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A B S T R A C T

A cationic diode is fabricated by hot-pressing a commercial cation-conducting ionomer membrane (Fumasep
FKS-30) onto a polyethylene terephthalate (PET) substrate with microhole of 5, 10, 20, or 40 μm diameter. Both,
symmetric (ionomer on both sides) and asymmetric (ionomer only on the working electrode side) cases are
investigated in a 4-electrode measurement cell. A 5-electrode measurement cell in generator-collector mode is
employed to directly detect competing proton transport through the ionomer. Only the asymmetric device allows
ion current rectification to be observed. With decreasing microhole diameter the rectification effect increases.
With increasing electrolyte concentration (for aqueous HCl, NaCl, LiCl, NH4Cl, MgCl2, CaCl2) the rectification
effect diminishes. Competition between cation transport and proton transport is observed in all cases. A qua-
litative impedance model is developed to diagnose the quality and performance of these cationic diodes.

1. Introduction

Ionomer films are routinely applied in membrane materials, which
are crucially important in many areas of electrochemistry including fuel
cells [1], electrosynthesis [2], and in desalination devices [3]. Semi-
permeable ionomer films (such as those based on Nafion [4–6]) are
widely used and have recently been shown to also allow ionic current
rectifiers to be designed [7]. The function of these ionic current recti-
fiers has been modelled [8] and suggested to be linked to both local
concentration/conductivity changes and polarisation at the ionomer |
electrolyte interfaces. These ionic current rectifiers or ionic diodes
could have potential for application in “iontronics” [9] or in ionic en-
ergy conversion [10,11]. Recently, a wider range of ionomer film ma-
terials attached to a poly-ethylene-terephthalate (PET) substrate with a
microhole have been shown to exhibit ionic rectification effects, which
lead to “ionic diode” behaviour. For cation-conducting cellulose films
[12] “cationic diode” phenomena were demonstrated, and for polymer
of intrinsic microporosity (PIM) films pH-switchable diode phenomena
were reported [13,14]. These ion current rectification effects could be
of interest in polymer or cellulose-based water purification and

desalination [15], but possibly also in energy conversion [16] and in
sensing [17]. Therefore, it is interesting to explore ion transport and
rectification phenomena as a function of ionomer material and of diode
geometry. In contrast to studies with drop-cast ionomer materials, more
defined ionic diode geometries are possible, for example, by hot-
pressing ionomer film of defined thickness onto a PET support film with
microhole.

Ionic diode or ion current rectification effects are associated with
the ability of ion channels to undergo structural changes under applied
voltage bias. Many examples are known for nano-channel diodes
[18,19] in which double layer and compositional changes create loca-
lised depletion/accumulation effects leading to “closed” and “open”
diode behaviour. Bockris reported electrolytic diodes [20], which rely
on the formation of ion depletion and ion accumulation zones. Today, a
wider range of electrolytic rectifiers is known [21] and novel diodes
based, for example, on asymmetric permselective membranes [22] and
on chemical precipitation reactions [23] have been reported. If properly
understood, developed, and optimised, the ability of ionic diodes to
allow or inhibit ions to pass through could be used as a separation
technique to treat wastewater and to selectively remove some toxic
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heavy metals and/or anions from waste streams.
This study aims to introduce hot-pressing as a technique for fabri-

cating ionic diodes with defined geometric dimensions from commer-
cial Fumasep FKS-30 ionomer films and poly-ethylene-terephthalate
(PET) substrates. The hot-pressing method offers a better defined ionic
diode geometry, when compared to the conventional solution drop-
casting and drop-drying of ionomer films on PET [24]. Fumasep FKS-30
ionomer membranes are employed here as cation conducting mem-
branes [25]. Reported properties of Fumasep FKS-30 ionomer films are
high permselectivity and an ion exchange capacity (IEC) of 1.3 to
1.4 meq/g dry membrane [26]. This corresponds to an equivalent
weight of 1 / IEC= 740 Da close to that reported for Nafion ionomer
materials. The water transference associated with cation transport in
Fumasep FKS-30 has been investigated [27]. There is also a recent re-
port on the application of Fumasep membranes in desalination tech-
nology [28]. It is shown here that hot-pressing allows cationic diodes to
be fabricated and that the resulting rectification phenomena are de-
pendent on microhole diameter, electrolyte concentration, and the
nature of the electrolyte. Significant competition of cation transport
with proton transport is observed.

2. Experimental

2.1. Materials

Poly-ethylene-terephthalate (PET) films of 6 μm thickness with
laser-drilled micropores (of nominally 5, 10, 20 and 40 μm diameter)
were obtained from Laser-Micro-Machining Ltd., Birmingham UK, and
used as substrates for fabricating cationic diodes with Fumasep FKS-30
(nominally 30 μm thickness, Fuelcellstore.com) as the ionomer film. All
the reagents used for preparing the solutions were analytical or reagent
grade and were purchased from Sigma-Aldrich (UK).

2.2. Instrumentation

The ionic diodes were fabricated using a Swing Away heat-press
machine (HP230B, Amazon, UK). All electrochemical measurements
were recorded either using an Autolab potentiostat (GPSTAT, Eco
Chemie, NL) or using a Solartron 1286/1250 potentiostat/analyser
combination in a conventional four-electrode configuration (see Fig. 1)
and by employing a measurement cell based on two electrolyte-filled
half-cells separated by the membrane [13]. One half-cell contains the Pt
wire working electrode and a saturated calomel (SCE) sense electrode
and the other half-cell contains the SCE reference and Pt wire counter

electrodes. In some experiments a second working electrode is in-
troduced (in the five-electrode configuration, see below) to monitor
proton transport through the diode.

2.3. Procedures for membrane fabrication

To form an asymmetric diode, a 1 cm2 piece of Fumasep FKS-30 film
was cut out and placed on top of a PET film (covering the microhole).
The assembly was sandwiched between two Teflon films followed by
hot pressing on a preheated hot-press (180 °C) for 45min. To form a
symmetric diode a procedure like the one used above, however, two
1 cm2 Fumasep FKS-30 pieces are placed opposite to each other with
the PET film sandwiched, followed by hot-pressing between two Teflon
films for 45min. Ionic diodes obtained in this way are reasonably ro-
bust, but weak adhesion between ionomer and PET does cause occa-
sional delamination, particularly at higher applied potentials.
Therefore, applied potentials in this study are limited to± 2 V.

Fluorescence imaging experiments were performed on a Carl Zeiss
Confocal Scanning Microscope. A Fumasep FKS-30 film was soaked for
5 h in a dilute rhodamine B solution (ca. 0.1mM in water), after which
the film was rinsed thoroughly and dried at 50 °C in an oven. The
(partially) dyed film was then hot-pressed on PET as previously de-
scribed, and placed on a glass substrate for fluorescence imaging
(Fig. 1).

3. Results and discussion

3.1. Assembly of symmetric and asymmetric membrane architectures

Hot-pressing was selected as a convenient process for producing
ionic diodes based on approximately 1 cm2 pieces of Fumasep FKS-30
(nominally 30 μm thickness) and a 5 cm×5 cm PET substrate (6 μm
thickness) with central microhole (typically 20 μm diameter). The
temperature was increased to improve adhesion and after optimisation
45min of 180 °C was selected for “asymmetric” films. For “symmetric”
membranes the Fumasep FKS-30 ionomer was placed both below and
above the PET substrate. Fig. 1A shows a multi-stack fluorescence mi-
croscopy image as top view (with focus on the PET layer) and as side
view. The rhodamine B dye (only used here for fluorescence micro-
scopy) can be seen to have penetrated only partially (ca. 5 μm deep)
into the Fumasep FKS-30 films therefore giving fluorescent layers at the
location of the ionomer surfaces. Fig. 1A shows the symmetric mem-
brane assembly with the PET substrate in the middle. The top view
shows the approximately 20 μm diameter microhole, but also some PET

Fig. 1. Confocal microscopy image (fluor-
escence from rhodamine B dye partially
adsorbed into the surface of the Fumasep
FKS-30 film) for (A) a symmetric device
with Fumasep FKS-30 on both sides of the
PET film and (B) an asymmetric device with
Fumasep FKS-30 only on one side. (C)
Schematic drawing of the 4-electrode con-
figuration for membrane voltammetry and
impedance with ionomer films always on
the side of the working electrode.
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debris from the laser drilling process. The side view reveals some op-
tical fringe effects in particular in the microhole region. Fig. 1B shows
the asymmetric membrane with a similar pattern of fluorescence in-
tensity at the Fumasep FKS-30 ionomer film surface.

3.2. Electrochemical characterisation I.: effects of geometry and
concentration in aqueous HCl

When performing voltammetry experiments, aqueous electrolyte
(10mM HCl) was employed on both sides of the 4-electrode measure-
ment cell (Fig. 2C). For the case of an un-modified PET microhole of
20 μm diameter (Fig. 2Ai) a straight line voltammogram consistent with
resistance (here R= 0.13MΩ) is observed. Based on the equation for
microhole resistance (Eq. (1) [29]) this value can be explained based on
three components (assuming an approximate microhole radius of
r=10 μm and PET film thickness L=6 μm) with a specific con-
ductivity of κ=0.53Ω−1 m−1 for 10mM HCl, which is in reasonable
agreement with literature values [30,31].

= + +resistance
κr

L
πκr κr

1
4

1
42 (1)

In this equation the overall resistance is given by a first term for the
access resistance (for the counter electrode side), a second term for the
solution contained within the cylindrical microhole, and a third term
for access resistance (for the working electrode side) [32]. This equa-
tion assumes that for a small enough microhole diameter the bulk
electrolyte resistance can be neglected (vide infra).

When applying the Fumasep FKS-30 ionomer film to both sides of
the PET microhole (“symmetric”, Fig. 2Aii) the overall resistance can be
seen to be increased in spite of Fumasep FKS-30 ionomer being simi-
larly ionically conductive compared to aqueous 10mM HCl. This ob-
servation is likely to be linked to the internal trapped volume (between
the two ionomer films) not being fully/reproducibly flooded with
electrolyte solution or air-trapping. This symmetric geometry is there-
fore not useful for quantitative measurements. However, when in-
vestigating the “asymmetric” case, well-defined voltammetric responses
are observed (see Fig. 2Aiii) and two effects are apparent: (i) the current
in the negative potential range is lower compared to that for the un-
modified PET and (ii) the current in the positive potential range is

Fig. 2. (A) Cyclic voltammograms (scan rate
50mV s−1) in 10mM HCl for (i) an empty 20 μm
diameter PET microhole, (ii) a symmetric device, and
(iii) the asymmetric device. For the asymmetric case
“open” and “closed” diode states are indicated and
explained with a schematic drawing. (B) Cyclic vol-
tammograms (scan rate 50mV s−1, asymmetric) in
10mM HCl for a microhole of (i) 5, (ii) 10, (iii) 20, and
(iv) 40 μm diameter. (C) Plot of rectification ratio
(=absolute current ratio at +1/−1 V) versus micro-
hole diameter. (D) Cyclic voltammograms (scan rate
50mV s−1, 20 μm diameter microhole, asymmetric) in
(i) 5, (ii) 10, (iii) 50, (iv) 100, and (v) 500mM HCl. (E)
Plot of rectification ratio versus HCl concentration
(inset: bar plot).
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increased when compared to the case of the unmodified PET. This is
consistent with cationic diode behaviour [7]. A schematic drawing in
Fig. 2A explains this phenomenon qualitatively based on the cation
conducting behaviour in the Fumasep FKS-30 ionomer. In the “closed”
state of the diode cations from the solution phase deplete (thereby
decreasing local conductivity) close to the highly conducting ionomer
and in the “open” state cations emerging from the highly conducting
ionomer accumulate (thereby further increasing local conductivity).
This type of behaviour is consistent with that observed previously for
similar “cationic diodes” [7]. The slope from the open state current in

the positive potential range suggests an approximate resistance of
77 kΩ associated mainly with the Fumasep FKS-30 film resistivity (vide
infra).

When investigating the effects of the microhole diameter (Fig. 2B),
it can be observed that the current increases proportionally with dia-
meter. For a bigger microhole, the current in the open state (positive
potential range) is increased due to the increased area of active Fu-
masep FKS-30 ionomer (see the first term for access diffusion in eq. 1)
and the current in the closed state (negative potential range) is in-
creased mainly due to the increase in the rate of diffusion-migration in
the electrolyte phase. The absolute ratio of currents at +1 V and at
−1 V is defined here as rectification ratio and is employed as a measure
of diode performance. The plot in Fig. 2C suggests that the rectification
ratio is increased for a smaller PET microhole diameter (i.e. with de-
creasing microhole diameter, the current decreases more rapidly in the
closed state compared to that in the open state).

The effect of HCl electrolyte concentration on the currents for the
cationic diode is shown in Fig. 2D (for a 20 μm diameter microhole). A
very similar pattern emerges with an increase in HCl concentration
causing an increase in both the current in the open state (the con-
ductivity of the Fumasep FKS-30 ionomer is increased) and the current
in the closed state (access diffusion-migration to the microhole is en-
hanced, but also concentration polarisation effects and additional anion
transport through the membrane at higher electrolyte concentration
need to be considered). Note the onset of over-limiting behaviour at
potentials negative of −1 V. A plot of the rectification ratio versus HCl
concentration is shown in Fig. 2E (also as bar plot inset). Clearly, for

Fig. 3. (A) Impedance data (Nyquist plots measured from 60 kHz to 0.1 Hz; 10 points per decade; amplitude 100mV; 0.0 V) for Fumasep FKS-30 ionomer attached to a 20 μm microhole
PET film for (i) 10, (ii) 50, and (iii) 200mM HCl (inset showing the circuit for fitting). (B) Double logarithmic plot of R2 versus HCl concentration. (C) Double logarithmic plot of R2 versus
microhole diameter. (D) Double logarithmic plot of C2 versus microhole diameter.

Table 1
Summary of impedance data for Fumasep FKS-30 films on PET microhole substrates
under 4-electrode conditions in aqueous HCl (amplitude 100mV; frequency range from
60 kHz to 0.1 Hz; 0.0 V; device-to-device errors estimated typically± 30%).

Parameters/
conditions

RS/Ω R1/kΩ R2/kΩ C1/nF C2/nF τ1c/ms τ2c/ms

10mMa 1060 170 28 0.59 363 1×10−1 10
50mMa 445 48 8.1 0.56 2167 3×10−2 17
200mMa 50 24 1.6 0.52 22,900 1×10−2 37
5 μmb 617 1220 203 0.54 36 7×10−1 7
10 μmb 1554 840 138 0.56 32 5×10−1 4
20 μmb 1476 233 28 0.51 670 1×10−1 19
40 μmb 935 101 9 0.52 6932 5×10−2 62

a Concentration of HCl when employing a 20 μm diameter microhole.
b Microhole diameter when employing 10mM HCl aqueous electrolyte.
c τ1=R1×C1 and τ2=R2×C2.
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this geometry with the Fumasep FKS-30 film hot-pressed onto the PET
film with microhole, the increase in HCl concentration causes a loss in
rectification ratio. There are mainly two contributions to this effect: (i)
the higher electrolyte concentration may affect the semi-permeability of
the Fumasep FKS-30 film thereby allowing the transport of some anions
and/or (ii) the effect of electrolyte concentration on the current in the
closed state is more significant compared to that on the open state.

3.3. Electrochemical characterisation II.: diagnostic impedance

Impedance methods can be employed to provide both qualitative
and better quantitative insight into time-dependent phenomena. There
have been recent attempts to explore for example impedance char-
acteristics for ionic rectifiers based on glass pipette nanopore devices
[33]. Complex behaviour is expected due to a combination of time and
potential dependent phenomena. Therefore, here impedance is em-
ployed only at exploratory level to provide diagnostic criteria for Fu-
masep FKS-30 ionic diode integrity rather than at fully quantitative
level, which will require further study.

In order to explore time-dependent phenomena electrochemical
impedance data are obtained first for a 20 μm microhole with asym-
metric Fumasep FKS-30 ionomer attached. Fig. 3 shows a typical set of
data as Nyquist plots and two semi-circular features are readily iden-
tified. The high frequency impedance is associated only with external
cable and solution resistance (see RS). In the high frequency range a
first semi-circle is assigned to the charging of the PET film separating
the two electrolyte half-cells. Table 1 summarises the results obtained
by fitting of impedance data to the circuit shown in Fig. 3. The capa-
citance C1 is consistently 0.5 ± 0.1 nF, which has been shown before
[7] to be associated with the charging of the inert 6 μm thick PET film
sandwiched between two aqueous electrolyte solutions. The resistor R1

appears to be linked to the high frequency resistance of the Fumasep
FKS-30 ionomer film itself with some aqueous solution contributions
(access and microhole resistivity in the aqueous electrolyte, see Eq. (1))
but without solution concentration polarisation contributions. In fact,
the value R1= 170 kΩ for 10mM HCl (see Table 1) can be used in
conjunction with Eq. (1) and the specific conductivity of 10mM HCl
(vide supra) to give an estimate for the Fumasep FKS-30 membrane

Fig. 4. (A) Cyclic voltammograms (scan rate
50mV s−1) for Fumasep FKS-30 supported on a
PET substrate with a 20 μm diameter microhole
and with (i) 200mM HCl in the working elec-
trode compartment and 10mM HCl in the
counter electrode compartment or (ii) vice versa.
(B) Cyclic voltammograms for (i) 10mM HCl, (ii)
10mM NaCl, and (iii) 10mM HCl and 10mM
NaCl. (C) Cyclic voltammograms for (i) 5, (ii) 10,
(iii) 50, (iv) 100, and (v) 500mM NaCl (inset: bar
plot for rectification ratio at +1/−1 V).

Fig. 5. (A) Schematic drawing of the 5-electrode
measurement cell. (B) Cyclic voltammogram
(50mV s−1) for a 3mm diameter Pt disk elec-
trode in 10mM NaCl. Next, generator-collector
voltammograms are shown (scan rate 50mV s−1)
for EWE2 at fixed potential of (C) −1.0 V vs. SCE,
and (D) −0.6 V vs. SCE with 10mM HCl in the
working electrode compartment and 10mM NaCl
in the counter electrode compartment and a
Fumasep FKS-30 on PET with 20 μm diameter
microhole.
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resistance of 87 kΩ in good agreement with the estimate obtained
from cyclic voltammetry data in Fig. 2A. The specific conductivity
for Fumasep FKS-30 is obtained as 1/4rκmembrane= 87 kΩ or
κmembrane= 0.29Ω−1 m−1. In data in Fig. 3A there is a second semi-
circular feature that appears at lower frequencies and which is sug-
gested to be linked to concentration polarisation phenomena.

Data in Table 1 reveal that the resistance R1 does have a solution
component most likely associated with the liquid phase within the
microhole and with the access diffusion to the microhole. Therefore
effects of electrolyte concentration on R1 are observed, but less strong
compared to those for RS. Similarly, the increase in microhole diameter
causes a significant decrease in R1 due to the larger cross-section and
changes in diffusion pathway. A time constant τ1 (typically a fraction of
a ms) can be calculated associated with the charging of the PET film.
Note that data for the entries for 10mM HCl and for 20 μm microhole
diameter are nominally identical and difference in the data reflects the
device-to-device error margins (typically± 20%), which is significant
for RS and C2. Nevertheless, trends in data are useful.

The second semicircle is associated with R2 and C2 and a larger time
constant (see τ2 in Table 1) and believed to be linked to the ion
transport processes that lead to the diode opening/closing behaviour.
This time constant can be understood as the strongly diameter depen-
dent switching time of the diode. In the double-logarithmic plot in
Fig. 3B, the effect of the HCl concentration on R2 can be seen to be
associated with an exponent of approximately minus one. This is con-
sistent with resistance being inversely proportional to electrolyte con-
ductivity and therefore R2 also being dominated by electrolyte re-
sistivity. Fig. 3C shows data for R2 as a function of microhole diameter.
The approximate slope of minus two suggests a 1 / r2 dependence as
expected for the resistance of the solution volume inside of the cy-
lindrical volume defined by the PET microhole. R2 has to be seen as a
potential dependent diode resistance, which is estimated here at an
applied potential of 0.0 V. The value for R2 is clearly lower than that
observed for R1, but more work will be needed to really resolve the

physical nature of R2. The capacitance C2, in contrast, exhibits an r2

dependence (see Fig. 3D) as expected for a capacitance defined by the
area in the PET microhole and is suggested here to be associated with
the charging of the ionomer | electrolyte interface, which is linked also
to concentration polarisation.

Although not being clearly assigned to specific physical parameters,
the second semi-circular feature was found to offer a good diagnostic
tool for the quality of the cationic diodes produced by hot-pressing. Due
to the hot-pressing process not always giving good adhesion (and pos-
sibly due to protruding PET residues from laser cutting, see Fig. 1),
there are cases of this semi-circle becoming highly depressed. This can
be attributed to electrolyte entering the space between PET and Fu-
masep FKS-30 ionomer film and causing a poor diode behaviour with a
much more distributed network of ion transport pathways.

3.4. Electrochemical characterisation III.: effect of aqueous electrolytes

When investigating the rectification effects for the cationic diode
based on Fumasep FKS-30 ionomer, it is interesting to also explore the
case of different electrolyte concentrations in left and right half cells.
Fig. 4A shows data for (i) 200mM HCl in the working electrode com-
partment and 10mM HCl in the counter electrode compartment. This is
contrasted to (ii) 200mM HCl in the counter electrode compartment
and 10mM HCl in the working electrode compartment. Clearly, a much
enhanced rectification ratio of approximately 87 (compared to 3.5) is
seen for a high concentration of HCl in the working electrode com-
partment. This observation is consistent with cations being readily
“pumped” from the working electrode into the counter electrode
compartment. This effect is linked to the significantly increased current
in the closed state with higher electrolyte concentration in the counter
electrode half-cell in contact to the PET microhole.

When comparing the behaviour of 10mM HCl and 10mM NaCl
(Fig. 4Bi and Bii, respectively), it can be seen that HCl exhibits a higher
current (presumably due to a higher diffusivity of H+ in the Fumasep

Fig. 6. (A) Cyclic voltammograms (scan rate 50mV s−1; Fumasep FKS-30) for (i) 5, (ii) 10, (iii) 50, (iv) 100, and (v) 500mM LiCl (inset: rectification ratio). (B) As before, but for MgCl2.
(C) As before, but for CaCl2. (D) As before, but for NH4Cl. (E) Double logarithmic plot for currents at +2 V versus concentration. (F) Double logarithmic plot of rectification ratio versus
concentration.
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FKS-30 ionomer) as well as a higher rectification ratio. When com-
bining 10mM HCl with 10mM NaCl (see Fig. 4Biii) the current is in-
creased, but the rectification ratio is slightly decreased. Both cations
appear to contribute to the cationic diode effect. Fig. 4C shows vol-
tammetric data for aqueous NaCl as a function of concentration (equal
on both left and right side). Rectification ratios of typically 8 are
reached at a low concentration of 5mM NaCl (on both sides of the
measurement cell).

It is possible to confirm the nature of the transferring cation in the
charge transport process for the open state of the diode by performing a
generator – collector experiment (similar to rotating ring – disk [34] or
other related generator – collector experiments [35]). Fig. 5A shows a
schematic drawing of the 4-electrode measurement cell with Fumasep
FKS-30 cationic diode and an additional second working electrode
(WE2) that is placed into the counter electrode compartment (in 10mM
NaCl) at a fixed potential. The working electrode compartment contains
10mM HCl to allow proton transport in the open state of the diode.
Both, the current through the membrane (generator; WE1) and the

current at the second working electrode (collector; WE2) are monitored
simultaneously. Here, a 3mm diameter platinum disk electrode is em-
ployed to detect the proton transport by reducing protons to hydrogen.
As a reference data set, Fig. 5B shows traditional cyclic voltammograms
recorded for the collector electrode immersed in 10mM NaCl. Fig. 5C
and D show data for generator – collector experiments with the second
working electrode either at a potential of −1.0 V vs. SCE or at −0.6 V
vs. SCE, respectively. Only at −1.0 V vs. SCE can the proton flux be
clearly identified as a conversion of protons to hydrogen (Fig. 5C). The
magnitude of the collector current compared to the generator current
suggests that approximately 70% of the protons crossing the membrane
are detected, consistent with at least qualitative analysis of the proton
flux. Data in Fig. 5D suggest only some minor current responses asso-
ciated with diode opening and closing.

It is interesting to explore the effect of different types of cations on
the current rectification ratio. Fig. 6 shows a summary of data for
aqueous 10mM LiCl, MgCl2, CaCl2, and NH4Cl. Similar descending
trends are observed for rectification ratio versus concentration for all,

Fig. 7. (A–E) Cyclic voltammogram (3-electrode configuration; 50mV s−1) for a 3mm diameter Pt disk electrode in (A) 10mM LiCl, (B) 10mM NH4Cl, (C) 10mM CaCl2, (D) 10mM
MgCl2, and (E) 10mM NaCl. Next, generator-collector voltammograms are shown (5-electrode configuration; scan rate 50mV s−1) for EWE2 at fixed potential of −0.9 V vs. SCE and the
same electrolyte in both the working electrode compartment and in the counter electrode compartment with a Fumasep FKS-30 on PET with 20 μm diameter microhole. (F) Bar plot of the
working electrode 2 current divided by the working electrode 1 current (both obtained at +2 V with baseline at 0 V) to show the relative importance of trans-membrane proton transport
over cation transport. (G) Schematic drawing of competing proton and cation transport.
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although NH4
+ cations appear to exhibit exceptionally high rectifica-

tion effects. When plotting the current at +2 V versus concentration
(Fig. 6E) clear differences are observed with Mg2+ currents even des-
cending with higher concentration. This and the low current for Ca2+

are likely to be linked either (i) to lower cation mobility within the
Fumasep FKS-30 ionomer or (ii) a competition of cation and proton
transport.

In order to explore competition between proton and cation trans-
port, additional experiments are performed in 5-electrode configuration
(see Fig. 5A) to allow at least qualitative confirmation of proton in-
volvement. Fig. 7 shows data obtained in generator-collector config-
uration for aqueous 10mM (A) LiCl, (B) NH4Cl, (C) CaCl2, (D) MgCl2,
and (E) NaCl. In all cases the conventional cyclic voltammogram ob-
tained at the 3mm platinum disk electrode is shown with a dashed line
indicating the potential for the collector. Additional experiments with
the collector potential set to more positive potential confirmed a
baseline response similar to that shown in Fig. 5D. From the current
responses at the collector electrode it can be concluded that some
proton transport is present for all cations investigated. In order to
analyse the extent of proton transfer compared to cation transfer the
current at +2 V is compared. The current at WE2 (platinum collector
electrode) is divided by the current at WE1 (membrane current) to give
a relative measure of proton involvement expressed here in % (see
Fig. 7F). For Na+ the extent of proton involvement appears to be the
lowest (34%) whereas for Li+ the value is high (89%) indicative of
almost no transport of Li+ under these conditions. Similarly, for am-
monium a high level of proton transport (65%) is observed.

A schematic drawing in Fig. 7G summarises the processes of (i) M+

cation transport versus (ii) H+ proton transport associated with for-
mation of hydroxide anions. This formation of hydroxide anions then
causes localised pH changes and this explains some of the trends ob-
served in Fig. 6E where for some cations either little increase of even a
decrease in current with higher electrolyte concentration is observed.
Note that further complexity may arise from possible speciation of M2+

cations to give mono-cations due to chloro or hydroxo ion paring and
from the effects of strong hydration for the divalent cations. The im-
plications from this work are threefold: (A) the cationic diode phe-
nomenon may be indicative of rectified cation transport, but competi-
tion between cations and protons (from water) can interfere in the
process; (B) rectification ratio data quoted for ionic diode processes can
be strongly affected by this competition of cations and protons; (C) for
the development of ionic diode desalination methods membrane io-
nomer materials with good selectivity towards the target cation/anion
are needed to suppress unwanted water heterolysis.

4. Conclusions

It has been shown that cation flow rectification (or cationic diode)
effects are readily achieved at asymmetric structures based on Fumasep
FKS-30 ionomer film supported by a thin PET film with a microhole of
typically 20 μm diameter. Voltammetry and impedance data demon-
strate that diode switching occurs for 10mM to 200mM HCl with a
time constant of 10ms to 37ms (for a 20 μm diameter microhole and 10
to 200mM HCl). Many parameters affect the rectification effect (both
the time constant and the rectification ratio) including electrolyte type
and concentration, microhole diameter, and any differences in elec-
trolyte solution in left and right half-cells (e.g. for uphill or downhill
cation transport). Decreasing the diameter of the microhole may allow
the rectification effect to be improved, which will be important in fu-
ture applications in desalination based on arrays of cationic and anionic
diodes.

Crucially, the competition of proton transport and cation transport
under microhole conditions has been demonstrated to possibly severely
limit any desalination capability. Qualitative estimates for proton in-
volvement have been obtained based on 5-electrode generator-collector
measurements and further work will be needed to suppress water

heterolysis and proton interference. Further work will also be required
to explore impedance characteristics and to improve rectification ratio
values, which are here reported lower compared to those observed for
drop-cast Nafion [7]. Particularly interesting will be further exploration
of the cation selectivity of ionomer materials in these cationic diodes. In
future, the selective removal of both higher valent cation and higher
valent anions could be possible with matching cationic diodes and
anionic diodes, respectively, based on the appropriate types of ionomer
materials.
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