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were formed at nanopores fabricated via focused ion beam (FIB)-milling of silicon nitride (SiN) 

membranes using nanopores in the range of ca. 30 to 80 nm in radii and with pore-to-pore 

separation to pore radius ratios in the range of 16 to 32. Electrochemistry was performed by the 

interfacial transfer of tetrapropylammonium (TPrA+) across single and array nanoITIES between 

water and 1,6-dichlorohexane. The ion-transfer limiting current at the single nanoITIES was in 

excellent agreement with the current predicted using an inlaid disc interface model. At 

nanoITIES arrays, experimental currents were lower than predicted for an array of inlaid 

interfaces, attributed to overlapped diffusion zones. As a result, FIB milling offers an attractive 

strategy to form nanoITIES for diverse investigations.  

 

1 Introduction 

Electrochemistry at the interface between two immiscible electrolyte solutions (ITIES)[1] or at 

liquid  liquid interfaces, is of great importance in analytical chemistry because it allows the 

detection of species and processes in a label-free manner even if the oxidation or reduction 

reaction at a solid electrode is difficult or is masked by an interfering constituent [2]. As 

discussed in some recent reviews, electrochemical sensing based on ion-transfer across the 

ITIES has focused on the detection of biologically-relevant molecules such as proteins, 

peptides, amino acid and small molecules (drugs, neurotransmitters and food additives) [2-3]. 

The miniaturisation of the ITIES to nanoscale dimensions [4] offers analogous benefits to 

those of  nanoelectrode arrays, namely enhanced mass transport flux, increased current 

densities, and enhanced sensitivity of the analytical response [5]. To date, two approaches have 

been extensively employed in the formation of nanoscale ITIES. The first approach is based on 

supporting the liquid  liquid interface at the tip of a nanopipette [6] or a double-barrelled 

nanopipette [6c, 7], which allows the establishment of single or double nanointerfaces, 

respectively. The second approach is based on supporting the interface at the orifices of 

geometrically irregular or regular nanopore arrays in membranes [5a, 5c, 8]. Track-etched polyester 
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[8a, 8b], -alumina ultrafiltration [8c] and silicon nitride (SiN) membranes [5a, 5c] have been reported 

as substrates for irregular and regular nanoITIES arrays. 

The fabrication of solid-state pores with nanometre dimensions is challenging and several 

approaches have been examined, such as focused ion beam (FIB) milling [9], direct drilling using 

the high-energy focused electron beams of transmission electron microscopy (TEM) [10], 

electron beam lithography (EBL) and chemical etching [5a, 11], reactive gas- or water vapour-

assisted charge beam etching [12], and track etching by high-energy heavy metal ions combined 

with chemical etching [8a, 8b]. FIB milling provides an alternative to EBL since it is a direct-write 

method, and thus facilitates the fast prototyping of nanopore membranes [13]. EBL also involves 

more complex and time-consuming procedures [13]. SiN and silicon dioxide are the most widely 

used materials for nanopore structures generated by FIB [14], since these materials are widely-

used in microelectronics fabrication [15]. 

Inorganic, solid-state nanopore membranes prepared by FIB milling and TEM electron beam 

drilling have been reported for DNA sequencing [15-16], building on biomolecule translocation 

through -haemolysin protein nanopores [17]. These translocation studies [17] have triggered 

interest in the development of solid-state nanopores in insulating membranes. The significant 

advantages offered by solid-state nanopore membranes include high mechanical, chemical and 

electrical stability, rigidity, modifiable surface properties, geometry control, and the prospect for 

integration into devices and arrays [10a, 12b, 14-15, 18]. To-date, the performance of such FIB-milled 

nanopore membranes as platforms for nanoITIES and nanoelectrochemical sensing has not 

been examined, and, accordingly, that is the focus of this study. 

Here, the preparation of single and array nanopores via FIB milling and the characterisation 

of the ITIES localised within these FIB-generated nanopores is presented. The behaviour of the 

nanoITIES was characterised by cyclic voltammetry (CV) via the transfer of 

tetrapropylammonium (TPrA+) across the water1,6-dichlorohexane (DCH) interface. The 

voltammetric responses relative to the number of pores in the array, and the ratio between the 
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pore-to-pore separation and the pore radius were investigated. The results presented show that 

FIB milling serves as a platform for simple and fast prototyping of nanopore membranes, which 

are potentially useful in electrochemical and biochemical detection studies. 

 

2 Results and Discussion 

2.1 Single and array nanopore preparation by FIB milling 

Figure 1 shows SEM images of the FIB-milled nanopore arrays, which are in a cubic close-

packed (CCP) arrangement. The geometric characteristics of the nanopore arrays extracted 

from these images are listed in Table 1. Nanopores with radii in the range of ca. 30 to 80 nm 

were successfully milled in the SiN membranes. Arrays of 9, 16, 25, 100 and 400 pores, 

featuring the ratio between the pore-to-pore separation, 𝑟𝑐, and the pore radius, 𝑟𝑎, in the range 

of 16 to 32, were prepared. A large ratio 𝑟𝑐 𝑟𝑎⁄  has been previously reported to minimise the 

overlap of diffusion zones formed at adjacent interfaces in electrochemical experiments [5a, 5c], 

as will be discussed in Section 2.2. Although pore shapes in Figure 1 were designed as 

perfectly round holes, FIB-milling resulted in deviations of the targeted shapes (as clearly visible 

in Figure 1a). As the membranes are insulating, surface charging led to slight drifts during the 

milling process. Charging may be omitted by flooding the surface with electrons during 

bombardment with the positively charged Ga+ ions. For the proof-of-principle measurements 

presented here these minor imperfections should not significantly influence the electrochemical 

response. However future experiments will focus on improving the disc-shape of the pores 

using a flood gun during FIB-milling, As shown in Table 1, the precision of the pore sizes is 

within the range of 10-20 % relative standard deviation. This may be sufficient for a rapid 

prototyping approach, but improved precision can be obtained with EBL patterning [5a].  

The time for pore formation is dependent on the milling rate, which is greatly influenced by 

the ion beam parameters such as beam current and dwell time [10c, 13]. The sputter rate mainly 

depends on ion flux to the sample, the incidence angle of the ion beam, and the probability that 
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atoms are ejected from the sample [10a, 10c, 19]. In this study, the nanopores of design (a) to (f) 

(Figure 1; Table 1), which employed similar milling parameters, required approximately 0.5 s for 

individual pore milling, as measured from a plot of total milling time versus the number of pores 

(Figure 2). The FIB milling applied here is a serial process in which each pore in the array was 

being prepared individually [13], resulting in a dependence of the overall milling time on the 

numbers of pores in the targeted array size, unlike EBL, which enables the parallel formation of 

pores [5a]. Single and array nanopore electrodes were previously fabricated via FIB milling 

through a SiN layer over a buried platinum electrode. The time to mill through the 500 nm SiN 

layer with pore radii in the range of ca. 75 to 200 nm was typically 40 s per pore [13]. Patterson et 

al. [20] reported the time to mill through 200 nm of SiN was typically within the range 0.1 to 4.0 s, 

depending on  the beam current.  

The hydrophobicity of the SiN membrane surface was investigated via water contact angle 

measurement. The contact angle, , is a quantitative measure of the wetting of a solid (the SiN 

membrane) by a liquid (deionised water). The measured value was 93.3 ± 0.5 , confirming a 

hydrophobic SiN surface.[5a] An assumption was made that the nanopore walls were 

analogously hydrophobic, since it was not possible to determine the contact angle inside the 

nanopores. In addition, due to the high surface-to-volume ratio within the nanopores, it may be 

difficult to permeate with water, and consequently they behave more hydrophobically in practice 

compared to the membrane surface [21]. Consequently, the organic phase is anticipated to fill 

the pores in the electrochemical studies presented below. 

Membrane porosity is one of the parameters that influence the voltammetric response to ion 

transfer across the ITIES. It is defined by the cross-sectional area of the pores relative to the 

whole membrane area. The porosity of the SiN membrane was calculated from the total area of 

the membrane surface (in this case 0.25 mm2) and the total cross-sectional area of the pores, 

as described by [8c]: 
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𝑃𝑜𝑟𝑜𝑠𝑖𝑡𝑦 =
𝜋𝑟𝑎

2𝑁𝑝

𝐴𝑡𝑜𝑡𝑎𝑙
× 100 %                          

  (1) 

where 𝑁𝑝 is the number of pores in the membrane.  

The porosity of each membrane studied is shown in Table 1. The values ranged between 

0.00048 % and 0.077 %, demonstrating the minute fraction of the membrane surface occupied 

by nanopores. In comparison, a -alumina ultrafiltration membrane previously used for 

voltammetric experiments exhibited porosity in the range of 13 % to 30 % [8c]. 

 

2.2 Electrochemical characterisation 

2.2.1 TPrA+ transfer across the nanopore membrane-modified ITIES 

The SiN-based single and array nanopore membranes were electrochemically characterised 

using ion-transfer CV with TPrA+ as the model analyte. CV of the background electrolyte 

solutions was recorded prior to the addition of the analyte ions. Typically, the potential window 

ranged from 0 to 1 V. In this study, analyte concentrations were varied between 0.1 and 2.0 mM 

in the aqueous phase solution of 0.01 M LiCl. CVs of five different concentrations of TPrACl 

were recorded to obtain a calibration curve correlating ion transfer currents with ion 

concentrations in the aqueous phase. Background-subtracted voltammograms were attained by 

subtracting the background CV from the CV obtained in the presence of TPrA+. 

The shape of the voltammetric responses and the magnitude of the currents were dependent 

on several important parameters, which include: (i) the number of nanopores (equivalent to the 

number of nanointerfaces), (ii) the pore-to-pore separation, 𝑟𝑐, (iii) the pore radius, (iv) the 

recess depth of the liquid  liquid interface position within the pore , 𝑙, which primarily depends 

on the hydrophobicity or wetting properties of the membrane material, (v) the diffusion field, 

whether spherical or linear diffusion occurs at the nanoITIES, and (vi) the magnitude of the 

diffusion zone extension,  [5a, 22]. 
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Figure 3 shows voltammograms for the transfer of TPrA+ ion from aqueous to organic phase, 

then back to aqueous phase. CVs were obtained with 2.0 mM and 0.1 mM TPrACl in the 

aqueous phase, for Figure 3 (a) and (b), respectively. Figure 3 (c) and (d) show the forward 

scan background-subtracted curves for all concentrations studied. Figure 3 (a) and (c) show 

results obtained with a single nanoITIES of radius ca. 62 nm, while Figure 3 (b) and (d) show 

results obtained with an array nanoITIES comprised of 10 × 10 interfaces of ca. 47 nm radius 

for the individual pores. 

Voltammograms of the nanopore membrane-modified ITIES for the forward scan (TPrA+ ion 

transfer from the aqueous to the organic phase) showed that the current rose steadily with 

applied potential up to the switching potential. This result is in agreement with previous reports 

[5c], where no steady-state (or limiting) current plateau was reached in the diffusion-limited 

region. The nanoITIES based on design (a) (Figure 3 (a) and (c)) clearly shows this behaviour. 

The nanoITIES based on design (e) (Figure 3 (b) and (d)), demonstrated an initial diffusion-

limited current plateau, but the current then increased gradually with applied potential up to the 

switching potential. This phenomenon might be explained by a combination of the influence of 

background electrolyte ion transfer at higher potential [5c] and reversible expansion of the 

interface during the ion transfer process [23]. Dale and Unwin [23] demonstrated that the polarised 

liquid  liquid micro-interface was neither flat nor static during voltammetric experiments, as 

imaged by confocal laser scanning microscopy. The interface underwent significant potential-

induced movement. This increase in interface area may contribute to the observed current 

response not achieving a limiting plateau, but instead continuing to increase in magnitude. 

Additionally, the lack of a true limiting current plateau may be due to artefacts introduced by the 

background-subtraction procedure, although all CVs in Figure 3 show this non-steady-state 

behaviour. It is important to note that the sloping current in the diffusion-limited region did not 

occur throughout the voltammogram: it is only observable when the ions start to transfer, as 

reported previously [5c]. In addition, the nanoITIES based on design (a) (Figure 1 (a)), which is a 
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single nanoITIES, exhibited an analyte ion transfer wave that was indistinguishable from the 

rising current response, in particular, at lower analyte concentration. It is also notable in Figure 

3(a and b) that the capacitance of the system is significant. Previous studies have reported 

similar charging effects for membrane designs prepared via EBL.[5a,d] In such cases, the SiN 

membrane can be considered as an insulator sandwiched between two conductors (the 

electrolyte solutions), establishing an electrical capacitor, which contributes a capacitance 

additional to that of the ITIES[5d] which is reflected in the recorded CVs. 

As no true limiting current plateau is achieved in the diffusion-limited region, the 

experimentally limiting current was determined at a potential ca. 200 mV positive of the foot of 

the ion transfer wave,[5c, 5d] which was at ca. 0.45 V - 0.50 V (Figure 3). It was observed that the 

ion transfer wave foot progressively shifted to a more negative applied potential with increasing 

analyte concentration. 

In the case of the nanoITIES array (Figure 3 (b) and (d)), the observed forward scan 

behaviour suggests that there is no diffusion zone overlap as this would introduce linear 

diffusion to the interfaces, and produce peak-shaped voltammograms. Since the voltammetric 

behaviour is neither steady-state nor peak-shaped, it is best approximated as a ‘sloping steady-

state’ current behaviour, with establishment of radial (or spherical) diffusion to the interfaces. A 

recent simulation study demonstrated when radial diffusion to electrodes at the edges of the 

array is dominant, steady-state characteristics are achieved at nanoelectrode arrays, despite 

the presence of overlapping diffusion zones at the nanoelectrodes within the array [22c]. The 

simulation results were supported by experimental data, which are both in good agreement with 

the results presented here, as well as other studies [13, 22c]. The underlying principle of the 

observed behaviour at nanoelectrode arrays of a few micrometres in size, may be explained 

that such an array of nanoelectrodes can be treated as a single microelectrode of the same 

interfacial area, with the equivalent properties and associated spherical diffusion zone [5a, 5c, 5d, 

22c]. 
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2.2.2 Influence of the concentration on the limiting current 

The calibration curves correlating the measured current with the concentration of aqueous 

phase TPrA+ are shown in Figure 4, for single and array (10  10) nanoITIES. Theoretically, for 

the transfer of ions from the aqueous phase to the organic phase, the liquidliquid interface can 

be considered as an inlaid or recessed disk electrode. This geometry depends on whether the 

nanopores are filled with the organic phase or the aqueous phase. An inlaid nanoITIES is 

observed when the pore is fully (100 %) filled with the organic phase, such that the interface is 

positioned at the pore orifice and the interface formed is planar. A recessed nanoITIES is 

observed when the interface level is lower than the pore orifice. 

The current at a single interface can be calculated according to one of the following 

equations: the inlaid disc current model (given by the Saito, equation 2) or the recessed disc 

current model (equation 3) [24]: 

𝐼 = 4|𝑧|𝐹𝐷𝐶𝑟𝑎                              

 (2) 

𝐼 = 4𝜋|𝑧|𝐹𝐷𝐶𝑟𝑎 (4𝑙 + 𝜋𝑟𝑎)⁄                           

  (3) 

where 𝐼 is the current, 𝐹 is the Faraday constant, and 𝑧, 𝐷 and 𝐶 are the charge, the diffusion 

coefficient and the bulk concentration of transferring ions, respectively. 𝑟𝑎 and 𝑙 have their usual 

meanings. To obtain the total current for an array, the current calculated for one nanointerface 

is multiplied by the number of pores, 𝑁𝑝. Equation (2) varies from equation (3) by the factor 

(4𝑙 𝜋𝑟𝑎⁄ ) + 1. When 𝑙 is zero, equation (3) is analogous to equation (2) [5c].  

In the present study, the interface formed was expected to be inlaid (organic phase solution 

filled 100 % of the pores) [5c], thus the theoretical current was estimated by employing equation 

(2). As expected, a linear relationship exists between the experimental current and TPrA+ 

concentration for both sets of data in Figure 4. The single nanoITIES (Figure 4 (a)) showed 
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good agreement of the experimental current and the calculated current based on the inlaid disc 

model. This observation supports the hypothesis that the single liquid  liquid interface created 

was co-planar with the aqueous side of the silicon nitride membrane and consistent with organic 

phase filling the pores due to the hydrophobicity of the SiN surface and pore walls. 

The 10  10 nanoITIES array (Figure 4 (b)) resulted in measured currents that were 

approximately 50 % of the theoretical currents calculated using the inlaid disc model modified to 

include the number of nanointerfaces. This is again in agreement with previous studies [5c, 5d, 22c]. 

This lower current is attributed to the overlap of diffusion zones at adjacent nanointerfaces 

within the array, so that there is not independent diffusion to each individual nanointerface. The 

extent of this overlap depends on the relative separation of nanointerfaces (the ratio 𝑟𝑐 𝑟𝑎⁄ ) [5a, 5c]. 

Although the reduced current values reported here could also be associated with recessed 

rather than inlaid interfaces, the fact that the experimental and theoretical current for a single 

nanoITIES are in agreement suggests that the nanointerfaces formed in the array format are 

also inlaid. Previous studies [5a, 5c] have also demonstrated that the interfaces are indeed inlaid 

and thus implicating diffusion zone overlap as the primary reason for the lower currents.  

 

2.2.3 Influence of nanopore array geometry 

The influence of nanopore array geometries on the electrochemical behaviour of the nanoITIES 

was investigated in terms of the number of pores, the average pore-to-pore separation and the 

average pore radius in the membranes used to form the nanoITIES. The study on the effect of 

increasing pore numbers 𝑁𝑝 employed values of 1, 100 and 400 (designs (a), (e) and (f) in 

Table 1). However, in this case, the pore radius and the 𝑟𝑐 𝑟𝑎⁄  ratio were not constant as a result 

of the milling process. The pore radii varied in the range of 39 to 62 nm, with a slight variation in 

the ratio 𝑟𝑐 𝑟𝑎⁄  from 20 to 22. The CV responses (background-subtracted forward scan only) for 

the three nanopore array designs for the transfer of 0.1 mM TPrA+ across the nanoITIES array 

are presented in Figure 5. For all designs investigated, the shape of the voltammograms is as 
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discussed in the preceding section. As expected, the current increased as 𝑁𝑝 increased, 

although not in a linear fashion [5a]. As the number of pores in the array increased, the average 

current per nanopore decreased [5a]. This is a characteristic of overlapped diffusion zones in an 

array. Also, it was seen that when 𝑁𝑝 increased, the 𝐸1 2⁄  value shifted to lower potentials, due 

to the lower resistance of the array. 

Figure 6 summarises the effect of varying the 𝑟𝑐 𝑟𝑎⁄  ratio on the electrochemical ion transfer 

signal (here reported as experimental current densities, 𝑗𝑒𝑥𝑝), measured at 10  10 nanoITIES 

arrays with radii of ca. 30 nm. For this analysis, design (g) and design (h) were employed, which 

gave 𝑟𝑐 𝑟𝑎⁄  ratios of 32 and 17, respectively. The current density is the ratio of the current, 𝐼, and 

the total geometric interfacial area, 𝐴, which can be obtained from equation (2), in the case of a 

radial diffusion field:  

𝑗 = 4|𝑧|𝐹𝐷𝐶 𝜋𝑟𝑎⁄                              

 (4) 

The total current density for the array is obtained by multiplying the current calculated for one 

interface by 𝑁𝑝. 

The nanoITIES membrane with the higher ratio 𝑟𝑐 𝑟𝑎⁄  of 32 (design (g) Table 1) exhibited 

higher current densities compared to design (h) with 𝑟𝑐 𝑟𝑎⁄  of 17 (Figure 6). This is consistent 

with the individual nanointerfaces exhibiting less diffusion zone overlap as they are further 

displaced from their neighbours. The experimental current density was approximately 5 % and 

30 % lower than the calculated current densities for nanoITIES arrays based on design (g) and 

(h), respectively. The 5 % difference is well within experimental error. Godino et al. [22c] have 

demonstrated, via simulations and experiments, that substantial diffusion zone overlap at 

neighbouring nanoelectrodes occurs, on the timescale of a potential sweep experiment, even 

for the ratio 𝑟𝑐 𝑟𝑎⁄  of 60, which is larger than the commonly used approximation (𝑟𝑐 𝑟𝑎⁄  of 20) 

formulated by Fletcher and Horne [22b, 25] for microelectrode arrays. This latter value is also the 
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approximate ratio applied in the present investigation (designs (b), (c), (d), (e), (f) and (h), Table 

1).  

Table 2 summarises the current, 𝐼, and current density, 𝑗, obtained with each of the six 

nanoITIES arrays (designs (a), (b), (e), (f), (g) and (h), Table 1) for transfer of 100 µM TPrA+. 

𝐼𝑐𝑎𝑙𝑐  and 𝐼𝑐𝑎𝑙𝑐,𝑡𝑜𝑡𝑎𝑙  are obtained using equation (2), while 𝐼𝑒𝑥𝑝 is obtained from CV experiments. 

𝑗𝑐𝑎𝑙𝑐   was obtained employing equation (4) and 𝑗𝑒𝑥𝑝 is the experimental current divided by the 

total geometric area of the interfaces. The individual experimental current and current densities 

were in the range of 23 to 61 % lower than the calculated values, which is supportive of the 

possibility of diffusion zone overlap. In the case of design (g), the experimental current was 

within 60 % of the calculated current (equation (2)), suggesting that the interfaces formed at the 

nanopore orifices were not flat. In general, it can be seen that as pore size changes, so do the 

current and the current density, in line with expectations.  

 

2.2.4 Influence of the tetraalkylammonium species on the transfer process 

Figure 7 shows voltammograms for the transfer of three different tetraalkylammonium cations 

(TEA+, TPrA+ and TBA+) (concentration of 500 µM) across the nanoITIES array utilising a 10  

10 nanopore array membrane (design (e)). As expected, the cations transferred in the order of 

their affinity for the organic phase. The more hydrophobic cations, TBA+, transfer at the lowest 

applied potential (𝐸1 2⁄  of 0.40 V), while the more hydrophilic cations, TEA+, transfer at the 

highest applied potential (𝐸1 2⁄  of 0.68V), following the sequence TBA+ < TPrA+ < TEA+. The 

differences observed between the respective TAA+ limiting currents are due to their diffusion 

coefficients, 𝐷. The values of the diffusion rate for TEA+, TPrA+ and TBA+ are 8.4 x 10-6 cm2 s-1, 

7.5 x 10-6 cm2 s-1 and 6.0 x 10-6 cm2 s-1, respectively [26]. The CVs showed that currents in the 

limiting-current region rose with the applied potential up to the switching potential, irrespective 

of the analyte. 
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3 Conclusion 

For the first time, nanopores prepared by FIB milling were used to nanostructure the liquid | 

liquid interface, thereby forming the nanoITIES. Single and array nanoporous SiN membranes 

were prepared with radii in the range of 30 to 80 nm, and with pore-to-pore separation ratios of 

16 to 32 in SiN films of thickness 50 nm. These membranes were electrochemically 

characterised via the formation of nanoscale-liquid  liquid interfaces and the study of CVs of 

TPrA+ ion transfer across the interface between water and DCH. While steady-state 

voltammograms were achieved, the limiting current region demonstrated an increase of current 

with applied potential up to the switching potential at all the nanoITIES studied. A single 

nanoITIES gave excellent agreement between the experimental current and the theoretical 

current for an inlaid disc interface, showing that such FIB-milled nanopores enable the formation 

of inlaid nanointerfaces that are co-planar with the aqueous side of the membrane. At 

nanoITIES arrays, experimental currents lower than calculated currents were thus attributed to 

diffusion zone overlap. Nevertheless, experimental currents were dependent, as expected, on 

the nanopore size, the pore-to-pore separation and the numbers of pores in the array used to 

nanostructure the interface. The results show that FIB-milled nanopores can be used for 

prototyping of the nanoITIES arrays and open up the possibilities for new chemical and 

biochemical sensing systems. 

 

4 Experimental Section 

4.1 Materials and reagents 

The silicon nitride membranes (DuraSiNTM film) were purchased from Electron Microscopy 

Sciences, Pennsylvania, USA. The SiN film is supported on a rigid silicon frame (2.65 mm  

2.65 mm  300 µm). All membranes used for FIB-milling had a thickness film of 50 nm. 

All chemical reagents were obtained from Sigma Aldrich, Australia and were used as 

received, unless stated otherwise. The supporting electrolytes in the aqueous and organic 
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phases were 0.01 M lithium chloride (LiCl) and 0.01 M 

bis(triphenylphosphoranylidene)ammonium tetrakis(4-chlorophenyl)borate (BTPPATPBCl), 

respectively. Both the aqueous and organic phase solvents were mutually pre-saturated, prior to 

experiments. The organic electrolyte salt was prepared by metathesis reaction of 

bis(triphenylphosphoranylidene)ammonium chloride (BTPPACl) and potassium  tetrakis(4-

chlorophenyl)borate (KTPBCl). The organic reference solution was 0.01 M BTPPACl dissolved 

in aqueous 0.01 M LiCl. The primary tetraalkylammonium salt used as model analyte in this 

study was the chloride salt of TPrA+ in 0.01 M LiCl in 1,6-dichlorohexane (DCH)-saturated 

water. In addition, tetraethylammonium (TEA+) and tetrabutylammonium (TBA+) used as 

analytes were in their chloride and bromide forms, respectively. 

 

4.2 Nanopore preparation by FIB milling 

The DuraSiNTM membranes were prepared for milling by securing them to the SEM stubs using 

copper tape or silver paint to facilitate easy removal. Single and array pores were milled in the 

500 µm  500 µm SiN film window using either a focused ion beam scanning electron 

microscope (FIBSEM) instrument, Zeiss Neon 40EsB (Carl Zeiss Nano Technology Systems, 

Oberkochen, Germany), at the John de Laeter Centre, Curtin University, Australia, or a 

DualBeam Helios Nanolab 600 FIB/SEM (FEI Company, Eindhoven, NL) at the FIB Centre, 

Institute of Analytical and Bioanalytical Chemistry, University of Ulm, Germany. All pores were 

milled using gallium ions with beam acceleration voltage of 30.0 kV. The milling current was 

either 50 pA (on the Zeiss Neon 40EsB), which corresponds to an ion beam probe size of 25.0 

nm, or 10 pA (on the DualBeam Helios Nanolab 600), resulting in an ion beam probe size of 

12.8 nm. 

The milled pores were imaged and characterised by SEM with an acceleration voltage of 5 

kV or 3 kV, utilising the Zeiss Neon 40EsB or DualBeam Helios Nanolab 600 instruments, 
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respectively. Nanopore geometry measurements from the SEM images were conducted with 

ImageJ software (National Institutes of Health, Maryland, USA). 

 

4.3 Contact angle measurement 

Contact angle measurements were conducted using a Contact Angle Meter, CAM 101 (KSV 

Instrument Ltd., Helsinki, Finland). The contact angle (water/air/membrane) between the 

dispensed drop (ca. 1 µL) and the substrate surface was measured directly after the contact 

was created. 

 

4.4 Preparation of nanopore-supported ITIES 

The single and array nanoITIES were formed at a waterDCH interface. The membranes were 

sealed onto the lower orifice of cylindrical borosilicate glass tubes (𝑑𝑖𝑛𝑛𝑒𝑟  = 1.4 mm, 𝑑𝑜𝑢𝑡𝑒𝑟  = 3.0 

mm) using silicone rubber sealant (Selleys, Australia and New Zealand) and allowed to cure for 

72 hours prior to first usage. The organic phase electrolyte (10 µL) and the organic reference 

solution (200 µL) were added into the borosilicate glass tube. This assembly was then 

immersed in 6 mL of the aqueous phase solution contained in a 10 mL glass beaker. A two-

electrode electrochemical cell with two Ag  AgCl electrodes was employed in this work. The cell 

set up was placed in a Faraday cage to minimise electrical noise. The electrochemical cell can 

be summarized as follows: 

AgAgClx mM TAAX + 0.01 M LiClW0.01 M BTPPATPBClDCH0.01 M BTPPACl + 0.01 M 

LiClWAgClAg 

where x is the concentration of tetraalkylammonium salt (TAAX) in the aqueous phase (TEACl, 

TPrACl and TBABr). All potentials are reported here relative to the experimentally-used 

reference electrodes. 

 

4.5 Electrochemical procedure 
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Following assembly of the electrochemical cell, CV was applied using an Autolab PGSTAT 

302N (Metrohm Autolab B. V., Utrecht, The Netherlands) interfaced to a personal computer, 

running the Nova software package supplied with the instrument. A background voltammogram 

(i.e. x = 0 in the above electrochemical cell) was recorded over a wide potential range to 

establish the limits of the available potential window before injection of the required amount of 

TPrA+ concentrated solution into the aqueous phase. A 5 s quiet time was employed at the 

initial applied potential prior to recording each CV in order to stabilize the background charging 

current. Throughout this study, a voltammetric sweep rate of 5 mV s-1 was employed. 
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Table 1. Characteristics of the eight different nanopore array membranes prepared by FIB 

milling  

Design  Arrays Number 
of pores 
in the 
array, 𝑁𝑝  

Pore 
radius, 

𝑟𝑎 
(nm)[a]  
(± x) 

Pore-to-
pore 
separation, 
𝑟𝑐 (nm)[b]  
(± x) 

𝑟𝑐 𝑟𝑎⁄ [c]  
(± x) 

Porosity, %[c]  
(± x) 

a 1  1 1 62  3 - - 4.83 ( 0.47)  10-6 
b 3  3 9 80  15 1312  27 16  3 7.24 ( 2.71)  10-5 
c 4  4 16 66  9 1197  41 18  3 8.76 ( 2.39)  10-5 
d 5  5 25 66  8 1162  26 18  2 1.37 ( 0.33)  10-4 
e 10  10 100 47  6 1019  65 22  3 2.78 ( 0.71)  10-4 
f 20  20 400 39  6 778  20 20  3 7.65 ( 2.35)  10-4 
g 10  10 100 31  3 996  4 32  3 1.21 ( 0.23)  10-4 
h 10  10 100 30  1 497  2 17  1 1.13 ( 0.08)  10-4 

[x] Standard deviation 
[a] Pore radius are average values over 5 pores with 3 measurements in each pore, with the 
exception of design (a) where 3 measurements were taken of the pore 
[b] Pore-to-pore separation are average values over 5 measurements 

[c] The standard deviation of 𝑟𝑐 𝑟𝑎⁄  ratio and porosity were calculated using the method of 
propagation of random errors [27] 
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Table 2. Summary of the current, 𝐼 and current density, 𝑗 obtained by CV of 100 µM TPrA+ of nanoITIES formed at nanoporous 

membrane 

Design 𝐼 𝑐𝑎𝑙𝑐 per pore (nA)[a]  
(± x %) 

𝐼𝑐𝑎𝑙𝑐,𝑡𝑜𝑡𝑎𝑙  (nA)[b]  

(± x %) 

𝐼𝑒𝑥𝑝 (nA)[c]  

(± x %) 

𝑗𝑐𝑎𝑙𝑐  (mA cm-2)[d]  
(± x %) 

𝑗𝑒𝑥𝑝 (mA cm-2)[e]  

(± x %) 

a 1.79  10-3 (± 5) 1.79  10-3 (± 5) 1.22  10-3 (± 7) 15 (± 11) 10 (± 12) 
b 2.32  10-3 (± 19) 2.08  10-2 (± 19) 1.61  10-2 (± 2) 12 (± 42) 9 (± 38) 
e 1.36  10-3 (± 13) 1.36  10-1 (± 13) 9.22  10-2 (± 32) 20 (± 29) 13 (± 41) 
f 1.13  10-3 (± 15) 4.52  10-1 (± 15) 1.75  10-1 (± 23) 24 (± 34) 9 (± 39) 
g 8.97  10-4 (± 10) 8.97  10-2 (± 10) 1.43  10-1 (± 11) 30 (± 22) 47 (± 22) 
h 8.68  10-4 (± 3) 8.68  10-2 (± 3) 5.08  10-2 (± 6) 31 (± 7) 18 (± 9) 

[a] 𝐼 𝑐𝑎𝑙𝑐 is the calculated current (using equation (2)) for a given pore radius assuming an inlaid liquid  liquid interface 

[b] 𝐼𝑐𝑎𝑙𝑐,𝑡𝑜𝑡𝑎𝑙  is obtained by multiplying the current per pore and the number of pores in the array 

[c] 𝐼𝑒𝑥𝑝 is the measured current from cyclic voltammetry experiment 

[d] 𝑗 𝑐𝑎𝑙𝑐 is the calculated current density (using equation (4)) employing a diffusion coefficient of the analyte of 7.5 x 10-10 m2 s-1 
[e] 𝑗𝑒𝑥𝑝 is the experimental current density 

[x] % relative standard deviation (% r.s.d.). All standard deviations of 𝐼 and 𝑗 were calculated using the method of propagation of 
random errors [27] 
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Figure 1. SEM images of the FIB-milled single and array nanopore membranes with 

50 nm film thickness. (a) 1  1 (b) 3  3 (c) 4  4 (d) 5  5 (e) 10  10 and (f) 20  20 

nanopore arrays prepared via Zeiss Neon 40 EsB. (g) and (h) represent 10  10 

nanopore arrays prepared via DualBeam Helios Nanolab 600 with pore-to-pore 
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separation, 𝑟𝑐 ca. 1000 nm and 500 nm, respectively. All the nanopore membranes 

featured a cubic close-packed (CCP) arrangement. 
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Figure 2. Plot of the dependence of total milling time versus number of pores milled 

in 50 nm thick SiN film with 30 kV acceleration voltage and 50 pA milling current. 

Both axes are in log scales. 
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Figure 3. CVs of (a) 2.0 mM, and (b) 0.1 mM tetrapropylammonium cation (TPrA+) 

transfer across water1,6-dichlorohexane (DCH) interface formed within a 

nanoporous silicon nitride membrane, at 5 mV s-1 sweep rate. The dotted and solid 

lines represent blank and analyte voltammograms, respectively. (c), (d) Background-

subtracted voltammograms (forward scan only) of 0.1, 0.5, 1.0, 1.5 and 2.0 mM 

TPrA+ transfer across the nanoITIES with arrows indicate increasing analyte 

concentrations. Figure (a) and (c) represent single nanopore membrane, 𝑟𝑎 of 62  3 

nm (design (a) in Table 1), while figure (b) and (d) represent array (10  10) 

nanopore membrane, 𝑟𝑎 of 47  6 nm (design (e) in Table 1). 
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Figure 4. The calibration curve plots of the experimental currents (forward scans) 

against TPrA+ concentrations, represented by squares. The dashed lines represent 

the theoretical inlaid disc model current based on equation (2) while the solid lines 

are the best linear fit to the experimental data. (a) and (b) represent single (𝑟𝑎 of 62  

3 nm, design (a)) and array (10  10) (𝑟𝑎 of 47  6 nm, design (e)) nanopore 

membranes, respectively. 
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Figure 5. Background-subtracted CV (forward sweep only) of 100 µM TPrA+ ion 

transfer at single and array nanoITIES created using nanopore design (a: 𝑟𝑎 of 62  3 

nm), (e: 𝑟𝑎 of 47  6 nm) and (f: 𝑟𝑎 of 39  6 nm) with increasing number of pores in 

the array, 𝑁𝑝 of 1, 100 and 400 pores, accordingly. Arrow indicates an increase in 

𝑁𝑝. Scan rate used was 5 mV s-1. 
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Figure 6. Comparison of the current densities, 𝑗𝑒𝑥𝑝 (mA cm-2) featuring the ratio of 

𝑟𝑐 𝑟𝑎⁄  of 32 (design (g), solid line) or 17 (design (h), dashed line). TPrA+ concentration 

= 0.1 to 2.0 mM; 10  10 nanoITIES arrays of 𝑟𝑎 = 30 nm; scan rate = 5 mV s-1.  
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Figure 7. Background subtracted CV (forward scan only) recorded for 500 µM of 

TEA+, TPrA+ and TBA+ at water  1,6-dichlorohexane interface obtained with 

nanopore array design (e) (𝑟𝑎 of 47  6 nm). Dotted line represents the blank 

voltammogram. 
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