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A B S T R A C T   

The formation of arrays of nano-interfaces between immiscible electrolyte solutions using nanoporous mem-
branes opens up new opportunities in electrochemical analysis. However, an unusual feature in the voltammetry, 
in the form of a consistently sloped current in the limiting current region, has been observed. This sloped limiting 
current was observed using different alkylammonium cation transfers at the nanoITIES arrays, showing the 
generality of the feature. Experiments with variable concentrations of organic or aqueous phase electrolytes 
revealed that the sloped limiting current was impacted by the concentration of the aqueous phase electrolyte. A 
plausible explanation for the effect is discussed based on ternary electrodiffusion which occurs due to facilitated 
ion transfer of the aqueous phase background electrolyte cation. As a result, the use of nanoITIES arrays as the 
basis for chemical sensors and detection needs to be carefully considered.   

1. Introduction 

Electrochemistry at the interface between two immiscible electrolyte 
solutions (ITIES) brings scope to electroanalysis and sensor development 
by the opportunity to apply a broad range of experimental techniques to 
study and detect ion transfer processes at liquid–liquid interfaces [1–4]. 
A range of ions or ionisable substances can be detected by simple ion 
transfer or facilitated ion transfer (FIT) processes at interfaces formed 
between aqueous and organic electrolyte solutions. Thus, detection of a 
range of organic compounds that are ionised or ionisable have been 
studied by these approaches by various groups, as summarised in recent 
reviews [2,3]. Inorganic substances, especially metal cations, have been 
the subject of a variety of FIT processes for detection purposes [5,6]. In 
parallel with the investigation of the detection capabilities of electro-
chemistry at the ITIES for analytes of biological interest, interface 
miniaturisation [1] to the microscale and the nanoscale[7] has devel-
oped rapidly, initially by location of the ITIES at the mouth of a 
micropipette [8,9] or nanopipette [10], and subsequently by location of 
the ITIES at the pores of micro- or nano-sized porous membranes [1] 
prepared by methods such as laser photoablation [6], photolithography/ 

reactive ion etching [11], electron-beam lithography/reactive ion 
etching (EBL/RIE) [12], focused ion beam milling [13] and nuclear track 
etching [14]. In particular, we have investigated EBL/RIE-fabricated 
nanoporous silicon nitride membranes for patterning of the ITIES into 
an array of nanoscale ITIES [12,15–17]. Such nanoITIES arrays brought 
improved detection sensitivities when targeted to model ions, such as 
alkylammonium cations [15] as well as the drug propranolol [18]. 

In a previous paper [16], we described the transfer of tetraethy-
lammonium cation (TEA+) using different nanopore array-supported 
water|1,6-dichlorohexane (DCH) interfaces. The nanopore arrays dis-
played five different pore sizes, from 17 to 75 nm radius (ra), with 400 
pores and a ratio between the pore–pore distance (rc) and the pore radius 
of 20. It was shown that the nanoITIES array so-formed behaved like an 
inlaid nanoelectrode array, i.e. the pores were filled with the organic 
phase, and that the analytical sensitivity improved as the pore size 
decreased. However, the ion transfer voltammograms obtained with 
these nanopore array-based ITIES displayed a slight current rise instead 
of a true current plateau as a common feature. Particularly, the vol-
tammograms observed with the two smallest pore radii, 20 and 17 nm, 
showed unusual behaviour: there was no apparent change in current 
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slope between the ion transfer wave and the background (electrolyte 
transfer) current. Instead, the current exhibited a continuous rise from 
the ion transfer current, and no plateau or inflexion was distinguished. 
We refer to this current region as the “sloped limiting current region” 
(SLCR). On the reverse scan of cyclic voltammograms, a broad peak of 
negative current was observed, which could be very distorted and 
stretched on the potential axis. In some experiments, crossings between 
forward and backward scans and a nucleation loop appeared [16]. 

Here, we report the results of investigations aimed to understand the 
origin of this sloped limiting current behaviour, especially the identifi-
cation of the experimental parameters that contributed to the sloped 
limiting current, and whether the observation depended on the pore 
sizes used to define the nanoITIES array. Firstly, the voltammetry of 
different tetraalkylammonium cation transfers from aqueous phase to a 
1,6-dichlorohexane phase was examined, using the nanopore designs 
with ra of 75 and 25 nm (designs 1 and 3, respectively), paying attention 
to the sloped limiting current region, in order to determine if there was a 
dependence of this slope on the pore size. Secondly, the role of elec-
trolyte concentration in either phase was examined to see whether this 
influences the ion transfer current at arrays of larger and smaller pores 
(ra = 75, 25 or 17 nm, designs 1, 3, 5, respectively). 

2. Experimental 

2.1. Reagents and materials 

All reagents used were purchased from Sigma-Aldrich Australia and 
used without further purification unless indicated otherwise here. 
Deionised water was obtained from a Milli-Q water purification system 
(Millipore Pty Ltd, North Ryde, NSW, Australia). The water produced by 
this unit had a resistivity of 18 MΩ.cm. The solvent employed for the 
organic phase was 1,6-dichlorohexane (DCH) [19,20]. It was rinsed 
three times with deionised water prior to use. Both the water and DCH 
were mutually saturated before further use. The supporting electrolytes 
were LiCl in the aqueous phase and bis(triphenylphosphoranylidene) 
ammonium tetrakis(4-chlorophenyl)borate (BTTPATPBCl) in DCH, both 
at a concentration of 10 mM unless specified otherwise. The latter salt 
was prepared by metathesis from bis(triphenylphosphoranylidene) 
ammonium chloride (BTTPACl) and potassium tetrakis(4-chlorophenyl) 
borate (KTPBCl), following the published procedure [6]. The tetraal-
kylammonium (TAA+) salts employed were chlorides (tetramethyl-, 
tetraethyl- and tetrapropylammonium (TMA+, TEA+, TPA+)) or bro-
mide (tetrabutylammonium (TBA+)). 

The preparation of the silicon nitride nanopore array membranes (of 
thickness 100 nm) used to form the nano-interfaces was described pre-
viously [12], and used combinations of photolithography and EBL/RIE, 
etching and deposition. As summarised in Table 1, the arrays all con-
sisted of 400 nanopores, with rc/ra = 20, and ra values of 75, 25 or 17 
nm, referred to here as designs 1, 3 and 5, respectively, in keeping with 
the previous report [16]. 

2.2. Experimental procedure 

Voltammetric experiments at nanopore-supported liquid–liquid 
interface arrays were performed using an Autolab PGSTAT302N (Met-
rohm, The Netherlands) together with Nova 1.7 software. A two- 
electrode electrochemical cell was used, with both electrodes serving 

as reference and counter electrode in either phase. This was possible 
because of the low currents measured. The organic phase (200 µL) was 
contained in a glass tube (2.5 mm inner and 4 mm outer diameter) with 
the silicon nitride membrane on a chip (5 mm x 5 mm) sealed to one end 
with silicone sealant. This was then immersed in the aqueous phase (3 
mL) contained in a 10 mL beaker. In experiments with reference elec-
trodes (Cell 1), an aqueous solution of LiCl (0.01 M) saturated in 
BTPPACl was placed on top of the organic phase with a silver/silver 
chloride wire. The electrochemical cells used are summarised in Scheme 
1. 

In most experiments, however, a silver wire was placed directly into 
the organic phase (Cell 2), acting as a pseudo-reference electrode, to 
simplify the experimental set-up. The voltammograms recorded with 
Cell 2 were then transposed to correspond to those obtained with Cell 1, 
by standardisation with the half-wave transfer potential of the analysed 
ion. All potential values reported here are with respect to the silver/ 
silver chloride reference electrode. 

Once the cell was set up, a background voltammogram was run over 
a wide potential range in order to establish the available potential 
window; this shifted slightly with each experiment when a pseudo- 
reference electrode was used. A sequence of three successive “blank” 
(background) voltammograms was subsequently recorded in a potential 
range large enough to encompass the transfer of the analyte ion when it 
was added to the aqueous phase. Aliquots of a 1 mM TAAX solution in 
0.01 M LiCl in DCH-saturated water were then added to the aqueous 
phase with a micropipet in order to produce the desired concentration of 
TAA+ in the aqueous phase. For all experiments, cells were placed in a 
Faraday cage and voltammetric experiments were performed at a scan 
rate of 5 mV s− 1. 

3. Results and discussion 

3.1. Sloped limiting current 

The voltammograms obtained for the transfer of the four different 
tetraalkylammonium cations with array design 1 (ra = 75 nm) are pre-
sented in Fig. 1A. Table 1 summarises the array designs employed. 
Fig. 1A also shows equivalent blank voltammograms (i.e. no analyte ion 
transfer). The corresponding forward scans after background subtrac-
tion are presented in Fig. 1B. As expected, the ions transferred in the 
order of their affinity for the organic phase: TBA+, the more hydro-
phobic species, transferred at the lowest potential (E1/2 = 0.41 V, curve 
4) and TMA+, the more hydrophilic species, transferred at the highest 
potential (E1/2 = 0.82 V, curve 1). As the individual interfaces were 
equivalent to inlaid disc electrodes, the theoretical limiting current 
observed for the transfer of an ion j can be ideally calculated using the 
formula [21,22]: 

Ilim = 4Np
⃒
⃒zj

⃒
⃒FDjCjra (1)  

in which Ilim is the limiting current, Np the number of pores used to form 
the nanoITIES array, F is the Faraday constant, ra is the interfacial 
radius, and zj, Dj and Cj are, respectively, the charge, the diffusion co-
efficient and the bulk concentration of ion j. The experimental currents 
are ca. 50 % lower than the calculated values because of diffusion zone 
overlap in these nanopore array designs, as discussed previously 
[16,23]. However, as the TAA+ ions are present in aqueous phase at the 
same concentration, the differences observed between their respective 
limiting currents are due to their different diffusion coefficients. Values 
of these diffusion coefficients from the literature are compiled in 
Table 2. As expected, the largest ion, TBA+, diffuses more slowly than 
the others (Dw,TBA

+ = 5.2 × 10− 6 cm2 s− 1) [24], and so the corresponding 
limiting current is lower; the opposite is observed for TMA+, which 
diffuses faster than the other three species (Dw,TMA

+ = 9.5 × 10− 6 cm2 

s− 1) [25] and so the corresponding limiting current is higher. Similar 
observations were made when using nanopore design 3 (ra = 25 nm, 

Table 1 
Geometric characteristics of the silicon nitride nanopore arrays employed to 
prepare the arrays of nanoITIES [16].  

Parameter Design 1 Design 3 Design 5 

Radius of pore, ra/nm 75 25 17 
Distance between pores, rc/nm 1500 500 300 
Number of pores, Np 400 400 400  
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Table 1), for which the background-subtracted forward scan voltam-
mograms are shown in Fig. 1C. As predicted from theory and from our 
previous work [16], a ratio of ca. 3 is observed when comparing the 
limiting currents obtained for any given TAA+ with the two different 
nanopore sizes. This ratio corresponds to the ratio of the corresponding 
pore radii, 75 nm for design 1 and 25 nm for design 3 (Table 1). 

However, it is noticeable that no true current plateaus are observed 
following the transfer wave in both nanoITIES array (Fig. 1). It can be 
readily seen, in all cases, that the current continues to increase steadily. 
We refer to this characteristic as the sloped limiting current. To get a 
better appreciation of this phenomenon, the slopes of these limiting 
current regions for each cation and array design (1 and 3) were 
measured on the background-subtracted forward scans (as described in 
Fig. 2A); the slope values obtained are summarised in Fig. 2B. 

The values of these current slopes increased in the following ion 
sequence: TBA+ < TPA+ < TEA+ < TMA+, for both nanopore design 1 
(dark grey bars) and 3 (light grey bars). The values of the slopes were, 
respectively, 0.30, 0.37, 0.80 and 0.91 nA V− 1 for TBA+, TPA+, TEA+

and TMA+ with design 1, and 0.18, 0.15, 0.27 and 0.34 nA V− 1 with 
design 3. As these current slopes were measured on background- 
subtracted curves, it suggests that they are not related to the prox-
imity of the ion transfer process to the transfers of supporting electrolyte 
ions (which sets the upper limit of the available potential window). The 
current slopes increased in a similar ascending order as the diffusion 
coefficients of the four TAA+ species. On comparison of the slopes for 
each TAA+ species at both pore designs, the ratios of these slopes close to 
3, which corresponds to the ratio of the pore radii for the two designs 
(Table 1). When considering the two largest ions, TBA+ and TPA+, no 
experimental difference was observed for the current slopes at both 
designs 1 and 3 (Fig. 2B). Nevertheless, the data present a trend in the 
magnitude of the slope with the ions studied. These observations seem to 
link the sloping current values to both the ion diffusion coefficients and 
to the size of the nano-interfaces, although it must be pointed out that 
for these nanoITIES array designs, diffusion to the entire arrays occurs 
due to diffusion zone overlap. Separate studies of ion-transfer voltam-
metry of protonated propranolol [18] at similar nanoITIES arrays to 
those used here (prepared with nanopore array membranes with ra 
values of 50 nm or 17 nm, rc/ra = 20, and 400 nanopores in hexagonal 
array) and of TEA+ transfer at nanoITIES arrays employing FIB-milled 
pores [28] in various ratios of rc/ra also displayed the sloped limiting 
current region. In these studies, the sloped limiting current was found to 
be concentration dependent in the range 20–100 µM [18,28]. 

Previously, Dale and Unwin [29] observed a similar phenomenon at 
a single micrometre-sized ITIES: a slight increase of the current after the 
ion transfer wave instead of a steady state plateau. They attributed this 

Scheme 1. Electrochemical cells employed in these experiments. W, DCH refer to aqueous and organic phases, respectively; x indicates the concentration of 
electrolyte in aqueous or organic phase. The studied interface is indicated by the double vertical bars. 

Fig. 1. Cyclic voltammetry of 100 µM of TMACl ( ), TEACl ( ), TPACl 

( ) and TBABr ( ) at W-DCH interface obtained with array design 1 (ra 

= 75 nm, A: experimental cyclic voltammograms, B: forward scan after 
background-subtraction) and design 3 (ra = 25 nm, C: forward scan after 
background-subtraction). 

Table 2 
Diffusion coefficients of the four TAA+ ions (× 106 cm2 s− 1).  

TBA+ TPA+ TEA+ TMA+

5.2 [24]  7.5 [26]  7.9 [27]  9.5 [25]  
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behaviour to a progressive expansion/contraction of the interface as the 
transfer progressed. As the interface becomes larger, the recorded cur-
rents increase and so a steady increase of the limiting current is 
observed. In theory, if the interface expanded up to the size of a hemi-
sphere, the limiting current would be calculated by substituting 2π for 
the factor 4 in equation (1), which would become: 

Ilim = 2πNp
⃒
⃒zj

⃒
⃒FDjCjra (2) 

The limiting current would then increase upto a limit of 2π/4 times 
(i.e. an increase of current by upto 1.57 times that for an inlaid disc) 
during the expansion of the interface. In reality, the current could be 
increased within the range between that for an inlaid disc interface and 
that for a hemispherical interface, depending on the extent of the 
interface expansion. It seems then logical to postulate that the current 
rise will be higher for a more rapidly-diffusing ion. Moreover, a larger 
interface will show a higher current but a lower interfacial tension and 
be more easily deformable than a small one. These observations might 
explain why the current slopes are smaller with nanopore design 3 (ra =

25 nm) than with design 1 (ra = 75 nm) and why a ratio close to the 
nanopore size ratio is observed when comparing them. 

These results demonstrated a coherent behaviour between array 
designs 1 and 3 as the pore size decreases. They also show that the sloped 
limiting current region is largest for the smallest ion at the larger 
interfaces. 

3.2. Effect of the presence of supporting electrolytes 

Due to the small size of the liquid–liquid interface, there might be an 
increased difficulty for the interface to rearrange and stabilise itself 
when ion transfer occurs so that the high flux of the transferring ions 
might destabilise the electrical double layer-like [30] structure at the 
interface. Accordingly, the relative size of the different ions in solution 
compared to the interface would be critical. By altering the concentra-
tion of the other ions in solution, i.e. the supporting electrolytes, the 
rearrangement of the interface subjected to ion transfer could be ex-
pected to change and so a change of the magnitude of the current slope 
could be anticipated. In the case of nanopore design 5 (ra = 17 nm, 
Table 1), we would expect to observe an inflexion between the ion- 
transfer wave and the background current rise. As the supporting elec-
trolyte ions in the organic phase, BTPPA+ and TPBCl− , are larger than 
those in water, Li+ and Cl− , (see Table 3 for data on ion sizes) we 
anticipated that their presence at lower concentrations would have a 
greater impact on the current rise. Therefore, the transfer of 10− 4 M of 
TEA+ across the W|DCH interface was studied with three nanopore array 
designs (designs 1, 3 and 5, Table 1) and with three concentrations of 
supporting electrolyte in either the aqueous or the DCH phase. 

3.2.1. BTPPATPBCl in DCH 
The voltammograms obtained for concentrations of BTPPATPBCl in 

DCH of 10− 4, 10− 3 and 10− 2 M with each of the array designs are shown 
in Fig. 3. There are marked differences between the voltammograms 
obtained with array designs 1 and 3 on the one hand (Fig. 3, A to F) and 
those obtained with design 5 on the other (Fig. 3, G to I), as found in our 
previous work [16]. When design 5 is used (ra = 17 nm), a continuous 
increase of the background current, convoluted with the TEA+ transfer 
wave, is observed rather than a current plateau following the transfer 
wave. On the reverse scan, a large and distorted negative current peak is 
observed before the current returns to its initial “blank” value. No 
inflexion is observed on the current rise as the concentration of 
BTPPATPBCl in the organic phase decreases from 10− 2 (Fig. 3I) to 10− 3 

and 10− 4 M (Fig. 3H and 3G, respectively). 
Different concentrations of supporting electrolyte in DCH cause a 

change in the background current for each of the array designs. This is 
observed (Fig. 3) both when TEA+ is transferring (solid line) and in the 
corresponding blank voltammograms (dotted line) with no TEACl pre-
sent in the aqueous phase. When array design 1 is used (ra = 75 nm), the 
background current measured at 0.45 V (before the TEA+ transfer wave) 
for a blank CV increased from 0.12 nA in 10− 2 M supporting electrolyte 
(Fig. 3C) to 0.15 and 0.33 nA in 10− 3 M and 10− 4 M electrolyte, 
respectively (Fig. 3B and 3A). So the background current more than 
doubled as the concentration of BTPPATPBCl in DCH decreased 100- 
fold. The same trend is visible with the other two array designs, the 
background current increased from 0.07 nA to 0.27 nA and from 0.08 nA 
to 0.34 nA with designs 3 (Fig. 3F and 3D) and 5 (Fig. 3I and 3G), 
respectively, as the concentration of electrolyte decreased 100-fold. 

Following background subtraction (curves not shown), the limiting 
currents with arrays design 1 and 3 remained essentially independent of 

Fig. 2. Comparison of the slopes of the current rising. A: determination of the 
slope. B: comparison of the slopes for the four TAA+ ions using nanopore design 
1 (dark grey) and 3 (light grey). 

Table 3 
Ionic radii of the ions employed in this work.  

Ion Radius/Å Reference 

Li+ 0.60 [31] 
Cl− 1.81 [31] 
Br− 1.95 [31] 
TMA+ 3.47 [32] 
TEA+ 4.00 [32] 
TPA+ 4.52 [32] 
TBA+ 4.94 [32] 
BTTPA+ 6.60 

9.90 
[33] 

TPBCl− 5.0 [34], estimated value  
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organic phase electrolyte concentration (0.42 and 0.15 nA for array 
designs 1 and 3, respectively) for the three concentrations of 
BTPPATPBCl studied. This observation is in accordance with previous 
work [35]: in order for the supporting electrolyte concentration to 
introduce a migration current for the analyte, it must be in the same 
phase as the analyte. In the experiment here, the variable electrolyte 
concentrations are in the adjoining phase to that of the analyte. Another 
effect expected with lower concentration of organic phase supporting 
electrolyte was an increased organic phase resistance that should man-
ifest itself as a distortion of the voltammogramms along the potential 
axis. This phenomenon is obvious in the data here: the curves obtained 
with 10− 2 M or 10− 3 M organic supporting electrolyte and array design 1 
(ra = 75 nm) or 3 (ra = 25 nm) are mostly identical (Fig. 3C, 3B for 
design 1; Fig. 3F, 3E, for design 3), but the voltammograms obtained 
with 10− 4 M of BTPPATPBCl (Fig. 3A and 3D) were distorted. The same 
conclusions can be made concerning array design 5 (ra = 17 nm) as the 
voltammograms with 10− 2 and 10− 3 M organic supporting electrolyte 
are similar after background-subtraction, but the voltammogram ob-
tained in 10− 4 M was distorted along the potential axis, which is 
attributed to the increased resistance of the organic phase. 

The slope of the limiting current after the TEA+ transfer wave 
showed no apparent trend with the concentration of organic phase 
supporting electrolyte. Furthermore, across all organic electrolyte 

concentrations, the mean slope was 0.26 nA V− 1 (range 0.19–0.32 nA 
V− 1) with nanopore design 1 (ra = 75 nm) and 0.26 nA V− 1 (range 
0.22–0.29 nA V− 1) with nanopore design 3 (ra = 25 nm) (mean values 
calculated from the voltammograms obtained at the three different 
BTTPATPBCl concentrations). However, for the smallest nanopore 
radius (Design 5, (ra = 17 nm), there was no visible change in the current 
rise as the organic electrolyte concentration was changed. These ob-
servations indicate that altering the electrolyte concentration in the 
organic phase does not impact the slope of the limiting current rise, but 
does introduce other effects (and these other effects may be capacitive or 
resistive). 

3.2.2. LiCl in water 
A series of experiments in which the aqueous phase electrolyte 

concentration was varied were carried out. The voltammograms are 
shown in Fig. 4. The results obtained with nanopore array design 5 (ra =

17 nm) (Fig. 4G to 4I) differ from those obtained with array designs 1 
and 3, as also described above. The different concentrations of aqueous 
supporting electrolyte (10− 2 M, 10− 3 M, 10− 4 M LiCl) did not change the 
appearance of the voltammograms recorded with array design 5. 

Contrary to the results obtained with the variation of BTPPATPBCl 
concentration in the organic phase, no significant change of the capac-
itive current was observed when the aqueous concentration of LiCl was 

Fig. 3. Transfer of 100 µM of TEACl at W-DCH interface using nanopore design 1 (A, B, C), 3 (D, E, F) or 5 (G, H, I) and 10− 4 (A, D, G), 10− 3 (B, E, H) or 10− 2 M (C, F, 
I) of BTPPATPBCl in DCH (solid lines). Dotted lines: Voltammograms in the absence of TEACl. 
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decreased. A capacitive current of 0.11, 0.10 and 0.08 nA was measured 
at 0.45 V for array designs 1, 3 and 5, respectively. 

The limiting current measured after background subtraction 
remained constant as the concentration of LiCl decreased for most of the 
experiments, 0.41 and 0.15 nA, respectively, for array designs 1 and 3. 
These values are the same as those measured with varying BTPPATPBCl 
concentration in the organic phase. A higher limiting current is observed 
only with array design 1 and the lower concentration of LiCl studied 
(10− 4 M), 0.44 nA. This higher current is attributed to the contribution 
of migration of TEA+ at this low concentration of electrolyte [35]. 

In contrast to the limiting current, however, the sloped limiting 
current region above the ion transfer wave exhibited a clear difference 
across the three concentrations of LiCl studied for both array designs 1 
and 3. The forward scans obtained after background subtraction with 
array design 3 are presented in Fig. 5. With design 1, the slope is 0.16 nA 
V− 1 when 10− 4 M LiCl was used, but it increased to 0.24 nA V− 1 with 
10− 3 M and 0.56 nA V− 1 with 10− 2 M. The same trend is observed with 
array design 3, the slopes being 0.02, 0.15 and 0.34 nA V− 1 with, 
respectively, 10− 4, 10− 3 and 10− 2 M of LiCl in aqueous phase. The same 
trend as shown in Fig. 2 is also seen here for the slope value relative to 

the nanopore radius. These results suggest that the sloped limiting 
current region is associated with the aqueous electrolyte phase, 
although no such trend was seen with array design 5. With this design, 
the curves show no changes with the concentration of LiCl. No inflexion 
allowing the separation of the ion transfer from the background current 
was demonstrated, even with the lowest concentration of LiCl in water. 
Nevertheless, at the larger nanopore sizes, a clear dependence of the 
slope of the sloped limiting current region is seen on the aqueous phase 
electrolyte concentration. 

These experiments demonstrate that our suggestion, that the size of 
the ions would impact the observed sloped limiting current, with a 
greater effect being expected for changes in organic electrolyte ion 
concentrations, was not plausible. No difference was evident from the 
voltammograms recorded with array design 5 (ra = 17 nm) as the con-
centration of the supporting electrolyte, both BTPPATPBCl in the 
organic phase and LiCl in the aqueous phase, decreased. Contrary to 
expectations, the concentration of LiCl in water seems to have the 
greater impact on the current rise, as seen with array designs 1 and 3. 
This influence may be more related to the presence of the ions in the 
same phase as the analyte (in water) and their effect on the transport 

Fig. 4. Transfer of 100 µM of TEACl at W-DCH interface using nanopore design 1 (A, B, C), 3 (D, E, F) or 5 (G, H, I) and 10− 4 (A, D, G), 10− 3 (B, E, H) or 10− 2 M (C, F, 
I) of LiCl in water (solid lines). Dotted lines: Voltammograms in the absence of TEACl. 
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phenomenon rather than their relative size, that is, migrational effects 
occur in the aqueous phase. 

3.3. General discussion 

The experimental results presented above show that the sloped 
limiting current at nanoITIES arrays occurs following ion transfer from 
aqueous to organic phases. This occurrence is seen with ions that 
transfer at different applied potentials, resulting in the presence of the 
sloped limiting current at different potentials that are dependent on the 
transfer of each specific ion. One possibility for the cause of the sloped 
limiting current is the growth of the ITIES from an assumed inlaid planar 
nanodisc to a hemispherical nanoITIES during the course of the vol-
tammetry, or anywhere in between: such a change would lead to an 
enhancement of the current by upto 1.57-times (see Eqs. (1) and (2)), 
depending on the extent of the interface expansion, although this in-
crease would be offset by the overlap of diffusion zones at each nano-
ITIES, because at rc/ra = 20 the diffusion zones around each nanoITIES 
are not independent [23,28,36], and a resultant lower elevated current 
would ensue. In fact, the magnitude of the current increase from the start 
of the expected steady-state region (top of the wave) to the end of the 
steady-state region in the recorded voltammograms is ca. 20 %, not 57 
%. 

Background electrolyte effects were investigated, because amongst 
the possibilities considered were the disturbance of the electrical double 
layer at each nanoITIES due to deformation and reformation of the 
electrical double layer-like structures at the interfaces caused by the 
high flux of transferring ions. This deformation/reformation might lead 
to a potential-dependent capacitive current that is superimposed on the 
ion-transfer limiting current. Such a capacitive current is expected to 
depend on the concentration of the electrolyte ions in each phase. 
However, the sloped limiting currents were not dependent on the con-
centration of organic phase electrolyte but were dependent on the 
aqueous phase electrolyte concentration. Furthermore, estimation of the 
Debye length within the pores filled with organic phase electrolyte show 
that these lengths are small relative to the radii of the nanopores 
employed. This discounts wall charge as a contributing factor. Finally, 
emulsification effects at the ITIES have been alluded to [37,38]; this 
might occur at the nanoITIES under high flux conditions where a 
transferring ion undergoes loss/gain of solvation [39] molecules which 
may contribute to an increased local concentration, e.g. water in the 
organic phase close to the interface. In such case, the sloped limiting 

current would vary with pore–pore separation (i.e. rc/ra ratio) used to 
create the nanoITIES array (due to the change in flux), as was reported 
previously [28,36]. Given the dependence of the sloped limiting current 
on the aqueous phase electrolyte concentration and not on the organic 
electrolyte concentration, this points to contributing factors in the 
aqueous phase. 

Furthermore, it is well-known in the literature that Li+ transfer oc-
curs at the ITIES facilitated by organic-phase anions [40–42], such as the 
TBPCl− anion used in this work. This facilitated transfer of Li+ is evident 
in the blank voltammograms reported here (Figs. 1A, 3 and 4). The 
transfer of Li+ occurs over a broad potential range. As this is electrolyte 
cation transfer, it results in a loss of supporting electrolyte from the 
aqueous phase. This means that the experiments for TAA+ transfer occur 
in conditions of inadequate supporting electrolyte, the result of which is 
migration combined with diffusion, or ternary electrodiffusion 
[27,43–46]. This observation is also in agreement with the issue of 
whether electroneutrality at the ITIES is a valid assumption [47]. This 
occurrence of ternary electrodiffusion provides an explanation of why 
the sloped limiting current slope changes with aqueous phase electrolyte 
concentration but shows no apparent dependence on the concentration 
of the organic phase electrolyte; i.e. there is loss of electrolyte from the 
aqueous phase that leads to under-supported local conditions. Hence, 
the migrational enhancement introduced by ternary electrodiffusion 
occurs on the aqueous side of the ITIES and not in the organic phase 
which is held within the confines of the nanopores used to support the 
nanoITIES. It will be interesting to test in due course if this hypothesis 
holds also for aqueous electrolytes with other cations (e.g. sodium or 
potassium cations). 

4. Conclusion 

An investigation into the observed sloped limiting current region 
seen with nanoITIES formed at silicon nitride nanoporous membranes 
was undertaken. Experimental results show clearly a sloped limiting 
current for the transfer of various alkylammonium cations and is evident 
across a range of potentials associated with the transfer of the alky-
lammonium cations. Systematic variation of the aqueous or organic 
phase electrolyte concentrations shows that the observed responses are 
linked to the concentration of aqueous phase electrolyte. Based on vol-
tammograms of nanoITIES arrays with only electrolytes present (i.e. no 
analyte ion transfer), it is shown that currents consistent with cation 
transfer from aqueous phase electrolyte to organic phase electrolyte are 
obtained, in agreement with reports in the literature that Li+ cations 
undergo transfer facilitated by the organic phase electrolyte anion, 
TPBCl− . This loss of cations from the aqueous phase leads to insufficient 
concentrations of aqueous electrolyte, i.e. unsupported conditions. The 
sloped limiting currents recorded for alkylammonium cation transfer are 
accordingly linked to electrodiffusion-controlled transfers. 

The implications of the results presented here are that nanoITIES 
array experiments are always distorted by the presence of both analyte 
and background electrolyte transfers. As the analyte transfer is also 
combined with electrolyte transfer, commonly used methods such as 
background subtraction might not always be a viable approach, espe-
cially when the objective is to extract some fundamental information 
that is not otherwise externally calibrated. Finally, and in agreement 
with the observations of others, background electrolyte transfer occurs 
across a range of potentials. This transfer is enhanced at nanopore-based 
ITIES. 
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