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conductance measurements are commonly performed to characterize
nanofluidic devices Theoretical analysis and experimental investigations imply that the

nanochannel conductance does not follow the macro-scale models. It is generally accepted
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that the conductance of nanochannels deviates from the bulk and trend to a constant value at
low concentrations. In this work, we present an improved model for the nanochannel

conductance that takes into account the surface chemistry of the nanochannel wall. It figured
out that the nanochannel conductance is no longer constant at low concentrations. The model
predictions were compared with the experimental measurements and showed a very good
agreement between the model and the experiments.

Introduction

Nanofluidic transport studies in various conduits, from one and
two-dimensional nanochannels to nanopore membranes and
nanotubes and recently nanocapilaries, have received a growing
attention for about a decade. At the nanometer scale, the fluidic
transport behavior changes, mostly due to surface effects,
which cannot be neglected anymore. Particularly, the
electrostatic charge of the nanochannel walls has a significant
impact on the molecular transport in nanometer size apertures.
The charged walls attract the oppositely charged ions (counter-
ions) and repel the similarly charged ones (co-ions). At low
ionic concentrations, the thickness of the electrical double layer
(EDL) can be of the same order as the nanochannel height or
even more. As a consequence, the concentration of ions inside
the nanochannel can be higher than the bulk and thus the
nanochannel conductivity does not follow the expected bulk
conductivity as the bulk ionic concentration decreases. Many
experimental investigations have confirmed a deviation from
bulk conductance for the case of nanometer size confinements®”
8

A reliable model for nanochannel conductance is needed to
predict the experimental results. It can also help to detect the
probable defects in fabricated nanochannels and experimental
setup. Furthermore, some of the nanofluidic devices are
designed based on the nanochannel conductance variations. For
example, lon-enriched nanochannels inspired various
researchers to mimic the semiconductor field-effect transistor
structure in order to introduce a new tool for controlling the
ionic transport in nanochannels. This led to nanofluidic field
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effect transistors? (FET) or ionic FET®. The development of
electrical measurement of the nanochannel conductance has
been widely used for the characterization of these fluidic
transistors. Single molecule detection in nanoconfinement is
another application that uses the nanochannel conductance
measurement®®, Detail knowledge of the effective ionic
concentration inside nanochannels is also important if one
wants to study the diffusion coefficient of charged chemical
species 1°.

Since the beginning of the nanofluidic studies, theoretical
modeling of nanochannel conductance has been done in order
to justify the results from the experiments. There have been two
main approaches in nanochannel conductance calculations. The
first approach uses the dependency of the electrolyte
conductivity on the ionic concentration to calculate the
nanochannel conductance®*%* while the second assumes a bias
electric field and calculates the ionic current due to the ionic
migrations inside the nanochannel®**2, In most of the cases,
the charge density inside the nanochannel was considered
constant'*%" whereas assuming a constant wall surface charge
density at all ionic concentrations is a simplification that does
not correspond to reality. Some studies in surface chemistry
have shown that this assumption was not correct’*®. Also, it
leads to a constant nanochannel conductance at low ionic
concentrations which is not consistent with the experimental
results®*®.

Theoretical modeling of the surface charge density of different
kinds of metal oxides has attracted some attentions for colloid
chemists'”!8, geophysicist'®® and later in different chemical
sensor studies. Yate et al.'” developed a site-dissociation model
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Figure 1. Schematic view of the EDL in a nanochannel. (a) At high concentration, the EDL thickness is very small and the conductance is mainly the bulk conductance.
(b)When the EDL thickness gets larger, both bulk and surface-effect conductance are important. (c) At low concentrations, the EDL of walls overlap and the

nanochannel conductance is only influenced by the wall surface charge.

describing the surface charge density at oxide-electrolyte
interface that has been used in different fields of study. This
model was utilized beside Grahame’s model® to estimate the
surface charge density and Stern layer potential in a silica
porous media®®. The surface charge density decreases while
lowering the concentration’*'® which implies that the
nanochannel conductance model needs to be revised.

Similar methods was later utilized in some nanofluidic
modelings®*?#%2 They considered the surface chemistry of
nanochannel wall and modeled the nanochannel conductance
based on a non-constant wall surface charge. However, they
used a variety of models for surface charge and wall electric
potential. Here, we present a general model that is applicable
for all kind of oxide surfaces, although we only use it for
silicon dioxide.

Analytical Modeling

The conductivity of a solution containing different ions can be
expressed as
Yy =10°Nse ¥ pic; 1)

where y; ( m?V~1s71) is the mobility of ion i, ¢; (mol.L™1) is
the concentration of ion i, N, (mol™!) is the Avogadro
constant, and e (C ) is the electron charge. Accordingly, the
conductivity of the solution inside the nanochannel depends on
the concentration of ionic species, which can be different from
the bulk because of the electrostatic effects of the nanochannel
wall. The ratio between the thicknesses of the electric double
layer (EDL) and the nanochannel height defines how the
conductance of a nanochannel changes. At high concentrations
where the EDL thickness is very small (Figure 1. a), the main
part of the channel does not screen the surface effect. The
conductivity of the solution inside the channel can be
considered as the bulk’s. Decreasing the ionic concentration
will lead to thickening the EDL. As long as there is no EDL
overlap the ions contained in the EDL screen the wall surface
charge while a neutral solution is present at the center of the
nanochannel (Figure 1. b). Decreasing further the ionic
concentration results in an overlap of the EDL, where ions
whose charge is opposite to that of the walls will fill the
channel (Figure 1. c). In this condition, the nanochannel can be
more conductive than the bulk, if the wall electric potential is
high enough to attract more ions.

Based on equation (1), Schoch and Renaud® presented a model
for nanochannel conductance. They assumed that the
nanochannel conductance is composed of two terms. One term
explained the bulk conductance and the other estimated the
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influence of the wall surface charge on the conductance. Their
model of nanochannel conductance for a KCI solution is given
as
G = 103Nae e+ + He- )" + 2003 % )

Where w, h,[ (m) and o (C.m~?) are the nanochannel width,
height, length and the effective wall surface charge density. The
model predicts a linear bulk conductance dependence to
concentration at high concentrations while the conductance
reaches an offset (a plateau in log-log scale) at low
concentrations.  Different research groups had similar
assumption in order to predict the electrical conductance of
nanofluidic devices which led to a saturated conductance at low
ionic concentrations®***"2*, Although this model has the
advantage of simplicity, there is doubt as to the existence of a
low concentration plateau, inspecting the experimental and
numerical result reported by different research groups® 61224,
This encourages checking the validity of this model’s
assumptions and improving it.

Wall surface charge density

The assumption that has an important impact on the model is
that the effective surface charge density o is presumed to be
constant for all ionic concentrations. This can be questioned
since as mentioned before, the wall surface charge density
changes with concentration. Some research groups has already
integrated the surface chemistry models into nanofluidic
governing equations in their modelings®*? and simulations®*.
However, a more detailed study on nanochannel surface
chemistry is required.

Many publications in colloid chemistry presented methods to
theoretically model the metal oxide surface charge density. The
reactions at the oxide electrolyte interface that govern the
surface charge density for a silicon dioxide surface are given as:

SiOH & Si0™ + H (j)
SiOH + H I<{—+'SL'H;' )

Where K_ and K, are the equilibrium constants of the
reactions. The first reaction tends to charge the oxide surface
negatively, while the second reaction charges the surface
positively. The concentration of the H* ion in the Stern layer is
different from the bulk due to the electrostatic field from the
wall surface charge. Assuming a Boltzmann distribution, it can
be written as

®)

where c5+ and c;+ are the concentration of H* ion in the bulk
and Stern layer and kg, T and ¢, are the Boltzmann constant,

N B —ey
Cy+ = CH+€XP(KTO)
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absolute temperature and electric potential of the Stern layer,
respectively. Using the site binding model®” and neglecting the
adsorption of salt ions to the wall, the surface charge density
can be expressed as

K_
K+CI§+ - CT
Ht (6)
g = eNs—K
1+ Kecpr +—5
Cp+

where N, (site.m~2) is the total binding site density of the
surface. Here, we neglect the adsorption of salt ions assuming
the water shell around them is too large to enter the outer
Helmholtz plane (OHP) and participate in a reaction.
Conversely, the small H* ions are able to enter the OHP
because of their very small ionic radius and as they are not

hydrated®’.

The wall surface charge influences the ionic distribution and
the electric potential in the EDL. Conversely, the wall surface
charge depends on the H* concentration distribution, which is a
function of electric potential according to equation (5). This
implies that the number of equations is not enough to solve the
system of equations presented above.

Grahame?® solved the Poisson-Boltzmann equation for a
symmetric electrolyte to estimate the charge density inside the
diffuse layer. To this aim, he assumed a constant permittivity of
the electrolyte and applied the Gauss law to the EDL. This
charge density is the charge per unit area of the wall surface
in (C.m™~2). For a nanochannel, it is possible to have a similar
approach for both overlapping and non-overlapping EDL
conditions, if the whole charged region is considered as
Grahame’s electric double layer. The total charge density in the
charged region is then given as:

—e
o, = /BEOEkaTTlo sinh Zk(pY? ™
B

Where €, € and ny (m~32), are the dielectric constant of
vacuum, the relative dielectric constant of fluid and the number
density of salt ions in the bulk, respectively.
This equation can be modified using the electroneutrality
requirement of ions in the bulk for taking the pH effect into
account™. In the modified equation the number density n, in
equation (7) is replaced by

fi = 103N, (co + 107PH 4 10PH-PEW) 8)
Where ¢, is the salt concentration in the bulk, pKw is the
dissociation constant of water and pH represents the bulk value.
Assuming that the surface charge density of the wall should be
neutralized by the oppositely charged ions, the summation of
two equations (6) and (7) should be zero.

oy +0,=0 9

Altogether, the Stern layer electric potential ¢, can be
calculated since both g, and o, are functions of the variable ¢,.
Appling this method to a silicon dioxide nanochannel surface
shows that the surface charge density increases with increasing
concentrations whereas the magnitude of the electric potential
of the Stern layer decreases (Figure 2). This decrease of the
magnitude of Stern layer potential is related to the fact that
more ions are present beside the wall. In other words, the
concentration of ions close to the wall increases and according

This journal is © The Royal Society of Chemistry 2012
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to the Gauss law, the potential decreases. This also happens in
the case of a constant surface charge simulation®. The increase
of magnitude of zeta potential at low concentrations for silica
surfaces has been validated experimentally by various research
teams”**®, This implies that at lower concentrations, silica
surfaces better attract counter-ions due to their larger potential.
However, the diffusion of counter-ions due to the concentration
gradient limits the attraction toward the wall. Here, the results
are obtained for a silicon dioxide surface, at room temperature,
with a density of binding sites of 1.5 sites.nm™2 and
equilibrium constants pK, = —0.3 and pK_ = —6.3 '°. The
term “’concentration’’ is used for the solvated potassium
chloride concentration everywhere in the text and figures.

Stern layer potential y, (mV)
Surface charge densityc (mC.m‘Z)

10

Concentration (M)

Figure 2. Surface charge density and Stern layer potential versus electrolyte
concentration for different pH values for a silicon dioxide surface (pK_ =
—6.3, N, = 1.5 site.nm™2).The surface charge density increases with increasing
salt concentrations whereas the magnitude of the electric potential of the Stern
layer decreases.

Concerning the reason of the decrease in surface charge by
lowering the concentration, the logarithm of the ratio between
Stern layer and bulk H* concentration is depicted in Figure 3.
At low salt concentrations, the H™ concentration in the
nanochannel is about three orders of magnitude higher than the
one in the bulk for pH 7, while at high salt concentrations, this
difference is even less than one order of magnitude. It means
that for a negatively charged surface, the increase of H™*
concentration in the Stern layer is much higher at low ionic
concentrations than at high concentrations and consequently,
the wall tends to be less negatively charged according to
reaction (3). The more the wall attracts H* ions, the more the
number of negative SiO~ decreases due to surface reactions and
consequently the H* attraction becomes weaker. Finally, there
is a balance between H* ions attraction by the wall charge, and
its surface charge density, which means that the wall surface
charge is not constant for all ionic concentrations.

J. Name., 2012, 00, 1-3 | 3
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Figure 3. Evolution of the logarithm of the Stern layer to bulk H* concentration
ratio with concentration and pH. It illustrates that for a negatively charged
surface, the increase of the H* concentration in the Stern layer is much higher at
low concentrations than at high concentrations.

Figure 4 shows the evolution of the surface charge density with
the pH for different values of ionic concentration. The model
predicts a maximum possible surface charge density when all
the binding sites have similar charge. Higher ionic
concentrations move the maximum surface charge density to
lower values of the pH. The point of zero charge (PZC) is
defined as the pH where the surface charge density and
subsequently, the electric potential is zero. Using equations (5)
and (6) the pH at the PZC is

PH(PZC) = — log(K_/K,)

For a silica surface, the pH of PZC corresponds to the pH=3
which agrees with equation (10).
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Figure 4. Evolution of the Surface charge density versus pH for different ionic
concentrations for a silicon dioxide surface (pK_ = —6.3, Ny = 1.5 site.nm™2).
The point of zero charge is at pH=3 and the maximum possible charge density is -
240 mC /m?.

Dissociated H" and OH"

4| J. Name., 2012, 00, 1-3

As it can be figured out from Figure 3, the pH of the solution in
EDL is different from bulk. Considerable activity of H* ion
inside nanochannel can affect the nanochannel conductance
since its ionic mobility is higher than mobility of salt ions.
Except in few works that studied the problem for acidic
conditions''?, this effect was ignored in previous models that
assumed an effect of the bulk pH only on the wall surface
charge. Specially, when the salt concentration is of the same
order as the ones of H*, the effect of H* ion is dominant.
Similarly, the role of OH™ should be considered for a positively
charged wall.
For the case of a monovalent salt solution, it is possible to
define an effective ionic mobility as the concentration weighted
average of participating ions’ mobility values. Assuming a
Boltzmann distribution of all ions, the proportion of each ion
concentration in the diffuse layer and in the bulk is the same.
The effective ionic mobility y; is then defined as:
> pict
Ue = ZCLB

(11)

where y; and cZ are the ionic mobility and concentration of
counter-ions in the bulk. For instance, for a negatively charged
surface and a KCI solution, the effective ionic mobility is
_ ‘LlK+CI€+ + MH+C5+
. =

(12)

B B
Ch+ +Chs
Where cg+ and cp+ are the bulk concentrations of K* and H*
ions respectively.

The Net charge inside the nanochannel

For the nanochannel conductance to remain constant at low
concentrations, the concentration of counter-ions in the
nanochannel needs to remain constant. Consequently, when the
bulk ionic concentration outside the nanochannel is lowered, a
higher electrostatic field has to be created by the wall surface
charge to attract the same amount of counter-ions in the
nanochannel. This can be described using the Boltzmann
distribution of ions:

Zie(p) (13)
kBT

where ¢;, cB and z; are the concentration at specific point, bulk
concentration and charge number of ion i. Assuming the
concentration of an ion inside the nanochannel constant for
different bulk concentrations, the equation (14) needs to be
satisfied.

ci = cexp(

T _ pep @ =), (14
CiB p kBT

For concentration variations of two or three orders of
magnitude, the required increase of electric potential is about
4.6 and 6.9 times the ratio kgT/z;e respectively. The ratio
kgT/e is called the thermal voltage, which is about 26 mV at
room temperature.

In reality, at low concentrations where the EDL overlaps, the
wall surface charge density is not completely compensated
inside the channel according to the results of numerical
simulations™. In this situation, although a charged solution is
present inside the nanochannel, the wall surface charge is not

This journal is © The Royal Society of Chemistry 2012
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neutralized inside nanochannel and a counter-ion enriched
region (CER) located at the nanochannel entrance is created. In
this condition, the charge density inside the nanochannel is
smaller than the total wall surface charge density o, and
consequently, the conductance of the nanochannel is lower than
when the whole surface charge densitiy of the nanochannel is
neutralized. In order to model this, the Gouy-Chapmann
solution for electric potential is considered to find the electric
potential at the center of the nanochannel.

Assuming a Boltzmann distribution for the ions in CER
provides the possibility to derive a very similar relation as
equation (7) for the charge of CER. Following similar approach
as for equation (7) the charge density in CER is:
—€Pn
2kgT
where @, is the electric potential at the centre of the
nanochannel.

(15)

0, = /8eoekaTr~1 sinh

Finally, the effective surface charge inside the nanochannel o,
is given by:
o, = 0, — 0, (16)

Figure 5 shows the evolution of the ratio of charge density
inside a nanochannel to the total charge density a,,/d,, with the
ionic strength and pH for a silicon dioxide surface. At high
concentrations, the EDL thickness is small enough to neutralize
all the surface charge inside the nanochannel. At lower
concentrations where the electric field cannot attract enough
ions to neutralize the wall surface charge inside the channel, the
ratio o, /g, decreases. It implies that the ionic charge inside the
nanochannel can differ from the wall surface charge density.
The higher the pH is, the more powerful the electric field is
created on the wall that can attract the counter-ions into the
nanochannel.
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Figure 5. Evolution of the ratio of charge density inside a silica surface
nanochannel to the total charge density, with the ionic strength and pH. This ratio
decreases at low concentrations. It means that the surface charge density is not
neutralized completely inside the nanochannel in some conditions.
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The improved Model

Based on the dependency of conductivity of the solution on the
ionic mobility and concentration, and applying the mentioned
modifications, the improved model is developed. It is composed
of two terms. The bulk term that is defined as:

Gp = 103NAeWThZ u,c? an
and the surface term which is definled as:
Gg = Z,ueyan (18)
The total conductance is the summation of both G and Gs.
G =Gs + G (19)

At high ionic concentrations, the surface term has a small
influence on the total conductance, the conductance is governed
by channel geometry and a linear dependency of conductance
to the ionic concentration is observed. At low ionic
concentrations, on the other hand, the bulk term is negligible
relative to the surface term and the total conductance is mainly
the surface term. In fact, when decreasing the ionic
concentration, the nanochannel conductance does not follow the
bulk conductance nor does it reach a plateau of constant value,
even if the latest case may happen in some conditions. Figure 6
shows the calculated evolution of the conductance for different
values of the pH as a function of ionic concentration. When the
H* or OH~ concentrations are higher than the electrolyte
concentration, the ionic strength does not change by diluting the
solution any more. In this situation, the nanochannel
conductance remains constant and is not influenced by dilution.
The conductance may even increase in the case of lower pH,
when H* ions of higher ionic mobility H* replace the K* ions
inside the nanochannel. Moreover, it might be possible for the
case of high pH values that the electric potential rise is high
enough to concentrate more salt ions since in lack of H* ions
the surface charge does not change as much as lower pH
solutions. In this case, the nanochannel conductance changes
less at low concentrations.

T=25 °C,N_=1 5sites/nm?, pK =6.3
10 . . i ] )

Conductance (S)

3 3 3 3 3

10° 10° 10" 10° 107 10" 10°

Concentration (M)
Figure 6. Conductance versus concentration for a silica surface nanochannel. The
nanochannel length to width ratio is d/w = 10 and its height is h = 35 nm.
Higher surface charge density tends to a higher deviation from bulk.
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In our model, the binding site density and the equilibrium
constant are the parameters that define the behavior of the
nanochannel walls, and its surface charge density. For the case
of a silicon dioxide surface, the equilibrium constant for the
creation of negatively charged sites K_ (reaction (3)) is the only
equilibrium constant to take into consideration since the
reported K, value is extremely small. In the literature, the value
of pK_ is reported to be between pK_ =6 and pK_ =75
1524The number of binding sites has been reported to be
between N, = 4 sites/nm? and N, = 15 sites/nm? 81924 for
silicon dioxide. The lower limit is reported to be N =
1.5 sites/nm? for a silica surface '°. Figure 7 shows the
evolution of conductance with concentration for various values
of the equilibrium constant and binding site densities. A higher
number of binding sites as well as higher values of equilibrium
constant lead to a larger deviation from bulk line. For the range
of reported values, the variation of electrical conductance is less
than one order of magnitude.

PCCP
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Figure 7. Conductance at pH=7 for different surface parameters. The larger
number of binding sites and larger equilibrium constant leads to higher deviation
from the bulk.

¢ pH=8, Schoch and Renaud*
®  pH=7, Kamik et al.?
< pH=7, Smeet et al.®
v

pH=5.5, Schoch and Renaud®
o —@— Bulk

10* £ £ E E
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Figure 8. Comparison of our model with the data, published by other research
groups*?®. Lines show the model result for corresponding pH. The modelling
parameters are N; = 15 sites/nm? and pK_ = 6. The blue circles are the
experimental measurements of the bulk conductivity while the pink line is a
guideline for its slope regardless of the ionic mobility decrease at high
concentrations.

Experimental validation

In Figure 8, our model is compared with the data, previously
published by other research groups'?® at different pH values.
Our model estimates a higher bulk conductance for the
measurements at high concentration. This looks reasonable
since ion-ion interactions that happen at high concentrations
have been neglected. In our model, the ionic mobility reduction
due to the increase of concentration® has not been considered,
which results in an overestimation of the nanochannel
conductance at high ionic concentrations. The experimental
measurement of bulk conductivity (the blue circles) depicts the
reduction of ionic mobility at high concentrations in Figure 8.

6 | J. Name., 2012, 00, 1-3

Our model was compared with the results from controlled
experiments of the electrical conductance using AC impedance
measurements. The 35 nm nanochannels were fabricated in
silicon dioxide on a fused silica substrate using a sacrificial
layer approach. Figure 9.a shows a scanning electron
micrograph (SEM) of a fabricated nanochannel entrance. Two
platinum electrodes were embedded about 40 micrometers from
the nanochannel entrances for impedance measurements
(Figure 9.b). Two other platinum electrodes were placed in the
microchannels for the bulk conductivity measurements. The
bulk conductivity has a linear dependency on the concentration.
Hence, these two electrodes can be calibrated for measuring the
concentration of the solution according to a prior reference
solution measurement.

@

’

L] ot} . et Y
Ry M IR A

(b)

This journal is © The Royal Society of Chemistry 2012
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Figure 9. (a) Scanning electron micrograph (SEM) of a fabricated nanochannel
entrance (view from microchannel). Scale bar 1 wm. The inset shows the
nanochannel entrance with a higher magnification. The height of nanochannel is
35 nm (b) Schematic view of a device design. Platinum electrodes for impedance
measurement of nanochannel are shorted in the device. Two other electrodes for
measuring the bulk conductance are calibrated to assess the solution
concentration.

Measurements were performed in a shielded cage and
connections to the measuring instruments used coaxial cable to
avoid electromagnetic noise.

Measurements were done over a large range of frequencies to
find the best frequency for the nanochannel conductance
measurement and discriminate it from other effects. To this
aim, a computer-controlled impedance analyzer (Agilent
4294A, Agilent technologies, USA) was used in the frequency
range of 40 Hz to AMHz.

Figure 10 shows the measurements of the electrical
conductance versus the ionic concentration obtained for
different designs of nanochannels (different number of
nanochannels, width, length but the same height) at pH=7 .
Here, the number of binding sites is 1.5 sites/nm™2 and
pK_ =6.3 . There is a very good agreement between the
model and the experiments.

10° : : : :

Conductance (S)

10'9 r rorrreeck £ v rrreeck £ rorrreecf r rorrreeck
10° 10° 10? 10 10
Concentration (M)

1 0

Figure 10. Nanochannel conductance versus concentration at pH = 7 for a silica
surface (pK_ = —6.3,Ng = 1.5 site.nm™2). The nanochannel length to width
ratio is d/w = 10 and its height is h = 35 nm. Different symbols represent
different devices.

Conclusions

This journal is © The Royal Society of Chemistry 2012
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We developed a new model for nanochannel conductance based
on surface reactions and taking in account contribution of
dissociated H+ and OH-. According to our model, the surface
charge density cannot be considered constant for all
concentrations. It decreases for more dilute solutions, which
leads to a lower conductance of the nanochannel. Moreover, as
the electric field generated by the wall surface charge fails to
attract as many ions at low concentrations as for high
concentrations, the nanochannel conductance is reduced even
more at low concentrations. However, considering the role of
H™ ions in the nanochannel conductance results in an increase
of conductance at low concentrations, due to the high ionic
mobility of H* ions.

We compared our model with experimental measurements.
There is a good agreement between experimental data and our
model.

The model is capable of estimating nanochannel conductance
for different physiochemical conditions of symmetric
electrolytes. We plan to use the model to perform a parametric
study seeking the more influential factor in nanochannel
conductance.
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