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ABSTRACT: The current rectiﬁcation factor can be tailored by changing the
degree of asymmetry between the ﬂuid baths on opposite sides of a nanocapillary
membrane (NCM). A symmetric device with symmetric ﬂuid baths connected to
opposite sides of the NCM did not rectify ionic current; while a NCM connected
between ﬂuid baths with a 32-fold diﬀerence in cross-sectional area produced a
rectiﬁcation factor of 75. The data suggests that the primary mechanism for the
current rectiﬁcation is the change in cross-sectional area of the ﬂuid baths and the
polarity dependent propagation of the enriched and depleted concentration
polarization (CP) zones into these regions. An additional contribution to the
increasing rectiﬁcation factor with increasing bath asymmetry appears to be a result
of electroconvection in the macropore, with inside diameters (IDs) of 625 and 850μm. Power spectral density (PSD) analysis reveals chaotic oscillations that are
consistent with electroconvection in the I-t data of the 625 and 850-μm ID
macropore devices. In the ON state, current rectiﬁcation keeps ionic transport
toward the NCM high, increasing the speed of processes like sample enrichment. A simple means is provided to fabricate ﬂuidic
diodes with tailored current rectiﬁcation factors.

I

counterion transport is enhanced in the tip to base direction,
which forms the current rectiﬁcation.12,13 Wei et al. performed
pioneering work on ionic current rectiﬁcation while characterizing ion transport through conical quartz nanopipettes.14 In
addition, asymmetric nanochannels made like funnels also
rectify ionic current, and the eﬀect of the taper angle of the
nanoﬂuidic funnel to the current rectiﬁcation ratio has been
investigated.15 Several groups have focused on how to control
the current rectiﬁcation of the conical nanopore. It has been
reported that the degree of current rectiﬁcation can be aﬀected
by the diameter of the conical pore, and ionic current
rectiﬁcation increases with decreasing tip diameter.16 The
surface charge inside the nanopore plays a critical role in the
ionic current rectiﬁcation, and the eﬀects of changing the
solution have been investigated.13,17,18 Changing the sign of the
surface charge from negative to positive reverses the direction
of the current rectiﬁcation.19−21 Ali et al. used layer-by-layer
deposition of polyelectrolytes into a conical pore to tune the
current rectiﬁcation ratio.22 In a further reﬁnement, a pHresponsive polymer brush was used to create a rectiﬁer that can
be controlled by the solution properties.23

onic current rectiﬁcation is an important process in the
function of biological ion pores, and it can provide enhanced
functionality to microﬂuidic and nanoﬂuidic systems. Ionic
current rectiﬁcation can be used to create diodes for ﬂuidic
circuits1,2 and has been used in analyte enrichment3−6 and
desalination.7,8 Current rectiﬁcation produces a greater ﬂow of
current in one direction than in the opposite direction, and the
current−voltage (I−V) plot of a rectiﬁer exhibits a characteristic asymmetric shape. The current rectiﬁcation factor is the
ratio of the forward bias or ON state current to the reverse bias
or OFF state current. Ionic current rectiﬁcation in ﬂuidic
systems was initially observed with systems that are asymmetric
at the nanoscale. More recently, devices with heterogeneous
solutions on opposite sides of a membrane have achieved ionic
current rectiﬁcation using membranes with both nanoscale and
microscale pores.9,10 Current rectiﬁcation has also been
observed in a ﬂuidic system with the symmetric nanochannels
ﬁlled with a homogeneous solution, providing evidence that
current rectiﬁcation can be achieved without nanoscale
asymmetry or the use of heterogeneous solutions.11
Conical nanopores are an example of nanoﬂuidic elements
with asymmetric geometry that rectify ionic current. Typically,
conically shaped pores have a diameter on the nanoscale on the
narrow side (the “tip”) and a larger diameter on the wide side
(the “base”). For a conical nanopore with a charged surface,
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potential mechanisms for production of ionic current
rectiﬁcation are discussed: changes in the solution resistance
based on the changes in cross-sectional area and changes in the
suppression of convection from changing the inside diameter of
the macropore. Fluorescent microscopy is used to monitor the
presence of the depleted or enriched CP zones in the
micropore, while the current through the system is recorded
as a function of applied voltage. The data provides a new
approach to tune the current rectiﬁcation of NMIs and
strengthen the fundamental knowledge of the current
rectiﬁcation mechanism in these devices. It is anticipated that
this knowledge will be applied to improve analyte enrichment,
ionic puriﬁcation processes, and the fabrication of simple ﬂuidic
diodes.

In addition to using asymmetric geometry, nanochannels
with asymmetric surface charge can rectify ionic current and
form nanoﬂuidic diodes. Daiguji et al. modeled a nanochannel
with asymmetric or discontinuous surface charge and
determined that it would perform as a ﬂuidic diode and rectify
ionic current.24 In these devices, ON state currents are
produced when a forward-bias produces an ion enriched zone
in the nanochannel, and the OFF state currents are produced
when a reverse-bias causes formation of an ion depletion zone
in the nanochannel. To produce surface charge discontinuity,
Karnik et al. modiﬁed the nanochannel surface using diﬀusion
limited patterning (DLP). Half of the nanochannel was coated
with biotin, which imparts a neutral charge on the surface;
while avidin was bound to the other half of the nanochannel,
which imparts a positive charge.25 Yan et al. achieved a
discontinuity in surface charge without surface coatings by
fabricating SiO2/Al2O3 heterostructured nanotubes to form
nanoﬂuidic diodes.26 In a related approach, photolithography
was used to create nanochannels with SiO2 and Al2O3 that had
a much sharper charge boundary than the DLP process to
create triodes.27 To actively control the current rectiﬁcation and
ion transport in gated transistors, an external ﬁeld was applied
to change the local surface charge density of the nanoﬂuidic
diode.28−30 For example, Guan et al. introduced a single
asymmetrically placed gate electrode or dual split-gate electrodes onto the top of the nanochannel to form the ﬁeld-eﬀect
reconﬁgurable nanoﬂuidic diodes.28 Vlassiouk and Siwy used
the combination of conical nanopores and diﬀerential surface
coatings to boost the current rectiﬁcation factors.31
Previously, we reported ionic current rectiﬁcation in
nanoﬂuidic/microﬂuidic interfaces (NMI) with symmetric
nanocapillaries, conﬁrming that ionic current rectiﬁcation is
not exclusively the result of nanoscale asymmetry.11 In these
systems, the ﬂuid baths that the nanocapillaries are connected
to are asymmetric in size. Additionally, the ionic permselectivity
of the NCM causes concentration polarization (CP) enriched
and depleted zones to form on opposite sides of the
nanocapillaries. The asymmetry of the ﬂuidic system is
proposed to alter the length and stability of the CP depleted
and enriched zones. The low current or OFF state is observed
when the CP depleted zone is in the micropore, and the high
current or ON state is observed when the CP enriched zone is
in the micropore.
Although physically distinct, all of these systems produce
ionic current rectiﬁcation by creating a potential barrier that is
caused by the formation of a CP ion depleted zone, yielding
low oﬀ state currents. In the case of the conical nanopores and
nanopores with asymmetric surface charge, the asymmetry in
the CP depleted zone inside the nanopore produces current
rectiﬁcation, and in NMI devices with asymmetric baths the
asymmetry in the CP zone external to the nanocapillaries
creates ionic current rectiﬁcation.
Herein, a simple approach to controlling the current
rectiﬁcation factor of an ionic current rectiﬁer based on a
NMI is presented. The asymmetry of the NMI is altered by
varying the ID of the larger ﬂuid bath or macropore to produce
a simple means to control the current rectiﬁcation factor. With
the experimental conditions used in this work the NCM is ion
permselective and induces concentration polarization with its
characteristic zones of ion depletion and ion enrichment. If the
asymmetry of the depleted and enriched CP zones causes the
ionic current rectiﬁcation, then the current rectiﬁcation factor is
expected to increase with increasing device asymmetry. Two

■

EXPERIMENTAL SECTION
Reagents and Materials. SU-8 25 photoresist and SU-8
developer were purchased from MicroChem Corp. (Newton,
MA). Tridecaﬂuoro-1,1,2,2-tetrahydrooctyl-1-trichlorosilane
(United Chemical Technologies, Bristol, PA) was used as a
silanizing agent to prevent the PDMS sticking to the surface of
the silicon master. Sylgard 184 including PDMS prepolymer
and the curing agent was obtained from Dow corning
Corporation (Midland, MI). Silicon wafers with a 10 cm
diameter were purchased from Addison Engineering, Inc. (San
Jose, CA).
Sodium phosphate electrolyte solution (10 mM, pH 7.2) was
made from sodium phosphate monobasic monohydrate (Fisher
Scientiﬁc, Fair Lawn, New Jersey) and sodium phosphate
dibasic heptahydrate (Fisher Scientiﬁc Fair Lawn, New Jersey).
Ultrapure water nominally dispensed at 18.3 MΩ-cm was
obtained from Barnstead Nanopure Inﬁnity Base Unit
(Dubuque, IA). Sodium ﬂuorescein was obtained from
Sigma-Aldrich (St. Louis, MO).
The track-etched polycarbonates (TE-PC) NCMs with 10
nm ID pores were obtained from GE Osmonics Inc.,
Minnetonka, MN, and have a nominal thickness of 6-μm.
Device Fabrication. In this study the microﬂuidic/
nanoﬂuidic interfaces were formed by coupling PDMS
microﬂuidic devices with the NCMs that contain the
nanocapillaries. Two basic microﬂuidic designs are used in
this work: one is an asymmetric device as shown in Figure 1A,
and the other design is symmetric as shown in Figure 1B. The
symmetric device has the same vias and microﬂuidic channels
on both sides of the NCM, making it eﬀectively symmetric with
a small diﬀerence (∼15%) in the height of the vertical channels
that connect the microchannels with the inlet and outlet. The
horizontal microchannels are 100-μm in width and 40-μm in
depth, and the vias have a 150-μm ID while extending 60-μm
above the microchannel. In this study, the combination of
microchannel and the via on the inlet side of the NCM is
referred to as the micropore. In the asymmetric design (shown
in Figure 1A), the dimensions of the microchannel and vertical
via that make up the micropore are the same in all devices on
the inlet side of the NCM. However, a series of devices is
fabricated with macropores having IDs of 150-μm, 300-μm,
625-μm, and 850-μm and heights of ∼1 cm. The vias that
connect the microﬂuidic channel ends with the reservoirs have
a diameter of 2200-μm.
Standard photolithography and molding processes are used
to form the PDMS layers, and the assembly of the NMI devices
is shown in Figure S1. The 3D masters, used to form the
PDMS layers with microchannels, were fabricated by patterning
B
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Current Measurements. Before each current measurement experiment, inlet and outlet reservoir were ﬁlled with
fresh 10-mM sodium phosphate electrolyte solution at pH 7.2
and degassed in a vacuum desiccator to remove bubbles. Each
reservoir was ﬁlled with 1 mL phosphate buﬀer to make
solution levels of two reservoirs equal. After each run, the
solutions in the reservoirs were tested with pH paper to ensure
the pH did not drift. To supply the electrical contact to the
microﬂuidic channel, the platinum electrodes were placed in the
reservoirs. In addition, the reservoirs are covered to reduce
evaporation. A High Voltage Power Supply (TREK Model
610E) was used to apply potential to each reservoir through a
program written by National Instruments Lab Windows/CVI
8.0. There were three voltage programs used in this study: one
is for both symmetric and asymmetric devices without the
NCM (150, 150, −150, −100, −50, 0, 10, 50, 100, 150 each 5
min); the second is for the symmetric devices with NCM
(−150-V, −150-V, −150-V, −150-V, −150-V, −125-V, −100V, −75-V, −50-V, −10-V, 0-V, 0-V, 150-V, 150-V, 150-V, 150V, 150-V, 125-V, 100-V, 75-V, 50-V, 10-V each 5 min); the
third is for the asymmetric devices with the NCM (similar to
the second one except applying voltage at 150-V for 50 min).
The longer times were used for larger voltages (±150-V) to
ensure suﬃcient time for the current to reach a quasi-steady
state. Both negative voltages and positive voltages in the
program were applied to the outlet reservoir. The current
through the microﬂuidic channel was determined by measuring
the voltage drop across the 10-kΩ resistor that was between the
inlet reservoir and ground. The voltage was recorded using a
digital multimeter (Agilent U1251A, Santa Clara, CA)
connected with PC and Agilent GUI Data Logger software.
The measured voltage values were converted to current using
Ohm’s law. The average quasi-steady currents of 5 runs for each
voltage were extracted from the current−time (I-t) plots to
create the current−voltage plots (I−V).
The power spectral density was computed using Welch
method in Matlab. The current signal is divided into longest
possible sections to obtain as close to but not exceed 8
segments, with 50% overlap. Each section is windowed with a
Hamming window. The signal is sampled with a sampling
frequency (fs) of 1-Hz. The modiﬁed periodograms are
averaged to obtain the power spectral density (PSD) estimate,
for a frequency range [0-fs/2].
The electric ﬁeld is modeled numerically for the device
geometries to quantitatively evaluate the eﬀect of the small
degree of asymmetry on the electric ﬁeld through the system. In
the symmetric device, the ﬂuidic regions in the model are the
large inlet connecting via, the microchannels, the vias, the
NCM, and the large outlet connecting via. In the asymmetric
devices, the ﬂuidic regions include the following: the large inlet
connecting via, the microchannel, the NCM, and the
macropore. The potential (ϕ) is solved using the Laplace
equation without considering the eﬀects of electrophoresis or
surface charge. In the present geometry, the NCM porosity is 6
× 108 nanopores/cm2, which provides 106 029 nanochannels in
ﬂuid conductance. The model is simpliﬁed by assuming the
same electric ﬁeld distribution over all the nanochannels and
considering only a single nanochannel while adjusting the
cross-sectional area of each ﬂuidic section by 1/106 029. Under
these assumptions, the electric potential distribution over the
entire system is

Figure 1. Schematics of the asymmetric (A) and symmetric (B)
nanoﬂuidic/microﬂuidic devices are shown. The NCM contains
nanocapillaries with 10 nm IDs. Together the microchannel (40-μm
height) and the via (60-μm height) are referred to as the micropore.
For the asymmetric devices, the macropore IDs are 150, 300, 625, and
850-μm.

SU-8 25 photoresist on a silicon wafer using photolithography.
The 3D masters were made with two SU-8 layers that were
developed separately. The second SU-8 layer was made by
repeating the photolithography process following the completion of ﬁrst SU-8 layer. The ﬁrst SU-8 layer forms the
horizontal channels, and the second layer forms posts that
extend 100-μm above the substrate to create the vias in the
PDMS. At ﬁrst, the photoresist was spin coated at 1000-rpm for
30-s to silicon wafer and prebaked on a hot plate at 90 °C for
20 min. Next, the photoresist coated silicon wafer was covered
by the mask, exposed under UV-light (365 nm) for 30-s, and
postbaked at 90 °C for 10 min. The ﬁrst layer was developed by
immersing the wafer in SU-8 developer for 3 min. The second
layer was begun by spin coating the photoresist at 15-s and
prebaked at 90 °C for 2 h. After that, the wafer was cooled to
room temperature and exposed under UV-light for 220-s. Next,
the coated wafer was developed in SU-8 developer for 6 min.
After coating of the two layers photoresist to the wafer, the 3D
master is hard baked at 150 °C for 30 min. Then the master
surface was treated with tridecaﬂuoro-1,1,2,2-tetrahydrooctyl-1trichlorosilane under the vacuum for 60 min. Second, the
PDMS pieces were molded separately to create the layers
shown in Figures 1 and S1. A 10:1 mixture of PDMS
prepolymer and the curing agent was degassed in a vacuum
desiccator (Bel-art products, Pequannock, New Jersey) to
remove all the bubbles and poured to suitable master molds to
make PDMS pieces. To make the 100-μm patterned layer of
the PDMS (with horizontal channel and 100-μm vertical
channels on it), the PDMS mixture on the 3D silicon master
was spin coated at 1000-rpm for 30-s and cured on a hot plate
at 90 °C for 20 min. The thick top and bottom layers were also
made with PDMS using an acrylic machined mold. The thick
layers were cured at 70 °C for 2 h. Finally, the top and bottom
PDMS pieces were plasma treated using a PDC-32G surface
Plasma cleaner (Harrick Scientiﬁc, Ossining, NY) for 30-s and
irreversibly bonded together with the NCM sandwiched in the
middle as shown in Supplementary Figure 1.

∇2ϕ = 0
C

(1)
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Applying the charge conservation at the walls leads to the
following electrostatic boundary condition
n·∇ϕ = 0

(2)

where n denotes the unit normal vector (pointing outward) to
the wall surface. The voltage ϕDC (100-V) is applied at the inlet
reservoir while the outlet reservoir is grounded as shown in
Figure 1. The boundary conditions at the ends of inlet (eq 3)
and outlet (eq 4) reservoirs are speciﬁed as
ϕ = ϕ DC

(3)

ϕ=0

(4)

The equations are solved using the ﬁnite volume method in
OpenFOAM (Open Field Operation and Manipulation). The
Laplacian terms are discretized using second-order central
diﬀerencing scheme. The details of the solver are discussed in
our earlier studies and are independent of grid size.32−34

■

RESULTS AND DISCUSSION
Current rectiﬁcation is conﬁrmed in a NMI fabricated with a
NCM having symmetric nanocapillaries. The nanocapillaries
connect the two larger bath solutions, and current rectiﬁcation
is observed when there is asymmetry in the critical dimension
of the baths. For example, current rectiﬁcation is observed
when the nanocapillaries connect a micropore on to a
macropore. To study the role of asymmetry in the ﬂuidic
system external to the nanocapillaries in the rectiﬁcation of
ionic current, the macropore ID is altered, while the micropore
dimensions are held constant. A ﬁrst control uses an
asymmetric microﬂuidic device with no NCM. This control
device provides an Ohmic response, and current rectiﬁcation is
not observed as shown in Figure 2A. In this control device,
without the ion permselective NCM, enriched and depleted CP
zones are not present. The second control uses a symmetric
device with the NCM centered between two identical
micropores as shown in Figure 1B. In this case, Figure 2B
shows that the current is greatly reduced compared to the
system without the ion permselective NCM, as the presence of
the NCM results in the formation of depleted CP zone.
Although the device is not completely symmetric, it is
eﬀectively symmetric, because the regions that the depleted
and enriched CP zones extend into are symmetric. The
depleted and enriched CP zones do not extend into the
reservoirs at the end of the microchannels and consequently the
eﬀect of asymmetry in the microchannel-reservoir connections
is negligible. Experimentally, the absence of rectiﬁcation in this
device indicates that it behaves as a symmetric device. The
results from the computational model of the electric ﬁeld
strength through the devices agree with the experimental
observation that the small degree of asymmetry in the
symmetric device is negligible. As shown in Table 1, the ﬁeld
strength is the same on opposite sides of the NCM in the
symmetric device and diﬀerent on opposite sides of the NCM
in the asymmetric devices. As observed in Figure 2, increasing
the macropore diameter increases the current rectiﬁcation
factor. The device with the least degree of asymmetry has a
150-μm ID macropore and yields a rectiﬁcation factor of 2.8.
Although the macropore and via both have an ID of 150-μm,
this device is asymmetric because the height of the macropore
(∼1 cm) is much greater than the height of the via (60-μm)
that forms the entrance to the micropore. As the macropore ID
is increased to 300-μm, the rectiﬁcation factor increases to 6.7,

Figure 2. I−V plots for the 625 and 850-μm ID NMI devices and an
850-μm ID device with no NCM are shown in Panel A. The I−V plots
for the symmetric, 150, and 300-μm devices exhibit much lower
currents as shown in Panel B.

Table 1. Computational Results Showing the Electric Field
on Both Sides of the NCM in the Symmetric and
Asymmetric Devices
electric ﬁeld (V/mm)
device

inlet via

nanopore

outlet via/macropore

symmetric
150-μm
300-μm
625-μm
850-μm

2.37
2.74
3.16
3.45
3.53

109
126
145
159
162

2.37
2.75
1.58
0.83
0.62

and as the macropore ID is increased to 625-μm the
rectiﬁcation factor increases to 43. The device with the largest
macropore (850-μm ID) produced the largest rectiﬁcation
factor of 75. The data in Table 2 indicates that there is a
Table 2. Absolute and Relative Changes in the Rectiﬁcation
Factors As a Function of Macropore Cross-Sectional (CS)
Area

D

diameter
(mm)

CS area
(mm2)

rectiﬁcation
factor

Δ CS
area

Δ rectiﬁcation
factor

0.150
0.300
0.625
0.850

0.018
0.071
0.31
0.57

2.8
6.7
43
75

1.0
4.0
17
32

1.0
2.4
15
27
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sublinear increase in the rectiﬁcation factor with increase in the
cross-sectional area. The slope of the linear regression analysis
shows that the scaling factor is 0.85 and the R2 value is 0.996.
These results indicate that the current rectiﬁcation factor can be
controlled by simply changing the ratio of the micropore and
macropore IDs. This novel means to control the current
rectiﬁcation ratio does not require coatings or altering the
nanocapillary geometry.
Two mechanisms are likely to contribute to the ionic current
rectiﬁcation, from the asymmetry of the larger macropore
system. The data supports the idea that the primary cause of
the current rectiﬁcation is the change in cross-sectional area of
the macropore and the resultant eﬀects on the resistance of the
depleted and enriched CP zones. Another phenomenon that
may contribute to current rectiﬁcation is electroconvection.
In the present system, three important ﬂuidic regions exist:
the micropore, the nanocapillaries, and the macropore. The
resistance of each ﬂuidic region is related to its cross-sectional
area when it is ﬁlled with a homogeneous solution by the
following equation: R = L/Aσ, where R is the resistance, L is
the channel or reservoir length, A is the cross-sectional area,
and σ is the conductivity. The diﬀerent regions of the ﬂuidic
system are in series, making the total resistance the sum of the
resistances of diﬀerent ﬂuidic regions. If any region has a very
large resistance, its resistance dominates the resistance of the
complete system. The application of the voltage to the system
causes formation of enriched and depleted CP zones, as ionic
current passes through the permselective nanocapillaries. As the
depleted and enriched CP zones form, the solution is no longer
homogeneous, and the conductivity of each region is also
determined by the ions present and their concentration proﬁles.
The ON state or forward bias is observed when the enriched
CP zone forms in the micropore as shown in Figure 3A and
Figure 3B. In this state, the micropore, which has a high
resistance due to its small cross-sectional area and long length,
is ﬁlled with the enriched CP zone, increasing its conductivity.
Conversely, when the polarity is reversed, the depleted CP zone
extends into the micropore (as shown in Figure 3C and 3D),
resulting in reduced ionic conductivity in the micropore, and
consequently the greatly reduced OFF state current is observed.
These results support the hypothesis that the change in crosssectional area and CP induced concentration gradients are the
primary cause of ionic current rectiﬁcation in these devices. The
current rectiﬁcation factors are shown as a function of voltage
in Figure 4.
In addition to the changes in the cross-sectional area that
eﬀect conductivity, the changes in the macropore ID will also
inﬂuence convective processes if there are any convective
processes present. For the NMI systems presented here, the
bulk ﬂow through the macropore is negligible, as only a very
small volume of solution ﬂows through the NCM. However,
inhomogeneities in the electric ﬁeld across the NCM surface
provide a driving force for convection that is referred to as
electroconvection.35 It is expected that large velocity gradients
will exist with high ﬂow through the nanocapillaries that are
scattered about the NCM surface that has ∼0.2% porosity.
Convection is suppressed by viscous coupling with the solid
walls. Although there is no bulk ﬂow through the macropore,
the propensity for convection still increases as the macropore
ID increases. For a moving solution, the propensity for
convection is described by the Reynolds number

Figure 3. Schematics depicting a device (side view) show the location
of the depleted and enriched CP zones during the ON (A) and OFF
(C) states. The ON state is observed when the enriched CP zone
forms in the micropore, and the OFF state is observed when the
depleted CP zone forms in the micropore. An inverted ﬂuorescent
microscope is used to obtain images (bottom view) of enriched
ﬂuorescein in the micropore. In the On state (B), the enriched CP
zone forms in the micropore. When the polarity is switched, the
depleted CP zone forms in the micropore and the enriched CP zone
forms in the macropore and the OFF state is observed. In (D), the
depleted CP zone is extending into the micropore with a ﬂuorescein
band marking the end of the depleted CP zone. This ﬂuorescein band
forms from ions that have vacated the depleted CP zone, and it
migrates away from the NCM. The enriched CP zone depicted in C)
is not visible in the ﬂuorescent image (D) because it is outside the ﬁeld
of view and above the PC-NCM. The intensity is encoded by a
pseudocolor scale with black representing the lowest ﬂuorescein
concentration. The NCMs used in these studies have a negative
surface charge and are cation permselective.

Re =

dcρ⟨υ⟩
η

(5)

where dc is the channel diameter, ρ is the ﬂuid density, ⟨υ⟩ is
the ﬂow velocity, and η is the viscosity. As the Reynolds
number increases, the propensity for convection increases and
the ﬂow becomes more unstable. In asymmetric NMI systems,
the propensity for convection is constant in the micropore, but
the propensity for convection increases in the macropore as the
macropore ID is increased. If the convection is signiﬁcant, it
will disrupt any concentration gradient (i.e., depleted and
enriched CP zones) that forms in that region. Again,
convection is expected to be asymmetric and greatest in the
macropore. During the ON state, the depleted CP zone forms
in the macropore, and increased convection will disrupt the
depleted CP zone, making the solution more homogeneous in
the macropore. Disruption of the highly resistive CP zone will
decrease the resistance of the macropore in a manner similar to
removing the largest resistor from a group of resistors
connected in series. In contrast, when the system is in the
OFF state, the depleted CP zone is in the micropore, where
there is no signiﬁcant change in convection. Consequently, the
highly resistive depleted CP zone remains intact and low OFF
state currents are observed. Although the enriched CP zone in
the macropore is disrupted, it has a negligible eﬀect on the OFF
state current, because it is not a current limiting region. It is
interesting to note that an overlimiting current is observed with
the 850-μm macropore device, which means that the ON state
E
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Figure 4. Current rectiﬁcation factors are shown as a function of
voltage for (A) 300, 625, and 850-μm macropore devices (b)
symmetric and 150-μm macropore devices.

Figure 5. Noise in the current signal as a function of frequency is
characterized using power spectra density (PSD) plots, for both (A)
the OFF and (B) ON states at an applied voltage, 150-V.

current with the NCM exceeds the current observed with no
NCM in the device, as shown in Figure 2A. Geometric eﬀects,
the diﬀerence in cross-sectional area, cannot create an
overlimiting current; therefore, another mechanism must also
contribute. All of the I−V plots for the control devices without
an NCM exhibit Ohmic behavior and the currents are similar in
value, although the current decreases slightly as the macropore
ID decreases. Consequently, the observed trend is that the ON
state current approaches and reaches the overlimiting case as
the macropore ID is increased. The existence of an overlimiting
current is well established when an electric ﬁeld is applied
across a permselective ion exchange membrane.32
Noise produced by electroconvection is typically chaotic in
nature and gives rise to lower frequency current oscillations.35
The energy/power spectrum of such chaotic signals usually
depicts a 1/f scaling. Similarly, ﬂuctuations in ﬂuid transfer
through nanocapillaries are known to cause 1/f noise.35 Highly
chaotic oscillations are present in the current signal in the ON
state for 625-μm and 850-μm ID macropores, while little noise
was observed for smaller ID macropores at an applied voltage
of 150-V. Also, the magnitude of the noise in the OFF state is
not as signiﬁcant at any reservoir diameter, compared to its ON
state counterpart. We believe these observations indicate that it
is probable that electroconvection contributes to the high
rectiﬁcation factors observed in the 625 and 850-μm ID
devices. The dynamics of the ﬂuctuating current are apparent in
the I-t plots, and characteristic segments of the I-t plots are
shown in Supplementary Figure 2.
In our system, the power spectral density analysis revealed no
interesting scaling for the OFF state as shown in Figure 5A. In
the ON state, for frequencies between 0.01 to 0.05-Hz, we
observed only Brownian type noise spectra as the power

spectral density scales approximately as 1/f 2.2 as shown in
Figure 5B. The low data acquisition rate (1-Hz) prevents
analysis of the spectral density above 1-Hz, as it leads to signal
attenuation. In spite of this constraint, in the frequency range
between 0.0938-Hz and 0.4258-Hz, PSD analysis revealed 1/
f 0.81 type scaling for 850 μm device (as shown in Figure 6), 1/
f1.18 for 625 μm, 1/f1.61 for 300 μm, 1/f1.55 for 150 μm, and 1/
f1.59 for the symmetric device (as shown in supplementary
Figure 3). The scaling factors near one for large macropore
diameters in the ON state are strong indicators of chaotic
oscillations that are consistent with electroconvection.36
Likewise, the scaling factors between 1.5 and 2.0 are consistent

Figure 6. PSD ﬁtting for the 850-μm device at 150-V ON state is
shown with 1/frequency scaling. Some white noise is present that does
not scale as a function of frequency.
F
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with thermal/Brownian dynamics.37 Therefore, the spectral
density analysis of the noise is consistent with the hypothesis
that electroconvection is present in the devices with larger
macropores, although other processes, such as water splitting
and ﬂuctuations in nanopore surface charge, are known to also
produce chaotic oscillations. Druzgalski et al. modeled
electroconvection at the interface between a permselective
material and bulk solution and found that chaotic instabilities
could create multilayer vortices that can disrupt the depleted
and enriched CP zones. 36 Siwy and co-workers have
investigated the noise through single conical nanopores and
concluded that noise characteristics were not of the type
created by vortices within the nanopores or by disruption of
surface charge. Water splitting has also been suggested as a
potential mechanism for generation of the chaotic noise in
single nanopore systems.38 The asymmetric NMI devices
presented in this paper are not single nanopore devices and
have ∼500,000 nanopores or nanocapillaries in the 150-μm
area deﬁned by the vertical via of the micropore, making the
noise ﬂuctuations an ensemble average of the current through
these pores.

CONCLUSIONS
The current rectiﬁcation factor can be tailored by controlling
the asymmetry ratio between the reservoir baths that are
connected to opposite sides of a NCM. As the asymmetry ratio
of the micropore and macropore increases, the current
rectiﬁcation factor of the device increases as well. Therefore,
the asymmetry ratio can be used to fabricate devices with
speciﬁc rectiﬁcation factors. The current rectiﬁcation is a result
of the polarity dependent extension of the CP depleted zones
into the ﬂuidic regions with diﬀerent cross-sectional areas and
critical dimensions. Chaotic oscillations in the measured
current of the 625-μm and 850-μm devices are consistent
with the idea that electroconvection can contribute to the
current rectiﬁcation as well. These current oscillations are not
signiﬁcantly observed in the devices with 150-μm and 300-μm
macropore IDs. However, current rectiﬁcation is still present in
the devices with 150-μm and 300-μm macropore IDs,
indicating that the geometric asymmetry is the primary
mechanism. Future experiments will aim at direct measurements of convection in the macropore and decoupling the
contributions of the diﬀerent mechanisms.
ASSOCIATED CONTENT
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Three additional ﬁgures are available that show details of device
fabrication, representative baseline noise for OFF and ON
states, and PSD analysis of baseline noise from the 625-μm,
300-μm, 150-μm, and symmetric devices. This material is
available free of charge via the Internet at http://pubs.acs.org.
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