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Abstract 

A nanopore with a charged surface can preferentially transport counterions, due to the presence 

of overlapping double layers. A charged nanoporous membrane can be utilised in various 

applications, such as heavy metal ion filtration and osmotic energy harvesting. The osmotic 

energy harvesting technique requires a porous membrane that performs either osmosis or 

selective ion transportation. The efficiency of the osmotic energy harvesting system is crucially 

dependent upon the membrane’s performance. In this thesis, two different cation selective 

membranes were fabricated for the application of osmotic energy harvesting: a sub-nanometre 

polyimide membrane and an acrylic acid hydrogel PET membrane (HP membrane). The 

membranes were negatively charged and selectively transported cations down the concentration 

gradient. The PI membrane was fabricated using the soft-etching technique. To achieve this, PI 

foil with latent tracks, was immersed inside DMF solution. DMF dissolves the polymeric material 

within the PI foil resulting in the fabrication of the pore in the sub-nanometre range. The HP-

membrane was fabricated by incorporating acrylic acid hydrogel within a porous PET support 

membrane with sub-micrometre-sized pores. The performances of the membranes were analysed 

in various conditions, e.g, various concentration folds, pH, fluence, exposure to multivalent 

cation and time dependent investigation. The PI membrane exhibited the highest power output of 

0.45 μW, while the HP membrane exhibited the maximum power of 1.10 μW. Acidic medium 

and multivalent cations were extremely detrimental to the membranes. A sharp decline in power 

output was observed in the acidic or multivalent cation solutions. A gradual increase in the power 

output was observed with the increase in concentration folds but subsequently declined after a 

certain value of concentration fold. The power output increased up to a certain fluence, after 

which a decline in power was observed.  

In the thesis, cation and anion transport behaviour in the negative and positively charged conical 

nanopore was investigated. The conical nanopore was fabricated within PET foil using the 

asymmetrical etching technique. Due to the etching, pore’s surface carry a net negative surface 

charge and can be modified to positive via electrostatic self-assembly of PAH. Monovalent 

cations did not invert the surface charge of the unmodified conical nanopore. However, exposure 

to multivalent cations resulted in either surface charge neutralisation or inversion. The surface 

charge of the modified conical nanopore was neutralised or inverted by certain monovalent and 

multivalent anions such as HCO3
-
, H2PO4

-
 and HPO4

2-
.    
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Zusammenfassung 

Eine Nanopore mit einer geladenen Oberfläche kann aufgrund des Vorhandenseins überlappender 

Doppelschichten bevorzugt Gegenionen transportieren. Eine geladene nanoporöse Membran kann 

für verschiedene Anwendungen genutzt werden, z. B. für die Filtration von Schwermetallionen 

und die Gewinnung osmotischer Energie. Die Technik des osmotischen Energy Harvesting 

erfordert eine poröse Membran, die entweder Osmose oder selektiven Ionentransport ermöglicht. 

Die Effizienz des Systems zur Gewinnung osmotischer Energie hängt entscheidend von der 

Leistung der Membran ab. In dieser Arbeit wurden zwei verschiedene kationenselektive 

Membranen für die Anwendung der osmotischen Energiegewinnung hergestellt: eine Sub-

Nanometer-Polyimid-Membran und eine Acrylsäure-Hydrogel-PET-Membran (HP-Membran). 

Die Membranen waren negativ geladen und transportierten Kationen selektiv den 

Konzentrationsgradienten hinunter. Dir PI-Membran wurde mit der Soft-etching-Technik 

hergestellt. Zu diesem Zweck wurde PI mit latenten Spuren in eine DMF-Lösung getaucht. DMF 

löst das polymere Material in der PI-Folie auf, was zur Herstellung von Poren im Sub-

Nanometerbereich führt. Die HP-Membran wurde durch den Einbau von Acrylsäure-Hydrogel in 

eine poröse PET-Trägermembran mit Poren im Submikrometerbereich hergestellt. Die 

Leistungen der Membranen wurden unter verschiedenen Bedingungen analysiert, z. B. 

verschiedene Konzentrationsstufen, pH-Wert und Durchflussmenge, Exposition gegenüber 

mehrwertigen Kationen und zeitabhängige Untersuchungen. Die PI-Membran wies die höchste 

Ausgangsleistung von 0,45 μW auf, während die HP-Membran die maximale Leistung von 1,10 

μW zeigte. Saures Medium und mehrwertige Kationen waren äußerst nachteilig für die 

Membranen. In sauren Lösungen oder Lösungen mit mehrwertigen Kationen wurde ein starker 

Rückgang der Ausgangsleistung beobachtet. Ein allmählicher Anstieg der Ausgangsleistung 

wurde mit der Zunahme der Konzentrationsfalten beobachtet, nahm aber nach einem bestimmten 

Wert der Konzentrationsfalten wieder ab. Die Leistungsabgabe stieg bis zu einer bestimmten 

Fluence an, danach wurde ein Leistungsabfall beobachtet. 

In dieser Arbeit wurde das Transportverhalten von Kationen und Anionen in einer negativ und 

positiv geladenen konischen Nanopore untersucht. Die konische Nanopore wurde mit Hilfe der 

asymmetrischen Ätztechnik in einer PET-Folie hergestellt. Aufgrund der Ätzung trägt die 

Porenoberfläche eine negative Oberflächenladung und kann durch elektrostatische Selbstmontage 

von PAH in eine positive umgewandelt werden. Monovalente Kationen kehrten die 
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Oberflächenladung der unmodifizierten konischen Nanopore nicht um. Die Exposition gegenüber 

mehrwertigen Kationen führte jedoch entweder zu einer Neutralisierung oder einer Umkehrung 

der Oberflächenladung. Die Oberflächenladung der modifizierten konischen Nanopore wurde 

durch bestimmte monovalente und multivalente Anionen wie HCO3
-
, H2PO4

-
 and HPO4

2- 

neutralisiert. 
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Chapter 1. General Introduction 

A ‗nanochannel‘ or a ‗nanopore‘ is a structure having a dimension smaller than 100 nm [1]. Note, 

the terms, i.e., ‗nanochannel‘ and ‗nanopore‘ are used synonymously in the thesis. In nature, 

nanochannels are encased inside a lipid layer of a cell [2]. Biological channels play a crucial role 

in the maintenance of osmoregulation within a cell by transporting different ions [2,3,4]. The 

channels within cells exhibit selectivity for specific chemical species [2]. Furthermore, the 

channels transition to an ON or OFF state in response to external stimuli [5]. A cell can contain 

three types of transporters, i.e., an uniporter, a symporter and an anti-porter [6,7]. The Uni-porter 

transports chemical species in one direction, the symporter transports two chemical species in a 

particular direction, and the antiporter is responsible for transporting chemical species in both 

directions, i.e., into and out of a cell [6,7].  

The transport behaviour of a biological nanochannel can be mimicked in a synthetic nanochannel 

[5,7]. Several methods have been developed to fabricate synthetic nanopores, namely, Focused 

Ion Beam (FIB), Dielectric Break Through (DBT) method, Electron Beam Lithography (EBL) 

and Ion Track Etch method [8,9,10,11].  Nanopores can be fabricated using the FIB technique by 

targeting an ion beam onto a substrate target [12,13]. In the DBT technique, nanopores are 

fabricated in the substrate material such as Silicon nitride (SiNx) by applying an electric field [9]. 

The surface of the substrate material is introduced to a concentrated salt solution and a large 

voltage bias is applied [9]. The electric field causes the generation of a leak current which leads 

to the formation of charge traps, ultimately resulting in energy dissipation and the generation of 

pores [9]. Prior research findings have demonstrated that nanopores having an average diameter 

of 2nm have been fabricated in SiNx using the DBT technique [9]. The EBL technique is also an 

important technique used for the fabrication of nanopores, where a resist (pattern) is coated to a 

substrate surface, which is then targeted by an electron beam [10,14]. The Ion-track etch method 

is the established technique for the fabrication of nanopores within a polymer material [15]. The 

method is regarded for its versatility in geometry and pore size. Moreover, a pore with a suitable 

surface functionalisation can be used for several applications [16]. Several different nanopore 

morphologies such as cylindrical, cigar-shaped and conical have been reported in the previous 

literature [17,18].  

 

 

Some of the sentences, paragraphs and diagrams in this chapter of the thesis were already published in the following journal articles 

―Osmotic energy harvesting with soft-etched nanoporous polyimide membranes || M.H.A. Haider, S. Nasir,  M. Ali, P. Ramirez, J. Cervera, S. Mafe, W. Ensinger 

|| https://doi.org/10.1016/j.mtener.2021.100909 

 

―Anions effect on ion transport properties of polyelectrolyte modified single conical nanopores‖ || M.H.A.Haider, M. Ali, W. Ensinger || 

https://doi.org/10.1016/j.cplett.2021.138349 
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Synthetic nanopores have better mechanical and thermal properties compared to biological 

nanopores [19]. In addition, synthetic nanopores can be easily integrated into a working device 

[19]. Due to the aforementioned properties of synthetic nanopores, they can be used in diverse 

applications such as energy harvesting, sensors and filtration [20,21]. In addition, a nanoporous 

membrane can also be used to sieve out particles. The surface of nanopores can also be 

chemically functionalised to detect chemical species [23]. 

Charged nanopores can be used for the application of reverse electrodialysis (RED). The charged 

nanopore permits the diffusion of counterions and impedes the diffusion of coions when exposed 

to a concentration gradient, resulting in the generation of current [22]. Furthermore, negatively 

charged nanopores can also be used to filter heavy metal ions. Most heavy metal ions are 

positively charged and therefore form strong interactions with a negatively charged surface.     

To date, approximately 80% of electricity is produced from fossil fuels. The substantial usage of 

fossil fuels is leading to global warming [24]. The average temperature of the earth is rising 

leading to the melting down of glaciers and sea level to rise [25]. Moreover, climate change and 

alterations in the natural rain cycle are creating adverse effects on the agriculture sector. The 

change in geopolitical circumstances affects the price of fossil fuels. The increase in the price of 

fossil fuels puts severe financial strain on developing countries. Over time, the increase in 

industrialisation and the world‘s population have escalated the demand for electricity. Factor such 

as dwindling oil reserves, surge in energy demand, and global warming are pushing governments 

to invest in alternative and renewable energy.  

Presently, 22% of the total electricity production is obtained from renewable sources of energy, 

such as solar, wind, hydal and tidal [26,27]. The alternative energies offer advantages in terms of 

affordability, zero-emissions and renewable fuel [28]. To date, several devices have been 

developed that can convert other energy sources into electricity such as radio frequency (RF), 

thermal, pressure and salinity gradient (SGE) [29].  

The SGE technique converts the energy resulting from difference in fluid concentration into 

electrical energy [30,31]. The SGE method generates clean energy and is independent of weather 

conditions, and according to an estimate, a large amount of electrical power, 2TW, can be 

obtained through the technique [30]. Pressure retarded osmosis (PRO) and RED are the examples 

of SGE [32].  
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1.1 Motivation and aim 

The quality of a membrane used in an osmotic energy harvesting set-up determines the overall 

efficiency of the set-up. Therefore, considering the aforementioned statement, the primary aim 

and objective of the thesis was to fabricate cation selective membranes that improve the 

performance of the set-up. The performance of a membrane can be improved either by increasing 

the surface charge density or by reducing the pore size. In this respect, two different membranes 

were fabricated: a polyimide (PI) membrane with sub-nanometer pore size and a composite 

membrane of polyethylene terephthalate (PET) and acrylic acid hydrogel. The PI membrane with 

sub-nanometer pore size was initially documented by Ensinger et al [33]. An organic etching 

solution was used to fabricate sub-nanopores within the PI membrane. The pore size of the PI 

membrane was relatively small, therefore it can be predicted that the membrane would have 

superior cation selectivity, ultimately leading to a higher performance. The second type of 

membrane was prepared by incorporating acrylic acid hydrogel into the porous PET support 

membrane. The acrylic acid hydrogel has numerous carboxylic acid groups, which leads to a 

higher charge density of the membrane. Increasing the charge density of a membrane improves 

the performance of the osmotic energy harvesting set-up. In addition, the thesis aimed to evaluate 

the performance of the membranes under different conditions which include fluence dependent 

test, time dependent test and pH test. The performance of the membranes was also investigated 

by exposing them to a multivalent cation. In previous literature, researchers have predominantly 

used single nanopore membranes or membranes with small exposed test areas. However, in this 

thesis, a relatively larger test area (approximately 100 mm
2
) was used. Moreover, the ion 

transport behaviour within the membranes was also part of the study.   

Another aim and objective of the thesis was to investigate the cation and anion transport 

behaviour within a single conical nanopore in the PET membrane. The study examined the ion 

transport behaviour in the positively and negatively charged nanopores. The influence of pH on 

the ion transport behaviour within the conical nanopore was also investigated.     
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1.2 Latent track formation 

Swift Heavy Ion Irradiation (SHI) is the process used to fabricate latent tracks within a polymer 

sample [34,35]. During the process, ions achieve a speed of 4.5 x10
7
 m/s [34]. The universal 

accelerator (UNILAC) set-up illustrated in Figure 1 includes a magnetic lens, a high frequency 

ion accelerator, an electrostatic deflector and an ion detector [34]. The incident atoms are stripped 

of their electrons and accelerated by the high frequency ion accelerator. The magnetic lens 

regulates the fluence of the latent tracks within a polymer substrate [34]. The fluence normally is 

in the range of 1 to 10
12

 ions/cm
2
. A metal sheet with a 200 microns diameter hole is placed in 

front of a polymer sample to fabricate a single track within a polymer foil [34]. The ions pass 

through the sample before hitting the metal detector (Faraday cup) [34,35].   

 

Figure 1: Schematic representation of fabrication of the single latent track within polymeric foils using 

the Universal Linear Accelerator (UNILAC) located at GSI [34]. 

 

The incident beam loses kinetic energy through nuclear energy loss and electronic energy loss 

[35]. With the increase in energy of the incident ions beam, the proportion of electronic energy 

loss becomes more significant [35]. The total energy loss saturates after reaching a certain 

threshold value [35]. The penetration depth of the incident beam increases with the increase in its 

energy [35].  

The fabrication of a latent track within a target polymer substrate results from the cleavage of 

polymeric bonds [34,35]. Additionally, secondary electrons are emitted from the atoms as a result 

of the collision [34,35]. The secondary electrons trigger radical formation and chemical reactions 

in the area (halo area) adjacent to the tracks [35]. The halo region is comparatively more reactive 
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Ion 

detector 
Ion source 

Electrostatic 

deflector 

High frequency  

accelerator 

SHI 

beam 

Trigger 



 
 

 
7 

and crosslinked than the bulk region [35]. The quality of track formation depends upon the 

strength of the bonds present in a polymer substrate [34,35]. According to the literature, the 

quality of the tracks formed in polycarbonate (PC) and polyethylene terephthalate (PET) is of 

superior quality compared to those formed in polyimide (PI) [35]. This is due to the presence of 

ester bonds in PC and PET which are easily broken off during the irradiation process [35].  

1.3 UV sensitisation 

After undergoing the irradiation process, the polymer substrates are kept in the open air. The 

substrate undergoes an oxidation reaction which subsequently increases the reactivity of the 

substrate [35]. A further improvement in the reactivity of the substrate is achieved by the 

Ultraviolet (UV) sensitisation process [36]. In the process, the polymer foils are irradiated with 

UV rays having wavelength below 320 nm. According to the literature, UV irradiation triggers a 

photo-oxidation reaction which subsequently increases the chemical reactivity of the substrate 

[37,38].   

1.4 Chemical etching 

The nanochannels or nanopores are fabricated within a polymer substrate using the chemical 

etching technique. In the technique, the substrate is exposed to an inorganic etchant heated to a 

specific temperature. The etchant dissolves the material within and adjacent to the tracks by 

breaking the polymer bonds, e.g., ester bonds in PC and PET (Figure 2) [35]. The selection of an 

etchant depends on the polymer sample, e.g., sodium hydroxide is used to etch PC and PET, 

whereas PI polymer samples are etched with sodium hypochlorite solution [39,40]. The 

concentration and temperature of an etchant contribute to the etching rate and the symmetry of a 

nanopore [41].  

 

Figure 2: Scheme showing the cleavage of ester bond during chemical etching of PET [35]. 

The etching rate of the bulk material and the track are different, leading to discrepancies in 

reactivity as depicted in Figure 3 [35]. The tracks have higher reactivity than the bulk material. 

NaOH + 

washing 
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As a result, when the polymeric foil is exposed to an etchant solution, the etching rate of the 

tracks is far greater compared to the bulk material [35]. The ratio between two etching rates can 

be computed through equation 1 [35]. A cylindrical nanopore is obtained when the track etch rate 

is substantially higher compared to the bulk etch rate, whereas a conical nanopore is obtained 

when both of the etching rates have evenly matched values [35]. 

 

Figure 3: The scheme illustrates the etching procedure with two distinct etching: bulk etching and track 

etching [35]. 

 

 

 

 

The track etching technique is a quite flexible in terms of pore geometry and size. Several shapes 

such as conical, cylindrical, bullet-shaped and dumbbell-shaped nanopores can be fabricated 

using the track etching technique [42-45].  

The illustration in Figure 4a shows a cylindrical nanochannel inside a PET foil. The nanochannel 

can be fabricated by exposing the foil to 2M NaOH etchant, which is heated to a temperature 

close to 50 
o
C during the process [35].  

The asymmetrical etching technique is used to fabricate conical nanopores [42]. Figure 4b 

illustrates the conical nanopore fabricated in a polymer foil. In the process, a surface of the 

polymeric foil is introduced to a concentrated etchant solution and the other one to stopping 

α 

Rtrack 

Rbulk 

Rbulk 

sinα =
𝑏𝑢𝑙𝑘 𝑒𝑡𝑐ℎ𝑖𝑛𝑔 𝑟𝑎𝑡𝑒(𝑅𝑏𝑢𝑙𝑘)

𝑡𝑟𝑎𝑐𝑘 𝑒𝑡𝑐ℎ𝑖𝑛𝑔 𝑟𝑎𝑡𝑒(𝑅𝑡𝑟𝑎𝑐𝑘)
 (1) 
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solution [42]. The stopping solution is composed of a weak acid and a salt solution and its 

purpose is to neutralise the etchant solution, thereby reducing the etching rate.   

Surfactants are added to an etchant solution to fabricate a cigar-shaped nanopore (Figure 4c) [46]. 

The surfactant molecules adsorb onto the polymer surface, thereby reducing the etching rate at 

the surface, while leaving the rate of etching at the core remained unaffected [46]. This difference 

in etch rate between the core and the surface lead to the formation of cigar-shaped nanopore.  

Figure 4d depicts a bullet-shaped nanopore. In the nanopore fabrication process, one end of a 

polymer foil is introduced to an etchant solution while the other end is introduced to a solution 

mixture that comprises of a surfactant and an etchant solution [44]. 

 

Figure 4: Different shape of nanopores (a) Cylindrical (b) Conical (c) Cigar-shaped (d) Bullet-shaped. 

 

Dumbbell-shaped nanopores are fabricated by a two-step etching process [45]. Initially, a 

polymer foil is exposed to a concentrated etchant solution, resulting in the formation of two cones 

on both sides of the foil, as depicted in Figure 5a. In the second step, the polymer foil is exposed 

to a low concentrated etchant solution at an elevated temperature [45]. The channel formed 

connects the two cones, thereby resulting in an overall dumbbell-shaped nanopore, as shown in 

Figure 5b.  
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a) 
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b) 

Cigar 

c) 
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Figure 5: Schematic representation of different steps for the fabrication of dumbbell-shape nanopore (a) 

1
st
 step when a polymeric foil is exposed to a high concentrated etchant solution (b) 2

nd
 step of the 

fabrication process in which the polymeric foil is exposed to a low concentrated etchant solution. 

1.5 Electrical double layer 

When a charged object is immersed inside an aqueous solution, an Electrical Double Layer 

(EBL) is formed adjacent to the surface, as depicted in Figure 6 [47]. The Stern layer model can 

explain the EBL; according to the model, counterions and coions are arranged in a particular 

manner around the charged surface [48]. The innermost layer is known as Stern layer, which 

comprises of Inner Helmholtz Plane (IHP) and the Outer Helmholtz Plane (OHP) [48]. Diffuse 

layer adjoins the Stern layer where the ions and have considerable degree of movement [48]. On 

the other hand, counterions are strictly constrained inside the IHP layer whilst the OHP layer 

comprises of tightly constrained hydrated ions [48]. The thickness of the Stern layer and the 

diffuse layer depends on the concentration of a salt solution. The electric potential at the interface 

of diffuse layer and bulk solution is at its minimum and increases exponentially with lateral 

distance (according to the Figure 6) [49]. The ions in the salt solution experience repulsion or 

attraction due to the potential of the charged surface. 

 

Figure 6: Schematic representation of Electrical Double Layer. Various layers are illustrated, i.e., Inner 

Helmholtz plane, Outer Helmholtz plane, Diffuse layer and Bulk solution [48]. 
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1.6 Nano-fluidic pores 

The study of fluid flow in a nanoscale channel is known as nano-fluidics [50]. The surface of the 

nanochannel within PI, PET and PC is negatively charged after the etching process [40,51,52]. 

An EDL is formed adjacent to the charged surface of a nanochannel upon immersion in a salt 

solution [50]. The selectivity of a nanochannel depends upon the thickness of the Debye length 

[50]. A charged nanochannel selectively transport counter ion preferentially due to their 

comparable radius with the Debye length [50]. Due to the selective transport of counterions, the 

concentration of counterions builds up within the nanochannel, as illustrated in Figure 7 [53]. 

Conversely, the concentration of anions within the nanochannel is lower compared to the bulk 

solution, as depicted in Figure 7 [53]. The concentration of ions near both ends of the 

nanochannel remains approximately constant at 0V [53]. Applying a voltage bias causes a build-

up of cation‘s concentration at one end and depletion on the other end, resulting in a 

concentration difference [53]. The concentration gradient intensifies as the magnitude of the 

voltage increases [53]. Furthermore, due to the voltage bias, the solvent molecules follow the 

electromigration trajectory of the majority charge carrier (cations) due to collisions between the 

cations and the solvent molecules [53]. The motion of the molecules under the influence of 

voltage is called electroosmotic flow [53].  
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Figure 7: Scheme illustrating the selective transport of cations, moreover the graphs show the 

concentration profile of cations and anions at different axial positions [53]. 

 

The ionic conductance of a channel depends on the bulk solution concentration, charge density, 

and the diameter [50]. In the case of a nanochannel, below a critical value of the concentration of 

a bulk solution, the conductance is mainly influenced by the charge density [50]. Nonetheless, 

above the critical value, the conductance is influenced by the conductivity of a salt solution and 

the channel‘s diameter [50]. A microchannel with a charged surface carries out negligible 

preferential transport of counterions due to the low Debye length to diameter ratio (Figure 8) 

[50]. As a result, it demonstrates dissimilar transport behaviour to that of a nanochannel [50].  
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Figure 8: (a) Ions transport inside a microchannel (b) Ions transport inside a nanochannel. 

 

The Debye length has an inverse relationship with the concentration of an electrolyte [54]. The 

increment in the concentration increases the electric field screening, which in turn decreases the 

Debye length, causing the nanochannel to lose its selectivity for counterions (Figure 9) [54]. 

Another theory also provides the explanation for the decrease in counterion selectivity of a 

nanochannel when exposed to a high salt concentration. The second theory suggests a decreased 

Dukhins number due to the increase in an electrolyte concentration, resulting in a lower 

selectivity according to equation 2 and 3 [50]. Multivalent counterions have a higher affinity for 

the surface charges, resulting in strong adsorption of the ions on the surface, leading to surface 

charge neutralisation or surface charge inversion, which subsequently reduces counterion 

selectivity. However, in certain cases, the net surface charge is reversed due to the strong 

interactions of multivalent counterions with surface charges.  

a) 

b) 

Microchannel 

Nanochannel 
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Figure 9: Scheme illustrating Debye length in (a) low concentrated electrolyte salt solution, cations are 

preferentially transported across the nanochannel (b) high concentrated salt solution, no preferential 

selectivity is observed. 

 

 
f: Permselectivity 

Du: Dukkhins Number 

C: Concentration of electrolyte 

R: Radius of channel 

σ: Surface charge  

 

1.7 Ion current rectification  

A symmetric nanochannel exposed to a symmetric salt solution exhibits a linear current-voltage 

(I-V) curve. However, a non-linear I-V behaviour can be observed by introducing an asymmetry 

in the system, the non-linear I-V behaviour is known as ion current rectification (ICR) [50]. The 

ICR phenomenon can be manifested by the introduction of asymmetry in the shape of the 

nanopore, asymmetric charge distribution and concentration gradient [50].     

In Figure 10 a(i and ii), the asymmetry in the charge density is introduced [50]. The right hand 

side (RHS) of the nanochannel has a positively charged surface, whereas the left hand side (LHS) 

has a negatively charged surface, as illustrated in Figure 10a(i and ii) [50]. When the RHS end is 

facing the cathode (negative) whereas the LHS is facing the anode (positive) (Figure 10a(i)), the 

a) 

b) 

                                                                                          2) 𝑓(𝑝𝑒𝑟𝑚) = 1 + 2𝐷𝑢 

                                                                                         3) 𝐷𝑢 =
σ

(𝐶 ∗ 𝑅)1
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nanochannel is in the ‗ON‘ state [50]. At the RHS, anions can easily enter the nanochannel while 

cations are repelled [50]. On the other hand, the negative charges present at the LHS facilitate the 

entry of cations into the nanochannel [50]. Ions experience repulsion at the centre of the 

nanochannel where the surface charges switch, and thus making it difficult for the ions to exit the 

nanochannel [50]. Consequently, the ionic concentration inside the nanochannel increases due to 

the ease of entrance and difficulty of exiting leading to increase of current [50]. On the other 

hand, the nanochannel transitions into the ‗OFF‘ state when the sign of the potential difference 

(P.D) is reversed, as illustrated in the Figure 10a(ii) [50]. In the ‗OFF‘ state, cations and anions 

are attracted to the negatively and positively charged electrodes, respectively. Ions can easily exit 

the nanochannel but face difficulty during the entrance, leading to a depletion of the ionic 

concentration within the nanochannel [50]. Consequently, the resistance value of the nanochannel 

is increased, resulting in a low current value [50].  

In the second case scenario, a nanochannel is introduced to a concentration gradient, as illustrated 

in Figure 10b(i) [50]. It is assumed that the surface of the nanochannel has a net negative charge, 

allowing only cations to migrate through the nanochannel [50]. The nanochannel is considered to 

be in the ‗ON‘ state when both the migration flux and the diffusion flux occur in the same 

direction, i.e., down the concentration gradient, as depicted in Figure 10b(ii) [50]. The 

nanochannel transitions to the ‗OFF‘ state when the polarity of P.D is reversed, causing the 

direction of the migration flux to oppose the direction of the diffusion flux [50]. In the ‗OFF‘ 

state, the diffusion of cations decreases, resulting in low current values [50].  

Ion current rectification can also occur by breaking the symmetry of a nanochannel, e.g., a 

conical nanopore [50,55]. The negatively charged nanopore is in the ‗ON‘ state when the tip is 

facing the positively charged electrode (Figure 10c(i)) [55]. On the other hand, the nanopore 

transitions to the ‗OFF‘ state when the polarity of the P.D is reversed (Figure 10c(ii)) [55]. In the 

‗ON‘ state, cations selectively migrate from the tip to the base. The magnitude of the current 

decreases in the ‗OFF‘ state, and negative charges present on the surface prevent anions from 

entering into the nanopore [55]. Furthermore, the emergence of electrical potential cation trap 

impedes the cations from electromigrating, resulting in low current value [56]. 
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Figure 10: Schematic illustration of a nanochannel having an asymmetric charge distribution a(i) ON state 

a(ii) OFF state. The nanochannel was exposed to a concentration gradient b(i) ON state b(ii) OFF state.  

Conical shaped nanopore in c(i) ON state c(ii) OFF state [50]. 

 

The conical nanopore generates an asymmetric I-V curve, while the cylindrical nanopore 

generates a linear straight line. The rectification was quantified by the rectification factor (RF), 

which was calculated using the following equations 4 and 5 in the study [55].   
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1.8 Functionalisation of nanopore surface 

Surface modification or surface functionalisation is necessary to tailor material properties to a 

particular application or to improve performance [34]. Functionalisation is applied in a wide 

variety of areas, such as biomaterials, membranes, and nanoparticle surface modification [34].  

The surface of nanochannels within PET, PC and PI membranes is negatively charged due to the 

presence of carboxylate ions. Electrostatic self-assembly method, covalent coupling method and 

metal ion complexation are the methods used to functionalise the surface of a nanochannel 

[34,55]. By tailoring the surface, the polymer membrane can be used in sensing applications. The 

charges on the nanopore surface can be switched to positive by suitable adsorption of a 

polyelectrolyte such as poly(allylamine hydrochloride) (PAH) [55]. PAH can adsorbed on a 

nanochannel‘s surface using the electrostatic self-assembly method, as depicted in Figure 11a 

[55]. In this method, a polymeric membrane is submerged in the polycationic solution. The 

positive charges present on the polymer chains experience a force of attraction and are adsorbed 

on the surface of the nanochannel [55]. The adsorption of a polyelectrolyte depends on several 

factors such as the pore‘s diameter, net charge and the weight of polyelectrolyte [55].  

Surface functionalisation, such as carbodiimide coupling, can be achieved by the covalent 

coupling method [34]. The method is carried out at low pH values. Initially, the polymer 

membrane is immersed in a solution of EDC (1-3-Dimethylaminopropyl-3-ethylcarbodiimide 

hydrochloride), a vital step for the activation of the carboxylic acid groups and later treatment 

with pentaflourophenol (PFP) (Figure 11b) [34].  
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Figure 11: (a) Electrostatic self-assembly functionalisation of PAH on a surface having carboxylic acid 

groups (b) Carbodiimide functionalisation on a surface possessing carboxylic acid groups [34,55]. 

 

1.9 Pressure retarded osmosis 

Pressure retarded osmosis (PRO) is a method of generating electricity using a salinity gradient 

[57,58]. The PRO set-up consists of two compartments: a high concentrated salt solution 

compartment and a low concentrated salt solution compartment, with a semipermeable membrane 

separating the compartments, as illustrated in Figure 12 [59]. The fluids are continuously pumped 

into their respective chambers [59]. The net osmotic pressure in the system is greater than the net 

hydrostatic pressure, allowing osmosis through the semipermeable membrane, resulting in an 

increased flow level within the high concentrated salt chamber [59]. Consequently, the increased 

volumetric flow in the concentrated chamber is used to drive a turbine that generates electricity, 

and some of water is diverted to the pressure exchange chamber [59]. The system offers several 

benefits: firstly, the energy demand of the reverse osmosis (RO) process is minimised when 

integrated with the PRO set-up, and secondly, the process lowers the concentration of the salt 

solution discharged by the RO process before disposing into a sea [59]. The downsides of the 

PRO process are energy efficiency and the integration of components, e.g., turbine, and pressure 

chamber [59].     
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Figure 12: The scheme illustrates the set-up of pressure retarded osmosis. The set-up consists of turbine, 

pump, pressure exchange and membrane (indicated with yellow colour) [59]. 

 

1.10 Reverse electrodialysis 

Reverse electrodialysis (RED) is a process for the generation of electric power using a salt 

concentration gradient [60]. The RED process set-up, illustrated in Figure 13, consists of several 

compartments filled with salt solution of varying concentrations [60]. The compartments are 

separated by porous ion-selective membranes. The membrane exclusively transports counterion 

due to the surface is charged and the average pore size is in the nanoscale [60].  

The efficiency of the RED set-up is substantially influenced by the efficiency of the membrane. 

The performance of the membrane is evaluated by two parameters: counterion selectivity and 

ionic transmembrane resistance. Counterion selectivity is defined as the degree to which 

membrane allow the preferential transport of counterions over total flow of ions across the 

membrane, and is determined in the case of cations using equation 6 [61]. The value of counter 

ion selectivity is determined by temperature, pore size, concentration gradient, and charge density 

of the membrane. A small average pore diameter and a high surface charge density increase the 

reversal potential and counterion selectivity. Moreover, low ionic transmembrane resistance is 

desired to obtain high performance. The ionic transmembrane resistance is governed by the 

average pore size, fluence, exposed area of the membrane and concentration gradient. Previous 

literature suggests that high pore density, large exposed area and a high concentration gradient 

result in a low power density due to a phenomenon called concentration polarization (CP) [57, 

61]. In the CP phenomenon, counterions accumulate near the one side of a membrane and deplete 
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on the other side, resulting in a high transmembrane flux resistance [57]. Maximum power (Pmax) 

and maximum efficiency (ηmax) were calculated using equation 7 and 8, respectively [61]. 

 

 

Figure 13: The schematic illustrate RED set-up. The set-up comprises of low concentrated salt solution 

compartment, high salt solution compartment, cation selective membrane, anion selective membrane and 

electrodes. 
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1.11 Electrodialysis  

Electrodialysis (ED) operates oppositely to the RED [62]. ED is the energy powered process used 

for desalination of water [62]. The set-up consists of anion and cation selective membranes that 

separate compartments. The compartments are continuously fed with low and high molarity salt 

solutions (Figure 14) [62]. Electrodes are immersed in the salt solutions, and a potential 

difference (P.D) is applied. The P.D is maintained above a critical value to allow the transport of 

counterion against the concentration gradient to overcome the diffusion.    

 

Figure 14: Schematic illustration of ED set-up. The set-up comprises of low concentrated salt solution 

compartment, high concentrated salt solution compartments, cation and anion selective membrane. The 

cations and anions migrate towards high concentrated salt solution compartments. 

 

1.12 Hydrogels 

Hydrogels are extensively crosslinked polymeric structures with hydrophilic properties (Figure 

15) [63,64,65].  The hydrophilicity of the structures is attributed to the polar functional groups 

attached to the polymeric chains, which enable them to retain water [63,64,65]. When the 

hydrogel is immersed inside the water, it swells and retains more water than its dry mass [65]. 

Hydrophilic hydrogels can be used in various applications such as biomedical, optical, sensor, 

energy harvesting, agriculture, and drug delivery [63,64]. Functional groups within a hydrogel 

can be tuned to make it responsive to a specific external stimulus [65]. A normal conventional 

hydrogel has low toughness, however, the incorporation of nanoparticles and plasticisers can 

High concentrated salt solution 

Low concentrated salt solution 

High concentrated salt solution 

Cation selective membrane Anion selective membrane 



 
 

 
22 

improve the toughness [63]. Several different methods can be utilised for the fabrication of 

hydrogel, i.e., bulk, solution and suspension polymerisation [65]. 

 

 

Figure 15: The scheme illustrates a cross networked polymeric hydrogel structure. 

 

The monomer solution is the key component in bulk solution polymerisation. The solution is 

supplemented with some additional chemicals, namely cross-linking agent and polymerisation-

reaction-initiator [65]. The crosslinking agent increases the crosslinking between polymeric 

chains within a hydrogel, consequently increasing the mechanical properties of a hydrogel [65]. 

Conversely, a high content of crosslinker reduces water retention capacity of a hydrogel. The 

polymerisation reaction is initiated by the polymerisation-reaction-initiator, which is triggered by 

external stimuli such as heat or light [65]. In the solution polymerisation method, an additional 

solvent, e.g, water is added to the reaction mixture (monomer, crosslinking agent, and initiator) 

[65]. In suspension polymerisation method, the reaction mixture is suspended in an organic phase 

using a stirrer [65]. After the reaction, small hydrogel beads are formed [65]. The morphology 

and size of the beads are influenced by various factors such as the stirrer‘s speed, the type of 

monomer used and the organic dispersant [65].  

In the current research work, the hydrogels were synthesised by the solution polymerisation 

method. The polymerisation chain reaction was activated by a photoinitiator that absorbs a 

certain wavelength of light and transforms into the radical and consequently starts a chemical 

initiation reaction involving the radicalisation of a monomer molecule. This is followed by chain 

propagation, in which monomer molecules join to form a polymeric chain. The final stage is the 

termination step which marks the end of the reaction. The experimental set-up for the photo-
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initiating reaction is straightforward compared to the set-up of a thermal-initiating reaction. A 

small quantity of photoinitiator reaction is added to the reaction mixture. Adding a large quantity 

of the initiator to the reaction mixture might result in a shorter chain length.   
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Chapter 2. Experimental  

2.1 Swift heavy ion irradiation 

PET and PI membranes were used extensively in the current research. The average thickness of 

the PET and PI membranes used in the study was 12 µm and 13 µm respectively. The aim was to 

fabricate nanochannels within the polymer foil. Prior to the SHI process, the pristine polymer 

foils were cut into circular shapes with an average diameter of 30 mm. Later, 6 to10 circular 

polymer foils were placed stacked on each other and placed in a sample holder and subsequently, 

the sample holder was placed in a magazine as shown in Figure 16 [34].  

 

Figure 16: (a) Polymer sample holder (b) The placement of sample holders within a magazine [34]. 

Courtesy of Dr. Saima Nasir. 

 

The SHI process was used to fabricating latent tracks within polymer foils in UNILAC set-up, 

located at GSI facility, Darmstadt [34]. The magazine containing the polymer samples was placed 

inside the UNILAC and heavy ions were bombarded onto the polymer samples. Gold (Au), 

Uranium (U), and Krypton (Kr) heavy ions were used for the irradiation purpose [34]. The beam 

with the energy of 11.4MeV/n was bombarded perpendicular to the surface of the polymer foils 

to fabricate parallel latent tracks [34]. In some cases, the beam angle was changed to 45
o
 with 

respect to the polymer surface to fabricate networked latent tracks.  

 

 

a b 

Swift heavy ions irradiation was performed by Prof. Dr. Christina Trautman and Prof. Dr. Maria Eugenia Toimil Molares at GSI Darmstadt facility.  
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A single latent track was fabricated within a polymer sample by placing a sheet metal having a 

slit opening of 0.2 mm diameter. All of the samples subjected to the irradiation process were 

consequently stored in the open air for a limited period. 

2.2 UV sensitisation 

After the SHI process, each side of the polymer samples was sensitised for at least 1 hour with 

UV rays (VILBER UV instrument) having a wavelength of 312 nm (Figure 17). Due to the UV 

irradiation, the polymer samples undergo a photochemical reaction; therefore, the chemical 

reactivity of the polymer samples increase many times [34]. 

 

Figure 17: The scheme shows a polymer sample is being irradiated by UV rays having wavelength of 

312 nm. 

 

2.3 Chemical etching 

The fabrication of nanochannel within a polymer foil was achieved by the use of chemical 

etching. The foil was exposed to a chemical etchant. Nanochannels of different shapes and sizes 

can be fabricated using the technique. In this study, cylindrical and conical shaped pores were 

fabricated within a polymer foil. 

2.3.1 Symmetrical etching 

Cylindrical nanochannels were fabricated technique inside a PET sample with a fluence of 

1.0 10
8
 ions/cm

2
 using the symmetrical etching technique. The experimental set-up for the 

fabricating of cylindrical nanochannel within a PET foil is shown in Figure 18. Prior to the 

etching, the polymer sample was fixed inside a sample holder. Sodium hydroxide with a molarity 
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of 2M was used as the etchant. The etchant was heated up to 50 
o
C and then the polymer sample 

was immersed in the etchant for approximately 1 hour. Later, the sample was removed from the 

etching solution, washed and stored in distilled water for approximately 24 hours. 

 

Figure 18: The scheme shows the symmetrical etching set-up of a PET foil. 

 

2.3.2 Soft Etching 

The soft etching technique uses a mild type of etchant. The technique falls under the category of 

symmetrical etching. The method is used to fabricate channels within polyimide (PI) foils with an 

average opening diameter in the sub-nanometre range, as shown in Figure 19. Dimethyl 

formamide (DMF) was used as the etchant, the PI foils were submerged inside the etchant for at 

least 24 hours. The etchant dissolves the polymeric traces present inside the tracks [33]. On the 

other hand, the bulk material was slightly consumed by the etchant [33]. Later, the PI foil was 

taken out of the in-organic etchant and cleaned with ethanol and subsequently with water. Sub-

nanometer channels are quite difficult to fabricate within a PI foil using the conventional etching 

technique. The conventional etching technique uses sodium hypochlorite as the etchant. The 

inorganic etchant is quite aggressive, making it difficult to fabricate sub-nanometer channels. The 

study utilised PI foils with fluence ranging from 4.0 10
8
 pores/cm

2
 to 4.0 10

10
 pores/cm

2
.  
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Figure 19: Soft etching of the heavy ion irradiated polyimide membrane. 

 

Following the soft etching of the PI foils, remnants within the channels were removed using the I-

V process technique. The PI membrane was fixed between the two cells. The volume capacity of 

the individual cell was approximately 4.5 ml, and the opening diameter was approximately equal 

to 11 mm. The cells were filled with NaCl solution having a molarity of 100 mM. Homemade 

Ag/AgCl electrodes were immersed inside the solution, and a triangular voltage signal was 

applied. The signal has an amplitude of 2V, a period of 30 and a step size of 0.1V. Over time, the 

current value starts to increase, as depicted in Figure 20, indicating the removal of residues from 

the channels. Eventually, the current values became stable indicating the complete removal of 

residues from the pores. 

 

 

Figure 20: I-V process was applied in order to remove the remnants inside the PI membrane after the 

soft-etching procedure. 
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2.3.3 Asymmetrical etching  

Conical nanopores were fabricated within PET foil through the asymmetrical etching technique. 

Figure 21a depicts the experimental set-up with two polymer foils with single fluence and 

multiple fluence of 10
7
 ions/cm

2
, that were fixed between the cells. One side of the polymer foils 

was introduced to 9M NaOH whereas the other side was introduced to the stopping solution, i.e., 

the mixture of 1M Formic acid and 1M KCl solution. The middle cell had two openings, while 

the side cells had one. Prior to the etching process, the etchant and the stopping solution were 

heated to 30 
o
C. The middle cell and side cells were filled with the etchant and the stopping 

solution, respectively. Later on, the cells were covered with a Faraday cage as shown in Figure 

21b, which provides thermal and electric shielding to the experimental set-up. The experimental 

set-up was placed over a heating plate and the temperature was set at 30 
o
C. 
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Figure 21: (a) Schematic illustration of asymmetric etching set-up (b) Shows how the etching set-up was 

placed inside a Faraday cage. 
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Gold electrodes were immersed inside both solutions and a voltage bias of -1V was applied 

across the single track PET foil to observe the etching process, shown in Figure 22 (current vs 

time graph). The current value remained zero for a period of time, indicating that the pore was in 

a closed state. The opening of the pore is indicated by a large fluctuation in the current value. The 

etching process was continued until the current was in the range of -2.5 to -3 nA. The etching 

process was stopped immediately once the desired current range was achieved and the etchant 

was removed from the middle cell. Later, the PET foil was rinsed with the stopping solution and 

subsequently with distilled water. The foil was stored in the water for a minimum for a day to 

completely remove any residual chemicals. 

The voltage bias plays a vital role in the etching process. The negative bias was applied to force 

the hydroxyl ion to electromigrate toward the tip of the cone. Conversely, a positive voltage bias 

would impede the electromigration of the anion, resulting in inefficient etching [66].  

 

Figure 22: Current vs time graph shows the progress of the asymmetric etching process. The 

breakthrough point indicates the opening of the pore. The increase in current value indicates the 

enlargement of the pore size. 

 

2.4 Electrostatic self-assembly of Poly(allylamine Hydrochloride) 

The conical nanopore within PET was functionalised with PAH. The negative charge on the 

surface can be tuned to positive by the functionalisation with PAH. The PET foil was firstly 
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washed and immersed in a trizma buffer solution. Later, the foil was left in the PAH solution was 

atleast 24 hours.  

2.5 Fabrication of hydrogel-PET composite membrane 

The hydrogel solution was prepared by mixing Acrylic acid (AA), N,N methylene bis acrylamide 

(BIS), Irgacure 2959 (Irga) and water in respective weight percentages. AA served as the 

monomer while BIS was used as the crosslinking agent, and the percentage weight of BIS, i.e., 

3wt% remained constant throughout the study. Irga functioned as the photoinitiator, and its 

quantity in the solutions was 0.3wt%. Water was used as the solvent; it was also noted that a 

critical percentage weight of water in the reaction mixture was necessary for hydrogel synthesis.   

Figure 23 shows the process for synthesising a hydrogel PET (HP) membrane. Firstly, all of the 

chemical ingredients were mixed in the desired proportion. The resulting solution was degassed 

with nitrogen for at least 5-7 minutes to eliminate dissolved oxygen. Next, a PET foil with a 

fluence of 1.0 10
8
 pores/cm

2
 and an average pore size ranging between 180 and 260nm was 

placed in a filter holder. Later, the degassed hydrogel solution was passed through the PET foil. 

Afterward, the PET foil was placed in a ceramic cup, followed by pouring of the entire hydrogel 

solution into the cup. The hydrogel solution was again degassed for 2-3 minutes and exposed to 

UV rays (TATTU UV torch) (365 nm) for a maximum of 10 minutes. The distance between the 

UV torch and the bottom of the ceramic cup was approximately 2.5 cm. After approximately 2 

minutes of UV irradiation, the solution‘s temperature rose up to 65 
o
C to 75 

o
C due to the 

exothermic polymerisation reaction. The hydrogel solution was cured completely approximately 

after 4-6 minutes. The solution in the ceramic container solidified into the hydrogel block, which 

also included the PET membrane. The PET foil was then carefully removed from the hydrogel 

block. The channels inside the PET foil incorporated hydrogel rods, and a hydrogel layer also 

adhered to the surface of the PET foil. The weakly adhered layer was removed by rubbing the 

membrane against coarse tissue paper, but a thin hydrogel layer remained adhered despite after 

the rubbing process. Later, the membrane was immersed in water for 24 hours in order to get rid 

of the unreacted chemicals. The membranes were taken out of water, soaked and weighed. 

Afterward, the membrane was pressed against a fine tissue and dried in the open air for at least 

120 minutes and weighed. Finally, the membrane was immersed in the water for 2-3 hours to 

prepare it for I-V measurements.  
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Figure 23: (a) The scheme shows the procedure for the fabrication of the HP membrane (b) 

Polymerisation reaction of the monomer with the cross-linker, the reaction was activated by irgacure 

during the UV-irradiation [67]. 

 

2.6 I-V characterisation of conical nanopores 

The I-V technique was used to monitor the ion transport behaviour inside negatively charged and 

positively charged conical nanopores (Figure 24). The PET foil was fixed between two cells 

containing electrolyte solution. Homemade Ag/AgCl electrodes were immersed inside the cells 

and a triangular voltage signal was applied using the Keithley picoammeter 6487 and the 

corresponding current was measured. The signal had an amplitude of 2V, a period of 3 and a step 

size of 0.1V. The picoammeter was integrated with the computer using the LabVIEW program. 
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Before carrying out the I-V experiment, the experimental set-up was shielded in the Faraday cage. 

I-V experiments were carried out at room temperature and pressure.  

 

 

 

 

 

 

 

 

Figure 24: I-V experimental set-up for monitoring the ion transport behaviour. 

 

2.7 I-V measurement of energy harvesting experiments 

The polyimide or the HP membrane was fixed between the cells. The cells were filled with 

asymmetric electrolyte solutions, as shown in Figure 25. Electrodes used for the study comprised 

of Ag/AgCl wire that was dipped inside 3M KCl solution. The special electrodes were used 

instead of homemade Ag/AgCl electrodes to avoid the potential generated due to the redox 

reaction [61]. All of the experiments were performed at room temperature and pressure. 

 

Figure 25: I-V set-up for conducting out energy harvesting experiments.  
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2.8 Scanning electron microscopy  

Scanning electron microscopy (SEM) (Philips XL30) was used to determine the base diameter of 

conical nanopores and to visualise hydrogel rods within cylindrical nanochannels. The polymer 

membranes used in the current study were non-conductive, thus a thin gold layer was sputtered 

on the membranes using a sputter coater. 

The conical tip (the circular opening at the apex of a conical nanopore) had a diameter less than 

50 nm. Due to distortion in the obtained SEM images at high magnification, it was difficult to 

observe the conical tips under the SEM. The diameter of tips was measured with the help of a 

two-step process: SEM imaging and I-V experimentation. 

The diameter of the base of the conical nanopores was in the sub-micron range, making it easily 

observable under the SEM. The use of the single pore foil for the SEM imaging was not possible 

due to cutting of the samples during preparation. Moreover, it is difficult to locate a single pore 

under the SEM. Instead, a multiple fluence foil (10
7
 pores/cm

2
) was used for viewing under the 

SEM. The multiple fluence PET foil was etched simultaneously along with the single pore PET 

foil (please refer to Chapter 2, section 2.3.3). The multiple fluence foil was cut, attached with 

sticky carbon tab and placed onto a metallic stub. Finally, the bases of the cones were viewed 

under SEM and their diameters were measured (Figure 26a). The average diameter of the bases 

was in the range of 500 nm to 820 nm.  

The second step was the I-V measurement of the single pore foil. The electrolyte used in the 

experiment was 1M KCl having a pH value of 3. The linear I-V curve was obtained (Figure 26b), 

indicating that the conductivity of the pore was independent of surface charges and solely 

dependent on the pore size. To calculate the tip size, the slope of the I-V curve, the average base 

diameter and the thickness of the etched PET foil were inserted into equation 9 [34]. The tip 

diameter was in the range from 27 nm to 33 nm.   
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Figure 26: (a) SEM image shows the base of the conical nanopores fabricated within PET membrane 

having fluence of 10
7
 pores/cm

2
 (b) I-V curve of a single conical nanopore in KCl salt solution having 

molarity of 1M and pH value of 3. 

 

 

 

d: diameter of the tip 

D: Base diameter 

L: Thickness of the PET foil (12 µm) 

I: Current  

V: Voltage  

Κ: conductance of 1M KCl (11.37 S m
-1

 at 26°C)   

 

The hydrogel rods within the HP membrane and the average diameter of the pore within the PET 

support were observed under SEM. To determine the diameter of the pores within the PET 

support material, the sample was cut in the desired dimension and attached to a metallic stub 

using sticky carbon tab. Later, the sample was coated with gold to view it under SEM. The 

average pore diameter of PET support was in the range of 180 nm to 260 nm, as shown in Figure 

27a.  

To view the hydrogel rods inside the HP membrane, the membrane was immersed in liquid 

nitrogen for approximately 5 minutes before being cut into half while still immersed in the liquid. 

This was performed to prevent tearing of the membrane. The membrane was adhered using 

carbon glue with the face of a small 3D-printed cube, as illustrated in Figure 27b. The sample 

was later sputtered with a thin gold layer and observed under the SEM. 

a) b) 

𝑑 =
4𝐿𝐼

𝜅𝜋𝑉𝐷
 (9) 
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Figure 27: (a) Top view of PET support membrane (b) The cross section of HP membrane that was glued 

with 3D printed cube with the help of carbon glue. The cross section of the HP membrane was viewed 

under the SEM. 

 

2.9 FTIR analysis 

Fourier transform infrared (FTIR) analysis was performed to detect carboxylic acid groups within 

the HP membrane. The membrane was fabricated using acrylic acid, therefore the presence of the 

peaks of carboxylic acid groups in the FTIR analysis would confirm the incorporation of acrylic 

acid hydrogels within the PET membrane. During the analysis, the scan rate was fixed at 50 scans 

per measurement, and the wavenumber range was between 650 cm
-1

 to 4000 cm
-1

. 

 

 

 

 

 

 

 

 

a) 

M
em

b
ran

e 

3D printed cube 

b) 



 
 

 
36 

Chapter 3. Ion Effect on Transport Properties of Conical Nanopore 

3.1 Introduction 

In recent years, synthetic nanochannels and nanopores have gained significant importance in 

applications such as energy harvesting, molecular separation and bio-sensing [68-72]. 

Nanofluidic is defined as the movement of fluid in a channel or structure having dimensions less 

than 100 nm [73]. Normally, an overlapping double layer in a nanochannel emerges due to the 

presence of surface charges [74,75]. A charged pore permits the flow of counterions, and 

provides resistance to the flow of coions [40,76]. The ion transport translates into diode 

behaviour which is a characteristic of asymmetric channels and can be visualised from the non-

linear current-voltage (I-V) curves. The asymmetric I-V curve is normally absent in micro and 

macro channels. 

In a human body, transportation of ions occurs through protein channels across the cell 

membrane, e.g, chloride, iodide, sodium ion transportation occurs through chloride channels, 

sodium/iodide symporter and sodium ion channels, respectively [77-80]. The ion transports 

across the cell membrane helps in maintaining pH, enzyme activity and osmotic pressure of a 

cell [80]. Malfunctioning of the transportation in protein channels results in various diseases, 

e.g., malfunctioning in CLC-5 (a chloride channel) and voltage gated sodium channels may 

cause Dent‘s disease and Brugada syndrome [81,82]. Therefore, it is highly important to 

understand the mechanics of ionic through the channels. The biological ion channels selectively 

transport ions to an applied stimulus which induces the current [83]. The current normally 

changes due to the interactions between ions and functional groups on the channel surface [83]. 

Nevertheless, the functioning of protein ion channels can be mimicked with artificial 

nanochannels having comparable fluidic characteristics [75]. Biological channels in contrary to 

solid-state nanochannels demonstrate high ion selectivity [35]. On the other hand, solid-state 

nanochannels present various advantages over biological ion channels such as robustness, 

control over pore size and geometry and ease of surface modification [53,84]. To date, various 

techniques have been introduced to fabricate artificial nanochannels such as focused ion beam, 

lithography and track etching technique [73,74,76,85].  

 

Some of the sentences, paragraphs, diagrams and the introduction part of this chapter of the thesis were published in following journal article 

―Anions effect on ion transport properties of polyelectrolyte modified single conical nanopores‖ || M. H.A. Haider, M. Ali, W. Ensinger || 

https://doi.org/10.1016/j.cplett.2021.138349 
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The track etching technique is a quite versatile and simple method to fabricate nanochannels in 

polymer membranes (e.g., polycarbonate (PC), polyethylene terephthalate (PET), polyimide (PI) 

and others) having variable thickness [86]. Following the etching, carboxylic acid groups are 

formed at the surface of the nanopore, giving a net negative surface charge in the neutral or basic 

medium due to the deprotonation of the groups [34,84,87].  

The surface of the channel can be tuned positive by functionalising surface carboxylic acid 

moieties with suitable cationic species either electrostatically or covalently [40,76]. 

Poly(allylamine hydrochloride) (PAH) is one of the cationic polymers that can be attached to the 

surface via electrostatic self-assembly [88]. Amine groups are fixed to the chain of PAH, which 

are in a protonated state below the pH value of 9.67 [89]. Protonated amine groups have a 

tendency to bind with various anions in a specific pH window. 

The transport of an anion within a positively charged nanopore is influenced by the diffusion 

coefficient and the interaction between protonated amine groups [40]. Strong interactions 

between the anions and amine groups result in charge neutralisation or charge inversion [40]. A 

nanopore having no net surface charge is non-selective to both cations and anions whereas the 

negatively charged nanopore favours the transport of cations over anions. The above behaviour 

can easily be interpreted from the I-V curves and rectification factor (RF) value, which is 

calculated using equations 4 and 5 (please refer to Chapter 1, section 1.7) [55].  

The primary objective of the study is to investigate the ion transport behaviour within the 

charged nanopore. An etched PET foil was fixed between two cells, a salt solution was poured 

inside the cells and two home-made Ag/AgCl electrodes were immersed in the solution. A 

triangular shaped voltage having an amplitude of 2V was applied and the current was measured. 

Ions part of the study were  Li
+
, Na

+
, K

+
, Ca

2+
, La

3+
, NO3

-
, BrO3

-
, HCO3

-
, H2PO4

-
, SO4

2-
, HPO4

2-
, 

and C
6
H

5
O7

3-
. Additionally, the effect of pH on the transport behaviour of ions was also part of 

the study. The pH value of all of the salt solutions was set at 7, unless otherwise specified.  

3.2 Results and discussion 

3.2.1 A comparison between unmodified and PAH-modified conical nanopore 

According to the previous literature, the surface charge density of PET nanopores is typically 

around 1e/nm
2
 of PET nanopores [87]. The conical nanopore allows the transport of counterions 
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from the tip to the base, while hindering the flow of coions resulting in an asymmetric I-V curve, 

as shown in Figure 28. The PAH-modified conical nanopore was obtained after the PAH surface 

functionalisation of an unmodified conical nanopore.     

 

 

 

 

 

 

 

 

 

 

 

 

The negatively charged nanopore (unmodified nanopore) allows the preferential transport of 

cations, resulting in positive rectification (blue coloured I-V curve), as shown in Figure 28. The 

negatively charged surface of the nanopore can be inverted to positive by chemical 

functionalisation with PAH. PAH molecule has amine groups that protonated under acidic or 

neutral conditions. The protonated amine groups bind electrostatically to carboxylate ions 

present on the surface of the pore. The excess of positively charged chemical moieties inverts the 

fixed surface charge from negative to positive. The PAH-modified positively charged conical 

nanopore, transports the anion selectively, resulting in the negative rectification indicated by the 

red coloured asymmetric I-V curve, as shown in Figure 28. The PAH-modified nanopore 

consistently showed a stable reading, indicating that the adsorption of PAH on the surface was 

quite strong.  

Figure 28: I-V curve of the PAH-modified nanopore and the unmodified 

nanopore. The nanopores were exposed to 100mM KCl salt solution [55]. 
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3.2.2 Impact of electrolyte concentration on the rectification behaviour  

Positive rectification behaviour was exhibited by the unmodified negatively charged conical pore 

when introduced to 100 mM KCl solution (Figure 29). A linear, black coloured straight I-V curve 

with a rectification factor of 1.20 was obtained with 1000 mM or 1M KCl. The rectification 

factor obtained at a concentration of 100 mM KCl was 4.76.  

 

 

 

 

 

 

 

 

 

 

 

 

The low value of the rectification factor obtained with the concentrated salt solution indicates a 

decrease in the Debye length to pore size ratio (For a detailed explanation, refer to Chapter 1, 

section 1.6). 

3.2.3 Ion current Rectification behaviour in various pH mediums 

The study investigated the effect of pH on the cation transport behaviour within an unmodified 

conical nanopore (negatively charged). Four different 100 mM KCl salt solutions with different 

pH values (pH values: 1.5, 3, 7 and 9.5) were prepared. pH values of 7 and 9.5 exhibited a 

positive rectification whereas a negative rectification was observed in the case of pH 1.5. At pH 

0.1 M KCl 

 1 M KCl 

0.1 M KCl 

 1 M KCl 

Figure 29: The unmodified conical nanopore was exposed to 0.1M KCl and 1M 

KCl solution. A diodic behaviour is observed with 0.1M KCl whereas a straight 

line is observed with 1M KCl. 
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3, a linear straight line was observed, indicating the absence of rectification. Linear and negative 

rectification behaviour were obtained at pH values of 3 and 1.5, respectively (Figure 30a). The I-

V curve for pH 3 displays a current value of 5.09 nA at +2V and -5.73 at -2V. Figure 30b shows 

that the I-V curve obtained at pH 1.5 had larger current values at negative voltages compared to 

the I-V curve obtained at pH 3. Both of the pH values, i.e., 1.5 and 3 exhibited approximately 

identical current values at positive voltages. 

Figure 30c displays the normalised rectification factor (NRF or RF/RFo) at different pH values. 

Positive NRF values were obtained at the pH values of 9.5 and 7, while negative NRF values 

were obtained at pH values of 3 and 1.5 (-0.13 and -0.26 respectively). NRF value of a positive 

and negative rectified I-V curve is positive and negative, respectively, therefore a charge 

inversion line was drawn at NRF value of 0 (Figure 30c) for better understanding of the results.  

The surface of the unmodified pore carries a net negative charge in the neutral and basic media 

due to the presence of carboxylate ions. At the pH values of 7 and 9.5, the NRF and current 

values were approximately similar, indicating that an approximately equal number of carboxylate 

ions were present at both of the pH values. At pH 3.0, the unmodified nanopore exhibited a linear 

I-V curve and a NRF value close to zero, indicating that no preferential transport of cation was 

taking place. The non-preferential behaviour towards cations and anions was due to the surface 

charge neutralisation. It can be concluded that carboxylate ions (COO
-
) present within the 

unmodified nanopore had become protonated (COOH) at the pH value of 3. The observation of 

negative rectification behaviour at pH 1.5 suggests that the pore preferentially transports anions. 

The reason for the negative rectification behaviour is attributed to surface charge inversion from 

negative to positive, which could be caused by the double protonation of carboxylate ions. 
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Figure 30: (a) The unmodified nanopore was exposed to different pH media having a molarity of 100mM 

KCl (b) Current values obtained at +2V and -2V in different pH media (c) Normalised rectification factor 

obtained at different pH media. The schematic illustration of ion transport inside the unmodified nanopore 

at pH value of d(i) 9.5 d(ii)7 d(iii)3 d(iv) 1.5. 

 

3.2.4 Transport behaviour of cations and anions inside unmodified conical nanopore 

Figure 31a compares the I-V curves obtained with different monovalent salt solutions. The 

molarity of all of the electrolyte solutions was adjusted to 100 mM.  

pH = 9.5 pH = 7.0 

pH =3.0 pH =1.5 

Charge Inversion 
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Figure 31: Investigation of transportation behaviour of monovalent cation inside the unmodified 

nanopore. The concentration of the salt solutions was maintained at 100mM (a) I-V curve of LiCl, KCl 

and NaCl (b) Current values obtained at +2V and -2V with different monovalent salt solutions (c) 

Normalised rectification factor obtained with LiCl, KCl and NaCl. 
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The I-V curves for all of the monovalent cations under study exhibited positive rectification 

behaviour. The highest NRF value was exhibited by Na
+
 (+1), followed by K

+
 (+0.91) and Li

+
 

(+0.84) (Figure 31c). The maximum current at +2V was recorded for K
+
 (+9.86 nA), followed by 

Na
+
 (+7.87 nA) and Li

+
 (+5.14 nA), as shown in Figure 31b.  

The monovalent cations can be arranged according to the current values obtained at +2V in the 

following order: K
+
>Na

+
>Li

+
. Table S1 shows the trend of the electrical conductivity for the 

cations in the order: K
+
>Na

+
>Li

+
 [90]. The trend derived from the table and Figure 31b are 

similar, indicating that the difference in the current values exhibited by the monovalent cations 

was due to the individual ion electrical conductivity. 

The trend in Figure 31b can also be attributed to the electrostatic interactions between 

monovalent cations and carboxylate ions. The strength of the interactions depends on the valency 

and charge density of the cations. All of the monovalent cations (K
+
, Na

+
, Li

+
) have similar 

valency but different ionic sizes. Li
+
 has the highest charge density among the investigated 

monovalent cations whereas K
+
 has the lowest. Therefore it is quite possible that Li

+
 can interact 

relatively better with the carboxylate ions compared to the K
+
 and Na

+
, resulting in a decrease of 

the overall net surface charge, which subsequently results in the decline of the current values at 

the positive voltages Figure 31b. 

The transport behaviour of multivalent cations was investigated within an unmodified PET 

conical nanopore. The concentration and pH value of all of the electrolytes included in the 

investigation were adjusted at 100 mM and 7, respectively. The data of K
+
 ions used in previous 

Figure 31 was reused in Figure 32a for comparison. Figure 32b shows that the current values 

exhibited by KCl at +2V and -2V were 9.86nA and -1.83 nA, respectively. The current value 

obtained at +2V and -2V were 5.73 nA and -3.6 nA respectively when the nanopore was exposed 

to 100 mM CaCl2 solution. The current values obtained with LaCl3 were lower at +2V and higher 

at -2V compared to the current values obtained with CaCl2. La
3+

 exhibited a negative NRF value 

of -1 whereas Ca
2+

 exhibited the NRF value of +0.25, as shown in Figure 32c. A positive 

rectification was observed in the case of K
+
 which suggested that the nanopore was selectively 

transporting the cation and was unable to neutralise or switch the surface charges of the pore. 

Conversely, Ca
2+

 exhibited an almost linear I-V curve and a low NRF value, indicating that the 

pore was non-selective due to surface charge neutralisation.  
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Figure 32: Investigation of transportation behaviour of the multivalent cations inside the unmodified 

nanopore. The concentration of the salt solutions was maintained at 100mM (a) I-V curve of KCl, CaCl2 

and LaCl3 (b) Current values obtained at +2V and -2V with different salt solution (c) Normalised 

rectification factor obtained with KCl, CaCl2 and LaCl3. 
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The interaction between Ca
2+

 and carboxylate ions was strong enough leading to net zero surface 

charge. The I-V curve and NRF values of La
3+

 demonstrate that the nanopore exclusively 

transported anions indicating charge inversion to positive. Therefore, it can be said that exposing 

the unmodified PET membrane to the multivalent cations can lead to the either charge inversion 

or neutralisation.  

Figure 33 shows the schematic of the potential mechanism of the cation transport within the 

unmodified nanopore. The interaction between the carboxylate ions and the cations depends on 

the valency and charge density. Cations having high valency and charge density establish 

stronger interactions with the carboxylate ions. La
3+

 has greater valency compared to K
+
 or Ca

2+
, 

therefore La
3+

 was able to switch the surface charges successfully whereas the divalent cation and 

the monovalent cations failed to invert the surface charges.  

 

Figure 33: Schematic representation of ion transport behaviour inside the unmodified nanopore when 

exposed to 100 mM KCl, 100mM CaCl2 and 100mM LaCl3 salt solutions. 

 

The transport behaviour of different anions within an unmodified nanopore was investigated. 

Figure 34 shows I-V curves of the anions under investigation, I-V curves with positive 

rectification behaviour were exhibited by the anions. The salts under investigation were NaCl, 

NaNO3, NaBrO3, NaHCO3, NaH2PO4 and Na2SO4. The molar concentration and pH of each salt 

solution were 100 mM and 7, respectively. All of the anions exhibited different current values at 

the positive voltages, which can be attributed to individual salt conductivity. 

100 mM KCl 100 mM CaCl2 100 mM LaCl3 

Lanthanum ion La
3+ Chloride ion Cl

- Potassium ion K
+ 

Calcium ion Ca
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a) 

b) 

c) 

Figure 34: Investigation of transportation behaviour of the anions inside an unmodified nanopore. The 

concentration of the salt solutions was maintained at 100mM (a) I-V curves of 100 mM NaCl, 100 mM 

NaH2PO4 and 100 mM NaHCO3 (b) I-V curves of 100 mM NaCl, 100 mM NaBrO3 and 100 mM 

NaNO3 (c) I-V curves of 100 mM NaCl and 100 mM Na2SO4. 
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3.2.5 Transport behaviour of anions inside PAH-modified nanopore 

The transport behaviour of various anions was investigated within the PAH-modified conical 

nanopore. The salts under investigation were NaCl, NaNO3, NaBrO3, NaHCO3, NaH2PO4, 

Na2HPO4, Na2SO4, K2CrO4 and Na3C6H5O7. Electrolyte solutions were prepared by mixing a 

portion of 100 mM NaCl or 100 mM KCl solution and respective 100 mM NaX or 100 mM KX 

solution, where the X term refers to the anions under investigation. The total concentration of 

anions present in the electrolyte solution remained at 100 mM. Prior to the I-V experiments, the 

pH values of all of the electrolyte solutions were adjusted to 7. Figure 35 shows the I-V curves of 

NaNO3 and NaBrO3. All of the I-V curves obtained with different concentrations of NO3
-
 and 

BrO3
- 

were negatively rectified, as shown in Figure 35a and b. Increasing the concentration of 

anions led to a decrease in the current values at negative voltages (Figure 35a and b). A positive 

rectification or linear I-V curve was not obtained with 100 mM NO3
-
 or 100 mM BrO3

-
 solutions.  

Figure 35c shows the normalised current (NC or I/Io) values obtained at different concentrations 

of NO3
-
 and BrO3

-
 at +2V and -2V. The NC values are useful to make a comparison between the 

anions under investigation. A slight decline in NC values was observed at -2V as the 

concentration of anions increased, whereas insignificant changes were observed at +2V.  

Figure 35d shows the NRF values obtained at the different concentrations of NO3
-
 and BrO3

-
. 

Increasing the concentration of NO3
-
 caused a decrease in the NRF values, indicated in Figure 

35d. However, increasing the concentration of BrO3
-
 had an insignificant effect on the NRF 

values. It can be observed in Figure 35 that an increment in the concentration of the anions (NO3
-
 

and BrO3
-
) did not significantly change the NC or NRF values. The increase in the concentration 

of the anions did not result in positive rectification. The negative rectification and NRF values 

indicate that the pore was selectively transporting anions due to the net positive charge on the 

surface. The anions (NO3
-
 and BrO3

-
) did not form strong electrostatic interactions with the 

protonated amine groups necessary to invert or neutralise the surface charges. A small change in 

current values particularly at negative voltages was observed with the increase in concentration of 

the anions.  
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Figure 35: Investigation of transportation behaviour of the various anions inside the PAH-modified 

nanopore. The total concentration of anions in each salt solution was maintained at 100mM.  I-V curves 

were  obtained for different concentrations of  (a) NaNO3 (b) NaBrO3 (c) Normalised current values were 

obtained for different concentrations of NaNO3 and NaBrO3 (d) Normalised rectification factors were 

obtained for different concentrations of NaNO3 and NaBrO3. 

In the next set of monovalent category, the transport behaviour of HCO3
-
 and H2PO4

-
 within the 

PAH-modified nanopore was investigated. According to Figure 36a, the electrolyte with a 

molarity of 100 mM NaCl showed a current value of -8.5 nA at -2V. A low concentration of 

HCO3
-
 (20 mM) resulted in a decrease of the current value to -2.0 nA at -2V. Figure 36a and b 

a) b) 

c) d) 
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show the transition of the I-V curves from negative rectification to slightly positive rectification 

as the concentration of the anions (HCO3
-
 and H2PO4

-
) in the electrolyte solutions increased. The 

I-V curves transitioned at a lower concentration for H2PO4
-
 compared to HCO3

-
. 

Figure 36c shows the NC for the cases of HCO3
-
 and H2PO4

-
. Raising the concentration of the 

anions in the electrolyte solution led to an insignificant surge of NC values at +2V. However, a 

gradual decrease in NC values was also observed at -2V. The NC values were similar at +2V and 

-2V for a concentration of 60 mM of HCO3
-
. Likewise, the electrolyte solution having a 

concentration of 40 mM of H2PO4
-
 exhibited approximately similar values of NC at +2V and -

2V. 

Figure 36d shows that the NRF value increased with the increasing anion concentration. For 

H2PO4
-
, the NRF value transitioned from negative to positive at a concentration of 40 mM, while 

for HCO3
-
, the transition occurred at 60 mM. The NRF value obtained with a 100 mM H2PO4

-
 

solution was larger than that obtained with a 100 mM HCO3
-
 solution.   

The anions (HCO3
-
 and H2PO4

-
) were able to slightly invert the I-V curves towards the positive 

rectification. However, the current values at positive voltages exhibited by 100 mM HCO3
-
 and 

100 mM H2PO4
-
 solutions were low. Therefore, it can be concluded that HCO3

-
 and H2PO4

-
 

slightly switched the surface charges at a concentration value of 100 mM. The anions (HCO3
-
 and 

H2PO4
-
) under investigation were monovalent therefore the electrostatic interaction between 

protonated amine groups and the anions were not strong enough to completely invert the surface 

charges. H2PO4
-
 demonstrated higher NRF values and a higher current at +2V compared to 

HCO3
-
 (Figure 36d). The findings indicate that H2PO4

-
 forms a stronger electrostatic interaction 

with protonated amine groups compared to HCO3
-
. Stronger interaction may occur due to the 

partial dissociation of H2PO4
-
 ions to the divalent form HPO4

2-
, leading to stronger interactions 

with the protonated amine groups [88]. 
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Figure 36: Investigation of transportation behaviour of NaHCO3 and NaH2PO4 within the PAH-modified 

nanopore. The total concentration of anions in each salt solution was maintained at 100mM. I-V curves 

were obtained for different concentration of  (a) NaHCO3 (b) NaH2PO4 (c) Normalised current values 

were obtained for different concentration of NaHCO3 and NaH2PO4 (d) Normalised rectification factors 

were obtained for different concentration of NaHCO3 and NaH2PO4. 

 

Qualitative analysis for the electrostatic interactions can be done using NRF values. The NRF 

values can also indicate the strength of electrostatic interactions present between protonated 

a) b) 

c) d) 
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amine groups and the investigated anions. The anions exhibiting larger positive NRF had stronger 

interaction with protonated amines groups, therefore based on NRF values, the monovalent 

anions can be arranged in the following order: H2PO4
-
> HCO3

-
 > NO3

-
 > BrO3

-
 ∽ Cl

-
. The 

Hofmeister series is in the order of H2PO4
-
> HCO3

-
 > BrO3

-
 ∽ Cl

-
> NO3

-
 [91,92]. The NRF based 

trend almost fits the Hofmeister series except for NO3
-
 anion. The reason can be attributed to the 

fluctuations in the current values at both +2V and -2V which might have resulted in an error in 

the NRF value. 

The study investigated the ion transport behaviour of divalent anions (SO4
2-

, HPO4
2-

 and CrO4
2-

) 

within the PAH-modified nanopore. The transport behaviour of SO4
2-

 within the nanopore was 

analysed first. The results showed that the increase in the anion (SO4
2-

) concentration led to a 

decrease in current values at the negative voltages, while an increase in current values was noted 

at the positive voltages, as shown in Figure 37a. The I-V curves demonstrated negative 

rectification at all SO4
2-

 concentrations. 

The I-V curve obtained with the electrolyte solution with a concentration of 20mM HPO4
2-

 

exhibited a positive rectification, as shown in Figure 37b. Increasing the concentration of the 

anion led to an increase in current at the positive voltages. Figure 37c shows the I-V curves 

obtained at various concentrations of K2CrO4. A sharp decrease in the current value at negative 

voltage was observed with the electrolyte solution having a concentration of 20 mM K2CrO4. 

Figure 38a shows an insignificant change in the NC values at +2V and -2V with additional 

increase in the concentration of K2CrO4. However, increasing the concentration of HPO4
2-

 led to a 

significant change in the NC values at both +2V and -2V.   

Increasing the concentration of HPO4
2-

 led of surge in NRF values (Figure 38b). NRF values of 

+0.44 and +1.7 were obtained with concentrations of 20 mM and 100 mM HPO4
2-

 electrolyte 

solution, respectively. A dip in the NRF values in Figure 38b was observed at the concentration 

values of 60 mM and 80 mM in the case of HPO4
2
. Ideally, the NRF values should increase at the 

aforementioned concentration values of HPO4
2-

. It can be due to a small fluctuation in the current 

values at +2V and -2V resulting in a considerable change in the NRF values. Overall, the I-V 

curve with positive rectification was obtained with an electrolyte solution with a concentration of 

100 mM HPO4
2-

. For CrO4
2-

, the NRF values approaches 0 (approximately) at the concentration 

values ranging from 60 mM to 100 mM. 
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In the category of monovalent anions, H2PO4
-
 and HCO3

-
 were able to neutralise or slightly invert 

the surface charge, while NO3
-
 and BrO3

-
 were unsuccessful. For SO4

2-
, I-V curves with negative 

rectification behaviour and negative NRF values were observed at every concentration value. It 

can be inferred that despite SO4
2-

 being a divalent cation, it failed to neutralise the surface 

charges. Therefore it can be deduced that the interactions between SO4
2-

 and the protonated 

amines groups were not strong enough. This may be due to the high affinity of SO4
2-

 with water 

molecules, leading to excessive hydration, consequently resulting in a weaker interaction with the 

protonated amines groups [93]. Positive NRF values were obtained with HPO4
2-

, indicating a 

strong interaction between HPO4
2-

 and protonated amine groups, resulting in a significant 

inversion of surface charges, i.e., positive to negative. HPO4
2-

 was the only divalent anion able to 

induce significant inversion of surface charges, i.e, from positive to negative. I-V curves with 

negative rectification were observed in the case of CrO4
2-

. However, 100 mM CrO4
2-

 

demonstrated approximately similar current values at +2V and-2V and a NRF value close to 0. 

Therefore, it can be inferred that CrO4
2-

 was able to neutralise the surface charges. 
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Figure 37: Investigation of transportation behaviour of Na2SO4, Na2HPO4 and K2CrO4 inside the PAH-

modified nanopore. The total concentration of anions in each salt solution was maintained at 100mM.  I-V 

curves were obtained for different concentration of (a) Na2HPO4 (b) Na2SO4 (c) K2CrO4. 

a) 

b) 

c) 
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Figure 38: Normalised current values (a) Normalised rectification factors (b) of Na2SO4, Na2HPO4 and 

K2CrO4. 

The study investigated the transport behaviour of citrate within the PAH-modified nanopore. 

Citrate (C
6
H

5
O7

3-
) was the only trivalent anion under investigation. At a concentration of 20 mM, 

the current values of 0.63 nA and -1.01 nA were obtained at +2V and -2V, respectively (Figure 

39a). Similarly, at the concentration of 100 mM, the current values of 2.52 nA and -0.75 nA were 

obtained at +2V and -2V, respectively. The NRF values at concentrations of 20 mM and 100 mM 

were -0.20 and +0.42, respectively (Figure 39c).  

At a concentration of 20 mM C
6
H

5
O7

3-
, an almost linear I-V curve was obtained at a 

concentration of 20 mM, indicating the ohmic behaviour. At a concentration of 100 mM, a 

slightly positive rectified I-V curve was obtained, with low current values at the positive voltages. 

This suggests that the anion was able to slightly invert surface charges from negative to positive. 

Despite C
6
H

5
O7

3-
 being a trivalent anion, it exhibited a lower NRF value compared to HPO4

2-
. 

This indicates that the electrostatic interactions between HPO4
2-

 and protonated amine are 

stronger than those between C
6
H

5
O7

3-
 and protonated amine. C

6
H

5
O7

3- 
has higher valency, but 

due to the large size, it has low charge density. This may explain the reason for weaker 

electrostatic interactions with the protonated amine groups compared to the interaction between 

HPO4
2-

 and protonated amine.    

 

b) a) 
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Figure 39: Investigation of transportation behaviour of Na3C6
H

5
O7 inside the PAH-modified nanopore. 

The total concentration of anions in each salt solution was fixed at 100mM. I-V curves were obtained for 

different concentration of (a) Na3C6
H

5
O7 (b) Normalised current values were obtained for different 

concentration of Na3C6
H

5
O7 (c) Normalised rectification factors were obtained for different concentration 

of Na3C6
H

5
O7. 

a) 

b) 

c) 

Charge Inversion 

Line 
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3.3 Conclusion 

The unmodified negatively charged conical nanopore exhibited positive rectification behaviour 

when exposed to 100 mM NaCl or KCl solutions. PAH modified conical nanopore showed 

negative rectification behaviour when exposed to the aforementioned solutions. The unmodified 

and PAH-modified nanopores preferentially transport cations and anions, respectively. The 

unmodified nanopores exhibited negative rectification behaviour when exposed to a 100 mM 

NaCl solution with a pH of 1.5. The reason can be attributed to the double protonation of 

carboxylate ions. The exposure of an unmodified nanopore to a multivalent cation leads to the 

surface charge neutralisation or inversion. The reason for the charge inversion or neutralisation 

can be attributed to the strong electrostatic interaction between the cations and the carboxylate 

ions. Anions did not affect the surface charges of an unmodified nanopore. Monovalent anions 

such as H2PO4
-
 and HCO3

-
 partially invert the surface charges of PAH-modified nanopores. On 

the other hand, SO4
2-

 being a divalent anion was unable to neutralise or invert the surface 

charges. Only HPO4
2-

 was able to invert the surface charges from positive to negative to a large 

extent.  
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 Chapter 4. Osmotic Energy Harvesting Using Cation Selective Membranes 

4.1 Introduction 

The problems created due to intense usage of fossil fuels have prompted various organisations to 

launch worldwide campaigns pertaining to climate change [94-98]. Many developed countries 

have started to invest in alternative energy, while some oil-rich countries have started to diversify 

their economies due to dwindling oil reserves. Nuclear power plants can produce cheap and clean 

electricity. However, the safety of nuclear power plants remains questionable after the Fukushima 

and Chernobyl incidents [99]. In addition, the disposal of nuclear waste is a challenging and 

laborious task. Cheap and clean electricity can be obtained from other sources such as solar, tidal, 

wind and hydal [100-103]. These sources are renewable, safe and environmentally friendly. 

Nowadays, scientists are working to obtain electrical energy from other alternative sources such 

as temperature, pressure and salinity gradients [104-106]. 

The osmotic energy set-up uses a membrane separating two compartments containing salt 

solutions of different molarity [107,108]. A charged and porous membrane with an average 

diameter in the nanoscale is used in the set-up. The presence of charged species at the surface of 

the pore results in the formation of an overlapping double layer [74,75]. Introducing the 

membrane to a concentration gradient prompts the preferential diffusion of counterions and 

consequently resulting in generation of a diffusional or transmembrane potential between two 

electrodes [109,110].  

The porous polyimide (PI) membrane is a chemically and mechanically stable membrane [111]. 

Conventionally, the pores inside PI membranes are fabricated by a two-step process: first, PI 

membrane is irradiated with heavy ions followed by etching with sodium hypochlorite solution 

[112,113]. In the conventional etching technique, the bulk material and the damage trail present 

inside the tracks are etched by breaking the imide linkage [35]. The sub-nanometer pore within PI 

membrane cannot be fabricated using the conventional etching technique. In the previous studies, 

the sub-nanometre pores were fabricated within PET by UV irradiation for a prolonged period 

[114]. 

 

Some of the sentences, paragraphs and diagrams of this chapter of the thesis were published in following journal article 
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Hydrogels are used in a variety of applications such as heavy metal ion filtration, energy 

harvesting, biomedical applications and bioseparation [115-119]. Charged hydrogels with high 

charge density and small mesh size can be used in ion selective membranes [117]. The hydrogels 

gain their net charge through the presence of polar functional groups such as carboxylate group, 

sulfonate group or phosphonate groups. Hydrogels are often brittle and break when subjected to 

compression loads [120].  

Several studies have been conducted in the field of osmotic energy harvesting using charged 

polymer membranes. Lauciric et al. have synthesised a bullet-shaped nanopore in a PET 

membrane for the energy harvesting application [61]. Chen et al. have achieved a power density 

of 11.72 W/m
2
 (membrane test area was 3.0   10

4
 µm

2
) using hydrogel-hybrid membrane that 

was synthesised by incorporation of acrylic acid-co-acrylamide-co-methyl methacrylate 

hydrogels into a track etched polycarbonate membrane [117]. Similarly, Blame et al. have 

synthesised hydrogel based membrane by incorporating negatively and positively charged 

hydrogel inside the conical and cylindrical pores [107].  

In this chapter, performance analyses of two different membranes, namely PI and HP 

membranes, were carried out. The pores inside the PI membranes were fabricated using the soft 

etching technique. In the case of the HP membranes, the acrylic acid hydrogel was incorporated 

inside the pores of the PET support. The support membrane has a fluence of 10
8
 pores/cm

2
 and an 

average pore diameter in the range of 180-260 nm.  

An electric current is generated when the aforementioned membranes are exposed to an 

asymmetric salt gradient. The membranes are fixed between two cells: one was filled with a high 

salt concentrated solution (CH) and the other cell was filled with a low salt concentrated solution 

(CL). The performance of the membranes was evaluated by testing under various parameters and 

conditions such as changes in the value of concentration gradient, fluence, acrylic acid 

concentration, stability test and pH. The use of Ag/AgCl electrodes (3M KCl) prevents 

generation of the redox potential, allowing the diffusional potential (Ediff) or transmembrane 

potential to be equivalent to the reversal potential (Vrev) [61]. pH values of all of the solutions 

used in the section were between 5.8-6.3, unless otherwise specified. Potassium chloride salt 

solutions were used in the study.  
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4.2 Analysis of I-V curve 

Figure 40a shows an I-V curve that was obtained by exposing the HP membrane to a 

concentration gradient. Several different regimes are shown in Figure 40b,c,d,e: Electrodialysis 

(ED) regime, Vrev point (electrical force overcomes diffusion), Reverse Electrodialysis (RED) 

regime, Io (zero-voltage current) and Voltage Assisted Reverse Electrodialysis regime (VARED) 

[121]. The orange coloured dot (Io) on the y-axis represents the net movement of cations down 

the concentration gradient in the absence of a voltage bias.  

 

Figure 40: (a) I-V graph of the HP membrane exposed to a concentration gradient. Schematic illustration 

of different regimes (b) Electrodialysis (ED) (c) Vrev (Reversal Potential) point (d) Reverse Electrodialysis 

(RED) (e) Voltage assisted Reverse Electrodialysis (VARED). 

The current in I-V curves represents the net cation flux which is determined by two individual 

fluxes: the diffusional flux and the migration flux [50]. The diffusional flux is driven by the 

concentration gradient, while the migration flux is driven by an externally applied voltage [121]. 

In the RED regime, the direction of the electric force (due to voltage) is opposite to that of the 

diffusion flux [121]. In addition, the magnitude of the migration flux is smaller compared to the 

diffusion flux [121]. Therefore, the movement of the net cation flux is down the concentration 

gradient in the RED regime [121]. It can be noticed in the RED regime (Figure 40a) that the 
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current decreases immediately when a variable voltage signal is applied. The decrease in the 

current values indicates a reduction in the transmembrane cation flux [121]. At the x-intercept, 

the electric force is strong enough to overcome the diffusion resulting in a net zero cationic flux 

across the membrane [121]. The ED regime is indicated by black colour in Figure 40a, wherein 

the direction of the net cation flux is against the concentration gradient, i.e., opposite to the RED 

regime [121]. The VARED regime is shown in blue colour in Figure 40a, where the diffusive 

flux and the migration flux have a similar direction, i.e., down the concentration gradient [121]. 

The increase in the voltage results in an increase in net transmembrane cation flux [121].   

4.3. Result and discussion: Porous polyimide cation selective membrane 

4.3.1 Effect of concentration gradients variation 

The study investigated the influence of the variation in concentration gradient or concentration 

fold on the performance of the PI membrane. For this purpose, the sub-nanometer PI membrane 

with a fluence of 8.0 10
8
 pores/cm

2
 was tested in various concentration folds, represented by the 

ratio CH/CL. CH denotes the concentration of  concentrated salt solution in the high-concentration-

salt-solution cell, whereas CL denotes the concentration of dilute salt solution in the low-

concentration-salt-solution cell (Figure 25). Throughout the investigation, CH was kept constant 

while CL was systematically increased in an ascending order. Potassium Chloride (KCl) was used 

as the salt in the investigation. Figure 41 shows the results of three different experimental sets: A, 

B and C.  

In experiment set A, the molarity of CH was fixed at 100 mM while the molarity of CL was 

incrementally increased from 1 mM to 50 mM. The results in Figure 41a(i) indicate a progressive 

increase in the magnitude of Vrev with the increase in the CH/CL ratio. The highest value of Vrev 

was 100 mV, which was obtained at a CH/CL ratio of 100, while the lowest value of Vrev was 12 

mV obtained at a CH/CL ratio of 2. An irregular trend of the Io was observed with the increment in 

the CH/CL ratio (Figure 41a(i)). The Io values obtained at CH/CL ratios of 100, 10 and 2 were -5.9 

μA, -8.5 μA and -2.9 μA, respectively. The term cation transport number (t+) represents the 

cation selectivity of a membrane and was calculated using equation 6 (please refer to Chapter 1, 

section 1.10) [61,70]. An ideal cation selective membrane has a t+ value of 1, while a non-

selective membrane has a t+ value of 0.5. Figure 41a(ii) shows that the t+ value of the PI 

membrane increased with increasing CH/CL ratio. At the CH/CL ratio of 100, 10 and 2, the values 
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of t+ were 0.945, 0.927 and 0.869, respectively. The values of maximum power (Pmax) and 

maximum efficiency (ηmax) values increased with increasing CH/CL ratio (Figure 41a(iii)). Pmax 

and ηmax were calculated using mathematical equations 7 and 8, respectively (please refer to 

Chapter 1, section 1.10). The maximum values of Pmax (0.152 μW) and ηmax (39.6%) were 

obtained at a CH/CL ratio of 100 in the experimental set A.  

The I-V curves of the experimental set B are shown in Figure 41b(i). In set B, the CH was fixed at 

500 mM while the CL was incrementally increased from 1 mM to 100 mM. The increase in the 

CH/CL ratio resulted in a gradual increase in the Vrev. The highest Vrev value of 111 mV was 

obtained at a CH/CL ratio of 500. Conversely, the highest Io value of -11.4 μA was obtained at a 

CH/CL ratio of 50. The maximum t+ value of 0.87 was obtained at a CH/CL ratio of 500 (Figure 

41b(ii)). The maximum values of Pmax and ηmax were 0.181 μW and 27.6% were obtained at 

CH/CL ratios of 50 and 500, respectively, as shown in Figure 41b(iii).  

For the experimental set C, the CH was fixed at 1000 mM while the CL was increased from 1 mM 

to 500 mM. Figure 41c(i) shows the maximum values of Vrev (123 mV) and Io (-13.4 μA) were 

obtained at CH/CL ratios of 1000 and 100, respectively. Figure 41c(ii) demonstrates an increase in 

the t+ values with increasing CH/CL ratio, with the highest t+ value achieved at a CH/CL ratio of 

1000. In set C, the highest Pmax value of 0.244 μW was achieved at a CH/CL ratio of 100, which 

was the highest of all the experimental sets (Figure 41c(ii)). 

An increase in the CH/CL ratio results in a higher net driving force of diffusion, consequently 

resulting in an augment of Vrev [122,123]. The aforementioned relationship has been documented 

in the previous literature where an increase in the ratio resulted in an increase of Vrev in the 

surface charge density controlled conditions [122].  

It might be expected that an increase in the CH/CL ratio would lead to a surge in the Io values. 

However, Figure 41c(i) (experimental set C) shows that the Io value obtained at the CH/CL ratio of 

1000 was lower than the Io values obtained at the other CH/CL ratios. Moreover, a similar 

anomaly can also be noticed in Figure 41b(i) (experimental set B) and Figure 41a(i) 

(experimental set A). The anomaly can be due to a phenomenon called concentration polarisation 

(CP). The CP causes an increase in the transmembrane ion flow resistance consequently resulting 

in a reduction in the transmembrane flux, which subsequently leads to a decrease in the current 

values [57].  
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Set-A Set-B Set-C 

a(i) 

a(ii) 

a(iii) 

b(i) 

b(ii) 

b(iii) 

c(i) 

c(ii) 

c(iii) 

Figure 41: PI membrane having a fluence of 8.0 10
8
 pores/cm

2 
exposed to different concentration 

gradients a(i) I-V graphs of  experimental set-A a(ii) cation selectivity vs CH/CL ratio of experimental 

set-A a(iii) Pmax and ηmax vs CH/CL ratio of experimental set-A b(i) I-V graphs of  experimental set-B 

b(ii) cation selectivity vs CH/CL ratio of experimental set-B b(iii) Pmax and ηmax vs CH/CL ratio of 

experimental set-B c(i) I-V graphs of  experimental set-C c(ii) cation selectivity vs CH/CL ratio of 

experimental set-C c(iii) Pmax and ηmax vs CH/CL ratio of experimental set-C. 
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4.3.2 Impact of ion fluence on membrane performance  

The study investigated the impact of fluence on the performance of the PI membrane. Membranes 

with fluence ranging from 4.0 10
8
 pores/cm

2
 to 4.0 10

10
 pores/cm

2
 were introduced to different 

concentration folds (CH/CL =100, 20 and 10). Previous studies have demonstrated that the power 

density of an ion-selective membrane shows an inverted V-shaped trend with increasing fluence 

[122,123]. Therefore, it is evident that the fluence of the membrane has a substantial effect on the 

performance.  

Initially, the PI membranes were exposed to a CH/CL ratio of 100. An increasing trend in the Io 

value was observed up to a fluence value of 4.0 10
9
 pores/cm

2
. Subsequently, the Io values 

decreased with further increase in fluence (Figure 42a(i)). The PI membrane with a fluence of 

4.0 10
10

 pores/cm
2 

exhibited the lowest current value of -13.1 μA. The Vrev values (77 mV) 

remained approximately constant up to the fluence of 4.0 10
9
 pores/cm

2
, followed by a 

decrement in the value as the fluence increased further (Figure 42a(i)). The PI membrane with a 

fluence of 4.0 10
10

 pores/cm
2
 exhibited the lowest Vrev value of 38mV, which was half of the 

value, which the other membranes exhibited.   

The trend of t+ as a function of fluence is shown in Figure 42a(ii). The values of t+ were 

approximately constant (0.84) for the fluences ranging from 4.0 10
8
 pores/cm

2
 to 4.0 10

9
 

pores/cm
2
, followed by a decreasing trend in t+ with further increase in fluence. The PI membrane 

with a fluence of 4.0 10
10

 pores/cm
2 

exhibited the lowest t+ value (0.68). The trend of Pmax and 

ηmax in relation to fluence is shown in Figure 42a(iii). The PI membrane with a fluence of 

4.0 10
9
 pores/cm

2
 exhibited the highest Pmax (0.45 μW) and ηmax (25.5%) values (Figure 

42a(iii)). Conversely, the lowest Pmax (0.13 μW) and ηmax (6.2%) values were exhibited by the PI 

membrane with a fluence of 4.0 10
10

 pores/cm
2
. 

Additionally, the PI membranes were also exposed to other concentration folds of 20 and 10. 

Figure 42b(i) and c(i) show that Vrev remained approximately constant up to a critical value of 

fluence. A further increase in fluence led to the decline in Vrev values. Notably, the Io values 

increased up to a fluence of 8.0 10
9
 pores/cm

2
 but subsequently deceased with further increase 

in fluence. The data presented in Figure 42b(ii) and b(iii) and Figure 42c(ii) and c(iii) show that 

the t+ and ηmax values also remained approximately constant for fluences up to 4.0 10
9
 

pores/cm
2
.  
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CH/CL = 100 

  
CH/CL = 20 

  
CH/CL = 10 

  
a(i) 

a(ii) 

b(i) 

b(ii) 

c(i) 

c(ii) 

a(iii) b(iii) c(iii) 

Figure 42: The effect of fluence on the performance of PI membranes. The membranes were 

exposed to different CH/CL ratios, i.e., 100, 20 and 10 a(i) Vrev and Io vs fluence (CH/CL=100) a(ii) 

cation selectivity vs fluence (CH/CL=100) a(iii) Pmax and ηmax vs fluence (CH/CL=100) b(i) Vrev and 

Io vs fluence (CH/CL=20) b(ii) cation selectivity vs fluence (CH/CL=20) b(iii) Pmax and ηmax vs 

fluence (CH/CL=20) c(i) Vrev and Io vs fluence (CH/CL=10) c(ii) cation selectivity vs fluence 

(CH/CL=10) c(iii) Pmax and ηmax vs fluence (CH/CL=10). 



 
 

 
65 

Increasing the fluence beyond a certain value enhances the probability of pores overlapping, 

resulting in enlarged pores and consequently leading to a decrease in Vrev and Io values. The 

overlapping of the pores resulted due to the random bombardment of the ions during the SHI 

process. Figure 43 shows the gradual darkening progression of the SHI-irradiated PI membrane 

with increasing fluence. The colour change indicates the overlapping of the tracks with increasing 

fluence. The increase in the mean pore diameter led to a decline in cation selectivity, and 

subsequently a decrease in the Vrev and Io values.  

 

 

Figure 43: The figure shows the snapshot of four PI membrane having different fluences, the colour of PI 

membrane grew darker with the increase in the fluence. 

 

4.3.3 Performance of PI membrane in acidic medium 

The performance of a PI membrane was investigated in an acidic medium (pH=3.0) and 

compared with a light-acidic or a near-neutral solution with a pH ranging between 5.8-6.3. KCl 

salt solutions with pH values of 3 and 5.8-6.3 were used in the investigation. The PI membrane 

with a fluence of 4.0 10
9
 pores/cm

2 
was exposed to various concentration gradients ranging from 

1000 to 10. Figure 44a and b show the results of the experiments carried out in the near-neutral 

and acidic media, respectively. A comparison of Figure 44a(i) and b(i) shows that the values of 

Vrev and Io were lower in the acidic medium. In the acidic medium, the peak values of Vrev (23 

mV) and Io (-6.2 μA) were achieved at a CH/CL ratio of 1000 and 20, respectively. However, in 

the near-neutral condition, the values of Vrev (112 mV) and Io (-23.2 μA) were significantly higher 

compared to the acidic medium at the above mentioned CH/CL ratios (1000 and 20). 

Figure 44a(ii) and b(ii) reveal that the t+ values were lower in the acidic medium, which were 

close to 0.5 at any given CH/CL ratio. Additionally, the power output was also comparatively 

lower in the acidic medium compared to the near-neutral medium (Figure 44a(iii) and b(iii)). At a 

CH/CL ratio of 100 in the acidic medium, the highest values of t+ and Pmax were 0.59 and 0.031 

μW, respectively.  
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Figure 44: The effect of pH on the performance of the PI membrane having fluence of 4.0 10
9
 pores/cm

2
. 

a(i) Vrev and Io vs CH/CL (pH = 5.8-6.3) a(ii) cation selectivity vs CH/CL (pH = 5.8-6.3) a(iii) Pmax and ηmax 

vs CH/CL (pH = 5.8-6.3) b(i) Vrev and Io vs CH/CL (pH = 3) b(ii) cation selectivity vs CH/CL (pH = 3) b(iii) 

Pmax and ηmax vs CH/CL (pH = 3). 

 

pH=5.8-6.3 pH=3.0 

a(i) 

a(ii) 

a(iii) 

b(i) 

b(ii) 
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A net negative charge on the surface of the PI membrane was due to the presence of carboxylate 

ions. The concentration of H
+
 ions is higher in the acidic medium compared to the near-neutral 

medium. In the acidic medium, carboxylate ions (COO
-
) present on the surface walls become 

protonated (COOH), which reduces the surface charge density. The decrease in the charge 

density had a negative impact on cation selectivity, which ultimately resulted in inferior 

membrane performance.  

4.3.4 Comparison between parallel porous structure and networked structure 

A comparative analysis was carried out between the PI membranes with parallel porous structures 

(PPS) and network porous structures (NPS). The pores in the PPS membrane were parallel to 

each other and perpendicular to the membrane‘s surface. In contrast, the pores in the NPS 

membrane cross each other. The NPS and PPS membranes with fluences ranging from 4.0 10
8
 

to 8.0 10
9
 pores/cm

2
 were exposed to a concentration gradient (CH/CL =100). KCl solution was 

used as the solution in the current investigation. The Vrev values obtained with the PPS 

membranes and NPS membranes were approximately equal, as shown in Figure 45a(i) and b(i). 

The PPS membranes with fluences of 4.0 10
8 

pores/cm
2
, 8.0 10

8 
pores/cm

2
, 4.0 10

9 
pores/cm

2
 

and 8.0 10
9 

pores/cm
2
 exhibited Vrev values of 77 mV, 73 mV, 77 mV and 68 mV, respectively.  

Theoretically, it could be expected that the Io values obtained with the PPS membranes should be 

approximately similar to the Io values obtained with the NPS membranes. However, it was 

observed that lower Io values were obtained with the NPS membranes with fluences of 4.0 10
8 

pores/cm
2
 and 8.0 10

8 
pores/cm

2
, compared to the PPS membranes. It can be said that the NPS 

membrane with fluences of 4.0 10
8 

pores/cm
2
 and 8.0 10

8 
pores/cm

2
 were not properly soft-

etched, resulting in low Io values.  

The t+ values obtained with the PPS and NPS membranes were quite identical (Figure 45a(ii) and 

b(ii)). The Pmax values obtained with the PPS membranes were relatively higher compared to the 

NPS membranes at the fluences of 4.0 10
8 

pores/cm
2
 and 8.0 10

8 
pores/cm

2
, which was due to 

the higher Io values obtained in the case of the PPS membranes. However, the NPS structured 

membrane with a fluence of 4.0 10
9 

pores/cm
2
 demonstrated slightly higher Pmax compared to its 

counterpart (Figure 45a(iii) and b(iii)). Both types of membranes exhibited roughly similar ηmax.  
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Figure 45: A comparison analysis between the Networked porous structure membrane (NPS) and Parallel 

porous structure (PPS). The membranes were exposed to CH/CL = 100. a(i) Vrev and Io vs fluence (NPS) 

a(ii) cation selectivity vs fluence (NPS) a(iii) Pmax and ηmax vs fluence (NPS) b(i) Vrev and Io vs fluence 

(PPS) b(ii) cation selectivity vs fluence (PPS) b(iii) Pmax and ηmax vs fluence (PPS). 

 

a(i) 

a(ii) b(ii) 

Network porous structure (NPS) Parallel porous structure (PPS) 

a(iii) 
b(iii) 
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4.3.5 Effect of multivalent cations on the performance of PI membrane 

The effect of a multivalent cation (Ca
2+

) on the performance of the PI membrane was investigated 

and compared with K
+
. A PI membrane with a fluence of 8.0 10

8
 pores/cm

2
 was fixed between 

two cells. In the first case, one of the cells was filled with 1 mM KCl solution (CL), while the 

other cell (CH) was filled with 1000 mM KCl. Vrev and Io values of 122 mV and -7.0 µA, 

respectively (Figure 46a), were obtained in the first case.  

In the second case, one of the cells was filled with 1 mM CaCl2 (CL) and the other cell was filled 

with 1000 mM KCl. The result of the second case shows that the values of Io and Vrev were -8.35 

µA and 33 mV, respectively. Compared to the first case, the value of Pmax (0.07 µW) obtained in 

the second case was comparatively lower (Figure 46b and c).  

In the third case, the performance of the PI membrane was severely affected when one of the 

cells was filled with 1 mM KCl and the other with 1000 mM CaCl2. In the third case, the values 

of Vrev and Io were 9 mV and -0.4 µA, respectively. Furthermore, negligible value of Pmax was 

generated, which can be approximated as zero (0) watts (Figure 46c).  

Ca
2+

 has a strong electrostatic affinity for carboxylate ions. The strong affinity resulted in an 

effective surface charge neutralisation, consequently, the pores became non-selective. In the 

fourth and last case, the cells were filled with 1 mM and 1000 mM CaCl2. In the last case, the 

values of Vrev and Io were -28 mV and +2.72µA, respectively. In the last case, the signs of Vrev 

and Io were opposite to those of former cases. Furthermore, the t+ value of 0.41 and together with 

the opposite signs of Vrev and Io indicate that the surface polarity of the membrane had been 

reversed from negative to positive due to electrostatic interaction between Ca
2+

 and carboxylate 

ions. As a consequence of the surface charge inversion, the membrane preferentially transported 

anions. Therefore, it can be concluded that multivalent cations have the potential to reverse the 

net surface charge of the membrane. 
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Figure 46: Effect of multivalent cation on the performance of PI membrane having fluence of 8.0 10
8
 

pores/cm
2
. (a) I-V curves (b) cation transfer number (c) Pmax and ηmax. 

 

4.3.6 Time dependent investigation 

The time dependent performance of the PI membrane was investigated. The PI membrane with a 

fluence of 8.0 10
8
 pores/cm

2
 was exposed to a concentration gradient of 100 (CH/CL = 100). The 

solutions were left in the cells for 15 days. The value of Vrev decreased with each passing day, as 

shown in Figure 47a. The value Vrev obtained on first day was 94 mV, which reduced to 62 mV at 

the end of the 15
th

 day. The values of Io increased until the 10
th

 day, following a gradual decline 

of Io with time. Pmax remained approximately constant for ten days, and thereafter it began to 

decline (Figure 47b).  

a) 
b) 

c) 
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Figure 47: Time dependent investigation (a) Vrev and Io vs time (b) Pmax vs time. 

 

4.4 Result and discussion: Acrylic acid hydrogel-PET cation selective membrane 

The acrylic acid hydrogel was incorporated into the PET support foil. The fluence and thickness 

of the PET foil were 1.0 10
8
 pores/cm

2
 and 12 µm, respectively. The hydrogel-PET membrane 

(HP) was negatively charged and preferentially transported cations.  Therefore, the membrane 

generated an electric current when exposed to a concentration gradient. Note that the pH values 

of all KCl solutions used in the I-V experiments in this section were in the range of 5.5-6, unless 

otherwise stated.  

 The red arrows in Figure 48(a-f) point towards the acrylic acid hydrogel rods within the PET 

support. It can be seen in Figure 48 that certain channels lack hydrogel rods. This can be due to 

two reasons: either the hydrogel nanorods were not formed inside the channels or the hydrogel 

rods were destroyed during incision of the membrane. It was quite possible that the hydrogel-

solution did not properly penetrate into the nanochannels with small opening diameter, and 

therefore the hydrogel rods were not formed inside the channels upon curing. The HP 

membranes were immersed in liquid nitrogen to prevent tearing. During immersion, it was 

noticed that the HP membranes did not become fully brittle, which led to the tearing during the 

incision and resulted in the destruction and disfigurement of nanochannels and hydrogel rods.  

For further analysis, the hydrogel was also incorporated into a porous polycarbonate membrane. 

The PC membrane had networked porous structure and a thickness of 20 µm, with marginally 

a) b) 
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larger pores than PET. Hydrogel rods can be viewed within the PC membrane, as shown in 

Figure S2. The crosslinked porous structure facilitated the interconnectivity of the hydrogel rods 

inside the pore, resulting in higher structural stability. Moreover, due to proper embrittlement of 

PC foils, the tearing of the pores was comparatively less than the PET foil. 

 

Figure 48: (a-f) SEM images of cross section of HP membranes. The red coloured arrows are pointing 

towards the hydrogel rods present inside the pores of PET support membrane. 

 

 

a) b) 

c) d) 

e) f) 
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4.4.1 FTIR analysis 

Figure 49 shows the FTIR curves of the plain PET foil, the freeze-dried acrylic acid hydrogel and 

the HP membrane. The FTIR analysis was performed to confirm the presence of carboxylic acid 

groups within the HP membrane. A large peak around 1720 cm
1-

 is detected in all of the three 

curves, which is due to the presence of carbonyl groups (C=O) in ester groups or carboxylic acid 

groups. Another peak around 3000 cm
1-

 is detected in the HP membrane and acrylic acid 

hydrogel peak. The peak appears due to the presence of hydroxyl groups in carboxylic acid 

groups. However, the peak at 3000 cm
1-

 was not detected in the plain PET foil. The results 

obtained from FTIR and SEM analysis confirms successful incorporation of acrylic acid hydrogel 

inside the plain etched PET foil. 

 

Figure 49: FTIR analysis of the plain etched PET foil, acrylic acid hydrogel (freeze dried) and the HP 

membrane. 

 

4.4.2 Comparison between plain PET and HP membrane 

Figure 50 shows the I-V curves of a plain porous PET foil and the HP membrane. Both the 

membranes were exposed to a concentration gradient of 20 (CH/CL =20). Carboxylate ions were 

present in both membranes and therefore the membranes carried a net negative charged surface. 

However, the charge density of the HP membrane was higher compared to the plain PET foil. It 
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can be hypothesised that the HP membrane has higher Debye length to pore diameter ratio in 

contrast to the plain PET foil. Therefore, the HP membrane favoured the transport of cations 

down the concentration gradient and provided a barrier to the flow of anions. However, the plain 

PET membrane did not selectively transport cations or anions. Consequently, an electrical current 

was generated when the HP membrane was exposed to the concentration gradient, while the plain 

PET foil was unsuccessful in generating electrical current.  

 

 

Figure 50: I-V curves of the HP membrane and the plain etched PET foil. 

 

4.4.3 Effect of concentration gradients 

The study evaluated the performance of the HP membrane in various concentration gradients. 

The HP membrane prepared with 50 wt% acrylic acid was used in the investigation. KCl solution 

was used as the electrolyte in the investigation. The molarity of saline solution (CH) in the high-

concentration-compartment cell was fixed, whereas the molarity of saline solution (CL) in the 

low-concentration-compartment cell was increased incrementally. Three different experimental 

sets (A, B and C) were investigated in the study.  

Figure 51a(i-iii) presents the outcomes of the experimental set A, where the CH was fixed at 100 

mM KCl solution and the CL (KCl solution) was incrementally increased from 10 mM to 75 mM. 

Increasing trends of Vrev and Io were noted with increasing CH/CL ratio (Figure 51a(i)). At a 

CH/CL ratio of 10, the membrane displayed the highest Vrev and Io values (50.6 mV and -17.2 µA), 
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while the lowest Vrev and Io values (4.6 mV and 2.5 µA) were observed at a CH/CL ratio of 1.33. 

Figure 51a(ii) shows that the increase in the CH/CL ratio increased t+ values. The maximum t+ 

value of 0.96 was observed at a CH/CL ratio of 10 and the minimum t+ value was observed at a 

ratio of 1.33 (Figure 51a(ii)). Figure 51a(iii) demonstrates that the values of Pmax and ηmax 

escalated as the CH/CL ratio increased. The maximum Pmax and ηmax values of 0.217 µW and 

42.4%, respectively, were achieved at a CH/CL ratio of 10 (experiment set A). 

In the other experimental sets (B and C), an increasing trend of Vrev was observed with increasing 

CH/CL ratio, as depicted in Figure 51b(i) and c(i). A gradual increase in the values of t+ was 

observed as the CH/CL ratio increased, as shown in Figure 51b(ii) and c(ii). The increase of t+ 

values was noted up to a certain ratio, beyond which further increase of the ratio resulted in a 

reduction of the t+ value. Figure 51c(iii) shows the irregular trends of Pmax and ηmax with respect 

to the gradient ratio. The experimental set C yielded the highest Pmax value of 1.10 µW at a CH/CL 

ratio of 40.  

The increase in the concentration gradient ultimately leads to a higher Vrev. According to the prior 

literature, an increasing trend of the Vrev in relation to the gradient ratio was observed in the 

surface charged controlled regime [122]. Conversely, in the bulk solution controlled regime, an 

increase in the gradient ratio led to a decrease in Vrev [122]. In the experimental sets B and C, the 

Io values decreased beyond a certain CH/CL ratio. The decrease in Io values might be due to the 

reduction in transmembrane cation flux caused by a phenomenon known as concentration 

polarisation (CP).  
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Figure 51: HP membrane exposed to different concentration gradients a(i) Vrev and Io vs CH/CL ratio (set-

A) a(ii) cation selectivity vs CH/CL ratio (set-A) a(iii) Pmax and ηmax vs CH/CL ratio (set-A) b(i) Vrev and Io 

vs CH/CL ratio (set-B) b(ii) cation selectivity vs CH/CL ratio (set-B) b(iii) Pmax and ηmax vs CH/CL ratio (set-

B) c(i) Vrev and Io vs CH/CL ratio (set-C) c(ii) cation selectivity vs CH/CL ratio of (set-C) c(iii) Pmax and ηmax 

vs CH/CL ratio (set-C). 

Set A 

CH = 100 mM 

CL = 10-75 mM 

 

Set B 

CH = 1000 mM 

CL = 20-500 mM 

 

Set C 

CH = 3000 mM 

CL = 20-2000 mM 

 

b(i) a(i) c(i) 

a(ii) 
b(ii) 

c(ii) 

a(iii) b(iii) c(iii) 
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4.4.4 Effect of acrylic acid content in HP membrane  

The study analysed the performance of HP membranes prepared with varying acrylic acid content 

(50%, 45% and 40%), and subjected to different concentration folds (20, 10 and 2). Theoretically, 

increasing the acrylic acid content inside the membrane should improve the membrane‘s 

performance. 

Initially, the HP membranes were exposed to the CH/CL ratio of 20. Increasing the acrylic acid 

percentage content within the HP membranes resulted in higher Vrev and Io values, as depicted in 

Figure 52a(i). Furthermore, the t+ values also augmented as the acrylic acid content increased 

(Figure 52a(ii)). The HP membrane prepared with 50 wt% acrylic acid exhibited the highest Vrev 

and Io values (61.1 mV and -42.5 µA). Likewise, the maximum Pmax (0.64 µW), t+ (0.943) and 

ηmax (39.1%) were also exhibited by the aforementioned HP membrane (Figure 52a(ii-iii)). The 

trends of the dependent variables with respect to the acrylic acid content obtained at the 

concentration folds of 10 and 2, were similar to the trends obtained at the CH/CL ratio of 20, as 

shown in Figure 52b(i-iii), Figure 52c(i-iii).  

The experiments led to the conclusion that the performance of the HP membrane decreased as the 

acrylic acid content inside the membrane was reduced. This was due to a lower fraction of 

carboxylic acid groups and a lower crosslinking density, which resulted in a decrease in charge 

density and an increase in mesh size, and consequently led to deterioration in membrane 

performance. 
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Figure 52: Effect of percentage content of Acrylic acid inside the HP membrane a(i) Vrev and Io vs Arcylic 

acid wt% (CH/CL=20) a(ii) cation selectivity vs Arcylic acid wt% (CH/CL=20) a(iii) Pmax and ηmax vs 

Arcylic acid wt% (CH/CL=20) b(i) Vrev and Io vs Arcylic acid wt% (CH/CL=10) b(ii) cation selectivity vs 

Arcylic acid wt% (CH/CL=10) b(iii) Pmax and ηmax vs Arcylic acid wt% (CH/CL=10) c(i) Vrev and Io vs 

Arcylic acid wt% (CH/CL=2) c(ii) cation selectivity vs Arcylic acid wt% (CH/CL=2) c(iii) Pmax and ηmax vs 

Arcylic acid wt% (CH/CL=2). 

a(iii) 

a(i) 

a(ii) 

b(i) 

b(ii) 

b(iii) 

c(i) 

c(ii) 

c(iii) 

CH/CL = 20 

 
CH/CL = 10 

 

CH/CL = 2 
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4.4.5 Effect of pH  

The performance of the HP membrane fabricated with 50wt % acrylic acid was tested in various 

pH mediums. The HP membrane was fixed between the two cells. The HP membrane was 

exposed to different concentration folds (concentration gradients).  

Initially, the HP membrane was exposed to a medium with a pH value of 3. At a CH/CL ratio of 

20, the Vrev and Io values were 47.4 mV and -32.3 µA, respectively. The Vrev and Io values 

obtained at pH 3 were moderately lower than those obtained at pH=5.5-6 (Figure 53a and b). 

Reducing the pH further to 1.5 had a drastic effect on the performance of the HP membrane. The 

data presented in Figure 53c indicates that the t+ values obtained at pH 1.5 were close to 0.5, 

indicating a lack of preferentially cation transport across the membrane, which consequently 

resulted in a decrease of Vrev, Io, Pmax and ηmax values. At pH=1.5, carboxylate ions became 

protonated, leading to a reduction effective charge of the membrane. The reduction in surface 

charge density eventually led to decreases in cation selectivity and consequently resulted in poor 

performance.  

Theoretically, it is expected that the performance of the HP membrane should increase with an 

increase in pH value. However, the data exhibited by the HP membrane at pH 9 was similar to 

the data obtained at pH=5.5-6. Thus, it can be deduced that at both of the pH values (5.5-6 and 

pH=9), an approximately equal number of carboxylic acid groups were present in the 

deprotonated state.  
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Figure 53: Effect of pH on the performance of the HP membrane (a) Vrev vs pH (b) Io vs pH (c) t+ vs pH 

(d) Pmax vs pH (e) ηmax vs pH. 

 

a) b) 

c) d) 

e) 
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4.4.6 Effect of multivalent cations  

The study investigated the impact of a divalent cation on the performance of the HP membrane, 

which was prepared with 50 wt% acrylic acid. The membrane was initially exposed to an 

asymmetric KCl electrolyte solution with a CH/CL ratio of 20 (CH = 1000 mM KCl | CL = 50 mM 

KCl). The resulting values for Vrev and Io were 61.3 mV and -47.40 µA, respectively. In the 

second case, the salt solution in the CL compartment was substituted with 50 mM CaCl2, 

resulting in a moderate impact on the HP membrane‘s performance. The values of Io and Vrev 

obtained in the second case were -30.8 µA and 40 mV, respectively (Figure 54a). In the third 

case, the CH compartment was filled with 1000 mM CaCl2 while the CL compartment was filled 

with 50 mM KCl. It was observed that the performance was negatively affected in the third case 

with significantly lower Io and Vrev values (-16.9 µA and 24.8 mV) compared to the former cases.  

In the final case, the CL compartment was filled with 50 mM CaCl2 while the CH compartment 

was filled with 1000 mM CaCl2. As a result, Vrev and Io further decreased to 7.97 mV and -5.78 

µA. Furthermore, a negligible value of Pmax and a t+ value of 0.61 were obtained (Figure 54b and 

c). The t+ value close to 0.5 indicates that the membrane is non-selective towards cations. Ca
2+

 is 

the divalent cation with higher charge density compared to K
+
, therefore the electrostatic 

interaction established between Ca
2+

 and carboxylate ions would be stronger compared to the 

interaction between K
+
 and carboxylate ions. The result of the final case suggests that the net 

surface charges density of the membrane almost approached zero, which led to almost non-

selective cation transport behaviour. Therefore, it can be concluded that the performance of the 

HP membrane deteriorates upon exposure to multivalent cations.  

Following the investigation, the HP membrane was again tested with KCl, similar to the first 

case. The membrane was exposed to a concentrated gradient of 20. The performance of the HP 

membrane returned to normal, as shown in Figure 54d. 
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Figure 54: Effect of multivalent cation on the performance of HP membrane (a) I-V curves of different 

salt solution (b) Pmax and ηmax (c) t+ (d) Vrev and Io values before and after the investigation. 

 

4.4.7 Time dependent performance  

The study investigated time dependent performance of the HP membrane fabricated with 50 wt% 

acrylic acid. The HP membrane was exposed to a CH/CL ratio of 20 and the electrolyte solution 

was retained in the cells for five days. The results showed a significant reduction in Vrev values 

from 59.6 mV to 3.5 mV and a reduction in Io values from -51.6 µA to -4.0 µA after five days 

(Figure 55a). Furthermore, the Pmax value dropped down from 0.75 µW to 0.0035 µW, as shown 

in Figure 55b. It was observed that the water level constantly dropped with an insignificant rate in 

the CL compartment and rose in the CH compartment indicating the movement of water against 

the concentration gradient. The decrease in the CH/CL ratio with time resulted in a low cation flux 

down the concentration gradient, resulting in curtailment of performance.   

a) 

d) 

b) 

c) 
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Figure 55: Time dependent investigation of HP membrane (a) Vrev and Io vs time (b) Pmax vs time. 

 

After five days, the fresh KCl solutions were substituted with the old one and the I-V experiment 

was carried out. The I-V curve obtained from the fresh salt solution was compared with the I-V 

curve obtained on the first day (Figure 56). Both of the I-V curves had approximately similar Vrev 

and Io values, indicating that the decrement in the performance over time was solely due to a 

decrease in the CH/CL ratio. 

 

Figure 56: I-V graph obtained after and prior to time dependent investigation. 

 

a) b) 
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4.5 Conclusion  

Subnano-sized pores were fabricated in the polyimide foil using the soft etching technique. The 

pore‘s surface has a net negative charge due to the presence of carboxylate ions. The PI 

membrane with a fluence of 4.0 10
9
 pores/cm

2
 exhibited the highest Vrev (123 mV), Pmax (0.45 

µW) and ηmax (40%) values. The performance of the PI membrane declined beyond the fluence 

value of 4.0 10
9
 pores/cm

2
. At high fluence values, there is increased likelihood of pore overlap 

which, resulting in enlarged pore size and consequently degradation of the performance. The 

efficiency of the PI membrane was negatively affected when introduced to the acidic medium 

(pH=3). Multivalent cations have a strong electrostatic interaction with carboxylate ions, 

therefore introducing the membrane to multivalent cations led to reduction of the charge density 

and consequently resulted in a decline in the performance of the membrane. Exposing the PI 

membrane to asymmetrical CaCl2 solution resulted in charge inversion.  

The HP membrane was fabricated by incorporation of acrylic acid hydrogel within the pores of 

the PET support. The average pore size of the plain PET foil was between 180-260 nm. The HP 

membrane synthesised with 50 wt% acrylic acid exhibited the best performance in terms of 

power output (Pmax = 1.10 µW). Increasing the percentage content of acrylic acid in the HP 

membrane resulted in higher charge density, leading to higher cation selectivity and superior 

performance. The performance of the membrane was moderately affected in the solution medium 

having a pH value of 3.0. Further reducing the pH value to 1.5 had a detrimental effect on the 

performance of the membrane. The exposure of the membrane to the divalent cation proved to be 

detrimental. It was due to the strong electrostatic interaction established between Ca
2+

 and 

carboxylate ions that led to the loss of surface charges and eventually resulted in decline of 

performance.  

The test area of the PI and the HP membranes was approximately 100 mm
2
. Table 1 presents a 

comparison of the different membranes used for osmotic energy harvesting. It can be observed 

that membranes with a smaller test area have high power density whereas membranes tested with 

a larger testing area have low power density. It was reported in previous literature, the power 

output increases non-linearly with an increase in testing area leading to a decrease in power 

density [123,124]. An increase in the test area leads to a surge of CP (concentration polarisation) 

resulting in the non-linear increase of current values. On the other hand, an upscaled osmotic 

energy set-up requires a bigger membrane‘s test area. Performance data obtained with an 
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experimental set-up with a small test area cannot be translated into an upscaled model since the 

interference of CP in the data is bypassed in the set-ups with small test areas. 

Table 1: The comparison of power densities obtained with different membranes. 

 

 

 

 

 

 

 

 

 

 

 

 

In the chapter, two membranes were investigated: PI and HP membranes. So the big question 

remains as to which membrane is superior. The power output exhibited by the HP membrane was 

better compared to the PI. Additionally, the HP membrane outperformed the PI membrane in the 

acidic medium and when exposed to the multivalent cation. However, the PI membrane was more 

mechanically robust compared to the HP membrane. The PI membrane was cheap and easier to 

fabricate whereas the HP membrane was relatively difficult to fabricate. Additionally, the PI 

membrane was able to maintained Pmax value over time compared to the HP membranes (Figure 

47 and Figure 55). Therefore, superior membrane cannot be identified as both have their distinct 

advantages. 

 

 

 

 

 

Membrane Thickness/µm Test 

area/mm
2
 

Power 

density/

Wm
-2

 

CH/CL 

(Salt) 

Reference 

Ionized wood membrane ∽1000 100 0.013 1000 

(NaCl) 

[125] 

Soft etched polyimide 

membrane 

13 100 0.0045 100 

(KCl) 

This Work 

Track etched 

 polycarbonate foil 

20 78.6 0.058 1000 

(KCl) 

[22] 

Hydrogel (acrylic acid-

co-acrylamide-co-

methacrylate) filled 

polycarbonate pore 

25 0.03 4.08 50 

(NaCl) 

[126] 

PET membrane 

modified with Cyt-C 

23 0.03 0.86 50 

(NaCl) 

[127] 

PET-arcylic acid based 

hydrogel composite 

membrane 

17-19 100 0.011 40 

(KCl) 

This Work 
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Chapter 5. Summary and Outlook 

The thesis demonstrates the successful fabrication of a conical nanopore with the PET foil that 

was able to preferentially transport cation. The nanopore was fabricated using the asymmetric 

etching method. PET foil was introduced to 9M NaOH and the stopping solution, two electrodes 

were immersed inside the cells filled with the etchant and the stopping solution and the voltage 

bias of -1V was applied. The conical nanopore‘s surface acquires a negative charge due to 

carboxylate ions that originate after the etching process. The conical nanopore exhibited 

selectively transports cations in the presence of salt solution. The monovalent cation (K
+
, Na

+
 and 

Li
+
) were not able to neutralise or invert the surface charge of the unmodified pore. However, 

exposure of the pore to the multivalent cation resulted in either charge inversion or charge 

neutralisation. The thesis demonstrated that Ca
2+

 led to charge neutralisation and La
3+

 caused the 

charged inversion. This outcome was due to the strong interactions between the multivalent 

cations and carboxylate ions leading to surface charge neutralisation or inversion. 

In the current research, functionalisation of the nanopore‘s surface was achieved using 

electrostatic self-assembly of PAH. The modified PAH conical nanopores selectively transported 

anions. The surface charges of PAH-modified nanopore slightly inverted to positive when 

exposed to monovalent anions such as HCO3
-
 and H2PO4

-
. HPO4

2-
 was able to invert the negative 

surface charges to a large extent.  

A nanopore or sub-nanopore having a charged surface has various applications such as osmotic 

energy harvesting. Sub-nanometer PI membrane was fabricated using the soft etching technique. 

In the technique, the PI foil was immersed in DMF solution for at least 24 hours. Electrical power 

was generated when the membrane was exposed to a concentration gradient. The PI membrane 

exhibited the highest Pmax (0.45 µW) when exposed to a CH/CL ratio of 100. The performance of 

the PI membrane declined beyond a critical value of fluence (4.0 10
9
 pores/cm

2
). In the thesis, it 

was demonstrated that the performance of the PI membrane deteriorated after being exposed to 

the multivalent cation. The membrane‘s exposure to the acidic medium also resulted in 

deterioration of performance. PI membranes with networked porous structure have demonstrated 

almost similar performance to the PI membranes with parallel porous structure.  

The HP membrane was fabricated by incorporating acrylic acid hydrogel within the porous PET 

support, and the hydrogel was cured by UV irradiation. The HP membrane had negative surface 
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charges and preferentially transports cation. The membrane‘s exposure to a concentration 

gradient led to the generation of electrical current. The Pmax value increased in proportion to an 

increase in the CH/CL ratio. However, experimental data demonstrated that the Pmax and Io values 

dropped beyond a certain CH/CL ratio. The decline in Pmax and Io values was mainly attributed to 

concentration polarisation. Additionally, the HP membrane‘s performance deteriorated in the 

acidic medium (pH=1.5) and when exposed to multivalent cations. The maximum value of Pmax 

(1.1 µW) was obtained at a CH/CL ratio of 40.  

The HP membrane demonstrated superior Pmax performance when compared to the PI membrane 

and exhibited improved performance in the acidic medium. However, the PI membrane had better 

mechanical strength and was easy to fabricate. Therefore, it is difficult to declare a winner 

between the two membranes. 

Regarding the future work, both the PI and HP membranes can be tested in the field of heavy 

metal ion filtration. Moreover, both membranes can be tested as cation selective membrane for 

the ED process.  

In the thesis, the acrylic acid hydrogel was infused within the porous PET membrane. In 

subsequent research, vinyl phosphonic acid hydrogel can also be incorporated inside the porous 

PET membrane. The introduction of phosphonic groups can enhance the performance of the 

membrane. It is because the phosphonic acid group has a charge of -2, whereas carboxylic acid 

groups have a charge of -1. Therefore, incorporation of vinyl phosphonic hydrogel within a PET 

support membrane should exhibits superior cation selectivity and power output. The positively 

charged hydrogel can also be incorporated inside a porous polymer membrane and its 

performance can be compared with the negatively charged hydrogels.  
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Salt and ions Conductivity x 10
-4

 (m
2
S/mol) 

NaCl 126.39 

NaNO3 121.51
 

NaBrO3 105.78
 

NaHCO3 95.30
 

NaH2PO4 86.08
 

Na2SO4 260.16
 

Na2HPO4 214.16
 

Na3C6H5O7 363.00
 

K
+ 

73.48 

Na
+ 

50.08 

Li
+ 

38.66 

Table S 1: The table showing the conductivity of salts and ions at infinite dissolution [90]. 

The table was also published in the following journal article 

―Anions effect on ion transport properties of polyelectrolyte modified single conical nanopores‖ || M. H.A.  Haider, M. Ali, W. Ensinger 
|| https://doi.org/10.1016/j.cplett.2021.138349 
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Figure S 1: Investigation of transportation behaviour of KPF6 and NaClO4 inside a PAH-modified nanopore. The total 

concentration of anions in each salt solution was maintained at 100mM.  I-V curves were obtained for different concentration of  

(a) KPF6 (b) NaClO4 (c) Normalised current values were obtained for different concentration of KPF6 and NaClO4 (d) Normalised 

rectification factors were obtained for different concentration of KPF6 and NaClO4. 

 

 

 

a) b) 
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Figure S 2: SEM images of (a) Cross-section of un-modified porous cross networked Polycarbonate foil (b-f) Cross-section of 

hydrogel rods inside porous polycarbonate membrane. 

 

 

 

Unmodified a) b) 

c) d) 

e) f) 
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Figure S 3: I-V curves at different CH /CL  ratios (a) HP membrane fabricated using 40 wt% Acrylic acid (b) HP membrane 

fabricated using 45 wt% acrylic acid. 

 

 

 

 

 

a) b) 
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Figure S 4: (a-c) I-V curves at different CH /CL ratio. The membranes used in the investigation were fabricated using 50 wt% 

acrylic acid. 

 

 

a) b) 

c) 
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Figure S 5: I-V curves obtained at different pH medium. The HP membrane used in the investigation was fabricated using 50 

wt% Acrylic acid (a) 1.5 (b) 3 (c) 9. 

 

 

 

a) b) 

c) 



 
 

 
112 

 

 

 

 

 

 

 

Fig S 6: Time dependent investigation of HP membrane. 
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Procedure to calculate % conversion of hydrogel 

 

 

 

 

 

 

 

TGA: Thermogravimetric analysis  

 

 

 

 

 

 

 

 

Note: The hydrogel solution later cured with UV in order to synthesise the hydrogel. 

 

 

 

Hydrogel 

solution 

Acrylic acid concentration 

(wt%) 

BIS concentration 

(wt%) 

Irgacure 

2959 (wt%) 

Water (wt%) 

Hy-30% 30 3 0.3 66.7 

Hy-40% 40 3 0.3 56.7 

Hy-45% 45 3 0.3 51.7 

Hy-50% 50 3 0.3 46.7 

Table S 2: Name and composition of acrylic acid hydrogel solution used in the research work. 

Weighing 

hydrogel solution 

 

Polymeric content 

in hydrogel 

solution 

Weighing 

hydrogel block 

 

TGA 
Polymeric content 

in hydrogel block 

Amount of AA+BIS+irgacure 2959 in hydrogel block 

Amount of AA+BIS+irgacure 2959 in hydrogel solution 

% Conversion = 
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% hydrogel conversion in Hy-50% hydrogel block 

 

 

Figure S 7: TGA analysis of Acrylic acid hydrogel block prepared by using Hy-50% hydrogel solution 

 

 

 

 

Maximum percentage conversion: Calculation was made under the assumption that all of the BIS+irgacure have 

reacted.  

Minimum percentage conversion: Calculation was made under the assumption that none of the BIS+irgacure have 

reacted. 

 

 

 

Table S 3: Hy-50% hydrogel block. 

Mass of 

hydrogel 

solution 

/(g) 

Mass of 

hydrogel 

block /(g) 

Mass of 

AA+BIS+irgacure 

in hydrogel 

solution /(g) 

% 

Residual 

mass in 

TGA 

Mass of 

AA+BIS+irgacure 

in hydrogel block 

/(g) 

Maximum 

Percentage 

conversion/ 

(%) 

Minimum 

Percentage 

conversion/ 

(%) 

10 8.25 5.33 53.3 4.40 79.6% 76.3% 
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% hydrogel conversion in Hy-45% hydrogel block 

 

 

Figure S 8: TGA analysis of the Hy-45% hydrogel block that was prepared using Hy-45% hydrogel solution. 

 

 

 

 

Maximum percentage conversion: Calculation was made under the assumption that all of the BIS+irgacure have 

reacted.  

Minimum percentage conversion: Calculation was made under the assumption that none of the BIS+irgacure have 

reacted. 

 

 

 

 

 

Table S 4: Hy-45% hydrogel block. 

Mass of 

hydrogel 

solution/(

g) 

Mass of 

hydrogel 

block/(g) 

Mass of 

AA+BIS+irgacure 

in hydrogel 

solution/(g) 

% Residual 

mass in TGA 

Mass of 

AA+BIS+irgacure 

in hydrogel block 

/(g) 

Maximum 

Percentage 

conversion/ 

(%) 

Minimum 

Percentage 

conversion/ 

(%) 

11 9.688 5.313 44.7 4.33 81.5% 74.7% 
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% hydrogel conversion in Hy-40% hydrogel block 

 

Figure S 9:TGA analysis of the Hy-40% hydrogel block that was prepared using Hy-40% hydrogel solution. 

 

 

 

 

 

 

 

Maximum percentage conversion: Calculation was made under the assumption that all of the BIS+irgacure have 

reacted.  

Minimum percentage conversion: Calculation was made under the assumption that none of the BIS+irgacure have 

reacted. 

 

Table S 5: Hy-40% hydrogel block. 

Mass of 

hydrogel 

solution/(g) 

Mass of 

hydrogel 

block/(g) 

Mass of 

AA+BIS+irgacure 

in hydrogel 

solution/(g) 

% 

Residual 

mass in 

TGA 

Mass of 

AA+BIS+irgacure 

in hydrogel block 

/(g) 

Maximum 

Percentage 

conversion/ 

(%) 

Minimum 

Percentage 

conversion/ 

(%) 

10 8.06 4.33 42.53 3.43 79.2% 71.6% 
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% hydrogel conversion in Hy-30% hydrogel block 

 

Figure S 10:TGA analysis of the Hy-30% hydrogel block that was prepared using Hy-30% hydrogel solution. 

 

 

 

 

 

 

 

Maximum percentage conversion: Calculation was made under the assumption that all of the BIS+irgacure have 

reacted.  

Minimum percentage conversion: Calculation was made under the assumption that none of the BIS+irgacure have 

reacted. 

 

Mass of 

hydrogel 

solution/(g) 

Mass of 

hydrogel 

block/(g) 

Mass of 

AA+BIS+irgacure 

in hydrogel 

solution/(g) 

% 

Residual 

mass in 

TGA 

Mass of 

AA+BIS+irgacure 

in hydrogel 

solution /(g) 

Maximum 

Percentage 

conversion/ 

(%) 

Minimum 

Percentage 

conversion/ 

(%) 

10 8.37 3.33 32.4 2.712 81.4% 71.5% 

Table S 6:Hy-30% hydrogel block. 
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Figure S 11: (a-c) I-V curve at different CH /CL ratios. PI membrane having fluence of 4.0x108 pores/cm2 was used in the 

investigation. 

 

a) b) 

c) 
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Figure S 12:(a-c) I-V curve at different CH /CL  ratios. PI membrane having fluence of 8.0x108 pores/cm2 was used in the 

investigation. 

 

 

a) 

c)

b)
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Figure S 13:(a-c) I-V curve at different CH /CL  ratios. PI membrane having fluence of 4.0x109 pores/cm2 was used in the 

investigation. 

 

 

a) b) 

c) 
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Figure S 14: (a-c) I-V curve at different CH /CL ratios. PI membrane having fluence of 8.0x109 pores/cm2 was used in the 

investigation. 

 

 

a) b) 

c) 
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Figure S 15: (a-c) I-V curve at different CH /CL  ratios. PI membrane having fluence of 4.0x1010 pores/cm2 was used in the 

investigation. 

 

 

a) b) 

c) 
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Figure S 16: I-V curve obtained at pH value of 3. PI membrane was used in the study. 

 

 

 

 

 

 

 

 


