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Diffusion is one of the most fundamental properties of ionic transport in solutions.
Here, we present experimental studies and theoretical analysis on the ion diffusion
in nanochannels. Based on Fick’s second law, we develop a current monitoring
method to measure ion diffusion coefficient of high solution concentrations in
nanochannels. This method is further extended to the cases at medium and low
concentrations. Through monitoring ionic current during diffusion, we obtain
diffusion coefficients of potassium chloride solution at different concentrations in
nanochannels. These diffusion coefficients within the confined space are close to
theirs bulk values. It is also found that the apparent ion diffusion equilibrium in the
present experiments is very slow at low concentration, which we attribute to the
slow equilibrium of the nanochannel surface charge. Finally, we get a primary
acknowledge of the equilibrium rate between the nanochannel surface charge and
electrolyte solution. The results in this work have improved the understanding of
nanoscale diffusion and nanochannel surface charge and may be useful in
nanofluidic applications such as ion-selective transport, energy conversion, and
nanopore biosensors. © 2014 AIP Publishing LLC.
[http://dx.doi.org/10.1063/1.4874215]

. INTRODUCTION

Rapid advances in micro- and nanofabrication techniques have made it possible to produce
various types of nanofluidic devices, such as nanochannels or nanopores, with at least one char-
acteristic dimension below 100nm."? One of the great challenges in nanofluidic applications is
to exploit the unique transport properties within nanoscale confinement.* Ton diffusion in
aqueous solutions forms the fundamental transport process in nature. There exist several experi-
mental methods to determine the diffusion coefficient of ions in aqueous solutions, including
optical methods,®’ dispersion methods,® chronoamperometric methods,” hydrodynamic meth-
ods,lo etc. However, most of them are complex and not suitable to be used in nanochannel
measurement.

In the recent years, experiment studies''™'® have demonstrated that the apparent diffusion
coefficients of fluorescently labeled proteins or nanoparticles in a nanochannel may be orders of
magnitude lower than their bulk diffusion coefficients. Such disparity is understandable since in
those studies the size of biomolecule or nanoparticle is comparable to the characteristic length
scale of the nanofluidic systems and thus cannot be treated as point particles. Molecular dynam-
ics simulations have also shown that the diffusion coefficients of ions decrease significantly
inside typical biological nanopores that have narrow constrictions of diameter of 1-2nm.'*'?

YAuthors to whom correspondence should be addressed. Electronic addresses: jmxue@pku.edu.cn and
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The lower diffusion coefficients are probably due to the strong interactions of the water mole-
cules and the ions with nanopore walls.'*'®

However, in nanochannels with dozens of nanometer or larger scale, whether the diffusion
will be affected by the confinement is still unclear. There are three types of intermolecular
forces in liquids near a solid surface: steric interactions (in range of ~0.1-2nm), van der Waals
forces (in range of ~0.1-50nm), and electrostatic forces (in range of Debye length,
~1-100nm). Apart from steric interactions, the other two forces can be modeled by continuum
approximation.'” Daiguji'® suggested that continuum dynamics is an adequate description of
ionic transport phenomena for dimension scale larger than ~5nm. In the continuum modeling,
some works!®2? assumed ion diffusion coefficients to be the same as their bulk values, while
other works?*2® chose different apparent diffusion coefficients to fit their experimental data.
Using a continuum model with bulk diffusion coefficients of ions, Qian and co-workers investi-
gated the diffusiophoretic motion of a nanoparticle caused by applying a salt concentration
gradient in a nanopore with diameters ranging from 8 nm to 20nm."*~*" Siwy er al.** did exper-
imental research on asymmetric diffusion through synthetic conical polyethylene terephthalate
(PET) nanopore with minimum radii of 1.5nm. In order to fit the calculated diffusion currents
to the experimental data, they adjusted the ion diffusion coefficients and estimated a quarter of
bulk value for anionic diffusion coefficient in the nanopore. Hirono et al.*> estimated that the
ion diffusion coefficients might be about half of its bulk values in rock nanoscale pores with
diameters below 100nm. Yossifon and Chang,?® on the other side, adopted a high ion diffusion
coefficient of ~2 times of its bulk value when they researched ion-depletion phase in a 200 nm
deep nanochannel. However, there is no accurate experiment yet to evaluate those assumptions
by measuring the ionic diffusion directly.

Several experiments were carried out to get apparent diffusion coefficients based on Fick’s
law in nanochannels.”’° The experiments were designed as the ionic flux goes from one end
of the nanochannels with high salt concentration to the other end with low salt concentration.
The apparent diffusion coefficients were usually orders of magnitude lower than its bulk values.
For example, Bluhm and co-workers®’*® have shown that the apparent diffusion coefficients of
cations diffusion through an alumina membrane containing 20 nm diameter nanochannels might
be one order of magnitude lower than their bulk values. Since nanochannels have a high sur-
face-to-volume ratio, they attributed the low apparent diffusion coefficients to positive surface
charge of the alumina nanochannels in which cationic concentration was significantly smaller
than the bulk concentration. Although the apparent diffusion coefficient to some extent repre-
sents the diffusion behavior such as diffusion flux in nanochannels, it cannot be considered as
the real diffusion coefficient.

Surface charge plays an important role on ionic transport in nanochannels, especially at
low salt concentrations.”" Silica is one of the most popular materials used in fabricating nano-
channels. The surface charge density of silica nanochannels is usually simply considered to be
a constant value at different bulk salt concentrations.>' > However, previous theoretical studies
have demonstrated that the charge densities on the silica surface are results of chemical equilib-
rium between the surface and the solution, known as “charge regulation,”**° which indicates
that the silica surface charge density is related to bulk salt concentration.

Experimental and theoretical studies have focused on the surface charge density of silica
nanochannels at different bulk concentrations.>’° However, the rate of the equilibrium
between the wall charge and solution is seldom investigated. Zangle et al.*' thought that the
equilibrium between the nanochannel surface charge and bulk solution was not achieved instan-
taneously in their experiments. Raider er al.** found that the kinetics of ionic adsorption on sili-
con dioxide surface was a slow process, and this process could take several hours for a neutral
solution. Duan and Majumdar® observed that it took about 10 h for the conductance of their
nanochannels to reach a steady state. Therefore, the slow equilibrium of surface charge may
significantly affect ion transport phenomena like ion diffusion in nanochannels.

In this paper, we have experimentally and theoretically studied the constrained diffusion of
ions in nanochannels. By monitoring the ionic current, we present a simple technique to mea-
sure the diffusion coefficient of potassium chloride (KCl) solution at high concentrations in
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nanochannels. The method is then extended to the cases at medium and low bulk concentrations
by theoretically analyzing ionic governing equations and ionic current in nanochannels. Our
theory points out that the change of surface charge affect ion diffusion at relatively low concen-
trations, which is observed in our experimental measurements. Finally, we get the equilibrium
rate between the nanochannel surface charge and solution at low salt concentrations.

Il. THEORY
A. Current monitoring method

Diffusion is a passive motion of molecules or ions from regions of higher concentration to
regions of lower concentration. Ion diffusion in a nanochannel and its electrical measurement
used in the present study are schematically illustrated in Fig. 1. Initially, the reservoirs and the
nanochannel are filled with a certain concentration of KCl solution. If the solution in both reser-
voirs is replaced to another concentration, the ions will diffuse in the nanochannel to achieve
new equilibrium.

We first consider high bulk concentrations cases, in which the electric double layer (EDL)
and surface charge on the nanochannel walls can be neglected.>' Thus, the diffusion process
can be simply described by Fick’s second law,

IC(x,1) 0 OC(x,1)
ot _8xD ox M

with the initial condition
C(x,0) = Cy, )

where C is the concentration of the electrolyte solution and D is the ion diffusion coefficient.

Since the volume ratio of the reservoirs to the nanochannel is very huge, we can take the
solution concentration in reservoirs as invariable during diffusion process. Thus, at both the
ends of the nanochannel, the concentration boundary conditions are set as

C(07 t) = C17 C(Lat) = C], 3)

where L is the length of the nanochannel.

According to Harned and Nuttall,44 the ion diffusion coefficient of infinite dilution KCI so-
lution at 293.16K is D=1.77 x 10~° m?s. It slightly decreases with increased concentration
and can be calculated as D =1.63 x 10~° m?/s for 100mM KCIl or D=1.62 x 10~° m?%/s for
200 mM KCI. In this work, we assume constant ion diffusion coefficient during each diffusion
experiment. Then Eq. (1) becomes

aC(x, 1) 9PC(x,1)
o P e @

Electronicload

reservoir reservoir

electrode

L X L |

KCl solution nanochannel

FIG. 1. Schematic diagram of ion diffusion in a nanochannel and electrical measurement system.
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From Egs. (2)-(4), the concentration of the electrolyte solution in the nanochannel can be
solved and given by the following series form:

C(x >\ 2 s nmx Dn’n?
Calar =l s e (2
4[, X ( Dn2t>+1 . 3mx ( 9Dn2t>—|— ] )
= — |sin—exp| ——5- —sin—exp| -9 —- e
e R T AN I A R A 2
Integrating Eq. (5) along the nanochannel length yields
m —C 8 Dn2 1 D
ﬁ:; exp L2 +9eXp —9— L2 t)+--- s (6)
where C =7 fo (x, f)dx denotes the average concentration along the nanochannel length.

At hlgh bulk concentrations, the surface conductance is negligible so that the nanochannel
conductance is solely the bulk conductance,®" 32 which is linear with the average ionic concen-
tration. Therefore, we can measure the nanochannel conductance with a transient low voltage to
get average ionic concentration in the nanochannel. The externally applied voltage across the
nanochannel shall be very low and the duration is very short and thus it does not cause extra
ion migration. Under a constant externally applied voltage, the electrical current depends line-
arly on the average concentration. From Eq. (6), the current versus diffusion time can be

obtained as
1H-1 8 {X ( Dn2>+lex ( 9Dn2t>+ } -
-1, =[P\ 12 9P\ 12 :

where I denotes the initial current and /; denotes the current when the ion diffusion is com-
pleted. If the value of Dn’t/L?* reaches 0.5, the ratio of the second term to the first term on the
right-hand side of Eq. (7) is about 0.2%. Therefore, at Dr*t/L* > 0.5 (for example, with
D=16 x 107 m?s and L=6mm, ¢>1140s), we can only keep the first term on the
right-hand side of Eq. (7), and get a simple form

_ 2
1) =1, — Mexp (—DL’;r>. ®)

I

The characteristic time 7 can be calculated by fitting the experimental data with the mono-
exponential curve I =1; — Aexp(—t/t). Subsequently, we can obtain the ion diffusion coeffi-
cient as D = L*/(t x ©*). We call this method the current monitoring method.

The underlying principle of this current monitoring method is similar to the technique used
in microchannels to determine the zeta potential.** Tang et al. analyzed electro-osmotic flow dis-
placement between two solutions in a uniformly charged microchannel and examined how solu-
tion conductivity difference plays roles in the current monitoring method.*® Harned and Nuttall*’
used a conductance method based on a similar principle to measure the diffusion coefficients of
electrolytes in a macro channel device. It was difficult for them to eliminate convection impact
upon introducing the electrolytic solution and turbulent flow derived from non-uniform tempera-
ture. However, those difficulties can be overcome in our experiment due to the unique properties
of nanochannel such as high flow resistance and extremely low Reynolds number.

Since our current monitoring method is derived at high bulk concentrations, it has to be modi-
fied to deal with the cases at medium and low bulk concentrations. We will discuss it later in detail.

B. Governing equations

Since the thickness of EDL cannot be neglected at medium and low bulk concentrations in
a nanochannel, ionic concentration gradient exists across the channel height induced by the
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EDL. As a result, we cannot directly use Fick’s second law to describe the diffusion process.
Based on the continuum approximation, the ionic transport in a nanochannel can be described
using the Poisson-Nernst-Planck (PNP) equations and the Navier-Stokes (NS)

e:quation5',,'9’20’23’48
Vi = —4)—;, ©)
Jc; ac; ziFD; _
E—‘FVJ,—E—FV <—Dch,+uci—Wc,V¢) —07 (10)
V-u=0, (11)
Ou )
p E+u~Vu =uVu—Vp—p,NVo, (12)

where ¢ is the electrical potential, ¢ is the electrical permittivity of vacuum, ¢, is the relative
permittivity of solution, F is the Faraday constant, R is the molar gas constant, and T is the
temperature; c¢;, J;, D;, and z; are the concentration, flux, diffusivity, and valence of the each
ionic species, respectively; z;FD;/RT is the electrophoretic mobility obtained from the
Nernst—Einstein relation; u, p, p, and p are the velocity vector, dynamic viscosity, density, and
pressure, respectively. Here, p, is charge density of the ionic species and is given by
p. = F>"" | zic;, where n is the number of ionic species involved in the system.

Since the effect of the external transient electric field on diffusion can be neglected, the
fluid velocity is assumed to be zero during diffusion. Considering a two-dimensional problem,
Eq. (10) is rewritten as

' 2. ] ) 2 .. . .
dei _ ) O zIFD,a( 5@5)+D,561 ZIFD18< ‘9‘15), (13)

9~ o T RT ax \“ox "0y2 ' RT Oy Ciay
where x denotes the direction along the channel axis and y denotes the transverse coordinate
originating from the channel axis. The potential gradient in the x-direction is induced by diffu-
sion when cations and anions in the electrolyte have different diffusion fluxes through the chan-
nel.*>° If the cations diffuse more rapidly than anions, the concentrated solution will be nega-
tively charged and the dilute solution will be positively charged, resulting in a double layer of
negative and positive charges between the two solutions. Therefore, a potential difference called
diffusion potential will develop.
At high bulk concentrations, the thickness of EDL is negligible compared to the channel
height, resulting in 9¢/dy =0, D;0%c;/dy* =0, and cg+ = cci- = Cpux in the nanochannel.
Therefore, Eq. (13) is reduced to

BCKA - 826‘1(+ FDK+ 0 ( c’)d))

o Pk o TR o\ o) 14
8Cc1— o 82CC1— FDCI— 0 ( 8(1))

o P a0 T TRT ax\Y ax ) (15

Multiplying Eq. (14) by D¢~ and multiplying Eq. (15) by Dg+ and then adding the two equa-
tions together, we can get

Ocpune D52Cbulk
ot ox? '’

(16)

where D = 2Dg+Dc¢y- /(Dg+ + D¢~ ) is the diffusion coefficient of KCl solution. Equation (16)
is then the same as Fick’s second law.
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At medium and low bulk concentrations, there is intrinsic electric field and concentration
gradient in the y-direction (across the channel height) stemming from surface charge. Taking no
ions penetration through the nanochannel walls, we integrate Eq. (13) in the y-direction and

eliminate the last two terms on the right-hand side,!

oc; e
o iW‘i‘Q, (17)
1 ("? zFD; ( 8¢>>

thh/z RT Ox Cia dy, (18)

where ¢; = %ffﬁz c;dy indicates the average ionic concentration in the y-direction. The source
term Q is related to diffusion potential. Because of the overall electroneutrality requirement, the
difference of the average ionic concentrations between K™ and CI~ is determined by the surface
charge density. It should be noted that the asymmetry in the diffusion coefficients of the cations
and anions, leading initially to different ionic fluxes, will build up a potential gradient along the
x-direction. However, since the diffusion coefficients of K™ and Cl~ are approximately equal, it
is reasonable to assume that equal cations and anions enter into the nanochannel from the reser-
voirs, if the surface charge does not change much during the diffusion process. Therefore, the
diffusion potential can be neglected and Q term in Eq. (17) can be assumed zero, leading to

(3CK+ 82CK+
=Dy ——— 1
ot o2 (19)
decr- o*car
=D ———— 20
T 5 (20)

When equal K* ions and Cl™~ ions diffuse into the nanochannel, we can get dck+ /Ot
= Jc¢y- /0t. Then Egs. (19) and (20) can be merged into

oexs +car) 0% (ks +ccr)
ot =b ox? ’ @D

where D is already defined for Eq. (16).

If the surface charge changes significantly during a diffusion process, the diffusion poten-
tial cannot be neglected. In this case, the real diffusion coefficients cannot be measured with
the present current monitoring method. However, we can get the changing rate of the surface
charge when the change of surface charge dominates the diffusion process. Actually, a concen-
tration gradient does exist along the nanochannel during the diffusion process, resulting in dif-
ferent local pH. However, the surface charge on the nanochannel walls does not instantaneously
achieve equilibrium with the local pH, as pointed out in previous experimental studies.***
Thus, we only consider the total change of surface charge of the whole nanochannel in the
present work, rather than the local change. The nonuniform effect of the local pH on the nano-
channel surface charge, such as the nonuniform or even discontinuous surface charge,52 will be
carefully considered in our future work.

C. Electrical current analysis

At medium and low bulk concentrations, the nanochannel conductance is not linear with
the bulk concentration due to the channel surface conductance. A commonly used approximate
expression for the ionic current in a nanochannel is given by Schoch and co-workers.>*>> Their
expression is rewritten below:

FDg~
aw,
RT

I FDg: FD¢
( K=« 22)

—_—F
RT RT

E, )Cbulkhw +2
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where E, is the applied axial electric field, ¢ is the surface charge density of the nanochannel;
h and w is the height and width of the nanochannel, respectively. The first term on the right-
hand side of Eq. (22) shows that the ionic current in a nanochannel at high concentrations is
dominated by the nanochannel geometry and ionic concentration. The second term illustrates
that, at low electrolyte concentrations, the ionic current is mainly governed by surface charge
density of the nanochannel. However, this approximation only considers the electrophoretic
current.

To get more accurate analysis, we integrate the ionic fluxes over the nanochannel cross-
section to obtain the ionic current. According to Kirchhoff’s first law, the ionic current is iden-
tical everywhere along the nanochannel. At the middle cross section of the nanochannel, the
diffusion current is zero and thus the ionic current can be expressed as

h/2
[ZJ F(JK+—JC/—)dy

—h/2
h/2 W2 (FDg- FDc- )

= Fuccp+ — upcer-)dy + F cx+E, + cc-E, |dy. 23
Jh/z (uxck cr-)dy Jh/z ( RT K =T Ccl y (23)

The first term on the right-hand side of Eq. (23) represents a contribution from the electro-
osmotic flow, while the second term on the right-hand side stems from the ionic electrophore-
sis. The electrophoretic current is directly proportional to the ionic concentration, but the
electro-osmotic current is not, which induces a non-linear relation between the average ionic
concentration and the ionic current. If the electro-osmotic current can be considered as invariant
during a diffusion process, we can also get the variation of the average ionic concentration in
the nanochannel from the variation of the ionic current. Further, we use numerical simulation
to investigate the influence of the electro-osmotic current in Results and discussion.

Ill. EXPERIMENTAL
A. Nanochannel fabrication

We fabricated nanofluidic devices in glass wafers (4” PYREX 7740, 0.5 mm thick) using
conventional MEMS processing techniques. The whole process started with a glass wafer. First,
nanochannels were patterned on the wafer by standard photolithography. Briefly, a glass wafer
was cleaned in acetone, ethanol, and a piranha solution (H,SO4:H,0, =7:3) for 10 min, respec-
tively. Then it was rinsed in deionized water, spun dry with nitrogen gas, and primer-treated
with hexamethyldisilazane (HMDS) as an adhesion layer. Then it was coated with a thin layer
of photoresist (AZ5214). The photoresist was soft-baked at 95°C for 90s. The nanochannels
were then transferred from a photomask to the photoresist film using a mask aligner (SUSS
MAG6/BA6, Germany). After UV exposure, the wafer was developed with developer solution
(TMAH) for 40s.

Before the etching step, an oxygen plasma machine was performed to remove photoresist
residue left over after photoresist development to avoid uneven etching.”® Next, we etched the
wafer with an ion beam etching (IBE) machine through the opened photoresist area. The
remaining photoresist was removed in acetone after etching. Thus, the etch depth is the height
of nanochannels. The etch rate of the glass wafer was about 15 nm/min. And the selectivity of
the IBE between the photoresist and the glass wafer was about 1:1. So, we could get a low
etch rate to control etch depth easily and attain a small surface roughness.

Another glass wafer was drilled 2-mm-diameter holes with diamond driller as liquid access
holes. Finally, the etched glass substrate and the glass cover were cleaned in piranha solution
for 10 min. After rinsing in deionized water, the two glass wafers were then aligned and pressed
together to make a spontaneous bonding. Thermal bonding was achieved by annealing in a fur-
nace at 540°C for about 6 h.>*

We used a surface profilometer to measure the height of nanochannels before bonding. The
height of nanochannels was about 65 = 2nm. The cross-sectional scanning electron microscopy
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(SEM) images of nanochannels after bonding are shown in Fig. 2. It can be seen that there is
no collapse or significant change of the depth after bonding.

Plastic ports used as reservoirs were attached with Silicone rubber to facilitate injection of
fluids into nanochannels.

B. Conductance measurement

In our experiments, the device had two large reservoirs connected by 40 nanochannels:
each is 6 £ 0.1 mm long (between two reservoirs), 65 = 2nm high, and 5 = 0.5 um wide (totally
200 = 20 um wide).

The electrolytes used were KCI solutions prepared with deionized water. Different concen-
trations from 0.2M to 0.01 mM KCI were used. The pH values of the KCI solution were kept
as 6.5. Ag/AgCl electrodes were used on both reservoirs to measure the ionic current as shown
in Fig. 1. Before measurement, the reservoirs were filled with the chosen electrolyte solution.
We carefully balanced the liquid levels at both ends to minimize the pressure-driven flow and
used Parafilm M sealing film to enclose the reservoir to avoid evaporation. After waiting
enough time to achieve ion equilibrium, the current was acquired by a patch clamp (Axon
200B, Molecular Devices, Inc.). The patch clamp operated in voltage-clamp mode with a 1kHz
low pass Bessel filter. The nanochannel conductance was obtained by linearly fitting the I-V
curves, which were recorded by scanning the applied voltage from —0.8V to +0.8V with a
step of 0.2 V. The temperature of the experiment environment was 20 °C.

The nanochannel conductances at different concentrations are displayed in Fig. 3. At high
concentrations, the measured conductance increases linearly with concentration, following the
bulk conductivity of the solutions. At low concentrations, however, the conductance only exhib-
its small variations with the concentration. It is worth noting that although the nanochannel
conductance is generally considered to be dominated by the surface conductance only when the
EDL overlap occurs, the surface conductance becomes significant at low concentrations even
without EDL overlap.’'?? The measured channel conductance agrees with the reported
literatures.””*

C. lon diffusion experiments

Initially, the reservoirs were filled with a certain concentration KCI solution. After waiting
more than 10 h for the attainment of ion equilibrium, we replaced the solution of both reser-
voirs to another concentration. The ions diffuse in the nanochannels due to the concentration
gradient. We monitored ionic current through the nanochannels at an applied transient low
voltage during diffusion process.

The current was measured at the interval of 2 min. At each measurement, the voltage
applied across the nanochannels was scanned from —0.5V, 0V, and +0.5V, and each voltage
step lasted for 2s. We used the difference of current between OV and +0.5V as the ionic
current in our experiments below.

164.9nm

Magn WD p———— 1um
65000x 4.3

Magn WD p——————o 5um
15000x 4.2

FIG. 2. (a) Cross-sectional SEM images of a nanochannel. (b) Magnified image of (a).
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FIG. 3. Nanochannel conductance as a function of the electrolyte concentration.

Since the electrophoretic mobilities of K* and CI~ are about 6.3 x 10~ m%/(V-s) at 293K,
under the applied voltage of 0.5V for 2s, the ions only move approximately 10 um that is very
small compared to the channel length of 6 mm. In addition, negative and positive voltages were
alternatively applied to eliminate the impact of ionic electrophoresis and electro-osmotic flow.
We also did experiments with lower applied voltage (i.e., 0.2V) and got almost identical
results. Therefore, we can safely neglect the impact of the transient applied voltage on diffusion
in our experiments.

IV. RESULTS AND DISCUSSION
A. High concentrations

First, we tested the reliability of our experimental system. For ionic equilibrium at the 200
mM KCI, we monitored the ionic current with a 0.5V applied voltage lasting for only 2s at 2-
min interval, as shown in Fig. 4. It can be seen that the maximal relative variation of the ionic
current is about 1%. The ionic current experiences a relatively large reduction at the first few
minutes. We believe that such change is a result of the slight variation of surface charge under
the small electric potential difference, which stems from the difference between the two
Ag/AgCl electrodes potential and is typically smaller than 1 mV in our experiments. Since it
takes more than 100h for K™ and Cl~ ions to migrate from one reservoir to the other reservoir
by electro-osmosis or electrophoresis under 1 mV, we can safely neglect the influence of the
small electric potential difference on diffusion experiments. It should be noted that the ionic
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a  Experimental data at 0.2M
2225k .
< 2
= 2200( P ]
g
S
3 2175} -
2150

0 2000 4000 6000 8000 1000012000
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FIG. 4. Ionic current as a function of time for ionic equilibrium at 200 mM.
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current also changes rapidly during the first few minutes of diffusion experiments. Indeed, the
ionic current only varies within 8 pA from 1200 to 10560s. Therefore, our device has enough
precision for high concentration experiments.

The initial concentration in the reservoirs was 100 mM. After ionic equilibrium, the solution
in the both reservoirs was replaced by a 200 mM solution. The recorded ionic current during dif-
fusion is shown in Fig. 5(a). As discussed in the Theory section, we used the exponential expres-
sion I = I; — Aexp(—t/7) to fit the experimental data after 1200s and got the characteristic time
t1=2396s. Then the KCIl diffusion coefficient can be estimated as D =L?/(t x %)
= 1.52 x 10~? m?/s. Similarly, we got the results for the case in which the solution in the reser-
voirs was replaced from 200mM to 100 mM, as shown in Fig. 5(b). The corresponding diffusion
coefficient is D=1.54 x 10~ m?/s. In Fig. 5, the fitting exponential curves fit the experiment
data very well. The current changes fast at the beginning and becomes saturated at the later
stage. When the diffusion time reached 12000s, which was about five times of the characteristic
time 7, we thought that the ion diffusion achieved quasi accomplishment in the nanochannels.

According to the current monitoring method, a series of repeating experiments were con-
ducted and ion diffusion coefficients were obtained as shown in Table I. The KCl diffusion
coefficient between 100mM and 200 mM in the 65-nm-height nanochannels at about 293K is
D=1.55 x 1072 m?/s, which is close to its bulk value (~1.6 x 10~° m?%/s).

B. Medium concentrations

We did the diffusion experiments at medium concentrations similar to the high concentra-
tions. We also used the current monitoring method to obtain the fitting ion diffusion coeffi-
cients, which we call the apparent diffusion coefficients. As discussed in the Theory section,
unless the change of surface charge and electro-osmotic current can be neglected during

(a)2200 T T T T T
2100+
<&2000 -
E a  Experimental data
g 1900 Fitting exponential curve 7
=]
O 1800}
1700 L—< : : : :
0 2000 4000 6000 8000 1000012000
Time (s)
(b)1 800 T T T T T
a  Experimental data
1700} Fitting exponential curve 7
16001
81500}
5
O1400}
1300

0 2000 4000 6000 8000 10000 12000
Time (s)

FIG. 5. Ionic current as a function of diffusion time at high concentrations. (a) Diffusion from 100mM to 200 mM. (b)
Diffusion from 200 mM to 100 mM. A mono-exponential expression / = I; — A exp(—7/7) is used to fit the experimental data.
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TABLE L. ITon diffusion coefficients in the nanochannels between 100 mM and 200 mM.

No. of experiments 1 2 3 4 5 6
D (x107° m?/s) 1.52 1.54 1.66 1.51 1.53 1.51

diffusion process, the apparent diffusion coefficients are different from the real diffusion
coefficients.

The monitored current during diffusion between 1mM and 10 mM is shown in Figs. 6(a)
and 6(b). By fitting the experimental data, we obtained the apparent diffusion coefficients as
about 1.6 x 102 m?/s, which is also close to its bulk value. However, it should be noted that
the corresponding fitting exponential curves did not fit the experimental data so well as those of
high concentration experiments. Such deviation is a result of the change of the nanochannel sur-
face charge or the electro-osmotic current.

We further did diffusion experiments at other medium concentrations. The apparent diffu-
sion coefficients and the correlation coefficients are shown in Table II. It is found that the expo-
nential curve tends to fit worse with lower bulk concentration for the whole diffusion process.
For a better analysis, we also presented the results of the early period and the later period in
Table II. When the bulk concentration was lower than 10 mM, we found that the apparent diffu-
sion coefficients of different periods tend to have significant difference, which made the fitting
exponential curves not to fit the experimental data of the whole diffusion process very well.

In order to better understand the experimental phenomena, we used numerical simulation
with the PNP equations and the NS equations to analyze the nanochannel conductance at
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@ g0l i '
< 160} 1
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0 2000 4000 6000 8000 1000012000
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<
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FIG. 6. Ionic current as a function of diffusion time at medium concentrations. (a) Diffusion from 1 mM to 10 mM. (b)
Diffusion from 10mM to 1 mM. A mono-exponential expression I = I} — Aexp(—¢/7) is used to fit the experimental data.
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TABLE II. Apparent diffusion coefficients in the nanochannels between 1 mM and 100 mM.

D of the whole process D of the early period D of the later period
Experiments (1200-12 000s) (x 102 m%/s)  (1200-42005s) (x 102 m%s)  (9000-12 000's) (x 10~ m?/s)
From 10 mM to 100 mM 1.72(0.99974)* 1.93(0.99996) 1.63(0.99996)
From 100 mM to 10 mM 1.48(0.99996) 1.49(0.99997) 1.54(0.99995)
From 1 mM to 10 mM 1.60(0.99954) 1.82(0.99998) 1.18(0.99877)
From 10mM to 1 mM 1.58(0.99841) 1.86(0.99999) 0.53(0.99920)
From 2mM to 5mM 1.39(0.99756) 1.73(0.99997) 0.20(0.99899)
From 1 mM to 2mM 0.85(0.99647) 1.24(0.99978) 0.83(0.99519)
From 2mM to 1 mM 1.06(0.99522) 1.69(0.99950) 0.40(0.99561)

“The number in brackets, behind the ion diffusion coefficient, is Adjusted R-Square, which is a correlation coefficient of
the fitting exponential curve and the experiment data. The better the fitting exponential curve fits the experiment data, the
closer to one the value of this correlation coefficient.

different concentrations. The numerical method is similar to that reported in our previous
study.” At sufficiently low voltages, a nanochannel behaves as a linear ohmic resistor, far from
ionic concentration polarization.”® So we could use a 1-um-length nanochannel 2D model to
simulate our nanochannels.

The surface charge density of the nanochannel is an important boundary condition for the
simulation. Although the charge regulation model gives a better description for surface charge
density, the reported values for the parameters in this model have large ranges.’’*® In addition,
the surface charge on the nanochannel walls does not instantaneously achieve equilibrium with
solution during our diffusion experiments. Here, the surface charge density of the nanochannel
is assumed to be a constant value as ¢ =—10 mC/m?* which is comparable to the relevant
literatures.*®%->

From Fig. 7(a), it is found that, as the bulk concentration increases, the electrophoretic
current increases due to the increase of the total ionic concentration, while the electro-osmotic
current deceases due to the decrease of the electro-osmotic velocity. We take A as the ratio of
the variation in the electro-osmotic current to the variation in the electrophoretic current during
diffusion. From 0.1 mM to 1mM, A =54.4%; from 1mM to 2mM, A=28.9%; from 2mM to
SmM, A =4.3%; from SmM to 0.01M, A =1.8%. If the value of A is very small, we can get
an approximate linear relationship between the total ionic current and the average ionic
concentration.

The average concentrations of each species in the nanochannel at different bulk concentra-
tions are shown in Fig. 7(b). Due to a negative surface charge density of the nanochannel, the
K™ concentration is larger than the Cl~ concentration. Because of the electroneutrality require-
ment, the difference in the average ionic concentrations between K and Cl~ is determined by
the surface charge density. As the bulk concentration deceases, the surface charge plays a more
important role on the total ion concentration. Therefore, the effect of the change of surface
charge is more significant at lower bulk concentration.

As can be seen from Table II, the exponential curves did not fit the experimental data of
the later periods as well as those of the early periods for bulk concentrations below 10 mM.
Since the change of ionic concentration caused by diffusion is small at the later periods, the
current caused by the change of surface charge cannot be neglected during the later periods of
Crue < 10 mM, resulting in bad fittings. Given the fact that the exponential curves fitted experi-
mental data of the early periods very well for ¢, > 2 mM, we believe that the effects of the
surface charge and the electro-osmotic current are not significant for ¢, > 2 mM. As a result,
we can take the apparent diffusion coefficients of the early periods as approximate ion diffusion
coefficients for ¢, > 2 mM. The diffusion coefficients of KCI solution between 2mM and
100 mM in the nanochannels are about (1.5-1.9) x 107° mz/s, which are also close to its bulk
values.
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FIG. 7. Numerical results of the 1-um-length nanochannel 2D model. (a) The electro-osmotic conductance and the electro-
phoretic conductance as a function of bulk concentration. (b) Ionic average concentration of each species in the nanochan-
nel as a function of bulk concentration.

C. Low concentrations

We conducted diffusion experiments at low concentrations below 1 mM, where the thick-
ness of EDL is comparable to the height of the nanochannels and surface conductance domi-
nates the nanochannel conductance. We first checked the reliability of our experimental system
with 0.1 mM KCI solution. The ionic current changed less than 0.2pA in several hours, as
shown in Fig. 8(a). Thus, a small variation of ionic current in our low concentration experi-
ments would be valid.

Next, we got the ionic current during the process of diffusion from 0.1 mM to 1 mM, as
shown in Fig. 8(b). We find that the exponential curve fitted the experimental data very well at
the whole process, which is contrary to the trend at medium concentrations. The corresponding
apparent diffusion coefficient is D =0.39 x 10~° m?/s, which is significantly smaller than its
bulk value. Meanwhile, we note that the current did not reach saturation even after 21 600 s.
Comparing with high concentration experiments, it took much more time to achieve apparent
diffusion equilibrium at low concentration in our experiments. Although a significant decrease
in the real diffusion coefficient of the low concentration solution in nanochannels seems to be a
possible reason for the slow apparent diffusion equilibrium, a more possible cause is the slow
equilibrium of the nanochannel surface charge since the change of surface charge was already
significant at the later periods of ¢, < 10 mM.

We can simply divide the variation of ionic current during diffusion into two parts: the first
one stems from diffusion under constant surface charge, and the second one stems from the
change of surface charge. Referring to our experimental results, we assume that: (i) under
constant surface charge condition, the variation of ionic current approximately follows a
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FIG. 8. (a) Ionic current as a function of time for ionic equilibrium at 0.1 mM. (b) Ionic current as a function of diffusion
time during diffusion from 0.1 mM to 1 mM.

mono-exponential relation, Al = —Aexp(—t/t); (ii) the variation of ionic current stemmed
from the change of surface charge also approximately follows a mono-exponential relation,
Al' = —A’exp(—1t/7').

We hypothesize that the slow equilibrium in the low concentration experiment are caused
by the change of the nanochannel surface charge, implying that the characteristic time of the
change of surface charge 7’ is larger than that of diffusion 7. Consequently, the effect of surface
charge is more significant at the later periods of a diffusion process. As expected, the apparent
diffusion coefficients of the later periods during diffusion between 1 mM and 10mM signifi-
cantly decreased in our experiments. When the change of surface charge is significant at whole
process of low concentration experiment, we can get the good fitting and the small apparent dif-
fusion coefficient in the low concentration experiment.

Further, we used another device with shorter nanochannels to validate our hypothesis
above. The device had 30 nanochannels: each is 2.9 =0.Imm long, 65 *2nm high, and
5*+0.5pum wide (totally 150 = 15 um wide). Since the characteristic time of diffusion is
t=L?/(D x n?), the shorter channels have a shorter 7 so that it is easier to separate the ion
diffusion dominant period and the surface charge dominant period.

The experimental results of diffusion from 100 mM to 200 mM and diffusion from 0.1 mM
to 1 mM are shown in Figs. 9(a) and 9(b). For the high concentration experiment, we got the
characteristic time of general diffusion t as 532s. Consequently, we could obtain the KCl diffu-
sion coefficient of high concentrations (100-200 mM) as 1.60 x 1077 m?/s.

For the low concentration experiment, we used a fitting curve [ = —Aexp(—t/1)
—A"exp(—t/7') + I; to compare with our experimental data, where —A’ exp(—¢/7’) and I; came
from a mono-exponential function fit for the surface charge dominant period (12 000-20 640 s),
and t was got from the high concentration experiment. As shown in Fig. 9(b), the fitting curve
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FIG. 9. Ion current as a function of diffusion time for the 2.9-mm-length nanochannels. (a) Diffusion from 100 mM to
200mM, the fitting exponential curve (red line) is used the mono-exponential expression I =1, — Aexp(—t/t). (b)
Diffusion from 0.1 mM to 1 mM, the fitting curve (red line) is / = —Aexp(—t/7) — A’exp(—1/7') + I, with A=14.8pA,
1=5325,A'=109pA, 7 =6307s,1; =80.9 pA.

was slightly larger than the experimental data during the ion diffusion dominant period
(3604000 s). We attributed it to the electro-osmotic current, which deceases with increased
concentration under constant surface charge.

We had also changed the value of 7 and found that the fitting curve fitted experiment data
well with the value of 7 about 900s and was larger than the experimental data with smaller
value during the ion diffusion dominant period. The corresponding apparent diffusion coeffi-
cient of fitting parameter t for 900s is 0.95 x 10~ m?%/s, which is not significantly smaller
than its bulk value. Considering the effect of the electro-osmotic current, we think that the dif-
fusion coefficient of the low concentration KCl solution is also close to its bulk value.

From Fig. 9(b), a good fitting exponential curve is observed at the surface charge dominant
period and the characteristic time 7’ is 6307 s. The corresponding apparent diffusion coefficient
is D=0.14 x 10~° m?/s that is one order of magnitude lower than its bulk value. However, we
conclude that it was not the real diffusion coefficient since the change of surface charge domi-
nated the variation of ionic current. Since the variation of ionic current is approximately linear
with the change of surface charge density at the surface charge dominant period, the equilib-
rium rate between the silica nanochannel surface charge and solution approximately follows a
mono-exponential relation. Considering the nature of the exponential relation, we estimated that
it took about 10h for the equilibrium between the wall charge and solution.

V. CONCLUSION

With combined experimental measurement and theoretical analysis, we have investigated
the ion diffusion in nanochannels at various solution concentrations. The diffusion process is
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observed by monitoring the ionic current through the nanochannel. Our data suggest that the
ionic diffusion coefficients in nanochannels at high concentrations are close to their bulk values.
By extending the present current monitoring method, the ion diffusion at medium and low con-
centrations is also obtained. While the ionic diffusion coefficient at medium concentrations is
still close to the bulk value, the apparent diffusion coefficients at low concentrations are signifi-
cantly smaller than their bulk values. We contribute such disparity to the slow change of the
nanochannel surface charge. Taking account of the effects of the surface charge equilibrium,
the real ionic diffusion coefficient at low concentrations is still at the same order of its bulk
value. The equilibrium rate between the silica nanochannel surface charge and solution has
been found to follow a mono-exponential relation in our experiments. Our findings suggest that
the effects of slow surface charge equilibrium should be considered in the study of ionic trans-
port within nanoscale confinement, especially at low concentrations.
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