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Abstract 

“Heterojunction” ionic diodes based on a Nafion cation conductor and a polymer of intrinsic 

microporosity (PIM) interfaced at a 6 m thickness polyethylene-terephthalate (PET) film with 20 

m diameter microhole exhibit rectification effects in cation (K+) flux. When combined with the 

precipitation reaction of potassium cations with perchlorate anions to give insoluble KClO4 

(solubility product ca. 1.05 × 10-2 M2 at 25 oC) at the PIM | Nafion interface, inversion of the 

rectification/diode effect occurs and the formerly “open” state changes into a “closed” state due to 

blocking of ion flow. The localised interfacial precipitation reaction is due to up to three orders of 

magnitude accumulation of K+ at the PIM | Nafion interface and shown to be fast and reversible. 

The effects of K+/ClO4
- concentration and of Na+ interference are considered. The blocking process 

within the heterojunction ionic diode is suggested to be dynamic/fast and potentially useful as a 

diode sensor mechanism based on solubility product dependent precipitation. 
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1. Introduction 

Polymer interfaces provide interesting reaction environments [1,2] related (at least a little bit at 

functional level) to biological membrane interfaces, where the flux of ions can trigger chemical 

reactions and vice versa (e.g. in ATPases [3]). We have recently investigated polymer interfaces 

in microhole “heterojunctions” [4] where cation flux driven by applied potential is high in one 

direction but low in the opposite direction. The resulting rectification or “ionic diode” effect can 

be substantial and optimisation of this effect has been suggested to lead to new desalination [5] 

and energy harvesting [6] technology. The applied potential-dependent reaction conditions at these 

polymer micro-interfaces are of interest in view of chemical reactions that can be triggered and 

electrochemical mechanisms that may contribute to sensor development. Here a process sensitive 

to potassium, K+, is investigated. 

 

The emerging field of ionic diode devices [7,8] has initially been based mainly on gel-electrolyte 

interfaces [9], which led to ionic rectifier [10] and amplifier [11] processes based on ionic currents. 

Today, the ionic diode field is dominatd by nanochannel [12], nanocone [13,14], and nanopore 

[15,16] devices that mimic much more closely the biological ion channels located in membranes 

[17]. A wide range of nano-architectures [18,19] and applications [20] has been proposed, pH-

switchable devices have been developed [21], and a perspectives review has appeared with focus 

on stimuli response “iontronics” [22]. Recently, when investigating microporous polymers, we 

observed micro-scale ionic diode behaviour also for asymmetrically deposited ionomers on 

microholes in poly-ethylene-terephthalate (PET) substrates [23]. Both “cationic diodes” or 

“anionic diodes” (with cation or anion charge carriers, respectively) were observed with the 

microporous ionomer based on either Nafion [24], cellulose or modified cellulose [25,26], or on 
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polymers of intrinsic microporosity (PIMs) containing amines, which when protonated provide 

intrinsic positive charges [27]. 

 

Polymers of intrinsic microporosity (PIMs) offer a novel class of highly porous materials with 

excellent processibility [28,29]. The molecular structure of these materials is based on a highly 

rigid and contorted polymer/molecular chain that prevents packing and ensures microporosity [30]. 

Important examples have been PIM-1 [31] and Tröger Base PIMs [32]. Materials such as PIM-

EA-TB (EA = ethanoanthracene and TB = Tröger base, see molecular structure in Figure 1) have 

been developed with tertiar amine functionality in the backbone [33]. Most applications proposed 

for PIMs have been in gas separation [34,35] and storage [36], but interesting new applications 

now also emerged in organocatalysis [37], electrochemistry [38,39,40], reagentless electro-

chemiluminescence [41], and in energy storage [42]. 

 

We have recently demonstrated that a Nafion film deposited asymmetrically onto a microhole (in 

PET) is sufficient to trigger ionic diode phenomena [43] and that a PIM-EA-TB deposit opposite 

to the Nafion can help improving ionic diode perfomance as well as defining a PIM-EA-TB | 

Nafion interface [4]. The PIM-EA-TB | Nafion heterojunction interface (Figure 1A) is employed 

here in a new way. The Nafion deposit ensures “cationic diode” characteristics and the case of K+ 

cations in the electrolyte is investigated. The PIM-EA-TB deposit allows precipiation reactions to 

occur in a defined interfacial region. The accummulation of K+ at the PIM-EA-TB | Nafion 

interface is exploited in a precipitation reaction with perchlorate, ClO4
-, to give “inverted” diode 

characeristics leading to sensor applications. 
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Figure 1. (A) Schematic drawing of the two-compartment four-electrode electrochemical cell with 

a microhole interface separator. For heterojunction experiments Nafion is applied on the working 

electrode side and PIM is applied on the counter electrode side. (B) Operational scheme for the 

“normal” cationic diode effect. (C) Operational scheme for the “inverted” cationic diode effect 

with KClO4 precipitation and blocking.  
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2. Experimental 

2.1. Chemical Reagents. Nafion®-117 (5% in a mixture of lower aliphatic alcohol and water), 

potassium chloride, sodium perchlorate, agarose, and sodium chloride were obtained from Sigma-

Aldrich or Fisher Scientific and used without further purification. Solutions were prepared under 

ambient conditions in volumetric flasks with ultra-pure water of resistivity 18.2 MΩ cm from an 

ELGA Purelab Classic system. 

 

2.2. Instrumentation. Electrochemical data (for both voltammetry and chronoamperometry) were 

recorded at T = 20 ± 2 oC on a potentiostat system (Ivium Compactstat, Netherlands). A classic 4-

electrode electrochemical cell similar to that employed in previous membrane conductivity studies 

[4] was used. The membrane separates two tubular half-cells (12 mm diameter, see Figure 1), one 

with Pt wire working and KCl-saturated calomel (SCE) sense electrode and the other with SCE 

electrode and Pt wire counter electrode. In electrochemical measurements the working electrode 

was always located on the side of the Nafion film. 

 

2.3. Heterojunction Formation. The procedure follows that reported recently [4]. Briefly, 

polyethylene-terephthalate (PET) films of 6 m thickness with 20 m diameter microhole were 

obtained from Laser-Micro-Machining Ltd., Birmingham, UK. A glass slide was pre-coated with 

a film of 1% agarose gel and the PET film placed onto the gel (to define the interface within the 

microhole). A 10 µL volume of PIM-EA-TB solution (2% in chloroform) was applied to the 

surface and with a glass rod the PIM-EA-TB solution was spread evenly over the PET surface to 

give approximately 1 cm2 film (to give PIM-EA-TB with approximately 10 m thickness [4]). 

After drying the PET film was turned around and coated with a volume of 10 µL Nafion solution 

from the oppostie side (to give Nafion with approximately 6 m thickness [4]). The film was 

mounted between the two glass flanges with the help of some Dow-Corning vacuum grease. 
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3. Results and Discussion 

3.1. PIM-EA-TB | Nafion Heterojunction Deposits I.: Characterisation of “Normal” Cationic 

Diode Effects. The ionic diode “heterojunction” architecture has been recently reported as based 

on a 6 m thick PET film with a 20 m diameter laser-drilled hole [4]. Nafion (ca. 6 m thickness) 

and PIM-EA-TB (ca. 10 m thickness are applied to opposite sides. Ionic diode phenomena (or 

ion flux rectification phenomena) have been observed first with asymmetrically deposited 

ionomers such as Nafion [24] or cellulose [25]. The heterojunction approach reported here is 

governed mainly by the Nafion cation conductor (see Figure 2A) to induce semipermeability and 

a low resistance to cation flow in the open state of the diode. The effect of the PIM-EA-TB 

deposited opposite to the Nafion is mainly to modify the transport conditions towards the 

microhole (here 20 m diameter) in the closed state of the diode. The second polymer also helps 

defining a stable interface for precipitaion reactions to occur as is shown below. 

 



8 
 

 

Figure 2. (A) Cyclic voltammograms (scan rate 25 mVs-1) for a PIM-EA-TB | Nafion hetero-

junction with (i) 1 mM, (ii) 10 mM, (iii) 100 mM KCl (counter electrode compartment) and 

NaClO4 (working electrode compartment) electrolyte. Inset showing the cell configuration. (B) 

Chronoamperometry data switching between +1 V and -1V. Inset showing the rectification ratio 

of currents at +/-1 V. 
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Figure 2A shows voltammetry data for the case of fast Na+ transport in the open state of the diode 

(positive applied potential on the Nafion side) and inhibited K+ transport in the closed state of the 

diode (negative applied potential on the Nafion side). A schematic description of the processes  is 

shown in Figure 1B with the main mechanistic feature indicated as salt depletion (“closed”) and 

salt accumulation (“open”) [43]. Data in Figure 2A show currents with rectifier characteristics with 

positive potential applied (the diode is “open”). The magnitude of the current in this state is 

affected by the electrolyte concentration. Based on recent studies [24,43] this is likely to be mainly 

a reflection of Na+ conductivity within the Nafion deposit in the open state of the diode. 

 

With negative applied potentials (in the “closed” state of the ionic diode) K+ transport occurs, but 

only at a low level with a resulting rectification ratio (calculated as the ratio of currents I(+1V)/I(-

1V)) of typically 20 (see Figure 2B). Complementary chronoamperometry data in Figure 2B are 

consistent with voltammetry data in Figure 2A and mainly reflect the switching time (time 

constant) of the diode, which can be estimated here as typically 1 s. This time constant is linked to 

the development of the diffusion-migration layer within the PIM-EA-TB film or within the Nafion 

layer [21]. The fact that there are two different anions, perchlorate and chloride, in the electrolye 

media in the right and left half-cells does not affect the mechanism of the cationic diode, which is 

dependent solely on sodium cation transport in the open state and potassium cation transport in the 

closed state. Next, the two electrolyte solutions right and left are exchanged. 

 

3.2. PIM-EA-TB | Nafion Heterojunction Deposits II.: “Inverted” Cationic Diode Effects and 

KCl Concentration Effects. By switching the electrolyte solution between the two compartments 

of the measurement cell the KCl solution is now in contact to the Nafion film (see Figure 3A). 

This results in a change in cation flow from dominated by Na+ flow to now dominated by K+ flow. 

In the open state of the diode, K+ is conducted through the Nafion into the opposite compartment 

with NaClO4 solution. Under these conditions, the K+-enrichment of the interfacial region in the 

microhole is anticipated [43]. In order to investigate the effects of K+ precipitating with ClO4
- 

under these conditions, the concentration of NaClO4 is fixed at 100 mM in the external electrolyte 
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solution. Aqueous NaClO4 can permeate through PIM-EA-TB and it can be assumed that the 

concentration of NaClO4 within the electrolyte and within the PIM-EA-TB (with 1-2 nm pore size 

[23]) are similar. Although, the exact concentration of NaClO4 within the PIM is currently not 

known. 

 

Figure 3. (A) Cyclic voltammograms (scan rate 25 mVs-1) for a PIM-EA-TB | Nafion hetero-

junction with 100 mM NaClO4 (counter electrode compartment) and (i) 0.1 mM, (ii) 1 mM, (iii) 

10 mM, (iv) 100 mM, (v) 500 mM, (vi) 1000 mM KCl (working electrode compartment) 

electrolyte. Inset showing the cell configuration. (B) Chronoamperometry data switching between 

+1 V and -1V. Inset showing the rectification ratio at +/-1 V. (C) As above but with 500 mM 

NaClO4. (D) As above, but with 500 mM NaClO4. 
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Cyclic voltammograms in Figure 3A reveal new features in the positive potential domain. With 

only 0.1 mM KCl present the current rises to approximately 30 A but then collapses and settles 

at a much lower level of about 3-4 A. The current has superimposed a considerable noise. When 

increasing the concentration of aqueous KCl further to 1 mM and 10 mM, the current peak is 

lowered to approximately 11 A and 8 A, respectively. The current peak must be associated with 

the formation of insoluble KClO4 (see Figure 1C) at the PIM-EA-TB | Nafion interface and the 

corresponding blocking of the ion flow. The observation that the “blocking potential”  is lowered 

with higher KCl concentration suggests that the KClO4 precipitation conditions are reached more 

readily in the presence of a higher concentration of KCl.  

 

The fact that a peak associated with KClO4 precipitation is observed suggests that the solubility 

product for KClO4 is reached. For KClO4 the solubility product is KSP = [ClO4
-]×[K+] = 1.05 × 10-

2 mol2 dm-6 at 25 oC [44]. The concentration of NaClO4 within the microporous environment is 

likely to be approximately 0.1 mol dm-3, close to the bulk electrolyte concentration. Therefore, the 

K+ concentration at the PIM-EA-TB | Nafion interface at the moment when the peak is observed 

is likely to be close to 0.1 mol dm-3. During the process denoted “open diode” in the positive 

applied potential domain cations from the KCl solution are accumulated into the Nafion film and 

“pushed” into the PIM-EA-TB environment to give locally much higher concentrations. Even for 

0.1 mM K+ in the external electrolyte the precipiation peak is observed. Therefore, a three order 

of magnitude accumulation effect of K+ at the PIM-EA-TB | Nafion interface appears feasible. 

 

When increasing the concentration of KCl even further the positive current (with positive applied 

potential) remains suppressed very effectively (with some superimposed noise indicative of 

dynamic phenomena in the KClO4 blocking layer). At negative applied potentials a negative 

current is observed. This current is still consistent with the “closed” diode state, but now appears 

higher when compared to the blocked current with positive applied potentials. The rectification 

ratio is indeed inverted. The external KCl concentration at which inversion occurs (see Figure 3B) 

is approximately 100 mM. 
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Figure 3B shows chronoamperometry data with a much more complex behaviour when compared 

to data in Figure 2B. For a low concentration of KCl (see i-iii) the rectification ratio remains 

positive with transients shaped similarly to those observed in Figure 2B. For 100 mM KCl (see iv) 

a slow blocking transient is seen with positive applied potential. For 500 mM (see v) and 1000 

mM KCl (see vi) the blocking transient becomes much faster. The rectification ratio reaches -64. 

Therefore a systematic KCl concentration dependent behaviour is observed associated with the 

formation of a blocking layer of KClO4. 

 

In Figure 3C and 3D are presented additional data for a fixed concentration of 500 mM NaClO4 at 

the PIM-EA-TB side of the measurement cell. Figure 3C shows voltammetry data with a clear 

KClO4 precipitation point. The higher perchlorate concentration lowers currents and decreases the 

voltage necessary for blocking. In Figure 3D chronoamperometry data show time-dependent 

switching/blocking of the diode at +1V and -1V applied ptential. For 500 mM NaClO4, the KCl 

concentration at which inversion of the diode happens is lowered to approximately 10 mM (see 

Figure 3D inset).  

 

The shape of the peaks during “blocking events” can be interpreted as the gradual formation of a 

physical barrier towards ion flow. In cyclic voltammograms a sharp decrease in current (Figure 

3A) due to rapid nucleation and growth is sometimes followed by a more gradual “closing” of the 

barrier, presumably due to KClO4 crystals inter-growing. A 100% blockage of K+ transport is 

unlikely as this should result in the “re-opening” of the heterojunction due to KClO4 dissolving 

back into solution. Therefore a more dynamic precipitation/dissolution process seems likely. It is 

interesting to note the current noise in the positive applied potential domain, which likely to be 

associated with fluctuations in the KClO4 blocking layer. 

 

3.3. PIM-EA-TB | Nafion Heterojunction Deposits III.: Sodium Cation Interference During 

KClO4 Blocking. The formation of the KClO4 blocking layer is caused by a precipitation reaction 
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at the location of the PIM-EA-TB | Nafion interface and is likely to be affected by the presence of 

other mobile cations. In order to explore effects of this nature NaCl has been added into the 

compartment containing KCl (the working electrode compartment with Nafion film, see Figure 

4A inset). Now a competition of K+ and Na+ ion flux occurs through the Nafion film. The local 

concentration of K+ at the PIM | Nafion interface is likely to be lowered at a given potential. 

 

Data in Figure 4A show cyclic voltammetry experiments in the presence of 10 mM NaCl added 

and as a function of KCl concentration. When compared to data in Figure 3A the first observation 

is that the magnitude of currents has increased. The presence of additional Na+ apperas to 

associated with additional cation flow across the Nafion film leading to higher currrents in the 

positive applied potential domain. The peak position (indicating the KClO4 blocking) appears to 

shift more positive (i) at lower K+ concentration and (ii) at increased Na+ concentration (at least as 

an underlying trend with some exceptions). In the presence of 30 mM Na+ (see Figure 4C) and for 

low K+ concentrations the peak associated with KClO4 blocking is too far in the positive potential 

range to be observed.  
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Figure 4. (A) Cyclic voltammograms (scan rate 25 mVs-1) for a PIM-EA-TB | Nafion hetero-

junction with 100 mM NaClO4 and (i) 10 mM NaCl/0.09 mM KCl, (ii) 10 mM NaCl/0.9 mM KCl, 

(iii) 10 mM NaCl/9 mM KCl, (iv) 10 mM NaCl/90 mM, (v) 10 mM NaCl/450 mM KCl, (vi) 10 

mM NaCl/900 mM KCl electrolyte. Inset showing the cell configuration. (B) Chronoamperometry 

data switching between +1 V and -1V. Inset showing the rectification ratio at +/-1 V. (C) and (D) 

As above, but with 100 mM NaClO4 and (i) 30 mM NaCl/0.07 mM KCl, (ii) 30 mM NaCl/0.7 mM 

KCl, (iii) 30 mM NaCl/7 mM KCl, (iv) 30 mM NaCl/70 mM, (v) 30 mM NaCl/350 mM KCl, (vi) 

30 mM NaCl/700 mM KCl electrolyte.   
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Chronoamperometry data and rectification plots (Figure 4B and 4D and insets) reveal effects from 

Na+ in the KCl solution. The point at which inversion of the diode happens is shifted from ca. 9 

mM KCl for 10 mM NaCl to about 70 mM KCl in the presence of 30 mM NaCl. A higher 

concentration of K+ in the electrolyte is needed to reach the precipitaion point when Na+ transport 

occurs in parallel. With increased Na+ concentration, the currents in the positive (blocked) applied 

potential domain are still very low with only a stochastic spike noise indicating the presence of the 

KClO4 blocking layer. Therefore, not only the K+ ion flux is blocked but also the Na+ flux across 

the heterojunction is blocked as one would expect for a physical barrier such as the KClO4 

precipitate.  

 

As an analytical perspective, it is possible to consider the precipitation reaction in ionic diodes, for 

example for the detection or monitoring of K+ concentration. Qualitatively, the presence of 

potassium is clearly revealed by the peak feature observed in the open state of the ionic diode. A 

change in K+ concentration would be revealed by a shift in the peak. However, other cations such 

as Na+ would affect the appearance of this peak and limit the amount of quantitative information 

that could be obtained. In order to extract more quantitative potassium concentration information 

(i) more selective ionomers need to be employed to only allow K+ (as opposed to Na+) transport, 

(ii) the time of dissolution of KClO4 (e.g. monitored at zero current) could be employed assuming 

that the rate of KClO4 dissolution should be external potassium concentration related, or (iii) a 

combination of two different microhole sizes (or two different ionic diode architectures with other 

materials) could be employed to give two subsequent blocking signals to analyse as independent 

signals. More exploratory work on similar devices and mechanisms but for other types of 

precipitation reactions will be required. 

 

4. Conclusions 

It has been shown that a PIM | Nafion-based interface in an ionic diode with “normal” cation flux 

characteristics can be blocked by precipitation to show “inverted” cation flux behavior. With K+ 

accumulation in the presence of ClO4
-, a near total ion flux blocking in the positive applied 
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potential domain occurs due to formation of a KClO4 precipitate at the PIM-EA-TB | Nafion 

interface. This blocking effect is “physical” in the sense that transport of other cations such as Na+ 

also gets blocked simultaneously.  

 

In the future other precipitation mechanisms could be studied and the ionic diode device be made 

more selective to provide better sensitivity in electro-analytical detection applications. In a broader 

perspective, a wider range of “ionic diode mechanisms” could be studied and ionic diode 

architectures could be further developed to allow more functionality to evolve. Coupling of ion 

flow through the diode with chemical reactions would be desirable to mimic biological processes 

and to enable new energy conversion technologies. 
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