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ABSTRACT

We present a nanofluidic diode that at voltage range =5 to +5 V rectifies ion current with degrees of rectification reaching several hundreds.
The diode is based on a single asymmetric nanopore whose surface was patterned so that a sharp boundary between positively and negatively
charged regions is created. This boundary defines a zone that is enriched with positive and negative ions or creates a depletion zone. The
principle of operation of the nanofluidic diode is analogous to that of a hipolar semiconductor diode.

Introduction. Recent development of nanofabrication tech- acota L _
niqgues opened up new possibilities to prepare synthetic //
nanopores with various shapes, diameters down to 1 nm, and — A 2

2a —
tailored surface charge? The interest in nanopores has been

triggered by possible application of these systems to single |

molecules, e.g., DNA detectidnchemical sensing and =]
biosensind;” drug delivery® and nanofluidic€:4°?*? For u—

building devices with controlled mass transport, nanopores B
seem to be the perfect choice. It is the dramatic increase in w =

surface to volume ratio of these objects that gives access to :m
the phenomena that are not detectable on the microscale.

There are three major mechanisms for gaining control of m c
mass transport in nanopores: £9lume exclusion principle

based on proportionality of the total flux to the effective cross e

section area of the nanopdre!3(ii) hydrophobic interactions

discussed for biologic&land synthetic nanoporésand (iii) D
electrostatic interactiondn this Letter we will focus on the
third effect, i.e., electrostatic interactions of permanent
surface charges of nanopores with ions in the background " i

electrolyte solution. We show application of these interac- |0VD VT OVOH| %*mﬂ"m = T THZ. F
tions in designing of a nanofluidic diode based on an fig e 1. (A) Schematic of a conical nanopore in PET foil: L is
asymmetric nanopore prepared in a polymer membrane. Wethe nanopore lengtfa is tip radius,A is base radiusy is opening

demonstrate operation of this diode in KCI solutions at angle of a conexj, = a cot @, Xpase= L + a cot o.. Surface of

concentrations between 10 mMdi M KCI. nanopores obtained by the track-etching technique possesses
carboxyl groups at the density efl e/nnt. (B, C) Patterns of

_Ther_e are only a few examples of nanopores that e)fhibit surface charge that lead to formation of a nanofluidic diode. (D)
diode-like currentvoltage (—V) curves at symmetric  Schematic concentration profiles with no applied voltage of positive

electrolyte conditions. We and others showed that asym- (red) and negative (blue) ions for a diode shown in (B). (F)

metric, conically shaped nanopores with permanent surfaceMedification chemistry applied to transform carboxyl groups into
' amino groups by EDC coupling agent. Resulting surface amines

chgrges (Figure 1A) rectify ion 9u”eﬁtzl Re(?tification are transformed back to carboxyls by succinic anhydride.
ratio f.c for these nanopores, defined as a ratio of currents

recorded for voltages of the same amplitude but opposite In order to create a system that rectifies ion current with
polarities, does not exceed at the voltage ranggo +3 V much higher degrees of rectification, we had to introduce a
a factor offrec = 10. This effect of rectification is caused by possibility to control the concentration of available charge
an intrinsic asymmetry of the electrochemical potential of carriers inside nanopores. The ionic diode that we present
these nanoporeg?223 here is analogous in its operation to a semiconductor bipolar
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diode, and its design has been stimulated by theoreticalboundary conditiong(a cot a,t) = ¢, ¢(L,t) = 0 has the
predictions shown in ref 12. Our system is also a realization following form
of bipolar membranes systems with well-defined single

nanopore geometrif. 26 o) =c a (L _ 1) (1)
Nanometer size of pores plays a crucial role in design of CAlX
the diode. If the pore diameter is comparable to the Debye acoto < X< L

length, ionic distributions inside nanopores are determined

by the relation between surface charge density of the whereq is the angle of nanopore’s opening (Figure 1A) and
nanopores (C/n¥), pore radius, and bulk ionic concentra- c(x) is concentration of the reagent at a position

tions coui. Debye length ¥/ determines the distance from A second important process for the chemical modification
the pore walls over which the mobile counterions in the of pore walls is binding of the chemical to the surface. We
electrolyte solution screen the electric fields created by the gssume that this binding follows the Langmuir isotheéim,
surface charge. For a nanopore with = 1, wherea is a =1 — e °WKk where@ is fraction of the surface coverage
pore radius for cylindrical geometries or a half-height for py the modifying chemicalk is the reaction rate of the
rectangular pores, the number of counterions to the surfacechemical with the surface, ards time. Equation 2 defines
charge will be higher than the number of co-ions inside the the nanopore coordinat®)(along the pore axis with a given

pore. Additionally, if the conditiono| > egyia is fulfilled, surface coveraged]

the number of counterions in a pore will exceed their bulk

concentration, resulting in dominant influence of the coun- CoaktL

terions in the measured current. This effect has been X= ciakt— Aln(1— 6) )

employed in preparation of nanofluidic transistdrs. If the

surface of the pore is patterned so that there is a zone with_ . _ : . .
L Pointx, (6 = 0.5) is the only point with a total zero charge,
permanent positive surface charges and a part of the pore

with negative surface charges (Figure 1B,C), the boundaryglven by

between these two sections will create a transition zone calkt

similar to a pn junction in a semiconductor diode (Figure Xo = e 3)
1D). cyakt+ Aln(2)

Results. (A) Template Nanopores for Nanofluidic
Diode. For a diode template we used well-characterized Consequently, the surface charge densify)) has opposite
single conical nanopores (Figure 1A) in &n thick poly- signs at 0< 6 < 0.5 X > Xo) and 0.5< 6 =< 1 (x < x)). The
(ethylene terephthalate) (PET) membranes prepared by thénodlfl_catlon of surface ca_rboxyl groups, which possess a
track-etching techniqui:’#2"The opening diameters of the Negative charge at pkt4, is done by a standard organic
nanopores used in these studies wee2.5 nm as measured ~ chemistry procedure with coupling agent 1-ethyl-3-[3-
by an electrochemical method, aAd= 500 nm, respectively.  (dimethylamino)propyljcarbodiimide hydrochloride (EDE).
The small opening of the pore is called the tip, the big Surface amination can be done from water solutions,
opening of the pore is called the base. The template PETprOV'd'ng the possibility of “in situ” monitoring of —V

nanopores have excess surface charge due to the presencfé“'rves' Otpce a;]mlnatetd,tthtt)a nanoFore s_tjhrface can behreéqzjned
of carboxyl groups created during the fabrication process 0 anegative charge state by reaction with succinic annyanae,

with estimated surface charge density~df e/nn#.17-18This forming .the carboxyl groups once again (Flgurg 1F). Such
. : ... conversion could be done in series numerous times.
surface charge density assures that at the tip of a pore with .
) . L (C) Current —Voltage Curves of Nanopores with Ho-
a = 2.5 nm the concentration of mobile counterietiis our o
Lo mogeneous Surface ChargeA characteristid—V curve for
case potassium iofishas to bejoj/lea= 0.67 M to ensure o . .
. . . an unmodified pore, therefore a pore with negative surface
electroneutrality of the system. It is therefore very easy in

tem t hi tuati hen th trati fcharge, is shown in Figure 2A, trace b. Here and later in the
our system to achieve a situation when the concentration o text, the grounded electrode was on the tip side. The potential
counterions in the nanopore is higher than that in the bulk.

differences were computed & — V; whereV, andV; are

(B) Targeted Surface Modification. In order to achieve  potentials of the electrodes on the base and tip sides,
surface charge distributions shown in Figure 1, we developedespectively. By conversion of all carboxyls to amines, the
a procedure to pattern the surface. Our method of modifica- rectification changes its direction due to change(©j sign
tion relies on a constant in time concentration gradient that (Figure 2A, trace a}° The factorfecat 5 V for fully aminated
is created in a nanopore when a reagent is placed only onand carboxylated pore is constant at pH rargkto >7
one side of the membrane. Targeted modification of the tip and equal te=5.28 Due to the K, and (K, of surface groups,
requires that concentration of the reageim this region is the rectification becomes weaker at solutions of gHl in
high and decays rapidly along the pore axi#t is when the case of pore walls with carboxyls and at ptI for aminated
conical geometry of the pore becomes critical for building surfaces. Thus, at 4 pH < 7, o(x) for both aminated and
of the nanofluidic diode: conical geometry produces such carboxylated surfaces reaches its maximum.
concentration distribution in a natural way. The steady-state (D) Current —Voltage Curves of Nanofluidic DiodesIn
solution of the diffusion equation whea < A?® with order to achieve surface charge distribution shown in Figure
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Figure 3. (A) Kinetics of diode formation for surface charge
distribution shown in Figure 1B. Solutions of EDC and diamine

Figure 2. (A) Current-voltage curves for a nanopore modified ~Were introduced on a tip side of the membrane. Negative (red
with amines (a), rendering the surface positively charged, and with circles) and positive (black squares) currents vs time, normalized
carboxyls (b), rendering the surface negatively charged. (B) With respect to values of current at 2 V. (B) Surface densities of

Current-voltage curves for a nanofluidic diode: curve a corre-

amino (red line) and carboxyl (blue line) groups calculated from

sponds to positive tip and negative base, as shown in Figure 1B€d 2, after 10 min of modification. Black line shows the point of
(left inset shows zoomed negative currents); curve b correspondsZ€ro chargex)

to inverse modification shown schematically in Figure 1C.

1B, we applied an ethylenediamine solution with EDC only
on the tip side of the membrane, recording/ curves during
the modification. After 2 h, the degree of rectification
saturated (Figure 3). Ah—V curve recorded for this system

Fr, whereF is the Faraday constant ands the pore radius
at a given positiorx. At the pore tip with excess positive
surface charges, concentration of @las to be higher than
K* concentration. In the remaining part of the pore the
situation is reversed: due to the negative surface charge, K

is shown in Figure 2B and demonstrates an exceptional concentration is higher. Applying voltage of opposite polari-

rectification ratio (Is\/I —sy|) of 217 times at 0.1 M KCI, pH

ties results in dramatically different net concentration profiles.

5.5. For positive voltages, the current increases with voltage Positive voltages drive Kto the tip side and Clto the base,

according to a power lawl 00 V15, The inset in Figure 2B

resulting in overlapping of the concentration profiles, large

shows that the current for negative voltages remains on theionic currents, and an open state of the nanopore. Negative
tens of picoamperes level and is practically independent of voltages move K and CI in the outward direction from

the voltage.
As the next step, we applied the solution of amines with

EDC on the base side of the membrane, which resulted in

modification of the whole surface. The degree of rectification
of this system was back to the valug7. This pore was

the pore, causing formation of a depletion zone and,
consequently, a very low conductance of the nanopore.
Discussion.In order to understand the processes behind
the strong ionic rectification, we investigated more carefully
kinetics of the diode formation. Currentoltage curves were

subsequently subjected to a solution of succinic anhydride recorded every 5 min when modifying a nanopore from one

placed on the tip side. This modification led to an inverse
I—V curve that is shown in Figure 2B, with. = 61. This
rectification degree is significantly higher compared to curves
shown in Figure 2A, but it is smaller compared to the
situation corresponding to the positive tip of the pore. We
think that this decrease &k could indicate an incomplete
amine to carboxyl transformatic#.

lon concentration profiles are shown schematically in
Figure 1D in order to illustrate the physical basis behind
functioning of the nanofluidic diode. The requirement of
electroneutrality of the whole system determines the differ-
ence in K" and CI concentrationf\C as AC(x) = 20(x)/

554

side using a solution of amines in 0.1 M K&IFigure 3A
shows currents recorded at positive and negative voltages,
normalized with respect to either final (positive voltages) or
initial (negative voltages) currents at 2 V. A dramatic
decrease in values of negative currents, indicating formation
of a depletion zone, happens during the first minutes of the
reaction. The positive currents show a more gradual increase
in time that corresponds to additional attachments of amino
groups, resulting in enhancement of €bncentration at the
pore tip.

We also studied kinetics of the surface modification
reaction when the reaction solution of EDC and amines was
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placed on both sides of the membrane. We again recorded 30

I—V curves of a nanopore every 5 min looking for the time ] m u .. A ]
required to achievé = 0.5, i.e., when the system ceased 251 u ]
rectifying. For our nanopore, we had to waitl0 min to 20 .
observe a lineal—V curve. Using first-order reaction 9145.] [ ]
kinetics:e"®<'= 0.5 andt = 10 min, gave a rate constant of "] u

k = 0.05 M1 s7%. Because diffusion time of the reagent 101 - ]
through the whole pore i = L%D, assumingD = 1076 5. ]
cn?/s, one getsgx = 1.5 s. Comparison of the time scales 0] M
of the modification reaction (10 min) artgs suggests that ——————————————
the chosen modification chemistry is indeed limited by the 2 3 4 5pH6 7 8 9

reaction rate rather than a diffusion time. T ——— ————T

The value ofk was the first step for finding the point of 207 ®m ]
zero surface charge. For a cylindrical nanopore, at low 100+ u B 7
voltages, the poirnt, determines the position of the depletion 80 J
zone center. We would like to point that width of the 9] |

) . . £60- -
depletion can change with applied voltage, as shown for "
bipolar membrané$ and rectangular nanopor&sFor a 40 u .
symmetrical nanopore, the depletion zone center should 20 4
always be located ab. Using the experimental parameters 1 u -
Co=0.05M,k=0.05 M1sta=25nmA=500nm? 0_...., e 1
t = 10 min, anda. = 2.4, eq 3 yields¢ = 63 nm, measured 10 100 1000
from the nanopore tip. We treat this value as an estimation [KCI], mM

for ’Fhe position of the center of the depletior_l zone in OU Figure 4. Dependence of rectification degrée at+2/—2 V for
conical nanopores as well. The surface densities of aminesa nanofluidic diode shown in Figure 1B on pH and concentration
and carboxyls corresponding to these parameters are showf KCI solutions. (A) Recordings were performed in 0.1 M KCI.

in Figure 3B. This distribution of surface charge indicates (B) Recordings were performed at p#5.5 and KCI concentrations
that a complete coverage of the surface by amines is notPetween 10 and 1000 mM.

required for formation of a good depletion zone. Equation 3
also suggests that velocity of moving of the positieduring
modification is constant ifjakt < AIn(2). For experimental
parameters used here this inequality is satisfied during the
first ~20 min, and the corresponding velocity is equal to
0.2 nm/s. Since the velocity is directly proportionaldg

we have a possibility to tung, with a high precision. Our
nanopore is not symmetrical, thusas determined from eq

two phenomena plays a dominant role in formation of the
depletion zone, we performde-V curve measurements at
a broad range of KCI concentrations. We found that the
rectification factorfec decreases by 2 orders of magnitude
in the range of KCI concentrations between 10 mM and 1
M. As this range of concentrations, Debye length ¥
changing from 3 to 0.3 nm; i.e.,A&Is varying from a value

3 | . ¢ "  the depleti comparable to the radius of the pore tip, to a significantly
IS only an estimate of position of the depletion zone Center. ¢ e yalue. This finding suggests that it is the electro-

Experimental data with bipolar membranes as well as phoresis that plays a dominant role in formation of the

theor_e@i_cal con5|_dera'F|ons for these_ systems indicated adepletion zone. It is because electroosmosis exists at high
possibility of a big shift of the depletion zone in the pore ionic strengths lie 1 M KCI29

for higher applied bias voltages. We would like to point that our system reminds function-
Functionality of our nanofluidic diode is dependent on jng of bipolar membranes whose rectifying properties have
surface charge of the nanopore that is regulated by pH of peen a subject of intensive experimental and theoretical
the background electrolyte solution. We checked rectification stdie<4-26 A characteristic feature of bipolar membranes
of the diodes shown in Figure 1B,C at pH rang to >9 is presence of so-called “punch-through” effect observed as
(Figure 4A). Maximum values ofec were recorded at pH 3 current increase at high reverse bias voltages. This increase
range<4 to >7, therefore the range with maximum surface of current is associated with contribution of protons and
charge densities. hydroxyl ions generated by high electric field in the depletion
The formation of a depletion zone could be explained by zone?® At the voltage range that we used in our measure-
two effects: (i) electroosmosis or/and (ii) electrophoresis. ments, this effect was however not observed.
At negative voltages, electroosmosis forces water to flow Conclusions. We presented a system of a nanofluidic
out from the pore in both positive and negative nanopore diode which exhibits rectification according to a mechanism
parts. This causes formation of a negative pressusg,'at analogous to that of a bipolar diode. We achieved degrees
and most probably an ion concentration drop as well. When of ion current rectification equal to several hundreds at
the Debye length is wide enough to exclude co-ions from voltages between-5 and +5 V. This device can be of
the nanopore, electrophoresis could also pull the ions with enormous interest in nanofluidics as well as a starting point
opposite charges in the outward direction from the nanoporefor building ionic equivalents of electron devices, such as
forming a depletion zone. In order to check which of these triodes and transistors.
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