative potential of ψs. 
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Figure 2. Schematic description of ion concentration polarization with a 

corresponding concentration profile. N+ refers the flux of cation and N- refers the 

flux of anion. 
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1.1.3. Limiting and overlimiting current 

ICP may induce a significant ion concentration gradient near a charge-selective 

membrane thus affect the ion current flux. The ion transport and concentration are 

limited in the boundary region (diffusion layer) near the membrane surface, and the 

distance is assumed to be approximately 10-100 um sitting between the bulk and the 

membrane [3]. Following the theories employing the local electroneutrality 

assumption, the interfacial electrolyte concentration in the depleting solution tends 

to be zero, and the potential drop through the diffusion boundary layer tends to be 

infinity when the current density approaches its limiting value [9]. Thus, the ionic 

flux is expected to be saturated and the corresponding current reaches the limiting 

current (Ilim). Under the assumption that each ion species are identical in terms of 

valence, diffusivity, and mobility, Ilim = zFDc0/L where z is the valence, F is the 

Faraday constant, D is the diffusivity of ion, c0 is the bulk concentration, and L is the 

distance from the interface which is large enough to reach the bulk environment. The 

concentration profiles from the anodic side of the membrane to the bulk electrolyte 

is schematically described in Figure 3. It is shown that the concentration at the anodic 

interface of the membrane reaches zero when the current density is equal to Ilim at its 

steady state. 

However, some effects coupled with the passage of intensive currents may prevent 

the saturation [9]. There have been attempts to provide a rationale for the fact that 

the current density surpasses the limiting one such as water splitting, gravitational 

convection, or thermoconvection. Among the interpretations presented in earlier 

papers, it has been widely accepted that the overlimiting current transfer originates 

from the reduction of the effective thickness of the diffusion boundary layer by a 

growing space charge region [10]. Rubinstein and Segel numerically and analytically 

exhibited an oscillatory instability at sufficiently high voltages and predicted that 

this instability can be a signal of further turbulent-like transitions. In the same year, 

Rubinstein and Shtilman showed that the bulk charge region near the membrane can 

further develop and this may lead to steady current much greater than the limiting 

one[11]. This is a logical consequence drawn from the physical insight that the local 

Debye radius can be much greater than that in the bulk as the concentration near the 

membrane approaches zero. Hence, the inflection could be explained when the 
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electroneutrality postulation in classical interpretation was replaced by the full 

Poisson equation. Later, Zaltman and Rubinstein introduced electroconvection, the 

flow which contains a significant amount of charge carriers of both signs, as a main 

source of overlimiting current [12]. As the interface concentration decreases, the 

non-equilibrium structure of EDL advances which leads to conductance instability. 

As a result, a macroscopic vortical electroconvective flow develops which destroys 

the diffusion layer at the solid/liquid interface [13]. This analysis plays a key role in 

explaining the enhanced ionic mass transport in the overlimiting regime. Figure 4 

illustrates a typical voltage-current curve when the above-mentioned factors are 

considered. It is shown in the curve that the limiting current plateau is followed by 

an upward climb as the voltage is raised. 
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Figure 3. Schematic view of salt counterion concentration profiles at different current 

densities. c0 is the concentration of bulk electrolyte (reservoir). 

 

 

Figure 4. A typical voltage-current curve with limiting and overlimiting regimes. 
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1.2. Motivation and purpose of the research 

As a natural extension of microfluidics and nanotechnology, nanofluidics has 

attracted much attention and imagination from many researchers for the past several 

decades [14, 15]. A large amount of research work has been focused on the physics 

of ion-selective transport in nanoscale and ICP phenomena which have enabled 

extensive applications on environmental engineering and diagnostics. The 

mathematical models have been an important plank to understand the geometrical 

effects of charged sidewalls from the basics [16], however, convergence was not 

necessarily found in practical cases which urges to re-consider the established idea. 

In this context, the thesis proposes an expansion of the theoretical approach to 

surface-driven ion transport mechanism beyond its dimensional limitation. 

Microchannels covering a wide range of geometric variety were constructed and the 

strength of ionic conductance was quantitatively analyzed. A geometrical parameter 

was invented as a result to bridge the theoretical model and a practical system. The 

parameter is then employed to build a fluidic diode which overcomes the limitations 

of previously reported devices [17-19]. Compared to those who based on the 

nanoscale asymmetry, its current rectification property holds even in relatively high 

levels of ion, and the fabrication labor is much reduced. Further, the scope of the 

research is broadened into a network of surface conductive microchannels. An 

application strategy to reduce channel clogging in microchannels is presented which 

has been a bottleneck of stable long-term operation of the devices. It demonstrates a 

fluidic system with a precisely controllable flow pattern and its necessity was 

emphasized by the operation with enhanced stability over time compared to its 

counterpart with conventional uniform design. It was shown that a non-uniform 

fluidic system may enhance the internal flow in the microchannels, thereby reducing 

the chance of local concentration or crystallization happening. Within this scheme, 

the current stability stems entirely from the geometrical configuration of the 

microchannels, therefore it can function without any external control or energy input. 
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1.3. Outline of dissertation 

Each part of the manuscript is presented in the following order. The first chapter 

presents a summary of the basic mechanisms and previous research works which 

form the basis of this study. The main part consists of two distinct topics, each of 

which can be found in chapters 2 and 3. The objective of chapter 2 is to generalize 

the present 2-dimensional current flux analysis into the 3-dimensional case. A single 

geometric factor was then extracted to explain the discrepancy found from 

conventional approaches. Then in the subsequent chapter, a fluidic system where 

more than one microchannels compose a network was studied in this surface-driven 

transport regime. A general conclusion is given in the last chapter with perspectives 

for future work.  
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2. Surface conduction in a microchannel 

2.1. Introduction 

Being represented by the Nernst-Planck equation, the classical theory to elucidate 

ion transportations through aqueous solution includes the contribution of diffusion, 

drift, and convection [1, 2, 20]. While numerous experimental and theoretical studies 

have been conducted using the equation so far, recent findings that have been 

accelerated by the advances of micro/nanofluidic research teach us that there are 

additional significant mechanisms beyond the equation [13, 16, 21-28]; 

electroosmotic instability (EOI), electroosmotic flow (EOF), surface conduction (SC) 

and diffusioosmosis. Among them, the electrokinetic operation at SC regime affords 

versatile utilities in micro/nanofluidic platforms especially due to its stability [13, 

29-33]. Such platforms with extremely high surface to volume ratio allow the surface 

effect to predominate over the volume (or bulk) conduction which has been mainly 

considered in the classical Nernst-Planck equation. SC is defined as the flow of 

excess charges in an electrical double layer (EDL) formed near a charged surface 

[16]. There are two major factors that determine the regime of ionic current; (i) the 

characteristic length scale and (ii) the surface charge density of the substrate. Smaller 

length and higher surface charge density drive the system to surface effect-dominant 

regime, i.e. SC regime. While seminal theoretical characterization of SC has been 

widely applied for stable electrokinetic operations or enhancing system conductance 

[23, 30, 34-37], the analysis has been usually carried based on two-dimensional 

approximation which inevitably requires at least one infinitely long axis, unless it 

was conducted using a direct numerical simulation [38]. When a system has a 

confined geometry such as practical micro/nanofluidic devices, the third axis, which 

has been neglected in two-dimensional approximation, should be considered. 

In this work, therefore, we experimentally investigated the three-dimensional 

geometric effect on SC by employing a micro/nanofluidic platform that consists of 

two microchannels connected with Nafion nanojunction. The aspect ratios of the 

microchannel cross-section were designed to be varied from 0.003 to 1 so that the 

conductance was measured from an approximated two-dimensional limit to a three-

dimensional geometry. As a function of only microchannel depth, the measured 

conductance values were out of theoretically predicted range, especially when the 
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aspect ratio approaches to 1. Alternatively, the third dimensionality was included in 

the calculation of a volume density of fixed charges so that the perimeter to area ratio 

of microchannel cross-section was extracted as a single parameter to fit all of the 

conductance data. The parameter would be utilized as a significant design rule for 

various micro/nanofluidic devices such as power-efficient desalination device, 

highly sensitive electrical (bio-)sensors, diagnostics tools or ionic circuit 

components. 

 

2.2. Experimental details 

2.2.1. Device fabrication and materials 

The microchannels were molded by the general PDMS fabrication process [39]. 

Briefly, PDMS solution at the ratios of pre-polymer (PDMS, Sylgard 184, Dow 

corning) to curing agent of 10:1 was mixed and degassed for an hour. After pouring 

on lithographically constructed Si wafer, it was cured at 75℃ for 4 hours. The 

demolded PDMS block and Nafion (Sigma Aldrich, USA)-patterned glass substrate 

were irreversibly adhered by O2 plasma treatment (Cute-MP, FemtoScience, Korea). 

The Nafion was patterned by surface patterned method [40, 41]. Both microchannels 

were filled with 1 mM KCl solution.  

 

2.2.2. Experimental setups 

Ag/AgCl electrodes were inserted at both reservoirs to apply external voltage 

(SMU238, Keithley, USA). The voltage was swept from 0 V to 4 V at 0.2 V/30 sec 

for I-V measurement and 0 V to 4 V, 4 V to -4 V and -4 V to 0 V at ±0.2 V/30 sec for 

current rectification measurement. Current value at each voltage step was obtained 

by the customized Labview program. 
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Figure 5. (a) Image of the assembled device. The inset shows its schematic view of 

essential components near the nanoporous junction. (b) Microscopic image of the 

device. Two microchannels with different L/A are connected by surface-patterned 

Nafion nanojunction. Main and buffer microchannels are depicted in red and blue, 

respectively. 

 

1 cm

200 um

depth (d)

w
id

th
(w

)
(b)

(a)

main
microchannel

s
id

e
m

ic
ro

c
h

a
n

n
e

l

s
id

e
m

ic
ro

c
h
a

n
n

e
l

length (l)s
u

rf
a

c
e
 p

a
tt

e
rn

e
d

N
a

fi
o

n
n

a
n

o
ju

n
c
ti
o

n

buffer
microchannel



13 

 

Table 1. Physical dimensions of all microchannels used in this work. 

 

  

d [um] w [um] A [um2]

=dw

L [um]

=2(d + w)

L/A [um-1]

3 70 146 0.70 

5 42 94 0.45 

7 30 210 72 0.34 

10.5 20 61 0.29 

15 14 58 0.28 

3 140 286 0.68 

5 84 178 0.42 

7 60 420 132 0.31 

10.5 40 101 0.24 

15 28 86 0.20 

3 280 566 0.67 

5 168 346 0.41 

7 120 840 252 0.30 

10.5 80 181 0.22 

15 56 142 0.17 

3 560 1126 0.67 

5 336 682 0.41 

7 240 1680 492 0.29 

10.5 160 341 0.20 

15 112 254 0.15 

3 1120 2246 0.67 

5 672 1354 0.40 

7 480 3360 972 0.29 

10.5 320 661 0.20 

15 224 478 0.14 
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2.3. Results and discussion 

2.3.1. Experimental Designs 

The device we employed in this work is shown in Figure 5(a). PDMS-glass bonded 

micro/nanofluidics devices were fabricated using standard soft-lithography [39] for 

microchannels and surface patterning for Nafion nanojunction [42]. Figure 5(b) 

gives a magnified view near the nanojunction. Two microchannels (main (red) and 

buffer (blue)) were connected by patterned Nafion bridge. Air-valves were installed 

at the side microchannels for the easiness of experimental labors. In order to 

eliminate disturbances from uncontrolled hydraulic pressure, high Laplace pressure 

formed at liquid/air interface inside the side microchannels was utilized as a virtual 

valve, allowing to obtain the identical electrokinetic responses with a 1-dimensional 

micro-nano-microchannel device [43]. Such practical devices inevitably possess a 

three-dimensional constriction as shown in the inset of Figure 5(a), imposing a 

critical limitation on two-dimensional analysis. In order to explore their 

electrokinetic properties, one of geometrical factors should be kept in constant and, 

in this work, the cross-sectional area (A = dw) of the main microchannel was 

designed to keep the Ohmic conductance (or bulk conductance) (σOhm) constant in 

each design. The design parameters (width (w) and depth (d)) of main microchannel 

were listed in the first and the second column of Table 1. While A remained constant, 

the perimeter (L = 2(d+w)) of the main microchannel was varied accordingly. 

Consequently, in that aspect, one would be able to obtain a variation of L/A, 

perimeter to cross-sectional area ratio. It is the parameter of interest in this study in 

that it represents the variation of L at constant A, i.e. the surface conduction effect 

without the consideration of the Ohmic conduction. Five sets of devices whose A’s 

were doubled from the previous set were fabricated for further investigation over the 

wide range of L/A. 

 

2.3.2. Ohmic-limiting-overlimiting current measurements 

The current-voltage relations of all dimensions listed in Table 1 are plotted in Figure 

6(a)-6(c). Additional data sets are presented in the Appendix. The voltage was swept 

at 0.2 V/30 sec from 0-4 V. As expected, the slopes in the voltage range of 0-0.6 V 
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(σOhm) were almost overlapped because A was constant in each plot in Figure 6(a). 

The same scenario was applied to Figure 6(b) and Figure 6(c) as well. Statistical 

analysis showed that σOhm was roughly proportional to A as shown in Figure 6(d). 

More importantly, the overlimiting conductance (σOLC) was significantly altered 

depending on d in each plot in Figure 6(a)-6(c). σOLC is the fingerprint of 

electrokinetic property within micro/nanofluidic devices or nanoporous membrane 

system, describing additional current increment followed by the Ohmic regime and 

limiting current regime [3, 11, 23, 35, 44-47]. It can be extracted by reading the slope 

of I-V curve at a lager voltage substantially away from the Ohmic regime. The 

remarkable observation is that higher L/A resulted in higher σOLC even under the same 

A. This means that one has to fully assess the three-dimensional structure (w, d, and 

l) to utilize a quantitative (or predictable) I-V relation in micro/nanofluidic device 

for own purposes. 
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Figure 6. I-V responses of the devices with the microchannel cross-sectional area of 

(a) 3360 um2 (b) 1680 um2 and (c) 840 um2, respectively. In each graph, current value 

increases with L/A beyond the Ohmic regime. Comparing (a) to (b) and (b) to (c), 

larger cross-sectional area results in higher current. (d) Ohmic conductance increases 

proportional to A.  
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Figure 7. OLC as a function of (a) depth or (b) L/A. In (a), data points are in a line 

with the theoretical prediction only when the z-directional length is larger enough 

than y-directional length (See the red circles and line). In (b), all data are well-agreed 

with the modified theoretical prediction as a function of (L/A)-1, regardless of the z- 

and y-directional length. 
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2.3.3. 2D analysis vs 3D analysis  

In order to investigate the effect of dimensionality on σOLC, both previously reported 

two-dimensional analysis and our three-dimensional analysis were conducted and 

the comparison results were shown in Figure 7(a) and Figure 7(b), respectively. In 

Figure 7(b), σOhm had to be tailored in advance to sort out its influence on σOLC. In 

other words, cross-sectional areas of all main microchannels were converted into a 

single value, 210 um2 for convenience, maintaining the ratio between w and d. The 

schematics of dimensionality are depicted in the insets of each plot. The conventional 

two-dimensional relation [16, 22, 23], 𝜎𝑂𝐿𝐶 = −
𝑧𝑒𝐷

𝑙𝑘𝑇
(

2𝜎𝑠

𝑑
) was held in the case of 

extremely thin microchannel whose z-directional length could be considered as an 

infinity compared to the y-directional length (see red circles and line in Figure 7(a)). 

In this equation, σs, z, e, D, k and T are the surface charge of material, valence of ion, 

elementary charge, diffusion coefficient, Boltzmann constant and absolute 

temperature, respectively. σs/d represents a surface charge contribution of a charged 

wall at distance d. The value of l was selected as O(1) mm. However, the exponent 

of d deviated from -1 as the shape of microchannel cross-section became a square 

whose z-directional length is now comparable to the y-directional length. Therefore, 

the full understanding of three-dimensional constriction should be required to setup 

the appropriate design strategy of an efficient micro/nanofluidic device or 

nanoporous membrane system whose electrical performance is predominantly 

determined by σOLC . [7, 41, 47] Here we considered the third-dimensional 

constriction along z-axis as shown in the inset of Figure 7(b). Starting from the 

Nernst-Planck equation in a negatively-charged long microchannel (d and w << l) 

with thin EDL approximation (λD << d and w, where λD is the Debye screening 

length), the excess charge is expressed as ρv/e where ρv is the volume density of fixed 

charge, i.e. the number of fixed charges inside a unit volume enclosed by charged 

surfaces. While the two-dimensional analysis employed ρv as 
𝜎𝑠

𝑧𝑒𝑐0

2

𝑑
 where c0 the 

reservoir concentration [16], here the three-dimensional constriction provided ρv as 

𝜎𝑠

𝑧𝑒𝑐0
(

2

𝑑
+

2

𝑤
)  which included the surface charged effects from all enclosed walls 

under the assumption that the edge effect at the corners of microchannel was 

negligible. Since the ionic flux (j) is proportional to ρvV in the SC regime, σOLC (= 
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j/V) should be −
𝑧𝑒𝜎𝑠𝐷

𝑙𝑘𝑇
(

2

𝑑
+

2

𝑤
) where the last multiplier, 

2(𝑑+𝑤)

𝑑𝑤
, corresponds to the 

L/A in this work. Note that this three-dimensional equation is also applicable in two-

dimensional analysis as w approaches infinity. 

All data points from Figure 7(a) were rearranged as a function of (L/A)-1 as shown in 

Figure 7(b). The data was well-agreed with the theoretical prediction so that we can 

conclude that L/A is the unified parameter that governs OLC in a microchannel where 

SC is major current transportation mechanism. (Note that electroosmosis also 

minorly contributed to the current transportation, especially when the characteristic 

length scale of microchannel was over 10 um so that the data in Figure 7(c) were 

slightly deviated from theoretical prediction.) It implied that the combination of 

various L and A would convey an adjustable conductance so that this analysis would 

play a deterministic role for designing a micro/nanofluidic device or a membrane 

system. For example, the compartmentalization of macrochannel (i.e. increase L with 

fixed A) would provide superior conductance and stability for realizing a high-

throughput massive parallel micro/nanofluidic devices [24, 29, 35, 36]. It is also 

feasible to provide a concrete theoretical support whether a thin, but wide channel 

would have stable or unstable electroconvection, while the electroconvection is 

stabilized very quickly within the channels (or pores) confined in both directions (i.e. 

the width and height both being finite)[45]. In the fundamental aspect, the parameter 

would strengthen the previous literatures that utilized a perimeter to cross section 

area as the parameter to define nanopore size [48-51].  In the meantime, one can 

manipulate the ionic current in a stretchable or deformable micro/nanofluidics [52-

54] (i.e. increase A with fixed L or adjust both A and L, respectively) at one’s 

discretion for developing efficient electrical sensors [55] or diagnostics tools [56-

58]. 

 

2.4. Application for nanofluidic diode 

For the simplest practical demonstration, two microchannels of different L (i.e. 

different SC) with constant A (i.e. constant σOhm) were connected by Nafion 

nanojunction for realizing a micro/nanofluidic diode [18, 19, 34, 59-61] by our 

strategy. We choose the microchannel dimensions as in the schematics of Figure 8(a) 
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and Figure 8(b) and successfully obtained the rectification factor of 1.95 and 6.02, 

respectively. According to our analysis, a single parameter, L/A, would strategically 

manipulate the rectification factor of nanofluidic diodes.  

 

 

Figure 8. Current rectifications came from the asymmetric L/A values of the forward 

and the reverse microchannel. Physical dimensions of the main and buffer 

microchannels are as depicted. 

 

2.5. Conclusions 

In conclusion, since a two-dimensional analysis has inherent limitations from the 

assumption of an infinite axis, here we present a rigorous three-dimensional analysis 

of surface conductive ion transportation through a microchannel. By employing a 

micro/nanofluidic device that had various geometrical variations, the unified 

parameter of L/A = 2(d+w)/dw was extracted and it successfully fits all of OLC data 

which had been largely deviated from the two-dimensional analysis. Lastly, a simple 

micro/nanofluidic diode was demonstrated by proper choices of L/A. The strategy 

would rejuvenate the robustness of surface conductive ion transportation mechanism 

in a practical micro/nanofluidic device or nanoporous membrane system. 

  



22 

 

3. Prevention of undesirable crystallization in non-uniform microchannel 

networks 

3.1. Introduction  

In many flow-based processes crystals and particles, either coming from a chemical 

reaction or a flowing suspension can be produced and deposited within the 

processing equipment [62]. This is often undesirable and may cause serious 

operational problems since it reduces the productivity and effectiveness of the 

electromembrane performance as well as increasing maintenance costs. Either the 

mechanism is reversible or irreversible, the channel compartments should go through 

cleaning or be replaced if the accumulation is unwanted and this strictly restricts 

their performance and widespread application. Many promising strategies including 

surface modification, feed water pretreatment, monitoring, and regular cleaning have 

been suggested from the lab-scale investigations to full-scale plants to understand 

the accumulation mechanism and to mitigate the negative impacts. [63-70] 

Nevertheless, these additional processes are often sensitive to the chemical 

composition of scale-forming factors which restricts its applicability and they 

inevitably increase the complexity of the production line as well as consume 

electrical energy which eventually increases the operational expenses.45 In this work, 

therefore, we apply the recirculating flow as a passive, i.e. without external energy 

input, anti-crystallization design using the geometrical non-uniformity regardless of 

crystallizable species. 

 

3.2. Experimental details 

3.2.1. Device fabrication and materials 

The microchannels were molded by the conventional fabrication process as 

described in the previous chapter [39]. The polydimethyl-siloxane (PDMS, Sylgard 

184, Dow corning) blocks where microchannel arrays were engraved were 

irreversibly bond to Nafion (Sigma Aldrich, USA)-patterned glass substrate by O2 

plasma treatment (Cute-MP, FemtoScience, Korea). The Nafion was patterned by the 

surface patterned method [40, 41]. For the visualization of recirculating flow, the 

mixture of 1 mM KCl and ultrasonicated Oleic acid droplets (Canola oil, Wesson, 
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USA) was injected to both microchannels. The microchannel network was filled with 

calcium chloride (CaCl2) solution of 10 mM for the crystallization demonstration. 

 

3.2.2. Microchannel designs 

Each channel compartment is 1 mm in width, 6 mm in length, and 15 um in depth 

and consists of 23 microchannels which were separated by micro-fin structures 

between them. The micro-fin structures are 22.5 um in width, 2.5 mm in length, and 

15 um in depth. The spacing (hw or hn in Figure 9(a)) between the micro-fins became 

the microchannels where electrolyte was filled in. The devices were categorized into 

two types: uniform and non-uniform. In uniform devices, all the microchannels were 

identical, that is, hw = hn. On the other hand, the spacing was altered to be hw = 31.5 

um and hn =13.5 um in non-uniform devices so that hw is approximately 2.33 larger 

than hn. The cross-sectional area (A) and perimeter (l) of the microchannel surface 

area were kept the same in both cases, therefore the surface and bulk conduction 

were identical. Figure 9(b) shows the microscopic image of a non-uniform device. 

In the figure, the microchannels were filled with red (main channel) or blue (buffer 

channel) ink for demonstration. 

 

3.2.3. Experimental setups 

Ag/AgCl electrodes were inserted at both reservoirs to apply external DC voltage 

(SMU238, Keithley, USA). The voltage value was carefully chosen to let the system 

operate in overlimiting regime. Current values were measured by a customized 

Labview program at each voltage step. The buffer microchannel was always 

electrically grounded. 
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Figure 9. (a) Schematic illustration of the unit pattern of the microchannel array with 

an expected flow pattern on the anodic side (red). (b) Microscopic image of the 

device. Main and buffer microchannels are depicted in red and blue, respectively. In 

the main microchannel, hn = 13.5 um and hw = 31.5 um.  

hn

hw

100 um

Main microchannel

Surface-patterned

Nafion nanojunction

Buffer microchannel
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3.3. Results and discussion 

3.3.1. Visualization of recirculation flow 

The first part of the experiment is dedicated to the visualization of the recirculation 

flow in the non-uniform structure designed in this work. Oleic acid droplets were 

added into the 1 mM KCl electrolyte as a flow tracer. The series of micrographs in 

Figure 10 were taken every 8 seconds at the end of the micro-fin structure when 5 V 

was applied across the microchannels. Two of the oil droplets were highlighted by 

the blue and red arrows for tracking and this shows that they changed the direction 

to re-enter the smaller microchannel as they reach the end of the larger microchannel. 

A similar trend was observed from other droplets therefore one can reasonably 

assume that this trend reflects the recirculating fluidic flow inside the array structure. 

 

 

Figure 10. Visualization of recirculation flow at the anodic end of the microchannel 

array. The red and blue arrows indicate oleic acid droplets. 
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3.3.2. Current responses and microscopic observation 

As a crystallizable ionic species, the microchannel network was filled with calcium 

chloride (CaCl2) solution under the consideration that it is one of the most common 

sources of precipitation scaling. [63, 71] Its concentration, 10 mM, is supposed to be 

representative of natural seawater condition. The calcium ions ambient in the 

electrolyte may form calcium hydroxide (Ca(OH)2) which is an inorganic compound 

and slightly soluble in water (solubility ~23 mM at 20 °C). 

In the microscopic images shown in Figure 11(a) and 11(b), it is remarkable that 

solid-phase Ca(OH)2 crystals were formed on the microchannel surface only in the 

uniform channel network which has been rarely observed from their counterparts. 

These crystals were observable after one-hour operation and, eventually, several 

microchannels in the uniform network are completely blocked by the crystals as 

shown in the inset of Figure 11(b). Their spatial distribution has not shown any 

specific pattern as anticipated from the random formation of the vortex behind the 

micro-fins. This emphasizes that the crystal formation in uniform arrays can severely 

impact the liquid flowing thereby the current passage as well. As shown in Figure 

12, current-time responses from each type of device were measured after an external 

voltage of 5 V or 10 V was applied as a step function at t = 0. The current was 

measured every 1 minute for 1000 consecutive minutes. The voltage was carefully 

chosen to let the system operate in an overlimiting regime. All devices experienced 

~30 minutes of membrane stabilization followed by the steady OLC state. In the 

steady-state, the deviation from the stable current of ~42 nA was indistinctive in non-

uniform cases as in Figure 12(a). On the other hand, current fluctuation appeared in 

the uniform network device, which indicates that the device may have undergone a 

substantial change in its current flow pattern. The fluctuation is less than 43% of its 

steady-state current of ~36 nA. It was also reaffirmed that the OLC is higher in a 

non-uniform network than the uniform cases. 
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Figure 11. Microscopic images of before (top) and after (bottom) the 1000 minutes 

of operation under 5 V with (a) non-uniform and (b) uniform microchannel network. 

The boundaries of the networks are highlighted by the white broken line. The inset 

in (b) shows magnified view of the crystals formed inside the microchannel network. 

 

Figure 12. Current-time responses from (a) non-uniform array under 5 V (b) uniform 

array under 5 V (c) non-uniform array under 10 V and (d) uniform array under 10 V. 
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3.3.3. Discussion 

Earlier studies have given ample evidence that water splitting may occur in an ion 

exchange membrane at overlimiting currents though the contribution of additional 

carriers (H+ and OH- ions) to the current flux is negligible [9, 72, 73]. If the OH- ions 

generated near the interface in the course of water splitting meet the Ca2+ ions 

ambient in the electrolyte, the following reaction is favorable: Ca2+ + 2OH- → 

Ca(OH)2 which produces calcium hydroxide (Ca(OH)2) as a solid if the 

concentration of the compound exceeds its solubility. Ca(OH)2 is relatively insoluble 

in water (1.73 g/L at 20 °C). Its dissolution in water is an exothermic process 

therefore its solubility is in inverse proportion to the temperature. Hence, the heat 

produced during the ICP further increases the possibility of precipitation and with its 

retrograde solubility, it becomes even harder to remove the crystals once they are 

formed in microchannels. 

Prevention is thus an adequate strategy than the removal to minimize the channel 

failure and non-uniform geometry can effectively prevent the growth of Ca(OH)2. 

When microchannels form a network, the OLC of the system depends on its 

geometrical configuration. Both experimental and theoretical current-voltage 

relations have demonstrated that OLCs increase with increasing non-uniformity and 

the visualization of internal recirculating flows indicates that the non-uniform arrays 

induce flow loops across the network enhancing the advective transport [74]. The 

enhanced flow within the microchannels can suppress both the nucleation and 

growth by minimizing local ion accumulation and, thus, the nuclei have less 

probability to be formed or fed and remain under observable size. Therefore, the 

increased mass transfer can reduce the crystal clogging of the network, so there was 

no presence of current fluctuation in non-uniform arrays. This anti-crystallization 

and the associated current stabilization are entirely passive processes that require no 

energy input. 
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3.4. Conclusions 

In this work, we showed that the operation of an electrochemical membrane system 

gained stability when a geometrical variation was installed in their sequence. The 

crystal formation inside each microchannel was effectively suppressed by the 

enhanced recirculation flow, therefore the microchannel clogging was avoided in 

non-uniform arrays compared to their uniform counterpart. The crystal clogging 

process was determined by feed water composition, so the stabilization effect was 

examined in the case of CaCl2 10 mM solution. The analysis showed that the overall 

current profile at constant voltage gained stability within ~1000 minutes of operation 

in the OLC regime. The proposed strategy is expected to have wide applicability to 

all kinds of feed water that may cause crystallization or precipitation. Thus this result 

can advance not only the fundamental understanding of nanoelectrokinetics but also 

the design rule of engineering applications of the electrochemical membrane. 
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4. Concluding remarks 

A micro/nanofluidic platform was successfully fabricated by PDMS and Nafion 

perm-selective nanoporous membrane to investigate the OLC behavior in the surface 

conduction-dominant regime. In this platform, the ionic current tightly coupled with 

the fluidic flux depends on its geometric parameters, which implies that the operation 

properties can be modified with ease by altering the size and/or the sequence of each 

component. In the first section, the parameter (the ratio between the cross-sectional 

area and the perimeter of microchannel) was suggested as a connecting link that can 

expand the conventional 2-dimensional works into practical 3-dimensional 

microchannels. It was borne out at the same time that the SC is a major contribution 

to OLC when the channel size is under ~10 um. With more than one microchannel 

in the platform, the effect of their arrangement on OLC was pronounced in the 

second section of the thesis. A series of parallel microchannels showed a stable 

current profile over time when non-uniformity is imposed in their sequence. It was 

confirmed that the geometrical varieties can induce additional flow patterns between 

the microchannels which has not been predicted in uniform arrays. The chance of 

crystallization from the electrolyte diminished as this recirculation flow stirs the fluid, 

therefore the channel clogging was passively avoided. This mechanism is expected 

to be further developed for a stable long-term operation of a micro/nanofluidic 

platform without the need for external energy input. 
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Appendix 

For the full data set of I-V response, Appendix Figure 1 was given for the cases of A 

= 420 um2 and A = 210 um2, followed by the Figure 6(a), (b) and (c). 

 

Appendix Figure 1. Additional data set of Figure 6. 

 

Appendix Figure 2 shows the micrographs of the Ca(OH)2 crystals formed inside the 

microchannels. The crystals were formed from CaCl2 electrolyte inside the main 

microchannels when a constant voltage was applied for 1000 minutes.  

 

Appendix Figure 2. Additional figures of Figure 12. Crystals formed in uniform array 

devices filled with CaCl2 electrolyte. (a) 5 V was applied for 1000 minutes (b) 10 V 

was applied for 1000 minutes. 
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Appendix Figure 3. Current responses under constant voltage of 5 V from (a) 

uniform array devices and (b) non-uniform array devices. The electrolyte was 1 mM 

KCl in both cases. 
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Abstract in Korean 

전기동역학적 관점에서 연구된 마이크로 채널의 이온 전류 현상은 새로

운 마이크로/나노 유체 장치로 응용되며 상당한 관심을 받아왔다. 현재

까지 제기된 다양한 이온 전달 방식 중, 표면 전도 (Surface conduction, 

SC)는 마이크로/나노 유체 장치의 주요 메커니즘으로서 2차원 분석에 기

초하여 이론적으로 묘사되었다. 하지만 기존 접근 방식에서 하나 이상의 

축을 무한으로 가정한 것은 이론 연구 결과를 실제 마이크로/나노 채널 

네트워크에 적용 할 때 불일치를 야기하였다. 따라서 본 논문에서는 채

널의 3차원 길이 요소를 모두 포함한 실험 연구를 진행하였다. 유체 장

치의 과제한 전기전도도 (Overlimiting conductance, OLC)는 채널의 단

면적이 일정할 때 둘레 길이가 커질수록 증가하였는데 이는 비표면적이 

커질수록 이온 수송량이 증가한다는 것을 의미한다. 따라서 실험 결과는 

표면 전도의 존재를 뚜렷하게 보여주었으며, 표면 전도가 지배적인 영역

에서 채널의 둘레 길이와 단면적의 비율 (L/A, L: 둘레의 길이, A: 단면

적)이 이온 수송을 정량적으로 해석하기 위한 단일 변수로 제시되었다. 

이를 이용해 L/A를 비대칭적으로 조절한 마이크로 채널에 전압을 인가하

여 정류 효과를 관측하였다. 나아가 마이크로 채널 네트워크의 이온 전

도 전류의 안정성을 보장하기 위한 연구를 진행하였다. 미세 채널 내에

서 생성된 부산물 또는 축적된 입자들은 유체 기반 장치에서 비가역적인 

기능 저하를 일으킬 수 있다. 특히 바닷물의 담수화와 같이 전해용액이 

칼슘 이온을 포함할 경우 수산화칼슘 결정이 생성될 수 있고 이는 채널

의 이온 전류 흐름을 방해 또는 차단하는 문제를 발생시킨다. 따라서 두 
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번째 장에서는 채널 네트워크에 기하학적 비균일성을 적용하여 이러한 

결정화를 효과적으로 제어할 수 있음을 보였다. 균일한 배열을 가진 평

행 마이크로 채널 시스템과 비교하여 채널의 폭에 비균일한 변화가 있을 

때 유체 내 재순환 (recirculation) 흐름이 강화되는 것을 관측하였다. 

이러한 흐름 양상은 결정 생성의 원인이 되는 채널 내 국소적인 이온 농

축을 최소화하여 시스템의 전류 흐름을 안정적으로 유지하는 데 기여한

다. 위 연구들은 마이크로/나노 장치 설계의 가이드라인을 제시하며 마

이크로 채널 간 유체 흐름을 이용해 외부 에너지의 유입 없이 시스템의 

작동 수명을 확보하는 실용적인 방안이 될 것으로 기대된다. 

주요어 : 이온농도분극현상, 표면 전도, 비균일성, 결정 생성 방지. 

학번 : 2018-20846 
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