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ABSTRACT 
 

Ion Transport in Ordered Nanoporous structures 

 

By 

Junho Hwang 

The University of Tokyo 

 Professor Hirofumi Daiguji, Supervisor  

 

Transport of ions and molecules in nanochannels/nanopores has attracted great interest and 

been extensively investigated to understand the various functions of ion channels. Nanofludic 

system with dimensions ranging from 1 to 100 nm, which is comparable to the Debye length 

that characterizes the range of electrostatic interactions in aqueous solution, exhibits surface 

charge governed ion transport phenomenon which is not observed in microfluidic system. So 

far, the majority of studies have been performed in nanofludic channels with dimensions 

larger than ~10 nm, since it is fairly challenging to fabricate nanochannels whose dimensions 

are less than 10 nm by means of approaches that utilize conventional nanolithography. In this 

thesis, we suggest a new possibility of developing nanofludic devices using mesoporous 

silica with well-ordered nanoporous structures synthesized via bottom-up nanofabrication 

technique and focuses on phenomena that arise in sub-10 nm nanochannel. 

 

First, we synthesized mesoporous silica SBA-16 thin films with highly ordered three-

dimensional cubic structures on a Si substrate via the dip-coating method based on 

evaporation-induced self-assembly and demonstrated ion transport phenomena in nanofludic 

device fabricated using those films. When the Debye length of the aqueous solution clearly 

exceeded the spherical pore radius (~9.5 nm), the measured ionic current exhibited a 
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nonlinear behavior with increasing an electric potential bias applied. The nonlinear behavior 

of ionic currents at low concentration can be reasonably attributed to the electric potential 

barrier created in pores measuring a few nanometers in diameter (~2.3 nm). To quantitatively 

discuss nonlinear ionic current behavior due to the electric potential barrier, we established 

the modified Poisson-Nernst-Plank equation, which was applied to express the discreteness of 

molecules in nanopores, as the governing equation to describe ion transport in nanopores 

below ~5nm in diameter and successfully analyzed by means of continuum dynamics instead 

of stochastic or molecular dynamics.  

 

In addition, proton transport behavior through mesopores of SBA-16 showed considerably 

different result compared to conventional nanofludic system. When proton current was 

measured in surface-governed regime, the conductance generally decreases with increasing 

concentrations of aqueous solution because the surface charge density on the inner surface of 

mesopores decreases by protonation of silanol groups. However, in the case of nanopores 

with a few nanometers in diameter, the conductance increases in spite of active protonation. 

Since the dissociated proton and silanol groups were very close to each other, proton close to 

silanol sites also became charge carriers and might transport by hopping between silanol sites. 

The electric potential barrier was therefore lowered, but the density of proton did not 

decrease appreciably, thus increasing the conductance.  

  

Finally, we developed nanofludic devices embedded mesoporous silica SBA-15 thin films 

with two-dimensional hexagonal mesoporous silica SBA-15 thin film with dimensions 

ranging of ~ 6 nm. Since mesoporous silica SBA-16 has limitations such as complex three-

dimensional geometry and too small sized nanopores close to ~2 nm, it is somewhat difficult 

to apply commonly general conditions. Therefore, sub-10 nm nanofludic devices with more 
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simple geometry was required to investigate ion or water transport phenomena of aqueous 

solution confined in mesopores. Before fabricating nanofludic devices, we investigated to 

find the best synthesis condition of SBA-15 thin films suitable for transport studies, because 

thickness and hexagonal pore-array dimensions of film depends on dip-coating rate. As a 

result, we found that SBA-15 films produced in draining regime featured the most perfect 

pore structure of the global one-dimensional pore alignment and local two-dimensional 

hexagonal pore array because a thin film of dilute solution was formed uniformly and the 

micelle self-assembly proceeded slowly. And then, we measured ionic current passing 

through the nanofludic devices, resulting in a linear behavior independently of the aqueous 

solution concentrations.   
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CHAPTER 1 
Introduction to Ion Transport in Nanochannel and 
Fabrication of Nanofluidic Devices  

 
This chapter provides an introduction about nanofludics and ion transport in 

nanochannels. We also provide an explanation about the surface charge and its 

related counter-ions concentration profile in a liquid, away from a surface, which 

is modeled by the electric double layer. Furthermore, we cover different 

nanofabrication methods (top-down vs. bottom-up approach) for nanofludic 

system and the generalities of the materials made from mesoporous silica 

materials. The motivation, scope and outline of the thesis are presented at the end 

of this chapter. 

 

1.1 Nanofludics 

Nanofluidics [1−4] is the study and application of fluid flow in and around 

nanostructures with at least one characteristic dimension which is less than 

~100nm. With advances in the technique for fabricating nanostructures, and in the 

methods for measurement and analysis at the nanometer scale, nanofluidics has 

gain special attention in recent years. Compared to existing macro- and 

microfluidics, nanofluidics has unique features such as the extremely large 

surface-to-volume ratio, dimensions comparable to the range of various interfacial 

forces like steric/hydration interactions (~1-2 nm), van der Waals interactions (~1-
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50 nm), and electrostatic interactions(~1-100 nm) and it has the same scale of  

biomolecules (proteins and DNA)which play significant roles in biological 

processes [5, 6].  

At nanometer scale, these aforementioned features generate novel transport 

phenomena that cannot be observed at the macro- and microfluidic system. For 

instance, a large surface to volume ratio leads to negative pressure of water plugs 

in nanochannels due to tensile capillary forces [7, 8]; and its scale comparable to 

biomolecules allows for the separation of single molecules and DNA analysis [9, 

10]. In addition, the electrostatic interactions between the charged surface and 

ions in nanochannels form overlapped electric double layers (EDL), which results 

in ion perm-selective transport [11]. From these extraordinary features, 

nanofluidic system has applications in various fields of science and engineering 

such as highly sensitive biomolecular  sensing [12, 13], ion-selective/separation 

transport [14], and energy conversion and storage [15−17].    

 

1.2 Ion transport in nanochannels  

   Among various transport phenomena through nanoscale geometries, the ion 

transport has attracted great interest and has been extensively investigated to 

understand the various functions of ion channels. The analysis and control of 

transport phenomena in fluidic nanochannels are essential to effectively apply 

them to various technologies for biochemical analysis, power generation, and 

environmental protection.  
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A better understanding of the ion transport phenomena in confined nanospaces 

will enable the development of protein or artificial ion channel sensors, which use 

the selective and sensitive processes of molecular recognition. In addition, this 

knowledge will lead to the development of various functional materials, including 

nanopores and/or nanostructures, such as adsorbents, ion exchangers, ionic 

conductors, catalysts, and permeable materials [18, 19]. Furthermore, the 

advances in the synthesis, measurement, and analysis of nanotubes and 

nanochannels have allowed ion and liquid transport to be routinely examined and 

controlled in spaces with dimensions that range from 10 to 100 nm [20, 21−23]. 

 

1.2.1 Surface charge  

When solid surfaces are in contact with the liquid, they have surface charges 

which are due to the electron charges of the ions at an interface between the solid 

and the liquid. The surface charge has a huge influence on the behavior of liquid 

in nanochannels because the surface-to-volume ratio increases with reducing the 

scale. Therefore, a dominating parameter in a nanochannel is the negative surface 

charge density, σs , 

i
i

s

q

A
σ =

∑
 ,                                                (1.1) 

where i iq z e= is the net charge of ion i , iz  is the valence, e  is the electron charge, 

and A  is the surface area. In general, the surface charge density depends on the 
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type of ion [24, 25], concentration of aqueous solution [26, 27], and pH value [28

−31].  

The value of the surface charge density can be experimentally measured by 

potentiometric acid-base titrations on colloidal dispersions [32]. In the case of a 

glass or silica material, SiO- and Si- bonds are formed at a glass surface and these 

dangling bonds react with the hydroxyl groups of the aqueous solution.  

SiO H SiOH− + →≡ + ≡←                                     (1.2) 

However, since all of the bonds do not react with the hydroxyl group, the 

surface is charged. The degree of dissociation, and thus the surface charge density, 

results from the equilibrium between the counterions at the glass surface and the 

free ions in the bulk electrolyte [33]. 

 

1.2.2 Electric double layer at an interface between solid and liquid  

A solid surface will gain surface charges when brought into contact with a 

liquid. These surface charges are due to the ionized surface group, absorbed ions, 

and protonation/ deprotonation and these affect the distribution of ions in the 

liquid by electrostatic interaction. Oppositely charged ions (counter-ions) to the 

surface charge are attracted to the surface due to Coulomb force, while the same 

charges (co-ions) to surface charges are repelled from surface. This screening 

region is called electrical double layer (EDL).  

The double layer refers to two parallel layers of charge created at the solid-

liquid interface. The first layer, the surface charge, comprises ions adsorbed onto 
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the object. The second layer is composed of counter-ions attracted to the surface 

charge by electrostatic interaction, some of which are bounded while others are 

mobile. Several models have been introduced to explain EDL for decades. The 

Helmholtz model, the earliest and simplest, describes the EDL mathematically as 

a simple capacitor, based on a physical model in which a single layer of ions is 

adsorbed at the surface [34]. Later Gouy-Chapman model was introduced to 

describe the EDL as a surface charge and a charged layer in the liquid in which 

the shielding ions are diffused and the electric potential decreases exponentially 

away from the surface to the fluid bulk due to the thermal motion of ions, named 

diffuse layer [35]. However, the Gouy-Chapman model considers the adsorbed 

ions to the surface as mobile and has problems to describe highly charged EDL. 

To address this problem, Stern proposed the combination of the Helmholtz and 

Gouy-Chapman models [36]. He introduced an inner layer called stern layer 

between the inner Helmholtz plane and the outer Helmholtz to take into account 

the finite size of the ions. Figure 1.1 shows the Gouy-Chapman-Stern model of 

the interface solid-liquid [37], which is separated into three layers. The first layer 

is at the inner Helmholtz plane with its potential ψi and anion is non-hydrated and 

specially adsorbed on the surface. The second layer called stern layer is located 

between the inner Helmholtz plane and the outer Helmholtz plane with its 

potential ψd and it is composed of fully or partially hydrated counter-ions. The 

third layer is diffuse layer composed of mobile co-ions and counter-ions. The slip 

plane with the ξ potential comprised in the diffuse layer is closely situated near 
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the outer Helmholtz and is an imaginary plane dividing the fixed ions at the 

surface from mobile in aqueous solution. In most cases, the ξ potential can be  

approximated by using ψd for practical purpose.  

       

 

 

Figure 1.1 Gouy-Chapman-Stern model of the interface solid-electrolyte with the 

corresponding potential distribution versus the distance z from the wall. ψs is a 

negative surface potential. Reproduced from Schoch, R. et al. [19]. 
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1.2.3 Ion distribution in the EDL 

Before we discuss the ion distribution in the EDL, we need to consider the 

potential distribution. First, we introduce the electrochemical potential of ion i , 

iµ , in a liquid phase under constant pressure and temperature conditions [5].  

0
0ln( )a i

i i i i i
cz F RT z F

c
γµ µ ψ µ ψ= + = + +  ,                           (1.3) 

where iµ  is the chemical potential, F is the Faraday constant, ψ  is the electric 

potential, 0
iµ  is the standard chemical potential of ion i  at constant pressure and 

temperature, R  is the gas constant, T  is the absolute temperature, aγ  is the 

activity coefficient, ic  is the molar concentration of ion i , 0c  is the standard 

molarity of 1 mol/l, zi is the valence of charge. At equilibrium, the entire 

electrochemical potential of the ions is the same, i.e. 0iµ∇ = ,[36] 

i iz Fµ ψ∇ = − ∇                                                 (1.4) 

By substituting the chemical potential into Eq. (1.4) and integrating from a point 

in the bulk solution where 0ψ =  and i in n ∞=  ( 1000 i
i An N c∞ =  is the average 

volume density), we can derive the Boltzmann equation for the local 

concentration of each type of ion within the EDL.   

exp( )i
i i

B

z en n
k T
ψ∞= −   ,                                         (1.5) 

where Bk  is the Boltzmann constant. The volume charge density ρ  of all species 

of ion adjacent to the surface is defined as follows. 
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i i
i

n z eρ =∑                                                  (1.6) 

Also we can apply the Poisson equation for the net excess charge density at a 

specific distance from the surface. The Poisson equation is  

2
2

2
0 r

d
dz
ψ ρψ

ε ε
∇ = = −                                           (1.7) 

where z is the normal direction to the surface, 0ε  is the permittivity of vacuum, 

and rε  is the dielectric constant of the water. By substituting Eq.(1.5) and Eq.(1.6) 

into Eq.(1.7), the Poisson-Boltzmann equation which describe the electric 

potential in arbitrary space can be derived. 

2
2

2
0

( )1 exp( )i
i i

ir B

z e zd n z e
dz k T

ψψψ
ε ε

∞∇ = = − −∑                       (1.8)   

 The Gouy-Chapman model is analytically obtained by explicitly solving the 

Poisson-Boltzmann equation under the assumption of a symmetric electrolyte 

where the valence of a co-ion is equal to the valence of a counter-ion.  

( ) ( )
tanh( ) tanh( )exp( )

4 4
i i sz z z z

z
ψ ψ

κ= −                         (1.9) 

where 
B

e
k T
ψψ =  is a dimensionless potential parameter and 1ψ =  at 25oC and 

25.7mVψ = . κ is the Debye-Hückel parameter. Since the Poisson-Boltzmann 

Eq.(1.8) is a second-order elliptic partial differential equation, Eq. (1.8) can be 

analytically solved by assuming that the surface potential, i szψ ,  is smaller than 

25.7mV  at 25oC and by employing the relation 1ze z− = − for very small z. In this 
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case, the Debye-Hückel approximation from the Poisson-Boltzmann equation (1.8) 

is as follows  

2
2 2

2 ( )d z
dz
ψψ κ ψ∇ = =                                          (1.10) 

where the Debye-Hückel parameter is 

1
2 2

0

i i
i

r B

e n z

k T
κ

ε ε

∞ 
 =   
 

∑
. 

   Based on the two electric potential models explained above, the ion distribution 

can be determined.  

Figure 1.2 shows the volume densities n+  and n−  of ions with distance (the 

dimensionless number zκ ) from the surface in (a) the Gouy-Chapman model and 

in (b) the Debye-Hückel approximation model, respectively [36].  

 

 

Figure 1.2 Positively and negatively charged ion distribution of (a) the Gouy-

Chapman model and (b) the Debye-Hückel approximation model. Reproduced 

from Hunter, R. et al. [36].  
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In the case of the Gouy-Chapman model, the positively charged ions rapidly 

decrease compared to the negatively charged ions. By comparison, the Debye-

Hückel approximation model shows that the volume densities n+  and n−  of ions 

is of equal. Currently, the Gouy-Chapman model is mainly applied in considering 

ion distribution in EDL, as the Debye-Hückel approximation model is not valid 

for high surface potential [38, 39].  

 

1.2.4 Electrostatic interaction in nanochannels with dimensions 

below 100nm 

In an electrolyte solution, counter-ions are electrostatically attracted to the 

negatively charged surface and co-ions are repelled due to the requirement of 

electro-neutrality within the EDL. The electric potential exponentially decreases 

across the diffuse layer. The diffuse layer, i.e. the thickness of the EDL, is 

characterized by the Debye length. For a 1:1 electrolyte, the Debye length is 

defined as follows, 1
Dλ κ −= ,  

0
2

r B
D

i i
i

k T
e n z
ε ελ ∞=
∑

                                            (1.11) 

which follows the correlation, 1D inλ ∞∝ , where in ∞  is the bulk ionic 

concentration away from the surface. Hence, for monovalent ions in the 

concentration range of 10-1 to 10-5 M, the Debye length, Dλ  , varies from 1 to 100 

nm.  
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Table 1.1 shows the Debye length which increases with dilution of KCl aqueous 

solution. 

Table 1.1 Debye length Dλ  for typical KCl concentrations 

KCl concentration (M) Debye length Dλ  (nm) 
010  0.3 
110−  1.0 
210−  3.1 
310−  9.6 
410−  30.5 
510−  96.3 

  

 

In the case of microchannels, since the Debye length is much smaller than the 

channel dimensions, it allows for transport of both, co-ions and counter-ions 

through microchannels regardless of the ionic concentrations as shown in Figure 

1.3(b).  

 

Figure 1.3 Surface charge effects in (a) nanochannels and (b) microchannels. 
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On the other hand, in the case of nanochannels with at least one dimension 

comparable to or smaller than the Debye length, counter-ions are accumulated, 

while co-ions excluded from the channel, yields to counter-ion selective 

nanochannels as shown in Figure 1.3(a), i.e. unipolar transport phenomenon. 

Therefore, the direct electrostatic manipulation (such as ion separation [40] and 

detection [41]) of ions passing through the nanochannels is possible.      

 

1.2.5 Electrokinetic phenomena in nanochannels  

Electrokinetic phenomena are a family of several different effects that occur in 

heterogeneous fluids, or in porous bodies filled with fluid. The term 

heterogeneous refers to a fluid containing particles, which can be solid, liquid or 

gas bubbles, with sizes on the micrometer or nanometer scale. In this thesis, a 

source of electrokinetic phenomena is the double layer of charges, i.e. EDL. The 

electrokinetic phenomena related to nanofludic channels typically refer to 

electroosmosis, electrophoresis and streaming potential/current, which are 

phenomena due to the interaction of the diffuse layer of EDL and are observed 

under influence of electric field [36, 42].  

 

1.2.5.1 Electroosmosis 

Electroosmosis is the movement of the liquid adjacent to stationary charged 

surface, e.g. a capillary or porous plug. If the surface is negatively charged, the net 

excess of positive ions comprised in EDL, which will draw the liquid together 



13 
 

with them due to viscous interaction, results in a flow towards the cathode as 

shown in Figure 1.4.  

 

Figure 1.4 Schematic image showing the electroosmostic flow in a negatively 

charged channel within EDL. 

The direction and flow rate of electroosmotic flow is determined by many 

factors such as the electric field strength, the concentration of electrolytes, the 

surface charge density on the inner surface of the channel. At the slip plane, the 

liquid velocity is zero and become a maximum value (plug flow), the so-called 

electroosmotic velocity eov , at some distance from the surface. Electroosmosis 

was first by Smoluchowski and velocity is defined as follows [43].  

0 r
eo

Ev ε ε ζ
η

= ,                                                (1. 12) 

where η  is the viscosity of fluid and E  is the electric field applied in nanochannel. 

Since electroosmotic flow velocity does not depend on the size of the channel at 

high concentration compared to pressure-driven flow, electroosmotic phenomena 

can be exploited in nanofludic system. Fluid in nanochannel can be transported by 
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a pressure difference p∆ in the direction across the nanochannel. The pressure 

drop p∆  along the channel from the Hagen-Poiseuille induced by Navier-Stoke 

equation is calculated as follows [44]. 

 3

12 pdQ
p

wh
η

∆ = ,                                             (1.13) 

where d , w , h  and h is length, width, and height of channel, respectively and it 

is assumed that   h w<< . 
3

12p f
whQ v w p

dη
= = ∆  is the volume flow and fv is fluid 

velocity. The pressure difference p∆  from Eq. (1.13) has 3

1p
h

∆ ∝ , requiring 

extremely large pressure difference to transport fluid in nanochannel [9].  

 

1.2.5.2 Electrophoresis 

Electrophoresis is the movement of charged particles adjacent to a stationary 

charged surface [45]. In an electrokinetic process, electroosmosis and 

electrophoresis phenomena generally occur simultaneously. In the presence of an 

electric field, the electric forces acting on the ions drive the ions in opposite 

direction. In other words, the counter-ions are driven towards the cathode, and the 

co-ions are driven towards the anode. These migrations of ions result in the 

transport of fluid (electroosmosis) due to the viscosity of the aqueous solution.  

The difference between electroosmosis and electrophoresis can be explained as 

follows. i) If the channel surface is not charged, there is no electroosmosis, while 

the electrophoresic effect still exists. ii) Because electroosmosis is the movement 
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of the fluid (the solution), both, the solute and the solvent are involved in the flow. 

In contrast, because electrophoresis is the movement of charged particles, the 

solvent and other neural particles does not affect the electrophoresis phenomenon. 

In practice, electrophoresis is also a common method to move ions in 

nanochannels.     

 

1.2.5.3 Streaming potential 

When a liquid is forced to flow through a narrow channel under hydrostatic 

pressure, the net charge in the mobile part of the EDL is carried and its flow gives 

rise to a streaming current. Consequently, a potential difference appears[42]. This 

potential opposes the mechanical transfer of charge by causing backconduction by 

ion diffusion and electroosmosis. The transfer of charge due to these two effects is 

called the leak current, and the measuring streaming current relates to an 

equilibrium condition when the streaming current and the leak current cancel each 

other. The resultant electrostatic potential difference between the two ends of the 

narrow channel is referred to as the streaming potential. 

    

1.3 Fabrication of Nanofluidic devices  

Transport phenomena in nanoporous systems have extensively been 

investigated for several decades in the classical disciplines of membrane science 

and colloid science, yet there was very little understanding about the phenomena 

occurring in nanopores and thus there were unsolved questions from the geometry 
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such as pore diameter, length, and non-uniform pore array which are difficult to 

deduce and manipulate, accurately.  

Recent advances in nanofabrication techniques, measurement, and analysis of 

nanochannels have allowed ion and liquid transport to be routinely examined and 

controlled in spaces with dimensions that range from 10 to 100 nm. Even if the 

principle of physical phenomena and forces derived from the classical disciplines 

is identical to modern nanofluidics using recent nanofabrication techniques, 

improvements on the fabrication technology, which can exactly control the 

geometry of the nanofluidic systems, has led to a number of nanofludic devices 

available to various experimental conditions, resulting in new phenomena [1].  

The modern technology for nanofluidic systems can be generally divided into 

two main categories: 1) top-down and 2) bottom-up methods[46, 47−51]. In the 

case of top-down methods, nanostructured materials are derived from a bulk 

substrate and obtained by progressive removal of a bulk material, until the desired 

nanostructured material is completed. In contrast, bottom-up methods work in the 

opposite direction compared to top-down methods. The nanostructured materials 

are obtained starting from the atomic or molecular precursor and gradually 

assembling it until the desired nanostructured material is formed. In this chapter, 

we will briefly review the top-down approach (photolithography and MEMS 

based nanofabrication) and the bottom-up fabrication techniques using various 

nanomaterials. 
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1.3.1 Lithography and MEMS based nanofabrication method 

A number of top-down nanofabrication techniques used in nanotechnologies 

are derived from the fabrication methods used in the semiconductor industry to 

fabricate the various elements of computer chips (integrated circuits, IC). These 

methods are collectively called lithography and employ incident light or focused 

electron beam to selectively remove micro-/ nano- scale structures from a polymer 

material called resist. Recently, there has been a tremendous advances towards 

miniaturizing the size of electronic devices and integrating functions into them, 

which has been possible because of the improvement in lithographic fabrication 

methods. Nowadays, it is possible to obtain one characteristic length below 

~100nm.  

Lithographic methods that can fabricate nanostructured materials will be 

briefly reviewed in this section. Conventional lithography utilizes fabrication 

technology in which an image is transferred from a mask to a receiving substrate. 

A typical lithographic process is composed of three main steps as follows. 

i) Coating a substrate such as Si wafer or glass with a sensitive polymer resist 

ii) Exposing the resist to a light, electrons, or ion beams  

iii) Developing the resist image with a suitable chemical (developer) which 

reveals a positive or negative image on the substrate depending on the type of 

resist used.  
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So far, various nanolithography techniques including electron beam 

lithography (EBL) [52, 53], focused ion beam (FIB) [54, 55], nanoimprint 

lithography (NIL) [56, 57], interferometric lithography (IL) [58, 59], and sphere 

lithography (SL) [60 − 63], also named as colloidal lithography, have been 

developed to fabricate nanostructured materials. In the case of EBL and FIB 

techniques, they are a proper way to fabricate single or small scale nanochannels. 

Whereas, other three techniques, NIL, IL, and SL are suitable to create large scale 

nanopore or nanochannel arrays. 

Another promising top-down method is MEMS (microelectromechanical 

system) based nanofabrication approaches. MEMS is currently one of the most 

popular nanofabrication method applied to modern nanofluidcs thanks to their 

higher throughput and relatively low-cost compared to photolithography. These 

MEMS based nanofabrication methods generally involve structure design using 

standard photolithography and structure formation through a series of deposition 

or etching processes, resulting in nanostructured materials with depth and/or 

width in the nanoscale.  

To date, several MEMS based nanofabrication methods such as Sacrificial 

layer releasing (SLR) [64 − 66], etching and bonding [67, 68], etching and 

deposition [69, 70], edge lithography technique [71], and spacer technique [72], 

have been developed and employed to create well-defined nanostructured 

materials. The first two methods mentioned above are more suitable to fabricate 

2-D (the number of non-nanoscale dimensions) planar nanochannels with a low 
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aspect ratio (the ration of channel height to width) and the other three are used to 

fabricate 2-D vertical nanochannels with a high aspect ratio. 

 

1.3.2 Sol-gel synthesis based nanofabrication method 

Bottom-up methods can be broadly divided into two categories as follows. In 

both cases, the nanomaterial are fabricated via a controlled fabrication route that 

starts from the single atom or molecules. 

i) Gas-phase methods: these include plasma arching and chemical vapor 

deposition. 

ii) Liquid-phase methods: the most established method is sol-gel synthesis 

including molecular self-assembly.  

Gas-phase methods are commonly used to produce carbon nanotubes (CNTs) 

[73 − 76] and liquid-phase methods are employed to make inorganic 

nanostructured materials such as SiO2/Si. In this section, we will shortly review 

liquid-phase methods (particularly sol-gel synthesis) with regard to fabricating 

inorganic nanostructured materials which have hydrophilic property.  

Sol-gel synthesis is as useful self-assembly method for making nanoparticles as 

well as nanostructured surfaces such as thin films and three-dimensional 

nanostructured materials. A typical sol-gel process is composed of three main 

steps as follows [77, 78]. 
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i) Hydrolysis reaction: the –OR group is replaced with and –OH group.  

2Si-OR + H O Si-OH + ROH≡ →≡                            (1.14) 

ii) Condensation/Polymerization: This lead to a growth of particles depending on 

various conditions such as pH value, temperature, relative humidity, reaction time, 

and nature of catalyst.  

2

Si-OH + Si-OR Si-O-Si  + ROH
Si-OH + Si-OH Si-O-Si  + H O

≡ ≡ →≡ ≡

≡ ≡ →≡ ≡
                   (1.15) 

iii) Agglomeration: A network starts to form throughout the liquid medium, 

resulting in thickening.  

Figure 1.5 shows a schematic of different nanostructured materials that can be 

obtained via a sol-gel process.  Dense thin films which have nanostructured silica 

with controllable pore size, shape, and highly ordered array at nanoscale, suitable 

for nanofludic systems by using spray, dip-coating, or spin coat methods (EISA, 

evaporation-induced self-assembly) and chemical substances or nanomaterials can 

be fabricated[79 − 81]. The synthesis of nanomaterials using sol-gel process 

involve the self-assembly of small units such as monomer molecular, resulting in 

a well-defined shape. Molecules arrange themselves into ordered nanoscale 

structures by physical or chemical interactions between them. 
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Figure 1.5 Schematic overview of different nanostructured materials that can be 

obtained via a sol-gel process. Reproduced from Lawrence Livermore National 

Laboratory image. 

 

1.3.3 Mesoporous silica thin films  

Recent nanofabrication techniques using inorganic materials enable the control 

of channel size down to ~10 nm and of surface properties of channel walls. A lot 

research on ion transport has been in the inorganic nanofluidics device chips 

fabricated elaborately by  nanolithography and MEMS based nanofabricaton (top-

down approaches). In contrast, although nanomaterial based nanofabrication 

(bottom-up approaches) employing ion selective polymer, nanoporous materials, 

and nanoparticle crystal has many advantages such as mass production, high cost-

efficient and easy-to-fabricate, few studies have been carried out to investigate ion 

transport phenomena in nanofludic systems [82]. Furthermore, the conventional 
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lithographic fabrication technique has intrinsic difficulties in manufacturing 

nanofluidic devices with < 10nm in diameter and high pore density in large-scale 

[83, 84].  

These issues can be solved by using nanomaterials. Among nanostructured 

materials made by the nanomaterial based nanofabrication, micelle-templated 

mesoporous silica materials, which is synthesized by the self-assembly of 

surfactant molecules used as the structure-directing agent have particularly 

attracted considerable interest in a variety of practical fields such as adsorbent, 

catalysts, PEM of fuel cell, and separation due to large porosity, highly ordered 

structures, uniform pore size in the range of 2 to 50nm, and high surface area to 

volume ratio [85−89].  

According to the IUPAC definition[90], depending on the pore size, 

nanoporous materials fall into three categories: i) microporous materials with pore 

diameters less than 2 nm, ii) mesoporous materials that have a pore diameter 

ranging from 2 to 50 nm, and iii) macroporous materials that have pore diameters 

larger than 50nm. Microporous and mesoporous materials are generally referred 

to as nanoporous materials. It was the development of mesoporous silica with 

highly ordered pore arrangement and tunable pore size in the range 2-50 nm that 

allowed applications such as sensing and electronics.  

The mesoporous silica was first reported by Mobil Research and Development 

on surfactant-templated materials and it was designated as MCM-41 [83, 84]. 

They reported that the synthesis of mesoporous materials form the calcinations of 
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aluminosilicate gels in the presence of surfactants. The synthesized mesoporous 

material showed regular arrays of uniform channels with the dimension in the 

range of 1.6~10 nm, which can be tailored by determining the kind of surfactant 

and the sol-gel conditions. The TEM image shown in Figure 1.6 shows a regular, 

hexagonal array of uniform channels for various MCM-41 materials with pore 

sizes from 20 to 100 Å. 

 

Figure 1.6 TEM image of several MCM-41 materials having pore sizes of (a) 20, 

(b) 40, (c) 65, and (d) 100 Å. Reproduced from Beck, J. et al. [84]  

Mesoporous materials present a unique opportunity to create a new paradigm 

of materials that may be used as films for thin-layer chromatography, separation 

membrane, micron scale elements for lab-on-a-chip analysis system due to the 

controlled tunability of porous properties at the mesoscale, and well-defined 

structure (textures and morphogies) [91]. In particular, the synthesis of 

mesoporous materials in the form of homogeneous thin films was a very 
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important achievement because it allowed the development of materials for use in 

optoelectronic devices, membrane-based separations, nanofluidic systems, 

sensors/actuator arrays, and for the fabrication of nanowires [91−96].  

 

1.3.4 Synthesis method of mesoporous silica thin films 

Mesoporous silica thin films are generally synthesized through evaporation 

process (EISA, Evaporation-Induced Self-Assembly) of solutions containing an 

inorganic precursor, tetraethoxysilane (TEOS), an organic supermolecular 

template (ionic, nonionic or polymeric surfactants), and some acidic additives to 

control pH condition to avoid extended condensation of the inorganic precursor 

dissolved in a volatile solvent such as EtOH. The EISA process is based on the 

processes that occur during the formation of mesostructured silica thin films.  

Self-assembly organizes supramolecules into well-define assemblies [75, 76].    

Surfactants used commonly to synthesize mesoporous silica materials are 

amphiphilic molecules or tri-blockcopolymer composed of hydrophobic and 

hydrophilic components. It is well-known that amphiphilic molecules in water can 

form various supramolecular aggregates (micelle structure) such as spherical, 

cylindrical, and lamellar aggregates. These supramolecular aggregates are 

arranged in highly ordered structures with different symmetries such as cubic, 

hexagonal, and lamellar [97]. Some typical micelle structures are presented in 

Figure 1.7. Their symmetries and morphologies strongly depend on solution 

conditions such as pH value, surfactant concentration, or temperature.  
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Figure 1.7 Micelle structures A. sphere, B. cylinder, C. planar bilayer, D. reverse 

micelles, E. bicontinous phase, F. liposomes. Reproduced from Soler-Illia, G. et al. 

[93] 

Figure 1.8 shows a schematic phase diagram for cationic surfactant in water. At 

very low concentration, the surfactant is present as free molecules dissolved in 

solution and adsorbed at interfaces. At slightly higher concentrations, called the 

critical micelle concentration (CMC1), the individual surfactant molecules start to 

form spherical aggregates (micelles). At higher concentration more than CMC2, 

spherical micelles coalesce to form elongated cylindrical micelles, cubic, or 

lamellar structures [98]. There are various deposition techniques such as dip- or 

spin-coating to make thin films from a sol-gel process [99 − 101].  In general, 

mesoporous silica thin films are fabricated using the dip-coating method because 

of the increased ability to align the pores parallel to the substrate in the desired 

direction as compared to spin-coating [102], and thus in this work, the dip-coating 

deposition method was used.  Using the dip-coating process, a well-ordered 
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mesostructured thin film can be deposited onto the substrate by evaporation-

induced self-assembly [103−105].  

 

 

Figure 1.8 Schematic phase diagram for C16TMABr in water. CMC is exaggerated 

to higher concentration. Reproduced from Raman, N. et al. [94] 

In the dip-coating process shown in Figure 1.9, a substrate is vertically 

immersed into the precursor solution and withdrawn at a constant speed. Due to 

the solution-substrate wettability, a very thin liquid layer is formed on the 

substrate. At this time, the thin film thickness depends on the withdrawn speed 

and the viscosity of the precursor solution. After the substrate is dragged from the 

solution, the wet liquid thin film rapidly begins to evaporate, causing an increase 

of the surfactant concentration and thereby triggering micelle formation around 
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dynamic meniscus region. Furthermore, the micelles start to interact with the 

silica inorganic precursor, and finally form a well-ordered nanostructured thin 

film on the substrate.  

 

 

Figure 1.9 Dip-coating process to synthesize the a well-ordered mesostructured 

silica thin film. 

 

1.4 Objective of the thesis 

Transport of ions and molecules through nanoscale geometries has attracted 

broad interests in various fields. In the case of nanochannels/nanopores 

comparable to Debye length, Dλ , new transport phenomena such as ion-perm 
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selective nanochannels (unipolar transport) occur due to the electrostatic 

interaction. Such new phenomenon opens up the possibility of using electric field 

to control the flow of charged ion or the fluid in nanochannels.  

Nanochannels having dimensions comparable to the size of biomolecules such 

as proteins and DNAs have started to be exploited in biotechnology because a lot 

of separation [106, 107] and sensing processes [108 −111] requires pores with 

nanometer scale. For instance, α-hemolysin, one type of biological nanopores, has 

been employed to provide materials for experimental due to single molecule 

sensitivity [112]. However, the drawback of biological materials with nanopores 

is that it is very unstable and difficult to control.  

In contrast, artificial inorganic nanochannels, fabricated by lithography/MEMS 

based method on solid substrate such as SiO2/Si, are robust and of more flexibility 

and precise control in terms of nanostructured material geometries. For that reason, 

many studies have been reported on nanofluidic system fabricated by 

conventional photolithography, top-down approach. However, these 

nanofabrication methods have also intrinsic limitations in making sub-10 nm, a 

large scale system, complex nanostructured materials such as three-dimensional 

cubic structures, and low cost efficient. For that reason, few studies have been 

conducted on nanofluidic system with nanochannels less than ~10 nm.  

Chemical synthesis techniques as an alternative to solve these difficulties 

provide a practical solution using self-assembled soft templates to create 

nanoporous inorganic materials. Among these things, mesoporous silica with 
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uniform pore sizes from 2 nm to 50 nm and regular pore array can be excellent 

alternative of nanofludic system to investigate ion or molecular transport 

phenomena.  

In this thesis, ion transport arising from electrokinetic phenomena at the 

interface between liquid and solid was investigated to propose a new possibility of 

mesoporous silica materials as nanofluidic system with nanochannels less than 

~10 nm. Furthermore, ion transport in complex geometry which hasn’t been 

reported was studied with the aim of exploring new science and developing novel 

applications for modern nanofluidics. In this thesis we want: 

1) To study the ion or proton transport phenomena in mesoporous silica. 

Mesoporous silica SBA-16 thin films with highly ordered three-dimensional cubic 

structures (ink-bottle-like geometry) were synthesized on a Si substrate via the 

dip-coating method. After these films were filled with KCl or HCl aqueous 

solutions, the ionic or proton current passing through the mesopores was 

experimentally measured by applying electrochemical measurement under DC 

electric fields. 

2) To quantitatively discuss ion transport behavior of mesoporous silica SBA-16 

thin films. The ionic current in the steady state was analyzed by means of 

continuum dynamics. If the length scale is larger than ~5 nm, it is well known that 

continuum dynamics provides an adequate description of transport phenomena. In 

the case of SBA-16, since the narrowest length scale is approximately 2nm, 
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stochastic or molecular dynamics simulation generally can provide a practical 

method for the description of ion channel conductance. However, in this study, we 

found that the modified Poisson-Nernst-Plank equation was the governing 

equation and was suitable to quantitatively model the system.         

3) Because SBA-16 has limitations such as complex three-dimensional geometry 

and too small sized nanopores close to ~2 nm in diameter, it is somewhat difficult 

to apply commonly general conditions. Therefore, two-dimensional hexagonal 

mesoporous silica SBA-15 thin film with dimensions ranging of 5-10 nm and 

more simple geometry was synthesized to investigate ion or water transport 

phenomena of aqueous solution confined in mesopores. The effect of the 

withdrawal speed on the thickness of the films, one-dimensional pore alignments 

and two-dimensional hexagonal pore arrays was very detail elucidated to make 

nanofluidic device suitable for ion transport study.  

4) Mesoporous silica SBA-16 thin film has a relatively complex geometry 

compared to previously studied nanofluidic system. It needs to investigate on 

simple geometry with two-dimensional structure (mesoporous silica SBA-15) to 

generalize ion transport arising in nanofluidic system with nanochannels less than 

~10 nm. To utilize synthesized SBA-15 thin films as nanofludic system, hybrid 

top-down (photolithography) and bottom-up (sol-gel synthesis based on 

Evaporation-Induced Self-Assembly) fabrication method was employed. To 

compare with ion transport behavior of mesoporous silica SBA-16 thin films, the 
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ion current was experimentally measured using the fabricated nanofludic device 

with SBA-15 thin films under DC electric fields.  

The nanofludic devices using mesoporous silica materials described here can 

easily be integrated into other nanofluidic system and may be applied in the 

development of nanopores, such as artificial ion channels and polymer electrolyte 

membranes with complex structures, for smooth proton transport. Furthermore, 

exploring fundamental characteristics of transport phenomena on well-ordered 

nanoporous materials with 1 nm order structures makes it possible to achieve 

better understanding and improving membrane nanofiltration, adsorbents, 

electrochemical cells such as fuel cells for energy generation, sensors, and 

desalination technologies. 

The rest of the thesis is organized as follows. Chapter 2 presents the 

experimental observation and numerical description to analyze ion transport 

phenomena occurring in mesoporous silica SBA-16 thin film. Chapter 3 describes 

the proton transport in comparison with ion transport in SBA-16. Chapter 4 

presents the effect of withdrawal speed on film thickness and hexagonal pore-

array dimensions of SBA-15 mesoporous silica thin film by using SEM, TEM, 

XRR, XRD analysis techniques. In Chapter 5, development of nanolfudic devices 

using mesoporous silica SBA-15 thin films and future work are discussed. Finally, 

conclusions are described in chapter 5.   
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CHAPTER 2 

Ion Transport in Mesoporous Silica SBA-16 Thin 
Film with Three-Dimensional Cubic Structures 
 

Mesoporous silica SBA-16 thin films with highly ordered 3D cubic structures 

were synthesized on a Si substrate via the dip-coating method. After these films 

were filled with KCl aqueous solutions, the ionic current passing through the 

mesopores was measured by applying DC electric fields. At low ion 

concentrations, the measured VI −  curves were nonlinear and the current 

increased exponentially with respect to voltage. As the ion concentration 

increased, the VI −  curve approached linear behavior. The nonlinear behavior 

of VI −  curves can be reasonably attributed to the electric potential barrier 

created in nanopores. 

 

2.1 Introduction 

Advances in the synthesis, measurement, and analysis of nanotubes and 

nanochannels have allowed ion and liquid transport to be routinely examined and 

controlled in spaces with dimensions that range from 10 to 100 nm [1,2]. Since 

the distance from the pore wall is close to the Debye length of confined ionic 

solutions with a wide range of ion concentrations, the field effect control of ion 

transport could be demonstrated effectively [3]. Furthermore, the enhancement of 

proton and ion mobility was reported, which was suggested to be due to the 

hydrogen bond networks forming strongly in a confined nanospace [4]. The 
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difference in formation and deformation of the hydrogen bond networks in a 

confined nanospace can create unique water properties, such as high proton 

mobility[5,6] and low freezing/melting point [7]. 

Another interesting topic related to ion transport in pores that are a few 

nanometers in diameter is the effect of an energy barrier either inside the pore or 

at the pore entrances. In larger diameter pores, even if an electric potential barrier 

is created inside the pore, counterions mask the barrier completely. Conversely, in 

pores measuring a few nanometers in diameter, the discreteness of molecules 

cannot be neglected. Therefore, an electric potential barrier cannot be masked 

completely. As a result, the barrier affects ion transport, yielding unique transport 

properties that are observed in many biological systems [8,9]. When we select 

mesopores with ink-bottle-like pore geometry, the effect of an electric potential 

barrier on ion transport could be clarified. In such pores, even with a uniform 

surface charge density, the electric potential barrier could be created inside the 

pores due to complex geometry.  

In this chapter, we focused on ion transport in a well-dimensioned mesoporous 

silica SBA-16 thin film with a 3D cubic pore structure. It is reported that SBA-16 

mesoporous silica has an ink-bottle pore structure with spherical cavities of 9.5 

nm diameter that are connected by a narrow cylindrical pore having 

approximately 2.3 nm diameter and 2.0 nm length [10]. The highly ordered 

mesoporous silica films and particles have been widely used as catalysts, filters, 

and adsorbents. However, a limited number of studies have reported the transport 
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properties of ions and molecules inside the mesopores on electrode surfaces to 

modify the electrode properties [11,12]. The detailed analysis of transport 

phenomena inside mesoporous silica remains to be elucidated in order to 

effectively apply them to various technologies. 

 

2.2 Synthesis of SBA-16 thin films with 3D cubic structures  

The poly(ethylene oxide)-poly(propylene oxide)-poly(ethylene oxide) triblock 

copolymer, F127, was employed as the structure-directing agent for mesoporous 

silica SBA-16 thin films [13,14]. The film was formed on a Si substrate using the 

dip-coating method. We referred to the method of synthesis of SBA-16 films with 

3D cubic structures that was reported in Kataoka et al [15,16]. Si substrates were 

first cleaned with n-hexane, acetone, and water assisted by ultrasonication. The 

substrates were then immersed in piranha solution and subsequently rinsed with 

pure water. Finally, they were cleaned with 2-propanol using ultrasonication and 

dried in air. The precursor solution for SBA-16 was prepared as follows: TEOS 

(Tetraethyl orthosilicate) (2.0 g), EtOH (11.28 g), water (1.40 g), and 1 M HCl 

(0.20 g) were stirred at 333 K for 30 min. Triblock copolymer F127 (0.35 g) and 

EtOH (11.28 g) were added to this solution and stirred at room temperature for 30 

min. The final molar ratio of the precursor solution was 1:9.2:0.021:51:0.0029 

TEOS/H2O /HCl/EtOH/F127.  

The liquid film of the precursor solution was then formed on a Si substrate 

using the dip-coating method. The cleaned Si substrate was vertically immersed in 
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the precursor solution and withdrawn at a rate of 0.7 mm s-1. This coating process 

was performed at 298 K at a relative humidity (RH) of 60% inside a glove box. 

Subsequently, the coated samples were dried at 343 K for 8 h and calcined at 713 

K for 4 h.  

The synthesized mesoporous silica films were observed by using a field-

emission scanning electron microscope (FE-SEM) (S-4800, Hitachi High-

Technologies, Japan). Furthermore, transmission electron microscopy images of 

the film cross-sections were obtained with a field-emission transmission electron 

microscope (FE-TEM) (HF-2000, Hitachi High-Technologies, Japan) at an 

acceleration voltage of 200 kV. The TEM specimen was prepared by ion-thinning 

the SBA-16 film on the Si wafer.  

Figure 2.1(a) shows an FE-SEM image of the uniform open pores, 

approximately 8 nm in diameter, on the top surface. An mIm3  ( )1,1,1  surface 

plane that possesses 3-fold symmetry appears in this image [15, 16]. Figure 2.1(b) 

shows a cross-sectional FE-TEM image of the synthesized film. In this image, the 

film thickness is approximately 35 nm.  
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Figure 2.1 (a) FE-SEM image of an SBA-16 film synthesized on a Si substrate on 
the top surface and (b) FE-TEM image of the film in cross section. 

 

The pores on the left end (the red dotted rectangular) of the film have a 

checkered flag pattern, where rectangular pores are aligned alternately. 

Conversely, the pores on the right side have a grid pattern, where rectangular 

pores are aligned in a row in the film’s normal direction. The left side image is the 

view along the [ ]0,1,1  zone axis, while the right side image is the view along the 

[ ]1,1,2  zone axis. These images suggest that the film thickness and the local pore 
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alignment were well controlled, while the pores were not aligned perfectly in the 

3D cubic structure over the entire film. 

In general, the 3D cubic structure, 3Im m , can be confirmed by checking 3 

fold-symmetry on the surface plane from SEM image. However, in reality, it is 

very difficult to identify the ink-bottle-like pore structures from TEM and SEM 

image. The pore size distribution of mesoporous silica powder materials can be 

determined using the N2 adsorption–desorption isotherm measurement, while the 

thin films has great difficulty in confirming the characterization of pore-size 

distribution because it was difficult to acquire a sufficient amount of sample for 

the measurement. As a way to identify the 3D cubic structure ( mIm3 ), Kataoka et 

al. has applied TEM image viewed from different angle at the same area, [110] 

zone axis [15].  In the case of the 3D cubic structures, the checkered-flag patterns 

were viewed at 0° and the grid patterns were observed at 42.5° with respect to 

[110] zone axis, respectively. The distribution of nanopores viewed at 42.5° 

correspond with (-2 1 1) plane.      

 

2.3 Fabrication of a device for ionic current measurement 

 To construct a device for ionic current measurement, polydimethylsiloxane 

(PDMS) reservoirs were fabricated by the standard PDMS chip fabrication 

processes. Two rectangular parallelepiped reservoir molds of 3 mm (length) × 1 

mm (width) × 100 μm (depth) were made by patterning a Si wafer. The gap 

between the two reservoirs was 100 μm. PDMS was mixed in a 10:1 ratio of 
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monomer and curing agent as per manufacturer instructions (Sylgard 184, Dow 

Corning, Midland, MI) and then poured over the mold. The PDMS was degassed 

and cured at 70–80 °C for 20–25 min and then removed from the mold. Two inlet 

holes were formed on each PDMS reservoir using a 1 mm-diameter disposable 

biopsy punch with a plunger system (Kai Industries Co. Ltd., Japan). The PDMS 

reservoirs with inlet holes were then bonded to a Si chip covered with an SBA-16 

mesoporous silica thin film. Since SBA-16 mesoporous silica thin films have 

access holes on the surface due to 3D cubic structures, the PDMS chip was 

directly bonded without particular treatment to fill with aqueous solutions in 

nanopores. We referred to the binding procedures reported in Satyanarayana et al 

[17].  

To confirm that there was no leakage on the bonding surface, the PDMS 

reservoirs were bonded to a Si chip as well as a chip covered with an SBA-16 

mesoporous silica thin film and the same ionic current measurements were 

performed for these two chips. When ionic current measurements were performed 

using a Si chip without an SBA-16 mesoporous silica thin film bonded with 

PDMS reservoirs, no ionic currents were detected, suggesting that there was no 

leakage on the bonding surface. On the other hands, if there is leakage on the 

bonding surface, the measured current (the order of microampere) was much 

larger than those (the order of nanoampere) measured on the well-bonded surface. 

The ionic current is detected in the chip covered with an SBA-16 mesoporous 

silica thin film bonded with PDMS reservoirs, the ionic current should pass  
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through an SBA-16 mesoporous silica thin film.  

Figure 2.2 shows the schematic of a device for ionic current measurement. To 

enlarge the reservoirs and maintain a constant ion concentration in the reservoirs, 

another PDMS layer with two rectangular reservoirs was bonded to the top 

surface of the device. 

 

Figure 2.2 Schematic of a device for ionic current measurement. (a) Top view, (b) 
side view, and (c) general view. 

 

2.4 Structure of the synthesized SBA-16 thin film 

Figure 2.3 shows the structure of the synthesized SBA-16 thin film. The circles 

show the spherical cavities. The spherical cavities having 9.5 nm diameters are 
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arranged in a body-centered-cubic (bcc) array and that the cavities are connected 

through cylindrical pores of 2.3 nm diameters and 2 nm lengths. The lattice 

constant of the bcc unit cell is expressed as a . The FE-SEM and FE-TEM images 

of the synthesized SBA-16 thin film (Figure 2.1(a) and 2.1(b)) show that the 

direction of [ ]1,1,1  zone axis is along the x  direction in Figure 2.2. 

 

Figure 2.3 Schematic structure of the synthesized SBA-16 thin film. 

 

2.5 Measurement of ionic current 

Before measuring the ionic current, the reservoirs were filled with KCl aqueous 

solutions, and then Ag/AgCl electrodes were inserted into the reservoirs. An 

electric potential bias was applied between the two electrodes, and the ionic 

current passing through the mesopores was measured by an electrochemical 
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research system with the femtoammeter option (Modulab System, Solartron 

Analytical). Furthermore, all measurements were carried out in a shielding box to 

eliminate the influence of external electromagnetic waves. Ag/AgCl electrodes, 

fabricated by a chemical method using a chloride solution, were used to measure 

ionic current. At 10-4 and 10-3 M, the ionic current measurement was performed in 

the voltage range from 0 to ±3.3 V to detect the nonlinear regime of the ionic 

current vs. electric potential ( VI − ) curves. At 10-2, 10-1, and 1 M concentrations, 

the applied voltage ranged from 0 to ±4.5 V because of the expansion of the linear 

regime. The interval of the applied voltage was 0.3 V. 

 

2.5.1 Ionic current–voltage characteristics 

Figure 2.4 shows the measured VI −  curves of KCl aqueous solutions with 

five different concentrations. The measured VI −  curves were almost symmetric 

and became nonlinear at 10-4 and 10-3 M despite a linear Ohmic region. Since the 

narrow pore diameter is approximately 2.3 nm, it is close to the Debye length Dλ  

of the solution. The Dλ  at 300 K was 30.4, 9.7, 3.04, 0.97, and 0.304 nm at 10-4, 

10-3, 10-2, 10-1, and 1 M, respectively. At 10-4 and 10-3 M, the Dλ  clearly exceeded 

the spherical pore radius. In this concentration range, the measured VI −  curves 

became nonlinear. The nonlinear behavior of VI −  curves observed in 

nanofluidic diodes can be explained as the accumulation or depletion of ions at 

the electric potential barrier [18,19].  
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Figure 2.4 Ionic current vs. electric potential bias ( VI − ) curves of an SBA-16 

thin film filled with KCl aqueous solutions with concentrations of 10-4, 10-3, 10-2, 

10-1, and 1 M. 

 

However, in this concentration range, the pores were filled with a unipolar 

solution of +K  and ions could not accumulate inside the pore [20]. Therefore, 

different mechanism responsible for the nonlinear VI −  curve was required. At 

10-2, 10-1 and 1 M, the measured VI −  curves were almost linear.  

Figure 2.5 shows the conductance vs. ion concentration ( nG − ) curves. The 

conductance was calculated from the gradient at the origin in the measured VI −  

curves. The result shows that the conductance decreased with decreasing ion 

concentration and that it decreased rapidly at approximately 10-3 M. Figure 2.5 

also shows the differential conductance, dVdI , at V15.3=V  for 10-4 and 10-3 

M KCl aqueous solutions. The VI −  curves of 10-4 and 10-3 M were nonlinear 
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and the differential conductance increased with increasing V . These two values 

were almost the same and approximately 30% of the conductance at 10-2 M. 

 

Figure 2.5 The conductance vs. ion concentration ( nG − ) curve. 

 

2.5.2 Influence of immersed time for KCl aqueous solution on 

VI −  curves 

In the present study, the mesopores were completely filled with KCl aqueous 

solutions by exposing the device to water vapor for 2 h and then immersing it in 

deionized (DI) water (18.2 MΩ·cm) for at least 12 h. Finally, the device chip was 

immersed in KCl aqueous solutions for 12 h to achieve the saturation state. When 

a KCl aqueous solution was replaced by another solution with a different 

concentration, the mesopores needed to be rinsed thoroughly with DI water for at 
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least 12 h so as to restore the silanol group on the silica surface. Ionic conductance 

along nanochannels, which have a height of approximately 2 nm, has been 

reported to change with immersed time in the solution owing to a slow proton-

cation exchange process [4]. Ionic conductance through SBA-16 mesoporous 

silica with an ink-bottle pore structure was investigated. SBA-16 also has narrow 

cylindrical pores that are approximately 2.3 nm in diameter and 2.0 nm in length, 

and a dependence of the ionic conductance on the immersed time was observed.  

Figure 2.6 shows ionic conductance vs. immersed time curves for KCl aqueous 

solutions of 10-4, 10-3, 10-2, 10-1, and 1 M concentrations. Since the total length of 

the mesopores used in the present study was 100 μm, ions should penetrate the 

m e s o p o r e s  w i t h i n  a p p r o x i m a t e l y  5  s  i n  t h e  b u l k  c o n d i t i o n

( ) ( ) s5sm102m10 11-292412 =×==
−−−−DLt . D is the diffusion coefficient of KCl 

aqueous solution at 298.15 K. In general, the diffusion coefficient varies with the 

concentration of aqueous solutions (for instance, D is 1.964 m2s-1 at 10-3 M KCl 

and 1.891 m2s-1 at 1 M KCl) [21], but in the formula above, the value of D was 

assumed to be 2 for simplicity. However, 12 h elapsed before the saturation state 

was attained at 10-4, 10-3, 10-2, 10-1 M. Less time was required to attain the 

saturation state with increasing ion concentrations. At 1 M, approximately 1 h was 

required, which was still much longer than the estimated time of 5 s. We 

determined an appropriate immersed time for experimental procedures by 

considering these experimental results. In order to obtain the ionic conductance in 

the saturation state, the ionic conductance measurement was carried out after a  
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nanofluidics device was immersed in the solution for more than 12 h. 

 

Figure 2.6 Conductance vs. immersed time ( tG − ) curves for KCl aqueous 

solutions of 10-4, 10-3, 10-2, 10-1, and 1 M concentrations. 

 

2.5.3 Details related to the measurement method of VI −  curves 

In order to obtain the ionic conductance in the steady state, the measurement of 

ionic conductance was repeated until the conductance reached a constant value. 

Figure 2.7 shows the measured ionic conductance vs. the number of repeat 

measurement curves for each ion concentration. At 10-2, 10-1, and 1 M 

concentrations, the measured conductance decreased monotonically as the number 

of repeat measurements increased, and eventually reached a constant value. 

Conversely, at 10-4 and 10-3 M concentrations, the measured ionic conductance 

remained constant, independent of the number of repeat measurements. 
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At low ion concentrations, it is well known that perm-selective ion transport is 

generated through mesopores and that the surface charge is dominant because of 

the overlapping of the electrical double layer [22]. Under such a condition, co-

ions are repelled from the entrance of mesopores and only counter-ions pass 

through the mesopores. Consequently, the measured conductance was 

independent of the number of repeat measurements in the surface charge governed 

regime, as shown in Figure 2.7.  

In contrast, at high ion concentrations, the ionic conductance depends on the 

geometry of the mesopores and on the ion concentration. It is reported that SBA-

16 mesoporous silica has an ink-bottle pore structure with spherical cavities of 9.5 

nm diameter that are connected by a narrow cylindrical pore having 

approximately 2.3 nm diameter and 2.0 nm length. The junction between the 

spherical cavity and the narrow cylindrical pores could cause ion concentration 

polarization (ICP) [23]. As the measurement was repeated, ICP was reduced, and 

the ionic conductance decreased gradually. The ionic conductance reached a 

constant value much faster at the 10-2 M concentration than at the 10-1 and 1 M 

concentrations. The concentration of 10-2 M is in the transition state between the 

surface charge governed regime and the bulk concentration governed regime. The 

Debye length of the 10-2 M KCl aqueous solution was greater than the cylindrical 

pore radius and smaller than the spherical pore radius. Thus, both +K  and −Cl  

ions could be present in the pores. However, most charge carriers were likely to 

be +K  ions. 
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Figure 2.7 Conductance vs. number of repeat measurements ( NG − ) curves for 

KCl aqueous solutions of 10-4, 10-3, 10-2, 10-1, and 1 M concentrations. 

 

2.5.4 Influence of solvent evaporation on VI −  curves 

When the ionic current passing through an SBA-16 thin film was measured at 

10-4 and 10-3 M concentrations, the relaxation time required to reach the steady 

state was approximately 3 min owing to electric potential barriers. At 10-4 and 10-3 

M concentrations, ionic current was measured at 22 different electric potential 

biases from 0 to ±3.3 V with an interval of 0.3 V. Accordingly, more than 1 h 

elapsed while completing a series of measurements. In this situation, the 

evaporation of solvent due to relative long measurement time can lead to 

concentration change of the solution inside both reservoirs, affecting the VI −  

curve characteristic. 
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Figure 2.8 shows ionic current vs. electric potential curves of two consecutive 

measurements for 10-4 and 10-3 M KCl aqueous solutions. After completing the 

first series of ionic current measurements, the second series of measurements was 

performed consecutively in the same condition. The results show that the 

measured ionic currents were almost the same, especially in the linear regime. 

When the electric potential bias was more than 2.4 V (in the nonlinear regime), 

the ionic current of the second measurement was slightly larger than that of the 

first measurement. This may be attributed to the KCl aqueous solution 

concentration increase due to the evaporation of solvent. This result suggests that 

the influence of solvent evaporation on VI −  curves was marginal. 

 

 

Figure 2.8 Ionic current vs. electric potential ( VI − ) curves of two consecutive 

measurements for 10-4 and 10-3 M KCl aqueous solutions. 
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2.5.5 Time courses of ionic current 

Figure 2.9(a) and 2.9(b) show the time course of an ionic current passing 

through an SBA-16 thin film filled with either a 10-4, 10-3, 10-2, 10-1, or 1 M KCl 

aqueous solution and the time course of the applied electric potential, respectively.  

 

Figure 2.9 (a) Time course of ionic current passing through an SBA-16 thin film 

filled with either a 10-4, 10-3, 10-2, 10-1, or 1 M KCl aqueous solution and (b) the 

time course of the applied electric potential.  
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The pHs of KCl aqueous solutions were 6.5, 6.8, 7.1, 7.4 and 7.8 for 10-4, 10-3, 

10-2, 10-1 and 1 M, respectively. It took more than 1 h to perform a series of 

measurements at 10-4 and 10-3 M; however, we confirmed through the 

measurements that the influence of solvent evaporation on the VI −  curves was 

marginal.  

Silica surface bears electrostatic charges when it is in contact with a polar 

liquid. The ion concentration dependence in the time course of an ionic current 

could be attributed to the surface charge of the mesopores. We proposed a model, 

in which electric potential barriers were created inside the thin film and ions were 

either polarized or transported at the electric potential barriers and ions were 

transported conductively except for the barriers. Figure 2.10 shows the equivalent 

electric circuit: a capacitance C  and a resistance R  are connected in parallel and 

the unit is connected to a resistance r  in series.  
  

 

Figure 2.10 Equivalent electric circuit of ion transport in an SBA-16 thin film. 
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When a step potential V  is applied to the electric circuit at 0=t , the current 

( )tI  is given by 

( ) 
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, where 1−V  is the applied step potential one step before, which is given by 

VVV ∆+−=−1 . Here, V∆  is the increment of the applied step potential 

( V3.0or0=∆V ). If the resistance at the electric potential barriers R  is more 
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VtI ≈ . Figure 2.9(a) shows 

that the current decayed exponentially at 10-4 and 10-3 M, whereas the current 

almost remained constant at 1 M. It was suggested that the resistance R  was more 

dominant at 10-4 and 10-3 M, whereas the resistance r  was more dominant at 1 M. 

The dotted curves in Figure 2.9(a) show the current at 0=t  vs. the applied step 

potential ( VI −0 ) curves. The current 0I  is given by 
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Whereas, if 1<<
r
R , 

r
VI ≈0 . Therefore, the resistance r  should decrease with 

increasing V  at 10-4 and 10-3 M, whereas the resistance r  should be a constant at 

1 M. This result can reasonably be explained as follows: At low ion 

concentrations, the electric potential barriers affected ion transport in the entire 

thin film. As the applied step potential V  increased, ions overcame the electric 

potential barriers more frequently, thus the resistance r  should decrease with 

increasing V . On the other hand, at high ion concentrations, the electric potential 

barriers were masked by the counterions, thus the resistance r  should be constant. 

The current in the steady states can be obtained as 
Rr

VI
+

=  by substituting 

∞=t  into Eq. (2.1)  

From aforementioned discussion, the current I  is approximately given by 

( )0≈≈
R
VI  at 10-4 and 10-3 M. On the other hand, the current I  is approximately 

given by ( )0I
r
VI ≈≈  at 1 M. At 10-4 and 10-3 M, the resistance R  should also 

decrease with increasing V  as discussed in the resistance r . The VI −  curves 

were analyzed in more detail later on. The time constant to achieve the steady 

state, τ , can be defined as C
Rr

rR
+

=τ  from Eq. (2.1).  

Figure 2.9(a) shows that the relaxation time was approximately 3 min at 10-4 

and 10-3 M, whereas it was approximately 5 s at 1 M. Since the resistances of r  

and R  decreased with increasing ion concentration and the capacitance C  could 
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be less sensitive to ion concentration, the relaxation time decreased with 

increasing ion concentration. 

 

2.6 Calculation of 3D electric potential distributions 

The transient response of ionic current to a step electric potential and the 

nonlinear behavior of VI −  curves could be reasonably attributed to the electric 

potential barrier inside SBA-16 mesoporous silica. To confirm this assumption, a 

simple model pore was proposed and the electric potential inside the model pore 

was analyzed. Figure 2.11 shows the calculation system of a model pore. In the 

hemispherical pore, the position of a given point, ( )zyx ,,A , was expressed by 

the coordinate ( )θϕ,,r  as follows: 
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where 0r  is the radius of the spherical pore ( nm50 =r ) and l  is the length of the 

cylindrical pore ( nm2=l ). The sign in the first term was negative for the left 

hemisphere and positive for the right hemisphere. The range of θ  was 

20 πθ ≤≤  for the left hemisphere and πθπ ≤≤2  for the right hemisphere. In 

the cylindrical pore, the position of any point was expressed by the coordinate 

( )zr ,,ϕ , as follows: 
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Figure 2.11 Calculation system of a model pore for calculation of 3D electric 

potential distributions. 

 

The surface charge was assumed to be distributed homogeneously, and its 

density was assumed to be -10-2 C m-2 [24]. The electric potential inside the model 

pore was calculated by solving the Poisson equation under the periodic boundary 

condition. The calculated electric potential distribution inside three model pores in 

the zx −  plane was shown in Figure 2.12(a). Assuming that discrete point charges 

were distributed on the pore surface, the equivalent number of electronic charges 

was calculated to be 19.2 in the sphere and 0.8 in the cylinder. In this study, 18 

negative point charges were located on the surface of the sphere and 1 negative 

point charge was located on the surface of the cylinder. 18 point charges of −e  

were distributed on the surface of the spherical pore, as follows: 
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On the surface of the cylindrical pore, one point charge of −e  was located at 

the following position. 
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, where 1r  is the radius of the cylindrical pore ( nm11 =r ).  

 

 

Figure 2.12 Calculated electric potential distribution inside three model pores in 

the zx −  plane. (a) a uniform surface charge density of -10-2 C m-2 is assumed to 

be present on the whole surface, (b) 18 point charges of −e  are distributed on the 

surface of the spherical pore and 1 point charge is located on the surface of the 

cylindrical pore, and (c) 18 point charges of −e  are distributed on the surface of 

the spherical pore. 
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Figure 2.12(b) shows the calculated electric potential distribution in the point 

charge model. Figure 2.12(c) shows the electric potential distribution when no 

point charge was located at the cylindrical pore. In both models, an electric 

potential barrier formed around the cylindrical pore.  

Figure 2.13 shows the electric potential profiles along the z-axis for the three 

different models.  

 

Figure 2.13 Electric potential profiles along the z-axis for three different models. 

 

When the uniform surface charge density of -10-2 C m-2 was assumed for the 

whole surface (Figure 2.12(a)), the electric barrier height was approximately 60 

mV. Even when a negative point charge was located on the surface of the 

cylindrical pore (Figure 2.12(b)), an electric potential barrier of approximately 50 

mV formed around the cylindrical pore. 
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The result shows that the electric potential around the cylinder is higher than 

that around the sphere, suggesting that an electric potential barrier was created at 

the cylinder. We confirmed that the similar electric potential distribution could be 

obtained by assuming discrete point charges on the pore surface, which were 

equivalent to a uniform surface charge density of -10-2 C m-2. 

 

2.7 Calculation of 1D PNP equations  

To quantitatively discuss the VI −  curve, ionic current in the steady state was 

analyzed. Ion transport on this scale should be analyzed using stochastic dynamics 

or molecular dynamics simulations because the multiple interplays between 

different types of intermolecular interactions characterize the transport [25-28]. 

Among important three intermolecular forces, since van der waals and 

electrostatic interactions except for steric interactions can be described as 

thermophysical properties through continuum dynamics, for larger than ~ 5 nm in 

diameter, transport phenomena by continuum dynamics provides an reasonable 

result [29]. In the case of the length scale smaller than ~ 5 nm in diameter, local 

diffusion coefficient of water decreases compared to the diffusion coefficient of 

bulk, depending on the location of pores and the degree of silanol density and 

hydration [30]. For ~ 2nm in diameter, the diffusion coefficient was 

approximately ~ 85, 60, and 25% of its bulk value in the pore center, in the 

intermediate between the pore center and surface and on the surface, respectively 

[31]. However, in this study, we intended to use continuum dynamics simulations 
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because the main objective of this analysis was to understand the cause of the 

nonlinear VI −  curve. For simplicity, we assumed that the negatively charged 

pore was filled with a unipolar solution (including only positive ions) and the 

system was 1D.  

Figure 2.14 shows the model pore consisting of a spherical pore ( nm50 =r ) 

and a cylindrical pore ( nm11 =r  and nm2=l ). 

 

Figure 2.14 Calculation system of a model pore for calculation of 1D PNP 

equation. 

 

 Because the spherical pores were arranged in a body-centered-cubic (bcc) array 

and that the spherical pores were connected through cylindrical pores, the pore 

direction ( z  axis) of the model pore was along the [ ]1,1,1  zone axis in a bcc array.  
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The governing equations were the modified Poisson-Nernst-Plank equations. 
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Here, aJ , aD , az  and an , are the ionic current density, diffusion coefficient, 

valence and number density of ion a, respectively. V  is the electric potential, 0ε  

is the permittivity of vacuum, ε  is the dielectric constant of water, e  is the 

elementary charge, eρ  is the charge density equivalent to the surface charge, k  is 

the Boltzmann constant, and T  is the absolute temperature.  

1C  and 2C  denote two parameters that express the discreteness of molecules in 

pores which are a few nanometers in diameter. The parameter 1C  ( 10 1 << C ) 

suppresses the dielectric constant around surface charges. The counterions could 

be considered electrically well shielded by hydration water molecules, but the 

surface charges are less shielded. The electric field generated from the surface 

charge could be more dominant than that generated from counterions; therefore, 

we introduced parameter 1C . The parameter 2C  ( 10 2 << C ) suppresses the ion 

diffusion due to the concentration gradient. Ion diffusion, i.e., the entropic effect 

toward a homogeneous distribution of ions, could be considered marginal in 
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comparison with the electrophoresis in pores measuring a few nanometers in 

diameter. If the temperature decreases, the diffusion effect weakens relative to the 

electrophoretic effect due to the suppression of the entropic effect, as shown by 

Eq. (2.8). If the system is confined to pores measuring a few nanometers in 

diameter, the diffusion effect could also weaken for the same reason. Therefore, 

we introduced parameter 2C .  

Based on the calculated electric potential distribution inside a model pore as 

shown in Figure 2.12(a), the equivalent charge density eρ  was assumed, and then 

the modified Poisson-Nernst-Plank equations were solved using a finite difference 

algorithm. The charge density, eρ , in Eq. (2.6) is given by 

( ) ( )zz eee
~ρρρ +=                                            (2.9) 

, where eρ  is the average component and e
~ρ  is the variation component. eρ  was 

determined by the following procedure. First, the calculated electric potential 

inside the model pore was simplified as follows: 

( ) ( )LzVzV π2cos0=                                         (2.10) 

, where 0V  is the amplitude of the electric potential and L  is the unit length of the 

model pore. The equivalent charge density, e
~ρ , required to determine the above 

electric potential, ( )zV , was given by 

( ) ( )Lzz e πρρ 2cos~
0e =                                        (2.11) 
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, where ( )2
000 2 LVe πεερ = . The average charge density, eρ , was given by 

0ee ρρ −= . From Figure 2.14, the lattice constant of the bcc unit cell, a , and is 

given by  

La
3

32
=                                                (2.12) 

Assuming that the direction of [ ]1,1,1  zone axis was along the x  direction and 

the direction of [ ]1,1,2  zone axis was along the z  direction of a device for ionic 

current measurement (see Figure 2.2 and 2.3), the number density of the pores in 

the ( )1,1,2  surface plane, n , is given by 

23
62

2
2
3

2
a

aa
n =

×
=                                         (2.13) 

If the cross-sectional area in the ( )1,1,2  surface plane was A , then the total 

number of pores that the ionic current would pass though, namely, N , is given by 

nAN =                                                          (2.14) 

From the requirement of electro-neutrality, the effective cross-sectional area of 

ionic current for each pore, ffeA , is given by 

 

L
SA
eρ
σ

=eff                                                        (2.15) 

, where L , S , and σ  are the length, surface area, and surface charge density of 

the model pores, respectively. The ionic current should flow along the [ ]1,1,1   
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zone axis, but the [ ]1,1,2  zone axis was assumed to be along the z  direction of a 

device for ionic current measurement, thus the travel distance of ions was 2  

times larger than the linear distance along the [ ]1,1,2  zone axis (see Figure 2.3). 

The ratio between the travel distance and linear distance of ions was defined as 

the parameter R . From Eqs. (2.12)–(2.15) and the parameter R  ( 2= ), the 

measured current, I , could be estimated using the calculated current density, J , 

as follows: 

AJJ
R

NA
I α== eff ,                                               (2.16) 

where α  is a conversion factor, which is given by 323 LS eρσα = . The 

parameters employed in this study are as follows: 129
K sm1096.1 −−×=+D , 

nm12=L , 2nm102π=S , K300=T , mV300 =V , 80=ε , and 

-22 mC10−=σ . The calculated eρ  and α  are 36 mC1082.5 −×  or 60 mM and 

0.276, respectively. It is noted that if the direction of [ ]1,1,1  zone axis is along the 

z  direction of a device for ionic current measurement, 1=R  and 

414.0433 3 == LS eρσα . 

 

2.8 Influence of parameters C1 and C2 on J–V curves 

Figure 2.15 shows the calculated +K  current density vs. the electric potential 

bias ( VJ − ) curves. When 11 =C  and 12 =C , the VJ −  curve was almost linear.  
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Figure 2.15 Calculated +K  current density vs. electric potential bias ( VJ − ) 

curves showing (a) the effect of 2C  and (b) the effect of 1C  on VJ −  curves. 

 

Even when potential barriers were located inside the pore, the VJ −  curve 

calculated by the Poisson-Nernst-Plank equations was almost linear. When 1C  
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remained constant at 0.85 and 2C  decreased, the curvature of the VJ −  curves 

increased, as shown in Figure 2.15(a). As 2C  decreased, ions moved while 

electrophoretically obeying the local electric field rather than obeying the local 

ion concentration gradient. Thus, the VJ −  curve became nonlinear.  

When 2C  remained constant at 0.008 and 1C  decreased, the curvature of 

VJ −  curves also increased, as shown in Figure 2.15(b). As 1C  decreased, i.e., as 

the electric field generated from surface charges became more dominant, the 

electric field generated from counterions became less dominant, and a larger 

external electric field was required to overcome the electric barrier. As 1C  and 2C  

decreased, the distributions of the electric potential and ion concentration 

increased, i.e., the effect of the electric potential barrier on ion transport increased, 

yielding nonlinear VJ −  curves.  

However, it was difficult to distinguish between the effects of 1C  and 2C  on 

the VJ −  curves within a range of electric potential bias from -1 to 1 mV as 

shown in Figure 2.15(a) and 2.15(b). To clarify the effects of parameters 1C  and 

2C  on VJ −  curves, the calculated VJ − curves in a wider range of electric 

potential bias from -50 to 50 mV are shown in Figure 2.16. Figure 2.16(a) shows 

the calculated VJ − curves showing the effect of 1C  at 12 =C . The calculated 

VJ − curves were linear at any 1C  if 2C  remained constant at 1, suggesting that 

the parameter 2C  is critical for nonlinear behavior of VJ − curves. Figure 2.16(b) 

shows the calculated VJ − curves showing the effect of 2C  at 85.01 =C . As 2C  
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decreased, the curvature of VJ −  curves increased and approached to a nonlinear 

VJ − curve.  

 

 

Figure 2.16 Calculated +K  current density vs. electric potential bias ( VJ − ) 

curves showing (a) the effect of 1C  at 12 =C , (b) the effect of 2C  and (c) the 

effect of 1C  on VJ −  curves. 

Figure 2.16(c) shows the calculated VJ − curves showing the effect of 1C  at 

008.02 =C . As 2C  decreased, the electric potential bias at which the current 
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began to increase exponentially increased, suggesting that the parameter 1C  

controls the height of electric potential barrier. The parameters 1C  and 2C  affect 

VJ − curves in totally different ways. However, within a range of electric 

potential bias from -1 to 1 mV, which was close to that in the experiment, it was 

difficult to distinguish between the effects of 1C  and 2C  on the VJ −  curves. 

 

2.9 Comparison between experiment and calculation of 

conductance 

Finally, the calculated results were compared with the experimental results. 

The model pore was filled with a unipolar solution of +K , with 

24 mA1016.3 −×=J , at 1.0 mV for 121 == CC . The electric potential bias of 

1.0 mV for a 12 nm long pore corresponds to 8.33 V for a 100 μm long pore. In 

addition, assuming that the cross sectional area nm35mm0.1 ×=A  and the 

conversion factor 0.276=α , 24 mA1016.3 −×=J  corresponds to 

nA1005.3 2×=I . Thus, the conductance is 36.6 nS. In contrast, when the model 

pore is filled with a 1 M KCl aqueous solution, 26 mA1022.1 −×=J  at 1.0 mV 

for 121 == CC , yielding the conductance μS41.1=G . Here, the diffusivity of 

−Cl  was assumed to be 129
Cl sm1003.2 −−×=−D . Ideally, in the surface charge 

governed regime, the conductance should remain constant at nS6.36=G , 

whereas in the bulk concentration governed regime, the conductance should be 

proportional to the bulk concentration.  
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Figure 2.17 shows these model calculation results. However, it could be said 

that for 1 M KCl aqueous solution, the measured value was 9.3% of the calculated 

value, because 131 nS (measured) divided by 1.41 μS (calculated) equals 0.093. 

In the synthesized SBA-16 mesoporous silica thin film, the pores were not aligned 

perfectly and the grain boundaries were included. Thus, this reduction is 

reasonable. For simplicity, we assumed that the cross-sectional area was 9.3% of 

that considered in the former calculation. The corresponding results are shown as 

a modified model calculation in Figure 2.17. The measured conductance at 10-2 M 

was similar to that obtained in the modified calculation result and the measured 

values of differential conductance at V15.3=V  for 10-4 and 10-3 M KCl 

solutions were approximately 20% of the calculated values. However, the 

measured conductance at 10-3 and 10-4 M was still 10–100 times smaller than the 

calculated value. This was attributed to the electric potential barrier created by the 

ink-bottle pore structure and the resulting nonlinear VI −  curves. 
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Figure 2.17 Comparison between calculated and experimental results of the 

conductance vs. ion concentration ( nG − ) curves. 

 

2.10 Experimental reproducibility of I–V curves 

In order to confirm experimental reproducibility of the measured I–V curves, 

we have measured total 12 times (4 times a day) for 5days on identical device and 

conditions such as temperature, aqueous solution concentrations and applied 

potential bias range. After completing the measurement of I–V curves, the 

nanofluidic device chip was rinsed for 12 hrs to restore initial condition (silanol 

group state of inner surface) before measurement of the ionic current passing 

through nanopores. Figure 2.18 shows the measured I–V curves to check the 

experimental reproducibility of the nonlinear behavior at 10-4 M KCl aqueous 
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solution, which is the surface charged governed regime. The standard deviation of 

the measured I–V curves was within ~4% from the mean value.   

 

 

Figure 2.18 The measured I–V curves to confirm reproducibility at 10-4 M KCl 

aqueous solution: (a) 1 day, (b) 3 days, (c) 5 days, and (d) standard deviation, 

respectively. 
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2.11 Conclusion 

In this chapter, (1) mesoporous silica SBA-16 thin films with highly ordered 

3D cubic structures were synthesized on a Si substrate, (2) the ionic currents of 

KCl aqueous solutions passing through the mesopores were measured by applying 

DC electric fields, and (3) the measured VI −  curves were analyzed. The 

measured VI −  curves were nonlinear when the Debye length of the solution 

clearly exceeded the spherical pore radius. As the ion concentration increased, the 

VI −  curve approached linear behavior. More precise control of the pore 

structure and a more quantitative analysis of the measured VI −  curves are 

required for a complete understanding of this mechanism; however, the nonlinear 

behavior of VI −  curves at low ion concentrations can be reasonably attributed to 

the electric potential barrier created in pores measuring a few nanometers in 

diameter. 
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CHAPTER 3 

Proton Transport in Mesoporous Silica SBA-16 

Thin Film 

In this chapter, we elucidated proton transport phenomena through mesopores 

of SBA-16 thin films. At low concentrations, ranging from 10-7 to 10-5 M, the I–V 

curves of KCl and HCl aqueous solutions were nonlinear. However, at 10-4 and 

10-3 M, while I–V curves of KCl aqueous solutions displayed nonlinear behavior, 

those of HCl aqueous solutions were almost linear. The linear behavior can be 

attributed to a decrease in the electric potential barrier owing to a reduction in 

the surface charge density, which is caused by the protonation of silanol groups 

on the inner surface of mesopores. At high concentrations, ranging from 10-2 to 1 

M, the I–V curves of KCl and HCl aqueous solutions were almost linear because 

the effect of surface charge of mesopores on ion transport was marginal. 

3.1 Introduction 

In the case of ink-bottle-like mesopores (diameters less than 10 nm) of 

mesoporous silica SBA-16 thin films with a 3D cubic pore structure, the measured 

I-V curves are nonlinear, owing to electric potential barriers inside mesopores at 

low ion concentrations. In chapter 2, theoretical analysis showed that the electric 

potential barriers were created because of the surface charge of silica pores that 

have ink-bottle-like pore geometry and pore diameter of a few nanometers. 

Furthermore, we found that the local dielectric constant of aqueous solutions 

around surface charge and the ion diffusion due to concentration gradient should 
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be suppressed, in order to attain nonlinear I–V curves in the continuum dynamics 

calculations of ion transport.  

For better estimation of ion transport of aqueous solutions confined in 

mesopores, we have to consider the discreteness of molecules, i.e., the hydration 

structure around surface charge and the ion distribution of aqueous solutions in 

mesopores. However, experimental work on the effect of electric potential barriers 

on ion transport has not yet been performed. If mesopores of SBA-16 thin films 

are filled with HCl aqueous solutions, the electric potential barrier could be tuned 

by the concentration of solutions because the surface charge density on the inner 

surface of mesopores could change owing to protonation /deprotonation of silanol 

groups. 

In this chapter, we investigated proton transport of HCl aqueous solutions 

confined in a well-ordered mesoporous silica SBA-16 thin film with a 3D cubic 

pore structure, using electrochemical measurements. The proton transport of water 

or aqueous solutions confined in nanopores of various materials plays an 

important role in science and technological applications such as cell pH 

stabilization [1], formation of ATP (adenosine triphosphate) in biological system 

[2], and in the operation of fuel cells [3,4] and electrochemical sensors [5]. 

However, ion channels of biological systems [6] and polymer electrolyte 

membranes (e.g., Nafion by DuPont) [7,8] usually possess highly complex 

structures. This study could be fundamental for understanding proton transport in 

various pores with complex structures and with diameters of a few nanometers. 



85 

 

3.2 Measurement of proton current 

Before starting the ionic current measurements, a nanofluidic device was 

hydrothermally treated in an autoclave using 0.1 M HCl vapor at 393 K for 3 h, in 

order to improve the hydrophilicity of the inner surface of SBA-16 thin films, 

since as-made mesoporous silica had low surface charge density because of low 

wettability. In order to measure ionic or proton current passing through mesopores, 

the reservoirs of nanofluidic device and mesopores of the SBA-16 thin film were 

filled with either HCl or KCl aqueous solutions, with concentrations of 10-7, 10-6, 

10-5, 10-4, 10-3, 10-2, 10-1, or 1 M, and Ag/AgCl electrodes were inserted into both 

reservoirs. The ionic or proton current measurement was performed using an 

electrochemical system (ModuLab System, Solartron Analytical) in the voltage 

range of 0 to ±4.5 V and an applied voltage interval of 0.3 V. All measurements 

were carried out in a shielding box at room temperature (298 K) to eliminate the 

influence of external electromagnetic waves. 

 

3.2.1 Effect of concentration on I–V curves of HCl and KCl 

aqueous solutions 

Figure 3.1 shows the measured I–V curves of HCl and KCl aqueous solutions 

with concentration ranging from 10-7 to 1 M. SBA-16 mesoporous silica has 

spherical cavities with diameters of 9.5 nm, which are connected by a narrow 

cylindrical pore with diameter and length of approximately 2.3 nm and 2.0 nm [9].  
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Figure 3.1 The measured current vs. electric potential bias (I–V) curves of (a) KCl and 
(bHCl aqueous solutions at (I) low concentrations (10-7, 10-6, and 10-5 M), (II) 
intermediateconcentrations (10-4 and 10-3 M), and (III) high concentrations (10-2, 10-1, and 
1 M).  
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As explained in Chapter 2, in the case of KCl aqueous solutions, the I–V curve 

was nonlinear below 10-3 M (surface charge governed regime), because electric 

potential barriers are created in narrow cylindrical pore regions by surface charge 

and ink-bottle-like geometry of mesopores. On the other hand, the I–V curve 

became linear above 10-2 M (bulk concentration-governed regime), because 

electric potential barriers were absent owing to the cancelation of surface charge 

by counterions.  

However, in the case of HCl aqueous solutions, the I–V curves were nonlinear 

below 10-5 M; in contrast, the I–V curves were linear above 10-4 M. The Debye 

lengths of the solutions at 10-3 and 10-4 M were 9.7 and 30.4 nm respectively; 

therefore at these concentrations, the lengths distinctly exceed the radii of the 

spherical cavities. This result suggests that the I–V curves of HCl aqueous 

solutions were linear even in the surface charge governed regime. 

Figure 3.2(b) shows the calculated K+ current density vs. the electric potential 

bias (J–V) curves with three different values of C1 and C2. If C1 increases, i.e. the 

surface charge is better shielded, and C2 decreases, i.e. the diffusion due to ion 

concentration gradient is more strongly suppressed, the nonlinear behavior of J–V 

curves becomes more obvious. The trend of the J–V curves is quite similar to that 

of the measured measured current vs. electric potential bias (I–V) curves of KCl 

aqueous solutions at 10-7, 10-4, and 10-3 M concentrations as shown in Figure 

3.2(a).  
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Figure 3.2 The measured current vs. electric potential bias (I–V) curves of (a) KCl 

aqueous solutions at 10-7, 10-4, and 10-3 M concentrations, and (b) calculated K+ 

current density vs. electric potential bias (J–V) curves. 

 

In KCl aqueous solutions, the surface charge density should be independent of 

the ion concentrations in the bulk solutions. From the requirement of 

electroneutrality, ion concentration in the nanopores should be independent of that 

in the bulk. Therefore, surface charge density being equal at surface charged 

regime, ion concentrations inside the nanopore should be identical regardless of 

the bulk concentrations. The I–V curves of Figure 3.2(a) were measured at surface 

charged regime, but the curvature of I–V curves was different. The different 

nonlinear behavior of I–V curves in surface charged regime can be attributed to 

change of condition such as the shielded surface charge and diffusion in 

nanopores due to bulk concentration change.  
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3.2.2 Effect of concentration on I–t curves of HCl and KCl 

aqueous solutions 

To better understand the characteristics of I–V curves, we analyzed the curves of 

current vs. time (I–t) for KCl and HCl aqueous solutions. Figure 3.3(a) and 3.3(b) 

show the measured I–t curves of HCl aqueous solutions at 10-5 and 10-3 M. The 

time when a step potential V was applied to the electric circuit was defined as 

0=t  and I–t curves for seven selected step potentials, V = 0.3, 1.2, 2.4, 3.3, 3.9, 

4.2 and 4.5 V, were shown in Figure 3.3(a) and 3.3(b).  

 

Figure 3.3 The measured ionic current vs. time (I–t) curves of HCl aqueous 

solutions with concentrations of (a) 10-5 M and (b) 10-3 M. 

The I–V curves shown in Figure 3.1 were obtained using the relaxation curve 

equilibrium values corresponding to each stepwise change in the applied voltage. 

Because the time to reach equilibrium depended on the kind of solutions and 

concentrations, the time interval of the applied voltage changed for each condition. 
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The relaxation rate of HCl aqueous solutions was about 5 times higher than that of 

KCl aqueous solutions with the same concentration, and in both solutions, the 

relaxation rate increased with increasing concentrations, which were attributed to 

the difference in diffusivity and the Debye length of the solutions, respectively 

[10].  

The relaxation rate, k, for each step potential V was obtained by fitting the 

following equation to the I–t curve: 

( ) ( )ktAItI −+= exp0

                                                    
(3.1) 

where, I0, A, and k were fitted parameters. The range of the curve-fitting was from 

about 5 to 30 s.  

Figure 3.4 shows the calculated relaxation rate vs. step potential (k–V) curves 

for HCl aqueous solutions at 10-5 and 10-3 M. At low concentration (10-5 M), the 

relaxation rate was almost constant about k = 0.2 s-1 at low V, while it increased 

with respect to voltage at high V. The corresponding I–V curve exhibited the non-

linear behavior, where the current increased exponentially with respect to voltage 

around V = 3.3 V. These results suggest that with increasing V above 3.3 V, H+ 

can overcome the electric potential barriers created inside the thin film. In the 

equivalent electric circuit of a model demonstrated in Chapter 2, because H+ can 

transport smoothly without polarization, both a resistance and a capacitance inside 

the thin film decrease, and thus the relaxation rate increases. At middle 

concentration (10-3 M), the relaxation rate was almost constant about k = 0.2 s-1 in 

the entire region of V and the corresponding I–V curve exhibited the linear 
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behavior. In Figure 3.4, the red line is curve fitting line to describe the tendency of 

the relaxation rate measured with increasing V, even though it does not 

correspond perfectly with those data measured. 

 

Figure 3.4 Calculated relaxation rate vs. step potential (k–V) curves. 

Figures 3.5(a) and 3.5(b) show the measured I–t curves of KCl and HCl 

aqueous solutions at 10-4 and 10-3 M. From Eq. (2.1), the I0–V and I∞–V curves are 

given by 
( ) ( )
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, respectively, where 

I0 is the current at 0=t  and I∞ is the current at ∞=t . The dotted curves in 

Figures 3.5(a) and 3.5(b) show the I0–V curves. When the I–V curve was linear, 

the corresponding I0–V curve was also linear, except in the case of the 10-4 M HCl 

aqueous solution, since this concentration could correspond to the transient 

regime between linear and nonlinear regimes for HCl aqueous solutions.  
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Figure 3.5 The measured ionic current vs. time (I–t) curves of (a) KCl and (b) HCl 

aqueous solutions with concentrations of 10-4 and 10-3 M. 

 

3.2.3 Comparative analysis of G–n curves of HCl and KCl 

aqueous solutions 

 To better understand the characteristics of ion and proton transport in SBA-16 

thin films with 3D cubic structures, we compared the conductance of KCl and 

HCl aqueous solutions within concentrations ranging from 10-7 to 1 M. Figure 

3.6(a) and 3.6(b) show the measured and calculated conductance vs. 

concentrations (G–n) curves of KCl and HCl aqueous solutions, respectively. The 

measured conductance was obtained from the gradient of I with respect to V from 

0 to 1.5 V for nonlinear I–V curves and from 0 to 4.5 V for linear I–V curves.  
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Figure 3.6 Comparisons between the measured and calculated conductance vs. 

concentration (G–n) curves of (a) KCl and (b) HCl aqueous solutions.  

 

Figure 3.6(a) also shows the G–n curve of model calculations from ion 

transport work  explained in Chapter 2. Briefly, at high concentrations (bulk 

concentration governed regime), the conductance was calculated by assuming that 

the model pore was filled with bulk solution.   

On the other hand, at low concentrations (surface charge-governed regime), the 

conductance was calculated by assuming that the model pore with a fixed surface 

charge density was filled with a unipolar solution of counterions, the 

concentration of which was determined from the requirement of electroneutrality 

to the surface charge of the model pore.  

The calculated G–n curve of KCl aqueous solutions was obtained by shifting 

the G–n curve of model calculation downward, as the curve passed through the 

point of measured conductance at 1 M. The calculated G–n curve of HCl aqueous 
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solutions was obtained from that of KCl aqueous solutions. It was assumed that 

the difference in conductance between KCl and HCl aqueous solutions was due to 

the difference between the diffusivities of K+ and H+ only. Here, the diffusivities 

of K+, H+, and Cl- in water were assumed to be DK
+ = 1.96 × 10-9, DH

+ = 9.31 × 

10-9, and DCl
- = 2.03 × 10-9 m2 s-1, respectively. The conductance of HCl aqueous 

solutions was 4.75 (= 9.31/1.96) times larger than that of KCl aqueous solution in 

the surface charge-governed regime and 2.84 (= (9.31 + 2.03)/(1.96 + 2.03)) times 

larger than that of KCl aqueous solution in the bulk concentration-governed 

regime, as illustrated in Figure 3.6(b).  

The measured G–n curve of KCl aqueous solutions was larger than the 

calculated one in the bulk concentration-governed regime. SBA-16 thin films 

have pores measuring a few nanometers in diameter and the Debye length of 

solutions at 10-2 and 10-1 M concentrations are 3.0 and 0.97 nm, respectively. 

Thus, the electrical double layer still occupies a substantial proportion of the total 

cross sectional area of the pore. It was reported that the surface charge-governed 

regime expands above 10-1 M in 2 nm nanochannels [12]. Therefore, the measured 

conductance was larger than the calculated one.  

On the other hand, in the surface charge-governed regime, the measured G–n 

curve was considerably smaller than the calculated one. The main reason for this 

difference is the nonlinearity of I–V curves; the I–V curves of KCl aqueous 

solutions became nonlinear below 10-3 M, and so the conductance decreased 

sharply between 10-2 and 10-3 M [10]. 
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The measured and calculated G–n curves of HCl aqueous solutions did not 

agree with each other in the entire concentration range. At low concentrations (10-

7–10-5 M), it can be inferred that the measured G–n curve is considerably smaller 

than the calculated one because of the nonlinearity of I–V curves. At intermediate 

concentrations (10-4 and 10-3 M), the measured conductance of HCl aqueous 

solutions increased appreciably as the concentration increased. In the case of 

proton transport in mesoporous silica SBA-15 containing 7–8 nm diameter 

cylindrical pores, it was reported that as the concentration of HCl aqueous 

solutions increased, the silanol groups protonated and the surface charge density 

decreased, resulting in the decrease in conductance within the surface charge-

governed regime [11]. This trend can also be reproduced by a continuum 

dynamics simulation using a model pore of which surface charge density 

decreases with increasing the bulk concentration [12].  

In contrast, in the case of proton transport in mesoporous silica SBA-16 with 

ink-bottle-like pore structures, in the same regime, the conductance increased 

monotonically with increasing the concentration of HCl aqueous solutions. This 

trend cannot be reproduced by the same continuum dynamics simulation even if a 

unique pore structure is considered. If the surface charge density decreases, two 

different effects will appear: (1) the height of electric potential barriers in 

mesopores reduced, leading to linear I–V curves, and (2) the density of H+ in 

mesopores decreased owing to the requirement of electroneutrality, leading to the 

suppression in conductance. Thus, the I–V curves should gradually become linear, 
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and the conductance should decrease as the concentration increases. Details were 

well described in Chapter 3.3.  

However, the measured G–n curve of HCl aqueous solutions showed that the 

conductance increases as the concentration increases. To explain this trend, the 

following scenario could be considered: The effective surface charge density to 

create electric potential barriers was reduced, but the real surface charge density 

that determines the density of H+ was not reduced appreciably, because some of 

the dissociated H+ and SiO- were very close to each  other. H+ located close to 

SiO- sites also became charge carriers and might transport by hopping between 

SiO- sites. The electric potential barrier was therefore lowered, but the density of 

H+ did not decrease appreciably, thus increasing the conductance.  

The proton transport in water or aqueous solutions confined in nanopores and 

nanochannels needs to be investigated. Furthermore, the precise control of surface 

charge density of mesoporous silica is yet to be challenged. This study, however, 

highlights the difference between proton transport and K+ transport, and elucidates 

that the primary difference in I–V curves appear at intermediate concentrations 

(10-4 and 10-3 M) in the surface charge-governed regime. 

 

3.3 Calculation method of 1D PNP equations and VJ −+H
 curves 

In order to calculate VJ −+H
 curves in the surface charge governed regime, we 

assumed that the negatively charged pore was filled with a unipolar solution of H+ 

(including only positive charge carriers) and the system was 1D. In practice, ion 
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transport on this scale should be analyzed using stochastic dynamics or molecular 

dynamics simulations because the multiple interplays between different types of 

intermolecular interactions characterize the transport. However, in this Chapter, in 

order to discuss tendency associated with conductance in the surface charge 

governed regime when the electric potential barrier and proton concentrations 

increase due to the deprotonation reaction, we intended to use continuum 

dynamics simulations. Details relevant to calculation method were described in 

Chapter 2.7. The governing equations were the Poisson-Nernst-Plank equations: 
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Here, +HJ , +HD , and +Hn , are the current density, diffusion coefficient, and 

number density of proton, respectively. V  is the electric potential, 0ε  is the 

permittivity of vacuum, ε  is the dielectric constant of water, e  is the elementary 

charge, eρ  is the charge density equivalent to the surface charge, k  is the 

Boltzmann constant, and T  is the absolute temperature. eρ  is given by 

( ) ( )zz eee
~ρρρ += ,                                                    (3.5) 
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where eρ  is the average component and e
~ρ  is the variation component. eρ  was 

determined by the following procedure. First, the calculated electric potential 

inside a 3D model pore was simplified as follows: 

( ) ( )LzVzV π2cos0= ,                                                (3.6) 

where 0V  is the amplitude of the electric potential and L  is the unit length of the 

model pore. The equivalent charge density, e
~ρ , required to determine the above 

electric potential, ( )zV , was given by 

  ( ) ( )Lzz e πρρ 2cos~
0e = ,                                               (3.7) 

where ( )2
000 2 LVe πεερ = . The average charge density, eρ , was given by 

0ee ρρ −= . Here, 129
H sm1031.9 −−×=+D , nm12=L , K300=T , and 80=ε . 

In the calculation of the electric potential inside a 3D model pore,1 when the 

surface charge density σ  was assumed to be -10-2 C m-2, the electric potential 

inside the model pore was simplified to Eq. (3.6), where mV300 =V . In this 

calculation condition, the eρ  = 36 mC1082.5 −× ; i.e., the average proton density 

+Hn was 60 mM. Because the electric field inside the 3D model pore is 

proportional to σ , 0V  should also be proportional to σ . Furthermore, because 

( )2
00 2 LVe πεερ −= , +Hn  is proportional to 0V .  
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Figure 3.7(a) shows the calculated VJ −+H
curves for five different values of 

0V : 6, 15, 30, 60, and 150 mV. The corresponding +Hn  were 12, 30, 60, 120, and 

300 mM, respectively.  

 

Figure 3.7 (a) Calculated VJ −+H
curves for five different values of 0V , 6, 15, 30, 

60, and 150 mV, and (b) +HJ  at V = 1.0 mV as a function of 0V . 

The calculated VJ −+H
curves were almost linear. Figure 3.7(b) shows the 

calculated +HJ  at V = 1.0 mV as a function of 0V . The calculated 
mV0.1H =

+
V

J  

increased monotonically with increasing 0V  although the gradient of 
mV0.1H =

+
V

J  

with respect to 0V  decreased gradually with increasing 0V . These calculation 

results suggest that if silanol groups are deprotonated and σ  increases, both 

average proton density +Hn  and the potential barrier height 0V  increase, resulting 

in an increase in proton current density +HJ . In this model, the conductance 
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should increase with decreasing concentration of HCl aqueous solutions in the 

surface charge governed regime. 

 

3.4 Restoration of electric potential barriers by deprotonation 

reaction 

To elucidate the effect of surface charge density of mesopores on I–V curves, 

the I–V curves were measured by changing the soaking duration of a nanofluidic 

device in deionized (DI) water (18.2 MΩ·cm). Figure 3.8 shows the measured I–V 

curves for four different soaking durations. 

 

Figure 3.8 Effect of soaking duration of a nanofluidic device in DI water on 

current vs. electric potential bias (I–V) curves. 

 Following the measurement of the I–V curve of 1 M HCl aqueous solution, a 

nanofluidic device was immersed in DI water for several days to restore silanol 
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groups in the pore surface. The I–V curve of 10-7 M HCl aqueous solution was 

measured every 24 h. Despite the extremely low concentration, the measured I–V 

curve was almost linear at 1 day, since the silanol groups were not yet fully 

restored from the previous protonation.  

Eventually, however, the measured I–V curve became nonlinear because the 

silanol groups were restored by deprotonation, and the electric potential barriers 

increased. After 4 days, the silanol groups were fully restored and the I–V curve 

agreed with the measured one. These results suggest that the I–V curve of HCl 

aqueous solutions was sensitive to the surface state of mesopores, and control of 

the surface state was crucial to elucidate the characteristics of I–V curves. 

 

3.5 Conclusion 

In this chapter, mesoporous silica SBA-16 thin films with highly ordered 3D 

cubic structures were synthesized by evaporation-induced self assembly method 

via dip coating, to investigate proton transport of aqueous solutions confined in 

mesopores. Using electrochemical measurements of current under DC electric 

fields, we elucidated proton transport phenomena through mesopores of SBA-16 

thin films. The measured I–V curves of KCl aqueous solutions were linear above 

10-2 M, while those of HCl aqueous solutions were linear above 10-4 M. It was 

concluded that the concentration range of linear I–V curves in HCl aqueous 

solutions was wider than that in KCl aqueous solutions, and the linear I–V curves 

and high proton conductance were measured in the surface charge-governed 
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regime only for HCl aqueous solutions. The precise mechanism of proton 

transport in silica mesopores in this regime has not been clarified, but the surface 

charge density of mesopores can be controlled on the basis of the pH of the 

solutions, which affects both of the electric field and the carrier density in 

mesopores, and results in linear I–V curves and high proton conductance. Such 

characteristic may be applied in the development of nanopores, such as artificial 

ion channels and polymer electrolyte membranes with complex structures, for 

smooth proton transport, and could be useful to design 1 nm order structures for 

sensor, fuel cell and desalination technologies. 
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CHAPTER 4 

Thickness and Hexagonal Pore–Array Dimensions 

of SBA-15 Thin Film 

 
In this chpater, two-dimensional hexagonal mesoporous silica thin films of 

SBA-15 were synthesized via dip-coating using an evaporation-induced 

self-assembly process. The effect of the withdrawal speed on the thickness of the 

films, one-dimensional pore alignments and two-dimensional hexagonal pore 

arrays was elucidated. The film thickness increases with increasing withdrawal 

speed and also increases upon decreasing the withdrawal speed to ultraslow 

region where capillary rise of the solution occurs. Detailed analyses of FE-SEM 

and TEM images and XRD and XRR patterns of the synthesized thin films 

clarified that the pore sizes and interplanar spacing also depend on the 

withdrawal speed.  

 
4.1 Introduction 

Micelle-templated mesoporous silica materials have attracted considerable 

interest in a variety of practical fields, including catalysis, optics, electronics, 

biotechnology, and separation, owing to their highly ordered and uniform pore 

size, high surface area to volume ratio, and simple synthesis (i.e., the liquid crystal 

templating mechanism) [1-3]. Precise control of the properties of mesoporous 

silica, such as pore size and structure, is important for their practical application 

and is attained by adjusting the surfactant that acts as an organic template [4-9].  
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In particular, mesoporous silica materials with two-dimensional hexagonal 

arrays have attracted significant attention owing to the simplicity of their 

geometry and the ease of analysis of the pore structure. These mesoporous silica 

materials can be synthesized using amphiphilic triblock copolymer surfactants and 

have a highly ordered two-dimensional hexagonal structure (space group P6mm) 

with uniform pore sizes ranging from 50 to 300 Å [5]. Furthermore, it has been 

reported that the morphology of these materials can be controlled by varying the 

surfactants and silica sources [10]. Nanostructured films such as SBA-15 thin 

films with highly ordered mesoporous structures are potentially applicable for use 

in optoelectronic devices, membrane-based separations, nanofluidic systems, 

sensors/actuator arrays, and for the fabrication of nanowires [11-15]. These 

SBA-15 thin films are fabricated using the dip-coating method because of the 

increased ability to align the pores parallel to the substrate in the desired direction 

as compared to spin-coating [16]. Using the dip-coating process, a well-ordered 

mesostructured thin film can be deposited onto the substrate by 

evaporation-induced self-assembly [17-19]. 

It was reported that the thickness of thin films deposited by employing the 

moving solid substrates can increase or decrease with variation of withdrawal 

speed and can be divided into two main regimes: i) at high speed, viscous drag 

forces interacting with substrates has a predominant role in depositing thin films 

and the liquid films dragged onto the substrate dry shortly after the motion of the 

substrate was stopped (Landau-Levich regime). The thickness of liquid thin film 
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formed in this regime increases with increasing the withdrawal speed at the power 

of 2/3 [20]. ii) at low speed enough to neglect viscous drag force, solutes 

accumulate near the contact line of the solution and substrate due to 

evaporation-induced flow, depositing the dried film above the meniscus 

(Evaporation regime) [21]. This deposition process is similar to the phenomena 

known as the “coffee-ring-effect” caused by the nonuniform evaporation flux at 

surface of drying droplets [22,23]. The theoretical and experimental research in 

Landau-Levich regime has been investigated for several decades while few 

studies concerning evaporation regime under the moving substrate was conducted 

until a recent date. Faustini et al. experimentally showed that for sol-gel film 

formation by dip-coating, the thickness deposited in evaporation regime increases 

upon decreasing the withdrawal speed and there is a minimum value at critical 

speed, Vcrit, for which the capillarity rise effect counterbalances the viscous drag 

[24]. Berteloot et al. also proposed a simple model which can predict the thickness 

in evaporation regime and the thickness based on the proposed model is 

proportional to the inverse of the square of withdrawal speed [25]. However, 

although both thin film formation processes were completely different as 

mentioned above, it never took into account the fact that the structure of dried 

films deposited in each process regime can be influenced by a multiplicity of 

several factors such as evaporation rate, surface tension gradient, and viscosity 

variation. In reality, each evaporation rate measured at different place of liquid 

droplet surface depends on the contact angle between the solid substrate and 
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liquid [26,27]. If the contact angle is 90 ̊, the evaporation rate is uniform across 

the entire surface. In contrary, in the case of lower contact angle, the evaporative 

flux is enhanced at the droplet edge. In evaporation regime, the drying film is 

formed at an edge to the film and the presence of the edge complicates the 

boundary condition, and the structure of dried films affects the evaporation rate. 

In SBA-15 mesoporous silica thin films with two-dimensional hexagonal pore 

structures, the uniaxially oriented alignment, interplanar spacing, and pore size are 

important to improve the performance of various devices with mesoporous 

structures. Therefore, in conjunction with a constant withdrawal speed, a variety 

of techniques, e.g., using a substrate with lithographically designed confined 

nanospaces [28-30], photoinduced anisotropic polymer orientation processes [31], 

and electrically [32] or magnetically [33] induced orientation, have been reported 

for the fabrication of two-dimensional hexagonal mesoporous thin films with the 

desired mesochannels. The sizes of the mesopores can be varied by employing 

surfactants with different poly(alkylene oxide) triblock copolymers and by the 

addition of cosolvent organic molecules [5]. To control the thickness of the films, 

the organic/inorganic precursor solutions can be either diluted or concentrated and 

the deposition time can be adjusted [34]. However, few studies have reported the 

simultaneous control of film thickness and pore alignment of two-dimensional 

hexagonal mesoporous silica thin films by tuning the withdrawal speed during 

dip-coating. 
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In this chapter, we focus on the effect of withdrawal speeds ranging from 0.02 

to 3.0 mm s−1 on the thickness and pore array of SBA-15 mesoporous silica thin 

films with two-dimensional hexagonal pore structures. The film thickness, pore 

size, and pore structures were investigated via field-emission scanning electron 

microscopy (FE-SEM) and transmission electron microscopy (TEM) and X-ray 

diffraction (XRD) and X-ray reflectivity (XRR) analysis of the synthesized thin 

films. Furthermore, we discuss the pore alignment mechanism and the potential 

for controlling the film thickness and hexagonal pore–array dimensions of 

SBA-15 mesoporous silica thin films with nanometer precision. 

 

4.2 Preparation of SBA-15 mesoporous silica thin films 

Si substrates underwent sequential 10 min cleanings with n-hexane, acetone, 

and pure water in an ultrasonic bath. The substrates were then soaked in piranha 

solution for 30 min and rinsed with pure water to remove contaminants and make 

them wettable with a water/ethanol solution. They were then cleaned with 

2-propanol for 1 h and dried in air. The precursor solution was prepared as 

follows: Tetraethyl orthosilicate (TEOS; 1.50 g) as the silica source, EtOH (15.0 

g), pure water (0.78 g), and 0.1 M HCl (0.15 g) were stirred at room temperature 

for 1 h in a capped vial. Triblock copolymer Pluronic P123 (0.30 g) as the 

structure-directing agent and EtOH (14.25 g) were stirred at room temperature for 

1 h in a separate capped vial. After stirring, the two different solutions were mixed 

and then stirred at room temperature for 1 h.  
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The final TEOS/P123/EtOH/H2O/0.1 M HCl molar ratio of the precursor 

solution was 1:0.0072:88.2:7.17:0.0021. We referred to the SBA-15 thin film 

fabrication procedures reported by Fan et al. [11]   

The prepared precursor solution was then deposited on a Si substrate using the 

dip-coating method, as follows: The cleaned Si substrate was vertically immersed 

in the precursor solution and withdrawn at a rate of 0.02, 0.05, 0.1, 0.2, 0.5, 1.0, or 

3.0 mm s−1 then aged for 24 h. The coating processes were performed at 298 K at 

a relative humidity (RH) of 60% inside a glove box. Subsequently, the 

as-prepared thin films were dried at 343 K for 1 h and calcined to remove the 

block copolymer surfactant at 773 K for 5 h in air with a very slow ramping rate 

(<0.5 K min−1) to minimize the deformation caused by thermal stress.  

 

4.3 Characterization of SBA-15 mesoporous silica thin films 

The synthesized transparent mesoporous silica thin films were observed using a 

field-emission scanning electron microscope (S-4800, Hitachi High-Technologies, 

Japan) at an accelerating voltage of 1.0–1.2 kV without any metal coating. 

Furthermore, TEM images of cross-sections of the film were obtained using a 

transmission electron microscope (H-9000UHR, Hitachi High-Technologies, 

Japan) at an acceleration voltage of 300 kV. Prior to the TEM analysis, the 

specimen was prepared using the ion-beam milling method with a GATAN 691 

PIPS at an acceleration voltage of 6 kV; an Ar ion beam was used and the milling 

angle was 5° (See APPENDIX A associated with TEM specimen preparation). 
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The average film thickness and hexagonal pore–array dimensions of the 

SBA-15 thin films were analyzed using an X-ray reflectivity (XRR) and X-ray 

diffraction system(XRD)  (SmartLab 9 kW system, RIGAKU, Japan) with Cu 

Kα radiation (wavelength = 1.54 Å) and 45 kV/200 mA. GlobalFit software was 

used to analyze the XRR data. 

 

4.3.1 FE-SEM and TEM measurements 

Figure 4.1 shows cross-sectional FE-SEM and TEM images of SBA-15 thin 

films synthesized on Si substrates at four different withdrawal speeds: 0.02, 0.5, 

1.0, and 3.0 mm s−1.  

 

Figure 4.1 Cross-sectional FE-SEM (top) and TEM (bottom) images of SBA-15 

thin films synthesized on Si substrates at four different withdrawal speeds: (a) 

0.02, (b) 0.5, (c) 1.0, and (d) 3.0 mm s−1. The scale bar is 50 nm. 

FE-SEM images show the surface of a cross-section; therefore, it cannot be 

used to determine if the pore structures along the dip-coating direction behind a 
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cross-sectional image are the same as those on the surface. In contrast, TEM 

images show a projection of the interior of a specimen; thus, the alignment of the 

pores in the thin film along the dip-coating direction can be verified. Accordingly, 

FE-SEM and TEM analyses are complementary and enable the detailed 

characterization of the interior structure of thin films. The TEM measurements 

analyzed the SBA-15 thin film specimens to a depth of a few hundred nanometers. 

Although the film thickness determined via TEM is slightly smaller than that 

via FE-SEM, the number of pores normal to the Si surface is similar in both the 

TEM and FE-SEM images. As the withdrawal speed increased from 0.5 to 3.0 

mm s−1, the film thickness increased; similarly, as the withdrawal speed decreased 

to 0.02 mm s−1, the film thickness also increased. The average film thicknesses 

measured by analyzing FE-SEM images of the thin films produced at withdrawal 

speeds of 0.02, 0.5, 1.0, and 3.0 mm s−1 were 81.6, 23.7, 28.9, and 51.3 nm, 

respectively. 

The FE-SEM images revealed that the pore arrays contained regularly arrayed 

pores with two-dimensional hexagonal structures at withdrawal speeds of 0.5, 1.0, 

and 3.0 mm s−1; this was not the case for films produced at a withdrawal speed of 

0.02 mm s−1. However, as shown in the TEM images, these thin films do have 

well-controlled two-dimensional hexagonal pore structures, which suggests that 

the thin film produced at a 0.02 mm s−1 withdrawal speed has two-dimensional 

hexagonal pore array but lacks the perfect pore array seen at withdrawal speeds of 

0.5, 1.0, and 3.0 mm s−1. Furthermore, in the TEM images of the thin film 
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produced with a withdrawal speed of 1.0 mm s−1, the pores were located in the 

same interval normal to the substrate. However, each pore (i.e., the white regions 

in Figure 4.1(c)) was not independent but rather was connected to an adjacent 

pore; this supports that the local two-dimensional hexagonal pore array were well 

controlled, although the directions of the pore array varied at some plane within a 

few hundred nanometers deep in the specimens and the pores were not perfectly 

aligned in one direction over the entire film. In the case of withdrawal speeds of 

0.02, 0.5 mm s−1, 1D alignment of the pores estimated from TEM images (Figure 

4.1(a) and 4.1(b)) seems to be well aligned compared to that of 1.0 mm s−1, but in 

comparison with 3.0 mm s−1 for a larger area, the degree of alignment was not that 

good. Figure 4.2 shows TEM image viewed in wider space at four withdrawal 

speeds: (a) 0.02, (b) 0.5, (c) 1.0, and (d) 3.0 mm s−1.  

In both the FE-SEM and energy-filtered TEM images, the interplanar spacing 

of the (100) planes [d(100)], i.e., the distance between two adjacent planes normal 

to the Si surface where the mesopores are located, decreased with increasing film 

thickness. The average d(100) values measured from the FE-SEM images were 

6.3, 7.9, 7.2, and 6.4 nm for withdrawal speeds of 0.02, 0.5, 1.0, and 3.0 mm s−1, 

respectively. Furthermore, the sizes of the pores (i.e., the black and white areas in 

the FE-SEM and TEM images in Figure 4.1, respectively) also decreased with 

increasing film thickness. The detail is explained later on. The image analysis 

showed that as the film thickness increases, the both the interplanar spacing and 

pore size decrease, yielding more compact structures. 
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Figure 4.2 Cross-sectional TEM images of SBA-15 thin films synthesized on Si 

substrates at four withdrawal speeds: (a) 0.02, (b) 0.5, (c) 1.0, and (d) 3.0 mm s−1.  

 

4.3.2 X-ray reflectivity (XRR) measurements 

To measure the average film thicknesses of the SBA-15 thin films, we 

performed XRR measurements. The XRR patterns were analyzed using the 

GlobalFit software (RIGAKU), and the average thickness of a 5 mm × 5 mm area 

of the SBA-15 thin films was calculated by comparing the periodic vibration, Δθ, 

of the XRR spectrum with simulated patterns within 2θ < 2°. Figure 4.3(a) shows 



115 

 

XRR patterns of SBA-15 thin films synthesized on Si substrates at seven different 

withdrawal speeds: 0.02, 0.05, 0.1, 0.2, 0.5, 1.0, and 3.0 mm s−1. The critical angle 

(peak of intensity value at about 0.4°), θc, describes the density of materials. 

Higher frequency oscillations correspond to a thicker film of mesoporous silica. 

The measured XRR patterns show that the frequency was the lowest at 0.2 mm s-1 

and increased with either an increase or decrease in withdrawal speed.  

 

Figure 4.3 (a) XRR patterns of SBA-15 thin films synthesized on Si substrates at 

withdrawal speeds: 0.02, 0.05, 0.1, 0.2, 0.5, 1.0, and 3.0 mm s−1. (b) Film 

thickness versus withdrawal speed plots. 

Figure 4.3(b) shows plots of the film thickness versus withdrawal speeds for 

seven different withdrawal speeds. The measured and calculated thicknesses 

were88.9, 44.4, 30.6, 24.0, 26.6, 33.6, and 55.7 nm for films with withdrawal 

speeds of 0.02, 0.05, 0.1, 0.2, 0.5, 1.0, and 3.0 mm s−1, respectively. Figure 4.3(b) 

also shows the prediction curves from semi-empirical models proposed by 

Faustini et al. [24] Details relevant to semi-empirical model will be explained in 
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Chapter 4.4. These models comprise two different models, i.e., capillarity and 

draining models, that correspond to ultraslow and fast withdrawal speeds, 

respectively. The prediction curves from these two models were determined using 

experimental data for the thicknesses of films produced at withdrawal speeds of 

0.02 and 3.0 mm s−1, respectively. We confirmed that the linear combination of 

these two models can predict the film thicknesses at intermediate withdrawal 

speeds of 0.05–1.0 mm s−1. 

 

4.3.3 X-ray diffraction (XRD) measurements 

We also performed XRD measurements to confirm the formation of SBA-15 

films with hexagonally arrayed pores. Figure 4.4(a) shows out-of-plane XRD 

patterns of SBA-15 thin films synthesized on Si substrates at seven different 

withdrawal speeds: 0.02, 0.05, 0.1, 0.2, 0.5, 1.0, and 3.0 mm s−1. These XRD 

patterns are in good agreement with previously reported patterns [5, 10, 16, 35]. 

The diffraction patterns of the SBA-15 films produced at withdrawal speeds of 

0.02 and 3.0 mm s−1 feature intense peaks with d values of 6.3 nm (100) and 3.2 

nm (200), which indicate the formation of a 2D hexagonal mesostructure parallel 

to the substrate.  

Figure 4.4(b) shows the interplanar spacings of the (100) planes that were 

obtained from the first peak in the corresponding XRD pattern versus withdrawal 

speed for seven different withdrawal speeds. The measured d(100) values for 

withdrawal speeds of 0.02, 0.05, 0.1, 0.2, 0.5, 1.0, and 3.0 mm s−1 were 6.27, 6.76, 
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7.08 , 7.60, 7.24, 7.03, and 6.33 nm, respectively. The results show that the 

interplanar spacing of the (100) planes decrease with increasing film thickness. 

The d(100) values measured from the TEM images were slightly smaller than 

those of the FE-SEM images and XRD patterns. However, all the results feature 

similar trends. 

 

Figure 4.4 (a) XRD patterns of SBA-15 thin films synthesized on Si substrates at 

seven different withdrawal speeds: 0.02, 0.05, 0.1, 0.2, 0.5, 1.0, and 3.0 mm s−1. 

(b) Plots of the interplanar distance [d(100)] versus withdrawal speed. 

 

4.4 Model of the thickness of films synthesized by dip-coating 

4.4.1 Film thickness in the capillarity regime 

From the mass-conservation law, the rate of film formation, F (m3 s−1), can be 

related to the rate of solution feeding to the upper zone of the meniscus, which is 

directly related to the rate of solvent evaporation, E (m3 s−1), as follows: 
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cMEF =αρ ,                          (4.1) 

where c (mol L−1) is the inorganic molar concentration of a solution, M (g mol−1) 

is the molar weight, α is the volume fraction of inorganic material, and ρ (g cm−3) 

is the density of the thermally stabilized inorganic material. The rate of film 

formation is also given by 

LtvF = ,                            (4.2) 

where L and t are the width and thickness of the final film, respectively, and v is 

the withdrawal speed. From Eq. 4.1 and 4.2, the thickness of the film, t, is given 

by 

( ) 1
1

1 −− == vCvLcMEt αρ ,                     (4.3) 

where C1 is the coefficient, which is determined using C1 = cME/αρL. By 

substituting t = 89.9 nm and v = 0.02 mm s−1 into Eq. 3, the coefficient, C1, was 

calculated to be 1.778 × 10−12 m2 s−1. 

 

4.4.2 Film thickness in the draining regime 

At fast withdrawal speeds, the formation of a film is usually described by the 

Landau-Levich equation [14]. In this equation, the fluid thickness, t, is given by 

32
cCa94.0 lt = ,                          (4.4) 

where lc [(γ/ρg)1/2] is the capillary length and Ca [ηv/γ] is the capillary number. 

Here, η, γ, and ρ are the viscosity, surface tension, and density of the fluid, 

respectively, while g is the gravitational acceleration. The final film thickness, t, is 

given by 
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32
2vCt = .                            (4.5) 

where C2 is the coefficient. By substituting t = 55.7 nm and v = 3.0 mm s−1 into 

Eq. 4.5, the coefficient, C2, was calculated to be 2.677 × 10−6 m1/3 s2/3. 

 

4.4.3 Combined model 

From equations (4.3) and (4.5), the film thickness, t, can be expressed as 

32
2

1
1 vCvCt += − .                          (4.6) 

Specifically, 

[ ] ( ) ( ) ( ) ( ) 321-32316--11-1-212- ]sm[]sm[10  2.677]sm[]sm[10 1.778m vvt ××+××= . 

 

4.5 1D Alignments and 2D hexagonal arrays of pores  

Experimentally, as shown in Figure 4.1, the mesoporous silica thin films 

formed at various withdrawal speeds feature two-dimensional hexagonal pore 

structures. However, the pores in the film produced with a withdrawal speed of 

0.02 mm s−1 were not as perfectly arrayed as those in films with withdrawal 

speeds of 0.5, 1.0, and 3.0 mm s−1. This occurs because the mesostruction in the 

film depends on the evaporation rate during the self-assembly process. The 

deposition processes between evaporation regime and Landau-Levich regime is 

completely different, resulting in the evaporation rate difference under same 

conditions such as temperature and relative humidity (RH). Figure 4.5 shows (a) 

the dip-coating and (b) thin film deposition process in evaporation regime,  
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withdrawal speed V < Vcrit.   

 

Figure 4.5 The dried film deposited above the meniscus by dip-coating (a) and 

thin film deposition process in evaporation regime (b). 

 

Vcrit is a critical speed at which the thin film thickness is minimized. At low 

speed, the inorganic precursors and the surfactant mesophase accumulate at the 

contact line (the tip of meniscus) due to evaporation-induced flow and form a 

dried film just above the meniscus. In dip-coating system, unlike the 

coffee-ring-effect, because the edge of film is not pinned, it recedes as drying 

process proceeds. As a result, upward flux of organic/inorganic molecules is 

caused to replenish those deposited onto the substrate. The red dotted box implies 

film formation domain as shown in Figure 4.5(b).  
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However, the local evaporation flux occurring around meniscus depends on the 

curvature and contact angle [26,27]. If the contact angle is 90 ̊, the evaporation 

rate is uniform across the entire surface. In contrary, in the case of lower contact 

angle, the evaporative flux is enhanced at the edge of the film. In this study, since 

wetting solvent such as ethanol was used, the contact angle should be receding 

angle as the substrate was withdrawn. Therefore, it is found that the local 

evaporation rate is higher at the edge of the film, compared to the flat region of 

the film such as the liquid film dragged out in Landau-Levich regime. Indeed, the 

degree of silica condensation plays a critical role in formation of the 

mesostruction by the self-assembly and is influenced by the environmental 

condition such as temperature, relative humidity, and evaporation rate during 

dip-coating process. When the evaporation is too fast, it can lead to higher 

viscosity in the liquid film and thus disrupt complete self-assembly of silica 

precursors and surfactant mesophase due to a shorter period of time to organize 

[36].  

To better understand the difference of deposition process between the 

evaporation regime and Landau-Levich regime, we synthesized the SBA-15 thin 

film at RH 40% and 298 K inside a glove box. Figure 4.6 shows cross-sectional 

FE-SEM images of SBA-15 thin films synthesized on Si substrates at 0.02 and 3.0 

mm s−1 at RH 40%. In case of the RH 40%, the evaporation rate will be further 

promoted compared with that of RH 60% (as shown in Figure 4.1). 
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Figure 4.6. Cross-sectional FE-SEM images of SBA-15 thin films synthesized on 

Si substrates at (a) 0.02 and (b) 3.0 mm s−1 under RH 40%.  

 

The thickness of thin film formed at 0.02 mm s−1 is similar to RH 60%, but the 

structure is poorly ordered. In contrast, the corresponding film at 3.0 mm s−1 looks 

almost identical to that of RH 60%. Therefore, the higher viscosity due to 

predominant evaporation rate at the edge of the film at low speed prevents poorly 

condensed inorganic network surrounding surfactant mesophase from facile 

rearrangement, thus resulting in the disordered structure. 

At withdrawal speeds of 0.5 and 1.0 mm s−1, the local pore array was well 

controlled, but the film was too thin; therefore, it could be difficult to form the 

thin film over the entire surface of the Si substrate and to align the pores in one 

direction. At a withdrawal speed of 3.0 mm s−1, both the global one-dimensional 

pore alignment and the local two-dimensional hexagonal pore array were achieved 
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because a thin film of dilute solution was formed uniformly and the micelle 

self-assembly proceeded slowly. 

 

4.6 Interplanar spacing and pore sizes  

It has been reported that denser films are formed at a slower dip-coating speed 

(in the capillarity regime), as determined from the relative refractive indices 

measured by ellipsometry, since more time is available for the inorganic materials 

to arrange into more compact structures [24]. The drying process is likely 

dependent on the liquid film thickness: As the liquid film thickness increases, it 

should dry more slowly and stay in a modulable steady state for a longer period. 

As a result, the films could have more compact structures.  

For ultrathin films, the films dry too quickly to age the inorganic species and 

complete micelle self-assembly [18,19,36]. As a result, the interplanar spacing 

increases and well-defined pore structures are not formed over the entire surface 

of the Si substrate. The FE-SEM and TEM images and XRR and XRD patterns of 

the synthesized thin films reflect this trend. Furthermore, to clarify the effect of 

calcination on the compact structure, the interplanar spacing of d(100) was 

measured before the calcination. The measured d(100) values for withdrawal 

speeds of 0.02, 0.05, 0.1, 0.2, 0.5, 1.0, and 3.0 mm s−1 were 8.7, 10.19, 10.37, 

10.23, 10.17, 9.89 and 9.0 nm, respectively. The reduction ratio of interplanar 

spacing of d(100) between before and after calcination was about 30% in all 

withdrawal speeds. It is fair to say that the correlation between the interplanar 
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spacing of d(100) and the withdrawal speed was determined by the dip-coating 

process. 

In general, the pore size distribution of mesoporous silica can be determined 

from N2 or Ar adsorption data using Barrett-Joyner-Halenda (BJH), 

Dollimore-Heal (DH), or nonlocal density functional theory (NLDFT) methods. 

However, the N2 adsorption–desorption isotherm measurement could not be 

applied to the characterization of pore-size distribution inside the thin films 

because it was difficult to acquire a sufficient amount of sample for the 

measurement. Therefore, we evaluated the out-of-plane pore radius from the 

cross-sectional TEM images. Figure 4.7 shows a magnified cross-sectional TEM 

image of a SBA-15 mesoporous silica thin film synthesized on a (100)-oriented Si 

substrate at a withdrawal speed of 0.5 mm s−1. The direct magnification was 500 

000.  

 

Figure 4.7 Cross-sectional TEM image of a SBA-15 mesoporous silica thin film 

synthesized on a (100)-oriented Si substrate at a withdrawal speed of 0.5 mm s−1. 

The direct magnification was 500 000. 
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In the TEM images, the pore geometry appeared to be elliptical. Since the 

in-plane radius includes the geometrical features of mesopores, such as bending 

and twisting, the out-of-plane radius was evaluated; the measured values were 

0.90, 1.62, 1.37, and 1.05 nm for withdrawal speeds of 0.02, 0.5, 1.0, and 3.0 mm 

s−1, respectively. The out-of-plane radius and interplanar spacing show similar 

trends with respect to the withdrawal speed: As the film thickness increases, both 

the out-of-plane radius and interplanar spacing decrease, yielding more compact 

structures. Furthermore, in Figure 4.7, the interpore distance in the tangential 

direction to the substrate also show similar trends with respect to the withdrawal 

speed; the measured values were 12.4, 13.5, 12.9, and 12.7 nm for withdrawal 

speeds of 0.02, 0.5, 1.0, and 3.0 mm s−1, respectively. As the film thickness 

increases, more compact structures can be attained in the tangential direction to 

the substrate. Because a SBA-15 mesoporous silica thin film was perfectly 

contacted with a Si substrate and neither gap nor void was formed at the interface 

as shown in Figure 4.7, the compact structure in the tangential direction to the 

substrate could be formed in the micelle self-assembly process not in the 

calcination process. 

 

4.7 Interplanar spacing of d(100) before and after calcination 

The thickness of mesoporous silica thin films decreased after calcination. 

Figure 4.8 shows the cross-sectional FE-SEM images of before and after 

calcination of a SBA-15 thin film synthesized at a withdrawal speed of 3.0 mm s-1. 



126 

 

The interplanar spacing of d(100) was obtained from the first peak position of 

(100) in the XRD pattern of SBA-15 thin films synthesized on Si substrates. 

Figure 4.9 shows the plots of the interplanar distance [d(100)] versus withdrawal 

speed before and after calcination. The results are also summarized in Table 4.1. 

 

Figure 4.8 Cross-sectional FE-SEM images of (a) before and (b) after calcination 

of a SBA-15 thin film synthesized on Si substrates at a withdrawal speed of 3.0 

mm s−1. The scale bar is 50 nm. 

 

Figure 4.9 Plots of the interplanar distance [d(100)] versus withdrawal speed 

before and after calcination. 
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Table 4.1 The interplanar spacing of d(100) in the XRD patterns of films 

produced at different withdrawal speeds before and after calcinations. 

 
Withdrawal Speed 

(mm s−1) 

Before 
d(nm) 

After 
d(nm) 

Reduction ratio 
dafter/ dbefore 

0.02 8.7 6.27 0.72 

0.05 10.19 6.74 0.66 

0.1 10.37 7.08 0.68 

0.2 10.23 7.60 0.74 

0.5 10.17 7.24 0.71 

1.0 9.89 7.03 0.71 

3.0 9.0 6.33 0.70 

 
 

4.8 Conclusion 

In this study, we synthesized two-dimensional hexagonal mesoporous silica 

SBA-15 thin films via dip-coating and investigated the influences of withdrawal 

speeds in the range 0.02–3.0 mm s−1 on the film thickness and pore array using 

FE-SEM, TEM, XRD, and XRR analyses. The following conclusions could be 

drawn from this study: 

 

1. The film thickness increased with increasing withdrawal speed and also 

increased after decreasing the withdrawal speed to the ultraslow region where 

capillary rise of the solution occurs. The film thickness was minimized at an 

intermediate withdrawal speed. At intermediate withdrawal speeds of 0.05–1.0 

mm s−1, the local two-dimensional hexagonal pore array was well controlled, 
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but the film was too thin; therefore, it could be difficult to form the thin film 

over the entire surface of the Si substrate and to align the pores in one 

direction. 

2. The pores in the film produced with a ultraslow withdrawal speed of 0.02 mm 

s−1 were not as perfectly two-dimensional hexagonal arrayed as those in films 

with higher withdrawal speeds. Because the condensation of the silica solution 

and the formation of the thin film occurred simultaneously just around the 

meniscus, the copolymer micelles were arrayed in a more concentrated and 

viscous solution. 

3. The interplanar spacing and pore size decreased with increasing withdrawal 

speed and also decreased upon decreasing the withdrawal speed to the 

ultraslow region. The interplanar spacing and pore size were maximized at an 

intermediate withdrawal speed. As the liquid-film thickness increases, the 

liquid film dries more slowly and thus remains in a modulable steady state for 

a longer period. As a result, the films have more compact structures. 

4. The films produced at a withdrawal speed of 3.0 mm s−1 featured the most 

perfect pore structure of the global one-dimensional pore alignment and local 

two-dimensional hexagonal pore array because a thin film of dilute solution 

was formed uniformly and the micelle self-assembly proceeded slowly. 
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CHAPTER 5 

Ion Transport in Mesoporous Silica SBA-15 Thin 

Film with Two-Dimensional Hexagonal Structures    

 

5.1 Introduction 

In this chapter, the hybrid top-down and bottom-up fabrication method was 

employed to employ the synthesized mesoporous silica SBA-15 thin film as a 

nanofludic device. However, in the case of SBA-15, there are no access holes to 

inject an aqueous solution into the nanopores from the top surface of the thin films 

compared to SBA-16 thin films case. This is, SBA-16 thin films can be integrated 

with PDMS microfludic devices without any artificial processing thanks to access 

naopores due to 3D cubic structure, but this cannot be done with SBA-15 thin 

films. Therefore, in order to fill SBA-15 thin films with aqueous solution, we need 

to develop access holes by employing top-down methods such as lithographically 

sculpting process. With the synthesis of inorganic nanotubular membranes and 

their integration into nanofluidic devices, we can investigate the ion transport 

phenomena in the sub-10 nm regime. This chapter focuses on the ion transport 

(monovalent ion) through mesoporous silica SBA-15 thin film with 2D hexagonal 



135 
 

arrays. When SBA-15 thin films are compared to SBA-16 thin films, a different 

behavior was observed. 

5.2 Fabrication of nanofludic device  

The nanofludic device was fabricated by aligning a PDMS microfluidic chip 

with a patterned mesoporous silica SBA-15 thin film. Figure 5.1 shows the 

fabrication process of nanofludic device embedded mesoporous silica SBA-15 

thin film. All the procedures associated with MEMS mentioned above were 

conducted in AIST Nano-Processing Facility (NPF). First, the SBA-15 thin film 

synthesized at a dip-coating rate of ~3 mm s-1 were coated with a layer of ~6.5 

μm thick OFPR-800 30cP photoresist using a spin-coater, exposed using maskless 

arbitrary optical pattern generator to form the square pattern (1000μm×100μm ), 

and developed with a NMD-3 solution for 90 sec. The photoresist pattern was 

hard-baked at 130°C for 5 min to produce a robust masking layer. Second, the 

square mask patterned SBA-15 thin films were defined by reactive ion etching 

(SAMCO RIE-200L, Japan) in the CF4/O2 plasma at 80 W and 5 Pa for 1 min to 

etch through the entire thickness of SBA-15 thin films. Afterwards, the remaining 

photoresist layer was stripped off using an acetone remover, then it was rinsed 

with pure water for 3 min, and finally the sample was hard-baked at 110°C. Third, 

a SiO2 layer of ~100 nm in thickness was deposited onto the entire substrate via 

plasma chemical vapor deposition (SAMCO PCVD PD-20SS, Japan). 

Subsequently, the mask pattern process on substrates with deposited SiO2 thin 
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film was conducted to make two reservoirs (1200 μm ×1500 μm ) around the 

patterned square. RIE process on SBA-15 thin films with deposited a SiO2 layer 

of ~100 nm in thickness was performed in the CF4/O2 plasma at 80 W and 5 Pa 

for 2 min to etch a SiO2 layer and sequentially in the SF6/O2 plasma at 80 W and 5 

Pa for 8 min to etch a Si substrates. 

 

Figure 5.1 Fabrication process flow of nanofluidic device embedded mesoporous 

silica SBA-15 thin film. 
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Figure 5.2 shows the schematic of the nanofludic device layout before bonding 

the PDMS microfluidic chip. The completed device features a one square-shaped 

mesoporous silica thin film (1mmx100 μm ) and two microfluidic reservoirs 

(12mmx15mm, ~1 μm  in depth) at both sides.  

 

Figure 5.2 Schematic of nanofludic device layout. A silicon dioxide film 

deposited onto Si substrate and mesoporous silica thin film is to prevent leakage 

of aqueous solutions between both reservoirs. 

Finally, the PDMS microfludic chip, which is identical to nanofluidic device of 

SBA-16 as mentioned in Chapter 2, was bonded onto the mesoporous silica SBA-

15 thin film using a wet-PDMS bonding method [1]. First, the PDMS chip was 

cleaned with isopropanol and pure water assisted by ultrasonication, and the one 

inlet hole was formed on each PDMS reservoir using a 1 mm-diameter disposable 
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biopsy punch with a plunger system (Kai Industries Co. Ltd., Japan). Second, a 

thin layer of wet PDMS monomer/curing agent mixture (10:1) was spun onto a 

clean silicon substrate for 2 min at 7500rpm to yield a thin layer of wet PDMS 

(~10 μm  in thickness). A layer of wet PDMS was transferred to the feature side of 

PDMS chip by direct contact. Within half an hour, this PDMS chip was carefully 

aligned and bonded onto the patterned SiO2/Si described above using a 

stereomicroscope (model SMZ-1000, Nickon Instruments Inc., Japan) and a 

manipulator (Narishige, Japan) to control exquisitely. It was then moved into a 

convection oven and cured at 80°C for another hour to completely seal the whole 

device.  

Figure 5.3 shows a microscope image (top view) and cross-sectional view of 

the nanofludic device chip combined with the PDMS microfluidic chip.  

 

Figure 5.3 Microscope image (top view) and cross-sectional view of the 

nanofludic device chip combined with the PDMS microfluidic chip. 
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The gap between two reservoirs of PDMS chip was smaller (~50 μm) compared to 

the patterned mesoporous silica width (~ 100 μm) to prevent wet PDMS from 

flowing down.    

To increase the wettability and surface charge density in the calcined SBA15 

thin film, the mesoporous silica thin film substrate was hydrothermally treated in 

an autoclave using the vapor of a 0.1M HCl solution at 120°C for ~3hrs before it 

was bonded onto PDMS device. This step is critical to restore the silanol group on 

the inner silica surface such that the nanochannels become sufficiently hydrophilic 

and allow aqueous solutions to be pulled in via capillary action. This surface 

activation is critical to improve the effective ion/proton conductivity.  

 

5.3 Measurement of ionic current 

Before measuring the ionic current, the reservoirs were filled with KCl aqueous 

solutions, and then Ag/AgCl electrodes were inserted into each reservoir. An 

electric potential bias was applied between the two electrodes, and the ionic 

current passing through the mesopores was measured by an electrochemical 

research system with the femtoammeter option (Modulab System, Solartron 

Analytical). Furthermore, all measurements were carried out in a shielding box to 

eliminate the influence of external electromagnetic waves. Ag/AgCl electrodes, 

fabricated by a chemical method using a chloride solution (NaClO), were used to 

measure ionic current. The ionic current measurement was performed in the 

voltage range from 0 to ±4.5 V. The interval of the applied voltage was 0.3 V. 
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5.4 Ionic current–voltage characteristics 

The study of the ion transport was performed with different concentrations of 

KCl solutions. Figure 5.4 shows the measured I‒V curves of KCl aqueous 

solutions with six different concentrations: (a) 10-5, 10-4, 10-3 and (b) 10-2, 10-1, 

1M.  

 

Figure 5.4 Ionic current vs. electric potential bias (I‒V) curves of an SBA-15 thin 

film with KCl aqueous solutions with concentrations of (a) 10-5, 10-4, 10-3 and (b) 

10-2, 10-1, 1M.  

The measured I‒V curves were almost symmetric and became linear at all 

concentrations. The major difference compared with mesoporous silica SBA-16 

thin film is that the measured I‒V curves become linear independently of the 

aqueous solution concentrations, suggesting that the nonlinear behavior of the 

measured I‒V in SBA-16 thin film could be attributed to the electric potential 

barrier created in nanopores due to its 3D cubic structure (ink-bottle-like 



141 
 

nanopores). The conductance vs. ion concentration (G‒n) curve for the SBA-15 

thin film device was plotted in Figure 5.5. The conductance decreased with 

decreasing the ion concentration and it exhibits an apparent deviation from bulk 

behavior (dashed line) at approximately 10-2 M. As in Figure 4.4 of Chapter 4, X-

ray diffraction peak on SBA-15 thin film synthesized at 3.0 mm s-1 detected at 

~1.39° and the measured diffraction peak corresponds to the d(100) spacing, ~ 

6.33 nm. 

 

Figure 5.5 Conductance vs. ion concentration (G‒n) curve. 

On the basis of this d(100) spacing, interpore distance (centre-to-centre) is ~ 7.3 

nm using d(100)/cos30° from 2D hexagonal structures as shown in Figure 5.6.  



142 
 

 

Figure 5.6 Interpore distance of mesoporous silica SBA-15 from 2D hexagonal 

structures. 

Therefore, considering the silica wall thickness, the inner diameter of the 

mesopores is smaller than ~7.3 nm and the nanopores should be almost filled with 

the electric double layer (EDL) at 10-2 M concentration. The Debye characteristic 

length, Dλ , at 300 K is 96.3, 30.5, 9.6, 3.1, 1.0, and 0.3 nm at 10-5, 10-4, 10-3, 10-2, 

10-1, and 1M KCl, respectively. At 10-5, 10-4, and 10-3 M, the Debye length 

apparently exceeded the inner diameter of mesopores. The conductance in the low 

concentration regime (the unipolar regime) was governed by the surface charge 

density of mesopores, resulting in deviation from bulk behavior not depending on 

the aqueous solution concentrations. In other words, the surface-governed 

unipolar regime is expanded around 10-2 M in the SBA-15 thin films.  
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5.5 Conclusion 

In this chapter, a nanofludic device with the mesoporous silica SBA-15 thin 

film was fabricated using tranditional MEMS techniques. The ionic currents of 

KCl aqueous solutions passing through the SBA-15 thin film with 2D hexagonal 

structures were measured by applying DC electric fields. The measured I‒V 

curves were almost linear, independent of the aqueous solution concentrations. 

The conductance deviated from the bulk behavior at approximately 10-2 M, and 

gradually decreased with decreasing aqueous solution concentration.  
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CHAPTER 6 
Conclusion 
 

In the last decade the studies associated with transport phenomena in 

nanofludic device with channel sizes with a scale comparable to the Debye length 

(~ 100 nm) progressed at a fast pace. However, the pace at which the studies of 

nanofludics with a characteristic length of less than 10 nm and with complex 

geometry (e.g. 3D cubic) progress is slower  due to difficulties in fabricating the 

devices and of analysis.  

In this thesis, the investigation of ionic conduction in mesoporous silica SBA-

16 thin films is one of the objectives. It was observed that, at low ion 

concentrations, inorganic nanopores with 3D cubic structures and in measuring a 

few nanometers in diameter showed a nonlinear ionic current behavior (I–V curve). 

This is the first study (this thesis) to report these nonlinear findings for inorganic 

nanochannels/ nanopores. This nonlinearity is due to the fact that the electric 

potential barrier created in cylindrical nanopores cannot be masked completely by 

counter-ions, and as a result the ions are either polarized or transported at the 

electric potential barrier. We found that the dielectric constant around the surface 

charges and the ion diffusion due to concentration gradients were suppressed 

when the system is confined to pores measuring a few nanometers in diameter. 
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The proton transport behavior through the mesopores of SBA-16 showed a 

considerably different result compared to the nanofludic systems with dimensions 

ranging of 10-100nm. When the proton current was measured in surface-governed 

regime, the conductance generally decreases with increasing the concentrations of 

the aqueous solution because the surface charge density on the inner surface of 

mesopores decreases due to the protonation of silanol groups. However, in the 

case of nanopores of a few nanometers in diameter, the conductance increases in 

spite of active protonation. Since the dissociated proton and silanol groups were 

very close to each other, proton close to silanol sites also becomes a charge carrier 

and might transport by hopping between silanol sites. The electric potential barrier 

was therefore lowered, but the density of proton did not decrease appreciably, thus 

increasing the conductance. Such characteristic may be applied in the 

development of nanopores, such as artificial ion channels and proton exchange 

membranes (PEM) with complex structures, for smooth proton transport, and 

could be useful to design 1 nm order structures for sensor, fuel cell and 

desalination technologies. 

Mesoporous silica SBA-15 thin films with dimensions ranging of 5-10 nm and 

more simple geometry (1D alignment and 2D hexagonal arrays) compared to the 

SBA-16 thin films were synthesized to investigate the ion or water transport 

phenomena of aqueous solution confined in mesopores. Because SBA-16 has 

limitations such as a complex 3D geometry and very small sized nanopores (~2 

nm), it is somewhat difficult to apply commonly general conditions. The film 
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thickness increases when the withdrawal speed is increased, but it also increases 

when the withdrawal speed is in the ultraslow region where capillary rise of the 

solution occurs. The film thickness was minimized at an intermediate withdrawal 

speed. In contrast, the interplanar spacing and pore size decreased with increasing 

the withdrawal speed and also decreased upon decreasing the withdrawal speed to 

the ultraslow region. The interplanar spacing and pore size were maximized at an 

intermediate withdrawal speed. As the liquid-film thickness increases, the liquid 

film dries more slowly and thus remains in a modulable steady state for a longer 

period. As a result, the films have more compact structures. In this thesis, the 

films produced at a withdrawal speed of 3.0 mm s−1 displayed the best alignment 

of the local and global pore structures because a thin film of diluted solution 

formed uniformly and the self-assembly of micelles proceeded slowly, resulting in 

the best possible condition to synthesize mesoporous silica thin films suitable for 

transport investigation. 

The nanofludic device with the mesoporous silica SBA-15 thin film was 

fabricated using traditional MEMS techniques. The ionic conduction of KCl 

aqueous solutions passing through the SBA-15 thin film was measured by 

applying DC electric fields. The measured I‒V curves were linear and independent 

of the concentration of KCl aqueous solutions contrary to the I–V curves 

measured in SBA-16 thin films. This is because SBA-15 is unaffected by the 

electric potential barrier which is due to the complex geometry (3D cubic 

structures)  
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In summary, this work focused on the investigation of ion and proton transport 

phenomena induced by electrostatic interaction in ordered nanoporous structures 

with nanopores below ~10 nm and the development of nanofludic devices using 

mesoporous silica materials to perform the field effect manipulation of ion 

transport. The geometry of the nanopores and the modification of its inner surface 

charge distribution allow ion transport to have unique features. This thesis makes 

progress towards understanding the possibility of employing mesoporous silica 

materials as nanofluidic devices and investigating new phenomena and 

functionalities observed in mesoporous silica thin films with complex geometry.   
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APPENDIX A: TEM Specimen Preparation techniques 

This APPENDIX A is mainly written out on reference to distributed information 

associated with TEM specimen preparation technique from Hitachi High-Tech 

(URL: http://www.hitachi-hitec.com/group/hms/).  

 

1. Introduction 

Transmission electron microscopy (TEM) is a powerful technique in investigating 

the micro-/nanostructure of materials, which provide crystallographic information 

at the nanometer scale [1]. In transmission electron microscopy involved with 

such studies as mentioned above, since a high-energy beam (~300 keV) is 

employed with respect to TEM specimen materials, the specimen samples should 

be transparent (~ a number of nanometers in thickness) to the electron beam. 

There are several TEM specimen preparation methods for different kind of 

materials, for instance, i) metals and alloys, ii) multilayers and metallic coatings, 

iii) nanomaterials, particles/powders, composites and various materials including 

brittle materials [2]. In this appendix, we will particularly give full details of 

preparing TEM specimen for cross-sectional view associated with multilayer thin 

films.      
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2. Methodology for preparing cross-sectional TEM specimens 

2.1 Preparation of slices 

The thin film coated is sliced into small rectangular pieces (length ~ 20 mm, width 

~ 2.5 mm) using a sharp-edged surgical blade. We might occasionally have 

trouble cutting the thin film. In such a case, a low-speed diamond wire saw 

(Buehler Isomet) or Struers Accutom high speed wafering saw can be used to 

slice with required rectangular. The prepared pieces are cleaned in acetone 

solution and dried in room temperature.  

 

2.2 Preparation of sandwich structures/discs 

A sandwich structures is prepared by bonding two slices with coating layers 

facing each other. A fast –curing epoxy including a resin and hardener can be used 

to bond two slices. The epoxy is applied to the surface of coating thin film. While 

the epoxy sets, the sandwich structure is held with tweezers with some pressure in 

order to obtain good mechanical bonding between the pieces. The epoxy is 

applied only one piece to avoid being too thick epoxy layer. After allowing 

sufficient time for curing (about 2hours), the thickness of the sandwich structure 

is mechanically polished to ~300 µm. The next step is to cut 3mm discs from the 

prepared sandwich structures using the ultrasonic cutter (Model Gatan 601) for 

brittle/hard materials. 
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2.3 Dimple grinding  

Dimpling is performed to reduce the thickness of the disc in the central portion to 

decrease the time for ion beam thinning process as well as obtaining large regions 

with electron transparent thicknesses. Samples with the region of interest on one 

surface, for instance, the coated thin film onto substrate, should be dimpled only 

from the back side (i.e. the side of substrate). The prepared 3 mm disc is affixed 

onto the center of the dimple stub with melted was or cyanoacrylate glue and then, 

the stub is positioned into the positioning ring on the Gatan Dimple Grinder 

(Model Gatan 656) for mechanical pre-thinning. Dimpling is performed to a depth 

of about 50 µm in thickness. After dimpling, the disc is cleaned in acetone for 

removing the traces of glue. 

 

2.4 Ion milling  

The dimpled discs are ion milled for obtaining electron transparent regions. Ion 

milling is a sputtering  process in which energetic (~ 5keV) neutral atoms and ions 

from a cathode impinge on the disc or target at an angle. In this work, the Gatan 

691 PIPS (Precision Ion Polishing System) is employed to mill the dimpled discs. 

Ar ion beam was used and the milling angle was 5°. The Gatan PIPS uses higher 

flux and lower angles, and is designed for short-term milling (within one hour). In 

the case of requiring low flux and high angle for long-term milling (several hours), 

the Gatan Duomill can be applied. 
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