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ABSTRACT  

Ion transport controlled by electrostatic interactions is an important phenomenon in biological 

and artificial membranes, channels, and nanopores.  Here, we employ carbon-coated 

nanopipettes (CNPs) for studying permselective electrochemistry in a conductive nanopore.  A 

significant accumulation (up to 2000-fold) of cationic redox species and anion depletion inside a 

CNP by diffuse layer and surface charge effects in solution of low ionic strength were observed 

as well as the shift of the voltammetric mid-peak potential.  Finite-element simulations of 

electrostatic effects on CNP voltammograms show permselective ion transport in a single 

conducting nanopore and semi-quantitatively explain our experimental data.  The reported results 

are potentially useful for improving sensitivity and selectivity of CNP sensors for ionic analytes. 
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Electrochemical processes inside conductive nanopores, nanogaps, and cavities have attracted 

significant interest because of their relevance to sensors,1-5 energy conversion/storage,6,7 DNA 

sequencing8 and protein detection,9 and physicochemical experiments at the level of single 

molecules.10-12  Due to the nanometer-scale dimensions and large conductive surface-to-volume 

ratio, the electrical double layer (EDL) and surface charge effects are more significant in 

nanopores and nanogaps than in macroscopic electrochemical systems.3,13-16 The presence of 

surface-bound excess charge within a nanocavity can result in significant ion 

accumulation/depletion in solution, ionic adsorption, and permselective behavior.  For instance, 

significant accumulation (and depletion) of ions and ionic adsorption were recently observed in 

glass and quartz nanopores,17,18 nanometer-sized thin layer cells (TLC),19  and microfluidic 

channels.20 These processes can be controlled by chemical functionalization that changes 

the surface charge.21,22   

The surface charge of nanopores and nano-TLCs influences the distribution and transport 

of charged redox species.19,23  The surface charge repels co-ions while counter-ions became 

the predominant ionic species and accumulate, which affects the charge-permselectivity of 

such nanostructures.  To prepare a single conductive nanopore, the interior wall of the 

nanocapillary can be coated with conductive materials such as gold,2,3,5,24 Pt,25 carbon,26 or 

conductive polymers.27  The applications of conductive nanopipettes in sensing typically involve 

either recording ion current flowing through the orifice (resistive-pulse and rectification sensing) 

or amperometric measurements inside the conductive shaft.   

Carbon nanopipettes (CNP) were prepared by the Bau and Gogotsi groups using chemical 

vapor deposition (CVD) of carbon into quartz capillaries.28,29  By modifying these procedures, 

we previously produced open CNPs30 and carbon nanocavity electrodes (“nanosampler”31) and 
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demonstrated their usefulness for resistive-pulse and rectification sensing30,32 and 

electroanalysis.31  When a CNP is immersed in aqueous solution, water gets driven into the 

pipette by capillary forces.  If the solution contains some electroactive species, it can be oxidized 

at the carbon surface inside the pipette when the CNP potential is scanned in the anodic direction 

and re-reduced during the cathodic scan.  A typical CNP voltammogram consists of a pair of 

essentially symmetrical peaks indicative of the TLC behavior.30,31   

CNPs offer a unique environment for studying the effects of nanoconfinement, surface 

charge, and adsorption on electrochemical processes.  Our recent study of ion current 

rectification in open CNPs16 revealed high negative charge density (ca. -1 to -5 µC/cm2) on the 

carbon surface due to deprotonated surface carboxylic groups in neutral aqueous solution.  

Unlike many reported devices that require sophisticated fabrication and/or chemical surface 

modification, the fabrication of CNPs is relatively simple, and the charge density can be 

controlled by varying the applied potential without surface modification.  In our previous 

experiments,30,31 the supporting electrolyte concentration was high (0.1-1 M), and no possibility 

of EDL/surface charge effects on CNP voltammograms was considered.  However, there are two 

reasons for electrostatic effects to become significant at low electrolyte concentrations employed 

in the present study (e.g., 0.1 – 1 mM).  First, the carbon surface is known to be negatively 

charged, and the surface charge has to be compensated by dissolved cations to maintain 

electroneutrality inside the CNP.  For a cylindrical segment of the CNP shaft (cylindrical 

geometry is assumed here for the sake of simplicity; the actual CNP shaft is conical), the ratio of 

the total cationic charge in solution to the carbon surface charge is cFr/2σ, where c is the 

concentration of the 1:1 electrolyte, F is the Faraday constant, r is the inner CNP radius, and σ is 

the surface charge density.  For a not very narrow section of the CNP with r = 100 nm, c = 1 mM 
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and relatively small σ = 1 µC/cm2,16 this ratio equals 0.5, indicating that significant accumulation 

of cations and depletion of anions inside the CNP is required for electroneutrality.  This simple 

estimate suggests that a CNP may exhibit permselective responses to charged redox analytes at 

low electrolyte concentrations. (By contrast, for c = 0.1 M, the volume-to-surface charge ratio is 

50, and no significant permselectivity can be expected).  The second reason for permselective 

behavior at low electrolyte concentrations is that the effective EDL thickness at c = 0.1 mM is 

~30 nm,33 i.e. comparable to a typical CNP orifice radius value; and, therefore, the anion 

permeation can be hindered.34  Herein we obtain the voltammograms of cationic, neutral and 

anionic redox species to explore the permselective behavior of CNPs and perform finite-element 

simulations of these phenomena. 

EXPERIMENTAL SECTION 

Fabrication of carbon Nanopipettes.  Quartz capillaries (1.0 mm o.d., 0.5 mm i.d.) 

were purchased from Sutter Instrument Co and used to pull nanopipettes with the tip 

orifice radius from ~20 to ~200 nm by a laser pipette puller (P-2000; Sutter Instruments).  

A layer of carbon was formed inside of a pre-pulled pipette by CVD at 945-950 °C, using 

methane as the carbon source and argon as the protector (methane/argon: 1/1), as 

described previously.29-31  The CVD time depends on the nanopipette radius, and a longer 

CVD time is needed for a larger tip radius.  TEM images of CNPs were acquired using 

field emission transmission electron microscope (JEOL 2100F) operated at 200 keV.   

Electrochemical experiments.  Voltammetric experiments were performed using a 

CHI model 760E bipotentiostat (CH Instruments, Austin, TX) in the two-electrode setup 

with a commercial Ag/AgCl (1 M KCl, CHI 111) reference electrode with a porous 

Teflon tip to minimize the solution leakage or a Ag/AgCl wire reference.  All experiments 
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were carried out at room temperature (22−25 °C) inside a Faraday cage.  The appropriate 

protection was used to avoid electrostatic damage to carbon nanotips.35  In some experiments, 

the volume of solution inside CNPs was controlled by a syringe pump (NE-1002X 

microfluidic syringe pump, New Era Pump Systems Inc.). 

RESULTS AND DISCUSSION 

CNP voltammograms with excess electrolyte.  When the CNP is immersed in  

solution containing a redox species that can react at its surface, the recorded current 

initially varies with time, but eventually stabilizes to yield superimposable consecutive 

voltammetric cycles.31  The stabilized charging and faradaic currents indicate that the 

solution volume inside the pipette has attained a stationary value.  CNPs were characterized 

by cyclic voltammetry and TEM.  A typical CNP cyclic voltammogram (CV) of FcMeOH 

(Figure 1A) exhibits a combination of the steady-state voltammetric current at the carbon 

nanoring exposed to the external solution with a pair of prominent slightly asymmetrical peaks 

due to the electrochemical reaction of inside the conductive pipette.31  The former component is 

represented by a sigmoidal steady-state voltammogram obtained at relatively low sweep rate 

(e.g., v = 0.1 V/s; curve 1 in Figure 1A).  From the diffusion limited steady-state current (~23 

pA), the effective radius a ≈ 65 nm can be evaluated using eq 1 for an inlaid disk  

id = 4xnFDc*a          (1) 

where n = 1 is the number of transferred electrons, F is the Faraday constant, c* = 1 mM and D = 

7.8 × 10−6 cm2/s 36 are the bulk concentration and the diffusion coefficient of FcMeOH, 

respectively.  The factor x is a function of RG;37 x = 1.16 corresponds to RG = 1.5 (i.e. the ratio 

of glass radius to that of the conductive tip) typical of thick-wall quartz pipettes used in this 

study (An ~10% difference between the diffusion currents to the open CNP and the disk 
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electrode of the same radius31 is within the uncertainty margin due to the imperfect tip geometry 

and variations in RG value).  A similar a value (~70 nm) was obtained from the TEM image 

(Figure 1B) of the same CNP. 

 

Figure 1. (A) CVs of 1 mM FcMeOH in 1 M KCl solution obtained using a 65 nm radius open 

CNP at different potential scan rates. v, V/s = 0.1 (1) and 10 (2). The inset shows the scan rate 

dependence of the anodic peak current. (B) TEM image of the same CNP after electrochemical 

experiments. (C) Simulated (symbols) and experimental (solid line) CVs at v = 20 V/s. 

The two peaks obtained at a faster potential sweep rate (e.g., v = 10 V/s; curve 2 in Figure 

1A) are due to the complete oxidation/reduction of FcMeOH molecules inside the carbon-coated 

pipette shaft.  As discussed earlier,31 the peak current is directly proportional to v (the inset in 
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Figure 1A).  The effective CNP volume (Vp = 2.5 fL) was estimated from the integrated charge 

(Q) under the oxidation or reduction peak after background subtraction using Eq. (2) 

Vp = Q/(F*c°)              (2) 

where c° is the FcMeOH concentration inside the CNP.  With a = 65 nm and the 5° pipette angle, 

the corresponding effective depth of the cavity is ca. 6 µm, i.e. ~90a.  The CV simulated for 

these geometric parameters and v = 20 V/s (red curve in Figure 1C) fits very well the 

experimental voltammogram (black curve in Figure 1C) after the charging current subtraction. 

The electrical noise in Figs. 1A and C is due to the high filter frequency (15 kHz) used to avoid 

distortions in fast scan CVs. 

The Vp value is reasonably reproducible in repeated experiments, as demonstrated by the 

data shown in Figure S1.  After each experiment, the pipette was washed and dried and re-

immersed in the same solution for the next measurement.  The average effective volume from 

five consecutive measurements is Vp = 0.58 pL ± 0.07 pL.  With a = 50 nm and the 5° pipette 

angle, the corresponding effective depth of the cavity is ca. 41 µm, i.e. ~820a. 

Effects of low electrolyte concentration.  Because of the negatively charged carbon 

surface and the resulting EDL structure, the cations are expected to be enriched while the anions 

should be depleted inside the CNP.  The ion distribution near the charged carbon surface  

(σ = -0.7 µC/cm2) simulated for the 1 mM bulk concentration of the 1:1 electrolyte (Figure 2A) 

shows the increased cation concentration, [c+] ≈ 12 mM near the carbon surface, while the anions 

are almost totally depleted ([c-] ≈ 0 mM).  Such ion enrichment and depletion could be used for 

selective and sensitive determination of ionic redox species. 

The effect of the electrolyte concentration is seen from CVs simulated for high (1 M) and 

low (1 mM) electrolyte concentrations, σ = -0.7 µC/cm2 on the carbon surface, and four redox 
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species with different charges and standard potentials (FcMeOH, FcTMA+, Ru(NH3)6
3+ and 

Fe(CN)6
4- in Figures 2B-2E, respectively).  In 1 M KCl solution, there is enough cations to 

compensate the excess negative surface charge on the carbon surface, so that the concentration of 

ionic redox species inside the CNP is close to its bulk value; whereas in 1 mM KCl the local 

concentrations of both the electrolyte and charged redox species are strongly affected by the 

surface charge, i.e. cationic redox species should be accumulated and the anions – depleted 

within the CNP.  One should notice that the simulated charge density is potential dependent.  The 

applied potential is supposed to change the effective surface charge, depending on the specific 

capacitance of the carbon/solution interface (see Supporting Information for simulation details).   

Figure 2. (A) Simulated concentration distribution of the cations (left panel) and anions (right 

panel) inside a 65-nm-radius CNP.  The bulk value for the c+ and c- in the outer solution is 1 mM.  

(B) – (E) CNP CVs of different redox species simulated for 10 μM of (B) FcMeOH, (C) FcTMA+, 

(D) Ru(NH3)6
3+, and (E) Fe(CN)6

4- in either 1 M (red curves) or 1 mM (black curves)  KCl solution.  

a = 65 nm; the pipette angle is 5°; the effective depth of the cavity is 300a; v = 1 V/s;  

σ = -0.7 µC/cm2. 
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In Figure 2B, the anodic and cathodic peak currents for neutral FcMeOH redox species 

are similar in 1 M and 1 mM KCl (red and black curves), and a slight negative potential shift  

(~-20 mV) can be seen in the reduction peak of FcMeOH+.  The double layer effects are much 

stronger for the cationic FcTMA+/2+ couple (Figure 2C).  A significant increase in concentration 

of FcTMA+ inside the negatively charged CNP cavity filled with 1 mM KCl leads to the higher 

anodic and cathodic peak currents, and the mid-peak potential shifts towards more negative 

values.  Simulated dependences of the accumulation of ionic redox species on pipette size and 

surface charge are shown in Figs. S2 and S3, respectively.  The higher the surface charge density 

and the smaller the pipette radius the stronger the cation accumulation in CNPs. 

The surface effect on the voltammograms becomes stronger for the multivalent redox 

species, as shown in the panels D and E.  A large increase in the peak currents of Ru(NH3)6
3/2+ in 

1 mM KCl resulted in a significant resistive potential drop inside the CNP and the increased peak 

potential splitting (black curve in Figure 2D).  In contrast, the Fe(CN)6
4-  current in 1 mM KCl is 

negligibly low (black curve in Figure 2E) due to the anion depletion.  The mid-peak potential 

shift in the negative direction at a low electrolyte concentration is most prominent for Fe(CN)6
4/3- 

(this effect cannot be seen in Figure 2E because of the greatly suppressed signal).   

Cation accumulation in CNPs.  The experimental CVs in Figure 3 exhibit essential 

features predicted by simulations.  In 1 M KCl solution containing equal concentrations (1 µM) 

of FcMeOH and Ru(NH3)6
3+, the two pairs of anodic and cathodic peaks show comparable 

magnitudes of peak currents and mid-point potentials corresponding to the formal potentials of 

both redox couples (red curve in Figure 3A).  In the CV obtained with the same CNP under the 

same conditions except a much lower ionic strength (1 mM KCl; black curve in Figure 3A), the 

changes in FcMeOH response are minor, but the oxidation/reduction charge calculated from the 
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second pair of peaks suggests ca. 40-fold accumulation of Ru(NH3)6
3+ inside the CNP.  A similar 

trend is observed for FcTMA+/FcTMA2+ whose concentration increased by the factor of two 

when 1 M KCl electrolyte was replaced with 1 mM KCl (Figure S4).  The accumulation of the 

FcTMA2+/+ was smaller than that of Ru(NH3)6
3+/2+ because of the lower positive ionic charges of 

the former redox couple and the larger CNP orifice.   

Ion accumulation in CNPs enables trace-level analysis.  Figure 3B shows a CV obtained 

 

Figure 3. CNP voltammograms of FcMeOH and Ru(NH3)6
3+ obtained in 1 mM KCl (black 

curves) and 1 M KCl (red curve in A) solutions.  The bulk concentrations of FcMeOH and 

Ru(NH3)6
3+ are: 1 μM and 1 μM (A), 1 μM and 10 nM (B), 100 nM and 10 pM (C), respectively.  

v = 200 mV/s.  a, nm = 33 (A), 68 (B), and 82 (C).  The inset in (C): anodic and cathodic peaks 

magnified for better clarity. 
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in a 1 mM KCl solution containing 1 μM FcMeOH and the 10 nM Ru(NH3)6
3+.  With the bulk 

concentration ratio of 100 times, the amount of Ru(NH3)6
3+ in the CNP is about 1.5 that of 

FcMeOH, corresponding to ~150-fold cation accumulation.  A pair of small peaks in Figure 3C 

was obtained with the bulk concentration of Ru(NH3)6
3+as low as 10 pM.  From comparison to 

the peaks in the same CV produced by 100 nM FcMeOH, the accumulation of Ru(NH3)6
3+ is 

~2000-fold.  An even greater accumulation and lower detection limit can be expected for 

polycations with a charge higher than that of Ru(NH3)6
3+ and smaller CNPs.  Based on our 

simulations, such enormous ion accumulation cannot be attributed to the surface charge effect in 

a relatively large (a = 82 nm) CNP.  An additional source of signal amplification must be the 

microporous structure of the partially amorphous carbon layer.  Since the dimensions of 

micropores are much smaller those of the CHP inside, the ion accumulation effect in them should 

be much stronger.  The lack of information about average porosity of the carbon film, pore size 

distribution and permeability to various ions and water precludes quantitative modeling of the 

effect of micropores on ion accumulation. 

Anion depletion in CNPs. The negative surface charge is expected to lower the 

concentrations of anions near the carbon surface in the CNP cavity (Figure 2A, right panel) and 

suppress the voltammetric response of anionic redox species, such as Fe(CN)6
4- (Figure 2E).  As 

discussed above, this effect becomes much stronger at lower electrolyte concentration and 

smaller CNP radius (Figure 4).  Using a 51-nm-radius CNP, the 35-fold Fe(CN)6
4- depletion was 

obtained in 0.1 mM KCl (black curve in Figure 4A) as compared to the CV in 1 M KCl (red 

curve).  With a smaller CNP (a = 14 nm; Figure 4B), both anodic and cathodic peaks of 

Fe(CN)6
4/3- in 0.1 mM KCl are completely suppressed, i.e. the anion depletion in this case is 

much larger than 35-fold (cf. Figure 4A).  The ~30 nm diffuse layer thickness in 0.1 mM KCl33 



P a g e  | 13 

 

 

is significantly larger than the 14 nm radius of the CNP orifice, greatly impeding the flux of 

multicharged anions.  In combination with the anion exclusion from the negatively charged 

nanocavity, this strong electrostatic barrier results in the negligibly low voltammetric current of 

Fe(CN)6
4-.  The ferrocyanide signal is recovered at 1 M KCl, where the diffuse layer thickness is 

much smaller than a (red curve in Figure 4B). 

 

Figure 4. Cyclic voltammograms of 10 μM Fe(CN)6
4- in different KCl solutions obtained using a 

51 nm (A) and 14 nm (B) radius CNP.  The inset in A shows a zoom-in of the black curve.  

v, mV/s = 5 (A) and 50 (B). KCl, mM = 0.1 (black curves) and 1000 (red curves)  

Another salient feature in CNP voltammograms of Fe(CN)6
4- at a low electrolyte 

concentration is a significant (~150 mV in Figure 4A) shift of the mid-peak potential in the 

negative direction.  This shift (also predicted by simulations) cannot be explained by liquid 

junction potential whose value is only 8.4 mV (for the 0.1 mM KCl / 1 M KCl junction).  This 

phenomenon along with the permselective behavior can be used to fine tune the CNP response to 

selectively detect analytes and suppress interferences. 

A CNP CV shown in Figure 5A was obtained in 0.1 mM KCl containing 1 μM Fe(CN)6
4- 

and 1 μM FcTMA+.  The only pair of peaks in this voltammogram corresponds to 

oxidation/reduction of FcTMA+/2+ occurring at ~0.4 V vs Ag/AgCl, i.e. close to the half-wave 

potential of the FcTMA+ oxidation at the carbon microdisk electrode (Figure 5B).  In contrast to 

the steady-state voltammogram (Figure 5B) in which the heights of FcTMA+ and Fe(CN)6
4- 

waves are similar, the Fe(CN)6
4/3- signal in the CNP voltammogram is completely suppressed.   
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Figure 5.  Voltammograms of mixtures of redox species at carbon electrodes.  (A) CNP CV of 1 

μM Fe(CN)6
4- and 1 μM FcTMA+ in 0.1 mM KCl.  a = 130 nm.  (B) Steady-state voltammogram 

of 10 μM Fe(CN)6
4- and 10 μM FcTMA+ at a 5 μM radius carbon disk electrode in 1 mM KCl.  

(C) CNP CV of 50 μM Fe(CN)6
4- and 5 μM FcMeOH in 0.1 mM KCl.  a = 23 nm. v, mV/s = 10 

(A and B) and 50 (C). 

In Figure 5C, the solution contained a mixture of 50 μM Fe(CN)6
4- and 5 μM FcMeOH in 

0.1 mM KCl.  With only 80 mV difference between their formal potentials, the 10 times higher 

concentration of Fe(CN)6
4- would have completely obscured the wave of FcMeOH oxidation in a 

conventional voltammetric experiment.  By contrast, the Fe(CN)6
4/3- response in a CNP CV 

(Figure 5C) is diminished and the mid-peak potential is shifted towards more negative values, so 

that FcMeOH can readily be measured. 
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CONCLUSIONS 

Because of the negatively charged carbon surface, CNPs exhibit strong permselectivity at 

low electrolyte concentrations.  The significant accumulation of cations and depletion of anions 

within the carbon nanocavity are predicted by simulations and observed experimentally.  As 

expected,38 the magnitude of these effects increases with the ionic charge.  The electrostatic 

effects can be used for trace analysis of ionic redox species and elimination of charged 

interferences.  Thus, the 2000 fold accumulation of Ru(NH3)6
3+ inside the CNP enabled the 

detection of this species at the level of 10 pM, while the current produced by 106 times higher 

concentration of Fe(CN)6
4- was completely suppressed.  The advantages of CNP-based 

electrochemical nanosensors, such as a recently reported sensor for dopamine,39 include the 

small physical size, improved sensitivity and selectivity along with a relatively simple 

fabrication protocol not requiring expensive lithography or labor intense synthesis.  It should be 

possible to reverse the permselectivity of a CNP by changing the polarity of the surface charge 

by using a different composition of the gas mixture in CVD fabrication or via chemical 

modification of the carbon wall.22  

At high electrolyte concentrations, when the double layer effects are relatively weak, a 

quantitative fit can be achieved between the simulated and experimental CNP CVs (see, e.g., 

Figure 1C).  In contrast, the simulations for a low electrolyte concentrations provide only semi-

quantitative description of the CNP response because several parameters required for exact 

modeling (e.g., carbon surface change density and porosity) are not currently available.  The 

experimentally observed cation accumulation is typically stronger than that predicted by 

simulations (especially at very low concentrations, e.g., in Figure 3C), while the mid-peak 

potential shift in experimental CVs is often less prominent.   
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