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Abstract 

The electrochemical behaviour of hexagonally arranged nanopore arrays was studied by simple ion transfer 

across the interface between two immiscible electrolyte solutions (ITIES) formed between water|1,2-

dichloroethane. The hexagonal nanoITIES arrays were supported at nanopores fabricated by focused ion 

beam milling into 50 nm thick silicon nitride films. Six arrays with different pore centre-to-centre distance (rc) 

to radius (ra) ratios were prepared. Within these arrays, the diffusion-limited steady-state currents (iss) of 

tetrapropylammonium cation (TPrA+) ion transfer increased concomitantly with increasing rc/ra ratio, 

reaching a plateau at rc/ra ≥ 96, which is greater than that previously reported for square-patterned nanoITIES 

arrays (rc/ra ≥ 56). The diffusion regime and iss associated with simple ion transfer across a nanopore array 

was also examined using numerical simulations, via COMSOL Multiphysics software, incorporating a 3-

dimensional geometry and employing finite element analysis. Simulated linear sweep voltammograms of 

TPrA+ transfer demonstrated a unique diffusional behaviour dependent on hexagonal nanopore spacing and 

the rc/ra ratio, analogous to the experimental voltammograms. Overlay of simulated and experimental 

voltammograms for each rc/ra ratios showed good agreement. These results indicate that a new design 

criterion is required to achieve independent diffusion at hexagonal nanointerface arrays, in order to 

maximize nanodevice performance in electrochemical sensor technologies. 

 

1. Introduction 

Ion-transfer electrochemistry at the interface between two immiscible electrolyte solutions (ITIES) 

[1, 2] provides a convenient approach for the detection of ions that are non-redox-active or whose redox-

activity has associated complications. This approach has been used for the detection of a wide range of ions 

and ionisable species [3, 4], including inorganic, organic [5] and biological ions [6, 7] detected via simple ion-

transfer or facilitated ion-transfer processes. Even when used in stripping analysis mode, which has a 

preconcentration step that improves sensitivity and lowers detection limits, analytical performance figures 

of merit are often insufficient for realistic applications such as biomedical or pharmaceutical analysis [8]. 

Interest in miniaturised ITIES has sought to bring a number of advantages of micro- or 

nanotechnology to the performance-enhancement of electrochemistry at the ITIES [9]. In addition to a 

reduction in uncompensated resistance and capacitance, an enhancement in the rate of mass transport can 

lead to improved electroanalytical performance. Accordingly, micropipettes [10] or microcapillaries [11], and 

subsequently, nanopipettes [12] prepared by pulled glass pipettes have been explored for the preparation 

of single micro- or nanoITIES; although, dual-barrelled pipettes can be used to form dual-interface microITIES 

as well [13]. Concurrently, membranes with arrays of holes or pores of micrometre size were used to modify 

the ITIES, so as to create an array of microITIES [7]. Fabrication of such membranes were initially achieved by 
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laser ablation of polymer films [14], subsequently photolithography and reactive ion etching of silicon [15], 

and more recently laser ablation of glass microscopic coverslips to serve as the interface-modifying 

membrane [16]. The introduction of membranes with nanopores fabricated by Electron-Beam Lithography 

(EBL) [17] and Focused Ion Beam (FIB) milling [18] enabled the formation of arrays of nanoITIES [9]. Recently, 

nanochannels prepared within the micropores of a silicon membrane were proposed to form nanoITIES 

arrays [19, 20]. The analytical advantages of nanoITIES arrays relative to microITIES arrays putatively include 

the benefits of efficient mass transport, which is important in the preconcentration step of stripping 

voltammetry approaches. 

The ion-transfer behaviour at miniaturised ITIES arrays is heavily dependent on the array designs, 

especially the relative locations of adjacent interfaces within the array, and the propensity for diffusion zone 

formation and extension into adjoining diffusion zones. For microITIES arrays, important design rules were 

adopted from microelectrode arrays, with typical pore-pore separations (rc) of more than 20 times the 

individual pore radius (ra) to achieve an independent diffusion zone around each pore [21-24]. However, this 

design rule is not valid for nanoITIES arrays, which might be attributed to the complex mass transport 

behaviours at nanointerfaces resulting from the comparable size of the depletion layer and Debye length [25, 

26]. Godino et al. [27] proposed a design criterion to achieve maximum performance at nanoelectrode arrays, 

with rc ≥ 60 ra, which was further experimentally verified by Liu et al. via ion-transfer electrochemistry at 

nanoITIES arrays [28]. In addition, visualization of ion diffusion provided direct evidence of the significant 

impact of array design on the behaviour of ion transfer at nanointerface arrays [29]. 

Design criteria of micro- or nanoarrays are mainly based on the ratio of pore-pore separation distance 

and the radius (rc/ra), thus hexagonal arrangement of interfaces is preferred due to the same separation 

distance for all pores within the array [17, 30, 31]. In our previous work, the performance of nanoITIES arrays 

in square arrangement was thoroughly studied to achieve diffusional independence, with rc/ra ≥ 56 [28], 

which was in good agreement with the simulation results for nanoelectrode arrays [27]. However, the study 

of mass transport effects at hexagonal arrays is still at an early stage due to the difficulty in fabrication of 

nanoarrays with variable but well-controlled dimensions. 

Analytical solutions to complex and dynamic systems are invaluable for data interpretation and 

analysis, such as in scanning electrochemical microscopy for probe approach curves [32, 33], Fermi level and 

electrocatalytic current of nanoparticle films at the ITIES [34], and ionic surfactant adsorption at the ITIES 

[35]. Meanwhile, advanced computational methods have emerged incorporating finite element analysis to 

aid in describing complex geometric effects, while simultaneously visualizing the physicochemical properties 

of the described system [36-39]. Finite element incorporated numerical analysis has been successfully 

applied to such systems as nanoparticle translocation through a pore to simulate its resistive pulse response 

[40], metal nanoparticle impacts at a water|oil microITIES [41], as well as optimization of photo-ionic 

quantum yields at droplet ITIES [42]. 

In this work, FIB milling was applied to fabricate nanopore arrays in a hexagonal layout, which 

enabled formation of nanoITIES with constant pore-to-pore distance within each array. The effect of 

separation distances on ion diffusion was investigated by ion-transfer voltammetry via experiments and 

computational simulations using finite element analysis in a 3-dimensional geometry. It was found that the 

design criterion for square nanoarrays of rc/ra ≥ 56 [28] is not sufficient to achieve independent diffusion 

within hexagonal array nanoITIES, while rc/ra ≥ 96 is required to obtain maximum performance of nanoarrays 

in the hexagonal arrangement, which provides a basis for design and development of nanodevices with high 

efficiency. 

 

2. Materials and methods 

2.1. Experimental  

Fabrication of nanopore arrays in silicon nitride (SiN) membranes (SIMPore Inc.) was undertaken by 

a dual beam focused ion beam-scanning electron microscope (FIB-SEM) instrument (LYRA3, Tescan, Brno, 
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Czech Republic). SEM imaging of the prepared arrays and measurement of geometric parameters (pore 

radius ra, pore centre-to-centre separation distance rc) was performed using a Zeiss Neon 40EsB (Carl Zeiss 

Nano Technology Systems, Oberkochen, Germany). The SiN membrane thickness was 50 nm, and all arrays 

studied were 10 x 10 pore arrays in hexagonal arrangement. Ion transfer electrochemistry experiments were 

implemented by attaching the fabricated SiN membranes to borosilicate glass tubes with a silicone sealant 

and placing the organic phase inside the tube so as to fill the pores in the membrane. Then the assembly was 

placed into a beaker containing the aqueous phase and the cell completed by insertion of a silver/silver 

chloride electrode into the aqueous phase and a silver wire pseudo-reference electrode directly into the 

organic phase. The aqueous phase electrolyte was 10 mM lithium chloride, spiked with 

tetrapropylammonium chloride (TPrACl) at different concentrations. The organic phase electrolyte was 10 

mM tetradodecylammonium tetrakis(4-chlorophenyl)borate (ETH 500). All reagents were purchased from 

Sigma-Aldrich and used as received. Voltammetric experiments were implemented with an Autolab PGSTAT 

302N with ECD module (Metrohm, The Netherlands) in two-electrode mode. All voltammograms were 

recorded as cyclic voltammograms, but the forward scans were employed for analysis. 

2.2. Simulations 

Computational simulations incorporating 3-dimensional geometries were employed to describe 

mass transport effects associated with ion transfer at hexagonal nanopore arrays of varying rc/ra 

configurations using COMSOL Multiphysics version 5.5 employing finite element analysis (FEA). For simplicity, 

3D simulations incorporated only Fickian diffusion and did not include capacitive or migration effects. Fick’s 

2nd law in 3-dimensional Cartesian coordinates is: 
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where 𝐷𝑖𝑧,𝛼 and 𝑐𝑖𝑧,𝛼 are the diffusion coefficient and concentration of species i of charge z in phase α (either 

water, w, or oil, o). 𝐷TPrA+,𝑤 ≈ 𝐷TPrA+,𝑜 ≈ 𝐷TPrA+  = 7.5 × 10–6 cm2 s–1 was chosen to approximate the 

diffusion of tetrapropylammonium (TPrA+) [43]. Initial bulk aqueous and oil phase concentrations of TPrA+ 

were 𝑐TPrA+,𝑤 = 100 and 𝑐TPrA+,𝑜 = 0 µmol L–1, respectively. Simple ion transfer of TPrA+ at the ITIES housed 

within or at the surface of each nanopore was performed using Butler-Volmer kinetics according to the 

reaction in eq. 2; kf and kb are the rates of the forward and reverse processes described by equations 3 and 

4, respectively. 
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where k°, α, ∆𝑜
𝑤ϕ, and ∆𝑜

𝑤ϕ°’ are the standard rate constant (1 cm s–1), the transfer coefficient (0.5), the 

applied Galvani potential difference across the interface, and the formal ion transfer potential of TPrA+ 

(0.15 V), respectively. Parameter f=F/(RT), within which F is Faraday’s constant (96485.33 C mol–1), R is the 

universal gas constant (8.314 J mol–1 K–1), and T is temperature (298.15 K). ∆𝑜
𝑤ϕ was applied via eq. 5 in time-

dependent mode where t is time, ∆𝑜
𝑤ϕi is the initial potential, and v is the scan rate equal to 0.005 V s–1 

employed throughout, unless otherwise stated. 

w w

o o i vt  =  +          [5] 

Ion transfer current was determined by integrating the flux of TPrA+ across all of the ITIES surface boundaries 
through: 

2

, ,z zi i i
I z F D c

 
=         [6] 

Figure 1 illustrates one of the 3D nanopore array geometries employed. For simplicity, each nanopore is 
considered to be cylindrical; however, it is recognized that FIB milling will generate a conical-shaped pore 
[44]. 
 

3. Results and Discussion 

Figure 2A – F shows the SEM images of six nanopore arrays produced by FIB milling of SiN 

membranes. All arrays contain 10 x 10 pores in hexagonal arrangement, with approximately equal ra and with 

rc/ra of 18 (A), 38 (B), 59 (C), 72 (D), 96 (E) and 118 (F). Figure 2G summarises the geometric characteristics of 

the arrays extracted from these images. The ra (right Y axis) and rc/ra (left Y axis) values within each design 

had a small dispersion, with relative standard deviations less than 7% (n = 7) and 8% (n = 7), respectively, 

which is satisfactory for practical experiments. 

 

 

Figure 1. 3D simulation geometry for the 10 × 10 nanopore array with ra = 48 nm and rc/ra = 18. The 
SiN membrane thickness was 50 nm, while the organic and aqueous phases were simulated to a 
height of 3 and 8 µm, respectively. Mirroring the experimental setup, the organic phase fills the 
nanopores so that the ITIES is located on the aqueous side of the membrane. The SiN boundary layer 
on either side of the membrane and along the inside surface of the pores was considered insulating. 
The external boundaries of the aqueous and organic phases were a continuous-concentration 
source/open boundary. 
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Figure 2. SEM images of nanopore arrays with rc/ra of 18 (A), 38 (B), 59 (C), 72 (D), 96 (E) and 118 

(F). (G) The rc/ra (closed symbol, left Y axis) and ra (open symbol, right Y axis) measured from the 

corresponding arrays in A-F. 
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Figure 2. SEM images of nanopore arrays with rc/ra of 18 (A), 38 (B), 59 (C), 72 (D), 96 (E) and 118 

(F). (G) The rc/ra (closed symbol, left Y axis) and ra (open symbol, right Y axis) measured from the 

corresponding arrays in A-F. 
 

Figure 3. Background-subtracted forward-scan voltammograms of 20, 40, 60, 80 and 100 μM TPrA+ 

transfer across the nanoITIES arrays with rc/ra of 18 (A), 38 (B), 59 (C), 72 (D), 96 (E) and 118 (F); 

scan rate, 5 mV s-1. (G) Effect of rc/ra (18, 38, 59, 72, 96 and 118) on the experimental calibration 

plot slope (SE) as a percentage of the theoretical calibration plot slope (ST) for TPrA+ transfer across 

the arrays of nanoITIES. Error bars are ±1 standard deviation based on the standard deviation of 

the slope. 

G
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Electrochemical characterisation of these arrays were implemented by detecting the current 

response for TPrA+ transfer across the arrayed nanoITIES formed at the SiN membranes. Figure 3A – F shows 

the background-subtracted voltammograms for five concentrations (20, 40, 60, 80 and 100 μM) of TPrA+ at 

each of the nanoITIES array designs. Note that cyclic voltammograms were recorded experimentally (see 

Figure S1) but for simplicity only the forward scan current is discussed in the following sections. It can be 

observed that the analyte commenced transfer from the water to organic phase at 0.45 V. The current 

increased steadily until a “sloping steady-state” current was reached in the diffusion-limited region, which is 

in good agreement with previously reported nanoITIES arrays [18, 45, 46]. In order to investigate the impact 

of different hexagonal nanoITIES array designs on the ion transfer current, the experimental and theoretical 

slopes of the calibration curves were systematically compared. Herein, an initial sloping steady-state current 

plateau reached at 0.65 V was determined as the experimental limiting current to evaluate the experimental 

slopes (SE). Assuming that each nanoITIES behaves like an inlaid disk electrode, the theoretical slopes (ST) can 

be calculated with the re-arranged Saito-Soos equation [47, 48],  

ST = 4|z|F𝐷TPrA+raNp                                                [7] 

where ST is the slope of the calibration curve obtained from the theoretical limiting currents (iss) plotted 

versus the concentrations of TPrA+ (cTPrA+), ra is the mean pore radius and Np is the number of pores used 

to form the nanoITIES array. The diffusion coefficient for TPrA+ in water (w) and oil (o) was considered equal, 

i.e., 𝐷TPrA+,𝑤 ≈ 𝐷TPrA+,𝑜 ≈ 𝐷TPrA+= 7.5×10–6 cm2 s–1 [43]. In this work, z=1 and Np=100 were employed for 

all arrays, while the mean ra of each array was used to calculate the theoretical slope for that array.  

Figure 3G shows the effect of rc/ra varying from 18 to 118 on the experimental slope as a percentage 

of the theoretical slope (SE/ST) for TPrA+ transfer across the hexagonal arrays of nanoITIES, i.e., a SE/ST value 

of 100% indicates perfect agreement between the expected (theoretical) slope and the experimental slope. 

It indicates that the experimental current is less than half of the theoretical current when rc/ra=18, which can 

be attributed to the strong overlap of diffusion zones at this low pore-to-pore separation. However, the SE/ST 

value approached the theoretical value as the rc/ra increased to 38, 59, 72, 96 and 118, which suggests that 

diffusion zone overlap is minimised and eventually eliminated as the pore-to-pore separation is increased. 

Interestingly, the current measured at the hexagonal array with rc/ra of 59, which is the design criterion for a 

square array to achieve independent diffusion [24, 28], is only 66±2% of the theoretical value. Instead, 

101±3% of the theoretical current was achieved when rc/ra was increased to 96, which showed that 

independent radial diffusion occurred to each nanointerface in the hexagonal array. It means a larger pore-

to-pore separation was required to eliminate diffusion zone overlap at nanoITIES arrays in hexagonal format 

compared with that in square format, which can be attributed to the different diffusion domains of these 

two array designs [22]. 

As described by Godino et al. [27], the interplay between the diffusion layer thickness (δ), nanopore 

radius (ra), and separation distance between elements of an array (rc) results in a relationship that can be 

described by four regimes [22]. Put simply, these transition between a regime in which the nanopores are 

well separated and experience independent radial diffusion at each pore, through an intermediary regime, 

into one in which there is extensive diffusional overlap. In the latter, the nanoarray behaves more like a single 

microITIES. The impact of nanoITIES separation distances was also investigated by the dimensionless scan 

rate parameter put forward by Guo and Lindner [24]. In this parameter, described by equation 8,  

𝑉 =
𝑧𝐹

𝑅𝑇
·

𝜈𝑟𝑎

𝐷𝑇𝑃𝑟𝐴+
                               [8] 

V is the dimensionless scan rate, ν is the experimental scan rate, and the other parameters are as already 

defined. Guo and Lindner [24] described five diffusion zones which can be selected based on combination of 

experimental and array design parameters. Zones III and IV describe totally independent radial diffusion and 

a combination of partially-radial and partially-linear diffusion, respectively. Based on that model, zone III is 

the sought-after condition where totally independent radial diffusion occurs at each element of the array. 

Using the design and experimental parameters employed here (i.e., typical pore radius used to form the 
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nanoITIES of 48 nm, diffusion coefficient of 7.5 x 10-6 cm2 s-1 [43] and scan rate of 5 mV s-1), a dimensionless 

scan rate of 1.5 x 10-7 is obtained. Based on the zone diagram in figure 3 of Guo and Lindner [24], five of the 

six arrays (B, C, D, E, F) studied here are in zone IV (partial radial and partial linear diffusion) and one array 

(A) is in zone V (linear diffusion).  

To investigate further the diffusion characteristics at hexagonal patterned nanopore arrays, a 3D 

simulation was developed that incorporated all 100 nanopores used experimentally. The 3D approach has 

the advantage of observing simultaneously the diffusion regimes of nanopores positioned well within the 

array and those on the periphery which are less susceptible to diffusional overlap. 

FEA simulations employed a tetrahedral mesh that was refined for the rc/ra = 118 case where the 
simulation was assumed to experience the lowest degree of diffusional overlap between pores and, 
therefore, highest agreement with eq. 7; element size was optimized to be 5 nm at each pore interface. The 
mesh size was decreased until the simulated linear sweep voltammograms (LSVs) steady state current varied 
by <0.1 pA (i.e. <~0.07% error) from the calculated value of 139 pA determined using eq. 9, which is similar 
to eq. 7, and describes the steady-state current (iss) at a micro/nano array [47, 48]. 

iss = 4|z|F𝐷TPrA+raNpcTPrA+         [9] 

 
Figure 4 shows simulated LSVs based on average nanoITIES dimensions in comparison to the 

background-subtracted experimental forward scans of cyclic voltammograms. Simulated LSVs show good 

agreement with the experimental voltammograms at low potentials during the onset of ion transfer; 

 
Figure 4. Comparison of background-subtracted experimental voltammograms with 

voltammograms obtained from simulations for 100 μM TPrA+ transfer across the nanoITIES arrays 

with rc/ra of 18 (A), 38 (B), 59 (C), 72 (D), 96 (E) and 118 (F); scan rate, 5 mV s-1.  
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however, there is a discrepancy at higher potentials, indicative of background electrolyte transfer, and which 

is at least qualitatively related to the array design parameter rc/ra.   

Figure 5A shows simulated voltammograms for different values of the pore-pore separation ratio, 

rc/ra, and clearly indicates that as the pores forming the nanoITIES are placed further apart, the current 

increases, as expected. Figure 5B shows the plot of the ratio of simulated to theoretical current obtained 

using iss from the simulated voltammograms as a function of the separation ratio at a single concentration of 

analyte. These data follow the same trend as the experimental data (Figure 3G); however, at lower rc/ra values 

the simulated response is closer to the theoretical value (eqn 9) than are the experimental data. The 

differences between the experimental and simulated values may have a contribution from migration effects, 

which are not taken into account in the simulation model in which only Fick’s laws of diffusion were used. 

On the other hand, it has been shown that migration does not play a role until the device/electrode sizes are 

in the 10 nm range [25, 49]. For illustrative purposes, the concentration profiles formed around these 

nanoITIES are shown in Figure 6 for two situations – arrays with more closely-arranged pores and arrays with 

more widely arranged pores. The concentration profiles around the closely spaced array (Figure 6A) indicate 

the formation of a single radial diffusion profile around the entire array, as discussed by Godino et al [27], 

while the profiles in Figure 6B indicate formation of independent diffusion profiles at each nanoITIES in the 

array.  

 
Figure 5. (A) Simulated LSVs (Isim = simulated current) for varying rc/ra from 18 to 118 as indicated, and (B) a 

plot of the ratio of simulated steady state currents (iss,sim) in A to the theoretical current (iss,T, equation 9) 

versus rc/ra for the hexagonal arrays. Simulations were performed using the geometry described in Figure 1 

at a scan rate of 0.005 V s–1 with 𝑐TPrA+,𝑤 = 100 and 𝑐TPrA+,𝑜 = 0 µmol L–1. 
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Based on our previous work [50], square patterned nanoarrays required an rc/ra ratio of ca. 56 to 

exhibit voltammetry consistent with independent radial diffusion to each nanoITIES or more accurately ca. 

95% of the theoretical value; however, for the hexagonal patterned arrays shown in this work, an rc/ra ratio 

of 72 is needed to achieve a current that is ca. 94% of the theoretical current. This difference is likely due to 

the way that rc is determined in both cases and the overall geometry of the nanoITIES positions. For the 

hexagonal case (Figure 7A), each element within the array has six equidistant adjacent elements. In the 

square patterned case (Figure 7B), rc is only determined for the elements at cardinal positions to the central 

one and does not account for the elements positioned diagonally (indicated in the figure as having a 

separation distance of 
*

cr ). For example, if rc = 1 μm, then 
*

cr  = 2  μm or ca. 1.4-times further way then 

elements located cardinally. As rc/ra increases, the diagonally positioned nanoITIES would present less 

interference to the central nanoITIES and thus less separation is required to elicit a radial diffusion regime at 

the central nanoITIES in the square patterned array versus the hexagonal array. 

 

4. Conclusions 

Ionic diffusion at hexagonal arrays of nanoITIES with different rc/ra ratios were studied via electrochemical 

experiments and computational simulations. It was found that the previously reported design criterion for 

nanoITIES arrays to achieve independent diffusion, which is rc/ra≥56, does not apply to the nanoITIES arrays 

in hexagonal arrangement, indicating the ion-transfer behaviours at nanoITIES arrays are not only dependent 

 

 

Figure 6. 3D concentration profiles of TPrA+ in the aqueous phase at rc/ra equal to 18 (A) and 118 

(B). (B) has been magnified to illustrate the concentration profile around the pores; inset is the 

concentration profile at a single pore for rc/ra = 118. Concentration scale at right is in mmol L–1. 

 

Figure 7. Hexagonal (A) versus square (B) patterned array geometries. 
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on the rc/ra, but also influenced by design features of the nanoarrays that form the interfaces. At hexagonal 

nanoITIES arrays, the ratio rc/ra≥96 is required to achieve independent radial diffusion, which was in 

agreement with the simulated results. Hexagonal nanoarrays are more promising for the development of 

nanodevices, since the separation that determines the ionic diffusion mode is the same for all nanoITIES 

within the array; in contrast, in square arrays, the pores separated diagonally are further away, leading to 

inconsistent pore-to-pore distance. Therefore, the results are of importance for design of advanced 

nanoarray-based systems to achieve maximum performance. For analytical or sensor applications of 

nanoITIES arrays, the use of more sensitive instrumentation and/or arrays larger than 10 x 10 as used here 

can be anticipated. 

 

5. Supplementary Materials 

File containing Figure S1 cyclic voltammograms and associated text. 
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