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Ion transport in gel and gel–liquid systems for
LiClO4-doped PMMA at the meso- and nanoscales†
Timothy Plett,a Mya Le Thai,b Josslyn Cai,a Ivan Vlassiouk,c Reginald M. Pennerb and
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Solid and gel electrolytes oﬀer signiﬁcant advantages for cycle stability and longevity in energy storage
technologies. These advantages come with trade-oﬀs such as reduced conductivity and ion mobility,
which can impact power density in storage devices even at the nanoscale. Here we propose experiments
aimed at exploring the ion transport properties of a hybrid electrolyte system of liquid and gel electrolytes
with meso and nanoscale components. We focus on single pore systems featuring LiClO4-propylene carbonate and LiClO4-PMMA gel, which are model electrolytes for energy storage devices. We identiﬁed
conditions at which the systems considered featured rectifying current–voltage curves, indicating a preferential direction of ion transport. The presented ion current rectiﬁcation suggests diﬀerent mechanisms
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arising from the unique hybrid system: (i) PMMA structure imposing selectivity in fully immersed systems
and (ii) ionic selectivity linked to ion sourcing from media of diﬀerent ionic mobility. These mechanisms
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were observed to interplay with ion transport properties linked to nanopore structure i.e. cylindrical and
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conical.

Introduction
Energy harvesting and storage make up a significant portion of
current electrochemical research. A class of energy storage
devices which appears most promising in both research and
industry are high-performance lithium ion batteries,1 which
predominantly utilize organic solvent-based electrolyte.2–4 One
of the challenges limiting further optimization of this technology is degradation and breakdown phenomena.3,5 Several
groups have performed studies on degradation, focusing on
diﬀerent electrolyte solutions,3,5 electrode material and construction,3,6 and cycling rate5 to determine what factors significantly aﬀect a device’s lifetime. Common factors leading to
degradation are fast cycling rates,2 water contamination,3 electrode fracture,5 and dendrite formation7 causing shortcircuits8 in the battery system. Most recently, research into
nanofabricated battery components has revealed an additional
challenge as delamination5 has been observed due strong electric fields and mechanical factors. All these factors can limit
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capacitance and ultimately lifetime in such energy storage
devices.
Recently, however, a study by Le Thai et al. demonstrated a
model electrochemical cell design using ultra-long δ-MnO2
mesowires exhibiting cycling stability up to 200k cycles,5,9
several times better than anything reported previously in the
literature. A key innovation in the previous study was the
inclusion of a gel-based electrolyte, composed of LiClO4/
propylene carbonate (PC) solution and poly(methyl) methacrylate (PMMA). SEM images of the gel-based cell alongside a
liquid cell after several thousand cycles revealed that the gel
imparted mechanical stability to the MnO2 wire structures,
preventing their delamination from the metal core.5
Electrochemical properties of the LiClO4/PMMA gel were
previously studied only in the bulk, where its conductance was
reported to be similar to the bulk conductivity of LiClO4 in
propylene carbonate.10,11 The purpose of our manuscript is to
probe ionic transport of the PMMA/LiClO4 electrolyte system
on meso- and nanoscales, which so far have not been explored
in detail. Ionic transport in confined geometries has been
mostly examined in aqueous salt solutions12 and only a few
studies have been reported on transport properties of electrolytes in organic solvents, or in water/organic solvent
mixtures.13–17 Understanding ionic transport through PMMA
gel would be important for fundamental studies of electrochemistry in this usual electrolyte as well as could potentially
help the energy storage research, which employs gel electrolytes. Moreover, it has been demonstrated that nanoscale
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architectures, such as conical nanopores, have the ability to
modulate ionic concentrations inside their structure due to
the nanoscale and surface charge properties.18–27 Since
δ-MnO2 is formed of several tendril-like structures and
layers,10,28,29 synthetic meso- and nanopores could provide
insight on the ionic transport properties of LiClO4/PMMA gel
in such structures. It has been confirmed through experiment
that drop-cast deposition of PMMA-based gels on both sides of
cylindrical and conical nanopores in polyethylene terephthalate (PET) films result in a complete filling of the nanopore.30,31 It has also been shown that the gel can pass both
ionic and electronic currents,32–34 and that the conical geometry leads to rectification phenomena of the ionic transport.31
Here we disclose a series of experiments utilizing cylindrical and conically shaped single polymer meso and nanopores
implanted with LiClO4/PMMA gel to understand the transport
response of the gel when in contact with a compatible electrolyte i.e. LiClO4/propylene carbonate (PC). We selected polyethylene terephthalate (PET) pores because they have shown
robustness in recent experiments involving the LiClO4/PMMA
gel and have already demonstrated ion transport properties
such as rectification in gel-only systems.31 Our experimental
approach allows us to test interfacial characteristics between
the gel and liquid electrolyte in micro and nanoconfinement,
the ion transport properties of gel–liquid electrolyte systems,
and also whether gel systems are permeable to liquid electrolyte exposure.

Materials and procedure
Chemicals and materials
Lithium perchlorate (99.0%, Sigma-Aldrich, St Louis, MO) was
dissolved in propylene carbonate (PC, 99.7% and dried over
5 Å sieves for at least 24 hours). 5 mL aliquots of dry 0 mM,
100 mM, 250 mM, and 1 M LiClO4/PC solution and poly
(methyl) methacrylate PMMA were mixed at 115 °C to make
gels of PMMA (by w/w % mass, 2.0 g for 25% PMMA and 2.6 g
for 30% PMMA) and then allowed to cool, forming the gel. The
gels were then drop-cast onto PET nanopores at 75–90 °C and
allowed to set in air overnight before experimenting. PET
nanopores were studied in aqueous KCl (99.0%, Macron,
Center Valley, PA) solutions without gel-coating, as well as PC
solutions of LiClO4, with and without gel-coating. Electrodes
used in the current–voltage (I–V) measurements were AgClcoated Ag wire and pellet electrodes.
Preparation of cylindrical and conical nanopores
Single pores were prepared in 12 μm thick films of polyethylene terephthalate (PET) using the track-etching technique.35
First, films were bombarded with a single U or Au ion accelerated to 11.4 MeV/u at the UNILAC linear accelerator of the GSI
Helmholtzzentrum fur Schwerionenforschung in Darmstadt,
Germany.36 Irradiated films were then subjected to wet chemical etching. In order to obtain a cylindrical geometry,37 irradiated PET films were immersed in aqueous solutions of 5 M
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NaOH at 50 °C, 2 M NaOH at 60 °C, or 0.5 M NaOH at 70 °C.
All these conditions were shown to lead to cylindrical pores
whose diameter increases with the etching time in a linear
fashion. For the conical PET pores, 9 M NaOH was used as an
etchant along with an acidic stopping medium (1 M formic
acid, 1 M KCl), where the etchant was introduced to one side
of the membrane and the stopping medium placed on the
other;21 the etching process occurred at room temperature.
Such a procedure has been extensively studied before and
results in conically shaped nanopores.18,20,21,24
Characterization of cylindrical and conical nanopores via
current–voltage recordings
We used a Keithley 6487 picoammeter/voltage source (Keithley
Instruments, Cleveland, OH) to record all current–voltage
curves. Two Ag/AgCl electrodes were used to apply transmembrane potentials and record currents for all measurements,
which also utilized symmetric electrolyte configurations.
Polymer pores were sized after exhibiting stable current–
voltage responses over the tested voltage window (−2 V to +2 V)
in aqueous 1 M KCl. For cylindrical pores, size was calculated
based on a direct calculation of conductance, yielding sizes
from 400–1100 nm in diameter. Conical nanopores assumed
the pore shape to be that of a truncated cone. Diameters of
pores used in this study were 5–50 nm and 340–1500 nm for
small (tip) and large opening (base), respectively. After characterization in KCl, current–voltage (I–V) curves were recorded in
solutions of LiClO4 (10 mM–1 M) in propylene carbonate.
Fig. S1† gives example I–V curves for both as prepared cylindrical and conical pores. This was done for comparison with the
pore after it had been filled with gel and subjected to identical
tests.

Results and discussion
Experiments with single cylindrical pores and 25% (by wt)
PMMA gel
An important question to answer regards whether PMMA gel
matrix at the sub-micron scale can ‘hold’ its initial doping concentration in the presence of liquid LiClO4-PC electrolyte. A
simple experiment to examine this property is a one-sided
drop-cast on a membrane followed by probing ionic current in
a liquid electrolyte system. Fig. 1 shows a schematic of the
planned experiment. Even though, in the one-sided drop-cast
experiment, the depth of the gel penetration into the pore is
not known, we expect it to be at least half of the pore length. It
is because our previous experiments with samples subjected to
drop-casting on both sides of the membrane provided evidence that the whole pore volume became filled with the gel.31
The previous work was performed without the liquid electrolyte and allowed us to examine the combination of ionic and
electronic conductivity through the gel.
Experiments with cylindrical pores entirely filled with gel,
via double-sided gel casting, were performed as well (Fig. 1b).
These samples were used in control experiments to observe
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Fig. 1 Scheme of experiments in which single pore membranes subjected to (a) one-sided or (b) double-sided gel dropping were placed in contact
with liquid electrolyte of LiClO4 in propylene carbonate. Note the regions containing the working and counter electrodes are macroscopic reservoirs
with liquid electrolyte thus they do not signiﬁcantly contribute to the system resistance. W and G indicate working and ground electrodes, respectively. The penetration length in (a) is not known, here schematically it is marked as approximately half of the pore length.

change of the pore resistance before and after exposing it to
the liquid electrolyte. We expected that if the gel was
unaﬀected by the liquid electrolyte, I–V measurements would
be similar in the immersed and gel-only cases, and would
show no dependence based on the concentration of the liquid
electrolyte. Experiments were performed with PMMA doped
with 100 mM LiClO4 as well as undoped PMMA gel. The bulk
solution was LiClO4 in propylene carbonate; the salt concentration was varied between 10 mM and 1 M.
At first we checked the stability of PMMA gel in contact
with solutions of LiClO4 in propylene carbonate. The gel was
deposited on a glass slide and observed using a microscope
and camera before and after exposing the gel to propylene carbonate (Fig. S2†). These experiments were aimed at understanding the possibility of our gel spreading since propylene
carbonate is known to be a PMMA gel plasticizer.38 Indeed, the
gel did spread after exposure to the solvent, however the gel
layer remained continuous. In order to assure that the mesoscopic structure of the gel quickly equilibrates when exposed
to liquid PC and does not change during measurements,
current–voltage curves were recorded using the following
order. We started with 100 mM LiClO4 in PC, followed by
probing lower concentrations down to 10 mM, we re-measured
the 100 mM conditions and finally increased the salt concentration to 1 M LiClO4. For some samples, after the set of
measurements was completed we checked the currents at
100 mM LiClO4 one more time. The three sets of 100 mM salt
would not typically diﬀer more than 10%, providing evidence
for a stable structure of the PMMA gel in contact with PC. Each
set of current–voltage curves was recorded after ∼1 minute
equilibration of the system with a given salt concentration,
four scans were performed at each concentration; the reported
I–V curves are the average of the last three scans.
The polymer samples with PMMA gel were visually examined after I–V recordings. As in the case of the glass side, the
gel spreading on the polymer surface was evident as well, and
we confirmed lack of visible loss of the gel. For pores entirely
filled with the gel, we expected no loss of gel from the inside of
the pore, since the gel in the pore was protected via the thick
layers on the polymer surfaces.
Fig. 2 shows I–V curves recorded for two samples with
single pores, subjected to PMMA gel casting and exposed to
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bulk electrolyte of LiClO4 in PC. The salt concentration of the
liquid electrolyte was varied between 10 mM and 1 M. One
sample (Fig. 2a–c) was subjected to PMMA gel drop-cast on
one side only, and the gel was undoped. The second sample
(Fig. 2d–f ) was entirely filled with gel, which had been doped
with 100 mM LiClO4 during its preparation. The first feature of
the two single pore membranes is a clear dependence of the
I–V curves on the salt concentration in the bulk, regardless of
gel doping: higher currents were recorded for higher concentrations of the salt in the liquid electrolyte. In the samples subjected to gel casting on one side of the membrane, concentration dependence is expected since the gel infiltration may
not be through the entirety of the pore. However for the pores
that were entirely filled with PMMA, the presence of a clear
concentration dependence of the current gives the first evidence that the ion transport properties of the gel do not
remain unaﬀected by the liquid electrolyte. Similar values of
pore conductance before and after gel infiltration, independent of whether the pore was subjected to drop-casting with an
undoped gel or with PMMA that contained LiClO4, constitute
the most surprising finding. This observation also suggests
that once a PMMA gel is immersed in the liquid electrolyte, its
conductivity becomes dominated by the bulk solution. This
finding is further corroborated by data in Fig. S3,† showing
ion current through a pore containing the gel in the absence
of a liquid electrolyte i.e. with electrodes placed directly into
the gel. The gel-only measured conductance was significantly
lower compared to the recordings obtained after introducing
liquid electrolyte on both sides of the membrane.31
Fig. 3 summarizes several tested single cylindrical pores
(n = 10) and their ionic conductivities before and after gel deposition in three standard concentrations (1 M, 100 mM, and
10 mM) of LiClO4/PC. Ionic conductivities were calculated by
assuming the pore geometry to be cylindrical and relating the
pore resistance (obtained from I–V curves) with its diameter
and length, leaving conductivity as the only unknown. The
figure shows a spread of conductivities, with no clear groupings to distinguish one-sided or double-sided samples or
doping concentration in the PMMA. The data also highlight
the statistical similarity between clear and gel-deposited cases
when in contact with liquid electrolyte on both sides. This,
along with the dependence of recorded current on concen-
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Fig. 2 (a–c) Ion current through a 790 nm in diameter cylindrical pore subjected to one-sided casting of undoped PMMA. (d–f ) Experiments with a
640 nm pore after it had been ﬁlled with PMMA gel doped with 100 mM LiClO4 (drop-casting had been performed on both sides of the membrane).
Insets show state of the pore during the I–V scan. Inset on 3f shows I–V measurements of gel-only case and the immersed sample (100 mM
LiClO4/PC).

Fig. 3 Summary of conductivities for 10 independently prepared
single-pore membranes with one-sided and double-sided gel conﬁgurations in three LiClO4 in the solution; conductivities of the same pores
before gel deposition are shown as well. The lack of distinct diﬀerence
between gel and clear samples, or between these two gel conﬁgurations
strongly suggests a high degree of permeability for PMMA gel to multiple levels of concentration when immersed in compatible electrolyte
LiClO4-PC.

tration of the bulk electrolyte (Fig. 2), suggests the PMMA gel
is highly permeable to the liquid electrolyte.
Additional evidence of PMMA aﬀecting ion transport was
observed in one-sided drop-cast samples as ion current rectifi-

This journal is © The Royal Society of Chemistry 2017

cation (Fig. 2b and Fig. S4†). The rectification direction
observed is consistent with the gel acting as an ion selective
porous39 medium with eﬀective positive surface charges in the
PMMA gel voids and on the pore walls. Higher currents in our
electrode configuration correspond to anions moving from the
gel side to the open pore entrance (not covered with gel). The
presence of positive charges was previously suggested by our
experiments with conical nanopores utilizing LiClO4/PC and
LiClO4/PMMA gels;13,31 the excess charge could originate from
adsorption of lithium ions as well as propylene carbonate
molecules, whose high dipole moment can impart eﬀective
charge.40,41 The system rectifies, because the part of the pore
filled with the gel is anion selective; the remaining part of the
pore, even though containing charges on the walls, has too
large diameter to cause a significant modulation of ionic concentrations thus it can be considered neutral. A pore subjected
to a one-sided gel cast could be therefore considered similar to
a system of a unipolar ionic diode,42–44 which contains a junction between a zone filled with one type of ions, and a zone
that is filled with bulk solution.
Note that the highest degrees of rectification were
recorded at intermediate concentrations of salt in the liquid
electrolyte; this finding is in agreement with earlier observations and modeling of ionic transport through unipolar
diodes and conically shaped pores with finite surface
charges.18–20,25,26,45–47 As mentioned above, the side with the
gel deposited could be considered equivalent to a charged
zone of a unipolar diode. Ion current rectification occurs due
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to voltage modulations of ionic concentrations. For the
voltage polarity, which sources counterions from the charged/
ion selective side (side with the gel), concentrations of both
counterions and co-ions increase above the bulk; for the
opposite voltage polarity, a depletion zone is formed, leading
to lower currents.45,47 In low salt concentrations, an overlap
of the electrical double-layer makes the channel filled primarily with counterions and hinders the extent of the voltageinduced modulations of ionic concentrations. For high salt
concentrations, such as 1 M, the charges are screened and
the pore is filled with the bulk solution independently of the
applied voltage.
Thus, the rectifying I–V curves of pores with PMMA also
support our hypothesis that, while the PMMA gel is permeable
to the liquid electrolyte, its porosity39 and eﬀective surface13,31
charge can still have an impact on the ionic current if the
ionic strength of the electrolyte fails to screen surface charges.
Note that the ion current rectification observed in pores
that were only partially filled with PMMA, is reminiscent of a
previously reported rectifying system of the same type of
cylindrical pores containing a porous MnO2 rod.48 The rod
contained negative surface charges due to the presence of

Nanoscale

hydroxyl groups, and the rectification properties were modulated by intercalated lithium ions.49
Further tests were conducted to determine if exposing
pores with PMMA gel to a liquid electrolyte only from one side
is suﬃcient to observe an enhanced ionic transport. The schematic in Fig. 4a illustrates how this would be accomplished for
a one-sided gel deposition: one electrode was secured in the
gel-cast side, while the open end was exposed to a reservoir of
LiClO4 electrolyte with the electrode freely suspended in the
liquid. For a gel sample subjected to gel casting on both sides,
the only diﬀerence would be the pore being completely filled
with gel and one side being exposed to liquid electrolyte
(Fig. 4b). This set of tests will be referred to as a Gel–LiquidInterface (GLI) experiment, and the results are shown in
Fig. 4c–h. We found that conductance of nanopore membranes
subjected to a one-sided gel drop-cast is less sensitive to the
salt concentration in the liquid electrolyte, and lower than
when the pores were exposed to liquid electrolyte on both
sides. A similar qualitative conclusion can be drawn from the
data recorded for samples subjected to the gel drop-cast on
both sides, with exception that in this case rectification of ion
currents was observed.

Fig. 4 (a, b) Schematics of an experiment, called GLI, in which one side of the membrane was exposed to solution. Two electrodes were used in
the measurements: one was embedded in the gel, the other one was located in the liquid. (c–e) Results for a cylindrical pore with an opening of
1060 nm in diameter subjected to gel deposition on one side; (c) recordings before depositing the gel; (d) measurements in the GLI mode, and
(e) data obtained when both sides of the pore were placed in contact with a liquid electrolyte. (f–h) recordings performed with a 440 nm in diameter
pore ﬁlled with PMMA gel doped with 100 mM LiClO4. Additional set of data with independently prepared pores is shown in Fig. S5.†
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Another diﬀerence between the one-side and double-sided
casted membranes considers the magnitude of current
decrease in the GLI mode when compared to an empty pore.
In the former case, at 1 M LiClO4 the current dropped from
∼60 nA for the open pore to ∼30 nA after gel casting. For a
pore entirely filled with the gel, the current in the GLI mode
dropped ten-fold compared to the value before gel deposition. We believe that once a pore is filled with PMMA, even
with only one electrode placed in the gel, the system conductance becomes limited by the conductivity of the gel, which is
lower than the conductivity of the liquid electrolyte. It is also
possible that the liquid electrolyte at the GLI mode does not
have access to the whole volume of the PMMA in the pore,
which would explain why the conductance of the system in
Fig. 4a is higher than the conductance of the system in
Fig. 4b.
The lower magnitude of ionic conductivity of the PMMA
based gel electrolyte as well as the possibility of an incomplete
infiltration of the liquid electrolyte into the gel would also
explain the eﬀect of ion current rectification seen with pores
filled with the gel. It is because, when the membrane is in
contact with liquid on one side only, at opposite voltage
polarities ions are sourced from media of diﬀerent conductivities. The eﬀect is similar to the previously reported finding
of ion current rectification induced in geometrically symmetric
silica nanochannels placed in contact with a salt gradient in
aqueous conditions.50 The key requirement for the silica
channel and our systems is the presence of surface charges
and nano-confinement, which make the pores at least partly
ion selective. For one voltage polarity, the majority carriers are
sourced from the side of the pore in contact with a medium of
lower conductivity i.e. lower salt concentration in the silica
channel system,50 and gel electrolyte in our case. For the opposite voltage polarity, majority carriers are sourced from the
opposite side of the membrane in contact with a medium of
higher conductivity. The eﬀect of ion current rectification
observed in pores filled with PMMA gel provides yet more evidence that the gel contains interconnected voids with excess
positive surface charges.
Experiments with single conical pores and 30% (by wt)
PMMA gel
Experiments with cylindrical pores allowed us to verify that
PMMA gel is permeable to ions from the interfacing liquid
electrolyte and carries net positive surface charge. A conical
geometry of pores oﬀers an easy access to nanoscale, and
enables one to probe eﬀects the gel exerts on ion transport
when placed on the narrow and/or wide opening.51 For conical
nanopores, stable ion current signals were observed after
increasing the weight percent of PMMA to 30%. As demonstrated before, this PMMA concentration allowed full infiltration of the gel into the pore, so that the whole volume of
conical nanopores was filled with the gel.31 As with cylindrically shaped pores, experiments with one-sided and doublesided gel casting were performed, using doped and blank
PMMA gels.
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In our previous study we reported that conical nanopores
filled with gel and studied as an ionics solid system without
liquid electrolyte, function as an ionic rectifier.31 In addition,
as shown in Fig. S1,† an as prepared nanopore filled with
liquid PC based electrolyte rectifies the current as well.13 Thus,
we expected conical nanopores with PMMA gel (drop cast on
one side or two-sides) and in contact with liquid electrolyte
would also rectify however with degree that is modulated by
the gel placement. Previous studies in aqueous KCl solutions
indeed revealed that rectification of conical nanopore membranes was sensitive to the placement of agar hydrogels on
one or two membrane surfaces.51 In contrast to the previous
report, the gel in our samples infiltrated the pores changing
the overall nanostructure of the system, and we operate in
entirely non-aqueous conditions. Fig. 5 shows representative
samples of conically shaped nanopores after drop cast on the
tip (and base) side only, as well as a nanopore filled with the
gel entirely. The PMMA used was doped with 100 mM LiClO4,
and all samples were placed in contact with liquid electrolyte
on both sides. Comparison with conductance of the clear pore,
i.e. before gel deposition, is also shown.
All conical nanopores examined exhibited the eﬀect of ion
current rectification with the currents for positive voltages
higher than currents for negative voltages. This observation is
in agreement with the existence of eﬀective positive surface
charges in the gel, as evidenced by our earlier experiments,31
measurements with cylindrical pores shown in the previous
section, as well as literature data.52,53 The enhancement of
ionic concentrations in the pore and an ‘on’ state of the
system occurred when anions were sourced from the tip side
( positive voltages); a depletion zone was formed for the opposite voltage polarity, which sourced the anions from the base
side. The highest degrees of rectification were observed for
pores subjected to drop-casting of the gel only on the tip side
of the pore, similar to the observations with the agar hydrogel
system.51 The gel on the tip side could lead to eﬀective diminishing of the pore opening diameter as well as an increase of
local surface charge densities; both these eﬀects would lead to
ion current rectification.18,19,21,45,47
Note that we observed significant diﬀerences in the rectification degrees exhibited by various pores before gel deposition,
even for pores with similar tip diameters but diﬀerent base
openings (Fig. 5a and g). This variability in rectification of independently prepared nanopores is an accordance with earlier
reports showing that ion current rectification on nanoscale is
very sensitive to diﬀerences in pore geometry, eﬀective length,
and possible inhomogeinities in local surface charge.18,46,54–57
Even though the as prepared pores exhibited very diﬀerent rectification degrees, filling them entirely or partly with the gel led
to qualitatively reproducible changes in current–voltage curves.
As an example, the pore shown in Fig. 5a exhibited the highest
rectification before the gel deposition; after placing the gel on
the base side, the rectification became the lowest out of the
three pores shown in Fig. 5b, e and h.
The dependence of rectification on salt concentration for
conically shaped pores with the gel is more complex than what
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Fig. 5 (a, b) Recordings with a single conical nanopore with opening diameters of 440 nm (base) and 55 nm (tip) subjected to gel drop-casting on
the base side; the gel was doped with 100 mM LiClO4. (d, e) Results from a pore with dimensions of 808 nm (base) and 18 nm (tip) subjected to onesided casting of blank (undoped) gel. (g, h) Measurements for a pore with dimensions 354 nm (base) and 44 nm (tip) ﬁlled with doped gel (100 mM
LiClO4). (c, f, i) Rectiﬁcation degrees calculated as a ratio of currents at +2 V and −2 V for pores before and gel deposition in each case. Another set
of data obtained with independently prepared pores in shown in Fig. S6.†

was observed for cylindrical pores (Fig. 2 and Fig. S4†). Some
pores exhibited the highest rectification degrees for intermediate concentrations (Fig. 5c and S6i†), while for others, rectification degree would decrease monotonically with the increase of
salt concentration (Fig. 5f, 6f and S6c†). We do not have yet
explanation for the results. We hypothesize that the diﬀerences
in transport properties might arise from possible diﬀerences
in the local structure of the gel, which are expected to influence transport properties at the nanoscale to a larger degree
than at the mesoscale. The gel structure and charge characteristics can also be dependent on the salt concentration.
In terms of system conductance for an immersed sample
before and after gel deposition, a large number of samples
(n = 8) for one-sided pores and (n = 15) double-sided pores
exhibited a reduced conductivity. Because of the rectification
in samples, quantitative tracking of conductance shall be left
to ESI (Fig. S8†).
We also performed GLI experiments in conical pores in the
following configurations: (i) one-sided gel drop cast on the tip
side, and (ii) pores filled with the gel in which the tip or base
side was exposed to liquid electrolyte. Fig. 6 details the find-
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ings and compares the GLI experiment to the immersed case
and tracks rectification.
The GLI experimental results follow the pattern shown in
cylindrical pores as they all exhibit lower system conductance
as compared to the immersed condition. This GLI experimental set-up also allowed us to probe the interplay of the two
mechanisms for ion current rectification originating from
(i) geometrical asymmetry of a nanopore with excess surface
charges,18–26 and (ii) asymmetry in medium conductivities on
both sides of the membrane.50
Let’s first analyze the results obtained in the GLI mode
with conical nanopores that were entirely filled with the gel.
These experiments (Fig. 6d–f ) suggest that the rectification
properties of this system are dominated by the structural asymmetry of the pore. The dominant role of the conical shape is
especially evident in recordings in which the base side of the
pore was in contact with liquid electrolyte, and the other electrode was placed directly in the gel on the tip side (Fig. 6d). In
our electrode configuration, for positive voltages the majority
carriers – anions – are sourced from the tip side, thus from a
medium with lower conductivity, and yet, positive currents are
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Fig. 6 (a, b) Recordings with a single conical nanopore with opening diameters of 515 nm (base) and 16 nm (tip); this pore was subjected to onesided drop cast of PMMA gel doped with 100 mM LiClO4. (d, e) Measurements from another conical nanopore (1080 nm (base) and 18 nm (tip)),
ﬁlled with PMMA gel. The base side was initially exposed to liquid electrolyte for the GLI test. Another set of data obtained with independently prepared pores in shown in Fig. S7.†

higher than negative currents. Thus the conical geometry
imparts the opposite asymmetry of ionic transport: a higher
current is observed when ions are sourced from the gel.
Conical nanopores subjected to one-sided gel deposition on
the tip side exhibit a more complex rectification behavior. At
lower concentrations of LiClO4, these pores feature a nearly
ohmic behavior (currents at −2 V and +2 V in Fig. 6a are nearly
the same) that is reminiscent of a linear character of current–
voltage curves of cylindrical pores subjected to a single-sided
gel casting and examined in the GLI mode (Fig. 4d).
Surprisingly, however, significant rectification properties
emerged at high salt concentrations of 500 mM and 1 M; this
rectification has the same direction as exhibited by the entirely
filled pores studied in the GLI mode (Fig. 6d) and when placed
in contact with a liquid electrolyte on both sides (Fig. 5h
and 6e). We do not have yet an explanation for the results. One
possible mechanism behind the emergence of rectification
properties at high salt concentrations could be a possibility of
lithium ions adsorption into the gel structure,52 causing a
higher eﬀective positive surface charge of the gel at higher
lithium concentrations. Enhancement of rectification in
high salt concentrations in the GLI mode was also observed
with one conical pore subjected to double-sided gel casting
(Fig. S7d†).
In order to understand diﬀerences in rectification properties of conical nanopores subjected to one-sided and
double-sided gel casting in the GLI mode, we hypothesize that
the current–voltage character might be influenced by the
location of the gel/liquid interface51,58 (Fig. 7). If the interphase between liquid and the gel occurs inside the pore, the

This journal is © The Royal Society of Chemistry 2017

zone of the pore with gel will be shorter than the length of the
whole conical pore. This shorter gel zone is placed in contact
with a conductivity gradient, higher (lower) on the liquid (gel)
side. Rectification of conical pores is known to decrease with
the decrease of pore length,56 thus with a partial gel infiltration, the influence of the geometry-induced rectification can
be expected to be less dominant compared to a pore entirely
filled with the gel.
In order to illustrate the interplay of the two mechanisms,
geometric26 and asymmetric conductivity,50 the system of a
single nanopore in contact with two media that diﬀer in conductivity was subjected to numerical modeling based on the
Poisson–Nernst–Planck equations.47,59 Details of the model
together with boundary conditions are given in ref. 31. Lint is
the length of the pore infiltrated with the gel (Fig. 7a and b);
this parameter was changed from 0 to 12 μm. Due to axial symmetry of the system, 1D model along the pore axis, z, was considered. Presence of gel in the part of conical nanopore filled
with PMMA was captured via introduction of space charges,
ρ(z), added to the Poisson equation, as reported before:31


zi eCi
Ji ¼ Di ∇Ci þ
∇φ
kB T

ð1aÞ

∇  Ji ¼ 0

ð1bÞ

ε0 εΔφ ¼ ½eðCþ  C Þ þ ρðzÞ

ð1cÞ

where Ji is a flux due to one type of ions, characterized by
diﬀusion coeﬃcient, Di, ε0 is vacuum permittivity, and ε is
dielectric constant of the medium assumed to be equal to 64.
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Fig. 7 (a) Scheme of a nanopore system subjected to numerical modeling. The pore considered had opening diameters of 25 nm and 500 nm; the
pore length was 12 μm. (b) Modeled I–V curves for four diﬀerent values of Lint.

As modeled in our earlier publication,31 the following axial
dependence of the space charge was assumed:
ρðzÞ ¼ ρ0

dLint
Dint z þ dLint

ð2Þ

where ρ0 is the concentration of space charge at the tip, and
d and Dint are the diameters of the tip and the diameter at the
location of the gel/liquid interface (Fig. 7a), respectively. ρ0 was
taken equal to 107 C m−3 which corresponds to charge concentration of ∼0.1 M. The base side of the pore was in contact
with a liquid salt solutions of 0.1 M. In order to distinguish
the gel and liquid bulk, diﬀusion coeﬃcients of Li+ and ClO4−
ions diﬀered by a factor of 10.
Fig. 7a shows how the rectification factor calculated as
I(+1 V)/I(−1 V) depends on Lint. The modeling confirmed that
as in the case of a conical pore in contact with liquid and containing two zones with diﬀerent surface characteristics,18,42–44
rectification is the strongest for a Lint below 500 nm.60 Note,
however, that the modeling predicted a dominant role of the
geometric asymmetry over the mobility diﬀerences in the gel
and liquid electrolyte, so that even for very short infiltration
lengths, Lint, the rectification with higher positive currents was
observed. The nearly linear I–V curve observed in our experiments (Fig. 6a) suggests that the gel placed on the tip side
infiltrated the pore at the depth of at least a micrometer.

Conclusions
Experiments with meso and nanopores containing PMMA gel
revealed that ionic conductivity of the gel became dominated
by the salt concentration in the liquid bulk solutions in
contact with the pores. Even a pore filled with an undoped gel
placed in contact with liquid salt solution on both sides
exhibited conductances comparable to these in a control
experiment of the same pore performed before gel infiltration.
The eﬀect of the gel on ionic transport was clearly observed via
ion current rectification consistent with a model of a porous
structure of the gel39 with eﬀective positive charges.
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One of the most important contributions of this manuscript is reporting measurements of ion current through such
hybrid gel/liquid electrolyte system at the meso- and nanoscales. Our previous manuscript dealt with the pores behavior
without any liquid electrolyte,31 but it is indeed possible that
some applications of the gel electrolyte in energy-storage
devices will require an interface with liquid. The systems presented in this manuscript also provide a unique platform to
investigate diﬀerent mechanisms of ion current rectification.
Breaking symmetry of electrochemical potential has been previously shown via surface charge patterns,18,42–44 asymmetry in
ionic concentrations/ionic conductivity in nanoscale channels,50 and in conically shaped pores with finite surface
charges.18,19–26 The interplay between the conductivity and
geometric asymmetries could be observed when the samples
were examined in the GLI mode i.e. when one electrode was
placed in the liquid electrolytes, and the other one was
inserted directly into the gel.
Table 1 summarizes all pore geometries considered with
single or double-sided gel casting that allowed us to consider
contribution of conductivity or/and geometrical asymmetry to
the rectification. (case 1) A cylindrical pore partly filled with
the gel could be understood using similar physical concepts as
done in ionic unipolar diodes.18,42–44 (cases 2, 3) A cylindrical
pore studied in the GLI mode rectifies due to the asymmetry of
conductivity of the two media placed on both sides of the
membrane;50 higher currents were observed if the majority carriers were sourced from the higher conductivity – liquid electrolyte. The experiments with cylindrical pores subjected to
single and double-sided gel casting point to the influence of
the length of the pore containing gel on the pore transport
properties. Only pores entirely filled with the gel were found to
rectify the current. (case 4) Conical nanopores filled with the
gel and placed in contact with liquid electrolyte provide a
model of a system, which rectifies due to the pore geometrical
asymmetry; larger currents occur when the anions are sourced
from the tip side. (cases 5, 6) A conical nanopore filled with
gel and studied in the GLI mode such that the liquid electrolyte is placed only on the base side allows us to study how the
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Table 1 Summary of experimental cases considered with cylindrical and conical pores subjected to gel casting. A larger arrow in each case indicates direction of the ﬂow of anions for voltage polarity for which higher current values were recorded. Example I–V curves recorded for each case
are shown as well

Experimental setup

I–V curves recorded
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1. Asymmetry in ionic concentrations in the pore is analogous to the system
of ionic unipolar diodes.42–44 The part of the pore with the gel is filled
predominantly with anions, the remaining part of the pore is filled with
the bulk solution. I–V curve from Fig. 2b is shown.

2. The system exhibits conductivity asymmetry only,50 so that lower currents
are observed when counterions are sourced from the gel side that is not
exposed to the liquid electrolyte. I–V curve from Fig. 4d is shown.

3. Asymmetry in conductivity is superimposed on the asymmetry in ionic
concentrations as shown in case (1). These two eﬀects act against each
other. I–V curve from Fig. 4g is shown.

4. Geometrical asymmetry together with charges on the pore walls and in
the gel lead to rectification. Higher currents are observed when counterions
are sourced from the tip side. Data from the pore shown in Fig. 6e is
shown.

5. Combined geometrical and conductivity asymmetries acting against each
lead to rectification if the pore is entirely filled with the gel. The asymmetry
stemming from the pore geometry and presence of charges dominates.
Data from the pore shown in Fig. 6d is shown.

6. Combined geometrical and conductivity asymmetries acting against each
other produce a linear current–voltage curve. Data from the pore shown in
Fig. 6a is shown.

This journal is © The Royal Society of Chemistry 2017
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asymmetry induced by the geometry is counteracted by the
conductivity asymmetry. Again, the pore has to be filled with
the gel entirely to lead to a significant ion current rectification
to occur.
Our results indicate that some mechanisms of ionic transport identified in aqueous conditions could be applied to
understand, at least qualitatively, transport properties in nonaqueous electrolytes. Some observations, however, including
emergence of rectification at high salt concentrations, could
not be explained using models applied to aqueous solutions.
Our results also point to the various mechanisms that lead to
preparation of rectifying systems in organic and solid
electrolytes.
The manuscript contributes to the understanding of ionic
transport in non-aqueous PMMA-based electrolytes, an area of
research, which has so far been underexplored. Non-aqueous
based electrolytes at the meso- and nanoscale are however
important for energy-storage systems as well as possibility of
performing separations of organic molecules, among other
applications. The manuscript shows complexity of such electrolytes, which change when in contact with liquid electrolytes.
Future areas of research will include other gel and solid state
electrolytes at nano- and mesoconfinement.
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