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A B S T R A C T   

Microscale ionic rectifier effects are commonly observed in devices based on semipermeable ionomer coated on 
an array of microholes with potential applications in alternating current (AC) driven desalination and/or elec
troosmotic pumping. The efficiency of devices is dependent on ionic diode switching speed, the rectification 
ratio, and the design of materials and the ionic circuit. Here, a new circuit is proposed based on coupling in 
parallel (i) a cationic diode based on the cation conductor Nafion and (ii) an anionic diode based on the anion 
conducting Sustainion. With an alternating driving voltage, a net desalination effect is observed without any 
moving parts and without significant side reactions. Experimentally, a 4-electrode configuration and a 2-elec
trode configuration are compared. The ionic diode desalination system is shown to work with only two car
bon mat driver electrodes, but the performance in particular at higher ionic strengths (>10 mM) still needs to be 
improved. Based on the experimental prototype, the current/power efficiency are investigated and challenges for 
future improvements are discussed.   

1. Introduction 

Innovation in desalination processes is important [1] on a big in
dustrial plant scale but also on smaller scale for smaller communities, 
individual households, or for emergency water provision. A range of 
technologies exist energised by pressure or by applied electrical power 
[2] or by exploiting thermal gradients [3], but new innovative ap
proaches still emerge (e.g. based on novel nanoporous bio-materials [4]) 
to help meeting the challenge of water purification/provision for the 
future. Electrical power applied to membranes can be delivered as a 
constant applied voltage (leading to unwanted reactions at driver elec
trodes) or as an alternating voltage (employing capacitive charging of 
driver electrodes to avoid redox reactions). When using alternating 
voltage, the membrane needs to act as rectifier. This can be achieved 
with ionic circuits. 

Ionic circuitry [5], [6] and ionic components in fluidic devices can be 
considered bio-mimetic [7] or bio-inspired [8] and are of considerable 
importance in energy conversion mechanisms [9] [10] [11], in sensing 
[12], and in selective ion transport [13] and desalination [14]. The 

principal element in ionic circuits is the ionic diode [15], which is 
employed here for a desalination process. In contrast to conditions in 
classic direct current (DC) electrodialysis, the rectifying functionality of 
the ionic diode introduces an element of irreversibility, which is the key 
to transforming electrical energy input (as alternating current AC) into 
ion gradient energy or into a salt gradient (similar to electronic diodes 
operating in a rectifier to transform AC electrical input into DC electrical 
output). Importantly, AC driven processes with ionic diodes can be 
designed to operate without any moving parts and to minimise energy 
losses, for example, due to unwanted electrolytic reactions. In a recent 
review, ionic diode desalination has been indicated as a potentially new 
and interesting water purification technology [ [16]. The concept of 
“iontronics” [17], [18] has been suggested as a way to develop 
complexity in ionic circuity similar to that now common in electronics. 
Here, we present evidence for coupling an anionic diode and a cationic 
diode in a circuit to create desalination functionality. 

In our recent work, we reported the ease of producing microscale 
ionic rectifiers based on semipermeable materials (such as Nafion [19], 
bacteriophage [20], graphene oxide [21], nanocarbon mats [22], 
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cellulosic materials [23], or polymers of intrinsic microporosity [24]) 
deposited on microhole substrates [25]. Realising that a combination of 
ionic rectifiers and ionic resistors can be employed in desalination [26], 
we reported a first prototype based on a 4-chamber ionic circuit design 
[27]. This design was hampered by the need for an efficient ionic resistor 
(a commercial anion conducting membrane was employed but also 
shown to rapidly degrade). Every resistor introduces energy losses and 
therefore substantial improvements in the ionic circuit design are still 
possible by removing resistors. Here, a 2-chamber system is proposed 
based only on a combination of a suitable complementary pair of a 
cationic diode and an anionic diode without ionic resistors. We 
demonstrate/compare a cationic diode based on Nafion (a commercial 
cation conductor) and an anionic diode based on Sustainion (a com
mercial anion conductor). When combining Nafion and Sustainion into a 
single membrane, desalination and salination processes occur simulta
neously in a 2-chamber device when driven by an AC voltage. 

Both Nafion and Sustainion are commercially available materials 
supplied as readily processable solutions dispersed in alcohol/water. 
Nafion (see molecular structure in Fig. 1A) has been employed widely 
and is a well-characterised cation conducting ionomer [28]. Sustainion 
(see molecular structure in Fig. 1B) has been developed more recently 
[29] in particular for applications in carbon dioxide electroreduction 
[30]. As an imidazolium-based ionomer, Sustainion exhibits excellent 
anion semi-permeability. It is shown here that similar to Nafion 
providing cationic diodes, Sustainion provides anionic diodes with good 
rectification properties and durability. A combination of cationic Nafion 
diode and anionic Sustainion diode is shown to allow desalination/ 
salination processes to be driven with carbon mat electrodes. 

Fig. 2 illustrates the operation of a 2-chamber system (two 
electrolyte-filled compartments connected via ionic diodes) with a 
membrane separating left and right compartment. With a positive bias 
voltage applied on the right hand side (in this report right corresponds to 
the working electrode) the cationic diode opens to allow cation trans
port from right to left. With a negative bias voltage applied on the right 
the anionic diode opens to allow anion transport from the right to the 
left. Over a complete polarisation cycle, the net effect is the transport of 
salt (both anions and cations) from the right compartment (desalination) 
into the left compartment (salination). 

The suggested 2-chamber desalination system only requires two 

driver electrodes (for example carbon mats) and no moving parts. 
Theoretically (for sufficiently high frequencies), there should be insig
nificant side reactions due to electrolysis at the driver electrodes and 
therefore no energy should be lost in electrolysis and formation of side 
products. This report provides proof-of-concept data for a simple 2- 
chamber ionic circuit for desalination/salination driven with AC 
electricity. 

2. Experimental 

2.1. Chemical reagents 

Nafion perfluorinated ion-exchange resin (5 wt%) was purchased 
from Sigma-Aldrich. Sustainion dispersion XC-2 (5 wt%) was purchased 
from The Fuel Cell Store (www.fuelcellstore.com). Agarose powder was 
purchased from Melford Ltd. And sodium chloride (99.5%) and sodium 
hydroxide (pellets) were purchased from Fisher Scientific Ltd. All 
chemicals were utilised without further purification. Ultra-pure water 
was used for preparation of all aqueous solutions, from a Thermo Sci
entific water purification system with a resistivity not <18.2 MΩ cm 
(20 ◦C). 

2.2. Instrumentation 

Electrochemical measurements were conducted with an Autolab 
PGSTAT30 (Metrohm Ltd.) for cyclic voltammetry and chro
noamperometry or a Solartron Analytical ModuLab XM MTS system for 
impedance spectrometry, either in 4-electrode or in 2-electrode config
uration. The cell contained two cylindrical half-cells which were sepa
rated by a membrane-coated, laser-drilled Teflon substrate (5 μm thick, 
Laser Machining Ltd., Birmingham, UK). Reference and sense electrodes 
were silver wires (0.5 mm thickness, Advent Ltd. research materials) and 
working and counter electrode were based on activated carbon fibre 
electrodes (1 cm2, FLEXZORB FM50K, from Chemviron Carbon Cloth 
Division, UK) with 130 g m− 2 surface density, 0.5 mm thickness, and 
Brunauer-Emmett-Teller nitrogen adsorption surface area of 1220 
m2g− 1. The working and sense electrodes were placed on the membrane 
side of the cell (right hand side) in all experiments. Measurements of 
solution conductivity were carried out on a S30 SevenEasy Conductivity 

Fig. 1. Schematic illustration of the Nafion cationic diode switching between open (accumulation) and closed (depletion) states. Similarly, an illustration is shown 
for the sustainion anionic diode switching between open and closed states. The molecular structures for Nafion and Sustainion XC-2 are indicated. 
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Meter. Scanning electron microscope images were taken using a Hitachi 
SU390 with attached Oxford Instruments Ultim Max 170mm2 EDX 
detector. 

2.3. Procedures 

2.3.1. Membrane preparation 
The membrane film was prepared by deposition of ionomer materials 

onto either (i) a single microhole or (ii) an array of 10 × 10 microholes 
(see Fig. 3; 5 μm thick Teflon, Laser Machining Ltd., Birmingham, UK). 
For Sustainion, a drop of 10 μL of Sustainion solution (5 wt%) was 
placed onto the microhole array (on an agarose gel substrate [19] to 
prevent the ionomer solution from penetrating through microholes). 
After drying, the ionomer deposit was covered with a drop of 1 M NaOH 
solution for 10 min to condition the Sustainion film (by ion exchange to 
open the ion-channels). Based on previous fluorescence microscopy 
studies [19] the thickness of the resulting Nafion or Sustainion films is 
estimated to be 5 ± 2 μm. After rinsing the alkaline solution, the cell was 

assembled (see Fig. 3). For Nafion, a drop of 10 μL of Nafion solution (5 
wt%) was placed onto the microhole (on agarose gel). Once evaporated 
to dryness, the Teflon film was removed from the agarose substrate and 
assembled into the electrochemical cell. 

2.3.2. Electrochemical cell assembly 
The electrochemical characterisation (for single microhole mem

branes) of cationic Nafion diodes and anionic Sustainion diodes was 
performed in a “U-cell” (see Fig. 3A). Typically, 10, 100, or 500 mM 
aqueous NaCl solution were applied symmetrically in the two half-cells 
for measurements with cyclic voltammetry, chronoamperometry, or 
impedance spectrometry. For desalination experiments (employing two 
arrays of 10 × 10 microholes), the Teflon membrane was coated with 
both Nafion and Sustainion (see Fig. 3C and Fig. 4). The Sustainion 
deposit was pre-treated with 0.1 M NaOH solution before the cell was 
assembled. The presence of Nafion and Sustainion is documented in 
Fig. 4 based on scanning electron microscopy (SEM) and energy 
dispersive x-ray (EDX) elemental mapping. Sustainion shows a clear 

Fig. 2. Illustration of the effect of positive or negative bias voltages applied to a 2-chamber system with a membrane composed of a combination of cationic and 
anionic diode. 

Fig. 3. (A) Schematic of the 4-electrode configuration with working and sense electrodes in the right compartment and counter and reference electrode in the left 
compartment (Photograph shown below). (B) Schematic of the 2-electrode configuration with only working and counter electrode. (C) Optical micrographs showing 
two 10 × 10 arrays in a 5 μm thick Teflon film. 
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oxygen signature, whereas Nafion shows a sulfur signature (compare 
molecular structures in Fig. 1). 

Reinforcement rings (outer diameter 13 mm, inner diameter 6 mm, 
sticky plastic used for folders, www.3Loffice.com) were employed to 
mechanically stabilise the Teflon film membrane. Aqueous NaCl solu
tion (volume 5 mL) was added on both sides of the cell. The cell voltage 
was then applied with constant potential pulses (square wave, typically 
with 10 s duration) to enable the one-way movement of ions. For 10 mM 
NaCl solution, ±2 V was applied for a 4-electrode configuration, and ±
5 V for both 4-electrode and 2-electrode configurations (150 min total 
desalination time). For 100 mM NaCl solution, ±2 V was applied for a 4- 
electrode configuration (270 min desalination time). For 500 mM NaCl 
solution, ±2 V was applied. The change of salt concentration was 
monitored by regularly measuring the conductivity of electrolyte solu
tions in both compartments. 

2.3.3. Conductivity measurements 
During desalination experiments the salt content in the left and right 

compartments were followed by measuring ionic conductivity (S30 
SevenEasy Conductivity Meter). In regular intervals the desalination 
process was stopped, samples of 1 mL were taken, measured, and 
returned, for the desalination experiment to continue. 

3. Results and discussion 

3.1. Cationic Nafion diodes versus anionic Sustainion diodes I.: 
electrochemical characterisation 

Both ionomer materials, Nafion and Sustainion, were applied from 
solution with approx. 5 μm thickness onto the 5 μm thick Teflon sub
strate with a single 10 μm diameter hole. Nafion as a well-known cation 
conducting material is anticipated to generate a cationic diode [19], 
whereas Sustainion as an anion conducting material is expected to result 
in anionic diode behaviour (after initial activation of the anion con
ducting channels). Fig. 5A shows cyclic voltammograms for Sustainion 
immersed in aqueous NaCl. The ionic diode switches from “open” for 
negative applied potentials to “closed” for positive applied potentials 
consistent with anionic diode behaviour (see Fig. 1B). Voltammetric 
data are close to steady state (due to steady state diffusion towards the 
10 μm diameter microhole) and dependent on the electrolyte concen
tration. An increase in the NaCl concentration causes both an increase in 
ionic current and a weakening of the ionic diode effect. The rectification 
ratio estimated at ±2 V is typically 14–15 for 0.01 M, 10–15 for 0.1 M, 
and 3–5 for 0.5 M NaCl. Higher ionic strength (i) compromises semi- 
permeability, and (ii) changes the mode of resistivity [31], and there
fore overall weakens the rectification effect. 

Fig. 5B shows cyclic voltammograms for Nafion deposited onto a 10 
μm diameter microhole in Teflon. The ionic diode effect is observed and 
the open state at positive applied potentials is consistent with a cationic 
diode (Fig. 1). For Nafion the rectification current ratios at ±2 V are 
65–70 for 0.01 M, 22–24 for 0.1 M, and 6–7 for 0.5 M NaCl. Although the 
rectification effect weakens for higher concentrations of electrolyte, 
there is still a significant effect even at a concentration of 0.5 M NaCl. 
The loss of rectification at higher ionic strength could be associated with 
some loss of semipermeability (an increase in transport of anions in 
addition to predominant transport of cations) and a decrease in the 
extent of the Debye layer [32]. This is not a major factor in fuel cell 
Nafion membrane performance [33] but does affect rectification 
particularly for membranes with bigger pores [34]. 

Fig. 5C and D demonstrate that the steady state behaviour of the 
diodes is maintained for a scan rate of 0.5 Vs− 1 (consistent with quasi- 
steady state diffusion processes at the 10 μm diameter microhole; for 
comparison, the approach to steady state (within 5%) for a 10 μm 
diameter inlaid disk microelectrode can be estimated as about 1 s [35]). 
The voltage range can be extended to ±5 V without deterioration of the 
ionic diode behaviour for both Nafion and Sustainion (vide infra). 

Chronoamperometry data (see Fig. 6) demonstrate the approach to 
steady state as a function of time and of NaCl concentration. For Sus
tainion the steady state is reached in typically 1 s with current spikes 
indicating the switching process in which NaCl diffuses into (accumu
lation) or out of (depletion) the microhole region (see Fig. 1A). Data for 
Nafion (Fig. 6D-F) exhibit more complexity with a change in transient 
shape during accumulation at low concentration (a rising transient) and 
at high concentration (a falling transient). 

In order to gain deeper insight into the ionic diode behaviour in 
different time domains, electrochemical impedance spectra were 
recorded (Fig. 7) with a bias voltage of 0.0 V and over a frequency range 
of 1 Hz to 100 kHz. 

For the anionic Sustainion diode in 0.01 M NaCl, two semi-circular 
features are identifiable in the Nyquist plot (Fig. 7A). The high fre
quency semicircle has been attributed to the capacitive charging of the 
Teflon substrate via ion transport through the microhole. The associated 
capacitor is typically 0.4 nF in all data sets (typical for charging of the 5 
μm thick Teflon film). Rs is essentially zero (within error) due to the 4- 

Fig. 4. (A) Scanning electron microscopy (SEM, backscatter) image of the 
backside of a Sustainion coated Teflon film with 10 μm diameter microhole. (B- 
E) EDS mapping for F, C, O. (F) SEM image of the backside of a Nafion coated 
Teflon film with microhole. (G-J) EDS mapping for F, C, S. Images (B) and (G) 
are layered X-ray images combining images C–D and H-J. 
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electrode cell configuration. The value for Rp reflects predominantly 
ionomer resistivity at high frequency, which decreases with increasing 
NaCl concentration. The value is likely to be dominated by the Sus
tainion film resistivity but also includes aqueous electrolyte conductiv
ity in the microhole region. Accordingly, the time constant for the first 
semicircle τ = C × Rp = 1/ωmax decreases from about 1 ms to 0.1 ms with 
higher electrolyte concentration. Perhaps more interesting/relevant is 
the second semi-circular feature, which is associated with the switching 
of the diode from open to closed state and vice versa. For Sustainion a 
value of ωmax = 10 Hz is typical and independent of the electrolyte 
concentration. This frequency describes the switching time of the diode 
between open and closed states. The value is consistent with chro
noamperometry data in Fig. 6 (the switching time τ = 1/ωmax corre
sponds to approx. 34% approach to steady state). 

For Nafion coated on a single microhole (Fig. 7D-F), a similar pattern 
emerges. Two semi-circular features are detected with the higher fre
quency data being associated with the charging of the Teflon film. The 
variation in ωmax is linked to electrolyte and ionomer resistivity. The 
lower frequency feature occurs with typically ωmax = 10 Hz independent 
of electrolyte concentration and is therefore attributed to the open- 
closed switching of the ionic diode (by diffusion-migration of electro
lyte into the microhole region). Both Nafion and Sustainion diodes 
exhibit very similar behaviour and are therefore suitable to be combined 
into an ionic circuit for desalination. However, for this desalination 
process to be effective, a single microhole device would not work. An 
array of ionic diodes is required. In the design of the array, it is assumed 
that separating individual microholes by 20 × the microhole diameter 
will create close to diffusionally independent diodes for each of the 
microholes. 

3.2. Cationic Nafion diodes versus anionic Sustainion diodes II.: ionic 
diode desalination 

When going from a single microhole to an array of 100 microholes 
(see Experimental), the net current is increased accordingly, but the 
rectification effect remains as long as the individual ionic diodes are 
spaced sufficiently far of each other and as long as additional resistivity 
modes do not suppress currents. Here, two separate arrays are coated 
from the same side with Nafion (10 × 10 microholes, 200 μm pitch) and 
with Sustainion (10 × 10 microholes, 200 μm pitch). Fig. 8A shows data 
for cyclic voltammetry immersed in 0.01 M NaCl. Substantial currents 
are observed (typically a factor 20 higher compared to those for single 
microhole diodes) in the negative potential range (the anionic diode is 
open: anion transport dominates) and in the positive potential range 
(the cationic diode is open: cation transport dominates). The slightly 
lower than expected open currents are attributed resistivity modes due 
to cell design (the tube cylindrical diameter introducing resistivity). 
Fig. 8B shows chronoamerometry data switching between -2 V (anion 
transport) and + 2 V (cation transport). The limiting currents are 
consistent with those in cyclic voltammetry data and when operating for 
a prolonged period of time (150 min) only insignificant changes in 
performance are observed. 

Fig. 8C shows chronoamperometry data obtained with an applied 
voltage of -5 V (anion transport) and + 5 V (cation transport) and in this 
case some deterioration of the signal is observed. The negative current 
(anion transport) appears to increase with time, which may be linked to 
gradual structural changes in either the Nafion or the Sustainion film in 
the device. This result suggests that operation at a higher applied voltage 
can affect the performance of the diodes. 

Fig. 5. (A) Cyclic voltammograms (scan rate 0.2 Vs− 1) for Sustainion in 0.01, 0.1, and 0.5 M NaCl. (B) As before for Nafion. (C) Cyclic voltammograms (scan rates 
0.05, 0.2, and 0.5 Vs− 1) for Sustainion in 0.1 M NaCl. (D) As before, for Nafion. 
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3.3. Cationic Nafion diodes versus anionic Sustainion diodes III.: 4-elec
trode versus 2-electrode configuration 

Fig. 8D shows data obtained under the same conditions but with a 2- 
electrode configuration (see Experimental). For practical applications of 
the ionic diode desalination process, reference electrodes are not 
essential and rather costly. When applying a voltage directly to the 
carbon mat electrodes and without reference electrodes, some fraction 
of the applied voltage is lost at the carbon electrolyte interface (here, the 
exact applied voltage to the membrane is not known). This can be 
verified based on the somewhat lower current (30% lower) for both 
anion and cation pumping. Although the data suggest that a 2-electrode 
configuration can be employed for the desalination process, there is a 
loss of energy associated with the driver electrode process. The 2-elec
trode configuration (in contrast to the 4-electrode configuration) al
lows the true energy consumption (voltage × current) in the process to 
be verified. 

The degree of desalination was followed as a function of time by 

measuring the ionic conductivity of the electrolyte solution in the left 
and in the right compartment (see Experimental). With 0.01 M NaCl the 
initial specific conductivity at room temperature was 986 μS cm− 1 (=
100%; this value is consistent with previous reports [27]). Fig. 9A shows 
the relative change in conductivity with desalination time (switching 
from +2 V to -2 V in 10 s intervals; average current 0.2 mA). Clearly, in 
the left compartment (see Fig. 9A) salt is accumulated and in the right 
compartment salt is depleted (in agreement with the mechanism indi
cated in Fig. 2). Given the size of the microhole array, the desalination 
process is slow and requires hours. However, when comparing the 
desalination rate observed experimentally and that anticipated based on 
100% current efficiency (see red line in Fig. 9A), the process is 
approximately 80% current efficient. That is, 20% of current is lost due 
to switching of the diode and some ion back-flow. This value seems 
encouraging as a starting point for further optimisation. 

When increasing the salt concentration to 0.1 NaCl and employing 
±2 V in 4-electrode configuration, a similar trend is observed (initial 
conductivity 9040 μS cm− 1 = 100%; average current 1.1 mA). The 

Fig. 6. Chronoamperometry transients (single microhole devices with 10 μm diameter) for (A-C) Sustainion and (D–F) Nafion in 0.01 M NaCl (A,D), 0.1 M NaCl (B, 
E), and 0.5 M NaCl (D,F). 
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desalination current in this case is increased, but the presence of the 
higher salt concentration counter-balances this effect to give an appar
ently slower rate of desalination (Fig. 9A). A slight imbalance in the 
desalination/salination effect is likely to be associated with electrolytic 
processes at the carbon mat electrodes when higher currents are applied 
(especially at higher ionic strength). The approximate current efficiency 
is significantly lower at about 40%. That is, now 60% of the current is 
lost due to diode switching and back-flow of ions. 

Fig. 9B demonstrates the effect of the applied potential. As expected, 
the increase in potential leads to higher currents and therefore to a faster 
rate of desalination. For 10 mM NaCl solution and ± 5 V the average 
current is 0.53 mA. Over an hour, this corresponds to 1.9C, or a 2 mM 
change in concentration. This suggests approximately 50% current ef
ficiency. Both, a higher electrolyte concentration and a higher applied 
voltage lower the current efficiency. 

For practical applications of the ionic diode desalination approach, 
the 4-electrode configuration is less desirable compared to the 2-elec
trode configuration. Due to the loss of some voltage across the carbon 
mat | electrolyte interface, the performance in the 2-electrode configu
ration is lowered, but the process is still possible. Fig. 9C shows data for 
0.01 M NaCl and ± 5 V driving voltage contrasting 4-electrode and 2- 
electrode configuration. The rate of desalination is approximately 
halved when using the 2-electrode configuration, but it is still higher 
compared to an experiment using ±2 V in 4-electrode configuration. 
This suggests that approximately half of the driving voltage is lost at the 
carbon mat | electrolyte interface. As a result, an imbalance in electro
lyte composition can occur (see Fig. 9D) which is less severe for shorter 
pulses. In the future, losses due to voltage build-up at the carbon mat | 
electrolyte interface have to be considered and minimised for further 
optimisation. 

Fig. 7. Electrochemical impedance data (4-electrode configuration; frequency range 1 Hz to 100 kHz; bias 0.0 V; 25 mV amplitude, single microhole 10 μm diameter) 
in aqueous 0.01 M, 0.1 M, and 0.5 M NaCl for (A-C) Sustainion and (D–F) Nafion deposits on 10 μm diameter microhole in 5 μm thickness Teflon. Data fitting 
parameters based on Rs(RpC) elements. 
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The energy efficiency of the ionic diode desalination approach will 
depend on various experimental parameters. For the 10 mM NaCl so
lution in Fig. 9A allows extrapolation to approximately 30 h operation 
for 90% desalination. This would require 22C electricity or 13 KJ energy 
per litre (assuming about 3 V applied; consistent with 3.6 KWhm− 3). 
This would incur electricity costs of 0.0004 $ per litre or 0.4 $ per cubic 
meter (assuming 0.12 $ per KWh) compared to about 1$ per cubic meter 
[36] for highly effective water desalination plants. For reverse osmosis 
energy consumption is approx. 4 KWhm− 3 [29]. Clearly, this compari
son is premature and indeed unrealistic (comparing 90% salt removal 
compared to full desalination to high quality drinking water) but maybe 
useful as a starting point. The methodology will require a lot more work 
to allow a more meaningful assessment of operational costs and promise 
for specific applications. 

4. Conclusion 

It has been shown that for ionomer-covered microholes (i) Nafion 
allows cationic diode phenomena to be observed and (ii) Sustainion 
allows anionic diode phenomena to be observed. These complementary 
ionic diodes based on Nafion and Sustainion are formed on Teflon 
microhole substrates (10 μm diameter; either single microholes or 10 ×
10 arrays). Both types of ionic diodes perform well in 0.01 M NaCl and 
still work even in 0.5 M NaCl. They can be combined into a 2-chamber 
desalination system, and this has been demonstrated in 4-electrode and 
in 2-electrode configuration (currently effective only for 0.01 M NaCl). 
This is a new example for an ionic circuit with elements (anionic diode 

and cationic diode) selected to create an overall function in desalina
tion/salination. This approach, ionic diode desalination (IDD), is 
fundamentally different from other common approaches in desalination 
and the optimization/analysis of ionic circuits will provide and new tool 
in developing technologies. 

The current efficiency of the ionic diode desalination process is 
dependent on the salt concentration as well as on the applied voltage. 
When operated at 10 mM NaCl, desalination effects are clearly 
demonstrated, and efficiency seems reasonable. When operated at 
higher salt concentrations, the efficiency drops considerably so that for 
0.5 M NaCl this process is currently not possible. Problems have been 
identified in (i) some loss of rectification ratio and semipermeability 
when increasing the salt concentration; (ii) rectification in the ionic 
diode relies on high conductivity in the ionomer relative to the elec
trolytes solution and this also is compromised at higher ionic strengths; 
and (iii) more importantly electrolytic processes at the driver electrodes 
affecting the overall process. Higher surface area driver electrode based 
on porous carbon (super-capacitive or intentionally coated with a redox 
system) will be desirable and the pulse time needs to be lowered. 
Therefore, the switching time of ionic diodes also needs to be improved. 
There is no reason for the open/closed switching time not to be sub
stantially improved with small diameter ionic diodes or with entirely 
new types of ionic diode mechanisms without the need for microholes 
[15]. In the future, much better combinations of materials and opera
tional conditions will help improving performance. 

Fig. 8. (A) Cyclic voltammograms (scan rate 0.2 Vs− 1) for a double array (Nafion coated onto 10 × 10 microholes; Sustainion coated onto 10 × 10 microholes) 
immersed in 0.01 M NaCl. Potential regions dominated by anionic/cationic diode behaviour indicated. (B) Chronoamperometry employing ±2 V in 0.01 M NaCl 
before and after 150 min operation. Anionic/cationic diode behaviour indicated. (C) Chronoamperometry (4-electrode configuration) employing ±5 V in 0.01 M 
NaCl after (i) 0 min, (ii) 60 min, (iii) 150 min operation. (D) As before, but employing a 2-electrode configuration. 
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