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“lonic diode” (or current rectification) effects are potentially important for a range of applications including
water purification. In this preliminary report, we observe novel ionic diode behaviour of thin (300 nm) mem-
branes based on a polymer of intrinsic microporosity (PIM-EA-TB) supported on a poly-ethylene-terephthalate
(PET) film with a 20 pm diameter microhole, and immersed in aqueous electrolyte media. Current rectification
effects are observed for half-cells with the same electrolyte solution on both sides of the membrane for cases
where cation and anion mobility differ (HCl, other acids, NaOH, etc.) but not for cases where cation and anion mo-
bility are more alike (LiCl, NaCl, KCl, etc.). A pH-dependent reversal of the ionic diode effect is observed and
discussed in terms of tentatively assigned mechanisms based on both (i) ion mobility within the PIM-EA-TB
nano-membrane and (ii) a possible “mechanical valve effect” linked to membrane potential and electrokinetic
movement of the membrane as well as hydrostatic pressure effects.

lontronics © 2016 Elsevier B.V. All rights reserved.
Electrophysiology
1. Introduction that are highly processable (e.g. soluble in organic solvents for casting of

Interest in “ionic devices” [1-5] has increased over the recent years
with the emergence of new nanopore technologies [6,7] and availability
of new microporous materials [8]. The potential for applications of these
devices ranges from analytical nanofluidic tools [9], natural cell pore
mimics [10], to energy harvesting systems, and ionic rectifiers for desa-
lination [11]. Ionic rectification (or “ionic diode” [12]) effects are well-
known in particular for gel-junctions [13] and hydrogel materials [14].
Both nano-engineered nano-pores and novel microporous materials
can contribute to the development of ionic rectifiers and devices.
There are opportunities to exploit properties of new types of micropo-
rous materials (such as polymers of intrinsic microporosity or PIMs)
for improved ionic diodes. In this preliminary report we explore the ef-
fects on ion flow by applying very thin PIM membranes produced by
spin-coating followed by lift off and transfer.

Polymers of intrinsic microporosity [15,16] have emerged recently
as a novel class of materials based on molecularly highly rigid structures

* Corresponding author.
E-mail address: f.marken@bath.ca.uk (F. Marken).

http://dx.doi.org/10.1016/j.elecom.2016.05.019
1388-2481/© 2016 Elsevier B.V. All rights reserved.

films and membranes [17]) and highly porous with typical BET surface
area values ~1000 m? g~ ' [18]. Initial work focused on the gas-
phase, but recently also liquid-phase applications have been explored
based on stabilisation of fuel cell catalysts [19], “heterogenisation” of
molecular catalysts [20,21], formation of novel microporous
heterocarbon structures [22], and current rectification [23]. In previous
work we employed solution casting methods to give relatively thick
(typically 10 um or more) PIM membranes. However, it is highly inter-
esting to explore much thinner polymer nano-membranes. It is demon-
strated here, that even very thin films of PIM-EA-TB (with typically
300 nm thickness) can be employed successfully for current rectifica-
tion in ionic diode devices.

2. Experimental
2.1. Chemical reagents
Polymer PIM-EA-TB was prepared following a literature procedure

[18]. Hydrochloric acid (37%), perchloric acid (70%), sulphuric acid
(98%) and phosphoric acid (85%), and electrolyte salts were obtained
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from Sigma-Aldrich or Fisher Scientific and used without further purifi-
cation. Solutions were prepared with deionised water of resistivity
18.2 MQ cm (at 20 °C) from a Thermo Scientific water purification
system.

2.2. Instrumentation

A potentiostat system (Ivium Compactstat) was employed with
Pt wires as working/counter electrodes, and two KCl-saturated calo-
mel reference electrodes (SCE, Radiometer, Copenhagen) as sense
and reference electrode in a 4-electrode membrane cell (Fig. 1A).
The membrane sample was always on the side of the working
electrode.
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Fig. 1. (A) Schematic drawing of the 4-electrode membrane polarisation experiment
based on a 20 pm diameter microhole that is covered with a typically 300 nm thin
PIM-EA-TB membrane. (B) AFM image of the spin-coated PIM-EA-TB membrane

after cutting to reveal the thickness. (C) Cross-sectional profile (inset molecular
structure of PIM-EA-TB).

2.3. Preparation of nano-membranes

A thin PIM-EA-TB film was spin-coated on a cover glass using
2 wt.% PIM-EA-TB in chloroform solution (Laurell WS-650Mz-
23NPP, 2000 rpm for 1 min). Next, the PIM-EA-TB film was lifted
off in water and then transferred to a PET film with a ca. 20 um diam-
eter microhole (supplied by Laser Micromachining Limited, St.
Asaph, Denbighshire LL17 0JG, UK). AFM thickness measurements
of the PIM-EA-TB film on a glass slide in dry ambient conditions
(Fig. 1B, C) reveal typically 300 nm thickness produced with this
concentration of PIM-EA-TB.

3. Results and discussion
3.1. Electrolyte and pH effects

Fig. 2A shows cyclic voltammetry data for a 300 nm thin PIM-EA-
TB film covering a 20 um diameter microhole in a 6 um thick PET film.
The data for 10 mM HCI (Fig. 2Ai) clearly show very low currents in
the positive potential range (“closed” diode) and significant currents
in the negative potential range (“open” diode). Schematic diagrams
in Fig. 2E and F tentatively (following a mechanism suggested in ear-
lier work [11]) explain this behaviour at least qualitatively based on
protonation of the amine sites in PIM-EA-TB (see structure in Fig. 1)
leading to mixed proton and chloride conductivity. In the “open”
diode state, the depletion effect may occur at the open side exposed
to the electrolyte solution. In contrast, in the “closed” diode state de-
pletion occurs in a restricted region and therefore causes a signifi-
cant drop in current and the rectification effect. When extracting
currents at —1 V and + 1V, the rectification ratio for the “nano-
membrane” (defined here as Iopen/lciosea) is 180 (compared to 576 re-
ported recently for data obtained for much thicker PIM-EA-TB de-
posits [23]).

Additional chronoamperometry experiments were conducted
switching the applied potential between +1 V and —1 V (see Fig. 2B)
and it can be observed that the current switches rapidly from
+0.03 pA to — 5.0 A consistent with a rectification ratio of 180. Similar
experiments performed with 10 mM NaCl do not result in significant
rectification effects although conductivity through the membrane is ob-
served (see Fig. 2Aii). That is, both Na* and CI™ are likely to move
through the porous PIM-EA-TB structure, but ion mobilities are similar
and significant depletion effects do not arise. Interestingly, for the case
of 10 mM NaOH, there is again a current rectification effect (see
Fig. 2Aiii). Chronoamperometry data in Fig. 2Bii show that, when
switching the potential from —1 V to +1 V, the current switches
from —0.02 pA to 1.6 pA, suggesting a difference in mobility for Na™*
and OH™ in PIM-EA-TB causing a reversal of the ionic diode polarity.
Data in Fig. 2C and D show the gradual change in rectification effects
with pH consistent with an approximate pK, for PIM-EA-TB at pH 4
[23].

3.2. lonic strength effects

When changing the concentration for HCl and for NaOH, currents in-
crease but the rectification ratio at +1 V and — 1 V remains approxi-
mately constant (Fig. 3A-B). However, when surveying different types
of acids, a clear trend is observed with HCI giving good rectification ef-
fects followed by HClO4, H,SO4, and H3PO,4 giving only poor rectification
effects with rectification ratios of 180, 51, 8.0, and 6.7, respectively
(Fig. 3C). The poorer rectification effects with H3PO, are likely to be
linked to phosphoric acid exhibiting pK, values higher than that of the
PIM-EA-TB, and therefore providing additional protons to weaken the
ion depletion effect. When comparing neutral electrolyte media for a
range of different anions (see Fig. 3D), significant rectification effects
are observed also for BF;, suggesting that the nature of the anion also
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Fig. 2. (A) Cyclic voltammograms (50 mV s~ ') for a PIM-EA-TB membrane in 10 mM HCl, 10 mM NaCl, and 10 mM NaOH. (B) Chronoamperometry (+ 1 and —1V) for 10 mM HCl, 10 mM
NaCl, and 10 mM NaOH. (C) Cyclic voltammograms (50 mV s~ ') for 10 mM NaCl with the pH adjusted with HCI. (D) As before, but with the pH adjusted with NaOH. (E, F) Schematic

drawing of the ionic diode in “open” and “closed” states.

can have a strong effect on current rectification phenomena in the PIM-
EA-TB membrane.

3.3. Hydrostatic pressure effects

Measurements were performed for 10 mM HCI (Fig. 3E) and for
10 mM NaOH (Fig. 3F) by varying the hydrostatic pressure across the
measurement cell by simply adding or removing electrolyte solution
(see inset in Fig. 3F, data for 0, £5, and 4 10 cm water column). For
HCl the ionic diode effect is significantly affected by hydrostatic pressure,
whereas the effects for NaOH are small. Strikingly, the “open diode” cur-
rent is increased when additional pressure is applied. This suggests that
further “opening” or “tuning” of the diode could be linked to a “mechan-
ical valve” phenomenon, where “bulging” of the thin PIM-EA-TB nano-
membrane over the 20 um microhole will cause a geometry change and
thereby contribute to additional changes in flow of current. Further
work, for example revealing how membrane potential (associated with
electrokinetic effects) and ion size effects are linked to the observed phe-
nomena, will be necessary to identify, quantify, and exploit the processes
behind these PIM nano-membrane-based current rectification effects.

4. Conclusion

It has been shown that a very thin (300 nm) PIM-EA-TB membrane
can generate significant “ionic diode” effects and could therefore be
employed in ionic rectifier-based devices. The switch in ionic diode po-
larity is novel and linked to the pH of the electrolyte. This phenomenon
is explained here tentatively as based on (i) ion mobility differences
within the PIM-EA-TB film and (ii) a valve-like opening of the mem-
brane (driven by electrokinetic or hydrostatic effects) over the
supporting PET film microhole. Further work will be required, experi-
mentally and theoretically, to better understand ion mobility and reac-
tivity within PIM films and to further develop and exploit these
phenomena in areas such as energy harvesting and desalination.
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Fig. 3. (A) Cyclic voltammograms (50 mV s~ ') for PIM-EA-TB membrane in (i) 10 mM, (i) 50 mM, and (iii) 100 mM HCI. (B) As above, but for (i) 10 mM NaOH, (ii) 50 mM NaOH, and (iii)
100 mM NaOH. (C) Cyclic voltammograms (50 mV s~ ') for a PIM-EA-TB membrane in 10 mM HCl (i), H,SO, (ii), HClO, (iii), and H3PO, (iv). (D) As above, but with 10 mM Na,S0, (i), NaCl
(ii), NaClOy, (iii), and NaBF, (iv). (E) Cyclic voltammograms (50 mV s~ ') for a PIM-EA-TB membrane in 10 mM HCl with varying hydrostatic pressure (see F inset, the fill-height of one half-
cell relative to the second was systematically varied by adding or removing electrolyte to give (i) — 10, (ii) —5, (iii) 0, (iv) +5,and (v) + 10 cm hydrostatic pressure in the counter relative
to the working compartment). (F) As before, but for 10 mM NaOH.
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