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Asymmetric-Fluidic-Reservoirs 
Induced High Rectification 
Nanofluidic Diode
Vishal V. R. Nandigana   1, Kyoo Jo2, Aaron Timperman3 & Narayana R. Aluru4

We demonstrate a novel nanofluidic diode that produces rectification factors in excess of 1000. The 
nanofluidic diode consists of ion permselective nanopores that connect two reservoirs of different 
diameters- a micropore reservoir and a macropore reservoir. On the application of +100 V to the 
micropore, a low OFF state current is observed. The OFF state is caused by formation of the ion depleted 
zone in the micropore because the anions are prevented from entering the nanopores from the 
micropore and the cations are depleted in this region to maintain charge neutrality. On the application 
of −100 V, we observe a high ON state current. The ON state is caused by formation of the ion enriched 
zone in the microchannel because the anions cannot pass through the nanopores and accumulate in 
the microchannel. To maintain charge neutrality the cations also become enriched in the microchannel. 
The ratio of ON state current to the OFF state current gives the rectification of current. Here, plasma 
oxidation is used to achieve a nanopore with a large wall surface charge density of σn = −55 mC/m2 
which yields a rectification of current on the order of 3500 that is nearly two orders of magnitude higher 
than those reported thus far. In contrast to the other nanofluidic diodes, this nanofluidic diode does 
not introduce asymmetry to the nanopore, but asymmetry is produced by having the nanopores join a 
micropore and a macropore. Introduction of asymmetry into the fluidic reservoirs which the nanopores 
connect is quite simple. Hence, the nanofluidic diode is easy to scale up to industrial level.

Nanofluidic diodes were invented a decade ago. The early advent of nanofluidic diodes saw the use of conical 
nanopores1–5, conical pipettes6–9 and conical nanotubes10,11. Conically shaped pores have a diameter of the order 
of few nanometers on the “tip” side and a diameter of few microns on the “base” side. These devices achieve higher 
currents when the electric field is directed from tip to base direction. The current is called ON state current. 
However, the currents reduced when the electric field is from base to tip direction. The current is called OFF state 
current. The ratio of ON state current to the OFF state current is called current rectification and the rectification 
of current in conical nanofluidic diodes is because of the conical geometry and is about 100. Another class of 
nanofluidic diodes includes asymmetric surface charged nanopores12–16. In these devices, half of the nanopore 
wall is coated with biotin, which imparts a neutral surface charge; while the other half of the nanopore is coated 
with avidin which imparts a positive surface charge. The asymmetric surface charge results in higher current 
when the voltage is directed from biotin to avidin, while current reduced when the electric field is from avidin 
to biotin. Enrichment of ions inside the nanopore causes higher current, while depletion of ions inside the nan-
opore when the polarity of electric field is reversed leads to lower current. The maximum rectification of current 
in asymmetric surface charged nanofluidic diodes is about 150. The third class of nanofluidic diode is field-effect 
reconfigurable nanofluidic diode17–19. Here, rectification of the current is regulated by the application of gate 
voltage on top of the nanopore and a maximum rectification of 200 is achieved with these diodes. However, an 
important limitation of these three classes of nanofluidic diodes is the fabrication because in all these three classes 
of diodes asymmetry is being introduced to the nanopore. Hence, industrial scale up of these diodes is difficult.

Here, we demonstrate a novel nanofluidic diode. Our nanofluidic diode consists of a polycarbonate track 
etched (TEPC) nanopore membrane that connects two reservoirs of different diameters-a micropore reservoir 
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and a macropore reservoir (see Fig. 1(a)). Our nanofluidic diode is also treated with plasma oxidation. Plasma 
oxidation results in a variety of functional groups like C-O, C=O, O-C=O, C-O-O that increase the nanopore 
wettability and zeta potential through the increased number of negatively charged oxygen functional groups. 
Hence, we produce nanopores with a large wall surface charge density of σn = −55 mC/m2. The high nanopore 
wall surface charge density leads to giant rectification of current of the order of 3500 which is nearly two orders 
of magnitude higher than current state of the art technology. Also, our nanofluidic diode does not introduce 
asymmetry in the nanopore unlike the current nanofluidic diodes. Additionally, the nanofluidic diode presented 
here utilizes asymmetry at the reservoir geometry level rather than within the nanopores, which greatly simplifies 
fabrication20,21. Further, our nanofluidic diode can be scaled up to industrial level. These results show that high 
rectification factors can be achieved with a simple device design that can be easily multiplexed, overcoming two 

Figure 1.  (a) 3D schematic representation of experimental nanofluidic diode. Schematic cartoon 
representation of (b) OFF state (c) ON state of the nanofluidic diode. The cartoon shows the novel ion 
concentration polarization (ICP) phenomenon which includes accumulation and depletion region at the micro 
or macro and nanofluidic interfaces. 2D numerical simulation of OFF state showing (d) depletion region in 
micropore (e) cation-selective nanopore and (f) accumulation region in macropore. 2D numerical simulation of 
ON state showing (g) accumulation region in micropore (h) cation-selective nanopore and (i) depletion region 
in macropore. Comparison of 1D area-averaged concentration distribution for plasma oxidation nanopore 
(dashed lines) and bare nanopore (solid lines) in (j) OFF state and (k) ON state. Comparison of 1D area-
averaged potential distribution between plasma oxidation nanopore (dashed lines) and bare nanopore (solid 
lines) in (l) OFF state and (m) ON state. (n) Numerical simulations of extended space charge region (ESC) for 
plasma oxidation nanopore (dashed lines) and bare nanopore (solid lines) in OFF state. The simulations are 
done at c0 = 10 mM solution and at 100 V applied voltage.
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important hurdles for future translation of these devices into useful system. We envision that these nanopore 
diodes will be used in new age integrated fluidic circuits and sensor applications.

Working Principle of The Nanofluidic Diode
The working principle of the nanofluidic diode is based on widely known ion-concentration polarization (ICP)22–36.  
In electrokinetic systems, ICP refers to the depleted and enriched zones that form on opposite sides of an ion 
permselective material, such as a nanoporous membrane22–36. To briefly explain the phenomenon, we take advan-
tage of Fig. 1(b) which gives a schematic cartoon representation of the nanofluidic diode in the OFF state. Here, 
the electric field is applied from micropore towards macropore. Due to this field, the anions are repelled from 
the negatively charged nanopore and are attracted towards the anode. This causes a depletion of ions near the 
anode-nanopore interface. To maintain electro-neutrality the cations also deplete at this interface (see numerical 
results Fig. 1(d–f)). The electroneutral region is called electroneutral diffusion layer (DL). However, the most 
crucial part of our observation is that when the nanopore is treated with plasma oxidation the nanopore wall 
surface charge density is very large of the order of σn = −55 mC/m2. As we observe in Fig. 1(j,n), the large nano-
pore wall surface charge density breaks down the electro-neutral diffusion layer (DL) and forms a concentration 
polarization based depletion extended space charge region (ESC). The ESC region contains a small amount of 
net charge which is very important in the diode working principle as it controls the flow of ions, because the ESC 
region creates a large voltage barrier (see Fig. 1(l)) and resists the ion transport leading to almost zero current in 
the OFF state.

Now, in the ON state, we switch the polarity of the electric field, i.e., we apply electric field from macropore 
towards micropore. The region of ESC is reversed and is towards the macro-nanopore interface as shown in sche-
matic Fig. 1(c) and numerical results Fig. 1(g–i). We observe a small depletion extended space charge region in 
the ON state when compared to the OFF state as shown in Fig. 1(k). A fundamental reason for this observation 
is because of the larger size of the macropore reservoir compared to the micropore reservoir. The weak depletion 
extended space charge region results in weak voltage barrier as shown in Fig. 1(m). Hence, we observe weak 
resistance to the flow of ions and high ON state current. The purpose of the nanofluidic diode is to have high ON 
state current and almost zero OFF state current. We develop novel theoretical models to calculate the OFF state 
and ON state currents to achieve high rectification of current.

Theoretical Model
The OFF state current is given by,
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electronic charge, kBT is the thermal energy, 0  is the permittivity of free space, r is the permittivity of water, LESC 
is the length of the ESC region. The details of the derivation are given in the supplementary information. The 
main observation of our theoretical model is that the OFF state current is inversely proportional to the length of 
the ESC region, LESC. Hence, we conclude that in order to achieve zero OFF state current LESC must be infinite. In 
our experiments we reach theoretical limit of LESC of 70 mm which is two orders of magnitude higher than any 
reported results on ICP so far34–36. We also show that LESC is related to the nanopore wall surface charge density, 
σn. For this we assume that some charge from the nanopore leaks into the micropore to form the ESC region. 
Hence, we equate the charge in the ESC (QESC) as a product of nanopore wall surface charge density times surface 
area of the nanopore (dS) times the leakage factor, α;
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where AESC is the area of the ESC region. This area is also equal to the area of the micropore because the depletion 
extended space charge region occurs in the micropore. We assume nESC
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where NA is the Avogadro number. Substituting Eq. (4) in Eq. (3) we obtain,
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From Eqs (2) and (5), we arrive at an expression for length of ESC region, LESC in terms of the nanopore wall 
surface charge density (σn),
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Eq. (6) shows a linear scaling relation between the length of ESC region, LESC and the nanopore wall surface 
charge density, σn. We would like to increase the nanopore wall surface charge density so that the length of ESC 
region, LESC is large and the OFF state current is almost zero. In order to achieve this, we treat the nanopore 
with plasma oxidation. In the present work LESC and σn are considered as free parameters and are obtained from 
two sets of experiments, a native nanopore without plasma oxidation and treating the nanopore with plasma 
oxidation.

We briefly highlight the theoretical model to derive expressions for the ON state current. The complete deriva-
tion of ON state current is given in the supplementary information. The main objective of our nanofluidic diode is 
to maximize the ON state current. We account for the interaction of the ionic concentration (ci) with the applied 
voltage (φON) and also the interaction of the nanopore wall surface charge density (σn) with the applied voltage 
(φON). We do not account for the length of the depletion extended space charge region in the macro-nanopore 
junction as the depletion is weak in the ON state as discussed earlier. Under these assumptions, the ON state 
current is given by,
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An is the area of the nanopore, F is the Faraday’s constant, φON is the voltage in the ON state, Ln is the length of the 
nanopore, zi is the valence of the ionic species i, μi is the mobility of each ionic species given by Einstein’s rela-
tion22, μ =i

D
RT

i , Di is the diffusion coefficient of each ion, R is the gas constant, T is the temperature, ci is the con-
centration of each ionic species, +zNa  is the valence of the sodium ion, μ +Na  is the mobility of the sodium ion 
μ =+
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D
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Na , DNa+ is the diffusion coefficient of sodium ion, dn is the diameter of the nanopore. Eq. (7) shows 

that the ON state current is directly proportional to the nanopore wall surface charge density. Thus, in order to 
maximize ON state current we must have large nanopore wall surface charge density which is achieved by our 
plasma oxidation method.

Results and Discussion
Native/Bare Nanopores (or Low Surface Charge Nanopores).  We perform our first set of exper-
iments with native nanopores, i.e., without plasma oxidation to gain insights into the current-voltage charac-
teristics. Figure 2(a–d) shows the current-voltage characteristics for different concentrations ranging from 0.1 
mM to 100 mM. We observe that OFF state current is small (not zero) for all the concentrations. We fit the two 
free parameters, length of ESC region, LESC and nanopore wall surface charge density, σn from our experimental 
data to gain knowledge about these parameters. The values of the two data are tabulated in Table 1. We observe a 
maximum surface charge density of σn = −1.3 mC/m2 at 1 mM concentration. The nanopore wall surface charge 
density is not large enough to observe zero OFF state current because at the given nanopore wall surface charge 
density, the electroneutral diffusion layer does not break down into large ESC region which is evident from the 
length of the depletion extended space charge region tabulated in Table 1. Further, we observe a decrease in length 
of ESC region with concentration because the bulk conduction is larger at higher concentration which leads to 
stronger electroneutral diffusion layer.

Now, let us look at the ON state, we observe relatively high ON state current when compared to the OFF 
state current owing to the contribution of nanopore wall surface charge density and the second term in Eq. (7). 
However, the current is still not higher to observe a giant ON state current as the nanopore wall surface charge 
density is very small. Further, Fig. 2(e) shows the ON state conductance scaling with concentration. We observe 
a linear scaling of ON state current with the concentration at high concentration limit beyond 1 mM and a satu-
ration of current is observed at low concentration limit, (below 1 mM) The observations are consistent with other 
solid-state nanopores36 primarily due to the fact that the bulk concentration term dominates at high concen-
tration limit, the first term in Eq. (7) and nanopore wall surface charge density dominates at low concentration 
limit, the second term in the Eq. (7). Further, Table 1 shows that the nanopore wall surface charge density has a 
non-monotonic trend with concentration because the zeta potential (ζ) decreases with increase in concentration, 
an observation postulated by Keesom et al.37 on polycarbonate track etched membranes. The nanopore wall sur-
face charge density is related to the zeta potential using Grahame equation38,
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 is the number density of the ionic species, i, n is the number of ionic species.
We also carry out numerical simulations based on Poisson-Nernst-Planck equations in OpenFOAM24–26 to 

validate our experiments and theoretical models. Figure 2(a–e) shows the numerical results agreeing well with 
the theory and experiments. However, we observe deviation between the numerical simulations and experiments 
for 1 mM concentration (see Fig. 2(b)) due to the fact that we had considered a simple Helmholtz-Smoluchowski 
electroosmotic flow equation given by Eq. 14 to model the fluidic flow. These deviations should be addressed with 
a more accurate model which is part of our future work.

Plasma oxidized nanopores (or High Surface Charge Nanopores).  Our next set of experiments 
involves plasma oxidation treatment of nanopores. Figure 2(f) shows the current-voltage characteristics for the 
plasma oxidized nanopore in comparison to the native nanopore. We observe an order of magnitude increase in 
the ON state current and an order of magnitude reduction in the OFF state current when compared to the bare 
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nanopore. We fit the OFF and ON state current value to Eqs (1) and (7), respectively to obtain the two free param-
eters, length of ESC region, LESC and nanopore wall surface charge density, σn. The results are tabulated in Table 1. 
We observe that the theoretical value of LESC is 70 mm which is almost two orders of magnitude higher than bare 
nanopore and σn is determined to be σn = −55 mC/m2, which is also two orders of magnitude higher than bare 
nanopores. The large ESC region and the giant nanopore wall surface charge density are due to our novel plasma 
oxidation treatment of the nanopore. These two parameters result in almost zero OFF state current of 51.8 nA 

Figure 2.  ON/OFF state current-voltage characteristics of bare nanopore under different concentration, (a) 0.1 
mM (b) 1 mM (c) 10 mM (d) 100 mM. All the current-voltage curves are validated with numerical simulations 
(solid lines) and theory (dashed lines). We include an additional effect of electroosmotic flow (EOF) in our 
numerical simulation at 1 mM concentration to match the experimental results. The EOF effect is included 
in the numerical simulation because the nanopore wall surface charge density is highest at this concentration 
as shown in Table 1. (e) Relationship of conductance with concentration for ON and OFF state, respectively. 
(f,g) Comparison of current-voltage characteristics for plasma oxidized nanopore with bare nanopore for 
two separate devices. The ON state current of plasma oxidized nanopore in both the devices is one order 
of magnitude higher than bare nanopore. Similarly the OFF state current is one order of magnitude lower 
than bare nanopore. The giant ON state current and the low OFF state current are observed due to the giant 
nanopore wall surface charge density obtained by plasma oxidation method. The concentration for this case is 
10 mM.

Concentration 
(mM)

Surface charge 
density (mC/m2)

Length of ESC 
region (mm)

Surface charge 
density (mC/m2)

Length of ESC 
region (mm)

Bare nanopore Plasma oxidized nanopore

0.1 −0.1 13

1 −1.3 5

10 −0.5 0.5 −55 70

100 −0.05 0.015

Table 1.  Numerical values of the two free parameters, length of ESC region, LESC and nanopore wall surface 
charge density, σn obtained from experiments.
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and a giant ON state current of 181.8 μA. The net result is a high rectification of current of about 3500 which is 
two orders of magnitude higher than those reported thus far. These results demonstrate that high surface charge 
is critical for achieving high rectification factors with asymmetric concentration polarization. With the present 
device design, we did observe the ON/OFF state currents decrease as a function of time and improving the stabil-
ity of these devices will be a goal of future work.

Figures 3 and 4 shows the current-time plots indicating the nanofluidic diode response as a function of time 
for both bare and plasma oxidized nanopores, respectively. Previously, we have shown that response time is a 
function of device design and that the response decreases as the rigidity of the nanopore membrane increases39. 
Here we find the response time is also dependent on the concentration and that the response time decreases as 
the concentration of the phosphate buffer increases from 0.1 to 100 mM range. At 500 mM the ICP is insufficient 
and the response time is not considered because the current rectification falls below 10. At 100 mM the response 
time is less than one second and future studies with data acquisition rates greater than the 1 Hz used here will be 
required to more precisely determine the response time.

Figure 3.  (a–h) OFF/ON state current-time response of bare nanopores without plasma oxidation. We collect 
the current-time response for 3 trials at each voltage in either OFF/ON state. A voltage is applied for 10 minutes 
for the current to reach equilibrium. A voltage step of 0.5 V, 5 V, 15 V, 40 V, 70 V, 85 V and 100 V are applied one 
by one in both OFF and ON state, respectively.
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Conclusion
We demonstrate a novel nanofluidic diode that can achieve rectification factors in excess of 1000. Our nanofluidic 
diode consists of a nanopore connected to two reservoirs of different diameters- a micropore reservoir and a 
macropore reservoir. Further, we treat the nanopore by plasma oxidation to achieve a large nanopore wall surface 
charge density of σn = −55 mC/m2. The high nanopore wall surface charge density gives for the first time a giant 
ON state current and almost zero OFF state current. Also, our nanofluidic diode does not introduce asymmetry to 
the nanopore unlike the current nanofluidic diodes. Our nanofluidic diode introduces asymmetry at the reservoir 
geometry level which is easy to fabricate and scale up to industrial level.

Methods
Materials.  Fluorescein sodium salt is purchased from Sigma-Aldrich (Milwaukee, WI). The phosphate buffer 
had a pH of 7.0 and 0.1–100 mM concentrations are used unless otherwise stated. Agarose gel is purchased from 
Sigma-Aldirch (Milwaukee, WI). Tri-decafluoro-1,1,2,2-tetrahydroctyl-1-trichlorosilane is purchased from 
United Chemical Technologies (Bristol, PA). 18 MΩcm distilled deionized water is produced with a Millipore 
Milli-Q® direct water purification system (Billerica, MA). SU-8 2050 photoresist and SU-8 developer are pur-
chased from MicroChem Corp. (Westborough, MA). The track-etched polycarbonate (TEPC) nanocapillary 
membrane (NCM) with 10 nm ID pores are purchased from GE water & Process Technologies Inc. (Trevose, PA). 
The 4-inch silicon wafer were obtained from Addison Engineering (San Jose, CA).

Device fabrication.  The devices were fabricated using standard photolithography and PDMS casting meth-
ods as previously reported40. Briefly, the masters for casting the PDMS are fabricated by creating features on the 
silicon substrate with the SU-8 2050 photoresist. The 3-D photoresist masters required 2 layers of photoresist. 
In the first layer, the SU-8 that forms the mold for the microchannel (which is an extension of the micropore) is 
deposited and developed. In the second layer circular SU-8 features are deposited on top of the previous SU-8 
layer at each end of the microchannel and development.

A thin PDMS layer that forms the horizontal microfluidic channel and the macropore is cast on the SU-8 on 
silicon masters using a 10:1 mixture of PDMS prepolymer and curing agent. This thin PDMS layer is formed 
by spin-coating the SU-8 master with uncured PDMS mixture for 30 seconds at 1100 rpm, followed by curing 
at 95 °C on a hotplate for 5 minutes. The cured 65 μm thick PDMS layer is carefully removed from the master 
wafer in isopropanol solvent and transferred onto a Corning glass slide (Corning, NY) pre-coated with a thin 
PDMS layer. Thus, the thin PDMS layer is attached to the PDMS layer on top of the glass and all surfaces of the 
microfluidic channel are PDMS. The substrate with the NCM attached is plasma-treated (using a PDC-32 G 
plasma cleaner, Harrick Scientific, Ossining, NY) and a track-etched polycarbonate NCM is centered on top of 
the vertical microfluidic channel (which is referred to as the micropore in this article). The top substrate PDMS 
layer is approximately 3 mm and has the reservior and macropore holes punched in it. All layers of the device and 
the NCM, which is attached to the thin middle layer, are treated for 10 s in the plasma cleaner and are pressed 
together within less than 1 minute after plasma treatment for permanent bonding. The horizontal microchannel 
is 200 μm wide, 40 μm in depth, and 2 cm in length and is terminated with a verical microfluidic channel (macro-
pore) that has a 150 μm ID and 25 μm height. The nanopores in the TEPC-NCM have a 65 nm ID, 6 μm length, 
and pore density of 6 × 108 pores/cm2 as reported by the manufacturer.

To make the current measurements,the fluidic system was filled with the pH 7.2 phosphate buffer. The data 
with the plasma oxidized NCMs was acquired with a buffer of 10 mM. Additional studies, were performed 
using buffer concentrations of 0.1 mM, 1 mM, and 100 mM as noted. Pt wire electrodes were inserted into the 
inlet reservoir and the macropore reservior. The voltage steps were applied with an in-house program written 
in LabWindows CVI (National Instruments). The voltage program steps were 0, 5, 15, 40, 70, 85, 100, −100 
(clean), 0 (diffuse), 0, −5, −15, −40, −70,− 85, −100, 100 (clean), 0 (diffuse), and successive data sets were 
collected automatically in an interative manner. The high voltage was applied with reference to the inlet resevoir 
while the macropore electrode was always grounded. Thus the OFF state currents were acquired with negative 
applied voltage and the ON state current were applied with positve applied voltage. The step length varied from 
10–20 minutes as indicated in the current-time (i-t) plots while the last 60 points of each voltage step was used to 
calculate the average current in the current-voltage (i-v) plots. The clean and diffuse steps were added to reduce 

Figure 4.  (a,b) OFF/ON state current-time response of the plasma oxidized nanopores. We collect the current-
time response at each voltage for 2 different devices (device ‘20 and device ‘18). A voltage is applied for 10 
minutes for the current to reach equilibrium. The voltage step is same as Fig. 3.



www.nature.com/scientificreports/

8Scientific Reports |  (2018) 8:13941  | DOI:10.1038/s41598-018-32284-7

the hysteris and start each deviation from 0 volts with a similar initial state. The voltage was applied with a Trek 
Model 220 high voltage amplifier, and the current was recorded with an Agilent 34410A digital multimeter at a 
frquency of 1 hz.

Numerical model.  We develop a novel ion transport model22–26 to predict the ON/OFF state currents. In 
this model, we neglect the contribution of H+ and OH− ions as its concentration is much lower compared to the 
bulk concentration of the ionic species. Hence, the water dissociation effects are not considered in the numerical 
model. Further, we assume that the ions are immobile inside the Steric layer and do not contribute to the ionic 
current. We also do not model the Faradic reactions occurring near the electrode. Finally, we assume that the 
electroosmotic component of current originating from fluid flow is only present at 1 mM concentration as this is 
the concentration where we observe a maximum nanopore wall surface charge density. Under these assumptions, 
the total flux of each ionic species (Γi) is contributed by a diffusive component resulting from the concentration 
gradient and an electrophoretic component arising due to the potential gradient as given by Eq. (9)
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Ωi is the ionic mobility which is related to the Einstein’s equation by i
D
RT

iΩ = . Equation (10) is the area-averaged 
Nernst-Planck equation. Elaborate details regarding the derivation of area-averaged equations are discussed in 
our earlier works25,26. The individual ionic current (Ii) across the reservoir and the nanopore is calculated by inte-
grating their respective fluxes over the respective cross−sectional area, i.e.

∫ Γ=I z F dS (11)i i i

The total ionic current at any axial location is calculated from individual ionic currents, I Itot i
n

i1= ∑ = . In order to 
determine the area-averaged electric field in Eq. (9), we solve the area-averaged Poisson equation,
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where eρ  is the net space charge density of the ions defined as, ρ = ∑ = 


z Fce i
n

i i1  and R(z) is the radius of the micro, 
nano or macropore, respectively. The second term on the right hand side in Eq. (12) is obtained after invoking the 
Gauss law on the membrane surface, ⋅ → = σ−


nEr

z( )s

0
, where σs(z) is the surface charge density of micro, nano or 

macropore surface. n→ is the unit normal in the r direction. We couple the area-averaged Nernst-Planck equation, 
Eq. (10) with the area-averaged Poisson equation, Eq. (12) to obtain the area-averaged ionic concentration, elec-
tric potential and ionic currents. Now to account for the electroosmotic flow, we bridge the ionic current and the 
electroosmotic axial flow velocity, uz using an area-averaged Navier-Stokes equation. We neglect the pressure 
gradient and assume a fully developed flow in the axial direction. This gives the 1-D Navier-Stokes equation as,

μ φ∂
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=
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z
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where μ is the viscosity, φ is the electrical potential. The equation is formulated by assuming that the electric field 
Ez varies only in the axial mode, and the potential φ constitutes the Debye layer potential. By this we mean, the 
charges in the perpendicular direction to the applied electric field are constituted only near the nanopore surface 
giving rise to a potential near the surface, and zero potential away from the surface. The distance until which the 

potential exists is given by the Debye length,  λ =






∑ =

D
RT

F z c

1/2
o r

i
n

i1
2 2

0

, where c0 is the bulk concentration. This electric 

potential acting along with the axial electric field, Ez constitutes the body force on the fluid. The other assump-
tions for the fluid flow are the flow is steady and incompressible. The boundary conditions are given by; at the 
centre of the membrane domain, = =φ∂

∂
r 0; 0

r
 (since the potential is axisymmetric) and =∂

∂
0u

r
z  (as the fluid 

flow is axisymmetric). The other boundary condition is at the shear plane; r = R; φ = ζ and uz = 0. uz = 0 implies 
that there is no slip velocity at the shear plane. This reduces the electroosmotic flow on the pore surface to 
Helmholtz Smoluchowski equation41;

ζ
μ

=
− 

u
E

(14)z
r z0

We assume the same electroosmotic flow throughout the entire radial direction. Next, we couple the elec-
troosmotic flow velocity, uz with the area-averaged Nenrst-Planck equation, Eq. (10) by introducing a 
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convective flow term; ciuz. We substitute the Helmholtz Smoluchowski equation for uz. We arrive at a newly 
modified-Nernst-Planck equation (MNP) including the electroosmotic flow.
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Eq. (15) is coupled with the area-averaged Poisson equation, Eq. (12) to calculate the ionic current with electroos-
motic flow. Finally, we provide boundary conditions for the closure of the problem. The bulk concentration at the 
ends of the micro and macro reservoir is given by; cbulk. We give a voltage φopplied, at the end of the micropore and 
the macropore is grounded. This represents the OFF state. We apply a negative potential, −φopplied at the end of the 
micropore and keep the macropore grounded. This represents the ON state. Thus, the boundary conditions at the 
ends of the micro (Eq. (16)) and macro (Eq. (17)) reservoirs are specified as:

φ= =c c ; 0 (16)i bulk

φ φ= = ±c c ; (17)i bulk applied

The coupled MPNP equations are numerically coded in OpenFOAM42 (OpenField Operation and Manipulation) 
as our earlier works25,26.

Simulation parameters.  Sodium phosphate buffer solution is used in all the simulations. The bulk concen-
tration of the micro/macro reservoir is varied from 0.1 mM to 100 mM. The simulation temperature is T = 300 K. 
The bulk diffusivities of Na+, −H PO2 4  and HPO4

2− are m s1 33 10 /9 2. × − , . × − m s0 879 10 /9 2  and . × − m s0 439 10 /9 2 , 
respectively. The dielectric constant of the aqueous solution is 80r = . The simulated domain consists of a nano-
pore of length Ln = 6 μm and diameter dn = 10 nm The diameter of the micropore is dmicro = 10 nm. The length of 
the micropore is Lmicro = 6 μm. The diameter of the macropore is dmacro = 100 nm. The length of the macropore is 
Lmacro = 2 μm. We observe that the diameter of the micro/macropore is of the order of few hundreds of nanome-
ters since we calculate the ionic current across a single nanopore that is exposed to the micro/macropore reser-
voir. However, the experiments are carried out with 106,029 nanopores that are open to the micro/macropore 
reservoir diameter. We scale up the numerical current with the number of nanopores to match the current for all 
106,029 nanopores. The free parameter, nanopore wall surface charge density varied according to the inlet con-
centration. The nanopore wall surface charge density for each concentration is: mC m1 /n

2σ = − for 0.1 mM, 
σ = − mC m3 /n

2 for 1 mM, mC m2 /n
2σ = − (OFF) and σ = mC m0 /n

2 (ON) for 10 mM, σ = − . mC m6 38 /n
2 

(OFF) and mC m0 /n
2σ =  (ON) for 100 mM.

References
	 1.	 Siwy, Z. Ion‐Current Rectification in Nanopores and Nanotubes with Broken Symmetry. Adv. Func. Mat. 16, 735–746 (2006).
	 2.	 Cheng, L. J. & Guo, L. J. Nanofluidic diodes. Chem. Soc. Rev. 39, 923–938 (2009).
	 3.	 Siwy, Z. et al. Preparation of synthetic nanopores with transport properties analogous to biological channels. Surf. Sci. 532−535, 

1061–1066 (2003).
	 4.	 Siwy, Z. et al. Ion transport through asymmetric nanopores prepared by ion track etching. Nucl. Instrum. Methods Phys. Res., Sect. 

B. 208, 143–148 (2003).
	 5.	 Siwy, Z., Kosińska, I. D., Fuliński, A. & Martin, C. R. Asymmetric diffusion through synthetic nanopores. Phys. Rev. Lett 94, 048102 

(2004).
	 6.	 Li, Y. et al. History-dependent ion transport through conical nanopipettes and the implications in energy conversion dynamics at 

nanoscale interfaces. Chem Sci. 6, 588–595 (2015).
	 7.	 Umehara, S. et al. Current Rectification with Poly-l-Lysine-Coated Quartz Nanopipettes. Nano Lett. 6, 2486–2492 (2006).
	 8.	 Sa, N. & Baker, L. A. Experiment and Simulation of Ion Transport through Nanopipettes of Well-Defined Conical Geometry. J. 

Electrochem. Soc. 160, H376–H381 (2013).
	 9.	 Deng, X. L. et al. Effect of concentration gradient on ionic current rectification in polyethyleneimine modified glass nano-pipettes. 

Nature Sci. Rep. 4, 1–8 (2014).
	10.	 Siwy, Z., Heins, E., Harrell, C. C., Kohli, P. & Martin, C. R. Conical-Nanotube Ion-Current Rectifiers:  The Role of Surface Charge. J. 

Am. Chem. Soc. 126, 10850–10851 (2004).
	11.	 Saito, Y. et al. Conical beams from open nanotubes. Nature 389, 554–555 (1997).
	12.	 Daiguji, H., Oka, Y. & Shirono, K. Nanofluidic Diode and Bipolar Transistor. Nano Lett. 5, 2274–2280 (2005).
	13.	 Karnik, R., Duan, C., Castelino, K., Daiguji, H. & Majumdar, A. Rectification of ionic current in a nanofluidic diode. Nano Lett. 7, 

547–551 (2007).
	14.	 Picallo, C. B., Gravelle, S., Joly, L., Charlaix, E. & Bocquet, L. Nanofluidic Osmotic Diodes: Theory and Molecular Dynamics 

Simulations. Phys. Rev. Lett. 111, 244501 (2013).
	15.	 Cheng, L. J. & Guo, L. J. Ionic Current Rectification, Breakdown, and Switching in Heterogeneous Oxide Nanofluidic Devices. ACS 

Nano 3, 575–584 (2009).
	16.	 Prakash, S. et al. Electrokinetic transport in silica nanochannels with asymmetric surface charge. Microfluid Nanofluid 19, 

1455–1464 (2015).
	17.	 Guan, W., Fan, R. & Reed, M. A. Field-effect reconfigurable nanofluidic ionic diodes. Nat. Commun. 2, 1514/1511–1514/1518 

(2011).
	18.	 Wu, S. et al. Facile fabrication of nanofluidic diode membranes using anodic aluminium oxide. Nanoscale 4, 5718–5723 (2012).
	19.	 Wu, S., Wildhaber, F., Bertsch, A., Brugger, J. & Renaud, P. Field effect modulated nanofluidic diode membrane based on Al2O3/W 

heterogeneous nanopore arrays. Appl. Phys. Lett. 102, 213018 (2013).
	20.	 Miller, S. A., Kelly, K. C. & Timperman, A. T. Lab Chip 8, 1729–1732 (2008).
	21.	 Wang, H., Nandigana, V. V. R., Jo, K. D., Aluru, N. R. & Timperman, A. T. Controlling the ionic current rectification factor of a 

nanofluidic/microfluidic interface with symmetric nanocapillary interconnects. Anal. Chem. 87, 3598–3605 (2015).
	22.	 Nandigana, V. V. R. & Aluru, N. R. Nonlinear electrokinetic transport under combined ac and dc fields in micro/nanofluidic 

interface devices. J. Fluids Engg. 135, 021201 (2013).



www.nature.com/scientificreports/

1 0Scientific Reports |  (2018) 8:13941  | DOI:10.1038/s41598-018-32284-7

	23.	 Nandigana, V. V. R. & Aluru, N. R. Understanding anomalous current−voltage characteristics in microchannel−nanochannel 
interconnect devices. J. Colloid Interface Sci. 384, 162–171 (2012).

	24.	 Nandigana, V. V. R. & Aluru, N. R. Characterization of electrochemical properties of a micro-nanochannel integrated system using 
computational impedance spectroscopy (CIS). Electrochimica Acta. 105, 514–523 (2013).

	25.	 Nandigana, V. V. R. & Aluru, N. R. Avalanche effects near nano−junctions. Phys. Rev. E. 94, 012402 (2016).
	26.	 Nandigana, V. V. R. & Aluru, N. R. 1/f pink chaos in nanopores. RSC Adv. 7, 46092 (2017).
	27.	 Rubinstein, I. & Zaltzman, B. Equilibrium Electroconvective Instability. Phys. Rev. Lett. 114, 114502 (2015).
	28.	 Zaltzman, B. & Rubinstein, I. Electro-osmotic slip and electroconvective instability. J. Fluid Mech. 579, 173–226 (2007).
	29.	 Zangle, T. A., Mani, A. & Santiago, J. G. Theory and experiments of concentration polarization and ion focusing at microchannel and 

nanochannel interfaces. Chemical Society Reviews 39, 1014–1035 (2010).
	30.	 Mani, A., Zangle, T. A. & Santiago, J. G. On the propagation of concentration polarization from microchannel− nanochannel 

interfaces Part I: analytical model and characteristic analysis. Langmuir 25, 3898–3908 (2009).
	31.	 Zangle, T. A., Mani, A. & Santiago, J. G. On the propagation of concentration polarization from microchannel− nanochannel 

interfaces Part II: numerical and experimental study. Langmuir 25, 3909–3916 (2009).
	32.	 Khair, A. Concentration polarization and second-kind electrokinetic instability at an ion-selective surface admitting normal flow. 

Phys. Fluids. 23, 072003 (2011).
	33.	 Davidson, S. M., Wessling, M. & Mani, A. On the dynamical regimes of pattern-accelerated electroconvection. Sci. Rep. 6, 22505 

(2016).
	34.	 Kim, S. J., Wang, Y. C., Lee, J. H., Jang, H. & Han, J. Concentration polarization and nonlinear electrokinetic flow near a nanofluidic 

channel. Phys. Rev. Lett. 99, 044501 (2007).
	35.	 Yossifon, G. & Chang, H. C. Selection of Non equilibrium Overlimiting Currents: Universal Depletion Layer Formation Dynamics 

and Vortex Instability. Phys. Rev. Lett. 101, 254501 (2008).
	36.	 Yossifon, G., Mushenheim, P., Chang, Y. C. & Chang, H. C. Nonlinear current-voltage characteristics of nanochannels. Phys. Rev. E 

79, 046305 (2009).
	37.	 Keesom, W. H., Zelenka, R. L. & Radke, C. J. A Zeta-Potential Model for Ionic Surfactant Adsorption on an Ionogenic Hydrophobic 

Surface. J. Coll. Int. Sci. 125, 575–585 (1988).
	38.	 Grahame, D. C. The electrical double layer and the theory of electrocapillarity. Chem. Rev. 41, 441–501 (1947).
	39.	 Kelly, K. C., Miller, S. A. & Timperman, A. T. Investigation of zone migration in a current rectifying nanofluidic/microfluidic analyte 

concentrator. Anal. Chem. 81, 732–738 (2009).
	40.	 Zhang, Y. & Timperman, A. T. Integration of nanocapillary arrays into microfluidic devices for use as analyte concentrators. Analyst 

128, 537–542 (2003).
	41.	 Pennathur, S. & Santiago, J. G. Electrokinetic Transport in Nanochannels. 1. Theory. Anal. Chem. 77, 6772–6781 (2005).
	42.	 H. G. Weller, G. Tabor, H. Jasak and C. Fureby, A tensorial approach to computational continuum mechanics using object-oriented 

techniques, Computers in Phys. 12 (1998).

Acknowledgements
This publication represents research that was funded by the U.S. Army Environmental Quality and Installations 
Basic Research Program. This work was supported by the National Science Foundation (NSF) under Grants 
1264282, 1420882, 1506619 and 1545907, AFOSR under grant FA9550-12-1-0464 and IITM start up grant. The 
authors gratefully acknowledge the use of the parallel computing resource provided by the University of Illinois.

Author Contributions
V.N., A.T. and N.R.A. conceived the idea, K.J. and A.T. designed all experiments, V.N. wrote the manuscript. K.J. 
and A.T. performed measurements and data analysis. V.N. and N.R.A. built the computational and theoretical 
models and interpreted the simulation results. All authors provided constructive comments to the manuscript

Additional Information
Supplementary information accompanies this paper at https://doi.org/10.1038/s41598-018-32284-7.
Competing Interests: The authors declare no competing interests.
Publisher's note: Springer Nature remains neutral with regard to jurisdictional claims in published maps and 
institutional affiliations.

Open Access This article is licensed under a Creative Commons Attribution 4.0 International 
License, which permits use, sharing, adaptation, distribution and reproduction in any medium or 

format, as long as you give appropriate credit to the original author(s) and the source, provide a link to the Cre-
ative Commons license, and indicate if changes were made. The images or other third party material in this 
article are included in the article’s Creative Commons license, unless indicated otherwise in a credit line to the 
material. If material is not included in the article’s Creative Commons license and your intended use is not per-
mitted by statutory regulation or exceeds the permitted use, you will need to obtain permission directly from the 
copyright holder. To view a copy of this license, visit http://creativecommons.org/licenses/by/4.0/.
 
© The Author(s) 2018

http://dx.doi.org/10.1038/s41598-018-32284-7
http://creativecommons.org/licenses/by/4.0/

	Asymmetric-Fluidic-Reservoirs Induced High Rectification Nanofluidic Diode

	Working Principle of The Nanofluidic Diode

	Theoretical Model

	Results and Discussion

	Native/Bare Nanopores (or Low Surface Charge Nanopores). 
	Plasma oxidized nanopores (or High Surface Charge Nanopores). 

	Conclusion

	Methods

	Materials. 
	Device fabrication. 
	Numerical model. 
	Simulation parameters. 

	Acknowledgements

	Figure 1 (a) 3D schematic representation of experimental nanofluidic diode.
	Figure 2 ON/OFF state current-voltage characteristics of bare nanopore under different concentration, (a) 0.
	Figure 3 (a–h) OFF/ON state current-time response of bare nanopores without plasma oxidation.
	Figure 4 (a,b) OFF/ON state current-time response of the plasma oxidized nanopores.
	Table 1 Numerical values of the two free parameters, length of ESC region, LESC and nanopore wall surface charge density, σn obtained from experiments.




