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1. Electrode calibration

In the presence of concentration gradient, potential difference (Vjeenoqe) generates between the two
Ag/AgCl electrodes due to the redox reactions on the electrodelelectrolyte interface.” As shown in

Fig. S1, the actual potential applied across the nanopore (¥,anopore) is describe as:

v =V -V

nanopore ap, electrode

Where V,,, is the voltage output from the Keithley 6487 picoammeter/voltage source.
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Fig. S1 Equivalent circuit for single-nanopore device in the presence of concentration gradient.

Using Ag/AgCl or calomel reference electrodes with saturated KCI bridges may provide a way
to eliminate the offset electrode potentials. However, when measuring the zero-volt current (i)
and the reversal potential (V,.,), the scanning /-V cycles were required. A long testing time of at
least 750 seconds (~ 3 cycles for each /-V measurements) is needed. The inevitable leakage of
high concentrated KCI solution to the electrolyte cell would affect the results. Therefore, the
Ag/AgCl electrodes were selected for the /-) measurements and the electrode calibration was
performed in separate experiments with a calomel reference electrode. Thus, the zero-volt current
and the reversal potential contributed by the nanopore can be extracted from the /—V curves by

compensating the potential drop difference on the two electrode-electrolyte interfaces.

When contacting with the electrolyte solutions of different concentrations, the electrode
potential drops at the two electrode-electrolyte interfaces are not the same.” The electrode

potential of each Ag/AgCl electrodes was calibrated with respect to the saturated calomel

reference electrode. The two electrodes were connected with a standard resistance of 1GQ,

which is far higher than the inherent resistance of the electrodes and the electrolyte solution. No
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external voltage was applied across the two electrodes, thus, the total current recorded by the
picoammeter was driven by the potential difference generated on the two electrode-electrolyte
interfaces. The electrode potential of each Ag/AgCl electrode with respect to the calomel
reference electrode was obtained by multiplying the recorded current by the standard resistance.
The potential calibration was conducted with the KCI, NaCl, and LiCl solutions at varied
concentrations of 1 mM, 10 mM, 30 mM, 100 mM, 300 mM, and 1000 mM and buffered to pH
3.4, or 5.6, which is the same set with that used in the current recording through nanopores in the

main text. The calibration was performed at room temperature of about 293 K.

The potential differences between two Ag/AgCl electrodes, in the presence of concentration
gradient are shown in Fig. S2. Under symmetric concentrations, the electrode potential differences
between the two Ag/AgCl electrodes were less than =2 mV. Under asymmetric concentrations
(1 mM|1 mM, 1 mM|10 mM, 1 mM|30 mM, 1 mM]|100 mM, 1 mM]|300 mM, 1 mM|1000 mM, at
pH 5.6 and 10 mM|10 mM, 10 mM|100 mM, 10 mM|300 mM, 10 mM|1000 mM, at pH 3.4), the
electrode potential differences between the two Ag/AgCl electrodes were generally agree with the

Nernst relation.” We use these data to calibrate the potential output from the voltage source.
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Fig. S2 The electrode potential difference under asymmetric electrolyte concentrations at pH 5.6
(a) and 3.4 (b). Four kinds of electrolyte are used in these experiments, that is, KCI (square), NaCl
(circle), and LiCl (triangle). The data points showed in panel (a) in stand for 1| mM|1 mM, 1
mM|10 mM, 1 mM|30 mM, 1 mM|100 mM, 1 mM|300 mM, 1 mM|1000 mM and in panel (b)

stand for 10 mM|10 mM, 10 mM|30 mM, 10 mM|100 mM, 10 mM|300 mM, 10 mM|1000 mM.
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2. Model calculation

We calculate the net diffusion current, reversal potential, and the resulting electrical power as a
function of /. and /.. The model nanochannel is illustrated in Fig. S3. The calculated region is
cylindrical in shape and 500 nm in length. The length and radius of the reservoirs are both set to
500 nm. The only fitting parameter in our model is the surface charge density (O ), which is
consistence with the experimental condition ranging from 0.1 to 100 mC/m”>” The polarity of the
surface charge is either negative to simulate cation-selective nanopores or positive to simulate
anion-selective nanopores. The concentration gradient applied on the calculation model is

1000-fold, by placing 1 mM electrolyte solution on one side of the nanochannel and 1000 mM on

the other side.

1000 mM KCI 1mM KCI
S
_________ :i________ pore axis

500 nm
Reservoir Model Nanopore Reservoir

Fig. S3 The calculate nanopore model (not in scale).

The Poisson-Nernst-Plack (PNP) equations are used to describe the ion transport down their

concentration gradient inside nanochannels:
2 e
V (0] :_Z (C+ —C_)

- zZ.ecC.
i =—D. (Ve, + L2°LV D),
Ji . (V¢ T )

B

i =+ /—, for cations and anions respectively, and the continuity equation:

V. =0
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where @, ¢;, ji, D;, and T are the local electrical potential, the concentration of species i, the ion
flux, the diffusion coefficient, and the temperature. e, &,, €, , and kg is the electron charge, the

permittivity of vacuum, the dielectric constant of the electrolyte solution, and the Boltzmann
constant as their usual meaning. The diffusion coefficients for simple monovalent ions in this
calculation are used the as their bulk value, as listed in Table 1 in the maintext.* The boundary

conditions for potential @ are given by the Gauss law:

GS
£ E

r

—ii-Vd =

When it was applied to the charged pore walls, 0, =0, and to the reservoir walls o, =0.

The ion flux jl. also has the zero normal components at boundaries, for

The total diffusion current can be calculated by integrating the ion flux density in the cross section
of the nanochannel, as shown in Fig. S3, from point a, at the pore axis, to point b, at the pore wall,

in the middle of the entire length of the nanochannel:

I, = ZireJ‘r J; dr,i=t/-.

3. Estimation of the surface charge density

The surface charge density is the most important parameter for ion transport in nanopore, which
is very difficult to characterize experimentally. To address this challenge, we use a combined
experimental and theoretical approach to elucidate and quantify the electrostatic changes taking
place inside the nanopore in the presence of different monovalent inorganic salts. The
experimental /-V curves measured in KCl, NaCl, and LiCl electrolytes have been theoretically
fitted with a continuum model based on the Poisson and Nernst-Planck equations, which have
been described in the manuscript. The validity and reliability of this method can be found in our
previous publications3 *3 and also the recent work by Azzaroni, et al., (J. Am. Chem. Soc. 2010,
132, 8338).° The dimensions of the model nanopore are estimated from the experimental results:
the model nanopore is cone-shaped and 12 pm long with the large opening (the base side) of 1.2

pm and the small opening (the tip side) of 40 nm in diameter. The only fitting parameter in the
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model calculation is the surface charge density (o). As shown in Fig S4 and S5, the theoretical
results fit the experimental data very well. For cation-selective nanopores, the best fitting results
are obtained with o = -0.05 C/m” for all the three kinds of electrolyte. This result is consistent with
previous works published by other groups (e.g. Siwy et al., Appl. Phys. A, 2003, 76, 781; Cervera
et al., J. Chem. Phys. 2006, 124, 104706).2’7 For anion-selective nanopores, similar results have
been found that the surface charge density is about +0.03 C/m?” for all the three kinds of electrolyte.
Based on the calculation results, we can know that the surface charge density for cation-selective
nanopores are nearly one time higher than that in anion-selective nanopores owing to the limited
efficiency of the chemical modification. The difference in ionic composition between the three
kinds of monovalent simple salt would not remarkably influence the surface charge density in

either types of nanopore.
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Fig. S4 In the case of cation-selective nanopores, the experimental /-J curves are numerically
fitted with theoretical results to calculate the surface charge density in the presence of 1 mM KCl
(a), NaCl (b), and LiCl (c). The dimensions of the model nanopore are estimated from the
experimental results: the model nanopore is cone-shaped and 12 um long with the large opening
(the base side) of 1.2 um and the small opening (the tip side) of 40 nm in diameter. The only
fitting parameter in the model calculation is the surface charge density (o). Experimental results
are shown in blue circles. In model calculation, ¢ = -0.03 (red), -0.05 (orange), -0.07 (purple)

C/m?, respectively.
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Fig. S5 In the case of anion-selective nanopores, the experimental /-V curves are numerically

fitted with theoretical results to calculate the surface charge density in the presence of 10 mM KCl
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(a), NaCl (b), and LiCl (c). The geometry of the model nanopore is identical with that shown in
Fig. S4. Experimental results are shown in blue circles. In model calculation, o = +0.03 C/m? (red

curves).

References:

1. A.J.Bard and L.R.Faulkner, Electrochemical methods Fundamental and Applications, New York :
John Wiley, 2001.

2.J. Cervera, B. Schiedt, R. Neumann, S. Mafe and P. Ram1rez, J. Chem. Phys., 2006, 124, 9.

3. Q. Liu, Y. Wang, W. Guo, H. Ji, J. Xue and Q. Ouyang, Phys. Rev. E, 2007, 75, 051201.

4.Y. W. Tang, K.-Y. Chan and 1. Szalai, J.Phys. Chem. B, 2004, 108, 18204.

5. X. Wang, J. Xue, L. Wang, W. Guo, W. Zhang, Y. Wang, H. Ji and Q. Ouyang, J. Phys. D, 2007,
40, 7077.

6. M. Ali, B. Yameen, J. Cervera, P. Rami'rez, R. Neumann, W. Ensinger, W. Knoll, and O.
Azzaroni, J. Am. Chem. Soc. 2010, 132, 8338.

7. Z. Siwy, D. Dobrev, R. Neumann, C. Trautmann and K. Voss, Appl. Phys. A, 2003, 76, 781.




<<
  /ASCII85EncodePages false
  /AllowTransparency false
  /AutoPositionEPSFiles false
  /AutoRotatePages /None
  /Binding /Left
  /CalGrayProfile (Gray Gamma 2.2)
  /CalRGBProfile (sRGB IEC61966-2.1)
  /CalCMYKProfile (U.S. Web Coated \050SWOP\051 v2)
  /sRGBProfile (sRGB IEC61966-2.1)
  /CannotEmbedFontPolicy /Warning
  /CompatibilityLevel 1.4
  /CompressObjects /Off
  /CompressPages true
  /ConvertImagesToIndexed true
  /PassThroughJPEGImages true
  /CreateJDFFile false
  /CreateJobTicket false
  /DefaultRenderingIntent /Default
  /DetectBlends false
  /DetectCurves 0.0000
  /ColorConversionStrategy /LeaveColorUnchanged
  /DoThumbnails false
  /EmbedAllFonts true
  /EmbedOpenType false
  /ParseICCProfilesInComments true
  /EmbedJobOptions true
  /DSCReportingLevel 0
  /EmitDSCWarnings false
  /EndPage -1
  /ImageMemory 1048576
  /LockDistillerParams false
  /MaxSubsetPct 100
  /Optimize false
  /OPM 1
  /ParseDSCComments true
  /ParseDSCCommentsForDocInfo true
  /PreserveCopyPage false
  /PreserveDICMYKValues true
  /PreserveEPSInfo true
  /PreserveFlatness true
  /PreserveHalftoneInfo false
  /PreserveOPIComments false
  /PreserveOverprintSettings true
  /StartPage 1
  /SubsetFonts false
  /TransferFunctionInfo /Apply
  /UCRandBGInfo /Remove
  /UsePrologue false
  /ColorSettingsFile (Color Management Off)
  /AlwaysEmbed [ true
    /MyriadPro-Regular
  ]
  /NeverEmbed [ true
  ]
  /AntiAliasColorImages false
  /CropColorImages true
  /ColorImageMinResolution 150
  /ColorImageMinResolutionPolicy /OK
  /DownsampleColorImages false
  /ColorImageDownsampleType /Bicubic
  /ColorImageResolution 150
  /ColorImageDepth 8
  /ColorImageMinDownsampleDepth 1
  /ColorImageDownsampleThreshold 1.50000
  /EncodeColorImages true
  /ColorImageFilter /FlateEncode
  /AutoFilterColorImages false
  /ColorImageAutoFilterStrategy /JPEG
  /ColorACSImageDict <<
    /QFactor 0.76
    /HSamples [2 1 1 2] /VSamples [2 1 1 2]
  >>
  /ColorImageDict <<
    /QFactor 0.76
    /HSamples [2 1 1 2] /VSamples [2 1 1 2]
  >>
  /JPEG2000ColorACSImageDict <<
    /TileWidth 256
    /TileHeight 256
    /Quality 15
  >>
  /JPEG2000ColorImageDict <<
    /TileWidth 256
    /TileHeight 256
    /Quality 15
  >>
  /AntiAliasGrayImages false
  /CropGrayImages true
  /GrayImageMinResolution 150
  /GrayImageMinResolutionPolicy /OK
  /DownsampleGrayImages false
  /GrayImageDownsampleType /Bicubic
  /GrayImageResolution 150
  /GrayImageDepth 8
  /GrayImageMinDownsampleDepth 2
  /GrayImageDownsampleThreshold 1.50000
  /EncodeGrayImages true
  /GrayImageFilter /FlateEncode
  /AutoFilterGrayImages false
  /GrayImageAutoFilterStrategy /JPEG
  /GrayACSImageDict <<
    /QFactor 0.76
    /HSamples [2 1 1 2] /VSamples [2 1 1 2]
  >>
  /GrayImageDict <<
    /QFactor 0.76
    /HSamples [2 1 1 2] /VSamples [2 1 1 2]
  >>
  /JPEG2000GrayACSImageDict <<
    /TileWidth 256
    /TileHeight 256
    /Quality 15
  >>
  /JPEG2000GrayImageDict <<
    /TileWidth 256
    /TileHeight 256
    /Quality 15
  >>
  /AntiAliasMonoImages false
  /CropMonoImages true
  /MonoImageMinResolution 1200
  /MonoImageMinResolutionPolicy /OK
  /DownsampleMonoImages false
  /MonoImageDownsampleType /Bicubic
  /MonoImageResolution 1200
  /MonoImageDepth -1
  /MonoImageDownsampleThreshold 1.50000
  /EncodeMonoImages true
  /MonoImageFilter /FlateEncode
  /MonoImageDict <<
    /K -1
  >>
  /AllowPSXObjects false
  /CheckCompliance [
    /None
  ]
  /PDFX1aCheck false
  /PDFX3Check false
  /PDFXCompliantPDFOnly false
  /PDFXNoTrimBoxError true
  /PDFXTrimBoxToMediaBoxOffset [
    0.00000
    0.00000
    0.00000
    0.00000
  ]
  /PDFXSetBleedBoxToMediaBox true
  /PDFXBleedBoxToTrimBoxOffset [
    0.00000
    0.00000
    0.00000
    0.00000
  ]
  /PDFXOutputIntentProfile ()
  /PDFXOutputConditionIdentifier ()
  /PDFXOutputCondition ()
  /PDFXRegistryName ()
  /PDFXTrapped /False

  /Description <<
    /CHS <FEFF4f7f75288fd94e9b8bbe5b9a521b5efa7684002000410064006f006200650020005000440046002065876863900275284e8e55464e1a65876863768467e5770b548c62535370300260a853ef4ee54f7f75280020004100630072006f0062006100740020548c002000410064006f00620065002000520065006100640065007200200035002e003000204ee553ca66f49ad87248672c676562535f00521b5efa768400200050004400460020658768633002>
    /CHT <FEFF4f7f752890194e9b8a2d7f6e5efa7acb7684002000410064006f006200650020005000440046002065874ef69069752865bc666e901a554652d965874ef6768467e5770b548c52175370300260a853ef4ee54f7f75280020004100630072006f0062006100740020548c002000410064006f00620065002000520065006100640065007200200035002e003000204ee553ca66f49ad87248672c4f86958b555f5df25efa7acb76840020005000440046002065874ef63002>
    /DAN <>
    /DEU <>
    /ESP <>
    /FRA <>
    /ITA (Utilizzare queste impostazioni per creare documenti Adobe PDF adatti per visualizzare e stampare documenti aziendali in modo affidabile. I documenti PDF creati possono essere aperti con Acrobat e Adobe Reader 5.0 e versioni successive.)
    /JPN <>
    /KOR <FEFFc7740020c124c815c7440020c0acc6a9d558c5ec0020be44c988b2c8c2a40020bb38c11cb97c0020c548c815c801c73cb85c0020bcf4ace00020c778c1c4d558b2940020b3700020ac00c7a50020c801d569d55c002000410064006f0062006500200050004400460020bb38c11cb97c0020c791c131d569b2c8b2e4002e0020c774b807ac8c0020c791c131b41c00200050004400460020bb38c11cb2940020004100630072006f0062006100740020bc0f002000410064006f00620065002000520065006100640065007200200035002e00300020c774c0c1c5d0c11c0020c5f40020c2180020c788c2b5b2c8b2e4002e>
    /NLD (Gebruik deze instellingen om Adobe PDF-documenten te maken waarmee zakelijke documenten betrouwbaar kunnen worden weergegeven en afgedrukt. De gemaakte PDF-documenten kunnen worden geopend met Acrobat en Adobe Reader 5.0 en hoger.)
    /NOR <>
    /PTB <>
    /SUO <>
    /SVE <>
    /ENU (Use these settings to create Adobe PDF documents suitable for reliable viewing and printing of business documents.  Created PDF documents can be opened with Acrobat and Adobe Reader 5.0 and later.)
    /ENG ()
  >>
>> setdistillerparams
<<
  /HWResolution [600 600]
  /PageSize [595.276 779.528]
>> setpagedevice


