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Lithium ion battery technology has flourished since its introduction into the 

consumer market.  Not only has it helped revolutionize consumer electronics, it also 

compliments R&D into clean forms of energy harvest e.g. solar, wind, and hydro-electric.  As 

demand for the technology grows, innovative approaches have been taken to improve 

capacity, output, and lifetime in Li-ion batteries.  The approach studied in this research 

involves the inclusion of nanostructures, which have the potential to significantly increase 

capacity.  While several techniques to fabricate nanostructures are understood, underlying 

phenomena governing ion transport in and around these nanostructures is only partially 

understood, which could directly impact design principles for such devices. 

This thesis examines a variety of model systems which could serve to simulate 

environments found in proposed devices and answer questions regarding ion transport 

phenomena.  The main components we studied from such battery systems were electrolyte 

and cathode materials.  The electrolyte experiences different ion transport phenomena 

arising from the nanoconfinement of the cathode structures both around and inside the 

electrode material.  Thus, having model systems to examine electrolyte and cathode material 
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separately and in tandem is useful for elucidating phenomena without the challenge of 

deconvolution resulting from other current-carrying mechanisms. 

Our main tools for carrying out our research were synthetic nanopores.  The 

nanopore structures afforded means to access nanoscale, control environment, and even 

fabricate components for study.  By studying the current-voltage curves in these systems, we 

were able to draw meaningful conclusions about mechanisms of ion transport in these model 

systems.  The main findings of this research include the inducement of positive surface 

charge on nanopore structures by organic solvent-based electrolytes by means of dipole 

and/or ion adsorption, positive evidence of gel electrolyte fitting current models of ion 

current rectification, and the impact of oxidation state and cycling in cathode material on ion 

transport through its porous media.  Each of these findings is directly related to the thrust of 

the research and potentially provide insights for future battery design. 
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Introduction 

 The application of nanotechnology to the field of energy storage is a relatively recent 

development. A key result by Lee and Goodenough in 1999 showed that powders composed 

of nanoscale MnO2 particles in 2 M KCl solution demonstrated sizeable capacitance, (~200 

F/g) on the order of the best supercapacitors (carbon black) available at the time [1]. With 

the commercialization of the lithium-ion battery only eight years earlier [2], energy storage 

technologies were poised to make another leap forward. A variety of nanofabrication and 

assembly techniques have been developed since the time of the initial discovery and many 

have been utilized in creating model nanostructure architectures for battery cathodes [3-5]. 

Many designs have focused on densely packed structures, making use of conductive 

additives and scaffolding to boost electrical conductivity and, consequently, power density 

[6]. Materials with high degrees of porosity at the nanoscale, such as MnO2, have also been 

favored to allow access of ions from electrolyte solution to cathodes. While such 

nanostructured materials have been exhaustively studied and characterized in terms of their 

electrochemical performance [7-8], an important feature of these structures still remaining 

for study is ion transport. Factors such as surface charge [9], confinement, ionic conductivity 

[8], and electronic conductivity [10] could influence device performance. 

 Synthetic nanopores offer a means to study ion transport phenomena in a controlled 

environment [11-15]. Their basic construction, a nanometer-scale hole embedded in a 

membrane from one atomic-layer in thickness to several microns, [16-37] offers means to 

study ionic current and other transport phenomena without the challenge of deconvoluting 

different contributing mechanisms as is generally the case for Electrochemical Impedance 

Spectroscopy [38]. Synthetic nanopores draw their inspiration from biological channels 
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found in cells, which are responsible for a wide variety of life-essential functions including, 

most notably, nerve signaling [39, 40]. Because of this, other applications of nanopores, 

aimed at biomimetic functions and sensing, have been pioneered [15, 41, 42]. Another 

analogous system for nanopores to mimic is that of electronic circuits, as ionic circuitry 

equivalents such as pn- junctions [43-45], pnp- and npn- transistors [46, 47], as well as diode 

and transistor-based logic circuits have been developed [48-50]. An important phenomenon 

that enabled the development of these technologies is ion current rectification. For 

nanopores, this most commonly occurs by means of asymmetry in a pore’s geometry e.g., the 

case of conically-shaped nanopores, and the presence of surface charges [15, 20, 23-28, 51, 

52]. In such an arrangement, the ionic concentrations become voltage-dependent; for one 

voltage polarity, concentration of both types of ions in solution exceed bulk concentrations, 

while a depletion zone is formed at the opposite polarity [53-56]. 

However, the large majority of nanopore systems have focused on biomimetic, or 

aqueous electrolytes, which generally include inorganic salts. This is reasonable since water-

based electrolytes are well understood in terms of their solution chemistry and 

electrochemistry [11,12]. But for battery systems, aqueous electrolytes can only serve as an 

initial model for behavior as most electrolytes utilized in real applications are based on 

organic solvents [57-59], gel [60, 61], or even conductive solids e.g. LiPON or LiPO4 [62]. 

These electrolytes have not been submitted to the same level of rigorous study in nanopores 

as aqueous electrolytes, with a few exceptions [63]. Thus, their behaviors in nanoconfined 

environments, such as those found in recently studied nanofabricated battery cathodes, is 

relatively unknown. Experiments aimed at elucidating ion transport behavior in cathode 

materials as well as for both organic and solid electrolytes in nanoconfinement form the 
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basis of this thesis [64-66], which seeks to demonstrate that many phenomena observed in 

well-studied aqueous systems translate to organic and solid electrolyte systems under 

similar conditions. 
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Chapter 1: The Effect of Surface Dipoles and Aprotic Solvents on 

Nanopore Rectification 

 Synthetic nanopore systems offer many technological benefits, such as the 

improvement of sensing techniques, development of nanofluidic devices, and fabrication of 

ionic circuits [41, 67]. As an experimental platform, nanopores play a major role in the design 

of model systems. Some biomimetic systems nanopores have been used for include voltage 

and pH sensitive gating as well as other selective transport behaviors and sensing 

applications [15, 41, 42]. A key advantage afforded by certain nanopore systems, i.e. conically 

shaped nanopores and glass nanopipettes, is access to the sub-100nm scale length, which is 

advantageous in many of these techniques [15, 20]. However, most of these systems operate 

in electrolyte conditions composed of aqueous salt solution, a direct link to biological 

systems. Additionally, multiple efforts have been made to gather modeling and experimental 

data for predicting and explaining transport phenomena in aqueous solutions [11, 12]. Some 

studies have explored exceptions, such as ionic liquids and organic solvent/electrolyte 

systems [68, 69], which have exhibited phenomena deviating from the norm. 

 Among these phenomena, one of the most interesting effects observed with 

nanopores is the peculiar behavior of ionic current rectification. As was described in the 

introduction, this rectification can be caused by the asymmetry of the pore’s geometry, e.g. 

the case of conically shaped nanopores, and the presence of surface charges [15, 20, 23-28, 

51, 52]. Ionic concentrations in an asymmetric and charged nanopore are voltage-dependent 

[53-56]; for one voltage polarity, concentration of both cations and anions exceed the values 

in the bulk, while for the opposite voltage polarity a depletion zone is created (Figure 1.1). 
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a)  

b)                     c)  

Figure 1.1 An illustration of the concept of nanopore rectification, reproduced from 
Powell et al (Phys. Rev. Lett. 2009) [133]. (a) Modeling captures the principle of 
voltage dependent ionic saturation and depletion. The parameters for the model are 
500nm base, 5nm tip with a surface charge, σ, -0.5e/nm2 (b-c) provide a functional 
undestanding of the principle. (b) A simple schematic of a conically-shaped nanopore. 
The length scale of most conically shaped pores in polymer materials is between 400-
1000nm at the base and 10nm-50nm at the tip. (c) Data from a polyethylene 
terephthalate (PET) pore with a base of 426nm and a tip of 15nm in 1 M KCl with pH 
8. Rectification is clear; negative voltage is favored over postive voltage, which is 
consistent with negative surface charge. This is expected for PET, which features 
deprotonated carboxyl groups at pH 8 after being chemically etched with NaOH. 

 

This effect has been confirmed for nanopores in a variety of materials that possess similar 

geometry and surface charge characteristics. Ion current rectification has also been observed 

in geometrically symmetric nanopores with patterned surface charges such that there was a 

junction between two zones with positive and negative surface charges [43-45, 70-73]. A 

report has also been published showing rectification of currents carried by large organic ions 

in glass pipettes, and proposed that surface adsorbed electrolyte ions can cause effective 
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charge inversion [74]. In most cases, the sub-100nm length scale is necessary to induce this 

effect to a measurable extent, which is most easily achieved in the conically-shaped pores 

and nanopipettes. 

Additionally, the sub-100nm length scale of conically shaped pores offers another 

opportunity for nanopores to serve as model systems for ion transport, specifically in 

nanostructured battery components [9, 64]. Recently, discoveries have been made in the 

field of electrical energy storage, which utilize model nanostructures and architectures to 

increase energy storage and power density in lithium ion battery technology [1]. This has 

generated new interest and efforts toward understanding the transport properties of lithium 

at the nanoscale, leading to new experiments with nanopores in order to address these 

queries [75]. One reported series of experiments with conical nanopores in polyethylene 

terephthalate (PET) showed that this rectification behavior was dependent on the cation 

used to probe the pore.  This was linked to the cation’s likelihood to ‘dwell’ near the charged 

surface of the pore wall, causing modulation of the effective surface charge. As revealed by 

the molecular dynamics simulations, a larger number of lithium ions stayed adsorbed close 

to the surface compared to sodium and potassium ions, leading to lowest rectification in 

lithium chloride. Recent work has also been done on how standard electrolyte (aq. KCl) 

transports through nano-fabricated battery materials, (manganese oxide), revealing this 

cathode material is porous in nature and possesses nano-voids with excess surface charge 

[9].  However, these experiments were conducted in aqueous solutions, which are not ideal 

or representative of lithium ion battery technology, which rely on the use of organic solvents 

to resist electrode degradation and improve capacity retention and cycle life [57-59]. 



7 

 

In this chapter, we propose a method utilizing conical nanopores in polycarbonate 

[27] films, polyethylene terephthalate [23] films, and glass nanopipettes [20,21] to compare 

the behavior between aqueous solutions and solutions utilizing propylene carbonate (PC), 

an organic solvent commonly used in lithium ion battery studies [57]. The intent is to 

examine the effect of nanoconstrictions on lithium transport in a solvent environment 

similar to that used in traditional battery experiments. We also seek to examine the effect of 

solvent on ion transport properties, which has heretofore not been closely studied, utilizing 

glass nanopipettes in experiments to widen the scope of examined organic solvents. From 

these data, we postulate a new mechanism of ion current rectification via finite dipole 

moment on pore walls [77], originating from solvent adsorption. 

 

Section 1.1 – Nanopore Fabrication and Characterization 

 Polymer pores used in this study and others appearing in this work were prepared 

using the track-etching technique [28]. The films were irradiated with single U ions 

accelerated to 11.4 MeV/u at the UNILAC linear accelerator of the GSI Helmholtzzentrum fur 

Schwerionenforschung in Darmstadt, Germany [77]. This procedure has been shown to 

create damage tracks in the polymer, regions where the chemical bonds have been broken 

or weakened by the passage of the heavy ion. Such damage tracks have been visualized with 

a staining agent, RuO2, and measured using electron microscopy to be about 5-10nm in 

diameter [78]. These damage tracks are further weakened by exposure to UV light [79, 80], 

which serves to agitate the weakened chemical bonds in the damage track. 

 The films are then subjected to wet chemical etching, which can be controlled based 

on the bulk etch rate of the material, ebulk. Because of the weakened and broken chemical 
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bonds in the damage track, the track has a different and faster etch rate, etrack, than that of 

the bulk. This allows us to control the nanopore shape based on etching conditions [24, 27]. 

For fabricating a cylindrical pore, which will be used later in this thesis, the pore is immersed 

in etchant at a heightened temperature (e.g. 50-70oC). These etching conditions cause the 

etrack >> ebulk (~1 μm/min vs. 10nm/min), which result in a nearly cylindrical pore. We must 

acknowledge, however, that smoothness of cylindrical pores depends on the material and 

pore diameter. Studies have shown that pores etched in semi-crystalline polymers such as 

polyethylene terephthalate (PET) demonstrate striking undulations along the axis of the 

pore [81], whereas pores in more amorphous polymers like polycarbonate are smooth [82]. 

Conical pores are etched using asymmetric etching conditions [27]. Films are loaded 

into a custom-made conductivity cell and exposed to etchant on one side only and a stopping 

solution on the other, and monitored with a voltage to identify membrane breakthrough. 

This causes asymmetric etching of the pore and produces a conical shape as has been 

previously reported. For etching in PET pores, a standard solution of 9 M NaOH was used 

and has been measured to have a bulk etch rate of 2.14 nm/min in PET [24]. For 

polycarbonate pores, the etchant used was 8 M KOH with a solvent composition 80/20 H2O 

and ethanol (v/v). This was done in compliance with a publication by Fujimoto et al. [83] 

that established the chemical bulk etching rate for two standard polycarbonate membranes, 

1.69 and 1.78μm/h for Lupilon and Makrofol foils respectively. Since our polycarbonate 

membranes are custom-produced, we estimated our chemical bulk etch rate to be an average 

of the two rates reported, yielding ~1.74μm/h, or ~30nm/min. These etch rates were used 

in calculating base and tip size for our conical nanopores. 
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a)         b)          c)  

Figure 1.2 Cartoon of the etch process for both cylindrical and conical pores. (a) A 
damage track is made through a membrane. (b-c) Etching processes for a cylindrical 
pore and conical pore. In the cylindrical pore fabrication (b), the damage track etches 
through very rapidly by comparison to the bulk, allowing an even etching of the entire 
pore, which gradually widens.  In the conical pore case (c), the track etch rate is 
slowed to the point where the bulk etching of the inner membrane can occur at a more 
comparable pace, which results in the conical shape over time. 
 

 
 Our glass nanopipettes were fabricated from quartz capillaries (Sutter Instruments, 

Novato, CA) with 1mm outer diameter and 0.7 mm inner diameter. Two pipettes were 

produced by pulling a single capillary using a P-2000 CO2-laser pipet puller (Sutter 

Instruments, Novato, CA). The puller program parameters used were: heat – 690; filament – 

3; velocity – 45; delay – 165; pull – 190. These parameters produced nanopipettes with tip 

size around 35nm, which were characterized by scanning transmission electron microscopy 

(FE-SEM, FEI Quanta-FEG, Hillsboro, OR). 

 To characterize the polymer pores, linear portions of current-voltage curves are used 

to calculate pore size based on the system resistance. In a cylindrical pore, the calculation is 

straightforward, working from the standard equation for resistance based on solution 

resistivity (1 M KCl ρ = 0.1 at room temperature) and the pore size, 

 𝑅 =  𝜌
𝐿

𝐴
= 𝜌

4𝐿

𝜋𝑎2    (1.1) 

where a is the opening diameter of the pore (which is calculated) and L is the length of the 

pore (L ~ foil thickness, 10nm for polycarbonate, 12nm for PET).  In a conical pore, the 

system resistance is calculated approximating the pore shape with a truncated cone [24]: 

 𝑅 =  𝜌
𝐿

𝐴
= 𝜌

4𝐿

𝜋𝑎𝑡𝑎𝑏
   (1.2) 
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The large opening, ab, corresponded to the side in contact with the etchant (KOH, NaOH) and 

was estimated based on the respective bulk etch rates, allowing us to calculate tip size, at. 

These calculations are used throughout this work to calculate polymer pore sizes (Fig. 1.3) 

 

Figure 1.3 Sizing scan from a conical nanopore which had been etched for 186 
minutes (by etch rate of 2.14) yielding ab = 397.5nm. When Eqn. (1.2) is applied to 
this data, the calculation results in at = 13nm 

 

Section 1.2 – Aqueous LiClO4 Contrasted with LiClO4 in Propylene Carbonate 

 The initial investigation sought to contrast aqueous salt solutions with propylene 

carbonate (PC) based solutions. Figure 1.3 shows current-voltage curves of a single conically 

shaped polycarbonate nanopore with the narrow opening diameter of 10 nm, and the wide 

opening of 540 nm, recorded in aqueous solutions of three different monovalent salts. As 

expected and shown before in the literature, single conical nanopores in polycarbonate films 

behaved similarly to their polyethylene terephthalate (PET) counterparts [23-25],  in that 

they showed ion current rectification (Fig. 1.4).  
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Figure 1.4 Current-voltage curves and rectification degrees recorded in a single 
polycarbonate nanopore with opening diameter of 10 nm (tip) and 540 nm (base). 
Recordings were made in aqueous solutions of (a) 100 mM KCl, (b) 100 mM LiCl, and 
(c) 100 mM LiClO4. Rectification degree in this figure was calculated as a ratio of 
currents for negative and positive voltages i.e. R = |I-2V|/|I+2V|. 

 

It is because pores in these two polymer materials contain carboxyl groups which, in 

aqueous neutral and basic solutions, render the pores negatively charged. The current 

rectification results from the conical shape and excess surface charge of the pore walls. In 
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aqueous solutions, ion current through single polycarbonate conically shaped nanopores 

examined here showed similar dependence on type of salt as reported before for PET 

nanopores [75]. Namely, magnitude of ion currents and rectification in KCl were consistently 

higher than values observed with LiCl or LiClO4 (Figure 1.4).  Lower rectification in lithium 

salts is attributed to ability of the lithium ions to lower the effective surface charge of 

surfaces covered with carboxyl groups [75]. 

In the propylene carbonate solutions however, a new effect emerged that was 

unexpected. Because propylene carbonate is protophobic in nature [84], carboxyl groups on 

the pore walls cannot deprotonate since the donated protons would not solvate. Without 

deprotonation, the carboxyl groups would not render the pore walls any net charge which, 

as mentioned above, is responsible for the rectification phenomenon observed in conical 

nanopores. Thus, it was hypothesized that the response for the nanopore in these solutions 

would be linear. However in the tested propylene carbonate salt solutions, the conical 

nanopores (n = 50) consistently exhibited rectification in lower concentrations of salts. 

Furthermore, the rectification occurred in the opposite direction from the aqueous solutions 

i.e. with the same electrode configuration, positive currents were higher than negative 

currents. Figure 1.5 shows the effect in LiClO4 solutions over a wide range of concentrations 

in two nanopores, with tip opening diameters of 11 nm (polycarbonate) and 15nm (PET).  

Similar to the experiments in aqueous solutions, there is concentration dependence as well 

as tip size dependence in the response of a pore [15, 54].  As tip size grew larger, the onset 

of this ‘reverse’ rectification occurred in lower concentrations. Note that inverted 

rectification was shown before for polymer pores in aqueous solutions only in cases when 

the pore walls carried excess positive surface charge [15, 44, 48]. 
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Figure 1.5 (a) Current-voltage curves recorded in a range of LiClO4 concentrations in 
propylene carbonate for a single conical polycarbonate nanopore with the tip opening 
of 11nm and the wide opening of 470 nm. (b) Rectification degree calculated as a ratio 
of currents in +3V and -3V. 1.4 (c-d) show similar data for a PET pore with tip opening 
of 15 nm and base opening of 1280nm. 
 

In order to test whether the inverse rectification of current recorded with the simple 

inorganic salt of LiClO4 could be observed in a conically shaped rectifying nanopore system 

other than polymers, we tested the behavior of glass nanopipettes. In aqueous solutions, 

walls of glass pipettes are negatively charged due to deprotonation of silanol groups. Figure 

1.5 shows current-voltage curves recorded in 100 mM LiClO4 and 10 mM LiClO4 propylene 

carbonate solutions. Similar to the recordings in polycarbonate and PET pores (Figure 1.4), 

current-voltage curves recorded in propylene carbonate are inverted compared to 

measurements performed in the water solution [20, 21, 55, 74]. 
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Figure 1.6 Current-voltage curves recorded in (a) 10 mM and (b) 100 mM LiClO4 in 
propylene carbonate through a glass nanopipette with an inner opening of 35 nm. 
 

 
It is important to mention that the inverse current-voltage curves in glass 

nanopipettes were observed before for an organic electrolyte, tetraphenylarsonium 

tetraphenylborate (TPAsTPB) [74], dissolved in a range of organic solvents. Since large 

cations were reported before to adsorb to surfaces [85], it was proposed that adsorption of 

TPAs+ to walls of glass pipettes created an effectively positive surface charge [52], leading 

to this rectifying behavior. Rectification of currents carried by TPAsTPB was reported for 

sub-mM concentrations of the electrolyte, thus in conditions in which formation of ion-pairs 

was suppressed. This study, though exotic in its choice of electrolyte, promotes confidence 

that the effect we observe is not an artifact of recording but a robust physical phenomenon. 

 

Section 1.3 – Possible Mechanisms for Rectification in Propylene Carbonate 

 As stated before, this inverse rectification was outside our initial expectations, which 

proposed linear I-V scans. However, the phenomenon could be explained with the existing 

model for ion current rectification in conical nanopores [24]: instead of a negative surface 

charge, the effective surface charge in our pores must be positive. Two mechanisms were 
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explored as the basis of the rectification observed with the LiClO4/PC solutions. The first one, 

similar to the model presented by Yin et al. [74] and Cruz-Chu et al., [52] considered the 

possibility of lithium ion adsorption to the polymer and glass surfaces, which could lead to 

effectively positive surface charge. The second hypothesis focused on the importance of the 

solvent, namely its adsorption could render the pore walls a finite dipole moment [86, 87]. 

 In order to test these hypotheses, different experiments were conducted, each 

focusing on a separate mechanism. Lithium ions in aqueous solutions were indeed found to 

adsorb to negative charges on the polymer surface, thus we considered whether, in 

propylene carbonate, lithium could show preferential binding to partial negative charge on 

the oxygen of the carboxyl group [75], leading to the formation of effectively positively 

charged pore walls. Experiments were therefore performed in NaClO4 and KCl solution in 

propylene carbonate, because potassium ions were shown not to exhibit the tendency to 

bind to surfaces and sodium ions only bind to a lesser degree [75]. Figure 1.7 compares 

current-voltage curves recorded in 10mM LiClO4, NaClO4, and KCl solutions. This set of 

results demonstrates that the presence of the reverse rectification is not cation or anion 

dependent, although the rectification degree varied for the different salts. 
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Figure 1.7. Current-voltage curves through a single polycarbonate nanopore with 
openings of (a) 10 nm (tip) and 470 nm (base) recorded in 10 mM KCl and 10 mM 
LiClO4 and (b-c) 10 nm (tip) and 700 nm (base) recorded in (b) 10 mM LiClO4 and 10 
mM NaClO4 in propylene carbonate and (c) 100 mM LiClO4 and NaClO4  
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This suggests that the ion current rectification observed in propylene carbonate salt 

solutions does not solely arise from cation adsorption or charge inversion, although 

adsorption of lithium could be responsible for enhanced rectification in the lithium salt. Due 

to limited solubility of KCl in propylene carbonate, studying a range of salt concentration was 

not possible. Similarity between sodium and lithium perchlorate solutions may be explained 

by sodium also having a tendency to bind to polymer surfaces, though experiment and 

modeling predicted this to a significantly lesser degree than lithium [45]. Because sodium 

has excellent solubility in propylene carbonate, 100mM solutions of LiClO4 and NaClO4 were 

also compared (Fig. 1.7c) and NaClO4 was observed to have similar concentration 

dependence trends to LiClO4. 

The other explanation we pursued to explain the effect of ion current rectification in 

propylene carbonate was a possibility that pore walls in this solvent contain a positive dipole 

moment due to adsorption of propylene carbonate molecules to the polymer surface. A 

previous study with TiO2 surfaces in contact with propylene carbonate, revealed that the 

adsorption occurred via the carbonyl oxygen of propylene carbonate, so that the carbon with 

positive partial charge pointed away from the surface [87]. In another set of experiments 

performed with thin films of LiCoO2 in contact with propylene carbonate, two preferential 

configurations for the solvent adsorption were identified [88].  One configuration was 

similar to the one identified for TiO2 surfaces, while in the other, the carbonyl oxygen with 

partial negative charge pointed to the solution. We considered this effect because propylene 

carbonate has a dipole moment of ~5 Debyes, (~2.7 times higher than the dipole moment of 

water), which might be strong enough to exert a significant effect on local ionic 

concentrations in a nanopore environment.  
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As shown in the literature developed for biological membranes, which often feature 

surface dipoles, even without net charge of the membrane, the surface dipoles can cause the 

formation of finite electrical potential in the solution, creating an electrical double layer with 

modified local ionic concentrations [89, 90]. The modeling predicted that a complex surface 

with positive dipole moment and negative surface charge can behave as an effectively 

positive or negative surface depending on the relative dipole and surface charge densities. 

In the limit of low surface potentials, the equation for electric potential, φ, at a distance z 

from a wall containing surface charges of density, σ, and dipole density of, υ, present within 

a layer of thickness, l, has the following form [90]: 

        𝜑(𝑧) =  
4𝜋

𝜀𝑘
[𝜎 cosh(𝑘𝑧) − 𝜈𝑘𝑠𝑖𝑛ℎ(𝑘𝑧)]𝑒−𝑘𝑙 , for 0 < z < 𝑙   (1.3) 

where k is the inverse Debye length and ε stands for the dielectric constant. 

For larger distances, z > l, the electric potential assumes the following form as a 

function of (z – l): 

         𝜑(𝑧 − 𝑙) =  
4𝜋

𝜀𝑘
[𝜎 cosh(𝑘𝑙) − 𝜈𝑘𝑠𝑖𝑛ℎ(𝑘𝑙)]𝑒−𝑘𝑙𝑒−𝑘(𝑧−𝑙)   (1.4) 

So that the effective surface charge of the wall equals to: 

𝜎𝑒𝑓𝑓 =  [𝜎 cosh(𝑘𝑙) + 𝜈𝑘𝑠𝑖𝑛ℎ(𝑘𝑙)]𝑒−𝑘𝑙     (1.5) 

suggesting that the electric potential indeed results from the density of surface charges and 

the density of surface dipoles. Note that in the absence of the polarizable layer, l = 0, or dipole 

moment, υ = 0, σeff converges to the surface charge density, σ (cosh(0) = 1), considered in the 

Poisson-Boltzmann approach without polarizability. 

Eqns. (1.3) – (1.5) also explain the salt concentration dependence of the ion current 

rectification shown in Figure 1.4. As the LiClO4 increases, the electrical double-layer 

thickness, k-1, decreases, diminishing the surface potential, which is responsible for 
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modulations of local ionic concentrations in the pore and ion current rectification. Equation 

(1.5) also predicts that presence of dipoles with positive dipole moment, even with σ = 0, is 

sufficient to render the surface potential positive; possible adsorption of Li+ (in the absence 

of carboxyl group deprotonation) would lead to finite and positive values of σ, increasing 

further the potential’s magnitude. Equation (1.3) also predicts that addition of negative 

surface charges due to deprotonation of carboxyls is expected to reverse the direction of 

rectification to the behavior shown in Figure 1.3. 

This theoretical approach does not consider polarizability of the membrane because 

dipoles induced in the pore material were found to influence ionic current through 

nanopores primarily in cases where the product of the pore opening radius and the inverse 

Debye length, krpore, was small, ~3 [76]. In the systems considered here, e.g. Fig 1.4.a, ion 

current rectification was observed even in 500mM LiClO4, thus with the pore radius of 5nm, 

the product of krpore equals ~12. For the 35nm in diameter glass pipette rectifying in 10 mM 

LiClO4 (Fig. 1.5.a) krpore is ~6. 

These results led us to consider experiments that, not only examine the interplay 

between surface charge and dipoles, but also the effect of dipole strength on rectification 

phenomena in nanopore systems. 

 

Section 1.4 – Probing Possible Dipole Adsorption with I-V Curves and SICM 

 Considering the possibility of re-introducing surface charge by means of 

deprotonating carboxyl groups, experiments were performed to explore this by gradually 

increasing the content of water in a mixed solution with PC. The expectation for these 

experiments was that, as water was re-introduced to the system, the negative surface charge 
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of the deprotonated carboxyl groups would counter and eventually supersede the effective 

positive charge from adsorbed dipoles. This would be signaled by a change in rectification, 

from favoring positive to negative voltages. 
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Figure 1.8 (a) Current-voltage curves recorded in 100mM LiClO4 through a single 
polycarbonate pore with an opening of 60 nm (tip) and 440nm (base). The solutions 
were prepared in propylene carbonate with different levels (% by volume) of water 
content from 0% (dry propylene carbonate) to saturated water. With 5% water 
content the I-V curve was nearly linear marking indicating switching the direction of 
current rectification. (b) Rectification degree calculated based on data shown in (a) 
as I(+3V)/I(-3V). Figures 1.7 (c-d) Similar data and calculations for a pore with 
openings of 50nm (tip) and 410nm (base). While the data has more irregularities, the 
trend is similar: as water content increases, the rectification phenomenon changes 
polarity from favoring positive to negative voltages. 

 

 
Example sets of recordings for two independently prepared nanopores are shown in 

Figure 1.8. The experiments were performed using a standard solution of 100mM LiClO4 in 
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a variety of PC/H2O solutions: dry, 99/1, 97/3, 95/5, 90/10, and saturated. As reported 

before for the organic electrolyte TPAsTPB in glass pipettes [74], water content had a direct 

impact on the rectification in a simple inorganic salt of LiClO4 in polymer nanopores as well. 

For the pore shown in Figure 1.8, there is a threshold with ~5% water content when the 

recorded current-voltage curves are nearly linear. With 10% water content by volume, the 

pore rectifies definitively in the same direction as in an aqueous conditions. 

It is important to note, however, that the inverted rectification in our system is 

present at water levels that are three orders of magnitude higher than in the system of 

TPAsTPB in glass nanopipettes (~1:10 vs. ~1:10,000) [74]. We think that the reported here 

robustness of the inverted rectification with respect to the presence of water is an indirect 

evidence that the rectification is caused by the presence of a high density of dipoles caused 

by the adsorbed solvent. 

Another way to probe for the dipole effect on rectification is altering the dipole 

moment of the solvent. Two organic solvents with lower dipole moments were chosen for 

comparison with PC: acetonitrile (D=3.9) and tetrahydrofuran (D=1.7). Glass pipettes were 

used for these experiments because of their chemical stability in a wide range of chemical 

conditions. Figure 1.9 shows current-voltage curves of two 35 nm pipettes recorded in 10 

mM LiClO4 in acetonitrile (Fig. 1.9b) and tetrahydrofuran (Fig. 1.9c). Notably, the pipettes 

exhibited similar, inverted rectification in the two organic solvents with high dipole moment 

(Figure 1.8a.ii and Figure 1.8b), and ohmic behavior in tetrahydrofuran (Figure 1.8c), 

pointing to the importance of the solvent dipole moment in the properties of ion transport 

through nanopores. 
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Figure 1.9 Current-voltage curves through two ~35 nm in in diameter glass 
nanopipettes recorded in 10 mM LiClO4 in (b) acetonitrile, and (c) tetrahydrofuran. 
1.9 (a) is data previously shown in Figure 1.5 taken in i.) 100mM LiClO4/PC and ii.) 
10mm LiClO4/PC. It is displayed here for comparison with the other solvents. 
 

Equation (1.5) indeed predicts that the effective surface charge density due to the 

presence of dipoles will diminish with the decrease of the dipole moment. Table 1.1 shows 

effective surface charge calculated for a flat surface in contact with 10 mM 1:1 salt in the 

three organic solvents, assuming the solvent molecules are adsorbed at the density of three 
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molecules per nm2 in a configuration in which the atom with partial positive charge faces the 

solution. The polarizable layer, l, was assumed to have a thickness of 2 nm due to the 

presence of surface roughness, and in case of track-etched polymer pores, dangling ends of 

the polymer chains [91]. Thus the layer containing dipoles is expected to be larger than the 

size of surface groups and solvent molecules. This is a simplified picture of our experimental 

system, but it provides a qualitative argument for the possible existence of an effective 

positive charge in solvents with high dipole moment. The calculations also indicate that 

adsorption of positive ions can have a large influence on the electrical properties of surfaces.  

 
 Effective surface charge, σeff, calculated from eq. (3), C/m2 

Surface charge, σ, 
due to Li+ 
adsorption, C/m2 

Propylene carbonate 

(D=4.9) 

Acetonitrile  

(D=3.9)  

Tetrahydrofuran 

(D=1.7) 

0  0.0060 C/m2 0.0048 C/m2 0.0021 C/m2 

0.008  
(1 per 20 nm2) 
 

0.01107 C/m2 0.0098 C/m2 0.0071 C/m2 

0.016  
(1 per 10 nm2) 
 

0.0161 C/m2 0.0149 C/m2 0.0122 C/m2 

 
Table 1.1. Effective charge densities of a flat surface calculated from eq. (3) for l=2 
nm, assuming three solvent molecules are adsorbed per 1 nm2. Three cases of 
additional surface charge originating from Li+ adsorption were considered. 
 

 
The presence of an effectively positive surface potential can also be provided 

experimentally using the scanning ion conductance microscope (SICM) technique [76, 92, 

93]. The measurement constitutes recording current-voltage curves when a glass 

nanopipette approaches a surface (see inserts on Fig. 1.9a,b). At far distances, only the 

rectification of the pipette is observed. However, as the pipette draws near the surface (~10s 
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of nm), surface charge on the surface may interact with the ion current, causing rectification 

[76, 92]. The preferential direction of rectification, similar to nanopores, is dependent on the 

polarity of the surface charge: negative surface charge produces higher currents at negative 

voltages, positive surface charge produces higher currents at positive voltages. 

The experiments were performed in 100 mM LiClO4 thus at conditions at which the 

pipettes do not rectify. When the pipette is far away from the surface, an ohmic behavior is 

observed, because the local ionic concentrations at the pipette entrance are unaffected by 

the presence of a charged surface. Observing an asymmetric current-voltage curve provides 

evidence that the pipette is within tens of nm from the surface, and that the surface is 

charged. Figure 1.9 shows scanning ion conductance measurements for polymer and glass 

surfaces in aqueous and propylene carbonate solutions of LiClO4. The experiments 

confirmed that the effective surface charge has an opposite sign in the two solutions. In 

aqueous solutions, the current-voltage curves exhibited higher negative currents, consistent 

with a negative surface potential. By contrast, in polypropylene carbonate, current-voltage 

curves exhibited higher positive currents, which, in our electrode configuration, indeed 

indicate positive surface potential. Similar results were obtained in LiClO4 solution in 

acetonitrile (Figure 1.9c). Measurements in THF could not be performed due to low signal-

to-noise ratio in these conditions.  
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a) i.  ii.    

b) i.  ii.  

c)     

Figure 1.10. Scanning ion conductance measurements performed on (a) 
polycarbonate and (b) glass surfaces in aqueous (i) and propylene carbonate (ii) 
solutions of LiClO4. (c) shows an additional experiment performed in a 100mM 
solution of LiClO4 in acetonitrile on a glass surface with similar, but less pronounced 
results. 
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Our experiments in LiClO4 and salt of other cations (see Figure 1.6) suggest that the 

positive potential in propylene carbonate and acetonitrile solutions results from both 

adsorption of Li+ ions as well as solvent dipoles. The results from the Scanning Ion 

Conductance Microscopy (SICM) confirm the results of effective positive surface charge in 

organic solvent and further suggest a cause linked to both Li+ ions and solvent dipoles, giving 

us two different physical methods of confirmation. 

 

Section 1.5 – Confirmation from Modeling and Conclusions 

 In addition to physical techniques, we also consulted computer modeling as a means 

to confirm our experiments from a theoretical direction.  The modeling program Comsol was 

utilized for this endeavor.  Poisson-Nernst-Planck equations (1.6-8) were solved using the 

Comsol Multiphysics 4.3 package.  

𝜀0𝜀∇2𝜑 = 𝑒(𝐶+ − 𝐶−)    (1.6) 

𝐽𝑖 = −𝐷𝑖 (∇𝐶𝑖 +
𝑧𝑖𝑒𝐶𝑖

𝑘𝐵𝑇
∇𝜑)    (1.7) 

∇ ∙ (∇𝐶𝑖 +
𝑧𝑖𝑒𝐶𝑖

𝑘𝐵𝑇
∇𝜑) = 0    (1.8) 

A single 10 μm long conically shaped nanopore had opening diameters of 15 and 500 nm, 

respectively. The surface charge density of the pore walls was calculated as shown in Table 

1. Fine triangular mesh of 0.5 nm was used close to the charged walls. In the remaining parts 

of the modeled structures, the mesh was reduced to the point when no change in the 

observed concentration profiles and currents was observed upon further mesh decrease. 

The dielectric constants were taken equal to 64, 37.5 and 7.58 for Propylene Carbonate, 

Acetonitrile and THF, respectively. Diffusion coefficients 2×10-9 m2/s were used for both 
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cations and anions. This model was devised to answer the question of whether the positive 

potential due to the possible presence of dipoles alone can indeed induce ion current 

rectification in conically shaped nanopores. We assumed 3 dipole molecule present at 1 nm2 

of pore walls for all three considered solvents (as calculated in Table 1), and no adsorbed 

lithium ions. The calculated current-voltage curves in 10 mM LiClO4 (Figure 1.10) are in a 

qualitative agreement with our experimental findings and predicted a more ohmic behavior 

in tetrahydrofuran. 

 

Figure 1.10 shows numerical solutions of Poisson–Nernst–Planck equations 
predicting current–voltage curves through a single conical nanopore in 10 mM LiClO4 

in three organic solvents. The modeled nanopore had openings of 15 nm and 500 nm. 

 
 
In our various nanopore systems, we explain the rectification observed by two effects: 

(i) adsorption of Li+ to the pore walls, and (ii) finite dipole moment of the pore walls by 

adsorbed solvent molecules. However, these evidences, both experimental and theoretical, 

strengthen the second explanation and point to a new prospect for man-made systems: 

surface dipole moment in nanofluidic systems can impact ion transport and can even have 

meaningful interplay with surface charges. The importance of surface dipoles on properties 
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of biological membranes and channels has been known for a long time [89, 90], however, the 

effect of dipoles has not been considered yet for transport properties of man-made systems, 

with exception of a theoretical study, which indeed predicted surface-dipole modified ionic 

concentrations in a nanopore when electrical double layer thickness is comparable to the 

pore radius [76, 94]. Future work with pores containing dipoles could become the basis for 

new ionic devices controlling transport of ions, molecules and water. For the purposes of this 

work, however, demonstrating polymer pores were stable in new kinds of electrolyte was a 

key insight which led to boldness in proposing experiments to come. 
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Chapter 2: Solid-State Ionic Diodes in Conical Nanopores with 

LiClO4-doped PMMA Gel Electrolyte 

Having established polymer nanopores of both polycarbonate and polyethylene 

terephthalate (PET) remain stable in an organic electrolyte, i.e. propylene carbonate (PC), 

efforts to expand the range of testable electrolyte were invigorated. A strong motivation for 

this was to demonstrate that outcomes and principles established in aqueous solutions, 

whose physical and chemical properties are well-studied, could be transferred to systems 

with less background in nano-fluidic literature. Among these outcomes is included 

developing man-made, nano-fluidic ionic circuitry [67], which is inspired by several 

biological processes e.g. nerve signaling, vision, and olfactory sense [39, 40]. As was stated 

earlier, biomimetic channels  [41, 42] utilizing a physiologically similar electrolyte system 

(i.e. aqueous solutions of KCl and NaCl), have been reported, as well as other ionic devices 

resembling standard electrical equivalents, e.g. pn- junctions [43-45], pnp and npn-

transistors [46-47], diode and transistor-based logic circuits [48-50]. Developing similar 

devices in other electrolytes could expand the range of applications for nanopore technology, 

serving to model and potentially increase compatibility with systems which do not operate 

well in aqueous environments, such as electrical energy storage [57]. 

Understanding nano-fluidics in electrical energy storage devices has gained interest 

in recent years since the Lee and Goodenough discovery of high capacitance (~200 F/g) 

nano-powdered manganese dioxide [1], which has been shown to have a highly porous 

nanostructure [7, 8, 9]. This has led to several studies attempting to leverage nanostructures 

for capacity improvement [5, 95], with some systems reporting specific capacitances in 
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excess of ~500 F/g [96]. However, these nanostructures have also demonstrated standard 

electrode breakdown phenomena in liquid electrolytes [57] as well as delamination [97], 

physical lift off of electrode material from its current collector. To mitigate stability and 

safety issues of liquid electrolytes, batteries and super capacitors often operate in solid 

electrolytes. One candidate material for solid electrolytes is LiClO4-doped poly(methyl 

methacrylate) (PMMA) gel, due to its relatively high conductivity (∼10−3 S/cm) and tunable 

viscosity [60, 61]. Recently, the gel has shown remarkable ability in preserving mesoscale 

battery electrodes past 100k cycles, demonstrating stability for long-term application [97]. 

In this chapter, we will present a system of a single nanopore filled with a solid 

electrolyte of LiClO4-doped PMMA, which functions as a rectifier. The system does not 

contain any interface with a liquid electrolyte, thus the gel-filled nanopore functions as a 

solid ionics diode. This system is very different from reported before organic diodes, which 

require organic semiconductors and electronic transfer within [98]. The solid-state diode 

presented here rectifies the current in a wide range of LiClO4 concentrations and produces 

stable ion current signals as well as fast switching. The solid-state ionic rectifier can find 

application to energy conversion from electrical fluctuating signals and storage procedures 

[99] and help understand ionic transport in solid electrolytes. 

 

Section 2.1 – Preparing and Testing PMMA Gels and Nanopore Samples 

The preparation of the gel started with the liquid electrolyte of LiClO4 in propylene 

carbonate (PC) in various concentrations (depending on the type of experiments). A 5 mL 

aliquot of LiClO4 in dry propylene carbonate (PC) was mixed with PMMA (with different w/w 

% mass- 2.6 g for 30% PMMA, and 2.0 g for 25% PMMA). The mixture was subjected to 
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vigorous stirring at 115°C. The mixture was left to cool down to room temperature in a 

desiccator and was subsequently transformed to the gel state. To apply the electrolyte to the 

pre-characterized pores, the gel was warmed to 75-90 ̊ C and 0.1 mL was drop-cast onto both 

sides of the membrane. The membrane was allowed to sit in an open-air, room temperature 

environment for ~20hr before testing to ensure complete filling of the pore. 

Current−voltage curves through all pores (PET) were recorded with a Keithley 6487 

picoammeter/voltage source and Ag/AgCl pellet electrodes (A-M Systems, Sequim, WA). In 

conical nanopores, the ground electrolyte was placed at the side of the membrane with the 

narrow opening.  Figure 2.1 shows pictures of the experimental set-up which was used 

during tests with the 6487 Keithley Picoammeter 

 

a)   b)  

Figure 2.1 shows the membrane in the experimental set-up after it has been 
deposited with gel. The membrane is suspended between supporting O-rings on a 
glass slide and the pellet Ag/AgCl electrodes are placed directly into the gel on both 
sides of the membrane. There is no connection between the two sides via gel leaking 
around the edges, thus all recorded current is through the nanopore. 

 
 
Ion current in time was recorded using Axopatch 200B and 1322A Digidata (Molecular 

Devices, Inc.) at 20 kHz sampling frequency and 2 kHz low-pass Bessel filter. Voltage was 

changed between −2 V and +2 V with 200 mV steps and at each voltage level, the current was 

recorded for 20 s. Current−voltage curves were obtained by averaging the last 0.5s of 
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recordings at each voltage. The fast-switching experiments were also performed using the 

Axopatch 200B assembly, which was programmed to produce driving square waves with 

varying frequency and a 2V amplitude. 

 

Section 2.2 – LiClO4-PMMA Ion Transport Experiments in Cylindrical Nanopores 

In order to test ion transport through pores filled with gel electrolytes, experiments 

were first performed with cylindrical pores prepared by track-etching [22, 24]. The sizes for 

the cylindrical pores ranged from 400-1100nm in diameter. The measurements allowed us 

to provide evidence that continuous filling of a single pore with the LiClO4-doped PMMA gel 

is indeed possible. Figure 2.2 shows recordings for single cylindrical pores after drop-casting 

the gel on both sides of the membrane; the gel was doped with 100 mM LiClO4. We found the 

best results for cylindrical pores using a gel containing 25% (by wt.) PMMA. Two Ag/AgCl 

electrodes were placed directly into the gel as shown above (Figure 2.1).  

 

a)   b)  

Figure 2.2 I-V response of two cylindrical pores filled with 100 mM LiClO4-PMMA gel. 
(a) A 500 nm pore and (b) a 640 nm pore. As expected, overall system conductance 
scales with size. Conductivity was calculated relating the measured resistance with 
pore geometry, assuming cylindrical shape, by eqn. (1.1). The cross-hatched texture 
is to represent the PMMA gel inside the nanopore, with the red speckles to indicate 
lithium doping. 
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The measured current−voltage curves with known pore geometry allowed us to 

calculate the conductivity of the gel in the pore to be σ = 0.5 mS/cm, thus in good agreement 

with bulk studies [100]. The recorded current is indeed due to the presence of ions in the gel 

since filling a pore with PMMA gel without LiClO4 led to significantly lower currents (Figure 

2.3). The finite values of the current with an undoped gel result from finite electronic 

conductivity of the PMMA gel. The ratio of ionic conductivities in the doped and undoped 

cases is 10. Thus, according to our measurements, the electronic contribution to the total 

measured current reaches ∼10% when the gel is doped with LiClO4, again in excellent 

agreement with previous bulk studies of PMMA [100]. 

 
 

a)   b)  

Figure 2.3 I-V response of two cylindrical pores filled with blank PMMA gel, 
containing only propylene carbonate without salt. (a) A 795 nm pore and (b) an 825 
nm pore. Because of the similarity in size, it is difficult to observe system conductance 
scaling with size. Despite the much larger size of these pores, the observed 
conductivity is significantly lower than the pores in Figure 2.2 (σdoped/σblank ~ 10). The 
cross-hatching is meant to indicate PMMA gel inside the nanopore, and the absence 
of red speckles indicates a blank sample. 
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These initial studies in cylindrical nanopores demonstrated that nanopores could support 

the gel electrolyte and that several of the bulk properties of the PMMA gel were preserved at 

the sub-micron scale. 

 

Section 2.3 – Solid State Diodes in Conical Nanopores with LiClO4-PMMA Gel 

With successful control experiments in cylindrical nanopores, our next experiments 

featured conically-shaped nanopores, with the consideration that further constricting the 

electrolyte would reveal properties unique to nanoscale lengths. Conical pores varied from 

340nm–1200nm at the base (wide opening) and 10–60nm at the tip (narrow opening). In 

conical pores, a 30% PMMA (by wt.) gel was shown to have the best results. It was initially 

expected that PMMA would render no surface charges on the nanopore and that conductivity 

could be calculated based on semi-conical conductance. 

Figure 2.4 shows recordings through a single conically shaped nanopore after drop-

casting LiClO4-doped PMMA gel on both sides of the membrane. Transport properties of the 

pore were examined using two experimental approaches. First, similar to the data shown in 

Figures 2.2 and 2.3, current−voltage curves were measured using a Keithley picoammeter. 

The data revealed that the shape of the nanopore played a crucial role in the system behavior, 

so that the pore rectified. The character of the I−V curve was consistent with the presence of 

a net positive surface charge on the walls. 

We also wanted to probe stability of the ion current in time and recorded signals with 

sampling frequency of 10 kHz. The voltage was changed between −2 V and +2 V with 0.2 V 

steps; at each step, the current time series was measured for 20 s. The recordings revealed 

that the ionic diode is capable of providing stable rectifying signals; no decay or signal 
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fluctuations were observed. We believe the excess of the gel on both sides of the membrane 

serves as an ionic reservoir. Due to presence of only a single pore in the membrane, in the 

time frame of the experiments, the reservoir did not suffer ion depletion. Thus, the currents 

did not exhibit any decay even after minutes of recordings at one voltage. Averaging of the 

time signals allowed us to plot an I−V curve and compare it with the Keithley recordings. 

Excellent agreement of the two data sets confirms the system stability over long recordings. 

 

a)  b)  

c)    
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Figure 2.4 (a) I−V curves through a conically shaped nanopore drop cast with 1 M 
LiClO4 PMMA gel recorded with picoammeter/voltage source (black squares) and 
obtained by averaging ion current traces (recorded with 10 kHz sampling frequency) 
shown in (b) (green circles). Opening diameters of this pore were 610 and 22 nm, for 
base and tip, respectively. (b) 20 s long signals of ion current in time recorded 
between −2 V and +2 V with 200 mV steps. The cross-hatch texture is to represent 
PMMA gel, with the red speckles indicating lithium doping. (c) I-V curves through a 
conically shaped pore with undoped PMMA gel demonstrating absence of 
rectification, thereby confirming rectification as a property of ionic current. 
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In order to confirm that the gel filled the entire volume of the pore, an I−V curve of a 

conical nanopore drop cast with an undoped PMMA gel was measured as well (Fig. 2.4c). 

Linear I−V curve and much smaller current provided evidence that the I−V ion current data 

shown in Figure 2.4a-b present ionic movement through the PMMA gel in the pore. As in the 

case of cylindrical pores, the residual conductance observed with an undoped PMMA is due 

to electronic conduction, which is not rectified. 

Additional tests were conducted to probe the current switching capability of the 

solid-state ionic diode. Figure 2.5 demonstrates stable, repeatable current switching 

between positive and negative voltages driven by a 0.1 Hz square wave. Similar scans at 

lower frequencies were tested with equal success, but after 0.2 Hz the frequency response 

of the system capacitance began dominating the signal. This demonstrates the viability of the 

system as fast-response nano-ionic circuitry. 

 

a)  

Figure 2.5 A conical nanopore filled with doped PMMA gel driven at 0.1 Hz by a 2 V 
amplitude square wave. Note that clear ‘high’ states and ‘low’ states are observed 
when the voltage switches between positive and negative. Also, the current response 
in the system generally stabilizes in under 2 s after the pulse changes polarity, 
indicating fast-switching capability. 
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A set of conically shaped nanopores with similar opening diameters and filled with 

PMMA gel with different LiCO4 concentrations (between 100 mM and 1 M) allowed us to 

understand the role of salt concentration on the ion current rectification. Figure 2.6 

demonstrates system rectification over a range of ion concentrations but also seems to 

suggest rectification does not have strong dependence on bulk concentration as found in 

liquid electrolytes [20, 54, 55].  

 

 

d)   

Figure 2.6 (a-c) I-V curves through three different conically shaped nanopores filled 
with PMMA gel doped with (a) 1 M, (b) 0.25 M, and (c) 0.1 M LiClO4. Opening 
diameter of the pores (base and tip) were (a) 1170 nm and 14 nm, (b) 680 and 14 
nm, and (c) 350 and 44 nm. All of these pores show significant rectification factor 
(I+2V/I-2V > 5) despite their differences in opening diameter and ionic concentration. 
The cross-hatch texture is to represent PMMA gel with the red speckles indicating 
lithium doping. (d) shows rectification factor for eight different conical nanopores 
with tip opening diameters less than or equal to 30. The data suggest lack of clear 
concentration dependence of ion current rectification, providing evidence that it is 
the internal porous structure of the gel that influences current characteristics. The 
speckling frequency is not indicative of concentration.  
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The lack of clear dependence of rectification on the salt concentration in the gel is further 

evidenced by recordings obtained for six additional nanopores in Figure 2.6d; the 

anomalously high rectification obtained with one nanopore deposited with 250 mM LiClO4-

PMMA (Figure 2.6b) stems most probably from favorable local arrangement of PMMA gel in 

this particular pore, and very small values of the current (few pA) for negative voltages. 

Presence of rectification even at high salt concentrations in the gel is consistent with earlier 

reports pointing to the formation of ion pairs when the salt concentration in PMMA is 

increased [101]. Consequently, the number of mobile ions does not increase with the 

increase of the salt concentration in the gel [100], providing less screening of the surface 

charges, and enabling rectification. 

 

Section 2.4 – Modeling Space Charge to Understand PMMA Gel Rectification 

Ion current rectification exhibited by conical nanopores filled with PMMA suggests 

that the structure of the PMMA gel matrix might play a significant role in transport 

properties of the gel-nanopore system beyond the effects from surface charges on the pore 

wall. This is especially evident in recordings for a conical nanopore shown in Figure 2.6c; its 

opening diameter of 44 nm assures that the pore walls surface charges are screened, thus 

the pore’s transport properties are dominated by the gel. It is known that PMMA gel has 

mostly an amorphous character [102], which is partially dependent on its composition both 

in terms of PMMA and electrolyte concentration. Previous studies also revealed that even in 

bulk PMMA gels doped with salts, the measured current is primarily due to anions with 

transference numbers for lithium of ∼0.2 [61, 103]. The low transference numbers can be 

caused by interactions of Li+ with carbonyl groups in PMMA; complexation of Li+ ions with 
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the gel was indeed demonstrated experimentally using, e.g., XRD, FT-IR, and Raman 

spectroscopy. [102, 104-106] We hypothesize that the complexed ions can lead to the 

formation of effective positive surface charge of the gel matrix, whose presence is suggested 

by I−V curves of nanopores filled with PMMA (Figure 2.6). 

Previous Brunauer−Emmett−Teller (BET) and X-ray powder diffraction (XRD) 

studies revealed that gel electrolytes contained pores/voids with effective diameter as large 

as ∼10 nm [107, 108]. If the gel structure and ionic concentrations were homogeneous 

throughout the whole pore volume, the system would not rectify. Asymmetric 

current−voltage curves require breaking symmetry so that for one voltage polarity, 

enhancement of ionic concentration occurs, while for the opposite polarity, a depletion zone 

is formed [14, 20, 51, 53, 55]. 

In order to probe the origin of rectification in the gel-filled conically-shaped 

nanopores, we consider a model of ionic conductivity consisting of two components: (i) the 

surface component that originates from counter-ions which neutralize the effective surface 

charge of the voids, and (ii) bulk conductivity through parts of the porous structure that is 

filled with bulk electrolyte [109]. We postulate the relative contribution of the surface and 

bulk conductivities to the measured ion current depends on the pore diameter thus is 

different in the narrow and wide openings of the pore. Consequently, concentrations of 

charge carriers will vary along the pore axis. This hypothesis is supported by earlier 

experimental findings on the dependence of conductivity of gel electrolytes on the dimension 

of pores in which they were embedded [63]. Gel electrolytes embedded in membranes with 

sub-100 nm pores were found to exhibit higher conductivity than in micron-sized pores; this 
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observation could be caused, e.g., by pore diameter-dependent arrangement and 

concentration of the gel components [110, 111] as well as of mobile ions. 

Based on the studies of pore diameter dependent ionic conductivity [63], we assumed 

that, due to the nanoconstriction of the narrow opening of a conically shaped nanopore, the 

tip region features a higher density of mobile charges compared to the wide opening. This 

inhomogeneous distribution of mobile charges could be, e.g., a result of a lower local PMMA 

concentration at the pore tip. A higher density of mobile charges at the tip could also be 

treated as a model of a system in which an enhanced ionic conductivity is caused by other 

effects such as higher mobility of ions due to nanoscale induced arrangement of PMMA 

molecules, shown before for other polymer electrolytes [63, 110, 111]. 

Current−voltage curves through a conically shaped pore filled with a gel can be 

predicted by solving the following set of Poisson−Nernst−Planck (PNP) equations:  

 𝐽𝑖 = −𝐷𝑖 (∇𝐶𝑖 +
𝑧𝑖𝑒𝐶𝑖

𝑘𝑏𝑇
∇𝜑)     (2.1a) 

 ∇ ∙ 𝐽𝑖 = 0       (2.1b) 

 𝜀𝑜𝜀∆𝜑 = −[𝑒(𝐶+ − 𝐶−) + 𝜌(𝑧)]    (2.1c) 

where Ji is a flux due to one type of ions, characterized by diffusion coefficient, Di, εo is vacuum 

permittivity, and ε is dielectric constant of the medium assumed to be equal to 64. Note that 

the Poisson equation (Eqn. 2.1b) has been modified to include space charge, ρ(z), in the pore 

volume due to the presence of charged porous gel. In order to consider the dependence of 

the concentration of mobile charges on the pore diameter, we assumed the density of the 

space charge, ρ(z), changes according to the following function [46]: 

 𝜌(𝑧) =  𝜌𝑜 (
𝑑𝐿

𝐷𝑧+𝑑𝐿
)

𝑛

     𝑛 = 0.5, 1, 2, 4    (2.2) 
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where ρo is the concentration of space charge at the tip, and d and D and the diameters of the 

tip and the base opening, curves for a pore with diameters of 50 and 500 nm obtained by 

solving Eqns. 2.1 and 2.2 numerically using the Comsol Multiphysics 4.3 package. The 

modeled current−voltage curves are in qualitative agreement with the experimental data 

(Figure 2.7) and predict ion current rectification for all values of n considered. 

 

Figure 2.7 Numerically modeled I−V curves using Comsol through a conically shaped 
nanopore with opening diameters of 50 and 500 nm. Presence of the charged PMMA 
gel was modeled by introduction of additional space charge term, ρ(z), whose 
dependence on the axial position, z, is given in Eqn. 2.2. The legend gives values of the 
coefficient, n, in Eqn. 2.2. 

 

These experiments in PMMA gel demonstrate initial findings for a solid-state ionic 

diode and pave the way for future work with similar electrolytes in polymer pores and other 

potential substrates [17, 112]. Several questions were generated by these studies which led 

to the suggestion of new mechanisms to explain observed phenomena, chief of which is the 

observation of rectification without apparent concentration dependence and the proposed 

space charge correction. The insights gained from these experiments, as will be shown in the 

next chapter, were informative for the next, and more complicated, system we studied.  
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Chapter 3: Nanopores in Compatible LiClO4-PMMA Gel and 

LiClO4-PC Liquid Electrolyte System 

The initial studies of LiClO4-PMMA gel in nanopore systems illuminated important ion 

transport properties of the gel at nanoscale lengths. However, one of the key aspects we 

wanted to continue investigating was gel conductivity in different experimental 

arrangements. An important observation from the initial studies by Le et al with the MnO2 

mesorod-PMMA gel system was that of reduced capacitance [97] compared to earlier 

findings by Yan et al using MnO2 mesorods and liquid organic solvents [96]. The liquid 

electrolyte MnO2 system demonstrated almost 10x the capacitance exhibited by the gel-

MnO2 (60 F/g - Le vs. 600 F/g - Yan). Part of the reason for this may be the size of the 

electrodes used, as previous experiments in MnO2 have shown that cross-sectional diameter 

plays a significant role in capacitance, e.g. -phase MnO2 wires with shell thickness ~70nm 

outperformed similar wires of thickness ~175nm (450 F/g vs. 150 F/g @ 100mV/s) [96, 

113]. Other studies have elucidated material thickness and density as a possible mechanism 

limiting active MnO2, e.g. -phase MnO2, which has dense crystal structure, 1.89Å, 

demonstrated less capacitance (100 F/g) than -phase, whose interlayer distance is 7Å (325 

F/g) [7, 8, 113]. It is not, however, clearly understood what effect the gel electrolyte could 

have on the system performance. 

LiClO4/PMMA gel has been studied for its bulk properties and its conductance is 

known to be similar to bulk conductivity of LiClO4 in propylene carbonate [100, 101]. 

However, it has also been demonstrated that nanoscale architectures, such as conical 

nanopores, have the ability to modulate ionic concentrations inside their structure due to 
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the nanoscale and surface charge properties [15, 20, 23-28, 51, 52]. Since δ-MnO2 is formed 

of several tendril-like structures and layers [7, 8], 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 [63, 66]. It has also been shown that the gel can 

pass both ionic and electronic currents [100-102], and that the conical geometry leads to 

rectification phenomena of the ionic transport [66]. Thus, nanoconstriction does not 

measurably impact the conductivity of the gel system and, in some cases, can augment ionic 

conductance of a polymer electrolyte [63]. 

Here we disclose a series of experiments utilizing both cylindrical and conically 

shaped polymer nanopores implanted with LiClO4/PMMA gel of varying concentrations 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) 

nanopores 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 [66]. This work provides direct results for materials testing 

and discusses mechanisms regarding the interaction of gel-liquid systems. This will allow us 

to test interfacial characteristics between the gel and liquid electrolyte in nanoconfinement, 

the ion transport properties of gel-liquid electrolyte systems, and also whether gel systems 

are permeable to liquid electrolyte exposure. We hope to provide initial research and 

perspective on a middle ground approach to increasing cell capacitance by studying a hybrid 

system composed of liquid and gel components. 
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Section 3.1 – Gel-liquid systems in cylindrical nanopores 

The first pore system we approached in studying hybrid gel-liquid systems were 

cylindrical pores. A simple geometry was a useful simplification to answer important 

questions regarding the gel-liquid system, such as whether PMMA gel matrix at the sub-

micron scale can ‘hold’ its initial doping concentration in the presence of liquid LiClO4-PC 

electrolyte. A straightforward experiment to examine this property is a one-sided drop-cast 

on a membrane followed by probing ionic current in a liquid electrolyte system. Figure 3.1a 

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. 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 [66]. It is therefore reasonable to expect at least half the volume 

would be filled by a one-sided drop-cast. The work in the previous chapter was performed 

without the liquid electrolyte and allowed us to examine the combination of ionic and 

electronic conductivity through the gel. 

 

a)          b)  
Figure 3.1. 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 
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Experiments with cylindrical pores entirely filled with gel, via double-sided gel 

casting, were performed as well (Figure 3.1b). These samples were used in control 

experiments to observe 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 (LiClO4-PC); the salt concentration was varied 

between 10 mM and 1 M. 

 

a)    c)  

Figure 3.2 Photographic images of a glass slide upon which two samples of gel have 
been placed. The progression from (a) to (b) demonstrates how the gel can spread 
due to plasticizing with the propylene carbonate as the gel fills the constraining O-
ring. No significant loss of the gel has been observed. The red numbers on the glass 
slide indicate the percent composition PMMA: ‘2’ marks 25% (w/w), used in 
cylindrical pore samples, and ‘3’ marks 30%, used in conical samples. 

 

At first we checked 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 (Figure 3.2). These 
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experiments were aimed at understanding the possibility of our gel spreading since 

propylene carbonate is known to be a PMMA gel plasticizer [114]. 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 and 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.  

Figure 3.3 shows I-V curves recorded for two samples with single pores, subjected to 

PMMA gel casting and exposed to bulk electrolyte of LiClO4 in PC. The salt concentration of 

the liquid electrolyte was varied between 10 mM and 1 M. One sample (Fig. 3.3a-c) was 

subjected to PMMA gel drop-cast on one side only, and the gel was undoped. The second 
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sample (Fig. 3.3d-f) was entirely filled with gel, which had been doped with 100 mM LiClO4 

during its preparation. The first feature of the two nanopore 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.  

  

 

Figure 3.3 (a-c) Ion current through a 790nm in diameter cylindrical pore subjected 
to one-sided casting of undoped PMMA. (d-f) Experiments with a 640nm pore after it 
had been filled with PMMA gel doped with 100mM 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 (100mM LiClO4/PC). 

  

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 

-2 -1 0 1 2

-20

0

20

 1 M

 500 mM

 250 mM

 100 mM

 50 mM

 10 mM

C
u

rr
e
n
t 

(n
A

)

Voltage (V)

-2 -1 0 1 2

-20

0

20

 1 M

 500 mM

 250 mM

 100 mM

 50 mM

 10 mM

C
u
rr

e
n
t 
(n

A
)

Voltage (V)
-2 -1 0 1 2

-20

0

20

 1 M

 500 mM

 250 mM

 100 mM

 50 mM

 10 mM

C
u

rr
e

n
t 

(n
A

)

Voltage (V)

-2 -1 0 1 2
-40

-20

0

20

40

 1 M

 500 mM

 250 mM

 100 mM

 50 mM

 10 mM

C
u

rr
e

n
t 

(n
A

)

Voltage (V)
0.01 0.1 1

0

10

20

30

40

50

C
u

rr
e

n
t 

(n
A

)

[LiClO
4
]

 -2V Clear

 +2V Clear

 -2V Gel

 +2V Gel

0.01 0.1 1
0

10

20

30

C
u

rr
e

n
t 

(n
A

)

[LiClO
4
]

 -2V Clear

 +2V Clear

 -2V Gel

 +2V Gel

W G

W G

(a) (b)

(c)

(f)

(d) (e)

W G

W G

-2 -1 0 1 2
-9

-6

-3

0

3

6

 gel only

 in liquid 

nA

V



47 

 

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. Figure 3.3f also 

reports ion current measured before immersing the pore in liquid electrolyte with electrodes 

placed directly into the gel, as reported by us before. These gel-only measured conductance 

was significantly lower compared to the recordings in liquid electrolyte. 
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Figure 3.4 Summary of conductivities for 15 independently prepared single-pore 
membranes with one-sided (n=8) and double-sided (n=7) gel configurations; 
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. 

 

Figure 3.4 summarizes several tested single cylindrical pores (n = 15) and their ionic 

conductivities before and after gel deposition in three standard concentrations (1 M, 100mM, 

and 10mM) 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 
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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 concentration of the bulk electrolyte 

(Figure 4.3), suggests the PMMA gel is highly permeable to the liquid electrolyte. 

An evidence of PMMA affecting ion transport was observed in one-sided drop-cast 

samples as ion current rectification; asymmetric I-V curves were especially pronounced in 

lower concentrations of LiClO4 in the liquid electrolyte (Figure 3.5). In addition, cylindrical 

pores drop-cast with an undoped PMMA rectified to a greater degree than pores whose one 

side was drop-cast with 100 mM LiClO4 doped PMMA. The rectification direction observed 

is consistent with effective positive surface charges in the PMMA gel voids and on the pore 

walls [65, 66], so that higher currents correspond to anions moving from the gel side to the 

open pore entrance (not covered with gel).  

 

 

Figure 3.5 Ion current at +/- 2V for two cylindrical samples which have been 
deposited with gel on one side only: (a) 1100nm with doped gel, (b) 790nm with 
blank (undoped) gel. The doped PMMA gel in (a) contained 100mM LiClO4. Salt 
concentration in the liquid electrolyte was changed between 10 mM and 1M. Ion 
current rectification was observed for both samples at lower salt concentrations in 
the liquid; rectification degrees were higher in the (b) undoped PMMA sample. 
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The presence of positive charges was previously suggested by our experiments with 

conical nanopores utilizing LiClO4-PC and LiClO4-PMMA gels [65, 66]; the excess charge 

could originate from adsorption of lithium ions as well as PC molecules, whose high dipole 

moment can impart effective charge.  Existence of ion current rectification suggests that the 

local ionic concentrations in the gel are voltage polarity dependent [15, 20, 23-28, 51, 52], 

becoming enhanced for positive voltages, and depleted for negative voltages. We believe an 

undoped gel in contact with liquid electrolyte allows for more significant difference in ionic 

local concentrations for both voltage polarities compared to a gel that had been prior doped 

with a salt. Rectifying I-V curves also support our hypothesis that, while the PMMA gel is 

permeable to the liquid electrolyte, its porosity can still have an impact on the ionic current 

if the ionic strength of the electrolyte fails to screen surface charges. In addition, there could 

be significant difference in ion mobility inside the PMMA structure versus the bulk-like open 

pore conditions [63, 110, 111], which could affect ion current rectification as well. 

 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 of 

the system from the gel-only system explored in the earlier chapter. The schematic in Figure 

3.6a 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 (Figure 3.6b). This set of tests will be 

referred to as a Gel-Liquid-Interface (GLI) experiment, and the results are shown in Figure 

3.6. We found that conductance of nanopore membranes subjected to a one-sided gel drop-
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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. 

  

           

 

Figure 3.6 (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. (a) Scheme of a 
pore subjected only to a one-sided drop of PMMA gel; (b) Scheme of a pore filled with 
PMMA. (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. 
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In order to interpret the asymmetric I-V curves we recall that ionic conductivity of 

doped PMMA is lower than the conductivity of liquid electrolyte. Thus, 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 [115]. 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, lower 

salt concentration in the silica channel system, and gel electrolyte in our case. For the 

opposite voltage polarity, majority carries 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 another evidence that the 

gel contains interconnected voids with excess positive surface charges.  

 

Section 3.2 – Gel-liquid experiments in conical nanopores 

Experiments with cylindrical nanopores allowed us to verify that PMMA gel is porous 

and permeable to ions from the interfacing liquid electrolyte. 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 [116]. For conical nanopores, 

stable ion current signals were observed after increasing the weight percent of PMMA to 

30%. As demonstrated before, this PMMA concentration also allowed full infiltration of the 

gel into the pore, so that the whole volume of conical nanopores was filled with the gel. As 
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with cylindrically shaped pores, experiments with one-sided and double-sided gel casting 

were performed, using doped and blank PMMA gels.  

In our previous chapter, we reported that conical nanopores filled with gel and 

studied as an ionics solid system without liquid electrolyte, function as an ionic rectifier [66]. 

In addition, as shown in Chapter 1, an as prepared nanopore filled with liquid PC based 

electrolyte rectifies the current as well [65]. 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 [116]. 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. 

Figure 3.7 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 surface charges in 

the gel, as evidenced by our earlier experiments [66] as well as literature data [117]. 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. 
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Figure 3.7. (a-b) Recordings with a single conical nanopore with opening diameters 
of 440nm (base) and 55nm (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 
808nm (base) and 18nm (tip) subjected to one-sided casting of blank (undoped) gel. 
(g-h) Measurements for a pore with dimensions 354nm (base) and 44nm (tip) filled 
with doped gel (100mM LiClO4). (c, f, i) Rectification degrees calculated as a ratio of 
currents at +2V and -2V for pores before and gel deposition in each case.  
 

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 (Figure 3.8) after the gel was deposited. However, a 

statistically significant number of samples showed enhanced conductivity, which may be 

linked to rectification phenomena. 
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Figure 3.8 Summarizes the ratio of conductivities in immersed conical systems 
before and after drop-cast of PMMA gel at the extremes in polarity. A majority of 
samples in both gel configurations show similar or reduced conductivity after gel 
addition, however, there are cases where the gel conductivity is higher than that of 
the clear pore case. Jitter and insets added to clarify sample clusters. 
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Figures 3.9. (a-b) Recordings with a single conical nanopore with opening diameters 
of 515nm (base) and 16nm (tip); this pore was subjected to one-sided drop cast of 
PMMA gel doped with 100 mM LiClO4. (d-e) Measurements from another conical 
nanopore (1000nm (base) and 13nm (tip)), filled with PMMA gel. The base side was 
initially exposed to liquid electrolyte for the GLI test. (c,f) Rectification degrees 
calculated from currents at +2V and -2V for both GLI and IMM cases respectively. 
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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. Figure 3.9 details the findings 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, and (ii) asymmetry in 

medium conductivities on both sides of the membrane.  

The GLI experiments for the double-sided gel samples suggest that the rectification 

properties 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. 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 higher than negative currents. 

 The exception in the GLI experiments is one-sided gel samples on the tip side where 

the based side faces the liquid. Conical nanopores with the gel drop cast on the tip side (Fig. 

3.9a) feature nearly ohmic behavior for lower concentration of LiClO4 in the liquid on the 

base size, and some rectification for concentrations of 500 mM and 1 M. We postulated that 

the effect of weaker rectification stemmed from the location of the gel/liquid interface in the 

pore [116, 118] (Figure 3.10), which could be equivalent to a shorter conical pore. 

Rectification of conical pores is known to decrease with the decrease of pore length [56], 
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thus with a partial gel infiltration, the influence of the geometrical rectification can be 

expected to be less dominant compared to a pore entirely filled with the gel. Ion current 

rectification occurring at higher LiClO4 concentration was puzzling, but could be explained 

by possibility of a higher effective surface charge of the gel caused by Li adsorption [105]. 

 

Section 3.3 – Modeling the gel-liquid system: competing mechanisms 

In order to illustrate the interplay of the two mechanisms, geometric [51] and 

asymmetric conductivity [116], the system was subjected to numerical modeling based on 

the Poisson-Nernst-Planck equations [44, 56]. 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 [44]: 
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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. As 

modeled in our earlier manuscript, the axial dependence of the space charge was assumed: 
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where 0 is the concentration of space charge at the tip, and d and Dint and the diameters of 

the tip and pore diameter at the location of the gel/liquid interface (Figure 4.10), 

respectively. 0 was taken equal to 107 C/m3 which corresponds to charge concentration of 

~0.1M. 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. The length of the pore infiltrated with gel, Linf, ranged between 0 and 12 μm.  

 

Figure 3.10. (a) Rectification factor calculated from (b) Numerical solutions to 3.1-2 
plotted as I-V curves over -1 V - +1 V. Inset is a scheme of a nanopore system filled 
with two mediums of differing diffusion coefficients, subjected to numerical 
modeling. 
 
 

Figure 3.10a shows how 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 electrolyte on 

both sides of the membrane, rectification is the strongest for a Lint below 500 nm. Note, 

however that the modeling predicted a dominant role of the geometric asymmetry over the 

mobility differences in the gel and liquid electrolyte. The nearly linear I-V curve observed in 

our experiments suggests that the gel placed on the tip side, infiltrated the pore at the depth 

of the order of magnitude of a micrometer. 
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Section 3.4 – Discussion of findings 

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 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 however clearly observed via ion current rectification consistent with a model of a 

porous structure of the gel [102] with effective positive charges [64]. Inserting gel into 

mesopores preserved large magnitudes of the current characteristic of the large pores, but 

rendered the pores’ transport properties to have characteristics of nanoscale structures.  

The system of mesopores filled partly or entirely infiltrated with PMMA gel presents 

an important model system showing that nano-scale properties such as rectification can be 

induced in microstructures by infiltrating them with a nanoporous gel. The structure of 

PMMA gel is not known in detail but Environmental SEM (ESEM) was attempted on LiClO4-

PMMA to discover structural details of the gel. However, at chamber pressure of 20mbar and 

controlled temperature of 10oC, evaporation of the PC plasticizer dried the surface of the 

PMMA and caused the sample to bubble, preventing images from being taken of the native 

gel surface. However, earlier studies suggest the gel contains nanoscale voids [102], whose 

surface charge can originate from complexing Li+ ions with carbonyl group of PMMA [105]. 

It is possible that the number of complexed ions increases with the increase of salt 

concentration in the bulk electrolyte. This hypothesis would explain the results for conically 

shaped nanopores drop cast at the tip side only and studied in the GLI mode; this system 

exhibited rectification whose direction was dependent on the salt concentration in the liquid 
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side. For higher Li+ concentration in the bulk, the effective positive charge in PMMA would 

increase, enhancing the asymmetry that stems from pore asymmetry [114]. 

We also believe that the increased conductance of the gel system in contact with a 

liquid electrolyte can provide a route to obtain batteries with not only increased lifetime but 

also capacitance. 
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Chapter 4: Ion Transport for Manganese Oxide at Different 

Oxidation States 

 These studies of model electrolyte in model nanoconfinement have provided data 

related to fundamental questions regarding surface charge and ion transport. While they can 

serve as a guide to inform design principles in nanostructured battery components, it is 

prudent to consider other model systems which include components of the electrodes 

themselves. We have focused our efforts on probing structure of a cathode material MnO2, 

which is known to contain voids [75, 119]. We were interested in measuring ionic resistance 

of the voids, which is expected to impact the power output of a battery. 

 A nanofabrication technique to obtain such components relies on electrodepositing 

materials in nanopores: template deposition [120, 121].  A wide spectrum of materials can 

be electrodeposited, including metals [122-124], metal oxides [125], and polymers [125], as 

well as composite structures such as PEDOT/MnO2 coaxial structures [3]. The main use for 

this technique has been to deposit a desired material in the nanopore template, then etch 

away the membrane to access the wires. However, there are cases where removal of the 

template is not needed. For example, the template can serve as a separator in fully integrated 

nanobatteries [5]. The template can also be used to confine materials to the nanoscale, to 

investigate their ionic transport properties and geometry, as was demonstrated for MnO2 

mesorods previously [9].  

      MnO2 is a popular material for energy storage devices, due to its high theoretical 

capacitance and low cost. When electrodeposited, it has a porous structure as recently 

revealed by microscopy and electrochemical measurements [9]. MnO2 has come under 
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investigation in recent years due to the discovery of its supercapacitor nature at the 

nanoscale [1]. In order to capitalize on this property, many designs have focused on densely 

packed nanostructures utilizing conductive additives or scaffolds to boost electrical 

conductivity, and thus improve power density [8]. The dense packing paradigm highlights 

the relevance of our studies of nanoconfined electrolyte since power is not just limited by 

electric conductivity, but also by ionic access in and around these porous, densely packed 

structures. In order to optimize ionic conductivity in the MnO2 nanovoids, methods are 

needed to quantify it, and to understand how the conductivity may change during charging 

and discharging [10]. 

    Here we use the template method to electrodeposit a single MnO2 mesorod in a single-

pore polymer membrane as well as millions of rods [126] in a multipore polymer membrane. 

In contrast to a previous study [9], the MnO2 in this case is not a static plug, but serves as a 

model nanoscale electrode.  It is connected to an external circuit so that its oxidation state 

can be electrochemically altered before subsequent ionic conductivity measurements. The 

recorded ion currents reflect ionic transport through the porous structure of the material, 

thus they are de-coupled from the electronic transport. This method provides a unique 

platform for understanding how structural and electrochemical changes could influence ion 

access to active material during the charging and discharging of a supercapacitor. 

 

Section 4.1 – Nanopore template preparation  

 Obtaining nanopore templates for the deposition of manganese oxide followed the 

track-etch protocol which has been previously described (see Ch.1, Sec. 1.1).  The specific 

etch protocol used 0.5 M NaOH at 70oC, which causes the pore opening to increase linearly 
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with time at a rate of ~100nm/30min [81]. The single pore templates used had diameter 

between 150 and 500nm in size. The multipore membranes used in these studies are 

commercially available; we used Whatman multipore polycarbonate membranes with 

200nm diameter pores with a pore density of ~108 pores/cm2. 

 In order to electrodeposit material inside these nanopore templates and retain an 

electrical contact with the material for controlling its oxidation state, one side of the 

membrane was sputtered with ~50-100nm of gold. This was done in accordance with an 

approximation model of gold atoms scattering through a solid angle into a nanopore. A 

simplified two-dimensional model based on azimuthal scattering cannot be used because it 

assumes a full range of lateral scattering (Θs) which is limited by pore width at a given depth 

(Fig. 4.2). By lateral scattering, we mean the full range of polar angles in the plane defined by 

an axis through the azimuthal angle and the horizontal axis (Fig. 4.1). 

 

 

 

 

 

 

 Figure 4.1 Pictorial representation of azimuthal and lateral scattering angles 

 

What follows from this is an involved, but numerically solvable, geometry problem 

visualized in Figure 4.2a. One way to use the model is to solve for film thickness at a given 

depth, d, inside the nanopore (radius, r).  For chosen d and given r, we may calculate an angle, 

θzmax, which dictates the maximum range of azimuthal scattering:   

z 

Θs 
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Fig. 4.2a     Fig. 4.2.b      Fig. 4.2.c  Fig. 4.2.d 
 

Figure 4.2 (a) Scheme of the geometry that comes out of assuming a three-
dimensional scattering. The scheme indicates how lateral scattering angle, θs, into the 
cylinder increases, then decreases, in accordance with the pore geometry.  Figures 4 
(b-d) further define variables in the geometry which is useful in framing and solving 
Equation 4.2. 

 

        𝜃𝑧𝑚𝑎𝑥 = tan−1 (
2𝑟

𝑑
)   (4.1) 

At a given θz, we identify a range of lateral scattering angles, θs, dependent on the width of 

the pore, w, (Fig. 4.2a, the three triangles and Fig. 4.2c).  Since θs is dependent on θz, we may 

propose a general equation (4.2) to solve for film thickness at a given depth, λd: 
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The expression ΘS(θz) represents the equation for lateral scattering angle based on 

azimuthal scattering angle, θz.  But since θz is itself dependent on d and r, the equation must 

be determined based on these two known factors.  Figures 4.2.b-d depict the necessary 

geometric steps for clearly framing the desired equation.  From this, we can accurately define 

radial entry point, δ, and scattering path, l, in terms of θz, as well as define width, w, in terms 

of δ and r: 

       𝛿 = tan(𝜃𝑧) 𝑑,    𝑙 =  
𝑑

cos(𝜃𝑧)
,     𝑤 =  √𝑟2 − (𝑟 − 𝛿)2 = √2𝑟𝛿 − 𝛿2     (4.3a-c) 

By substitution, we can now frame ΘS(θz): 
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𝜃𝑠 = 2 tan−1 (
𝑤

𝑙
) = 2 tan−1 (

√2𝑟𝛿−𝛿2cos (𝜃𝑧)

𝑑
) = 2 tan−1 (

√(2𝑟−𝑑 tan(𝜃𝑧)) 𝑑(tan (𝜃)𝑧cos (𝜃𝑧)

𝑑
)  (4.4) 

Despite the deterministic geometry of the problem, the final expression is virtually 

impossible to solve analytically.  However, a numerical solution is easily obtained by 

summation: 

𝜆𝑑 = 𝜆𝑜
Δ

𝜋
∑ 2 tan−1 (

√(2𝑟−𝑑 tan(𝜃𝑧)) 𝑑(tan (𝜃)𝑧cos (𝜃𝑧)

𝑑
) /π 

𝜃𝑧𝑚𝑎𝑥
𝜃𝑧=0   (4.5) 

Δ represents the angle increment used in the summation, e.g. π/360; both lateral and 

azimuthal scattering are divided by π because we assume a homogeneous distribution of 

scattering angles for the free metal atoms in both the sputtering and evaporation deposition 

methods.  We used Mathematica to perform this calculation at an angle increment of 

π/10000 for a variety of radial-length depths.  What we found was an attenuating thickness.  

At d = r/2, homogeneous scattering yielded a result λd = .19966λo.  A more complete 

treatment of results is shown below in Table 4.1 and Figure 4.3.  

 

depth, d 
 

λd/λo, 
θl = π 

λd/λo 
θl = 2π/3 

λd/λo 

θl = π/2 
r/2 0.19966 0.2995 0.3993 
r 0.1205 0.18075 0.2410 
3r/2 0.0784 0.1176 0.1568 
2r 0.05387 0.0808 0.10774 

 

Table 4.1. Simulated relative Au film thickness at different depths, d, of a pore with 
opening diameter of 200 nm (r = 100 nm).  The values were obtained from eq. (S5). 
Figure 1 in the main manuscript plots λd/λo as a function of d.  Different scenarios of 
maximum lateral scattering are considered in an attempt to account for how the 
width of the deposition chamber could affect particle scattering. 
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Figure 4.3 Numerical solutions to Eqn 4.5 expressed as a ratio of gold thickness at a 
given depth, λd, and gold thickness on the surface, λ0. Three scattering conditions are 
considered. In case of the full hemisphere scattering (π) for a 200nm diameter pore, 
a 50nm thick surface layer is attenuated to 10nm thickness at d~60nm. 

 

This lengthy discussion of gold penetration into a nanopore is relevant, because it is 

important to establish an effective working depth for the proposed electrode. An earlier 

study showed that a 10nm thick gold layer can serve as an electrode [127]; therefore, a 50nm 

thick sputtered surface layer of gold would yield a working distance of ~50-100nm into a 

200nm pore. This gold layer completed the template preparations and provided a contact to 

electrodeposit MnO2 inside the pore. 

 

Section 4.2 – Template deposition and confirmation by SEM, CV, and I-V scans 

The electrodeposition procedure used for depositing MnO2 rods was established in a 

previous study [9]. The gold-sputtered pore was placed in contact with an external electrode 

and immersed in 100mM manganese acetate solution with the gold side sealed by a 

homemade containment unit (Figure 4.4).  
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a) b)  

Figure 4.4 (a) Exploded schematic of containment unit designed to allow solution 
access to nanopore only through the unsputtered side. The copper tape contacts the 
gold on the membrane surface and serves as a working electrode. (b) Photograph of 
containment unit in use by a multipore membrane. 

 

A CH Instruments 650C Electrochemical Analyzer was used as a three-probe potentiostat to 

hold the gold side at 0.6V vs. Ag/AgCl reference (Pt counter), which leads to the following 

electrochemical reaction: 

Mn2+ + 2H2O → MnO2 + 4H+ + 2e-   (4.6) 

At these parameters the MnO2 rods grow at a rate of ~200nm/30sec [9]. For the initial 

experiments using aqueous solutions to probe ionic transport, MnO2 rod length was grown 

to a length of ~1μm. Other experiments expanded the length explored from ~500nm - 2μm. 

Electrodeposition was first attempted in multipore membranes.  The presence of 

manganese oxide was then detected by four means. First, a visual discoloration would 

appear in the area of the membrane which had been exposed to the solution, turning from a 

golden color to brown. Second, cyclic voltammetry was performed in aqueous and propylene 

carbonate solutions of lithium perchlorate before and after deposition at different scan rates 

to demonstrate a change in system capacitance (Figure 4.5).  
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Figure 4.5 CVs demonstrating electrochemical reversibility in (left) 100mM LiClO4 
aqueous solution and (right) 100mM LiClO4 propylene carbonate solution at scan rates 
of 100mV/s, 50mV/s, 25mV/s, and 10mV/s.  The smallest scan on both CVs is the gold-
sputtered multipore membrane’s response to a 100mV/s sweep in the respective  
solutions.  This is to demonstrate the change in capacitance resulting from the 
deposition of amorphous MnO2 mesorods.  The voltage window was restricted (-0.1V 
to 0.8V) in aqueous solution in an attempt to avoid excessive H2 or O2 evolution.  The 
voltage window in the organic solution was widened to demonstrate reversibility in 
the regimes used for lithiation (-0.22V) and delithiation (+1V).  All CVs were taken 
against a reference of Ag/AgCl in 3M KCl, using a CH Instruments 650C 
Electrochemical Analyzer and related software as a three-probe potentiostat. 

 

 

 

Figure 4.6 SEM images taken after the MnO2 electrodeposition process was 
attempted on a commercial Whatman multipore (108/cm) film, which had been 
sputter coated with a 50nm thick layer of gold.  Demonstrates viability of growing 
mesorods using the thin gold film technique 
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Another evidence for successful rod deposition was provided by current-voltage 

scans in aqueous 1 M KCl taken before and after deposition had taken place [9]. Lastly, SEM 

images were taken of MnO2 rods using an FEG Quanta SEM/FIB after dissolving the 

polycarbonate template using dichloromethane (Figure 4.6).  All of these means confirmed 

successful deposition of MnO2 rods with the SEM images providing evidence that the rod 

length approximation we used was reasonable for the single pore systems. 

Successful formation of a MnO2 rod in the single pore systems was confirmed using 

two types of measurements. (i) First, we compared the ionic conductivity of a single pore 

before and after deposition of MnO2. Similar to a previous report [9], the presence of a rod 

significantly increased the system resistance, as shown in Figure 4.7 for a ~1 μm long rod 

deposited in a 325nm diameter pore. This measurement also confirms the deposition forms 

a mesh with connected voids, so that the system still exhibits finite ionic conductance [9].  

The samples demonstrated less dramatic changes in resistance than observed previously, 

possibly due to the effect of the gold electrode on the pore wall. The single pore/rod samples 

prepared for this study often featured ion current rectification, such that positive currents 

were higher than negative currents. Positive voltage in our electrode configuration indicates 

the anode located at the side of the membrane with deposited MnO2 thus higher currents 

correspond to cations moving from the MnO2 mesh to the open side of the template pore. 

The asymmetric current-voltage curves can be attributed to the negative surface charge of 

the MnO2 and its nanometer-scale voids. The extended, micrometer length of the mesorod 

compared to the previous study (200 nm) also favours rectification. As shown recently, 

rectification of ion current in nanopores and nanovoids requires a certain minimum length 

of the pore with ionic selectivity characteristics [56]. The rectification of the examined MnO2 
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rods can be compared to conically shaped nanopores [15, 20, 51], which also demonstrate 

preference in transporting cations from the small opening to the base of the cone. 

(ii) The second measurement which confirmed successful deposition of single rods 

involved recording current-voltage curves for a wide set of KCl concentrations. For porous 

structures which carry excess surface charges on the pore walls, a saturation of ion current 

is observed such that further lowering of a bulk electrolyte concentration does not change 

the magnitude of the measured current [12, 41]. The currents start to saturate at conditions 

at which the pore radius approaches the thickness of the electrical double-layer. Similar to 

the study by Gamble et al, [9] ion current saturation was again observed in the samples 

prepared for this report.  For the mesorod shown in (Fig. 4.7.b-c) the KCl concentration at 

which saturation occurred was ~10mM, which suggests the voids have opening of ~3-6nm. 
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Figure 4.7 (a) I-V curves showing the difference in currents for a 210nm pore after 
being sputtered with 50nm Au on one side. (b) 325nm in diameter pore after MnO2 
deposition, as well as the resulting rectification behaviour. (c) I-V curves and (d) a 
semi-log plot of current vs. concentration of a single MnO2 mesorod deposited in a 
250nm in diameter pore. Saturation of ion current with bulk electrolyte (KCl) 
concentration occurs at ~10mM. The inset is a representation of the pore-rod system.   
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Section 4.3 – Probing oxidation change of MnO2 in aqueous electrolyte 

 With thorough confirmation that MnO2 was indeed inside our samples, we could then 

investigate the effect of changing the oxidation state of the MnO2 on ion transport. After 

performing I-V curves for the newly deposited wires, some samples were selected for lithium 

insertion and discharge according to the equation: 

MnO2 + x Li+ + x e-  ↔  Lix(Mnx
3+Mn1-x

4+)O2      (4.7) 

Insertion was carried out in non-aqueous (propylene carbonate, PC) 100mM LiClO4 solution 

at -0.22 V vs. Ag/AgCl, a voltage which has been reported to produce a Li:Mn ratio of 1.0 

[126]. Ion currents were measured in clear, deposited, ‘lithiated’, and ‘delithiated’ states of 

the samples in aqueous LiClO4 solutions ranging from 1 M to 10mM in multipore samples for 

continuity with the lithiating electrolyte. Figure 4.8 shows photos of the two different set-

ups used in our homemade conductivity cell for lithiation and delithiation as well as I-V 

scans. 

 

a)   b)  

Fig. 4.8 (a) Picture of the two-probe measurement for a standard conductivity 
measurement. (Ag/AgCl rod electrodes for working and ground) (b) The three-probe 
set up for the lithiation and delithiation procedure (Working – green; Counter – red). 
Working electrode is electrically connected to Au sputtered membrane surface by 
means of Cu tape. 
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In multipore I-V scans, the oxidation state of the MnO2 rods pointed toward 

conductive states associated with the intercalation or de-intercalation of lithium ions. Figure 

4.9 shows bar graphs of two multipore samples. While we acknowledge that multipore 

samples are not identical and can vary in terms of overall pore density, the following trend 

can be seen in the samples shown: i) an initial decrease in system resistance following 

lithiation of the deposited sample, ii) a difference in resistance between lithiated and 

delithiated states which is somewhat reversible over the first two steps. 
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Figure 4.9 (a-b) Averaged IV scans of two multipore samples over two cycles of 
lithiation and delithiation in 100mM aqueous LiClO4 solution. Aqueous LiClO4 was 
used to maintain compatibility with the lithiatiating solution of 100mM LiClO4 in 
propylene carbonate. (c) An example of the rectification seen in lower concentrations 
of electrolyte in multipore samples. The initial delithiated state exhibits RF~3 while 
the second cycle lithiated state is RF~1.3, suggesting rectification could potentially 
be linked to oxidation state. 
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At lower concentrations of LiClO4, however, some multipore samples exhibited rectification 

behavior (Figure 4.9c). Such rectification (4.9c Delithiated RF~3) could not be treated with 

the same data processing used in preparing the bar graphs, which took the average of the 

system resistance over most current measurements (R = IV/V where V = 1.5-3V). These 

results, which do not initially appear to fit with the other multipore data, point forward to 

the single pore experiments, where rectification is demonstrated to be a strong indicator of 

oxidation state in the MnO2. 

 As was discussed for single pore MnO2 rod samples, rectification was present after 

deposition, which has been linked to the extended length of the rod (~1μm) and the 

observed negative charge on the MnO2 when immersed in aqueous solutions. Similar 

conditions for single pores were used regarding lithium insertion, but, for IV scans, KCl 

solutions ranging from 1 M to 1mM were used. KCl was the salt of choice due to nearly equal 

mobilities of the two ions. Figure 4.10 shows I-V curves for a 325nm diameter mesorod in 

three states:  deposited, lithiated, and delithiated. 

The change of the pore resistance is summarized in the form of bar graphs in Figure 

5.b with currents for positive and negative voltages respectively.  Lithiation of the rod causes 

a decrease of positive current and increase of negative current. This curtailing of rectification 

suggests a reduction of the excess negative charge on MnO2.  Subsequent discharge increases 

current for positive voltage polarity and increases the rectification effect. Similar behavior 

was found with independently prepared two MnO2 mesorods subjected to two cycles of 

lithiation/delithiation. Figure 4.10c-d shows the recordings and summary obtained with a 

mesorod deposited in a single pore with an opening diameters of 240 nm, which suggests 

reversibility of the lithiation, delithiation processes. 
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Figure 4.10 (a) Averaged I-V curves for forward and reverse scans of a MnO2 rod at 
lithiated and delithiated states. (b) Histograms of ionic current at ±1V show the 
change in rectification factor, which is calculated: R = I (+1V)/I (-1V). (c-d) Similar 
measurements and summary histograms for ionic current in a 240nm pore, 
demonstrating cyclability. 

 

In order to further probe the lithiation-induced changes in observed ionic 

conductance, surface charge on the MnO2 rod at the lithiated state was also probed by 

measuring current voltage curves in a wide range of KCl concentrations. Similar to the as-

deposited rods, currents through lithiated MnO2 exhibited saturation at ~10 mM (Fig. 4.11); 

the measurements therefore indicate that the lithiated MnO2 still carries negative surface 

charge on the voids, as suggested by the residual rectification properties shown in Fig. 4.10. 

A similar character of the saturation curves before and after lithiation allows us to conclude 

that the effective size of the voids in the material is not significantly affected by lithiation.  
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Figure 4.11 Saturation curves for a 325nm rod in its (a) lithiated and (b) delithiated 
states. The saturation in the MnO2 rod demonstrates presence of surface charge and 
no significant changes to void size, as well as contrast between the two states. 

 

Discharged saturation curves also demonstrate saturation, but at lower concentrations, 

possibly due to the difference in MnO2 surface charge. 

More detailed description of surface charge at different oxidation states was probed 

by the so-called reversal potential measurements. Reversal potential, Vrev, indicates the 

magnitude of a potential difference that develops across an ion selective membrane that is 

in contact with a salt concentration gradient. At room temperature, a 10-fold difference in 

ionic concentrations on both sides of a perfectly anion or cation selective membrane 

develops reversal potential equal to a Nernst potential of ~59mV. This is detected as an I-V 

curve not passing through the origin of the coordinate system, but rather being shifted to the 

right or left (depending on salt configuration as well as on anionic or cationic selectivity) by 

59 mV. If there is no selectivity, with identical reference electrodes, the I-V curve goes 

through zero. If a membrane is partially selective, the shift occurs between 0 and 59 mV. A 

general description of ionic selectivity [39] is provided by the Goldman-Hodgkin-Katz 
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equation (4.8) which links the magnitude of the reversal potential with a ratio of effective 

diffusion coefficients of both ions in the pore, x: 

𝑉𝑟𝑒𝑣 =
𝑅𝑇

𝐹
ln

𝑥(𝐾+)1+(𝐶𝑙−)2

𝑥(𝐾+)2+(𝐶𝑙−)1
   𝑤ℎ𝑒𝑟𝑒 𝑥 =  

𝐷𝑝𝑜𝑟𝑒
𝐾

𝐷𝑝𝑜𝑟𝑒
𝐶𝑙    (4.8) 

The subscripts in the equation represent the different sides of the MnO2 rod.  Figure 

4.12 gives a simple schematic for our experiment. For the entirety of our experiment, the 

MnO2 rod and the working electrode are on side 2 of the membrane. Therefore, a positive 

Vrev for a concentration arrangement of 0.1 M (side 1) and 10mM (side 2) indicates cation 

selectivity. Inversely, a negative Vrev for a concentration distribution of 10mM (side 1) and 

0.1 M (side 2) also indicates cation selectivity.  

 

Fig. 4.12 Schematic of reversal potential measurement set-up. 
 

S(1) / S(2) Deposit Lith I Delith I Lith II Delith II 

100 / 10*  +45mV +33mV +35mV +30mV +35mV 

10 / 100 -50mV -30mV -30mV -25mV -25mV 
 

Table 4.2. Full reversal potential measurements for a 250nm diameter mesorod as 
it passes through two charging cycles. 
*The concentration configurations are given in concentration units of mM and are 
arranged where S(1) is side 1 and S(2) is side 2, which is the side of the deposited 
MnO2. The electrode bias remained < ±3mV in all reversal potential measurements. 
 
 

Selectivity of a 250nm diameter MnO2 mesorod was probed using two electrolyte 

configurations: 0.1 M / 10mM and 10mM / 0.1 M (Table 1). Measurements for the initial 

deposition confirm the negative surface charge and cation selectivity (for 0.1M (1) / 0.01 M 

(2), eq. (4.8) yields x ~ 7). 
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In the ‘lithiated’ state, the sign of reversal potential measurements suggested MnO2 

still carried negative surface charge; a reduced magnitude of Vrev indicates, however, that 

some of the negative charge in the MnO2 surface may be reduced by the presence of 

intercalated lithium. The reduction of Vrev is more pronounced in the case when the solution 

with higher KCl concentration was present on the side of the membrane with the mesorod. 

The enhanced dependence of the cation selectivity on the salt concentration in contact with 

the rod might be explained by the lowered overall negative charge on the manganese oxide. 

Since the excess concentration of counter-ions in the voids is a function of void diameter and 

surface charge density of the porous material [12, 41], after lithiation, the voids remain 

selective only at low salt concentrations. This is consistent with previous observations of 

MnO2 in a lithium perchlorate solution, which suggest that there is some surface adsorption 

of lithium even without applied potential [126]. Therefore, significant differentiation of 

reversal potential between lithiated and delithiated states at these concentrations may not 

be detectable. 

 

Section 4.4 – Probing oxidation change of MnO2 in non-aqueous electrolyte in 

multipore systems 

 Having successfully shown oxidation state to impact ion transport through electrode 

material in aqueous conditions, the next step to consider was demonstrating the principle in 

organic solvent conditions. Aqueous electrochemistry is limited by a distinct voltage window 

(1.229 V) relating to the evolution of hydrogen and oxygen gases, and is therefore not 

suitable for most energy applications [128]. Thus, the new experiment would feature a 

model battery cathode material in model battery electrolyte: a full half-cell model system. 
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 Again, we started with multipore MnO2 sample studies to investigate the ion 

transport effects of oxidation state in organic solvent, i.e. LiClO4/PC. The trend from the 

previous experiment was what we initially expected (Rdep > Rlith > Rdelith), with the possibility 

of seeing rectification linked to oxidation state. However, given the positive nature of 

effective surface charge for nanopores in propylene carbonate, an initial assumption about 

rectification in MnO2 might be that of the lithiated state possessing a positive rectification 

and the delithiated, or ‘discharged’, state having less rectification. Figure 4.13 shows an I-V 

scan from a multipore sample with deposited MnO2 rods 1μm in length as well as a summary 

histogram tracking the resistances of several multipore samples over three cycles of 

insertion. Three sets of I-V curves in 100mM LiClO4/PC over a window of -3V to +3V at each 

oxidation state were averaged together in similar fashion to the original aqueous studies to 

calculate resistance. As was seen before in aqueous studies, the resistance did change 

 

 

Figure 4.13 (a) Representative sample of a multipore membrane that was tested. 
Some variation in resistance is seen over the course of cycling, but the trend of R ins(x) 
> Rdis(x) is consistent, where x is the cycle number. (b) Four multipore samples are 
tracked through three cycles of lithium insertion and discharge. In all cases R lith(x) > 
Rdis(x), though exact reversibility was not detected, possibly due to material loss or 
other factors. All scans were conducted in 100mM LiClO4-PC solution. 
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between oxidation states, with lithiated states having higher resistance than the discharged 

state. However, there was no clear presence of rectification in the MnO2 samples, even when 

concentration of the probing solution was lowered to 10mM LiClO4-PC. 

In addition to these standard tests, some new lines of research were considered for 

non-aqueous electrolyte conditions. A technique referred to as contact-less electrochemistry 

[129] alerted us to the possibility that the large potential windows in our I-V scans could be 

causing oxidation and reduction in the MnO2 rod. Given the apparatus we use to probe the 

MnO2 rod, it is possible that a large percentage of the voltage drop over the pore-rod system 

occurs over the length of the rod (Figure 4.14a). This could lead to a difference in potential 

over the rod and lead to lithium insertion or discharge with a large transmembrane voltage. 

In other words, the multipore samples being tested at -3V to +3V could have undergone 

oxidation change during the I-V scans. 

What followed was an investigation into the effect of transmembrane voltage on 

MnO2 ionic resistance. We reduced the voltage window of primary I-V scans to significantly 

reduce the likelihood of this phenomenon (±100mV) and used those scans to calculate 

system resistance. The effect of transmembrane voltage was measured by subjecting the 

sample to I-V scans at increasing voltage windows ranging from ±200mV to ±3 V, then 

measuring the sample with the primary I-V scan protocol of ±100mV to track how the ionic 

resistance modulated as a result. From Figure 4.14b which summarizes measurements from 

four different samples, we see that there is a significant change in ionic resistance measured 

over the 100mV scan range after a scan range of -1 to +1 V is reached. This points to a 

physical change occurring in the system as a result of the broadened window.  
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a)  

b)  

Figure 4.14 (a) Schematic of voltage drops in the multipore system. It has been 
proposed that insertion of lithium into the MnO2 could happen without direct 
electrical contact provided the change in voltage over the length of the rod (V) is 
sufficiently large to stimulate the insertion half-reaction. (b) Calculated resistances 
from four MnO2 rod samples in 100mM LiClO4-PC solution which have been probed 
by increasingly large I-V scan windows. A majority of samples experienced a 
significant change in system resistance between 200mV and 1 V, with all samples 
changing significantly after a 3V window had been achieved. (See also Appendix A for 
additional results related to rod length) 

 

While the contact-less electrochemistry hypothesis is supported by this evidence, loss of 

material from the membrane could also contribute to the change in conductivity [97]. 
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Another condition we considered in our multipore experiments was cycle number. It 

has been established that, in non-aqueous liquid electrolyte, a solid-liquid interphase (SEI) 

layer, which results from electrolyte breakdown, forms on the electrode material [130]. It 

can change the ionic resistance in the system and protect the electrode itself from 

breakdown [130]. This SEI layer is usually formed within the first several 10s of cycles, 

therefore extending the number of cycles for testing I-V response is of interest in the organic 

electrolyte for the MnO2 rod system. Two multipore samples demonstrated a continuous 

decrease in resistance over 20 cycles (Figure 4.15). While it is not certain whether this is due 

to SEI formation (would usually increase ionic resistance) or material loss, the experiment 

suggested cycle number to be an important factor to consider for future experiments. No 

clear evidence of rectification was observed but it is possible that, if surface charge was 

small, the 100mM electrolyte concentration screened the surface charges [51]. 

 

 

Figure 4.15 Summary bar graphs of resistance in 100mM LiClO4-PC in two multipore 
samples over the course of cycling. CV window chosen for cycling was -0.4V to +1V 
vs. Ag/AgCl at a scan rate of 100mV/s. Resistance was measured using the average of 
three I-V scans over a -100mV to +100mV window. 
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Section 4.5 – Probing oxidation change of MnO2 in non-aqueous electrolyte in 

single pore-rod systems and conclusions 

 For single pore samples studied in propylene carbonate conditions, we hoped that 

rectification would be observed from the change in oxidation state. To maintain continuity 

with our original experiments in aqueous electrolyte [64], we chose a -1V to +1V window for 

I-V scans to measure single MnO2 rod-pore systems and -0.22 V and +1V vs. Ag/AgCl for 

lithiating and delithiating the MnO2 rod respectively. While multipore-rod samples exhibited 

significant changes in ionic resistance from this scan window, single pore-rod samples did 

not. We do not yet have an explanation for this effect, and further studies are planned 

utilizing different deposition times and salt concentration in the testing set-up. 

  

 a) b)  

Figure 4.16 (a) I-V scans from a representative 190nm pore-rod system at different 
stages of insertion and discharge in 100mM LiClO4-PC. The recordings at the 10th and 
20th cycle were taken at the state of insertion. The electrolyte used was 100mM LiClO4 
in all tests. (b) Summary of calculated resistances for three samples with diameters 
of 190 nm (red), 220nm (blue), and 500nm (green). All samples show increase in 
resistance over the first three cycles, despite one sample showing an initial decrease 
in resistance after initial lithium insertion (500nm). 

 

 While the data is preliminary in nature, given the small number of samples tested (n 

< 10), a trend from cycling single MnO2 rods was detected. Figure 4.16b shows resistance 

Cycle State 
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data from three samples of varying pore width at different stages of lithiation, (Ins), or 

delithiation (Dis), over the course of the first three cycles. Unlike samples in aqueous 

electrolyte, no significant rectification phenomena were observed (Figure 4.16a).  The 

previous chapter suggested that, for nanopores in PC electrolyte, the formation of positive 

effective surface charge resulted from the ordered dipoles on the pore surfaces. MnO2, 

however, does not have regular pore geometry, and though the nanovoids are on the order 

of ~5nm in size, their random formation may disrupt dipole regular arrangement. 

Additionally, the MnO2 structure may not preferentially favor a specific dipole orientation, 

or even adsorb the dipoles to begin with. However, even with lithium intercalation, which is 

expected to impart partial charge to the MnO2, rectification still is not seen. More work must 

be done to explain whether this is a limitation of the MnO2 material properties or the 

geometry of their structure. 

However, despite not observing the expected phenomena of oxidation-state 

dependent rectification, each sample showed consistent increase in ionic resistance over the 

course of cycling (Fig. 4.16b). This trend was noted to continue in one sample up to the 20th 

cycle (Fig. 4.16a). The increase in resistance can be explained by formation of an SEI layer in 

the MnO2 structure as a result of cycling the rod the propylene carbonate-based electrolyte 

[130]. It has been shown that PC electrolyte can break down and form the SEI layer at an 

applied potential of 0.7V [131]. Thus it is reasonable to see an increase in resistance from 

such an effect in these samples which are cycled and measured solely in organic electrolyte. 

The MnO2 rods cycled and then measured in aqueous electrolyte did not form a stable SEI 

layer, possibly due to the water exposure between cycles [132]. 
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While it must be stressed that these findings regarding MnO2 nanorods in LiClO4/PC 

electrolyte are indeed preliminary, they can serve to guide future experiments that are more 

comprehensive in nature, looking at other factors which could probe surface charge and 

cycle dependence. Additionally, the stability in organic solvent could prove useful in 

expanding the MnO2 pore-rod to other model battery electrolyte systems.  
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Chapter 5: Summary and Conclusions 

 Before we close, it seems appropriate to reflect on the major findings from these 

experiments and consider what more can be learned. The aprotic solvents work, both in PET 

nanopores and in the glass nanopipettes, demonstrated a unique possibility for nano-

channel systems: another type of surface charge modulation, in a form of specifically 

adsorbed dipoles. More work in this area could be done in terms of experiments to directly 

quantify the effect of dipoles as well as explore the interplay between fixed surface charges 

and dipole adsorption. This line of study could continue from the experiment of LiClO4-PC 

electrolyte with controlled H2O dosage, which demonstrated surface charge modulation 

linked to H2O content. This interplay could vary from material to material and solvent, which 

leads to a question regarding a quantitative governing principle for nanochannels of any 

material. Additionally, we pushed the envelope in terms of electrolytes capable of being used 

in polymer pores. 

 Experiments in the gel electrolyte, LiClO4-PMMA, explored various arrangements of 

solid and solid-liquid electrolyte systems. We demonstrated the first solid-state nanoscale 

ionic diode, which led to new questions regarding the nature of charge arrangement in 

nanoconfined LiClO4-PMMA system. Presence of surface charge is one of the conditions 

necessary to generate ionic rectification. Numerical modeling of nanoconfined gel 

demonstrated that varying volume charge, dependent on axial position, was sufficient to 

generate rectification and account for the lack of concentration dependence in rectification 

(a standard feature in most ionic rectifiers). However, systematic studies linked to tip 

opening size and other limiting factors such as gel concentration (which is variable) or gel 

type could be performed to see how far such rectifying effects could extend in the gel 
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electrolyte. These studies also opened a new field of understanding ionic transport in solid 

electrolytes at the nanoscale. The nanopore system with infiltrated solid electrolyte is 

unique, because the measured signal gives direct information on ionic current without the 

necessity to de-convolute it from the combined ionic and electronic signals. 

Gel-liquid electrolyte systems aimed at proposing means to gain the advantages of 

both electrolyte types: high conductivity from liquid, and high mechanical stability from 

solid. For a gel fully immersed, we discovered that the gel-liquid system had an ionic 

response similar to liquid-only systems, suggesting a high degree of permeability of the gel 

to the compatible electrolyte. However, there was evidence that the gel structure could play 

a role in ion transport as asymmetric placement of the gel on a nanopore resulted in rectified 

currents. Asymmetric placement also served to modulate rectification of a pore which 

already demonstrated rectification from its asymmetric, i.e. conical, geometry. However, in 

the GLI experiments, the phenomena of ion transport in the gel-liquid system demonstrated 

other properties of rectification, which suggested a) nanostructure in the gel and b) 

significant changes in conductive states possibly linked to the sourcing of ions from one 

medium to the other. Since no successful imaging data was taken of the unbaked PMMA gel, 

it remains a point of interest to use these and other techniques to get meaningful sizing data, 

and explore how changing gel structure impacts the ion transport phenomena observed 

through these systems. 

 For manganese oxide, we expanded on previous research into its structure and 

surface charge properties by examining the effect of oxidation state, which can serve as a 

model for states of charge and discharge in battery systems. Probing in aqueous KCl 

solutions showed evidence that surface charge of MnO2 does modulate with the intercalation 
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of lithium, impacting ion transport. While similar procedure did not yield similar results in 

organic solvent, preliminary findings did suggest cycling MnO2 impacted its ionic 

conductivity, though a cause has yet to be determined. Additionally, with the result of long-

term cycling shown for MnO2 in LiClO4-PMMA, experiments could also be conducted in a 

system containing MnO2 and LiClO4-PMMA, both of which are compatible with our pores. 

 In conclusion, there are many directions this line of research can take and much is yet 

unknown. But what is unknown can be made known if one has the courage to seek it. 
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Appendix A: Additional Studies of Multipore MnO2 Samples and 

their Transmembrane Voltage Sensitivity 

Additional transmembrane voltage tests of electrodeposited MnO2 samples were 

done as a probe for contactless electrochemistry. The other lengths of MnO2 that were tested 

were ~500nm and ~2μm. The data is showed here in Figure A.1: 

 

a)  

b)  

Figure A.1 Summary histograms of four multipore MnO2 samples of two different rod 
lengths. In both samples, a uniform cut-off voltage is seen at 3 V. These measurements 
were taken in 100mM LiClO4-PC solution. 
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 Interestingly, the initial ionic resistance in the shorter MnO2 samples is higher than 

in the longer rods, which is consistent with observations from previous studies [9, 64]. 

However, the shorter rods appeared to be more susceptible to transmembrane voltage as 

three out of four samples had markedly reduced resistance after the voltage window was 

widened to ±200mV (Fig. A.1a) whereas the longer rods had increased resistance (Fig. A.1b). 

That being said, a majority of ~2μm samples showed reduced resistance after ±500mV, save 

one sample which showed increased resistance through ±2V (which might point to similarity 

with the single pore experiments in Ch.4 Sec. 5). The small magnitude of the voltage window 

required to cause changes in ionic resistance, in addition to a small sample size (n = 4), seems 

to suggest that contactless electrochemistry may not be the only mechanism at play. Further 

studies are required to make clear this effect and its dependence on the length of deposited 

MnO2 rods. 




