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Abstract

The overlapping of electric double layer in a nano-scaled system is usually significant,
rendering it having profound and interesting electrokinetic phenomena, such as ion
concentration polarization (ICP) and ion current rectification (ICR), and thus fabrication
of nanodevices becomes a trend of nanotechnology. In Chapter 1, by taking account of
various electrolyte solution LaCls ~ CaClz ~ KCI ~ KNO3, and K2SOs4, a thorough numerical
simulation is conducted to illustrate the influence of asymmetry of various ionic valence
ratio on the ICR behavior in a conical nanochannel. We show that the electrokinetic
phenomena depend highly on ionic strength and ion diffusivity. The qualitative behavior
of the ion current rectification of a positively charged conical nanochannel is similar to
that of a negatively charged one.

In Chapter 2, we consider a bioinspired cigar-shaped nanochannel where its surface
is pH-regulated, and has zwitterionic groups. The influences of the solution pH, the bulk
concentration, the base opening radii, and the nanochannel shape on the associated ICR
behavior and ionic selectivity are examined, focusing on discussing the underlying

mechanisms in detail. We show that the best nanochannel performance can be achieved
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by adjusting the base orifice radii and surface curvature appropriately. In addition to

proposing underlying mechanisms for the phenomena observed, the results gathered in

this study also provide necessary information for designing relevant devices.

Keywords: electric double layer; ion current rectification; conical nanochannel; ionic

valence; zwitterionic groups; cigar-shaped nanochannel; shape effect
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Chapter 1

Influence of Salt Valence on the Rectification

Behavior of Nanochannels

A p )Ii ed V
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1-1. Introduction

Recent advances in nanoscience and nanotechnology lead to a considerable progress in

preparing nanomaterials including, for instance, nanowires and quantum dots, and fabricating

nanodevices such as nanopores/nanochannels [1], nanopipettes, and nanoelectrodes. These

devices and associated techniques have been applied successfully in various areas such as control

of ionic transport [2-10] and detection, analysis, and separation of single nanoparticles [11-15].

The former includes, for instance, ionic gate [16-20], nanofluidic diode [21-26], and energy

storage [27-29]. The nanoparticles in the latter include, for example, DNA [30-32], proteins [33],

and biomolecules [34,35].

The overlapping of electrical double layer (EDL) in a nano-scaled system is usually

significant, rendering it having profound and interesting electrokinetic phenomena. For example,

the ionic current coming from the transport of ions in a nanopore may not obey Ohm's law [36]:

the magnitude of this current at a negatively applied potential bias can be different from that at a

positively applied potential bias. This yields a diode-like behavior, known as ion current

rectification (ICR) [36-45], first observed in a conical quartz nanopipette [36]. ICR resembles the

behavior of the ionic transport through the ion channels of a biological membrane.

It is generally accepted that ICR occurs to a conical nanopore if its diameter is comparable to

the associated Debye screening length (or thickness of EDL) [4]. The diameter of a conical
2
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nanopore varies along its axis, so is the degree of EDL overlapping. That is, the asymmetric

geometry of a conical nanopore leads to a non-uniform ionic distribution along its axis, resulting

in the ICR behavior. Several mechanisms are proposed to explain this behavior including, for

example, electric potential barrier inside a nanopore [37], electrochemical properties of the

nanopore tip [46,47], and ion enrichment/depletion inside a nanopore [48,49]. In addition to the

asymmetric geometry of a nanopore [50-52], ICR might also arise from several other factors,

such as the asymmetric charge distribution on the nanopore surface [26,53-56], an imposed salt

gradient [41,57], and nanoparticle blocking [58].

Recently, the ICR behavior of a conical nanopore has drawn the attention of many researches.

It is found that this behavior can be influenced by parameters including bulk salt concentration

[59], surface charge density [51,60], orifice diameter [51,59], cone angle [51,59], tip shape

[28,51,59], and pH [61-63]. However, most of the reported results focused on an aqueous KCI

solution; only few on other types of salt. Note that both the hydrated radius of ions and Debye

screening length depend upon the type of salt, so is the associated electrokinetic behavior. Several

efforts were made on analyzing the ICR for the case of divalent salts [64,65]. Neglecting the

effect of electroosmotic flow and adopting KCI and K2SOs4 as representative salts, Perez-Mitta et

al. [64] studied the influence of the type of salt on the ionic current in an asymmetric nanopore.

They showed that the higher the valence of ions the larger the ionic current and the corresponding

3
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rectification factor. Wei et al. [65] investigated the electrokinetic behavior of a conical PET

nanopore by considering MgClz, CaClz, LiCl, NaCl, and KCI. They observed that as the bulk salt

concentration varies from 0.0001 to 1 M the rectification factor shows a local maximum. The

bulk salt concentration at which the rectification factor reaches its local maximum for bi-valent

cations is lower than that for mono-valent cations. In addition, the local maximum of the former

is larger than that of the latter. While these observations are interesting, the role that the ionic

valence plays has not been elaborated comprehensively. Extending their analysis, we examine

the electrokinetic behavior of a conical nanochannel by considering mono-, bi-, and tri-valent

ions in this study. In addition to a thorough simulation of the behavior of the system under various

conditions, the underlying mechanisms are discussed comprehensively.

1-2. Theory

As shown in Figure 1-1, we consider a conical nanochannel of axial length L, tip radius R,

base radius Ry and opening angle @ (=tan’!(Ro-R)/Ln) connecting two large, identical reservoirs

of axial length Lr and radius Rr. The nanochannel and the two reservoirs are filled with an aqueous

salt solution. The nanochannel surface and the reservoir side walls are homogeneously charged

with the charge density o, . A potential bias V' is applied on one reservoir, and the other reservoir

grounded (0 V). The electric field thus established drives the ions from one reservoir to the other,

4
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yielding an electroosmotic flow (EOF) through the nanochannel. We adopt the cylindrical
coordinates (r, &, z) with its origin at the nanochannel center, and the system is axial symmetric.

Letting z;, C;, v;, D;, and u be the valence, the molar concentration, the velocity, the diffusion
coefficient of ionic species j, and the fluid velocity, respectively, the ionic flux N; can be
expressed by Nernst-Planck equation,

ZjFC

N,=C,v,=Cu-D;(VC, + RTJ

V@), j=1, cations, 2, anions (1.1)

F, R, T, and ¢ are Faraday constant, gas constant, the absolute temperature, and the electric

potential, respectively. The conservation of ions yields

V-N, =0 (1.2)
If p, isthe space charge density of mobile ions, and & the permittivity of the liquid phase,

the electrical potential ¢ can be described by Poisson equation

Vig=—Le o 37
p=—"r=2

A €

(1.3)
In our case, the Reynolds number of the EOF in a nanochannel is much smaller than unity,

that is, the fluid flow is in the creeping flow regime, and the flow field at steady state can be

described by the equation of continuity and the modified Navier-Stokes equation.

V-u=0 (1.4)

UWNVu-Vp—pVp=0 (1.5)

U and p are the fluid viscosity and the hydrodynamic pressure, respectively.

5

doi:10.6342/NTU201801250



The following boundary conditions are assumed for Eqgs. (1.1)-(1.5): (i) The two reservoirs
are large, so that the ionic concentration reaches the corresponding bulk value at a point
sufficiently away from the nanochannel opening, C;=Cjo, and the electric potentials are ¢ (z=-
(LN/2)-Lr)=V and ¢ (z=(Ln/2)+Lr)=0. In addition, n-V¢=0 and n-N, =0 are assumed there,
where n is the unit outer normal vector. (i1) The nanochannel surface and the reservoir wall are
ion-impenetrable so that n-N; =0, and has the constant surface charge density o, =—£n-V¢.
This assumption is reasonable when the solution pH significantly deviates from the pKa of the
dissociable functional groups on the channel surface. In this case, the dissociation of the
functional groups on the nanochannel surface is almost complete so that the charge regulation
nature can be negligible [66]. (iii) The nanochannel surface and the reservoir walls are non-slip,
so that u=0. (iv) No external pressure gradient is applied. (v) Slip boundary condition for the
flow field are specified on the side boundaries of two reservoirs, which are far away from the
nanochannel.

If € is the surface of either reservoir end normal to the nanochannel axis, the ionic current

1 through the nanochannel is

I=[F(zN,+2zN,)-ndQ (1.6)
Q

1-3. Results and Discussion
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The set of nonlinear, coupled equations, Eqgs. (1.1)-(1.5), are solved numerically by

COMSOL (version 4.3a, http://www.comsol.com), operated in a high-performance cluster. The

computational domain shown in Figure 1-1 is discretized into quadratic triangular elements, and
non-uniform elements are employed. Greater number of elements is assigned locally as necessary.
Typically, using a total number of 183640 elements is sufficient for recovering convergent result.

The behavior of the system under consideration is examined under various conditions through
numerical simulation. For illustration, we assume Lx=3000 nm, R=5 nm, L=R:=1000 nm [66],
£=695x10"" F/m, and #=10" Pa-s. Five types of salt are considered: KCIl, CaCl, LaCls,
KNOs;, and K2SOs At 7=298.15 K, D, =196x10"m’/s , D, =793x10"m’fs ,
D, =6.17x107" m’/s

D =2.03x10" m’/s | D, =190x10"m’/s , and

3

Dso},- =1.07x10~ m’/s . The ionic size effect is negligible because the hydration radius for all ions
examined are less than 0.4 nm [67], which are much smaller than the smallest length scale of the
considered system (i.e., 5 nm). Moreover, the present continuum-based model is valid for

capturing the ion transport phenomena in the nanochannel as long as the length scale is larger

than 5 nm [68].

1-3.1 Influence of Cation Valence on the ICR Behavior

The influence of the valence of cations on the ICR behavior of a negatively charged

7
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nanochannel is illustrated in Figure 1-2, where the simulated /-V curves of various types of salt

having the same anions are shown for two levels of the bulk salt concentration Co.

Since the potential bias V is applied to the base-end reservoir and the tip-end reservoir

grounded, the ionic current / is directed from the based end of the nanochannel to its tip end (i.e.,

I>0) when >0, and reversed when V<0 (i.e., /<0). Because the nanochannel is negatively

charged, |[[(V<0)>|I/(V>0)|, yielding a diode-like or ICR behavior. Since the lower the bulk salt

concentration the thicker the double layer, this behavior is enhanced if Co is low.

As seen in Figure 1-2(a), the magnitudes of the ion current rank as /(LaCl3)>/(CaCl2)>/(KCl),

regardless of the sign of the applied potential bias. This is because the ionic strength ranks as

LaCls>CaCl>>KCl, so is the associated ionic current. In this case, because the bulk salt

concentration is high (300 mM), the overlapping of electric double layer is unapparent, and

therefore, ICR phenomenon is insignificant. However, if the bulk salt concentration is low (3

mM), ion depletion (enrichment) occurs in the conical nanochannel when the applied potential

bias is positive (negative). The depletion of ions not only leads to a decrease in the concentration

of mobile ions but also an increase in the Debye length (or electric double layer thickness), which

is the screening length of the surface charge produced by the counterions. In the extreme case

where anions are completely excluded by the negatively charged nanochannel, the ionic current

is contributed solely by cations (counterions), so that it depends upon their concentration, valence,

8
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and diffusion coefficient due to Nernst-Planck equation. Therefore, /(KCI)>/(LaCl3)>/(CaCl.)
for the same bulk salt concentration. Similarly, if ion enrichment occurs in the nanochannel (7<0),
the concentration of mobile ions increases and Debye length decreases. For the same bulk salt

concentration, the concentration of CI° ranks as LaClz>CaCl>KCl, so that

I(LaCls)>I(CaClo)>I(KCl).

1-3.2 Influence of Anion Valence on the ICR Behavior

Figure 1-3 illustrates the influence of anions valence on the ICR behavior of a negatively
charged nanochannel, where the salts examined have the same cations.

As seen in Figure 1-3(a), the ionic currents associated with the salts examined rank as
1I(K2S04)>I(KCl)=I(KNO:3), regardless of the sign of the applied potential bias. If the bulk salt
concentration is sufficiently high (300 mM), the overlapping of electric double layer is
insignificant, so is the corresponding ICR behavior. In this case, because the ionic strength ranks
as K2SO4>KCI=KNO3, the associated ionic current should follow the same trend. However,
I(KCI) is slightly larger than /(KNO3) at a negative applied potential bias. This is because
D, >DNO__3 .

Table 1-1 summarizes the percentage selectivity of anions, §= ‘1 /1 ‘XIOO% with /= being

the ionic current contributed by anions, at two levels of salt concentration. The selectivity of

9
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anions at F=-1 V is seen to be much larger than that at =+1 V. Table 1-1 implies that although
the nanochannel is negatively charged (i.e., cation selective) the ionic current is also influenced

by the transport of anions, especially when V<0, because the selectivity of anions (Cl” and NO;)
is appreciable. Note that if <0, since D, >DNO; , the amount of CI” entering the nanochannel is
greater than that of NO;, and therefore, the ionic current contributed by CI™ is larger than that by
NO; . To maintain electroneutrality, the amount of K™ coming from KCl is greater than that from
KNO:s, so that the ionic current contributed by the K™ from KCl is greater than that from KNO3.
Due to these two effects, /(KCI)>/(KNO3) when /<0, as is seen in Table 1-1. If V>0, the
selectivity of the cations of KCI and KNO;s (i.e., K") exceeds 99 % so that the ionic current of
KCl is almost the same as that of KNOs. However, if the bulk salt concentration is low (3 mM),
the ionic concentration in the nanochannel for V>0 is lower than that for /<0, especially for
anions. If I’>0, the depletion of ions leads to a decrease in the concentration of mobile ions, and
therefore, an increase in the thickness of electric double layer. At the low level of Co (3 mM),
anions are almost completely excluded from the nanochannel so that the mobile ions inside it are
essentially cations, the concentration of which is governed by its surface charge. Therefore, the
concentrations of cations at />0 for the types of salt examined are almost the same. In this case,

since the ionic current is contributed mainly by cations (K), the ionic current is insensitive to the

type of salt, as seen in Figure 1-3(b). Similarly, if /<0, the enrichment of ions in the nanochannel
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yields a decrease in the thickness of electric double layer. In this case, because the ionic current
is governed by the ionic strength and the diffusion coefficient of ions, I(K2SOs)>/(KCI) =
I(KNO3).

To further explain the results shown in Figure 1-2 and Figure 1-3, we plot the axial variation
in the cross sectional averaged concentration of cations, C1, and that of anions, C2, under various
conditions in Figure 1-4 and Figure 1-5. Here, the concentration profile of KNOs3 is similar to
that of KCI, except that the latter is slightly higher than the former. As can be seen in Figure 1-4
and Figure 1-5, the concentration of anions correlates with that of cations, which originates from
the ratio of the salt valence in the bulk phase. For example, in the case of K2SO4 the bulk
concentration of K™ is twice that of SO; . Due to ion enrichment/depletion, the concentration of
anions inside the negatively charged nanochannel for /<0 is much higher than that for />0.

If 7<0, the induced negative axial electric field inside the nanochannel attracts the cations in
the tip-end reservoir towards the nanochannel tip. These ions tend to accumulate there due to the
attraction of the fixed charge, yielding a local maximum in the concentration profile. To maintain
electroneutrality, the anions of the tip-end reservoir are also driven towards the nanochannel tip
so that its concentration profile is similar to that of cations. The accumulation of ions near the
nanochannel tip leads to a higher current. On the other hand, if V>0, cations are driven out of the

nanochannel by the induced electric field, so are anions to maintain electroneutrality. The
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decrease in the ion concentration makes the ionic current smaller than that for /’<0. Therefore,
Re=|[I[(V=-1 V)/I(V=+1 V)[>1, and the nanochannel exhibits an ICR behavior. Note that the
concentration of cations near the nanochannel tip for />0 is still appreciable. This is because the
decrease in the concentration of mobile ions makes the overlapping of electric double layer

significant, especially when the bulk salt concentration is low.

1-3.3 Influence of Bulk Salt Concentration on the ICR Behavior

Figure 1-6 reveals that for all the types of salt examined the rectification factor Rrhas a local
maximum as the bulk salt concentration Co varies. We choose the case of KCI as an example to
explain this behavior.

As shown in Figure 1-7, since the nanochannel is negatively charged, the ionic current at a
negatively applied potential bias is larger than that at the corresponding positively applied

potential bias (i.e., |[[(V<0)[>|I[(V>0)|). Differentiating |/(¥<0)/I(V>0)| with respect to Co yields

dlIV<0)/IV>0)| [IV>0)[(d[IV<0)|/dC)—|IV<0)|(d|I(V>0)|/dC,))
ac, ) 1V >0)F

(1.7)

Figure 1-7 shows that the slopes of the curves are positive, that is, d|I(V<0)|/dCo>0 and

dI(V>0)/dCo>0. If Co is low (<60 mM), dlI(V<0)/dCo>>d|[(V>0)//dCo, and although

[(V<O0)[>|I(V>0)|, d|I(V<0)/I(V>0)|/dCo>0, implying that [/(V<0)/I[(V>0)| increases with

increasing Co. This is consistent with the results seen in Figure 1-6. In contrast, if Co is high (>60
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mM), d|I(V<0)|/dC,=d|I(V>0)|/dC,. In this case, because |[(V<O)>|{(V>0)|,

d|I(V<0)/I(V>0)|/dCo<0, implying that |/(V<0)/I(V>0)| decreases with increasing Co. This also

agrees with the results seen in Figure 1-6. These explain the presence of the local maximum of

Rrat Co=60 mM for the case of KCI. A similar reasoning was given by Cervera et al. [59]. In fact,

if the bulk salt concentration Cois adjusted from high Co to moderate Co, because the electric

double layer (EDL) becomes thicker, the EDL overlapping is more significant, and thus the ICR

effect is more appreciable, yielding a larger Rr. However, if the bulk salt concentration Co is

further adjusted from moderate Co to lower Co, because the transport ion amounts are too

insufficient to generate enough ionic flux, and although the EDL overlapping is quite obvious,

the ICR behavior gradually disappears, leading to a decline of Rt. This is why the Rr shows a

local maximum as Co varies.

When the negative charge on the nanochannel surface is balanced by an excess amount of

cations in the electric double layer, the rectification factor Rr reaches its maximum value Rfimax).

Since multivalent cations carry more amount of charge than monovalent ions, the former has a

stronger shielding effect than the latter, and therefore, the Rfmax)of the former is reached at a

lower salt concentration. In our case, the salt concentrations of KCI, CaClz, and LaCls at which

Rimax) occurs are ca. 60 mM, 20 mM, and 10 mM, respectively. Note that, however, regardless

of the type of salt, Rimax) occurs at about the same ionic strength or double layer thickness. This
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explains the shift in the salt concentration at which Rfmax) occurs with increasing cation valence,

which was observed experimentally by Wei ef al. [65]. Similarly, the salt concentration at which

Rimax)occurs also shifts to a lower level as the valence of anions increases. For instance, the Rf(max)

for the case of KClI occurs at ;=60 mM, butat C;=20 mM for the case of K2SO4. Again,

they occur at about the same ionic strength or electric double layer thickness. If two salts have

the same valences in cations and anions, the levels of the salt concentration at which Rfmax) occurs

are the same, but the value of Rfmax) depends upon ionic diffusivity. For example, because the

diffusivity of CI” is larger than that of NO;, R{KCI)>R«(KNOs3). We conclude that the salt

concentration at which Rfmax) occurs depends mainly on the asymmetry of ionic valence ratio.

For the cases of K2SO4 (1:2) and CaClz (2:1), the salt concentrations (or ionic strength) at which

Rimax) occur are also about the same (C, =20 mM). It can be shown that the 1onic strength (or

electric double layer thickness) at which Rfmax) occurs is independent of the type of salt. In

addition, the Rfmax) of the multi-valent salt is larger than that of the mono-valent salt, as observed

experimentally by Wei et al. [65]

As seen in Figure 1-8, since the nanochannel is negatively charged, |[(F<0)|>|/(V>0)|. Note

that the greater the difference between |/(¥<0)| and |/(7>0)| the larger the Rr, and the smaller the

difference between them the closer the Rrto unity. Figure 1-8 also reveals that if Co is sufficiently

high, the higher the valence of ions the faster the rate of increase of / with increasing Co at />0,
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and /(V>0) approaches /(7'<0). This is because the higher the ionic strength the thinner the electric

double layer, and therefore, less significant the rectification behavior of the nanochannel.

Figure 1-6 also indicates that if Co is low, the rectification factor of the salts having common

anions ranks as Rf(LaCl3)>R(CaCl2)>R«(KCl), but this order is reversed if Co is high. This is

because if Co is low, the difference between |[(1'<0)| and |/(¥>0)| for the types of salt examined

ranks as LaCl3>CaCl>>KCl, but becomes KCI>CaClx>LaCls if Co is high. If Co is low, the Rr for

the salts having the same cations in Figure 1-6 ranks as R{K2SO4)>Ry(KCl) = Ry(KNO3), but this

order becomes reversed if Co is high. Again, this can be explained by the difference between

|I(V<0)| and |I[(V>0)|. Therefore, we conclude that if the bulk salt concentration is low, the

rectification factor ranks as Ri(multi-valent salt)>Ry{mono-valent salt). However, if it is high,

then R{mono-valent salt)>Rf{(multi-valent salt). This behavior was observed experimentally by

Wei et al. [65]

If two types of salt have the same cations and the same valence ratio, the relative magnitude

of the corresponding rectification factors depends upon the diffusivity of anions. For example,

because the diffusivity of CI” is larger than that of NO;, R(KC1)>Ry(KNO3). Note that the

concentration of anions in a negatively charged nanochannel for /<0 is much higher than that for

J>0. In addition, as shown in Table 1-1, the selectivity of anions for ’<0 is much larger than that

for >0. Because the selectivity of anions ( ClI” and NOj ) is appreciable, they contribute
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appreciably to the ionic current /, especially when V<0, although [ is contributed mainly by
cations. As mentioned previously, if /<0, because the diffusivity of CI  is larger than that of
NO; the amount of CI” entering the nanochannel is greater than that of NO; so that the ionic
current contributed by Cl™ is larger than that by NO; . To maintain electroneutrality, the amount
of K" coming from KCI is greater than that from KNOs, implying that the ionic current
contributed by the former is larger than that by the latter. Therefore, if /<0, /(KCI)>/(KNO3), as
seen in Table 1-1.

If >0, the selectivity of cations in the cases of KCl and KNOs exceeds 99 %. Since the
cations in these two cases are the same, the corresponding ionic currents are almost the same.
However, Figure 1-6 shows that the values of Rt in those two cases are different appreciably. As
illustrated in Figure 1-9, this is because the associated ionic currents are different if '<0. Note

that if 1'<0, since the diffusivity of CI™ is larger than that of NO;, /(KC1)>/(KNO3).

1-3.4 Influence of the Charged Nature of Nanochannel on the ICR Behavior
The rectification factor of a positively charged nanochannel needs be defined as |/(+V)/I(-

V)|=(1/Rs) so that it can be compared with that of a negatively charged nanochannel. The profile

of (1/Ry) for a positively charged nanochannel presented in Figure 1-10 is similar to that of Rt for

the corresponding negatively charged nanochannel. If Co is low, the (1/Ry) for the salts having
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the same anions ranks as LaCls3>CaCl>>KCl, and for the salts having the same cation as
K2S04>KCI1=KNO:3. In contrast, if Co is high, the (1/Ry) for the salts having the same anion ranks
as KCI>CaCl2>LaCls, and KCI1=KNO3>K2SOs4 for the salts having the same cation. In addition,
the level of Co at which the local maximum of (1/R¢) occurs depends upon the salt valence: the
higher the valence the lower that level is. We conclude that the qualitative behavior of the ionic
current rectification of a positively charged conical nanochannel is similar to that of a negatively
charged one. Note that, however, the values of (1/Ry) for both CaClz and LaCls at O, =+e/nm?
are much smaller than the corresponding values of Rrat O, =-e/nm?>.

Table 1-2 reveals that if 0, =+e/nm?, ion depletion occurs when <0, and if O, =-e/nm?, ion
depletion occurs when V>0. This can be explained by that if ion depletion occurs to a positively
charged nanochannel, the ionic current is contributed mainly by anions, that is, anions (cations)
are the major (minor) species. In contrast, cations (anions) are the major (minor) species for a
negatively charged nanochannel. In the case of Table 1-2 if 0, =+e/nm? CI” is the major
species and other cations are the minor species; if 0,=-e/nm?, CI” becomes the minor species

and other cations are the major ionic species. Since the concentration of Cl™ is higher than that

of the other cations, and the diffusivity of CI” larger than those of the other cations,

](+e/nm2)

>‘I (-e/nm2 ) and the observed behavior in the ionic current is reasonable.

If 0,=+e/nm?, ion enrichment occurs when V>0, and if O, =-e/nm?, ion enrichment occurs
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when /'<0. As shown in Table 3, because the ionic currents contributed by the major species of
the salts examined are almost the same, the relative magnitude of the ionic current depends
mainly upon the types of coions (i.e., minor species). If 0, =-e/nm?, CI” is coion, and if O,
=+e/nm?, Ca®>" and La’" are coion. Because the concentration of CI” is higher that of Ca®" and
La*" and the diffusion coefficient of CI~ larger than that of Ca*" and La**, the magnitude of the
ionic current at O, =-e/nm? is greater than that at O, =+e/nm?. Therefore, for both CaCl> and
LaClz the Rrat O, =-e/nm? is larger than the corresponding (1/Ry) at O, =+e/nm?.

However, for the case of K2SO4, 1/R{( 0, =+e/nm*)>Ri( 0, =-e/nm?). This is because if O,
=+e/nm?, ion depletion occurs when V<0, and if O,=-e/nm?, ion depletion occurs when V>0.
The major species is SO, at 0,=+e/nm? and K* at 0, =-e/nm”. Since the concentration of

SO;™ is lower than that of K" and the diffusion coefficient of SO; is smaller than that of K*,

|1(+e/nm2 )| <‘1 (—e/nmz) , as seen in Table 1-4.

If O,=+e/nm?, ion enrichment occurs when V>0, and if O, =-e/nm?, ion enrichment occurs
when F<0. As shown in Table 1-5, the magnitude of the ionic current contributed by major
species at O, =+e/nm? is almost the same as that at 0, =-e/nm?, the relative magnitude of the
ionic currents depends mainly on minor species (coion). In the present case SO; is coionat O,
=-e/nm? and it is K" at O, =+e/nm’. Because the concentration of SO; is lower than that of K*

and the diffusion coefficient of SO, smaller than that of K*, the magnitude of the ionic current
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at O, =-e/nm”is smaller than that at &, =+e/nm?. Therefore, the Rrat O, =-e/nm? is smaller than

the (1/Ry) at O, =+e/nm?

1-4. Conclusions

We analyze theoretically the influence of the ionic valence on the electrokinetic behavior of
a conical nanochannel, in particular, its current-voltage characteristics and ionic current
rectification (ICR) phenomenon. Typical salts including KCl, KNO3, K2SO4, CaClz, and LaCl3
are considered, for illustration. Due to the difference in the ionic strength and the diffusivity of
ions, the behaviors of the current-voltage curves for the types of salt examined are different both
quantitatively and qualitatively. The rectification factor has a local maximum as the salt
concentration increases. In addition, the local maximum position is related to the asymmetry of
salt valence ratio: the higher the ionic valence the lower the salt concentration at which the
rectification factor has the local maximum. However, the maximal rectification factor occurs at
the same ionic strength, regardless of the type of salt, implying that the thickness of electric
double layer plays the key role. The ICR behavior of a positively charged conical nanochannel

is qualitatively similar to that of a negatively charged nanochannel.
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Figure 1-1. A conical nanochannel of axial length L, tip radius R:, base radius Rb, and opening
angle @ connecting two large, identical cylindrical reservoirs. The nanochannel surface and
the reservoir side walls are homogeneously charged with the density 0, . An electric potential
bias V'is applied to base-end reservoir with the tip-end reservoir grounded. Lr and R: are the length
and the radius, respectively, of a cylindrical computation domain defined in each reservoir; (7, 6,

z) are the cylindrical coordinates adopted with its origin at the nanochannel center.
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Figure 1-3. Variation of the /-V curve of various types of salt having the same cations with the

applied potential bias ¥ at o, =—le/nm’,8=6". (a): Co=300 mM; (b): Co=3 mM.
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Figure 1-6. Variation in the rectification factor Rr with the bulk salt concentration Co for

various types of salt at ’==1 V.
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Table 1-1. Percentage selectivity of anions, S:‘I’ /1 ‘xlOO%, at | V=£1 V, the ionic current

contributed by anions, 7/, and the total ionic current, /, at V=-1V for KCI and KNOs at two

levels of Co.

% KCl KNO3
Co (mM) 300 3 300 3
S (V=+1 V) 1 0.07 0.8 0.06
S (V=-1V) 10.7 7.4 8.5 5.5
V=1V
Co (mM) 300 3 300 3
1™ (nA) -1.15 -0.29 -0.86 -0.21
I(nA) -10.73 -3.93 -10.16 -3.79
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Table 1-2. Ionic current / (nA) for the cases of CaCl2 and LaCls under various conditions.

CaClz
Co=20 mM o =-e/nm’ o =+e/nm’
1-1V) -6.48 22.06
I+1V) 1.53 5.6
LaCl3
Co=10 mM o, =-e/nm’ o, =+e/nm?
1(-1V) -7.30 -1.99
I+1V) 1.67 6.33

Table 1-3. Ionic currents / (nA) contributed by the major and minor species for the case of

CaClz and LaCls under various conditions when ion enrichment occurs.

CaClz
Co=20 mM o =-e/nm’ o =t+e/nm?
major species -5.26 (Ca*") 5.25(CI")
minor species -1.22 (CI) 0.016 (Ca*")
LaCls
Co=10 mM o =-e/nm? o =+e/nm?
major species -5.90 (La*") 6.07 (CI")
minor species -1.40 (CI) 0.26 (La*")
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Table 1-4. Ionic current / (nA) for the case of K2SO4 at Co=20 mM.

o, =-e/nm? o, =+e/nm?
I-1V) 747 -1.90
I(+1V) 2.01 7.85

Table 1-5. Ionic current / (nA) contributed by the major and minor species for the case of

K2SO4 at 0, =+e/nm? and Co=20 mM when ion enrichment occurs.

o, =-e/nm’ o, =t+e/nm?
major species -6.69 (K*) 6.64 (SO;)
minor species -0.78 (SO;) 1.21 (K
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Chapter 2
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2-1. Introduction

Recent progress in nanotechnology facilitates fabrication of devices used in various

applications, including, for example, nanopipettes, nanoelectrodes, and nanopores/nanochannels.

In addition to capable of simulating biological ion channels, surface functionalized

nanopores/nanochannels are also readily applicable in sensing ions and biomolecules[1-5],

modeling nanofluidic diodes[6-11], ionic gates[12-16], and controlling the transport ions and

particles[17-23]. Recent applications of nanopores/nanochannels also include renewable energy

storage[24-26], desalination of seawater[27,28], and controlled release of drugs[29]. Moreover,

inspired by biological ion channels and ion pumps[30-32] existing in cell membrane to

intelligently control ions into and out of it, bioinspired artificial functional nanochannels are

essential for various vital processes including maintaining cellular ion homeostasis[33] and

energy conversion|[34-36].

For an aqueous, monovalent salt solution of concentration 10 M the associated thickness of

electric double layer (EDL), or Debye length[37], is ca. 10 nm at room temperature. This implies

that the overlapping of EDL in a nanopore or nanochannel having a linear size of that order is

significant, yielding several interesting electrokinetic phenomena. These include, for example,

ionic current rectification (ICR)[38,39], ion selectivity[40,41], and ion concentration polarization

(ICP)[42,43]. These phenomena are important in nanopore-based biosensing[44], and the
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associated mechanisms have many potential applications in regulating ion transport[45], and

separation and detection of bioentities[46], to name a few.

Ionic current rectification (ICR) is an asymmetric diode-like current-voltage behavior, where

the ionic current arising from an applied potential bias exhibits a preferential direction. For a

nano-scaled device, ICR can come, for example, from its asymmetric geometry [38,47], non-

uniform surface charge[48,49], and an imposed salt concentration gradients[50]. Several

mechanisms have been proposed for interpreting this phenomenon, including, for instance, the

electrochemical prosperities of the tip of a nanopore[51], electric potential barrier inside a

nanopore[52], and the enrichment/depletion of ions inside a nanopore[53]. The results of recent

studies reveal that the ICR behavior of a nanopore can be influenced by factors such as the applied

voltage[54,55], bulk salt concentration [54-56], its shape [55,56], electroosmotic flow[57], pH

[56-58], and temperature[59].

Nanopores/nanochannels can be organic, inorganic, biological, or composite. Several

fabrication techniques were proposed including, for instance, track-etching, electrochemical

etching, electron beam, laser, and self-assembly of biological molecules. It was shown that both

the shape and the structure of a polymeric nanochannel can be designed through controlling

etching conditions. Adopting polyethylene terephthalate (PET) membrane, Apel et al.[60]

prepared single nanopore by irradiating it with single swift heavy ions using a surfactant-
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controlled track-etching technique. A similar approach was adopted by Ali et al.[48] to prepare

cigar-shaped nanopores with its wall functionalized with amphoteric amino acid (lysine) chains.

It was shown that the nanopores obtained can be operated as resistors and diodes with a broad

range of rectifying properties. Their results are informative for interpreting ionic transport in

biological systems such as ion channels, and relevant application of tunable nanopore technology

such as information processing and drug controlled release. However, both the orifice radii of a

nanopore and the shape of its surface are fixed in their analysis, a more detailed discussion on

the influence of these key parameters is highly desirable.

Various types of nanochannel shape and ways that the nanochannel surface are functionalized

have been proposed. The former includes, for example, conical nanopores, concave nanopores

having a bullet-like tip, and convex nanopores having a trumpet-like tip. Assuming constant

surface charge density, Ramifez ef al.[55] investigated comprehensively the influence of the

shape of a nanopore on its rectification and ionic selectivity behaviors. They found that as a bullet

(trumpet) like nanopore approaches a conical nanopore, both the rectification factor and the

conductance decrease (increase), but the selectivity increases (decreases). Since a Poisson-

Nernst-Planck (PNP) model is adopted in their analysis, the electroosmotic (EOF) effect[57],

which can be significant if the solution pH deviates appreciably from the isoelectric point and the

applied electric potential bias is high, is neglected. In addition, instead of maintaining constant
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charge density, the surface of a nanopore is usually charge- or pH-regulated. This nature comes

either from the properties of the original material or from that of the materials used to

functionalize the nanopore surface.

Inspired by the ion channels and ion pumps existing in cell membrane, Zhang et al.[61]

showed that through applying a pH gradient a cigar-shaped nanochannel can serve as a double-

gate: it can open and close alternately under a symmetric pH gradient, and simultaneously under

an asymmetric pH gradient. Their study was followed by Liu et al.[15] to develop a double-gated

nanochannel which is dual-responsive to K™ and pH. While these results are very interesting and

valuable, the behavior of the electrokinetic ion transport in the cigar-shaped nanochannel

deserves a more detailed discussion. In fact, the available theoretical results for that behavior in

a nanopore/nanochannel having a pH-regulated surface bearing zwitterionic groups, taking

account of the effects of pH and pore/channel geometry simultaneously are still very limited.

However, obtaining these results is highly desirable and necessary for a sophisticated design of

relevant devices.

In this study we simulate the rectification and ionic selectivity behaviors of a cigar-shaped

nanochannel having a pH-regulated surface bearing zwitterionic groups, taking account of the

EOF effect. A thorough numerical simulation is conducted to illustrate the influences of the

surface curvature, the base opening radii, and the bulk salt concentration and pH. In addition to
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searching for the optimum conditions, the underlying mechanisms are also elaborated.

2-2. Theory

As shown schematically in Figure 2-1, we consider a cigar-shaped nanochannel having the

tip, base, and center radii R:, Rv, and Rc, respectively, and axial length Ln connecting two large,

identical, cylindrical reservoirs of radius Rrand length L:. The nanochannel can be formed by, for

example, etching a membrane, and Lx corresponds to its thickness. Both the nanochannel and the

two reservoirs are filled with an incompressible, aqueous Newtonian salt solution. The two

reservoirs are large enough so that the concentration of each ionic species at places far away from

the membrane maintains its bulk ionic concentration. A potential bias V' is applied across the

nanochannel with the electrode in the upper reservoir ground (0 V). The external electric potential

difference across the nanochannel drives the electroosmotic flow and the ion transport through

the nanochannel, and then it yields an ionic current. The system under consideration is axial

symmetric, and we choose to work on the cylindrical coordinates (7, 6, z) with the origin placed

at the center of the nanochannel tip end.

The surface of the nanochannel can be described by Zhang ef al.[61]
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where Rc=r(z=-Ln/2), R=r(z=0), Rv=r(z=-LN), h is a geometry parameter characterizing the

curvature of the nanochannel profile, or the curvature radius, and Ln/24 is the shape-controlling

parameter which depends on degree of etching. As Ln/2h—0, the nanochannel approaches a bi-

conical one, and Ln/2/ increases, it becomes more cigar-like. The opening radii (Rt and Rb) can

be adjusted by modifying.

The surface of the nanochannel is modified by materials having pH-tunable, zwitterionic

functional groups so that it bears charges when immersed in an aqueous solution, implying that

their charges are exquisitely dependent on the local concentration of protons. To mimic the pH-

regulated nature of biological ion channels, let AH and B be the corresponding acidic and basic

functional groups, respectively, with associated reactions AH=A+H" and BH=B+H", and

equilibrium constants Ka=/"aTH")/ I"anand Kg=/"B[H")/ I'su" , respectively. [H ] and /"m are

the molar concentration of H" (mM) and the surface site density of species m (AH, A, BH, and

B), respectively. For simplicity, we assume that the acidic and the basic functional groups have

the same density /'t so that I'aA+I'au=IBu"+I 8=I1. Therefore, if e is the elementary charge, the

48

doi:10.6342/NTU201801250



surface charge density of the nanochannel, os (C/m?), can be expressed as ox=10"%e(I'su"=1's").
Suppose that the liquid phase is an aqueous KCI solution with its pH adjusted by KOH and
HCI, implying that four kinds of ionic species are present in the liquid phase: K*, CI", H', and
OH", denoted by species j, j=1, 2, 3, and 4, respectively. Let Cio, C20, C30, and Cao be the bulk
concentrations of these ions (mM), respectively, and Co the bulk concentration of KCl (mM).
Since pH=—log([H"]o/1000) with [H]o being the bulk molar concentration of H" (mM), C30=10
PHE3 | Cao=10"14PH3 | C1o=Co—10PH3+10"14PH*3 "and Cao=Co for pH=7; C30=10"PH"3, Cs0=10"1%
P C1o=Co, and C20=Co+10PH3—10"14PH*3 for pH<7.
To fully describe the present problem, the following set of nonlinear, couple differential
equations need be solved simultaneously:
V-N,=V:[cu-D,(Vc, + 375 e V¢)]=O (2.2)

ZFC

Z . (2.3)

Jj=1

Nj, ¢j, Dj, and z; are the flux density, the molar concentration, the diffusivity, and the valence of

ionic species j, respectively (j =1, 2, 3, and 4). F, R, T, u, and ¢ are Faraday constant, the

universal gas constant, the absolute temperature, the fluid velocity, and the electric potential,

respectively. p, and & are the space charge density of mobile ions and the permittivity of the

liquid phase, respectively.

Since the fluid flow in the present problem is in the creeping flow regime, the equations
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governing the flow field at steady state can be described by

V-u=0 (2.4)
UWNVu—-Vp—pVp=0 (2.5)
i and p are the fluid viscosity and the hydrodynamic pressure, respectively.

Equations (2.2)-(2.5) need be solved subject to the following conditions: (i) The rigid
nanochannel surface Q1 is non-slip (i.e., u=0), impenetrable to ions (i.e.,n-N; =0, n is the unit
outer normal vector), and has a pH-regulated charge density os defined previously. (ii) The
boundary () of the computation domain is grounded, and an electric potential bias V' is applied
to its boundary Q3. All the ionic concentrations reach their bulk values on Q2 and Q3, (¢=Cjo). A
normal flow with no external pressure gradient (i.e., p=0) is specified on these two boundaries.
(ii1) There is no accumulated charge on the boundary Q4 of the computation domain (n-V¢=0),
the normal flux of ions vanishes on that surface (i.e.,n-N;=0), and it is slip. (iv) Electric
potential, electric field, ionic concentration, and flow field are all continuous on the interface
between the charged wall and liquid. (v) All the dependent variables are symmetric to the
nanochannel axis.

The solution of Egs. (2.2)-(2.5) can be used to evaluate the ionic current / through the
nanochannel by integrating the normal component of the total ionic flux over a surface S

perpendicular to the nanochannel axis
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2-3. Results and Discussion

A thorough numerical simulation is conducted to illustrate the influence of the parameters
key to the system under consideration on its ion transport behavior. These include the surface
curvature (Ln/2h), the base radii Rv, the bulk salt concentration Co, and the solution pH. We
assume Ln=3000 nm, L:=300 nm, R=300 nm, R=5 nm, and Re=100 nm[61], /=1.5 nm?, and
pKa=3 and pKs=9[41, 53, 56], that is, the isoelectric point (IEP) is 6. In addition,
£=6.95x10""" F/m, F=96500 C/mol, R=8.3145 J/(mol-K), £=10" Pa-s, and 7=298.15 K. D1(K"),
D>(CI), D3(H"), and D4(OH) are 1.957, 2.032, 9.312, and 5.26(x10) m?/s, respectively. We
consider the case where Ri# Ry and Ln/2h=L~/2h>=L~/2h, with R=5 nm and Ry is either 15 nm
or 25 nm. Note that the orifice diameter of the cigar-like nanochannel varies along its axis, so are
the degree of EDL overlapping and the ionic distribution, yielding its ICR behavior. Since the
rectification factor Rr is usually defined at a voltage higher than 0.5 V, we choose
Re=[[(—1V)/I(+1V)] to quantify the rectification characteristics.

Equations (2.2)-(2.5) are solved numerically subject to prespecified boundary conditions by

COMSOL (version 4.3a, http://www.comsol.com ) operated in a high-performance cluster.

Quadratic, triangular elements are used and, if necessary, non-uniform elements with larger
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number of elements are assigned locally. In our case, using a total number of 200000 mesh

elements is sufficient for retrieving results that are sufficiently accurate and reliable.

2-3.1 Cation-Selective Nanochannel (pH 10)

Let us consider first the case where pH=10. In this case, since the nanochannel is negatively

charged, it is generally cation-selective. Figure 2-2 shows the simulated current-voltage (I-V)

curves under various conditions. As can be seen in this figure, there is a preference for ionic

current at a negative applied potential bias at this level of pH so that the rectification factor Rr of

the nanochannel is larger than unity for all the levels of the bulk salt concentration Co examined.

Note that the higher the bulk salt concentration Co and the larger the base radii Rv the larger the

ionic current is. Figure 2-2 also shows that the larger the (Ln/24) the larger the ionic current. This

is because the larger the (Ln/2/) the greater the inner space of the nanochannel so that a more

amount of ions is able to diffuse through it, yielding a larger current. Due to the enrichment of

ions inside the nanochannel, this phenomenon is more pronounced for V'<0.

To explain the influences of the surface curvature (Ln/24), the bulk salt concentration Co, and

the base radii R» on the ICR behavior of a nanochannel, we plot the variations of Rr with Ln/2h

under various conditions at pH 10 in Figure 2-3. This figure reveals that for both values of Ry (15

and 25 nm), Rr increases monotonically with increasing (Ln/24) at all the levels of Co examined,

except at Co=100 mM, where Rr shows a local maximum at Ln/2A=5. Note that both Ry(Rv=25
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nm) and R«(Rv=15 nm) are larger than unity, and for the same values of Rt and (Ln/24), Ri(Rv=25
nm)>Ri(Rv=15 nm). This is because the larger the difference between R: and Rp the greater the
difference in the degree of electric double layer overlapping near the both nanochannel tip
regions, and the more significant the ICR effect.

Figure 2-3 also reveals that Rr has a local maximum as the bulk salt concentration Co varies.
This behavior was also reported previously for conical nanopores[54], and was explained by the
rates of change in Rrand /(V==1 V) with respect to Co.

The ICR behavior observed in Figure 2-3 can be explained by the ionic conductivity and the
strength of the electric field in the nanochannel. Letting 4; be the molar conductivity of the j
ionic species, we define respectively the axial cross sectional averaged concentration Z and

the corresponding ionic conductivity G as [17]

— Je;dd
4= Taa T @.7)
and
4 —
G=3c (2.8)
=

Under the conditions considered, A1 (K¥), A2 (CI), 43 (H"), and 44 (OH") are 7.352x107, 7.654x10
3,35x1073, and 19.8x10° S m? mol!, respectively. Note that the ionic current is proportional to
G.
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Figure 2-4 illustrates the variations in G for various combinations of Co, (L~/2/4), and V;; the

corresponding axial variations in the cross sectional averaged strength of the electric field Ez.ave

are summarized in Figures S1—S4 of the Supporting Information. The latter reveals that Ezavg is

appreciable only near the tip end of the nanochannel, where the effect of surface charge is more

important. In addition, for both V'=+1 V, the larger the (Ln/2%), the stronger the Ezave. Since the

qualitative behaviors of both G and Ezavg at Rv=15 nm are similar to those at Rv=25 nm, those at

Rv=25 nm are adopted for interpreting the observed ICR behavior seen in Figure 2-3.

Figure 2-4(a) reveals that if Co=1 mM, the difference between G(V=+1 V) and G(V=—1 V) is

relatively small for each level of (Ln/24) so that Rt is close to unity. Note that as shown in Figure

S1 of the Supporting Information, if V=+1 V, a local electric field with its direction opposite to

that of the applied electric field is induced near the nanochannel tip. This phenomenon is more

appreciable as (Ln/2h) gets smaller, implying that the smaller the (Ln/2/) the more important the

effect of ion concentration polarization (ICP). Figure 2-4(b) indicates that the behavior of G at

Co=10 mM is similar to that at Co=1 mM seen in Figure 2-4(a). That is, for both V=+1 V, G (and

therefore, Rr) is insensitive to the variation in (Ln/24). However, for each level of (Ln/2h),

G(V=—1 V) is appreciably larger than G(V=+1 V), so that R{Co=10 mM) is larger than Ri(Co=1

mM). On the other hand, as illustrated in Figure S2 of the Supporting Information, the degree of

increase in Ezavg as (LN/2h) increases at V=—1 V is larger than that at /=+1 V so that Rr increases
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with increasing (LN/2h).

As seen in Figure S3 of the Supporting Information that for both F=£1 V, the averaged axial
electric field Ezavg near the nanochannel tip at Co=100 mM increases with increasing (Ln/2h).
However, Figure 2-4(c) reveals that as (Ln/2/) increases from 2 to 5, the position at which the
local maximum of G(V=—1 V) occurs shifts towards the nanochannel tip end, where Ezavg has the
largest value. This leads to a larger ionic current. In contrast, G(V=+1 V) varies inappreciably as
(LN/2h) increases from 2 to 5, so is the corresponding ionic current. Therefore, Rr increases with
increasing (Ln/2h). If (Ln/2h) is further raised from 5 to 11, the degree of increase in Ezavg(V=+1
V) is larger than that in Ezave(V=—1 V), yielding a decrease in Rr. These explain the presence of
a local maximum in Rras (LN/24) increases from 2 to 11.

Figure 2-4(d) reveals that at Co=500 mM, G(V=—1 V) increases appreciably when (Ln/24) is
raised from 2 to 11, but G(V=+1 V) follows the reverse trend. Since the ionic current is
proportional to G, Rr also increases appreciably from 1.79 to 4.07.

To further examine the transport properties of the present cigar-shaped nanochannel, we

evaluate its selectivity S defined below:

I, |—|1
G_L1=lL |

: (2.9)
|1 |+ ]|

where [+=[1+13 and /=D+ls are the ionic current contributed by cations and that by anions,

respectively. If $>0, a nanochannel is cation-selective; if <0, it is anion-selective, and non-
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selective if $=0. For $>0 (5<0), the more appreciable the deviation of S from 0 the more cation-

(anion-) selective it is, implying that the ionic current contributed by cations (anions) is larger

than that that by anions (cations).

Figure 2-5 shows the simulated variation in the selectivity S as a function of the surface

curvature (Ln/2h) at pH 10. Since the pH is higher than the IEP (6) of the nanochannel, it is

negatively charged in this case, and therefore, cation-selective ($>0) and the ionic current is

mainly contributed by cations. The variation of S with (Ln/2h) at =+1 V is more sensitive

than that at ’'=—1 V, and for the same nanochannel shape and bulk salt concentration, S(V=+1

V)>S(V=—1 V), in general. This is because the nanochannel is negatively charged at pH 10,

ion depletion occurs when V'=+1 V. In this case EDL is thick and its overlapping is significant

so that the ionic current is mainly contributed by counterions (cations), yielding a large S.

Note that for the same applied voltage and surface curvature S increases with decreasing Co,

and the nanochannel becomes more cation-selective. This is because the lower the Co the

thicker the EDL and the more significant its overlapping near the nanochannel tip region,

making it more difficult for coions to pass through so that counterions are enriched and coions

depleted, and S deviates more from zero. In addition, since EDL overlapping becomes less

significant as (Ln/24) increases, for fixed values of V and Co, S decreases as (Ln/2/4) increases

from 2 to 11. A comparison between Figure 2-5(a) and Figure 2-5(b) reveals that S(Rv=15 nm)
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is slightly larger than S(Rv=25 nm). This is because the internal space of the nanochannel at

Rv=15 nm is smaller than that at Rv=25 nm. Therefore, the effect of EDL overlapping in the

former is more significant than that in the latter so that the amount of counterions (cations) in

the former is greater than that in the latter. Note that both S and Rr are dominated mainly by

the conditions near the nanochannel tip region. This is because the factors key to the present

system, including the analyte size effect [54, 55, 62, 63], the influence of the radial electrical

double layer[62, 64], and the major part of the applied axial voltage drop[54, 55, 65, 66], are

most significant in that region and act together to determine the final device performance.

Since the tip size is fixed, S is insensitive to the variation in (Ln/24) in Figure 2-5, especially

at V/=+1V.

2-3.2 Anion-Selective Nanochannel (pH 4)

At pH 4 the nanochannel is positively charged, and therefore, anion-selective. In this case

Figure 2-6 reveals that there is a preference for ionic current at a positive applied potential

bias at this level of pH so that 0<R#<1 for all the levels of the bulk salt concentration Co

examined. This figure also indicates that the higher the bulk salt concentration Co and the

larger the base radii Rv the greater the ionic current. In addition, the larger the surface

curvature (Ln/24) the larger the ionic current, which can be explained by the same reasoning
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as that employed in the discussion of Figure 2-2.

Figure 2-7 summarizes the dependence of the rectification factor Rt on the surface

curvature (Ln/2h) under various conditions at pH 4. For the cases of both values of R» assumed

(15 and 25 nm), Rris seen to increase monotonically with increasing (Ln/24) at all the levels

of Co considered. Note that both Ri(Rv=25 nm) and R(Rv=15 nm) are lower than unity, and

for the same values of Rt and (L~/24), Ri(Rv=25 nm)<R{Rv=15 nm). That is, the performance

of rectifying ionic current of a nanochannel having a larger R» (25 nm) is better than that

having a smaller Ry (15 nm). This is because the larger the difference between Rt and Rb the

greater the difference in the degree of electric double layer overlapping near the nanochannel

tip regions, and therefore, the more significant the ICR effect. Figure 2-7 and Figure S5 of the

Supporting Information also suggest that Rrhas a local minimum as the bulk salt concentration

Co varies.

Figure 2-7 indicates that for the level of the bulk salt concentration considered, the larger

the (Ln/2h) the closer the Ry to unity, that is, the less significant the ICR effect. This can be

explained by Figure 2-8 and Figures S6-S9 of the Supporting Information. As seen in the latter

Ezavg 1s appreciable near the nanochannel tip region, where the effect of surface charge is most

important. In addition, for both V'=*1 V, the larger the (Ln/2/) the stronger the Ezavg. Since

the qualitative behaviors of both G and Ezavg at Rv=15 nm in Figure 2-7 are similar to those at
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Rv=25 nm, the results at Rv=25 nm shown in Figure 2-8 and Figures S6-S9 of the Supporting

Information are adopted for interpreting the observed ICR behavior seen in Figure 2-7.

Figures S6-S9 of the Supporting Information reveal that the degree of increase in the axial

electric field with increasing (Ln/2h) at V=—1 V is much more appreciable than that at V=+1

V, implying that tuning (Ln/24) is more favorable to /(—1 V). The ionic conductivity at V'=—1

V shown in Figure 2-8 suggests that it is insensitive to the variation in (Ln/24). In contrast,

the ionic conductivity at F=+1 V decreases appreciably with increasing (Ln/24). Therefore, at

pH 4 if (Ln/2h) is raised, the nanochannel favors /(—1 V), making Rr closer to unity (less

rectification effect).

To further investigate the ion transport behavior in the present cigar-shaped nanochannel,

we plot the selectivity S against the surface curvature (Ln/2/4) under various conditions in

Figure 2-9.

Since the pH is lower than the IEP (6) of the nanochannel, it is positively charged so that

Cl” and OH™ are attracted into it and K™ and H' repelled out of it. Therefore, the ionic current

is mainly contributed by anions, yielding S<0. In this case, the larger the |S| the more the

nanochannel anion-selective. Figure 2-9 reveals that the variation of S with (Ln/2k) at V=-1

V is more sensitive than that at '=+1 V, and for the same nanochannel shape and bulk salt

concentration, |S(V=—1 V)[>|S(V=+1 V)|, in general. For the same applied voltage and surface
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curvature, |S| increases with decreasing Co, that is, the nanochannel becomes more anion-

selective. In addition, for fixed values of V" and Co, |S| decreases as (Ln/2k) increases from 2

to 11. A comparison between Figure 2-9(a) and 2-9(b) also reveals that |S(Rv=15 nm)| is

slightly larger than |[S(Rv=25 nm)|. These behaviors are all result from the EDL overlapping

inside the nanochannel. Note that if Co exceeds ca. 100 mM, [S(V=—1 V)|=Z|S(V=+1 V)|. This

is because if Co exceeds that level, EDL is sufficiently thin so that its overlapping becomes

insignificant, making the effect of surface charge unimportant, and therefore, |S| is small.

2-3.3 Effect of pH Regulation

To further understand the electrokinetic ion transport phenomenon in the nanochannel

functionalized with a pH-tunable zwitterionic surface, Figure 2-10 and Figure 2-11 illustrates

the influence of pH on the current rectification factor Rrand the selectivity S. If pH is larger

(smaller) than 6, Rris larger (smaller) than unity, and S is generally larger (smaller) than zero,

implying that the nanochannel is cation- (anion-) selective. This is because the IEP of the

nanochannel is 6, so that it is negatively charged for pH>6, and positively charged for pH<®6.

If $>0 (5<0), the more noticeable deviation of S from zero represents the more significant

cation- (anion-) selective.

Note that the variations of Rrand S with the surface curvature (Ln/2/) depend on the level
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of pH. As the pH value is in the intermediate range near IEP (6), the rectification

characteristics almost vanish, indicated by Rf=1. When the liquid solution becomes more

alkaline, the zwitterionic surface becomes more negatively charged. Under such conditions,

the preferential direction of the ionic current is pointed from the tip toward the base, indicated

by Re>1. If Co=100 mM, Rrmonotonously increases as the pH value increases from 6 to 10,

so is the charge density of the nanochannel. However, if Co is lowered to 10 mM, Rr shows a

local maximum at pH=8. This is because raising the charge density has the effect of confining

the mobile ions in the EDL near the nanochannel surface, thereby reducing the

electromigrative ionic flux[58]. Note that at Co=10 mM, Rr decreases monotonically with

increasing surface curvature (Ln/24) for pH ranging from 6 to 8, but this trend is reversed for

pH ranging from 8 to 10. At Co=100 mM, Rrdecreases monotonically with increasing (Ln/2h)

for pH ranging from 6 to ca 95 If pH exceeds «ca. 9.5,

Ro(LN/2h=5)>R(LN/2h=2)>Reo(LN/2h=8)>Rf(Ln/2h=11). This can be explained by the

reasoning employed in the discussion of Figures 2-4 and S2-S3 and S10 of the Supporting

Information.

If pH is lower than [EP, the lower the pH the more the nanochannel is positively charged,

and the charge magnitude increases as pH decreases. Thus, the preferential direction of the

ionic current is reversed, indicated by 0<Rr<1. However, the more the pH deviates from the
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IEP the higher surface charge density. Therefore, R monotonously decreases as the pH value

decreases from 6 to 3. Figure 2-10 reveals that Rrmonotonously increases with increasing the

surface curvature (Ln/2h) for pH ranging from 3 to 6. Note that at Co=10 mM,

RA(LN/2h=2)>RH{LN/2h=11)>Reo(LN/2h=8)>Ri(Ln/2h=5) near pH 2, but if Co is raised to 100

mM, Rr monotonously decreases with increasing (Ln/24) near pH 2. These can also be

explained by the reasoning employed in the discussion of Figures 2-8, and S7, S8, and S11 of

the Supporting Information.

As the solution pH approaches the IEP of the nanochannel (i.e., 6), because its surface is only

slightly charged it becomes non-selective, resulting in S = 0. If pH>IEP, § increases

monotonically with increasing pH. This is because the more the pH deviates from the IEP the

more complete the dissociation of the functional groups of zwitterionic surface, yielding a higher

charge density, so that a more amount of counterions is attracted into the nanochannel, yielding

a larger |§|. Figure 10(b) and (d) reveals that for the same nanochannel shape and solution pH,

S(V=+1 V)>S(V=-1 V), and for the same nanochannel shape, solution pH, and applied potential

bias, S(Co=10 mM)>S(Co=100 mM). In addition, the smaller the surface curvature of a

nanochannel the better is its performance in selecting ionic species.

If pH<IEP, the nanochannel is anion-selective (5§<0), and for the same nanochannel shape

and solution pH, S(V=+1 V)>S(FV=—1 V). In this case, the lower the pH the better is the
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performance of the nanochannel in selecting ionic species. However, if pH is too low, this trend

is reversed. Among the types of ion present in the liquid phase H" has the largest mobility, and

as pH decreases its presence becomes more significant, which is more pronounced especially

when the bulk salt concentration is low (Co=10 mM). This is because as Co decreases less amount

of K" is attracted by the nanochannel surface, leading to an increase in the concentration of H'.

2-4. Conclusions

Taking account of the effect of electroosmotic flow (EOF), the electrokinetic ion transport in a

cigar-shaped nanochannel modified with pH-tunable, zwitterionic functional groups is modeled

for the first time. Extending previous studies, where the surface of a nanochannel is assumed a

constant surface charge density, we assume that its charged conditions depend upon external

stimuli such as the solution pH and the bulk salt concentration, which is closer to reality. The ion

current rectification (ICR) and the ionic selectivity behaviors of the nanochannel are investigated

and the associated mechanisms interpreted. Based on a thorough numerical simulation we

conclude the following. (i) Depending upon the direction of the applied electric field, the

asymmetric geometry of the cigar-shaped nanochannel yields either ion enrichment or ion

depletion inside it. (i) The degree of electric double layer overlapping inside the nanochannel is

influenced by the solution pH, the bulk salt concentration, the applied potential bias, the opening
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radii and the shape of the nanochannel, so is the nanochannel performance. (iii) Since the ion

transport in the nanochannel is governed mainly by its surface charge, both the rectification

behavior and the ion selectivity depend highly on the bulk salt concentration and the solution pH.

(iv) The axial variation of the ionic conductivity and that of the electric field in the nanochannel

play a significant role. In particular, the nanochannel shape affects significantly the electric field,

especially near the tip region, which eventually determines the performance of the nanochannel.

(v) This study is an initial step for future work on structure-function relationships that will pave

the way for designing membranes for specific purposes and providing valuable information for

establishing smart nanochannel systems. These show great promise in many applications,

including ionic gates/diodes, energy conversion, and drug controlled release.
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Figure 2-1. Schematic representation of the cigar-like nanochannel considered. r, 6, z, are the
cylindrical coordinates adopted with the origin at the tip end center of the nanochannel, which is
axial symmetry. (21 denotes the inner and outer surface of the nanochannel, (22 (€23) the
surface of a computational domain perpendicular to the nanochannel axis in the tip (base) end
reservoir, and (24 the surface of the computational domain parallel to the nanochannel axis in
both reservoirs. A potential bias V' is applied on one reservoir, and the other reservoir grounded

(0 V). The cylindrical coordinates (7, 8 , z) with its origin at the nanochannel tip end center are

adopted.
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Figure 2-2(a)-(d). Simulated /—V curves for various combinations of Co and (L~/24) at pH

10 and R=5 nm. Rp is 15 nm in (a)-(d). Co=1 mM in (a), Co=10 mM in (b), Co=100 mM in

(c), and Co=500 mM in (d).
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Figure 2-2(e)-(h). Simulated /—V curves for various combinations of Co and (Ln/2k) at pH
10 and R=5 nm. Ry is 25 nm in (e)-(h). Co=1 mM in (e), Co=10 mM in (f), Co=100 mM in

(g), and Co=500 mM in (h).
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Figure 2-3(a)-(d). Variation of Rr with (Ln/2h) for various combinations of Co and Rp at

pH 10 and R=5 nm. (a) Co=1 mM, (b) Co=10 mM, (c) Co=100 mM, and (d) Co=500 mM.
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Figure 2-4(a)-(d). Axial variation in the cross sectional averaged ionic conductivity G at
pH 10, R=5 nm and R»=25 nm for various levels of bulk salt concentration Co. (a) Co=1
mM, (b) Co=10 mM, (c) Co=100 mM, and (d) Co=500 mM. Solid curves: V'=+1 V; solid

curves with discrete symbols: /’=—1 V. Shaded region denotes the nanochannel interior.
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discrete symbols: V=—1 V.

80

doi:10.6342/NTU201801250



0.10 T T T (b) 1.0 T T T
I R=5 nm;Rb:IS nm I Rl:SDm;Rb:ISnm
0.05
0.00 C,=1mM
—L/2h=11]]
-0.05} — L2h=81] 05| — L /2h=8 | |
—LJ2h=5 —L/2h=5
—L/2h=2|] —L/2h=2
-0.10 . L L 1 . -1.0 . \ . : .
-1.0 -0.5 0.0 0.5 1.0 -1.0 -0.5 0.0 0.5 1.0
V (V) V (V)
(C) 10 T T T T T T (d) 30 T T T T
A R¢:5 nm;Rb=15 nm - Rl=5 nm;Rb=15 nm
20F
10F
~~ ~ -
é <é OF C, =500 mM
\-/ - = _ . v 3 —_— _ g
N —rn=u1 T LJ2h=11]
I — L /2h=38 —L J2h=8
-10F —L/2h=5 |7 220 —_—L 2h=5 |
- —L/2h=2 —L/2h=2 ||
15 L 1 N 230 . .
-1.0 -0.5 0.0 0.5 1.0 -1.0 -0.5 0.0 0.5 1.0
V(V) V(V)

Figure 2-6(a)-(d). Simulated /—V curves for various combinations of Co and (L~/2/4) at pH

4 and R=5 nm. Ry is 15 nm in (a)-(d). Co=1 mM in (a), Co=10 mM in (b), Co=100 mM in

(c), and Co=500 mM in (d).
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Figure 2-6(e)-(h). Simulated /—V curves for various combinations of Co and (L~/2k) at pH

4 and R=5 nm. Ry is 25 nm in (e)-(h). Co=1 mM in (e), Co=10 mM in (f), Co=100 mM in

(g), and Co=500 mM in (h).
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Figure 2-7(a)-(d). Variation of Rr with (Ln/2h) for various combinations of Co and Rp at

pH 4 and R=5 nm. (a) Co=1 mM, (b) Co=10 mM, (c) Co=100 mM, and (d) Co=500 mM.
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Figure 2-8(a)-(d). Axial variation in the cross sectional averaged ionic conductivity G at

pH 4, R=5 nm and Rv=25 nm for various levels of bulk salt concentration Co. (a) Co=1

mM, (b) Co=10 mM, (c) Co=100 mM, and (d) Co=500 mM. Solid curves: V'=+1 V; solid

curves with discrete symbols: /’=—1 V. Shaded region denotes the nanochannel interior.
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symbols: V=—1 V.
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Figure 2-10. Variation in the Rrwith pH for various combinations of Co and (Ln/24) at

R=5 nm and Rv=25 nm. Co=10 mM in (a), Co=100 mM in (b).
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Figure 2-11. Variation in the selectivity S with pH for various combinations of Coand (Ln/24)

at R=5 nm and Rv=25 nm. Co=10 mM in (a), Co=100 mM in (b). Solid curve: V=+1 V; solid

curve with discrete symbols: V=1 V.
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Figure S1. Axial distribution of the cross sectional averaged electric field Ezavg at pH 10, R=5
nm, Ry=25 nm and Co=1 mM for V'=+1 V (blue curve) and V'=—1 V (red curve). (Ln/2h) is 2, (a),

5,(b), 8, (¢), and 11, (d). Shaded area denotes nanochannel interior.
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Figure S2. Axial distribution of the cross sectional averaged electric field Ezavg at pH 10, R=5

nm, Rv=25 nm and Co=10 mM for V'=+1 V (blue curve) and V'=—1 V (red curve). (Ln/2h) is 2, (a),

5,(b), 8, (¢), and 11, (d). Shaded area denotes nanochannel interior.
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Figure S3. Axial distribution of the cross sectional averaged electric field Ezavg at pH 10, R=5

nm, Rv=25 nm and Co=100 mM for J=+1 V (blue curve) and V=—1 V (red curve). (Ln/2h) is 2,

(a), 5, (b), 8, (¢), and 11, (d). Shaded area denotes nanochannel interior.
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Figure S5. (a) Simulated /—V curve for various levels of (Ln/2/) and (b) variation in Rr with

(LN/2h) at pH 4, R=5 nm, Rv=25 nm and Co=0.5 mM.
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Figure S7. Axial distribution of the cross sectional averaged electric field Ez.avg at pH 4, R=5 nm,
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(b), 8, (¢), and 11, (d). Shaded area denotes nanochannel interior.
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Figure S8. Axial distribution of the cross sectional averaged electric field Ez.avg at pH 4, R=5 nm,

Rv=25 nm and Co=100 mM for V'=+1 V (blue curve) and V=—1 V (red curve). (Ln/2h) is 2, (a), 5,

(b), 8, (¢), and 11, (d). Shaded area denotes nanochannel interior.
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Figure S9. Axial distribution of the cross sectional averaged electric field Ez.avg at pH 4, R=5 nm,

Rv=25 nm and Co=500 mM for V'=+1 V (blue curve) and V'=—1 V (red curve). (Ln/2h) is 2, (a), 5,

(b), 8, (¢), and 11, (d). Shaded area denotes nanochannel interior.
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Figure S10. Axial variation in the cross sectional averaged ionic conductivity G at pH 7.5, R=5 nm and

Rv=25 nm for various levels of bulk salt concentration Co. (a) Co=10 mM, (b) Co=100 mM. Solid curves:

J=+1 V; solid curves with discrete symbols: /’=—1 V. Shaded region denotes the nanochannel interior.
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Figure S11. Axial variation in the cross sectional averaged ionic conductivity G at pH 2, R=5 nm and
Rv=25 nm for various levels of bulk salt concentration Co. (a) Co=10 mM, (b) Co=100 mM. Solid curves:

J=+1 V; solid curves with discrete symbols: /’=—1 V. Shaded region denotes the nanochannel interior.
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Conclusion

In Chapter 1, we theoretically analyze the influence of the ionic valence on the
electrokinetic behavior of a conical nanochannel, in particular, its current-voltage
characteristics and ionic current rectification (ICR) phenomenon. Typical salts including
KCl, KNO3, K2SO4, CaClz, and LaCls are considered, for illustration. Due to the
difference in the ionic strength and the diffusivity of ions, the behaviors of the current-
voltage curves for the types of salt examined are different both quantitatively and
qualitatively. The rectification factor has a local maximum as the salt concentration
increases. In addition, the local maximum position is related to the asymmetry of salt
valence ratio: the higher the ionic valence the lower the salt concentration at which the
rectification factor has the local maximum. However, the maximal rectification factor
occurs at the same ionic strength, regardless of the type of salt, implying that the thickness
of electric double layer plays the key role. The ICR behavior of a positively charged
conical nanochannel is qualitatively similar to that of a negatively charged nanochannel.

In Chapter 2, taking account of the effect of electroosmotic flow (EOF), the
electrokinetic ion transport in a cigar-shaped nanochannel modified with pH-tunable,

zwitterionic functional groups is modeled for the first time. Extending previous studies,
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where the surface of a nanochannel is assumed a constant surface charge density, we

assume that its charged conditions depend upon external stimuli such as the solution pH

and the bulk salt concentration, which is closer to reality. The ion current rectification

(ICR) and the ionic selectivity behaviors of the nanochannel are investigated and the

associated mechanisms interpreted. Based on a thorough numerical simulation we

conclude the following. (i) Depending upon the direction of the applied electric field, the

asymmetric geometry of the cigar-shaped nanochannel yields either ion enrichment or ion

depletion inside it. (i1) The degree of electric double layer overlapping inside the

nanochannel is influenced by the solution pH, the bulk salt concentration, the applied

potential bias, the opening radii and the shape of the nanochannel, so is the nanochannel

performance. (iii) Since the ion transport in the nanochannel is governed mainly by its

surface charge, both the rectification behavior and the ion selectivity depend highly on

the bulk salt concentration and the solution pH. (iv) The axial variation of the ionic

conductivity and that of the electric field in the nanochannel play a significant role. In

particular, the nanochannel shape affects significantly the electric field, especially near

the tip region, which eventually determines the performance of the nanochannel. (v) This

study is an initial step for future work on structure-function relationships that will pave

the way for designing membranes for specific purposes and providing valuable
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information for establishing smart nanochannel systems. These show great promise in

many applications, including ionic gates/diodes, energy conversion, and drug controlled

release.
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